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Preface 

Today our ‘Advances in Sensors: Reviews’ Book Series, published by IFSA Publishing 
(Barcelona, Spain) has become very popular. The first volume of Book Series was 
published in 2012, and since 2016 the ‘Advances in Sesnors: Reviews’ (volume 4) is 
publishing as an open access book. 

The idea of publication of Book Series 'Advances in Sensors: Reviews', Vol. 5 was 
accepted by all sensor community with a great enthusiasm. We have got many high quality 
chapters from different sensor areas, and decided to publish two volumes (5 and 6) of the 
book in 2018. 

The Vol. 6 of this Book Series contains 21 chapters written by 94 contributors-experts 
from universities and research centres, from 21 countries: Argentina, Austria, Brazil, 
China, Czech Republic, Denmark, Finland, France, Germany, India, Italy, Japan, Mexico, 
Poland, Romania, Russia, Slovenia, Switzerland, Thailand, UK and USA.   This volume 
is devoted to various chemical sensors (sensors for various gases, nucleic acids, organic 
compounds, nanosensors, etc.) and biosensors. 

Similar to the Vol. 4, two new volumes are also published as Open Access Books in order 
to significantly increase the reach and impact of these volumes, as well as to increase the 
authors’ citations. The books are available in two formats: electronic (pdf) with full-colour 
illustrations and print (paperback). 

Like all volumes from this Book Series, the volume 6 has been also organized by topics 
of high interest. In order to offer a fast and easy reading of each topic, every chapter in 
this book is independent and self-contained. All chapters have the same structure: first an 
introduction to specific topic under study; second particular field description including 
sensing or/and measuring applications. Each of chapter is ending by well selected list of 
references with books, journals, conference proceedings and web sites. 

This book ensures that our readers will stay at the cutting edge of the field and get the 
right and effective start point and road map for the further researches and developments. 
By this way, they will be able to save more time for productive research activity and 
eliminate routine work. 

With the unique combination of information in this volume, the ‘Advances in Sensors: 
Reviews’ Book Series will be of value for scientists and engineers in industry and at 
universities, to sensors developers, distributors, and end users. 

I hope that readers enjoy this new book volume and that can be a valuable tool for those 
who involved in research and development of various chemical sensors and biosensors. 
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I shall gratefully receive any advices, comments, suggestions and notes from readers to 
make the next volumes of ‘Advances in Sensors: Reviews’ Book Series very interesting 
and useful. 

 
 
Dr. Sergey Y. Yurish   
 
Editor 
IFSA Publishing Barcelona, Spain 
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Chapter 1 
Resistive Thick and Thin Film Gas Sensors 
Built with Nanomaterials and Related 
Research 

M. P. Poiasina, C. L. Arrieta, M. F. Bianchetti  
and N. E. Walsöe de Reca1  

1.1. Introduction 

Pure or doped SnO2 semiconductor has been used for many years to build resistive type 
thick film gas sensors and work performed at DEINSO-CITEDEF [1-7] is going to be 
described. When the size of the oxide particles decreases to the nanometric scale, 
important changes are observed in gas sensors properties depending on the oxide 
crystallite size. An increase of sensitivity (30 %-37 %) is observed in sensors built with 
nanocrystalline material in comparison with the sensitivity of devices built with the same 
material but microcrystalline. The operation temperature (To) decreases from  
(350-450) ºC to a range (180-200) ºC [8-10]. In sensors previously built by the authors, 
the microcrystalline semiconductor has been deposited on one face of an AlSiMg 
substrate, depositing on the opposite face, a heating circuit to reach the high operation 
temperature (To). Afterwards, the nanosemiconductor was deposited as a MEMS type 
microheater, which functioning is based on an electronic circuit that implements a 
switching logic. This circuit enables to measure the variation of film surface resistivity 
which is related to the analyte concentration and, conveniently heated, it enables to save 
energy.  

The thick film resistive sensors developed at DEINSO-CITEDEF were built with 
nanocrystalline pure SnO2 and with Al-doped and In-doped nanocrystalline SnO2 
contributing the doping to increase the sensor selectivity to different gases. Sensor built 
with pure SnO2 was sensitive to H2 (g) while those sensors built with Al-doped SnO2 and 
In-doped SnO2 resulted sensitive to CO (g) and to VOCs (Volatile Organic Compounds, 
particularly, ethanol) [8-10] respectively.  

                                                      

M. P. Poiasina 
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Pure and doped nanocrystalline SnO2 semiconductor has been also used to build high 
sensitivity thin film gas sensors: to detect H2 ppm in air using pure SnO2 and to detect SH2 
ppm in air with CuO doped SnO2, respectively. Devices are fabricated with multilayered 
thin film systems. At first, evaporation and coating thin film techniques were used to build 
both sensors and their results were compared. Stresses generated by the films deformation 
were carefully studied. The thin films due to their thickness, to their deposit in multiple 
layers and by the thermal treatments effect produce stresses causing defects like grain 
boundaries, interfaces, dislocations, vacancies clusters, among others, able to accelerate 
the diffusional processes of gases in the sensitive material and improving the sensor 
performance. Stresses were characterized by XRD. The same XRD technique was used to 
determine the crystallite size (Scherrer equation). Thin films were also characterized by 
BET isotherms adsorption technique to determine the specific area, by HRTEM to study 
the microstructure and by SEM to measure the films thickness and the relief of surfaces. 
With regards to the electronic control of sensors, a double meander electronic circuit (built 
by MEMS) (already patented by the authors) was adapted to the thin films sensors 
improving it by a modified controlled, modular and portable circuit, being able to program 
the working or operation temperature, the sensing operation modes, the heating and the 
commutation time between them. 

Aspects and results of several previous works as performed at DEINSO-CITEDEF have 
been considered in this review chapter [11-13]: 

 The building of resistive thick films sensors enabled to detect H2 (g), CO (g) and VOCs 
(particularly, ethanol), analyzing the experimental procedures to synthesize and 
characterize the sensitive material,  

 The building of resistive thin film sensors to detect H2 (g) and SH2 (g) in air, 
considering the experimental procedures to synthesize the sensitive thin films, 

 The provision to both types of sensors with a MEMS microheater and an 
electronic circuit with a switching logic enabling to measure the change of film 
resistivity (which is directly related to the analyte concentration) and to save 
energy when conveniently heated,  

 The reviewing of the sensing mechanism in conventional resistive thick film 
sensitive material and the study of the stresses effect as generated in the thin 
films (mainly by thermal action) which increase the defects density. Stresses 
create defects which accelerate the gas diffusional processes in the sensitive 
materials causing, in consequence, a better sensor performance.  

1.2. Factors Affecting the Gas Sensing Process 

The gas detection process is affected by several factors, among them: the microstructure 
of the gas adsorbing surface.  
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The metallic oxide previously reacts with the air oxygen forming adsorbates [11, 13] on 
the oxide surface (O-, O2-, O2

-) of which the most active is O- [12], Fig. 1.1. The adsorbates 
play an important role in the sensing process, covering the semiconductor oxide surface 
and grain boundaries and reacting at operation temperature: To ~ (350-450) ºC if the 
sensor is built with the microcrystalline semiconducting oxide (SCO). In case of n-type 
metallic oxides, the adsorbates formation generates a charge-space region, resulting in an 
electron depleted surface layer, due to the electrons transference towards the adsorbates 
according to: 

 O g 2e 2O  adsorb. . (1.1) 

 

Fig. 1.1. A model of potential barrier for electronic conduction in a grain boundary. 

The charge space depth is a function of the surface covered with the oxygen adsorbates 
and of the intrinsic electron concentration in the bulk, Fig. 1.1. The n-type SCO resistance 
is, consequently, high because a potential barrier is formed by the electronic conduction 
in each grain boundary [11]. If the sensor is exposed to a reducing gas (i.e. CO) at Top, 
the gas reacts with the oxygen adsorbate according to: 

 2CO + O- = CO2 + e-,  (1.2) 

The oxygen adsorbates are consumed in subsequent reactions so as to reach a lower steady 
state, the potential barrier height decreases and the resistance falls being the resistance 
variation the sensor measurement parameter.  

A simple schematic model of the grain boundary effects on the surface resistivity was 
proposed by Yamazoe et al. [11] Fig. 1.2, in which it was accepted that the sensor 
sensitivity increases as the grain size decreases. The sensor sensitivity (S) is defined as: 

 S = Rair / Rair+gas , (1.3) 
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where Rair is the resistance in air and Rair+gas is the resistance in a gas mixture containing 
a reducing gas component. The oxygen adsorbates resistivity is a function of the reducing 
gas type and of sensor temperature. 

 

Fig. 1.2. Schematic models of grain-size effect.  

If a simple model is considered assuming that a sensor consists of a chain of uniform 
grains (with diameter D) connected by grain-boundaries, the core area of grains exhibit a 
low resistance and the space-charge region (thickness: L) a high resistance as it is possible 
to observe in Fig. 1.2, which shows the schematic models for grain-size effects [11]. In 
case of D >> 2L, there is a grain-boundary control. If D ≥ 2L, there is a neck control, since 
grains are connected by necks (usually ~ 0.8D thick) and if D < 2L, it appears that the 
active space-charge region is considerably major than the grain diameter and sensor 
becomes evidently more sensitive since a larger quantity of adsorbates can react with the 
gas to be detected. It is easy to conclude that sensor sensitivity increases as grain size 
decreases. Semiconductor metal oxides are used for sensors either pure or doped 
(contributing the doping to increase the selectivity to certain gases). 

For resistive thick film sensors and according to their structure it is accepted that the 
surface and the grain boundaries (short circuits) are the most suitable defects for gas 
diffusion in the sensitive region. If oxidizing gases (O2 or NO2) are acting as n-type the 
sensor resistance increases while exposing to those gases as a result of negative charged 
chemisorption on the grain surface or on the grain boundaries. In consequence, the 
sensitivity results a function of the chemisorption importance since the coating with 
oxygen adsorbates on surface remains constant. The n-type semiconducting metallic 
oxides are used as sensors materials for reducing gases but, in those p-type oxides the 
charge carriers are holes and the resistance in air is low by the negatively charged oxygen 
adsorbates. Otherwise, the electrons extraction of volume increases the holes 
concentration on surface and in the grain boundaries. 
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1.3. Experimental Procedure and Results 

1.3.1. Thick Film Resistive Sensors Built with Nanocrystalline Oxide (SnO2) 

1.3.1.1. Pure SnO2 Synthesis 

Pure SnO2 nanopowders were synthesized by two techniques (gel-combustion and 
reactive oxidation) and results were compared [7-14]: modified gel-combustion with 
nitrate-citrate [15] and reactive oxidation with H2O2 [16]. 

The gel-combustion is a fuel rich synthesis [15] beginning with a precursor preparation 
(an aqueous solution with metallic p/a Sn), 70 % – HNO3 – CH3COOH and  
25 % – NH4.OH. Citric acid is the organic fuel with a rate: [Sn/fuel] = 1:6; pH is controlled 
with (NH4)OH (approaching to neutrality and maintaining the solution homogeneity). The 
solution is thermally evaporated till reaching a gel. Upon keeping the heating, the gel is 
transformed into black foam which ignites. The intensive combustion in the final stage is 
due to a highly isothermal redox reaction which is produced between the oxidant nitrate 
ions and the organic fuel at ~80 °C and ignition is produced at ~200 °C – 300 °C. 
Combustion usually generates an ignition which is independent of the provided 
atmospheric oxygen since the foam bubbles are filled either with NH4NO3 vapor or with 
NOx (1 < x < 2) restricting the oxygen access to the site bottom where the reaction is 
produced. The combustion duration is short, usually half a minute. The gas liberation 
produces a fast disintegration of the precursor gel at high temperature causing 
decomposition. If the oxide contains carbonaceous residues by fuel excess, they must be 
removed by calcination and nanometric crystallites are produced (9 nm – 15 nm). 
Parameters to be controlled are: type of organic fuel, combustion temperature and process 
duration. After the synthesis, the crystallites size and homogeneity, the morphology and 
the impurities retention during the synthesis process have been carefully evaluated. 

In the second method, the SnCl2 reacts with H2O2 and the product is afterwards treated 
with (NH4)OH in H2O2 medium. The stannic acid is produced treating the SnO2 powder 
by calcination: 

 SnCl H O → SnOCl H O,                                           (1.4) 

SnOCl 2 NH OH ⎯⎯  SnO H 2 NH Cl ⎯⎯  SnO               (1.5) 

The oxidative reaction with H2O2 disintegrates the product particles generating small 
crystallites with sizes in a range: 2 nm – 9 nm. 

1.3.1.2. Doped SnO2 Synthesis 

The microstructure and morphology of Al-doped or In-doped nanocrystalline SnO2 (with 
different crystallites size) has been studied, contributing the doping to increase the sensor 
selectivity for different gases [14]. 
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Nanomaterials were prepared by sol-gel [15] and by reactive oxidation with H2O2 [16] 
and the found similar results were analyzed [7-14].  

The gas sensor to detect hydrogen was built with pure nanocrystalline SnO2 [9]. The 
device to sense CO (g) ppm was built with Al-doped nanocrystalline SnO2 [8] and that to 
sense VOCs was built with In-doped nanocrystalline SnO2 [10]. The method to prepare 
the two first materials: pure and Al-doped SnO2 was gel-combustion using CH3COOH as 
fuel, being the crystallite size: 2 nm – 4 nm. In case of In-doped nanocrystalline SnO2 
[10], the synthesis method consisted in precipitating together SnCl2.2H2O and InCl3, in 
NH4NO3 medium to produce the stannic oxy-hydroxide which is intensively oxidized with 
30-250 vol. H2O2, thus producing stannic acid in nanocrystalline powder. This solution is 
precipitated with (NH4)OH to get a homogeneous compound of stannic acid and indium 
hydroxide, being the resulting crystallite size ~2 nm – 4 nm. 

1.3.2. Nanomaterials Characterization 

Among the physical characterization measurements the determination of particle size of a 
material is usually the first step in any investigation of a nanocrystalline sample. There 
are generally three approaches that can be used: X-ray diffraction (XRD), measurement 
of the surface by BET gas adsorption and electron microscopy. XRD is a very important 
experimental technique that has long been used to determine the crystal structure of solids, 
including lattice constants and geometry, identification of unknown materials, orientation 
of single crystals, preferred orientation of polycrystals, defects, stresses, etc. Diffraction 
peaks positions are accurately measured with XRD, which makes it the best method to 
characterize homogeneous and inhomogeneous strains [17]. In nanomaterials, the peak 
broadening as the particle size decreases is a known phenomenon [18] and can be used to 
determine the particle size, s, by the Scherrer equation:  

 s = k λ / β cos θ,  (1.6) 

where k is a constant (usually taken as 0.9), λ is the wavelength of the X-ray beam, β is 
the full width at half maximum height (FWHM) of a given peak (after removal of the 
instrumental broadening) and θ is the diffracted angle of the peak. Eq. (1.6) represents the 
simplest treatment of peak broadening and it can be extended to include the effect of 
strains on the peaks broadening [19]. Clearly, this method will only yield an average 
particle size and will not provide information on the dispersion of the size or the extent of 
agglomeration of the grains. One of the disadvantages of XRD compared to electron or 
neutron diffraction is the low intensity of diffracted X-rays, particularly for small-Z 
materials. It is possible too to use synchrotron radiation diffraction methods, thus avoiding 
problems related to low intensity of diffracted rays. 

SAXS (Small Angle X-ray Scattering) is another powerful tool to characterize nano-
structured materials. Strong diffraction peaks result from constructive X-rays interference 
scattered from ordered arrays of atoms. A lot of information can be obtained from the 
angular distribution of scattered intensity at low angles. Fluctuations in the electron 
density or in composition (or both) not necessarily periodic, over lengths of about 10 nm 
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or larger can be enough to produce appreciable scattered X-ray intensities at angles 2θ < 
5º [20]. The amount and angular distribution of scattered intensity provides information, 
such as the size of very small particles or their surface area per unit volume, regardless of 
whether the sample or particles are crystalline or amorphous. 

Gas absorption measurements are usually performed with nitrogen or an inert gas and 
cooling the sample (-196 ºC).  

The surface area, A, is determined using the classical Brunauer-Emmett-Teller (BET) 
approach [21]. The particle size, SBET, from these measurements is given by [22]: 

 SBET = 6 / ρ A,  (1.7) 

where ρ is the density. The factor 6 applies for spherical and cubic particles. 

Transmission electron microscopy (TEM), particularly the high resolution HRTEM 
(Fig.1.3), is essentially the ideal method to evaluate the particle size, however, sample 
preparation can present difficulties. Provided a large number of grains in the sample are 
observed, the size dispersion and degree of agglomeration can be measured. The high 
magnification or resolution of TEM is a result of the small effective electron wavelengths, 
λ, which is given by the De Broglie relationship: 

 λ = h / √ 2mqV, (1.8) 

where m and q are the electron mass and charge, h is the Planck´s constant and V is the 
potential difference through which electrons are accelerated in the microscope. 

  
(a)                                                                        (b) 

Fig. 1.3. The HRTEM images of the nanosemiconductor SnO2 revealing microstructural details 
[23]. (b) is the magnification of the zone surrounded with the circle in (a). 
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The Scanning Electron Microscopy (SEM) is a widely used technique to characterize 
nanostructured materials. The resolution of a modern SEM approaches a few nanometers 
and the instruments can operate at magnifications that are easily adjusted from ~10X to 
300,000X. Not only does the SEM produce topographical information but chemical 
composition near the surface by the electron microprobe. The study of microstructure is 
the most important knowledge related to the properties of nanocrystalline materials. 

Simple geometric considerations lead to the conclusion that a large fraction of atoms are 
in the surface of a nanocrystalline sample but it is important to analyse the nature of the 
surface in terms of the level of atomic order and the structure of grain boundaries. There 
are two different types of interfaces (or grain boundaries) which have been assumed in 
nanomaterials. One extreme is that there is an extensive disorder in the interface (several 
atoms in width). The interfaces, with a high defects density, could be considered as “gas-
like” or “liquid-like” regions. The enhancement of diffusion in nanostructured materials 
(that will after be widely discussed in this article) was, at first, explained accepting such 
an image of the interface. The alternative view is that the interface is similar to a grain 
boundary in normal bulk materials. In this case, the interfaces would exhibit the usual 
behaviour, although they would be presenting unusually large number of defects. 
Unfortunately, HRTEM studies are relatively sparse and other structural techniques have 
had to be used to investigate the nanostructure, such as: electron diffraction [24], positron 
annihilation spectroscopy [25] and Extended X-ray Absorption Fine Structure (EXAFS) 
measurements [26, 27]. EXAFS are the oscillations in the X-ray absorption (a plot of 

absorption coefficient µ versus the incident photon energy) occurring beyond the 
absorption edge for the emission of a core (K or L shell) electron [28]. The oscillations 
arise from the emitted photoelectron wave being backscattered and interfering with the 
outgoing wave. There will be constructive interference if the two waves are in phase (with 
lower final state energy and a higher probability for absorption) and destructive 
interference if the waves are out of phase (with higher final state energy and a lower 
probability for absorption). Thus, as the incident photon energy increases so does the 
energy of the emitted photoelectron with subsequent changes on its wavelength. Since the 
distance between the target atom and its neighbours is fixed there will be shifts in and out 
of phase and, consequently, the observation of EXAFS oscillations. The oscillations 
intensity depends on the type and number of neighbours giving rise to the backscattering 
and an EXAFS Debye-Waller factor (an uncertainty in the distance between target and 
scattering atoms). EXAFS does not rely on long-range order and is sensitive to the local 
environment of the target atom out of 5 Å. The Fourier transform of the EXAFS yields a 
partial radial distribution function in real space with peak areas proportional to average 
coordination numbers and the Debye-Waller factors. For nanocrystalline samples, the 
EXAFS signal could be attenuated for two reasons: I) the particle is so small that the 
average coordination numbers for the neighbouring shells is reduced or II) there is 
sufficient disorder in the sample (for ex., at the interfaces) that the Debye-Waller factors 
are increased. For I) to be operative the particle size has to be very small, typically <5 nm. 
Chemical characterization techniques are the spectroscopies which are usually employed 
for microcrystalline as well as for nanocrystalline materials and they will be only 
mentioned in this article. The optical spectroscopy is commonly categorized into two 
groups: absorption / emission spectroscopy and vibrational spectroscopy. The former 
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determines the electronic structure of atoms, ions, molecules or crystals trough the 
excitation of electrons from the ground to excited states (absorption) and relaxing from 
the excited to ground states (emission). Optical spectroscopy includes absorption and 
photoluminescence (PL) techniques. Vibrational spectroscopy provides the information 
of chemical bonds in the detecting samples and it includes Infrared and Raman 
spectroscopies. Electron spectroscopy includes the methodology of Energy Dispersive  
X-Ray Spectroscopy (EDS), Auger Electron Spectroscopy (AES) and X-Ray 
Photoelectron Spectroscopy (XPS) and the Ionic Spectrometry considers the Rutherford 
Backscattering Spectrometry (RBS) and the Secondary Ion Mass Spectrometry (SIMS). 

The characterization work at DEINSO was performed with X-ray diffraction (XRD), 
absorption techniques by Brunauer-Emmett-Teller (BET) isotherms and High Resolution 
Transmission Electron Microscopy (HRTEM). Authors’ previous works have shown 
interesting results since the sensors sensitivity increased from 30 % to 37 %  
and the To considerably decreased from 350 ºC – 450 ºC to 250 ºC – 350 ºC for Al-doped 
nanocrystalline SnO2 and, similarly, to 180 ºC – 220 ºC for In-doped nano-SnO2, 
corresponding to pure nano-SnO2 Characterization has been performed with X-ray 
diffraction (XRD), absorption techniques by Brunauer-Emmett-Teller (BET) isotherms 
and High Resolution Transmission Electron Microscopy (HRTEM). Authors’ previous 
works have shown interesting results since the sensors sensitivity increased from 30 % to 
37 % and the To considerably decreased from 350 ºC – 450 ºC to 250 ºC – 350 ºC for Al-
doped nanocrystalline SnO2 and, similarly, to 180 ºC – 220 ºC for In-doped nano-SnO2, 
corresponding the minor To to that of pure nano-SnO2 [8-10].  

The X-ray diffraction enabled to identify the material, to evaluate the crystalline structure 
and to measure the crystallites size (applying the Scherrer equation); the adsorption BET 
(Brunauer-Emmett-Teller isotherms) measurements have been used to determine the 
specific area and the HRTEM, Fig. 1.4 is a HRTEM micrograph of pure nano-SnO2 lattice, 
oriented [101] and the corresponding electron diffraction pattern. Some defects are shown: 
a grain boundary from up to down separating the two grains (dark on the left and clear on 
the right); the upper circle surrounding an edge dislocation (d) and in the lower circle a 
twin arrangement (t) is observed.  

1.3.3. Electronic Control System for Gas Sensors  

As it was pointed out before, if the operation temperature (To) is in the range:  
300 ºC – 400 ºC, the heater needs a high electric power, resulting in a problem for its 
application. Reliable control of the operating temperature extends the life of the assembly 
sensor-capsule. 

The micro hot-plate, used to perform measurement and heating [29], involves low power 
consumption and exhibits an architecture enabling the manufacture on a MEMS type 
support. Fig. 1.5 shows the micro hotplate architecture, which is supported by a silicon 
<100> wafer coated with a non-stoichiometric SixNy film. The coating exhibits a low 
residual stress (< 200 MPa) and 1 µm thick, grown by LPCVD enabling the system the 



Chemical Sensors and Biosensors 

 34

thermal isolation, the structure resistance and mechanical stability. Square windows:  
1.5 mm × 1.5 mm, are usually got. 

 

Fig. 1.4. HRTEM micrograph of pure nano-SnO2 lattice (calcined at: 700°C) oriented along [101] 
with the electron diffraction pattern. The atomic ordering and defects are clearly shown. 

 

Fig. 1.5. Architecture of the MEMS hot-plate. 

The micro hotplate, connected to a TO-8 capsule, is shown in Fig. 1.6. Hot-plates were 
built with platinum including a TiO2 adherent interface. The hot-plate consists of a 
micromachined silicon support and windows are got by wet etching technique with KOH. 
The SixNy substrate coating stops the etching of micromachining process and acts as 
thermal isolation between the hot zone and the substrate body which is joined to the 
capsule. To reach an optimal thermal isolation it is of the highest importance to get reliable 
welding between the capsule contacts and the sensor (on the wafer). A platinum heater 
with double-meander structure (heating – pick-up contacts) is integrated to the SixNy film. 
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Fig. 1.6. Microheater. 

The double meander structure is centered in the window of the SixNy membrane released 
from the substrate, by the micromachining of <100> Si. This arrangement is used to 
improve the device thermal efficiency with regards to minimal power consumption  
[30-32].  

The double meander structure is used to heat the sensitive film and to extract the signal. 
This new structure not only achieves a performance similar to that of conventional sensors 
heaters deposited on alumina substrates, but also reduces 10-15 times the device power 
consumption [32]. Otherwise, the thermal and electrical contact is directly produced with 
the nanostructured sensitive film, being the film printed with a thick film technology 
through handicraft techniques, similar to those of screen printing [32]. To explain the use 
of the Pt double meander as heater and as contact to pick-up the signal, the ad-hoc 
electronics as described in [29, 31] is considered, Fig. 1.7. 

 

Fig. 1.7. Diagram of the electronic control system. 
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The portable electronic system consists of a microcontroller and discrete electronics 
components [29]. The description of the elements of the diagram shown in Fig. 1.7 is 
detailed: 

 PC (data acquisition and calculation): it enables the storage of resistivity values of the 
sensitive film as a function of time to transform these values into the concentration of 
the gas to be measured. The signal is filtered to reduce measurement noise. The 
processed data are then transmitted to an external device for later use. 

 Gain: amplifies and conditions the signal picked up by the sensitive film, which is then 
acquired and processed by the PC block. 

 Control logic: switches the heater-contact between both two functions (sensitive film 
heater or contacts). 

 Heating: includes the electronic components that apply the necessary power level 
(temperature) which is convenient to reach the optimal response of the sensitive 
semiconductor film (To). 

 Bias: electronic circuit that generates the SnO2 film bias. 

 Sensor (heating-contacts): sensitive film printed on the double meander (double 
purpose). 

The logic obeying the device functioning is as follows: the control logic switches the 
connection of the double meander electrodes to use them as heaters or contacts able of 
picking up the signal according to a predetermined timing stored in the system memory. 
The working principle is based on the application of a simple pulsed type strategy [31]: 
for a time lapse (ms), the sensor electrodes are excited through the heating block (which 
supplies the necessary power for the correct operation of the SnO2 sensing film). In this 
heating stage, the two resistors which form the double meander are serial connected.  The 
SixNy membrane exhibits a thermal isolation enabling, once removed the heating power, 
to maintain the sensor temperature during a short lapse (ms). After heating, the control 
logic switches the double meander contacts to the pick-up mode enabling the bias block 
to excite the terminals with convenient bias levels on the sensitive film. The double 
meander structure and the connection of the electrodes in heating and pick-up modes are 
shown in Figs. 1.8 (a-d). 

The acquired data are presented, stored and used to calculate the analyte concentration 
periodically repeating this process according to the required application. A time plot 
corresponding to the described signals is shown in Fig. 1.9. It is qualitatively observed the 
difference between the heating times (heating mode) and the measurement of the sensitive 
film (pick-up mode). The electrodes, configured as heaters, excite the sensitive film only 
a few milliseconds. The sensitive film can reach a temperature of about 350 ºC to heat and 
clean the system to avoid the interfering of gases on measurements. Before measuring the 
sensitive film resistivity, a preheating is performed at ~250 ºC to allow evaporation of 
interfering molecules. 
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(a)                                            (b) 

    

(c)                                            (d) 

Fig. 1.8. (a) Double meander resistors; (b) Idem Fig. 1.8a with the sensitive film (yellow); (c) 
Diagram of the double meander; (d) Diagram of the double meander resistors in heating mode: 
Rh1 and Rh2 resistors in pick-up mode: the electrodes of each resistor are serial connected. 
Resistors (Rh1 and Rh2) are short-circuited Rh1 and Rh2 in serial connection. 

 

Fig. 1.9. Diagram of the double meander resistors.  

Once removed the heating power (heating mode) the film resistivity is measured with the 
signal conditioning circuit in pick-up mode, for a short time (less than one millisecond) 
after the heating effect is completed. Fig. 1.10 shows the described timing. 

The film temperature does not change fast due to the inertial effect of the system. After 
the heating time, a temperature value close to the preheating is maintained [32]. During 
this short time, the sensitive film can be biased to measure its resistivity, which is 
proportional to the adsorbed gas concentration. 

A complete application of this electronic control for sensors is given in [14, 33]. 
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Fig. 1.10. Diagram of double meander resistors. 

 

Fig. 1.11. Infrared images showing the heater different temperature stages:  
a) IR heater image at To; b) is the same image than a) but monochromatic  

and c) IR heater image at room temperature. 

1.3.4. Resistive Thick Films Gas Sensors Built with Nanomaterials 

Sensors to detect CO (g), VOCs (Volatile Organic Compounds) and H2 (g) were built at 
DEINSO-CITEDF with nanocrystalline pure or doped tin oxide. The CO (g) gas sensor 
enables to detect this poisoning gas which is colourless, tasteless and odourless. Elevated 
levels of CO (g) are very dangerous to human beings depending on the present amount 
and length of exposure. The CDC-Centre of Disease Control and Prevention and EPA 
(Environmental Protection Agency) in North America have accepted in 2016 a maximum 
permissible exposure in workplace (OSHA) of 50 ppm in air. DEINSO has developed the 
CO (g) sensor for environmental industrial application.  

References on the characteristics of the developed at DEINSO gas sensor will be exposed 
now: as it was shown before (Fig. 1.2), the sensor performance improves not only when 

a) 

b) 

c) 
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D (grain diameter) decreases but also with increasing L (space-charge region thickness) 
since a major proportion of material interacts with the target gas, even if the grain size is 
not excessively small. These concepts were used to build a sensor for CO (g) with 
nanocrystalline SnO2 [8]. The doping of SnO2 with trivalent cations enabled to increase 
the response since the carriers concentration was reduced and, consequently, L increased. 
Doping of SnO2 with Al2O3 enabled C. Xu et al. [34] to build sensors for H2 (g) detection 
but they did not report data on CO (g) sensing. They have prepared the semiconductor 
material by coprecipitation, followed by calcination at high temperature and could not 
evaluate the Al solubility in the SnO2 lattice, in spite of reporting that it had to be lower 
than 1 % as determined by resistivity measurements. The aim of M. Cabezas, et al. work 
[8, 35] was to study at DEINSO, the possibility of increasing the Al solubility in the SnO2 
lattice because this fact could improve the gas sensor sensitivity since carriers 
concentration could decrease even more. Nanocrystalline SnO2 was synthesised by the 
nitrate-citrate gel-combustion method [5, 6] since the use of similar routes in other 
systems made possible to increase the solubility limit of the dopant, in a metastable 
condition, while retaining the homogeneity in composition of materials [35]. This is due 
to the fact that the powder is obtained by the rapid disintegration of the homogeneous gel, 
so the system cannot evolve towards its equilibrium stage. 

In Fig. 1.12 the response of pure, 2 at % and 5 at % Al doped SnO2 is plotted versus T(ºC) 
for 30 ppm CO in air. If pure SnO2 sensors were compared with 2 at % Al doped SnO2 
sensors, it was observed that the latter exhibited a higher sensitivity for the whole 
considered temperature range. The maximal sensitivity resulted: ~8 for non-doped SnO2 
and 10 for 2 at. % Al doped SnO2. The optimal operation temperature (To) resulted  
~375 ºC for both types of sensors. However, 5 at % Al doped SnO2 sensors exhibited a 
lower optimal working temperature: ~325 ºC and their sensitivity resulted of 8. To 
decrease may be assigned to a shift of the characteristic formation temperature of 
adsorbates O- by the incorporation of Al in the SnO2 lattice. Results indicate that the  
gel-combustion method enables to increase the Al solubility in nanocrystalline SnO2 in 
comparison with the co-precipitation method [36] and, at the same time, it reduces the 
crystallite size. Both facts improve the sensitivity of sensors built with the gel-combustion 
synthesised nanomaterials as it was proved with the built thick film sensors. The response 
of the sensors reported in this work was considerably high, between 8 and 10 for 30 ppm 
CO in synthetic air. Furthermore, it is possible to reduce the operation temperature of 
sensors by increasing the Al concentration.  

Thick film sensors with microcrystalline and nanocrystalline pure or In2O3-doped SnO2 
were built at DEINSO [10]. These sensors detect emissions from typical outdoors sources 
including: alcohols, solvents (usage and transportation), oil and gases industries, early 
detection of gas and flame, among others. The SnO2 doping with In2O3 [37] enables to 
build control systems of flammable and toxic gases, mainly found in industrial 
atmosphere: painting, fumigation, building, excavation of contaminated soils, etc.). The 
VOCs sensor built at DEINSO was applied to detect ethanol for industrial use in a 
chemical products company. 
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Fig. 1.12. Response of Gas Sensor built with Al – 2 at. %  
and 5 at % doped SnO2 for 30 ppm of CO (g) in air. 

A major sensitivity (33-37 %) of these sensors built with doped nanocrystalline material 
has been found with regards to those built with microcrystalline doped SnO2. In case of 
nanocrystalline material, it was proved that crystallite size of pure or doped SnO2 
decreases if the doping concentration increases. Sensors performance improved for low 
In2O3 doping concentration (1 % of the mass ratio Sn/In). It was demonstrated that a 
thermal treatment of 3 hours at 700 ºC was suitable to stabilise the sensor, which optimal 
operation temperature resulted 270 ºC (approximately 50 ºC minor than that of sensors 
built with microcrystalline material). 

Sensitivity and response of sensors was evaluated for gas in thermal equilibrium with 
ethanol solutions (50, 500 ad 5000 ppm) in water, Fig. 1.13 shows the resistance variation 
with time of a (1 % In2O3 doped SnO2) sensor in which it appears: the curve taken during 
the first functioning day of a non- stabilised sensor (below) and that of the sensor as 
measured on the second day after the stabilisation treatment. Fig. 1.14 is the response 
variation of a (1 % In2O3 doped SnO2) sensor for different ethanol concentrations (ppm) 
in water.  

Another thick film sensing device, developed at DEINSO as a result of performed research 
on nanocrystalline semiconductor SnO2, was a hydrogen sensor detecting 5 ppm H2 (g) in 
air [9]. H2 (g) is a tasteless, colourless and odourless gas and it cannot be detected by the 
human being. It is found in nuclear reactors, for monitoring and controlling H2 storage 
and use in industrial plants, in coal mines and semiconductors manufacturing. H2 (g) is 
also applied for metal smelting, glass making, reducing thermal treatments, controlling of 
environmental protection, oil extraction and in the chemistry industry. DEINSO sensors 
are still used to control H2 losses in a storage plant at CNEA-Bariloche. 
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Fig. 1.13. Resistance change with time of a Gas Sensor built with 1 at. % In2O3 doped SnO2, 
below: non stabilized sensor (first day), up: the same sensor after stabilization (2nd. day) [37].  

 

Fig. 1.14. Response of a sensor built with 1 % In2O3 doped SnO2 for different ethanol (ppm)  
in water. 

Pure nanocrystalline SnO2 was synthesized with a novel method developed at DEINSO 
[16] by vigorous oxidation of SnCl2.2H2O with H2O2 (30-250 vol.) obtaining an initial 
crystallite size of 1-2 nm and a final size of 5-6 nm after sintering (as revealed, in both 
cases, by XRD peaks broadening with Scherrer technique). Fig. 1.15. Sensitivity versus 
the operation temperature (in ºC) of the sensor for hydrogen. Sensitivity resulted 30-35 % 
higher than that of sensors built with microcrystalline SnO2 (as synthesised by the usual 
calcination method) and the highest sensitivity is reached at an operation temperature of 
~ 180 ºC – 200 ºC.  

The three above described thick film sensors as well as the commercial sensors require a 
heater circuit to provide the adequate operation temperature. Usually, conductive pastes 
have been prepared with the metal oxide semiconductor and deposited by serigraphy on 
the top face of an electronic purity AlSiMg substrate (provided with two interdigitated Pt 
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electrodes previously deposited by screen printing). Afterwards, the conductive pastes 
were prepared at DEINSO with free of glass formulations reaching the adequate 
tyxotropic properties required to deposit them by microelectronic techniques [9]. On the 
bottom face is deposited a meandering Pt heater track also performed with microelectronic 
techniques. The heater and measurement device built with MEMS was already described 
in this chapter, Section 1.3.3 and in [9].  

 

Fig. 1.15. Sensitivity (S) vs. operation temperature-To (ºC) for H2 (g) Sensor. 

1.4. Experimental Procedure and Results 

1.4.1. Thin Film Resistive Sensors Built with Nanocrystalline Oxide (SnO2) 

A H2 (g) sensor built with pure SnO2 was chosen to perform multi-layered thin film 
techniques which were afterwards used to build a doped with CuO-SnO2 sensor to 
measure SH2 (g) ppm in air. At first, H2 (g) sensors were built at DEINSO with thick films 
(Section 1.3.4 of this chapter). Techniques to build the layered nanocrystalline pure SnO2 
thin films were performed and optimized. The nanocrystalline pure SnO2 has been 
deposited by thin film coating techniques to compare results. Nanomaterials were 
characterized by XRD: crystallite size was measured by Scherrer equation and lattice 
stresses (as produced by the different synthesis techniques) were also studied by X-rays 
diffraction. The thin films due to their thickness, to their deposit in multiple layers and to 
the thermal treatments to which they are exposed, generate stresses causing defects, such 
as: dislocations, grain boundaries, interfaces, vacancies clusters, etc. These defects 
accelerate the gases diffusional processes in the sensitive material of sensor, improving, 
in consequence, the device performance. This fact leads to a different sensing mechanism. 
Other techniques were also used to characterize the thin films: adsorption BET techniques 
and SEM which was used to measure the films thickness and the surface relief. HRTEM 
morphology studies were also performed on films. 
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1.4.1.1. Pure SnO2 Synthesis  

Three synthesis techniques [38] have been performed to grow the thin films and their 
results were compared: 

1) Spin Coating: in this method a previous sol-gel synthesis is required with a precursor 
solution containing the cation from which the nanometric oxide thin film is desirable to 
be obtained. A solution of SnCl2.2H2O in absolute ethanol is maintained in the ebb of a 
thermostatic bath at (80-85) ºC, forming at first the sol and later the gel. The sol is formed 
by an alcoxide which, after condensation, produces the gel, appearing long chains which 
increase the solution viscosity. The gel is used to produce the thin film by the deposition 
of few drops on a substrate and the system is undergone to a 3000 rpm rotation rate for 20 
s. To reach a measurable resistivity value, a minimal film thickness is required as obtained 
by the deposit of several overlapped layers, a preheating between each layer is undergone 
trying to avoid that, during the drying process, a layer could drag the previous one. Finally, 
an oxidation by calcination is performed at high temperature for a short time till forming 
the nanocrystalline ceramic material. 

2) Dip Coating: in this method the sol-gel solution is also previously obtained. Afterwards, 
the film is prepared by immersing the substrate (hold by an extreme) inside the solution 
and taking it back in normal direction at controlled rate and temperature. These two last 
parameters determine the film thickness and microstructure.  

3) Spray Pyrolysis: an aerosol is produced with a solution of the cation salt (SnCl2.2H2O) 
from which it is desirable to prepare the thin film on the substrate projecting the aerosol 
on the hot substrate. Controlling the mouthpiece diameter, the distance and projection 
time, the thickness of the thin film will also be controlled. The Sn2+ to Sn4+ oxidation is 
produced by the contact of the hot surface with the atmospheric oxygen. 

The three techniques enable to deposit thin films (Figs. 1.16 (a, b) but, those techniques 
generating more stresses during the deposit must be carefully considered since the films 
deformation will produce in the multilayer system a higher density of defects as it will be 
described in the Section 1.4.2 of this chapter. 

The higher defects concentration enables to increase the diffusion of the gas to be detected 
through the sensitive multilayers system, thus improving the gas sensor performance.  
Fig. 1.16a shows the XRD diffraction patterns corresponding to the three thin films 
coating techniques: Dip-coating (DC), Spin coating (SC) and Spray Pyrolysis (SP). In the 
results of the two first (DC and SC) the broadening of peaks is more remarkable than for 
SP. The different behavior can be assigned to: the smaller crystallite size observed for 
material deposited by DC and SC (see Section 1.4.2) and to the larger generated stresses, 
in comparison with both parameters for SP technique. Fig. 1.16b is the pure SnO2 powder 
XRD diffractogram taken as reference [39] showing the spectra shifting towards smaller 
values of Ɵ angles. The thin film multilayer system was built, in this case, using three 
overlapped layers. The number of layers of sensing systems is augmented to avoid the 
high resistivity values generated by very thin films since very high resistivity values 
appear for them making difficult to measure resistivity. 
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Fig. 1.16. (a) Diffraction patterns corresponding to specimen as synthesized by Dip-Coating 
(DC), Spin-Coating (SC) and Spray-Pyrolysis (SP), (b) corresponds to the reference [39] standard 

pure SnO2 diffraction pattern. 

1.4.1.2. Doped SnO2 Synthesis  

The same three thin film deposit techniques: Spray Pyrolysis (SP), Dip Coating (DC) and 
Spin Coating (SC) were considered in this case of 5 wt % CuO doped SnO2, Figs. 1.17, 
being 1.17a: the reference [39] standard pure SnO2 diffraction pattern; 1.17b is the Spray 
Pyrolysis (SP) spectrum and SEM film micrographs: A on the surface and B on the profile 
to evaluate the film thickness; 1.17c is the Spin Coating (SC) spectrum and SEM film 
micrographs: C on surface and D. on profile and 1.17d is Dip Coating (DC) spectrum and 
SEM film micrographs (E on surface and F on profile). The observation of the three 
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spectra corresponding to SP, SC and DC enables to prove that SP technique does not 
generate stresses (or they are too small) and peaks are not broadened or shifted since SP 
is an evaporation technique. It is easy to prove that DRX diffractograms of SP technique 
do not show films subjected to large stresses. SC and DC techniques were both considered 
more useful to build the multilayer systems because they generate larger stresses and they 
result convenient to create a lot of defects. In case of DC and SC, a considerable shifting 
of peaks towards the minor Ɵ angles is produced by the presence of stresses and they 
result normal to the diffraction planes. The interatomic space is major than the space free 
of stresses causing the peaks shifting to smaller Ɵ angles according to Bragg law [20]. 

 

Fig. 1.17a. Corresponds to the reference [39] standard pure SnO2 diffraction pattern. 

 

Fig. 1.17b. The SP spectrum and SEM film micrographs: A on surface and B on profile. 
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Fig. 1.17c. The SC spectrum and SEM film micrographs: C on surface and D on profile. 

 

Fig. 1.17d. The DC spectrum and SEM film micrographs: E on surface and F on profile. 
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If techniques like DS or SC are used to produce a thin coating, the solvent removing and 
the coating drying produce simultaneously compression stresses able to induce the 
damage or even to collapse a thin structure (or porous structure). Stresses are developed 
during drying of a solidified coating due to contraction by compression. Precise 
measurements of stresses, as measured with XRD, were performed to know the crystalline 
structure and to characterize the homogeneous and the not homogenous stresses [40]. The 
homogeneous or uniform stresses shift the diffraction peaks positions.  

1.4.2. Thin Films Characterisation 

The materials characterization was performed by: 

 BET (Brunauer-Emmett-Teller isotherms) adsorption measurements were performed 
with an Autosorb-1 Quantachron Equipment. BET adsorption technique constitutes a 
basic form of surface analysis, highly relevant for nanomaterials and able to determine 
the specific area: quantity of adsorbed per surface area unit as expressed in [m2g-1]. 
This is usually performed by measuring the adsorbed gas volume onto a specific mass 
of sample caused by the gas pressure, being this measurement known as an adsorption 
isotherm.  

 Microstructure studies of films surface (films surface relief and films thickness 
measurements were performed with a SEM-Scanning Electron Microscope, Zeiss 
Supra 40 Gemini, Advanced Microscopy Centre Faculty of Sciences, UBA- University 
of Buenos Aires and the observation of the bulk pure SnO2 films was performed with 
a HRTEM, JEM-2100 (Jeol, Tokyo, Japan) at the Josef Stefan Institute, Ljubljana, 
Slovenia at the beginning and, actually, at the Faculty of Sciences-UBA.  

 XRD diffraction was used to measure the crystallites size using the Scherrer equation 
[18-19]. XRD studies were performed with Pan-analytical Diffractometer, Empyrean 
Model with Pixel 3D Detector from the XRD Laboratory, Department of Condensed 
Matter Physics-CAC-CNEA. Crystallite size as evaluated by Scherrer equation [18] 
has reached a mean size value of (8±1) nm for pure SnO2 films. Similar sizes were 
reported for doped CuO-SnO2: (8±1) nm for SC and (9±1) for DC but, for SP technique 
the crystallite size was considerably larger: (150±10) nm.  

 XRD was also used to evaluate the stresses as generated by the different deposit 
methods of the nanofilms [20]. Two subjects must be taken into account when a thin 
film sensor is built: the crystallite size and the films coating processes able to generate 
stresses. XRD analysis enabled to evaluate the crystallographic tetragonal structure 
(rutile) of pure SnO2 which is maintained in case of doped CuO-SnO2 because of the 
use of a small concentration of doping oxide.  

 Porosity was another useful property to characterise the pure and doped SnO2 used to 
build the gas sensors. 
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1.4.3. Electronic Control System for Thin Film Gas Sensors  

The double meander electronic circuit (built by MEMS) on silicon substrate to control gas 
sensors (already patented by the authors) [29] was described in this chapter, Section 1.3.3.  

Design and building of circuit details to be used for thick film gas sensors have been given. 
The circuit is going to be improved to make it useful for thin film gas sensors exhibiting 
a new controlled, modular and portable circuit, being able to program the working 
temperature, the sensing operation modes, the heating and the commutation time between 
them. 

1.4.4. Resistive Thin Films Gas Sensors Built with Nanomaterials 

1.4.4.1. H2 (g) Resistive Thin Film Gas Sensor 

This resistivity type thin film sensor, using an oxide semiconductor (SnO2), detects:  
20 ppm in air in a To range of (150-175) ºC. The pure SnO2 powder was prepared by sol-
gel technique departing from solutions 0.1 M, 0.3 M and 0.5 M of [SnCl2.2H2O + lactic 
acid in (absol.) ethanol] after been subjected to an intensive solving with magnetic 
agitation and, afterwards, placing it in a thermostated bath at 80ºC for 3 hours The addition 
of a metal cation to SnO2 increases the gas sensitivity and selectivity, particularly, the 
response to certain gases must be higher. In this case, the chosen catalyser was metallic 
silver which was deposited by sputtering in vacuum for different times from 1 s to 32 s.  

Cations like Ag, Pt, Sb, Cu or Pd, among others, are useful to increase sensitivity and 
selectivity of sensors. In spite of the important bibliography on this subject [41-45] 
actually, an intensive revision on the influence of additives – catalysers on gas sensing is 
still necessary and it is considered to perform it at DEINSO. After the sol-gel treatment 
the coating techniques to deposit the thin films, as described in the chapter,  
Section 1.4.1.1, have been applied. The spin-coating (SC) and dip-coating (DC) 
techniques were chosen for later experiments because they were able to generate larger 
stresses. The sensitive multilayer system is composed by three layers in this case. For the 
drying process different temperature values during different times were proved: 5 min at 
70 ºC, 10 min at 70 ºC and 20 min. at 400 ºC. It is necessary not to use higher temperatures 
to avoid crystallites size growth.  

Other factors to be taken into account besides the dispersion and effects of catalysers are: 
the size and Debye length of the polycrystalline SnO2 particles [34, 46-47] and the acid-
basic properties of the SnO2 surface [48, 49].  

The effects of grain size on the sensitivity of the H2 (g) sensor were studied; crystallite 
sizes of approximately (5±1 to 7±1) nm were evaluated; the porosity effects of layers was 
considered; the multilayer sensing system was built with three layers (which thickness 
was between 200 nm and 400 nm) being the measurements of the thinner layers not easy 
to be controlled. The stresses were evaluated and, at DEINSO, the sensing mechanism is 
going to be revised taken into account the effect of defects generated by the stresses on 
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the gas diffusional processes in the system. Fig. 1.18 shows the resistance (kΩ) versus the 
operation temperature-To (ºC) for the thin film H2 (g) sensor detecting 20 ppm in air at 
150 ºC, but, anyway, it remains still too much work to be performed at DEINSO on 
these thin films for the resistive sensing of H2 (g) to validate the data and get a patent.  

 

Fig. 1.18. Resistance (kΩ) vs operation temperature-To (ºC) for H2 (g) sensor (20 ppm in air). 

1.4.4.2. H2S (g) Resistive Thin Film Gas Sensor 

The H2S (g) is one of the inflammable and toxic gases used in large amounts by numerous 
research laboratories and chemical industries. H2S (g) occurs naturally on earth i.e. salt 
mines are found to contain H2S together with other gases, flooded grounds (rice 
plantations and swamps) also contain this gas which is formed in soils by bacterial 
reduction of sulphates, H2S exists in hydrocarbon reserves: oil and natural gas. But, it is 
in certain industrial plants where this gas is continuously generated producing a high 
danger for human beings. Environmental Control Agencies of harmful gases are 
monitoring all over the world this hazardous gas, among them, EPA-Environmental 
Protection Agency-USA) informs that occupational risks (8 hours work daily) are high for 
continuous exposure limits to 8 ppm to 10 ppm of H2S in air, since continuous exposure 
to this gas in air can produce cancer in a year lapse. H2S (g) sensor was applied for an Oil 
Cracking Laboratory which requires now from DEINSO light and small sensors for 
personal monitoring. 

Numerous techniques have been used to fabricate thick and thin film H2S (g) sensors  
[42-52]. The authors proposed to build a resistive thin film sensor with CuO-doped SnO2 
since always this material has been identified as highly sensitive and selective for H2S (g) 
but, the preparation of sensitive material as proposed at DEINSO exhibits some 
differences and contributions to subjects like: Cu doping of SnO2 and the thin film gas 
sensor mechanism are still going to be investigated at DEINSO. 

In this chapter, the resistivity type thin film sensor based on doped semiconductor oxide 
(SnO2) detects 20 ppm H2S (g) in air in a temperature range of (140-150) ºC. 



Chemical Sensors and Biosensors 

 50

At first, the pure SnO2 powder was prepared by sol-gel technique departing from a 
precursor solution (with concentration: 0.1 M) of [SnCl2.2H2O + Cu (CH3COO)2  
(5 wt %) in absol. ethanol], it follows an intensive solving assisted by magnetic agitation 
and, afterwards, it is maintained in a thermostated bath at 80ºC for 3 hours. Other wt. % 
of copper acetate concentrations were also proved to dope the SnO2 with Cu.  

The addition of a metal cation to SnO2 increases the gas sensitivity. In this case, the chosen 
additive was metallic silver as deposited by sputtering in vacuum. The effect of the 
precursor solutions concentration has been related to the thin films thickness. 

After the sol-gel treatment the coating techniques to deposit the thin films, as described in 
the chapter, Section 1.4.1.2, have been applied. Other factors to be taken into account 
besides the dispersion and effects of additives are: the size and Debye length of the 
polycrystalline SnO2 particles [34, 46-47] and the acid-basic properties of the SnO2 
surface [48, 49].  

The details of experiments enabling to adjust the characteristics of the sensitive material 
are detailed in [38]. XRD enable to measure the particles size and thin films thickness.  

Fig. 1.19 shows the sensitivity (S) change with the operation temperature (To in ºC) for 
doping different concentrations [(wt %) of CuO in SnO2] and Fig. 1.20 shows the 
sensitivity (S) change with To (ºC) for different crystallite size.  

 

Fig. 1.19. Sensitivity change with To (in ºC) for different CuO concentration (wt %) in SnO2 
(highest S at 5 %wt CuO doped SnO2). 

With regards to the functioning of gas sensors the mechanism proposed by [53] is still 
accepted. To perform the sensor fabrication: SnO2 is obtained as powder which is mixed 
with water to form a paste which is deposited on a special alumina support (impregnated 
in a CuO solution). Using data of XRD evaluations and resistivity changes, the following 
chemical reactions may be produced departing from the CuO-SnO2 thin film system. Non-
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stoichiometric CuOx (p type semiconductor) and SnO2-x (n type semiconductor) 
respectively, exhibit a strong electronic interaction due to numerous p–n junctions causing 
a very high resistance of the films in air.  

 

Fig. 1.20. Sensitivity versus To (ºC) for different crystallite size (nm). 

 CuO + H2S  CuS + H2O.  (1.9) 

After exposition to O2 the sulphurized CuS is oxidized back to CuO according to: 

 CuS + 3/2 O2  CuO + SO2. (1.10) 

This mechanism was accepted from several years [54-57]. The authors´ experimental 
conditions are considerably different from those appearing in the cited papers. The sensing 
system, as built at DEINSO, contains six overlapped layers of CuO-SnO2. Fig. 1.20 is a 
cut of the layered sensing system through which the gas will diffuse by defects, like 
surface, grain boundaries, interfaces, holes, etc. In the thermal activated diffusion process 
the gas molecules easily move on the surface and they flow through short circuits (pores 
and grain boundaries) inside the system. In subsequent stages: molecules find interfaces 
separating two adjacent layers, these interfaces show dislocations caused by non-epitaxial 
partial contacts between neighbouring interfaces. On other partial contacts between 
neighbouring deformed interfaces (by stresses), holes may also appear by stresses. It may 
be also possible to find holes due to vacancy clusters. In Fig. 1.21, every type of defects 
is pointed. Besides, if deposit techniques like spin or dip coating are used to deposit the 
thin films, they generate stresses able to increase the defect density. In order to understand 
the effect of normal or increased defect density it is fundamental to simulate the diffusion-
reaction processes in this system. Bibliography on sensing mechanism and diffusion–
reaction processes in non-steady conditions, is scarce. 
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Fig. 1.21. Scheme of porous sensing system with six thin overlapped films including defects. 

1.5. Conclusions 

The first part of this chapter is devoted to the application of nanomaterials to build 
resistive thick films gas sensors. The nanocrystalline pure, Al-doped or In-doped SnO2 
have been synthesized with different crystallite sizes (Ø: crystallite diameter) to build 
resistive type gas sensors to detect: H2 (g), CO (g) and VOCs (g). Synthesis was performed 
by gel-combustion method [Ø = 9 nm – 15 nm] or by reactive oxidation with H2O2 [Ø = 
2 nm – 9 nm] applying a method patented by the authors. Several techniques: XRD, BET 
(Brunauer-Emmett-Teller) isotherms adsorption method and SEM and TEM electron 
microscopies (mainly high resolution HRTEM) were used to characterize the 
microstructural and morphologic properties of the pure and doped nanocrystalline SnO2. 
The calcination temperature produced an increase of grain size contributing to decrease 
the specific absorption area. The analysis of XRD spectra of doped SnO2 with different 
crystallite size, always enabled to identify the structure of the crystallographic phase of 
tetragonal rutile as found in pure SnO2. HRTEM micrographs have shown nanoparticles 
(with very small Ø), with rounded borders and high defects density, which were 
homogeneously distributed. Calcination at higher temperature caused larger size 
crystallites exhibiting a faceted form and a considerably minor defects density. Sensors to 
detect H2 (g), built with pure nano-SnO2, showed a 35 % higher sensitivity in comparison 
with that of reference sensors. The operation temperature (To) decreased to ~180 ºC -  
200 ºC according to the smallest crystallite size.  

An electronic switching system was developed and applied to sensors, alternatively 
measuring the sensor resistivity proportional to the adsorbed gas concentration and setting 
the working temperature (authors´ patent on this subject is already granted). Details of the 
MEMS microheater and of the designed circuits were carefully described. Patents of thick 
film sensors which were built at DEINSO-CITEDEF, are presented (some of them are 
already granted while others are still in procedure). Several developed devices were 
transferred to other research groups or to the industry. 
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The second part of this work is devoted to the application of nanomaterials to build 
resistive thin films multilayered gas sensors. A thin film resistive H2 (g) sensor was built 
with pure (catalysed with Ag) SnO2 finding good results in comparison with those of thick 
film resistive H2 (g) sensors also built at DEINSO-CITEDEF. In fact, the thin film sensor 
detects: 20 ppm in air in a To range of (150-175) ºC and in case of resistive thick film, it 
detects 50 ppm H2 (g) in a To range: (180-200) ºC. Besides, another resistivity type thin 
film sensor based on Cu-doped semiconductor oxide (SnO2) detecting 20 ppm H2S (g) in 
air in a temperature range of (140-150) ºC was fabricated. 

Spin-coating and dip-coating are the chosen techniques to deposit the pure and doped 
SnO2 multi-layered thin films to build the resistive sensors since both techniques generate 
larger stresses (as measured with XRD) than those produced by spray-pyrolysis. An 
explanation for the different behaviour in multi-layered thin films is given. Defects like 
grain boundaries, dislocations, interfaces, holes or vacancy clusters, as generated by 
stresses, are able to accelerate the gas diffusion in the sensitive system. Relations between 
stresses and diffusion are actually studied at DEINSO trying to simulate the sensing 
mechanism related to chemical reactions in the sensor. With regards to the control of 
sensor performance, the electronic circuits developed at DEINSO must be modified to use 
them for thin films enabling the reliable measurement and control of the sensor operation 
temperature to determine the heating/sensing cycles as well as to find the more convenient 
time cycling to measure the sensing signal.  
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Chapter 2 
Gas-Phase Synthesized Nanostructured 
Oxide-Based Gas Sensors 

A. Roy, M. Driess and F. E. Kruis1 

2.1. Introduction 

Gas sensors based on metal oxides as the sensing elements, which change their electrical 
resistance when oxidising or reducing gases are applied, have been widely used to detect 
and monitor a large variety of toxic and explosive gases [1-6]. Both ZnO and SnO2 are 
wide band gap n-type semiconductors and are among the earliest discovered and best 
known gas sensing oxides, and have been extensively studied for the detection of 
C2H5OH, CO, CH4, NOx, etc. [1-5, 8-13]. The sensing mechanism for this type of gas 
sensor is based on the adsorption/desorption process of oxygen on the surface of the 
sensing material. At temperatures below 373 K oxygen is physisorbed at the surface. At 
higher temperatures (>373 K) oxygen acts via a chemisorption process as an electron 
acceptor. The chemisorption of oxygen species (in the form of O2

- or O-) in air on the 
semiconductor surface occurs by removing conduction band electrons of the metal oxide. 
This leads to the formation of an electron-depletion region on the metal oxide and thus 
changes the electrical resistance of the metal oxide. On exposure to a reducing or oxidising 
gas, the width of the depletion layer () changes and this alters the electrical resistance of 
the metal oxide [1-6]. The response of a sensor (S = Ra/Rg) is defined as the ratio of the 
resistance of the sensor in air (Ra) to the resistance in the sensing environment (Rg). In 
recent years a lot of efforts have been made to improve some of the sensor parameters like 
response, selectivity and optimal operating temperature of ZnO and SnO2 based gas 
sensors. Since most of these sensor parameters depend on the surface reaction between 
the metal oxide and the gas molecule at elevated temperatures in the ambient, 
nanostructured oxide-based sensors are expected to exhibit an increased sensor 
performance compared to microcrystalline materials due to the large surface to bulk ratio. 
Thus significant amounts of efforts have been employed to control the geometric 
parameters such as particle size, agglomeration, area of inter-particle and inter-
agglomerate contacts, thickness of the sensing layer and porosity of the layer [2, 9]. 
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Although some of the geometric parameters are inter-related, however, few 
generalizations can be made. For example, there exist many reports in case of ZnO 
nanoparticles based gas sensors where gas response increases with decrease in particle 
size, especially below a particle size of 10 nm [1, 14]. Besides the particle size, the 
microstructure (i.e. the thickness and porosity) of the ZnO layer is an important factor to 
control the gas sensor performance [2, 5, 15]. A smaller film thickness together with 
higher porosity generally increases the sensor response. Although the response increases 
with decrease in particle size, however, it is difficult to achieve high porosity with smaller 
particle sizes. Another practical problem with very small nanoparticles is that they may 
show sintering over time at the sensor operating temperature, which can influence the long 
term sensor stability. Thus controlling of one or more of the above mentioned geometric 
parameters is of immense importance to design an efficient gas sensor. Moreover, it is 
also necessary to understand that besides the geometric parameters, one should also 
consider the physical-chemical parameters of the oxide matrix, such as: different surface 
and bulk defects, type and concentration of uncontrolled impurities, surface architecture, 
etc. [2, 9, 16-25]. It has been known for long time that these physical-chemical parameters 
influence the sensor performance. Therefore, a complete approach, which includes both 
geometric and physical-chemical parameters of the gas sensor matrix, is needed in order 
to achieve highly sensitive and stable oxide-based gas sensors. 

The present book chapter describes our experiences with the fabrication and evaluation of 
gas-phase derived nanoparticles based oxide gas sensors. Continuous synthesis of 
nanoparticles using gas-phase routes offers several advantages over conventional solution 
or colloid based batch processing techniques such as very high bulk and surface purity, 
control over particle morphology, crystallinity and stoichiometry. The various gas-phase 
synthesis processes that have been developed by our group not only allow users to tailor 
the nanoparticle structure but also to have independent control over grain size, chemical 
composition, film thickness and porosity. These unique gas sensor processing features 
allow us to elucidate the complex nature of the structure-property-function relationship in 
the oxide-based gas sensors. For the shake of clarity to the readers; we have decided not 
to include any details of various nanoparticle processing strategies developed by the group 
[16-25]. We rather focused our efforts on describing the sensor platform that was designed 
to deposit and measure sensor response under various reducing gases at different 
temperatures. In addition to sensor performance, we also investigated the current-voltage 
characteristic (I-V) under ethanol and air at different temperatures. Furthermore, efforts 
have been made to understand the electrical conductions pathways in this sensor under 
different environments and finally a physical model has been employed in order to 
understand and explain the details of the sensor characteristic.  

2.2. Measurement Set-Up, Sensor Array and Preparation of Films  
for Electrical and Gas-Sensing Characterisation 

A block diagram of the complete instrumental configuration with the switching device 
and the interconnections is shown in Fig. 2.1 [20, 26]. The setup is consisting of (i) gas 
delivery system using magnetic valves (MVs) and mass flow controllers (MFCs):  
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(ii) measurement chamber; (iii) the sample deposited on a sensor array, either for 
conventional gas sensing measurements or to characterize electrical properties; (iv) Hall 
magnet; (v) temperature control, and (vi) automatic control and measurement unit. The 
control unit controls the MFCs and MVs and the gas concentration can be adjusted 
between 10-10000 ppm in synthetic air (20 % O2 and 80 % N2) with an accuracy of 0.7 % 
of the gas flow (150 ml/min). For measurements concerning the I-V, sensitivity and 
dynamic behaviour of a gas sensor, a picoammeter (model 487, Keithley Instr./Germany) 
with an internal voltage source is used. The instruments are connected via an IEEE-488 
bus to the computer. The set-up can be used to measure gas-sensing characteristics in well-
defined temperature cycles and gas concentration levels.  

 

Fig. 2.1. Block diagram of the complete gas-sensing measurement setup. The measurement cell 
fits between the poles of the magnet so that all electrical measurements can be done in one cell 

(Reproduced from [20], with the permission of AIP Publishing). 

The sensor array consisting of a microhotplate with interdigitally patterned electrodes 
(Fraunhofer Institute, IMS in Duisburg, Germany) is shown in Fig. 2.2. A miniaturised 
electrode area can help to decrease the effective resistance of the nanoparticle layer, and 
an embedded heating layer can reduce power consumption to reach different operating 
temperatures. In order to be able to make electrical measurements of oxide nanoparticle 
films up to resistance values of 1 GΩ, a 1 mm2 structure, consisting of 160 interdigitated 
fingers with a width of 2 μm and identical separations, is fabricated on a chip of 3×3 mm2. 
The electrodes are buried in phosphor-doped silicate glass (PSG) having a resistance much 
higher than that of the nanoparticle sample and viscous behaviour required for processing. 
The buried electrode structure is especially designed to eliminate the influence of 
electrode walls on the particle deposition. A poly-silicon layer is embedded in the 
structure and serves as a heating element allowing a maximum stable operating 
temperature of 673 K. Each contact window has an area of 4×4 μm2, a distance of 2 μm 
to the next window and allows a maximum current of 5 mA. Altogether, each 
microhotplate has 32 contact windows for passing the current through the poly-silicon 
layer. A temperature sensitive resistance (TSR) close to the interdigitated electrodes 
allows measurement of the microhotplate surface temperature. 
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Fig. 2.2. (a) Schematics of the micro-hotplate design for gas-sensing measurements. (Reproduced 
from [20], with the permission of AIP Publishing); (b and c) Images of the sensor platform and 
array of the electrodes before the nanoparticles were deposited. 

The polydisperse or size classified aerosol of oxide nanoparticles was directly deposited 
on the substrate with interdigitated gold electrodes (see Fig. 2.2) using an electrostatic 
precipitator operating under low pressure (~4 mbar). Prior to gas-sensing measurements, 
SnOx nanoparticle films were annealed at a temperature of 573 K for about 2 h in  
1000 ppm ethanol in synthetic air. The annealing will lead to the formation of sintering 
necks. This is supported by the fact that during the annealing process the resistance of 
SnOx nanoparticle samples decreased by several orders of magnitude. In case of ZnO 
based sensors the as-deposited nanoparticle films were sintered at 673 K for 24 hours 
under ambient laboratory conditions. The maximum sintering temperature of 673 K was 
chosen due to the fact that above this temperature the sensor platform with interdigital 
structures was not stable over time. Representative scanning electron microscopy (SEM) 
and atomic force microscopy (AFM) images of the resultant films after deposition and 
annealing of the size classified SnOx or polydisperse ZnO nanoparticles are shown in  
Fig. 2.3. The thicknesses of the as-deposited films were between 1-15 m. The average 
thickness of the deposited films was calculated using the values of the diameter of the 
deposited area, mean particle diameter of the deposited particles over time, and the particle 
concentration in the aerosol over time [20, 26]. 

 

Fig. 2.3. SEM micrograph of a nanoparticle film composed of size-fractionated (a) as-deposited 
SnOx nanoparticles (Reprinted from publication [22] with permission from Elsevier); (b) annealed 
at 573 K for 1,000 hrs in oxygen and ethanol (Reprinted from publication [22] with permission 
from Elsevier); (c) polydispersed as-deposited ZnO film; and (d) AFM images of the porous ZnO 
film deposited on the sensor platform. 
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After sintering the I-V characteristic of the porous film was studied under dry synthetic 
air and under 1000 ppm of ethanol at temperatures in the range 298 K to 673 K. The sensor 
response (S = Ra/Rg) in the present study has been determined by the ratio of the stable 
resistance of the SnOx and ZnO in dry synthetic air (Ra) and the stable resistance in a 
reducing atmosphere (Rg). Each measurement was repeated at least thrice to test the 
reproducibility of the response.  

2.3. Studies on SnOx Films Made from Size-Selected Nanoparticles 

Our group has extensively worked on SnOx nanoparticles derived from pure SnO 
evaporation and in-flight oxidation [16, 21, 22, 25, 26]. Size-selected nanoparticles 
ranging from 10 to 35 nm were used to form films which were studied to understand the 
influence of particle size on gas sensitivity and response behaviour under various reducing 
gases. Fig. 2.4a shows the response of a sensor made of 20 nm SnOx size-classified 
particles (NF20) towards 1000 ppm of ethanol and 573 K. The ‘‘on’’-state shown in the 
graph corresponds to the introduction of 1000 ppm ethanol diluted in synthetic air and the 
‘‘off’’-state to the introduction of pure synthetic air. Fig. 2.4b describes the sensitivity of 
the nanoparticle films as a function of particle size in the range 573-673 K. It can be seen 
that the sensitivity increases with decreasing particle size. Increasing the temperature also 
leads to an increase in the sensitivity. The response time () for these films was determined 
from the measured dynamic behaviour by determining the time at which the sensor attains 
63 % of the stabilized value of the electrical resistance after changing the concentration 
of the reducing gas. It was observed that the measured change of the resistance on the 
introduction of ethanol has a response time () of 38 s for 20 nm particles which decreases 
with decrease in particle size to 10 s for 10 nm particles. It should be noted the particle 
size distribution was narrow (monodisperse) and the particle size was the only variable. 
Also, the microstructure of the films of different SnOx particle sizes was comparable and 
did not change due to the annealing. Moreover, the oxygen stoichiometry of these particles 
was also very similar. Therefore, the observed variation of S and  observed in the present 
study is purely a consequence of nanoparticle size dependence. These can be explained 
by considering the thickness of the depletion layer and the size of the particles. The width 
of the depletion layer or Debye length () depends on the amount of adsorbed oxygen and 
its length is ~3-4 nm at 673 K [27] for SnO2. At smaller particle sizes, with particle 
diameter (DP) less than or close to 2, the particle core is the major resistance controlling 
part of the chain and the sensitivity is known to be a sensitive function of nanoparticle 
size. As the size becomes small, concentration and energy position of absorption sites in 
the band gap of the semiconductor are also affected significantly. Together, these factors 
result in an improved response of the nanoparticle films to the gas molecules in terms of 
higher sensitivity and low response time at smaller particle sizes below 20 nm. 

However, not only the particle size effects on the sensing behaviour but also the chemical 
composition is important because the amount of oxygen vacancies can influence the 
number of chemisorbed oxygen species and, thus, the conductivity change due to this 
process. We, therefore, also studied the influence of synthesis process parameters on the 
gas sensing properties of the nanoparticles films generated. It was demonstrated how the 
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variation of the process parameter during the synthesis and deposition can influence the 
properties of the nanoparticle films, most importantly the crystal phase and surface 
stoichiometry [22, 25]. The sensor responses of 10 nm (NF10) and 20 nm (NF20) particles 
formed without in-flight oxygen were compared with the response of 20 nm particles 
formed in presence of oxygen in 1000 ppm ethanol as a function of operating temperature 
(Fig. 2.5a). However, all samples were annealed after deposition in synthetic air at 573 K. 
Compared to the samples which were not in-flight oxidized in the gas phase, the maximum 
sensor response of an in-flight oxidized SnOx nanoparticle sample is nearly one order of 
magnitude higher. Auger electron spectroscopy (AES) measurements of these particles 
revealed that in-flight oxidation leads to more sub-stoichiometric tin oxide, around SnO1.8. 
A lower oxygen stoichiometry generally results in lager thickness of depletion (2) layer 
and therefore higher value of sensor response.  

 

Fig. 2.4. (a). Sensor response transients of sample NF20 on switching the ethanol flow on and off 
(T = 573 K; ethanol concentration 1,000 and 100 ppm) (Adapted from [26]); (b). Sensitivity as a 
function of the particle size at different temperatures in 1,000 ppm ethanol. The layer thickness for 
all the samples is 1.5 μm (Reproduced from [21], with the permission of AIP Publishing). 

 

Fig. 2.5. (a). Normalized conductance or sensor response of NF10, NF20 and in-flight oxidized 
NF20 as a function of the operating temperature in 1000 ppm ethanol, Film thickness is 1.5 m 
(Reprinted from publication [22] with permission from Elsevier); (b). Gas sensitivity of NF10  
as a function of the operating temperature in 1,000 ppm ethanol and 1,000 ppm CO (Adapted  
from [26]). 



Chapter 2. Gas-Phase Synthesized Nanostructured Oxide-Based Gas Sensors 

63 

Finally, the selectivity of these SnOx gas sensors were tested with carbon monoxide (CO) 
and results (Fig. 2.5b) showed that these sensors have a very low value of sensor response 
which is difficult to detect between 423 K – 523 K. Compared to CO, ethanol can be 
detected at temperatures above 453 K with sufficient sensitivity. The same measurements 
have been done for CH4 whose sensitivity values are similar to CO. Consequently, it 
should be possible to distinguish between ethanol and CO at the same operating 
temperature if the gas concentration is known. 

2.4. Studies on ZnO films Made from Poly-Dispersed Nanoparticles 

Non-agglomerated, sintered ZnO nanoparticles were prepared using Chemical Vapor 
Synthesis (CVS) technique as described previously [24]. Decomposition of the volatile 
organometallic precursor, [CH3ZnOCH(CH3)2]4, particle formation and subsequent 
growth, and sintering of the formed ZnO particles occurred in the decomposition furnace 
under 0.2 % (by volume) of oxygen. ZnO nanoparticles formed under this oxygen 
concentration showed presence of impurities, bulk and surface defects, which lead to a 
very high response of the sensor towards ethanol [23]. The temperature of the 
decomposition furnace was fixed at 1173 K and the residence time of the aerosol inside 
the decomposition furnace was ~2.5 s. The resistance measurements of the nanoparticle 
based ZnO films under different gas environment (C2H5OH, CO and CH4 in the present 
study) were carried out using a fully automated gas sensing set-up as described earlier  
[20, 21]. Prior to gas sensing measurement, the as-deposited ZnO nanoparticle films were 
sintered at 673 K for 24 hours under ambient laboratory conditions. After sintering of the 
as-deposited film at 673 K no noticeable changes of the films morphologies were found. 
This is due to fact that the sintering between the particles at this temperature is negligible 
and thus not affects the particle and film morphologies significantly. However, the 
resistance values of the as-deposited films decreased by at least one to two orders of 
magnitudes, typically more than 100 Mega-ohm (MΩ) before sintering and few Mega-
ohms after sintering. This lead us to believe that the necks formed among the particles 
without any noticeable change of the particle and hence film morphologies. Although it 
is difficult to calculate the radius of the neck, however, a rough estimate of the degree of 
the grain growth that may occur at 673 K due to sintering for 24 hrs can be as high as 4 
nm. This value was derived assuming that the sintering takes place by the grain-boundary 
diffusion of zinc [24]. The SEM image also shows the presence of pores in the film. The 
AFM image of the sintered film is shown in Fig. 2.3d. The AFM micrograph clearly shows 
the presence of pores of different sizes in the sintered ZnO film sintered at 673 K. From 
these SEM and AFM results it can be concluded that the formation of the ZnO 
nanoparticles at a high temperature (1173 K) and its sintering at relatively low temperature 
(673 K) lead to the formation of a highly porous ZnO film. The formation of a porous 
matrix is desirable in order to achieve high sensor performance, which has been 
demonstrated in this work and discussed below. 

After sintering the I-V characteristic of the porous film was studied under dry synthetic 
air and under 1000 ppm of ethanol at temperatures in the range 298 K to 673 K. The sensor 
response (S = Ra/Rg) was tested towards C2H5OH, CO and CH4. Each measurement was 
repeated at least thrice to test the reproducibility of the response. The sensor was found to 
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give reproducible response typically within 10 % for a certain concentration of ethanol. 
The long-time stability of this sensor was also tested with ethanol and found to be stable 
over months [23].  

Figs. 2.6 (a, b, and c) show the sensor response curves of the ZnO sensor towards three 
different reducing gases, ethanol (C2H5OH), carbon-monoxide (CO), and methane (CH4). 
These figures also show the variation of the response with changes in the concentrations 
of the reducing gases. The sensor response values were quite reproducible for a fixed 
concentration of a gas at a given temperature as shown in Fig. 2.6a, for 1000 ppm of 
ethanol. Figs. 2.6 (a-c) also show that the response signal goes down with the decrease in 
the concentration of reducing gases. These figures also demonstrate that the sensor has 
the highest response value under ethanol, the response decreases under CO and the sensor 
is least sensitive under methane. In order to compare the response of the ZnO sensor under 
different reducing gases, the sensor response values have been plotted together for a 
certain concentration of the reducing gases and shown in Fig. 2.6d. For each of these 
reducing gases the response increases with increasing gas concentration and for a certain 
gas concentration the magnitude of response follows the order Sethanol > Scarbon-monoxide > 
Smethane. The high response values of the sensor towards ethanol possible indicate that they 
can be selectively used for ethanol detection. It should be noted here that in case of CO, 
the sensor shows a maximum response signal at 623 K (discussed later), and hence the 
Figs. 2.6(b, d) show the results of the sensor operating at 623 K. Fig. 2.6d clearly shows 
that the ZnO sensor is very sensitive towards each of these gases and the response values 
obtained in this study are comparable or even higher than most of the reported values for 
nanostructured ZnO [3, 5, 10-12, 14]. Now it is important to understand the origin of such 
a sensitive response of this sensor towards different gases and also the trend in the 
decrease in response values from ethanol to methane. We have reported that for ZnO based 
ethanol sensors the presence of bulk and surface defects, and the presence of traces of 
impurities can strongly influence the sensor performance [23]. This is mainly due to the 
fact that both the defects and impurities can act as shallow donors near the conduction 
band. The presence of these donor energy levels near the conduction band increases the 
amount of adsorbed oxygen or width of the depletion layer considerably and hence the 
response of the sensor. For the sensor used in this study it has been shown that the ZnO 
nanoparticles contain both surface and bulk defects and traces of carbon species (in the 
ppm level), which makes this sensor very sensitive towards the reducing gases [23]. It 
should be noted that together with the above mentioned factors, the particle size and 
porosity of the film also contribute towards the net sensor response of the ZnO sensor. 
The trend in decrease in response from ethanol to methane possible can be explained by 
considering the different reactivity of the gases at elevated temperatures. A similar trend 
in response has been observed for ZnO and SnO2 based gas sensors [28-30]. In order to 
understand the influence of the reducing gas on the sensor performance, the response of 
the ZnO sensor at different operating temperatures was investigated using 1000 ppm of 
ethanol, carbon-monoxide, and methane and shown in Fig. 2.6e. As shown in Fig. 2.6e, 
the response increases sharply for all the gases as the temperature is raised from 523 K to 
673 K, however, for CO the maximum response was obtained at 623 K. The increase of 
response signal with increase in temperature is due to the enhanced reaction between the 
reducing gas and adsorbed oxygen at elevated temperatures. For CO the response 



Chapter 2. Gas-Phase Synthesized Nanostructured Oxide-Based Gas Sensors 

65 

decreases above 623 K possibly due to the increasing speed of surface re-adsorption of 
oxygen and increased rate of desorption of CO on the surface of ZnO [30]. The low 
response of the sensor under methane in the studied temperature range is due to stability 
of the methane molecule in the gas phase and it has often been reported that the response 
of the gas sensor reaches a maximum under methane at a temperature which is generally 
100 to 150 K higher compared to ethanol and carbon-monoxide [31]. A similar analogy 
cannot be drawn between ethanol and carbon-monoxide as the sensing mechanism is a 
complex process and consists of several steps, e.g. diffusion, adsorption, chemical 
reaction and desorption. Each of these steps may consist of several sub-steps [31, 32], for 
example, CO oxidation kinetics on ZnO may follow different paths and a particular path 
may be preferred kinetically over the other because of some intrinsic properties of the 
ZnO used [33]. Nonetheless, it is not possible to draw any qualitative conclusion about 
the details of the observed trend in the responses.  

 

Fig. 2.6. Gas response of the ZnO sensor under (a) ethanol at 673 K; (b) carbon-monoxide at  
623 K; (c) methane at 673 K; (d) a comparison between the response values under different 
reducing gases; (e) change of response values with temperatures under 1000 ppm of different 
reducing gases. 

A complete knowledge of the surface chemistry involved in the gas detection is very 
important to understand the sensor performance. However, this is not enough for the 
complete understanding of the dependence of the sensor resistance on the partial pressure 
of the gas at different temperatures [34, 35]. Additional information about the way in 
which the electrical conduction takes place in the sensing layer, e.g. the current path 
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through the sensing layer, the role of electrode-metal oxide layer contacts, and the way by 
which both are influenced by gas exposure, is also very important. In order to understand 
some of these factors the I-V characteristics of the ZnO porous film were recorded under 
dry synthetic air and under 100 ppm of ethanol at different temperatures. Fig. 2.7a shows 
the I-V characteristic of ZnO film kept under synthetic air and ethanol at 673 K. When 
the sensor was under synthetic air for 120 minutes at 673 K (Fig. 2.7(a-i)), a non-linear  
I-V response was observed. The non-linear I-V curve indicates the formation of a Schottky 
barrier most likely between the Au electrode and ZnO film or between two ZnO grains. 
Interestingly, when the matrix was exposed to 100 ppm of ethanol at 623 K, a linear ohmic 
type I-V (Fig. 2.7(a-ii)) characteristic was observed. Exposure to ethanol also leads to the 
decrease in resistance by a factor of 1000 and has been shown earlier (see Fig. 2.6a). When 
the ethanol flow was switched off and synthetic air was introduced for 30 minutes, the  
I-V response again shows Schottky behaviour (Fig. 2.7(a-iii)) at 673 K. This result 
indicates that adsorption of the oxygen on the surface of the ZnO nanoparticles plays a 
crucial role and controls the conduction of the electrons in the sensor. In order to prove 
that the oxygen is the major factor which determines the nature of the conduction of the 
electrons and hence the I-V response, the sensor kept under synthetic air at 673 K for  
60 minutes was cooled down to room temperature (298 K at the rate of 2 K/min) and the 
result of the I-V measurements is shown in Fig. 2.7b.  

 

Fig. 2.7. Current-voltage (I-V) response of the ZnO sensor, (a) i: under synthetic air for  
120 minutes at 673 K, ii: under 100 ppm of ethanol for 30 minutes at 673 K, iii: under air  
for 30 minutes at 673 K; (b) the sensor was cooled from 673 K to 298 K under 100 ppm ethanol 
and under air and the I-V measurements were performed at 298 K. 

The I-V response shows the Schottky type behaviour at 298 K and at all temperatures 
under air during cooling. This result clearly demonstrates the presence of an adsorbed 
oxygen layer even at low temperatures. At high temperatures an adsorbed layer of oxygen 
is formed and this layer remains stable due to the very slow desorption process of the 
oxygen at low temperatures. Interestingly, when the sample was under 100 ppm of ethanol 
at 673 K and cooled down to 298 K under ethanol, the I-V curve is linear (Fig. 2.7b). This 
is due to the fact that at high temperature (673 K) under ethanol the layer of adsorbed 
oxygen is either very thin or absent and thus cooling to room temperature does not change 
the I-V response. From these I-V results one can conclude that the adsorption process of 
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oxygen at elevated temperatures leads to the formation of an electron depletion region 
either between the electrode-film and between the grains or in the necks between the 
grains, leading to form a barrier in the electron conduction process. This is discussed 
below in detail. 

The observed differences in the I-V characteristics under different environments can be 
explained considering the contacts between the ZnO layer and the Au electrodes, and the 
contacts between two grains of ZnO. The work function of Au (4.8-5.1 eV) is slightly 
lower than that of ZnO (5.2-5.3 eV) and it is known that a contact between a metal and a 
semiconductor is ohmic if the work function of metal is equal to or smaller than the work 
function of an n-type semiconductor [36, 37]. However, it is well know that in case of 
ZnO generally a Schottky barrier forms between the ZnO film and the Au electrode due 
to presence of different surface states arising because of different chemical-physical 
defects on the surface and adsorbed impurities [37, 38]. The width of this Schottky barrier 
depends on the amount of adsorbed oxygen at elevated temperatures. The adsorption of 
oxygen on the ZnO film substantially lowers the carrier density, making the width of the 
barrier so thick that a non-linear I-V characteristic could be observed in synthetic air  
(Fig. 2.7, curve 1, and 3). Exposure to 100 ppm of ethanol leads to the removal of the 
adsorbed oxygen from the ZnO surface and thereby lowering the width of the Schottky 
barrier. This allows the electrons to migrate across the very thin barrier by tunnelling and 
therefore shows ohmic behaviour under ethanol (Fig. 2.5, curve 2). The major drawback 
of this interpretation is that it contradicts the experimental (e.g. impedance spectroscopy 
studies) and the theoretical evidences as found by different workers [6]. The changes of 
the electrical resistance attributed to the contacts are negligible during the operation of the 
film sensors, however, the contact resistance might be important in the overall resistance 
of the sensor [6]. In the present study the resistance changes by a factor of thousand due 
to the addition of 100 ppm of ethanol (Fig. 2.7a) which is too large to be due to the change 
in the contact resistance of the Au-ZnO contacts. This leads to the conclusion that the non-
linear I-V curve obtained in the present study is possible due to the contacts between the 
two ZnO grains and the presence of a thick depletion layer in the neck region between two 
grains. It is well established that in the case of porous films made of nanoparticles, the 
contact resistance between the grains dominates the electrical resistance of the sensors. In 
this work the ZnO nanoparticles were synthesised at a very high temperature (1173 K) 
and then the particles were directly deposited between the electrodes. These deposited 
particles were further sintered at relatively low temperature (673 K). The degree of grain 
growth at 673 K is ~ 4 nm [24], which is very small and thus very thin necks are formed 
between the grains. Fig. 2.8 shows the schematics of the two probable geometries between 
two grains that may exist in the present system. The Figs. 2.8 (a, b) also show the electron 
depletion region around each grain, and at the inter-granular neck region of the n-type 
grains operating in the presence of oxygen at elevated temperatures, along with the 
corresponding band model [4-7]. The width of the depletion layer or Debye length () 
depends on the amount of adsorbed oxygen and its length is ~ 3-4 nm at 673 K [27] for 
SnO2. Note that the  of SnO2 has been used here due to the lack of any reliable report on 
the Debye length of ZnO. Since the mean particle diameter (Dp) of the ZnO used in this 
study is ~ 17 nm, so most of the particles are partly depleted of electrons (Dp > 2). The 
formation of the depletion layer caused the band bending at the grain boundaries by eVs

g 
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in air (Fig. 2.8a) without the variation of the bulk value of EC. Under this condition the 
electrons have to overcome the potential barrier of eVs

g in order to be able to move from 
one grain to the other, and this leads to Schottky type behaviour in the I-V measurement.  

 

Fig. 2.8. Physical model showing the effect of oxygen adsorption and ethanol reduction on the 
depletion region inside the grains (shown at the top) and energy band (bottom) with respect to the 
(a) grain boundary control resistance; (b) neck control resistance. EC

O denoted the conduction band 
edge in ZnO, eVs

g the band bending at the grain boundaries in air, eVs is the band bending at the 
grain boundary in ethanol, eVs

n the band bending at the neck in air, EC is the bulk conduction band 
energy and EF is the bulk Fermi energy. The solid line in the energy diagram represents the situation 
in air and the small circular line shows the situation after exposure to ethanol. (b) represents the 
bulk properties. x, , Dp are the neck width, width of the depletion layer, and mean particle diameter 
respectively [4, 7]. 

The presence of ethanol, a reducing gas, removes most of the adsorbed oxygen species 
from the surface and this leads to a considerable decrease of the magnitude of the band 
bending, i.e. the value of band bending changes from eVs

g to eVS and eVS < eVs
g. This 

may enhance the probability of the electron transport between the grains considerably and 
this leads to a decrease in resistance of the sensor. If the height of the barrier due to band 
bending under ethanol is very small, the electrons may move freely between the grains 
and the intergrain contacts practically behave like an ohmic contact (i.e. eVs ≈ 0) and thus 
would yield a linear I-V characteristic as has been observed in the present study. Here it 
should be noted that the sintering of the sensor at 673 K leads to the formation of a very 
narrow neck (see experimental section and discussion above). If the width of these necks 
(x) is comparable to twice the width of the depletion layer (2), the neck region will be 
highly resistive and controls the sensor resistance and hence the response of the sensor. 
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The schematic of this case has been shown in Fig. 2.6b. The band bending at the neck 
region leads to the formation of a potential barrier of height eVs

n and this may lead to a 
non-linear Schottky type I-V curve. Exposure to ethanol removes this barrier completely 
and the neck region behaves like the bulk. This will result a linear ohmic type I-V under 
ethanol. Another situation is possible in which some of the grains are completely depleted, 
especially for grains having sizes ≤8 nm, the Schottky barrier mechanism of electron 
transport cannot be applied and thus has not been included in Fig. 2.8 [4, 7]. In the present 
investigation it is most likely that all the above mentioned three mechanisms are working 
simultaneously due to the broad particle size distribution as found from the TEM 
measurements. However, considering the non-linear I-V under synthetic air, linear I-V 
under ethanol, and large value of sensor response towards ethanol it is very likely that the 
resistance and hence response of the ZnO sensor is mainly controlled by the width of the 
neck, i.e. the sensor working in the neck control regime. This interpretation of the 
observed results fits well to the theoretical prediction made by Wang el al [39]. These 
authors showed that the response increases considerably below a particle diameter of  
30 nm, and this is mainly due to the pinching off of the neck conduction channel by the 
depletion region [39]. 

2.5. Conclusion 

We have developed gas-phase synthesis methods to investigate gas sensitive properties of 
tin oxide and zinc oxide films. The syntheses techniques allow us to independently control 
several process steps which affects the physicochemical properties of the resultant films. 
These steps include particle size-fractionation, high-temperature in-flight oxidation, and 
post deposition treatment, leading to different chemical composition characteristics. It has 
been demonstrated conclusively that using smaller tin oxide particles in the size range  
10-35 nm leads to higher values of sensitivity for ethanol vapour and a more rapid 
response on changing gas conditions. The effect is especially clear for particles of 20 nm 
or less. Moreover, the in-situ oxidised and post-annealed (at 573 K) particle layers have 
smaller surface stoichiometry values (SnO1.8) and a different SnO2 crystallographic 
structure compared to those of un-oxidised samples, resulting in higher sensitivity and a 
shift of the maximum sensitivity to lower operating temperatures. A highly active 
chemical gas sensor based on porous layers of non-agglomerated ZnO nanoparticles has 
also been fabricated using the gas-phase technique. The sensor was found to be very 
sensitive towards C2H5OH, CO, and CH4, and the sensor performance towards these 
different reducing gases can be explained considering the geometrical and physical-
chemical parameters of the ZnO matrix. The presence of defects and impurities inside the 
ZnO nanoparticles, and formation of a porous layer of ZnO film due to the formation of a 
thin inter-granular neck, contribute towards the overall sensor performance by increasing 
the amount of chemisorbed oxygen species on the effective surface of the ZnO sensor. 
However, the trend of sensor response towards different reducing gases cannot be 
explained completely due the complex nature of the interactions between the ZnO sensing 
layers and adsorbed gas molecules of the reducing gases. The I-V characteristic of the 
sensor under different temperatures and environments clearly demonstrates that the inter-
granular necks are completely depleted of conduction electrons and thus show Schottky 
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type I-V behaviour under oxidising atmosphere. The neck controlled electron transport 
also explains the very high sensor response and linear I-V curves of this sensor under 
reducing atmospheres.  
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Chapter 3 
Metal-Oxide-Semiconductor (MOS) Gas 
Sensors 

Ahalapatiya H. Jayatissa and Tarun Gupta1 

3.1. Introduction 

Metal oxide semiconductor (MOS)-based gas sensors have attracted a great deal of 
attention in recent years due to the advances of MOS nanostructures such as nanoparticles, 
nanotubes, and nanorods [1-14]. The improved sensor performance has been reported 
when the gas sensors are fabricated with nanoscale MOS. The sensing mechanism of MOS 
gas sensors is based on the variation of electrical conductance of the sensing layers upon 
the exposure to the target gas. The MOS gas sensors are typically fabricated by single or 
mixture of metal oxides such as SnO2, TiO2, In2O3, WO3, NiO and ZnO [7-14]. A typical 
MOS gas sensor contains the four parts: (i) sensing layer, (ii) insulating substrate, (iii) two 
contact electrodes, and (iv) heating element. The heater is separated from the sensing layer 
and the electrodes by an electrically insulating layer. The fundamental mechanisms that 
cause a gas sensitivity of MOS are well established. The trapping of electrons at adsorbed 
molecules and band bending induced by these charged molecules are responsible for a 
change in conductance in MOS layers. Molecular oxygen adsorbs on grain boundary 
regions of MOS layer. This oxygen traps the free electrons in the conduction band of a 
MOS layer. As a result, it generates a depletion layer and causes a bending of the energy 
band. For examples, the negative surface charge causes an upward band bending and thus, 
a reduced conductivity compared to the flat band situation. 

3.1.1. Theoretical Background 

Analogous to the grain boundary trapping model, the free electrons can be trapped by 
surface states as illustrated in Fig. 3.1(a). The trapped electrons can also be released from 
the occupied surface states to the conduction band. The occupied surface states, i.e. the 
trapped electrons, can create a repulsive potential barrier at the surface to prevent further 
electron trapping. Given enough time, thermodynamic equilibrium can be established 
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between the occupied surface states and the electrons in the conduction band. In a 
conductance measurement, an electrical potential is applied to a thin film semiconductor 
gas sensor. The potential drop occurs primarily across the grain boundaries as illustrated 
in Fig. 3.1(b). Conduction electrons must overcome these potential barriers to conduct an 
electrical current. Therefore, the conductance of metal-oxide (G) is determined by the 
potential barrier (Vs) as described by the following relationship [17, 18]: 
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where g is a constant determined by the semiconductor geometry and Nd is the donor 
density. Here, q and s are the charge and the mobility of electrons, respectively. Although 
G0 is a temperature-dependent parameter since s it is not as sensitive to the 
temperature change as the exponential part [46]. Thus, G0 is often regarded as temperature 
independent parameter. The potential barrier (Vs) depends on the occupied surface states 
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In order to explain baseline drift, a constant Gc is added into equation (3.2) so that  
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G0 and Gc can be estimated from a dataset while other parameters given in equation (3.3) 
depends on the MOS layer.  

 

        (a)                                                                 (b)  

Fig. 3.1. (a) Band diagram at the n-type metal-oxide grain boundaries, and (b) schematic  
of oxygen trapping states in a thin film of metal-oxide grains [17, 18]. 



Chapter 3. Metal-Oxide-Semiconductor (MOS) Gas Sensors 

75 

The extrinsic surface state-trapping model describes the exchange of conduction electrons 
between the conduction band and the extrinsic surface states at nonequilibrium conditions. 
This situation can be applied in ambient because adsorbed oxygen contributes to the 
negatively charged surface states. As considered before, the ionized oxygen (O-) occupies 
the surface state in the metal-oxide films whereas the chemisorbed (not ionized) oxygen 
can be considered as the unoccupied surface state.  

The gas sensing mechanism depends on the type of careers in the MOS layer. If we 
consider an n-type MOS material, the sensing mechanism can be expressed as follows. 
When a reducing gas adsorbed into the grain boundary region, the trapped oxygen reacts 
with the surface removing the adsorbed oxygen such that the electron density is increased 
in the grain boundary region whereas an oxidizing gas causes a decrease in the electron 
density. When the density of electrons increases (decreases), the electrical conductivity 
increases (decreases). If we use a p-type MOS material in which holes are the majority 
carriers, the above change is in the opposite direction. In general, the electrical 
conductivity is increased when a reducing gas is in contact or the conductivity is decreased 
when an oxidizing gas in contact with an n-type MOS. The opposite sensing mechanism 
can be seen for the p-type MOS. In this case, the electrical conductivity is decreased when 
a reducing gas is in contact or the conductivity is increased when an oxidizing gas in 
contact with a p-type MOS. 

Fig. 3.1 illustrates the experimental results of oxygen species adsorbed on the SnO2 
surfaces [19]. It can be found that at a relatively low-temperature range, the molecule-ion 
species (O2

- or O2
2-) dominated the surface of the metal oxide. While at a relatively high-

temperature range, the atomic-ion species (O- or O2-) dominated the metal oxide surface. 
Yamazoe et al. [20] reported that four kinds of oxygen species are formed on the SnO2 
surface such as O2 at 80 oC, O2

- at 150 oC, O- or O2- at 560 oC and a part of lattice oxygen 
at above 600 oC. O- (300-500 oC) is found the most reactive oxygen species with gases. 
Therefore, the most MOS gas sensors are operated in this temperature range. 

3.1.2. Role of Oxygen Adsorbate  

The operating temperature is an important factor that greatly influences the gas response 
of MOS. A higher the temperature results in a higher the sensing response due to the 
lowering of activation energy for gas adsorption and desorption rates. The metal oxides 
typically exhibit catalytic activities at the interface of MOS/air. This catalytic activity can 
also be enhanced by the increase of sensor operating temperature. Thus, the operation 
temperature is a key parameter which influences the performance of MOS gas sensors. 
On the other hand, in order to lower the power consumption and also eliminate the safety 
concerns, one of the major objectives of gas sensor developers are to optimize sensing 
temperature to the lowest possible temperatures without affecting the performance of gas 
sensing properties. However, the stability of gas sensors becomes an issue when they 
operate at low temperatures [21]. Sensor recovery speed can be reduced drastically due to 
the low desorption rates of gas molecules at low temperature. Fig. 3.2 can be utilized to 
understand the optimum temperature for oxygen, which is the main component in gas 
detection in ambient conditions. 
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Fig. 3.2. Experimental results of oxygen species absorbed on SnO2 surface [19]. 

3.2. Physical Parameters of Sensor Element 

3.2.1. Doping and Mixing of Metal Oxides 

Doping is widely used in metal oxide material to improve the physical and electrical 
properties. Physically, the dopant atoms segregate to grain boundaries and prohibit grain 
growth in subsequent annealing and also increase the chemical diversity of metal oxides, 
which is beneficial for stability and selectivity of MOS gas sensors. Electrically, foreign 
atoms cooperate into the lattice and generate ironic and electronic defects. These defects 
impact the position of the Fermi level hence this phenomenon influences the gas response 
of MOS [22]. The dopant has many other complex effects. More investigations are 
expected to reveal the influence of doping on gas sensing. 

Another approach to enhance the gas sensing behavior is mixing of different metal oxides. 
The reasons for this approach are that (i) the possible enhancement of active surface area, 
(ii) improve catalytic properties of sensor elements, and (iii) enhancement of carrier 
generation by mixing with multi-valence metal oxides. Few combinations of such mixed 
oxides are: Mo-Sn [23], W-Ti [24], and Mo-Ti [25].  

3.2.2. Grain Size 

The sensors that consist of small crystalline particles generally show high sensing 
response due to the high surface-to-volume ratio. And recent reports on nanostructured 
materials for gas sensing applications also further confirmed that using fine particles as 
active materials can significantly enhance the sensor performance [26]. The change in 
electrical resistance can be attributed to the variation of the thickness of depletion layer. 
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The depletion layer is characterized by the thickness (LS), LS, and surface potential (VS). 
The Schottky approximation leads to: 
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where QS is the space charge density,  is the dielectric constant, Nd is the concentration 
of donor impurity, q is the surface state charge, and NS is the concentration of surface 
charged states. The thickness of depletion layer can be expressed by: 
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The thickness of depletion layer is generally around 1-100 nm [27]. Thus, many successful 
gas sensors have been fabricated using the film thickness less than 100 nm or particle-size 
small than 100 nm. Fig. 3.3 shows the SEM image of typical nanocrystalline ZnO film 
used in a gas sensor. The average grain size of this film is around 65 nm while a high 
porosity of ZnO film can be seen. Thus, such films exhibit a higher sensitivity for various 
gases. For instance, ZnO is a p-type MOS and hence its resistance reduces for reducing 
gases such as H2, NH3, H2S, and CH4 whereas the resistance of ZnO increases for 
oxidizing gases such as NO2, and O2. Due to the sensitivity of MOS gas sensors for 
multiple gases, the development of selectivity is a challenging task. In order to enhance 
the sensitivity of MOS gas sensors, integrations of other components such as catalysts, 
membrane layers, and doping or mixing with other compounds have been investigated. 

 

Fig. 3.3. (a) SEM image of typical nanocrystalline ZnO layer used in MOS gas sensor [3];  
(b) the top view of typical MOS sensor, and (c) the crossectional view of a gas sensor. 



Chemical Sensors and Biosensors 

 78

Figs. 3.3 (b) and (c) shows the top view and cross-sectional views of a typical gas sensor. 
During the fabrication process, the insulating substrates are used. A MOS layer is coated 
on the substrate by advanced thin film manufacturing process such as sol-gel process. 
Then, a stable metal layer is deposited on the MOS layer to fabricate electrodes. The metal 
electrodes can be photolithographically patterned and etched to remove unwanted regions 
of metal. The top (Fig. 3.3 (b)) view indicated the zig-zag MOS layer between the 
electrodes, which gives a shorter electrode distance while maximizing the exposure area. 
Gold or another stable metal layer is suitable as the contact electrodes because these 
electrodes are also exposed to the ambient conditions while heating.  

3.2.3. Porosity of MOS Layer 

A porous structure of MOS layer helps gas molecules desorption and adsorption 
mechanisms. Typically, the porosity can be increased to enhance the gas sensitivity. The 
nanoscale materials play a significant role in gas sensor devices due to their porosity and 
small grains. Many reports indicate that a high material porosity not only increases the 
response speed but also improves the sensitivity [28-30]. However, limiting factor of 
porosity of sensor elements is the reduced electrical conductivity, which requires high 
impedance peripherical circuits. 

3.2.4. Catalytic Activity 

As described in the above sections, the conductivity response is determined by the 
efficiency of surface reactions between the oxygen and target gas molecules. Therefore, 
the catalytic activity of sensor element is an important property of controlling the surface 
reaction. The MOS layers used in sensor elements have some catalytic activity associated 
with the electron affinity of MOS layer and the energy level of redox reaction at the 
interface. Noble metals are considered as the catalytic activity that promotes oxidation 
reactions at the surface of gas sensor elements [31]. A wide range of techniques has been 
used to incorporate noble metal catalysts into gas sensor elements. These methods include 
impregnation, sol-gel, sputtering, thermal diffusion, and thermal evaporation.  

3.3. Gas Sensor Characteristics 

Practically, a gas sensor should fulfil many requirements depending on the target gases, 
locations, and conditions of sensor operation. The characteristics of sensors may help to 
assess sensor performance in a specific application. Among the requirements, most 
important factors would be sensor performance related ones such as sensitivity, 
selectivity, response and recovery time. 

Sensitivity (S): The sensitivity describes the change in the sensor response due to the 
change of gas concentration. A higher the value of the sensitivity indicates the more 
significant change in sensor response initiated by a small change in the gas concentration. 
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Response (R): Response of a sensor can be defined as (Ra – Rg)×100 % / Ra for n-type 
MOS sensor and (Rg – Ra)×100 % / Ra for p-type MOS gas sensor, where Ra stands for the 
resistance of gas sensor in the reference gas (usually the air) and Rg stands for the 
resistance in the presence of the target gas. 

Selectivity: The selectivity refers to the ability of gas sensors to identify a specific gas 
among a gas mixture. Investigation of selectivity for metal oxide based gas sensors is 
critical because metal oxides are normally sensitive to more than one chemical species in 
the air and usually show cross-sensitivity. Therefore, one of the main challenges in MOS 
sensors is the development of selective gas sensors. 

Response time: Fig. 3.4 shows a gas sensor signal when a response and recovery 
processes are taken place [32]. Response time is the time required for the sensor to respond 
to a change in certain concentration from zero. The response time is defined as the time 
taken to reach a certain percent (50 %, 70 %, or 90 %) of the saturation value when the 
sensor is exposed to a target gas. A small value of response time indicates that the sensor 
is a fast sensor. 

  
       (a)                                                                         (b) 

Fig. 3.4. (a) Illustration of response time and recovery time of a gas sensor and (b) indicates  
the gradient of sensor signal change versus time [32]. 

Recovery time is the time that sensor takes to return the sensor signal to its initial value 
after a step concentration change from a certain value to zero.  

The relationship of time constants associated with the resistance, R(t), as a function of 
time is given by the following function [33, 34]: 

 ,  (3.7) 

where 1  and 2  are characteristics of time constants associated with response time (t1) 
and recovery time (t2), respectively. Here R0 is the initial resistance of sensing element.  
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Other parameters such as stability, detection limit, dynamic range, linearity, resolution 
and life cycle are also important based on different demands of applications [31]. 

3.4. Recent Development of MOS Gas Sensors  

Many materials such as metal oxide semiconductors [1-17], polymers [35-37], carbon 
nanotubes [38-40] and moisture absorbing materials [41], have been investigated for gas 
sensing purpose based on their electrical variation. Among them, nanocrystalline MOS 
based gas sensors are of increasing interest in gas sensing and constitute also a new and 
exciting subject of fundamental research [42]. MOS are the most widely used sensing 
materials and they have been intensively studied in the last decades [43]. For instance, 
Adamyan et al. [44] used sol-gel process, which is a common method for fabricating 
nanocrystalline oxide thin films to produce SnO2 thin films. The materials demonstrated 
a high sensitivity to the presence of H2. Choi et al. [45] studied the H2 sensing response 
of SnO2 thin films with different crystal orientations. They suggested that the (101) 
orientated SnO2 films exhibited higher gas response than (002) and (101) orientated ones. 
Gong et al. [46] have investigated the role of Cu doping in ZnO film in enhancing the 
capability to adsorb CO molecules. They suggested that the Cu site in ZnO film plays an 
important role to adsorb CO molecules at both low and high temperatures. Navale et al. 
[47] reported the selective NOX sensing characteristics of Al-doped ZnO synthesized in 
the form of porous pellets. They compared its gas sensing performance in presence of 
different gases such as SOX, HCl, Liquefied petroleum gas (LPG), H2S, H2, NH3, alcohol, 
and acetone, and found it selectively detects NOX due to Al-doping. These results clearly 
indicated that appropriate selection of the composition of MOS layer is important to 
identify a target gas. Use of transport type (n-type or p-type) can also be used to enhance 
selectivity of gas sensors. The following section will describe two examples for the 
application of n-type and p-type MOS in gas sensors.  

3.4.1. ZnO as N-Type MOS-Based Gas Sensor 

Here, the sensor characteristics of n-type MOS is demonstrated with n-type ZnO as the 
MOS layer. Fig. 3.5 (a) shows the development of resistance change of n-type metal oxide 
immediately after the exposure of the sensor to H2. Fig. 3.5 (b) shows the calculated sensor 
response based on the change of resistance [1, 3]. As can be seen, the response increased 
when the concentration of H2 is increased. The response and recovery processes of sensors 
prepared by a sol-gel process exhibit a greater sensitivity for reducing gases.  

The selective detection capability of a target gas is one of the critical properties of the gas 
sensors. In order to quantify the effect caused by other gases, the sensors were tested in 
the presence of different compositions of the background gas. Here, the sensor selectivity 
was investigated for a likelihood mixture of reducing gases, such as H2, CH4, and NH3. 
Fig. 3.6 (a) shows the gas sensitivity for H2 in the presence of CH4 in the air. The gas 
sensor made was tested at 160 C for different H2 concentrations while passing 2000 ppm 
CH4 in the air. The sensitivity for 2000 ppm of CH4 was less than 10 % whereas a rapid 
response was observed when 400 ppm of H2 was introduced to the system in the presence 
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of CH4. The level of gas concentration depend on the gas type. The level of critical gas 
concentration depend on the gas type. For example, the hazardous level of CH4 is around 
100 ppm whereas hazardous level of H2 is 2000 ppm. This is the reason for comparison 
of two different concentrations of NH3 and CH4 in Fig. 3.6 (a). 

 

Fig. 3.5. The development of sensing response and recovery for n-type ZnO sensor for H2:  
(a) development of resistance response and (b) converted resistance signal into sensor response.  

 

Fig. 3.6. Sensing response of 3. at % of Al-doped sensor prepared by precursor-1  
for (a) H2 in presence of CH4 and (b) CH4 in presence of H2 [1, 3, 48]. 

The sensitivity reached the maximum (~70 %) while introducing 2000 ppm of H2 
indicating that the presence of CH4 has no significant effect on H2 detection. The 
sensitivity for CH4 in the presence of H2 in the air is shown in Fig. 3.6 (b). The 
concentrations of CH4 were increased from 1000 to 3000 ppm while 2000 ppm H2 are in 
the background gas. It is clearly seen that the sensor had a fast response to the background 
H2, however; no significant change was detected after introducing CH4 into the chamber. 
Therefore, the Al-doped ZnO gas sensor has a better selectivity for H2 than CH4 at  
160 C. In this investigation, the selectivity has been described for H2 versus CH4 because 
both gases are reducing gases.  
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3.4.2. P-Type MOS-Based Gas Sensor 

The sensing mechanism of p-type semiconductors is based on the change of hole transport 
mechanism. Thus, the sensing behavior is opposite from the n-type MOS [5, 40, 50]. In 
this case, conductivity is reduced upon exposure of gas sensor element to a reducing gas 
whereas the conductivity is increased upon exposure to an oxidizing gas. 

Fig. 3.7 shows the dynamic response of laser-irradiated p-type NiO for the concentration 
of hydrogen in 1000-3000 ppm in the air at 175 C [6]. When the H2 is introduced into 
the sensor surface, the sensor resistance is drastically increased and saturated. When the 
gas is turned off the sensor recovers back to the original level. Also, it can see that the 
amount of resistance change varies with the concentration of H2.  

 

Fig. 3.7. Dynamic response of NiO device to 1000-3000 ppm H2 gas at 175 oC [5, 6]. 

Fig. 3.8 shows the sensor response for 1000, 2000 and 3000 ppm of H2 and CH4 at  
175 oC. Both gases are reduction type while they both reduce the conductivity of p-type 
NiO in the air [5, 6]. It can be seen that sensor is more responsive to H2 than CH4 gases at 
all levels. This phenomenon is opposite to the sensing activity of n-type ZnO, which has 
reduced its temperature upon exposure to both H2 and CH4. This indicates both response 
time (τ1) and recovery time (τ2) values decreased with an increase in the concentration of 
target gas. This decrease in the sensor response time can be attributed to a higher pressure 
of impinging gas with an increase of gas concentration. In contrast, the rate of desorption 
is proportional to the surface coverage of gas molecules. Therefore, both time constant 
values decreased with increasing the concentration of target gases [48, 49]. The sensor 
showed the smallest response time constant for H2 and the longest recovery time constant 
for NH3 among studied gases. 

MOS gas sensors have very promising applications in the monitoring of gas emission in 
homes, industries, and environment. Two major challenges associated with the real 
applications are how to improve the selectivity and reduce the power consumptions 
because heating is required for MOS sensors. In order to address the selectivity issue, 
usage of catalyst layers, development of mixtures of metal oxides, and the addition of a 
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membrane layer on the top of the sensor to filter target molecules have been proposed. 
The power consumption issues have been addressed using a micro-fabricated silicon-
nitride diaphragm as the insulating sensor substrate. The addition of diaphragm results in 
the reduction of heat transfer by conduction mechanism. It is also expected that use if 
nanomaterials can improve both selectivity issues and less power consumption. Some 
nanomaterials exhibit sensitivity at low temperatures. To enhance the selectivity, the 
sensor characteristics were analyzed based on chemical kinetics as a function of operating 
temperature. This technology is proposed in the development of electronic noses [51]. 
Also, integration of MOS layers into field effect devices has been investigated because 
such devices can be integrated in miniaturized electronic devices. These new research 
directions indicated that there is a clear tendency to develop more application-oriented 
MOS gas sensors in the future.  

 

Fig. 3.8. Dynamic response of NiO thin film for three concentrations  
of H2 and CH4 at 175 oC [5, 6].  

3.5. Conclusion 

The gas sensors can be fabricated using both n-type and p-type MOS. Also, the gas sensor 
properties can be tuned by changing the physical and chemical properties of MOS layer. 
Among the physical properties, the porosity, film thickness, electrode arrangements, and 
substrate materials play an important role. In order to change the chemical properties, the 
addition of catalysts, surface modification by various treatments (laser and heat 
treatments), doping, the formation of mixed metal oxides can be considered as key 
technology areas. The experimental results were reported to demonstrate the n-type and 
p-type MOS in gas sensor applications. It has seen that both materials can be tuned to 
enhance the sensing characteristics such as response, recovery, response time and 
recovery times. Current research in this field was also discussed. 
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4.1. Introduction 

Real-time precision measurements of binary gas mixtures are required in many 
applications. Custom ultrasonic (or “sonar”) instrumentation has been developed for real-
time monitoring and composition analysis of binary gas mixtures [1]. Five instruments 
are integrated in the detector control system (DCS) of the ATLAS experiment, one of the 
major experiments at the CERN Large Hadron Collider (LHC). ATLAS is a particle 
physics detector consisting of a series of concentric sub-detectors arranged around one of 
the LHC proton beam collision points [2]. The innermost sub-detector – the ATLAS Inner 
Detector (ID) – tracks charged particles in a solenoidal magnetic field using gas-based 
tracking elements and high resolution silicon detectors in microstrip and pixelated 
configurations. The silicon sub-detectors are closest to the beam collisions and must be 
kept at low temperature (-10 °C or lower) to retard radiation damage. They are 
evaporatively cooled using C3F8 (octafluoropropane: R218) and CO2.  

The locations of the five sonar instruments are shown in Fig. 4.1. Three of the five 
instruments monitor coolant leaks into the nitrogen-purged envelopes of these silicon 
tracking detectors. Two further instruments form part of the control system of the new 
thermosiphon C3F8 evaporative cooling recirculator plant [3], built to replace the present 
compressor-driven system [4]. One of these instruments measures the C3F8 vapour flow 
returning to the thermosiphon condenser while the other detects and eliminates ingressed 
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air from the condenser. These instruments were used during the commissioning of 
thermosiphon cooling system in 2017.  

The ultrasonic instrumentation has also been used to aid in the creation of zeotropic blends 
of C3F8 and C2F6 (hexafluoroethane: R116) which offer the future possibility of lower 
temperature cooling of the ATLAS ID silicon tracker [5].  

 

Fig. 4.1. Installations in the ATLAS Inner Detector. Three “sonar” instruments monitor the N2 
envelopes of the “Pixel”, “SCT” & “IBL” silicon sub-detectors, while a degassing sonar and a 
custom angled ultrasonic flowmeter monitor coolant vapour in the thermosiphon recirculator. 

4.2. The Instrument and Its Operating Principle 

Each instrument contains a facing pair of 50 kHz capacitive ultrasonic transducers [6] 
within a flanged envelope through which gas flows. When transmitting, a transducer is 
excited by (300  0 V) square pulses, generated from low-voltage precursors in a 
dsPIC33F microcontroller. A 40 MHz transit time clock is started synchronously with the 
leading edge of the first transmitted pulse. The acoustic signal received by the other 
transducer is passed through amplifiers and a comparator, stopping the clock when  
a user-defined threshold is crossed (Fig. 4.2). 
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Fig. 4.2. Principle of operation of bi-directional ultrasonic transmission and detection  
in the instrument. 

The micro-controller also reverses the transmission direction for the transit time to be 
measured in both directions (Fig. 4.2). These transit times are then used with geometrical 
parameters including acoustic path length and tube area to evaluate the gas flow rate. 

The ultrasonic instruments can be used for simultaneous gas flow measurement and 
composition analysis, exploiting the physical phenomenon whereby – at known 
temperature and pressure – the sound velocity in a binary gas mixture depends on the 
molar concentrations of its components. For binary gas analysis, the measured sound 
velocity is calculated from the acoustic path length and the average of the transit times in 
the opposite directions. It is then compared in real-time with that calculated at conditions 
corresponding to the process temperature and pressure from a stored concentration vs. 
sound velocity database. This database can be generated from theoretical models and/or 
from previously-made calibration mixtures.  

The instrument software employs sound velocity vs. concentration look-up tables based 
on the general formalism for the speed of sound in a gas mixture, combining the 
thermodynamic properties of pairs of component gases: 

 𝑣
∙ ∙

, (4.1) 

where R is the molar gas constant (8.3145 Jꞏmol-1ꞏK-1), T is the absolute temperature in 
Kelvin, Mm is the combined molar mass of the mixture and 𝛾  is the adiabatic index for 
the mixture.  

Mm and 𝜸𝒎 are given respectively by 
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 𝑀 ∑ 𝜔 𝑀  and 𝛾
∑

∑
, (4.2) 

where 𝝎𝒊 is the molar fraction of component i in the mixture, while 𝑪𝑷𝒊
 and 𝑪𝑽𝒊

 are the 
component’s molar specific heats at constant pressure and volume respectively. The 𝑪𝑷 
and 𝑪𝑽  values for the individual mixture components are calculated using the NIST 
REFPROP package [7] over the expected range of operating temperature and pressure of 
the particular instruments. Examples of these calculations are shown in in Figs. 4.3-4.5 
for C3F8, N2 and their mixtures.  

 

Fig. 4.3. Molar specific heat at constant pressure vs. temperature for N2 (left vertical axis)  
and C3F8 (right vertical axis) over a range of temperatures and pressures of interest in the ATLAS 

silicon tracker cooling application. 

 

Fig. 4.4. Molar specific heat at constant volume vs. temperature for N2 (left vertical axis)  
and C3F8 (right vertical axis) over a range of temperatures and pressures of interest in the ATLAS 

silicon tracker cooling application. 
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Fig. 4.5. Variation of Sound velocity in the range 0-0.1 % C3F8 in N2. 

For each pair of gases a database of sound velocity vs. concentration of the components 
is created, covering the expected range of gas mixture and process temperature and 
pressure.  

Sound velocity vs. concentration is stored as a series of polynomial fit parameters at grid 
values of temperature and pressure. The alarm ranges of interest of C3F8 and CO2 coolant 
leak concentrations into the N2 volumes surrounding the ATLAS ID silicon tracker sub-
detectors lie in the range 0-0.1 %. Linear (2-parameter) fits based on 100 sound velocity 
vs. concentration points (generated in 10-5 increments) have been found sufficiently 
precise to cover this limited range. These parameters are generated at points in a 
temperature-pressure grid from 13-25 ºC (step 0.5 ºC: nT = 25 points) and  
900-1100 mbarabs (step 20 mbar: nP = 11 points) using NIST-REFPROP [7], resulting in 
550 stored parameters (2 × nT × nP) for each gas pair.  

For the thermosiphon condenser degassing sonar (Section 4.3) the alarm range of interest 
for air infiltration into C3F8 vapour covers the much larger range 0-30 %, requiring 
quadratic (3-parameter) fits based on 100 sound velocity vs. concentration points 
(generated in 3.10-3 increments). These parameters are generated in a temperature-
pressure grid from 10-45 ºC (step 1 ºC: nT = 41 points) and 300-1500 mbarabs (step  
100 mbar: nP = 13 points), resulting in 1599 stored parameters (3 × nT × nP).  

In practice the temperature and pressure (measured simultaneously with acoustic transit 
times) will fall between the grid values: sound velocity vs. concentration fit parameters 
are first interpolated to intermediate values corresponding to the measurement 
temperature at grid pressures immediately above and below the measurement pressure. In 
a second step a linear interpolation between these intermediate fit parameters is made 
along the orthogonal (pressure) direction to calculate the final parameters corresponding 
to both the measured temperature and pressure. From these parameters the relative 
concentrations of the two components are calculated. 
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4.3. Instrument Precision and the Calibration of Acoustic Length  
and Electronic Time Delay 

The precision of the instrument for measurements of sound velocity is better than  
0.025 m.s-1. Contributions to this uncertainty, δVs, are due to: 

 ±0.1 ºC temperature stability in the sonar tube (equivalent to ±0.022 m.s-1); 

 ±1 mbar pressure stability (± 0.003 m.s-1); 

 ±0.1 mm transducer inter-foil measurement uncertainty (±0.018 m.s-1) following 
calibration; 

 ±25 ns electronic transit time measurement uncertainty (0.0005 m.s-1). 

The precision of mixture determination, δ(mix), at any relative concentration of 
component “B” added to a carrier “A” in a binary gas mixture is given by:  

 𝜕 𝑚𝑖𝑥  , (4.3) 

where δm is the local slope of the sound velocity vs. concentration curve (m.s-1[ % B]-1). 

As an example, the average gradient of the sound velocity vs. concentration curve in a 
C3F8 / N2 binary mixture is -12.27 m.s-1. [% C3F8]-1 for C3F8 concentrations in the range 
0-0.1 % (Fig. 4.5). The sound velocity measurement uncertainty of ±0.025 m.s-1 yields, 
via Eq. (4.3), a corresponding mixture uncertainty of ±0.002 %. In the case of the 
degassing sonar discussed in more detail in Section 4.5.1.1 the average slope of the 
velocity/concentration curve for 0-10 % air contamination in C3F8 vapour is ~0.56 ms-

1.[% air]-1: a sound velocity measurement precision of ±0.025 ms-1 would yield an 
uncertainty in air concentration of ±0.045 %. 

To accurately measure the total acoustic path, LA, between the membranes of the ultrasonic 
transducers – from which the measured sound velocity is calculated – a calibration based 
on two gases with different sound velocities can be used. This method takes into account 
the possibility that the measured transit times (tt) in the two gases might include a transit 
time offset, ttoffset, for the time taken for the signals from the detected sound pulses to rise 
sufficiently to cross the comparator thresholds (Fig. 4.2). The real transit time (tt’) in each 
gas has therefore to be corrected with an offset time (e.g. 𝑡𝑡′ 𝑡𝑡 𝑡𝑡 ). It 
is also necessary to know the true sound velocity, Vs, in each component gas at the 
temperature and pressure where the calibration is carried out. These can be also calculated 
using the NIST-REFPROP package [7].  

Taking as an example a two-gas calibration based on real component sound velocities and 
measured transit times in pure C3F8 and pure N2: 

 𝑉 , 𝑉 , (4.4) 
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 𝐿  ∙ ∙
, (4.5) 

 𝑡𝑡′  
∙

, (4.6) 

 𝑡𝑡′  
∙

, (4.7) 

 𝑡𝑡
∙  ∙ . (4.8) 

4.4. The Data Acquisition Electronics and On-line Software 

Each of the five sonar instruments integrated into the ATLAS experiment (Fig. 4.1) has 
local electronics based on a dsPIC33F microcontroller, consisting of an acoustic timing 
module, analog input modules for the acquisition of temperatures and pressures and an 
external communication module. These modules are mounted side by side on a DIN rail 
and communicate with each other through a local bus running a custom 2-wire 
communication protocol. A schematic of the 2-wire protocol electronics and its 
implementation is shown in Fig. 4.6. The 2-wire bus can also house additional modules 
for 4-20 mA DAC (Digital to Analog Converter) outputs and for the control of sampling 
valves and aspirating pumps. The external communication interface is based on TCP/IP 
Modbus. Due to the long distances (hundreds of meters) between the dispersed 
instruments, communication to the central Dell R610 SCADA (Supervisory, Control and 
Data Acquisition) computer uses the TCP/IP Modbus protocol over Ethernet (Fig. 4.7). 

 

Fig. 4.6. Left: Schematic of the sonar local electronics with custom 2-wire internal 
communication protocol: right: implementation in weatherproof cabinet (degassing sonar). 
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Fig. 4.7. Readout architecture of the full sonar system based on the use of a custom local 2-wire 
communication protocol and TCP/IP Modbus transmission over longer distances. [9]. 

In the present system the composition analysis and flow calculations are made in a custom 
“project” implemented in Siemens Symantic WINCC-OA ® version 3.11 [8] running on 
Linux. In future versions these calculations could be performed in firmware running in 
the microcontrollers themselves.  

The WINCC project also runs the Graphical User Interface (GUI) and handles the 
continuous archiving of speed of sound, transit time, concentration, temperature and 
pressure data from each sonar to the ATLAS DCS oracle database. The software also 
controls the system through a Finite State Machine (FSM). Out-of-range alarms can be 
generated and are propagated through the FSM to internal (operator screen) and external 
(GSM and e-mail) alert systems. 

Fig. 4.8 illustrates part of the WINCC-OA GUI which handles the gas selection for the 
sonar tubes used to monitor coolant leaks into the N2-purged volumes surrounding the 
sub-elements of the ATLAS silicon tracker. 

4.5. Application of the Instrumentation in ATLAS  

4.5.1. Commissioning of the ATLAS Thermosiphon Recirculator  

The ATLAS cooling system is characterized by very strict thermal requirements, in order 
to cope with 10 years’ radiation exposure the silicon detector operating temperature must 
be kept below -10 °C [4, 5]. In practice – due to thermal impedances between the coolant 
channels and the detector silicon modules – this requires a C3F8 coolant evaporation 
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temperature of -25 °C, preferably with a temperature uniformity better than 2 °C along 
the evaporators [4]. The silicon tracker system (silicon detection modules and their 
mechanical supports incorporating the local cooling tubes) must collectively present a 
minimum amount of material to reduce the production of secondary background particles 
that can complicate the track finding upon which physics data analysis depends. 
Fluorocarbon and CO2 coolants are used since these fluids are radiation tolerant. 
Evaporative cooling systems minimize mass flow through the exploitation of latent heat, 
allowing improved thermal uniformity and minimizing the dimensions and therefore 
material of the local cooling tubes. 

 

Fig. 4.8. View of part of the sonar system graphical user interface implemented in Siemens 
Symantec WinCC-OA® [8]. 

Two instruments are directly implemented in the new ATLAS thermosiphon C3F8 
evaporative coolant circulation system shown in Fig. 4.1. The thermosiphon takes 
advantage of the typical configuration of the LHC experiments located around 100 m 
underground. It is based on the physical phenomenon of natural circulation: C3F8 is 
condensed at the lowest temperature/pressure (-60 °C, 309 mbarabs) but at the highest 
elevation in the system. In ATLAS the driving force of the circuit is given by the 92 m 
liquid column, starting from the condenser. The C3F8 refrigerant exits the detector as a 
vapour at -25 °C and 1.67 barabs and returns to the condenser against gravity due to 
pressure differential.  

The thermosiphon system must provide 60kW of on-detector cooling capacity and 
guarantee a vapour pressure of 1.67 barabs at the end of the on-detector cooling loops for 
stable operation of the silicon tracking detector components in the high radiation zone 
near the LHC beams. To achieve 60 kW cooling capacity 1.2 kgꞏs-1 of C3F8 must be 
circulated and condensed. A diagram of the thermosiphon plant is shown in Fig. 4.9 
together with the corresponding way-points on the thermodynamic cycle. The purpose of 



Chemical Sensors and Biosensors 

 96

the new cooling system is to replace the compressors of the present cooling plant 
recirculator [4], removing “active” (reciprocating) components from the primary cooling 
loop, leading to a more reliable system requiring less maintenance.  

 

Fig. 4.9. Schematic and thermodynamic phase diagram of the thermosiphon cooling  
system [3, 9]. 

In April 2017 the thermosiphon cooling system was commissioned with the ATLAS SCT 
and Pixel subdetectors, which were cooled in various configurations up to their maximum 
combined power dissipation of 60 kW, with a corresponding nominal mass flow rate of 
1.1 kg.s-1. The purpose of the commissioning tests was also to verify “cold-swapping” 
between the “old” compressor-driven and “new” thermosiphon cooling system.  

During the commissioning tests two sonar instruments, forming part of the ATLAS DCS, 
were used to monitor and measure the thermosiphon cooling system. These are described 
in the following sections. 

4.5.1.1. The Degassing Sonar  

The “degassing” sonar (illustrated in Figs. 4.1 and 4.10) is the key tool for the detection 
and elimination of air leaks into the thermosiphon plant. The instrument is externally 
mounted on the top of the thermosiphon condenser, at the lowest temperature and pressure 
of the cooling system and therefore at the point where any air leaks will accumulate. The 
condenser is mounted on the roof of the ATLAS surface building at CERN, around 15 m 
above ground and 92 m above the ATLAS detector in its subterranean cavern. The 
accumulation of ingressed air must be avoided since an increase in effective condenser 
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pressure will erode the pressure differential needed to return the 1.1 kgꞏs-1 C3F8 vapour 
flow to the condenser against gravity.  

 

Fig. 4.10. Left: The degassing sonar installed on the ATLAS thermosiphon condenser;  
right: the PLC-based automatic response matrix for valve control to vent air accumulated  
in the degassing sonar, based on hardwired 4-20 mA signals proportional to temperature  

and transit time. 

The degassing sonar monitors the concentration of air through changes in sound transit 
time and velocity. Due to their density difference (m.w. air = 29: m.w. C3F8 = 188), air 
will tend to accumulate in the air collection tank above the degassing sonar, decreasing 
the transit time over the acoustic path. When this falls below an operator-definable 
threshold known to be equivalent to a certain air concentration, the sonar tube and 
collection tank are isolated from the condenser vapour volume and evacuated to “release” 
the incondensable air. This venting will be carried out by PLC valve control operations 
based on hard-wired 4-20 mA input signals proportional to temperature and sound transit 
time. In parallel the transit time, temperature and pressure are monitored by the sonar 
WINCC-OA software, where the air concentration is also calculated. In a future version 
of firmware this concentration could be calculated in the microcontroller in the local sonar 
electronics.  

Fig. 4.11 illustrates the sound velocity dependence on air concentration in C3F8 vapour at 
three temperatures of the degassing sonar and at a pressure of 300 mbarabs. For example, 
for 0-10 % air contamination in C3F8 where the average slope of the velocity/concentration 
curve is ~0.56 ms-1 [%air]-1, a sound velocity measurement precision of ±0.025 ms-1 would 
yield an uncertainty in air concentration of ±0.045 %.  
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Fig. 4.11. Sound velocity dependence on air concentration in C3F8 vapour at three temperatures 
of the degassing sonar and a pressure of 300 mbarabs. 

Extensive tests of the degassing sonar sensitivity and operation were made in pre-
commissioning studies of the ATLAS thermosiphon under operation with a 60 kW electric 
dummy load simulating the dissipation of the ATLAS silicon tracker. In these tests dry 
nitrogen (m.w. = 28) was deliberately injected into the thermosiphon to simulate air.  
Fig. 4.12 illustrates the step function in effective air concentration following the nitrogen 
injection into the thermosiphon headspace on July 14, 2016. The starting apparent air 

concentration of 31.2 % is due to N2 introduced in previous tests, discussed below.  

 

Fig. 4.12. Measurement of the apparent air concentration in the degassing sonar during N2 
“releasing” studies: July 14, 2016 [9]: concentration calculated in WINCC-OA and written  

to the ATLAS DCS oracle database every 5 minutes.  

The N2 was rapidly released from the degassing sonar and its air collector with the valve 
sequencing shown in Fig. 4.10. The degassing sonar volume is briefly isolated from the 



Chapter 4. Applications of Ultrasonic Sonar Instrumentation for Real-Time Analysis of Binary Gas Mixtures 

99 

condenser and evacuated. A new mixture from the condenser headspace is then admitted 
into the sonar.  

An abrupt increase in concentration (not tracked in the time history of Fig. 4.12) can 
follow a release if considerable N2 remains in the condenser vapour headspace and rises 
into the previously-evacuated degassing sonar. Each subsequent release shows a decrease 
in the measured “air” concentration however, confirming that the degassing sonar is 
working properly by removing the accumulated N2. Had more releases been made on July 
14 2016, the concentration would have continued to decrease. 

Fig. 4.13 illustrates sound velocity air concentration measurements taken with the 
condenser containing liquid C3F8 and a “remote” injection of nitrogen. The condenser was 
operating at a temperature of -55 ºC, equivalent to a C3F8 saturated vapour pressure 
of 410 mbarabs. Around 12.00 on July 12, 2016 20 litres of N2 were injected into the lowest 
point of the vapour side of the thermosiphon recirculator (92 metres below the condenser) 
to simulate an air ingress. A rise in apparent air concentration of 2.6 % in the vapour seen 
by the degassing sonar was observed over the next 24 hours as the N2 gas migrated through 
C3F8 vapour in the chicane and baffle structure of the condenser toward the degassing 
sonar. This increase was relative to a baseline level of around 26 % from previous N2 
injections and the unvented accumulation from small leaks encountered and repaired over 
several weeks of running.  

 

Fig. 4.13. Effect on concentration (in green), speed of sound (in black), of adding 20 litres of N2 
to the vapour side of the ATLAS thermosiphon system (July 11-14, 2016). 

Periodic fluctuations of sound velocity can are also seen in Fig. 4.13, related to the 
day/night temperature variation at the partially-exposed location of the degassing sonar 
(Fig. 10). The rise in apparent air concentration is however not affected by these 
fluctuations, and is indicative of the robustness of the air-in-C3F8 concentration-finding 
algorithm. 
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4.5.1.2. The Angled Ultrasonic Flowmeter 

The precise measurement of high C3F8 vapour return flow (up to 1.2 m.s-1) to the ATLAS 
thermosiphon condenser is ensured with a custom angled ultrasonic flowmeter (illustrated 
in Figs. 4.1 and 4.14). The device was constructed in stainless steel. Quarter-turn ball 
valves in the acoustic tubes have orifices sufficiently wide to allow passage of the 
ultrasound signals, but can be closed for transducer maintenance without interrupting the 
main gas flow. 

 

Fig. 4.14. The angled flowmeter and its geometrical layout.  

The difference between the transit times in opposite directions is used to calculate the gas 
flow rate. Since the acoustic path segment is rotated at an angle α of 45° to the gas flow, 
the length, L, of the “moving gas” segment of the acoustic path is defined as DMain/sinα, 
where DMain is the diameter of the return gas tube (135 mm). The remaining length of the 
sound path, L’, is in static gas, and has components L1 and L2 on either side of the flow 
tube. Accurate knowledge of the subdivision of the acoustic path into moving and static 
segments is important to maximise the precision of flow measurement. Our instrument 
was the subject of an extensive series of CFD studies [1]. Fig. 4.15 illustrates an example 
of such a study made with the OpenFoam® CFD [10] package in a configuration where 
the total acoustic path is equivalent to 3DMain/sinα where α = 45°. The study shows 
negligible influence of the sound tube stubs on the main stream: stream lines remain 
parallel to each other in the main tube, even close to the stub intersections. Due to the drag 
force of the main stream on the quasi-static vapour in the sound tube stubs, a slow counter 
clockwise-rotating vortex occurs in the upper (downstream) stub, while a clockwise-
rotating vortex occurs in the lower (upstream) stub. Despite these vortices, the average 
vapour speed in the two sound tube stubs is zero, from conservation of mass. It can be 
seen that a wake follows the downstream tube stub, but this does not influence the flow 
measurement as it lies outside the acoustic path. The result is a rather uniform axial 
velocity distribution across the diameter of the main tube. These linear flow velocities 
encompass the range seen in the commissioning of the thermosiphon recirculator with the 
ATLAS silicon tracker discussed below. 



Chapter 4. Applications of Ultrasonic Sonar Instrumentation for Real-Time Analysis of Binary Gas Mixtures 

101 

 

Fig. 4.15. Stream lines and contours of the axial component of gas flow velocity (ms−1)  
in a flowmeter with an acoustic tube of diameter 50 mm crossing flow of diameter  

135 mm at 45⁰ [1]. 

In the angled ultrasonic flowmeter the gas flow velocity, vg, can be calculated in terms of 
the measured sound transit times in the opposite directions, the acoustic path segments L 
and L’ and the measured sound velocity, vs, as:  

 𝑣 , (4.9) 

and 

 𝑣 , (4.10) 

while the sound velocity can be calculated as the physical root of: 

 𝑣 , (4.11) 

where the definition of A is: 

 𝐴 𝑡 𝑡 2𝐿 . (4.12) 

The instrument had been tested calibrated against an anemometer in air before installation 
and had demonstrated a flow precision of ±2.3 % of full scale for flows up to 10.5 m.s-1 

(131 l.s-1 air). [11], as illustrated in Fig. 4.16.  
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Fig. 4.16. Calibration in air of the 45° angled ultrasonic flowmeter prior to installation  
in the ATLAS thermosiphon recirculator (vs. an Amprobe TMA10A anemometer) [11]. 

The angled ultrasonic flowmeter was used during the ATLAS thermosiphon 
commissioning tests to measure the volumetric and mass flow rate in the thermosiphon 
return line. The commission tests included “cold swaps” between the thermosiphon and 
the compressor plant (which will be downgraded to become the back-up system to the 
thermosiphon) with different component combinations of the ATLAS silicon tracker 
(“Barrel SCT”: dissipation 22 kW; “All SCT”: dissipation 42 kW and “All SCT & Pixel: 
dissipation 60 kW) powered and cooled, as illustrated in Fig. 4.17. 

 

Fig. 4.17. C3F8 volumetric and mass flow measured in the angled ultrasonic flowmeter  
in the ATLAS thermosiphon vapour return line (April 2017). Data points taken  

at 5 minute intervals. 
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At the beginning of the commissioning operation only the Barrel SCT silicon sub-detector 
was powered, requiring the circulation of around 0.4 kg.s-1 of C3F8 in the thermosiphon to 
remove the 22 kW of heat dissipation. The full SCT sub-detector was then powered, 
requiring a C3F8 mass flow of 0.75 kg.s-1. Powering of the SCT and Pixel sub-detectors 
required the nominal 1.1 kg.s-1 C3F8 coolant mass flow.  

Mass and volumetric mass flow measurements were made in the C3F8 vapour return to the 
thermosiphon condenser. Short duration cold swaps to the compressor system are 
characterised by zero flow episodes – illustrated by red arrows in Fig. 4.17 – since the 
flowmeter was not located in a part of the external cooling plant common to both the 
compressor and thermosiphon recirculators. The substrates of the silicon tracker modules 
showed temperature excursions less than 2ºC during the “cold swaps”. The mass flow 
resolution of the ultrasonic flowmeter during these runs was around ±0.05 kgꞏs-1. 

4.5.2. Coolant Leak Measurements in the Triple Sonar Tube Installation  

4.5.2.1. The Pixel Sub-System 

The sonar instrumentation illustrated in Figs. 4.1, 4.7 and 4.8 monitors coolant leaks from 
the ATLAS SCT, Pixel and IBL silicon tracking subsystems into their separate N2-purged 
anti-humidity envelopes by aspirating gas from them into three sonar tubes. 

Fig. 4.18 illustrates the change in effective C3F8 concentration in the N2-purged envelope 
surrounding the ATLAS Pixel subsystem following simultaneous start-up of its 88 C3F8 
evaporative cooling sub-circuits in January 2016 and January 2017. A similar increase in 
C3F8 concentration was seen in the envelope in both startups, rising from <5.10-5 to around 
1.3.10-3, with sensitivity to molar concentration changes better than 2.10-5. A comparison 
of the leak rates after cooling startup indicated that no new leaks had developed in a year 
more running of the detector. The coolant leak rate from four sub-circuits were identified 
is presently considered acceptable.  

    

Fig. 4.18. C3F8 concentration sampled from the N2-purged volume of the ATLAS Pixel detector 
before and following cooling system turn-on: January 28, 2016 and January 19, 2017. 
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4.5.2.2. The SCT Sub-System 

The anti-humidity envelope surrounding the much larger SCT sub-detector is divided into 
four zones from which gas is sequentially monitored in a 16-hour supercycle by aspiration 
through a single sonar instrument (Figs. 4.1, 4.8). Sample extraction points (SCT “End-
caps “A” &“C”, SCT “Barrel levels” “1” & “7”) are chosen to maximize sensitivity to 
expected localized hydrostatic pooling of heavy C3F8 vapour.  

Fig. 4.19 illustrates the apparent C3F8 concentration preceding and following the SCT 
cooling system re-start on January 27th 2016. This restart occurred while zone “Barrel 7” 
was being measured: the sharp spike here is due to the higher evaporation pressure at 
which the evaporative cooling was initially operated (evaporation pressure is ramped 
down to reduce the operating temperature). After the cooling system start-up a significant 
change in concentration was also visible in zone “Barrel 1”, as in the Pixel detector  
(Fig. 4.18). 

 

Fig. 4.19. Increase in the C3F8 concentration sampled at four points from the N2 purged volumes 
of the SCT detector following turn on of its C3F8 evaporative cooling on January 27, 2016 [9].  

The sampling sequence continues to “End Cap C”, then to “End Cap A”, then “Barrel 
level 7”. No significant increase was seen for the zones “Endcap C” and “Endcap A”. In 
the latter zone, however, there was already a high apparent C3F8 concentration due to 
known dry air ingress from the ATLAS ID external envelope purge system at this time. 
Since binary gas analysis is a rapid hypothesis-dependent diagnostic, contamination 
increases in a heavy “search” gas can be mimicked by higher concentrations of a lighter 
third contaminant. Warnings given by a continuously-sensitive sonar instrument can 
however indicate the need for further investigation with more expensive multi-gas 
sensitive instrumentation, including gas chromatography. 

Fig. 4.20 illustrates the time history of sound velocity and molar concentration of apparent 
C3F8 coolant leaks into the N2 environment of the SCT and Pixel sub-detectors over a 
recent 1 week period. The robustness of the temperature interpolation algorithm is again 
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demonstrated. A comparison with the data of Fig. 4.20 indicates that there has been a 
significant increase in the apparent C3F8 concentration in all four zones of the SCT 
envelope, but most particularly in the “Barrel level 1” zone. At this time, well into a multi-
month run of the CERN LHC the ATLAS ID external envelope purge system was being 
purged with CO2 (m.w. 44) rather than dry air (m.w. 29) for operational reasons. The 
greater molecular weight of ingressed CO2 simulates a higher apparent concentration  
of C3F8.  

 

Fig. 4.20. Variation of the apparent C3F8 concentration and sound velocity in gas aspirated  
from the surrounding the four zones of N2 anti-humidity envelope surrounding the ATLAS SCT 

sub-detector recorded for a period of 7 days in October-November 2017.  

Although ultrasonic gas analysis is primarily a binary gas analysis tool, it can be used with 
ternary or high order gas mixtures if the concentration of the additional components is 
known from another source.  

The N2-purged anti-humidity envelopes of the ATLAS SCT sub-detector are known to be 
contaminated by the presence of CO2 entering from another purge system. While the 
measured sound velocity is affected by the presence of CO2, if its concentration is 
measured with another instrument, for example a Telaire ® infrared CO2 sensor [12], then 
the effect of this known CO2 concentration on the overall sound velocity can be 
determined using the formalism of Eqs. (4.1) & (4.2).  

In practice the C3F8/N2 composition in the ATLAS SCT envelopes must be determined 
from sound velocity in a gas containing a known CO2 molar contamination. This analysis 
can be made through the use of an expanded look up table: for example the number of fit 
parameters for sound velocity vs. C3F8 concentration in N2 in the range 0-0.1 % C3F8 over 
the grid of temperature and pressure discussed in Section 4.2 would be multiplied by a 
factor nCO2 of 11 for additional CO2 grid points spaced by 1000 ppm intervals in a 
maximum range 0-10000 ppm. The resulting number of parameters for a temperature-
pressure-CO2 grid defined from (13-25ºC, step 0.5 ºC: nT = 25 points: 900-1100 mbarabs 
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step 20 mbar: nP = 11 points: 0–10000 ppm, step 1000 ppm: nCO2 = 11 points) would be 
6050: (2 x nT x nP x nCO2). A third interpolation stage would need to be added to the 
existing WINCC-OA software to evaluate the sound velocity vs. C3F8 concentration fit 
parameters at points corresponding to the measured temperature, pressure and CO2 
content. Modifications are under way in the sonar system hardware to integrate the readout 
of Telaire CO2 monitors and to extend the WINCC-OA software to add this functionality, 
as illustrated in Fig. 4.21.  

 

Fig. 4.21. Schematic showing the sequence of successive interpolation of sound velocity vs. C3F8 
concentration fit parameters from nearest stored grid values to determine the fit parameters 

corresponding to the measured pressure, temperature and CO2 contamination (see text). 

The sequence of interpolations followed is similar to that discussed in the simpler 2-D 
search grid case of Section 4.2, but with the additional steps: 

 The sound velocity vs. C3F8 concentration fit parameters are first identified from the 
database at the eight nearest grid points in (Pressure, Temperature, CO2_ppm) space 
defining the smallest cuboidal volume encompassing the process measurables Pmeas, 
Tmeas and CO2_meas. For clarity these eight core grid points are represented by their 
twelve projections on the (Pressure, Temperature), (Pressure, CO2_ppm) and (CO2_ 

ppm, Temperature) facets, as shown in Fig. 4.21(a);  

 The sound velocity vs. C3F8 concentration fit parameters are then interpolated to 
intermediate values corresponding to Tmeas at grid pressures immediately above and 
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below Pmeas, as illustrated in Fig. 4.21(b), collapsing the search at the core of the grid 
to a 2-D search between 4 grid points in (Pressure, CO2 ppm) space;  

 An interpolation between these intermediate sound velocity vs. C3F8 concentration fit 
parameters is then made along the orthogonal (pressure) direction to calculate the 
parameters corresponding to Tmeas, as illustrated in Fig. 4.21(c), further collapsing the 
core search to a final interpolation between 2 adjacent grid points the CO2_ppm 
direction;  

 An interpolation between these intermediate sound velocity vs. C3F8 concentration fit 
parameters is then made along the CO2_ppm direction to calculate the final parameters 
corresponding to Pmeas, Tmeas, and CO2_meas, as illustrated in Fig. 4.21(d). From these 
parameters the relative concentrations of the C3F8 and N2 components in the mixture 
of interest are calculated. 

The capability of mixing ultrasonic binary gas analysis with other measurement 
technologies allowing a multi-gas analysis capability could be useful in many 
applications: – for example in clinical anaesthesia where gas mixtures contain more than 
two components. 

4.6. Adaptations to Alternative Flowmeter Geometries 

It is interesting to note that the algebra of equations (4.9)-(4.12) can be adapted to 
ultrasonic flowmeters in other common geometries – including a medical flowmeter in a 
“reflex U” geometry, illustrated in Fig. 4.22. In each case the total acoustic path length 
can be expressed as distances, L, in moving gas and L’ in static (or closed circulating 
vortices of) gas. In some cases these lengths are best found from CFD calculations.  
Fig. 4.23 illustrates such a study made with the OpenFoam® [10] for a pinched axial 
flowmeter geometry built by this group [1] for an application involving the preparation of 
C2F6/C3F8 blends [3]. It is evident the acoustic path segment in moving gas should be 
maximised wherever possible to maximize the ultrasound transit time difference in the 
opposed directions for optimum flow resolution.  

4.7. Conclusions 

We have developed ultrasonic instruments that have provided high-precision real-time 
measurements both for flow measurement and binary gas composition analysis.  

For binary gas analysis, the precision of mixture determination depends on the difference 
between the molecular weights of the two components: the larger the difference the greater 
the precision. In the case of C3F8 (m.w. = 188) leaks into N2 (m.w. = 28) envelopes of the 
ATLAS Pixel and SCT silicon tracker subdetectors a mixture precision is ±0.002 % was 
demonstrated for the 0-0.1 % C3F8 range of most interest for coolant leak detection in the 
ATLAS silicon tracker. A measurement precision of ±0.045 % is expected for leaks of air 
into C3F8 in the range 0-35 % air. 
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Fig. 4.22. Illustration of four principal geometries of ultrasonic flowmeters with illustration of the 
acoustic path segment, L, in uniformly moving gas. 

 

Fig. 4.23. Stream lines and contours of the axial component of gas flow velocity (ms−1)  
in a pinched axial flowmeter geometry [1]. 

A pair of ultrasonic instruments has been integrated in the control system of the new 
ATLAS thermosiphon C3F8 evaporative cooling recirculator, which was commissioned in 
April 2017, with the ATLAS SCT and pixel sub-detectors of the silicon inner tracker 
evaporatively cooled with C3F8 up to their maximum combined power dissipation of  
60 kW. Numerous cold “swaps” were made between the old compressor-driven 
recirculator and the thermosiphon with the silicon modules successfully kept cooled and 
powered. One instrument is configured as an angled ultrasonic flowmeter and has 
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demonstrated a precision of 0.5 kg.s-1 for C3F8 flow in the range 0-1.2 kg.s-1 while the 
other monitors and vents ingressed air from the thermosiphon condenser. 

Five instruments have been integrated into the ATLAS detector control system. Their 
local electronics is centred on the use of microcontrollers with an internal 2-wire 
communication protocol. The instruments communicate via TCP/IP Modbus over 
Ethernet with a central SCADA computer running Siemens Symantic WINCC-OA to 
provide a high level graphical user interface, data archiving and alarm generation. Critical 
parameters are also abstracted via rapid hardwired feedback loops to industrial PLC-based 
control systems.  

Combined, simultaneous ultrasonic flowmetry and binary gas analysis techniques have 
potential applications in many fields including anaesthesia, the analysis of hydrocarbon 
gas mixtures and vapour mixtures used for semiconductor manufacture. 
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Chapter 5 
Survey of Optical Gas Sensors for Harsh 
Environments 

Nicholas Karker, Gnanaprakash Dharmalingam  
and Michael A. Carpenter1 

5.1. Introduction  

Improvement in sensitivity and selectivity of gas detection has the potential to 
significantly improve the efficiency and monetary impact in the energy and automotive 
industries. Specifically, gas sensors placed at the outlet of a combustion process could 
provide a feedback loop that would allow operators to see emissions in real time and 
identify problems sooner. Gases such as CO, CO2, NO2, NO, and SO2 are all emitted from 
combustion processes [1] and their strict monitoring is crucial to abide by environmental 
regulations and to prevent contributing effects such as global warming. Detecting gases 
such as H2 and CO is important in fuel cell applications where a pure H2 stream coming 
from the reformer side is required for reaction with oxygen anions at a metal anode. Very 
tight control of the carbon monoxide concentration is required in this case since excess 
CO can irreversibly bond to the anode metal and cause damage to the system [2]. 

Due to the increasing need for such high temperature gas sensing technologies, there are 
many research groups innovating in this field. Some of the most common sensing methods 
are: electrochemical, acoustic, photonic crystal, and YSZ based oxygen sensors  
(already found in cars and commercial vehicles). FTIR and gas chromatograph tools have 
been used for many years to provide precise measurements of multi-gas streams. 
However, large upfront cost and limited miniaturization potential currently hinder their 
integration [3].  

Electrochemical sensors sense different gases by detecting a change in voltage between 
two electrodes (potentiometric), measuring the current between two electrodes 
(amperometric), or measuring a change in resistance in a thin film. Probably the most 
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well-studied type of electrochemical sensor are SnO2-based sensors where gases such as 
hydrogen can react with the oxygen in the metal oxide and cause an overall decrease in 
conductivity of the film [4]. The Dutta group has worked extensively on miniaturizing the 
yttria-stabilized zirconia based electrochemical oxygen sensors currently found in 
combustion environments such as coal-fired powerplants [5]. They created sensors that 
use an integrated reference cavity to provide a self-contained oxygen reference without 
needing to expose a probe to both the inside and outside of the combustion environment. 
This greatly decreases the total size and cost of installation of the gas sensor and could 
pave the way for distributed sensing down the road where the sensors are deployed in bulk 
and large datasets can then be collected as a function of position around a combustion 
chamber.  

Optical gas sensors show promise in terms of sensitivity and long-term stability but 
perhaps the biggest differentiating factor is the potential for multiplexing and the 
formation of distributed networks of sensors. Multiplexing is the coupling of multiple 
sensors together and transferring information over a shared medium. Sutapun et al have 
shown in 1999 that a palladium coated fiber Bragg gratings (FBG) can be used for 
hydrogen detection and that use of FBGs at different wavelengths can be used in the same 
fiber [6]. Dostalek et al demonstrated an 8-channel multiplexed biosensor where they 
showed that the 8 channels can be used to detect separate analytes or the channels can be 
used at different wavelengths to interrogate different binding events [7]. Many other 
groups are improving fiber optic sensing technology for selective gas detection. One group 
showed that WO3 can be coated onto an optical fiber for hydrogen detection [8]. However, 
strong effect from humidity was observed and greatly affected the sensor response. 
Ohodnicki et al etched away cladding of a fiber optic cable and replaced it with an AuNP 
film [9]. They were able to sense up to 4 % H2 and 10 % CO in varying levels of oxygen. 
Additionally, due to the temperature dependence of the active plasmon band, they were 
able to show simultaneous gas and temperature sensing results. A probe fabricated in this 
manner is cheap and also can be used widely across different environments. 

Ohodnicki et al have worked with transparent conducting oxides which utilize a near 
infrared absorption of the free carriers in metal oxide nanoparticles. They were able to 
sense up to 4 % H2 with their AZO sol-gel samples. Under high temperature reducing 
conditions, free carriers are added to the nanoparticles and thus exhibit a blue shift in the 
optical spectra [10]. In a separate work, they showed that these AZO films could be used 
for both H2 and CO sensing and showed sensing results up to 10 % CO [11]. They have 
also tested Nb-doped TiO2 films and have used those for 4 % H2 detection. Martucci et al 
have used NiO/SiO2 and Co3O4/SiO2 to sense H2 and CO at 300 °C. They compared optical 
and electrical measurements of those sensors and found that the Co sample showed better 
selectivity to CO in H2 [12].  

Selectivity in gas sensing technology is extremely important since there is rarely a pure 
gas stream. Ohodnicki et al have demonstrated selective and sensitive H2 sensing in the 
presence of CO and O2 using Pd and AuPd nanoparticles deposited onto optical fibers. 
The response that was observed was a combination of change in oxidation state of the 
nanoparticles and hydrogen dissolving into the crystalline SiO2 lattice. Buso et al have 
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demonstrated selective responses to both H2 and CO by tracking separate wavelengths in 
the transmittance spectra [13]. The sensors were SiO2 films which had embedded NiO and 
Au nanoparticles. They found that by tracking the 570 nm wavelength, H2 could be 
monitored with the transmittance signal change and with CO, the change was negligible. 
Potyrailo et al have worked extensively on using optical sensors for selective responses 
to analyte gases at room temperature. In one work [14], they used a 3D network of 
organothiol functionalized nanoparticles to detect 6 organic vapors. Principal component 
analysis and partial least squares aided in extracting out a selective response and 
quantifying the individual vapors. 

5.2. Localized Surface Plasmon Resonance Theory and Background 

Plasmonic-based sensing shows promise in many areas such as miniaturization and low 
cost. Plasmonic-based gas sensors have been shown to give sensitive measurements to 
gases such as NO2, NO, SO2, and CO. [15-17] Plasmonic sensors utilize a property known 
as localized surface plasmon resonance. The interaction of a charged particle such as an 
electron, or an electromagnetic field (light) with a material may lead either to the 
excitation of charges within the system independent of the excitation of the other charges 
in the material, or the collective excitation of charges as in the case of metallic films with 
a “sea” of conduction electrons. The oscillation of electrons in a material in resonance 
with an electromagnetic field of light incident on it is known as a plasmon resonance, 
wherein plasmon or plasmon polariton is a collective term given to the electrons that 
participate in the resonance. When such a resonance occurs as in the incompressible 
oscillations of the conduction electrons at the interface between the material and the 
surrounding matrix, it is called a surface plasmon resonance wherein the electrons in the 
conduction band are the predominant participants in the oscillation. When occurring as 
radial oscillations caused by compressional changes in the local electron density it is 
termed a bulk or volume plasmon resonance. When such a resonance occurs in a 
nanoparticle instead of at the interface of a continuous metallic film, the term localized 
surface plasmon resonance is used. The frequency of oscillation of the plasmons can be 
arrived at using the Drude-Lorentz model, employing the assumptions that the conduction 
electrons are free electrons and that the displaced dipoles (created by charge separation 
between the electrons and the atomic nucleus) can be modeled as a damped harmonic 
oscillator [18]: 

 𝛚𝐬𝐩
𝐍𝐞𝟐

𝛜𝐛 𝟐𝛜𝐦 𝛜𝟎𝐦𝐞
, 

where ωp is known as the plasma frequency, 𝟄0 is the dielectric constant of vacuum, 𝟄r is 
the dielectric permittivity or dielectric constant of the material, m is the mass of the 
electron, e is the charge of the electron and N being the free electron density. It is evident 
that either a change in the free electron density or the refractive index of the medium or 
both as a result of charge transfer during reactions will result in a change in the plasma 
frequency, and this is employed in plasmon based sensing applications. 
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Plasmonics-based gas sensing makes use of the surface plasmon resonance established at 
a metal-dielectric interface when the metal is excited with incident light. The resulting 
plasmon resonance has been shown to be highly sensitive to changes in the local refractive 
index and changes in the metal’s free electron density. Additionally, the resistance of a 
metal such as gold to oxidation at high temperatures makes it a great candidate for high 
temperature gas sensing. Plasmonic sensors are also not affected by electromagnetic 
interference which can be a big problem with electrical gas sensors.  

Liu et al have shown that plasmonics can be used to create a single “nanofocus” by 
patterning a palladium nanoparticle at the tip of a gold nanoantenna and performed 
hydrogen sensing with dark field microscopy [19]. Langhammer et al have demonstrated 
indirect plasmonic sensing using AuNPs that have been coated with a dielectric spacing 
layer on top of which is a catalytically active material that is deposited. In [20], this 
material was palladium nanoparticles with size < 5 nm. In this way, the AuNPs act as the 
probe that interrogates different materials that are selective to different gases. Van Duyne 
et al have shown remarkably high resolution refractive index sensing results with ambient 
measurements [21]. They report being able to detect changes in the refractive index as 
low as 3×10-4 and can distinguish between He and N2 or H2 and Ar. This was shown with 
Ag and Au nanoparticles made with a lithography approach.  

Work shown later will detail advances in potential integration of plasmonic sensors within 
combustion environments using thermal energy harvesting and multivariate analysis. 
Additionally, the use of multiple resonances originating from a single plasmonic sensor 
could have an impact on selective gas detection by interrogating different resonances. 

5.2.1. Metal Oxides in Sensing 

Sensors based on metal oxides have been widely explored for high temperature sensing 
due to their extremely high temperature stability and resistance against chemical 
poisoning [22] (permanent changes to the material due to non-desorption of reaction 
products or changes in microstructure due to coalescing of grains at high temperature). 
The sensing mechanism of metal oxide sensors is either the adsorption/desorption of 
oxygen ions on the surface of the metal oxide or reversible chemical reactions with the 
metal oxide or a combination thereof, wherein the adsorption and desorption processes 
typically occur through charge exchange. Such adsorption and diffusion occurs through 
oxygen vacancies, which are either created through intentional doping or during film 
processing. When selecting metal oxides for high temperature sensing applications, it is 
important to keep in mind the probability of inter-diffusion between different elements 
when using complex metal oxides such as perovskites at high temperatures. Another 
aspect is the possibility that the metal oxide is catalytically active, which will enhance the 
sensitivity among other factors such as recovery and response times.  

For the latter purpose, active metal oxides are beneficial such as yttria stabilized zirconia 
(YSZ) [15] and titanium dioxide (TiO2), [23] cerium dioxide (CeO2) [17] to name a few, 
as compared to inert metal oxides such as silicon dioxide (SiO2) [24]. An interesting 
approach that has been gaining importance recently is the use of so called mixed metal 
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oxides composed of different compositions of metal oxides in order to improve 
sensitivity/selectivity/response time and the like. One such example is the oxide of ZnO-
SnO2 for NOx sensing, which improved the sensitivity by 33 times as compared to when 
only ZnO was used. A noteworthy reason for this particular mixed metal oxide is that the 
work functions for both are similar, thereby enabling easy charge transfer between them 
[25]. Although high temperature sensing beyond 200 °C has not been investigated with 
this oxide, it is possible that using mixed oxides already proven stable at high temperatures 
as mentioned above will improve the sensing performance. 

The use of a nanocomposite of a plasmonically active nanomaterial and an active metal 
oxide as mentioned above will be advantageous for many reasons: nanomaterials are 
typically catalytically active; metal oxides enhance sensitivity through ionic transport in 
vacancies and; metal oxides when encapsulating the nanomaterials have shown to stabilize 
the nanomaterial against changes in geometry as well as dimensions. An elaboration of 
the above merits follows in the next section. 

5.2.2. Metal-Metal Oxide Nanocomposites for High Temperature Sensing 

Significant developments in wet chemistry methods and patterning processes which 
enable the synthesis of nanoparticles of almost any desired shape accentuates the appeal 
for using nanoparticles, as different shapes have different plasmonic characteristics that 
can be exploited [26]. Although most noble metals have plasmonically active qualities, 
gold and silver are probably the most commonly explored plasmonic metals in sensing. 
Silver is also attractive for catalytic applications, though it is generally not used for 
sensing at temperatures higher than approximately 500 °C as it is prone to oxidation that 
is not completely reversible at these temperatures [27]. However, in concert with an YSZ 
support it has shown remarkable redox reversibility between 300 and 400 °C in concert 
with 40-200 nm reversible particle size changes [28]. In order to circumvent any redox 
effects, this is where gold is a considerably better alternative due to its highly “noble” 
nature against degradation due to oxidation or chemical poisoning. 

Combining materials, specifically nanoparticles of plasmonically active metals with metal 
oxides to form nanocomposites has many benefits. For one, the sensitivity of the 
plasmonic resonance of the metallic particles has been well established in research, 
wherein multiple factors such as the plasmon linewidth, the peak position as well as the 
different types of peaks (dipole, multipole or asymmetric fano peaks) can be monitored. 
[21, 29] Another advantage is the high temperature stability of the metal oxides mentioned 
above, which will help prevent particle agglomeration [16] along with enhancing charge 
transfer during chemical reactions. There is still a wide spectrum of such nanocomposites 
that can be investigated for applications such as emission monitoring from turbines in 
aircraft and in power plants. Such nanocomposites have promise to be used as harsh 
environment compatible sensing materials at temperatures of 500 °C or above, as shown 
by the Carpenter group and by others [9, 30]. 
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5.3. Sensing Reactions and Predicting Sensing Performance with Metal – 
Metal Oxide Plasmonic Nanocomposites  

5.3.1. Sensing Mechanisms with Metal – Metal Oxide Nanocomposites 

As was briefly outlined in the last section, the mechanism of sensing in the case of metal 
– metal oxide nanocomposites (wherein a meal nanoparticle is encapsulated in a metal 
oxide for example) for high temperature sensing involves charge transfer due to the 
adsorbing/desorbing gases and in particular, oxygen viz. oxygen vacancies created due to 
doping or film processing. This is followed by reaction of the concerned analytes with the 
nanocomposite and the adsorbed oxygen through charge transfer. Both the above steps 
result in a change in either the free electron density of the metal nanoparticle or the 
refractive index of the metal oxide matrix. Such changes then manifest as a shift in the 
position of the plasmon absorption peak which can be quantified against the analyte 
concentration. Though oxygen vacancies can be created through substitutional doping 
such as in YSZ wherein the substitution of a yttrium atom in the place of a zirconium atom 
creates one vacancy for every two substitutions, [31] vacancies can also be created 
through their evolution due to high temperature processing of even stoichiometric films, 
as has been demonstrated for multiple semiconducting metal oxides such as titanium 
dioxide (TiO2) [32]. An example of the possible steps of adsorption of oxygen onto a TiO2 
surface followed by diffusion into the bulk has been shown in the below equations: 

 𝐎𝟐 𝐠 𝐕𝐨 𝐬 → 𝐎𝟐 𝐬  𝐚𝐧𝐝 𝐎 𝐬 ,  (5.1) 

 𝐎𝟐 𝐬  𝐚𝐧𝐝 𝐎 𝐬 𝐞 𝐕𝐨 𝐛 → 𝐎𝐚𝐝𝐬
𝐱 𝐕𝐨 𝐬 ,  (5.2) 

where the subscripts g and s denote gas and surface respectively, and the term ads denotes 
an adsorbed oxygen atom. It is also expected and confirmed through experiments such as 
ellipsometry that the charge donation to the adsorbing oxygen occurs preferentially from 
the metal nanoparticle compared to the metal oxide, as there would have been a shift 
towards shorter wavelengths of the plasmon peak due to a reduction in the refractive index 
of the metal oxide (if the adsorbing oxygen extracts electrons from the metal oxide 
preferentially instead of the metal nanoparticle) as opposed to the experimentally observed 
shift towards longer wavelengths on oxygen exposure. Similar to the reactions of oxygen, 
reactions of any adsorbates with such nanocomposites can be explained in terms of charge 
transfer mechanisms [33]. 

5.3.2. Achieving Predictive Sensing in Arrays 

5.3.2.1. Sensing Trends of Nanoparticle Arrays 

Array based sensing has been propounded as the future, due to the fact that different 
elements of the same array can be tuned to be sensitive to different analytes. Hence it is 
prudent that the expected sensing performances of one type of an array, consisting of 
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nanoparticles of different dimensions and a given shape be mentioned briefly in order to 
predict the best performing element. As mentioned briefly in Section 5.2.3, different 
geometries of nanoparticles give rise to different plasmon resonance characteristics, and 
it is logical that the best performing geometry be used for sensing applications. The 
highest refractive index sensitivity (change in plasmon wavelength per unit change in 
refractive index) among different geometries of gold nanocrystals was found to be for 
gold nanorods due to them having the highest value of the polarizability and curvature 
[34]. The stability of gold nanorods against a change in geometry or a loss of sensitivity 
has been shown by our group previously [16]. In order to obtain the best sensing 
performance, multiple parameters such as the inter-rod spacing, the rod dimensions 
including thickness, as well as parameters of the encapsulating metal oxide such as 
thickness, type and density have to be optimized.  

It is known from theoretical predictions that longer nanorods for the same width have a 
higher sensitivity, arrived at from the expression for the surface plasmon resonance 
condition for nanorods derived by Richard Gan given below [35]: 

 𝜺𝟏 𝒀𝒊𝜺𝒎, 

where ε1 is the real part of the dielectric constant of the nanoparticle, εm is the dielectric 
constant of the matrix (metal oxide) and Yi is the shape factor which is directly 
proportional to the ratio of the length and width of a nanorod. By relative calculations of 
the shape factor and hence the dielectric constant of increasingly longer nanorods and 
plotting the value on the dielectric constant vs. resonance wavelength graph, it can be seen 
that longer nanorods should exhibit a higher shift in the plasmon wavelength for a given 
change in the refractive index. However, such a trend was not observed when nanorods of 
gold encapsulated by YSZ were tested for their response against gases of hydrogen, 
carbon monoxide and nitrogen dioxide at temperatures of 300 °C and 500 °C. This is 
posited as being due to the fact that the fine features on the surface of the gold nanorods 
were observed to change which would imply that the number and concentration of 
adsorption sites such as kinks and edges change during a sensing experiment. Further 
studies are needed to produce smooth nanorods and are currently underway to confirm 
this  
theory [36]. 

5.3.2.2. Sensitivity vs. Thickness of the Encapsulating Matrix 

One of the important parameters that needs to be optimized for any metal-metal oxide 
nanocomposite is the thickness of the encapsulating metal oxide. The effect of varying the 
metal oxide thickness for a given dimension of nanoparticles (nanorod geometry) 
fabricated through electron beam lithography was tested for TiO2 and YSZ. The results 
revealed that multiple factors are involved in determining the optimal thickness of the 
metal oxide. First, the propagation length of the plasmonic field beyond the surface of the 
nanoparticle is finite (revealed through simulations with MATLAB), and does not sense 
the reactions happening away from this distance. Secondly, an assumption of a constant 
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reaction cross section wherein the number of reacting molecules was assumed to be 
constant throughout the volume of the nanocomposite was proposed. Thirdly, a 
concentration gradient in diffusing molecules was proposed, wherein the number of 
molecules per unit volume decrease with increasing distance from the surface [33]. All 
the above factors combined explained the optimal thickness of the metal oxide that was 
required to give the highest sensitivity to H2, CO and NO2.  

Such studies of establishing the sensing trends when different parameters of a 
nanocomposite film are varied are important, as proof-of-concept studies that present a 
given material combination are often insufficient to appropriately assess and compare the 
investigated materials with commercially available material choices. Another benefit of 
such studies on sensing trends is that they allow predictive design of materials with similar 
chemistry, which renders extensive iterative experiments unnecessary. 

5.4. Thermal Energy Harvesting 

One way that integration into combustion environments can be achieved in plasmonic 
sensors is by harvesting thermal radiation as shown by the Carpenter group [37, 38]. 
Advances in harvesting the thermal radiation abundant in combustion environments allow 
the traditionally required white light source to be replaced by a structure that can utilize 
thermal radiation instead. Lithographically patterned AuNRs embedded in an yttria-
stabilized zirconia matrix were used to harvest the thermal radiation from a red-hot 
furnace. This is one step towards miniaturizing the traditionally large optical sensing 
scheme by allowing removal of a halogen lamp and harvesting thermal radiation from the 
combustion environment instead. Additionally, by using Principal Component Analysis 
(PCA), the most critical wavelengths can be selected and similar selectivity can be 
demonstrated as a sensor that collects hundreds of wavelengths. This process was done by 
comparing on/off overlays as well as loading plot data collected from the experiments.  

Thermal imaging and white light imaging tests have been performed for H2, NO2, and CO 
by collecting absorbance spectra and extracting the plasmon peak position with a Python 
program. The 44×100 nm AuNR sample was shown to have a plasmon peak position of 
785 nm and this peak was tracked with time after exposures to these gases. The Δpeak 
position vs. time plots for thermal imaging tests and white light tests are shown in  
Figs. 5.1-5.3.  

Figs. 5.1-5.3 show the predicted trends predicted by the Drude equation from Section 5.2 
for each of these analyte gases. H2 and CO, being reducing gases, remove oxygen anions 
from the lattice and transfer electrons to the gold particles. This results in a decrease of 
the matrix polarizability and increase in the free electron density so that a blue shift of the 
baseline plasmonic curve occurs. On the other hand, NO2 dissociates into NO and O 
radicals on the metal oxide surface and donates oxygen anions to the lattice which requires 
transfer of electrons from the gold particles and inducing a red shift in the plasmon curve.  
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Fig. 5.1. Gas exposure results for air-H2 mixture with thermal imaging data on left and white light 
data on right. There are three cycles separated by dashed lines of H2 concentrations: 200, 500, 1000, 
5000, 10000 ppm. Gas on and off times are 40 minutes for both experiments. Reprinted with 
permission from [37]. Copyright 2014 American Chemical Society. 

  

Fig. 5.2. Gas exposure results for air-CO mixture with thermal imaging data on left and white light 
data on right. There are three cycles separated by dashed lines of CO concentrations: 2, 5, 10, 50, 
100 ppm. Gas on and off times are 40 minutes for both experiments. Reprinted  
with permission from [37]. Copyright 2014 American Chemical Society. 

   

Fig. 5.3. Gas exposure results for air-NO2 mixture with thermal imaging data on left and white 
light data on right. There are three cycles separated by dashed lines of NO2 concentrations: 5, 10, 
20, 100 ppm. Gas on and off times are 40 minutes for both experiments. Reprinted with permission 
from [37]. Copyright 2014 American Chemical Society. 
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Calibration curves average the peak shift for certain concentrations of analyte gases and 
plot peak position vs. concentration so that for a certain magnitude of peak shift, the gas 
concentration can be obtained. The calibration curves using the data shown in  
Figs. 5.1-5.3 are shown in Fig. 5.4. This graph shows a sensitive response at small analyte 
gas concentrations which is crucial for industrial applications where high accuracy is 
needed even at low gas concentrations.  

 

Fig. 5.4. Calibration plots for H2 (left), NO2 (middle), and CO (right) analyte gases in an air 
background from thermal imaging and white light imaging data. Reprinted with permission  

from [37]. Copyright 2014 American Chemical Society. 

This method proves that the white light source could potentially be eliminated from any 
design that wants to use an optical plasmonic sensing scheme for gas sensing at high 
temperatures.  

5.5. NIR Thermal Energy Harvesting [38] 

Due to the longitudinal peak position dependence on aspect ratio, nanorods which had a 
longitudinal resonance that absorbs in the near-infrared (NIR) were fabricated. By 
elongating the fabricated nanorods to have dimensions of 44×170 nm, a plasmon peak 
position of 1410 nm was obtained. Using thermal energy harvesting in this region benefits 
from a large increase in emitted radiation in this region compared to the visible region for 
a certain temperature. Fig. 5.5 illustrates this difference in collected data point frequency.  

The thermal imaging measurements in the NIR collected many more spectra for similar 
gas flow than the visible region due to a significant improvement of the signal-to-noise 
ratio and lowered collection time. The collection times for a single data point that averages 
ten spectra is 220 seconds for the visible light measurement and 20 seconds for the near-
infrared measurement. The spectral collection time is reduced by a factor of 11 and 
therefore gives a higher amount of measurements to use for response or recovery times, 
thereby allowing insight into the kinetics of the process. More points and faster response 
times are clearly more valuable to turbine operations and combustion feedback cycles 
where feed ratios need to be adjusted quickly based on new information. 
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Fig. 5.5. Thermal imaging exposure done with visible light-absorbing sample on left (zoom-in  
of Fig. 5.2). Thermal imaging exposure done with near-infrared-absorbing sample on right.  

The H2 concentration is 10000 ppm in air. Both gas collection periods are 40 minutes.  

5.6. Principal Component Analysis 

Principal Component Analysis (PCA) separates measurements into principal component 
directions of maximal variance and as a result shows clusters between the different 
measurements. If clusters can be isolated with PCA, the sensing signal can be said to have 
a unique response to separate gases. The biggest issue is distinguishing between two 
reducing gases as they have similar plasmon peak shifting behavior. Difference spectra 
are the input to the PCA algorithm. They are calculated by subtracting the gas-off spectra 
from the gas-on spectra. A “full” difference spectrum has hundreds of wavelengths and 
shows changes in absorbance between gas off and gas on values. If the number of 
wavelengths can be reduced for the input to the PCA algorithm, this would mean that 
fewer wavelengths need to be collected show similar gas selectivity. Wavelengths are 
selected for the wavelength down selection by finding the ones that have the greatest 
change in intensity during different gas exposures. Applying this methodology, 1350, 
1410, and 1470 nm were found to be some of the most active wavelengths for this 
particular NIR plasmonic study [38]. By finding these critical wavelengths, the large full-
size spectrometer can be reduced to just several diode detectors that count photons for a 
narrow wavelength range, which would be a huge size decrease for overall 
implementation.  

PCA was applied to the thermal imaging sensing results in the near-infrared region to 
show selectivity between H2, CO, and NO2 (Fig. 5.6). Discrimination of these gases was 
possible in the near-infrared due to greatly improved S:N compared to the visible thermal 
imaging data.  

Due to the vastly improved signal/noise ratio by harvesting thermal radiation in the near 
infrared region and lower noise in the lower wavelength side of the absorbance spectra, 
wavelength down selection with the NIR thermal imaging PCA was possible. 
Additionally, this work showed that the plasmon peak position is directly related to the 
sample temperature and a calibration curve showed that it could be possible to have a 
combined gas and temperature probe like the one shown by Ohodnicki et al [9]. 
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Fig. 5.6. (a) Thermal imaging “full” spectrum PCA on left and (b) thermal imaging reduced 
wavelength spectrum PCA on right. Reproduced from [38] with permission from The Royal 

Society of Chemistry. 

Wavelength down selection can greatly improve the overall sensing scheme since a full-
size spectrometer is no longer required. Instead, a cheap series of photodiodes can replace 
spectrometers with gratings and a large cost. Narrowly tuned bandpass filters could select 
the sensitive range to monitor and gas sensing could be done much faster. Combining 
thermal radiation harvesting with wavelength down selection are great steps forward 
towards implementing some of these sensors in an actual combustion environment. 

5.7. Multipolar Resonances 

Gaining as much sensing information from single sensors will allow industry to make 
more informed decisions about gas composition in an inlet or exhaust. Work by the 
Carpenter group has shown that higher order resonances show great promise as additional 
probes of a gas environment [39]. Higher order resonances appear since beyond a certain 
particle size, incident light cannot homogenously polarize nanoparticles leading to the 
establishment of electron density poles and creating oscillations that are out of phase with 
each other. This manifests itself through the establishment of additional peaks in the 
absorbance spectra.  

Many theoretical studies by other groups have confirmed the existence of these resonances 
and their sensitivity to changing dielectric environments, but none have ever used them 
for high temperature gas sensing. [40-42] With elongated gold nanorods (255 nm length) 
higher order resonances are present in the absorbance spectrum as can be noted in Fig. 5.7 
which compares spectra for 255×60 nm and 110×60 nm gold nanorods. Not only are the 
resonance modes present, but they show high sensitivity to changing gas environments 
such as H2 in an air background (Fig. 5.8).  

Additional resonance bands coming from the same plasmonic sensor are beneficial since 
this gives additional features to feed into algorithms such as PCA. Higher order 
resonances are advantageous since they have shown that they are narrower than their 
dipolar counterparts due to reduced far field radiative damping [43]. These characteristics 
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make higher order resonances useful in the next generation of high temperature gas 
sensing.  

 

Fig. 5.7. (a) SEM image of 255×60 nm AuNR sample; (b) absorbance spectra accompanying (a); 
(c) SEM image of 110×60 nm AuNR sample; (d) absorbance spectra accompanying (c). 
Reproduced from [39] with permission from Elsevier.  

 

Fig. 5.8. (a) Peak position vs. time plot comparing responses of different resonances to hydrogen 
in air. Concentrations were 200, 500, 1000, 5000, and 10000 ppm H2 in air. (b) Calibration curves 
showing sensitivity of results in (a). Reproduced from [39] with permission from Elsevier. 

Foreseeably, the plasmonic sensing scheme could be greatly improved with mid-infrared 
absorbing plasmonically active nanoparticles which harvest thermal radiation of the peak 
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of Planck’s blackbody distribution. Such nanostructures would not suffer from low counts 
of available signal and would give high signal/noise spectra enabling wavelength down 
selection with a method such as PCA. Other structures like plasmonic metamaterials such 
as TiN have already shown promise in broadly absorbing (95 % absorption) over a large 
spectral range (400-800 nm) and could potentially be used to harvest the radiation from 
the Planck distribution [44]. Larger plasmonic gold structures would be abundant with 
other active higher order resonances even further improving the PCA analysis and 
selectivity.  

5.8. Conclusions 

Thermal energy harvesting in both the visible light and NIR regions allow elimination of 
the white light source which means a reduction in sensor complexity and one less 
component that can break or need maintenance. Results have been shown that demonstrate 
sensitive ppm-level detection of H2, CO, and NO2 analyte gases. PCA results have been 
shown that show similar gas selectivity with significantly less information. Thermal 
energy harvesting combined with full and reduced wavelength PCA allow the overall 
sensor package to be greatly simplified and miniaturized. Additionally, multipolar 
resonances have been shown to result in an additional probe of gas environment.  

Reference 

[1]. A. M. Azad, S. A. Akbar, S. G. Mhaisalkar, L. D. Birkefeld, K. S. Goto, Solid-state gas 
sensors – A Review, J. Electrochem. Soc., Vol. 139, 1992, pp. 3690-3704. 

[2]. A. Hornés, A. B. Hungría, P. Bera, A. López Cámara, M. Fernández-García, A. Martínez-
Arias, L. Barrio, M. Estrella, G. Zhou, J. J. Fonseca, J. C. Hanson, J. A. Rodriguez, Inverse 
CeO2/CuO catalyst as an alternative to classical direct configurations for preferential 
oxidation of CO in hydrogen-rich stream, J. Am. Chem. Soc., Vol. 132, 2010, pp. 34-35. 

[3]. X. Liu, S. T. Cheng, H. Liu, S. Hu, D. Q. Zhang, H. S. Ning, A survey on gas sensing 
technology, Sensors, Vol. 12, 2012, pp. 9635-9665. 

[4]. N. Barsan, U. Weimar, Understanding the fundamental principles of metal oxide based gas 
sensors; The example of CO sensing with SnO2 sensors in the presence of humidity, J. Phys. 
Condens. Matter., Vol. 15, 2003, pp. R813-R839. 

[5]. J. V. Spirig, R. Ramamoorthy, S. A. Akbar, J. L. Routbort, D. Singh, P. K. Dutta, High 
temperature zirconia oxygen sensor with sealed metal/metal oxide internal reference, Sensors 
Actuators B: Chem., Vol. 124, 2007, pp. 192-201. 

[6]. B. Sutapun, M. Tabib-Azar, A. Kazemi, Pd-coated elastooptic fiber optic Bragg grating 
sensors for multiplexed hydrogen sensing, Sensors Actuators B: Chem., Vol. 60, 1999,  
pp. 27-34. 

[7]. J. Dostálek, H. Vaisocherová, J. Homola, Multichannel surface plasmon resonance biosensor 
with wavelength division multiplexing, Sensors Actuators B: Chem., 2005, pp. 758-764.  

[8]. S. Okazaki, H. Nakagawa, S. Asakura, Y. Tomiuchi, N. Tsuji, H. Murayama, M. Washiya, 
Sensing characteristics of an optical fiber sensor for hydrogen leak, Sensors Actuators B: 
Chem., 2003, pp. 142-147. 

[9]. P. R. Ohodnicki, M. P. Buric, T. D. Brown, C. Matranga, C. J. Wang, J. Baltrus, M. Andio, 
Plasmonic nanocomposite thin film enabled fiber optic sensors for simultaneous gas and 
temperature sensing at extreme temperatures, Nanoscale, Vol. 5, 2013, pp. 9030-9039.  



Chapter 6. Advancements in Distributed Air Quality Monitoring Systems 

125 

[10]. P. R. Ohodnicki, C. J. Wang, M. Andio, Plasmonic transparent conducting metal oxide 
nanoparticles and nanoparticle films for optical sensing applications, Thin Solid Films,  
Vol. 539, 2013, pp. 327-336.  

[11]. P. R. Ohodnicki, M. Andio, C. Wang, Optical gas sensing responses in transparent conducting 
oxides with large free carrier density, J. Appl. Phys., Vol. 116, 2014, 024309. 

[12]. C. Cantalini, M. Post, D. Buso, M. Guglielmi, A. Martucci, Gas sensing properties of 
nanocrystalline NiO and Co3O4 in porous silica sol-gel films, Sensors Actuators B: Chem., 
Vol. 108, 2005, pp. 184-192. 

[13]. D. Buso, G. Busato, M. Guglielmi, A. Martucci, V. Bello, G. Mattei, P. Mazzoldi, M. L. Post, 
Selective optical detection of H2 and CO with SiO2 sol-gel films containing NiO and Au 
nanoparticles, Nanotechnology, Vol. 18, 2007, 475505. 

[14]. R. A. Potyrailo, M. Larsen, O. Riccobono, Detection of individual vapors and their mixtures 
using a selectivity-tunable three-dimensional network of plasmonic nanoparticles, Angew. 
Chemie-International Ed., Vol. 52, 2013, pp. 10360-10364. 

[15]. G. Dharmalingam, N. A. Joy, B. Grisafe, M. A. Carpenter, Plasmonics-based detection of H2 
and CO: Discrimination between reducing gases facilitated by material control, Beilstein J. 
Nanotechnol., Vol. 3, 2012, pp. 712-721. 

[16]. N. A. Joy, B. K. Janiszewski, S. Novak, T. W. Johnson, S. H. Oh, A. Raghunathan, J. Hartley, 
M. A. Carpenter, Thermal stability of gold nanorods for high-temperature plasmonic sensing, 
J. Phys. Chem. C, Vol. 117, 2013, pp. 11718-11724.  

[17]. N. A. Joy, M. I. Nandasiri, P. H. Rogers, W. L. Jiang, T. Varga, S. Kuchibhatla,  
S. Thevuthasan, M. A. Carpenter, Selective plasmonic gas sensing: H2, NO2, and CO spectral 
discrimination by a single Au-CeO2 nanocomposite film, Anal. Chem., Vol. 84, 2012,  
pp. 5025-5034. 

[18]. U. Kreibig, M. Vollmer, Optical Properties of Metal Clusters, Springer, Berlin, 1995. 
[19]. N. Liu, M. L. Tang, M. Hentschel, H. Giessen, A. P. Alivisatos, Nanoantenna-enhanced gas 

sensing in a single tailored nanofocus, Nat. Mater., Vol. 10, 2011, pp. 631-636. 
[20]. C. Langhammer, E. M. Larsson, B. Kasemo, I. Zoric, Indirect nanoplasmonic sensing: 

ultrasensitive experimental platform for nanomaterials science and optical nanocalorimetry, 
Nano Lett., Vol. 10, 2010, pp. 3529-3538.  

[21]. J. M. Bingham, J. N. Anker, L. E. Kreno, R. P. Van Duyne, Gas sensing with high-resolution 
localized surface plasmon resonance spectroscopy, J. Am. Chem. Soc., Vol. 132, 2010,  
pp. 17358-17359.  

[22]. A. Biaggi-Labiosa, F. Solá, M. Lebrón-Colón, L. J. Evans, J. C. Xu, G. Hunter, G. M. Berger, 
J. M. González, A novel methane sensor based on porous SnO2 nanorods: Room temperature 
to high temperature detection, Nanotechnology, Vol. 23, 2012, 455501. 

[23]. P. R. Ohodnicki, C. J. Wang, S. Natesakhawat, J. P. Baltrus, T. D. Brown, In-situ and Ex-situ 
characterization of TiO2 and Au nanoparticle incorporated TiO2 thin films for optical gas 
sensing at extreme temperatures, J. Appl. Phys., Vol. 111, 2012, 064320. 

[24]. H. Liu, A. I. Kozlov, A. P. Kozlova, T. Shido, Y. Iwasawa, Active oxygen species and 
reaction mechanism for low-temperature CO oxidation on an Fe2O3-supported Au catalyst 
prepared from Au(PPh3)(NO3) and as-precipitated iron hydroxide, Phys. Chem. Chem. Phys., 
Vol. 1, 1999, pp. 2851-2860.  

[25]. I.-S. Hwang, S.-J. Kim, J.-K. Choi, J. Choi, H. Ji, G.-T. Kim, G. Cao, J.-H. Lee, Synthesis 
and gas sensing characteristics of highly crystalline ZnO-SnO2 core–shell nanowires, Sensors 
Actuators B: Chem., Vol. 148, 2010, pp. 595-600.  

[26]. X. H. Huang, S. Neretina, M. A. El-Sayed, Gold nanorods: From synthesis and properties to 
biological and biomedical applications, Adv. Mater., Vol. 21, 2009, pp. 4880-4910. 

[27]. J. L. Elechiguerra, L. Larios-Lopez, C. Liu, D. Garcia-Gutierrez, A. Camacho-Bragado,  
M. J. Yacaman, Corrosion at the nanoscale: The case of silver nanowires and nanoparticles, 
Chem. Mater., Vol. 17, 2005, pp. 6042-6052. 



Chemical Sensors and Biosensors 

 126

[28]. Z. Zhao, V. A. V. Rossi, J. P. Baltrus, P. R. Ohodnicki, M. A. Carpenter, Ag nanoparticles 
supported on Yttria-stabilized zirconia: A synergistic system within Redox environments,  
J. Phys. Chem. C, Vol. 120, 2016, pp. 5020-5032.  

[29]. M. Ando, Recent advances in optochemical sensors for the detection of H2, O2, O3, CO, CO2 
and H2O in air, TrAC – Trends Anal. Chem., Vol. 25, 2006, pp. 937-948.  

[30]. G. Sirinakis, R. Siddique, I. Manning, P. H. Rogers, M. A. Carpenter, Development and 
characterization of Au-YSZ surface plasmon resonance based sensing materials: High 
temperature detection of CO, J. Phys. Chem. B, Vol. 110, 2006, pp. 13508-13511.  

[31]. C. Korte, A. Peters, J. Janek, D. Hesse, N. Zakharov, Ionic conductivity and activation energy 
for oxygen ion transport in superlattices – the semicoherent multilayer system YSZ (ZrO2 + 
9.5 mol % Y2O3)/Y2O3, Phys. Chem. Chem. Phys., Vol. 10, 2008, pp. 4623-4635. 

[32]. M. A. Fox, M. T. Dulay, Heterogeneous photocatalysis, Chem. Rev., Vol. 93, 1993,  
pp. 341-357. 

[33]. G. Dharmalingam, M. A. Carpenter, Chemical sensing dependence on metal oxide thickness 
for high temperature plasmonics-based sensors, Sensors Actuators B: Chem., Vol. 251, 2017, 
pp. 1104-1111. 

[34]. H. J. Chen, L. Shao, K. C. Woo, T. Ming, H. Q. Lin, J. F. Wang, Shape-dependent refractive 
index sensitivities of gold nanocrystals with the same plasmon resonance wavelength, J. Phys. 
Chem. C, Vol. 113, 2009, pp. 17691-17697. 

[35]. K. S. Lee, M. A. El-Sayed, Gold and silver nanoparticles in sensing and imaging: Sensitivity 
of plasmon response to size, shape, and metal composition, J. Phys. Chem. B, Vol. 110, 2006, 
pp. 19220-19225. 

[36]. G. Dharmalingam, Investigation of the optical and sensing characteristics of nanoparticle 
arrays for high temperature applications, ProQuest Database, 2016. 

[37]. N. Karker, G. Dharmalingam, M. A. Carpenter, Thermal energy harvesting plasmonic based 
chemical sensors, ACS Nano, Vol. 8, 2014, pp. 10953-10962. 

[38]. N. A. Karker, G. Dharmalingam, M. A. Carpenter, Thermal energy harvesting near-infrared 
radiation and accessing low temperatures with plasmonic sensors, Nanoscale, Vol. 7, 2015, 
pp. 17798-17804. 

[39]. N. Karker, M. A. Carpenter, High figure of merit hydrogen sensor using multipolar plasmon 
resonance modes, Sens. Actuators B: Chem., Vol. 252, 2017, pp. 385-390. 

[40]. Z. H. Yong, D. Y. Lei, C. H. Lam, Y. Wang, Ultrahigh refractive index sensing performance 
of plasmonic quadrupole resonances in gold nanoparticles, Nanoscale Res. Lett., Vol. 9, 2014, 
p. 187. 

[41]. B. N. Khlebtsov, N. G. Khlebtsov, Multipole plasmons in metal nanorods: Scaling properties 
and dependence on particle size, shape, orientation, and dielectric environment, J. Phys. 
Chem. C, Vol. 111, 2007, pp. 11516-11527. 

[42]. E. K. Payne, K. L. Shuford, S. Park, G. C. Schatz, C. A. Mirkin, Multipole plasmon 
resonances in gold nanorods, J. Phys. Chem. B, Vol. 110, 2006, pp. 2150-2154. 

[43]. S. P. Zhang, L. Chen, Y. Z. Huang, H. X. Xu, Reduced linewidth multipolar plasmon 
resonances in metal nanorods and related applications, Nanoscale, Vol. 5, 2013,  
pp. 6985-6991.  

[44]. W. Li, U. Guler, N. Kinsey, G. V. Naik, A. Boltasseva, J. Guan, V. M. Shalaev,  
A. V. Kildishev, Refractory plasmonics with titanium nitride: Broadband, Adv. Mater.,  
Vol. 26, 2014, pp. 7959-7965. 

 
 

 

 



Chapter 6. Advancements in Distributed Air Quality Monitoring Systems 

127 

Chapter 6 

Advancements in Distributed Air Quality 
Monitoring Systems 

Edoardo Giusto, Renato Ferrero, Filippo Gandino,  
Bartolomeo Montrucchio and Maurizio Rebaudengo1 

6.1. Introduction 

Air quality nowadays is receiving ever growing attention since it has become a critical 
issue, since long-term exposure to polluted air can result in permanent health issues [1]. 
The causes of air pollution are various and pretty different: fossil fuels, power plants, 
factories, waste incineration, controlled burn, cattle farming and so on. All these sources 
contribute to release several toxic agents. In fact, they can put in danger not only the 
people – it is one of the major cause of deaths per year – but also our entire ecosystem. In 
agriculture for instance air pollution has a strong impact on foliage, which develop several 
visible symptoms preventing higher crop yields and thus affecting also economical growth 
of a region [2]. These factors are a source of concern at the global level and they have led 
to the birth of laws relating to pollution monitoring and control. For example, the 
European Union has emanated 2008/50/EC and 2004/107/CE directives strictly related to 
this topics. The equipment necessary to meet the standards established by these 
regulations in order to monitor air quality has a high cost of procurement and maintenance. 
For example, the purchase and installation of a single gas-analyzer in already existing 
infrastructures can cost between $10,000 and $20,000 [3]. In recent years, many projects 
have emerged, developing low-cost solutions to air quality monitoring [4, 5]. The 
approach of large quantities of low-cost sensors in a wireless network can increase the 
coverage area and spatial distribution of the monitoring systems with respect to official 
air control systems deployed in fixed locations. This advantage is even more 
straightforward if these systems are mounted on mobile platforms [6]. Often low-cost 
devices are not meant to replace official monitoring devices, but to integrate their readings 
[7]. These devices can be autonomous and equipped with power-generating capabilities 
[8], in addition to adaptable communication protocols [9, 10]. 
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It turns out from the state of the art that there is no homogeneity in all these approaches. 
The aim of this chapter is to explore some of the most relevant schemes from the state-of-
the-art, in order to identify the key elements combining or differentiating them. It has been 
analysed: the kind of collected data, in order to identify the pollutants that are considered 
most important in the development of air monitoring systems; the different architectures 
of the nodes, in order to understand which is the best form factor depending on the 
application purpose; the network organization and related communication protocol, in 
order to understand which comes out to be the most handy; the post-acquisition data 
processing activities in order to find out which produces the most useful air pollution 
model. The analysis conducted in this chapter will be useful for researchers and 
practitioners interested in developing a pervasive air quality monitoring system. 

The chapter is thus organized: Section 6.2 lists the environmental data that has been 
sampled, Section 6.3 analyses the different architectures implemented, Section 6.4 
describes the approaches concerning the network organization and the communication 
protocols, Section 6.5 examines post-acquisition data processing activities performed; 
finally, in Section 6.6 conclusions are drawn. 

6.2. Data to Sample 

This section lists all the possible environmental data sampled by the studies taken into 
account, highlighting from the beginning the different approaches to the task of air 
pollution monitoring.  

Many studies have highlighted the damaging effects of O3 (ozone) and particulate matter 
(PM1, PM2.5 and PM10 that respectively correspond to 1, 2.5 and 10 µm) for human health 
[2]. The main problems related to a long exposure to O3 are asthma and bronchitis, while 
PM10 and PM2.5 can even involve lung cancer and cardiovascular disease. However, the 
dangerous polluting agents that directly affect the quality of air also includes: CO (Carbon 
Monoxide), CO2 (Carbon Dioxide), CH4 (Methane), H2 (Hydrogen), NH3 (Ammonia), 
NO2 (Nitrogen Dioxide), C4H10 (Isobutane); CH3CH2OH (Ethanol); C6H5CH3 (Toluene); 
H2S (Hydrogen Sulphide). Some paper eventually monitored Ultra Fine Particle (UFP) 
concentrations. These kind of substances are even smaller than PM1, having a diameter 
<0.1 µm. These substances may cause effects similar to PM ones, since they would deposit 
deeply into the lungs and then pass into the bloodstream [11]. 

Other environmental conditions also concur and influence air pollution. The main ones 
are: temperature, relative humidity, pressure. 

In order to frame all this data in time and space, usually Real Time Clock and GPS 
modules are used. In fact it is required to keep track of this kind of information so as to 
build effective air pollution models. 

In [12], the monitoring system considers PM10 and O3, while in [13], CO. In [14], a 
Waspmote gases sensor board measures CO, CO2, O2, CH4, H2, NH3, C44H10, CH3CH2OH, 
C6H5CH3, H2S and NO2. In [15], the sensor nodes are equipped with a semiconductor-
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based O3 sensor, electrochemical-based CO and NO2 sensors and a novel compact device 
to measure UFP concentrations. Additionally, the nodes monitor radio-frequency 
electromagnetic fields and environmental parameters, such as temperature and humidity. 
Miniature Diffusion Size Classifiers (MiniDiSCs), a novel tool for UFP monitoring. In 
[16], O3 is measured. In [6], CO and PM concentrations are monitored, but only CO values 
are considered during the analysis. In [17], an event detection system for pollution, 
alcohol, organic solvent and CO is proposed. Other values measured are those of 
temperature and humidity. 

Fig. 6.1 shows how often each polluting agent is considered by the analyzed approaches. 
It is possible to observe that CO is monitored by the majority of the approaches. Even O3 
and NO2 are often considered. The other polluting elements are only monitored by one 
approach. It is of special interest the fact that PM is not considered by the majority of the 
approaches, while it is evaluated one of the most important parameter for the quality of 
the air. A possible reason is that accurate sensors of PM are often larger and more 
expensive than gas sensors. Therefore, the inclusion of these sensors involves problems 
for a distributed deployment and considerably increases the cost of the each device. 

 

Fig. 6.1. Pollutants monitored. 

6.3. Architecture of the Sensing Nodes 

From an architectural point of view, there are some features that can be used to categorize 
existing approaches: the fact that it is built in a semi-custom approach, in which different 
components are simply put together; the use of some commercially available platforms. 

Some of the analysed papers made use of commercially available platform, while others 
involved the development of semi-custom hardware solutions. 

In [12], a widespread platform is used: the Libelium Waspmote Plug&Sense, which is an 
Arduino based platform. This board is characterized by a great flexibility both on 
hardware and software side. In fact there are 6 standard sockets into which plug the 
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sensors, so there is no need to reorganize the hardware in case a sensor has to be added. 
Moreover, the ease of use of Arduino libraries makes this choice very attractive for these 
purposes. Furthermore, the Waspmote board has a series of useful modules embedded on 
the same board: a Real Time Clock, a GPS and a 4G cellular network module. Using all 
these components the sampled data can be framed both in time and space and then 
uploaded in real time to a remote server. The Waspmote devices have been used both in 
fixed and mobile configurations. The fixed nodes were mainly used for specific 
experiments (e.g., for calibration purposes). Mobile nodes instead have been brought 
around the city of Turin mounted on a bike. The module is equipped with a 3.7 V –  
6600 mAh internal battery. Considering ZigBee as connection protocol, the internal 
battery was evaluated enough to keep the system up and running for 60 hours, which is 
good if we take into account that the average travel using a bike is less than 30 minutes, 
and then the bike would have been again attached to a docking station. 

In [13], a multi-device semi-custom approach is proposed. It is multi-device because it is 
composed by a hardware module and a mobile application running on a smartphone. It is 
semi-custom since the hardware module has been assembled using off-the-shelf 
components, but no special Printed Circuit Board has been actually designed. The system 
has been attached to a bike and then brought around in the city of Turin, Italy. The main 
board is a STM32 Nucleo L476RG which runs the ARM mbed 3.0 Operating System. 
This board has been expanded using a series of modules: an Adafruit FONA808 
GSM/GPRS and GPS module, to frame the data in space and provide location of the bike; 
a ST X-Nucleo-IDB05A1 Bluetooth Low Energy 4.1 shield, to enable connection to the 
smartphone; an Nemoto NAP-505 electrochemical CO sensor and a ST X-Nucleo-
IKS01A1 MEMS shield, to sense additional environmental data (temperature, relative 
humidity, pressure and motion). Air pollution monitoring is not the only purpose for this 
solution, in fact the MEMS shield also makes it possible to implement an anti-theft 
feature, able to alert the user on the mobile application. The mobile application, if 
connected to the hardware device via Bluetooth, is also able to present the user the last 
sampled data. The device is equipped with a 10 Ah LiPo battery, letting the device run for 
up to 48 hours, with a sampling interval of 12 seconds. 

In [14], the authors chose the commercially available Libelium Waspmote. These have 
been deployed in fixed locations in suburban areas of Cape Town, South Africa. Two 
modes have been used, ZigBee and GPRS. In the GPRS mode the internal battery lasted 
for 2 hours and 30 minutes, while in the ZigBee mode it lasted for 8 hours and 30 minutes. 

In [15] another semi-custom approach is proposed. In fact the core board is a Gumstix 
embedded computer, running a custom Linux distribution, to which all other components 
are attached. The enclosing case is then sealed and mounted on top of public transportation 
trams operating in the city of Zurich, Switzerland. Only mobile nodes on fixed paths. 
Samples are geo-tagged, time-stamped and uploaded to a server over GSM cellular 
network. The devices are powered by trams, in operation 20 h per day, while during the 
night the trams in the depots and the nodes are turned off. 

In [16], the authors explore different approaches to the task of air quality monitoring. The 
architecture in this case is pretty simple, in fact it is made by a personal GPS-equipped 
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smartphone and a low-cost Ozone sensor connected via RS232-TTL interface to the 
smartphone using the USB Mini-B port. The smartphone used is a HTC Hero, while ozone 
sensor is a MiCS-OZ-47 from e2v. On the smartphone, a mobile application is running in 
order to receive all the data on the serial port. It lets the user the possibility to access 
settings, take measurements, calibrate the sensor and upload the sensed data to a server. 
The sensing activity can be performed only once or continuously, at predefined intervals. 
The data is geo-tagged and time-stamped, stored in the smartphone memory and uploaded 
to a server when the user decides to do so. The gas sensor is supplied by four AAA NiMH 
batteries with a nominal capacity of 2500 mAh at 1.2 V. The expected lifetime is around 
50 hours, since the highest measured current is around 50 mA. In this configuration, 
considering that an average adult spends around 1.7 hours per day outdoors, the system is 
able to monitor the ozone concentration for approximately one month. 

In [6], two mobile sensing models are developed. The first one is intended to take 
advantage of public transportation vehicles, running on fixed routes, which can easily be 
congested during rush hours. It is made in a semi-custom approach, including a 
microcontroller board with sensors attached, a GPS module and a cellular modem. The 
system is powered by the functioning bus, thus it does not require any battery. The system 
is thus composed: the main board is an Arduino Mega 128; the cellular modem is a 
SIM5218; the GPS receiver is a PMB 648; the particulate matter sensor is a Sharp Dust 
Sensor; the CO sensor is a MQ-7 made by Hanwei Electronics. The second model instead 
is intended to be a personal device, connected to the user mobile phone to upload the data 
to a social community sensing platform. It is the commercially available NODE Wireless 
Sensor platform from Variable technologies. It has been equipped with OXA and CLIMA 
sensor modules in order to measure CO, humidity, temperature, ambient light and 
barometric pressure. 

In [17], the monitoring system is organized in two different architectures. The first one is 
an ad-hoc smart sensor network composed by: a Wi-Fi enabled PC – used as main control 
and processing unit; a set of sensing nodes with air quality sensors; a primary processing 
and transmission control communication unit connected to the wireless bridge. The 
second one instead is an Access Point infrastructure. The wireless network node 
components are the same of the first architecture, but an access point is included, 
extending the wireless subnetwork and enabling the traffic to be transmitted over the wired 
network. The power consumption of the sensing node is around 2.05 W using a voltage 
supply of 9 V. The power consumption for the wireless bridge instead is about 3.14 W; 
when the link with a sensing node is established, this power raises to 3.58 W. 

Fig. 6.2 shows the deployment strategy used in the analyzed approaches. The majority of 
the systems use mobile devices. However, fixed devices are considered useful, and both 
the approaches are often used together. Fig. 6.3 shows the hardware platforms selected in 
the various systems. Semi-custom devices are the most used, since they allow to reduce 
the cost of production and to reach a high level of flexibility. Commercial sensor nodes 
are also used, in particular Waspmote from Libelium. Other devices like personal 
computers and smartphones are often used as support elements. 
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Fig. 6.2. Deployment. 

 

Fig. 6.3. Hardware platforms. 

6.4. Network Organization and Communication Protocols 

This section describes the ways in which the various sensor networks have been organised 
and also explains the connection protocols used in order to achieve the desired data 
exchange behaviour. 

In [12], the authors propose various configurations: nodes deployed in fixed locations can 
act as reference to which calibrate the sensor or act as sink to constantly handshake with 
nodes mounted on bikes passing by, in order to upload the sampled data. The chosen 
communication protocol is ZigBee. 

In [13], every node is independent and there is no sink node. The nodes directly upload 
sensed data to the server via a GPRS connection. 

In [14], the authors propose two different routing architectures, depending on two 
different topologies that provide the potential to boost long distance and interoperable 
USN (ubiquitous sensor network) deployment in developing countries. These two 
topologies are: a multi-star with mobile sink (MSMobiS) and a multi-star with meshed 
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sink (MSMeshS). In MSMobiS deployment a set of sink devices is layered above islands 
of star networks of sensor motes. This solution does not require any multi-hop routing 
capability neither at the level of the islands of networks of sensor motes nor on the level 
of the network of gateway devices. However, it forces the gateways to have some cellular 
network or wireless interface to send the data to a remote server, without actually storing 
the data on the gateway node itself. This kind of approach could be also applied as 
opportunistic data dissemination where data mules (cars, humans, buses, etc.) can collect 
and store data, forwarding it to the gateway whenever there is the chance to forward it for 
further processing – i.e. for instance when a mobile phone passes by. In an MSMeshS 
architecture, a mesh network of gateway devices is layered above islands of star networks 
of sensor motes. In such a network, multi-hop routing is implemented only at the level of 
the gateway network using protocols such as OSLR, BATMAN, AODV, etc. In this 
network organization, not all the gateway devices need to convey the information to the 
processing place. 

The approach proposed in [15] is the same of [13], in fact nodes mounted on trams are 
directly connected to the remote server via GPRS connection. The same approach is used 
in [16], making use of the cellular network of the smartphone. The sensors were mounted 
on several bicycles and brought around the city over a period of two months. All sensor 
readings were directly uploaded to the server running GSN (Global Sensor Network). 

In [6], nodes are independent from one another. They directly upload the measurement to 
the remote server either via the dedicated cellular modem or taking advantage of the 
mobile phone one, accessible via bluetooth. 

In [17], a first architecture composes a star network over Wi-Fi protocol, where wireless 
sensor nodes send data to the main PC which acts as sink. A second architecture instead 
composes a mixed architecture, meshed and star network. Actually the sensing nodes send 
data to the AP, which variously forwards it to the main PC. 

Fig. 6.4 shows the communication protocols used by the monitoring systems. In general, 
the use of mobile phone transmissions is considered the best solutions, since it allows also 
distant nodes to communicate directly with a central server. Otherwise, with a sparse 
network, it would not possible to transmit real time updates.  

 

Fig. 6.4. Communication protocols. 
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6.5. Post-Acquisition Data Processing and Achieved Results 

In [12], data are collected in three different tests. The first mobility test was carried out in 
order to verify if movement affects precision of PM10 sampling. Sensed data, considered 
against the speed of the bike onto which it was mounted on, made it possible to infer that 
the movement does not have cumulative effect on the concentration of dust in the sensor. 
A second mobility test was carried out in order to check the correlation between mobile 
and static measurements. This test has shown that there is not a significant alteration in 
the measurement made on the go with respect to the one taken at a fixed location. 
Eventually, the third test was made to evaluate the mounting and robustness of the system, 
the shock impact, the energy consumption, the general reliability in terms of temperature 
robustness, vibrations, humidity, etc. The path starts across a busy urban area, followed 
by an interurban sector and ending in a suburban town. The test has been carried out on 
five consecutive days during the rush hour on a congested road. The most straightforward 
note is that the decreasing trend in the PM10 concentration is directly correlated to the 
distance from the city center. 

In [13], the platform successfully fulfilled all the requirements it was built for: a 
notification was sent to the user smartphone a few seconds after the theft attempt; the CO 
values sampled were comparable to the ones provided by the regional environmental 
protection agency (an average of 1.2 ± 0.5 ppm compared with an average of 0.892 ppm). 

The system proposed in [14] displays pollution on a map in the area around Cape Town, 
South Africa. Relative level of pollutants are shown as a cloud representation in which 
redder clouds represent higher pollution in that location. This is also used to calculate the 
resistance of the sensor, taking as reference the “clean air” value. The map is also able to 
detect general pollution trends interpolating neighbor sensors. 

In [15], the large quantity of data collected are greatly exploited. In fact land-use 
regression (LUR) models to produce accurate pollution maps with high spatio-temporal 
resolution have been produced. LUR models use land-use and traffic characteristics 
(explanatory variables) to predict pollution levels for locations not covered by 
measurement devices. The main concepts consists of two parts: in every sampling 
location, explanatory variables (e.g., population density, traffic volume, and terrain 
elevation) and monitored pollution levels are evaluated using linear regression; The 
relationships found between concentrations monitored and the explanatory variables are 
used to predict concentration levels at locations without measurements but with available 
land-use data. Using this framework, several pollution maps have been produced with 
different temporal resolution. To be noted, the seasonal resolution maps give an excellent 
example to the different average pollution recorded. Pollution levels are higher in winter 
and fall than in spring and summer. This is due to frequent high-inversion fog in Zurich 
from October to March preventing the pollutants to be lifted from the surface and 
therewith increasing pollution concentration near the ground. The topographical structure 
around Zurich makes the city prone to inversion fog as it is closely surrounded by hills in 
the north-east and south-west. One of the most interesting feature of this system is that it 
is able to produce a possible path from a point A to a point B over which the user would 
experience less air pollution with respect to the shortest possible path. This could be useful 
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for instance to bikers willing to invest time and physical energy in following this other 
path, being sure it would be healthier for them. 

In [16], all the measurement are publicly available on the Global Sensor Network platform 
and it is also possible to combine the data in order to produce collective air pollution maps 
with different spatial resolutions. These maps can achieve a high granularity since the 
resolution goes up to the street level, much higher than the resolution provided in general 
by city municipalities. The map of the city of Zurich is divided in rectangular regions. For 
each region a green, yellow or red dot is displayed, according to the average pollution 
level detected. 

In [6], the authors performed several tests. In the first one the two different systems, the 
mobile one and the personal one, have been installed on the outside of a car and brought 
around some congested road in New Jersey. Similar variations between the data collected 
by the two systems have been observed. Using these pairs of values, a linear regression 
analysis has been performed. It turned out that there is a significant positive linear 
relationship between the two measurements (p < 0.001). Moreover, the fact that the 
spearman correlation coefficient was 0.85 supported even more the high correlation 
between the two. In the second test instead the mobile system was installed outside of the 
car, while the personal one was installed inside the car, which is what actually would 
happen in real life personal sensing scenario. The variations of pollution levels of the two 
platforms are similar. In this case also a linear regression analysis was performed, proving 
that positive linear relationship exists between the two platforms. Actually it turned out 
that the spearman correlation coefficient is 0.5931, which is lower than the result obtained 
in the previous test.  

In [17], a neural network algorithm performs data analysis. It has been implemented in 
JavaScript in the embedded server. There is also a software architecture on the network 
pc able to: receive sensed data from the nodes; detect air pollution events and estimate gas 
concentration taking advantage of the neural network model; log all the data and publish 
it on a website. 

6.6. Conclusions 

This chapter has analyzed the main state-of-the-art papers on distributed air quality 
monitoring systems. 

Focus on real-time sensing in order to produce some immediately useful data (population 
alerting, less polluted route calculation, etc.). Power consumption is a critical issue, 
depending on where the sensors have to be installed this aspect has to be tackled. If public 
transportation is used there are no restriction, but pollution mapping would restricted only 
to fixed paths. This limitation could be overcome using some data processing technique 
as seen in [15], but being able to integrate also pseudo-random paths, such as the ones of 
a bike sharing platform for instance, could help in building a much more refined model 
for air pollution. 
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Chapter 7 
Surface Acoustic Wave Sensor Based  
on Nanoporous SnO2 Films for Hydrogen 
Detection 

Cornelia Sima and Cristian Viespe1 

7.1. Introduction 

The bandgap of a semiconductor material is a key parameter for different applications [1]. 
Tin oxide (SnO2) is a large-bandgap semiconductor with high transparency in the visible 
range and is intensively studied for applications such as solar cells and window coatings 
[2]. It is also a highly suitable candidate for gas sensors. SnO2 films can be deposited using 
several methods including laser ablation [1], chemical vapour deposition [2, 3], solvo-
thermal [4], magnetron sputtering [5, 6], co-precipitation [7], sol-gel [8, 9], and spray 
pyrolysis [10, 11].  

Sensor applications require films of high quality at the nanoscale level. However, such 
quality demands are challenging for many deposition methods. The identification of SnO2 
film fabrication conditions that will satisfy the quality requirements of gas sensors is the 
subject of this research. In this study, laser ablation deposition was used to produce thin 
films for nanoporous tin oxide (SnO2) surface acoustic wave (SAW) sensors, due to the 
numerous advantages offered by this approach [12]. The influence of different 
experimental deposition parameters on sensor performance was studied. Picosecond pulse 
laser ablation produced sensors with improved sensitivity, low noise levels, and low limit 
of detection (LOD), compared with the sensor produced using nanosecond pulses. 

7.2. Materials and Methods 

SnO2 films were deposited using a nanosecond laser (Nd:YAG (EKSPLA301 HT); 5-ns 
pulse duration; 355/532/1064 nm wavelengths; 70/71/150 mJ energy; 10/10/10 Hz 
frequency; 5.14/5.37/12.5 J/cm2 fluence) or a picosecond laser (Nd:YVO4 (Lumera Hyper 
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Rapid 50); 8-ps pulse duration; 355/532/1064 nm wavelength; 0.5/0.5/1.4 W power; 
50/10/50 kHz frequency; 5.6×102/4.54×102/15×102 W/cm2 energy density). The 
experimental setup is similar to that presented in [12]. Table 7.1 lists the experimental 
deposition conditions. 

Table 7.1. Experimental deposition conditions. 

Laser 
Wavelength 

(nm) 
Energy 

(mJ) 
Power 

(W) 
Frequency 
(Hz/kHz) 

Fluence 
(J/cm2) 

Energy density 
(W/cm2) 

ns 
355 70 - 10 Hz 5.14 - 
532 71 - 10 Hz 5.37 - 
1064 150 - 10 Hz 12.5 - 

ps 
355 - 0.5 50 kHz - 5.6×102 
532 - 0.5 10 kHz - 4.54×102 
1064 - 1.4 50 kHz - 15×102 

 

The depositions were made starting from a SnO2 target (Goodfellow) on a quartz substrate 
(Roditi; SAW quality, STX cut) in a controlled oxygen atmosphere (MKS controller) in 
the range of 40 to 400 mTorr. The target-to-substrate distance was 3.5 cm.  

The experimental setup of SnO2 films deposition is shown in Fig. 7.1.  

 

Fig. 7.1. The experimental setup of SnO2 films deposition. 

In order to study the pulse duration effect on the SnO2 film characteristics, two different 
lasers were involved, a nanosecond (ns) and a picosecond laser (ps). Unlike of ns laser 
where the energy/pulse is of order of mJ and repetition rate of order of 10 Hz, in the case 
of ps laser it has a low energy/pulse (µJ) and high repetition rate (kHz – MHz). It is 
considered that using ps pulse duration (high repetition rate and low energy/pulse), films 
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with few droplets on the surface will be obtained comparing with the case of using ns 
pulse duration.  

In order to deposit the SnO2 films, the laser beam was directed onto the SnO2 target by a 
lens with focal path of about 325 mm.  

The target was moved during the irradiation by an XY translation stage made for vacuum 
operation or in different gases, controlled by computer with a soft which trigger the laser 
also. The XY translation stage assures the movement of the target surface by laser beam 
during the deposition, avoiding in this way the formation of the droplets onto the film 
surface.  

The ablated material from the SnO2 target was deposited directly on the quartz substrate 
placed at a distance of 35 mm from the target; the films were deposited at room 
temperature. 

The deposition chamber is made of stainless steel which doesn’t interact chemically with 
the materials from the reaction chamber. 

The vacuum system is made of a preliminary vacuum pump (Pfeiffer PK D44 725) and a 
turbomolocular pump Pfeiffer PMP02830, 16 m3/hour. Turbomolecular pump starts only 
when in the reaction chamber is a pressure lower than 10-2 mbar. The oxygen flow is 
controlled by a valve (MKS Tru digital mass-Flo 1179B, 10 sccm -standard cubic 
centimeter- maximum flux) connected at a controller (MKS multigas 647C). The pressure 
is controlled by a system “throttle valve” (MKS 253B) and a controller (MKS 600) 
connected at preliminary vacuum pump (Agilent Varian – DS602). Using this system, the 
pressure inside of the deposition chamber was maintained.  

Films were characterised using various instruments: X-ray diffractometer (PANalytical 
X’Pert Pro MPD; 2.2 kW, 60 kV, 0.154-nm CuKα1 radiation), scanning electron 
microscope (FEI Inspect S; 3-nm resolution at 30 kV), energy dispersive X-ray 
spectrometer (EDS) and profilometer (Tokyo Seimitsu Surfcom 130 A). 

7.3. Results and Discussion 

7.3.1. Structural Properties 

Fig. 7.2 shows the X-ray diffraction (XRD) patterns of the films deposited using the nano- 
and picosecond lasers at the three wavelengths specified. The peaks were small and nearly 
indistinguishable for 355-nm nanosecond pulses; better crystallinity was observed at  
532 and 1064 nm. 

The diffractogram was a good match to diffraction file number 00-041-1445 from the 
International Centre for Diffraction Data (ICDD) for the tin oxide cassiterite phase having 
(hkl) Miller indices of (110), (101), (200), and (211).  
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Fig. 7.2. X-ray diffraction patterns of the films deposited using nanosecond  
and picosecond lasers. 

All of the films deposited using picosecond pulses were well crystallised; the peak 
intensities increased as the wavelength increased from 355 or 532 to 1064 nm. 

The diffractograms obtained at the various wavelengths with both types of lasers (nano- 
and picosecond) were compared. The most crystalline films were obtained at 1064 nm. At 
532 nm, for the picosecond laser, the peaks were broader and less intense, compared with 
those deposited at the same wavelength but using the nanosecond laser when the peaks 
were narrow and sharp. 

High crystallinity was observed with the 355-nm picosecond laser, while the peaks were 
barely noticeable with the nanosecond laser at this wavelength. The peaks corresponding 
to (110), (101), and (211) were considered when calculating the crystallite sizes using the 
Debye–Scherrer formula (7.1): 

 Dcrystallite = 0.9 λ / βcosθ,  (7.1) 

where λ is the diffraction wavelength, θ is the diffraction angle, and β is the full-width at 
half maximum [8]. The crystallite sizes (calculated from the diffractograms of films 
obtained using both types of laser) were as follows: 170, 160, and 90 nm at 355, 532, and 
1064 nm, respectively. Therefore, increasing the laser wavelength caused the crystallite 
size to decrease. In general, smaller crystallite sizes were obtained with picosecond pulses 
than with nanosecond pulses: 48, 46, and 93 nm at 355 nm, 532 nm, and 1064 nm, 
respectively.  

7.3.2. Surface Morphology 

Figs. 7.3 and 7.4 show scanning electron microscopy (SEM) images of the films deposited 
by the nano- and picosecond lasers. At a given wavelength, films produced by the 
nanosecond laser were more compact but exhibited some cracks and droplets on the 
surfaces. The film deposited at 355 nm with the picosecond laser was clearly porous and 
was composed of nanometre-sized particles. Kadhim et al. [8] also reported cracked films 
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when a nanosecond laser was used. A layered morphology was observed for the film 
deposited at 532 nm with the nanosecond laser; the film was more open, and no droplets 
were visible. A similar morphology was observed for the film deposited at 1064 nm.  

 

Fig. 7.3. SEM images of the films deposited using nanosecond pulses at 355, 532, and 1064 nm. 

 

Fig. 7.4. SEM images of the films deposited using picosecond pulses at 355, 532, and 1064 nm. 

However, films deposited with the picosecond laser at 532 and 1064 nm were more porous 
than those formed with the nanosecond laser at the same wavelengths. 

The sizes of the particles obtained with the two types of lasers are listed in Table 7.2. 
Those particles that comprised the films obtained by the nanosecond laser were larger than 
those in films deposited by the picosecond laser. These differences in particle size strongly 
influenced sensor performance.  

Summarising, picosecond pulses resulted in films of higher quality than those obtained 
with nanosecond pulses in terms of nanoporosity and particle size. 

Table 7.2. Particle sizes. 

Laser Wavelength (nm) Minimum size (nm) Maximum size (nm) 

ns 
355 200 2300  
532 300 1500  
1064 160 3340 

ps 
355 64 128  
532 64 320  
1064 50 253 
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7.3.3. Composition Determination 

Energy dispersive X-ray spectroscopy (EDS) was used to determine the elemental 
composition of the various SnO2 films. Table 7.3 shows that tin and oxygen were the main 
constituents, i.e. 44.45 and 39.08 wt % for the nanosecond laser, respectively, and  
45.75 and 41.03 wt % for the picosecond laser, respectively. Other elements were present 
in small quantities.  

Table 7.3. Film compositions from energy dispersive X-ray spectroscopy measurements. 

Laser Element wt % at % 

ns 

C 9.78 21.70 
O 39.08 65.12 
Si 2.84 2.70 
Bi 3.85 0.49 
Sn 44.45 9.99 

ps 

C 9.98 21.32 
O 41.03  65.82  
Si 3.25 2.97 
Sn 45.75 9.89 

 

7.3.4. Thickness of the SnO2 Films 

The film thickness measured by profilometry (Table 7.4) was influenced by the 
wavelength and the fluence or energy density of the laser. 

Table 7.4. Thickness of the films as a function of fluence or energy density. 

Laser 
Wavelength 

(nm) 
Fluence 
(J/cm2) 

Energy density 
(W/cm2) 

Film thickness 
(µm) 

ns 
355 5.14 - 2.5 
532 5.37 - 4 

1064 12.5 - 2.5 

ps 
355 - 5.6×102 2 
532 - 4.54×102 2.5 

1064 - 15×102 2 
 

7.3.5. Gas Sensing Properties 

The influence of the SnO2 films deposited by nano- and picosecond laser ablation on gas 
sensor performance was evaluated. Six sensors were prepared using SnO2 films deposited 
using the experimental conditions detailed in Table 7.1. To detect the noise level, the 
sensors were used in an oscillating circuit provided by an amplifier (Femto DHPVA-100) 
(Fig. 7.5). The frequency shift was measured with a counter analyser (Pendulum  
CNT-91), which enabled the frequency to be read in real time by linking the computer 
with Time View CNT-91 software [13].  
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Fig. 7.5. Experimental setup used to characterise the surface acoustic wave (SAW) sensors. 

All of the elements from the oscillating circuit were matched at an impedance of 50 Ω. 
The sensors were matched at the same impedance by adding two inductances of 760 nH. 
Sensor matching was achieved using a network/spectrum/impedance analyser (Agilent 
4396B) with a transmission/reflection test kit (Agilent 87512A/B). 

The six sensors were placed in two test chambers, one for each type of laser (Fig. 7.6).  

 

Fig. 7.6. Photographs of the test chamber with sensors installed.  

The noise levels, sensitivities, and LODs of the sensors are presented in Table 7.5. The 
noise was measured in air by measuring the frequency fluctuation over 10 min; the 
frequency fluctuation represents the maximum frequency deviation from the trend line 
(best-fit line). Table 7.5 indicates that that the noise level was lower for sensors containing 
SnO2 films deposited with the picosecond laser than with the nanosecond laser. This 
difference is explained by the larger particles that comprise the films deposited with the 
nanosecond laser; the larger particle size led to coherence loss of the propagating 
wavefront and increased the signal-to-noise ratio [14-16]. The signal-to-noise ratio was 
affected by the laser wavelength. SEM images of films deposited by the nanosecond laser 
at 355 nm revealed droplets on the surface (Fig. 7.3). This sensor had the higher noise 
level of 260 Hz. Kadhim et al. [8] reported that cracks also affect sensor performance, as 
we observed for films deposited with the nanosecond laser.  
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Table 7.5. Gas sensor characteristics. 

Laser 
Wavelength 

(nm) 
Sample 

Noise level 
[Hz] 

Sensitivity 
[Hz/ppm] 

LOD 
[ppm] 

ns 
355 S1 260 2.06 378.18 
532 S2 130 2.13 183.53 
1064 S3 130 2.25 173.33 

ps 
355 S4 70 3.06 68.57 
532 S5 100 3.13 96.00 
1064 S6 100 3.25 92.31 

 

The sensors were tested at different hydrogen concentrations at room temperature using 
mass-flow controllers [13]. The total flow of the gas mixture (2 % H2/98 % synthetic air) 
was kept constant at 0.5 L/min. Table 7.5 lists the sensitivities and LODs (defined as three-
times the noise level divided by the sensitivity) of the sensors. 

The best sensitivity was obtained with sensor S6, while the best LOD was obtained with 
sensor S4, which had the lowest signal-to-noise ratio.  

7.4. Conclusions 

Crystalline SnO2 films were fabricated by nano- and picosecond laser ablation. Highly 
porous films were obtained when the picosecond laser was used. The lowest noise level 
was obtained for the sensor using a film deposited by the picosecond laser at 355 nm. This 
highly porous film was composed of particles ranging in size from 64 to 128 nm. The film 
deposited by ps/355 nm was of higher quality than those deposited at 532 and 1064 nm 
and better than those prepared by the nanosecond laser. The highest sensitivity  
(3.25 Hz/ppm) and LOD (68.57) for hydrogen detection at room temperature was obtained 
for films deposited with the picosecond laser at 1064 nm and 355 nm respectively. 

Our approach to obtaining high-quality films by laser ablation should be useful for the 
fabrication of a wide variety of SAW-based gas sensors. 
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Chapter 8 
Signal-Enhancing Approaches and Rational 
Probe Design Enable Amplification-Free 
Detection of Nucleic Acids 

Maria Carla Barducci, Annika Carstens and Kira Astakhova1 

8.1. Introduction 

Building a reliable theoretical model of the structure and function of nucleic acids, and 
applying this model to emerging tasks of life sciences, requires that quantification and 
studies of nucleic acids are conducted in biologically relevant conditions. In the last 
decade, we and others have successfully applied advanced synthetic strategies in the 
development of new biosensors. These include novel tools for nucleic acid-nucleic acid 
recognition and for detection of interactions between nucleic acids, peptides and proteins. 
The outcomes of this research are currently being applied in several research and 
diagnostic settings. Examples include amplification-free detection of mutations in HIV-1 
that cause drug resistance, new tools for research into autoimmune antibodies and 
comprehensive assays for the detection of infectious diseases.  

Nevertheless, current assays often lack specificity and sensitivity. There are several 
reasons for this and two of them is the high complexity of biomolecular systems and low 
abundance of target molecules. Lack of specificity and sensitivity makes precise studies 
of key biophysical parameters an extremely exciting, but also challenging, task. Moreover, 
lack of fundamental understanding of biological systems, at the single-molecule level, has 
to be overcome to further develop the main areas of biology, bioorganic chemistry and 
biotechnology. 

Low-abundance experiments, including single-molecule studies, open up an exciting 
opportunity to learn more about nucleic acid structure and interactions at biologically 
relevant (low abundance) levels. In particular, hybridization of DNA and interactions of 
RNA with other biomolecules are not fully understood at single-molecule resolution. A 
growing number of studies address this issue, providing new and valuable knowledge on 

                                                      

Maria Carla Barducci 
University of Southern Denmark, Department of Physics, Chemistry and Pharmacy, Denmark 



Chemical Sensors and Biosensors 

 150

nucleic acid structure and recognition at a previously unachievable single-molecule level. 
Rational design and chemical composition of sensors is another necessary component for 
creating specific and sensitive tools for diagnostic and life sciences.  

Recent research shows that a strong interdisciplinary approach is needed to create 
effective sensors for nucleic acid quantification and other studies. In this chapter we 
provide an update across multiple fields of nucleic acid science and technology, focusing 
on available approaches for creating specific and sensitive sensors for DNA and RNA 
detection. Specifically, we present an update on the available methods for the 
development of synthetic probes, novel fluorophores, biotechnological advances in 
DNA/RNA sample preparation and modern detection systems. 

8.2. Design and Preparation of Fluorescent Probes 

Today, rational design aids the development of oligonucleotide probes and nano-building 
blocks that meet the requirements of high sensitivity and specificity of target recognition. 
This includes binding affinity (Tm) assessments by thermodynamic models [1], single-
nucleotide polymorphism (SNP) detection using modified analogues [2, 3], and reports 
on the influence of dyes on solubility and kinetics of hybridization [4]. However, these 
data are not integrated, are limited to very few synthetic nucleotide analogues and have a 
weak theoretical background. Moreover, current calculations of oligonucleotide 
properties do not predict fluorescence response, mismatch sensitivity or influence of the 
probe’s concentration and microenvironment on target binding and signalling [5-7]. 
Therefore, trial and error approach is still frequently applied to the design of fluorescent 
probes. This may result in expensive and time-consuming synthetic procedures and 
detection that are of no use due to lack of sensitivity and specificity of the probes. At the 
same time, demand for effective fluorescent probes is growing rapidly [8]. 

Available web tools, such as IDT oligo analyzer and Sigma primer, are based on the 
thermodynamic model of nucleic acid recognition. In these models, nucleic acid 
hybridization is seen as a thermodynamically driven process which is promoted by 
hydration forces and stacking interactions between nucleobases [9]. A simplified nearest-
neighbour model is now the basis for IDT analyser and Exiqon web tool. A more advanced 
Poland-Sheraga (PS) model of DNA denaturation has been introduced into the most recent 
version of the IDT tool which is claimed to predict mismatch recognition with good 
accuracy. 

Targeting RNA is a more challenging task for the web tools than DNA. This is addressed 
by NUPACK nucleic analysis package developed by Caltech. NUPACK algorithms are 
formulated in terms of nucleic acid secondary structure for one or more interacting nucleic 
acid strands [10], and are built upon the nearest-neighbor parameters mentioned above. 
Structural assessment of sequences in NUPACK is carried out through a polymer graph 
representation of a secondary structure (Fig. 8.1). The graph is constructed by ordering 
the strands around a circle, drawing the backbones in succession from 5’ to 3’ around the 
circumference with a nick between each strand, and drawing straight lines connecting 
paired bases. 
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Fig. 8.1. Example of secondary structure model [10]. (A) The strand is shown as a thick line, base 
pairs in thin lines. Yellow indicates hairpin loops, blue stacked base pairs, purple an interior loop, 
orange a bulge loop and green a multi loop. The exterior loop, containing 5‘ and 3‘ end is shown 
in grey. (B) Polymer graph representation of (A) with the same coloring of loops. The strand is 
ordered in a circle and base pairs are shown as lines. 

A secondary structure is determined as unstable if there exists no strand ordering for which 
the polymer graph has crossing lines. A complex of interacting strands has a structural 
ensemble containing all connected polymer graphs with no crossing lines for a particular 
ordering of a set of strands [11]. The free energy of a given sequence in a given secondary 
structure is calculated using nearest-neighbor empirical parameters for RNA, taking into 
account the salt environment [12-17]. Additional parameters may be included in this 
structural ensemble when analyzing a single RNA strand [18]. 

A practical outcome of the theoretical framework is the design of synthetic DNA and RNA 
probes to target nucleic acids in vitro or in vivo. Moreover, nucleic acid modifications are 
finding growing applications in the preparation of target-specific probes [19]. Web-design 
tools provided by Exiqon and IDT take into account internal LNA modifications and 
provide corresponding Tm values for LNA/DNA. 

All existing theoretical frameworks have been confirmed exclusively by in vitro 
experimental data, at concentrations above 50 nM, most often in the µM range, and for 
rather short, unmodified sequences [20, 21]. However, natural DNA and RNA are long 
biopolymers which are present in complex intracellular matrices at extremely low 
concentrations, often only a few molecules per cell [22, 23]. It is expected that in the near 
future, the models will be modified using low concentration data that is now available 
from signal-boosting methods and ultra-sensitive optical detection techniques. 

Synthesis of DNA/RNA oligonucleotide probes is most often done using a solid-phase 
automated approach. This allows for incorporation of a broad variety of tags for further 
functionalization or for the direct attachment of the fluorophores to the probes. Depending 
on the design, dyes can be attached either to the termini or inside the growing 
oligonucleotide chain. Yields of short modified oligonucleotides reach 95 % by 
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phosphoramidite chemistry, and, after a simple desalting or if needed, HPLC purification, 
the probes are ready to be applied in the assay. 

Several recent reviews describe advances in fluorophore development for the ultra-
sensitive detection and quantification of nucleic acids. Over the past decade, dyes have 
been developed in three main directions: 1) organic molecules; 2) organic and inorganic 
polymers; 3) naturally fluorescent biomolecules and their analogues. With regard to 
organic molecules, boron dipyrromethane (BODIPY) based fluorophores provide near IR 
fluorescence, high brightness and low cellular toxicity, although their photostability still 
requires improvement [24-26]. Optical properties of BODIPYs are affected by chemical 
substitution and microenvironment [26-28]. In particular, BODIPYs recognize metal ions 
such as palladium and form supramolecules, and form stable J aggregates [27, 28].  

With regard to polymers, fluorescent nanoparticles, such as quantum dots or organic 
polymers decorated with fluorophores, have been actively applied in the detection of 
nucleic acids in vitro and in cells. One particular application is fluorescence in situ 
hybridization (FISH) using adjusted Alexa fluor-labeled probes [29]. Toxicity is a general 
issue concerning quantum dots and other polymers that limits their applications to fixed 
cells, such as in FISH. Suggested approaches to overcome this limitation include 
decorating the nanoparticles with additional functionalities including PEG, small peptides 
and carbohydrates [30-32]. Finally, attention has been paid to intrinsically fluorescent 
nucleic acids owing to their compatibility with live cell imaging and generally low 
interference with the sample. Successful examples of such fluorophores include Spinach 
RNA aptamer pallet and green fluorescent RNA [33]. 

8.3. Sensors in Nucleic Acid Life Sciences and Biomedicine 

8.3.1. Diagnostics 

In life sciences and biomedicine, for the last three decades, low abundance of nucleic acids 
has been approached using enzymatic amplification including polymerase chain reaction 
(PCR) [34]. PCR and similar techniques utilize enzymes which, in a templated fashion, 
create high amounts of replicated nucleic acids starting from just a few molecules. PCR 
and other amplification methods have resulted in tremendous scientific and technological 
advances, although over the past decade there has been a growing concern regarding 
adequacy of the data provided by enzymatic amplification. First, it has been discovered 
that not every nucleic acid sequence can be amplified (6). Moreover, stoichiometry of the 
initial sample is affected by enzymatic reactions and the reaction cannot be carried out in 
living cells [35-38]. Finally, polymerases make errors during synthesis of nucleic acids. 
This is a crucial obstacle for detection of single-point nucleic acid variants such as 
mutations by amplification [39].  

In order to assess low abundance nucleic acids and reduce amplification bias, several 
techniques have been proposed. Among the diverse optical methods, Simoa method, 
branched DNA (bDNA) and nanoparticles achieve a low, femtomolar limit of target 
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detection (Fig. 8.2(A-C)) [23]. The principle of Simoa is to bind target DNA to magnetic 
particles by using specific capture DNA sequences, followed by detection using 
streptavidin-conjugated enzyme -galactosidase. The latter converts a colorless 
fluorescein substrate into a purple oxidized derivative which can be detected by 
fluorometry. bDNA probes contain a 20-25 nucleotide (nt) region which specifically binds 
the target, a short linker region, and a binding site for multiple sequences containing 
fluorescent dyes or enzymes (Fig. 8.2B). In this way, the target-specific signal is increased 
sufficiently to perform amplification-free mRNA sensing at LOD of only 80 target 
copies/mL. In turn, attachment of ultra-bright BODIPY dyes, gold nanoparticles and 
semiconductor nanocrystals called quantum dots (QDs) is particularly promising for 
applications in fluorescent microscopy (Fig. 8.2C) [23]. 

 

Fig. 8.2. Current assays for amplification-free detection of nucleic acids [2]: Simoa (A),  
branched DNA (B), nanoparticles (C) and protein nanopore (D) [40]. 

Nanopore sequencing is another method for amplification-free, ultra-fast detection of 
nucleic acids (Fig. 8.2D) [40]. A nanopore is a small hole with an internal diameter in the 
order of 1 nm. When single nucleotides, strands of DNA or other molecules pass through 
or near the nanopore, this creates a characteristic change in the magnitude of the current 
through the nanopore. This change in the current enables detection of specific nucleotides. 
At present, protein nanopores are used in miniaturized sequencing platforms [40]. The 
assay is useful for rapid, inexpensive analysis of relatively short genomes (5000-10,000 
base pairs), although error rate is rather high (up to 20 %) due to poor control of DNA-
nanopore interactions [41].  

In general, enzymes are still required in the aforementioned methods of nucleic acid 
detection. This is in order to achieve necessary levels of sensitivity (e.g. peroxidases in 
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bDNA), simultaneously detect multiple targets (enzymatic library barcoding) and ensure 
interaction of the nucleic acids with the nanopores. [23, 40]. Further, most of these 
applications cannot be used in living cells [42]. In contrast, bioorthogonal research has 
minimal interference with the original sample and in that way provides most accurate 
information on the nucleic acid biology. A bioorthogonal approach has been already 
explored in “click” reactions, exemplified by copper-catalyzed azyde-alkyne 
cyacloaddition (CuAAC) chemistry [43]. CuAAC reactions occur at neutral pH and/or at 
around body temperature, resulting in stable products with high yields. It is selective, 
irreversible and provides oligonucleotide analogues that are suitable for experiments both 
in vitro and in vivo [44, 45]. 

Single-nucleotide polymorphisms (SNPs) and variants (SNVs) are the main source of 
genetic variation in the human genome and in other species [22, 46, 47]. Therefore, 
reliable detection of SNPs and SNVs is an important research and clinical tool. Current 
detection methods for mutations involve samples being subjected to hybridization with 
mutation-specific probes after amplification, allele-specific PCR and/or sequencing. 
Regardless of the method employed, enzyme-assisted analysis of nucleic acid mutations 
poses multiple challenges. Among these challenges, low target abundance and rapid 
degradation, restrictions on identifying amplification primers and high background are 
frequently observed [34-39, 47]. To decrease the bias of enzymatic elongation in next 
generation sequencing (NGS) and PCR, each nucleotide is read multiple times (up to 1000 
in NGS) and different primers used; this increases time taken and cost of assays 
dramatically [34-39, 47]. Moreover, not all genes can be detected by enzymatic techniques 
[36-38]. Finally, qPCR assay often loses sensitivity upon multiplexing, i.e. simultaneous 
detection of multiple targets [48]. 

Non-invasive detection of biologically and clinically actionable mutations is a particular 
field which requires bioorthogonal approaches. Thus, a liquid biopsy can be performed 
for circulating tumor DNA (ctDNA) obtained from biofluids [47]. ctDNA are small pieces 
of genomic DNA which are released by dying tumor cells into the bloodstream [49]. 
ctDNA carries cancer-associated mutations which vary for each patient and have valuable 
prognostic and therapeutic roles [49]. However, since ctDNA and other natural targets are 
present at very low concentrations (<300 molecules per analyte), highly sensitive and 
specific detection techniques have to be applied [47]. With these objectives in mind, a 
solid support or in solution system using optical and electrochemical methods is ideal [23, 
46]. Fluorescence is a convenient optical detection method which is broadly applied in 
both high-throughput and portable diagnostic assays [23, 50]. In particular, fluorescence 
microscopy has made previously unachievable single-molecule resolution available [51, 
52]. 

We developed fluorescent oligonucleotide probes for genotyping of DNA mutations and 
detection of mRNA in cells [53, 54]. To do that we applied affinity-enhancing RNA 
mimics called locked nucleic acids (LNA) and fluorescent derivatives of 2’-amino-LNA 
(Fig. 8.3) [55]. Although 2’-amino-LNA-containing probes showed high potential in 
optical techniques, they have a disadvantage of being demanding both in terms of labor 
and time. We successfully combined more accessible nucleotide scaffolds with oxo-LNA 
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and groove-binding dyes for DNA/RNA detection [46, 55]. Very recently, we showed that 
it is possible to specifically detect 1000 cancer DNA molecules per sample using 
LNA/DNA probes and intercalating dyes (Fig. 8.3B) [46]. 

 

Fig. 8.3. Chemical structures of oxo-LNA, perylene-2’-amino-LNA and imaging results  
of mRNA (A) and cancer DNA (B) [53-55]. General concept of amplification-free detection  

of nucleic acids by optical methods and its challenges (C). SNP = single-nucleotide 
polymorphism, SNV = single-nucleotide variant. 

8.3.2. Nucleic Acid Structure and Recognition Studies 

Very recently, creative imaging methods approached biomolecules in the original 
biological context reaching single-molecule resolution [56]. In imaging with optical 
methods, a target biomolecule can be reproduced visually in its original form. Among 
other detection techniques for imaging, fluorescence is a convenient, highly informative 
method [50]. In several studies, folding of nucleic acids has been studied by fluorescence 
correlation (FCS) and two photon (2P) microscopy [57, 58]. FCS is a correlation analysis 
of fluctuation of the fluorescence intensity, and provides parameters of the physics of 
moving fluorophores under the fluctuations [57]. The analysis gives the average number 
of fluorescent particles and average diffusion time, when the particle is passing through 
the space. Eventually, both the concentration and size of the particle (molecule) are 
determined. In turn, 2P excitation microscopy is a fluorescence imaging technique that 
allows imaging of the sample at up to about one millimetre in depth [58]. Being a special 
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variant of the multiphoton fluorescence microscope, it uses red-shifted excitation light to 
excite fluorescent dyes and simultaneously to reduce the background. 

Among other super resolution imaging methods, stimulated emission depletion (STED) 
has an advantage of highest resolution and compatibility with diverse fluorophores, given 
that they have high fluorescence quantum yields and photostability [51]. In a recent 
example, STED based nanoscopy has been proposed for studies of DNA-protein 
interactions at resolution <50 nm [52]. STED nanoscopy creates super-resolution images 
by the selective deactivation of fluorophores, minimising the area of illumination at the 
focal point, and thus enhancing the achievable resolution for a given system. Nevertheless, 
most imaging studies were carried out for proteins; nucleic acid folding and function at 
single-molecule level remain unexplored [23]. 

Krüger and Birkedal applied single-molecule FRET for detailed studies of G-quadruplex 
confirmations [59]. The main advantage of this approach is that structural changes can be 
followed in real time which has been demonstrated for G-quadruplexes. Knowledge of the 
topological heterogeneity of G-quadruplexes and their high sensitivity to salt 
concentrations provides valuable information for the design of probes and G-quadruplex 
ligands [60].  

The single-molecule FRET (smFRET) approach also offers valuable insights into the 
folding pathway and structure of artificial DNA-protein nanostructures [61]. In agreement 
with transmission electron microscopy (TEM) and atomic force microscope (AFM) 
studies, smFRET confirmed successful encapsulation of the desired protein into the large 
DNA origami cargo, one protein per one origami molecule. Potential applications of this 
technology include new biosensors and drug delivery. 

8.3.3. Discovery of New Therapeutic Targets 

Resistance to therapeutics has long been addressed by developing new drugs and/or 
finding new targets. One particular example of this approach is combinational HIV-1 
therapy. When viruses become resistant through mutations in key genes to applied 
therapeutics, say protease inhibitors, the treatment has to be switched to, for example, 
reverse transcriptase blocking therapeutics or vice versa. 

MicroRNA (miRNA) is a recently discovered class of non-coding regulatory RNA that 
might help address the issue of drug resistance in viral and bacterial infections and in 
cancer. This makes it important for quantification and structural studies. Hu, Quin et al 
used genome-wide profiling to study miRNA expression in gefitinib-resistant human lung 
adenocarcinoma [62]. The miRNA-149-5p was up-regulated in association with drug 
resistance [62]. In another recent study, seven miRNAs including miRNA-21 were found 
to affect gene expression by the mosquito transmitted dengue virus (DENV) in humans 
[63]. miRNA-21 in particular was found to play a key role in DENV 2 expression, by 
promoting viral replication.  
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miRNA mechanisms could serve as possible therapeutic intervention points in treating 
infections and cancer [64-67]. Current detection methods for miRNA include PCR, 
sequencing and amplification-free hybridization assays [68-72]; one particular example is 
described in the specific case 4.3 below. A particular challenge for detection is miRNA 
instability. Therefore the probe is stored at -80 °C and analysed rapidly, avoiding RNases 
in the analysis. Another challenge is absolute quantification of miRNA, which cannot be 
carried out using enzymatic methods. 

Finally, there is growing evidence of the role of SNPs in miRNA structure and function. 
Recently, microarrays and qPCR have been employed to study SNP pattern associated 
miRNA in cancer [73]. More studies are needed to verify these results. However the 
authors suggest a high potential of SNP-specific miRNA targeting as a therapeutic 
approach in late stage cancer. 

8.4. Specific Cases 

8.4.1. New Nanoparticles for miRNA Detection 

Being able to simultaneously study interactions of different molecules is advantageous to 
improving our understanding of complex biochemical systems. One of the most 
interesting and studied groups of molecules are miRNAs. The identification and the 
quantification of these short oligonucleotides is a major contribution to understanding 
their roles in the biochemical environment. To achieve this aim, a simple and efficient 
strategy has been developed by S. Kim et al. [72] which is based on the bright signal of 
metal nanoparticles (NPs) in dark field microscopy, combined with DNA specificity in 
hybridizing miRNA. The procedure does not require amplification of the target. The 
system is composed of different metal NPs which are optically encoded with different 
colors (green, blue and red), and kinetically encoded (immobilized on a lipid bilayer or 
free to move in solution). The complete targeting sequence is divided between two types 
of NP, immobilized and mobile ones. Each NP presents targeting DNA strands on its 
surface for the partial annealing of miRNA. The presence of the target miRNA, which are 
hybridized by two DNA strands, brings the mobile NPs in close proximity to the 
immobilized ones, forming a dimer and triggering the occurrence of a new color signal 
(Fig. 8.4). Each color signal is detected by dark field microscopy and encodes for the 
presence of a specific type of miRNA. With this assay, it is possible to simultaneously 
detect many different types of miRNA present in a sample without the need of 
amplification.  

8.4.2. FISH Using Multiple Probes Targets 

FISH is a technique that enables direct detection of molecular targets in the cytological 
sample, without needing to isolate the target with consequent lysis of the cell. Leaving the 
biomolecular environment intact is very important for understanding the target’s role. 
FISH probes consist of nucleic acids strands (DNA, RNA, double or single stranded) 
labelled with fluorescent dyes. This technique was first developed 50 years ago [74] and 
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has subsequently undergone several optimizations in the design of probes and labels. 
Recent publications have given much attention to single-molecule FISH (sm-FISH)  
[75, 76].  

Sm-FISH is based on short oligonucleotide sequences, containing about 20 nucleotides, 
each bioconjugated with one fluorescent dye. The short probes hybridize neighboring 
regions on a target, resulting in an intense fluorescent signal due to the presence of many 
fluorescent dyes (Fig. 8.5A). With this method two main problems of conventional FISH 
probes are solved: firstly, the small size of the oligonucleotide strands allows for more 
specific hybridization than longer sequences, with higher sensitivity towards the presence 
of mismatches; secondly, the presence of a single dye per strand reduces the background 
signal in case of unbound probes compared to probes presenting several dyes per strand 
[75, 76]. 

 

Fig. 8.4. Representation of the miRNA target hybridization by the two DNA strands on NP 
immobilized on a lipid bilayer (INP) and mobile NP (MNP) (A). Visual example of the combined 

signals arising from the formation of a NP dimer (B). 

 

Fig. 8.5. Representation of probes hybridization to the target in sm-FISH (A). Representation of 
probe hybridization to the target in FISH (B). 

8.4.3. Target Enrichment and Microscopy for Cancer DNA Detection 

Isolation and concentration of oligonucleotide targets, in addition to the incorporation of 
a suitable fluorescent dye, enables clear fluorescent signals to be obtained without the 
need for amplification. Target enrichment assays coupled with fluorescent microscopy 



Chapter 8. Signal-Enhancing Approaches and Rational Probe Design Enable Amplification-Free Detection 
of Nucleic Acids 

159 

have been shown to produce very promising results in detection of the mutated cancer 
gene BRAF V600E [46]. 

The protocol (Fig. 8.6) presented by Miotke et al. for detection of low concentration gene 
targets begins with isolation of the gene with the use of DNA probes attached to magnetic 
beads, allowing all the unbound sequences to wash away easily [46]. Once the target gene 
sequence has been isolated, it is detached from the probe with heat. The enriched single 
stranded gene pool goes through another selection step in which the sequence presenting 
the modification of interest is annealed to a capture probe. The affinity and specificity of 
the short probe for the target sequence is of major importance since the modification often 
involves the change of only one nucleobase (SNP or SNV). For this reason, the length of 
the capture probe and the presence of LNA nucleotides within it are significant. As in the 
first step, the capturing probe is anchored to a solid support to allow unbound strands to 
be washed away easily. After these two enrichment steps, annealing of the target 
oligonucleotide to the capture probe can be studied by fluorescent microscopy with the 
intercalation of a dye such as EvaGreen. It is important to choose the florescent dye based 
on its different signalling capability when free in solution and when intercalated to the 
target. To allow a greater florescent signal, the target strand is annealed with another short 
sequence which elongates the double strand region where the dye can intercalate. This 
assay allows the detection and the quantification of a mutant target in a short time and at 
low cost.  

 

 

Fig. 8.6. Representation of the enrichment and labelling steps for the detection of low abundant 
mutated DNA sequences.  
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8.4.4. DNA Origami-Dye Complexes in Immunofluorescence Detection  
of Autoimmune Antibodies 

Oligonucleotide-based fluorescent probes can be employed for non-sequence dependent 
target detection. This type of assay is based on the nearly infinite range of precise 3D 
structure which oligonucleotides can fold into and on the high number of fluorescent dyes 
that can be integrated within the origami. Domljanovic et al. [77] presented a new 
technique for the detection of antibodies based on non-covalent interactions between 
fluorescent DNA origami and anti-DNA antibodies of systemic lupus erythematosus 
(SLE) (Fig. 8.7). The system tested was composed of rectangular-shaped DNA origami 
complexed with groove-binding dyes which are quenched in an aqueous environment, but 
light up when engaged in non-covalent antigen-antibody interactions with the targeted 
antibody. The change in the fluorescence signal allows detection of anti-DNA antibody in 
SLE-positive serum. This study offers a new method for the detection of antibodies. 
Compared to the enzyme-linked immune assay (ELISA), which is widely used for the 
detection and quantification of antibodies, fluorescent DNA origami offers advantages in 
terms of time and cost, together with good sensitivity and specificity in detecting the 
target. 

 

Fig. 8.7. Representation of the antigen-antibody interaction between the fluorescent DNA 
origami and the target antibody with triggering of florescent signal. 

8.5. Conclusions 

In conclusion, the most successful examples of nucleic acid sensors developed to date 
have been created by a multidisciplinary union of computer science, physical chemistry, 
synthesis, biophysics and life sciences. It is therefore beneficial for the researchers 
working within the field of nucleic acid science to be aware of developments within 
neighboring areas, and it is highly advantageous for them to collaborate. This chapter has 
an ambitious goal of providing an update of scientific and technological developments in 
the broad area of nucleic acid sensing. As described in this chapter, the most impressive 
achievements of the last decade include the increasing application of super-resolution 
microscopy in nucleic acid studies, DNA/RNA isolation techniques from biological 
samples, new tools for the design and synthesis of oligonucleotide probes and signal-
enhancing approaches built within optical detection systems. 
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There are still areas of nucleic acid detection that require improvement. Current theoretical 
models need to become better at predicting the experimental performance of sensors, 
while available fluorophores need greater brightness, photostability and lower toxicity to 
meet the requirements of a growing number of applications. Nevertheless, the 
achievements described in this chapter lay the basis for further steps in nucleic acid 
science and technology, providing new knowledge and effective tools for sensitive and 
specific target detection in a broad range of applications. 

References 

[1]. N. E. Watkins, W. J. Kennelly, M. J. Tsay, A. Tuin, L. Swenson, H.-R. Lee, et al., 
Thermodynamic contributions of single internal rAꞏdA, rCꞏdC, rGꞏdG and rUꞏdT mismatches 
in RNA/DNA duplexes, Nucleic. Acids Res., Vol. 39, 2011, pp. 1894-1902.  

[2]. LNATM Oligo Tools and Design Guidelines, https://www.exiqon.com/oligo-tools 
[3]. Sensing of SNP in HIV-1 Genome Using Fluorescent Oligonucleotide Probes. Frontiers in 

clinical drug research: HIV (B. S. P. Atta-ur-Rahman, Ed.), Bentham Science Publishers; 
2014, pp. 83-122. 

[4]. J. C. Schlatterer, J. S. Martin, A. Laederach, M. Brenowitz, Mapping the kinetic barriers of a 
Large RNA molecule’s folding landscape, PLoS One, Vol. 9, 2014, e85041. 

[5]. G. Khandelwal, R. A. Lee, B. Jayaram, D. L. Beveridge, A statistical thermodynamic model 
for investigating the stability of DNA sequences from oligonucleotides to genomes, Biophys. 
J., Vol. 106, 2014, pp. 2465-2473. 

[6]. J. A. Theruvathu, Y. W. Yin, B. M. Pettitt, L. C. Sowers, Comparison of the structural and 
dynamic effects of 5-methylcytosine and 5-chlorocytosine in a CpG dinucleotide sequence. 
Biochemistry, Vol. 52, 2013, pp. 8590-8598. 

[7]. A. Sabahi, J. Guidry, G. B. Inamati, M. Manoharan, P. Wittung-Stafshede, Hybridization of 
2’-ribose modified mixed-sequence oligonucleotides: Thermodynamic and kinetic studies. 
Nucleic. Acids. Res., Vol.29, 2001, pp. 2163-2170. 

[8]. S. Fontenete, M. Leite, N. Guimarães, P. Madureira, R. M. Ferreira, C. Figueiredo, et al., 
Towards fluorescence in vivo hybridization (FIVH) Detection of H. Pylori in gastric mucosa 
using advanced LNA probes, PLoS One, Vol. 10, 2015, e0125494. 

[9]. R. I. Kraeva, D. B. Krastev, A. Roguev, A. Ivanova, M. N. Nedelcheva-Veleva, S. S. Stoynov, 
Stability of mRNA/DNA and DNA/DNA duplexes affects mRNA transcription, PLoS One, 
Vol. 2, 2007, e290. 

[10]. R. M. Dirks, J. S. Bois, J. M. Schaeffer, E. Winfree, N. A. Pierce, Thermodynamic analysis 
of interacting nucleic acid strands, SIAM Rev., Vol. 49, 2007; pp. 65-88.  

[11]. B. R. Wolfe, N. A. Pierce, Sequence design for a test tube of interacting nucleic acid strands, 
ACS Synth. Biol., Vol. 4, 2015, pp. 1086-1100. 

[12]. M. J. Serra, D. H. Turner, Predicting thermodynamic properties of RNA, Meth. Enzymol., 
Vol. 259, 1995, pp. 242-261. 

[13]. D. H. Mathews, J. Sabina, M. Zuker, D. H. Turner, Expanded sequence dependence of 
thermodynamic parameters improves prediction of RNA secondary structure, J. Mol. Biol., 
Vol. 288, 1999, pp. 911-940. 

[14]. M. Zuker, Mfold web server for nucleic acid folding and hybridization prediction, Nucleic. 
Acids. Res., Vol. 31, 2003, pp. 3406-3415. 

[15]. J. SantaLucia, A unified view of polymer, dumbbell, and oligonucleotide DNA nearest-
neighbor thermodynamics, Proceedings of the Natl. Acad. Sci. USA, Vol. 95, 1998,  
pp. 1460-1465. 



Chemical Sensors and Biosensors 

 162

[16]. J. Santa Lucia, D. Hicks, The thermodynamics of DNA structural motifs, Annu. Rev. 
Biophys. Biomol. Struct., Vol. 33,  2004, pp. 415-440. 

[17]. R. T. Koehler, N. Peyret, Thermodynamic properties of DNA sequences: characteristic values 
for the human genome, Bioinformatics, Vol. 21, 2005, pp. 3333-3339.  

[18]. R. M. Dirks, N. A. Pierce, A partition function algorithm for nucleic acid secondary structure 
including pseudoknots, J. Comput. Chem., Vol. 24, 2003, pp. 1664-1677. 

[19]. S. X. Chen, D. Y. Zhang, G. Seelig, Conditionally fluorescent molecular probes for detecting 
single base changes in double-stranded DNA, Nat. Chem., Vol. 5, 2013, pp. 782-789.  

[20]. A. R. Davis, B. M. Znosko, Positional and neighboring base pair effects on the 
thermodynamic stability of RNA single mismatches, Biochemistry, Vol. 49, 2010,  
pp. 8669-8679. 

[21]. P. M. McTigue, R. J. Peterson, J. D. Kahn, Sequence-dependent thermodynamic parameters 
for locked nucleic acid (LNA)-DNA duplex formation, Biochemistry, Vol. 43, 2004,  
pp. 5388-5405. 

[22]. G. M. Blackburn, M. J. Gait, D. Loakes, D. M. Williams, Nucleic Acids in Chemistry and 
Biology, 3rd Ed., Royal Society of Chemistry, Cambridge, 2007. 

[23]. L. Miotke, M. Barducci, K. Astakhova, Novel signal-enhancing approaches for optical 
detection of nucleic acids-going beyond target amplification, Chemosensors, Vol. 3, 2015, 
pp. 224-240. 

[24]. A. K. Gupta, S. Akkarasamiyo, A. Orthaber, Rich coordination chemistry of π-acceptor 
dibenzoarsole ligands, Inorg. Chem., Vol. 56, 2017, pp. 4505-4512. 

[25]. L. J. Patalag, J. A. Ulrichs, P. G. Jones, D. B. Werz, Decorated BODIPY fluorophores and 
thiol-reactive fluorescence probes by an aldol addition, Org. Lett., Vol. 19, 2017,  
pp. 2090-2093. 

[26]. Z. Chen, Y. Liu, W. Wagner, V. Stepanenko, X. Ren, S. Ogi, et al., Cover picture: Near-IR 
absorbing J-aggregate of an amphiphilic BF2 – azadipyrromethene dye by kinetic cooperative 
self-assembly, Angew. Chem. Int. Ed., Vol. 56, 2017, pp. 5633-5633.  

[27]. G. Gupta, A. Das, K. C. Park, A. Tron, H. Kim, J. Mun, et al., Self-assembled novel BODIPY-
based palladium supramolecules and their cellular localization, Inorg. Chem., Vol. 56, 2017, 
pp. 4616-4622. 

[28]. Z. Chen, Y. Liu, W. Wagner, V. Stepanenko, X. Ren, S. Ogi, et al., Near-IR absorbing  
J-aggregate of an amphiphilic BF2 – azadipyrromethene dye by kinetic cooperative self-
assembly, Angew. Chem. Int. Ed. Engl., Vol. 129, 2017, pp. 5823-5827. 

[29]. W. G. Cox, V. L. Singer, Fluorescent DNA hybridization probe preparation using amine 
modification and reactive dye coupling, BioTechniques, Vol. 36, 2004, pp. 114-122. 

[30]. F. Chen, D. Gerion, Fluorescent CdSe/ZnS nanocrystal-peptide conjugates for long-term, 
Nontoxic imaging and nuclear targeting in living cells, Nano Lett., Vol. 4, 2004,  
pp. 1827-1832. 

[31]. M. Jiang, Y. Chen, G. Kai, R. Wang, H. Cui, M. Hu, Preparation of CdSe QDs-carbohydrate 
conjugation and its application for HepG2 cells labeling, Bulletin of the Korean Chemical 
Society, Vol. 33, 2012, pp. 571-574. 

[32]. M. Ulusoy, R. Jonczyk, J.-G. Walter, S. Springer, A. Lavrentieva, F. Stahl, et al., Aqueous 
synthesis of PEGylated quantum dots with increased colloidal stability and reduced 
cytotoxicity, Bioconjug. Chem., Vol. 27, 2016, pp. 414-426. 

[33]. M. Famulok, Chemical biology: Green fluorescent RNA, Nature, Vol. 430, 2004,  
pp. 976-977. 

[34]. R. Pinard, A. de Winter, G. J. Sarkis, M. B. Gerstein, K. R. Tartaro, R. N. Plant, et al., 
Assessment of whole genome amplification-induced bias through high-throughput, massively 
parallel whole genome sequencing, BMC Genomics, Vol. 7, 2006, 216. 

[35]. F. Mathieu-Daudé, J. Welsh, T. Vogt, M. McClelland, DNA rehybridization during PCR: The 
“Cot effect” and its consequences, Nucleic. Acids. Res., Vol. 24, 1996, pp. 2080-2086. 



Chapter 8. Signal-Enhancing Approaches and Rational Probe Design Enable Amplification-Free Detection 
of Nucleic Acids 

163 

[36]. G. D. Gupta, V. Kumar, Identification of nucleic acid binding sites on translin-associated 
factor X (TRAX) protein, PLoS One, Vol. 7, 2012, e33035. 

[37]. E. Ronander, D. C. Bengtsson, L. Joergensen, A. T. R. Jensen, D. E. Arnot, Analysis of single-
cell gene transcription by RNA fluorescent in situ hybridization (FISH), J. Vis. Exp., Vol. 68, 
2012, 4073.  

[38]. E. Simková, D. Staněk, Probing nucleic acid interactions and pre-mRNA splicing by Förster 
Resonance Energy Transfer (FRET) microscopy, Int. J. Mol. Sci., Vol. 13, pp. 14929-14945. 

[39]. J. Sabina, J. H. Leamon, Bias in whole genome amplification: causes and considerations, 
Methods Mol. Biol., Vol. 1347, 2015, pp. 15-41. 

[40]. Y. Wang, Q. Yang, Z. Wang, The evolution of nanopore sequencing, Front. Genet., Vol. 5, 
2014, 449. 

[41]. Y. Feng, Y. Zhang, C. Ying, D. Wang, C. Du, Nanopore-based fourth-generation DNA 
sequencing technology, Genomics Proteomics Bioinformatics, Vol. 13, 2015, pp. 4-16. 

[42]. U. Endesfelder, M. Heilemann, Art and artefacts in single-molecule localization microscopy: 
Beyond attractive images, Nat. Methods, Vol. 11, 2014, pp. 235-238. 

[43]. C. S. McKay, M. G. Finn, Click chemistry in complex mixtures: bioorthogonal 
bioconjugation, Chem. Biol., Vol. 21, 2014, pp. 1075-1101. 

[44]. L. J. Nåbo, C. S. Madsen, K. J. Jensen, J. Kongsted, K. Astakhova, Ultramild protein-
mediated click chemistry creates efficient oligonucleotide probes for targeting and detecting 
nucleic acids, Chembiochem., Vol. 16, 2015, pp. 1163-1167. 

[45]. P. M. E. Gramlich, S. Warncke, J. Gierlich, T. Carell, Click-click-click: Single to triple 
modification of DNA, Angew. Chem. Int. Ed. Engl., Vol. 47, 2008, pp. 3442-3444. 

[46]. L. Miotke, A. Maity, H. Ji, J. Brewer, K. Astakhova, Enzyme-free detection of mutations in 
cancer DNA using synthetic oligonucleotide probes and fluorescence microscopy, PLoS One, 
Vol. 10, 2015, e0136720. 

[47]. M. Ma, H. Zhu, C. Zhang, X. Sun, X. Gao, G. Chen, “Liquid biopsy” -ctDNA detection with 
great potential and challenges, Ann. Transl. Med., Vol. 3, 2015, 235. 

[48]. M. Turner, S. Adhikari, S. Subramanian, Optimizing stem-loop qPCR assays through 
multiplexed cDNA synthesis of U6 and miRNAs, Plant. Signal. Behav., Vol. 8, 2013.  

[49]. J. Smythies, Intercellular signalling in cancer-the SMT and TOFT hypotheses, exosomes, 
telocytes and metastases: Is the messenger in the message?, J. Cancer, Vol. 6, 2015,  
pp. 604-609. 

[50]. A. Raulf, C. K. Spahn, P. J. M. Zessin, K. Finan, S. Bernhardt, A. Heckel, et al., Click 
chemistry facilitates direct labelling and super-resolution imaging of nucleic acids and 
proteins, RSC Adv., Vol. 2014, pp. 30462-30466. 

[51]. B. Huang, H. Babcock, X. Zhuang, Breaking the diffraction barrier: super-resolution imaging 
of cells, Cell, Vol. 143, 2010, pp. 1047-1058. 

[52]. F. Persson, P. Bingen, T. Staudt, J. Engelhardt, J. O. Tegenfeldt, S. W. Hell, Fluorescence 
nanoscopy of single DNA molecules by using stimulated emission depletion (STED), Angew 
Chem. Int. Ed. Engl., Vol. 50, 2011, pp. 5581-5583. 

[53]. I. V. Astakhova, V. A. Korshun, K. Jahn, J. Kjems, J. Wengel, Perylene attached to 2’-amino-
LNA: synthesis, incorporation into oligonucleotides, and remarkable fluorescence properties 
in vitro and in cell culture, Bioconjug. Chem., Vol. 19, 2008, pp. 1995-2007. 

[54]. A. Okholm, J. Kjems, K. Astakhova, Fluorescence detection of natural RNA using rationally 
designed “clickable” oligonucleotide probes, RSC Adv., Vol. 4, 2014, pp. 45653-45656. 

[55]. I. K. Astakhova, J. Wengel, Scaffolding along nucleic acid duplexes using 2’-amino-locked 
nucleic acids, Acc. Chem. Res., Vol. 47, 2014, pp. 1768-1777. 

[56]. H. H. Heng, J. B. Stevens, G. Liu, S. W. Bremer, C. J. Ye, Imaging genome abnormalities in 
cancer research, Cell Chromosome, Vol. 3, 2004, 1. 

[57]. M. Kinjo, R. Rigler, Ultrasensitive hybridization analysis using fluorescence correlation 
spectroscopy, Nucleic Acids Res., Vol. 23, 1995, pp. 1795-1799. 



Chemical Sensors and Biosensors 

 164

[58]. F. Bolze, J. Lux, E. Peña, M. Heinlein, et al., Two-photon dyes and nucleic acid detection, 
Nonlinear Opt. Quantum Opt., Vol. 45, 2012, pp. 29-39 

[59]. A. C. Krüger, V. Birkedal, Single molecule FRET data analysis procedures for FRET 
efficiency determination: probing the conformations of nucleic acid structures, Methods,  
Vol. 64, 2013, pp. 36-42. 

[60]. S. L. Noer, S. Preus, D. Gudnason, M. Aznauryan, J.-L. Mergny, V. Birkedal, Folding 
dynamics and conformational heterogeneity of human telomeric G-quadruplex structures in 
Na+ solutions by single molecule FRET microscopy, Nucleic Acids Res., Vol. 44, 2016,  
pp. 464-471. 

[61]. A. Sprengel, P. Lill, P. Stegemann, K. Bravo-Rodriguez, E.-C. Schöneweiß, M. Merdanovic, 
et al., Tailored protein encapsulation into a DNA host using geometrically organized 
supramolecular interactions, Nat. Commun., Vol. 8, 2017, 14472. 

[62]. Y. Hu, X. Qin, D. Yan, H. Cao, L. Zhou, F. Fan, et al., Genome-wide profiling of micro-RNA 
expression in gefitinib-resistant human lung adenocarcinoma using microarray for the 
identification of miR-149-5p modulation, Tumour Biol., Vol. 39, 2017, 1010428317691659. 

[63]. S. Kanokudom, T. Vilaivan, N. Wikan, C. Thepparit, D. R. Smith, Assavalapsakul W. miR-
21 promotes dengue virus serotype 2 replication in HepG2 cells, Antiviral Res., Vol. 142, 
2017, pp. 169-177. 

[64]. C. Liu, K. Kelnar, B. Liu, X. Chen, T. Calhoun-Davis, H. Li, et al., The microRNA miR-34a 
inhibits prostate cancer stem cells and metastasis by directly repressing CD44, Nat. Med., 
Vol. 17, 2011, pp. 211-215. 

[65]. P. Trang, J. F. Wiggins, C. L. Daige, C. Cho, M. Omotola, D. Brown, et al., Systemic delivery 
of tumor suppressor microRNA mimics using a neutral lipid emulsion inhibits lung tumors in 
mice, Mol. Ther., Vol. 19, 2011, pp. 1116-1122. 

[66]. J. F. Wiggins, L. Ruffino, K. Kelnar, M. Omotola, L. Patrawala, D. Brown, et al., 
Development of a lung cancer therapeutic based on the tumor suppressor microRNA-34, 
Cancer Res., Vol. 70, 2010, pp. 5923-5930. 

[67]. R. E. Lanford, E. S. Hildebrandt-Eriksen, A. Petri, R. Persson, M. Lindow, M. E. Munk, et 
al., Therapeutic silencing of microRNA-122 in primates with chronic hepatitis C virus 
infection, Science, Vol. 327, 2010, pp. 198-201. 

[68]. M. R. Friedländer, W. Chen, C. Adamidi, J. Maaskola, R. Einspanier, S. Knespel, et al., 
Discovering microRNAs from deep sequencing data using miRDeep, Nat. Biotechnol.,  
Vol. 26, 2008, pp. 407-415.  

[69]. C. K. Raymond, B. S. Roberts, P. Garrett-Engele, L. P. Lim, J. M. Johnson, Simple, 
quantitative primer-extension PCR assay for direct monitoring of microRNAs and short-
interfering RNAs, RNA, Vol. 11, 2005, pp. 1737-1744.  

[70]. T. Ueno, T. Funatsu, Label-free quantification of microRNAs using ligase-assisted sandwich 
hybridization on a DNA microarray, PLoS One, Vol. 9, 2014, e90920.  

[71]. G. Nuovo, E. J. Lee, S. Lawler, J. Godlewski, T. Schmittgen, In situ detection of mature 
microRNAs by labeled extension on ultramer templates, BioTechniques, Vol. 46, 2009,  
pp. 115-126.  

[72]. S. Kim, J.-E. Park, W. Hwang, J. Seo, Y.-K. Lee, J.-H. Hwang, et al., Optokinetically encoded 
nanoprobe-based multiplexing strategy for MicroRNA profiling, J. Am. Chem. Soc., Vol. 139, 
2017, pp. 3558-3566.  

[73]. Y. Lin, Y. Nie, J. Zhao, X. Chen, M. Ye, Y. Li, et al., Genetic polymorphism at miR-181a 
binding site contributes to gastric cancer susceptibility, Carcinogenesis, Vol. 33, 2012,  
pp. 2377-2383.  

[74]. J. G. Gall, M. L. Pardue, Formation and detection of RNA-DNA hybrid molecules in 
cytological preparations, Proc. Natl. Acad. Sci. USA, Vol. 63, 1969, pp. 378-383. 

[75]. N. Ji, A. van Oudenaarden, Single molecule fluorescent in situ hybridization (smFISH) of C. 
elegans worms and embryos, WormBook, 2012, pp. 1-16.  



Chapter 8. Signal-Enhancing Approaches and Rational Probe Design Enable Amplification-Free Detection 
of Nucleic Acids 

165 

[76]. L. V. Bayer, M. Batish, S. K. Formel, D. P. Bratu, Single-molecule RNA in situ hybridization 
(smFISH) and immunofluorescence (IF) in the drosophila egg chamber, Methods Mol. Biol., 
Vol. 1328, 2015, pp. 125-136.  

[77]. I. Domljanovic, A. Carstens, A. Okholm, J. Kjems, C. T. Nielsen, N. H. H. Heegaard, et al., 
Complexes of DNA with fluorescent dyes are effective reagents for detection of autoimmune 
antibodies, Sci. Rep., Vol. 7, 2017, 1925.  

 
 



 

 

 

 



Chapter 9. Porous Silicon Photoluminescence Sensors of Organic Compounds 

167 

Chapter 9 
Porous Silicon Photoluminescence Sensors  
of Organic Compounds 

Juraj Dian and Ivan Jelínek1 

9.1. Introduction 

Porous silicon (PSi) was first prepared at Bell laboratories in the mid-1950s by Uhlir [1]. 
Interest in this material significantly increased in early 1990s, when intensive red-orange 
photoluminescence was reported by Canham [2]. The origin of the visible 
photoluminescence was attributed to silicon nanocrystals that are presented in porous 
matrix. 

Since then, great effort has been devoted to the implementation of PSi based 
optoelectronic elements into classical microelectronic devices realized on a silicon chip. 
Namely low electroluminescence efficiency and low mechanical and chemical stability 
prevented the development and larger scale production of PSi based LEDs and lasers. 
After initial focus to optoelectronic applications, unique PSi surface morphology, surface 
chemistry and biocompatibility attracted the interest of chemists, biologists and other 
scientists involved in modern material research [3-8].  

Strong dependence of physical properties of silicon nanocrystals on the presence of 
physical fields and chemical surrounding was used for a construction of chemical sensors 
[9]. Initial effort to stabilize highly reactive PSi surface via chemical derivatization 
proliferated to systematic research yielding material with properties valued in chemistry, 
medicine, bioengineering and advanced energy technologies. PSi research stimulated 
interest in other inorganic and organic nanomaterials possessing unique physical and 
chemical properties. As it follows from current state of art in material research, new and 
sophisticated technologies often rely on nanostructure materials. 

The present chapter gives an overview of PSi applications in sensing of gaseous and liquid 
analytes. Selected chemical reaction routes for modification of as-prepared  
(H-terminated) PSi surface are described. Relationship between PSi surface chemical 
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composition and photoluminescence sensor response sensitivity and selectivity to organic 
analytes in gas and liquid phase is discussed.  

9.2. Porous Silicon Formation 

Porous silicon (PSi) layer is prepared from n- or p-type silicon using electrochemical or 
stain etching. Since the discovery of PSi, its production by electrochemical etching of 
crystalline silicon was intensively studied and optimized. Fundamental monographies  
[10, 11] discuss the relationship between selected etching conditions, type of silicon wafer 
and morphology of formed PSi layer. Electrochemical procedure of PSi fabrication is 
preferred to stain etching procedure due to better experimental control of the process 
leading to the formation of defined PSi porous layer [12-18]. 

Unlike the electrochemistry on metal electrodes, anodic electrochemical etching of 
semiconducting silicon is a complex process involving simultaneous transfer of electrons 
and holes as free charge carriers [19, 20]. Two fundamental processes of silicon 
dissolution take part in electrochemical etching process; corresponding overall reactions 
are as follows: 

 Si + 6 HF + 1 h+  [4H+ – SiF6
2-] + H2 + 1 e-, (9.1) 

 Si + 2 H2O + 4 h+  SiO2 + 4 H+, (9.2) 

 SiO2 + 6 HF  SiF6
2- + 2 H+ +2 H2O. (9.3) 

The first equation describes direct divalent dissolution of a silicon in acidic HF solution. 
Here, the arrival of a hole at the Si–electrolyte interface leads to the breaking of Si-Si 
bond, while one electron is injected by ripping of a second Si-Si bond. Formed 
hexafluorosilicic acid is dissolved and rearranged porous silicon surface is hydrogen 
terminated. The second and third equations correspond to tetravalent silicon dissolution 
via SiO2 formation. Both divalent and tetravalent processes take part in real etching. Their 
extent is predominantly driven by applied potential. Porous silicon is formed at lower 
potentials. Higher applied potentials promote tetravalent dissolution mechanism 
corresponding to electropolishing regime. As it was already discussed in the literature  
[21-26], exact mechanism of etching process leading to the pore formation in silicon is 
more complex with yet unknown details. 

For application of PSi in photoluminescence based chemical sensors macroporous silicon 
(pore diameters in the range of 0.1-10 µm) is usually prepared. Crystallographic 
orientation, Si wafer resistivity and composition of etching solution determine the 
morphology of PSi layer and the properties important for chemosensor applications [27].  

Specific demands on instrumentation arise with electrochemical etching process. For a 
realization of reliable ohmic contact between silicon wafer and supporting metal 
electrode, it is recommended to remove native silicon dioxide from the back of the wafer 
by rinsing in HF/ethanol mixture and use clean platinum or aluminum strip as a metal 
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support. The demands on this contact rise with increasing area of etched silicon. While 
with common laboratory samples around 1 cm2 common wafer rinsing in HF/ethanol 
mixture, higher etched areas may require more sophisticated procedures, such as silicon 
wafer electron beam evaporation or sputter coating and special abrasion procedures. 
Excellent details on such techniques is given in [28-33]. Although two-electrode cell 
arrangement with a reliable constant current source fulfils requirements on the 
reproducibility of electrochemical process, three-electrode cell setup provides better 
control over potential applied on a silicon wafer. Applied current density determines the 
character of formed PSi layer. While simple PSi layers utilized for a construction of 
chemical sensors are prepared in constant current density mode below electropolishing 
limit, the preparation of more sophisticated structures require current time dependent 
frequency modulation of applied electric current [34-36]. 

9.3. Porous Silicon Chemosensors 

9.3.1. Measurands Used for Chemical Detection with Porous Silicon Sensors  

There are several physico-chemical principles how porous silicon detects chemical 
species. These include changes in [7, 37-43]: 

 Photoluminescence intensity and decay time; 

 Electrical conductivity; 

 Electrical capacitance; 

 Surface enhanced-Raman scattering; 

 Potential of an electrochemical electrode;  

 Reflectivity of PSi layer and PSi multilayers.  

Here we will focus on the changes in photoluminescence of PSi in the presence of 
chemical species as this the most studied way of PSi-based detection of organic molecules 
in gas and liquid phases. 

9.3.2. Porous Silicon Chemosensors Based on Photoluminescence Quenching 

First chemosensor use of PSi was demonstrated for reversible photoluminescence 
quenching in the presence of organic molecules in liquid phase [9]. A detailed study of 
quenching properties was performed for aromatic compounds [44, 45], aliphatic amines 
[46, 47], alcohols [9, 48-50] and other organic as well as many inorganic compounds [51, 
52]. As for many organic compounds the observed photoluminescence quenching was 
reversible, while inorganic molecules like NO, NO2 [53], O2 [53-55], SO2 [56-58], CO2 
[59] and halogens [60] revealed irreversible photoluminescence changes due to PSi 
surface reactions.  
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Changes of photoluminescence parameters of porous silicon in the presence of chemical 
molecules are driven by various interactions between these molecules and porous silicon 
layer. In the first work on PL quenching of porous silicon by Lauerhaas et al [9] the initial 
interpretation of PL quenching mechanism was based on the observation that the degree 
of PL quenching scaled with dipole moment of selected organic compounds. The 
interpretation was found inadequate for aromatic molecules with zero dipole moment 
(benzene, anthracene, and pyrene). For aromatic molecules PL quenching mechanism 
based on the energy transfer from porous Si to the T1 triplet states of the detected aromates 
was proposed [44, 61]. Rehm et al [45] studied photoluminescence quenching of PSi for 
a broader class of aromatic compounds (dissolved in benzene) and found out that the 
magnitude of photoluminescence quenching scales with the redox potential of the 
aromatic compound. From quenching behavior of aromates with redox potential close to 
either valence or conduction band they concluded that in photoluminescence quenching 
mechanism electron transfer plays a decisive role. Explanation of photoluminescence 
quenching mechanism for inorganic molecules like NO, NO2 or O2 is not as 
straightforward and is based on the interaction of detected molecules with silicon surface 
dangling bonds [53, 56, 58, 62] or efficient energy transfer from excitons in confined 
silicon nanocrystals to O2 [63]. 

A drawback of the above-mentioned mechanisms of PSi photoluminescence quenching 
lies in the fact they do not take into account porous morphology of PSi. The importance 
of the porous structure and the role of capillary condensation and dielectric effect in 
reversible photoluminescence quenching of PSi was found by Chazalviel group [64, 65]. 
This approach was especially useful for explanation of PSi photoluminescence quenching 
mechanism for the homological set of linear alcohols [66, 67]. 

9.3.3. Experimental Setup for Measurement of Photoluminescence Sensor Response 
of Porous Silicon 

Porous silicon-based photoluminescence sensors are highly sensitive to most of organic 
and inorganic molecules due to interaction with silicon nanocrystals that reside in the 
porous matrix. First experiments with PSi photoluminescence quenching in the presence 
of chemical compounds were performed in liquid phase. Measurement of sensor response 
in the liquid phase is usually performed in a titration mode, where analyte (in a defined 
concentration) is dissolved in a solvent. There are two main requirements for the choice 
of suitable solvent: 1) The chemical inertness with respect to PSi surface under the 
condition of light excitation, and 2) Negligible intrinsic photoluminescence quenching 
response as compared to the analytes. These requirements rule out water as medium for 
nonpolar or slightly polar organic molecules; photoexcitation of PSi in water causes its 
oxidation the rate of which depends on excitation power and PSi morphology. Various 
authors chose different media – benzene 

 [45], toluene [44, 61], heptane [47, 68], n-hexane [66, 67]. A typical experimental setup 
for measurements of concentration dependence of PSi photoluminescence quenching in 
liquid phase is in the Fig. 9.1. 
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Fig. 9.1. Liquid-phase setup for measurements of PSi photoluminescence quenching response. 

Measurements of photoluminescence sensor response in gas phase are more complicated 
in the way how to guarantee a precise analyte gas phase concentration. From practical 
point of view, it is necessary to perform measurements in an inert carrier gas – nitrogen 
and argon are usually the first choice. For real applications, the measurements in air are 
desirable. However, oxygen strongly quenches photoluminescence from PSi and the 
resulting sensor response is more complicated [49].  

In course of photoluminescence sensor response measurement the experimental setup 
operates in two modes: 1. in a closed cycle mode, in which the precise amount of analyte 
at PSi sensor is guaranteed by injection of a precise amount of analyte to known volume 
of carrier gas, and, 2. in a purging mode, when carrier gas flows through the setup and 
removes analyte from PSi pores. An alternative to the closed-cycle mode is the 
measurement with permeation sources of analytes in a carrier gas. A typical gas phase 
setup for measurements of PSi photoluminescence quenching as a function of analyte 
concentration is in Fig. 9.2. 

 

Fig. 9.2. Gas-phase setup for measurements of photoluminescence quenching of PSi  
in the presence of organic vapors. 
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9.3.4. Porous Silicon Photoluminescence Sensor Response to Linear Aliphatic 
Alcohols in Gas and Liquid Phases 

The effect of different phase state – gas and liquid – on the PSi photoluminescence sensor 
response was demonstrated for a homological set of linear aliphatic alcohols from 
methanol to 1-hexanol [66]. Principal advantage of this approach is in the knowledge of 
basic physical parameters of these analytes (Table. 9.1) and their relation to the processes 
affecting the photoluminescence quenching response.  

Table 9.1. Relevant physical and chemical parameters of linear alcohols at 25°C [69]. P’ denotes 
Snyder’s polarity index [70]. 

Analyte 
Relative 

permittivity 
r 

Dipole moment 
µD [D] 

Saturated 
vapor pressure 

[kPa] 
P’ 

methanol 33 1.70 16.9 6.6 
ethanol 25.3 1.69 7.87 5.2 
1-propanol 10.8 1.55 2.76 4.3 
1-butanol 17.84 1.66 0.86 3.9 
1-pentanol 15.13 1.70 0.259 3.6 
1-hexanol 13.02 1.64 0.11 3.4 

 

Typical photoluminescence responses of as-prepared PSi sensor element in liquid and gas 
phases are in Fig. 9.3. The sensor responses were recorded as changes of PSi 
photoluminescence intensity (near photoluminescence maximum; typically at 700 nm) for 
given analyte concentrations.  

  

Fig. 9.3. (A) – Photoluminescence response of a PSi sensor as a function of time for various 
amounts of methanol in liquid phase. (B) – Photoluminescence response of a PSi sensor  

as a function of time for various amounts of 1-hexanol in gas phase [66]. 

Gas and liquid phase concentration dependencies of PSi photoluminescence sensor 
response to a homological set of C1-C6 linear alcohols are in Fig. 9.4A and Fig. 9.4B, 
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respectively. The measurand used here is the relative photoluminescence quenching. The 
trends within the homological set of linear alcohols in PSi sensor response concentration 
dependence in gas and liquid phase are opposite. We can see that the sensitivity of the 
sensor response – the slope of the linear part of the concentration dependence – 
monotonically falls in the homological set for liquid phase measurements whereas for gas 
phase the sensitivity rises (except for methanol). 

 

Fig. 9.4. Relative photoluminescence quenching of PSi sensor as a function of concentration  
to a homological set of linear alcohols in (A) liquid phase or (B) gas phase. Adapted from [66]. 

Explanation of this unexpected behavior was found using the exciton dielectric quenching 
mechanism [65, 66]. According to this mechanism, the photoluminescence arises from 
exciton recombination in the porous matrix. Created photocarriers of electron-hole pair 
diffuse away and are trapped at certain distance in the porous matrix. If the distance is not 
larger than critical length (Onsager length), the electron-hole attraction is stronger than 
diffusion what leads to exciton formation and radiative recombination. Condensation of 
analyte in the small size pores (capillaries) lowers the electron-hole attraction, enables 
their further diffusion and increases the non-radiative decay path. 

Sensitivities of the liquid phase sensor response in a homological set of linear alcohols as 
a function of analyte dielectric constant are depicted in Fig. 9.5A. To extend the scale of 
correlated dielectric constant values, PSi sensitivity to water was determined as well. It 
follows from Fig. 9.5A that – including water as the zeroth member of the homological 
set – the dielectric quenching mechanism explains the observed behavior very well. 

To explain the gas phase behavior of PSi photoluminescence quenching response, the 
thermodynamics of solid-gas interphase for porous matrix and analyte has to be taken into 
account. The real concentration of alcohol inside porous matrix is different from the 
nominal concentration in gas phase. In the first approximation, the magnitude of 
equilibrium concentration of analyte in porous matrix can be estimated by means of gas 
phase concentration and analyte vapor pressure – the lower is analyte saturated vapor 
pressure, the higher is analyte concentration in the pores. To explain the behavior of PSi 
sensor response sensitivities in gas phase for various alcohols, one has to relate them not 
only to analyte dielectric constant but also to analyte saturated vapor pressure. In  
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Fig. 9.5 (B) there are gas phase sensitivities of PSi photoluminescence sensor response to 
linear alcohols as a function of dielectric constant divided by saturated vapor pressure of 
detected analytes. The observed behavior of PSi quenching confirms very well the 
simultaneous effects of exciton dielectric quenching and capillary condensation for gas 
phase detection of simple organic analytes [67]. 

 

Fig. 9.5. Dependence of the sensitivity of PSi sensor response to C1-C6 linear alcohols  
on (A) relative permittivity in liquid phase and (B) on the ratio of relative permittivity  

and saturated vapor pressure in gas phase. Adapted from [67]. 

9.4. Functionalization of Porous Silicon Surface 

9.4.1. Chemistry of Porous Silicon Surface 

Irrespective of exact etching conditions in sufficient excess of fluoride ions, mainly Si-H 
terminated Psi surface is formed and available for further chemical modification. 
Chemical reactivity of Si-H group is moderate and the character of surface is hydrophobic. 
In general, hydrogenated silicon surface behaves as a reducing agent reacting with mild 
and strong oxidants such as oxygen, ozone, nitrous oxides and nitric acid. PSi efficiently 
reduces water and other oxygen containing solvents. Compared to the crystalline silicon 
the reactivity of PSi is highly promoted by its high surface area.  

9.4.2. Oxidation of Porous Silicon 

Oxidation of silicon surface is a fundamental procedure used in the production of 
microelectronic components. The processes of controlled growth and removal of SiO2 
isolation layer are essential tools for making silicon based power electronics and 
photovoltaics. However, their transfer to PSi chemistry is not straightforward. Proposed 
dry and wet oxidation procedures utilizing soft or strong oxidizers provide different 
morphology and chemistry composition of PSi and may even led to complete destruction 
of a porous layer. Due to its lower stability, Si-Si bond is preferentially attacked with mild 
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oxidizers, while the oxidation of Si-H bonds requires strong oxidizers or increased 
reaction temperature. 

9.4.2.1. Reaction of Porous Silicon with Oxygen and Ozone 

The survey of common reactions between oxygen and hydrogenated PSi surface at 
laboratory and elevated temperature (Fig. 9.6) describes the overall spectrum of surface 
functional groups that may arise in course of oxidation. Oxygen at laboratory temperature 
preferentially attacks Si-Si bonds yielding additional surface Si-H bonds with adjacent Si 
atoms bridged with oxygen; the rate of the final conversion to SiO2 is slow. The resulting 
surface remains hydrophobic, formed silicon oxide layer remains thin. Analogous reaction 
at elevated temperature tends to convert surface Si-H groups to more hydrophilic Si-OH 
groups and oxidizes bulk Si skeleton. Formed SiO2 layer is thick and tends to spread to 
the bulk of silicon structure. Reaction temperature above 200°C promotes the formation 
of anhydrous oxygenated structures with surface siloxane groups that equilibrate with 
silanol groups in presence of H2O. 

 

Fig. 9.6. Fundamental routes of chemical oxidation of PSi with oxygen at room  
and elevated temperatures. 

When applied at room temperature, ozone readily converts Si-H surface groups to Si-OH 
silanol groups. They possess hydrophilic character; formed hydrated silicon oxide 
promotes adsorption of hydrophilic species, such as drugs and biomolecules. Hydrated 
silicon oxide layer easily dissolves in alkaline aqueous solutions, making all wet oxidation 
processes more destructive to PSi layer. Similarly, anodic electrochemical oxidation in 
1M aqueous H2SO4 generate sufficiently stable hydrated oxide layer and may serve for 
immediate oxidative stabilization of as prepared PSi used in sensor applications [71]. This 
procedure may immediately follow electrochemical PSi preparation in the same 
experimental setup.  
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Gas-phase oxidation of PSi with atmospheric O2 is a spontaneous process gradually 
degrading as-prepared PSi after it is removal from etching solution, unless the sample is 
stored under strictly inert conditions excluding contact to traces of oxygen. Besides 
mechanical stability, the oxidation of PSi significantly alters the spectral properties of 
porous layer. The intensity of visible luminescence usually decreases and its maximum 
shifts to blue region. Spontaneous oxidation and subsequent dissolution of SiO2 layer in 
aqueous solutions seems to be the key limitation of applications of PS-based optical 
sensors in liquid phase. 

9.4.2.2. Reaction of Porous Silicon with Water 

Silicon as efficient reducing agent reacts with a water according to the reaction (9.4): 

 Si + 2 H2O  SiO2 + 2 H2. (9.4) 

When applied to hydrophobic as-prepared PSi, the reaction is usually performed in a gas 
phase. This method generates chemically stable material with oxygen based luminescent 
centers [72-74]. Analogous reaction with water in liquid phase is obstructed by a low 
surface wettability of as-prepared PSi. The addition of surfactants catalyzes nucleophilic 
oxidation of silicon accompanied with a cleavage of adjacent Si-Si bonds, resulting in a 
formation of surface Si-H and Si-OH groups [75-78]. 

9.4.2.3. Reaction of Porous Silicon with Oxygen Containing Organic Species 

Unlike water in liquid phase, oxygen containing organic solvents usually possess higher 
wettability to PSi and solve as mild oxidizers in liquid phase. As it is shown in reaction 
scheme given in Fig. 9.7, dimethyl sulfoxide preferentially attacks Si-Si bonds yielding 
additional surface Si-H bonds with adjacent Si atoms bridged with oxygen. The rate of 
final conversion to SiO2 is slow [79]. The resulting surface covered with extremely thin 
oxide layer remains hydrophobic. The procedure of mild oxidation of PSi with 
dimethylsulfoxide is performed in the excess of fluoride ions in aqueous solution, when 
arising SiO2 is immediately dissolved. The process leads to an effective pore extension 
[54, 80-83].  

 

Fig. 9.7. Reaction scheme of as prepared PSi with dimethyl sulfoxide. Adapted from [79]. 

The ability of PSi to reduce various aldehydes, ketones and quinones has been described 
and used for PSi simultaneous oxidation and subsequent attachment of organic molecule 
[54, 84, 85]. The reaction of PSi surface Si-H groups with 1,4-benzoquinone is shown in 
Fig. 9.8. Due to hydrolytic instability of Si-O-R bonds functionalized surface possess 
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lower chemical stability in aqueous media. Above-mentioned process often generates 
a PSi surface that displays only weak visible photoluminescence. 

 

Fig. 9.8. Reaction scheme of as prepared PSi with 1,4-benzoquinone. Adapted from [54]. 

9.4.3. Silanization 

When required, oxidized PSi is subsequently functionalized by conventional silanization 
techniques [86-88]. Numerous functional organosilanes with varying number of 
hydrolyzable alkoxy substituents on silicon are commercially available and applicable in 
PSi chemistry. The corresponding reaction scheme between surface silanol group and 
substituted monoethoxydimethylsilane derivative is shown in Fig. 9.9. 

 

Fig. 9.9. Silanization of oxidized PSi with monoethoxydimethylsilane derivative [4]. 

9.4.4. Formation of Si-C Bonds via Hydrosilylation 

Compared to Si-O bonds, covalently bonded carbon forms chemically stable surface with 
enhanced resistance against hydrolysis, providing additional possibilities for chemical 
modification. Research in PSi chemistry lead to the development of reliable chemical 
derivatization procedures based on the formation of stable Si-C-R functional groups. 
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Hydrosilylation proved to be simple and reliable chemical route yielding chemically stable 
PSi surface. PSi hydrosilylation was first introduced by Buriak [89-95] and further studied 
and optimized by other researchers [96-100]. To achieve the highest possible chemical 
efficiency, thermally, photochemically and Lewis acid mediated activation is commonly 
used. General reaction scheme involving the addition of Si-H across a double carbon bond 
of alkene is shown in Fig. 9.10. To minimize undesirable oxidation of Si-H bonds, the 
hydrosilylation is performed on freshly prepared PSi under the inert atmosphere. 

 

Fig. 9.10. Hydrosilylation reaction of PSi surface with alkene (R = alkyl, COOH, COOR,  
NH2, etc.). Adapted from [91]. 

Thermally induced hydrosilylation provides reaction yield up to 20 %. Although the 
conversion rate increases with increasing temperature, the competitive oxidation with 
traces of oxygen and water limits the reaction yield maximum. Photochemically induced 
and Lewis acid catalyzed hydrosilylation represents viable reaction route, where the 
degree of Si-H conversion exceeds 30 %. Several functionalized alkenes with e.g. 
carboxyl and amino terminal groups were used, providing polar PSi surface suitable for 
further chemical modification. 

The most efficient hydrosilylation route alternative to thermal promoted reaction is the 
microwave-assisted reaction involving the irradiation of PSi with a microwave source. 
The reaction is fast and tends to eliminate competitive oxidation. The reaction efficiencies 
up to 38 % have been reported in the literature [101]. 

9.4.5. Formation of Si-C Bonds via Electrochemical Grafting Procedures 

Several electrochemical procedures were developed as alternatives to hydrosilylation and 
thermal carbonization methods. Covalently attached layers on PSi surface are prepared by 
a reaction of Si-H surface groups of PSi with electrochemically oxidized alkyl- and  
aryl-magnesium halides (Grignard reagents) or their corresponding alkyl or aryl-lithium 
analogues [102-104]. As it is usual with organometallic reagents, the reaction is performed 
in non-aqueous solvents. Unlike hydrosilylation, these reactions produce dense Si-CH3 
monolayer on PSi with significantly high reaction yield. Similarly, the electrochemical 
reduction of organohalides on PSi surface has been reported as an effective endcapping 
reaction minimizing the number of free Si-H groups on PSi surface [105-107]. 
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9.4.6. Formation of Si-C Bonds via Thermal Carbonization Procedures 

Pyrolysis of selected organic compounds on PSi surface was developed as alternative to 
chemical and electrochemical grafting. PSi surface layer of silicon carbide is chemically 
stable and suitable for additional chemical modification. Two alternative preparation 
procedures have been developed and described in the literature. Thermal decomposition 
of gaseous acetylene on heated PSi surface [108-110] provides highly homogenous and 
dense carbon layer that effectively protects PSi against oxidation. The corresponding 
reaction scheme is shown in Fig. 9.11. 

 

Fig. 9.11. Thermal carbonization of PSi with acetylene. Adapted from [4]. 

Another approach utilizes thermal decomposition of polymer layer on the PSi surface 
[111]. Compared to above-mentioned reaction with acetylene, such procedure yields less 
organized surface carbon layer with significant porosity. 

9.4.7. Electrochemical Deposition of Conductive Polymers  
on Porous Silicon Surface  

Conjugated conducting polymers have attracted long-lasting research interest due to their 
unique physico-chemical properties, namely high electrical conductivity and good 
chemical stability. The techniques of electrochemical oxidative polymerization of 
polypyrrole, polythiophene and polyaniline were successfully adapted for surface 
electrochemical modification of PSi [112-115]. Preparation of a hybrid nanostructure of 
PSi with conducting polymer may significantly improve physical and chemical properties 
of as prepared PSi, extending its applications in sensor [116-118] and photovoltaic 
technologies [119]. A simplified reaction scheme of the polypyrrole 
electropolymerization on PSi surface is shown in Fig. 9.12. 

Si

O
O

O

OH

Si
Si

Si

Si

(CH2)n

H3C
H3C

OEt

R

+

Si

O
O

O

O

Si
Si

Si

Si

(CH2)n

H3C
H3C

R

+ EtOH



Chemical Sensors and Biosensors 

 180

9.5. Photoluminescence Sensor Response of Functionalized Porous Silicon 
Surface 

Mechanisms of PSi photoluminescence quenching response of as-prepared PSi do not 
offer many possibilities for molecular recognition. When a selective chemical information 
for a mixture of chemical compounds is needed, it is necessary to include a receptor part 
into the sensor system. To solve this task, it is necessary to add a recognition element into 
the sensing process via suitable chemical modification of PSi sensor layer.  

 

Fig. 9.12. Reaction scheme of the electropolymerization of polypyrrole on PSi. 

9.5.1. Photoluminescence Sensor Response of Oxidized and Methyl-10-Undecanoate 
Terminated Porous Silicon Surface – The Role of Polarity-Based Recognition 

Replacement of -Si-H termination of as-prepared PSi by -Si-O-Si, Si-OH or -Si-(CH2)n-
COOCH3 bonds introduces a new interaction process between analyte and PSi matrix. PSi 
sensor elements prepared by standard electrochemical etching of Si wafer in a HF/ethanol 
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mixture were either oxidized or photochemically hydrosilylated with methyl-10-
undecenoate [120]. Measurements of photoluminescence sensor response of 
functionalized PSi sensor elements were performed and compared with as-prepared 
(H terminated) PSi. In Fig. 9.13A there are photoluminescence sensor responses as a 
function of time for the various PSi surfaces. 

  

Fig. 9.13. (A) – Photoluminescence sensor responses as a function of time for PSi sensor elements 
with H terminated surface (PSi-H), oxidized surface (PSi-O) and surface terminated with -(CH2)10-
COOCH3 group (PSi-MeUnd) to various concentrations of 1-butanol in gas phase. (B) – 
Concentration dependencies of relative photoluminescence quenching response of the various PSi 
sensor elements to a homological set of linear alcohols in gas phase [66]. 

The most striking feature of photoluminescence sensor response behavior for 
functionalized PSi surfaces is very low sensor response to lower alcohols. This is 
explained by a strong interaction of analyte with molecules attached on the PSi surface 
that prevents penetration of analyte inside PSi pores. In Fig. 9.13B there are 
concentrations dependencies of photoluminescence quenching response to linear alcohols. 
For oxidized PSi surface the sensor responses are several times lower as compared to 
surfaces with other termination. The low photoluminescence from oxidized PSi surface is 
the result of chemical changes during oxidation combined with a strong interaction of 
analyte with Si-O-Si or Si-OH surface species. This is supported by the fact that the 
photoluminescence recovery after analyte removal is very slow as compared to other 
surface terminations.  
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For methylundecanote terminated PSi surface, no photoluminescence degradation was 
observed. Moreover, a strong discrimination of PSi sensor response to lower alcohols was 
observed [66, 67, 121, 122] and explained by interactions of analytes with the surface 
species. The strength of this interaction scales with the polarity of studied analytes. A 
question arises how to quantify the polarity of linear alcohols. Some authors proposed the 
dipole moment as a measure of polarity of molecules. However, in case of linear alcohols 
dipole moment does not follow monotonical behavior in the homological set (see  
Table 9.1) and cannot explain experimental data. For linear alcohols, better choice are 
empirical polarity parameters like Snyder’s polarity index P’ [70].  

The degree of analyte discrimination is evaluated by a comparison of the 
photoluminescence sensor response sensitivities for as-prepared and surface 
functionalized PSi surface. The recognition ratio is defined as a ratio of sensitivity of as-
prepared PSi and surface functionalized PSi and represents the extent of analyte 
discrimination by a surface functionalization. In Fig. 9.14A there is a dependence of 
recognition ratio for methylundecenoate functionalized PSi sensor. A very good linear 
behavior supports the suggested polarity-based mechanism of molecular recognition  
(Fig. 9.14B). 

  

     (A)                                                                (B) 

Fig. 9.14. (A) – Dependence of recognition ratio – the magnitude of analyte discrimination of 
functionalized PSi-MeUnd surface with respect to as-prepared PSi surface – on Snyder’s polarity 
index P’, (B) – Recognition enhancement mechanism based on polarity scaled interaction between 
analyte and PSi outer Si-O-Si, -Si-OH or –(CH2)10-COOCH3 (b) Surface groups [66]. 

9.5.2. Photoluminescence Sensor Response of Polypyrrole Electrodeposited Porous 
Silicon Surface – The Role of Polarity and Size Effects 

Electrodeposition of conductive polymers on PSi surface introduces another type of 
recognition element in the process of interaction of PSi matrix and analyte. PSi-
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polypyrrole surface is more resistant to slow air oxidation, the price for this stability is the 
lower photoluminescence intensity, as the polypyrrole covers mainly the top surface of 
PSi layer [123] and blocks significantly both excitation light and photoluminescence 
signal. The effect of molecular recognition can be demonstrated again by a comparison of 
photoluminescence sensor responses of H terminated and polypyrrole electrodeposited 
PSi surfaces to linear alcohols in gas phase. In Fig. 9.15A there is gas phase 
photoluminescence sensor response in the presence of various concentrations of 1-hexanol 
for as-prepared and polypyrrole electrodeposited PSi surfaces. 

  

Fig. 9.15. (A) – Photoluminescence from as-prepared PSi and PSi with polypyrrole functionalized 
surface in the presence of various amounts of 1-hexanol in gas phase, (B) – Photoluminescence 
quenching response as a function of concentration for as-prepared PSi and PSi-polypyrrole sensor 
elements to homological set of linear alcohols in gas phase [123]. 

It follows from Fig. 9.15A that the presence of polypyrrole layer on PSi surface reduces 
photoluminescence intensity by about two order of magnitude. On the other hand, 
interaction of 1-hexanol with polypyrrole layer results in photoluminescence 
enhancement. The behavior of the photoluminescence enhancement with analyte 
concentration varied for different alcohols. For higher analyte concentrations, a complex 
sensor response was observed. After initial increase of photoluminescence intensity (due 
to the interaction of analyte with polypyrrole layer) a decrease of the signal (due to the 
penetration of analyte in PS pores) followed. 

Calibration curves of photoluminescence quenching response are useful in explanation of 
the observed behavior. In Fig. 9.15B there are photoluminescence sensor responses to 
linear alcohols for as-prepared and polypyrrole functionalized PSi surfaces. For 

0 20 40 60 80 100 120

5

6

7

8

N
2

N
2N

2

N
2

PSi-polypyrrole

180 M120 M90 M60 M

P
ho

to
lu

m
in

es
ce

n
ce

 in
te

n
si

ty
 a

t 7
00

 n
m

 (
a.

u.
)

Time (min)

30 M

A

50

100

150

0 20 40 60 80 100 120 140

N
2

N
2

N
2N

2

30 M18 M12 M 60 M

Time (min)

6 M

as-prepared PSi
1-hexanol



Chemical Sensors and Biosensors 

 184

polypyrrole functionalized PSi sensors, an interaction of analyte with surface is 
manifested by a photoluminescence enhancement at lower concentrations followed by a 
more complex behavior at higher concentrations. The pholuminescence enhancement at 
characteristic concentration is followed by a photoluminescence quenching. There are two 
parameters that explain the observed behavior – a sensor sensitivity of PSi-polypyrrole 
sensor response and a characteristic concentration. Sensor sensitivity scales with the size 
of the alcohol molecule (see Table 9.2). The mechanism of photoluminescence 
enhancement is not clear yet. Two possible explanations are either polymer expansion or 
movement of the polymer film on the PSi surface due to change of electrochemical 
potential during incorporation of alcohol molecules into the polypyrrole film [123].  

Table 9.2. Variations in sensor response sensitivity of photoluminescence quenching 
in a homological set of linear alcohols for as-prepared PSi and PS-polypyrrole. 

Analyte 
Number of 

carbon atoms 

Sensitivity of PL 
quenching of PSi-H 

(mM-1) 

Sensitivity of PL 
enhancement of PSi-
polypyrrole (mM-1) 

methanol 1 0.174 -0.007 
ethanol 2 0.579 0.027 
1-propanol 3 1.60 0.053 
1-butanol 4 5.63 0.018 
1-pentanol 5 17.2 1.00 
1-hexanol 6 49.9 2.46 

 

The characteristic concentration corresponds to the zero value of the sensor response in 
the concentration dependence when the effect of photoluminescence enhancement is 
compensated by a photoluminescence quenching. For methanol, the characteristic 
concentration was determined as an intercept between two quasilinear branches of 
photoluminescence quenching regimes at low and high concentrations. Characteristic 
concentration reflects the adsorption capacity of the polypyrrole layer and scales with 
polarity of the studied linear alcohols. This behavior is analogous to that of oxidized and 
carboxyl functionalized PSi layers, described in the previous section.  

In Fig. 9.16 there is a dependence of the characteristic concentration values on Snyder’s 
polarity index [70]. It follows from the figure that the linearity of the dependence confirms 
the role of the analyte polarity in the selectivity improvement of PSi-polypyrrole 
photoluminescence sensor response. 

9.6. Conclusions 

In course of nearly three decades of intensive research, porous silicon revealed numerous 
promising properties applicable in research and technology. Unique combinations of 
physical and chemical properties predestinate its applications in important fields of 
chemistry, chemical technology, biology, medicine and material research. The recent 
progress in PSi based chemosensors demonstrated that the material has a very strong 
potential for applications in chemical sensing in gas and liquid phases. Important issues 
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that have to be solved include improvements in operational stability of PSi based sensors, 
effective surface functionalization and the deeper understating the relationship between 
surface attached molecular/supramolecular systems and sensor response sensitivity and 
selectivity.  

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

0

1

2

3

4

5

6

m
e
th

an
ol

et
ha

no
l

1
-h

ex
a
no

l
1
-p

en
ta

no
l

1-
b
ut

an
ol

1-
p
ro

pa
no

l

C
ha

ra
ct

e
ris

tic
 c

o
nc

e
nt

ra
tio

n
 (

m
M

)

Snyder's Polarity Index  

Fig. 9.16. Dependence of characteristic concentration for linear alcohols in gas phase sensing 
with polypyrrole-functionalized PSi [123]. 

We demonstrated that by changing surface chemistry it is possible to enhance sensor 
response selectivity and operational stability. Detailed knowledge of interactions between 
PSi surface species and analytes of interest is essential for realization of arrays of chemical 
sensors that can detect selected analytes in complex mixtures. Biocompatibility of PSi 
facilitates its biomedical applications and biosensing techniques. These issues are 
addressed in many research papers on biomedical topics in the last decade and offer new 
possibilities in the field of chemical and biochemical sensors based on functionalized PSi. 
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Chapter 10 
Fluorescent Exploration of Mono-Oxime, 
Salamo-Type Bis- and Tetra-Oxime 
Compounds for the Detection of Zn2+, Cu2+, 
Pb2+ and Pic- Ions 

Wen-Kui Dong, Sunday Folaranmi Akogun and Yang Zhang1 

10.1. Introduction 

A sensor is a compound that renders a significant change in electrical, electronic, 
magnetic, or optical signals when it binds to a specific guest counterpart and of the many 
various kinds of sensors, fluorescent sensors have comprehensive merits over other 
methods owing to their specificity, sensitivity and real-time monitoring with fast response 
time [1]. Fluorescence-based techniques are important tools in chemical and biochemical 
research because of their appropriate beneficial features of a non-invasive nature, high 
intrinsic sensitivity, appreciable detection selectivity, operational simplicity, cost-
effectiveness, quick response, high temporal resolution and easy signal detection [2].  

Zinc is involved in numerous aspects of cellular metabolism [3]. Zinc is required for 
proper sense of taste and smell and supports normal growth and development during 
pregnancy, childhood, and adolescence [4-9]. Intense efforts have been devoted to 
develop sensitive fluorescent sensors for the detection of trace amounts of zinc ions in 
both biological and environmental systems. Given that zinc does not produce 
spectroscopic or magnetic signals because of its 3d104s0 electronic configuration [10], the 
fluorescence method remains the primary method of choice for Zn2+ determination. 

Likewise, copper(II) ion, the third most abundant element after iron and zinc [11-12], is 
an essential trace element and plays a crucial role in many biological systems [13-14]. It 
plays an important role in our metabolism, including electron transfer and O2 metabolism 
and transit, majorly because it allows many critical enzymes to function properly and is 
directly involved in Fe metabolism via ceruloplasmin, which has the capability to oxidize 
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Fe before being transported in the blood to all the tissues [15]. In this chapter, we report 
on the synthesis of four kinds of mono-oxime, Salamo-type bis- and tetra-oxime 
compounds and the mechanisms of photoinduced electron transfer (PET), intramolecular 
charge transfer (ICT) and chelation enhanced fluorescence (CHEF) were utilized when 
investigating their luminescence properties. Among these signalling mechanisms, the PET 
mechanism is often exploited for the sensors showing the fluorescence response to the 
guest binding owing to that such fluorescent host molecules based on PET is mostly 
structurally simple [16-20]. Usually ICT will take place upon excitation of a molecule 
containing both an electron rich group and an electron deficient group. CHEF could turn 
on or off intramolecular charge transfer from the donor to the acceptor, which thereby 
affects the fluorescence emission intensity of the fluorophore [21].  

10.2. Experimental 

Synthesis of sensors 1, 2, 3 and 4 

The experimental methods and synthetic routes to the investigated sensors 1, 2, 3, and 4 
were described elsewhere [22-28]. Fig. 10.1 depicts the chemical structure of sensors  
1 through 4. 

   

 

Fig. 10.1. Chemical structure of the sensors 1-4. 
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10.3. UV-Vis Titration Experiment 

10.3.1. UV-Vis Titration of Zn2+ with Sensors 1, 2, 3, and 4 

Determination of the reaction stoichiometery ratio is of key importance when it comes to 
metal to ligand complexation. 

The binding property of sensor 1 toward Zn2+ was investigated in ethanol via the UV–vis 
spectra of 1 in the presence of various concentrations of Zn2+. Fig. 10.2a shows the 
occurrence of gradual changes in the absorption spectra of 1 upon addition of Zn2+. The 
absorbance of 1 at 265 and 310 nm decreases and two absorption peaks at 222 and  
443 nm increased with an increasing concentration of Zn2+, accompany by the formation 
of two isosbestic points at 253 and 318 nm. Moreover, a new absorption band appears at 
343 nm, and its absorbance gradually increases with the addition of Zn2+. The changes in 
the UV–vis spectra arise from the coordination of Zn2+ to the N2O2 and NO3 binding sites 
which breaks the intramolecular hydrogen-bonding interactions of 1 and increases the 
coplanarity of the conjugated system. In addition, the absorbance at 343 nm with the 
increase of [Zn2+] shows a linear enhancement when the ratio of [Zn2+]/[1] is below 2:1, 
but no longer changes when the ratio exceeds 2:1, assuming 2:1 stoichiometry between  
1 and Zn2+ (inset, Fig. 10.2a). 

The sensor 2 showed two absorption bands at 358 and 265 nm. The peaks at 358 nm can 
be assigned to the intra-ligand   transition of the C=N bonds [29-34] and conjugated 
aromatic chromophore and the latter peak at 265 nm can be assigned to   transitions 
of the benzene rings. Upon addition of 1 equiv. of Zn2+, the peaks at 358 and 265 nm 
disappeared and there was emergence of three new peaks at 425, 293 and 233 nm. The 
peak at 425 nm, which was very weak for sensor 2 emerged intensely upon addition of 
Zn2+ and this might arise from spin forbidden metal to ligand charge transfer (MLCT) 
transitions. The appearances of four distinct isosbestic points at 380, 307,  
288 and 256 nm is a significant evidence of a complete deprotonation of the phenolic 
hydrogen present in the compound and a successful complexation between sensor 2 and 
Zn2+ (Fig. 10.2b). The UV–vis titration revealed that the complexation reaction 
stoichiometry between them is 1:1. On the basis of this stoichiometry, the binding constant 
value was estimated to be 2.25×104 M−1 according to Benesi-Hildebrand equation. The 
electronic spectra of the compound and its complex were recorded at room temperature in 
Tris-HCl buffer (MeOH/H2O = 9:1, v/v, pH 7.2). 

In order to study the binding property of 3 toward Zn2+ in aqueous organic solvent (2 %; 
v/v) (CHCl3/MeOH; 3:2) (pH; 6.0-7.0), UV–vis spectra of 3 with various concentrations 
of Zn2+ were carried out. Three absorption peaks of 3 were observed at 340, 360 and  
378 nm. Upon increasing concentration of Zn2+, changes occurred in the absorption peaks 
of 3 upon emergence of three new peaks at 364, 400 and 421 nm, which can be assigned 
to the MLCT interactions. Likewise, the addition of Zn2+ brought about changes in 
absorbance at 439 nm which revealed linearity when the ratio of [Zn2+]/[3] was below 3:1, 
and produced no obvious changes when the ratio approaches 3:1. Above this proportion, 
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the interaction at 363 nm shifted to 356 nm, assuming a 3:1 reaction stoichiometry 
between Zn2+ and 3. The result of the spectroscopic titration is given in Fig. 10.2c. 

 

Fig. 10.2 (a). Absorption spectra of 1 in ethanol with the increase of Zn2+.  
Inset: the absorbance at 343 nm varied as a function of [Zn2+]/[1]. [1] = 5×10−5 M. 

 
Fig. 10.2 (b). UV–vis absorption spectra of sensor 2 (25 M) in Tris-HCl buffer  

(MeOH/H2O = 9:1, v/v, pH 7.2) with gradual addition of Zn2+ and Ni2+ (0.0-1.0 equiv.), 
respectively. Inset: indicate 1:1 stoichiometry. 

The absorbance of 4 at 265 and 310 nm gradually decreases with an increasing 
concentration of Zn2+. Besides, two absorption peaks at 235 and 337 nm increases with 
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the increasing concentration of Zn2+, follow by the formation of two isosbestic points at 
248 and 323 nm, and a new peak emerges at 403 nm. Consequently, the complexation 
reaction stoichiometry between 4 and Zn2+ was assumed to be 2:1 (Fig. 10.2d). 

 

Fig. 10.2 (c). Absorption spectra of 3 in a water-containing organic solvent upon the addition  
of Zn2+. Inset: The absorbance at 439 nm varied as an interaction of [Zn2+]/[3] ([3] = 25 µM). 

 

Fig. 10.2 (d). (colour online) absorption spectra of 4 in aqueous solution (CH3OH/H20, 9:1, v/v, 
HEPES 10 mM, pH = 7.4) with the increase in Zn2+.  Inset: the absorbance at 403 nm varied  

as a function of [Zn2+]/[4]. [4] = 5×10−5 m. 
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10.4. Fluorescent Mechanisms and Applications 

10.4.1. Fluorescence Behavior of 1 to Zn2+ and Cu2+ 

10.4.1.1. Fluorescence Response of Sensor 1 to Zn2+ 

To obtain insight into the fluorescent properties of 1 toward metal ions, the emission 
changes of 1 solution (10 M) to various metal ions in ethanol were investigated. From the 
emission spectra, it can be seen that free 1 solution displays an emission band at 525 nm 
when excited at 442 nm (Fig. 10.3a), which can be attributed to the intramolecular transfer 
of  . Moreover, there is a great enhancement in the fluorescence intensity of Zn2+ 
with 1, which could be clearly distinguished from other metal ions. Addition of other 
cations such as Cu2+, Ni2+, Co2+ and Mn2+ induces an obvious fluorescence quenching, 
which means that these ions also can bind with 1 but lead to fluorescence quenching due 
to its paramagnetic property. The emission change which is specific for Zn2+ may arise 
from the reasons that the binding of 1 to Zn2+ can form two six-membered chelating rings 
with the N2O2 binding sites, and one five-membered and one six-membered chelating 
rings with the NO3 binding sites, respectively, which enlarges the conjugated system, and 
thus reduces the energy difference between n and π* orbital [35]. 

Subsequently, the binding affinity of 1 for Zn2+ was examined through a fluorescence 
titration experiment in which different concentrations of Zn2+ were added to the solution 
of 1 (10 M). The emission intensity at 513 nm is gradually increased. The fluorescence 
changes terminated when 2 equiv of Zn2+ is employed. Moreover, the linear relationships 
of 1 toward Zn2+ at the low concentration ranges, show that a reasonable linear relationship 
could be built when the concentration of Zn2+ do not exceed 2 equiv of the sensor 1. The 
binding constant K of 1 with Zn2+ is estimated to be 1.86×108 M−1 by the Benesi–
Hildebrand equation (fluorescence method) way [36]. Moreover, the detection limit of  
1 to Zn2+ is evaluated to be 5.13×10−7 M [37].  

In order to validate the high sensitivity of 1 to Zn2+ in practice, competition experiments 
were carried out by adding Zn2+ to the solution of 1 in the presence of K+, Na+, Ba2+, Ca2+, 
Cd2+, Mn2+, Pb2+, Fe2+, Hg2+, Ag+, Co2+, Ni2+, and Cu2+ (Fig. 10.3b). It is observed that the 
presence of most of these metal ions don’t interfere with the Zn2+ ability to enhance 
fluorescence. Metal ions such as Mn2+, Co2+ and Ni2+ can induce only a slight disturbance 
on emission intensity increase. However, the presence of Cu2+ totally quenched 
fluorescence, possibly because there is a competitive binding between Zn2+ and Cu2+  
with 1. This result also indicates that the Cu2+ complex formed between Cu2+ and 1 is too 
stable to be replaced by Zn2+. 

10.4.1.2. Fluorescence Response of the Zn2+ Complex to Cu2+ 

We investigated the fluorescence change of the Zn2+ complex solution (10 µM) in the 
presence of different metal ions. As shown in Fig. 10.4, a dramatic decrease in emission 
intensity is induced by the addition of Cu2+ to the Zn2+ complex solution, and this suggests 
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the replacement of Zn2+ by Cu2+. Addition of other metal ions does not display such a 
significant fluorescence change. Thus, the results demonstrate that the Zn2+ complex have 
a good selectivity toward Cu2+. 

 

 

Fig. 10.3. (a) Fluorescence spectra of H3L solution (10 µM) in the absence and presence of various 
metal ions (2.0 equiv of Zn2+, Hg2+, Ag+, Ba2+, Cd2+, Ni2+, Co2+, Fe2+, Mn2+, Cu2+, Ca2+, K+, and 
Na+). Inset: naked-eye observable fluorescence changes of H3L solution before and after addition 
of Zn2+. (b) Fluorescence responses of H3L solution (10 µM) to various metal ions. The black bars 
represent the emission intensity of H3L solution on addition of 2.0 equiv of different metal ions; 
the red bars represent the emission intensity of the metal ion containing solution upon further 
addition of 2.0 equiv of Zn2+. λex = 442 nm, λem = 513 nm. 
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Fig. 10.4. Fluorescence emission spectra of the Zn2+ complex solution (10 µM) in the presence  
of different metal ions (2.0 equiv of Hg2+, Ag+, Ba2+, Cd2+, Ni2+, Co2+, Fe2+,  

Mn2+, Cu2+, Ca2+, K+, and Na+). 

Fluorescence competition experiments were then conducted to further validate the high 
selectivity of the Zn2+ complex towards Cu2+. Addition of other metal ions to the Zn2+ 
complex solution induces minor or no fluorescence quenching. However, upon further 
addition of 2.0 equiv of Cu2+ to the potential competitive metal ion containing the Zn2+ 
complex solutions, the fluorescence intensities are all greatly decreased. These results 
reveal that the Cu2+ specific response is not perturbed by other metal ions (Fig. 10.5). 

 

Fig. 10.5. Fluorescence responses of the Zn2+ complex solution (10 µM) to various metal ions. The 
black bars represent the emission intensity of the Zn2+ complex solution on addition of 2.0 equiv 
of various metal ions; the red bars represent the emission intensity of the metal ion containing 
solution followed by further addition of 2.0 equiv of Cu2+. λex = 442 nm, λem = 513 nm. 
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Fluorescence titration experiments were explored to further evaluate the sensing ability of 
the Zn2+ complex to Cu2+. Fig. 10.6 shows gradual changes in the fluorescence spectra of 
the Zn2+ complex upon addition of Cu2+. The fluorescence intensities decrease remarkably 
upon incremental addition of Cu2+, which almost stop changing when the amounts of Cu2+ 
added reach 2.0 equiv. Based on the titration profiles, the binding constant of 1 with Cu2+ 
is calculated to be 9.12×108 M−1 which is 4.90 folds of that for 1 with Zn2+. The detection 
limit of the Zn2+ complex for Cu2+ is estimated to be 2.05×10−7 M. 

 

Fig. 10.6. Fluorescence spectrum changes of the Zn2+ complex solution (10 µM) upon addition  
of different amounts of Cu2+ (0–2.0 equiv). λex = 442 nm. 

10.4.1.3. Fluorescence Relay Response of the Zn2+ and Cu2+ Complexes to H+  
and OH− 

As shown in Fig. 10.7a, the emission intensity decreases upon the addition of H+  
(1.0 equiv) into the Zn2+ complex solution (ON-to-OFF). Meanwhile, the fluorescence can 
be recovered upon addition of OH− (1.0 equiv) into the system (OFF-to-ON). The result 
obtained is different from that of the Cu2+ complex solution (Fig. 10.7b). The occurrence 
of fluorescence changes may be attributed to the addition of H+ to the solution and thereby 
transforming the Zn2+ and Cu2+ complexes ([Zn(L)(-OAc)Zn] and [Cu(L)(-OAc)Cu]) into 
1, and the coordination of 1 with Zn2+ and Cu2+ again is assigned to the sequential addition 
of OH− which neutralizes the H+. It also could be demonstrated how 1 shows sensitive 
response to Zn2+ and Cu2+. Due to the different effects of Zn2+ and Cu2+ on the fluorescence 
intensity, sensor 1 displays fluorescence emission in three different ways when the ions  
(① Zn2+, Cu2+, ② Zn2+, H+ and OH-, ③ Cu2+, H+ and OH-) are added to sensor 1 solution 
in succession (Fig. 10.8). 
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Fig. 10.7. Fluorescence changes of [Zn(L)(μ-OAc)Zn] (a) and [Cu(L)(μ-OAc)Cu]  
(b) upon addition of 1.0 equiv of H+ and OH-, λex = 442 nm. 

OFF
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ON OFFOFF ON

② H+ OH-

Cu2+ H+ OH-

OFF
Zn2+

③

ON OFFCu2+

 

Fig. 10.8. Three ways by which the relay-sensor operates. 
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The fluorescence intensity of the Zn2+ complex solution decreases upon incremental 
addition of H+, this change is terminated with an emission which can be attributed to 1 
when 1.0 equiv of H+ is added (Fig. 10.9a). With the addition of OH− to the system (by 
1:1 mixing of the Zn2+ complex and H+), the fluorescence increases until the amount of 
OH− added reaches 1.0 equiv (Fig. 10.9b). Moreover, fluorescence decreases upon 
addition of H+ (1.0 equiv) to the solution of 1 with other zinc(II) salts (such as Zn(NO3)2, 
ZnCl2, Zn(ClO4)2 and Zn(CO3)2) in a ratio of 1:2, also, the fluorescence can be recovered 
upon addition of OH− (1.0 equiv) into this system. These results demonstrate that the 
reaction between H+ and the Zn2+ complex is in a ratio of 1:1 and the CH3COO− group is 
not very effective in the fluorescence changes.  

 

 

Fig. 10.9. (a) Fluorescence spectrum changes of the Zn2+ complex solution (10 µM) upon addition 
of different amounts of H+ (0-1.0 equiv); (b) Fluorescence spectrum changes of the solution  
(by 1:1 mixing of the Zn2+ complex and H+) (10 µM) upon addition of different amounts of OH- 
(0-1.0 equiv). λex = 442 nm. 
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10.4.1.4. Effect of pH and the Response Time 

In addition to metal ion selectivity, it is very important that the sensor be suitable for 
measuring specific cation in the physiological pH range. Therefore, we measured the 
fluorescence intensities of 1, Zn2+ complex and Cu2+ complex at various pH values  
(Fig. 10.10a). 1 solution displays negligible fluorescence at 513 nm in a broad pH ranging 
from 13.0 to 2.0. However, the effect of pH on the Zn2+ complex can be best described as 
displaying a bell-shaped ‘OFF−ON−OFF’ emission behavior, which shows strong 
emission intensities between pH 6.0 and 10.0. The emission intensity of Cu2+ complex 
decreases at pH ∼5.0 and then slightly increases in alkaline conditions at pH ∼10.0. These 
results indicate the potential applicability of 1 for Zn2+ and Zn2+ complex for Cu2+ 
detections in a wide pH range. 

As the recognition speed is a very important property of sensor, the response times of 1 to 
Zn2+ and Zn2+ complex to Cu2+ have been measured at room temperature. As can be seen 
from Fig. 10.10b, with the addition of 2.0 equiv of Zn2+ to 1, the emission intensity 
increases gradually and essentially no change can be observed after about 15 minutes. In 
addition, an obvious decrease in emission intensity is induced by the addition of 2.0 equiv 
of Cu2+ to the Zn2+ complex solution, and this change almost stops when the time reaches 
about 10 minutes. Thus, both 1 and Zn2+ complex can recognize Zn2+ and Cu2+, 
respectively, in a short time. 

10.4.2. Fluorescence Exploration of Sensor 2 with Zn2+  

10.4.2.1. PET and Binding Mode of Sensor 2 to Zn2+ 

Generally, the C = N isomerization of the azomethine group is assumed to be the 
predominant decay process of excited states in compounds with C = N structure, which 
usually results in non-fluorescence of chromophore [38]. On the other hand, compounds 
containing a covalently bridged C = N are known to exhibit fluorescence due to the 
suppression of C = N isomerization in the excited state. In the CHEF effect, the quenching 
lone pair of electrons of nitrogen atoms was involved in bonding with Zn2+, dropped the 
energy of the lone pair below that of the ground state of the fluorophore and thus, were 
unable to donate electrons to the excited state of the aromatic ring, that is, Zn2+ 
electrostatically attracts the electron which increases the oxidation potential of the analyte-
bound receptor to the extent that the thermodynamics for PET are no longer favourable so 
that fluorescence is restored (Fig. 10.11) [39-41]. Conversely, this process could also be 
explained by the blocking of PET system. In most PET systems, the fluorescence is 
quenched due to electron transfer between the excited fluorophore and a redox active 
receptor ligand. Sensor 2 has a lone pair of suitable energy capable of quenching 
fluorescence by means of PET effect. The quenching orbital (lone pair of azomethine 
group) is of higher energy than the HOMO of the fluorophore (e.g. conjugated aromatic 
ring). Upon excitation of an electron from the HOMO to an excited state of the 
fluorophore, an electron dropped from the lone pair into the gap in the HOMO of the 
fluorophore and prevents the excited electron from falling back to the ground state, 
quenching the fluorescence (Fig. 10.12) [42]. 
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Fig. 10.10. (a) Fluorescence intensities of H3L, Zn2+ complex and Cu2+ complex at various pH 
values at room temperature; (b) The response times of H3L to Zn2+ and Zn2+ complex to Cu2+.  

ex = 442 nm, em = 513 nm. 

In its ‘off’ state, excitation of the fluorophore component of sensor 2 produces an electron 
transfer from the receptor to the fluorophore and in its ‘on’ state, excitation of sensor 2 
resulted in fluorescence only because the PET process was inhibited by the arrival of Zn2+ 
analyte at the receptor site [40]. It’s evident that the occurrence of the internal charge 
transfer (ICT) process affected PET in this system, however, fluorophore and receptor 
distances and the orientation between them could also contribute in the overall PET 
process [43, 44]. 
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Fig. 10.11. Orbital energy diagrams which display relative energetic dispositions of the frontier 
orbitals of sensor 2 in (a) Fluorescence quenched by the PET effect and (b) Fluorescence restored 

by the CHEF effect. 

 
Fig. 10.12. Chemical structure of sensor 2 and the proposed receptor-metal chelation mechanism. 
Two metal ions and two ligand molecules are used to express 1:1 stoichiometry of complexation 

for clarity purpose. 

10.4.2.2. Effect of pH 

In order to study the practical applicability, the pH effect on the fluorescence intensity of 
sensor 2 in the absence and presence of Zn2+ at various pH values was examined. As 
shown in Fig. 10.13, sensor 2 maintained stable emissions in acidic and neutral medium 
and an obvious minimal enhancement was observed at pH > 10. Upon addition of 1 equiv. 
Zn2+, the Zn2+ induced fluorescence enhancement for sensor 2 was observed. The emission 
in the acidic medium was weak and further enhancement in intensity was found when 
moving away from acidic medium. However, the emission of Zn2+ complex maintained 
fairly intense maximum emission between pH 7 and 10, while at pH > 10, a decrease in 
emission was noticed and it may be due to the formation of Zn(OH)2 thereby reducing the 
conc. of Zn2+ complex. This result shows that sensor 2 exhibits satisfactory Zn2+ sensing 
ability in the physiological pH range. 
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Fig. 10.13. Fluorescence spectra of sensor 2 (10 μM) in the absence and presence of Zn2+  
at various pH values, λex = 430 nm (Tris-HCl, MeOH/H2O = 9:1, v/v; pH 7.2). 

Finally, in order to remove the influence of pH, the Tris-HCl buffer system, at a 
physiological pH 7.2 was chosen for the determination of fluorescence intensities. 

10.4.2.3. Fluorescence Detection Towards Zn2+ 

Selectivity is a very important parameter to evaluate the performance of a fluorescence 
chemosensor. The fluorescence spectrum of sensor 2 in the presence of 13 light and heavy 
important biological metal ions (Na+, K+, Ca2+, Ag+, Mg2+, Ba2+, Cd2+, Co2+, Mn2+, Cu2+, 
Fe2+, Ni2+ and Zn2+) is presented in Fig. 10.14. The addition of cations such as Na+, K+, 
Ca2+ and Mg2+ ions produced a negligible change in the emission of sensor 2. A significant 
decrease in the fluorescence intensities were observed by the addition of Ni2+,Co2+ and 
Cu2+ to the solution of sensor 2, while minimal or no change was observed with other 
metal ions. Interestingly, sensor 2 exhibited selectivity only for Zn2+ and no fluorescent 
response to other metal ions. 

10.4.2.4. Competition Experiment 

In order to explore the functionality of sensor 2 as a fluorescence sensor for Zn2+ in the 
presence of other metal ions, the interference tests were conducted in the presence of Zn2+ 
mingled with equivalent and excess amounts of other metal ions to determine whether 
they would interfere with the formation complex between sensor 2 and Zn2+, Fig. 10.15 
summarized the result. When sensor 2 was treated with 1.0 equiv. of Zn2+ in the presence 
of the same and excess amounts of other metal ions, the coexisting metal ions had little or 
negligible effects on the emission response of sensor 2 to Zn2+, except for the anticipated 
quenching effect produced by Cu2+ which may be due to the paramagnetic nature of Cu(II) 
and this suggest that further study on sensor 2 could make it suitable for the detection of 
Cu2+ in the reverse direction, owing to its quenching ability [45]. Cu2+ inhibited about  
75 % of the fluorescence of the Zn2+ complex. Therefore, the fluorescence interference 
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test of various metal ions indicates that the Zn2+ dependent fluorescence response of  
sensor 2 was not disturbed by other biologically important metal ions and transition metal 
ions except Cu2+. Moreover, Cd2+ didn’t inhibit the emission intensity of Zn2+. These 
results indicate that sensor 2 could be a good Zn2+ sensor that could perfectly distinguish 
Zn2+ from Cd2+ which commonly have similar properties. 

 

Fig. 10.14. Fluorescence emission spectra (λex = 430 nm) of sensor 2 (10 µM) in the presence  
of 1.0 equiv. of various metal ions in Tris-HCl buffer (MeOH/H2O = 9:1, v/v, pH 7.2).  

 

Fig. 10.15. Fluorescence emission spectra of sensor 2 (10 µM) in the presence of Zn2+ (1 equiv.) 
and various additional metal ions (excess amounts) in Tris-HCl buffer (MeOH/H2O = 9:1, v/v,  
pH 7.2). 1 = sensor 2; 2 = Na+; 3 = Mg2+; 4 = k+; 5 = Ca2+; 6 = Ag+; 7 = Ba2+; 8 = Cd2+; 9 = Mn2+; 
10 = Fe2+; 11 = Ni2+; 12 = Co2+; 13 = Cu2+. The black bars represent the addition of excess amounts 
of metal ions to the solution of sensor 2. The red bars represent subsequent addition of Zn2+ to the 
solution, λmax = 430 nm. 
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10.4.2.5. Fluorescence Response of Sensor 2 to Zn2+ 

Fig. 10.16 obviously indicates that in the absence of Zn2+, fluorescence emission of  
sensor 2 (λex = 430 nm) was very weak, probably owing to isomerization of C = N double 
bond, intramolecular hydrogen bond between azomethine and hydroxyl moieties of the 
aromatic group and PET. Thus, the binding of Zn2+ to sensor 2 prevented C = N 
isomerization, resulting in a superb increase of the fluorescence intensity. The 
fluorescence titration of sensor 2 with Zn2+ was measured in methanol solution with 
excitation at 430 nm for the quantitative study.  

 

Fig. 10.16. Fluorescence emission spectra of sensor 2 (10 µM) upon subsequent addition of Zn2+ 
(0 to 1 equiv.) in Tris-HCl buffer (MeOH/H2O = 9:1, v/v, pH 7.2; λmax = 430 nm). Inset: From left 

to right shows photograph images of sensor 2 before and after the addition of Zn2+ (1 equiv.). 

Upon saturation, the solution displayed an intense fluorescence with an approximate  
65-fold enhancement in the fluorescence intensity, resulting in a blue shift of 14 nm with 
intense band at 516 nm (λex = 430 nm). The detection limit and quantification limit of 
sensor 2 toward Zn2+ were calculated to be 1.44×10-7 and 4.80×10-7, respectively [37]. 
The Job’s plot for the fluorescence intensity, according to the continuous variations was 
determined by keeping the sum of initial concentrations of sensor 2 and Zn2+ constant at 
10 μM (Fig. 10.17). When the molar fraction of Zn2+ was 0.5, the intensity showed a 
maximum, which indicates the 1:1 stoichiometry complex between sensor 2 and Zn2+. 

The selectivity of sensor 2 for Zn2+ could be visually noticed under the UV irradiation. 
Thus, sensor 2 could be potentially used as a simple optical chemosensor for the selective 
detection of Zn2+ (Fig. 10.18). 
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Fig. 10.17. Job’s plot for determining the stoichiometry of sensor 2 (10 µM) with Zn2+; the total 
concentration of 2 and Zn2+ was 10 μM, Tris-HCl buffer, pH 7.2, λmax = 430 nm. 

 

Fig. 10.18. UV irradiation Photograph images of sensor 2 upon addition of (a) various transition 
metal ions that easily form complexes, and (b) biologically important metal ions. 

10.4.2.6. Stokes Shift 

The Stokes shift (expressed in wavenumber) is due to the fact that some of the energy of 
excited fluorophore in sensor 2 was lost to the molecular vibrations that occurred during 
the brief lifetime of molecule’s excited state. It’s fundamental to the sensitivity of 
fluorescence techniques because it allows photons to be detected against a low 
background, isolated from excitation photons. The Stokes shift (4135.35 cm-1) for  
sensor 2 was calculated based on the maximum of the first absorption band (which is 
assumed to be equivalent to the fluorescence absorption/excitation maximum) and 
maximum of the fluorescence emission spectrum. As depicted in Fig. 10.19, the 



Chapter 10. Fluorescent Exploration of Mono-Oxime, Salamo-Type Bis- and Tetra-Oxime Compounds  
for the Detection of Zn2+, Cu2+, Pb2+ and Pic- Ions 

211 

wavelength of absorption maximum, which is absorbance at the excitation wavelength is 
430 nm while the wavelength of emission maximum is 523 nm when excited at 430 nm. 
The equation 

 fa VVV  ,  (10.1) 

was used, where V is the Stokes shift, aV  = absorbance wavenumber and  

fV  = fluorescence emission wavenumber [46]. Therefore, excitation and emission spectra 
of a fluorophore contain important practical information about what wavelength of light 
we need to supply and detect in order to use that fluorophore effectively. Owing to the 
fundamental importance of Stokes shift to the sensitivity of fluorescence techniques, an 
observed large value of Stokes shift for sensor 2 would make the detection of fluorescent 
species (Zn2+) easier.  

 

Fig. 10.19. Fluorescence absorption and emission spectra of sensor 2 (10 µM, MeOH,  
λmax = 430) for the determination of Stokes shift in Tris-HCl buffer  

(MeOH/H2O = 9:1, v/v, pH 7.2).  

10.4.2.7. Binding Reversibility Test for Sensor 2 

In addition to sensitivity and selectivity, achieving a reversible binding between sensor 2 
and Zn2+ in a complex solution is of paramount importance for sensor development.  
UV-Vis absorption and fluorescence emission of the complex (L-Zn2+) were examined 
upon addition of EDTA (30 μM). As depicted in Fig. 10.20, addition of EDTA (30 μM) 
to Zn2+ complex solution led to recovery of the sensor 2 and this showed that the bond 
owing to chelation of MLCT was broken and new bond between Zn2+ and EDTA was 
formed. In the same manner, fluorescence emission of the complex revealed a significant 
decrease in fluorescence signal when excited at 430 nm. Thus, the use of EDTA can lead 
to regeneration of free sensor 2 from the Zn2+ complex and therefore, may be reused for 
further sensing of Zn2+. 
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Fig. 10.20. (a) UV-Vis absorption and (b) Fluorescence spectra of sensor 2 and Zn2+ mixture 
upon addition of EDTA, Tris-HCl buffer (MeOH/H2O = 9:1, v/v, pH 7.2). 

10.4.3. Fluorescence Properties of Sensor 3  

10.4.3.1. Fluorescence Response of 3 to Various Metal Ions  

The fluorescent response of sensor 3 towards metal ions is shown in Fig. 10.21a, free  
3 solution (100 µM) displays an emission band at 410 nm when excited at 350 nm, while 
the addition of Zn2+ exhibits intense emission at 493 nm causing a red shift of 83 nm which 
can be attributed to the coordination between the 3 and Zn2+. Moreover, the response of  
3 towards Zn2+ could be clearly distinguished from the other metal ions for its great 
fluorescence enhancement. As a result, the conjugated system enlarges through the 
coordination between Zn2+ and 3, and reduces the energy difference between n and π* 
orbital [47]. Cations such as Cd2+ caused weaker enhancement, while no obvious change 
was observed upon addition of the remaining cations.  
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To further investigate the high sensitivity of 3 for Zn2+, we carry out a fluorescence 
interference experiment in which L-Zn2+ complex (100 μM) was added to the solution in 
the presence of Cu2+, Co2+, Ni2+, Fe3+, Mn2+, Cd2+, Ag+, Hg2+, K+, Na+, Mg2+ and Ca2+  
(300 μM). The fluorescence intensity of the Co2+, Ni2+, Fe3+, Cu2+, Mn2+, Hg2+, Mg2+ and 
Ag+ have significant quenching effects on the L-Zn2+ emission intensity (Fig. 10.21b). 

 

 

Fig. 10.21. (a) Fluorescence spectra of 3 solution (100 µM) in the absence and presence of various 
metal ions (3.0 equiv of Ca2+, K+, Na+, Cd2+, Mg2+, Hg2+, Ag+, Mn2+, Ni2+, Fe3+, Cu2+, and Co2+). 
Inset: Naked-eyes observable fluorescence changes of 3 solution before and after addition of Zn2+ 
in liquid state and solid state, (b) Fluorescence response of L-Zn2+ solution (100 µM) to various 
metal ions. ex = 350 nm. 

Fluorescence titration experiment was carried out so as to examine the binding affinity of 
3 for Zn2+. Different concentrations of Zn2+ were added to the solution of 3 (100 µM) and 
the result is given in Fig. 10.22. The maximum emission wavelength shifted from 410 nm 
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to 493 nm and its intensity gradually increased with the addition of Zn2+. After the addition 
of 3.0 equiv of Zn2+, changes in fluorescence intensity ceased. The result is consistent as 
the UV–vis experiment discussed above. Furthermore, the fitting curve was obtained by 
the Benesi-Hildebrand equation, from which the binding constant K of 3 with Zn2+ was 
estimated to be 2.85× 109 M-1, and indicates that the L-Zn2+ has high stability. Moreover, 
LOD (4.03×10-8 M) and LOQ (1.34×10-7 M) were calculated. Fluorescence intensities of 
3 with the addition of different zinc salts proved the Zn(OAc)2ꞏ2H2O to be of utmost 
interest for further study. 

 

Fig. 10.22. Fluorescence spectra of H4L in a water-containing organic solvent with the increment 
of Zn2+ (0-3.0 equiv). Inset: The fluorescence intensity at 493 nm varied as a function  

of [Zn2+]/[H4L] ([H4L] = 100 µM). 

10.4.3.2. Fluorescence Response of the L-Zn2+ Complex to Anions 

In order to investigate the fluorescent properties of the L-Zn2+ complex to recognize the 
anions, we add a variety of anions (5.0 equiv) to the solution containing the L-Zn2+ 

complex (100 µM). A dramatic decrease in emission intensity was observed as induced 
by the addition of Pic− to the Zn2+ complex solution, which is visible to the naked-eyes 
(Fig. 10.23a), while the other anions have only a slight decrease in the fluorescence 
intensity upon complexation with the L-Zn2+. The results show that the complex has 
excellent selectivity for Pic−. 

To further validate the high selectivity of the L-Zn2+ complex for Pic−, fluorescence 
competition experiments were then conducted. Addition of the other anions to the L-Zn2+ 
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complex solution induces minor or no fluorescence quenching. Upon further addition of 
5.0 equiv of Pic− to the potential competitive anions containing the L-Zn2+ complex 
solutions, the fluorescence intensities were all quenched completely (Fig. 10.23b). These 
results reveal that the Pic−-specific response is not interfered with by any other anions. 

 

 

Fig. 10.23. (a) Fluorescence emission spectra of the L-Zn2+ complex solution (100 µM)  
in the presence of different anions (5.0 equiv of CH3COO−, Pic−, H2PO4

−, NO2
−, SO4

2−, SO3
2−, Cl−, 

I−, CO3
2− and NO3

−). Inset: Naked-eyes observable fluorescence changes of L-Zn2+ solution before 
and after addition of Pic−. (b) Fluorescence responses of L-Zn2+ solution (100 µM) to various 
anions. The green bars represent the emission intensity of L-Zn2+ solution on addition of 5.0 equiv 
of different anions; the black bars represent the emission intensity of the anion containing solution 
upon further addition of 5.0 equiv of Pic−. ex = 350 nm, em = 493 nm. 
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We carried out fluorescence titration experiments to further ascertain the sensing ability 
of the L-Zn2+ to Pic−. Upon the addition of Pic−, gradual changes in the fluorescence 
spectra of the L-Zn2+ were experienced. The fluorescence intensity decreased remarkably 
upon incremental addition of Pic−. When the added amount of Pic− reached 5.0 equiv, the 
fluorescence emission intensity almost became stable (Fig. 10.24a). Moreover, the 
maximum emission wavelength of the solution experienced neither blue nor red shift, 
which indicates that there is no bond formation generated between the complex and the 
Pic− [48]. In addition, the fitting curve obtained by the Stern–Volmer equation  
F0/F = 1 + KD[Q], gave the dynamic quenching constant KD of fluorescence emission 
intensity (F0/F) with Pic− [Q] and was estimated to be 1.11× 105 M-1 (Fig. 10.24b). 
Moreover, the LOD and LOQ were calculated to be 5.02×10-7 M and 1.67×10-6 M, 
respectively. 

Based on the above results, the metal complex L-Zn2+ can be used as a chemosensor, and 
the fluorescence properties of the sensor in aqueous solution are very important for 
application in the detection of the Pic−. The ratio of water in the water-containing organic 
solvent that contains L-Zn2+ complex (100 µM) can reach up to 9 %, which makes it 
suitable for practical applications. But the possible interference from the other metal ions 
(Co2+, Cu2+, Fe3+, Ni2+, Mn2+, Ag+, Hg2+ and Mg2+) in the samples should be initially 
eliminated by the appropriate methods as discussed below. 

From the mechanism of fluorescence changes induced by Zn2+, we proposed this 
mechanism: The complexation between Zn2+ and the N2O2 sites provides the "off-on" 
response for naphthaline fluorescence via intramolecular charge transfer (ICT) and 
chelation-enhanced fluorescence (CHEF) processes (Fig. 10.25), which is different from 
the fluorescent photoinduced electron transfer (PET) chemosensor [49]. The L-Zn2+ 
chemosensor is similar to the earlier reported sensor [50]. The amino groups (cation 
receptor) play the role of electron receptors, and form two push and pull components 
which lead to a weaker fluorescence of the 3. The push-pull effects were strengthened 
upon the addition of Zn2+ for the interaction between the receptors and the anions [51]. 
Meanwhile, the isomerism for free rotation of the imine (–C = N) segment is stopped by 
the binding of metal ions, which enhances the inflexibility as well as the coplanarity of 
the complex. The two mechanisms result in a crucial enhancement of the fluorescence 
intensity. 

Furthermore, investigations were carried out in order to study the quenching mechanisms 
of Pic−. As depicted in Fig. 10.26a, the maximum absorption wavelength of the L-Zn2+ 
did not change upon addition of Pic− which indicates that there is no coordination or 
hydrogen bonding between L-Zn2+ and Pic− [52]. Moreover, the fluorescence intensity of 
the L-Zn2+ solution gradually decrease in the temperature range of 0 °C to 80 °C by the 
gradual increment in the collision between the L-Zn2+ and Pic− molecules, while an 
obvious enhancement occurred when the temperature reduced to 0 °C in Fig. 10.26b. 
Meanwhile, the dramatic quenching constant KD derived from the Stern–Volmer equation 
increased proportionally with increment in temperatures [53]. In summary, the response 
of L-Zn2+ to Pic− (Q) undergone a dynamic quenching process (Fig. 10.25), which is 
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distinguishable from the static quenching. The collision of the Q induces energy and 
electrons transfer from the L-Zn2+, which results in the inhibition of the ICT process. 

 

 

Fig. 10.24. (a) Changes in fluorescence emission spectra of L-Zn2+ complex solution (100 µM) 
upon the addition of Pic− (0-5.0 equiv). Inset: The relationship between the fluorescence intensity 
of L-Zn2+ complex solution and the Pic− equivalent; (b) Stern–Volmer plots for sensor L-Zn2+ using 
Pic− as a quencher.  



Chemical Sensors and Biosensors 

 218

 

Fig. 10.25. The mechanisms for Zn2+ detection and Pic− relay recognition. 

 

 
Fig. 10.26. (a) Absorbance spectrum changes of the L-Zn2+ solution upon addition of different 

amounts of Pic− (0-3.0 equiv). (b) Fluorescence intensity changes of the solution contains L-Zn2+ 

complex (100 µM) and 1.0 equiv Pic− at different temperatures. 

10.4.3.3. Effect of pH 

In addition to ion selectivity, it is very important that the sensor be suitable for measuring 
specific ion in the physiological pH range. Therefore, we measured the fluorescence 
intensity of 3, L-Zn2+ complex and its Pic− polymer complex at various pH values  
(Fig. 10.27). The 3 solution displays negligible fluorescence in pH ranging from 1.0 to 
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7.0, but exhibits a pronounced enhancement in pH ranging from 8.0 to 13.0. The effect of 
pH on the L-Zn2+ complex can be best described as displaying a stair-shaped emission 
behavior, which exhibits strong emission intensities between pH 5.0 and 13.0. The 
changes in fluorescence intensity (almost shows no changes in various pH values) of Pic− 
polymer complex is similar to the L-Zn2+ chemosensor. A novel enhancement in 
fluorescence intensity was observed upon the addition of OH− to the three, a similar 
chemosensor based on a Schiff-base has been reported [54], however the vast majority of 
sensors display a converse trend [55, 56]. The results above clearly indicate that sensor 3 
can be employed as a sensitive relay-sensor to recognize and distinguish Zn2+ in the 
narrow pH range of 5.0 to 9.0, while extremely obvious quenching behaviour is observed 
upon addition of Pic− in a wide pH range of 5.0 to 13.0, which indicates that the L-Zn2+ 
sensor has an excellent application prospect for recognizing Pic−. 

 

Fig. 10.27. Fluorescence intensities of 3, L-Zn2+ complex and its Pic− polymer complex  
at various pH values at room temperature. 

10.4.3.4. Fluorescent Switch Based on H+ and OH− 

Further research was carried out for the effect of pH ranging from 4.0 to 5.0. As is shown 
in Fig. 10.28, the fluorescence emission peak of the Zn2+ complex solution at 493 nm 
decreased and completely disappeared upon incremental addition of 1.0 equiv H+, and 
finally a new peak at 410 nm emerged, which is similar to the 3 (Fig. 10.28a).  

Upon addition of OH− to the system (1:1, mixing of the Zn2+ complex and H+), the 
fluorescence emission peak at 410 nm decreased until it completely disappeared, while 
the peak at 493 nm emerged again and increased gradually (Fig. 10.28b). Upon the gradual 
addition of H+, the absorption peaks at 364, 400 and 421 nm consistently decreased until 
they completely disappeared, while three new peaks at 340, 360 and 378 nm appeared, 
which were basically similar with the 3 (Fig. 10.28c). Upon the addition of OH−, the three 
new peaks disappeared, while the three peaks at 364, 400 and 421 nm evolved again  
(Fig. 10.28d). 
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Fig. 10.28. Changes in fluorescence spectra of the Zn2+ complex solution (100 µM) upon addition 
of different amounts of ions (0-1.0 equiv), (a) H+, (b) OH−, ex = 350 nm; Changes in absorption 
spectra of the Zn2+ complex solution (25 µM) upon addition of different amounts of ions (0-1.0 
equiv), (c) H+, (d) OH−; Changes in the response of the L-Zn2+ complex solution to the H+/OH− 
(1.0 equiv) (On/Off switch), (e) Fluorescence spectrum, (f) Absorption spectrum. 
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As shown in Fig. 10.28e, the emission intensity decreases upon the addition of H+  
(1.0 equiv) into the L-Zn2+ complex solution (ON-to-OFF). Meanwhile, the fluorescence 
can be recovered upon addition of OH− (1.0 equiv) into this system (OFF-to-ON), 
accompanied by the changes in the structures of the L-Zn2+ complex (Fig. 10.28f). The 
CH3COO- is proved to have no obvious effect on the fluorescence changes by the addition 
of other zinc salts. From the phenomenon it can be inferred that the addition of H+ into 
the solution changes the structures of the L-Zn2+ complex and its Pic− polymer complex, 
by breaking the coordination bonds in the L-Zn2+ complex. Moreover, the coordination 
bonds form again accompanied by the neutralization effect of the OH−. It also could be 
demonstrated that 3 displays a sensitive response to Zn2+. In addition, the two complexes 
show an outstanding pH response. Due to the different effects of Zn2+ and Pic− on the 
fluorescence intensity and 3 displays a fluorescence emission,  
3 can act in two ways: (① OFF-to-ON-to-OFF-to-ON and ② OFF-to-ON-to-OFF-to-
ON-to-OFF) when the ions (① Zn2+, H+ and OH−, ② Zn2+, Pic−, OH− and H+) were added 
to the 3 solution in succession (Fig. 10.29). 

 

Fig. 10.29. Two ways by which the relay–sensor 3 acts. 

It is interesting that the fluorescence intensity of 3 has an extremely intense fluorescence 
enhancement upon the addition of OH−, accompanied by the obvious red shift in the 
emission peaks. The probable effect of the Na+ (NaOH as an OH− donator) has been 
eliminated in comparison with the addition of NaCl, while the addition of Triethylamine 
indicates that the OH− causes enhancement in fluorescence intensity. From the 
phenomenon we can infer that proton abstraction of OH− alters the structure of sensor 3 
(Fig. 10.30a). 

We carried out a further study on the proton abstraction of OH− to investigate the effect 
of OH− on sensor 3 via UV-vis titration experiment. As given in Fig. 10.30b, the 
characteristic absorption bands gradually disappear upon the stepwise addition of  
2.0 equiv OH−. At the end point of the titration, the absorption bands suddenly turn 
smoothing, accompanied by the disappearance of the characteristic absorption bands, with 
the appearance of a new peak at 364 nm which is similar to the L-Zn2+ complex. From the 
phenomenon, it can be inferred that the addition of OH− results in the stabilization of 3 
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via the formation of hydrogen-bonds (O–H...O) [57]. It is likely to be an efficient 
chemosensor for OH− in the future research. 

 

Fig. 10.30. (a) Fluorescence changes of H4L in pH ranging from 7.0 to 10.0; (b) Absorption 
spectra changes of sensor 3 in a water-containing organic solvent upon the gradual addition  

of 2.0 equiv OH−. 

10.4.3.5. Sensitivity and Stability Study 

Sensitivity and stability is an important performance for sensors [58], thus the response 
times of 3 to Zn2+; and L-Zn2+ chemosensor to Pic− were measured at room temperature 
(Fig. 10.31).  

 

Fig. 10.31. The response time of 3 to Zn2+ and L-Zn2+ complex to Pic−. ex = 350 nm,  
em = 493 nm. 
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Upon addition of 5.0 equiv of Zn2+ to 3, the emission intensity increases gradually, and 
reaches the maximum within 7 min, and only slight fluctuations could be seen over time. 
The emission intensity was quenched completely by the addition of 5.0 equiv of Pic− to 
the L-Zn2+ complex solution, after which no further change was noticed. According to the 
above experimental phenomenon, the sensitivity and stability of the L-Zn2+ complex and 
its Pic− polymer complex meet the requirements for the sensor. Compared with the other 
Pic− sensors reported [59-63], this L-Zn2+ chemosensor has a more stable structure as well 
as rapid response to Pic−. 

10.4.3.6. Water-Containing System Study 

Demixing of solvent occurs with the water ratio above 9 % (v/v), thus we carried out this 
study to find out the appropriate solvent medium for the L-Zn2+ chemosensor. The 
fluorescence response of L-Zn2+ solution (Chloroform/methanol; 3:2) containing varying 
amounts of water was determined.  

As shown in Fig. 10.32a, upon gradual addition of water, the absorbance spectra almost 
show no changes with two isosbestic points formed at 334 and 428 nm, probably owing 
to the decreasing solubility of L-Zn2+ with the increment of water. Fig. 10.32b shows that 
the fluorescence intensity gradually decreases upon the addition of water until 9 % with 
no shift in the maximum emission peak indicating that the miscible system is stable with 
changes in the proportion. The plot of F0/F in the insert shows a linear increase with the 
ratio of water reaching 9 %. Through simulating measured values, we get the linear 
dependence between the fluorescence intensity and the ratio of water [64]. In summary, 
the L-Zn2+ chemosensor shows an outstanding environmental adaptability. 

10.4.3.7. Studies on Real Samples Detection 

10.4.3.7.1. Detecting Zn2+ in Real Sample  

Zinc Gluconate Oral Solution (ZGOS) is widely used as zinc supplement, which was also 
detected in this experiment to investigate the accuracy of the method by comparing the 
experimental results with the standardized value (7.65 mM). Sodium acetate-acetic acid 
(SAAA) buffer (30 μL) (pH = 6.0; Sodium acetate 54.6 g and 20 mmol acetic acid, diluted 
with water to 500 mL) was added before the addition of samples to ensure the pH value 
of 6.0 and provide the needed CH3COO-. As shown in Fig. 10.33, the glucose and sucrose 
have no interference on the determination of Zn2+ according to the control group  
(3 + SAAA + Water), and a fairly straight linearity exists for the fluorescence intensities 
of different volume of ZGOS. We also calculated the error percentage of each volume 
[65], and was found to be suitable for the detection of Zn2+, especially in the concentration 
value of about 23 µM (after addition) due to its negligible error percentage (1.989 %). The 
feasibility is proved to be practically realizable for detecting Zn2+ in real samples. 
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Fig. 10.32. (a) Absorption spectra changes of L-Zn2+ complex with increasing water ratio,  
(b) Fluorescence emission spectra changes of L-Zn2+ complex with increasing water ratio.  

Inset: The effect of the water ratio on Fo/F of the solutions of L-Zn2+. 
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Fig. 10.33. Fluorescence intensities for the detection of Zn2+ in ZGOS. 

10.4.3.7.2. Detection of Pic− in Natural Water  

In summary, the L-Zn2+ chemosensor is proven to be promising in the detection of Pic−. 
The interference effect of the metal ions (containing common cations in Natural water) 
shown in Fig. 10.21 can be eliminated via precipitation method by excessive addition of 
NaOH, follow by the pH values of samples adjusted to 7.0 by the neutralization of 
appropriate quantity of acetic acid. Series of experiments were carried out to further 
investigate the possibility of the chemosensor (100 µM) to detect Zn2+ in testing real 
samples (Fig. 10.34). The total added volume of each sample is 30 µL, and the laboratory 
pure water (LW) acts as the control group. By comparing the original samples (OS) with 
the treated samples (TS), we discover that the fluorescence intensities of the TS have slight 
enhancements which are probably due to the elimination of the interfering cations in OS. 
Upon the addition of 1.0 equiv Pic−, the fluorescence intensities of TS quench rapidly, 
even up to addition of 2.0 and 3.0 equiv Pic−, however the fluorescence intensities of TS 
show no visible quenching changes upon the addition of 4.0 equiv Pic−. Meanwhile, the 
Stern–Volmer plots in the inset shows that it is suitable for the recognition of Pic− 
(between 0 and 3.0 equiv) in real water samples [66, 67].  

10.4.4. Fluorescence Investigation of Sensor 4 

10.4.4.1. Visual Recognition of Pb2+ 

To obtain insight into the visual recognition of 4 towards metal ions, the colour changes 
of 4 solution (10 μM) to various metal ions were investigated in aqueous solution 
(CH3OH/H2O, 9:1, v/v, HEPES 10 mM, pH = 7.4). From Fig. 10.35, it can be seen that 
the free 4 solution displays faint yellow colour. Addition of metal ions such as Cu2+, Ni2+, 
Co2+ and Mn2+ results in darkening of colour, which means that these ions also can bind 
with 4. Moreover, there is an obvious colour change from yellow (4) to pale pink  
(HL-Pb2+) which can be visually observed by the naked eye, and could be clearly 
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distinguished from other metal ions. More attention was paid to the phenomenon. An 
indirect method for Pb2+ detection could be provided. 

 

Fig. 10.34. Fluorescence intensities for the detection of Pic− in OS and TS (adding 0-4.0 equiv 
Pic−). Inset: Stern-Volmer plots of the TS (adding 0-4.0 equiv Pic−). 

 

Fig. 10.35. Photograph of sensor 4 (10−4 M) upon addition of metal ions (2×10−4 M) in aqueous 
solution (CH3OH/H2O, 9:1, v/v, HEPES 10 mM, pH = 7.4) with the naked eye. 

10.4.4.2. Fluorescence Response of 4 to Pb2+ 

The optical properties of 4 are mainly dominated by the intramolecular transfer of π-π*. 
The fluorescent response of 4 to Pb2+ is sensitive in aqueous solution (CH3OH/H2O,9:1, 
v/v, HEPES 10 mM, pH = 7.4). The emission spectrum of 4, which is excited at 378 nm, 
exhibits a weak emission band at 526 nm (Fig. 10.36(a)). Upon the addition of  
2 equivalents of Pb2+ and Zn2+, the fluorescence intensity of 4 increases at 463 and  
541 nm, respectively, while the introduction of other metal ions leads to no obvious 
increase in the intensity of the fluorescent spectra, revealing that this change is specific 
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for Pb2+ and Zn2+. The fluorescence intensity of 4 is quenched upon addition of some 
cations such as Cu2+, Ni2+, Co2+ and Mn2+. Other cations such as Na+, Ca2+, K+, Ba2+, Cd2+, 
Fe2+, Ag+ and Hg2+ have little effect on the fluorescence spectra of 4. To further explore 
the selectivity of 4 for Pb2+, we measured the fluorescence intensity of 4 in the presence 
of Pb2+ mixed with various metal ions when exited at 378 nm (Fig. 10.36(b)). However, 
the emission intensity are unperturbed in the presence of only K+, Na+, Ba2+, Ca2+, Cd2+, 
Hg2+ and Ag+, howbeit, the presence of Mn2+, Zn2+, Fe2+, Co2+, Ni2+ and Cu2+ totally 
quenched the fluorescence possibly because the complexes formed between these metals 
and the sensor 4 are too stable to be replaced by Pb2+, indicating that more attention should 
be paid when using the sensor.  

 

 

Fig. 10.36. (a) Fluorescence spectra of sensor 4 solution (10 μM) in the absence and presence of 
various metal ions (2.0 equiv of Zn2+, Pb2+, Hg2+, Ag+, Ba2+, Cd2+, Ni2+, Co2+, Fe2+, Mn2+, Cu2+, 
Ca2+, K+ and Na+); (b) Fluorescence responses of sensor 4 solution (10 μM) to various metal ions. 
Note: the black bars represent the emission intensity of sensor 4 solution on addition of 2.0 equiv 
of different metal ions; the red bars represent the emission intensity of the metal ion containing 
solution upon further addition of 2.0 equiv of Pb2+. λex = 378 nm, λem = 463 nm. 
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Perhaps as a Pb2+ fluorescent sensor, its performance is not so ideal and efforts are under 
way to improve its properties, on the other hand, it is more significant for the recognition 
of the Zn2+. 

10.4.4.3. Fluorescence Response of 4 to Zn2+ 

To obtain insight into the fluorescent properties of 4 towards Zn2+, the emission changes 
of 4 solution (10 μM) to various metal ions were investigated when exited at 403 nm. 
From the emission spectra, it can be seen that free 4 solution displays an emission band at 
532 nm when excited at 403 nm (Fig. 10.37(a)). Upon the addition of 2 equivalents of 
Zn2+, the fluorescence intensity of sensor 4 increases at 502 nm. While at the introduction 
of other metal ions, no obvious increase can be observed in the fluorescence spectra, 
revealing that this change is specific for Zn2+. The deprotonated ligand upon complexation 
with Zn2+ leads to increase in both the electronic density and the electron-donating ability 
of the single-armed Salamotype bisoximes, enhancing the ICT process. 

The individual emission response of 4 against different transition metal ions revealed a 
remarkable selectivity of Zn2+ binding (Fig. 10.37a). However, the most important 
criterion for a selective cation probe is the ability to detect a specific cation in the vicinity 
of other competing ions. To further explore the selectivity of 4 for Zn2+, we measured the 
fluorescence intensity of 4 in the presence of Zn2+ mixed with various metal ions  
(Fig. 10.37b). The emission intensity of Zn2+-bound 4 are unperturbed in the presence of 
K+, Na+, Ba2+, Ca2+, Cd2+, Mn2+, Pb2+, Fe2+, Hg2+ and Ag+, indicating excellent selectivity 
for Zn2+ over these competing cations, whereas Cu2+ quenched the fluorescence. The 
quenching is not due to the heavy-atom effect because other heavy-atom did not quench 
the fluorescence, but due to the displacement of Zn2+ by Cu2+ from HL-Zn2+. There are 
many other Zn2+ sensors, which have exhibited similarly depressed responses due to the 
competition from these kinds of ions [68-71]. However, these free cations would have 
little influence in vivo because they exist at a very low concentration [72, 73]. 

The coordination mode of 4 to Zn2+ was investigated by fluorescence titration in  
(Fig. 10.38). The intensity ratio increases linearly with the concentration of Zn2+  
(0-2 equiv.) up to a mole ratio (4/Zn2+) of 1:2. Titration of 4 with Zn2+ was followed by 
fluorescence spectroscopy to determine the binding constant. The binding constant K of  
4 with Zn2+ was estimated to be 4.04×109 M−1 by the Benesi–Hildebrand equation 
(fluorescence method) way, which unambiguously demonstrates the strong binding ability 
of 4 with Zn2+. Moreover, the detection limit of 4 to Zn2+ was evaluated to be  
4.07×10−7 M.  

10.5. Conclusion 

Compound 1 could detect the presence of Zn2+ and Cu2+ ions, compound 2 properties was 
explored for the sensing of only Zn2+, while compound 3 is capable of sensing the presence 
of both Zn2+ and Pic- ions, and finally compound 4 is able to detect Pb2+ through naked 
eyes and Zn2+ via fluorescence experiments. An interesting part of this project work is that 
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all the synthesized compounds could be used as chemosensors for the detection of Zn2+. 
The methods utilized are based on the ICT, CHEF and PET. A “turn-on” fluorescence 
emission was observed with the four sensors upon sequential addition of Zn2+ and thus the 
emission increases with proportional increase in Zn2+ concentration. The results of these 
investigations show that the sensors have excellent fluorescence selectivity for Zn2+ over 
many other important metal ions including the rival, Cd2+. Emphatically, sensor 2 could 
be utilized in discriminating between Cd2+ and Zn2+ which have very similar chemical 
properties and have been reported to exhibit interference. 

 

 

Fig. 10.37. (a) Fluorescence spectra of sensor 4 solution (10 μm) in the absence and presence of 
various metal ions (2.0 equiv of Zn2+, Pb2+, Hg2+, Ag+, Ba2+, Cd2+, Ni2+, Co2+, Fe2+, Mn2+, Cu2+, 
Ca2+, K+ and Na+); (b) Fluorescence responses of sensor 4 solution (10 μm) to various metal ions. 
Note: the black bars represent the emission intensity of sensor 4 solution on addition of 2.0 equiv 
of different metal ions; the red bars represent the emission intensity of the metal ion containing 
solution upon further addition of 2.0 equiv of Zn2+. λex = 403 nm, λem = 502 nm. 
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Fig. 10.38. Fluorescence spectrum changes of the sensor 4 solution (10 μm) upon addition  
of different amounts of Zn2+ (0–2.0 equiv). λex = 403 nm. 
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Chapter 11 
Gated Silicon Drift Detector as Thick,  
Large-Area, Simple-Structure Silicon X-Ray 
Detector Operated by Peltier Cooling 

Hideharu Matsuura1 

11.1. Introduction 

To detect traces of hazardous or radioactive elements in food, soil, and the human body, 
the energy and photon count of an X-ray fluorescence photon emitted from these elements 
are measured by various types of X-ray detectors, such as silicon (Si) p-type/intrinsic/n-
type (pin) detectors and silicon drift detectors (SDDs) [1-29]. Si X-ray detectors with a 
thick Si substrate, a large active area, and small capacitance are desirable [29-32]. 
Although the integration of several small-area SDDs (i.e., a multi-anode SDD) has been 
investigated [29], a complex measurement system is required to operate the X-ray 
detector. 

A pin detector is used for collecting charge carriers, the number of which is proportional 
to the energy of an X-ray photon. In X-ray fluorescence spectroscopy, the capacitance of 
a pin detector increases with the active area of the detector, because in the pin detector the 
area of the anode (n-type layer) is equal to that of the cathode (p-type layer). This increase 
in capacitance degrades performance of the pin detector. However, SDDs, shown in  
Fig. 11.1, have much smaller capacitance than pin detectors [1]. This is because the SDD’s 
anode, which is on one surface of the n--type Si substrate (n- or i-layer), is much smaller 
than the pin detector, whereas the entrance window layer, which is the cathode on the 
opposite surface, is kept large [1]. The anode is surrounded by multiple p-type rings  
(p-rings), to which a different bias voltage is applied. The resulting electric field makes 
electrons flow smoothly toward the anode. To form a sufficiently strong electric field 
toward the anode in SDDs, the p-rings are electrically coupled by using either built-in 
metal-oxide-semiconductor field-effect transistors (MOSFETs) or implanted resistors, 
which makes the SDDs expensive. To fabricate low-cost detectors, we have designed 
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several types of simple SDDs that require neither built-in MOSFETs nor implanted 
resistors [33-45]. One such type is a gated silicon drift detector (GSDD) [37, 38, 40-45]. 

 

Fig. 11.1. Schematic half-structure and cross section of commercial SDD with multiple  
p-rings and MOSFETs between p-rings. 

Si X-ray detectors are used to detect photons with energies of less than 25 keV, whereas 
cadmium telluride (CdTe) X-ray detectors are required to detect photons with energies 
above 25 keV. The Si substrate of the GSDD must be thickened to detect photons with 
energies higher than 25 keV, and the active area of the GSDD must be widened to more 
effectively detect photons radially emitted from materials. Moreover, single-anode 
GSDDs can be used instead of multi-anode SDDs to simplify electronic circuit systems.  

In the present study, we use a device simulator to design adequate gate patterns for single-
anode GSDDs formed from 10-kΩꞏcm-resistivity Si substrates with up to 3-mm 
thicknesses and up to 13.78-cm diameters. On the other hand, adequate gate patterns are 
designed for single-anode GSDDs with 2-kΩꞏcm-resistivity Si substrates that are much 
more inexpensive than 10 kΩꞏcm resistivity Si substrates. To detect the incident position, 
energy, and photon count of an X-ray photon, moreover, a silicon pixel X-ray image 
sensor composed of a lot of very small-area GSDDs is proposed. 

11.2. Proposed Simple-Structure X-Ray Detectors 

To operate an X-ray detector with a thick Si substrate at a reasonable reverse bias, the n- 
Si substrate should have resistivity ( Si ) greater than 5 kΩꞏcm, which corresponds to a 
donor density ( DN ) less than 1012 cm-3, while the n- Si substrate in commercial SDDs has 

Si  of approximately 2 kΩꞏcm. In SDDs with high-resistivity Si substrates, however, 
large hole current flows between the cathode and some p-rings, owing to the large 
difference in voltage between them [39, 40]. Moreover, the SDDs behave as a pnp bipolar 
transistor with the p-ring as an emitter, the anode as a base, and the cathode as a collector, 
indicating that the hole current between the emitter and the collector is enhanced when a 
current is injected to the base [39, 40]. To block the large hole current between the cathode 
and all the p-rings, therefore, the same negative voltage should be applied to the cathode 
and all the p-rings. 
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Fig. 11.2 shows the schematic cross section of a cylindrical simple-structure SDD with a 
single p-ring. This detector is referred to as SSDD [33, 34, 39], which does not have 
MOSFETs or implanted resistors. An oxide layer (SiO2) is formed as a passivation layer, 
which is adopted in almost all Si devices. The anode is connected to the junction FET in 
a pre-amplifier. To prevent the large hole current from flowing between the cathode and 
the p-ring, the same high negative bias can be applied across the cathode and the p-ring. 

 

Fig. 11.2. Schematic Cross section of cylindrical simple-structure SDD with single p-ring 
(SSDD). The same negative bias is applied to the cathode and the p-ring. 

The device simulations are carried out using the ATLAS Device Simulator, produced by 
Silvaco International. All simulations are performed solving both Poisson equation and 
carrier continuity equations. This allows a complete description of the system in terms of 
electrical quantities, such as electric potential distributions, electric fields, carrier 
densities, and current densities.  

In the device simulation of SSDDs, the n- Si substrate has a thickness ( Sid ) of 0.625 mm 
and Si  of 10 kΩꞏcm. The radius of the anode ( aR ) is 0.055 mm. The inner and outer 
radii of the p-ring are 2.455 and 3.050 mm, respectively. The acceptor densities ( A,pN ) of 
the cathode and the p-ring are 181 10  cm-3, and the donor density ( D,nN ) of the anode is 

191 10  cm-3. The thicknesses of the cathode, p-ring, and anode are 1 μm. The thickness 
of the SiO2 passivation layer is 0.75 μm, and the positive fixed oxide charge sheet density 
( FQ ) in SiO2 near the SiO2/Si interface is varied. A reverse bias ( RV ) of -90 V is applied 
to the cathode and the p-ring. 

In an ideal case that F /Q q   is 0 cm-2, the potential at the SiO2/Si interface gradually 
changes from the p-ring to the anode [39, 41]. Here, q  is the electron charge magnitude. 
Because in a practical case the positive fixed charges exist in SiO2 near the SiO2/Si 
interface, however, the potential drop near the p-ring is considered to be large. Fig. 11.3 
shows the simulated electric potential distribution in the Si substrate of SSDD with 

10
F / 3 10Q q    cm-2 that was reported for current processing methods [46]. Because the 

voltage drop near the p-ring is large, the potential near the SiO2/Si interface is almost zero. 
Therefore, the electrons produced by an X-ray photon flow toward the SiO2/Si interface, 
not toward the anode. 
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Fig. 11.3. Simulated electric potential distribution in 0.625-mm-thick 10-kΩꞏcm Si substrate  
of SSDD. The cathode and the p-ring are biased at -90 V. F /Q q  is assumed to be 103 10  cm-2. 

Fig. 11.4 shows the schematic cross section of a cylindrical GSDD with several ring-
shaped gates and a single p-ring [37, 38]. The negatively-biased gates are required to 
prevent electrons from accumulating at the SiO2/Si interface due to positive fixed oxide 
charges, and to keep the adequate potential at the interface under the gate. The negatively-
biased gates do not make inversion layers (i.e., p layers) corresponding to the inner  
p-rings in SDDs. Therefore, the pnp bipolar transistor is not formed in GSDDs, quite 
different from SDDs [40], indicating that large hole currents do not flow at all. 

multiple  

Fig. 11.4. Schematic cross section of GSDD structure with single p-ring and several gates.  
The same negative voltage is applied to the cathode, the p-ring, and all the gates. 

In the fabrication processes of SDDs and GSDDs, n-type layers (anode and ground rings) 
and p-type layers (cathode, p-ring, and floating rings) are fabricated by the same process. 
In SDDs, multiple inner p-rings located between the anode and the p-ring are formed. 
Compared with GSDDs, the extra fabrication processes necessary for SDDs are processes 
that fabricate the built-in MOSFETs or implanted resistors to electrically couple the p-
rings together, which lowers the yield rate of detectors. The passivating oxide layers 
(SiO2) are formed, and then metallization of the anode, p-ring, ground rings, and cathode 
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is carried out. During metallization the innermost p-ring is also metallized in SDDs, while 
gates are formed in GSDDs. 

No extra fabrication processes are required to form the gates in GSDDs, because the metal 
gates are formed on the SiO2 during metallization of the anode and the p-ring. As a result, 
GSDDs are much simpler to fabricate than commercial SDDs. Moreover, the same high 
reverse bias is applied to the cathode, the p-ring, and all the gates, which means that 
GSDDs require only one high-voltage source. Therefore, the use of GSDDs can greatly 
reduce the cost of X-ray detection systems. 

11.3. Gated Silicon Drift Detector 

11.3.1. Thick GSDDs Using 10 kΩ·cm Resistivity Si Substrate 

11.3.1.1. Parameters of GSDD Structure 

Fig. 11.5 shows half of a schematic cross section of a cylindrical GSDD structure with 
one p-ring and seven gates. The same negative voltage is applied to the cathode, the p-
ring, and each gate. Sid  is changed, while Si  is fixed at 10 kΩꞏcm. aR  is fixed at  
0.055 mm, which keeps the capacitance of all GSDDs small. The widths of the p-ring 
( pW ), p-type floating rings ( fW ), and n-type ground rings ( gW ) are 0.545, 0.030, and 
0.390 mm, respectively. The gap between the p-ring and the floating ring ( pfG ) and the 
gap between the floating and ground rings ( fgG ) are each 0.040 mm. The thickness of 
SiO2 on the cathode ( cd ) is 0.75 μm, while the thickness of SiO2 on the other side ( gd ) is 
changed to constrain the electric field in SiO2 between the gates and the Si substrate at  
<3 MV/cm, which is less than the SiO2 breakdown electric field of 10 MV/cm [47]. The 
acceptor density of the floating rings is 181 10  cm-3, and the donor density of the ground 
rings is 191 10  cm-3. The depths of the cathode, p-ring, anode, ground rings, and floating 
rings are each 1 μm. Table 11.1 shows the values of fixed parameters. 

 

Fig. 11.5. Half of schematic cross section of cylindrical GSDD structure with one p-ring  
and seven gates. The same negative voltage is applied to the cathode, the p-ring, and each gate. 
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Table 11.1. Fixed parameters. 

[mm] [mm] [mm] [mm] [mm] [mm] 
cd

[μm] 
A,pN

[cm-3] 
D,nN

[cm-3] 

0.055 0.545 0.030 0.390 0.040 0.040 0.75   

 

Seven gates are considered in this study. In Fig. 11.5, a1G  shows the gap between the 
anode and the innermost gate; 12G , 23G , 34G , 45G , 56G , and 67G  are the gaps between 
the gates, from innermost to outermost; 7pG  is the gap between the outermost gate and 
the p-ring. 1W , 2W , 3W , 4W , 5W , 6W , and 7W  are the widths of seven gates, from 
innermost to outermost. cR  and chipR  are the radii of the cathode and the GSDD chip, 
respectively. The area inside the inner edge of the p-ring is referred to as areaS . The same 

RV  was applied to the cathode, the p-ring, and all the gates. 

11.3.1.2. 0.625-mm-Thick GSDDs 

The values of Sid  and gd  are 0.625 mm and 0.75 μm, respectively. In Gate A, 1W , 2W , 

3W , 4W , 5W , 6W , and 7W  are 0.10, 0.10, 0.19, 0.29, 0.39, 0.47, and 0.51 mm, 
respectively. a1G  is 0.04 mm, 12G  and 23G  are both 0.03 mm. 34G , 45G , 56G , 67G , and 

7pG  are each 0.05 mm. As a result, cR  is 3.00 mm, and chipR  is 3.50 mm. Therefore, areaS  
is 18.9 mm2, which is nearly equal to those of commercial small-area SDDs.  
Tables 11.2 and 11.3 show the values of variables used in the device simulation. 

Table 11.2. Thicknesses, gate widths, and cathode radius for 10 kΩꞏcm resistivity Si substrate. 

 Sid
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 

cR
[mm] 

Gate A 0.625 0.10 0.10 0.19 0.29 0.39 0.47 0.51 3.00 
Gate B 1.0 0.20 0.20 0.34 0.54 0.74 0.90 0.98 4.95 
Gate C 2.0 0.08 0.43 0.50 0.56 0.58 0.60 0.60 4.75 
Gate D 3.0 0.06 0.80 0.90 1.05 1.10 1.18 1.20 8.10 
Gate E 2.0 0.16 0.86 1.00 1.12 1.16 1.20 1.20 8.10 
Gate F 2.0 0.32 1.72 2.00 2.24 2.32 2.40 2.40 14.80 
Gate G 2.0 1.60 8.60 10.00 11.20 11.60 12.00 12.00 68.40 

 

Fig. 11.6 shows the simulated electric potential distribution in the Si substrate inside the 
p-ring of the GSDD at RV  of -90 V for Gate A with 10

F / 3 10Q q    cm-2. The voltage 
midway between the p-ring and the cathode is approximately -60 V, and the average 
electric field toward the anode along the electric potential valley is approximately  

22 10  V/cm. Therefore, the average electron drift velocity is higher than 53 10  cm/s at 
an operating temperature (<0 °C), assuming an electron mobility of 1450 cm2V-1s-1 in the 
Si substrate at room temperature [47]. Because the simulated electric potential decreases 
smoothly from the periphery to the anode, all the electrons produced by an X-ray photon 

aR pW
fW gW pfG fgG

18101 19101

1W 2W 3W 4W 5W 6W 7W
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smoothly flow to the anode. Therefore, the electrons produced within the radius of the 
inner edge of the p-ring can be directed to the anode, indicating that the active area is 
approximately 18 mm2. 

Table 11.3. Gaps for 10 kΩꞏcm resistivity Si substrate. 

 
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 

Gate A 0.04 0.03 0.03 0.05 0.05 0.05 0.05 0.05 
Gate B 0.04 0.09 0.09 0.07 0.05 0.05 0.03 0.03 
Gate C 0.11 0.29 0.18 0.11 0.05 0.03 0.02 0.01 
Gate D 0.73 0.20 0.15 0.09 0.01 0.01 0.01 0.01 
Gate E 0.11 0.29 0.18 0.11 0.05 0.03 0.02 0.01 
Gate F 0.11 0.29 0.18 0.11 0.05 0.03 0.02 0.01 
Gate G 0.11 0.29 0.18 0.11 0.05 0.03 0.02 0.01 

 

 

Fig. 11.6. Simulated electric potential distribution in Si substrate of 0.625-mm-thick GSDD  
with cR  of 3.00 mm and Si  of 10 kΩꞏcm for Gate A with F /Q q  = 103 10  cm-2. A reverse bias 
voltage of -90 V is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown 
at 2 V intervals. 

The drift time is longer for electrons produced farther from the anode. When electrons 
flow far from the anode, however, they induce positive charges at the p-ring, the gates, 
and the cathode, but not at the anode, indicating that the induced current does not appear 
at the anode. When the electrons drift between the anode and the innermost gate, the 
induced current signal is detected at the anode. Therefore, the signal rise time remains 
short even in the GSDD with a large entrance window. 

The value of FQ  is strongly dependent on how the oxide passivation layer is formed. The 
widths of the gates and the gaps should be designed to ensure effective detector operation 
even when FQ  is changed by the fabrication processes; accordingly, the electric potential 
distributions for several FQ  values are simulated. 

a1G 12G 23G 34G 45G 56G 67G 7pG
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We next consider realistic F /Q q  values of 101 10  (best condition) and 121 10  cm-2 
(poor condition). Figs. 11.7 and 11.8 show the simulated electric potential distributions at 

RV  of -90 V for Gate A in the Si substrate inside the p-ring of the GSDDs with F /Q q  of 
101 10  and 121 10  cm-2, respectively. The results indicate that the GSDD functions well 

within practical variation in FQ . 

 

Fig. 11.7. Simulated electric potential distribution in Si substrate of 0.625-mm-thick GSDD  
with cR  of 3.00 mm and Si  of 10 kΩꞏcm for Gate A with F /Q q  = 101 10  cm-2. A reverse bias 
voltage of -90 V is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown 
at 2 V intervals. 

 

Fig. 11.8. Simulated electric potential distribution in Si substrate of 0.625-mm-thick GSDD  
with cR  of 3.00 mm and Si  of 10 kΩꞏcm for Gate A with F /Q q  = 121 10  cm-2. A reverse bias 
voltage of -90 V is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown 
at 2 V intervals. 
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GSDDs with the design discussed above were fabricated using 0.625-mm-thick n- Si 
substrates with Si  of 10 kΩꞏcm. To fabricate the p-ring, boron (B) atoms were thermally 
diffused into one side of the substrate. To produce the anode at the center of the GSDD, 
phosphorus (P) atoms were thermally defused into the same side. To form the p layer of 
the entrance window on the opposite side, B atoms were thermally diffused. After these 
processes, a SiO2 passivation layer of approximately 0.75 μm in thickness was formed on 
the surface. When the anode and the p-ring were metallized, the seven ring-shaped gates 
were formed. 

As in the simulation, -90 V was applied to the cathode, the p-ring, and all the gates to form 
a suitable electric field in the GSDD. Fig. 11.9 shows the 55Fe spectrum of the GSDD  
at -38 °C and a shaping time of 2 μs. An energy resolution of 145 eV was obtained.  
Fig. 11.10 shows the 55Fe spectrum of the GSDD on a semi-log scale. The peak-to-
background ratios were 2208 and 726 at 2 and 5 keV, respectively, which is poor because 
the fabrication of the cathode, that is, entrance window layer, had not been optimized to 
achieve a high peak-to-background ratio. 

 

The X-ray photon count produced in the GSDD irradiated with X-ray photons through a 
0.1-mm-diameter pinhole was mapped by moving the detector at 0.1-mm increments, 
which is shown in Fig. 11.11. An area of almost constant counts clearly appeared, which 
corresponds to the active area of the X-ray detector. The active area is estimated to be 

approximately 18 mm2, which is consistent with the simulation result of areaS . 

11.3.1.3. Thicker GSDDs 

To effectively detect traces of hazardous elements in food, soil, and the human body, the 
absorption of Kα-line X-ray fluorescence photons of elements such as Cd (23.1 keV), Hg 

  

Fig. 11.9. 55Fe spectrum for 0.625-mm-thick 
GSDD with 10-kΩꞏcm Si substrate at -38 °C 

and shaping time of 2 μs. 

Fig. 11.10. 55Fe spectrum on semi-log scale 
for 0.625-mm-thick GSDD with 10-kΩꞏcm Si 
substrate at -38 °C and shaping time of 2 μs. 
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(70.2 keV) and Pb (74.2 keV) in Si substrates should be high. Moreover, Kα-line X-ray 
fluorescence photons of rare earths from La (33.3 keV) to Lu (53.7 keV) and rare metals 
such as Bi (76.3 keV) should be also detected effectively. 

 

Fig. 11.11. Mapping of X-ray photon count produced in 0.625-mm-thick GSDD with 10-kΩꞏcm 
Si substrate to which X-rays were incident through 0.1-mm-diameter pinhole, by moving  

the detector in 0.1-mm increments. The active area is estimated to be approximately 18 mm2. 

Fig. 11.12 shows the X-ray energy dependence of the X-ray absorbed fraction for eight 
thicknesses of Si substrates. The maximum thickness of the Si substrate in commercial 
SDDs is approximately 0.5 mm, so the absorbed fractions of Cd, Lu and Pb X-ray 
fluorescence photons are 29.1 %, 4.4 % and 2.8 %, respectively. In contrast, for a  
3.0-mm-thick Si substrate the respective absorbed fractions increase to 87.3 %, 23.7 %, 
and 15.6 %, respectively. In other words, commercial SDDs are up to 0.5 mm thick, 
allowing photon detection of energies up to 30 keV when X-ray absorbance exceeds  
15 %. In contrast, the GSDDs that we will describe can detect photons with energies up 
to 77 keV. In this subsection, therefore, we simulate the electric potential distributions in 
GSDDs with Si thicknesses from 1.0 to 3.0 mm. 

The depletion layer ( depleteW ) in the n- Si substrate due to a pn- junction is expressed as 

 d R
deplete

D

V V
W

N


 ,  (11.1) 

where dV  is the built-in potential in the diode. As is mentioned above, the n- Si substrate 

should be completely depleted, indicating that deplete SiW d . As a result, the following 

relation is obtained. 

 2
d R SiV V d  .  (11.2) 
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Fig. 11.12. X-ray photon energy dependence of X-ray absorbed fraction for eight Si thicknesses. 

For 1.0-mm-thick GSDDs, gd  should be changed from 0.75 to 1.5 μm to avoid SiO2 
breakdown by the electric field. According to Eq. (11.2), RV  is required to be -230 V for 

Sid  of 1.0 mm in Gate A. To reduce RV  from -230 V to -180 V, a gate pattern is changed 
as follows: 12G  and 23G  are increased from 0.03 to 0.09 mm, and 34G  is increased from 
0.05 to 0.07 mm, because the voltage drops between the innermost and second gates and 
between the second and third gates are too small in Gate A at -180 V. The values of 67G  
and 7pG  are reduced from 0.05 to 0.03 mm, because the voltage drops at these gaps are 
large in Gate A. In addition, 1W , 2W , 3W , 4W , 5W , 6W , and 7W  are changed to 0.20, 
0.20, 0.34, 0.54, 0.74, 0.90, and 0.98 mm, respectively. As a result, cR  is 4.95 mm and 

chipR  is 5.45 mm. areaS  is 61.0 mm2, which is nearly equal to that of commercial SDDs. 
This gate pattern is referred to as Gate B, whose variables are summarized in Tables 11.2 
and 11.3. 

Fig. 11.13 shows the simulated electric potential distribution in the 1.0-mm-thick Si 
substrate inside the p-ring of the GSDD with Gate B at RV  of -180 V. Because the voltage 
at the saddleback in Fig. 11.13 is approximately -95 V and the average electric field 
toward the anode along the electric potential valley is approximately 22 10  V/cm, the 
average electron drift velocity is higher than 53 10  cm/s at the operating temperature. 
Because the simulated electric potential decreases smoothly from the periphery to the 
anode, all the electrons produced by the X-ray photons flow smoothly to the anode. For a 
Si pin detector with Sid  of 1 mm and Si  of 10 kΩꞏcm, a reverse bias of approximately  
-300 V is required to deplete the whole Si layer. The GSDD, in contrast, requires a reverse 
bias of only -180 V. This is one of the advantages of GSDDs. 

For 2.0-mm-thick GSDDs, gd  should be changed from 1.5 to 3.0 μm to avoid SiO2 
breakdown by the electric field. According to Eq. (11.2), RV is required to be -720 V for 

Sid  of 2.0 mm in Gate B. To reduce RV  from -720 V to -520 V, a gate pattern is changed 
as follows: a1G , 12G , 23G , 34G , 45G , 56G , 67G , and 7pG  are changed to 0.11, 0.29, 0.18, 
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0.11, 0.05, 0.03, 0.02, and 0.01 mm, respectively. In addition, 1W , 2W , 3W , 4W , 5W ,  

6W , and 7W  are changed to 0.08, 0.43, 0.50, 0.56, 0.58, 0.60, and 0.60 mm, respectively. 
As a result, cR  is 4.75 mm and chipR  is 5.25 mm. The value of areaS  is 55.5 mm2. This 
gate pattern is called Gate C, the variables of which are summarized in Tables 11.2  
and 11.3. 

 

Fig. 11.13. Simulated electric potential distribution in Si substrate inside p-ring of 1.0-mm-thick 
GSDD with cR  of 4.95 mm and Si  of 10 kΩꞏcm for Gate B. A reverse bias voltage of -180 V is 
applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 5 V intervals. 

Fig. 11.14 shows the simulated electric potential distribution in the 2.0-mm-thick Si 
substrate inside the p-ring of the GSDD for Gate C at RV  of -520 V. In the electric 
potential distribution, the voltage at the saddleback is approximately -190 V, which is 
larger than that in the 0.625-mm-thick GSDD, despite the fact that the scale of Fig. 11.14 
makes it appear that the voltage drop between the saddleback point and the anode is 
smaller than that of Fig. 11.6. Since the average electric field toward the anode along the 
electric potential valley is approximately 25 10  V/cm, the average electron drift velocity 
is higher than 57 10  cm/s at the operating temperature. Because the simulated electric 
potential decreases smoothly from the periphery to the anode, all the electrons produced 
by the X-ray photons flow smoothly to the anode. 

For a Si pin detector with Sid  of 2.0 mm and Si  of 10 kΩꞏcm, a reverse bias of 
approximately -1200 V is required to deplete the whole Si layer. The GSDD, however, 
requires a reverse bias of only -520 V, half that in the Si pin diode. 

For 3.0-mm-thick GSDDs, gd  should be changed from 3.0 to 4.0 μm to avoid SiO2 
breakdown by the electric field. To reduce the electric field along the interface between 
the anode and the innermost gate, a1G  is increased from 0.11 to 0.73 mm, compared with 
Gate C. 12G , 23G , 34G , 45G , 56G , 67G , and 7pG  are changed to 0.20, 0.15, 0.09, 0.01, 
0.01, 0.01, and 0.01 mm, respectively. In addition, 1W , 2W , 3W , 4W , 5W , 6W , and 7W  
are decreased to 0.06, 0.80, 0.90, 1.05, 1.10, 1.18, and 1.20 mm, respectively. cR  and 
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chipR  are 8.10 and 8.60 mm, respectively, and areaS  is 179.3 mm2, which is similar to the 
values for commercial largest-area single-anode SDDs. This gate pattern is here referred 
to as Gate D, whose variables are summarized in Tables 11.2 and 11.3. 

 

Fig. 11.14. Simulated electric potential distribution in Si substrate inside p-ring of 2.0-mm-thick 
GSDD with cR  of 4.75 mm and Si  of 10 kΩꞏcm for Gate C. A reverse bias voltage of -520 V is 
applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V intervals. 

Fig. 11.15 shows the simulated electric potential distribution in the 3.0-mm-thick Si 
substrate inside the p-ring of the GSDD with Gate D at RV  of -1100 V that is calculated 
by Eq. (11.2). It is clear from Fig. 11.15 that the electric field along the electric potential 
valley is strong enough to make all the electrons produced by the X-ray photons flow 
smoothly to the anode. For a Si pin detector with Sid  of 3.0 mm and Si  of 10 kΩꞏcm, a 
reverse bias of approximately -3000 V is required to deplete the whole Si layer. However, 
for the GSDD a reverse bias of only -1100 V is required. This indicates that the high 
reverse bias required in GSDDs is approximately one-third of that in a pin diode with the 
same Si thickness. Therefore, this is one of the advantages of GSDDs, and the use of 
GSDDs can greatly reduce the cost of X-ray detection systems. 

The voltage at the saddleback in Fig. 11.15 is approximately -412 V. Because the average 
electric field toward the anode along the electric potential valley is approximately  
800 V/cm, the average electron drift velocity is higher than 61 10  cm/s at the operating 
temperature. This indicates that the electric field along the electric potential valley is 
strong enough to make all the electrons produced by the X-ray photons flow smoothly to 
the anode. 

The peak point at the saddleback in Fig. 11.15 is approximately 4.8 mm from the center 
of the anode, while the distance between the center of the anode and the inner edge of the 
p-ring is 7.555 mm. This suggests that the active area becomes area0.4S . 
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Fig. 11.15. Simulated electric potential distribution in Si substrate inside p-ring of 3.0-mm-thick 
GSDD with cR  of 8.10 mm and Si  of 10 kΩꞏcm for Gate D. A reverse bias voltage of -1100 V 
is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V 
intervals. 

To enlarge the active area of thicker GSDD, the depth ( p-ringd ) of the p-ring is increased. 
Fig. 11.16 shows the simulated electric potential distribution in the 3.0-mm-thick Si 
substrate inside the p-ring of the GSDD with Gate D and a p-ring thickness ( p-ringd ) of  
0.7 mm at RV  of -1100 V. It is clear from Fig. 11.16 that the active area becomes equal to 

areaS . To enlarge p-ringd  from 0.001 to 0.7 mm, for example, a trench-type p-ring can be 
introduced, which was reported by Christophersen [32]. 

 

Fig. 11.16. Simulated electric potential distribution in Si substrate inside p-ring of 3.0-mm-thick 
GSDD with cR  of 8.10 mm and Si  of 10 kΩꞏcm for Gate D and p-ringd  of 0.7 mm. A reverse bias 
voltage of -1100 V is applied to the cathode, the p-ring, and seven gates. Equipotential lines are 
shown at 10 V intervals. 
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From a point of view of simulated electric potential distributions, it is found that GSDDs 
can be thickened simply by adjusting the gate widths and the gaps between gates. 

11.3.1.4. Larger-Area GSDDs 

We next consider larger-area GSDDs. To keep the capacitance of larger-area GSDDs as 
small as the capacitance of the 2.0-mm-thick GSDD in Gate C, the value of aR  is not 
changed. Each gate width in Gate C is multiplied by 2. The values of 1W , 2W , 3W , 4W , 

5W , 6W , and 7W  are therefore 0.16, 0.86, 1.00, 1.12, 1.16, 1.20, and 1.20 mm, 
respectively. This pattern is referred to as Gate E, the variables of which are summarized 
in Tables 11.2 and 11.3. As a result, cR  and chipR  are 8.10 and 8.60 mm, respectively, and 

areaS  is 179.3 mm2, which is similar to the values for commercial largest-area single-anode 
SDDs.  

Fig. 11.17 shows the simulated electric potential distribution for Gate E in the Si substrate 
inside the p-ring of the GSDD at RV  of -540 V. The voltage at the saddleback in  
Fig. 11.17 is approximately -230 V, and the average electric field toward the anode along 
the electric potential valley is approximately 23 10  V/cm, indicating that the average 
electron drift velocity is higher than 54 10  cm/s at the operating temperature. As is clear 
from the figure, all the electrons produced by the X-ray photons flow smoothly to the 
anode, because the simulated electric potential decreases smoothly from the periphery to 
the anode. 

 

Fig. 11.17. Simulated electric potential distribution in Si substrate inside p-ring of 2.0-mm-thick 

GSDD with cR  of 8.10 mm and Si  of 10 kΩꞏcm for Gate E. A reverse bias voltage of -540 V is 

applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V intervals. 

In Gate F, each gate width in Gate C is multiplied by 4. The values of 1W , 2W , 3W , 4 ,W  

5W , 6W , and 7W  are therefore 0.32, 1.72, 2.00, 2.24, 2.32, 2.40, and 2.40 mm, 
respectively. As a result, cR  and chipR  are 14.80 and 15.30 mm, respectively. The value 
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of areaS  is 638.1 mm2, which is approximately 4-fold that of the largest-area single-anode 
SDDs. The variables in Gate F are summarized in Tables 11.2 and 11.3. 

Fig. 11.18 shows the simulated electric potential distributions for Gate F in the Si substrate 
inside the p-ring of the GSDD at RV  of -580 V. The voltage at the saddleback in  
Fig. 11.18 is approximately -280 V, and the average electric field toward the anode along 
the electric potential valley is approximately 22 10  V/cm. Therefore, the average 
electron drift velocity is higher than 53 10  cm/s at the operating temperature. Because 
the simulated electric potential decreases smoothly from the periphery to the anode, all 
the electrons produced by the X-ray photons flow smoothly to the anode. 

In Gate G, each gate width in Gate C is multiplied by 20; therefore, the values of 1W ,  

2W , 3W , 4W , 5W , 6W , and 7W  are 1.6, 8.6, 10.0, 11.2, 11.6, 12.0, and 12.0 mm, 
respectively. As a result, cR  and chipR  are 68.4 and 68.9 mm, respectively, and areaS  is 
14,457 mm2, which is approximately 100 times that of the largest-area single-anode 
SDDs, and approximately 3 times that of the 5300-mm2 area of the multi-anode SDD [29]. 
The variables in Gate G are summarized in Tables 11.2 and 11.3. 

Fig. 11.19 shows the simulated electric potential distribution for Gate G in the Si substrate 
inside the p-ring of the GSDD at RV  of -580 V. In the case of the seven-gate pattern the 
equipotential lines are not smooth curves, because the gate widths are much wider than 
the gaps. Therefore, it is necessary to consider more than seven gates to smooth the 
equipotential lines. However, the electric potential distribution in Fig. 11.19 can at least 
lead the electrons produced by an X-ray photon to the anode. 

 

Fig. 11.18. Simulated electric potential distribution in Si substrate inside p-ring of 2-mm-thick 
GSDD with cR  of 14.80 mm and Si  of 10 kΩꞏcm for Gate F. A reverse bias voltage of -580 V 
is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V 
intervals. 



Chapter 11. Gated Silicon Drift Detector as Thick, Large-Area, Simple-Structure Silicon X-Ray Detector 
Operated by Peltier Cooling 

251 

 

Fig. 11.19. Simulated electric potential distribution in Si substrate inside p-ring of 2.0-mm-thick 
GSDD with cR  of 68.40 mm and Si  of 10 kΩꞏcm for Gate G. A reverse bias voltage of -580 V 
is applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V 
intervals. 

The voltage at the saddleback in Fig. 11.19 is approximately -280 V. Because the average 
electric field toward the anode along the electric potential valley is approximately  
40 V/cm, the average electron drift velocity is higher than 46 10  cm/s at the operating 
temperature. This indicates that the electric field along the electric potential valley is still 
strong. 

The drift time of electrons increases with distance from the anode at production. When a 
packet of electrons produced by one X-ray photon travels far from the anode, positive 
charges are induced by the drifting electrons at the p-ring, the gates, and the cathode, but 
not at the anode, meaning that the induced current does not appear at the anode. When the 
electron packet drifts inside the innermost gate, the induced current signal is detected at 
the anode. The signal rise time is consequently short, even in a GSDD with a large 
entrance window. Even when several packets of electrons produced by X-ray photons drift 
in a GSDD, the transient current generated by one packet of electrons produced by an  
X-ray photon can be measured independently at the anode. This is not the case, however, 
when two or more electron packets combine to form one packet outside the innermost 
gate, and also not when two or more electron packets drift inside the innermost gate. 
Because the average electric field and electron drift velocity between the anode and the 
innermost gate are approximately 35 10  V/cm and 67 10  cm/s, respectively, the transit 
time from the inner edge of the innermost gate to the anode is approximately 92 10  s, 
suggesting that the GSDD is capable of high-count-rate X-ray spectroscopy. The narrow 

a1G  results in a high X-ray count rate. 

From a point of view of simulated electric potential distributions, it is found that GSDDs 
can be widened simply by increasing all the gate widths by the same multiple, while the 
capacitance of the GSDD remains small and its X-ray count rate remains high. 
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11.3.2. Inexpensive GSDDs Using 2 kΩ·cm Resistivity Si Substrate 

10-kΩꞏcm Si wafers are more expensive than 2-kΩꞏcm Si wafers used in commercial 
SDDs. In this subsection, to fabricate more inexpensive X-ray detectors, we make use of 
a device simulation to design adequate gate patterns for GSDDs formed from 2 kΩꞏcm Si 
substrates. 

Because the electron concentration in the n- Si substrate is equal to DN  at the operation 
temperature, Si  is expressed as 

 
Si

D e

1

qN



 ,  (11.3) 

where e  is the electron mobility for Si. As a result, 

 
R

Si

1
V


 .  (11.4) 

In the case of Sid  of 0.5 mm, Si  of 10 kΩꞏcm, and Gate A, the adequate electric field is 
obtained at RV  of -60 V, according to Eq. (11.2). When Si  is decreased from 10 kΩꞏcm 
to 2 kΩꞏcm, on the other hand, RV  should be increased from -60 V to -300 V to deplete 
the whole n- Si substrate [44], following Eq. (11.4). 

Fig. 11.20 shows the simulated electric potential distribution in the Si substrate inside the 
p-ring of the GSDD with Gate A at RV  of -300 V. It is clear from Fig. 11.20 that the whole 
Si substrate is depleted, and therefore all the electrons produced by an X-ray photon 
flowed smoothly to the anode. This finding indicates that GSDDs with Gate A can work 
well for any Si resistivity if RV  follows Eq. (11.4). 

RV  of -300 V is twice that of a commercial 0.5-mm-thick SDD using a 2-kΩꞏcm Si wafer. 
Therefore, a gate pattern that can reduce RV  is investigated. Because in Fig. 11.20 the 
voltage drops at 67G  and 7pG  are too large, 67G  and 7pG  are decreased from 0.05 to 
0.005 mm. The 34G , 45G , and 56G  values are also decreased from 0.05 to 0.01 mm. 23G  
is decreased from 0.03 to 0.01 mm, and 12G  is decreased from 0.03 to 0.02 mm. On the 
other hand, a1G  is increased from 0.04 to 0.11 mm, so that the potential at the innermost 
gate could be increased. To keep cR  the same as cR  in Gate A, the values of 1W , 2W , 4,W  

5W , 6W , and 7W  are changed to 0.01, 0.05, 0.24, 0.34, 0.44, 0.54, and 0.60 mm, 
respectively. This gate pattern is referred to as Gate H, whose variables are summarized 
in Tables 11.4 and 11.5. 

Fig. 11.21 shows the simulated electric potential distribution in the Si substrate inside the 
p-ring of the GSDD for Gate H at RV  of -150 V. In the electric potential distribution, the 
voltage midway between the p-ring and the cathode is approximately -78 V, and 
consequently the electric field along the electric potential valley is strong enough to make 
all the electrons produced by the X-ray photons flow smoothly to the anode. 
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Fig. 11.20. Simulated electric potential distribution in Si substrate inside p-ring of 0.5-mm-thick 
GSDD with cR  of 3.00 mm and Si  of 2 kΩꞏcm for Gate A. A reverse bias voltage of -300 V is 
applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 5 V intervals. 

Table 11.4. Thicknesses, gate widths, and cathode radius for 2 kΩꞏcm resistivity Si substrate. 

 Sid
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 

cR
[mm] 

Gate H 0.5 0.01 0.05 0.24 0.34 0.44 0.54 0.60 3.00 
Gate I 1.0 0.02 0.07 0.18 0.28 0.38 0.47 0.51 3.00 

 

Table 11.5. Gaps for 2 kΩꞏcm resistivity Si substrate. 

 
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] 

Gate H 0.11 0.02 0.01 0.01 0.01 0.01 0.005 0.005 
Gate I 0.33 0.06 0.02 0.02 0.02 0.02 0.01  0.01  

 

In the 1.0-mm-thick GSDDs, gd  should be changed from 0.75 to 3 μm to avoid SiO2 
breakdown caused by the high electric field. In Gate I, the values of a1G , 12G , 23G , 34G , 

45G , 56G , 67G , and 7pG  are changed to 0.33, 0.06, 0.02, 0.02, 0.02, 0.02, 0.01, and 0.01 
mm, respectively. To keep cR  in Gate I the same as cR  in Gate A, the values of 1W , 2W , 

3W , 4W , 5W , 6W , and 7W  are changed to 0.02, 0.07, 0.18, 0.28, 0.38, 0.47, and 0.51 
mm, respectively. The variables in Gate I are summarized in Tables 11.4 and 11.5. 

To deplete the whole n- Si substrate, the value of RV  is increased from 150 to 600 V, 
according to Eq. (11.2). Fig. 11.22 shows the simulated electric potential distribution for 

1W 2W 3W 4W 5W 6W 7W

a1G 12G 23G 34G 45G 56G 67G 7pG



Chemical Sensors and Biosensors 

 254

Gate I in the Si substrate inside the p-ring of the GSDD at RV  of -600 V. The voltage at 
the saddleback is approximately -175 V. Because the average electric field toward the 
anode along the electric potential valley is approximately 950 V/cm, the average electron 
drift velocity is higher than 61 10  cm/s at the operating temperature. This indicates that 
the electric field along the electric potential valley is strong enough to make all the 
electrons produced by the X-ray photons flow smoothly to the anode. 

 

Fig. 11.21. Simulated electric potential distribution in Si substrate inside p-ring of 0.5-mm-thick 
GSDD with cR  of 3.00 mm and Si  of 2 kΩꞏcm for Gate H. A reverse bias voltage of -150 V is 
applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 2.5 V intervals. 

 

Fig. 11.22. Simulated electric potential distribution in Si substrate inside p-ring of 1.0-mm-thick 
GSDD with cR  of 3.00 mm and Si  of 2 kΩꞏcm for Gate I. A reverse bias voltage of -600 V is 
applied to the cathode, the p-ring, and seven gates. Equipotential lines are shown at 10 V intervals. 
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In 1.0-mm-thick Si pin detectors with Si  of 2 kΩꞏcm, a reverse bias of about -1500 V is 
required to deplete the whole Si layer. However, for the GSDD, a reverse bias of -600 V 
is required, which is an advantage of GSDDs. 

From a point of view of simulated electric potential distributions, it is found that the 
resistivity of Si substrates in GSDD can be changed because the simulated adequate 
electric potential distribution is obtained simply by adjusting the gate widths and the gaps 
between gates. 

11.3.3. Silicon Pixel X-Ray Image Sensor Composed of Many Smaller-Area GSDDs 

A simple-structure X-ray image sensor, which detects the incident position, energy, and 
photon count of an X-ray photon, is considered. In a two-dimensional pixel GSDDs, nine 
schematic pixels of many GSDD pixels are shown in Fig. 11.23. One GSDD pixel consists 
of (a) an electron-collecting surface with one anode, one p-ring, and four gates, and (b) an 
X-ray entrance window surface with a cathode. 

  

(a)                                                (b)  

Fig. 11.23. Nine schematic pixels in two-dimensional pixel X-ray image sensor with a lot  
of smaller-area GSDDs. (a) An electron-collecting surface with one anode (red squares), one  

p-ring (blue lines), and four gates (black lines), and (b) an X-ray entrance window surface  
with a cathode (blue square). 

Fig. 11.24 shows the schematic cross section of two GSDD pixels. The same RV  is applied 
to the cathode, the p-ring, and all the gates. The widths of the anode and the p-ring are 

anodeW  and p-ringW , respectively. The widths of four gates, from the anode to the p-ring, 
are 1W , 2W , 3W , and 4W . The gap between the anode and the first gate is a1G , the gaps 
between gates are 12G , 23G , and 34G , and the gap between the fourth gate and the p-ring 
is 4pG . 

In Si  of 2 kΩꞏcm and Sid  of 0.3 mm, the values of anodeW  and p-ringW  are 0.10 mm. 1W
, 2W , 3W , and 4W  are 0.016, 0.05, 0.066, and 0.10 mm, and a1G , 12G , 23G , 34G , and 

4pG  are 0.03, 0.03, 0.03, 0.03, and 0.02 mm, respectively. A gate pattern is referred to as 
Gate J, whose variables are summarized in Tables 11.6 and 11.7. 
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Fig. 11.24. Schematic cross section of two GSDD pixels. The same RV  is applied to the cathode, 

the p-ring, and each gate. 

Table 11.6. Resistivity, thicknesses, and widths of anode, gate, p-ring for GSDD image sensors. 

 Si
[kΩꞏcm] 

Sid
[mm] 

anodeW
[mm] 

1W
[mm] 

2W
[mm] 

3W
[mm] 

4W
[mm] 

p-ringW

[mm] 
Gate J 2 0.3 0.10 0.016 0.05 0.066 0.10 0.10 
Gate K 10 1.0 0.10 0.05  0.15 0.20  0.30 0.30 

 

Table 11.7. Gaps for GSDD image sensors. 

 
[mm] [mm] [mm] [mm] 

4pG

[mm] 
Gate J 0.03 0.03 0.03 0.03 0.02 
Gate K 0.07 0.07 0.07 0.07 0.05 

 

Fig. 11.25 shows the simulated electric potential distribution of two GSDD pixels in  
0.3-mm-thick GSDD image sensor with Si  of 2 kΩꞏcm for Gate J. A size of one pixel is 
1.1152 1.1152  mm2. RV  of -100 V is applied to the single cathode and p-ring, and the 
gates for all the pixels. It is clear from Fig. 11.25 that all the electrons produced by an  
X-ray photon in each pixel can be collected to the corresponding anode. 

In Si  of 10 kΩꞏcm and Sid  of 1.0 mm, anodeW  and cathodeW  are 0.10 and 0.30 mm, 
respectively. 1W , 2W , 3W , and 4W  are 0.05, 0.15, 0.20, and 0.30 mm, and a1G , 12G ,  

23G , 34G , and 4pG  are 0.07, 0.07, 0.07, 0.07, and 0.05 mm, respectively. This gate pattern 
is called Gate K, the variables of which are summarized in Tables 11.6 and 11.7. 

Fig. 11.26 shows the simulated electric potential distribution of two GSDD pixels in  
1.0-mm-thick GSDD image sensor with Si  of 10 kΩꞏcm for Gate K. A size of one pixel 
is 2.86 2.86  mm2. RV  of -200 V is applied to a single cathode and p-ring, and the gates 
for all the pixels. As is clear from Fig. 11.26, all the electrons formed by an X-ray photon 
in each pixel can flow to the corresponding anode. 

a1G 12G 23G 34G
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Fig. 11.25. Simulated electric potential distribution of two GSDD pixels in 0.3-mm-thick GSDD 
image sensor with Si  of 2 kΩꞏcm for Gate J. A size of one pixel is 1.1152 1.1152  mm2. RV   

of -100 V is applied to the single cathode and the p-ring, and the gates for all the pixels. 

 

Fig. 11.26. Simulated electric potential distribution of two GSDD pixels in 1.0-mm-thick GSDD 
image sensor with Si  of 10 kΩꞏcm for Gate K. A size of one pixel is 2.86 2.86  mm2. RV   

of -200 V is applied to the single cathode and p-ring, and the gates for all the pixels. 

From a point of view of simulated electric potential distributions, it is found that two-
dimensional silicon pixel X-ray image sensor composed of a lot of very small-area GSDDs 
can detect the incident position, energy, and photon count of a high-energy X-ray photon. 
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11.4. Conclusions 

We have proposed a thick, large-area, and simple-structure silicon X-ray detector operated 
by Peltier cooling, which is a gated silicon drift detector (GSDD), to fabricate an 
inexpensive X-ray detector for transportable X-ray fluorescence instruments. The thick Si 
substrate is required to detect high-energy X-ray photons, and the large-area entrance 
window is required to more effectively detect an X-ray fluorescence photon radially 
emitted from traces of hazardous elements in food and soil. The Peltier cooling system is 
required to operate GSDDs on site. 

0.625-mm-thick GSDDs were fabricated using resistivity of 10 kΩꞏcm, whose energy 
resolution from the 55Fe source was experimentally obtained to be 145 eV at -38 °C and a 
shaping time of 2 μs. The device simulation result of the active area of the detector is in 
good agreement with the experimental result obtained using incident X-rays passed 
through a 0.1-mm-diameter pin-hole. 

From a point of view of simulated electric potential distributions, the following results are 
obtained: (1) GSDDs can be thickened simply by adjusting the gate widths and the gaps 
between gates; (2) the active areas of GSDDs can be widened simply by increasing all the 
gate widths by the same multiple, while the capacitance of the GSDDs remains small and 
their X-ray count rate remains high; (3) the reverse bias voltage can be required to be one-
third of that in a pin detector with the same Si thickness; (4) two-dimensional silicon pixel 
X-ray image sensor composed of a lot of very small-area GSDDs can detect the incident 
position, energy, and photon count of a high-energy X-ray photon. 

We have demonstrated a high probability of thick and large-area GSDDs. However, in 
this study, we have assumed that the properties ( Si , DN , etc.) in the n- Si substrate and 

FQ  near the SiO2/Si interfaces are uniform over the detector. Because the electron drift 
time becomes longer as the entrance window is wider, the width of the electron cloud 
produced by an X-ray photon is enlarged. In practice, moreover, leakage currents such as 
a junction current and a generation current in the bulk and the interface states between the 
SiO2/Si interfaces should affect the sensitivity of GSDDs. Therefore, the optimization of 
GSDDs should be carried out. 
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Chapter 12 
Magnetohydrodynamic Pumps for Sensor 
Applications 

Michel Rivero, José Carlos Domínguez-Lozoya, Sergio Cuevas1 

12.1. Introduction 

Many microfluidic devices, known as micro Total Analysis Systems (μTAS), for 
chemical, medical, and biological applications rely on suitable pumping systems able to 
transport substances within different parts of the device. With this aim, several options 
have been proposed in literature, including mechanical and nonmechanical micropumps 
whose characteristics have been analyzed in specialized reviews [1-5]. During the last 
decades, microfluid devices have developed rapidly due to increasing applications, 
especially in chemical and biological analysis [6-8] where they provide substantial 
advantages. Regardless the particular application, the need of fluid transport has led to the 
development of different pumping principles according to the operation conditions and 
fluid properties. 

Micropumps can be classified in two big categories: mechanical or conventional, and 
nonmechanical or non-conventional pumps, in accordance to their operating principles. 
The main differences among these categories is that mechanical pumps require of moving 
parts, such as oscillating membranes, turbines, or pistons, to drive the working fluid 
[9,10]. Mechanical pumps for microfluidic applications are mainly inspired on pumps 
used in macroscales. On the other hand, nonmechanical pumps convert different kinds of 
energy into kinetic energy added to the fluid [11-14]. The different principles considered 
on each category are illustrated in Fig. 12.1. A detailed description of different 
micropumps can be found in [1, 2, 15]. 

It is important to emphasize that even though these mechanisms are intended for 
micropump applications, some of them are more suitable for other microfluidic operations 
such as mixing [16]. 
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Fig. 12.1. Micropumps classification. 

Among different possibilities, magnetohydrodynamic (MHD) micropumps have attracted 
the attention of many researchers due to certain advantages such as simple fabrication 
process, the absence of moving parts, low voltage operation, and the possibility to achieve 
relatively high flow rates, being able to produce forward and reverse flows [17-25]. MHD 
micropumps are nonmechanical devices that use an electromagnetic body force (the 
Lorentz force) as the driving source in the flow. In fact, it has been recognized that Lorentz 
forces can be used to control and manipulate fluid flows in microdevices [26, 27]. MHD 
pumps rely on the generation of a Lorentz force acting on an electrically conducting fluid. 
They can be classified as conduction pumps and induction pumps. In conduction MHD 
pumps, the Lorentz force is produced by the interaction of an applied magnetic field 
(created by permanent magnets or coils) and an electric current applied transversally to 
the direction of the field [28]. In turn, in induction MHD pumps a time-varying magnetic 
field induces electric currents in the fluid that interact with the same field to produce a 
Lorentz force that drives the fluid [29]. Since induced currents are proportional to the 
electrical conductivity of the medium, the application of induction pumps to low 
conductivity fluids commonly used in microfluidics is unsuitable. Therefore, MHD 
conduction pumps have been more widely investigated. Nevertheless, the use of liquid 
metals has gained interest for cooling purposes in electronic devices [30-32], where MHD 
induction pumps can be a suitable option. The principle of operation of MHD conduction 
pumps is well known and has been used for decades in macroscopic devices employed in 
many technological applications, mainly in the nuclear and metallurgical industries. A 
typical MHD conduction pump consists of a duct of constant rectangular cross-section, 
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filled with an electrically conducting liquid, immersed in a uniform applied magnetic 
field. The walls transverse to the field are electrically insulated while those parallel to the 
field are electrically conducting (electrodes). When an electric potential difference is 
applied between the electrodes, an electric current circulates through the fluid 
perpendicularly to the magnetic field so that a driving Lorentz force is produced in the 
axial direction of the duct, transversally to both the current and the applied field. Although 
Lorentz force is proportional to the electrical conductivity of the fluid, it has been 
demonstrated that MHD pumps are effective even for weakly conductive liquids, such as 
many solutions used in microfluidic applications (for instance, PBS (phosphate buffered 
saline) solution [33]). In fact, feasibility of MHD micropumps has been demonstrated by 
using both alternating and direct current with varying success [19, 24]. But applications 
do not restrict to electrolytic fluids. Liquid metal cooling devices driven by MHD pumps 
have been recently proposed as a heat dissipation mechanism in high performance CPUs 
[30, 34]. 

Several theoretical models have been reported in the literature to predict the behavior of 
MHD micropumps [17, 35-38]. The basic approach considers the flow in the micropump 
as laminar, incompressible and fully developed, which are suitable assumptions for low-
Reynolds number flows. In principle, the motion of a conducting liquid in a magnetic field 
induces currents that circulate in the fluid and interact with the applied field, generating 
forces that oppose to the main flow. This phenomenon, known as the Hartmann braking, 
is important in MHD duct flows when a relevant dimensionless parameter, namely the 
Hartmann number, is large [39]. The Hartmann number is defined as Ha = B0l(σ/ρν)1/2, 
where B0 is the characteristic magnetic field strength, l the characteristic length of the 
flow, and σ, ρ and ν are the electrical conductivity, mass density, and kinematic viscosity 
of the fluid, respectively. The square of the Hartmann number can be interpreted as the 
ratio of electromagnetic to viscous forces. In fact, the Hartmann braking is responsible of 
the flattening of the velocity profile in MHD duct flows. In macroscopic liquid metal flows 
the Hartmann number can take very large values, however, in microfluidic applications 
Ha is usually very small (Ha ≤ 1), particularly when dealing with low conductivity 
electrolytic solutions. Therefore, in low-Hartmann-number flows typical of MHD 
micropumps, Hartmann braking is usually negligible and, consequently, velocity profiles 
tend to be parabolic. Nevertheless, it has been noted that some disagreements between 
numerical simulations and experimental data could be attributed to neglecting induced 
effects [27]. MHD flows in micropumps can be described by one-dimensional (1D) 
models based on the classical Hartmann flow [39] that only consider the walls 
perpendicular to the magnetic field, usually known as the Hartmann walls. However, 
neglecting frictional effects of the walls parallel to the magnetic field, usually known as 
the side walls, may lead to misleading predictions [35, 40]. A better description can be 
achieved with two-dimensional (2D) models that take into account the four walls of the 
rectangular MHD microduct [20, 35, 36, 38], as well as induced effects. An interesting 
attempt to model MHD micropumps within a more general framework has been recently 
proposed [40]. 

So far, it appears that most attempts to model flows in MHD micropumps have been based 
on the assumption that the no-slip condition for the fluid velocity holds in all walls of the 
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duct. This condition implies a perfect wettability at the liquid-wall interface so that, if the 
wall is at rest, the fluid velocity at the wall vanishes. Although the no-slip condition 
successfully represents a wide range of fluid flow problems, it has been observed that it 
is not valid for all situations. In particular, the slip condition, in which the fluid velocity 
at the stationary solid wall does not vanish, is common in many microfluidic and 
nanofluidic applications [4, 5, 41]. Recently, the existence of slip in MHD duct flows at 
rather high Hartmann numbers has been considered in different classic flows such as the 
Hartmann flow, fully developed flow in a rectangular duct, and a quasi-2D-turbulent  
flow [42].  

Fluid slippage is usually characterized by the slip (or Navier) length, Ls, defined as the 
distance at which velocity would be zero if extrapolated linearly towards the wall. The 
velocity difference between the boundary surface and the adjacent fluid particles is known 
as the slip velocity, Vs, and in the case of a unidirectional flow, is related to the tangential 
stress at the solid boundary in the form 

 𝑉 𝐿 , (12.1) 

where n is the coordinate normal to the wall. If Ls = 0, this condition reduces to the no-
slip condition, while perfect slip condition, for which there is no influence of the boundary 
surface on the velocity profile, is obtained when Ls  ∞. Experiments have shown that 
the slip length can take values that go from nanometers to microns [43, 44]. 

Different physical explanations have been proposed in the literature to account for the 
origin of slippage in liquids. Molecular slippage, viscous, and no-shear/no-slip models are 
theoretical attempts to explain liquid slip in different conditions [4, 45]. Another 
interesting explanation is that the slip phenomenon may result from the spontaneous 
formation of a gaseous underlayer that lubricates the flow [4, 43, 46]. This layer of 
bubbles, formed at the interface between the solid surface and the liquid, is stretched into 
the form of a film by the action of the flow. The origin of this film may be related to 
external dissolved gases up to metastable concentration. Incidentally, it is well-known that 
in MHD micropumps, bubbles are created by electrolysis at the electrode walls [21, 22] 
but in this case they do not necessarily form a thin film. In fact, bubbles usually affect the 
performance of the micropump and special designs have been proposed to minimize their 
interference [23, 24]. Another important mechanism that may lead to slippage occurs in 
electrokinetic phenomena, basically in electro-osmotic flows (EOF) [5, 47-49]. When a 
solid is brought into contact with a polar liquid, its surface acquires an electric charge. In 
order to neutralize this charge, counter-ions of the solution migrate towards the surface 
forming the electric double layer (EDL), composed by the Stern layer and the Gouy–
Chapman or diffusion layer. In the Stern layer counter-ions are strongly attached to the 
surface and its thickness is of the order of some nanometers. Beyond this layer, the 
diffusion layer is constituted of counter-ions attracted to the wall. This attraction is not 
strong enough to maintain both layers together, so the diffusion layer may slip over the 
fluid attached to the surface (Stern layer). The plane that divides these two layers is named 
slipping plane. If an electric field parallel to the EDL is applied, a force is exerted in the 
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ions of the diffusion layer, which in turn will drag the liquid. The motion in the layer is 
transported to the rest of the fluid by the viscosity, resulting the EOF. 

In microfluidic devices, with high impact on biomedical diagnosis and drug delivery, is 
commonly required the mixing of two or more species. Unfortunately, due to the 
characteristic scales, the mixing of species is an important and challenging microfluidic 
operation. In this case, mixing is mainly carried out by diffusion processes, which are 
slow. To overcome this fact, several mixers has been proposed [16, 50]. In these systems, 
a mixing process should occur in the shortest possible channel, and slippage would 
increase the required channel length. 

Although conditions for the appearance of slippage in micropumps have not been 
completely investigated, it is interesting to explore the effects that slip condition may have 
in the performance of these devices. Under slip condition, the friction losses will be 
reduced for a given flow rate when compared to the no-slip case, and thus the micropumps 
efficiency is modified. In the present study, two-dimensional models that describe the 
flow in an MHD micropump under different conditions commonly found in literature are 
revisited analytically considering mixed slip and no-slip boundary conditions. The 
objective is to explore the consequences of the existence of slip for low- and moderate- 
Hartmann-number flows in MHD micropumps which can be attained under experimental 
conditions, and determine how slippage affects different approximations used in the 
modeling of such devices. Analytical solutions are based on the assumption that the 
magnetic field is uniform and, although they allow to determine relevant global 
characteristics such as the flow rate or mean velocity, the understanding of the flow 
dynamics under more realistic conditions where non-homogeneous electric and magnetic 
fields are present is very important. Therefore, in this work, the free surface flow of an 
electrolyte driven by an MHD conduction pump in a closed loop with a cross-section in 
the millimeter scale is explored experimentally and numerically in two zones: the 
pumping zone, where the electrodes and the magnet are located, and a hydrodynamic zone 
far enough from the pumping zone. While in the latter the effects of the finite size of the 
electrodes and magnet are of fundamental importance, in the hydrodynamic zone MHD 
effects can be neglected.  

12.2. Theoretical Analysis for the MHD Pump 

12.2.1. A Simple Hydraulic Resistance Model 

The simplest model to estimate the flow rate in microchannels is by means of Poiseuille’s 
Law [43], 

 ∆𝑝 𝑄 ∙ 𝑅 , (12.2) 

where p is the pressure difference along the channel, Q is the volumetric flow rate, and 
Rh is the hydraulic resistance of the channel. This law can be established from the fully 
developed solution of the flow through a narrow channel and has been used for the 
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estimation of the flow rate in MHD micropumps [17, 19, 23]. Let us consider a fully 
developed flow of an electrically conducting fluid in a duct of constant rectangular cross-
section of height b and width a under a transverse uniform magnetic field of strength B0, 
where the origin of coordinates is placed at the lower left corner, as shown in Fig. 12.2. 

 

Fig. 12.2. Duct’s cross-section of the analyzed MHD micropump. 

The aspect ratio of the duct is assumed to be small (b/a << 1) and the lateral walls (parallel 
to the magnetic field) are electrodes connected to a power source. In this way, an electric 
current flows through the fluid perpendicularly to the applied field. The interaction of the 
current and the magnetic field creates a Lorentz force in the axial z-direction that is able 
to push the fluid. If we assume that the pressure gradient produced by the Lorentz force 
along the channel is constant and that slip conditions exist at the walls perpendicular to 
the magnetic field, the governing equation and boundary conditions are 

 , (12.3) 

 𝑤 0 𝐿  𝑤 𝑏 𝐿  0, (12.4) 

where w is the velocity component in the axial z-direction and = is the dynamic 
viscosity of the fluid. The velocity profile that satisfies Eqs. (12.3) and (12.4) takes the 
form 

 𝑤 𝑦
∆

𝑦 1 𝐿 , (12.5) 

where the pressure gradient has been expressed as −∂p/∂z = p/L, p being the pressure 
drop along a length L of the channel in the direction of flow. Since p is only produced 
by the Lorentz force acting on the fluid, we can approximate it as 

 ∆𝑝 , (12.6) 

where I is the total electric current across the channel (in the x-direction) and b is the 
height of the electrode (see Fig. 12.2). By integration of the velocity profile (12.5) in the 
cross-section of the duct, we get the volumetric flow rate: 
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 𝑄
 ∆

1 . (12.7) 

Comparing Eqs. (12.7) and (12.2), the hydraulic resistance is found to be 

 𝑅 , (12.8) 

where the subindex s has been added to denote the resistance with slip. Clearly, the effect 
of the slippage is to reduce the hydraulic resistance and, consequently, to increase the flow 
rate for a given pressure drop. Note that when the slip length is negligible (Ls << b), the 
velocity, flow rate, and hydraulic resistance become the solutions of the classical 
Poiseuille flow with no-slip condition. If Eq. (12.6) is substituted into Eq. (12.7), an 
expression for the flow rate is obtained in terms of the electric current and the applied 
magnetic field: 

 𝑄
 

1 . (12.9) 

Although simple hydraulic resistance models are useful in practical applications, a more 
complete flow analysis is necessary to improve the accuracy of the flow rate estimation. 
In the following sections, we use analytical solutions to examine the effect of the slip 
condition on the flow in a rectangular MHD micropump. 

12.2.2. Formulation of the Problem 

Let us now address the flow problem in a more complete form. In general, the electric 
current density, j, that circulates through the fluid is given by Ohm’s law, that is, 

 𝒋 𝜎 ∇𝜙 𝒖 𝑩 , (12.10) 

where ϕ is the electric potential established through the electrodes and u is the velocity 
field. If we use Ohm’s law (12.10) to express the electric current density in the case of a 
fully developed flow in the MHD micropump shown in Fig. 12.2, the equation of motion 
takes the form 

 𝜇 𝜎𝐵 𝑤 𝜎𝐵 , (12.11) 

where, for the sake of generality, we have considered that in addition to the driving 
Lorentz force, a constant pressure gradient in the z-direction may also be present, for 
instance, due to hydrostatic pressure. Therefore, depending on the direction in which the 
electric current is applied, the resulting Lorentz force may act in favour or against the 
additional pressure gradient. In principle, the solution of the MHD flow problem requires 
to determine not only the flow velocity but also the magnetic field induced by the fluid 
motion. However, in MHD micropumps induced magnetic fields, created from induced 
electric currents, are extremely weak and can be completely disregarded. This is verified 
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by computing the magnetic Reynolds number defined as Rem = Ulμ0σ , which estimates 
the ratio of the induced and applied magnetic fields, where 0 is the magnetic permeability 
of the vacuum. In the limiting case Rem << 1, the applied magnetic field modifies the 
velocity field but the latter does not alter the magnetic field. The equation of motion will 
be solved using mixed boundary conditions. The effect of slip on both fluid velocity and 
induced magnetic field in macroscopic liquid metal MHD flows is presented in [42]. 

In dimensionless form Eq. (12.11) takes the following form 

 𝜖 Ha 𝑤 𝐺 𝛽, (12.12) 

where the velocity, w, and coordinates x and y (denoted with the same symbols as their 
dimensional counterparts), are normalized by ν/b, a, and b, respectively. In addition, 
coordinate z is normalized by the electrode length, L, while the magnetic field, the 
additional pressure drop and the electric potential are scaled by the characteristic values 
B0, p, and c, respectively. In Eq. (12.12), four dimensionless parameters appear. First, 
ϵ is the aspect ratio of the rectangular cross-section, ϵ = b/a, while Ha is the previously 
defined Hartmann number based on the separation between the walls perpendicular to the 
magnetic field, b, that is, Ha = B0b(σ/ρν)1/2. The parameter G = b3p/(ρν2L) is the ratio of 
any additional pressure drop (hydrostatic or produced by another pump) and the viscous 
pressure drop. Finally, the parameter β = b3J0B0/(ρν2), where J0 = σϕc/a is the electric 
current density applied externally, is the ratio of the pressure drop due to the Lorentz force 
and the viscous pressure drop. The third term on the left-hand side of Eq. (12.12) is 
responsible for the Hartmann braking and can be neglected when the liquid is a poor 
conductor of electricity, namely when Ha << 1. In contrast, when liquid metals are used 
in microchannels (see for instance [20] and [30]), the Hartmann number may be of order 
10 and the Hartmann braking term cannot be neglected.  

Table 12.1 shows the values of the dimensionless parameters computed using data 
reported in the literature. Most of the experiments were carried out in horizontal channels, 
so the additional pressure difference p is zero (G = 0) while the parameter β ranges from 
1 up to 15,500. This indicates the extensive combination of diverse experimental 
conditions involving applied voltages in the range of 1–60 V, magnetic fields from 40 mT 
to 0.4 T, and characteristics lengths that vary from some m to mm. Table 12.1 also 
include the maximum Reynold number achieved, where the hydraulic diameter has been 
considered as the characteristic length. It can be observed that most Reynolds numbers 
range from values smaller than 1 to 251. In these cases mean velocities varies from  
0.4 mm/s [17, 26, 36] to 67 mm/s [24]. The exception is the work by Zhong et al. [20] 
where experiments considered not only water and saline solution, but also a liquid metal 
(mercury); therefore, Ha, β, and maximum Reynolds number values exceed by orders of 
magnitude the other cases. 

We now turn to solve Eq. (12.12) with different approximations and mixed slip and no-
slip boundary conditions. 
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Table 12.1. Table of dimensionless parameters computed with data reported in the literature. 

Author ϵ Ha  Remax 
Jang and Lee [17] 0.40 0.010 5830.62 5 
Bau et al. [26] 1.55 0.035 9705.41 0.7 
ZhongR et al. [20]  0.58 0.0004 0.52 10 
ZhongT et al. [20] 0.50  0.0004 1.10 0.7 
ZhongT et al. [20]  0.32 8.854 4.22×108 1925 
Homsy et al. [23] 0.50 0.0045 1452.94 0.1 
Nguyen and Kassegne [24] 1.00  0.0006 88.56 47 
Ho [36] 1.00 0.0066 11070 251 
Lemoff and Lee [19] 0.48 0.0003 13.80 0.7 
Kabbani et al. [37] 2.03 0.0007 4.68 3.6 
Huang et al. [18] 1.60 0.0713 15482.9 46 
Superscript (T) and superscript (R) refer to the toroidal and rectangular loop geometry. 

 

12.2.3. Hartmann Flow Between Infinite Plates with Slip 

The simplest case of study corresponds to ducts with small aspect ratio, ϵ << 1. Under this 
approximation, the first term on the left-hand side of Eq. (12.12) can be neglected and the 
velocity becomes independent of the x-coordinate, so that the effect of the side walls is 
disregarded. The equation of motion becomes 

 Ha 𝑤 𝐺 𝛽. (12.13) 

In dimensionless terms, the slip boundary conditions at the walls transverse to the 
magnetic field read 

 𝑤 0 𝛼 𝑤 1 𝛼 0 , (12.14) 

where  = Ls/b is the dimensionless slip length. Eq. (12.13) with boundary conditions 
(12.14) corresponds to the Hartmann flow configuration with slip at both walls and the 
solution is 

 𝑤 𝑦
Ha

1
Ha

 Ha 
Ha Ha . (12.15) 

When  = 0, the velocity profile (12.15) becomes the classical Hartmann solution. If we 
integrate the profile (12.15) in the duct’s cross-section, we get the flow rate in the form 

 𝑄
Ha

1
 Ha Ha

Ha . (12.16) 
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First note that as the Hartmann number increases, independently of the value of , the 
flow rate tends to zero since the braking force overcomes the applied force. In turn, in the 
limit of perfect slip ( → ∞) the flow rate tends to −(G − β)Ha−2. Provided that G and/or 
β are not zero, the flow rate is not bounded as the Hartmann number decreases. In the 
hydrodynamic limit when both β → 0 and Ha → 0, Eqs. (12.15) and (12.16) reduce to 

 𝑤 𝑦 𝑦 𝑦 𝛼 , (12.17) 

 𝑄 1 6𝛼 , (12.18) 

which are the Poiseuille-like solutions with slippage. 

12.2.4. Closed Rectangular Duct with Slip at the Side Walls 

If we now relax the condition ϵ << 1 and consider side-wall effects, the problem becomes 
2D. Under this assumption, it is possible to find an analytical solution to Eq. (12.12) if the 
slip conditions are applied only to a pair of walls, either the Hartmann or the side walls 
[42]. In the present section, the flow with slip at the side walls and no-slip at the Hartmann 
walls is analyzed, while the solution to the flow with slip at the Hartmann walls and no-
slip at the side walls is found in Section 12.2.5. Finally, in Section 12.2.6 the solution for 
a free surface flow in an open channel with slip at the bottom wall and no-slip at the side 
walls is presented. 

The flow analyzed in this section corresponds to the case where the slip condition occurs 
at the electrodes of the MHD micropump where electrolysis and the formation of bubbles 
take place. The corresponding boundary conditions with no-slip at the Hartmann walls 
and slip at the side walls are expressed in the form 

 𝑤 𝑥, 0 𝑤 𝑥, 1 0, 

 𝑤 0, 𝑦 𝛼 𝜖 
,

𝑤 1, 𝑦 𝛼 𝜖
,

0 . (12.19) 

The analytical solution of Eq. (12.12) with boundary conditions (12.19) is obtained by 
Fourier expansion along the direction in which the no-slip condition exist. The solution is 
found to be 

 𝑤 𝑥, 𝑦 ∑
 odd 1

  
, (12.20) 

where 

 𝜆
Ha

. (12.21) 



Chapter 12. Magnetohydrodynamic Pumps for Sensor Applications 

273 

By integration, the flow rate is found in the form 

 𝑄 ∑ ∙
    

  
, for 𝑛 odd. (12.22) 

For the low Hartmann numbers found in MHD micropump applications, the velocity 
profile presents a parabolic (Poiseuille-like) shape. In the hydrodynamic limit ( → 0 and 
Ha → 0) the Poiseuille-like form of the velocity profile and the flow rate expressions are 
recovered [41]. This hydrodynamic case can be obtained when the electrical conductivity, 
applied electric current or magnetic field are zero.  

Fig. 12.3 shows the dimensionless flow rate and the percentage of increase in the flow 
rate produced by applying slip conditions at the side walls compared with the case where 
no-slip condition is applied at all walls, as a function of the Hartmann number for different 
dimensionless slip lengths for a channel with an aspect ratio of 0.5. It is observed that for 
Ha < 1, increments of 6.2 % are found for a slip length of one twentieth of the 
characteristic length and around 1.4 % with one hundredth of this length.  

  

Fig. 12.3. Dimensionless flow rate (a) and percentage of flow rate increase (b) as a function  
of the Hartmann number for different slip lengths in an MHD pump with slip at the side walls 

and no-slip at Hartmann walls. ϵ = 0.5, G = 0 and  = 8500. 

Let us now consider the effect of geometry in the flow rate with and without the slip 
condition at the side walls. In Fig. 12.4 the flow rate as a function of the Hartmann number 
is shown for three different aspect ratios in the limiting cases of no-slip and perfect slip. 
The behavior of the flow rate in the limit of perfect slip is remarkably different from that 
found in the case of slip at the Hartmann walls. In fact, when  → ∞ at the side walls, the 
flow rate takes the same value for all aspect ratios, since the flow rate becomes 
independent of the aspect ratio as the limit  → ∞ is taken [41], namely, the 1D solution 
of the flow is obtained. 
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Fig. 12.4. Dimensionless flow rate as a function of Ha number for different aspect ratios  
in the limit cases  = 0 and  = ∞ (indicated as subindexes 0 and ∞) in an MHD pump  

with slip at the side walls and no-slip at the Hartmann walls. G = 0 and  = 8500. 

12.2.5. Closed Rectangular Duct with Slip at the Hartmann Walls 

Let us now consider the flow in a rectangular duct with slip condition at the Hartmann 
walls and no-slip condition at the side walls. The boundary conditions are expressed in 
the following form 

 𝑤 𝑥, 0 𝛼
,

𝑤 𝑥, 1 𝛼
,

0, 

 𝑤 0, 𝑦 𝑤 1, 𝑦 0 . (12.23) 

As in the previous case, we look for a Fourier series solution of Eq. (12.12) with conditions 
(12.23). The solution for the velocity profile takes the form 

 𝑤 𝑥, 𝑦 ∑ odd 1 , (12.24) 

where 

 𝜆 Ha 𝑛 𝜋 𝜖 . (12.25) 

Once integrated in the cross-section, the flow rate becomes 

 𝑄 ∑ ∙
  

 
, for 𝑛 odd. (12.26) 

As in the previous case, the Poiseuille-like form of velocity profile and flow rate 
expressions are recovered [41] in the hydrodynamic limit. 
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In Fig. 12.5(a), the flow rate as a function of the Hartmann number for different slip 
lengths is shown. We choose the typical values for ϵ = 0.5 and G = 0. In addition, we take 
 = 8500, which is within the range of values reported in the literature [41]. It can be 
observed that the flow rate decreases as Ha grows since electromagnetic induced effects 
increase and the resulting braking force can overcome the applied one. However, in the 
limit  → ∞ the flow rate is bounded even when the Hartmann number tends to zero. This 
behavior reflects the fact that the velocity field must satisfy no-slip conditions at the side 
walls. In order to assess the effect of the slip condition on the flow rate, the percentage of 
increase in the flow rate compared with the case where no-slip condition is applied in all 
walls, is shown in Fig. 12.5(b) as a function of the Hartmann number. Notice that for  
Ha < 1, which incidentally is usually the condition of operation of MHD micropumps, the 
flow rate increases up to 24 % for a slip length of one twentieth of the characteristic length 
and around 5 % with one hundredth of this length. In this low Hartmann number range 
the increase of the flow rate as a function of the slip length is approximately linear. 

  

Fig. 12.5. Dimensionless flow rate (a) and percentage of flow rate increase (b) as function  
of the Hartmann number for different slip lengths in an MHD micropump with slip  

at the Hartmann walls and no-slip at the side walls. ϵ = 0.5, G = 0 and  = 8500. 

In Fig. 12.6 the flow rate as a function of the Hartmann number is shown for three different 
aspect ratios in the limiting case  → ∞. When no-slip conditions exist at all walls, the 
solutions showed in Fig. 12.4 (for ϵ0) are recovered. In contrast, in the limit  → ∞ the 
flow rate is largely influenced by the aspect ratio, observing an increase as the aspect ratio 
decreases, that is, as the Hartmann walls become wider. Therefore, the higher the slippage 
surface the higher the flow rate. 

In the limit case  → ∞ equation (12.26) takes the following form 

 lim
→

𝑄 ∑ , for 𝑛 odd, (12.27) 

that diverges when the aspect ratio tends to zero for the pure hydrodynamic case (Ha = 0). 
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For the case where slip conditions exist at all boundaries it is not possible to find an 
analytical solution of Eq. (12.12) for the velocity profile, even though the same slip length 
is used in all walls. In order to obtain a solution for this case, in [41] the collocation- 
Tau-Chebyshev method was used. 

 

Fig. 12.6. Dimensionless flow rate as a function of Ha number for three aspect ratios (ϵ = 1, 1/3 
and 1/4) in the limit case  → ∞ for an MHD pump with slip at the Hartmann walls and no-slip 

at the side walls. G = 0 and  = 8500. 

12.2.6. Open Rectangular Duct with Slip at the Bottom Wall 

The use of an open channel to explore electromagnetically driven flows makes easier the 
visualization of velocity fields and allows a detailed analysis of the flow, particularly in 
the electrode zone which greatly influences the performance of these devices. Incidentally, 
some experimental characterizations of MHD micropumps have been carried out using 
open channels [20, 51]. There is an additional motivation for the study of open channel 
driven flows. In fact, Wu et al. [52] have used rectified ac electro-osmotic flows in open 
microchannels to transport particles, cells, and microorganisms. These authors argue that 
the use of open microchannels, instead of closed ones, is advantageous since the 
physiological conditions for normal cell growth can be maintained while accurate amounts 
of chemical and biological materials can be introduced. On the other hand, embedded 
open microchannels have also been proposed to reduce loss of available energy in 
convective heat transfer problems of viscous gas flow over a flat surface [53]. As a matter 
of fact, the proposal of using MHD micropumps in open microchannels for fluid transport 
has also deserved attention [54].  

Let us now consider the free surface flow driven by an MHD micropump in a rectangular 
open channel with slip condition at the bottom wall, no-slip condition at the side walls, 
and stress free at the free surface. The boundary conditions are expressed in the following 
form 

 𝑤 𝑥, 0 𝛼
, ,

0, 
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 𝑤 0, 𝑦 𝑤 1, 𝑦 0 . (12.28) 

As in the previous case, we look for a Fourier series solution of Eq. (12.12) with conditions 
(12.28). The solution for the velocity profile takes the form 

 𝑤 𝑥, 𝑦 ∑ odd 1
 

, (12.29) 

where 

 𝜆 Ha 𝑛 𝜋 𝜖 , (12.30) 

and the flow rate results 

 𝑄 ∑ ∙
 

 
, for 𝑛 odd. (12.31) 

In Fig. 12.7(a), the flow rate as a function of the Hartmann number is shown for different 
slip lengths. As in previous cases, the increase of the Hartmann number leads to a 
reduction of the flow rate. In contrast to the case of slippage in the Hartmann walls (see 
Fig. 12.5(a)), for a given slip length, the flow rate is higher for the case of the open channel 
(see Fig. 12.7(a)), and thus the improvement of the flow rate is smaller if it is compared 
to the case of slippage in the Hartmann walls (see Fig. 12.5(b)). In the limit  → ∞ the 
boundary condition at the bottom wall corresponds to the case of perfect slip, and the 
solution for the flow rate in a closed channel with infinite slip at the Hartmann walls 
(namely  → ∞, as shown in Fig. 12.5(a)) is recovered.  

  

Fig. 12.7. Dimensionless flow rate (a) and percentage of flow rate increase (b) as function  
of the Hartmann number for different slip lengths in micropump with slip at the bottom wall,  

no-slip at the side walls, and stress free at the free surface. ϵ = 0.5, G = 0 and  = 8500. 
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12.3. Experimental and Numerical Analysis 

Although there are several experimental reports in the literature on the performance of 
MHD micropumps under different conditions, most of the studies are focused on the 
overall flow characteristics, for instance the flow rate or mean velocity, and how it is 
affected by geometry and operation conditions. However, the detailed flow patterns that 
occur in such devices are less explored and therefore, the possibilities to compare 
theoretical velocity profiles with experimental results are rather scarce.  

In this work, we present the Particle Image Velocimetry measurements of a flow driven 
by a MHD pump in an open channel forming a closed circuit. Flows in laminar regime 
were experimentally analyzed in a millimeter conduit assuring that the range of Reynolds 
numbers explored remained within the values reported for microfluidics applications. 
Under the experimental conditions the no-slip condition applies at rigid walls [1] (see also 
Table 12.1). It is expected that an in deep analysis of the flow dynamics in the zone where 
the finite electrodes and magnetic field are located will help to understand the mechanisms 
that affect the performance of MHD micropumps. Since the formation of bubbles in MHD 
micropumps may affect their performance, before the experimental setup and results are 
presented, we discuss some alternatives to deal with this issue. 

12.3.1. Bubble Traps 

In most of the μTAS, the working fluid is an aqueous electrolyte. In the ideal case, the 
electric potential difference required to brake the water molecule is 1.23 V, which is 
commonly reached under experimental conditions, where voltages up to 60 V have been 
reported [41]. In this case, the molecules that compose the electrolyte are dissociated into 
ions and cations, which migrate towards the electrodes where RedOx reactions take place. 
In general, the products of the reactions will depend on the electrolyte, electrodes 
materials, temperature, and applied electric current. Among the products, bubbles and 
oxides are commonly formed which affect negatively the performance of electrode-based 
micropumps. In fact, the dynamics of bubble formation and coalescence may produce 
fluctuations on the electric potential difference that lead to disturbances in the velocity 
field. The oxides, with lower electrical conductivity, formed on the fluid-electrode 
interface decrease the pumping effect since the current density is reduced. To overcome 
this problem, inert electrodes (like platinum) have been used in spite of their expensive 
cost. On the other hand, bubbles act as an electric insulator for the electrodes and, in 
addition, they might partially block the flow or alter it. Since electrolysis can not be 
avoided, several designs have been proposed to trap the bubbles [23, 24] to diminish their 
effects on the main flow. As oxide, bubbles limit the maximum current density circulating 
in the electrolyte, and thus the flow rate.  

Different electrode configurations have been proposed in the literature [23] with the aim 
at diminishing the effect of bubbles in the performance of MHD pumps, as those shown 
in Fig. 12.8. The electrodes configuration determines the electric current distribution and 
therefore the driving Lorentz force. The effect of bubbles on the electric current 
distribution can be controlled by the inclusion of bubble traps. Fig. 12.8(a) shows the 
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conventional scheme where electrodes are immersed in the fluid and bubbles disrupt the 
flow. In Figs. 12.8(b) and (c), the main channel is insulated and electrodes are located in 
adjacent side reservoirs. These configurations significantly reduce the interaction of the 
bubbles and the fluid flow, although bubbles with a diameter smaller than slots width may 
enter to the main flow. The side reservoirs can be opened to the atmosphere or connected 
to a bubble release system. Additionally, a semi-permeable membrane can be used to 
separate the main channel and the side reservoirs providing additional protection to the 
main flow from contamination due to degradation of the electrodes, as has been done in 
the present work.  

   

(a)                                               (b)                                               (c) 

Fig. 12.8. MHD micropumps configurations for bubble trapping [23, 24]. 

It is important to mention that although bubble formation (due to electrolysis) is not 
desirable in MHD pumps, it can be used for mixing purposes [16, 55] or even to drive 
fluid flows [1, 56, 57]. In these cases, several factors such as heating of the fluid due to 
Joule dissipation, pH modifications, and changes in species concentrations, must be 
considered. 

12.3.2. Experimental Setup 

The experimental setup consists of an open channel forming a closed loop where a 
conduction MHD pump drives an electrolytic fluid. The channel with a constant 
rectangular cross-section 3 mm height and 16 mm width, and a total length of 920 mm 
measured along the centerline of the channel, is embedded in an acrylic plate of 5 mm 
thickness. The loop has two long sections (259 mm) joined with a short section (172 mm) 
at right angles and a semicircular section in the other extreme that prevents the formation 
of vortices due to the presence of sharp corners (see Fig. 12.9). The MHD conduction 
pump consists of two parallel graphite electrodes located in chambers along the channel 
side walls that keep them away from the main channel so that the bubbles generated by 
electrolysis do not interfere with the flow in the channel [23, 24]. A small and flat piece 
of acrylic is used to separate the electrode chamber from the main channel (bubble trap) 
leaving a 1 mm slit between the piece and the bottom of the channel (see Fig. 12.10). This 
slit was covered with a semipermeable membrane in such a way that electric charges can 
flow from one electrode to the other, but the fluid flow from the main channel to the 
chamber is avoided. This array, additionally prevents the contamination of the main flow 
because of electrodes degradation. A permanent Neodymium magnet with a square cross-
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section of 2×2 inches and 1 inch height was located beneath the acrylic plate so that the 
electrode region was under a mostly uniform vertical magnetic field which has a 
maximum intensity of 0.4 Tesla at the surface of the magnet. Once the channel is filled 
with an electrolytic solution with a depth of 3 mm and a voltage difference is applied to 
the electrodes, the resulting Lorentz force drives a flow along the loop. The polarity of the 
electrodes defines the direction of the electric current and consequently the direction of 
the Lorentz force. In order to characterize the velocity fields in the open channel, Particle 
Image Velocimetry (PIV) measurements were carried out. For this purpose, the channel 
has two glass windows that allow optical access to the zones of interest of the flow (see 
Fig. 12.9). The first zone corresponds to the pumping zone located where the electrodes 
and the magnetic field are present and is accessed from above by introducing a laser sheet 
through the downstream window transversal to the main flow in the pump. Referring to a 
Cartesian coordinate system as the one shown in Fig. 12.9, PIV measurements in this zone 
correspond to x-z flow planes (parallel to the bottom wall) at two different heights,  
y = 1.5 mm and y = 2.9 mm. The second zone, namely the hydrodynamic zone, is located 
in the opposite long section of the loop, far away from the pumping zone so that the flow 
behaves as a hydrodynamic flow driven by an imposed pressure gradient. This zone can 
be accessed from the transversal upstream window and/or from a lateral window in the 
long section. Therefore, in this zone PIV measurements were obtained not only in x-z flow 
planes but also in the mid y-z flow plane by introducing a laser sheet perpendicular to the 
bottom wall. It is important to mention that the flow remained always laminar and that 
Reynolds numbers explored were within the range of values reported for microfluidic 
applications. 

 

Fig. 12.9. Scheme of the MHD pump constructed on a 216 × 404 mm2 flat sheet of acrylic.  
(1) Graphite electrode, (2) Bubble trap, (3) Glass window, and (4) Main channel. 

 

Fig. 12.10. Bubble trap detail. 



Chapter 12. Magnetohydrodynamic Pumps for Sensor Applications 

281 

Two working fluids were used, aqueous solutions of NaHCO3 at concentration 7.4 %wt 
and KOH 20 %wt, whose properties are listed in Table 12.2. With these solutions it was 
possible to achieve electric current densities, j0, ranging from 10 to 60 mA/m2. 
Considering the fluid properties listed in Table 12.2, the experimental Reynolds numbers 
ranged from 16 to 70, where the channel height and the maximum velocity in the pumping 
zone (see Section 12.4.2) were taken as characteristic quantities. If the maximum velocity 
of the flow in the hydrodynamic region is taken (see Section 12.4.1), the Reynolds number 
range decreases to 2.3-16. In fact, in accordance to Nguyen et al. [1], most of the 
micropumps work in a range of Reynolds number from 1 to 100. For the investigated 
device the characteristic values for the velocity U and length l are 0.03 m/s and 0.003 m, 
respectively. The magnetic Reynolds number is thus Rem ~ 6.110-9. In the particular case 
of NaHCO3 and KOH the Hartmann numbers are Ha = 0.057 and 0.169, respectively. 

Table 12.2. Physical properties of used electrolytes at 25°C. 

Salt Wt [%] ρ [kg/m3] ν [m2/s] σ [S/m] 
KOH 20 1193.5 [58] 1.288×10-6 [58] 541 

NaHCO3 7.4 1040 [59, 60] 1.19751×10-6 [61] 4.981 
 

In the hydrodynamic testing zone the flow can be considered as fully developed [62]. In 
fact, the larger entrance length for the experiments reported in this work, is approximately 
31 mm when Re = 70 (using the hydraulic diameter as characteristic length), which is 
smaller than the distance from the upstream semicircular section of the channel to the 
hydrodynamic testing zone. 

12.3.3. Numerical Modelling 

The numerical modeling of the flow explored experimentally was carried out using the 
modules AC/DC and CFD of the commercial software COMSOL Multiphysics. The 
simulated domain comprises the whole channel (electrolyte, electrodes, glass windows, 
plexiglass channel, bubble traps and magnets) plus an air surrounding region (not shown 
in Fig. 12.9) that is large enough so that the magnetic field vanishes at all the external 
boundaries. 

The equations solved in the AC/DC module are the Ampère's and Ohm's laws and the 
equation of charge conservation, namely, 

 ∇ 𝑩 𝒋 𝜎 𝑬 𝒖 𝑩 , (12.32) 

 ∇ ∙ 𝒋 0, (12.33) 

where B, j, E, and u are the magnetic induction, the electric current density, the electric 
field and the velocity field, respectively. In COMSOL the electric scalar potential V and 
                                                      

1 Measured at UNAM laboratories 
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the magnetic vector potential A are taken as primitive variables. The magnetic induction 
and the electric fields in terms of the primitive variables are given by 

 𝑩 ∇ 𝑨, (12.34) 

 𝑬 ∇𝑉
𝑨
. (12.35) 

By substituting Eqs. (12.34) and (12.35) and considering a stationary magnetic field,  
Eqs. (12.32) and (12.33) read as 

 ∇ ∇ 𝑨 𝜎 𝒖 ∇ 𝑨 ∇𝑉 0, (12.36) 

 ∇ ∙ 𝜎𝒖 ∇ 𝑨 𝜎∇𝑉 0 . (12.37) 

At the interfaces between the conductor and the surrounding air domain, the so-called 
continuity boundary conditions are used, namely, 

 𝒏 ∙ 𝒋 𝒋 0, (12.38) 

and 

 𝒏 𝑯 𝑯 0, (12.39) 

where n is the normal unit vector on the boundary and subscripts 1 and 2 denote the field 
properties inside and outside the boundary, where H is the magnetic field given through 
the constitutive equation B = 0 H. Eq. (12.38) sets the outward component of the electric 
current in the conductor to zero, when a small electric conductivity (σ << 1) is attributed 
to the confining air region. The magnetic insulation boundary condition, applied to the air 
domain boundaries, is obtained by setting the tangential component of the magnetic 
potential to zero, that is, 

 𝒏 𝑨 0 . (12.40) 

For the fluid dynamic simulation, the laminar model of the CFD module was used. The 
solving procedure is as follows. The condition Rem << 1, previously described, allows to 
diminish the computation time since the magnetic field is computed in the whole domain 
while the velocity and induced electric currents just in the channel. As an additional 
approximation, it was assumed that the induced electric current is negligible. This means 
that in a first step the magnetic field is solved in the whole domain, and in a second step 
the electric potential is solved only in the fluid domain, including bubble traps regions. In 
both cases, the magnetic field and electric potential are solved independently of each 
other. In the last step, the fluid flow is solved in the main channel (neglecting bubble traps 
regions) considering the interaction of the electric current density and magnetic field as 
an external and constant force source term in the Navier-Stokes equations. Therefore, the 
spatial distribution of the three-dimensional Lorentz force is fixed. As described in the 
experimental setup, the main channel and bubble traps are physically separated by a semi-
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permeable membrane, where no-slip condition has been applied. This sequential 
procedure reduces considerably the computing time. In what follows, the numerical 
simulation results for the aforementioned sequential procedure are presented. 

12.4. Results 

12.4.1. Hydrodynamic Zone 

Fig. 12.11 compares the results of the numerical simulation and the experimental results 
obtained with PIV. The first column of Fig. 12.11 shows the vector velocity field in the 
x−z plane at a height y = 2.9 mm in the hydrodynamic zone for two different applied 
electric currents, where the magnitude of the velocity |U| = (u2 + w2)1/2 is displayed in 
colors. The second column shows the magnitude of the axial velocity component w. The 
experimental graphs correspond to velocity fields averaged over the duration of the whole 
experiment. Comparing the magnitudes of u and w, we may conclude that the transversal 
component u is much smaller than the axial component w, therefore, the fully developed 
flow assumption is correct. The same behavior was observed for all experiments presented 
here. 

 

Fig. 12.11. Comparison of experimental PIV results (upper row) and numerical simulation (lower 
row). The first column shows the velocity field where colors denote the velocity magnitude. The 
second column shows the magnitude of the streamwise velocity component w. Measurements 
correspond to the x-z plane at the free surface (y = 2.9 mm). j0 = 20 mA/m2. 
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In Fig. 12.12 the experimental streamwise component of velocity, w, at the free surface is 
shown as a function of the transversal coordinate x for the different externally applied 
electric currents. The profiles correspond to the streamwise velocity averaged over the  
z-coordinate within the region analyzed by PIV (22 mm). 

 

Fig. 12.12. The streamwise component of the velocity field at the free surface of the channel  
as a function of the cross-stream coordinate for different applied electric currents densities. 

We now proceed to compare numerical, analytical and experimental results for the axial 
velocity profiles as a function of the transversal coordinate x for different applied electric 
current densities. The comparison between experimental, numerical and analytical 
solutions is presented in Fig. 12.13. The experimental results correspond to those shown 
in Fig. 12.12 while the numerical streamwise velocity is shown at y = 2.9 mm at the center 
of the electrodes. In turn, the analytical solution is given by equation (12.29) evaluated at 
a height y = 2.9 mm. It must be remarked that while the analytical solution is based on the 
assumption of a homogeneous distribution of the electric current density j0 (see  
Section 12.2), in the experiment this is not the case. The non-uniformity of the current 
density in the experimental device is due to the finite length of the electrodes as well as to 
the existence of one slit at each electrode region with a height of 1 mm (corresponding to 
one third of the channel height) that reduces the current flow. Incidentally, the comparison 
shown in Fig. 12.13 reveals that, although numerical and analytical results are in the same 
order of magnitude of the experimental values, both overestimate PIV measurements. In 
fact, the analytical velocity profile is closer to the experimental one than the numerical 
profile. Even though the applied current in the analytical modelling was reduced by a 
factor of one third to consider the presence of the slits, the predicted maximum velocity 
exceed the experimental values by approximately a factor of 2. In part, discrepancies could 
be attributed to the fact that the three-dimensional distribution of the electric current is not 
considered in the analytical model. In addition, the numerical and analytical models do 
not take into account other factors that presumably affect the experimental flow, for 
instance, the formation of a meniscus on the free surface, the friction with the air, and the 
existence of induced currents. In fact, the effect of neglecting induced current, ji = σU0B0, 
can be estimated by comparing it with the applied one. For example, from the 
experimental results it was observed that for an applied current density of j0 = 20 mA/m2, 
a mean velocity of U0 = 2.5 mm/s is obtained in the hydrodynamic region. Considering a 
magnetic field of 0.3 T and an electrical conductivity of σ = 5 S/m, the induced electric 
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current density is found to be ji ∼ 3.75 mA/m2, which represents about 18 % of the applied 
current density. The use of this methodology in liquids with higher electrical conductivity 
would lead to higher errors. Considering that the interaction of the induced electric current 
with the magnetic field generates a Lorentz force that opposes to the flow, to neglect it 
leads to an overestimation of the fluid velocity, as it is observed in Fig. 12.13. 

     

Fig. 12.13. Streamwise velocity component w at the free surface as a function of the transversal 
coordinate x. The curves correspond to the numerical and analytical profiles while the symbols 

are the experimental PIV measurements. 

12.4.2. Pumping Zone 

In this zone the flow has a more complex structure, in part due to the inhomogeneity of 
the magnetic field but mainly due to the electric current paths that give rise to an 
inhomogeneous distribution of the Lorentz force. It is important to remark that numerical 
computations showed that within the electrodes region there is a variation of the vertical 
component of the magnetic field smaller that 1%. In this zone asymmetric flow 
recirculations exist. It seems that recirculations are produced by short circuits of the 
electric current paths at the edges of the electrodes. The maximum velocity is found in the 
center of the channel in the streamwise direction, while near the electrodes the fluid moves 
in opposite direction, as shown in Figs. 12.14 and 12.15. These figures show the PIV 
measurements and numerical simulation results in the x-z plane at the free surface  
(y = 2.9 mm) for different electric current densities. The left column shows vector velocity 
fields, where the colors represent the magnitude of the velocity vector. The right column 
shows in colors the magnitude of the axial velocity component w. In all cases the global 
flow of the electrolyte is from left to right and the electrodes are located from z = 5 mm 
to z = 20 mm. A reasonable qualitative and quantitative agreement is observed between 
the numerical simulation and the experimental PIV results. In fact, the main flow 
structures are reproduced by the numerical model. In Fig. 12.16 the magnitude of the 
transversal component of the velocity u in the x-z plane obtained experimentally and 
numerically at the free surface is presented for j0 = 20 mA/m2 (first row) and 60 mA/m2 
(second row). It can be observed that at the entrance and exit regions (that is, where the 
edges of the electrodes are located) this component points towards the center of the 
channel while in the central region this component points towards the side walls. In both 
cases, simulation agrees qualitatively and quantitatively with experimental observations. 
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Fig. 12.14. Comparison of experimental PIV results (upper row) and numerical simulation (lower 
row). The first column shows the velocity field where colors denote the velocity magnitude. The 
second column shows the magnitude of the streamwise velocity component w. Measurements 
correspond to the x-z plane at the free surface (y = 2.9 mm). j0 = 20 mA/m2. 

 

Fig. 12.15. Comparison of experimental PIV results (upper row) and numerical simulation (lower 
row). The first column shows the velocity field where colors denote the velocity magnitude. The 
second column shows the magnitude of the streamwise velocity component w. Measurements 
correspond to the x-z plane at the free surface (y = 2.9 mm). j0 = 60 mA/m2.  
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Fig. 12.16. Comparison of experimental PIV results (first column) and numerical simulation 
(second column). The upper row shows the magnitude of the transversal component of velocity u 
for j0 = 20 mA/m2, and the lower row shows the same component for j0 = 60 mA/m2. Measurements 
correspond to the x-z plane at the free surface (y = 2.9 mm). 

It has to be noticed that the flow patterns shown in Figs. 12.14-12.16 reveal implicitly the 
three-dimensional character of the flow within the pumping region. The streamlines of the 
flow are presented in Fig. 12.17. The streamlines diameter depends on the magnitude of 
the velocity while the color indicates the magnitude of the streamwise velocity 
component. It can be observed that the regions where the non-uniformity of the electric 
field is more pronounced (that coincide with the edges of the electrodes) correspond to 
the regions where intense recirculations appear. 

In Fig. 12.18, the numerically calculated velocity components in the cross-section planes 
are shown for different positions in the flow direction: at the entrance to the electrode 
region, at the center of the electrodes and at the exit of the electrode region. It can be 
observed that in the central region (second row) the three velocity components are smaller 
than at the entrance and exit regions, the vertical component, v, being one order of 
magnitude smaller than the component in the main flow direction. At the entrance and 
exit regions, the difference among the magnitude of velocity components is not so large. 
It is in these regions where the non-homogeneity of electric and magnetic fields are more 
pronounced, and thus three-dimensional effects are more important. In fact, the lower 
corners of the channel, where the semi-permeable boundaries are placed, concentrates the 
Lorentz force due to the stretching of the magnetic field lines. As a result, a recirculation 
is formed nearby of the electrode edge region with higher velocities at the bottom of the 
channel in streamwise direction at the exit of the electrodes, while a negative flow is 
observed at the upper part of the channel, the velocity being higher at the entrance region.  
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Fig. 12.17. Steamlines of velocity field. Tube diameter is given by the magnitude of the velocity, 
and the color by the axial component of velocity (w). Velocity in mm/s. j0 = 60 mA/m2. 

 

Fig. 12.18. Velocity components calculated numerically in the x-y plane at the entrance (top 
row), central (middle row) and exit (low row) flow regions. Cross-stream component u – first 

column, vertical component v – second column, streamwise component w – third column.  
j0 = 60 mA/m2. 

12.5. Conclusions 

In this work, some theoretical and experimental aspects of the performance of MHD 
pumps for sensor applications have been presented. In the first section, the effect of the 
slip condition in MHD micropumps was studied analytically, focusing on fully developed 
laminar flows in ducts and channels of constant rectangular cross-section at low Hartmann 
numbers which characterizes the operation of these devices when low conductivity fluids 
are used. The analyzed solutions capture fundamental aspects of the effect of slippage in 
MHD micropumps. Three different cases were explored, namely, flows with slip at the 
Hartmann walls (perpendicular to the magnetic field), flows with slip at the side walls 
(parallel to the magnetic field), and flows in an open channel (free surface) with slip at 
the bottom wall. In the limit Ha  0, all presented analytical solutions recover the 
corresponding pure hydrodynamics flows. An increase of about 25 % in the flow rate with 
respect to the no-slip case was found as a result of applying slip conditions. The 
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dependence of the flow rate with the aspect ratio of the duct and the Hartmann number 
were also investigated. The solutions presented here with and without slip can be used to 
design MHD micropumps and characterize the flow behavior in these microfluidic 
devices. 

With the aim at investigating the flow dynamics under more realistic conditions where 
non-homogeneous electric and magnetic fields are present, the flow in an open constant 
cross-section channel forming a closed loop and driven by a conduction MHD pump at 
millimeter scale was analyzed experimentally and numerically using COMSOL software. 
The range of Reynolds numbers of the explored flows remained within the values reported 
for microfluidics applications. The flow was characterized experimentally through the 
PIV technique. Two different electrolyte solutions were used as working fluids reaching 
electric current densities up to 60 mA/m2 for which the flow remains in the laminar 
regime. The flow was analyzed in two zones: the pumping zone, where the electrodes and 
magnet are placed, and the so-called hydrodynamic zone, where the MHD effects can be 
neglected. Results obtained in the hydrodynamic zone where Poiseuille-like flows were 
observed, confirmed the validity of the fully developed flow assumption. On the other 
hand, the flow in the pumping zone was more complex, showing recirculation regions 
close to the side walls in the electrode as a result of the non-uniformity of the electric and 
magnetic fields. For all cases the magnitude of the velocity in the recirculation zones was 
comparable to the streamwise component of velocity at the center of the channel. 
Although a more extensive analysis should be carried out, so far experimental and 
numerical results point to the conclusion that recirculation regions are due to the three-
dimensional electric current distribution. This leads to a non-uniform distribution of the 
Lorentz force and the appearance of recirculations. The understanding of this phenomenon 
is important since recirculations in the pumping zone affects the performance of MHD 
pumps. 
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Chapter 13 
Highly Sensitive Switching  
Reactance-to-Frequency Transducer 

Vojko Matko1 

13.1. Introduction 

Quartz crystals are generally suited for the manufacture of frequency selection or 
frequency control devices. They are, however, less used as impedance transducers. In 
oscillators with load capacitance in series with the crystal unit, the oscillation frequency 
depends on the capacitive load. The amount of nonlinear frequency change as a function 
of load capacitance is referred to as the pullability [1, 2]. Typically, it is used to tune the 
operating frequency to a desired value. In special cases, it can also be used for the 
measurement purposes, allowing the measurement of various quantities based on 
capacitive or inductive influence on the quartz crystal oscillation frequency. However, 
when these various quantities are measured, the problem of insufficient sensitivity and 
nonlinear characteristics arises very often. Pulling sensitivity, linearity and temperature 
compensation of the AT fundamental quartz crystals (cut angle: +2') operating over the 
measurement temperature range of 10-40 °C play an important role during measurements. 
Crystals fabricated in this manner exhibit excellent frequency vs. temperature stability 
(below few ppm) but can be improved by a switching method that switches between two 
load impedances as well as linearity.  

13.2. Quartz Pulling Improvement 

The quartz crystal’s mechanical and electrical behaviours are represented by the 
equivalent circuit (Fig. 13.1). The components C, L, and R are called the motional arm 
and represent the mechanical behaviour of the crystal element. Capacitance Co represents 
the electrical behaviour of the crystal element and holder. Typical quartz data of 3.5 MHz 
resonance frequency (fundamental mode) is as follows: L = 82.8 mH, C = 25 fF, 
R = 10 Ω and Co = 4 pF.  
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Fig. 13.1. Quartz crystal equivalent circuit in series with load capacitance Cs and compensation 
inductance Ls. 

One possibility how to increase the pulling sensitivity is to reduce capacitance Co in  
Eq. (13.1), which is the serial resonant frequency for the crystal in series with load 
capacitance Cs [1, 3]:  

 𝑓𝑠 𝐶𝑠
√

. (13.1) 

The other possibility is to compensate Co with parallel inductance Lp connected to basic 
quartz crystal equivalent circuit providing that oLp = 1/ (oCo), resulting in Eq. (13.2) 
[1, 4]:  

 𝑓𝑝 𝐶𝑠
√

, (13.2) 

The third possibility lies in the compensation of Co with series inductance Ls providing 
that oLs = 1/ (oCo) (Fig. 13.1) with the criterion k. Taking into account that:  

 𝑓
 √

, (13.3) 

where fr is the resonant frequency with phase 0, and: 

  2𝜋𝑓 , (13.4) 

using the inductance Ls connected in series and providing that kLs = 1/ kCo (Eq. 13.5): 

 𝐿


, (13.5) 

we get Eq. (13.6), where we have a linearized frequency dependence with regard to Cs for 
various Co values which change with k values. Due to very small inductance Ls, the real 
resistance Rs can be ignored (Fig. 13.1) [5]. 

 𝑓 𝐶𝑠


√
. (13.6) 
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We can define pulling sensitivity dfs (Eq. (13.7)) as the frequency change in parts per 
million per pF change at a given load capacitance Cs for various k: 

 𝑑𝑓  . (13.7) 

Fig. 13.2 shows frequency dependence for the serial resonant frequency fs(Cs) (without 
compensation), and comparison of the pulling sensitivity between Eqs. (13.1) and (13.2) 
for a 3.5 MHz quartz crystal in the capacitance range of 1-20 pF. The change of frequency 
is approximately four times higher if we compensate Co (dependence fp(Cs)). For the 
general sensitivity measurement purposes, the capacitance range 1-20 pF is the most 
useful. The highest frequency sensitivity is in the range 1-5 pF, where a very small 
capacitance changes can be measured (aF range). Fig. 13.2 shows typical nonlinear 
frequency dependence and a small pulling range (dfs(Cs) ~ 9 kHz, dfp(Cs) ~ 38 kHz). Also 
shown is linear dependence for various k values as well as increased pulling dependence 
(Eq. (13.6)) of functions fs1(Cs) for k = 1, fs2(Cs) for k = 2 and fs3(Cs) for k = 3 (all three 
functions are compensated).  

 

Fig. 13.2. Quartz crystal pulling sensitivity in the range Cs = 1 to 20 pF without the compensation 
C0 and with the compensation C0. 

Table 13.1 shows typical quartz data and experimental pulling results (dfs, dfsk for  
k = 1, 2 and 3) for four different quartz crystals in the frequency range 3.5-21 MHz  
(Co and C are the same). For Eq. (13.6) and different k values we can calculate pulling 
sensitivity from Fig. 13.2. The pullability increases (dfsk) at values k = 1, 2 and k = 3  
(Eq. 13.6), taking into account Eq. (13.5). For the various given frequencies, the quartz 
crystal data can also be different (C0, C, R, L). The frequency changes (pulling sensitivity) 
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dfs and dfsk (for k = 1, 2 and 3) are measured at various Cs values (1 pF and 5 pF), and the 
change is the highest when k = 3. 

Table 13.1. Quartz data and pulling sensitivity in the frequency range 3.5-21 MHz.  

        k = 1 k = 2 k = 3 

fr 

(MHz) 
C 

(fF) 
L 

(mH) 
Co (pF) 

R 
() 

Lpw 

(H) 
Q (k) 

dfs 
(kHz) 

dfsk 
(kHz) 

dfsk 
(kHz) 

dfsk 
(kHz) 

3.5 10 25 82.83 4 520.0 181.98 2.13 11.81 39.12 70.23 

9 10 25 12.53 4 78.2 70.68 5.97 22.23 91.34 140.45 

15 10 25 4.46 4 28.1 42.03 13.56 45.67 172.87 240.13 

21 10 25 2.30 4 14.4 30.34 23.34 70.43 247.98 410.79 

 

13.2.1. Frequency Stability 

The maximum attainable stability of a crystal unit is dependent on the high Q value  
(Table 13.1) (Eq. (13.8)). The smaller the distance between fr (series resonant frequency) 
and frp (parallel resonant frequency) the higher the 𝑄 value, and the steeper the slope of 
the quartz reactance. The highest 𝑄 of a quartz unit is important because of the frequency 
stability:  

 𝑄


. (13.8) 

In general, the oscillator’s circuit long-term stability depends upon the crystal ageing. 
Typically, the ageing rate of cold weld crystal is less than ±1 ppm/year (10-40 °C) [6-11]. 
The frequency stability 0.1 Hz can be achieved provided that the oscillator circuit is 
selected appropriately. Another very important criterion for oscillator application is the 
drive level, which may not exceed 10 W [12].  

13.3. Switching Mode Temperature Compensation of the Transducer 

Generally, sensor techniques involve high-precision measurement of small impedance 
(capacitance and inductance) changes, particularly for the measurement of pico 
extensions, hollow pico-sphere magnetic properties, novel magnetic pico-adsorbents, 
humidity sensors, biosensors etc. For smaller impedance changes measurement, however, 
the improvement of the transducer frequency-temperature stability in 10-40 °C 
temperature range is of vital importance [12-17].  

Switching mode temperature and ageing characteristics compensation of AT fundamental 
quartz crystals are operating over the measurement temperature range of 10-40 °C. Crystals 
fabricated in this manner exhibit good start-up. The temperature compensation is based 
on a quartz oscillator [9] and the switching part of the circuit, alternatively switching 
impedances 𝑍  and 𝑍  in the oscillator circle with the signal of ones and zeros 
𝑄  and𝑄 ) (Fig. 13.3). The fout represents the output oscillator frequency which is 
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synchronously measured with regard (Syn signal) to the switch 𝑄  and 𝑄 . The switch 
time duration 𝑄 is in the range 2-500 ms. When the impedances 𝑍  and 𝑍  are equal, then 
fout(𝑄  and fout(𝑄 ) are equal too. For this purpose, a special AT fundamental quartz 
crystal (cutting angle: +2') operating near the antiresonance frequency has been selected. 
In the oscillator circuit, the inductance Ls is in series with the quartz crystal and together 
with the compensation method (C0) increases and linearizes the pulling range. Complex 
impedances 𝑍  and 𝑍  are the same and can be capacitive (1/jC) or inductive (jL) in 
character. When the impedances are the same, fout remains the same at 𝑄  and 𝑄  and 
depends on the quartz crystal resonant frequency f0, AT-cut quartz crystal temperature 
characteristics f(T) and its ageing f(t). However, when the impedances are different, the 
frequency fout depends on the quartz crystal resonant frequency f0, the ∆𝐶  or ∆𝐿  change 
(frequency pulling) and AT-cut quartz crystal temperature characteristics ∆𝑓 𝑇  and its 
ageing ∆𝑓 𝑡 . In case of the difference of both frequencies for 𝑄  and 𝑄 , ∆𝑓 𝑇  and 
∆𝑓 𝑡  compensate because only one quartz characteristics is involved [14]. 

 

Fig. 13.3. Quartz crystal switching oscillator with two load impedances Z1 and Z2. 

The output frequencies for both switching conditions are  

 𝑓 𝑓 𝑄 , (13.9) 

 𝑓 𝑓 𝑄 , (13.10) 

and can be expanded to  

 𝑓 𝑄 𝑓 𝑓 𝑇 𝑓 𝑡 𝑓 𝑒 , (13.11) 

 𝑓 𝑄 𝑓 𝑓 𝑇 𝑓 𝑡 𝑓 𝐶 𝑓 𝑒 , (13.12) 

where f(e1) and f(e1) are counter errors. 

When joining f0 and f(C2) (Eq. (13.12), we get Eq. (13.13) [1]. The particularity of this 
equation lies in the fact that it takes into account the compensation C0 and at the same 
time linearizes the quartz characteristics due to the C2 change (Fig. 13.1) [1, 2]. 
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 𝑓 𝑄 , 𝑘,𝐶
 

√
𝑓 𝑇 𝑓 𝑡 𝑓 𝑒 ,  (13.13) 

where k = 1, 2, 3 is the puling sensitivity value, L and C are the mechanical behaviour of 
the crystal element, Ls is the compensation inductance, 0 is the quartz crystal series 
resonant frequency. 

The pulling sensitivity in Eq. (13.13) can be set with the value k, achieving at the same 
time simultaneous dependence linearization f(C2) [2, 5]. We get the frequency difference 
representing the temperature compensated and linear value of the frequency, which 
depends uniquely on the C2 change. This means that it is dependent neither on the  
AT-cut quartz crystal temperature characteristics ∆𝑓 𝑇  nor its ageing ∆𝑓 𝑡   
(Eqs. (13.14)-(13.16)) [16]. It depends, however, on different switching times t1 and t2. 

 𝑓 𝐶 𝑓 𝑄 , 𝑘,𝐶 𝑓 𝑡 𝑓 𝑄 𝑓 𝑡 , (13.14) 

 𝑓 𝐶
 

√ √
𝑓 𝑡 𝑓 𝑡 ,  (13.15) 

and 

 𝑓 𝐶
 

√
𝑓 𝑡 𝑓 𝑡 .  (13.16) 

If 𝑍  (Fig. 13.3) is inductive in character, the equation would generally be similar with 
the inductance change L2 (Eqs. (13.12), (13.16) and (13.17)). 

 𝑓 𝑄 𝑓 𝑓 𝑇 𝑓 𝑡 𝑓 𝐿 𝑓 𝑒 ,  (13.17) 

 𝑓 𝐿 𝑓 𝑄 𝑓 𝑡 𝑓 𝑄 𝑓 𝑡 .  (13.18) 

While the typical counter accuracy 5 10-7 does not allow high precision measurements 
of small frequency changes in the range from 5-21 MHz, the use of an additional reference 
frequency fr (auxiliary OCXO oscillator) (Fig. 13.3), of the frequency difference method 
(AND gate) and of the low pass filter enables very precise measurements of the frequency 
difference between the switches 𝑄  and 𝑄 . This output difference is defined with the  
Eq. (13.19) 

 𝑓 𝑓 𝑓 𝑓  = 𝑓 𝑓 .  (13.19) 
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The switching from 𝑄  to 𝑄  compensates the frequency fr, and consequently its 
frequency stability as well. The filter time constant for the frequency elimination is 
determined with the following equation  

 𝜏 𝑅 ∙ 𝐶   1 𝜇𝑠.  (13.20) 

13.3.1. Temperature Dynamic Stability 

Extended dynamic stability ‒ the frequency change of fout1 and fout2 (which in this 
experiment differ by 25.6 Hz) when the converter is influenced by a temperature change 
from T1 = 0 °C to T2 = 50 °C and back is shown in Fig. 13.4. Since only one crystal 
characteristics is included, the dynamic change of both frequencies is approximately the 
same. The frequency shift between fout1 and fout2 depends on the difference between Cs1 
and Cs2.  

 

Fig. 13.4. Extended temperature dynamic stability of fout1 and fout2 (T1 = 0 °C, T2 = 50 °C)  
(Cs = 2 pF and C8 = 2.02 pF). 

Fig. 13.5 shows the short-term frequency stability for the frequency difference (fout2 – fr) 
and a dynamic error occurring when the temperature is changed in the range between  
0-50°C at the 𝑄 state, fixed value Cs = 2 pF, C8 = 2.02 pF and sensitivity determined by 
the value k = 2. At the beginning of the temperature cycling, the stable frequency was 
2056.1 Hz (Fig. 13.5a (A)). The B range (Fig. 13.5a) represents the frequency change 
occurring during the instant temperature change from 0-50 °C. The C range, on the other 
hand, illustrates slower frequency change (fout2 – fr) during the cooling back to 0 °C. 

Fig. 13.5b illustrates the frequency stability for fout during the temperature change in the 
range 0-40 °C once both frequencies are deducted (fout = dyn error = (fout1 – (fr + fr)) – 
(fout2 – (fr + fr))). The comparison of Fig. 13.5a and Fig. 13.5b shows dynamic error in 
the range ±0.09 Hz (Fig. 13.5b (F)) during the temperature change 0-40°C (Fig. 13.5a (B)) 
in the time span of 5 s. In the range C (Fig 13.5a) the temperature change was 0.04 °C/s. 
The comparison of results in Fig. 13.5a and Fig. 13.5b shows that the dynamic temperature 
influence on the frequency change in relation to the 𝑄 signal is approximately the same 
(Fig. 13.5a shows the frequency change by one period of the 𝑄  signal) and well 
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dynamically compensated at the output of the converter as illustrated by Fig. 13.5b. The 
latter also shows high frequency dynamic stability (D and E) in the range ±0.002 Hz, in 
which the environment temperature does not change so quickly anymore (C range in  
Fig. 13.5a).  

 

 (a) (b) 

Fig. 13.5. Short-term frequency stability (fout2 – fr) occurring when changing the temperature  
in the range 0-40°C (measurement time: 2500 s – two cycles). 

If the change of the output frequency is in the temperature range between 0-40 °C, the 
supply voltage stability is 5 V ±0.01 V and the frequency reference fr stability 0.01 ppm, 
then frequency stability at the output fout = ±0.0001 Hz, which gives the converter 
resolution ±20 zF. 

13.4. Conclusions 

The great advantage of the proposed method is that it resolves the issue of high sensitivity, 
linearity and at the same time the temperature compensation of the crystal characteristics.  
The results shown relate to a significantly wider frequency range (2-45 kHz) with 
zeptoFarad resolution than is usually covered by practical measurements. The reference 
frequency fr instability and the frequency counter measurement error can also be greatly 
reduced.  

The results clearly show that the oscillator switching method for high-precision 
capacitance-frequency transducing opens up new possibilities through the self-
temperature compensation of the main oscillating element and other disturbing influences. 
This makes this switching method a very interesting tool for the biosensors especially 
because of the high resolution which is highly promising in various fields of biosensor 
technology, physics, chemistry, mechanics, and in specific high-quality production 
industries.  
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Chapter 14 
Restoration of Infrared Detectors Signal  
with the Reference Area Method 

Simone Boccardi, Giovanni Maria Carlomagno,  
and Carosena Meola1 

14.1. Introduction 

The accuracy of measurements performed with infrared thermography depends on many 
factors involving amongst others the measuring instrument performance and the 
thermographer’s skill.  

As a main factor, the magnitude of the signal to be measured is of great concern. Some 
limitations may arise when attempting to quantify temperature variations that are very 
small, in particular, at the edge of the instrument resolution; in fact, the amplitude of the 
signal to be measured may approach the noise amplitude. In particular, some detectors 
may exhibit random jumping that may mask the temperature variations to be measured 
[1]. In this regard, a difficult task is to detect the very small temperature variations that 
are related to thermo-elastic effects, e.g., developing under relatively low loads. Quite 
recently, it has been found that much of the detector temporal noise may be accounted for, 
and removed in a simple and effective way with the use of a reference area [1-5].  

This chapter is devoted to the investigation of the temporal noise exhibited by several 
types of infrared camera and the effectiveness of the Reference Area Method (RAM). To 
this end, measurements are carried out by considering either a black body, or real  
surfaces [5].  

                                                      

Carosena Meola 
Department of Industrial Engineering – Aerospace Division, University of Naples Federico II, Napoli, Italy 
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14.2. Experimental 

14.2.1. Description of the Used Infrared Cameras  

Five cameras are used, which are all equipped with focal plane array sensors and 
developed by Flir systems. Some details of each camera are listed below. 

QWIP SC6000 LW – The SC6000 QWIP LW is a radiometric cooled infrared camera 
equipped with quantum well infrared photon (QWIP) detector working in the 8-9.2 μm 
electromagnetic band and cooled with a linear Stirling cycle engine. The NETD < 35 mK. 
The spatial resolution is 640×512 pixels, frame rate up to 57 Hz full frame and pixel size 
25 μm. The Thermacam Researcher is used for camera and image handling.  

MWIR X6540sc – The MWIR X6540sc is a radiometric cooled infrared camera equipped 
with InSb detector working in the 1.5-5.1 μm infrared band, cooled by a rotary Stirling 
cycle engine, with NEDT < 25 mK, spatial resolution 640×512 pixels, frame rate up to 
126 Hz full frame and detector pitch 15 μm. The ResearchIR 3.4 MAX is used for camera 
and image handling.  

MWIR SC6800 – The MWIR SC6800 is equipped with InSb detector working in the  
3-5 μm infrared band, cooled by a rotary Stirling cycle engine, with NEDT < 20 mK, 
spatial resolution 640×512 pixels, frame rate up to 565 Hz full frame and detector pitch 
25 μm. The ResearchIR is used for camera and image handling. 

T440 – The hand-held T440 camera is equipped with micro bolometer thermal detector, 
working in the LWIR 8-12 μm infrared band, NEDT 45 mK, 320×240 pixels, 30 Hz frame 
rate. The ResearchIR is used for camera and image handling. 

T650sc – The hand-held T650sc camera is equipped with micro bolometer thermal 
detector, working in the LWIR 8-12 μm infrared band, NEDT 40 mK, 640×480 pixels,  
30 Hz frame rate. The ResearchIR is used for camera and image handling.  

14.2.2. Testing Procedure  

To investigate the temporal noise of the different cameras a black body is used (Fig. 14.1), 
which assures getting free of any effects linked to emissivity variations and reflections 
from the ambient. In particular, the infrared camera looks at the black body that is 
maintained at constant temperature being connected to a thermostatic bath [5]. Of course, 
care is put to achieve steady state conditions before testing. For the first three cameras, 
thermal images in time sequence are acquired by changing the frame rate FR from 30 Hz 
up to the allowable maximum frequency.  

The acquired thermal image sequences are post-processed by using either the software 
available within the infrared camera package (ThermaCam Researcher, ResearchIR), or 
routines developed in the Matlab environment. Firstly, sequences of ΔT images are created 
according to:  
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 ∆𝑇 𝑖, 𝑗, 𝑡   𝑇 𝑖, 𝑗, 𝑡 𝑇 𝑖, 𝑗, 0 , (14.1) 

where i, j and t are the row, column and frame number, respectively, in the sequence and  
t = 0 indicates the first acquired frame.  

 

Fig. 14.1. Test setup for test involving a black body. 

14.3. Results 

Results are presented in terms of ΔT plots versus time, which are evaluated as average 
over an area of about 100×100 pixels. Some ΔT plots at different frame rate values for the 
five cameras are reported in the following Figs. 14.2-14.6. As a first remark, being the 
black body kept at constant temperature, the measured ΔT over time should be steadly 
equal to zero at each time instant, whereas some irregularities are present over time in the 
recorded signals.  

 

Fig. 14.2. ΔT over time taken with the SC6000 camera. 
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Fig. 14.3. ΔT over time taken with the X6540sc camera. 

 

Fig. 14.4. ΔT over time taken with the SC6800 camera. 

 

Fig. 14.5. ΔT over time taken with the T440 camera.  
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Fig. 14.6. ΔT over time taken with the T650sc camera. 

Amongst the high performance cooled sensor cameras, the SC6000 displays the noisiest 
signal. In fact, ΔT plots of this camera (Fig. 14.2) are characterized by an almost sinusoidal 
pattern with random abrupt jumps which resembles the RTS signal illustrated by Pavelka 
et al. [6]. The sinusoidal behaviour is due to aliasing, while the ΔT jumps are mostly 
indicators of the QWIP detector burst noise, which is mainly linked to dark current effects 
[1]. For some frame rate values, like 60 Hz (Fig. 14.2d) and submultiples of 30, the ΔT 
plot loses its sinusoidal distribution, while it retains the jumping fashion. Indeed, it is 
possible to remove the sinusoidal pattern through frequency analysis. In fact, as shown in 
Fig. 14.7, the frequency peak representative of the sinusoidal pattern can be individuated 
(Fig. 14.7b) and removed from the original signal (Fig. 14.7a), so obtaining the 
reconstructed signal (Fig. 14.7c), which though retains jumps (Fig. 14.7d). Then, the 
frequency correction is not effective to eliminate the alternate jump effect, which is due 
to the random detector noise and to some random environmental disturbances. As will be 
discussed later, this disturbance can be eliminated only through a specific correction by 
the use of a reference area. 

 

Fig. 14.7. Sinusoidal pattern removal for SC6000 and frame rate of 34 Hz: (a) Original Signal, 
(b) Original signal spectrum, (c) Reconstructed temporal signal, (d) Signal spectrum of (c).  
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Plots of the X6540sc camera (Fig. 14.3) display a low-amplitude ΔT noise, randomly 
distributed, with a very small sinusoidal trend and without jumps. From frequency 
analysis (Fig. 14.8) it is possible to note the appearance of small peaks of low (<0.005 K) 
amplitude, which are randomly distributed at every frame rate. 

 

Fig. 14.8. Frequency spectra of the MWIR X6540sc camera. 

Also ΔT plots of the SC6800 camera display some random abrupt jumps of about 0.02 K 
amplitude at the frequencies of 30 and 69 Hz; but, unlike the X6540sc, without any 
recognizable sinusoidal trend. No significant peaks appear in the frequency analysis  
(Fig. 14.9). As expected, the two infrared cameras equipped with InSb detector show very 
similar raw signals apart from some small differences. 

 

Fig. 14.9. Frequency spectrum of the MWIR SC6800 camera.  
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By analysing the signal recorded with the different cameras at 30 Hz, it appears that the 
handheld microbolometric cameras display the worst ΔT distributions (Figs. 14.5 and 
14.6). The random ΔT variations may be ascribed to different sources, which may be either 
internal to the camera, or external. No frequency peaks (Fig. 14.10) are found since these 
have to be mainly ascribed to the noise caused by the dark current (which in turn is linked 
to the Stirling cooler, not present in both the T440 and T650sc cameras).  

  
(a) 

 
(b) 

Fig. 14.10. Frequency spectrum of T440 (a) and T650sc (b) cameras at 30 Hz. 

From a practical point of view and in the light of camera choice, the analysis of results 
shown in Figs. 14.2-14.10 may lead to the two MW infrared cameras equipped with InSb 
detector whose signal is not affected by random jumps and seems more stable. However, 
it is worth noting that many factors must be considered when choosing an infrared camera, 
amongst them, the thermal resolution plays a key role when discrimination of very small 
temperature variations is required. In this context, it has been found that the InSb detector 
does not suffer from the dark current noise as does the QWIP one, but it is not able to 
chase feeble temperature variations [2, 5]. Since the temporal noise can be significantly 
reduced in a simple manner by the Reference Area Method, even a noisy detector can be 
fruitfully used. 

14.4. Dealing with Low Signal Amplitude and Detector Noise 

14.4.1. The Reference Area Method 

The Reference Area Method basically consists of a subtraction of the temporal noise ΔTN 
(which is properly measured in a reference area) from the acquired raw signal ΔTR. Such 
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a reference area is a small portion of space, which is contained in the camera field of view 
and which is not affected by the physical phenomenon (e.g., load) under investigation. 
The corrected signal ΔTC is obtained by subtracting the noise signal ΔTN from the raw 
signal ΔTR according to: 

 ∆𝑇 𝑖, 𝑗, 𝑡   ∆𝑇 𝑖, 𝑗, 𝑡 ∆𝑇 𝑡 , (14.2) 

where i and j indicate row and column numbers in the image while t is the frame number 
in the sequence. The quantity ΔTN is the mean value of ΔT evaluated in a reference area 
of m x n pixels for each frame in the sequence. 

14.4.2. Application to a Black Body 

The Reference Area Method has been validated trough several experimental tests. As first 
step, it has been applied to the black body setup of Fig. 14.1. In this case, ΔTR and ΔTN 
signals were both taken from the thermal image of the black body, specifically in A and 
in AR respectively, as sketched in Fig. 14.11. 

 

Fig. 14.11. Position of A and AR over the blackbody image. 

The blackbody is kept at constant temperature, which means that the measured ΔT should 
be zero over time. The acquired thermal images sequences are post-processed following 
the already described procedure [5] by applying first Eq. (14.1) to create sequences of raw 
ΔTR (i, j, t) images. Then, the mean value of ΔTR (t) is evaluated for each frame inside the 
Area A according to: 

 ∆𝑇 𝑡   ∑ ∆𝑇 𝑖, 𝑗, 𝑡, , (14.3) 

contemporaneously, the mean noise value of ΔTN (t) is evaluated for each frame inside the 
AR area according to:. 

 ∆𝑇 𝑡   ∑ ∆𝑇 𝑖, 𝑗, 𝑡, . (14.4) 

As a final step, the corrected ΔTC (t) signal is obtained by applying Eq. (14.2).  
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Examples of ΔTR (t), ΔTN (t) and ΔTC (t) signals of three different infrared cameras 
(SC6000, SC6800 and T440) are reported in the following Figs. 14.12-14.14. Since the 
maximum frame rate allowable for the T440 is 30 Hz, for the sake of a comparison, also 
for the cooled infrared cameras, all sequences of images are recorded at 30 Hz. As can be 
seen, the ΔTR signal is similar to the ΔTN one, even if evaluated in a different region of the 
black body. For a direct comparison, ΔTC plots of the five detectors are shown 
superimposed in Fig. 14.15; in particular a magnification of the 7-9 s range is also supplied 
(below), which allows to better evidence differences between the several cameras signals. 

 

(a) 

 
(b) 

 

(c) 

Fig. 14.12. ΔTR (a), ΔTN (b) and ΔTC (c) signals taken with SC6000 camera. 
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(a) 

 

(b) 

 
(c) 

Fig. 14.13. ΔTR (a), ΔTN (b) and ΔTC (c) signals taken with SC6800 camera. 

14.4.3. Application to a Real Surface 

The validity of the Reference Area Method is then investigated by considering the surface 
of a GLARE® isothermal specimen at ambient temperature. Thermal images are recorded 
with the QWIP SC6000 infrared camera at sampling rate of 60 Hz. 

A main problem when dealing with a large surface is the choice of the reference area 
involving its position and size (i.e., number of pixels inside it). As a first step, five areas 
of the same dimension of 40×20 pixels are chosen as located at different positions along 
the specimen length (see Fig. 14.16). An average (ΔTi (t)) is extracted inside each area and 
used to evaluate the unbiased standard deviation over time σ(t) according to: 
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 𝜎 𝑡   ∑ ∆𝑇 𝑡 𝜇 𝑡  , (14.5) 

where the subscript i is the area number, ΔTi (t) is the mean value of ΔT evaluated in the 
i-th area at time t, k (= 5) is the total number of areas and μ(t) is the ΔT mean value 
evaluated amongst the five areas at time t by means of the following relationship: 

 𝜇 𝑡   ∑ ∆𝑇  𝑡 . (14.6) 

 

(a) 

 

(b) 

 
(c) 

Fig. 14.14. ΔTR (a), ΔTN (b) and ΔTC (c) signals taken with T440 camera. 
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Fig. 14.15. A comparison of ΔTC signals taken with the five cameras. 

 

Fig. 14.16. Position of five reference areas over the GLARE® surface. 

The five ΔTi (t) signals over time evaluated inside each area and the standard deviation 
are shown in Fig. 14.17. As can be seen, the standard deviation is low enough, varying in 
the range from about 0.002 to 0.006 K, with its mean value (about 0.004 K) being 
practically independent of time. The smallness of  bears witness for absence of 
significant spatial noise, which allows to assume a generic ΔT(t) signal, measured in a 
non-specific area, as reference signal for the correction of all the other signals. As an 
example of correction, Fig. 14.18 shows four superimposed ΔTi (t) signals in A2, A3, A4 
and A5 corrected with the signal measured in the area A1. More specifically, according 
to Eq. (14.2), the signal in A1 is subtracted to each of the other signals. All the corrected 
signals appear well overlapped giving evidence of the correction efficacy; indeed, their 
temperature in K differs only by the third decimal digit. 
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Fig. 14.17. ΔT(t) signals and standard deviation; (a) and (b) are relative to a longer time interval, 
(c) and (d) to the first 10 s. 

 

Fig. 14.18. Example of correction; (a) and (c) show the original signal measured in A1 while  
(b) and (d) show the 4 corrected signals measured in A2, A3, A4, A5 (for all the mean values). 

As a next step, the size of both reference and measuring areas is investigated. To this end, 
several reference ARi and measuring Ai areas of increasing size are considered as sketched 
in Fig. 14.19. In particular, the side of the square reference area ARi varies from 1 up to 
10 pixels, with the total enclosed number of pixels varying from 1 up to 100. Instead, the 
measuring areas Ai are concentric squares of side 1, 2, 3, 5, 10, 20, 40 pixels to give a 
number of enclosed pixels varying from 1 up to 1600. They are placed far away enough 
from the reference ones to avoid any interference (no pixel is shared between them). Then, 
a mean ΔT(t) value is extracted inside each area. Some raw ΔT(t) signals extracted from 
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the different measuring areas are shown in Figs. 14.20 and 14.21, with the signals mean 
values μ and standard deviation σ collected in Table 14.1.  

 

Fig. 14.19. Dimensions of Ai and ARi areas over the GLARE® specimen surface.  

 

Fig. 14.20. Raw ΔT signals over time in measuring areas A of different pixels sides: (a) 1 pixel, 
(b) 4 pixels, (c) 9 pixels, (d) 25 pixels, (e) 100 pixels; (f) 400 pixels. 

It can be observed that the abrupt jumps do not disappear with increasing the number of 
pixels inside the measuring area, but they remain in the same position and with the same 
amplitude. As evident from Table 14.1, this increase does not allow for a significant 
decrease of the standard deviation. Some examples of corrected signals, obtained by 
varying the number of pixels enclosed in both Ai and ARi, are shown in Fig. 14.22. The 
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mean ΔT values μ evaluated inside Ai and the standard deviation values σ in ARi are plotted 
against the number of pixels in the following Figs. 14.23 and 14.24. 

 

Fig. 14.21. Raw ΔT signals over time in measuring areas of different pixels sides: (a) 100 pixels, 
(b) 400 pixels, (c) 800 pixels, (d) 1600 pixels.  

Table 14.1. Mean value μ and standard deviation σ of raw signals.  

Pixels μΔT(K) σΔT(K) 

1 0.0138 0.0512 

4 0.0076 0.0417 

9 0.0228 0.0400 

25 0.0276 0.0392 

100 0.0265 0.0388 

400 0.0267 0.0387 

800 0.0272 0.0385 

1600 0.0270 0.0385 

 

Looking at Figs. 14.22-14.24 the following comments can be made: 

1. The abrupt jumps disappear even if the Reference Area contains only one pixel. 

2. The corrected signal mean value is about zero even if both A and AR contain a small 
number of pixels. 

3. The data dispersion around the mean value of the corrected signal decreases with 
increasing the number of pixels of both A and AR.  
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Fig. 14.22. Examples of corrected signals for varying Ai and ARi: (a) A = 1, AR = 2, (b) A = 4,  
AR = 4, (c) A = 9, AR = 9, (d) A = 25, AR = 25, (e) A = 100, AR = 100, (f) A = 1600, AR = 100. 

 

Fig. 14.23. Distribution of μ against the number of pixels in AR.  

The correction effectiveness is better represented in terms of histograms in Figs. 14.25 
and 14.26. In particular, these histograms refer to a sequence of 101 images recorded at 
83 Hz by the SC6000 camera while viewing a surface at ambient temperature. According 
to Eq. (14.1) a sequences of 100 ΔT images is created (the first ΔT = 0 image is discarded); 
then, two different corrections are made: 
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a. The mean ΔTN value of a 20×40 pixels reference area is subtracted from all the pixels 
in the 100 raw ΔTR images (Fig. 14.25); 

b. The mean ΔTN value of a 20×40 pixels reference area is subtracted from only one 
pixel in the 100 raw ΔTR images (Fig. 14.26).  

 

Fig. 14.24. Distribution of σ against the number of pixels in AR.  

 

Fig. 14.25. Data distribution before (a) and after correction, (b) involving all pixels  
in each of the 100 images. 

 

Fig. 14.26. Data distribution before (a) and after correction, (b) involving only one pixel  
in each of the 100 images. 

By comparing the two histograms before (a) and after correction (b), it is easy to perceive 
the correction effectiveness. In fact, after correction the data distribution resembles a 
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Gaussian distribution (Figs. 14.25b and 14.26b) with a mean value close to 0 and with a 
significant reduction of the standard deviation even when only one pixel per image is 
considered (Fig. 14.26b).  

14.5. Practical Applications 

As foretold in the introduction, a difficult task is to measure the very small temperature 
variations coupled with small mechanical stresses. A good example for this is the inline 
monitoring of cyclic bending tests [2, 5, 7, 8]. In particular, the signal correction allows 
to get information useful for material characterization in a simple and fast way. More 
specifically, infrared thermography is herein used to monitor temperature variations 
which are linked to thermo-elastic effects developing over the surface of a cantilever beam 
undergoing deflection under cyclic bending tests. The deflection is imposed by means of 
an electromechanical prototype machine as sketched in Fig. 14.27.  

 

Fig. 14.27. Setup for cyclic bending tests. 

As it can be seen, two nearby specimens are clamped at their bottom side (fixture) as 
cantilever beams. Both specimens are made of Glare(R), which includes three aluminum 
layers with two glass/epoxy layers in between them [9]. One beam remains unloaded and 
is used as source to apply the reference-area method. The other one (the specimen under 
test) has its upper end inserted into a clip attached to the wire which forces the beam to 
bend back and forth under the wire alternate displacement. The bending machine allows 
changing of either bending frequency fb, or beam tip deflection Ds. The infrared camera 
is positioned so as to see both specimens at once (from one surface). Herein, some results 
achieved with the SC6000 camera and with the specimen undergoing cyclic bending for 
Ds = 15 mm (7.5 mm forward and 7.5 mm backward) and fb = 0.05 Hz are shown. In 
particular, plots of raw signals extracted from the positions indicated in Fig. 14.28 are 
reported in Fig. 14.29 for four x/L values. Then, plots of ΔTR, ΔTN and ΔTC, relative to  
x/L = 0.09, are shown in Fig. 14.30 (a, b and c), respectively. 
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Fig. 14.28. Position of Ai over the loaded specimen (a) and of AR over the reference one (b). 

 

Fig. 14.29. Example of raw ΔT signals. 

It is possible to notice that the main disruption of ΔTR signals, which should be harmonic 
(corresponding to the cyclic traction/compression) is caused by the random jumps that 
characterize the ΔTN signal. The corrected ΔTC plots bear witness for the effectiveness of 
the Reference Area Method. In fact, jumps completely disappear, while the expected 
harmonic trend, which is perfectly coupled with the alternate cooling/heating is recovered 
(corresponding to the specimen surface traction/compression, respectively). Moreover, all 
the corrected signals have a frequency equal to the fb value imposed by the electro-
mechanical actuator. 

14.6. Conclusions 

It has been shown that it is possible to detect, and also evaluate, the feeble thermal 
radiation variations, which are of the same order of magnitude of the used infrared 
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imaging device sensitivity. This is allowed by a simple but invaluable operation: 
correction with a reference area of the detector temporal noise. Indeed, the attention of 
this chapter was primarily focused on the temporal noise, which is exhibited by some 
infrared camera models and which may preclude inline monitoring of low mechanical 
loads coupled with small temperature variations. By analyzing the signals of the different 
types of detectors, it has been found that the correction Reference Area Method is effective 
in restoring a signal which is degraded by temporal noise independently of the degradation 
source. In fact, it has been demonstrated that, with the help of the reference area, most of 
the temporal noise can be separately evaluated and eliminated from the raw signal.  

 

(a) 

 

(b) 

 
(c) 

Fig. 14.30. Comparison of (a) ΔTR, (b) ΔTN and (c) ΔTC signals at x/L = 0.09.  
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In particular, the reference-area method has been successfully applied to some of the most 
critical conditions. One is the use of the QWIP SC6000 camera, whose signal is strongly 
affected by jumping-dark current, to discriminate very small signals coupled with low 
frequency cyclic bending. It is worth noting that, for convenience, cyclic bending tests 
have herein been used as practical situation since the sinusoidal pattern coupled with the 
specimen alternate displacement is well suited to demonstrate the validity and 
applicability of the method. 

However, this method can be helpfully exploited to also restore the signal of uncooled 
handheld cameras which so can work with better accuracy and be applied to conditions in 
demand of high performance cameras. In addition, this method is expected to work well 
within a broader context, i.e. whenever the measurement of small variations of 
temperature is required. Further, this method may be applied to a larger extent, even in 
the presence of not-too-small values that are less affected by noise, but which still benefit 
from noise reduction. 

It is worth nothing that the possibility to perform measurements with a remote imaging 
device such as an IR camera offers countless benefits. Amongst them, it eliminates also 
the trouble of placing a great number of contact sensors and managing with cables; 
besides, it becomes possible to resolve small variations of temperature, which may be 
otherwise impossible. Finally, it prevents any alterations to the testing object and to the 
quantity to be measured making it possible the inspection of parts also in presence of 
dangerous environment, so preventing any risk for the operator.  
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Chapter 15 
Biomedical Applications of Terahertz 
Spectroscopy and Imaging 

Weiling Fu1 

15.1. Introduction 

Terahertz (THz = 1012 Hz) radiation, generally referred to the frequencies from 0.1 to  
10 THz, lies between the microwaves and infrared regions of the electromagnetic 
spectrum [1]. In other conversion units, the terahertz region can be defined as 3.33 cm-1 to 
33.3 cm-1 in wavenumbers, 30 μm to 3000 μm in wavelength (Fig. 15.1), and photo energy 
of 1.3×10-20 to 2.0×10-20 J. Due to the lack of effective source and detector components, 
this “THz gap” between electronics and photonics remains unexplored until the advances 
in semiconductor physics in the mid-1990s. Terahertz systems on the basis of free space 
THz generation by photoconductive switches were developed for accelerating progress 
towards filling the gap [2]. Moreover, optical rectification in nonlinear crystals for THz 
generation and electro-optic effect for THz detection enable the study of THz radiation 
with much larger bandwidth [3, 4]. The rapid development of ultrafast lasers contributes 
to the development of modern day terahertz time-domain spectroscopy (THz-TDS), which 
has been widely utilized in numerous applications such as homeland security, quality 
control, biomedical science, and so on.  

THz radiation can excite low-frequency molecular vibrations from intra/inter-molecular 
domains connected by weak and conformation-related interactions including hydrogen 
bonds, van der Waals and non-bonded (hydrophobic) interactions, etc. Thus, terahertz 
radiation is capable of some unique properties absent in other portions of the spectrum. 
The transparency of materials including plastics and paper, which are opaque to visible 
and near-infrared waves, enables the convenience for monitoring and security checks [5]. 
The photon energy of the THz wave largely coincides with the energy levels 
corresponding to the biomolecular low-frequency motions such as vibration, rotation and 
translation of the molecular skeleton. Due to these specific motions, many materials such 
as explosives exhibit unique spectral fingerprints in the THz region, which can be applied 
for component analysis [6]. Terahertz response is related to collective vibration modes of 
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molecules and reveals time-resolved coherent spectroscopy on the sub-picosecond to 
picosecond timescales. Accordingly, THz spectroscopy has been demonstrated as an 
emerging tool for the study of salvation dynamics for its unprecedented sensing capability 
[7]. As for data analysis, THz spectroscopy takes the advantage of measuring the terahertz 
electric field in both amplitude and phase, so various spectral parameters (e. g., absorption 
coefficient, refractive index and complex dielectric constant) can be obtained after Fourier 
transform of the electric field without Kramers-Kronig equations.  

In parallel with the rapid progress in applications in chemistry, microelectronics and 
security screening, tremendous stride have also been made in biomedical research [8]. 
Indeed, some basic electromagnetic properties of THz radiation make it quite suitable for 
biomedical research. THz radiation can excite collective vibrational modes, which are 
associated with protein’s structural changes and conformational flexibility. THz 
spectroscopy has been used to probe the transformation of α-helix into β-sheet during the 
fibrillation of amyloid proteins considering understanding of the protein’s structure and 
dynamics is vital for the clinical diagnosis and drug discovery for Alzheimer’s diseases 
[9]. Polar molecules like water exhibits a strong absorption in the THz frequency range 
[10], and the absorption coefficients of liquid water show a frequency-dependent increase 
from approximate 100 cm-1 to 200 cm-1 for 0.1-1 THz [11]. It has been demonstrated that 
the spectral differences between living cells and dead cells of Escherichia coli as well as 
the different attenuation signatures between Bacillus thuringiensis cells in log phase and 
in late stationary phase are closely related to their different hydration levels [12, 13]. So 
THz radiation has shown the potential for rapid assessment of the living state of bacteria 
due to its extreme sensitivity to water absorption. In addition, THz radiation is suitable for 
imaging the surface of biological tissues since difference in water content between normal 
tissue and cancer tissue can be accurately differentiated as obvious contrast in THz 
absorption. Terahertz wavelengths are longer than infrared and visible light so scattering 
losses in biological tissues can be reduced to be negligible [14]. What’ s more, the low-
energy photos of THz radiation (i. e., ≈ 1 to 10 meV) make it best suited for tissue imaging, 
because this noninvasive probing technology can be applied for in vivo real-time detection 
without damage from ionization like X-rays. Since the first demonstration of terahertz 
imaging system based on optoelectronic THz-TDS in 1995 [15], there has been rapid 
expansion in applications for identifying tumors on skin [16], breast [17], brain [18], colon 
[19] and other locations.  

A series of significant advances have been made in THz biomedical research and a 
growing number of researches have been reported in this field, particularly in recent five 
years. Generally speaking, we can classify these researches into two groups: biomedical 
detection by THz spectroscopy and biomedical imaging by THz radiation. This chapter 
provides a review of applications of THz radiation for biomedical research, which 
systematically presents achievements obtained so far ranging from macromolecules 
including DNA/RNA and protein to cells, tissues and organisms. This chapter is divided 
into several sections as follows: the next section gives a review of the up-to-date THz 
sources and detectors; this is followed by the current progress achieved in THz 
spectroscopic research of biomolecules; the next section is devoted to THz spectroscopy 
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for cellular detection; then we will review the application of THz medical imaging; bio-
security of terahertz technique will be demonstrated in the last section.  

15.2. Instrumentation 

Motivated by attaining spectral signatures complement electromagnetic waves at other 
frequencies, there have been an explosion of researches in the terahertz instrumentation. 
Remarkable progress has been achieved in this field since the instrument performance 
directly influences the quality and accuracy of the result. Here we discuss common 
sources and detectors each with relative advantages that are related to the THz biomedical 
research.  

15.2.1. Sources 

Numerous breakthroughs have been made in the THz sources. In addition to down 
conversion of optical sources and lasers, up conversion of electronic radio-frequency 
sources is an alternative mechanism for THz generation. In the photonic technique, the 
quantum cascade laser (QCL) has been introduced for providing a powerful continuous-
wave (CW) THz source. Simultaneously, thanks to the electronic technique development, 
new solid-state electronic devices can be utilized for sub-THz generation. Nowadays 
variety of sources have been demonstrated for both pulsed and CW THz generation.  

Pulsed THz systems usually generate THz radiation by photoconductive antenna (PCA) 
or optical rectification (OR) along with ultrafast lasers, like a femtosecond Ti-sapphire 
laser with a wavelength of 800 nm which enables to generate sub 100 fs pulses. PCA was 
firstly developed by Auston in 1984 and frequently called “Auston Switch” [20]. The 
emitter PCA consists of a semiconductor crystal film covered with metallic contacts, 
which are under a bias voltage of about 10-20 V [21]. When ultrashort laser pulses focus 
on the PCA, the photo energy of the pulses is larger than the bandgap of the 
semiconductor, so electron-hole pairs can be excited in the semiconductor and further 
accelerated by the bias field. A change in the conductance breaks down the electronic 
switch and THz radiation can be produced subsequently. In addition to GaAs, many other 
semiconductors can be used for PCA, including low-temperature-grown GaAs 
(LTG-GaAs), semi-insulating GaAs (SI-GaAs), Si, ZnTe, and so on. The spectral range 
of emitted THz radiation is closely related to the input laser pulse, the bias voltage and 
the physical parameters of the antenna. Compared to PCA, OR is an easier method for 
avoiding antenna fabrication but suffers from a lower conversion efficiency. This method 
is based on the inverse process of the electro-optical second-order effect in nonlinear 
optical crystals. It provides lower output powers than PCA due to the limited energy 
conversion efficiency from the exciting laser pulse to the generated THz radiation. The 
conversion efficiency is not only decided by the effective nonlinear coefficient of 
materials, but also closely related to the phase matching between pump and THz fields. 
Many types of nonlinear materials can be used in OR sources for broadband THz 
generation, such as GaAs, ZnTe, LiNbO3, LiTaO3, and InP, of which ZnTe is the most 
commonly used semiconductor crystal [22].  
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CW THz systems usually generate THz radiation by photomixer or difference-frequency 
generation (DFG). Photomixer is typically made of low-temperature grown GaAs (LTG 
GaAs) on which interdigitated metal electrodes are patterned. When two frequency-offset 
laser beams focus onto the electrode array, the generated of electrons and holes in 
semiconductors can lead to the emission of THz radiation. Two interfering laser beams 
should have different frequencies ν±=ν0±νTHz/2. LTG GaAs is quite suitable for 
photomixer because of its remarkable properties including the short carrier lifetime  
(<0.25 ps), the relatively high mobility (200 cm2V-1s-1) and the high electrical breakdown 
field (>5×105V/cm) [23]. LTG GaAs photomixers can also be optically driven with 
Ti:sapphire laser systems and GaAs-based diode lasers, since the room temperature 
bandgap of GaAs is 870 nm [24]. Photomixers enable to provide excellent spectral 
resolution (the order of 1 MHz) for narrow molecular resonances from 100 GHz to 3 THz. 
Similar to the photomixer, DFG is mixing two laser beams at frequencies ν±= ν0 ± νTHz/2 
in nonlinear crystals by the process of down conversion. Materials with high second-order 
optical non-linearity can be used in this method, including GaSe and the ionic salt  
4-dimethylamino-N-methylstilbazoliumtosylate (DAST). Despite the defect of relatively 
low optical down conversion efficiency, DFG can be used to generate narrowband THz 
radiation with quite good performance.  

QCLs have been demonstrated as an alternative method for THz generation in both pulsed 
systems and CW systems. The first QCL laser was developed in 1994 with a lasing 
frequency of about 70 THz [25], while the first QCL operating in the THz frequency  
(4.4 THz) was reported in 2002 [26]. The semiconductor heterostructures of QCL are 
made up of several few-nanometre-thicklayers of GaAs sandwiched between potential 
barriers of AlGaAs. The repeating structure consists of an injector and an active region. 
THz radiation is emitted by electron relaxation between repeating structures of coupled 
quantum wells. THz QCLs enable to provide high output powers, albeit low operating 
temperatures are usually required for QCLs. At present, working temperatures and output 
powers can be up to 169 K, 250 mW for pulsed systems and 117 K, 130 mW for CW 
systems, respectively, with the spectral coverage of 0.84-5 THz [27]. Some works are still 
needed to expand the THz frequency range and raise the operating temperatures to the 
upper bound of the thermoelectric coolers at about 240 K or even to room temperature.  

Furthermore, many other techniques have also been explored for THz generation. Solid-
state oscillators like impact avalanche and transit time (IMPATT) diodes enable to 
generate low-power THz radiation with GaAs Schottky-diode multipliers. Gas lasers are 
capable of providing narrow emission lines with output power up to 30 mW, of which 
Methanol laser is the most commonly used choice [21]. Although this method suffers from 
the short coming that spectral tunability is only around 2 cm-1. Free-electron lasers operate 
on the basis of the electron beam propagating through the periodically alternating 
magnetic field. This method provides extremely high-power THz radiation with an 
average brightness of more than six orders of magnitude higher than the PCA method 
[22]. Besides, p-germanium (p-Ge) laser has been demonstrated to generate continuously 
tunable THz radiation with high output powder up to several watts, albeit the operation 
requires high electric and magnetic fields [28]. This powerful source seems to be very 
attractive for applications for detection in liquid phase and biomedical imaging.  
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15.2.2. Detectors 

In addition to efficient sources, sensitive detection of THz signals is also essential for 
investigation of THz spectroscopy and imaging. For pulsed THz systems, 
photoconductive sampling and electro-optic sampling are commonly used two methods 
for detecting THz radiation. They both rely on ultrafast laser sources to detect fast 
electronic signals. Photoconductive detectors need PCAs with identical structures to 
emitters and a current amplifier to read the transient current [22]. This method has high 
signal-to-noise ratio (more than 1:100000) and the sensitivity can be future improved by 
choosing more suitable substrates with short carrier lifetime [29]. Based on electro-optic 
nonlinear crystals like ZnTe and GaSe, electro-optic sampling enables to detect wider 
spectrum range than the photoconductive sampling technology. Essentially, this method 
is based on the coupling between a laser beams and a low frequency electric field in the 
electro-optic crystals. On the other hand, heterodyne receivers are frequently utilized for 
CW THz detection by frequency beat and down-conversion. This method is preferable for 
applications that require high spectral resolutions. Moreover, thermal detectors on the 
basis of thermal absorption are also available for broadband detection, albeit this method 
usually requires a cooling condition like liquid He atmosphere to reduce thermal 
backgrounds.  

 

Fig. 15.1. Terahertz (THz) Region corresponds to 100 GHz to 10 THz on electromagnetic 
spectrum. It can also be defined as 3.33 cm-1 to 33.3 cm-1 in wavenumbers,  

30 μm to 3000 μm in wavelength.  

15.3. Terahertz Spectroscopy for Detecting Biomolecules 

THz spectroscopy is a fast emerging technique for characterization of biomolecules and 
species. THz radiation possesses unique qualities with low energy, timescale in sub-
picosecond domain, and length scales extending over tens of angstroms. The low-
frequency biomolecular motions, including vibration and rotation of the molecular 
skeleton, almost lie in the same frequency range as THz radiation. These motions 
including molecular groupings connected by weakest bonds such as weak hydrogen 
bonds, van der Waals and other non-bonded interactions. Although weak hydrogen bonds 
have only 5 % strength of covalent bonds, multiple hydrogen bonds can stabilize the 
structure of large biomolecules, especially bond the two strands of the DNA double helix 
together, or fix polypeptides together in different secondary structure conformations. Thus 
internal molecular motions determine structure, function, and dynamics of large 
biomolecules such as nucleic acids and proteins. This phenomenon has been utilized as 
the basis of THz spectroscopy for biomaterials. THz spectroscopy has demonstrated great 
potential in the analysis of nucleic acids, carbohydrates, amino acids, peptides, and 
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proteins. There has been considerable interest in application of the THz spectroscopy to 
probe and characterize various biomaterials in recent decades, with emphasis on analysis 
of low-frequency vibrations in nucleic acids and proteins.  

15.3.1. Terahertz Spectroscopy of Nucleic Acids 

The terahertz spectrum of a nucleic acid molecule can reflect the intrinsic properties of 
the low frequency vibrational, the conformation of the entire nucleic acid molecule, and 
the interaction between molecules and the environment. In recent years, terahertz 
spectroscopy has been widely used in the analysis of binding state, nucleotide variation 
of nucleic acids, and interaction between DNA and anticancer drugs.  

15.3.1.1. Nucleic Acid Bases 

The low-frequency molecular motions, which originate from the hydrogen bonds of 
nucleic acid base pairs and non-bonded interactions, are sensitive to the base compositions 
and conformational states of nucleic acids. Some of the earliest work on DNA in the THz 
region was performed by Fisher et al [30]. The dielectric function of the four nucleobases 
including adenine (A), guanine (G), cytosine (C) and thymine (T), and the four 
nucleosides of DNA including dA, dG, dC and dT, were analysed in the frequency range 
of 0.5 to 4.0 THz at 10 K and 300 K by THz-TDS. The absorption spectra of A, G, C and 
T between 1 to 3.5 THz were obviously different. A blue shift was obtained with 
decreasing temperature, which might attribute to decreasing bond lengths. The resonances 
spectra of dA, dG, dC and dT in 1 to 2 THz showed narrow asymmetric line shapes due 
to the sugar groups, while similar to the nucleobases above 1.5 THz. Terahertz time-
domain spectroscopy was used to measure the vibrational spectra of polycrystalline purine 
and adenine in the temperature range of 4 to 290 K. Various well-resolved absorption 
peaks were observed over the frequency range 0.2 to 3.0 THz, which might originate from 
the intermolecular vibrational modes mediated by hydrogen bonds [31]. In a series studies, 
Shen and co-workers demonstrated the THz spectra of the nucleic acid bases adenine and 
purine, as well as the four nucleosides, adenosine, thymidine, cytidine, and guanosine [32] 
in pressed disks of powder samples. The spectra which mostly unresolved at 290 K 
showed several sharp, well-defined features at 4 K. To obtain higher sensitivity, 
Grischkowsky and co-workers used the parallel plate metal to detect organic thin 
polycrystalline films by THz-TDS. Compared with corresponding linewidths of 1,  
2-dicyanobenzene in the pellet sample at room temperature, the linewidths of waveguide 
film were found to be significantly sharper. For measurements at 77 K, a dramatic  
line narrowing was observed for the waveguide film, resulting in the linewidths as high 
as five times sharper than that found in the pellet. These effects might attribute to much 
smaller inhomogeneous broadening on the waveguide film and led to a more informative 
spectrum [33].  

15.3.1.2. Nucleic Acids 

A multitude of intrinsic resonances in the THz frequency range associated with the inter 
backbone excitations of DNA molecules [34, 35], which demonstrate a unique potential 
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of THz-probing-technologies for the detection of the DNA binding state. Early works 
demonstrated that the hybridized DNA films exhibited a higher refractive index than 
denatured DNA films, which suggested the possibility of developing a THz DNA 
biosensor. In a series of studies by Bolivar et al, a label-free sensing approach was 
fabricated, one can thus infer the binding state (hybridized or denatured) of oligo and 
polynucleotides [36]. The vector pcDNA3 with size of 5400 b was the target gene. Both 
hybridized and denatured DNA samples were analyzed by THz transmission. It could be 
clearly noticed that much higher change of the THz transmission induced by the 
hybridized samples in comparison to the denatured sample. This might be due to the DNA 
phonon modes in the THz frequency range, which were absent or strongly modified in 
denatured material, or eventually by a change in the hydration chain along the 
polynucleotide molecules. These results proved the feasibility of THz sensing for high-
throughput label-free detection of the binding state of polynucleotides.  

Recent studies have focused on improving the detection sensitivity. Till recently, 
metamaterial has become a promising tool for the label-free analysis of DNA molecules 
with electromagnetic surface waves in THz region including a sharp dip structure, which 
is sensitive to a small change of the refractive index on the metal surface. Hasebe et al 
demonstrated a clear distinction between single and double strand DNA with metallic 
mesh by THz-TDS [37]. The DNA molecules extracted from salmon milt were the target. 
The DNA samples were dropped in a hydrophilic polyvinylidenedifluoride (PVDF) 
membrane, and subsequently attached firmly to the metallic mesh. In the results, 
compared to PVDF membrane, transmittance spectrum of single and double DNA strand 
could be clearly distinguished using the metallic mesh. The dip frequency of double-
stranded DNA shifted to lower frequencies compared with single-stranded DNA, and the 
detectable limit was as low as 2 µg/mm2. The results indicated that the THz refractive 
index of double-stranded DNA was larger than that of single-stranded DNA, which 
provided a new insight for DNA sensing by combining THz technologies and 
metamaterials. In addition to experimental studies, various theoretical mimics have also 
demonstrated the distinguishable absorption features of single-stranded (ss) and double-
stranded (ds) DNA [38].  

With the clarification of the mechanisms that determine the THz fingerprints of 
biomolecules, THz spectroscopy has been applied to qualitatively and quantitatively 
analyse of various nucleic acids. DNA or RNA crystals exhibit strong and specific 
absorption features in their THz spectra, which arise from intramolecular vibrations and 
phonon modes of the molecular crystal lattice. In an early study, Globus et al examined 
the THz spectra of single and double stranded DNA/RNA samples [39]. Four different 
types of samples including randomly oriented DNA, partially oriented DNA, artificial 
polynucleotide ribonucleic acid, and bacillus subtillis spores were prepared to form a  
50 to 300 mm thick film. Additional studies were done by Fischer et al [40]. The time-
domain spectroscopy (THz-TDS) was used to measure two artificial RNA single 
fragment, composed of polyadenylic acid (poly-A) and polycytidylic acid(poly-C). The 
results demonstrated that poly-Cabsorbed more strongly and had a 10 % larger refractive 
index than poly-A. THz transmission image of the poly-A and poly-C were obtained with 
a THz-TDS imaging system based on free-space propagation and aperture-less focusing 
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of the THz beam. In comparison with poly-A, a smaller transmission was observed in the 
region where the poly-C powder was located.  

Further studies were done to detect nucleic acids in solutions. Recently, Arora et al 
reported the quantitative detection of PCR amplified DNA in aqueous solution using  
THz-TDS with a 52 mm thick liquid cell [41]. The absorption coefficients of solvated 
DNA samples were obtained over the frequency range from 0.3 to 1.2 THz. DNA samples 
including 133 base pairs DNA and 697 base pairs DNA. The comparative absorption 
coefficients of water, buffer (containing primers) and DNA, 133 bp DNA and 697 bp 
DNA samples after 25 cycles were presented. The absorption coefficient decreased with 
increasing DNA concentration and the change was more significant for 697 base pairs 
DNA. The absorption coefficient of these aqueous solutions was consistent with the 
previous studies, and the signal increased approximately from 130 to 250 cm-1 within the 
frequency range from 0.3 to 1.2 THz [42]. It was analyzed that both the water 
displacement by DNA molecules and retardation of water dynamics, were attributed to 
lower THz absorption of DNA solution compared to buffer. This explained the observed 
results of DNA solutions in which the THz absorption coefficient decreased with 
increasing concentration of DNA. These studies provided an opportunity for label free 
quantitative detection of PCR amplified DNA in aqueous solution. In the most recent work 
by Cheon et al [43], the molecular resonance fingerprint of DNA methylation originated 
from cancer DNA was detected THz spectroscopy. The methylation of cancer DNA was 
extracted from living cell lines and analyzed to distinguish cancer types. Two feature 
absorption peaks (1.29 THz and 1.74 THz) of DNA methylation were identified from  
0.4 THz to 2.0 THz through comparing two nucleoside samples, 2’-deoxycytidine (2’-dC) 
and 5-methylcytidine (5-mC), and chemical analogues. The resonance fingerprint of 
genomic DNA solution sample was also examined. A single absorption peak at 1.67 THz 
in genomic DNA from various types of cancer was obtained. It could indicate that the 
methylation feature spectra of cancer DNA in the THz range might be employed to 
distinguish normal and cancer DNA.  

The detectable spectral discriminations of single-base changes in DNA molecules 
indicated that the potential of terahertz techniques to detect DNA mutations. Early work 
proposed a label-free method for the detection of single-base mutations on DNA 
molecules in aqueous solutions using THz time-domain spectroscopy [44]. The sample 
was linear oligonucleotides with 20-mer polynucleotide. Each oligonucleotide with the 
same length of 20 nt had only one single different base. THz transmissions of LoTE buffer 
solution and 20 nt oligonucleotides with only single-base mutations (HQ-411, HQ-418, 
HQ-419, and HQ-420) were obtained. The transmissions between four kinds (HQ-411, 
HQ-418, HQ-419, and HQ-420) of oligonucleotides and LoTE buffer solution were 
significantly different at 878 and 586 GHz. THz absorption spectra of oligonucleotide 
samples were shown in Fig. 15.2. All kinds of oligonucleotides shared the same 12 peaks 
(326 GHz, 410 GHz, 622 GHz, 703 GHz, 908 GHz, 1.38 THz, 1.64 THz, 1.88 THz,  
2.08 THz, 2.14 THz, 2.25 THz, and 2.55 THz). The absorption signature <720 GHz might 
due to a local hydrogen-bond, cross-linking between ssDNAs in solution whereby two 
ssDNA strands were bonded together or a single strand self-bonds by looping. It is 
invariably observed in the THz spectra of ssDNA [45]. In this experiment, it proved that 
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the transmission ratio (878 GHz/ 586 GHz) was significantly different, which could be 
used for the detection of single base mutation. It was found that the four oligonucleotides 
exhibited distinguishably different absorption behaviors over a frequency range of 0.2 to 
2.6 THz, and their absorption curves had 1 to 2 characteristic absorption peaks, which 
could be used to indicate the specific base of the mutation. Although the mechanism of 
the absorption peak needs further study, THz spectroscopy might be a useful diagnostics 
tool for molecular interactions such as mutation.  

 

Fig. 15.2. THz absorption spectra of oligonucleotides sample.  

Tremendous efforts have been employed in the study of interaction between DNA and 
anticancer drugs [46, 47]. Excited by low-frequency molecular vibrations from 
intra/intermolecular domains, terahertz technology has unique advantages in studying 
intermolecular interactions. Wu et al. studied the interaction between DNA and oxaliplatin 
in aqueous solution by terahertz spectroscopy [48]. Two types of DNA samples were 
detected. One is lambda-DNA (λ-DNA), with chain length 502 bp and concentration  
500 μg/ml. Another sample was a genomic DNA extracted from mouse macrophages  
(M-DNA), with chain length 300 bp to 500 bp and concentration 343 μg/ml. The THz 
time-domain waveform for the 1:1 mixed aqueous solutions of λ-DNA and oxaliplatin 
were examined. The transmission waveforms changed along with reaction times 
noticeably. The THz waveforms shift shifted in a seemingly irregular way with increasing 
reaction time, whereas the electric fields of the transmitted signals increased steadily. 
These results indicated that the reaction between the DNA and oxaliplatin did take place 
and last in a time scale of hours. The refractive indexes of the solution of M-DNA plus 
oxaliplatin were also extracted in Fig. 15.3. The refractive index decreased monotonically 
with the increasing frequency, and the absorption coefficient increases almost linearly 
from 160 cm-1 to 350 cm-1 with increasing frequency, which also indicated the occurrence 
of the molecular reaction between DNA and oxaliplatin in aqueous solution. This study 
proved that the phase and amplitude information of terahertz time-domain could be 
converted into absorption coefficient and refraction index, which could be used to realize 



Chemical Sensors and Biosensors 

 334

real-time tracking and monitoring of the whole reaction process. Moreover, the absorption 
coefficient was more sensitive than refractive index to the reaction process. The wider 
terahertz band will continue to be used with the development of terahertz source 
technology, thus more characteristic signal peaks could be obtained.  

 

Fig. 15.3. Terahertz refractive index of DNA and drugs. (a) Frequency dependence of refractive 
index for mixed aqueous solution of λ-DNA and oxaliplatin. (b) The differences for the refractive 

indices with regard to that of 1 h.  

15.3.2. Terahertz Spectroscopy of Protein 

Over the last decade, many significant technical innovations have increased the 
importance of protein detection for applications in food safety, medicine, and health. For 
example, the detection of specific proteins in a blood sample can be used for early disease 
diagnosis. There are two major methods of monitoring proteins: total protein nitrogen 
measurements and specific protein measurements. Immunoassays and spectroscopic 
technology have usually been used to detect specific proteins. The most commonly used 
immunoassay methods are the enzyme-linked immunosorbent assay, lateral flow 
immunoassay, western blotting, and various innovative analytical technologies [49, 50]. 
Spectroscopic detection is based on the vibration on the specific bands, including Raman 
spectroscopy, IR spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and 
similar technologies.  

THz studies of proteins date back to the 1990s, most of which addressed protein 
conformational changes and intermolecular interactions [51]. Because terahertz waves 
interact with the vibrational and rotational transitions of organic molecules, different 
molecules or the same molecules in different conformations or configurations may present 
different absorption coefficients and refractive indexes in the terahertz band [52]. These 
waves can be used to provide useful information about protein structure [53] and to 
identify specific molecules based on their spectral features using quantum mechanical 
solid-state modeling and theory [54].  
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15.3.2.1. Protein Basic Unit 

Amino acid is the basic part of the protein unit, various studies have measured the terahertz 
absorption properties of amino acids, revealing that natural amino acid special absorption 
in terahertz [55]. In typical measurements of THz transmittance spectra, the samples are 
a crystalline powder pressed into pellets with polyethylene. The present study was 
performed to show that pure solid samples of low molecular weight protein fragments can 
indeed show sharp spectral features that are uniquely determined from molecular 
symmetries and structure [56] (Fig. 15.4). Biomolecules, however, are generally obtained 
as a liquid (e. g., aqueous or serum solutions) from tissue or body fluid. While in aqueous 
solutions, the intrinsic absorption by amino acids can be substantially masked by the 
stronger absorption of water, which mimicking their natural state.  

 

Fig. 15.4. The THz absorption spectra of polycrystalline of (A) alanine, (B) proline, (C) serine, 
(D) amorphous gelatin. The data presented is the average of three measurements from three 

different areas of the pellet.  

To decrease the influence from water and be adapted to biomedical sample detection, a 
polymer membrane able to filter water has been developed for the THz transmittance 
spectroscopy of amino acids. Two kinds of amino acids dissolved in water or bovine 
serum were dropped and dried on polymer membranes. Characteristic absorption peaks 
attributable to the amino acids were observed with membranes made of suitable  
materials. [57].  

In addition to characteristic spectrum, the quantitative analysis of amino acids by 
terahertztime-domain absorption spectroscopy is demonstrated. The optical densities of 
the amino acids were found to be linearly proportional to the concentration. The molar 
absorption coefficients of L-glutamic acid (L-Glu), L-glutamic acid sodium salt  
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(Na-L-Glu), L-glutamic acid hydrochloric salt (HCl-L-Glu), L-cysteine (L-Cys), and 
L-histidine (L-His) were calculated by averaging the THz spectra of the amino acids at 
several different concentrations in approximately the 0.2-1.0 mol L-1 range. When their 
concentrations were higher than 0.45 and 0.22 mol L-1, the concentrations of L-Glu,  
L-Cys, and L-His mixed samples were successfully calculated with errors of less than  
11 % and 20 % [58].  

A complete understanding of protein function and behavior in living systems depends on 
an accurate picture of polypeptide secondary and tertiary structures and dynamics on a 
range of timescales [59, 60]. Because polypeptides have C- and N-terminations and are 
therefore sequence specific, Plusquellic and Ding [61, 62] investigated a series of 
polypeptides using THz-FTIR to examine whether their crystalline forms yield 
qualitatively different THz spectra. However, the results show that short-chain crystalline 
polypeptides may be uniquely “fingerprinted” by simply acquiring the THz spectrum in 
the 50-500 cm-1 spectral range, but sharp spectral features were not present for species 
containing more than ten amino acids. This observation may be the result of increasing 
spectral density as the molecular weight increases, or the spectral features are swamped 
by hydrogen-bonded water which is difficult to remove from these complex biomaterials.  

Lyophilized forms of eight synthetic histidine analogues of oxytocin and vasopressin were 
also measured using THz-TDS. Comparing twin peptides, which differed by the fact that 
one of them had the free N-terminus, and the other was blocked with an acetyl group. And 
the results showed that the presence of the acetyl group generally resulted in an increased 
absorbance. When the cysteine and histidine changed places in two peptides, it was found 
that the presence of histidine in the first position in the sequence also resulted in an 
increased absorbance. This series of experimental results observed in spectral details 
owing to intermolecular modes of the lattice or hydrogen bonds. Small changes in the 
specific amino acid sequence of the peptide chain can potentially affect the THz 
absorbance spectra, making THz-TDS a potential tool to investigate the structure of new 
peptides [23].  

15.3.2.2. Conformational Changes 

Conformational changes, which are essential for protein function, directly affect the 
dielectric response in the THz range. For instance, the transformation of helix into b-sheet 
during the fibrillation of amyloid proteins, which is vital for the clinical diagnosis of, and 
drug discovery for, Alzheimer's disease, produces as an obvious increase in the absorption 
coefficient and refractive index spectra [63].  

Photoactive yellow protein (PYP) is a model system for studies on functional protein 
dynamics and the role of protein flexibility during function. Functional conformational 
change is initiated by inharmonic collective vibrational modes that absorb in the far 
infrared (FIR) or terahertz (THz) region. Castro-Camus and Johnston [64] demonstrated 
that terahertz spectroscopy is a convenient probe for conformational changes in 
photoactive yellow protein (PYP) suspended in physiological buffer solution. Four blue 
(450-nm) high-intensity light-emitting diodes were used to uniformly illuminate the liquid 
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sample to trigger a conformation change from the ground state of photoactive yellow 
protein (called pG) to the photo-intermediate (pB), and terahertz radiation was used to 
probe the vibrational spectra of PYP. An increase in the absorption of the pB configuration 
relative to that in the pG state in the 0.25-2 THz range was observed. The experimentally 
observed absorption change is consistent with the photo-intermediate structure being more 
flexible and hence giving rise to a greater density of delocalized low-frequency vibrational 
modes. George et al. [65] recently introduced their research on the changes in the 
flexibility of PYP with a functional state change (initial pGstate to pB photo intermediate) 
induced by dehydration and photoexcitation for both thin films and solutions. They found 
that the THz absorbance follows the dehydration induced capture of the pB state, 
indicating that the loss of photo cycling with the pB dehydration transition may be 
associated with the loss of picosecond flexibility (Fig. 15.5).  

 

Fig. 15.5. Schematic representations of PYP (left) and the absorption coefficient difference  
of different conformation (right).  

15.3.2.3. Intermolecular Interactions 

THz technology has also been applied to monitor intermolecular interactions, including 
protein hydration and protein–ligand binding. Proteins require water to function. A major 
impediment to terahertz biomolecular spectroscopy is the large absorbance from rotational 
relaxation in bulk water. Many studies of biomolecules using terahertz waves have been 
limited to dehydrated samples. Using pressed pellets of lyophilized powders or dried films 
is one method. However, the sample preparation for lyophilized powder pellets is not 
easily scalable [66].  

Heyden and Havenith [67] studied the dynamical properties of water in the solvation shell 
of proteins coupling by combining terahertz spectroscopy and molecular dynamics 
simulations. The solvation dynamics was found to be influenced on length-scales of 
several hydration layers which was significantly more than what was found for static 
properties. Their experiments showed that the properties of this dynamical solvation shell 
depended on the folding state of the protein. Xu et al. [68] experimentally determined the 
absorption spectrum of solvated bovine serum albumin (BSA) from 0.3 to 3.72 THz to 
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monitor its collective vibrational dynamics. They successfully extracted the terahertz 
molar absorption of the solvated BSA from the much stronger attenuation of water and 
observed in the solvated protein a dense, overlapping spectrum of vibrational modes that 
increased monotonically with increasing frequency. A lately study systematically 
investigated the solvation properties of different proteins in water solution by terahertz 
(THz) radiation absorption [69]. Transmission measurements of protein water solutions 
had been performed using a vector network analyser-driven quasi-optical bench covering 
the WR-3 waveguide band (0.220-0.325 THz). They chose lysozyme, myoglobin, and 
bovine serum albumin (BSA) for their study, ranging from low to high molecular weight. 
The concentration-dependent absorption of protein molecules was determined by treating 
the solution as a two-component model first; then, based on protein absorptivity, the extent 
of the hydration shell was estimated. The derived estimate of hydration shell thickness for 
each protein supported previous findings that protein-water interaction dynamics 
extended beyond 2-3 water solvation-layers as predicted by molecular dynamics 
simulations and other techniques such as NMR, X-ray scattering, and neutron scattering. 
The results showed that THz radiation can serve as an initial estimate of the protein 
hydrophobicity.  

In biochemistry and pharmacology, a ligand is a substance that forms a complex with a 
biomolecule to serve a biological purpose. In protein-ligand binding, the ligand is usually 
a molecule which produces a signal by binding to a site on a target protein. The binding 
typically results in a change of conformation of the target protein. However, protein 
functionality is dependent on conformational rearrangements and flexibility. So the 
detection of the protein–ligand binding is an important way to understand cell activities. 
In some cases, rapid optical assays can be used; however, not all binding events will result 
in changes to ultraviolet/visible absorbance or fluorescence since binding may occur at a 
site remote from the optically active region. THz spectroscopy provides us a new 
perspective to detect protein–ligand binding.  

A series researches have shown the possibility of THz a new detecting method. The 
protein–ligand binding between hen egg white lysozyme (HEWL) and 
triacetylglucosamine (3NAG) was successfully probed at 270 K [70], showing that HEWL 
+ 3NAG has smaller absorption coefficients than free HEWL and proving the feasibility 
of monitoring protein–ligand binding in solution using THz spectroscopy. The interaction 
between antigen and antibody has also be explored. Ogawa et al. [71] demonstrated an 
imaging method combined a THz-TDS spectroscopy and an interference effect for label-
free protein detection on a membrane filter. Binding of the biotin which is linked to the 
membrane with streptavidin was then observed by measuring the terahertz signal change 
due to the variation of the membrane refractive index. It showed that specific binding of 
antibody protein could be detected by using this imaging method. However, THz 
technique is used only to detect the existence of the binding, and the selectivity depends 
absolutely on specific ligand-protein interactions. Sun et al. [72] used terahertz 
spectroscopy to study the dielectric properties of the peroxidase-conjugated affinity 
purified goat anti-cat immunoglobulin G and the fluorescein-conjugated affinity purified 
goat anti-cat immunoglobulin G when they interacted with polar liquids. The dielectric 
spectra were measured over the frequency range 0.1-1.3 THz and it was found that the 
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dielectric properties were dependent on the type of the charges in the hydrogen-bonded 
antibodies' networks. They indicated that the terahertz dielectric properties of polar liquids 
were strongly affected by the presence of the antibody and suggest that the dielectric 
spectrum was particularly powerful in the study of structural and conformational 
properties of proteins.  

In general, biomolecular detection in terahertz has attracted the interest of researchers and 
there are lots of breakthroughs in recent years. Terahertz as a new spectroscopy which 
include distinctive information of biomolecules, will provide a special perspective in 
research. As mentioned above, terahertz spectroscopy has been applied in the analysis of 
binding state, nucleotide variation of nucleic acids, interaction between DNA and 
anticancer drugs. These results above indicate that terahertz spectroscopy can be 
potentially very promising technique in the quantification detection and conformation 
analysis of biomolecules. Recently, the study of amino acids using THz technology has 
gradually shifted to the identification and classification of amino acids, including 
detecting isomers of various amino acids, investigating cocrystals of different amino 
acids, and non-destructive quantitative testing of packaged amino acids. More efforts are 
urgently needed to improve detection sensitivity, spectral resolution, specificity, and to 
overcome the water sensitivity. Biomolecule function in solution, the existing water 
absorption signal and the specificity of the detection need to be solved.  

15.4. Terahertz Spectroscopy for Cellular Detection 

The research on cell is an everlasting topic and has great realistic significance in 
foundation and clinical medicine, because the cell is the fundamental structural and 
functional unit of the vast majority of organisms. The existing cellular detections mainly 
are divided into the label-free detection and label detection or in vivo and in vitro detection 
based on different standards. However, these methods just can detect the group effect of 
biomacromolecules and cells, or analyze the influence of a single molecule to the 
pathological and physiological process of cellular. Moreover, chemical or biological 
labeling is an indispensable part in the most detection process, which not only affects the 
accuracy of tests in cellular biological activity and function, but also can cause 
cytotoxicity. Thus, at present, all kinds of technologies aimed at the label-free cell 
detection have achieved rapid development, such as X-ray, magnetic resonance imaging, 
computed tomography and so on. Faced with the situations, THz spectroscopy with unique 
characteristics has become the research focus for physicists and biologists, showing great 
promise to become one brand-new examination method for the label-free cell detection.  

15.4.1. Cancer Cells 

Rapid and accurate detection of cells is extremely important for early diagnosis of 
diseases, activity monitor of cells, and human health care. In particular, due to high 
mortality rate of cancers [73], the early diagnosis techniques have been supported and 
developed around the world. However, so far, the golden standard of cancer diagnosis is 
still the biopsy, which need use a specialized instrument to sample tissue and may be 
affected by human factor to a certain extent.  
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Thus, it is necessary to explore new methods for rapid, accurate and nondestructive 
detection of cells. Meanwhile, the morphology, number and intracellular water of the 
cancer cells are closely related with cellular activities, such as proliferation, 
differentiation, and metastasis so on. With the rapid development of THz technology, the 
features of the cancer cells have been attracted a great deal of attention in the THz range, 
showing promise to become an optical, non-invasive and label-free method to detect and 
identify the living cells.  

Firstly, the minute changes of bovine lung micro vessel endothelial cells in response to 
vascular endothelial growth factor (VEGF), had been monitored observably using THz 
differential time-domain spectroscopy (THz-DTDS), by the alterations in THz radiation 
attenuations and dielectric properties of these treated cells [74]. Importantly, the VEGF-
induced THz attenuations of cell monolayers were correlated well with the changes in 
transendothelial resistance, measured by electric cell-substrate impedance sensing. But, 
these morphological differences could not be observed though standard optical phase 
contrast microscopy. Therefore, THz-DTDS has the great potential to measure minute 
changes in the cellular morphology, and can provide some unavailable information by 
other conventional methods, with high sensitivity and non-invasion.  

Based on the THz metamaterial, THz spectroscopy can identify effectively the number of 
the cell covering the metamaterial by the shifts in resonance, mainly depending on the 
changes in resistance and capacitance. With the growth and the death of the breast cancer 
cells in culture in real time, the shift in frequency made a difference upon cell density 
[75]. Because each living cell has a dielectric constant that can affect the capacitance, 
when the number of living cells begins to reduce, the capacitance also was reduced leading 
to the increases of resonant frequency eventually. Furthermore, the label-free 
measurements on cell apoptosis using a THz metamaterial-based biosensor were carried 
out though detecting the oral cancer cell (SCC4) with and without cisplatin [76]. The 
results clearly showed that there was a linear relation between the relative changes of 
resonant frequencies measured by THz time-domain spectroscopy and the number of cell 
apoptosis measured by Flow Cytometry (Fig. 15.6). These results demonstrated that the 
THz metamaterial-based biosensor has the potential to be a real-time, label-free, cheap, 
and in-situ detection tool, which will make a significant impact on cell biology. 

In addition, increasing researches are reported using the THz system in spectroscopic 
studies of the hydrate state in human cancer cells. The hydration state in living cells has 
been proved to be associated with various cellular activities. Compared with normal cells, 
cancer cells contain more free water and less bound water, and the malignancy degree of 
cancer cells increases with the degree of cell hydration. It follows that intracellular 
hydration might be a primary factor in carcinogenesis [77]. Firstly, the intracellular water 
dynamics of the monolayer of cultured intestinal epithelial cancer cells (DLD-1) was 
investigated using the THz time-domain attenuated total reflection (THz TD-ATR) 
spectroscopy combined with a two-interface model [78]. It is a lower absorption of slow 
relaxation mode in the imaginary part of the dielectric constant of the cell monolayer than 
that of the liquid medium, suggesting that the intracellular water dynamics was on a 
picosecond time scale, and the cell monolayer had weakly hydrated water molecules. With 
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the above methods, the complex dielectric constants of other cultured human cancer cells 
(DLD-1, HEK293 and HeLa) also were obtained and demonstrated mainly from 
picosecond and sub-picosecond water dynamics [79]. Moreover, the dielectric responses 
below 1.0 THz could best characterize the particular water dynamics inside cancer cells, 
compared with extracellular water, mainly because these cancer cells existed a 
significantly attenuated slow relaxation mode and enhanced fast relaxation mode of the 
water. Except assessing water dynamics, THz TD-ATR spectroscopy could detect the 
proportion of intracellular water hydrated to biomolecules, combined with the extended 
theory of Onsager [80]. The result indicated that 23.8±7.4 % of the HeLa intracellular 
water was bound to biomolecules, such as proteins, DNA, RNA, and lipid, corresponding 
to 1.25 gH2O/g solute of hydration water. In addition, compared with the bulk water, the 
reorientation dynamics of intracellular hydration water molecules was slow. In 
conclusion, these research findings all remove the veil of intracellular water dynamics 
from the mysterious intracellular milieu, and could initiate a new method to digitally 
evaluate cellular activities or functions.  

 

 

Fig. 15.6. The analysis of cell apoptosis was performed by the THz-TDS technique.  
(a) The frequency shift of control samples versus time. (b) The frequency shift of cisplatin 

samples versus time. (c) The relative frequency shift versus the cell apoptosis (%).  

15.4.2. Blood Cells 

Blood is the most important body fluid, and the blood analysis is a requisite test for every 
disease, which detects and analyzes the number, proportion and morphology of all kinds 
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of blood cells. The conventional technologies in clinic to analyze blood cells include 
hematology analyzer, flow cytometry and so on. But there are some bad influences on the 
blood cells, leading to lost helpful information possibly. At present, THz spectroscopy as 
a sensitive tool to investigate the collective motions of water molecules [81, 82], is 
potential to investigate the dynamic behaviors of molecules, and monitor changes of the 
constituents and concentrations in the blood. Therefore, the researches on THz 
spectroscopy features of the blood will be one of the prime candidates for further 
achieving the detection and molecular imaging in vivo non-invasively.  

There were two primary research teams which had studied the THz spectroscopy features 
of the main components in the blood in detail. Firstly, Reid et al used the blood samples 
taken from a healthy person to obtain the frequency-dependent absorption coefficients, 
refractive indices and Debye relaxation times of whole blood, red blood cells, plasma, a 
thrombus and the hemoglobin molecules ranging from 0.25 THz to 2.00 THz [83]. Results 
showed a decrease in absorption coefficient with the decrease of water content in various 
blood components (Fig. 15.7a). However, though the blood clot has the same water 
content with the whole blood, the absorption coefficient of the blood clot is much less 
than that of the whole blood. It was speculated that the formation of a thrombus 
encapsulated plenty of water impeding its ability to absorb THz wave. Similarly, the 
refractive index of water is also greater than that of the whole blood and blood components 
(Fig. 15.7b). Almost simultaneously, the bloods collected from the tail vein of 9-week-
old male Sprague-Dawley rats were detected and analyzed by the THz time-domain 
spectroscopy and spectroscopic imaging systems [84]. Specifically, they extracted and 
detected the different volume percentage of RBCs in blood, finding that the THz 
absorption coefficients were linear with the RBC concentrations quantitated by 
conventional RBC counter in both normal saline and whole blood. What’s more, the 
excellent linearity was also demonstrated in a polyurethane resin tube by using a THz 
imaging method.  

 

Fig. 15.7. The THz properties for whole blood, blood cells, plasma and a thrombus.  
(a) Absorption coefficient, (b) refractive index.  
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Afterwards, a pilot clinical study had been carried out to investigate the THz spectra of 
ex-vivo fresh human whole blood from 28 patients, showing a great difference on the THz 
absorption properties among different samples [85]. The difference could even be up to 
about 15 % of the averaged absorption coefficient of the 28 samples, mainly from two 
dominant factors-the concentrations of triglyceride and red blood cell. However, another 
research indicated that the refractive index of blood plasma was concerned with the 
creatinine concentration, but not with the triglycerides levels [86]. Although the detailed 
experimentations exist a little difference, the uniform result and reasonable explanation 
need to further investigate.  

15.4.3. Terahertz Spectroscopy of Bacteria 

Facing the fact that traditional microbiological detection based on morphologies and 
biochemical tests is time-consuming and complicated, the rapid detection of pathogenic 
microorganisms has become very important for clinical microbiology, biological warfare 
agents and bioterrorist attack so on. Although a number of new technologies have arisen 
to solve the above problems, neither technique is perfect. In order to supply a gap, at 
present, THz spectroscopy has also been applied in the rapid detection of bacteria, 
including bacterial components, spores and cells, based on the specific spectral 
characteristics due to the interactions between THz radiation and the molecular motions 
of bacteria.  

15.4.3.1. Bacterial Components 

Dipicolinic acid (DPA), a unique component of Bacillus spores, has the characteristic 
spectral signature at 1.54 THz in powder form, in accord with the THz peak of B. subtilis 
spores at 1.538 THz [87]. What’s more, the transmission spectrum of DPA is similar to 
the spectra of Bacillus globigii and Bacillus thuringiensis, but is significantly different 
from the spectra of Aspergillus niger [88]. In order to further distinguish the Bacillus 
spores, the calcium complex of DPA (Ca-DPA), is detected based on the difference 
between the degree of crystallinity in B. subtilis and Bacillus cereus. However, the results 
reveal that the spectral difference in Ca-DPA is insufficient to differentiate between 
Bacillus spores [89]. Thus it can be seen that it is possible to identify the Bacillus spores 
by detecting DPA, but is difficult to further distinguish species. Another common bacterial 
component, DNA, shows the similarity in the absorption spectra with bacteria, fully 
proving the important contribution of DNA to the spectra of bacteria [90]. But there are 
notable differences between the spectra of B. subtilis DNA and E. coli DNA, whose 
numbers and constituents of base-pair has little difference [12]. In addition, the 
intracellular metabolite riboflavin of B. subtilis cells has distinctive absorption peaks, 
which makes it possible to distinguish B. subtilis strains with poor and high riboflavin 
productivity (Fig. 15.8) [91]. 



Chemical Sensors and Biosensors 

 344

 

 

Fig. 15.8. The THz absorbance of riboflavin tablet and that of bacillus subtilis strains gene-
engineered in two ways. (a) The absorbance of riboflavin; (b) The absorbance of bacillus subtilis 

strains with poor riboflavin productivity; (c) The absorbance of bacillus subtilis strains  
with high riboflavin productivity.  

15.4.3.2. Bacterial Spores 

The bacterial spore and cell are two kinds of life forms, and the study has demonstrated 
that THz absorption spectra of B. subtilis spores and cells were closely related but existed 
some disparate features [12]. However, the detection environment is an important element 
for getting accurately spectral signatures. For instance, when the B. subtilis powder is 
mixed with polyethylene powder, the spectra show strong absorption depths and narrow 
signatures, compared with the pure samples without polyethylene powder [92]. The 
phenomenon can be explained by the smearing of single-bioparticle electromagnetic 
resonances. Moreover, the measurement temperature have great significance for the 
detection of bacterial spores. At a very low temperature of 1.7 K, multiple resonance 
features of the absorption spectra of bacterial spores have been revealed by Fourier 
transform spectroscopy [12], but that could be washed out at room temperature, because 
of instantaneous conformational changes and many overlapping states of absorption bands 
[93]. The hydration of bacterial spore is also a main effects for THz spectra. The research 
has verified that the signature of fresh B. thuringiensis spores was located at 917 GHz, but 
the less hydrated B. thuringiensis spores’ was at 955 GHz increased by 38 GHz [94]. 
Interestingly, there was neither signature appeared for completely dried samples. Thus, 
the above results indicated that the polarized spore outer coat likely caused the 
characteristic THz absorption, and was sensitive to the environmental changes.  

15.4.3.3. Bacterial Cells 

The THz spectroscopy has been applied widely in the qualitative analyses of bacterial 
cells. According to the different dielectric responses of bacterial monolayers in the THz 
range, the redshifts of the resonance frequency were obtained by using the THz plasmonic 
antennas. And the THz biosensor could distinguish effectively the Gram-positive and 
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Gram-negative bacteria through the differences in frequency shifts [95]. Furthermore, the 
THz metamaterial-based biosensor functionalized with the specific bacterial antibody has 
been used to detect sensitively bacteria both in ambient and aqueous environments [96]. 
Due to distinct dielectric responses of different bacteria and specificity of the antibody, 
THz metamaterial-based biosensor may be a potential research direction and practical 
application in the detection of different bacteria with a high sensitivity.  

What’s more, there had been a big breakthrough in the quantitative analyses of bacterial 
cells, which had the same detection limit with the existing commercial methods [97]. By 
detecting the interaction between the evanescent wave in a fiber and the bacteria covering 
it, the number of E. coli, with the lowest detection limit of 104 cfu/ml, would be obtained, 
depending on the correlation between the bacterial concentrations and fiber absorption 
losses. The method mainly contained three steps: T4 bacteriophages adsorbed to the fiber 
core; bacterial cells bound to the fiber by the phages and the lysis of bacterial cells. After 
each step, the transmission spectra of the fiber were collected, showing decrease firstly 
with the binding of bacteria and increase with bacterial lysis subsequently [98].  

Another application of THz spectroscopy is to estimate the state of bacterial cells. In order 
to cause an irreversible transformation of cellular component structures, E. coli and B. 
subtiliswere treated in 100 °C for 60 min. The results showed that the absorption spectra 
of bacterial cells with thermally treated and untreated had distinguishing features, 
indicating the structures of the proteins and DNA could change in the thermal denaturation 
process [12]. However, the latest study manifested that intracellular water of bacterial 
cells should be the dominant factor, depending on the fact that the absorption coefficients 
of bacterial powders were lower than those of living bacteria at least an order of magnitude 
[99]. Meanwhile, the absorption coefficients of living and dead bacteria of the same 
species were also different, suggesting that bacterial hydration levels with different living 
state should be discrepant. Thus, THz spectroscopy has the ability to distinguish the living 
and dead bacteria of the same species on the basis of different hydration levels.  

15.5. THz Biomedical Imaging 

Imaging is one of the most crucial applications of electromagnetic waves, and so is THz 
wave. In contrast to X-rays, THz imaging shares some unique properties, including a non-
ionizing radiation detection and a better contrast in the imaging of biological tissues, 
which provides a promising prospect for non-invasive biomedical imaging. Moreover, 
THz biomedical imaging can achieve the amplitude and phase signal of object 
synchronously, which proves to be an image-spectrum merging modality.  

15.5.1. Imaging Mechanisms and Mode 

Water contents as well as structural variations of tissues are considered as the two essential 
THz imaging mechanisms so that tumors without calcium deposits can be distinguished 
that is indiscernible in X-ray scans [100]. i) Water contents: On account of abundant 
vascularity or tissue oedema, the tumor tissues may contain more interstitial water [101, 
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102], which was proved by positron emission tomography, magnetic resonance imaging 
and frequency-domain photon migration technique [103-105], thus exhibit obviously 
different THz absorption. ii) Structural variations: In contrast with normal tissues, 
tumor tissues include disordered microenvironment [106], malignant cellular morphology 
[107] and mutative biomoleculars [108], with an important impact on imaging contrast. 
Based on previous researches of liver cirrhosis tissues, inner structure and composition 
variations may alter 50-66 % of the imaging contrast [109]. iii) Artificial contrast 
enhancement agents: The glycerol and targeted gold nano-rods have been favourably 
utilized as imaging contrast enhancing agents [110, 111]. Based on the photoinduced 
thermal effect of targeted gold nano-rods and obvious temperature-dependent changes of 
water in THz range, THz molecular imaging could distinguish preclinical epidermoid 
carcinoma sensitively and accurately [112].  

Generation after generation, researchers spared no effort to design appropriate sources, 
sensitive absorbers, applicable components, excellent imaging models and simulation 
algorithms. Moreover, various suitable biomedical terahertz imaging techniques have 
been developed, including terahertz pulse imaging (TPI), continuous-wave terahertz 
imaging, terahertz tomography imaging, terahertz molecular imaging and near-field 
terahertz imaging, so as to evaluate the degree of cancerous or diseased tissues easily, 
quickly, accurately. The superiority that TPI can not only extract the amplitude 
information of the sample, but also acquire the phase information, ensuring the absorption 
coefficient and the refractive index of the sample to be calculated at the same time. What 
is more, TPI also provides time information that enables us to develop various three-
dimensional terahertz tomography imaging modalities [113]. Because of the ready 
usability of commercial high-power terahertz laser systems, continuous-wave terahertz 
imaging has become more popular in biomedicine, offering an easier, lower cost 
alternative to TPI [114].  

One of the common limitations of all of the terahertz medical far-field imaging techniques, 
notably, is the poor spatial resolution. Generally, the smallest resolvable feature size in an 
image is limited by diffraction, which corresponds to 150 μm at a frequency of 1 THz 
[115]. In order to surpass the diffraction limit, not only should one detect the propagating 
waves, but also evanescent waves that do not propagate and only exist near the surface of 
object itself. Thus, one should be very close to the so-called near-field region [116, 117], 
so as to obtain the propagating waves and evanescent waves simultaneously. Since the 
first implementation of terahertz near-field imaging platform [118], the terahertz near-
field imaging techniques have become increasingly meaningful as well as hot research 
areas. Consequently, numerous terahertz near-field imaging techniques emerge, such as 
sub-wavelength aperture-based terahertz near-field imaging [119], terahertz aperture less 
scanning near-field optical microscopy (ANSOM) [120], and terahertz wave near-field 
emission microscope [121]. In the terahertz ANSOM technique, a sharp metal tip distorts 
the electric field lines at the near-field of the electro-optic crystal surface, for the purpose 
of being detected by an optical probe pulse, which enters the crystal from below and 
reflects off of the top crystal surface, and spatial resolution has already reached 40 nm 
(λ/3000) [120]. The conundrum, the smallest spatial resolution for imaging being limited 
by diffraction, may be solved by the implementation of terahertz near-field imaging 
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techniques. Hereunder, we will classify different terahertz imaging techniques into 
diffraction-limited terahertz medical imaging and terahertz medical imaging below the 
diffraction limit, and focus on the applications and progress with respect to biomedicine.  

15.5.2. Clinical Applications 

Studies of terahertz biological imaging have developed rapidly and achieved a series of 
breakthroughs in clinical applications such as breast cancer, skin neoplasms, 
gastrointestinal tumors, oral tumors and other tumor tissue and burn tissue dynamic 
monitoring evaluation.  

15.5.2.1. Breast Cancer 

Breast cancer has become a serious threat to women's health, one of the malignant tumors 
globally. Some related research reports of American Cancer Society show that in 2012 the 
number of new cases of breast cancer in women about 1.7 million cases, and the incidence 
of female malignant tumors is in the first place.  

At present, some measurements applying to imaging methods for early screening, 
diagnosis, disease assessment and prognostic monitoring of breast cancer that include 
breast mammography X-ray, breast ultrasound, breast MRI, mammography, breast CT, 
breast PET- CT checks and other means have their own weakness. The terahertz imaging 
of breast cancer tissue is currently focused on studies of isolated mammary gland tissue 
specimen such as pathologic biopsy or surgical resection. In 2004, the Fitzgerald team 
first used a portable terahertz pulse imaging system for imaging of breast cancer in vitro. 
In 2006, the Arnone team used a terahertz time-domain spectroscopy system to study 
imaging of breast cancer tissue in 22 patients with breast cancer [122]. The samples were 
fixed by formalin and then sliced according to the standard pathology method. After the 
terahertz scan was performed, the pathologic type was determined by pathologic 
examination. By comparing the sample images of light microscopy, it was found that the 
correlation of tumor area was more than 82 %. The image correlation coefficient of the 
shape of the invasive ductal carcinoma region on the terahertz image and the optical 
microscope also reached 0.69. There is a large difference between the tumor tissue and 
normal tissue in the refractive index contrast.  

The Benjamin St. Peter team [123] developed a complete series of studies on freshly 
removed formalin-fixed breast cancer tissue in breast-conserving surgery by using a 
single-frequency continuous-wave terahertz reflex imaging system (1.8913 THz). The 
coincidence degree of terahertz images and light microscopy images reached 73 %, 
indicating that the single-frequency continuous wave terahertz reflex imaging system also 
has the ability to distinguish normal breast tissue and tumor tissue.  

Tyler C. Bowman team [124] conducted terahertz samples of tumor tissue samples from 
patients with triple-negative invasive ductal carcinoma after formalin-embedded paraffin-
embedded sections, in order to investigate the difference in tissue structure differences in 
breast cancer after removal of differences in water content reflective imaging studies. As 
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shown in Fig. 15.9, after the removal of water by paraffin embedding, the fibrous tissue, 
adipose tissue and tumor tissue can be distinguished on the terahertz image. This 
difference may be due to the high degree of malignant tumor tissue cell density increased 
rapidly, protein content increased, while the normal fibrous tissue and adipose tissue 
structure is more loose, protein content is low, so the imaging contrast difference is 
obvious, and further shows a good fit correlation degree.  

 

Fig. 15.9. THz image of sample with differentiated infiltrating ductal carcinoma (IDC). (a) Low-
power pathology image used for correlation. Selected locations of high-power pathology of borders 
between regions are denoted by 1 between fatty and IDC and by 2, 3, and 4 between IDC and fibro. 
(b) THz time-domain image. (c) THz frequency-domain image at 1.5 THz. (d) THz frequency 
domain image at 2.0 THz. THz images in (b) – (d) are scanned at 200 μm. High-power pathology 
images at 100×magnification are shown for 1, 2, 3, and 4 borders compared to the frequency-
domain images at 1.5 THz using 50 μm scanning step size.  

However, the spatial resolution of terahertz imaging can not be detected at the cellular and 
biomolecule levels due to the diffraction limit due to terahertz detection waves. This is 
expected to be solved by simultaneous detection of evanescent waves and near-field 
imaging techniques for propagating waves [125]. The Chi-Kuang Sun team explored non-
dehydrated and stained breast tissue slices by self-developed room temperature-operated 
full-terahertz fiber scanning near-field imaging system [126]. And they build a terahertz 
fiber scanning near-field imaging system for in vivo imaging of xenografted mammary 
gland tumors in mice [127]. The results of terahertz scanning imaging in mice with 
xenografted tumor cells after different days of transplantation. On the 18th day, 
proliferation of early breast cancer tissue can be detected.  
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The University of London, the University of Australia and the United Kingdom 
Cambridge, Teraview, conducted a study on the use of hand-held terahertz pulse imaging 
devices to preserve benign and malignant breast tissue and reduce the rate of repetitive 
surgery in breast surgery [128].46 freshly resected mammary tissue samples from  
30 patients were scanned by a 0-2.0 THz Handheld TPI probe. The adipose tissue can be 
distinguished from the tumor/fibrous tissue using the full terahertz time-domain pulse 
parameter. Using terahertz time-domain pulse amplitude and time-domain integral values 
can distinguish tumor tissue from fibrous tissue. It is encouraging that this is the first time 
since clinical trials to validate the diagnostic efficacy of commercial terahertz imaging 
equipment in the diagnosis of intraoperative adjuvant disease management, to further 
optimize the terahertz-assisted pathology diagnostic system and to build in-vivo terahertz 
intraoperative imaging equipment to lay a solid foundation.  

15.5.2.2. Skin Tumors 

Histopathological examination is the gold standard for the diagnosis of skin tumors, but it 
is invasive and can not be used as a routine screening program. It would be necessary to 
explore a simpler, more real-time non-invasive method of assessing tumor boundaries. 
The terahertz imaging technique has the advantages of non-invasive, fast and real-time 
imaging detection, and it has broader development space in the neighborhood of 
biomedical imaging.  

Basal cell carcinoma (BCC) is the most common skin malignancy, the most common 
cancer in the global white population, the incidence increased by 10 % per year. Its 
location is superficial, terahertz imaging technology is one of the earliest medical 
applications. In 2002, the researchers conducted a study of body skin measurements by 
Terahertz Pulsed Imaging (TPI), highlighting TPI as an in vivo diagnostic tool that has 
the potential to study skin hydration levels and the potential for B-type THz images [129]. 
In the same year, the researchers also reported the use of TPI reflex geometry for in vivo 
and in vitro skin-related tumors and tissues in time domain analysis [130]. A typical 
terahertz image using TPP analysis showed the maximum contrast between the lesion and 
normal skin tissue samples (BCC tumor, diameter 15 mm). In 2003, the Woodward [131] 
team reported further studies on simultaneous detection of extrahepatic skin basal cell 
carcinoma in time and frequency domain terahertz pulse imaging. Fig. 15.10 shows the 
2D terahertz images in the time domain and frequency domain. The time domain image 
is displayed at the minimum value of the pulse function, E (min), and at -1.74 ps after the 
pulse value (TPP): The frequency domain image shows the reflected power at 0.7 THz. 
The frequency domain spectrum of skin tissue can be studied by Fourier transform time 
domain waveform before signal processing.  

In 2004, Wallace et al. [132] made further studies on terahertz pulse imaging of basal cell 
carcinoma in vitro and in vivo. The aim is to further verify whether terahertz imaging 
technology can distinguish between skin tumor tissue and normal tissues of the skin and 
whether it helps to promote preoperative tumor border identification. By performing 
terahertz in vitro imaging and histological imaging of the primary BCC on the forehead, 
it is clear that there is a strong contrast between the tumor tissue and the normal tissue, 
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and that the tumor area in the terahertz imaging coincides with the results of the 
pathological diagnosis. Compared with histology, the observed contrast in the terahertz 
image has been able to determine the edge of the tumor.  

 

Fig. 15.10. The terahertz image of skin tumors. The a) visible, b) E (min), and c) TPP time-domain 
images and d) the frequency-domain image of BCC and normal tissue in vitro. The solid and dashed 
lines mark the boundaries of the diseased and normal tissue respectively. In the visible image a 
region of inflammation is present in the top left of the diseased tissue, just visible by the lighter 
region of tissue, which is clearly visible in the THz images. Area d – diseased;  
i – inflammation; n, n1 –normal. The area of diseased tissue was chosen as it was within the line 
of the histology section and away from the suture (X). The ‘darker’ regions indicate an increase in 
amplitude of the respective analysis techniques. 

15.5.2.3. Gastrointestinal Tumors 

Digestive tract malignant tumor is the most common clinical tumor accounted for 1/4 of 
all malignant tumors. We summarize the research status and progress of terahertz imaging 
in gastrointestinal neoplasms, and hope to provide a new perspective for the early 
diagnosis of tumor, and to explore the method of clinical gastrointestinal tumor detection.  

In 2008, Png et al. [133, 134] carried out the freeze-drying process in order to control the 
detection in the background noise of the system used and to overcome the effects of tissue 
hydration and freshness on the terahertz detection significantly reduces the absorption 
coefficient of the sample. They conducted a study of fresh liver and kidney tissues in mice, 
which was the first to study the terahertz imaging of organ tissue in digestive system. In 
2009, Huang et al. [134] made fresh tissue samples of liver, kidney, myocardium, leg 
muscles, pancreas and abdominal adipose tissue from healthy mice. The terahertz pulse 
imaging was performed on the above samples, and pulse imaging can distinguish fresh 
gastrointestinal tissue.  

It can be seen that the terahertz characteristics of some gastrointestinal tract are also 
described, but the overall study of the gastrointestinal tract is still lacking. In 2014, Young 
Bin Ji et al. [135] focused on gastrointestinal tissue, confirming that terahertz imaging can 
distinguish tissue types through differences in the intrinsic characteristics of the 
gastrointestinal tract, with the potential to diagnose and identify tumor types. They have 
been identified as normal gastrointestinal tissue for terahertz imaging, get the former 
stomach, glandular stomach and large intestine in the terahertz band optical characteristics 
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of the parameters, but also studied the esophageal reflex problem, and further subjected 
to HE staining of the tissues.  

Gastric cancer as a high incidence of cancer in East Asia [136, 137], terahertz has been 
confirmed to be dehydrated paraffin-embedded gastric cancer tissue diagnosis [138]. To 
assess the feasibility of terahertz imaging in the identification of early gastric cancer and 
normal tissue, to assist in the diagnosis of early gastric cancer, Young Bin Ji et al. [139]. 
The results showed that the cancerous tissues in 6 specimens could be identified by 
terahertz from normal tissues in 8 gastric cancer specimens. The representative images 
included general images, terahertz images and pathological maps. All parameters showed 
early gastric cancer terahertz reflex intensity is higher than normal gastric mucosa. The 
most typical of the three as follows (Fig. 15.11). 

 

Fig. 15.11. Comparison of images in three different EGC cases. (a) Visible gross images.  
(b) PPTHz images. The selected ROIs for THz parameters of the EGC and normal regions 
areindicated by blue arrows and black arrows, respectively. (c) Pathologically mapped images. 
White lines represent the 2-mm slices obtained for pathologic examination. Red region, 
pathologically proven gastric cancer. 

Colorectal cancer is one of the common gastrointestinal malignancies, it refers to the large 
intestinal mucosal epithelium in the environment or genetic and other carcinogenic factors 
occur under the malignant lesions. Recent studies have shown that by terahertz detection 
of intestinal tissue absorption and reflectivity and other parameters, can check the 
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colorectal lesions. In 2011, Faustino Wahaia et al. Used a transmissive terahertz system 
and a continuous terahertz wave imaging system to study colonic tissue. Experimental 
results show that the impact of normal colon tissue and cancerous tissue terahertz imaging 
is still different after the removal of water. In the same year, Caroline B. Reid et al. [140] 
used terahertz time-domain spectroscopy to study cancer, dysplasia, and normal bowel 
tissue. They analyzed the absorption coefficients and refractive index parameters of the 
three different tissues and analyzed the terahertz spectrum. The signal establishment data 
model confirms that terahertz pulse imaging can locate diseased tissue and distinguish 
between dysplastic tissue and normal tissue.  

According to the figure can be seen in the three organizations in the terahertz band can be 
clearly distinguished and consistent with the pathological results. In patients with 
cancerous tissue and normal tissue absorption coefficient and refractive index compared 
to cancerous tissue due to a higher water content, the two indicators are higher than normal 
tissue. In the low intensity of terahertz, the difference of absorption coefficient and 
refractive index between cancerous tissue and normal tissue is more significant, which is 
consistent with other studies on terahertz imaging of in vitro tissue [141], so in different 
terahertz groups, the distinction is more effective.  

In 2015, based on the terahertz waveguide near-field imaging system, Joseph et al. 
demonstrated that terahertz imaging can be used to diagnose surgical resection of fresh 
human colon tissue [142]. The absorbance of colonic tissue was measured by terahertz 
near field scanning, and the obtained images can quickly and automatically distinguish 
normal tissues and cancerous tissues. Cancerous tissue absorbs more terahertz waves than 
healthy tissue, and this significant difference is the basis of the terahertz imaging system 
used to distinguish cancerous tissue.  

15.5.2.4. Other Tumors 

Oral cancer is a malignant tumor that occurs in the mouth and face, and is the 6th largest 
common tumor in the world. Sim et al. carried out a reflection of terahertz imaging 
technology oral malignant melanoma clinical trials [143]. The specimens used in this 
experiment were taken from a 72-year-old female fresh mandibular malignancy malignant 
melanoma tissue, using terahertz images obtained at room temperature and freezing 
temperatures using a controlled temperature system previously set up on a terahertz 
device. The terahertz time domain signal images of the oral melanoma tissue it can be 
seen that there are three fuzzy points on the terahertz image and a clearer point at the top 
right, and the contrast of the images at the two temperatures is significantly different.  

The difference in terahertz feedback showed a change in the histopathological and 
histological changes between the liver cirrhosis group and the normal liver tissue. As the 
cirrhosis tissue structure and blood supply changes, it was possible to determine the 
cirrhosis and health group by terahertz spectroscopy [144]. From the perspective of 
terahertz near field images, it is possible to successfully identify normal tissues and 
cancerous tissues. The hepatocellular carcinoma area is in sharp contrast with normal 
tissues and is highly correlated with pathologic HE staining.  
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Rong et al. [145] were first used in the diagnosis of hepatocellular carcinoma by 
continuous wave terahertz digital coaxial holography. Terahertz holography allows 
simultaneous recording of the amplitude and phase distribution of the scattered waves in 
a single hologram recording, shortening the acquisition time and having a high resolution 
after processing. From the good contrast of the image it can be seen that the single 
hologram obtained at the interval of 20.83 seconds has been able to achieve low resolution 
reconstruction of the sample absorption and phase information.  

Cervical cancer is one of the most common malignancies in the female reproductive 
system and is the second most common malignancy in breast cancer in the world. Jung et 
al. [146] on two cases of cervical cancer tissue terahertz imaging found that small lymph 
node metastases, the future of terahertz imaging technology in the application of cervical 
cancer laid the foundation. The terahertz spectroscopy information for the five regions of 
the sample tissue paraffin region, the lymph node metastatic region, and the absence of 
lymphatic metastases. The results showed that the peak signal of the time-domain signal 
of cervical cancer tissue with lymph node metastasis was lower than that of lymphatic 
metastasis, and the decrease of the peak amplitude was caused by the change of the 
refractive index. The cause of the differences can be explained from the pathophysiology 
and histology of cervical cancer. Lymph node metastases of cervical cancer cells have 
passed through the basement membrane, invading the stroma, changes in tissue structure, 
through the terahertz spectral feedback information to show this difference out. The results 
showed that the peak time signal of cervical cancer tissue lymph node metastasis was 
lower than that of lymph node metastasis.  

The past two years, skin burns terahertz spectroscopy and imaging diagnostic research is 
particularly noticeable. Taylor et al. [147] used a reflective pulsed terahertz wave imaging 
system to model the porcine skin burn samples on a direct basis, resulting in a high-
resolution image. Because of the large difference in water content between burned tissue 
and normal tissue, terahertz images can clearly show the contours of two different tissues, 
and the study shows that terahertz medical imaging is feasible.  

In 2011, Arbab et al. [148, 149] of Washington University in the United States formed 
burned traumatic tissue on the skin surface of mice. The terahertz time-domain spectral 
reflex technique was used to compare the reflectance spectra of the wound surface with 
normal mouse skin. In 2012, Tewari et al. [150] made terahertz imaging of burn wounds 
for the first time in vivo. It is observed that both the burned skin and the surrounding area 
exhibit an increase in terahertz reflectivity, which may indicate an increase in local water 
concentration, which is a normal condition for post-injury response. And the average 
terahertz reflectivity in this region was about 9.4 %, an increase of 4.4 % compared with 
the undamaged skin. A cut of the "+" burn area and confirms an increase in the central 
reflectivity at the burned surface while the decrease in the surrounding tissue reflectivity. 
This study shows the formation and dissipation of burn wounds and surrounding edema 
in the body, furthermore, these imaging results identify the coagulation and stasis regions 
based on the high resolution spectrum of the hydration gradient. And no other imaging 
technology can have such a high difference to distinguish between these areas. This study 
presents terahertz imaging of burn wounds in vivo.  
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In 2010, terahertz technology had been used in porcine corneal imaging studies, the results 
showed that terahertz pulse reflection imaging system could accurately detect the degree 
of corneal hydration. In 2012, terahertz technology was used to establish and validate 
corneal tissue reflectivity in a layered model [151]. Taylor et al. [152] use terahertz 
imaging techniques for in vivo imaging studies of mouse corneas reflected terahertz 
imaging for the first time. The map revealed a significant, spatial change in the reflectance 
difference throughout the cornea. The perimeter of the cornea also changes with time, 
indicating that the corneal thickness could be used to increase the entire surface area of 
the contact window because swelling occurred.  

15.5.3. Clinical Adoption Perspective 

Pathological diagnosis and imageological examination are generally acknowledged as a 
comprehensive diagnostic strategy of carcinomas and becoming the direction of 
developing THz biomedical imaging. Apparently, most current THz imaging pathological 
investigations are not uniform or comparable due to the diversity in sample preparations 
and measurements. Hence standard research system and shared database should take full 
account of sample preparation methods, storage condition, and instrumentation. When it 
comes to conventional surgery, residual tumor cells spreading away from the operative 
area for malignant lesions are an underlying hazard factor. It means that a credible imaging 
modality precise differentiation of the border between normal and tumor tissues in situ is 
exceedingly urgent. Especially, a THz endoscope prototype fits in with this trend 
preliminarily [153], which needs further improvements to be embedded in clinical 
endoscopic surgery instruments and replaced with a compact and flexible transceiver. 
Besides, after the coupling of THz molecular imaging modality to enhance the image 
contrast, intense attenuation by water could be overcome so that real-time intraoperative 
monitoring could be realized.  

On account of the poor spatial resolution limited by diffraction, THz biomedical imaging 
is still in its infancy. Fingerprint characteristics of biomolecules are critical for Precision 
Medicine and may be obtained in a nanometer spatial resolution by THz pulse near-field 
microscopy [154]. Despite the indispensable requirement for cryogenic cooling, a 
quantum cascade laser (QCL) aperture less near-field terahertz (THz) imaging device 
based on self-mixing interferometry offers an experimentally simple, compact and high-
resolution imaging approach and may overcome some technical challenges faced using 
terahertz time domain systems [155]. However, it may not be applicable for biomedical 
research temporarily due to strong signal attenuation in aqueous environment. Indeed, 
there are still some obstacles in obtaining the THz image at subcellular even single 
biomolecular scale, although the epithelial cell monolayer image has been acquired by 
THz-ATR system inspiringly [156].  

15.6. Biological Effects of Terahertz Radiation 

With the rapid development of THz technique and variously potential applications in 
biology and biomedicine, more and more researchers will be exposed to THz radiation for 
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a long time. Thus, the studies about biological effects of THz radiation have become a 
significant effort to prevent adverse health effects. In addition, a large amount of 
biological effects experiments about the influence of THz radiation on tissues, 
microorganisms, cells and intracellular biomolecules also tends to be crucial for the 
special response between biological substance and THz radiation. In this part, the detailed 
data of biological effects experiments on various biological substance will be preliminary 
summarized. Specially, potential applications of THz radiation related with clinical 
settings are also discussed. The effects of THz radiation on bio-system are extensive, and 
can be divided into two parts: thermal effects and non-thermal effects from the perspective 
of physics. But the influence of THz radiation on intracellular biomolecules, cells, tissues, 
and organelles seems to be hardly explained in only one effect. Thus, exhibiting current 
status following the orders of biological levels would be beneficial for biomedical 
research. Before the review of literature, three basic principles about the interaction 
between THz radiation and biological materials should be mentioned. Firstly, as a kind of 
non-ionizing radiation, the energy of THz photos is not enough to break the chemical bond 
between the biomolecules which means the ionizing effects are not included in most 
biological effects. Secondly, owing to the high absorption of liquid phase environment in 
biological tissue, most of THz photos energy converts into heat and therefore caused 
thermal effects manifested by the temperature changes. Thirdly, non-thermal effects 
remain to be a controversial concept for limited detection methods now and could only be 
explained by excited low-frequency molecular vibrations and rotations in THz regions 
theoretically.  

15.6.1. Biological Effects of Terahertz Radiation at the Level of Gene 

Compare with other high energy ionizing radiation (UV, X-rays, gamma rays), THz 
radiation is a kind of non-ionizing radiation and the energy of THz photos is not enough 
to break the chemical bond between the biomolecules. Thus, the mechanisms of effects at 
the level of gene may be ascribed to the resonance between THz radiation and organisms. 
In the 1980s, Berns et al. measured the DNA synthesis of PTK2 cells after long THz 
exposure times, and found it was inhibited significantly [157]. But, if exposure times 
shortened, inhibition was not measured. Later, they made Chinese Hamster Ovary (CHO) 
cells of synchronized in S-phase or unsynchronized exposed to THz exposure, and found 
DNA synthesis inhibition was stronger when cells were synchronized in S-phase [158]. 
In all, the authors considered that THz radiation could directly act on DNA, and the effect 
could possibly be genetic predisposition or cell cycle dependence. In addition, several 
studies have suggested that THz radiation could lead to genetic changes during the 
differentiation of mouse stem cells, through affecting the stability of DNA [159-161]. In 
addition, several studies indicated changes of gene expression when cells were exposed 
to THz radiation, for example, peroxisome proliferator-activated receptor gamma 
(PPARγ) activated [162], genetic code of inflammatory cytokines affected [163], solute 
carrier family 2 member 4 (facilitated glucose transporter, GLUT4) and adiponectin 
[160, 161], the expression of epidermal differentiation complex and phosphorylation of 
H2AX [164, 165], decreased the gene transcription of substance P and increased the 
transcription of calciton in gene-related peptide [166].  



Chemical Sensors and Biosensors 

 356

In addition to this, effects of THz radiation on chromosome are also studied. For checking 
chromosomal damage, H. Hintzsche et al. [167] made monolayer AL cells (human-
hamster hybrid cells) exposed to 0.106 THz radiation. At the anaphase and telophase of 
cell divisions, the appearance of spindle disturbances indicated that 0.106 THz radiation 
was a spindle-acting agent. Afterward, human skin cells, HaCaT and HDF cells, were also 
been exposed to 0.106 THz radiation by the same team [168]. Finally, they did not observe 
the alkali-labile sites, DNA strand breaks or chromosomal damage. The results were 
contrary to the expected output, it seemed that mitotic disturbances could not develop to 
DNA damage. Besides, lymphocytes also were used to investigate the effects of THz 
radiation on genotoxicity. Firstly, micronucleus frequency and cell proliferation were 
researched, but there were not any significant change observed [169]. The result indicated 
that THz radiation had no effect on DNA, and the same conclusion was drawn by other 
team [170]. However, as a similar experiment, Doria et al. used the comet assay to check 
DNA breaks. The data showed a clear but small increase in DNA damage, and authors 
conjectured that the metal co-used in the experiment leading to resonance effects caused 
the differences [171]. Otherwise, there was a research that showed DNA synthesis 
increased and viability decreased of lymphocytes under THz radiation [172]. Moreover, 
the aneuploidogenic effects of THz radiation on chromosomes 1, 10, 11, and 17 of 
lymphocytes were investigated. Importantly, for chromosomes 11 and 17 irradiated 2 and 
24 hours, aneuploidy was observed, but there were no any changes observed for 1 and 10. 
Meanwhile, for all chromosomes, asynchronous mode of replication was observed after 
24 hours, but after 2 hours, asynchronous mode of replication was observed besides 
chromosomes 10 [173].  

15.6.2. Biological Effects of Terahertz Radiation at the Level of Biomolecules 

Studies about biological effects of THz radiation on biomolecules are always important 
as enzymes and proteins play a significant role in biological function. The first study [174] 
in the 1970s was investigated about hemoglobin and alcohol dehydrogenase, and no 
effects were measured on the oxygen-binding capacity of hemoglobin and enzyme 
activity. The effects of THz radiation on hemoglobin (Hb) bonds also were examined, and 
the results showed that Hb bond strength was increased at 3.33 THz and decreased at  
2.65 THz [175]. Afterwards, Govorun et al. [176] also investigated the effect of THz 
radiation on alcohol dehydrogenase, but the complex alterations, a decrease first and with 
energy raised then an increase were shown, and the same result was observed on albumin 
which could be changed structure simultaneously. However, the result showed the slight 
decrease of the activity of peroxidase. In addition, the effect of THz radiation on binding 
capacity to progesterone of albumin was researched by Cherkasova et al. [177] and the 
result indicated that the binding capacity was increased. The activities of calf alkaline 
phosphatase in different conditions exposed to THz radiation also were measured and the 
results were different, no effect on immobilized enzyme, but a decreased activity of 
soluble form [178]. While, recently, E. coli/pKatG-gfp biosensor cells were used to study 
the biological effects of THz radiation. The results indicated that some changes in 
fluorescence values and the expression of green fluorescent protein (GFP) were induced 
under THz radiation with power densities of 1.4 mW/cm2 and at wavelengths of 130, 150, 
and 200 μm [179]. Besides enzymes and proteins, the effect of THz radiation on artificial 
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liposomes was investigated. Doria et al. [171] found that the stability of liposome was 
affected clearly only with THz radiation of energy densities of 7.8 mW/cm2 for 7 Hz pulse 
frequency. Similarly, Ramundo-Orlando et al. [180] also found important effect for the 
same pulse frequency at all detected power densities, but did not find effects for other 
pulse frequencies. So, the present data indicated that the pulse frequency was one of the 
factors inducing the biological effects of THz radiation [181].  

15.6.3. Biological Effects of Terahertz Radiation at the Level of Microorganisms 
and Cells 

The effect of THz radiation on Escherichia coli (E. coli) was investigated and strong 
growth inhibition was measured. Moreover, the mechanism of the phenomenon was 
considered as the inhibition of metabolic processes and cellular division [182]. However, 
another team attempted to reproduce the experiment, but the growth inhibition was not 
measured [183]. Furthermore, S. cerevisiae was irradiated with different frequencies, and 
only at 0.341 THz, the highest frequency, for 2.5 h growth increase was observed. At the 
same time, with the same frequency, 0.341 THz, for different exposure times, results 
showed that growth increase was not observed only for 2.5 h. Apparently, the results of 
different studies were discrepant, but there were not reasonable causes to explain [184]. 
Compare with the researches at the level of microorganisms.  

Studies at the level of cells focus on the cellular function. At the earliest, PTK2 cells, a 
kangaroo kidney cell line, was used to investigate the effect of THz radiation on cell 
morphology, and no significant changes were seen [157]. Moreover, the morphology of 
human primary keratinocytes, human corneal epithelial cells, ND7/23 cells, neurons, 
human embryonic stem cells, and mouse stem cells were investigated, and all indices 
remained unaffected by THz radiation [162, 185-187]. However, a study on the viability 
of human primary dermal fibroblasts indicated that viability decreased to 90 % [163], and 
cells underwent apoptosis or necrosis and died ultimately through affecting plasma 
membrane permeability under the THz radiation with the increased energy [188]. In 
addition, the effect that THz radiation had on neurons was reported, and the results 
indicated that THz radiation could cause damage to the morphology of cells. Some 
researches focused on the effect of THz radiation on blood cells, and found THz radiation 
could increase in both cellular membrane permeability and proliferation potential of red 
blood cells, and cellular proliferation of lymphocytes. But, there were about 38 % 
of the exposed cells to die [172]. Other studies exhibited that THz radiation could  
lead to a decrease in viscosity, but no effects on aggregation and deformability of 
erythrocytes [189].  

15.6.4. Biological Effects of Terahertz Radiation at the Level of Tissues 

Biological effects of THz radiation on tissue usually draw concerns because they are the 
parts of the human body most readily exposed to THz radiation. Jo et al. [166] examined 
the histological changes on the back skin of male C57BL/6 mice under the THz radiation, 
and the results revealed that THz irradiation did not cause some visible histological 
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changes of skin. Furthermore, the tissue damage thresholds were examined by Dalzell et 
al. [190] using experimental approaches and computational modeling in the THz regime. 
They used probit analysis techniques and conventional damage score determination to 
determine tissue damage thresholds and used infrared thermographic techniques to 
measure tissue temperatures. The tissue damage threshold (ED50) was examined to be 
7.16 W/cm2 using Free Electron Laser (FEL) in the range of 0.1-1 THz. However, a lower 
value of 5.0 W/cm2 was predicted by computational models. The defined tissue damage 
thresholds have enormous assistance to make safety standards of THz radiation.  

15.6.5. Potential Applications of Terahertz Radiation 

Although, there is the objection about whether THz radiation could cause the hazards on 
organisms, some researches indicated that THz radiation maybe a useful tool for certain 
diseases in clinical setting. Firstly, Ostrovskiy et al. [191] made patients of superficial or 
deep burns exposed to THz radiation, and the results indicate that THz wave could 
accelerate the epithelialization process so as to achieve the repair of localized burns. It is 
worth mentioning that a team composed by Kirichuck and other researchers studied the 
THz bio-effects continually. They [192] treated male and female albino rats with THz 
radiation, and the data showed that albino rats exposed could recover completely the 
platelet aggregation, but the treatment was more sensitive to the female rats, especially in 
the estrus phase. Next year, the team [193] made male albino rats exposed to 0.15 THz 
radiation. The results indicated that enhanced platelet aggregation and increased 
depression were exhibited by THz exposed rats for 60 min. However, there was not any 
effect on rats that were exposed to THz wave less time than 60 min. The same year, the 
team [194] made male albino rats suffer from immobilization stress by a supine fixation 
technique and treated them with 0.15 THz radiation for 15 or 30 min. After the treatment, 
they extracted blood of rats and evaluated lipoperoxidation (LPO) and antioxidant levels 
by several indices, such as SH-groups, lipid hydroperoxides, vitamin E and SOD. The 
results of this study showed that some intermediate products of LPO and antioxidant 
activity had been changed statistically on rats exposed to THz wave for 30 min. Moreover, 
in order to verify whether THz radiation is effective to treat the fibrinolysis or 
hemocoagulation dysfunction of rats under immobilization stress, the team [195] made 
the skin of mongrel rats exposed to 0.129 THz radiation. The parameters evaluated 
indicated that there was not any effect when rats were exposed for 5 minutes, but, THz 
radiation could induce normalization effects on fibrinolysis and coagulation markers when 
rats were exposed for both 15 and 30 minutes.  

The above consequence about the biological effects is valuable for medical application of 
THz technique but still be cautiously suggested under the situation of numbered 
investigation. Some results of experiments are competing owing to restricted experimental 
equipment and poor experimental analysis tool in early studies. In the future, the design 
of related experiment should fully consider the choice of THz exposure parameters and 
statistical principle. At the same time, consequence such as the tissue damage thresholds 
need more data support before provided to clinical application in which the lower 
frequencies experimental value is discrepant from computational models and the 
thresholds in higher frequencies are controversial.  
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16.1. Introduction  

16.1.1. Label-Free Biosensing 

Label-free biosensors are convenient tools for the quantitative analysis of specific 
interactions between biomolecules [1] as well as for the quantification of specific analytes 
in biofluids such as serum or lysates of cultured cells [2]. First, one of the interacting 
molecules (the "bait") is immobilized on the sensing surface by a standard protocol and 
the cognate molecule (the "prey") is injected at different concentrations. Thereby, the 
binding of the bait is quantitatively monitored in real time by a label-free readout such as 
surface plasmon resonance (SPR), a surface acoustic wave (SAW) device, or the quartz 
crystal microbalance (QCM) [3-5]. Label-free detection methods cannot discriminate 
between (i) the specific binding of the prey to the immobilized bait, and (ii) the non-
specific adsorption of a sample component to the sensor surface; therefore, it is essential 
that non-specific adsorption be suppressed by immobilizing the bait on a protein-resistant 
sensing surface. 

Conventionally, the bait molecules are covalently coupled to carboxymethyldextran-
coated chips or other protein-resistant surfaces [6]. A convenient alternative is the 
immobilization of biotinylated bait molecules on streptavidin-coated chips; less bait is 
required for that procedure and the protocol is much simpler. Both immobilization 
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methods are essentially irreversible. This is an advantage if a chip functionalized with one 
particular bait is to be used for the screening of a large number of samples with the same 
prey molecule.  

16.1.2. Methods for Reversible Immobilization of Biotinylated Bait Molecules  
on Sensing Surfaces 

For the quick measurement of many different bait-prey interactions, it would be desirable 
to replace the immobilized bait with another bait molecule with the help of simple washing 
steps inside the biosensor device. Three methods have been developed in which 
biotinylated bait molecules can be replaced by new baits by means of such washing steps.  

In the Biotin CAPture KitTM (GE Healthcare Product No. 28920233), a single-stranded 
DNA is covalently coupled to the carboxymethyldextran chip and, in parallel, the 
complementary DNA strand is coupled to streptavidin. Streptavidin is then immobilized 
on the chip by DNA double strand formation, and after that the biotinylated bait molecule 
is bound to streptavidin. When the desired number of bait-prey interactions has been 
measured, the chip is washed with a pulse of 100 mM HCl, whereupon the DNA double 
strand is denatured and streptavidin is removed along with the immobilized bait. The chip 
shows excellent reproducibility, but it is not applicable to DNA-binding proteins, its 
binding capacity is not higher than that of flat chip surfaces, it is only available for one 
brand of biosensors, and its molecular parameters have not been disclosed. Moreover, the 
100 mM HCl pulse that is used for the complete regeneration of the chip is not very 
different from typical methods employed for the selective removal of prey molecules 
between the successive injections of prey-containing samples [12]; therefore, there is a 
risk of undesired loss of immobilized baits in an ongoing measurement series. 

In the second method, a self-assembled monolayer with a 20 % biotin group density  
(Fig. 16.1A) is used as a sensing surface and the biotinylated bait molecules are 
immobilized by the formation of a biotin-avidin-biotin bridge, whereby a switchable 
mutant of avidin is employed (see Fig. 16.2A) [7-9]. Fortunately, the biotin-avidin-biotin 
bridge is resistant to most of the methods that are used for the selective removal of prey 
from immobilized bait (states 3 and 4 in Fig. 16.2A), which allows for many successive 
tests for the prey of interest. Only when desired is the biotin-avidin-biotin bridge 
dissociated by a mixture of sodium dodecyl sulfate (SDS) and citric acid, (state 5a in  
Fig. 16.2A). Thereby the bare biotin-SAM is recovered (state 1) for a new round of 
functionalization with the avidin mutant and another kind of biotinylated bait molecule 
(states 2 and 3).  

The third method is similar to the second one, with two distinct differences: the biotin-
SAM (Fig. 16.1A) is replaced by the analogous desthiobiotin-SAM (Fig. 16.1B), and 
wild-type streptavidin is used in place of a switchable avidin mutant (see Fig. 16.2A,  
state 5b) [10, 11]. In this chapter, methods No. 2 and 3 are compared with respect to their 
performance and the critical parameters are discussed in sufficient detail to give potential 
users full insight into the relevant practical aspects.  
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Fig. 16.1. Comparison of the mixed self-assembled monolayers (SAMs) used for switchable 
immobilization of avidin mutants or of streptavidin, respectively. (A) A SAM with 20 % biotin 
group density was employed for immobilization of acid-sensitive M96H-mutants of avidin  
in which methionine-96 had been replaced by histidine [7-9]. (B) A SAM with 20 % desthiobiotin 
group density was required for switchable immobilization of wild-type streptavidin [10, 11]. 

 

Fig. 16.2. Illustration of the reversible immobilization of biotinylated bait molecules on biotin-
SAMs or desthiobiotin-SAMs. (A) Distinction between conventional regeneration (termed "prey 
removal") and "full regeneration" of the sensor chip (removal of streptavidin plus biotinylated bait). 
Avidin mutants (M96H ± further mutations) can be dissociated into non-functional monomers 
(state 5a [9]) whereas wild-type streptavidin remains tetrameric (state 5b [11]).  
(B) The removal of the network formed by streptavidin and a statistically biotinylated protein 
requires guanidinium thiocyanate (GTC) plus pepsin [11]. (C) A mono-biotinylated protein can be 
removed with GTC alone [11]. Reproduced with slight modification from [11] (creative commons 
license CC BY). 
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16.2. Mechanism and Parameters of Reversible Immobilization  
of Biotinylated Baits via Switchable Mutants of Avidin 

The binding of wild-type avidin or streptavidin to biotinylated surfaces is essentially 
irreversible. Even very strong denaturants such as 6 M guanidinium thiocyanate were seen 
to remove only a fraction of streptavidin that was bound on the biotin-SAM shown in  
Fig. 16.1A [11]. The only method that has been reported to bring about the quantitative 
removal of streptavidin from immobilized biotin residues is treatment with distilled water 
at temperatures above 70 °C [13]. Such heating cannot, however, be used in typical 
biosensor flow cells. Therefore, no aqueous reagent has yet been found which can remove 
wild-type avidin or streptavidin from biotinylated sensor chips while they are mounted in 
the biosensor device. 

In this situation, we were faced with the choice of modifying either the biotin groups on 
the sensor surface or the (strept) avidin molecules which are used for immobilization of 
biotinylated baits on biotinylated surfaces (see Fig. 16.2A). The modification of the biotin 
groups on the sensor chip is described in Section 16.3 (below), and the modification of 
avidin is presented in this section.  

A well-known method for lowering the affinity of avidin for biotin is the nitration of 
tyrosine residues [14, 15]. We therefore tested this so-called "captavidin" on the biotin-
SAM shown in Fig. 16.1A, but the affinity turned out to be too low for stable binding on 
the chip, and the binding capacity for biotinylated antibodies was also rather low [7]. We 
then considered using avidin mutants in which hydrophobic amino acids positioned at the 
subunit-subunit interfaces had been replaced by histidine residues [16]. The imidazole 
residue of histidine can be protonated by acid, resulting in a positive charge which leads 
to the dissociation of the avidin tetramer into four separate subunits at low pH [16]. 
Among all of the histidine mutants, avidin M96H (with a histidine instead of methionine 
at position 96) required the lowest pH for dissociation of the tetramer [16]. For this reason, 
we chose avidin M96H as the most promising candidate for the stable immobilization of 
biotinylated baits on a biotinylated chip [7], as illustrated in Fig. 16.2A.  

In our first tests, avidin M96H was bound to the biotin-SAM shown in Fig. 16.1A. Then, 
1 % citric acid (pH 2.2) was injected, whereupon only a small fraction of the avidin mutant 
was removed [7]. Even less removal of avidin M96H was seen when phosphate-buffered 
saline (PBS) containing 0.5 % SDS was injected [7]. In contrast, a rapid and complete 
dissociation of chip-bound avidin M96H was achieved when a mixture of SDS and 
unbuffered citric acid (pH 2.0) was injected [7]. This discovery enabled the repeatable 
functionalization of a biotin-SAM with biotinylated baits, as illustrated in Fig. 16.2A. The 
corresponding SPR data are shown in Fig. 16.3A. 

Initially, PBS was run over the biotin-SAM, and SDS (0.5 %) was injected to remove 
potentially adsorbed protein or impurities from the chip surface. Avidin M96H (with 
additional mutations that lower the pI to 7.0 (see the third row in Table 16.1) was injected 
in both flow cells. That resulted in the formation of a dense monolayer, as was indicated 
by the high SPR response (2416  8 RU and 2467  11 RU in flow cell 1 and 2, 
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respectively) [18]. Subsequently, biotin-IgG was only injected into flow cell 2 (FC2, blue 
trace), resulting in a binding response of 2109  66 RU. Finally, the mixture of SDS and 
citric acid was injected into both flow cells, followed by a pulse of SDS.  
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Fig. 16.3. Repeated immobilization of (strept)avidin with and without biotinylated antibody on a 
(desthio)biotin chip. (A) A chip with 20 % biotin density (Fig. 16.1A) was treated with avidin 
mutant #3 (termed "switchavidin" [8]) in both flow cells. Biotin-IgG was immobilized in flow cell 
2 (FC2, blue trace) and both proteins were repeatedly removed with a mixture of SDS and citric 
acid. Three consecutive experiments performed on the identical chip are shown on the coherent 
time scale, with pauses of 2708 s and 52 s between the runs [17]. (B) A chip with 20 % desthiobiotin 
density (Fig. 16.1B) was used for the repeated immobilization of streptavidin ( biotin-IgG) and 
was regenerated by consecutive injections of guanidinium thiocyanate (GTC, 6 M, with 4 mM 
TCEP), pepsin (2 mg/ml, in 1 M glycine, pH 2.5), and SDS (0.5 %). Panel B was reproduced with 
slight modifications from [11] (creative commons license CC BY). 
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The last two injections resulted in the complete removal of avidin and biotin-IgG from the 
biotin-SAM, as was shown by the return to the original baseline (see green dotted line). 
In Fig. 16.3A, the experiment was repeated three times and proved to be fully 
reproducible. In practice, the performance of the chip was found to remain constant for at 
least two weeks of continued operation (including rinsing at 5 µl/min with 5 mM NaN3 
and 100 mM NaCHO3, pH 8.5, overnight and over the weekend). The same good 
performance that was shown for the avidin mutant #3 in Fig. 16.3A was also found with 
mutants #1 and #2 (see Table 16.1), except that their binding capacity for biotin-IgG was 
higher than that of mutant #3 (by 11  1.3 % and 3.3  1.2 %, respectively) [9]. 

 

Table 16.1. Comparison of avidin mutants [9] and streptavidin [11] with respect to their pI 
values, non-specific adsorption of protein and DNA, as well as their stability at pH 2. 

Mutant 
No. 

pI a) Mutations 
IgG 

adsorption 
(RU) b) 

DNA 
adsorption 

(RU) d) 

(strept)avidin 
remaining 
after pH~2 

pulse d) 

(strept)avidin 
+ biotin-IgG 
after pH~2 

pulse d) 
#1 9.69 M96H 64  7 270 102 % 97 % 

#2 9.51 M96H, R114L 66  8 200 81 % 99 % 
#3 

"switch-
avidin" 

7.06 
M96H, R114L, 
K9E, R124H, 

K127E 
27  6 0 63 % 99 % 

strept-
avidin 

5-7 
none  

(wild-type) 25  4 -4 99 % 99 % 

desired 5-7 none 0 0 100 % 100 % 

a) The pI values for the mutants were calculated from the amino acid sequence [9]. The pI values reported for 
wild-type streptavidin range from 5-6 [20]. Recombinant streptavidin has a pI near 7 according to the 
manufacturers' data sheets. b) Binding of goat IgG during a 5-min injection at 1 mg/ml on top of (strept)avidin 
(see FC1 in Fig. 16.6, red trace). c) Binding of unlabeled bait DNA (1 µM, 3 min injection) on a monolayer of 
(strept)avidin (see FC1 in Fig. 16.7c, red trace). For comparison, the hybridization response to injection of  
1 µM analyte DNA was 280 RU (see Section 16.6) d) 2.5 % Citric acid (with 150 mM NaCl, pH = 1.9) was 
injected when the avidin mutants were employed [9], whereas 10 mM HCl (with 90 mM NaCl, pH ~ 2.0) was 
injected when streptavidin was used [11]. 

An important clue to the molecular action of SDS and citric acid came from the following 
observation: only by combining these two reagents was it possible to remove avidin 
mutants containing the mutation M96H. We hypothesized that citric acid (2.5 %,  
pH = 2.0) protonates the four non-native histidine residues in position 96 of each subunit 
(shown in the center of the avidin tetramer in Fig. 16.4A). These four positive charges are 
likely to attract the negative head groups of four SDS molecules, which are additionally 
attracted by the hydrophobic environment at the subunit-subunit interfaces (Fig. 16.4B). 
Consequently, these electrostatically-bound SDS molecules are expected to facilitate the 
dissociation of the avidin tetramer into separate subunits (Fig. 16.4B), which are known 
to possess a very low affinity for biotin [19].  
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A 

 

Fig. 16.4. Hypothesis for the synergy between H+ and SDS with respect to the denaturation of 
M96H mutants of avidin [7]. (A) Position 96 (methionine) of each monomer is located at a subunit-
subunit interface [16]. In M96H-mutants, methionine-96 was replaced by the basic amino acid 
histidine. The additional positions indicated in the above structure image were optionally mutated 
in order to lower the pI value of avidin (see Table 16.1). (B) The avidin tetramer has four mutated 
sites M96H. (C) Addition of 2.5 % citric acid (pH 2.0) protonates the four new histidine residues 
which, in turn, are thought to bind the negatively charged head groups of SDS molecules. (D) The 
tightly bound SDS molecules appear to cause dissociation and denaturation of the subunits. Panel 
A was reproduced from [9] (creative commons license CC BY) and Panel B from [7] (with 
permission). 

Two observations suggested that SDS/citric acid acts by dissociating avidin into its four 
subunits (Fig. 16.2A, state 5a), and not by pulling intact tetramers off the biotinylated chip 
surface (Fig. 16.2A, state 5b): (i) Nordlund et al. [16] treated avidin M96H in solution 
with acidic buffer and observed its dissociation into separate subunits by gel filtration.  
(ii) The removal of the double layer of avidin M96H and biotin-IgG (blue trace in  
Fig. 16.3A) occurs with the same rapid kinetics as the removal of the avidin M96H 
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monolayer alone (red trace in Fig. 16.3A). This is surprising, in view of the fact that biotin-
IgG carried at least 7 biotin residues [11], which resulted in the extreme crosslinking of 
the streptavidin tetramers. The latter could only be removed from the chip when biotin-
IgG was digested with a protease (as illustrated in Fig. 16.3B and described in  
Section 16.3).  

The unexpected stability of avidin M96H mutants at pH ~ 2 in the absence of SDS was 
very fortunate. It allowed for the stable immobilization of the biotinylated bait during 
repeated cycles of prey binding and prey dissociation, which involved pH 2.5 injections 
(states 3 and 4 in Fig. 16.2A) [7, 9]. Nevertheless, the avidin mutants with the mutation 
M96H displayed disadvantages (see Sections 16.4 and 16.5), which prompted us to search 
for an alternative method where wild-type streptavidin could be used in place of the avidin 
mutants. Fortunately, this search was successful, as is described in the next section.  

16.3. Mechanism and Parameters of Reversible Immobilization  
of Biotinylated Baits via Wild-Type Streptavidin 

As mentioned at the beginning of Section 16.2, the biotin-SAM shown in Fig. 16.1A binds 
wild-type streptavidin with such high affinity that no known aqueous reagent could 
remove it inside the biosensor [11]. One way to solve this problem was to mutate 
streptavidin in a manner analogous to that described above for avidin. Unfortunately, the 
geometry of the subunit-subunit interfaces in streptavidin is very different from that in 
avidin. Consequently, streptavidin does not contain a hydrophobic amino acid which is 
structurally equivalent to the methionine 96 in avidin (compare Fig. 16.4A). The search 
for some other mutation in streptavidin with a similar functional effect would have been 
laborious and the perspective for success was uncertain. We, therefore, tried to find ways 
to modify the biotin-SAM in a manner which would make it easier to remove the bound 
streptavidin. 

Three derivatives of biotin with reduced affinity for (strept)avidin are well characterized 
in the literature: iminobiotin [21-23], N-ethylbiotin [24], and desthiobiotin [25-27]. 
Iminobiotin cannot be used on sensor chips for two reasons: (i) At pH 11 it shows a high 
affinity for avidin [21], but at neutral pH the binding of avidin is unstable [28].  
(ii) Streptavidin has a very low affinity for iminobiotin (Kd ~ 10-5 M) at all pH values 
between 7 and 11 [29]. Unstable binding of (strept)avidin was also seen when  
N-ethylbiotin was employed [24]. The opposite problem was encountered with 
desthiobiotin: The affinity is so high that only partial removal of (strept)avidin from 
desthiobiotin-surfaces was achieved, even after prolonged washing with 0.1-50 mM free 
biotin or with 50 mM HCl [25-27].  

For our intentions, such difficult removal of streptavidin from the desthiobiotin-surface 
was quite advantageous – as long as we could find a method for achieving the complete 
dissociation of streptavidin from the chip within a time scale of minutes. The advantage 
of tight binding is that it ensures stable binding of the biotinylated bait molecules  
(Fig. 16.2A, state 3) under the conditions which are commonly used to remove all of the 
bound prey molecules (Fig. 16.2A, transition from state 3 to state 2).  
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In order to test a desthiobiotin surface, we synthesized a desthiobiotin-SAM (Fig. 16.1B) 
[11] which was strictly analogous to the previously published biotin-SAM (Fig. 16.1A) 
[7]. In our first tests, a monolayer of streptavidin was bound and then treated with up to 
500 mM free biotin [11], or 6 M guanidinium chloride (100 mM HCl), or 0.5 % SDS 
(100 mM HCl) [30]. In all cases, only a partial removal of streptavidin was observed 
(data not shown here).  

These futile attempts showed that an even stronger denaturant was required to dissociate 
streptavidin from the desthiobiotin chip. The only candidate was guanidinium thiocyanate 
(GTC). In this reagent, not only the guanidinium cation but also the thiocyanate anion is 
strongly chaotropic. As can be seen from Fig. 16.3B, complete removal of a streptavidin 
monolayer was indeed achieved by a 3-min injection of 6 M GTC (red trace, FC1). At the 
same time, Fig. 16.3B shows that 6 M GTC was unable to remove the double layer formed 
by streptavidin and biotinylated IgG (blue trace, FC2). We hypothesized that this failure 
might be due to crosslinking of adjacent streptavidin molecules by the IgG molecules 
(which carry at least 7 biotin residues per protein [11]), as illustrated in Fig. 16.2B. For 
this reason, we injected a concentrated solution of pepsin (at pH 2.5, where the activity of 
pepsin is high), and indeed that enzyme brought about the complete removal of all of the 
proteins from the chip surface (Fig. 16.3B, blue trace, FC2). The final injection of SDS 
was only done to ensure that all traces of adsorbed protein (fragments) were removed from 
the desthiobiotin-SAM.  

Fig. 16.3B also shows that the binding of streptavidin and the biotinylated antibody could 
be repeated in a reproducible way, allowing for many cycles of chip functionalization and 
full regeneration. In practice, an unlimited number of regeneration cycles could be 
performed, but after two weeks of continued use the capacity for streptavidin and 
biotinylated bait molecules started to decrease. This lifetime was somewhat extended if 
the chip was stored in a screw-capped 50 ml polypropylene tube under argon gas at 4 °C 
over the weekends.  

The hypothesis that streptavidin is crosslinked by proteins with multiple biotin groups 
(Fig. 16.2B) was further tested by comparing statistically biotinylated bovine serum 
albumin (BSA, ~3 biotin groups per protein) with site-specifically biotinylated BSA 
carrying only one biotin label per protein. The latter was prepared by labeling the single 
free cysteine residue of BSA with maleimide-PEG2-biotin [11]. The results were in accord 
with the expectations: BSA with multiple biotin residues obviously caused crosslinking 
of adjacent streptavidin molecules (Fig. 16.2B), because both GTC and pepsin were 
required for their complete removal from the desthiobiotin-SAM [11]. In contrast, the 
double layer formed by streptavidin and mono-biotin-BSA (Fig. 16.2C) was easily 
removed with GTC alone, whereby no pepsin was needed [11].  

The experiments described above revealed the following aspects of GTC action: (i) GTC 
does not dissociate the streptavidin tetramer; if it did, no pepsin would have been required. 
(ii) GTC is unable to dissociate the interaction between streptavidin and the normal biotin 
residues of the biotinylated proteins. In conclusion, it seems that GTC only acts by 
dissociating streptavidin from the desthiobiotin groups on the chip surface.  
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The action of pepsin is probably restricted to the biotinylated protein because the 
functional core structure of streptavidin is known to be resistant to virtually all proteases 
[31]. Pepsin is convenient to use because the 2 mg/ml stock solution (pH 2.5) can be stored 
at 4 °C for several weeks without loss of activity.  

In Fig. 16.3B, the 6 M GTC which was injected also contained 4 mM  
tris(2-carboxyethyl)phosphine (TCEP), which is a strong reducing agent. The idea was to 
cut the disulfide bonds between the subunits of the biotin-IgG that was bound on top of 
streptavidin in FC2 (blue trace in Fig. 16.3B), and thereby to break the long-range 
crosslinking illustrated in Fig. 16.2B. However, the extent of protein removal by  
GTC + TCEP was far from complete (blue trace in Fig. 16.3B), and the subsequent 
injection of pepsin resulted in a full regeneration of the chip surface, independent of 
whether TCEP had been included in the GTC injection or not. For this reason, we 
dismissed the idea of including TCEP in the chip regeneration protocol. The elimination 
of TCEP was fortunate because TCEP is sensitive to air and would have had to be 
manually mixed with GTC immediately before each GTC injection.  

The chip regeneration protocol involving successive injections of GTC, pepsin, and SDS 
(Fig. 16.3B) often but not always sufficed to remove all of the bound components. When 
biotin-protein G was bound on top of streptavidin, for instance, two cycles with 
GTC/pepsin/SDS had to be applied for complete chip regeneration (see Section 16.8.1). 
Our goal was to develop a standardized protocol which always resulted in the complete 
removal of streptavidin and the biotinylated bait from the desthiobiotin surface. With this 
goal in mind, we re-examined the possibility of using free biotin, albeit at much higher 
concentrations than the 0.1-50 mM reported in the literature [25-27]. Our hypothesis was 
that higher concentrations of deprotonated biotin (pH  8.0) might act by a double 
mechanism: (i) competition with the desthiobiotin groups on the chip surface for binding 
to streptavidin, and (ii) the interaction of many additional biotin molecules with 
streptavidin. This additional interaction could have a denaturation activity, and might 
destabilize streptavidin folding. That would weaken the interaction of streptavidin with 
the desthiobiotin groups of the chip surface, and possibly also with the biotin groups of 
the biotinylated bait molecules.  

The putative denaturation activity of free biotin was verified by independent experiments 
in which metmyoglobin was treated with increasing concentrations of biotin (50-500 mM) 
or urea (1-6 M). At each concentration of biotin or urea, the denaturation temperature of 
metmyoglobin (Tm) was measured by a temperature scan in a UV-vis spectrophotometer. 
The results confirmed our suspicion that deprotonated biotin is a much stronger denaturant 
than urea: 200 mM biotin had the same effect as 1.5 M urea (Tm = -5 °C), and 500 mM 
biotin was just as effective as 3 M urea (Tm = -11 °C) [11]. 

Fig. 16.5 shows that 200 mM biotin (pH 8-8.5) is very effective in removing a large 
fraction of the chip-bound streptavidin, along with the biotin-BSA (FC2, blue trace). Only 
a small amount appeared to remain bound on the desthiobiotin surface, and it was easily 
desorbed by the subsequent injection of GTC. In Fig. 16.5, the subsequent two steps 
involving pepsin and SDS were not actually necessary. Under other circumstances, 
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however, the complete regeneration of the bare desthiobiotin surface was only achieved 
by carrying out all of the four steps [11]. For this reason, the sequence 
"biotin/GTC/pepsin/SDS" (Fig. 16.5) was adopted as the standard regeneration procedure; 
it is even effective in coping with worst case scenarios. 

 

Fig. 16.5. Optimized protocol for the removal of streptavidin plus biotinylated bait from a mixed 
desthiobiotin-SAM [11]. Biotin (200 mM) was dissolved in water, using Tris base for the 
adjustment of pH 8-8.5. Guanidinium thiocyanate (GTC) was dissolved in water at a concentration 
of 6 M (62.4 %, w/w). Pepsin was dissolved in 1 M glycine (pH 2.5). The figure was reproduced 
from [11] (creative commons license CC BY). 

Biotin concentrations higher than 200 mM and/or biotin injection times longer than 3 min 
proved very disadvantageous because biotin appeared to progressively adsorb to the 
desthiobiotin-SAM (Fig. 16.1B) with increasing tightness. The only reagent which could 
fully reverse this adsorption of biotin to the SAM was GTC, but only if 200 mM free 
biotin was applied to the SAM for 3 min [11].  

The results of all of the variations of the standard regeneration protocol shown in Fig. 16.5 
was that the chosen reagent concentrations and the 3 min injection times are optimal and 
should not be altered. The only change that can be made is that the pauses between the 
four injections may be significantly shortened, if it is possible to do so with the biosensor 
device that is being used. In case of imperfect results, the best advice seems to be that one 
should simply repeat the sequence "biotin/GTC/pepsin/SDS" shown in Fig. 16.5.  

The almost complete removal of streptavidin and biotin-BSA by free biotin (blue trace in 
Fig. 16.5) indicated that free biotin must have ruptured (i) the bonds between streptavidin 
and the desthiobiotin-SAM (Fig. 16.1B) as well as (ii) the bonds between streptavidin and 
biotinylated BSA. We, therefore, suspected that free biotin might also be able to break the 
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bonds between streptavidin and a normal biotin-SAM (Fig. 16.1A). This supposition 
turned out to be erroneous, however [11]. 

The overall conclusion was that if wild-type streptavidin is to be used for reversible chip 
functionalization by the scheme depicted in Fig. 16.2A, it is only possible to do so on the 
desthiobiotin-SAM (Fig. 16.1B), and not on the biotin-SAM shown in Fig. 16.1A. 
Besides, the optimal regeneration of the desthiobiotin-SAM occurs as is shown in  
Fig. 16.5. 

16.4. Comparison of Avidin Mutants and Wild-type Streptavidin  
with Respect to Non-specific Adsorption of Proteins 

In label-free biosensors, non-specific adsorption results in a change of the resonance 
angle. This cannot be distinguished from the response caused by the specific binding of 
prey molecules to immobilized bait molecules. Fortunately, the extent of non-specific 
adsorption of protein on a desthiobiotin-SAM (Fig. 16.1B) was very small, both before 
and after the binding of a monolayer of streptavidin (Fig. 16.6A). The bare desthiobiotin-
SAM was tested with a high concentration of BSA (1 mg/ml) and with 2 µM streptavidin 
that had been pre-blocked with 200 µM free biotin; in neither case was a significant 
amount of protein adsorbed. After the formation of streptavidin monolayers in both flow 
cells, the streptavidin layer in FC2 (blue trace) was challenged with successive injections 
of lysozyme, BSA (2) and goat IgG. The high protein concentrations of 1 mg/ml did 
cause transient rises in the resonance angle, but this was only due to changes in the bulk 
refractory index, and did not result from adsorption. The actual extent of non-specific 
adsorption was calculated by comparing the resonance angles before and after the protein 
injection.  

The corresponding numbers are shown in Fig. 16.6A. The adsorption of IgG (21  2 RU) 
was higher than that of lysozyme and BSA: A slightly higher response to IgG (25  4 RU) 
was seen in FC1, where the streptavidin layer had not been pre-treated with BSA. Overall, 
these adsorption signals correspond to only ~1 % of a monolayer of IgG that is adsorbed 
side-on (~2000 RU) or to ~0.5 % of a monolayer of vertically oriented IgG (~5000 RU) 
[18, 32]; they still fall into the category of very low non-specific adsorption [33].  

The same test as in Fig. 16.6A was also performed with the analogous biotin-SAM, both 
before and after binding of the avidin mutants listed in Table 16.1. Each of these avidin 
mutants contained the mutation M96H (Fig. 16.3A), which rendered it sensitive to the 
combination of citric acid and SDS (Fig. 16.3B) [7-9]. Mutant #2 contained the additional 
mutation R114L, which had two effects: it improved the affinity for biotin conjugates and 
it eliminated one positive charge in each subunit (Table 16.1) [8]. Unfortunately, a 
stabilization of biotin binding by mutation R114L was not seen on the biotin-SAM [9]. 
Mutant #3 contained three further mutations (beside M96H and R114L): R124H 
eliminated one positive charge because histidine is a much weaker base than arginine; in 
the other two mutations, positively charged arginine residues were replaced by negatively 
charged glutamates [8]. Except for the mutation M96H, all of the other mutations served 
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to lower the pI value, so that it tended towards the neutral region (see column 2 in  
Table 16.1). A high pI value implies a positive net charge of the avidin mutant, which is 
expected to cause a high non-specific adsorption of proteins (because many proteins have 
a negative net charge at neutral pH) and a very high non-specific adsorption of nucleic 
acids (which are highly anionic at neutral pH).  

 

Fig. 16.6. Critical properties of regenerative sensor chips, exemplified with wild-type streptavidin 
on a desthiobiotin SAM (Fig. 16.1B). (A) The extent of non-specific protein adsorption was tested 
by injections of lysozyme (in FC2), BSA (2 in FC2), and IgG (in both flow cells). (B) The 
resistance of streptavidin ( biotin-IgG) to acid was tested by 15 s injections of the specified HCl 
concentrations. The sum of [HCl] + [NaCl] was 100 mM in each injection. Pepsin was dissolved 
in 100 M glycine (pH 2.5). The figure was reproduced from [11] (creative commons license  
CC BY). 

The protein adsorption tests like those in Fig. 16.6A for the mutants #1, #2, and #3 were 
performed in previous studies [7-9]; the most interesting aspect of the results, namely the 
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adsorption of IgG, is shown in column 4 of Table 16.1. Mutant #3 ("switchavidin") 
showed the same low non-specific IgG adsorption as wild-type streptavidin, whereas 
mutants #1 and #2 were stickier (~65 RU), in accordance with their higher pI values (see 
columns 2 and 4 in Table 16.1). Such an extent of nonspecific adsorption on mutants #1 
and #2 is not optimal, but it is still compatible with biosensing (see Fig. 10 in [7]). Much 
worse was the extent of non-specific DNA adsorption on top of mutants #1 and #2 
(column 5 in Table 16.1), as is discussed in detail in Section 16.6 (see below).  

It should be noted that in practical applications the non-specific adsorption of protein is 
further minimized by supplementing the running buffer with a low concentration of BSA 
(e.g. 1 µM = 0.066 mg/ml, see Section 16.8) or of Tween-20 (e.g., 0.005 %, see  
Section 16.9).  

16.5. Stability of Biotinylated Bait Immobilization under the Conditions 
Used for Prey Removal 

Conventionally, the bait molecules are irreversibly coupled to biosensor chips by covalent 
bonds. Consequently, only the prey molecules can bind in a reversible manner, and 
therefore the term "chip regeneration" is used for the short injection of a reagent which 
quickly dissociates all of the bound prey molecules without denaturing the immobilized 
baits.  

In respect to our regenerative surfaces, the term "chip regeneration" can adopt two distinct 
meanings, as illustrated in Fig. 16.2A: Regeneration in the sense of "prey removal" is 
appropriate for what occurs after each injection of a particular sample; the chip has to be 
regenerated for the injection of the next test sample (alternation between states 3 and 4). 
In contrast, "full regeneration" means that all of the proteins are dissociated from the chip 
surface (state 5a or 5b) and the bare (desthio)biotin-SAM is recovered for a new round of 
chip functionalization. Our major concern was to ensure that the biotinylated baits remain 
firmly bound to the chip surface while multiple cycles of prey binding and prey removal 
are being carried out in the course of a typical measurement series (1-2 h). In practical 
terms, this means that the biotin-avidin-biotin bridge should be stable when reagents (such 
as dilute HCl, NaOH, SDS, etc.) which are commonly used for the rapid dissociation of 
the bound prey molecules are being injected [12].  

An appropriate test experiment is depicted in Fig. 16.6B. The desthiobiotin-SAM was 
covered with streptavidin in both flow cells, and biotin-IgG was additionally bound in 
FC2 (blue trace). Subsequently, pulses of 10, 20, 50, and 100 mM HCl were injected, 
whereby the ionic strength was kept constant with the help of 90, 80, 50, and 0 mM NaCl, 
respectively. At all of the HCl concentrations, only minute losses of protein (1 %) were 
seen in FC2 (blue trace), where biotin-IgG was bound on top of streptavidin (see last two 
columns in Table 16.1). The same was also true for the streptavidin monolayer in FC1 
(red trace) when 10 mM HCl (with 90 mM NaCl) was injected. HCl concentrations higher 
than 10 mM, however, caused significant losses from the streptavidin monolayer in FC1 
(red trace); therefore, they cannot be recommended for the removal of the bait from mono-
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biotinylated bait molecules which cannot form crosslinks between adjacent streptavidin 
molecules (compare Figs. 16.2B and 16.2C).  

When avidin M96H mutants on biotin-SAMs were used for the immobilization of 
biotinylated baits, the stability of the biotin-avidin-biotin bridge very much depended on 
the choice of mutant and the type of application [7, 9]. Representative findings are 
summarized in the last two columns of Table 16.1. If biotin-IgG (or another statistically 
biotinylated protein) was bound on top of the avidin mutant, the resulting protein double 
layer was very resistant to injection pulses at pH 2.0 (last column in Table 16.1). Hereby 
it was important to include 150 mM NaCl in the injection buffer in order to improve the 
stability of the avidin layer [9]. In the absence of biotin-IgG, however, only mutant #1 
remained stably bound on the chip at pH 2.0, whereas 19 % and 37 % were lost from the 
chip in case of mutant #2 and #3, respectively (column before the last one in Table 16.1).  

The divergent behavior in the absence and in the presence of biotin-IgG (last two columns 
in Table 16.1) can be readily explained if we assume that extensive crosslinking occurs in 
the double layer of avidin and biotin-IgG (as illustrated in Fig. 16.2B). The low stability 
of mutants #2 and #3 in the absence of biotin-IgG is attributed to the absence of 
crosslinking. The same reduced stability is also expected to occur when mono-biotinylated 
bait molecules are used, due to the fact that they are not able to crosslink adjacent 
(strept)avidin molecules (compare Figs. 16.2B and 16.2C).  

Together, the last two columns in Table 16.1 indicate that both the avidin mutant #1 and 
wild-type streptavidin are useful in combination with all kinds of biotinylated bait 
molecules, whereas mutants #2 and #3 should only be used in combination with 
statistically biotinylated proteins which bring about stabilization by means of 
crosslinking. In addition, mutants #2 and #3 can also be employed in situations where 
conditions other than pH 2 are used for bait removal. When working with multiply 
biotinylated baits in the sample cell, it is important to also stabilize the (strept)avidin layer 
in the control cell, e.g., with biotin-BSA. That substance also causes profound crosslinking 
and therefore stabilizes (strept)avidin [9, 11].  

The stability of chip-bound streptavidin ( biotin-IgG on top) was also tested by applying 
NaOH and Na2CO3 injections with a protocol which was analogous to that shown in  
Fig. 16.6. Unsatisfactory results were obtained with 10, 20, 50, and 100 mM NaOH 
(containing 90, 80, 50, and 0 mM NaCl for the attainment of a uniform ionic strength): 
several percent of streptavidin ( biotin-IgG) were lost in each injection [11]. In contrast, 
no losses were observed when 150 mM Na2CO3 was injected (with pH 10.0 or 10.5 or 
11.0) in place of NaOH [11]. This was surprising, because 10 mM NaOH (with 90 mM 
NaCl) also has a pH value of 11.0. The apparent contradiction between these findings can 
readily be explained by taking into account the fact that the molar ionic strength (I) of  
150 mM Na2CO3 (I = 450 mM) is much higher than that of the mixture of 10 mM NaOH 
with 90 mM NaCl (I = 100 mM).  

High ionic strength also had a profound stabilizing effect in the above described stability 
tests at pH ~ 2.0, both for wild-type streptavidin [11] and for the three avidin mutants [9]. 
For example, losses of mutants #1 – #3 higher than those recorded in the next to the last 
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column of Table 16.1 were measured when the 150 mM NaCl was omitted from the citric 
acid solution. For this reason, our preferred method for bait removal was by using 1 M 
glycine buffer, in which case the immobilized streptavidin ( biotinylated bait) remained 
completely stable (see Section 16.8.1). 

Besides low or high pH buffers, SDS is another popular reagent for the quantitative 
dissociation of prey molecules from the immobilized baits [12]. Of course, the use of SDS 
is only possible if the immobilized bait is not denatured by short pulses of that substance. 
On our regenerative chips, chip-bound streptavidin ( biotinylated bait) showed perfect 
stability during injections of 0.5 % SDS (Traxler et al., manuscript in preparation), and 
the avidin mutant #1 also proved to be rather resistant to 0.5 % SDS at physiological salt 
concentration [9]. Mutant #3 and especially mutant #2 were more sensitive to SDS [9]. 

A very important aspect has not yet been mentioned: In most of the cases where the 
(strept)avidin layer was not completely stable during the injection of acids, bases, or SDS, 
only the first injection of this reagent caused an undesired loss of some of the 
(strept)avidin ( bait) from the chip surface. Obviously, only a small fraction of 
(strept)avidin is weakly bound and therefore readily removed during the "prey removal" 
step, while the largest proportion of that substance is more stably bound. This fact can be 
readily exploited: it is possible to carry out a dummy injection of an acid (or a base, or 
SDS) before the first injection of a prey-containing sample (as exemplified in  
Section 16.8). No, or only small losses of (strept)avidin were seen during the subsequent 
cycles of "prey removal" and sample injection (see Section 16.8) [9, 11].  

The following hypothesis offers an explanation of why a small fraction of the 
(strept)avidin molecules binds to the (desthio)biotin-SAM with low affinity: On our 
mixed SAMs, 20 % of the PEG chains carried a (desthio)biotin group (Figs. 16.1(A, B)). 
At this high lateral density, streptavidin binds with much higher stability than at a biotin 
density of one percent [34, 35]. The enhanced stability at a (desthio)biotin density of  
20 % was attributed to the bivalent binding of streptavidin, whereas at 1 % biotin density 
the binding was monovalent [34, 35]. However, at 20 % (desthio)biotin a small fraction 
of streptavidin was always seen to bind with low affinity, and at 1 % (desthio)biotin a 
small fraction of streptavidin was always seen to bind with high affinity [35]. The most 
reasonable explanation for that observation is that even at 20 % (desthio)biotin density a 
small fraction of the (strept)avidin molecules can find only one (desthio)biotin group to 
which they can bind. When this small unstable fraction of (strept)avidin is removed by a 
pre-pulse of acid (or base, or SDS), the rest of the (strept)avidin layer displays the high 
stability which is needed to perform many cycles of prey binding and prey removal.  

16.6. Specific and Non-Specific Binding of DNA on Monolayers of Avidin 
Mutants as Compared to on Streptavidin 

The avidin mutants #1 – #3 (Table 16.1) and wild-type streptavidin were tested for (i) 
specific binding of biotinylated single-stranded DNA (ssDNA), (ii) specific binding of the 
complementary ssDNA to the biotinylated DNA, and (iii) non-specific binding of ssDNA. 
Thereby, the model experiment that is shown in Fig. 16.7 was always employed; the 
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biotin-SAM (Fig. 16.1A) was used for the avidin mutants, and the desthiobiotin-SAM 
(Fig. 16.1B) was employed for streptavidin. The first two injections in Fig. 16.7C only 
took place in flow cell 2 (FC2, blue trace): streptavidin was bound to the desthiobiotin-
SAM and single-stranded biotin-DNA (a 30-mer) was immobilized on top of it. The next 
step was the immobilization of streptavidin in the control cell (red trace in Fig. 16.7C). 
After that, all of the injections passed through both FC1 and FC2 (as illustrated in  
Fig. 16.7A); a zoom of those injections is shown in Fig. 16.7D. 

First, BSA was applied, whereupon no non-specific adsorption was seen in any flow cell. 
The small transient rise was a bulk effect that resulted from the high protein concentration 
(1 mg/ml). The next injection contained 1 µM of a ssDNA which had the same sequence 
as the biotin-DNA; therefore, no hybridization was expected. No binding was seen in any 
of the two flow cells, indicating an absence of non-specific DNA adsorption to the 
streptavidin layer on the chip. Finally, a single-stranded prey DNA which was 
complementary to the biotin-DNA that had been immobilized in FC2 was injected. As a 
result, pronounced hybridization was observed in FC2 (blue trace). In FC1 (red trace in 
Fig. 16.7D) a small negative bulk effect was seen during the injection of 1 µM prey DNA, 
due to the fact that the 100 µM stock solution of prey DNA had been prepared in water 
and not in the running buffer. After the injection of prey DNA, the baseline in FC1 showed 
the same level as before, which indicates an absence of non-specific DNA adsorption on 
the chip-bound streptavidin.  

The analogous SPR experiments for the avidin mutants #1 – #3 [8, 9] are not shown here, 
but the most important findings are presented in Table 16.1. Only mutant #3 exhibited the 
same low degree of non-specific DNA adsorption as streptavidin (column 5 in  
Table 16.1); in contrast, dramatic non-specific DNA adsorption was observed on top of 
mutants #1 and #2. The vigorous adsorption of ssDNA to mutants #1 and #2 is clearly 
explained by their high pI values (column 2 in Table 16.1), which indicate that they have 
a pronounced positive net charge. Therefore, they exert a strong electrostatic attraction on 
the negatively charged DNA. The obvious consequence of these findings is that mutants 
#1 and #2 cannot be used in any type of experiment where nucleic acids are present; 
neither as the analyte-of-interest nor as side components of the matrix.  

The undesired non-specific adsorption of DNA to mutants #1 and #2 could largely (but 
not completely) be suppressed by binding biotin-N19T on top of the avidin mutants [9]. 
This injection was performed in both flow cells after the biotinylated bait DNA had been 
immobilized in FC2, but not in FC1. The randomized N19 sequence ensured that (almost) 
no undesired hybridization with the analyte DNA occurred, and the strong negative charge 
of biotin-N19T formed a negatively charged "protective layer" on top of the positively 
charged avidin mutants.  

It may be asked why the inertization of mutants #1 and #2 with biotin-N19T (or other 
biotin-DNA) should be of interest, since no such trick is required when mutant #3 is 
employed. The answer is that mutant #3 binds less biotin-DNA than mutant #1 and its 
stability of immobilization is lower than that of mutant #1.  
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Fig. 16.7. Test for non-specific binding and for hybridization of single-stranded DNA, exemplified 
with streptavidin on a desthiobiotin-SAM [11]. (A) and (B) The schematic representation of a 
typical SPR flow cell shows the absence of a valve between FC1 and FC2; therefore, small solutes 
can diffuse from FC1 into FC2, or vice versa. (C) The sample cell (FC2, blue trace) was 
functionalized with streptavidin plus biotin-labeled single-stranded DNA (with the sequence 
GCACCTGACTCCTGTGGAGAAGTCTGCCGT, termed the "bait"). Subsequently, only 
streptavidin without any biotin-DNA was bound in the control cell. After injection of BSA, the 
identical 30-mer DNA, which, however, lacked a biotin residue, was injected (see black bar, ├─┤) 
to test for non-specific adsorption. Finally, the complementary DNA strand ("prey") was injected 
to measure hybridization in the sample cell (FC2, blue trace). (D) Expanded view of the traces in 
panel (C), showing the injections of BSA, unlabeled bait DNA, and unlabeled prey DNA. The 
figure was reproduced from [11] (creative commons license CC BY). 
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The overall conclusion from Table 16.1 is that the functional properties of wild-type 
streptavidin are closest to the optimal values listed in the last row of Table 16.1. It exhibits 
the same low level of non-specific adsorption of protein and of DNA as mutant #3 and its 
stability at pH 2.0 is as good as that of mutant #1. Furthermore, streptavidin is more 
resistant to low pH, high pH, and SDS, and shows a higher binding capacity for 
biotinylated baits than the avidin mutants. The avidin mutants, however, have the 
advantage that the procedure for their complete dissociation with SDS/citric acid  
(Fig. 16.3A) is faster than the complete removal of wild-type streptavidin with 
biotin/GTC/pepsin/SDS (Fig. 16.5).  

16.7. Strategies for Selective Functionalization of the Sample Cell  
as Compared to the Reference Cell 

Figs. 16.7(A, B) depicts a typical flow cell arrangement of an SPR biosensor. In the case 
of our instrument (BIAcore X), each flow cell has a volume of 0.06 µl and the loop 
between the two flow cells has a volume of 0.8 µl. The dead volume between the two flow 
cells can only be so small if there is no valve between them. This lack of a separating 
valve is compensated for by the additional outlet between the two flow cells; the outlet is 
closed if the flow has to pass through both flow cells (Fig. 16.7A) and opened if it is only 
supposed to pass through FC1 (Fig. 16.7B). In the latter case, the normal exit of FC2 is 
closed, and therefore no flow can occur in FC2. However, this does not eliminate the 
diffusion of molecules (especially of small molecules) into FC2, as indicated by the cyan 
color gradient in Fig. 16.7B.  

The valve setting shown in Fig. 16.7B is typically used when the bait molecules are 
selectively immobilized in one flow cell. In this situation, it is crucial that no bait 
molecules diffuse into the reference cell, where they might become immobilized. Such 
undesired functionalization of the control cell can readily occur when biotinylated bait 
molecules are utilized; they bind to streptavidin with a rate constant of ~107 M-1 s-1 [36], 
corresponding to a time constant of 1 s at a concentration of 0.1 µM.  

The functionalization protocol in Fig. 16.7C was chosen to completely suppress undesired 
control cell functionalization. Initially, streptavidin was only present in FC2; therefore, 
the subsequently injected biotin-DNA could only bind in that flow cell. Even if a small 
fraction of biotin-DNA diffused into FC1, it could not bind there because there was no 
streptavidin for it to bind to.  

A less laborious method for the avoidance of undesired immobilization of biotinylated 
bait in the control cell is shown in Fig. 16.8C. In this simplified protocol, both flow cells 
were simultaneously functionalized with streptavidin, but then the control cell (FC2, blue 
trace) was blocked by injection of biotin-BSA. Only after this blocking step could the 
biotinylated bait (biotin-protein G) safely be injected into the sample cell (FC1, red trace). 
If this precaution was omitted and biotin-protein G was injected before biotin-BSA, the 
control cell also contained immobilized biotin-protein G, as was concluded from the 
pronounced binding of antibody (human IgG2) [9]. 
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Fig. 16.8. Binding and dissociation kinetics of human IgG2 on biotin-protein G which had been 
immobilized on a monolayer of streptavidin [11]. (A) Schematic representation of the bivalent 
binding of IgG2 to adjacent biotin-protein G molecules on the streptavidin surface of the sample 
cell. (B) Representation of the inert surface in the control cell which had been blocked with biotin-
BSA. (C) After activation of both flow cells with streptavidin, inertization of the control cell with 
biotin-BSA (FC2, blue trace), functionalization of the sample cell with biotin-protein G (FC1, red 
trace), and blocking of both flow cells with biotin-BSA and BSA, the interaction of immobilized 
protein G with soluble IgG2 was tested by repeated injection at different concentrations. Glycine 
(1 M, pH 2.5) was used for the repeated removal of IgG2. The control trace (blue) was subtracted 
from the sample trace (red) and the buffer injection of the resulting trace was subtracted from all 
of the other injections ("double referencing method" [1]). This yielded the experimental binding 
curves which are shown as solid traces in (D) and (E). (D) The dotted lines show the best global fit 
of the Langmuir model to the experimental binding curves (solid lines). (E) The dotted lines 
represent the best global fit with the "bivalent analyte model". The figure was reproduced with 
slight modifications from [11] (creative commons license CC BY). 
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The functionalization scheme in Fig. 16.7 shows a unique feature of our regenerative 
sensor chips (and the Biotin CAPture KitTM) which is not shared by conventional 
streptavidin chips: We can "activate" each flow cell separately and at different times, thus 
enabling the employment of this rigorous method of selective flow cell functionalization. 
On commercial streptavidin chips, only the improvised method can be used where the 
control cell is first blocked with an inert biotin derivative, and then the sample cell is 
activated with a biotinylated bait. 

16.8. Examples for Biospecific Interaction Analysis between Biotinylated 
Baits and Soluble Prey Molecules 

16.8.1. Biotinylation of Bait Molecules and Subsequent Immobilization  
of the (Strept)Avidin Surface 

A practical example of "Biospecific Interaction Analysis" (BIA) on a regenerative chip is 
presented in Fig. 16.8. Streptavidin was bound to the desthiobiotin chip in both flow cells, 
and the control cell (FC2, blue trace in panel C) was then blocked with biotin-BSA before 
the biotinylated bait (biotin-protein G) was immobilized in the sample cell (FC1, red trace 
in panel C). As explained in Section 16.7, this sequence of injections was essential for the 
prevention of the undesired functionalization of the reference cell with biotin-protein G 
[9]. In all of the subsequent injections, the flow passed both flow cells in series (as 
illustrated in Fig. 16.7A).  

The subsequent injection of biotin-BSA in both flow cells was performed to obtain 
complete saturation of the residual biotin-binding sites on chip-bound streptavidin. No 
response was seen in any flow cell, however; it is therefore clear that all of the biotin-
binding sites had already been occupied. Next, a high concentration of BSA was injected 
to test for non-specific adsorption, and again no net response was observed. Then, 1 M 
glycine (pH 2.5) was injected to test the functionalized chip for full stability under the 
conditions used for selective removal of prey. Fortunately, this injection caused no change 
in the baselines, which shows that streptavidin and the biotinylated proteins were perfectly 
retained at pH 2.5.  

Finally, a series of injections of human IgG2 was applied at different concentrations, 
whereby 1 M glycine (pH 2.5) was injected after each IgG2 concentration to remove all 
of the bound IgG2 from the chip surface. The last injection was performed only with 
sample buffer, as is required for the double referencing method [1]. The control trace 
(FC2, blue color) was subtracted from the sample trace (FC1, red trace). Then the resulting 
difference curve from the sample buffer injection was subtracted from all of the sample 
injections (double referencing method [1]), resulting in the experimental binding curves 
which are shown as solid colored lines in Figs. 16.8D and 16.8E. The dashed black lines 
in Fig. 16.8D show the best global fit that can be obtained with the simple Langmuir 
model, which assumes only 1:1 binding of soluble IgG2 to immobilized protein G. The 
term "global fit" means that all of the binding curves were fitted with the same association 
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and dissociation rate constants. The large discrepancy between the experimental and the 
calculated binding curves indicated that the Langmuir model was clearly inappropriate. In 
contrast, the experimental binding curves could be perfectly fitted with the "bivalent 
analyte model", which assumes that the IgG2 molecules can bind to the chip in two steps: 
First, one of the two heavy chains of IgG2 binds to one immobilized protein G, and in 
the second step the second heavy chain of IgG2 binds to an adjacent protein G on the 
chip surface. Only this final state is illustrated in Fig. 16.8A. Such bivalent binding is also 
likely to occur in vivo because the outer surface of Streptococcus sp. is densely covered 
with protein G [37]. It therefore appears that the laterally dense arrangement of biotin-
protein G on our streptavidin surface is a valid imitation of the in vivo situation, and that 
the kinetic characterization in Fig. 16.8 is physiologically relevant.  

In order to compare wild-type streptavidin with the avidin mutants listed in Table 16.1, 
biotin-protein G was immobilized on top of the avidin mutants which had been bound on 
a biotin SAM, and the same interaction study with human IgG2 was performed as shown 
in Fig. 16.8 [7, 9]. The corresponding data are summarized in Table 16.2. Generally 
speaking, the results were similar for the three avidin mutants as well as for wild-type 
streptavidin (last column in Table 16.1). An interesting trend was seen for the binding 
signal of biotin-protein G on the different surfaces (first row in Table 16.2). A progressive 
decrease was noted for the three avidin mutants, and the highest level of protein G 
immobilization was observed on top of streptavidin. These findings help to explain the 
minor differences between the data set obtained with the avidin mutants as compared to 
streptavidin (Table 16.2). The kinetic and equilibrium constants were very similar for the 
three avidin mutants, but the values for streptavidin always indicated a slightly higher 
affinity of soluble IgG2 for immobilized protein G. The higher lateral density of biotin-
protein G on the streptavidin surface probably implied that a higher fraction of the 
immobilized protein G had the proper lateral distance for binding IgG2 in a bivalent 
fashion, and thus with higher affinity.  

The fit parameter Rmax reflects the extrapolation of IgG2 binding to infinitely high IgG2 
concentrations. These values were also higher on streptavidin than on the avidin mutants 
(in both models, see Table 16.2), which is in line with the higher lateral density of binding 
sites (i.e., with the higher level of protein G immobilization, first row in Table 16.2).  

Another characteristic advantage of streptavidin over the avidin mutants #1 – #3 was the 
higher stability of biotinylated bait immobilization. In Fig. 16.8, the pre-pulse of 1 M 
glycine (pH 2.5) had absolutely no net effect in FC1 or FC2, whereas a loss of 60 RU was 
seen on mutant #1 [7] and 180-185 RU on mutants #2 and #3 [9]. 

In conclusion, the avidin mutants #1 – #3 are well-suited for use in the biospecific 
interaction analysis of proteins on the biotin-SAM (Fig. 16.1A). Wild-type streptavidin 
on the desthiobiotin-SAM (Fig. 16.1B) provides for higher immobilization levels and a 
higher stability of the biotinylated bait layer, however.  
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Table 16.2. Kinetic and equilibrium constants determined for the interaction of soluble IgG2 
with biotin-protein G that had been immobilized on one of the avidin mutants #1, #2, #3 [9]  

or on wild-type streptavidin [11]. 

 
mutant 

#1 
mutant 

#2 
mutant 

 #3 
wild type  

streptavidin 
Biotin-protein G (RU) 396 (70 %) 379 (67 %) 366 (65 %) 566 (100 %) 

Langmuir model  
ka (105 M-1 s-1) 4.1 4.1 4.2 2.8 
kd (10-4 s-1) 11 7.4 8.4 4.6 
KD (nM) 2.7 1.8 2.0 1.7 
Rmax (RU) 1370 1360 1290 2140 

bival. analyte model  
ka1 (105 M-1 s-1) 1.8 1.6 1.8 0.92 
kd1 (10-4 s-1) 17 14 14 6.6 
KD1 (nM) 9.4 8.8 7.5 7.3 
ka2 (10-4 RU-1 s-1) 1.7 2.7 3.1 0.98 
kd2 (s-1) 0.013 0.013 0.017 0.0035 
KD2 (RU) 77 47 56 36 
Rmax (RU) 1800 1930 1740 3430 

 

16.8.2. Immobilization of Biotin-Maleimide and Covalent Coupling of Thiolated 
Bait Molecules on the Chip Surface 

Figs. 16.9 and 16.10 describe an interaction study which in several respects differs from 
the example in Fig. 16.8: (i) Only monovalent binding of the soluble prey to the 
immobilized biotinylated bait was seen. (ii) The bait molecule was a synthetic peptide 
consisting of 21 amino acids. In particular, the synthetic peptide had the same amino acid 
sequence as the calmodulin-binding segment of smooth muscle myosin light-chain kinase 
(smMLCK); it is known to bind calmodulin in a 1:1 fashion, with a Kd of ~1 nM, both in 
vivo and as an isolated peptide [38]. (iii) The "immobilization chemistry" of the peptide 
was also different: First, maleimide-PEG11-biotin was bound to the streptavidin 
monolayer, and only then was the peptide injected under conditions which ensured 
covalent coupling of the C-terminal cysteine residue to the maleimide group on the 
streptavidin surface (Figs. 16.9 and 16.10A).  

The coupling of the peptide was monitored in the SPR biosensor (Fig. 16.10B). The extent 
of peptide coupling was found to be 263 RU. This method of peptide immobilization was 
preferred for two reasons: (i) Less peptide was immobilized when it had first been 
biotinylated in solution and then bound to the streptavidin surface. (ii) In situ coupling of 
the peptide as depicted in Fig. 16.9 was much simpler and more versatile than 
biotinylation in solution; the latter required purification by HPLC and characterization by 
mass spectrometry.  

After the peptide immobilization, free cysteine was injected in order to deactivate 
potentially unused maleimide groups on the chip surface (Fig. 16.10B). Although no net 
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change of the resonance angle was seen, this does not mean that no cysteine had coupled 
because cysteine is too small to be detected. Only after the deactivation step with cysteine 
could we switch to the sample buffer, which contained 0.5 µM BSA. In commercial BSA 
preparations, the number of reactive SH groups per protein is usually ~0.5 [39]. Therefore, 
BSA would have been coupled to unused maleimide groups if they had not been 
deactivated with cysteine.  
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Fig. 16.9. Covalent coupling of a peptide with a free cysteine (or a nucleic acid with a thiol group) 
to maleimide-PEG11-biotin which had been immobilized on chip-bound streptavidin [11]. The 
coupling was performed in HEPES buffer containing 1 mM EDTA, 5 mM TCEP  
(for reduction of oxidized disulfides), pH ~ 7.5, at a peptide concentration of 0.5 mM. Unused 
maleimide groups were deactivated with cysteine (20 mM). The experiment is exemplified  
in Fig. 16.10B. The figure was reproduced from [11] (creative commons license CC BY). 

The actual interaction study between the immobilized smMLCK peptide and soluble 
calmodulin is shown in Fig. 16.8C. It started with a pre-pulse of 100 mM glycine  
(pH 2.5), which caused some loss of the peptide. In this particular situation, the observed 
loss possibly reflected the desorption of a small peptide fraction which had simply 
adsorbed to streptavidin. Such adsorption was not unexpected because the peptide has a 
net charge of +5 at neutral pH (in contrast to the negatively charged streptavidin), and it 
contains many hydrophobic amino acids.  

After the pre-pulse, calmodulin was injected at different concentrations and always 
removed with glycine buffer. The gradual decrease of the baseline was not caused by the 
glycine injections but was clearly due to a slight baseline drift in the running buffer. The 
control trace (FC2, blue) was subtracted from the sample trace (FC1, red), and then the 
buffer injection ("0 nM calmodulin") was subtracted from all of the other injections 
(double referencing method [1]), yielding the experimental binding curves which are 
shown as solid colored solid lines in Fig. 16.11B. In contrast to Fig. 16.8, these data could 
readily be fitted to the simple 1:1 binding model (dashed curves in Fig. 16.11B); this was 
not possible for IgG binding on protein G (see above). 



Chapter 16. Reversible Immobilization of Biotinylated Baits on Regenerative Sensor Chips: Comparison  
of Switchable Avidin Mutants with Wild-Type Streptavidin 

393 

A

calmodulin
Ca2+

peptide-SH

maleimide

28000

30000

32000

34000

36000

0 600 1200 1800 2400
B

 

 time (s)

cy
st

ei
ne

, 2
0m

M
, 6

0µ
l/1

0m
in

F
C

1:
 s

m
M

LC
K

 p
ep

tid
e 

#1
, 4

70
µM

, 6
0µ

l/5
m

in

F
C

1:
 m

al
-P

E
G

1
1-

bi
ot

in
, 5

µM

F
C

2:
 b

io
tin

-B
S

A
, 2

µ
M

, 6
0µ

l

st
re

pt
av

id
in

, 2
µ

M

H
B

S
 p

H
 7

.3
, 2

m
M

 C
aC

l 2,
 2

0µ
l/m

in

re
so

na
nc

e 
an

gl
e 

(R
U

)

0 1200 2400 3600 4800 6000 7200

30500

31000

31500

32000

32500

33000

ca
lm

od
ul

in
, 0

nM

C

 

ca
lm

od
ul

in
, 2

nM

ca
lm

od
ul

in
, 4

nM

ca
lm

od
ul

in
, 8

nM

ca
lm

od
ul

in
, 1

6n
M

ca
lm

od
ul

in
, 3

2n
M

ca
lm

od
ul

in
, 6

4n
M

ca
lm

od
ul

in
, 1

28
nM

ca
lm

od
ul

in
, 2

56
nM

*********
* glycine, 100 mM, pH 2.5

H
B

S
 p

H
 7

.3
, 0

.5
 µ

M
 B

S
A

, 2
m

M
 C

aC
l 2,

 2
0µ

l/m
in

re
so

na
nc

e 
an

gl
e 

(R
U

)

time (s)  

Fig. 16.10. Immobilization of the calmodulin-binding peptide segment from smooth muscle 
myosin light chain kinase (smMLCK, acetyl-RKWQKTGHAVRAIGRLSSGGC-NH2) and test for 
the specific binding of soluble calmodulin. (A) Illustration of peptide coupling to streptavidin-
bound maleimide-PEG11-biotin, and of calmodulin binding to the immobilized peptide. (B) The 
data show the binding of streptavidin in both flow cells, the blocking of the control cell with biotin-
BSA (blue trace), the binding of maleimide-PEG11-biotin in the sample cell (red trace), the coupling 
of the smMLCK peptide to maleimide (red trace), and the deactivation of maleimide with cysteine. 
(C) Repeated injections of glycine (100 mM, pH 2.5) and of calmodulin at different concentrations. 
The running buffer and the sample buffer contained 2 mM Ca2+ for the activation of calmodulin 
and 0.5 µM BSA for the minimization of non-specific adsorption. The figure was reproduced with 
slight modifications from [11] (creative commons license CC BY). 
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Fig. 16.11. Measurement of the Ca2+-dependent interaction between calmodulin and a peptide 
which corresponds to the calmodulin-binding segment from smMLCK [11]. (A) Configuration 
with immobilized smMLCK peptide (red color) and soluble calmodulin (blue color). (B) SPR data 
showing the association and dissociation of soluble calmodulin on immobilized peptide at different 
calmodulin concentrations (solid colored lines). These binding curves were calculated from the 
original SPR data in Fig. 16.10C by the "double referencing method" [1] (compare legend to Fig. 
16.8). (C) Configuration with immobilized biotinylated calmodulin and soluble smMLCK peptide. 
(D) SPR data for the configuration in panel C, showing the association and dissociation at different 
peptide concentrations (solid colored lines). The dashed lines in panels B and D are global fits with 
a simple 1:1 binding model (Langmuir model), which take mass transport limitations into account. 
The latter was justified because the binding kinetics was dependent on the flow. The figure was 
reproduced with slight modifications from [11] (creative commons license CC BY). 

A

C

0 120 240 360

0

10

20

 64 nM
 32 nM
 16 nM
 8 nM
 4 nM
 model

1:1 binding model with MT

k
a
 = 1.8 x 106 M-1s-1

k
d
 = 7.11 x 10-4 s-1

K
d
 = 0.395 nM

D

re
so

na
nc

e 
an

gl
e 

/ R
U

time / s

0

100

200

300

400

500

600

0 120 240 360

 128 nM
 64 nM
 32 nM
 16 nM
 8 nM
 4 nM
 2 nM
 model

1:1 binding model with MT

k
a
 = 4.25 x 106 M-1s-1

k
d
 = 1.75 x 10-3 s-1

K
d
 = 0.411 nM

B

time / s

re
so

na
nc

e 
an

gl
e 

/ R
U



Chapter 16. Reversible Immobilization of Biotinylated Baits on Regenerative Sensor Chips: Comparison  
of Switchable Avidin Mutants with Wild-Type Streptavidin 

395 

In order to obtain an independent control of the kinetic data in Fig. 16.11B, the 
immobilization scheme was reversed as is illustrated in Fig. 16.11C. For this purpose, 
calmodulin was labeled with 1 biotin/calmodulin, purified by gel filtration and then 
immobilized on the streptavidin surface [11]. Subsequently, different concentrations of 
the smMLCK peptide (without a C-terminal cysteine!) were injected, and after each 
injection the bound peptide was removed with 100 mM glycine (pH 2.5). The data were 
processed with the "double referencing method" (as described above), yielding the 
experimental binding curves which are shown as solid colored lines in Fig. 16.11D. The 
noise was higher in Fig. 16.11D than in Fig. 16.11B, due to the fact that the molar mass 
of the peptide was one order of magnitude smaller than that of calmodulin. These data 
could also be fitted with the simple 1:1 binding model. The kinetic constants in  
Fig. 16.11D were ~2 smaller than in Fig. 16.11B but the Kd values were essentially equal.  

Taken together, the results in Figs. 16.8-16.11 show that our regenerative biosensor 
surface can be used for large proteins as well as for small peptides, and the data reveal 
whether a given interaction is bivalent or monovalent. A convenient and efficient option 
is the in situ coupling of small thiol-containing bait molecules to pre-immobilized 
maleimide-PEG-biotin; it obviates the need for the laborious biotinylation procedure and 
for the HPLC purification of small biotinylated molecules which cannot be isolated by gel 
filtration.  

16.9. Quantification of Soluble Analytes in Crude Biofluids 

Biospecific interaction analysis studies are usually performed with purified components 
in defined buffer solutions, as exemplified in Sections 16.8.1 and 16.8.2. However, SPR 
biosensors are also used for the quantification of particular analytes in crude biofluids 
such as serum or the lysates of cultured cells. Such matrices contain high background 
concentrations of side components, some of which have a pronounced tendency for non-
specific adsorption. Usually, polymer coatings such as dextran are employed to suppress 
the non-specific adsorption [6].  

On our regenerative sensor chips, the coating is much thinner than a dextran layer. It 
consists of a mixed SAM shown in Fig. 16.1A or 16.1B, a monolayer of (strept)avidin, 
and a layer of the biotinylated bait. For this reason, we tested whether the non-specific 
adsorption from serum or bacterial lysate was sufficiently low to enable the quantification 
of the specific binding of an antigen to a biotinylated antibody. In agreement with common 
practice [40], fetal calf serum (FCS) or bacterial lysate was diluted by a factor of 20 with 
running buffer that contained 0.05 % Tween 20 and then for 3 min applied to a streptavidin 
chip that had been covered with biotinylated goat IgG. The pleasant surprise was that the 
extent of non-specific binding from FCS and bacterial lysate was as low as 4 RU and  
6 RU, respectively [11].  

Encouraged by these findings, we attempted the quantification of hexahistidine-tagged, 
enhanced green fluorescent protein (His6-GFP) in bacterial lysate. First, the sensor had to 
be properly functionalized and calibrated. The functionalization is shown in Fig. 16.12A: 
Streptavidin was immobilized in both flow cells, followed by the binding of inert biotin-
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IgG (from goat) in FC2 (blue trace) and the binding of biotinylated anti-GFP-antibody in 
the sample cell (red trace). Subsequently, three injections were performed with purified 
His6-GFP at a 200 nM concentration in the running buffer, whereby 100 mM glycine  
(pH 2.5) was applied after each of them to dissociate all of the His6-GFP which had been 
captured by the anti-GFP antibody. The purpose of these three cycles was to determine (i) 
whether all of the bound His6-GFP had been removed and (ii) whether the anti-GFP 
antibody had retained its function during the 1 min injections of 100 mM glycine (pH 2.5). 
Fortunately, both aspects were found to be true, and therefore this protocol was used in 
the subsequent injection series where His6-GFP was applied at different concentrations 
(data not shown). The control trace (FC2) was subtracted from the sample trace (FC1); 
the overlay of the resulting binding responses is shown in Fig. 16.12B. In each binding 
curve, the "report point" was 30 s after the end of the sample injection (red vertical line in 
Fig. 16.12B), and the resonance angles obtained at this time point were plotted versus the 
known His6-GFP concentration of the injected samples (solid black line in Fig. 16.12C). 
For the quantification of the unknown His6-GFP concentration, which had been over-
expressed in bacterial lysate, the bacterial lysate was diluted to different degrees with 
running buffer and injected on the identical chip that had been used in panels A and B 
shortly before. The binding curves from the different dilutions are shown in Fig. 16.12D. 
We then assumed a hypothetical concentration of 7 µM for His6-GFP in undiluted lysate 
and divided this value by the dilution factor of each binding curve in Fig. 16.12D. In this 
way, we were able to assign an explicit concentration value to each of the binding curves 
in Fig. 16.10D. The response values at the report point (red vertical line in Fig. 16.12D) 
were then plotted against the hypothetical concentrations in Fig. 16.12C. The resulting 
dose-response curve () showed good agreement with the calibration curve (solid black 
line) which confirmed our assumption of 7 µM His6-GFP in the undiluted lysate. The 
result was quite clear because the assumption of 5 µM His6-GFP (+) was obviously too 
low and 10 µM was too high ().  

The results presented in Fig. 16.12 should be regarded as a feasibility test and not as a 
recommendation to use this method for the quantification of analytes in crude biofluids. 
The established method for this purpose is the "standard addition technique", which 
requires a strictly linear relationship between the analyte concentration and the resulting 
binding response over a wide concentration range.  

A wide linear dose-response was reported for dextran chips that had been functionalized 
with a high density of anti-His6 antibody (e.g., ~13600 RU [40]), provided that the injected 
concentration of the antigen (GFP-His6) was sufficiently low to occupy less than 50 % 
(~1600 RU) of the maximal binding capacity for antigen (~3200 RU [40]). On our flat 
chip surface the level of antibody immobilization was much lower (2508 RU), and in 
addition the steric accessibility of the antigen-binding sites was obviously also lower, 
resulting in a maximal binding response of only ~120 RU (see Fig. 16.12B). In our dose-
response curve (solid line in Fig. 16.7C) the only linear region was at 27 RU, which 
corresponded to a His6-GFP concentration of 12.5 nM. Such low dose-responses are, 
however, not easy to distinguish from non-specific adsorption and other imperfections of 
label-free biosensing.  
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Fig. 16.12. Quantification of His6-GFP in a bacterial lysate, using a biotinylated monoclonal  
anti-GFP antibody on streptavidin as the immobile bait molecule. (A) Selective functionalization 
of the control cell with biotin-IgG (from goat) and of the sample cell with biotinylated anti-GFP 
antibody, followed by repeated binding of purified His6-GFP protein (100 nM) and dissociation by 
glycine (100 mM, pH 2.5). (B) The experiment shown in (A) was immediately repeated  
with different known concentrations of His6-GFP (not shown) and the binding curves (solid colored 
lines in panel B) were calculated by subtraction of the control trace. (C) Comparison  
of the dose-responses to known His6-GFP injections (vertical red line in panel B) with the dose-
responses to different dilutions of a bacterial lysate (vertical red line in panel D). The responses 
measured at the report points were plotted versus the known His6-GFP concentration (solid black 
line in this panel C) or versus the assumed concentrations of His6-GFP in the bacterial lysate (based 
on three different assumptions for the His6-GFP concentration in the undiluted bacterial lysate, as 
specified in this panel C). (D) The experiment shown in (B) was immediately repeated with 
different dilutions of the bacterial lysate, which contained over-expressed His6-GFP. The dilution 
factors ranged from 40 to 2500, as specified in this panel. The figure was created by plotting data 
from different graphs from [11] (creative commons license CC BY). 

In spite of the low dose-responses and the narrow linear region seen in Fig. 16.12C, the 
aforementioned results that were obtained with our regenerative chips are, for the 
following reason, encouraging: Label-enhanced SPR is able to selectively amplify the 
specific binding response by two orders of magnitude, without enhancing the non-specific 
responses [41, 42]. For this purpose, a biotinylated capture antibody is immobilized on 
the sensor chip, antigen is bound, and a sandwich is formed with a detector antibody that 
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has been labeled with a dye that absorbs in the infrared region. The label-enhanced SPR 
response is evaluated with suitable software in common SPR biosensors [41, 42]. In 
combination with label-enhanced SPR, it should also be possible to perform the accurate 
quantification of analytes in crude samples on our regenerative surfaces. This would 
extend their use beyond biospecific interaction analysis, where they have been shown to 
work very well and where their regenerative aspect has proven to be very useful.  

16.10. Conclusions 

In this chapter, we have presented two methods for the switchable immobilization of 
biotinylated bait molecules on protein-resistant sensor chips. In the first one, a biotin-
SAM is covered with a monolayer of a switchable avidin mutant and the biotinylated baits 
are bound on top of it: When desired, the biotin-avidin-biotin bridge can quickly be 
dissociated, resulting in the perfect regeneration of the bare biotin-SAM. In the second 
method, the biotin-SAM is replaced with a desthiobiotin-SAM and wild-type streptavidin 
is used for the immobilization of biotinylated bait molecules. The desthiobiotin-
streptavidin-biotin bridge is more stable than the one employed in the first method; 
nevertheless, streptavidin and the biotinylated baits can be completely removed by 3-min 
injections of biotin, GTC, pepsin, and SDS. In both methods, the chip can be regenerated 
and re-functionalized with a new biotinylated bait molecule as often as desired, except 
that the binding capacity of the chip starts to decrease after 2 weeks of continued use.  

Fortunately, (strept)avidin and biotinylated bait are only removed under the extreme 
conditions that were described above; they remain in place when injecting reagents, such 
acidic buffer or SDS, which are commonly used for the quantitative dissociation of prey 
molecules which are bound on the immobile bait molecules. This means that a chip with 
one particular biotinylated bait can be used to measure many samples with the same prey 
molecule. Only when desired is the biotinylated bait removed and the bare (desthio)biotin-
SAM regenerated.  

The second method had a number of advantages over the first one: The immobilization of 
the biotinylated bait was more stable and allowed for a wider range of conditions (pH 2, 
pH 11.5, or SDS) in which only the prey molecules are removed, but the biotinylated bait 
remains attached. Moreover, streptavidin (which is used in the second method) exhibited 
a very low non-specific adsorption of proteins and nucleic acids. In case of the avidin 
mutants (which are used in the first method), the high stability is only seen with mutant 
#1, which however shows higher non-specific adsorption; the low non-specific adsorption 
of mutant #3 is associated with reduced stability and less binding of biotinylated bait 
molecules. The unique advantage of the avidin mutants is the faster procedure for the 
complete regeneration of the bare biotin-SAM.  

The regenerative chips are intended for "Biospecific Interaction Analysis" (BIA), and for 
this application they perform very well, as described in this chapter. In comparison to the 
"three-dimensional" carboxymethyldextran chips, the level of bait immobilization on our 
flat surface is 3-4 times lower; therefore, small molecules with a molar mass of <1000 
g/mol will be difficult to quantify and the standard addition technique cannot be used for 
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quantification of analytes in crude biofluids. The latter problems should easily be solved 
by using label-enhanced SPR, however.  

The essential advantage of our regenerative chips is that one chip can be sequentially 
employed by different users for unrelated measurement problems with almost any type of 
bait molecule. The immobilization and regeneration procedure is very simple; it therefore 
takes little instruction to get new users started.  

In conclusion, the new regenerative chips eliminate the financial and practical barriers 
involved in using BIA on a daily basis. Developing simple and cheap BIA for all potential 
users was our intention when we initiated this work some years ago, and fortunately we 
have reached this goal with the above described methods.  
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17.1. Introduction 

Nanoparticles, due to their size and high surface areas offer exciting possibilities for 
development of new materials. Metal nanoparticles undergo colorimetric changes as a 
function of the interparticle distance, which has been used to develop colorimetric sensors 
[1]. Naturally occurring biomolecules that have evolved for specific function are logical 
candidates for recognition elements in sensors [2]. Coupling biomolecules with materials 
capable of producing optical or electronic signals following a recognition event can 
facilitate the development of sensors with optimized responses, see Fig. 17.1 [3, 4]. 
Antibodies have traditionally been used as recognition elements because of their high 
affinity and specificity, but they are difficult to use in practice because of their low 
stabilities in complex environments [5]. In this chapter we describe work related to the 
design of nanoparticle-based detection systems that transduce the recognition abilities of 
DNA aptamers into the colorimetric response of gold nanoparticles (AuNPs) for sensors 
with a simple optical readout. Aptamers are relatively short DNA or RNA sequences that 
bind targets with high affinity and selectivity [6, 7]. Among the advantages of using 
aptamers as recognition elements in sensors are the ease of synthesis, controllable 
chemical modification, chemical stability and the programmability of DNA that allows 
sequence modifications to accommodate structural features needed for interfacing with a 
sensor surface, without affecting its function [8, 9].  
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Fig. 17.1. Schematic representation of a sensor design approach based on nanomaterials  
and biorecognition elements with an optical output. 

17.2. Selection of Aptamers for Sensing Applications 

Aptamers are selected using a method known as SELEX [10, 11] depicted in Fig. 17.2 
[12]. The SELEX procedure begins with 1013-1015 unique sequences from a chemically 
synthesized, randomized oligonucleotide library competing for binding to the target. This 
library consists of sequences designed with two PCR primer regions flanking a random 
region of 30-50 nucleotides. The sequence space, or number of different base 
permutations, of this library is defined as 4N, which for a 30-base random corresponds to 
1×1018 base combinations. This results in an underrepresented unique library where each 
sequence in the initial 1015 appears only once in the starting library pool, and a portion of 
the sequence space is excluded. Sequences not binding the target are partitioned from 
binding oligonucleotides, and binders are eluted from the target. This partitioning step 
(separating binders from non-binders) is the main determinant of selection efficiency. The 
binding sequences are PCR-amplified and converted to single-stranded deoxyribonucleic 
acid (ssDNA) for the next round of selection. After the first round researchers typically 
institute a counter-selection step in which sequences binding to a control (such as support 
matrix or a molecule similar in structure to the target) are removed from solution, and 
those that do not bind to the control are retained for future SELEX rounds. The process is 
repeated in cyclical fashion until the final pool is enriched for sequences binding to the 
target. Following enrichment, the oligonucleotide pool is cloned/sequenced, and 
individual sequences are synthesized to test for target binding, and successful candidates 
are characterized in terms of binding affinity and target specificity. The aptamers are 
frequently truncated after the preliminary in vitro studies to remove primer regions that 
are not randomized in the library. This reduces the synthesis cost, increases the yield, and 
may stabilize the aptamer, resulting in an increased affinity for the target [13]. Researchers 
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may also perform mutations and insertions/deletions to a truncated aptamer to determine 
consensus regions necessary for binding or identify higher affinity aptamers [14]. 

 

Fig. 17.2. Schematic representation of the SELEX process to identify DNA binders  
for a small molecular target. 

SELEX has been applied to targets ranging from ions and small molecules to proteins and 
whole cells. Many biomarkers related to human performance and fatigue are small 
molecule targets and thus pose a challenge for aptamer selection and subsequent biosensor 
integration. However, SELEX on small molecule targets is more challenging than 
standard protein targets because of the difficulty of applying traditional partitioning 
methods. Most methods rely on a large difference in molecular weight or mobility 
between the bound aptamer/target complex and free non-binding sequences [15]. For 
example, nitrocellulose membranes employ electrostatic interactions between the 
negatively charged polymer and positively charged proteins to separate binders from non-
binders. When a mixture of the target and DNA is passed through the filter, the 
oligonucleotides associated with the protein will be retained by the membrane while the 
free sequences will be rejected due to their negative charges. Similarly, gel electrophoresis 
and capillary electrophoresis separate samples based on a change in electrophoretic 
mobility where the difference may not be enough for separation with small molecule 
targets. In addition, immobilized small molecule can be chemically different from the 
target and can change the binding affinity or selectivity. These challenges have led to 
fewer small molecule aptamers reported in the literature which limits our ability to rapidly 
develop aptamers as recognition elements in sensors of human health and cognitive state. 
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While SELEX has been tremendously successful in identifying high affinity aptamers for 
a variety of targets, the time and labor investments make high-throughput applications 
prohibitive. The number of SELEX cycles required to identify binders varies with 
selection conditions, but it is not unusual for a selection to require 12 cycles on a timeline 
of two-six months [15, 16]. This is mainly due to an inherently low partitioning efficiency 
of SELEX, in which 1 in 1×109 to 1×1013 sequences are binders [15] but 1012 nonspecific 
binders will be selected in the first round of the selection due to limitations of the 
separation method, and an inability to distinguish between the few high affinity binders 
and the many of nonspecific binders with affinities several orders of magnitude smaller 
than specific binding. The number of nonspecific binders selected is initially similar or in 
some cases larger than the amount of specific binders. This is why several rounds of 
SELEX are required to subtract the nonspecific “noise” from the specific binders through 
increased stringency of conditions. Additionally, the stringency is often intentionally very 
low in the first round so the rare binding sequences are not lost during the partitioning 
process. As described above, each sequence in the initial library is present as an individual 
in the pool, so loss of a binding sequence in the first round will remove it from contention 
as a binding candidate. 

Aptamers identified by SELEX have been used in a myriad of sensing approaches, 
including molecular beacons [17], strand displacement assays [18], electrochemical [19], 
etc. In most of these approaches, the DNA has to be chemically labeled in order to provide 
a signal for a readout or a complementary strand needs to be designed to provide a 
mechanism that results in a measurable outcome. Ideally, a sensing approach that does not 
require DNA chemical labeling would provide a simpler sensing platform and would 
prevent any negative effects of the labeling on the ability of the DNA to bind its target. 
Given these challenges, the combination of unmodified DNA aptamers and nanomaterials 
has received significant attention in the last few years. We will focus the discussion in this 
chapter to the utilization of gold nanoparticles as the transducing element for aptamer 
binding and sensor development. 

17.2.1. The Effect of Nanoparticle Surface Chemistry on Nanoparticle  
Sensing Properties 

Nanomaterials have unique properties when compared to their bulk equivalents that make 
them useful for sensing purposes. These properties include high surface areas, which is an 
ideal property for sensing and loading [20]. The significance of this is apparent when 
comparing the concentrations of surface atoms between nanoparticles and the bulk; due 
to the high surface-area-to-volume ratio, the effects on the surface atoms are more 
significant in nanoparticles than in the bulk. Specific metallic nanoparticles, such as gold 
nanoparticles, can be optically active through surface plasmon resonance (SPR). SPR is 
the coupled oscillation of conductive electrons within the metal with the electromagnetic 
field introduced by optics [21]. The SPR effect is dependent on the size of the nanoparticle; 
specifically its relationship to the wavelength of the electron wavefunction. This leads to 
discrete energy spectra with plasmonic absorption peaks that are dependent upon the 
composition, size, shape, and surface interactions of the material [22]. These properties 
are often used in plasmonic sensing techniques, such as Surface Enhanced Raman 
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Spectroscopy (SERS). Colorimetric sensors typically use changes on surface stabilization 
induced by analyte binding to promote a response. This method with gold, optimized by 
the Mirkin group [23], is based upon the aggregation patterns of nanoparticles. When the 
surface of the nanoparticle is exposed to unfavorable conditions, typically through 
ionization with salt, the particles aggregate to become more stable.  

For the reasons mentioned previously, the method of synthesis and the choice of surfactant 
has strong implications in particle stability. In most synthetic approaches, a reducing agent 
is added to reduce the metal ions into a more neutral state. As the concentration and charge 
further decreases, the neutral atoms begin to nucleate, eventually forming a level of 
supersaturation that induces nanoparticle growth [24]. In order to prevent over-
aggregation or degradation of the nanoparticles, a surfactant is added that will coat the 
surface, determining the final size of the nanoparticles. In the Turkevich synthesis of 
AuNPs with a diameter of 15 nm, sodium citrate is typically used as the reducing agent 
due to its reproducible results and ease of application. The excess citrate molecules end 
up passivating the AuNPs surface, providing a stable AuNP suspension that can be kept 
at 4 °C for at least a month without significant issues. The choice of reducing agent and 
surfactant influences the shape and size of the nanoparticles, as well as the type and 
strength of interactions that are possible on the surface of the nanoparticle [25]. It should 
now be apparent that when designing such systems, the method of synthesis and type of 
surface interactions dictate the surface interactions and should be considered carefully. 

The following sections describe the interactions between the gold nanoparticles’ surface, 
DNA aptamers molecules and the analyte to be detected and how they affect the AuNPs’ 
plasmonic resonance and the sensing function. We argue that understanding these 
interactions is critical to control, and manipulate the surface properties of this sensing 
platform which results in better sensing performance.  

17.2.2. Surface Chemistry Effect on Nanoparticle Stability 

Nanoparticle stability, especially on the systems described here, is dependent upon two 
factors: the nanoparticle attributes and its environment. A variety of gold nanoparticle 
shapes are available for assay development, including spherical, nanorods, nanostars, and 
prisms [26]. It has been reported that the mode of local surface plasmon resonance (LSPR) 
depends on the the size and shape of the nanoparticle [27]. For example, nanorods have 
two separate plasmon modes, allowing for two detectable peaks corresponding to the 
lateral and transverse modes [28], while nanostars have high localization near their tips, 
which is particularly advantageous for the creation of hot spots needed for SERS-based 
detection [29]. The most widely used gold nanomaterial is spherical nanoparticles, due to 
the ease and reproducibility of their synthesis, and is the focus of the discussion in this 
chapter. These nanoparticles can be prepared with a wide variety of synthetic approaches, 
utilizing different reducing agents and passivating surfactants, which results in a variety 
of sizes, providing great versatility for sensor design. Spherical, well-dispersed AuNPs 
have a single peak that ranges from roughly 510 nm to 585 nm for nanoparticles with their 
diameter in a range from 2.5 to hundreds of nm, which provides an optical signature that 
can be viewed by the naked eye or simple instrumentation, including mobile devices [30]. 
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The primary methods of interaction of different molecules with the AuNPs’ surface are 
through chemisorption and physisorption [31, 32]. Chemisorption involves interactions in 
which valence forces are involved, similar to chemical bonds, while physisorption is 
driven by weak intermolecular forces that do not cause significant changes in the metal’s 
electronic orbitals. While the distinction between these two phenomena can often be 
vague, the types of interactions they each induce would dictate the final nanoparticle 
properties. Physisorption utilizes van der Waals forces, with weak binding energies 
between 10-100 meV, it has strong temperature dependence, relatively non-specific 
interactions, and is reversible. The opposite is true for chemisorption; strong chemical 
bonds tend to form with energies between 1-10 eV, can induce structural-chemical 
changes, the heat of adsorption is highly energetic, very specific surface interactions, and 
finally it leads to irreversible interactions. Different chemicals can be interfaced with 
AuNPs in order to passivate their surface and increase stability, or to provide functionality 
for further chemical derivatization. Physisorption is the preferred method of developing 
plasmonic aptamer-based sensors due to the ability of the physisorbed molecule to 
reorganize its shape upon influence of external factors, like the presence of the DNA 
target. The first effect of the physisorption of DNA molecules on AuNPs relates to the 
changes to the zeta potential. The presence of the physisorbed material could further 
charge or dampen the charge of the nanoparticle, for instance adsorption of a positively 
charged polymer on citrate-coated AuNPs results in positively charged AuNPs [33]. The 
charge of the adsorbed materials and the overall AuNP charge have a significant impact 
on the stability of the nanoparticles, and interactions that affect these overall charge can 
promote particle aggregation, through nucleation of neutrally charged gold, resulting in a 
shift on the SPR AuNP peak. This originates from the ability of the material to have 
collective oscillation of the free electrons in the sample. With the dimensions of the 
materials placing it within the quantum regime, the electron bands within the material 
become more discrete. Thus, the resonance capabilities will scale with the nanoparticle 
size, leading to peak shifts [34]. For example, 15 nm spherical gold nanoparticles that are 
citrate stabilized are dark red with a plasmonic peak around 520 nm. However, addition 
of sodium chloride, which promotes AuNP aggregation due to masking of the AuNPs’ 
charge, promotes a visible color shift towards blue, purple, or even black with a peak shift 
towards 650 nm. A wide variety of sensors have utilized this intense blue-shift as a method 
of quantifying particle stability under different conditions, and more recently, this 
plasmonic shift has been implemented as a way to monitor quantitatively analyte binding 
to the recognition element on the surface of AuNPs. However, these interactions and the 
underlying physics have not been fully described in the literature. The next section 
describes efforts on understanding the effects of DNA aptamer structure on the stability 
of AuNPs and their use as a design tool for sensing applications. 

17.2.3. Effect of DNA Structure on Interactions with Gold Nanoparticles 

Most studies to date have used optical or centrifugal assays to study the interactions of 
DNA with AuNPs. The early studies showed that single stranded DNA binds more 
strongly than double-stranded DNA and that the binding affinity and kinetics depend on 
the nucleotides and length [35, 36]. DNA aptamers, which may be folded, partially folded 
or unfolded, are intermediate between single- and double-stranded DNA and may have 
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very different interactions with AuNPs [37]. In this section an experimental approach was 
designed to determine if the structure of a DNA sequence affects how it interacts with 
AuNPs and effect on AuNPs stability. To do this a set of three DNA sequences with 
similar length and nucleotide composition (no sequence was particularly enriched with a 
type of nucleotide, see Fig. 17.3d was used to simplify data analysis. To avoid any 
terminal nucleotides effects, all sequences have the same 3’ and 5’ end nucleotides. The 
oligos used show different structural features as predicted by mfold [38], which could 
have an effect on how the AuNPs and DNA interact and affect AuNPs stability. The DNA 
structure was confirmed by nuclear magnetic resonance (NMR), as shown in Fig. 17.3. 
NMR is a powerful but relatively insensitive method that typically requires sample 
concentrations in the sub-mM range for good signal-to-noise ratio spectra. This would, at 
first glance, make NMR a poor method for studying assays that are typically performed 
with nM concentrations of AuNP. However, because the NMR parameters, including the 
peak positions, line widths and relaxation times, are sensitive to the exchange rates of the 
aptamer binding the AuNP and the target, NMR can in favorable cases provide 
fundamental and valuable insight into the intermolecular interactions that result in color 
change in the assay. The proton NMR spectra of DNA aptamers is typically quite crowded 
by overlap of the signals from the G, C, A and T residues, especially for longer aptamers 
[39]. If we consider the spectra range for the hydrogen bonded imino protons (10-15 ppm), 
then the spectrum can be considerably simplified. These G and T imino proton exchange 
rapidly with water and are difficult to observe unless they are protected by hydrogen bond 
formation or they are solvent protected by aptamer folding. The T and G imino protons 
typically appear between 13-14 ppm and 12-13 ppm in duplex DNA, while the imino 
protons from noncanonical G•T and G•A base pairs as well as protected, but unpaired 
imino protons appear in the range of 10-11 ppm. The line widths for these signals depend 
both on the molecular weight of the aptamer (broader lines for larger aptamers) and the 
rate of chemical exchange between the bulk water and the imino protons. As shown in 
Fig. 17.3, NMR data of the RBA and MN4 sequences showed a significant degree of base 
pairing in the conditions used in our studies, and we consider these oligos as “structured”. 
On the other hand the sequence MN6 show no base pairing under the conditions studied, 
and we consider this aptamer as “unstructured”, RBA is known to fold into a g-quadruplex 
and MN4 forms a 3-way junction. The experiments describe below aimed to identify 
differences in how the structured and unstructured sequences interact with the AuNPs. To 
do this, the kinetics of adsorption of the DNA sequences on the AuNPs surface was 
characterized by monitoring changes in the AuNPs extinction after different incubation 
times with the oligonucleotides followed by promoting salt-induced aggregation. 

DNA adsorption on the AuNPs’ surface stabilizes the AuNPs due to the high density of 
negative charges in the oligonucleotides. Therefore, DNA adsorption can be indirectly 
monitored by its effect on AuNPs stability. More DNA adsorption or a stronger interaction 
between the DNA and the AuNPs surface would result in more stable AuNPs. In these 
experiments, AuNPs were exposed to the same DNA concentration and their stability 
tested by salt-induced aggregation. As the incubation time progressed, all DNAs tested 
improved the AuNPs stability against salt-induced aggregation, even after five minutes 
incubation (Figs. 17.4(A-C)) compared to AuNPs non-exposed to any DNA. However, 
the stabilization provided by the “unstructured” sequence (MN6, green trace) 
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progressively increased over time, while the “structured” DNAs (MN4 and RBA, red and 
blue traces. respectively)-induced stabilization remains relatively constant after the first 
five minutes. These results show that an open structure with nucleotides available for 
interaction with the AuNP surface interacts more strongly with AuNPs that a folded 
structure in which a significant portion of the nucleotides are involved in internal base 
pairing.  

 

Fig. 17.3. NMR characterization of DNA aptamers. The structure and imino proton NMR spectra 
for (a) the MN4 cocaine-binding aptamer, (b) the riboflavin-binding aptamer and (c) the MN6 

cocaine-binding aptamer as 298 K, d) sequences of the oligos used in this study. 

The NMR spectra of mixtures of AuNPs and DNA aptamers molecules can provide some 
insight into the relationship between aptamer-AuNP interactions and the observed effect 
on particle stability, as illustrated in Fig. 17.4D which shows the NMR spectra of MN4 at 
298 K in the absence and presence of 15 nm AuNP and cocaine. In the absence of AuNP 
and target the spectrum shows the peaks for the G and T imino protons between 12 and 
14 ppm. Using multidimensional NMR the peaks can be assigned to specific imino 
protons and used to determine the three dimensional structures [39, 40]. In addition to the 
peaks from the three stems, peaks from the G•A base pairs at the junction can be observed 
at lower temperature (not shown). The data shows that significant changes are observed 
in the spectrum of the partially folded aptamer with the addition of AuNP, including the 
loss of some peaks and shifts in peak positions. Given that the lines would be greatly 
broadened if the aptamer were bound strongly to the 15 nm AuNPs and the AuNP is 
present at much lower concentrations (20 nM) than the aptamer (200 μM), the spectral 
changes can only be due to rapid exchange of the aptamer on and off the surface of the 
AuNP. The most notable change in the spectrum with the addition of AuNP is the loss of 
some signals. As noted above, the imino protons exchange rapidly with the solvent if they 
are not protected by folding or base pair formation and cannot be observed in the NMR 
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spectra. We attribute the loss of signal intensity to solvent exposure of the imino protons 
during transient absorption on the AuNP. A more detailed analysis of the spectrum shows 
that signals are predominantly lost from stem two, suggesting the AuNP interactions are 
modulated by stem two. This hypothesis is supported by the observation that a modified 
MN4 aptamer lacking stem two shows no spectral changes in the presence of AuNP [41]. 
These new data show how NMR can provide a molecular insight into the interactions of 
DNA with nanoparticle surfaces.  

 

Fig. 17.4. Effect of the DNA structure on AuNPs aggregation as a function of incubation time 
between the DNA and AuNPs, AuNPs stabilized with citrate (orange trace), MN4 (red trace, 
structured sequence), MN6 (green trace, non-structured sequence) and RBA (blue trace, structured 
sequence); followed by exposure to NaCl: A) 5 min, B)1 h, C) 3 h. D) NMR spectra showing base 
pairing changes on the MN4 structure upon interaction with AuNPs. 

17.3. Plasmonic Assays for Small Molecule Analytes 

In general, plasmonic assays based on AuNPs and aptamers utilize the DNA aptamer for 
particle stabilization and target recognition. Due to the complex structure of the DNA 
aptamers, these molecules have both “structured” and “unstructured” regions. The varying 
degrees of base pairing dictated by their sequences results in different levels of 
interactions between the aptamer and the particle surface. In the presence of the aptamer 
target, the typical conformational change that occurs during analyte-binding results in an 
alteration of the interactions between the aptamer and the AuNPs. The result is a change 
in the level of aggregation, which is observed by the characteristic red/blue color change 
– to be explained in more detail. Several approaches can be utilized for the analysis of the 
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colorimetric shift of these nanoparticles. Perhaps the simplest approach is to measure the 
AuNPs extinction at 650 nm and 530 nm. As the nanoparticles destabilize, the extinction 
ratio of 650 nm/530 nm can shift from as low as 0.1 to over 1.4 [42]. 

Due to the lack of experimental characterization of the molecular interactions at the 
interface of the nanoparticles and biorecognition elements, it is difficult to predict a priori 
if an aptamer can be used in a colorimetric assay or what color response a particular 
aptamer will give. Additionally, groups performing the SELEX process all use their own 
unique selection conditions, some have minor differences while others are more 
substantial [43-45]. This adds to the difficult task of predicting general trends in aptamer 
performance in these assays. A typical color response for these assays is a red-to-blue 
color shift, however the degree of color or dose response development of color is 
dependent on the target and the individual aptamer – which could be associated with 
structure, sequence, or be affected by the binding constant [42]. In addition, these aptamer 
based colorimetric assays have been shown to render a blue-to-red color response – with 
extremely high concentrations of salt (typically sodium chloride). Currently, the only way 
to determine the viability of an aptamer in colorimetric assays is to test them individually, 
which includes trying a range of analyte concentrations as well as a large range of salt 
concentrations. The focus of this section will be to demonstrate and explain the 
development of color assays for small molecule targets, and establish the procedures 
utilized to create a color assay as well as highlight pitfalls that may occur when initiating 
a color assay for a particular aptamer-target pair. Additionally, three examples of 
colorimetric assays developed using these concepts will be revised to illustrate the typical 
outcomes, successes and limitations. The small molecule targets that will be discussed are 
estradiol, cortisol, and cocaine.  

17.3.1. Assay Design 

The development of an aptamer-based gold nanoparticle color assays begins with a study 
of aptamer absorption on the gold nanoparticle surface prior to analyte addition. Control 
studies show that analytes can adsorb to the gold nanoparticle surfaces and alter the color 
response. Fig. 17.5 shows the response of citrate-stabilized AuNPs exposed to different 
concentrations of controlled substances after exposure to NaCl to promote AuNPs 
aggregation. It is clearly observed that different molecules show different degrees of 
surface activity, presumably due to their chemical structure. To reduce color response due 
to analyte-surface effect, we find that prior aptamer adsorption to gold nanoparticles is 
most effective. The other variables of interest are the target incubation time, the salt 
incubation times, and the number of DNA aptamers adsorbed to the gold nanoparticle 
surface – referred to as the DNA/AuNP density or DNA coverage, as shown in Fig. 17.6.  

In order to determine if an aptamer can function in the adsorbed aptamer assay format, 
each aptamer must be individually tested. As a first step the adsorbed aptamer-gold 
nanoparticle samples are titrated with an increasing salt concentration, typically in the 
millimolar concentration range (Fig. 17.6A). For the red-to-blue color change assays, the 
common salt concentration used is at or below one half the equivalence point of the 
titration curve, but beyond the initial plateau region of the titration curve (low salt region). 
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However, if the assay were the blue-to-red color change variety, the salt concentration 
used would be above the equivalence point and approaching the end point of the titration 
curve (high salt region). The titration curve is plotted as the ratio of absorbance at 650 nm 
over absorbance at 530 nm versus the salt concentration. In either case, the concentration 
of salt needed to cause the color change to occur is adjusted to increase the color difference 
between the target added and the blank (no target added) samples (Fig. 17.6 (B and C)). 

 

Fig. 17.5. Effect of the adsorption of different chemicals on the plasmonic response of citrate-
stabilized AuNPs to the addition of NaCl. DPHA= diphenhydramine,  

THC= tetrahydrocannabinol. 

 

Fig. 17.6. Examples of parameters utilize to tune colorimetric assay performance. (A) Salt titration 
curves obtained by exposing different types of AuNPs: citrate-stabilized (red trace), ss-DNA 
stabilized (60 DNA/AuNPs, blue trace), ds-DNA stabilized (120 DNA/AuNP, green trace), (B) 
DNA-AuNP kinetic response to low analyte concentration after salt addition, (C) DNA-AuNP 
kinetic response to high analyte concentration after salt addition. 
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In the development phases of the color assay, a target concentration including the blank 
in the low micromolar range (1-10 M) is a good starting point. Fine tuning and adjusting 
target and salt concentrations for largest signal differences between target and background 
is a critical part of optimization. It is at this stage of the process that actual color response 
motif with the low salt or high salt region is established. When the assay is challenged 
with either high or low salt, a color response will be observed and the red-to-blue or blue-
to-red nature of the assay will become apparent.  

17.3.2. Examples of Colorimetric Assays Based on AuNPs and Aptamers 

The plasmonic assays covered in this section applied the approach to assay design 
discussed in the previous section and focus on the detection of small molecule targets. 

17.3.2.1. Estradiol Binding Aptamer (EBA) 

The estradiol color assay uses an aptamer with a three-way junction structure with loops 
and stems throughout the structure, as shown in Fig. 17.7A. The EBA is a 75-mer extended 
three-way junction based on mfold results, selected using standard SELEX which 
immobilizes the target molecule on a stationary phase – with no counter selection 
procedure [46]. The colorimetric assay response was determined to be the standard red-
to-blue color shift with increasing concentration of estradiol. In this work, the aptamer 
based colorimetric assay method was modified to remove excess citrate used in capping 
the AuNPs. The citrate is used to improve particle stability and nucleation during particle 
synthesis, and the authors found that removing the citrate improved the response of the 
assay with the presence of the aptamer on the AuNP surface. The salt concentration used 
to initiate the induced color response was 57.4 mM, and the target concentration utilized 
with this assay was on the order of 0-1000 nM. The selectivity of this assay was tested 
with progesterone, testosterone, bis(4-hydroxyphenyl) methane, and bisphenol A, 
producing responses to progesterone and testosterone. In this work, the researchers 
eliminated the flanking nucleotides from the original aptamer structure, which allowed 
them to reduce the aptamer to a 22-mer and 35-mer. The KD values for the truncated 
aptamer species were 11 nM and 14 nM, respectively, and improving the detection limit 
from 5 nM to 200 pM in this assay. The coverage density for this assay was 3 DNA/AuNP, 
which explains the low level of salt required to induce aggregation. Detection of the 
analyte by the AuNP colorimetric sensor in urine was achieved.  

17.3.2.2. Cortisol Binding Aptamer 

The structure of the cortisol-binding aptamer (CBA) is expected to have three distinct 
stem-and-loop structures within the 85 DNA nucleotide sequence, as shown in Fig. 17.7B 
[47]. As compared to the EBA, the cortisol aptamer has more unpaired regions that 
presumably resemble single-stranded DNA. The CBA was selected using a tunable 
stringency particle based selection strategy [45]. This selection method incorporates a 
counter selection procedure utilizing progesterone. The resulting color assay was the 
standard red-to-blue response with increasing concentration of cortisol with a  
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73 DNA/AuNP coverage density. The salt concentration used to initiate the color response 
was on the order of 126 mM, and the target concentration used ranged from 0-10 M. 
This assay demonstrated a higher degree of selectivity with the limited analytes that were 
tested. This assay provided a response to cortisol at concentrations that encompass the 
normal range of free cortisol in human serum at ~150-600 nM, and provided no response 
when other biomarkers of stress or disease were tested. The assay provided a proof-of-
principle selection strategy from other neuroendrocrine allostatic load stressors and 
provides important steps necessary for low cost point-of-care diagnostic strategies. Both, 
the EBA and CBA were long with a relatively similar concentration of salt needed to 
induce a color response, even with the differences in the single stand and double strand 
character of the two aptamers and the difference in DNA loading used in the optimized 
assay. The aptamer with more single stranded regions required less salt, which is 
inconsistent with conventional understanding of the interactions of single- and double-
strand structures with gold surfaces. However, drawing any conclusions based on structure 
using mfold is imprudent – mfold predicts two-dimensional structures and provides no 
information on the tertiary structure of DNA molecules. 

 

Fig. 17.7. Mfold predicted structures for the DNA-aptamers as follows: A) Estradiol-binding 
aptamer, B) Cortisol-binding aptamer, C) Cocaine-binding aptamer. 

17.3.2.3. Cocaine Binding Aptamer 

The structure of the MN4 aptamer is often described as a three-way junction that is  
36 DNA bases long, as shown in Fig. 17.7C. The MN4 aptamer is shorter in comparison 
to the first examples, and has a higher fraction of double stranded stems [45]. The assay 
developed with this aptamer was the first of the adsorbed aptamer assays with the MN4 
structure, and demonstrated that the intact aptamers could be used in the development of 
the adsorbed aptamer based assays. The comparison of the 36 nucleotide cocaine binding 
aptamer with other sequences showed that subtle changes to the base pairing could have 
large effects on the colorimetric assay.  

This assay was the typical red-to-blue color response assay with increasing concentrations 
of cocaine with 60 DNA/AuNP coverage density [32]. The salt concentration used to 
initiate the color response was approximately 75 mM and target concentrations were  
0-70 M. In this work, the assay was determined to have an issue with analyte molecules 
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having a non-selective interactions with the gold nanoparticle surface, resulting in an 
inadvertent color change [42]. These undesired color changes led to false positive 
identification of the target narcotic (cocaine). This work showed that tuning the DNA 
coverage changed the assay performance, with higher DNA density producing a more 
selective assay response by reducing the surface effects of the analyte molecules. 
However, the higher DNA coverage resulted in lower sensitivity assay. Lower DNA 
densities resulted in a more sensitive assay response to the target, but the assay became 
more susceptible to surface effects from other analytes [42]. As is common with analytical 
techniques, there is a trade-off between selectivity and sensitivity. Using the higher DNA 
densities in the cocaine assay eliminated nearly all false positive responses. The 
approaches to manage the false positive response issue were either to eliminate it, as 
described here, or take advantage of it, which will be described in the next section. 

17.4. Cross Reactivity Plasmonic Aptamer-AuNP Assays 

In order for a sensor to be realistically applicable, it needs to be able to identify the analyte 
or analytes of interest in a biofluid that contains a very large number of species, often 
times in significantly higher levels than the target of interest. Current biosensors typically 
prefer to identify a single substance with high selectivity over other compounds, however, 
in many cases, there are structural analogs that are extremely difficult for a biosensor to 
differentiate. These often result in false positive responses, which could be a significant 
issue in sensor development. In order to improve upon these limitations, the broad 
selectivity of these systems, if consistent and well defined, could be used to develop cross-
reactive assays. By definition, cross-reactive sensors, are systems that take advantage of 
the natural interference produced by nonspecific response patterns between the 
interactions of the analyte and the platform as well as those between the interface and 
target analytes in which it is not ‘optimized’ for. Some of their main advantages are built-
in redundancy by the use of a number of recognition elements in a sensor array [48] and 
the ability to train the system to recognize multiple targets in the same array [49].  

Recent work has shown that aptamer affinity can be adapted to recognize several 
chemically-related target analytes [50-53]. The Yan group functionalized AuNP with 
carbohydrates to differentiate plant-legume lectins [50]. By observing the shifts in peak 
and intensity of the resonant wavelengths, pattern recognitions techniques showed success 
in clustering to differentiate lectins. The Zhang group used three ssDNA aptamers to 
protect AuNP followed by exposure to a selection of specific target proteins, to 
discriminate between cancerous and noncancerous cells. After exposure to salt, the 
colorimetric response, with further data analysis, was shown to be able cluster 17 
unknown samples with perfect accuracy [51]. Finally, our group performed the 
functionalization of AuNPs with aptamers with high specifity in solution which showed 
broader selectivity when adsorbed on the AuNP surface, being able to identify 
physiologically relevant biomarkers [52], as shown in Fig. 17.8. In this case, four different 
DNA aptamers were used to create DNA-AuNPs sensing nanoparticles. The DNA density 
on the AuNPs’ surface and the assay conditions were adjusted to broaden the system 
selectivity and expand the ability of these hybrids to respond to chemicals with structures 
similar to the aptamer targets. The plasmonic response of this set of four DNA-AuNPs for 
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a number of biomarkers was characterized and optimized to provide the ability to cluster 
their colorimetric response using principal component analysis (PCA) to identify and 
quantified the analytes studied (Fig. 17.8). 

 

 

Fig. 17.8. Cross-reactive arrays for the identification and quantification of biomarkers using 
aptamer-gold nanoparticle conjugates (ABA= adenosine-binding aptamer, EBA= estradiol-
binding aptamer, RBA= riboflavin-binding aptamer, CABA=cholic acid-binding aptamer). 

This approach was extended to the design of a series of aptamer-nanoparticle sensors that, 
when used in conjunction, provide insight into the identification of unknown illicit 
substances. Using a combination of aptamers with different structures, an assay using 
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three nanoparticle sets was designed to identify controlled substances, including some 
new designer drugs [53]. After incubation of the individual analytes, specifically caffeine, 
methylenedioxypyrovalerone (MPV), JWH-018, oxycodone, morphine, LSD, and 
cocaine, with each sensor, salt was introduced to induce aggregation. Because of the 
variation in interactions between the analyte, aptamer, and nanoparticle, the stability of 
the nanoparticles was affected differently by each compound, which resulted in a different 
plasmonic signature (Fig. 17.9A). In this case, it was observed that the use of lineal 
differential analysis (LDA) provided efficient classification of the data allowing to match 
the identity of an unknown powder to six illict drugs (Fig. 17.9B), and even identify the 
presence of the active compound in a mixture.  

 

Fig. 17.9. Cross-reactive sensor based on the use of three nanoparticle sets, citrate-stabilized 
AuNPs, estradiol-stabilized AuNPs-EBA-AuNPs- and cocaine-binding aptamer-stabilized 

AuNPs-MN4-AuNPs, for the identification of controlled substances. 

17.5. Conclusions 

In this chapter, the use of gold nanoparticles in combination with DNA aptamer as a 
sensing platform was discussed. These sensing systems offer many advantages in the field 
of point of care diagnostics due to their easy of preparation, facile optical interrogation 
and fast response times. Moreover, the ability of using a general strategy for assay 
optimization, utilizing a well-defined set of parameters, makes these systems highly 
promising and with great potential to provide mature technologies to detect different 
analytes in the near future. However, it is necessary to gain a better understanding of the 
interactions that drive the observed response of these hybrid systems. The interface in 
which the DNA and the AuNPs interact is a dynamic entity that provides a rich landscape 
of interactions that could be exploited in a more rational way if it is better understood. 
The utilization of traditional and novel techniques for the characterization of these systems 
and the interactions dictating their final function will greatly benefit their development.  
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Chapter 18 
Colorimetric Analysis of Au-Nanoprobes 
Combined with Loop-Mediated Isothermal 
Amplification for the Molecular Detection  
of Isoniazid Resistance in Mycobacterium 
Tuberculosis 

Thongchai Kaewphinit and Jutturong Ckumdee 1 

18.1. Introduction 

In the developing world, tuberculosis, or TB, represents a significant pathological threat 
to humans, causing around two million people to die annually. The biggest problem is one 
particular strain which is able to resist drugs (MDR-TB), showing no response to either 
isoniazid or rifampicin. This strain is becoming increasingly prevalent, and poses a huge 
challenge for the public health authorities in developing nations. One way to address this 
issue is to improve the detection time since this could be a means of saving lives through 
earlier treatment. A number of molecular-based techniques have been examined in order 
to determine whether they might be capable of detecting Mycobacterium tuberculosis 
(MTB) and MDR-TB. Examples of these methods include Genexpert and LPA (Line 
Probe Assay), but these can be very expensive due to the advanced equipment required in 
the process. This also makes these approaches ill-suited to the developing world since the 
laboratory conditions are often inadequate in such places. These polymerase chain 
reaction (PCR) methods which allow the amplification and detection of the target DNA 
in the absence of a thermocycler may now be replaced by an alternative which is known 
as LAMP (loop-mediated isothermal amplification). This approach is also capable of 
identifying drug resistance due to one-point mutations through the design of 5’ inner 
primers which are end specific to the mutant. This is a candid approach capable of 
identifying nucleic acids by applying the colorimetric properties of Au-nanoparticles. The 
cost of doing so is typically quite reasonable. The synthesis of Au-nanoparticles can be 
achieved with thiol-modified DNA oligonucleotides probes which duly allow particular 
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target sequences to be detected. At greater ionic strengths, the aggregation of Au-
nanoparticle probes will cause an obvious solution colour change to purple from the 
original. Alternatively, the SPR band (Surface Plasmon Resonance) of the Au-
nanoparticles shows a target complementary to the probe sequence, which prevents the 
probe aggregation and accordingly there is no change in colour. In this section a 
description is provided for the assay utilizing LAMP-Au-nanoparticle probes which can 
detect isoniazid resistant TB easily and quickly and at reasonable cost. The process should 
therefore be ideal for the developing world. 

18.2. Isoniazid Resistance in MTB 

Isoniazid, also known as isonicotinylhydrazine, or INH, is widely used as the initial means 
of preventing TB, or treating the condition. It is an organic compound and prodrug which 
must be activated by mycobacterial catalase peroxidase enzymes which are encoded by 
the katG gene following its entry to the cell through passive diffusion. The katG combines 
isonicotinic acyl with NADH and produces the isonicotinic acyl-NADH complex, which 
is then strongly bound to the enoyl-acyl carrier protein (ACP) reductase inhA and  
-ketoacyl ACP synthase (which is encoded by kasA) which plays a part in the synthesis 
of mycolic acid. The procedure described can limit the synthesis of mycolic acid which 
the mycobacterial cell wall requires [1, 2]. If the level of mycolic acid declines, the 
outcome is the elimination of bacteria. Various gene targets have shown the mutations 
which cause INH resistance, including katG, kasA, inhA, and potentially others as yet 
undetermined. INH resistance can be the result of the amino acid replacements located at 
the NADH binding site of the inhA gene, which can stop the inhibition of the biosynthesis 
of the mycolic acid which bacteria need in their cell walls. If the katG gene exhibits 
mutations, these can restrict the capacity of the enzyme catalase peroxidase to change INH 
to a form which is biologically active, and thus INH no longer has any influence upon 
MTB. 

Isoniazid resistance differs from rifampin resistance in that it results from spontaneous 
mutations which are not limited to a single gene. If the katG gene develops drug resistant 
mutations, the catalase is no longer able to activate the isoniazid prodrug [3]. Meanwhile, 
when the inhA gene or its promoters develop mutations, the outcome can be a change in 
the binding site of the activated isoniazid or heightened production of the inhA gene which 
can cause INH resistance [4]. However, although mutations in katG lead to high-level 
isoniazid resistance, mutations in the inhA gene lead to low-level isoniazid resistance 
along with ethionamide cross-resistance. These isoniazid mutations are observed most 
often in the katG and inhA genes, but it is important to note that their existence may also 
be observed less frequently in additional enzyme coding genes including the ndh, ahpC, 
and furA genes [1, 5]. A significant proportion of INH resistance (31-97 %) is the result 
of mutations in the katG gene at codon 315, and it is notable that the higher end of that 
range is to be found in countries where TB is endemic [6]. Dalla Costa et al. recently 
studied a sample of 224 INH-resistant MTB isolates drawn from South American 
countries and discovered that inhA mutations occurred at a frequency of 11 %. 
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Meanwhile, a total of 86 % showed mutations in either katG or inhA, and these are 
typically related to INH resistance [7]. 

18.3. Drug-Resistant Tuberculosis in Thailand 

In Thailand, the first important strains of TB which were drug resistant were reported 
during the early prt of the 1990s. First drug resistance was surveyed in Thailand in  
1997-1998, with a reported result of 2.02 % [8], and again in 2005-2006 when the score 
was 0.93 % [9], while the score for secondary drug resistance in the most recent survey 
was 34.54 %. However, while the WHO estimated that there would be around  
2774 patients with drug-resistant tuberculosis for 2008 according to the Annual Report of 
the Bureau of Tuberculosis, the figure in Thailand was just 294 [10]. Aong Thailand’s 
prison population in 2002-2003, the primary and secondary drug resistant TB rates stood 
at 5.3 % [11]. In the report presented by the 10th Zonal Tuberculosis and Chest Disease 
Centre, Chiang Mai, Thailand, 10th Office of Disease Prevention and Control, Ministry of 
Public Health, Thailand (2011) it was stated that Nothern Thailand’s hospitals admitted 
just 88 patients with drug-resistant tuberculosis [12]. Meanwhile, of 43 patients whose 
condition was confirmed in a laboratory, 16.3 % were retained, 18.6 % completed 
treatement, and 18.6 % died, according to the report in 2009 [13]. The results of the Bureau 
of Tuberculosis of Thailand’s 2007-2009 Research Project on Anti-Tuberculosis Drug 
Resistance Surveillance in Thailand (Situation of Multidrug-Resistant Tuberculosis in 
Thailand: Fiscal Year 2007-2009) which examined 126 hospitals all over Thailand 
revealed that there were 877 patients whose drug-resistant TB was confirmed in 
laboratories and 64 patients suffering secondary drug-resistant TB which was also 
laboratory-confirmed. Of these, 21.5 % died while 12.74 % also had HIV or AIDS in 
comparison to 21.57 % of patients with probable or presumptive drug-resistant 
tuberculosis and co-infection with HIV/AIDS [14]. Of the data mentioned, only 18.2 % 
came from the TB registration data for drug-resistant TB patients while the remainder 
were obtained from medical registers at hospitals [14]. The WHO suggested that there 
was a possibility that Thailand was under-reporting the number of drug-resistant 
tuberculosis cases, perhaps because of delays in transporting samples for testing to central 
laboratories, and perhaps because Thailand does not have a standardized system for data 
collection which would result in reliability [14]. 

18.4. Detection Systems Based on the Amplification of Nucleic Acid 

Nucleic acid amplification techniques offer an alternative to the traditional ways of 
detecting TB, and have been tested extensively to determine whether the approach is 
capable of being used to diagnose active TB. High sensitivity and specificity are two key 
advantages the method offers, while results come within 8 hours, and often even faster. 
Molecular detection methods are typically based on choosing or designing suitable 
oligonucleotides (primers and probes) capable of amplifying or hybridizing specific target 
fragments of the DNA associated with MTB or in MTBC members. This allows the crucial 
differentiation between TB mycobacteria and non-TB mycobacteria so that the specificity 
levels of tests exceed 90 % and often approach 99 %. Moreover, the sensitivity rates for 
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TB PCR-based assays using DNA amplification are typically in the 90-100 % range when 
the samples are smear positive, and in the range of 60-70 % using smear negative or 
culture positive sputum samples [15-17]. Although the sensitivity levels are not as high 
as found in microbial culture, certain treatments of the sample preparations can lead to the 
achievement of optimum levels [16]. The specimen employed in the DNA identification 
can have a powerful influence on the sensitivity when a nucleic acid based approach is 
used. A respiratory specimen will produce results which typically lie within the band of 
60-99 %, whereas an extra pulmonary specimen tends to fall within the range of 30-85 % 
[18]. In the case of samples which are smear negative, DNA detection sensitivity is lower 
for both pulmonary and extra pulmonary samples, but the main benefit to the technique is 
that a DNA method shows whether a mircroorganism is present so that non-pulmonary 
TB in the central nervous system can be identified even in the scenario when it would be 
expected that the sample would contain very few microorganisms, and when these would 
accordingly be very hard to detect using microscopes [18]. There exist a number of 
commercially available tests which utilize nucleic acid amplification. 

It is possible to identify the strains of MTBC using various molecular techniques, although 
direct detection is not the objective in such cases. The primary goal is to accomplish the 
phase of growth or amplification, and when this is complete it is then possible to determine 
the existence of particular strains of mycobacteria. These techniques include analysis of 
the hsp65 gene [19] using RFLP (Restriction Fragment Length Polymorphism) analysis, 
nucleic acid probe hybridization, solid phase hybridization (line-probe assay) [20], SNP 
(Single Nucleotide Polymorphism) [21] and DNA sequencing [22]. These approaches all 
seek out the molecular variation to be found among MTBC species, allowing their 
differentiation. Tests are commercially available which use this method. Common 
examples are GenoType® MTBC (Hain Lifescience), AccuProbe® (Gen-Probe), and 
INNO-LiPA® Mycobacteria assay (Innogenetics) [18].  

The aim of test for drug resistance which uses a molecular approach is to detect the 
existence of a specific genetic mutation which might result in resistance [23]. The genetic 
areas of the target can be identified using a particular oligonucleotide probe which is 
effective when techniques for nucleic acid hybridization are used. When a mismatch 
occurs in specific nucleotide positions due to the mutation, this can change the 
hybridization thermodynamics [23]. The aim of a hybridization probe is the binding of 
mutated sequences, or of sequences which are perfectly matched, such as rifampicin-
sensitive sequences [24]. A number of techniques are commonly used for the purpose of 
DNA MDR-TB detection, and these include sequencing [23], PCR in real-time [24], 
allele-specific PCR [25], microarrays [24] and line probe assays [26, 17]. Line-probe 
assays are strip-based tests that employ reverse hybridization probes and PCR. A number 
of such tests are commercially produced. Among these are the INNO-LiPA Rif.TB® kit 
(Innogenetics), and the GenoType MTBDR plus® assay (Hain Lifescience). Sensitivity 
levels for the Geno Type assay have been measured at 95-99 % for the detection of 
rifampicin resistance in smear-positive sputum samples, which represents an 
improvement over traditional DST results [26]. Line-probe assays have been accepted by 
the WHO for use in MDR-TB screening as long as they are used only with smear-positive 
samples and culture isolates. This method is unlikely to replace conventional methods 
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involving traditional culture and DST [27, 28]. It is important to assess the methods which 
use the same fundamental method as described to detect isoniazid and rifampicin 
resistance which have also been used in detecting other single-point mutations which can 
cause resistance to antibiotics, such as those mutation causing XDR-TB [29].  

It is possible to draw the conclusion that assays which are molecular based can be highly 
sensitive and very specific, while the results can be obtained very quickly. The drawback 
is the tests can only be performed by trained professionals because DNA amplification is 
a complex process which also requires costly laboratory facilities and equipment due to 
the need for reference reagents which are necessary in order to monitor the progress of 
the assay. These tasks can still be performed in basic laboratories, but the situation 
becomes problematic where resources become scarce [18, 28, 30]. 

One potential alternative to the use of PCR to amplify the target DNA is known as 
isothermal amplification. The advantage of this technique is that a thermocycler is no 
longer necessary. This makes the detection process cheaper, so it is possible to use a 
molecular diagnostic approach without the expenses required to use a laboratory equipped 
for molecular biology. The following sections will therefore describe the isothermal 
amplification approaches which can be used in the detection of infectious diseases. 

The process of LAMP (loop-mediated isothermal amplification) can produce single strand 
DNA sequences which serves as a target. These ssDNA sequences feature stem-loops at 
each end which form the base structure for further amplification. The process is reliant 
upon the strand displacement reactions which occur at steady temperatures and use a DNA 
polymerase which offers strand displacement activity [31, 32]. In order for the loop 
formation and subsequent amplification to take place it is necessary to have six specific 
primers which are not only all different, but must also bind in the right target zones. 
However, it is not necessary to include a denaturation step (94°C – 95°C) in order to 
produce ssDNA or to perform enzymatic cleavage in LAMP. The production of ssDNA 
for amplification purposes instead requires one of the LAMP primers to anneal to the 
double stranded DNA antisense sequence (3’  5’) which takes place at a temperature of 
65°C as the Bst DNA polymerase simultaneously initiates the process of synthetization of 
a DNA strand complementary to the template commencing at the primer’s 3’ end. A 
secondary primer duly causes the displacement of the complementary strand to be 
repeated, releasing a single strand which offers a stem-loop structure located at the 5’ end. 
It is only possible for these loops to form if the LAMP primer ends, known as external 
primers, are complementary. As a consequence of this stage, the resulting product will be 
a structure at each end of which can be found stem-loops. The structure then acts as the 
template as further DNA synthesis takes place along with strand displacement cycles 
which use the remaining internal primers in a cycling reaction which can normally be 
finished within the span of around one hour [31, 32]. The optimization of LAMP 
performance requires the use of a specially designed primer, which must be created to 
prevent the development of secondary structures or complementary primers which could 
inadvertently form fake targets which would lead to false positives among the findings. It 
is therefore important to make allowances for the distance from one primer to the next, 
and for the differing melting points in each of the primer regions. The temperature cannot 
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be greatly different for any of the primers if the reaction will take place at just one 
temperature. One additional strength of LAMP is that the process is fully isothermal and 
therefore it is not necessary to involve restriction enzymes. Furthermore, the reaction takes 
place in a single tube. The complications arise, however, from the need to use several 
primers in hybridizing within specific regions, with this problem especially significant 
with small target fragments of around 100-200 bp. 

It is possible to detect both MTBC and MTB strains using the latest LAMP protocols  
[33, 34]. One of these approaches uses a fluorescent marker which can bind to dsDNA, 
SYBR Green, enabling the visual identification of any positive amplification [33]. As a 
result of this tuberculosis detection protocol it has been possible to identify MTB in 
sputum culture isolates, despite the complexity of the sample preparation stages for this 
process. For this reason, it is not yet clear to what extent directly amplifying DNA isolated 
from sputum could be of use. The LAMP amplicon is usually performed using agarose 
gel electrophoresis, where ethidium bromide is used for staining as a carcinogen [35]. It 
is, however, possible to make a fast evaluation of the LAMP amplicon using a lateral flow 
dipstick assay along with an Au-nanoparticle nanoprobe [36, 37] which allows 
measurement of the levels of white magnesium pyrophosphate precipitate produced as 
one of the byproducts of the reaction [38].  

18.5. LAMP Designed in One-point Base Mutation  

The benefits of using the LAMP-based one-point base mutation lie in its accuracy and 
speed, while its simplicity is also very helpful in making it suitable for performing tests 
on location in the field. The method offers high specificity, since it is only the target gene 
which becomes amplified in gene samples which contain homologous nucleotide 
sequences [56, 57]. In addition, as a result of the attributes of the amplification reaction, 
the LAMP approach is able to discriminate single nucleotide differences for every cycling 
step of the DNA replication. This requires “sense and antisense strand” reactions, but the 
detection of this kind of one-point base mutation is readily possible simply by a single 
step to amplify the DNA containing the one-point base mutation. Since the LAMP method 
is so simple, the detection of the one-point base mutation can be accomplished within half 
an hour. The reaction products from the LAMP technique performed with an intercalating 
dye can be found within the 30 minute limit with no further manipulation of the sample 
necessary after the reaction. Where a total of four primers are employed to identify six 
different regions, it is only the target gene which is amplified specifically, even in cases 
where it is able to coexist with its own homologous gene. The precision of the reaction 
allows discrimination between single nucleotides. In principle, the underlying concept of 
the LAMP one-point base mutation lies in its reliance on wt primers. Both FIP and BIP 
are produced to comprise a single one-point mutation nucleotide (wt allele) positioned at 
the 5’ end. Where wt primers are used for a wt allele target gene, this allows the synthesis 
of DNA to start from the dumbbell-like structure along with continuation of the LAMP 
amplification cycling as shown in Fig. 18.1. However, if the target gene is instead the 
mutant (MUT) allele, then the dumbbell-like structure does not generate DNA synthesis 
and thus there is no resulting LAMP amplification cycling. In cases where the DNA 
synthesis does in fact commence for a single step as a result of miscopy, the following 
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amplification reaction will still be stopped in subsequent steps or will be delayed on 
account of the repeated checking which takes place during each step of the DNA 
replication. One-point base mutation can be accomplished through the incubation at 60 oC 
of genomic DNA and the reagents, which will include a fluorescent detection reagent, for 
a specified period of time. 

 
Fig. 18.1. Principles of the detection of mutants through Wild Type (WT) primers. BIP and FIP 
must contain the SNP nucleotide (Wild Type allele) at the 5’ end. When the WT primers are used 
for a WT allele target gene, the result is DNA synthesis from a dumbbell-like structure as LAMP 
amplification cycling continues to take place. (Image Copyright ©, 2005, Eiken Chemical Co. Ltd., 
Japan).  

18.6. Au-Nanoparticles Based Application Diagnostics 

More recently, studies have commenced to determine the potential for nanomaterials to 
be used in enhancing detection techniques for TB. Nanoparticles offer the advantage of 
being capable of serving as tags or labels which can make a detection platform more 
sensitive through the amplification of the detection signal. In addition, they present a 
different way to isolate the bacterial DNA which is found in the samples. In the following 
sections, the recent advances in nanoparticle detection methods will be described, while 
isothermal DNA amplification techniques will also be examined with their biosensor roles 
being of particular interest. 

Nanodiagnostics is a relatively novel field which makes use of equipment or materials 
which have dimensions best suited to the nanometer scale (10-9 m). The techniques 
employed can enhance molecular diagnosis [39]. The tests developed tend to be quicker 
and more sensitive than their predecessors, since the nanoparticle tags permit the detection 
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signals to be identified much more easily than would be the case in conventional 
approaches [40, 41]. The field offers considerable potential to make advances in the 
diagnosis of cancer, in the field of immunochemistry, in genotyping, biomarker studies, 
and in detecting infectious microorganisms [40]. Nanoparticles are widely used today 
after ten years of development in the sphere of diagnostics. Quantum dots (QD),  
Au-nanoparticles, and magnetic nanoparticles (MNPs) have all become well-known for 
their roles in the diagnostic field [40, 42]. In particular, Au-nanoparticles offer a large 
surface area and can be easily functionalized (thiol-linked ssDNA). They also have 
important optical attributes, such as their red SPR band at 520 nm which has a weak 
reliance on size but can make significant changes in both shape and distance between 
particles. AuNP can also serve as a catalyst, so they become a suitable candidate for use 
in biosensors as a result of their range of properties [43]. 

Research into the application of Au-nanoparticles has largely focused on clinical 
diagnostics with the detection of DNA targets the main area of interest through the use of 
AuNP probes and colorimetric assays. This technique relies upon the tendency of AuNPs 
to form aggregates when in close proximity, which can trigger a colour change in the 
suspension containing the Au-nanoparticles from red to purple [44, 45]. Mirkin et al. first 
discussed the use of AuNPs in the context of DNA sandwich hybridization colorimetric 
assays [46]. This approach used a pair of thiol-modified ssDNA probes capable of 
hybridizing different parts of the genetic target, which are immobilized into the  
Au-nanoparticles. When the target is present, the resulting hybridization with the probes 
generates a polymeric network which draws the AuNPs closer together, leading to the 
observable change in colour. This process is known as cross-linking detection [45]. 

A different approach, the non-cross-linking colorimetric assay, makes use of AuNP as 
aggregation takes place as a result of increased concentrations of salt. A single DNA probe 
is then required to be immobilized upon the surface of the Au-nanoparticles. In the 
presence of the target, its hybridization with the probe can then prevent aggregation of the 
Au-nanoparticles as the salt concentration of the solution rises. The result is that the colour 
does not change, instead remaining red. In the presence of non-complementary targets, 
prevention of the Au-nanoparticle aggregation does not occur, and therefore the colour 
change can be observed from red to purple [47].  

Various detection protocols which have their basis in colorimetry have been developed 
which rely upon Au-nanoparticles in detecting TB [48, 49]. It is still necessary to use a 
PCR step during preparation to amplify the target DNA before the detection stage. If this 
is not done, and the signal is not amplified, colorimetric assays are not sufficiently 
sensitive since their detection limits are in the nanomolar (nM) to micromolar (μM) range 
[45]. Nucleic acids therefore cannot be identified when present in the concentrations 
which usually occur within biological matrices. Therefore these detection methods can be 
used only with target amplification (PCR) or signal amplification via silver enhancement 
[50]. Among the approaches which make use of AuNPs, colorimetry has drawn the most 
attention. Since they are both portable and simple to use, colorimetric assays are perhaps 
the best option for diagnosis on location in the field. Some of these techniques involve an 
observer watching for the colour change which is triggered by the plasmon coupling of 
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AuNPs as aggregation takes place, but other approaches rely upon the colour-reporting of 
AuNPs with regard to absorbance and scattering [51-55]. An Au-nanoparticles assay can 
be selected to be either functionalized or non-fucntionalized. 

18.7. Au-Nanoparticle Probes Combined with LAMP for Detection  
of Isoniazid Resistance 

The two-step LAMP approach used in this study was designed on the basis of the 
molecular signatures of drug resistant TB types, and in particular the most widespread 
mutations linked to INH resistance in MTB. In particular, fragments of the katG gene are 
amplified before hybridization using specific Au-nanoparticle probes as shown in  
Fig. 18.2 (A). The katG locus which is common to all types of drug resistant TB was 
targeting, so the probe was designed to be specific to drug resistant TB types 
(katG315MTprobe). A further set of probes was synthesized to be specific to the most 
frequently occurring point mutations which are linked to INH resistance (katG315). These 
sets comprised the complements to the mutations as shown in Fig. 18.2 (B). 

 
Fig. 18.2. Au-nanoprobes technique to detect members and mutations which offer TB resistance 
linked to the INH resistant katG 315 gene. (A) Plan depicting the detection method using gold 
nanoprobes. The colorimetric assay involved comparing the appearance of the test solution prior 
to and after the aggregation of Au-nanoparticle probes induced by salt: These included the Au-
nanoparticle probes in isolation as the blank, Au-nanoparticle probes with non-complementary 
DNA sequences serving as the STB control (STB: Standard strain H37RV), and Au-nanoparticle 
probes with complementary DNA sequences as Mut positive (Mut: drug resistant TB). (B) Plan of 
the katG gene and locations of the probe. The red boxes depicted which have Au-nanoparticle 
probes attached match the sequence which can be identified by the probes which are mutation 
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specific, while the location upon the nucleotide sequences within the main amplicons will depend 
upon the influence of the katG gene. 

18.7.1. Determining the Ideal Temperature for LAMP Isoniazid Resistant TB 
Reaction 

The ideal temperature was identified for the reaction of LAMP isoniazid resistant TB in 
order to detect a particular katG gene found within drug resistant TB. The reaction forms 
amplicons at temperatures of 59 °C, 61 °C, 63 °C, and 65 °C, but for product clarity, the 
best results came at 59 °C, 61 °C, and 63 °C as shown in Fig. 18.3; the reaction efficiencies 
at each of these three temperatures did not differ. Furthermore, LAMP products could be 
identified within this ideal temperature range of 59 °C – 63 °C during a 60 minute period, 
so planned in order to allow templates to be detected successfully at lower concentrations. 

 

Fig. 18.3. Establishing the ideal temperature for LAMP. Lanes 1, 14 (M): Ladder DNA marker; 
Lanes 2-13: 60-minute reaction at 59 °C, 61 °C, 63 °C, and 65 °C; Mut as drug resistant TB;  
STB as H37RV; Neg as negative. Electrophoresis carried out on all LAMP products as 2 % 

agarose gel electrophoresis. 

18.7.2. Optimal Concentration of MgSO4 for LAMP Isoniazid Resistant  
TB Reaction 

The ideal concentration of MgSO4 was first established for the LAMP reaction in order to 
detect a particular katG gene contained within drug resistant TB. Amplicons were formed 
at 2, 4, 6, 8, 10 and 12 mM MgSO4 as shown in Fig. 18.4; in the amplification phase, the 
LAMP reaction took place at 6 mM of MgSO4 and then continued as previously described. 
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Following the reaction, 2 % agarose gel electrophoresis was used to analyze the LAMP 
products. 

 

 

Fig. 18.4. Establishing the ideal concentration MgSO4 for LAMP. Lane 1, M: Ladder DNA marker; 
Lanes 2-7: 60-minute reaction at 2, 4, 6, 8, 10 and 12 mMMgSO4; Lane 8: negative control. 
Electrophoresis was carried out for all LAMP products as 2 % agarose gel electrophoresis.  

18.7.3. Optimal dNTP Concentrations for the Isoniazid Resistant  
TB LAMP Reaction  

We determined the optimum concentration of dNTP for the LAMP reaction for the 
detection of a specific katG gene of MDR-TB. Amplicons were formed at 0.8, 1.2,  
1.6 and 2.0 mM dNTP as shown in Fig. 18.5; in the amplification phase, the LAMP 
reaction took place at 1.6 mM of dNTP and then continued as previously described. 
Following the reaction, 2 % agarose gel electrophoresis was used to analyze the LAMP 
products.  

18.7.4. Optimal Concentration of MgSO4 for Detection Colorimetric Assay 

We determined the optimum concentration of MgSO4 for detection by colorimetric assay 
of a specific katG gene of drug resistant TB. The positive samples of a reddish-purple 
color (no color change) were formed at 0.5 and 0.7 M MgSO4 (Fig. 18.6). For colorimetric 
assay, the colorimetric was carried out at 0.7 M of concentration MgSO4 and the 
colorimetric reaction was followed with the concentration described above. Changes in 
the color of the solution could be directly observed visually. 
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18.7.5. Optimal Hybridization for Au-Nanoprobes Assay  

We determined the optimal hybridization of 5 µl LAMP products with 5 µl of  
Au-nanoparticle probes complex. Hybridization of the mixture took place at a temperature 
of 61°C for 10 minutes, before the addition of 5 µl of 0.7 M MgSO4 triggering the 
aggregation of Au-nanoparticle probes which takes place over a five-minute period at 
room temperature. It was then possible to visually note the change in colour of the 
resulting solution, as shown in Fig. 18.7, so these conditions were also used in the assay. 

 

Fig. 18.5. Establishing the ideal concentration dNTP for LAMP. Lane 1, M: Ladder DNA marker; 
Lanes 2-7: 60-minute reaction at 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 mM dNTP; Lane 8: negative control. 
Electrophoresis was carried out for all LAMP products as 2 % agarose gel electrophoresis.  

 

Fig. 18.6. Determining the optimal concentration of MgSO4 for detection colorimetric assay. 
(Image Copyright © 2016, Hindawi Publishing Corporation Journal of Chemistry). 
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Fig. 18.7. Determining the optimal condition of hybridization for Au-nanoparticle probes assay 
(Images Copyright © 2016, Hindawi Publishing Corporation Journal of Chemistry). 

18.7.6. Au-Nanoprobes Colorimetric Assay 

Initially, the solutions containing the Au-nanoparticle probes are red in colour due to the 
localized SPR (surface plasmon resonance) of the probes. When a complementary target 
is found, this offers protection to the Au-nanoparticle probes against the aggregation that 
would normally occur in the presence of salt, and thus the solution retains its red colour. 
However, if the target were non-complementary, this protection against aggregation 
would not take place and the solution would duly change colour, as shown  
in Figs. 18.8 (A) and 18.8 (B). The UV-Vis spectroscopic data which Fig. 18.8 (C) 
provides for the samples suggests that it is possible to visually discriminate between 
samples on the basis of aggregation or its absence. It is clear that a sample which contains 
drug resistant TB genomic DNA will display a notable absorbance peak for Au-
nanoparticle probes at 520 nm (blue line) as the free conduction band electrons become 
collectively excited. For the negative sample (green line) and control sample (red line), 
the observed wide absorbance spectrum showed a peak shift towards a greater wavelength 
(≥600 nm) as a result of the particles in the aggregates becoming coupled [56]. 

On the basis of the molecular signatures exhibited by drug resistant TB members and their 
most widespread mutations which are commonly linked to a INH resistance in two-stage 
procedure was developed involving the LAMP amplification of a part of the katG gene 
followed by its hybridization using specifically targeted Au-nanoprobes. The katG locus 
common to all drug resistant TB members was targeted with a probe specific to the INH 
resistant TB member (katG315 probe). 

LAMP is a highly effective means of amplifying genes and supports the efficient diagnosis 
and rapid detection of target nucleic acid templates. LAMP offers speed, heightened 
specificity, and an attractive isothermal profile which makes its use for DNA sample 
amplification perfect for field analysis, especially in comparison with conventional PCR 
[57]. The specific primers in this research were created to detect drug resistance in the 
form of a one-point mutation through the production of an inner primer of 5' end which is 



  Chemical Sensors and Biosensors 

 436

specific to the mutant and also to one further mismatched nucleotide located at the 5’ end 
of the BIP primer which raises the specificity for every one of the targeted nucleotide sites 
of the katG gene.  

 

Fig. 18.8. Au-nanoparticle probes colorimetric assay. (A) Agarose gel showing LAMP products. 
Lane 1, M: Ladder DNA marker; Lane 2: Mut (drug resistant TB), Lane 3: STB (Standard strain 

H37RV), Lane 4: Neg (negative). (B) Observed results visually recorded following the salt 
challenge. (C) UV-Vis sample spectra. 

In the area of DNA detection, nanoparticle-based assays are increasing in popularity [58]. 
This is partly because Au-nanoparticle probes offer certain optical properties which are 
appropriate in the creation of labelled probes. These are not expensive and allow detection 
to be confirmed visually, eliminating the need for costly alternatives such as fluorescence 
assays or complex assays based on radioactivity. Earlier techniques using colorimetric 
detection and Au-nanoparticle probes in combination with LAMP have already been 
reported [59]. In recent times it has become commonplace to use LAMP amplification in 
tandem with Au-nanoparticle probes to detect mutations which are often linked to 
rifampicin resistance in MTB [60]. However, this experiment conducted analysis in terms 
of the absorbance ratio and the assay consisted of the spectrophotometric, so it would not 
be convenient to detect INH resistant TB in field samples. We demonstrated that LAMP 
amplification combined with the Au-nanoprobe system took less than 75 minutes to yield 
a colorimetric result, observed for detecting INH resistant TB using a suitable eye 
detector. 

This study explained the design of a technique which draws from the LAMP approach 
involving DNA samples and the use of Au-nanoparticle probes to detect specific types of 
one-point base mutants. The study revealed a fast and accurate approach to the 
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identification of isoniazid resistance in the katG gene position 315 (G → C). The study 
also established the ideal temperature to perform the LAMP reaction in order to detect the 
particular katG gene associated with INH resistant TB, demonstrating that a temperature 
of 61 °C for 60 minutes represent the optimal conditions. The MgSO4 and dNTP 
concentrations were optimized because they were able to influence LAMP reactions, as 
described previously [61]. The findings also revealed that no less than 4 mM of MgSO4 
was necessary for the LAMP reaction, but in cases of inhibition it might be necessary to 
increase this level in excess of 10 mM of MgSO4 because of the lower level of activity 
attributable to the Bst 2.0 warm start DNA polymerase and because the DNA helix 
becomes destabilized [61]. The minimum level for the dNTP mix was 0.8 mM which 
allows the LAMP reaction to proceed with the ideal concentration for MgSO4. The ideal 
conditions overall for the LAMP reaction were shown to be 4-10 mM MgSO4,  
0.8-2.0 mM dNTP mix and 2.5-5.0 U of Bst 2.0 warm start DNA polymerase. Under these 
conditions, drug resistance can be detected in the form of the one-point mutation which is 
commonly linked to INHr in MTB. The determination of the DNA templates for the 
LAMP of MDR-TB members is necessary for the Au-nanoprobes assay. The detection of 
sensitivity limits, tenfold serial dilutions from 10-0 to 10-5 of total DNA of MDR-TB, and 
standard strain (H37Rv) played key roles in establishing the DNA templates to conduct 
the LAMP tests in ideal conditions. A limit condition of 10-3 DNA dilution for genomic 
DNA from the culture was found for the LAMP detection of MDR-TB, which matched 
the limit for the detection of DNA templates when the Au-nanoparticle probes assay was 
used for the LAMP of drug resistant TB members. 

When the specific hybridization occurs between LAMP amplicons and Au-nanoparticle 
probes, this can lead to the creation of a 3D polymeric network comprising cross-linked 
Au-nanoparticle probes which are unable to form aggregates. Accordingly they will 
remain red even when salt is added which would normally result in a colour change. 
However, where the Au-nanoparticle probes are unprotected, aggregation can take place 
when salt is added in the negative control and blank samples which include  
non-complementary DNA. A quantum shift takes place in the absorbance spectrum which 
can be seen in the form of a colour change from red to blue [59]. For optimization tests, 
the study revealed that the effective detection of hybridization between LAMP amplicons 
and Au-nanoprobes was dependent upon the ratio between the LAMP amplicons and the 
Au-nanoprobes. Under optimal conditions this ratio was set to be 5:5 µl. The salt 
concentration was also important (5 µl of 0.5-0.7 mM MgSO4) since it played a vital role 
in triggering aggregation when hybridization has already occurred. While the results can 
be seen through the colorimetric reaction, it is also possible to confirm the LAMP products 
and Au-nanoparticle probes complex solutions through examining the resulting UV/vis 
spectra at 520 nm. 

The system of Au-nanoparticle probes which is proposed in this study is able to detect 
drug resistant TB members and mutations which are often linked to isoniazid resistance. 
The process is simple, straightforward, and can be performed at minimal cost without 
access to expensive laboratory facilities. If it becomes possible to identify drug resistant 
TB members and mutations found inside the katG gene quickly and accurately, this would 
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allow practitioners to conclude rapidly whether or not a drug resistant strain of TB  
is present.  

The technique proposed in this research offers a strategy following the Au-nanoparticle 
probes detection protocol in combination with a LAMP approach which allows drug 
resistant TB strains to be quickly and easily detected along with mutations which are 
linked to isoniazid resistance. In the field, it can be argued that the use of LAMP for DNA 
sample amplification is an excellent technique which is preferable to conventional PCR 
because of its speed, isothermal profile, and greater specificity. The approach was shown 
to be fast, cheap, accurate, and highly sensitive in detecting drug resistant strains of TB. 
It could also therefore be convenient for the detection of drug resistant TB in field samples. 

18.8. Conclusion 

The quest to create simple, robust and portable platforms for conducting molecular 
diagnosis has drawn considerable attention die to the demand for such tools which would 
permit diagnosis to be carried out on location at peripheral laboratories where equipment 
and resources are limited. Diagnosis at the point of care could have a significant impact 
in the eradication of TB. The system of Au-nanoparticle probes which is proposed in this 
study is able to detect drug resistant TB members and mutations which are often linked to 
isoniazid resistance. The process is simple, straightforward, and can be performed at 
minimal cost without access to expensive laboratory facilities. If it becomes possible to 
identify drug resistant TB members and mutations found inside the katG gene quickly and 
accurately, this would allow doctors to very quickly decide if a drug resistant strain of TB 
is present. The patient could then be isolated promptly and given treatment which would 
reduce the non-compliance rate. In this study it was shown that the Au-nanoparticle probes 
were able to accurately detect the presence of DNA taken from drug resistant TB in every 
single one of the sample cases, comparing favourably with the Genotype® MDR-TB Plus 
TB assay. After the stage of LAMP amplification, it would typically take the system of 
Au-nanoparticle probes fewer than 75 minutes to provide conclusive colorimetric findings 
visible using an eye detector. The approach has the potential to be applied via the use of 
a portable assay platform, which would allow the technique to be used on location in the 
field. In future it can be anticipated that further work will improve the validity of the 
technique, making it possible to use directly with clinical samples. Furthermore, it may 
be possible to extent the approach to deal with different mutation types, thus providing 
further applications in the field of drug resistance. 
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Chapter 19 
Live Bacteria Counting and Colony 
Recognition Based on Advanced Embedded 
Sensor and Computer Vision 

Gabriel M. Alves and Paulo E. Cruvinel1 

19.1. Introduction 

Microorganisms are found in, among other places, soil, air, water, and food. In nature, 
they are rarely isolated; the species coexist and develop together if the conditions are 
favorable. In this environment, it is possible to find not only species of bacteria, but also 
of yeast, fungus, seaweed, protozoan, and virus. Using microbiology, these mixed 
populations can be separated into different species for studying them, a process that plays 
a key role in monitoring the quality of food, water, and the environment. 

Some bacteria have properties that are beneficial to plants. These bacteria can be found in 
soil and have the potential to positively affect plants and cultures by fighting against 
harmful bacteria and providing nutrition to crops. For instance, bacteria increase the 
fertility of soil and provide nutrients that are useful for plant growth. However, some 
bacteria have undesirable effects. For instance, the presence of Escherichia coli in food 
may indicate contamination, which can cause diseases in humans. Such contamination 
may occur especially in undercooked ground beef, unpasteurized (raw) milk and juice, 
soft cheeses made from raw milk, and raw fruits and vegetables. In addition, the presence 
of Escherichia coli in water is commonly used as an indicator of recent contamination. 

Conversely, Acidithiobacillus ferrooxidans are the most important species of 
chemolithotrophs that metabolize Sulphur, and are consequently important for agriculture. 
This species is characterized by motile rod-shaped cells that can be isolated from rivers 
and acidified sulfate soils, among others. Despite scientific advances in this area, there 
remains considerable scope for research, mainly to gain a better understanding of plant 
growth processes. 
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Although the cultivation of microorganisms in solid culture is an age-old technique, it 
continues to be a preferred procedure for the isolation and purification of bacterial lines. 
These days, microbiology techniques are being employed along with traditional 
techniques, such as counting and cultivation in solid media, for quantifying or isolating 
different groups of microorganisms. 

Many institutes, laboratories, and entities, in different countries of the world, are 
concerned with establishing procedures, criteria, and standards for microbiological 
analysis involving the counting of bacterial colonies in solid culture. The Ministry of 
Agriculture, Livestock, and Food Supply, through Normative Instruction No. 62 (August 
26, 2003) established a procedure to standardize the counting of microorganisms that 
applies to samples of raw materials, water, and meals [1]. The Brazilian Health Regulatory 
Agency (ANVISA) and the National Environment Council [2] are some of the entities 
concerned with the criteria and standards of microbiological analysis. 

There are different laboratory methods used for counting bacteria. Among these is the 
method of counting chambers, which automatically fills a certain volume and uses a 
special microscopic slide with a cover glass to calculate the number of bacteria per 
milliliter of the original sample from the known volume. The membrane filters method 
traps bacteria from water and places them on a dish of agar so that the bacteria can grow 
on the filter to be counted. Photometers and spectrometers read the amount of light passing 
through a culture and by consulting a standard curve that is prepared by reading the meter 
and plating the sample, estimate the number of bacteria. 

These methods have their limitations because they count both live and dead bacteria  
[3-10]. Moreover, manual counting of colonies is a slow process and the number of 
analyses performed depends on the visual exposure activities performed by the technician. 

Given these limitations, it is possible to apply a method that uses a sensor for imaging, a 
computer-aided system for pattern recognition, and an intelligent process for counting of 
bacterial colony formation that does not take dead bacteria and debris into account. 

The development of such a method, based on the use of a sensor that allows imaging for 
the intelligent analysis of bacterial colony formation and automatic counting of the 
colonies, can speed up the number of laboratory analyses. 

This chapter presents a system for recognizing and counting the bacterial colony 
formation, as illustrated in Fig. 19.1. Previous discussions related to such development 
were presented in [11] and [12]. 

This method uses the Hough Transform, adapted for the detection of colonies with circular 
shapes, to acquire intelligence for decision making in the agricultural industry. 

After this introduction, Section 19.2 presents the theoretical and technological 
background; Section 19.3 presents the method of aggregation of computer intelligence; 
the results and discussions are presented in Section 19.4; and finally, the conclusion is 
given in Section 19.5. 
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Fig. 19.1. A schematic diagram for the system dedicated to the recognition and counting of 
bacterial colonies. An image of bacterial colonies in a Petri dish is generated with an illumination 
system located in a wood box, the acquired image is loaded and processing routines are applied for 
data analysis. In the detail, the white circles are some recognized colonies [13]. 

19.2. Theoretical and Technological Background 

19.2.1. Fundamentals and Microbiology Concepts 

Microbiology plays a key role in monitoring the quality of food, water, and environment. 
Several agencies, laboratories, and entities are concerned with establishing procedures, 
criteria, and standardization of microbiological analyses involving counts of colonies in a 
solid medium. 

For example, in Brazil, the Brazilian Health Regulatory Agency (ANVISA), defines 
microbiological characteristics for mineral and natural water, by means of a normative 
act, and determines that a sample should be rejected when the number of microorganisms 
that are harmful to health, as the thermotolerant (fecal) coliform, are found to be higher 
than the limit established. 

The established limits are presented in Colony Forming Units (CFU) or Most Probable 
Number (MPN). Table 19.1 presents the limits established in CFU. 

Another example occurs in radioecology, which uses the microorganisms culture in solid 
medium technique in the development of all its lines of research [14-17], namely: 

 Development of radioecological studies involving the determination of radioactive 
waste stability in the face of environmental conditions; 

 Biological processes for the treatment of radioactive waste and effluents; 
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 Determination of the possible radioecological impacts caused by radioactive and 
nuclear installations and the waste produced by them. 

Table 19.1. Limits established in CFU. Adapted from [2]. 

Microorganisms (100 ml) Indicative sample limit 
Thermotolerant (fecal) coliforms Absence 
Total coliforms <1.0 CFU or absence 
Enterococci <1.0 CFU or absence 

Pseudomonas aeruginosa <1.0 CFU or absence 

Clostridium 
sulfite-reducers or Clostridium 
perfringens 

<1.0 CFU or absence 

 

In general, the different international agencies recommend the establishment of 
procedures that guarantee reliable results. In this sense, it is necessary to use a set of plates 
containing at least twice the number of samples. Moreover, the count should be performed 
in a short time with the aid of a colony counter, and the characteristics indicate that the 
use of a manual system is more appropriated, although the use of an electronic system is 
not discarded. It is also recommended to prepare an environment that avoids uncertainties 
in the analyses and verify the different results obtained to maintain a coherent data set. 
Among the routines used for microbiological analysis, the manual counting technique of 
CFU in Petri plates is highlighted. The plate-count enables the counting of only the viable 
cells, thereby enabling the isolation of colonies that could be grown in pure cultures and 
subsequently studied and identified with ease. However, the method is laborious because 
it needs the manipulation of a lot of glassware, which might lead to mistakes in counting. 
Literature points to slowness in the manual counting process [18]. Furthermore, there 
could be significant deviations in the results if different technicians are employed. The 
following are the other factors that could compromise plate count results: 

 Counting time usually varies from 10 to 20 minutes, which could lead to delays in 
completing the work; 

 In some situations, it is necessary to repeat the count to validate results; 

 Fatigue of the technician who performs this visual activity, because it requires 
concentration and attention. Usually, the counting process is not carried out 
continuously; 

 Lack of reproducibility and accuracy in results. 

In this context, the microbiological analysis and the need for the agencies involved in 
obtaining reliable results are critical. However, established computational resources that 
support the analysis processes are still scarce. This gap translates into an opportunity that 
motivates the research and development of computational tools allied to the techniques of 
image processing and contributes to this process. 
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Moreover, this opportunity has a challenging character, because the culture of 
microorganisms in Petri plates could generate colonies of different shapes and colors. 
Lighting is also a factor to consider because uniform lighting ensures the accuracy of 
results. 

19.2.1.1. Microbial Growth Phases 

Most bacteria, under optimal growing conditions, grow and divide in 30 minutes [19]. 
Thus, the increase in a population starting from a single bacterium can be expressed as a 
geometric progression, as follows: 

 1  2 2  2  ⋯  2 , (19.1) 

where the exponent (0, 1, 2, 3, …, n) refers to the number of generations. The time interval 
that each microorganism requires to divide, or for the population of a culture to double in 
number, is known as the generation time [20]. It should be noted that generation time 
values may be different for different species of microorganisms. Fig. 19.2 illustrates the 
bacterial growth curve and its phases. 

 

Fig. 19.2. The phases of bacterial growth: A – lag phase; B – exponential phase;  
C – stationary phase; D – declining phase (adapted from [19]). 

There are four stages of growth that characterize the bacterial growth curve: the lag, 
exponential phase, and stationary phases and decline phase, or cell death. Table 19.2 helps 
explain the phases of bacterial growth; each phase corresponds to a section in Fig. 19.2 
that represents the concept in relation to its growth status. 

Table 19.2. The Microbial Growth Phases. 

Phase Generation time 
Lag (A) 𝑡 𝑡 𝑡
Exponential (B) 𝑡 𝑡 𝑡
Stationary (C) 𝑡 𝑡 𝑡  
Declining (D) 𝑡 𝑡  
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The lag phase occurs after the inoculation of the growth medium. The cells begin to adjust 
to the physical conditions and available nutrients. During this time, the cells are in a 
latency period involving intense metabolic activity that is not reflected in an increase in 
cell number. The duration of this phase can range from one hour to several days. 

In the exponential phase, all cells are dividing at regular intervals, resulting in an 
exponential increase in the number of individuals in the population. This phase is the 
period of highest metabolic activity for the cells; however, the organisms are also 
particularly sensitive to environmental changes. 

The stationary phase occurs when the growth rate slows and a balance is struck between 
the rate of death and the rate of divisions in the population. Such process is concluding 
considering the decline phase, or cell death, that occurs when the rate of death exceeds 
the rate of divisions. This phase continues until the population disappears completely. 

19.2.1.2. Bacterial Growth on Plates Based on Serial Dilutions and Plating 

The traditional plate counting method is one of the most useful techniques for determining 
the number of colonies in a microbial population. Based on such methods, bacterial colony 
growth can be identified on a plate. According to the literature, between 25 and 250 
colonies are usually identified in each analysis. Additionally, to ensure the optimal 
number of colonies is plated we used serial dilution technique [20]. 

This method consists of the serial dilution of 1 ml of an original inoculum in 9 ml of sterile 
water. Subsequently, a 0.1 ml aliquot of this dilution is inoculated in the culture medium, 
a process known as plating. The number of colonies should now be in the ideal range for 
counting. However, if it is not, further dilution must be carried out to reach the ideal 
number for analysis. Fig. 19.3 illustrates the process used for dilution and plating. The 
term dilution factor is generally used to indicate the number of dilutions performed. 

 

Fig. 19.3. Schematic diagram representing the serial dilution and plating process.  
Adapted from [20]. 
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A plate count may be done on plates prepared by either the pour plate or the spread plate 
techniques. Fig. 19.4 illustrates the two plate count methodologies, pour-plate, and 
spreading.  

In Fig. 19.4, a schematic drawing shows the difference between the pour-plate and the 
plate spreading methodology. In the pour plate method, the inoculum is mixed into the 
culture medium by swirling the plate. In the spread plate method, the inoculum is spread 
evenly over the plate using a Drigalski spatula [20]. 

 

Fig. 19.4. Pour-plate and the plate spreading methodology. Adapted from [20]. 

In the plate spreading method, the 0.1 ml inoculum is added to the surface of the solidified 
medium that contains agar. The inoculum is spread evenly on the surface of the medium 
with the aid of a special glass rod known as Drigalski spatula. This method allows the 
application in heat-sensitive bacteria and diagnostics when it is necessary to identify a 
characteristic colony on the surface of the medium, which would not be possible by the 
plate method. The difference between this methodology and the previous one is that in 
one the inoculum is mixed with the medium and the other not, consequently there is a 
difference in the growth of the colonies. 

19.2.1.3. Manual Counting Method by Experts 

The method based on manual analysis, employed in this work for comparison purposes 
with the automated method, uses devices like illustrated by Fig. 19.5. 

Such kind of equipment has a reticulated and illuminated acrylic surface wherein the Petri 
dish is placed. Above the surface, there is a 1.5× magnifying glass with a flexible rod that 
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allows the experts to visually count the existing bacteria colonies on the plate. For this 
study, the experts used the Phoenix Luferco Colony Counter, model CP-608. 

 

Fig. 19.5. Devices used to manual counting by experts1. 

19.2.2. Fundamentals and Concepts of Computer Vision and Imaging Sensor 

Computer vision tries to do what a human brain does with the retinal data, i.e., 
understanding the scene based on image data involving segmentation and recognition 
among other image processing operations. A charge-coupled device (CCD) is used to 
count live bacteria and to recognize their colonies. This feature provides information about 
visual content found in an image. Use tagging, descriptions, and domain-specific models 
can be used to identify content and label it with confidence.  

Fundamentally, a CCD is an integrated circuit etched onto a silicon surface to form light-
sensitive elements called pixels. Photons etched on this surface generate a charge that can 
be read by electronics and a digital copy of the light patterns falling on the device can be 
generated. Photons striking a silicon surface create free electrons through the photoelectric 
effect [21, 22]. During the processing, there are small thermal fluctuations which are very 
difficult to measure and it is thus preferable to gather electrons in the place they were 
generated and count them in some manner to create an image. This is accomplished by 
positively biasing discrete areas to attract electrons generated while the photons come onto 
the surface. The substrate of a CCD is made of silicon, but this is not where most of the 
action occurs.  

Photons coming from above the gate strike the epitaxial layer – essentially silicon with 
different elements doped into it – and generate photoelectrons. The gate is held at a 
positive charge in relation to the rest of the device, which attracts the electrons to it. 

                                                      

1 Devices can be founded in some websites like: http://www.phoenix.ind.br; https://www.coleparmer.com; 
http://www.topac.com 



Chapter 19. Live Bacteria Counting and Colony Recognition Based on Advanced Embedded Sensor  
and Computer Vision 

451 

Because of the insulating layer, which is essentially a layer of glass, the electrons can’t 
make it through to the gate and are held in place by the positive charge above them. Fig. 
19.6 shows a simple diagram of a CCD pixel. 

 

Fig. 19.6. A simple diagram of a CCD pixel. An actual CCD will consist of a large number of 
pixels arranged horizontally in rows and vertically in columns. The number of rows and columns 
defines the CCD size. The photoactive region of a CCD is, generally, an epitaxial layer of silicon. 
It is lightly p doped (usually with boron) and is grown upon a substrate material, often p++. In 
buried-channel devices, the type of design utilized in most modern CCDs, certain areas of the 
surface of the silicon are ion implanted with phosphorus, giving them an n-doped designation. This 
region defines the channel in which the photogenerated charge packets will travel. 

Fig. 19.7 shows a basic diagram of a CCD and the arrangement used in serial image frame 
readout mode. The image acquisition process starts when the incoming photons reach the 
sensor array. To readout, the accumulated charge from the sensor must then be shifted 
vertically row by row into the serial output register. Additionally, for each row, the readout 
register must be shifted horizontally to allow for the readout of each individual pixel. 

 

Fig. 19.7. Block diagram of a CCD and its arrangement in serial frame readout mode. 
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An analog to digital (A/D) electronics (ADC) device measures the voltage generated by 
the packet of electrons at the serial CCD output and converts it into an electronic number 
that can then be digitally transmitted to and saved on a computer. The typical output signal 
(Fig. 19.8) is normally taken around 1 V for the synchronization level, 0.75 V for black 
and 0 V for white. This video signal is called a negative signal. Furthermore, all video 
signals have a positive offset voltage shifting the levels to higher values. 

 

Fig. 19.8. The typical video signals due to the acquisition processes, i.e.,  
showing the lag effects. 

The negative video signals often offer a so-called clamp level, which allows the user to 
set back the integrator to a predefined offset voltage. One capacitor is loaded with the 
black level and the other with the active video signal. The combination of both capacitors 
subtracts the charges. The result is a positive video signal for the ADC. Another solution 
uses two conversions of the black level and the active video signal and the subsequent 
difference operation. This solution is much slower than the first one. The A/D conversion 
is mainly based on a positive ADC related to 0 V. Therefore, a positive video signal offers 
the advantage of a much simpler subsequent A/D converter. Furthermore, an additional 
noise due to further amplifiers is avoided. Besides, methods such as successive 
approximation used in higher speed devices are faster, but noisier, and are not used in 
most spectral Instruments cameras. In general, the faster a pixel is read, the more noise is 
introduced into the measurement. Special attention should be considered in relation to bias 
effect removal, dark current removal, and flat fielding, which is a final correction applied 
to a CCD image. 

19.2.2.1. Bias Removal 

After the overscan1 has been removed from an image and the image has been trimmed, 
the next step is to remove the bias. The bias is the pixel-to-pixel structure in the read noise 

                                                      

1 The overscan bias correction provides a highly accurate way to correct the bias signature of a CCD image. 
The value of using the overscan method is that it corrects the bias in each row of the image at the time it was 
read from the CCD camera. To estimate the electronic bias of the CCD, it may be overscanned by adding 
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on an image. Because the bias varies across the CCD, one must use a bias image, which 
is known as bias frame, to remove the bias structure from other images. A bias frame is 
acquired by simply taking a zero second exposure. In this case, the CCD is not exposed 
to any light, so the measured signal is merely the bias. In practice, one usually acquires 
multiple bias frames and then uses an average of these frames to denoise all the other 
images. This averaging process ensures that the signal to noise ratio (S/N) of the master 
bias frame is good enough that the process of de-biasing does not introduce significant 
extra noise into the corrected images. 

19.2.2.2. Dark Current Removal 

The signal recorded at each pixel on a CCD may, in some cases, have an additional 
component that has nothing to do with the number of photons that are used for image 
processing and acquisition. The signal is essentially thermal noise, called the dark current, 
which is related to the motion of atoms due to heat in the material of the CCD, which 
causes charge deposition in the pixels. To mitigate this effect, all CCDs used are, in 
general, cooled to very low temperatures. The best CCDs are cooled with liquid nitrogen 
to about -110°C and are associated with a negligible dark current. A Peltier thermoelectric 
cooler module can also be used, which can facilitate the selection of the module that can 
help obtain the greatest coefficient of performance or minimize the size (and usually the 
cost) of the module. In such cases, it is important to note that thermoelectric modules must 
be used with a heat sink. The heat sinks almost always need to be fan or liquid-cooled to 
have a sufficiently low thermal resistance. Improper heat sinking can cause damage to the 
module. Moreover, a pulse-width modulated temperature controller should have sufficient 
reliability. The dark current frames should have the same size as the images to which they 
will be applied. Dark current is a time-dependent phenomenon; longer the duration of 
exposure, more will be the dark current intensity. The dark frames must also be taken at 
the same temperature as the images to which they will be applied. Like bias frames, the 
typical procedure for using dark frames is to acquire several and average them to construct 
a master dark frame. Unlike bias frames, one may end up with more than one master dark 
frame, with each corresponding to a different exposure time. This situation can easily arise 
in multi-color photometry work; the required exposure time in different filters can vary 
quite dramatically for the same target. 

19.2.2.3. Flat Fielding 

The final correction applied to a CCD image is flat-fielding. This correction accounts for 
the fact that the sensitivity of individual pixels on the CCD is not constant. This variation 

                                                      

dummy reads of the electronics without the presence of physical pixels. Repeating the dummy reads for the 
entire chip adds one or more lines of data which might be generally called overscan lines. Overscanning the 
horizontal register adds columns to the image that may be used to perform a column bias correction. Reading 
dummy rows before or after the physical CCD can be used to perform a row bias correction. Since the CCD 
can be considered a horizontal state machine, significant bias structure usually appears along columns, as a 
function of row number. For this reason, the column bias method is most widely used. 
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has two major sources. First, the optics should be able to transmit light uniformly across 
the entire field of view. Second, even in the presence of uniform illumination, the 
quantitative evaluation of the accuracy and variance of individual pixels in an individual 
pixel varies across the CCD, i.e., causing a variation in sensitivity. Statistical noise in 
images, unless properly modeled, can introduce errors in methods such as fluctuation 
correlation spectroscopy or computational imaging, for example, localization microscopy 
using maximum likelihood estimation. To correct for this effect, one must acquire flat-
field images. This requires a source of even illumination. The exposure time of flat field 
images should be set so that a significant signal level is recorded. Several flats should be 
taken to allow for the construction of a master flat, and a separate master flat must be 
constructed for each filter used. The flat field correction is made with this master flat field, 
by dividing the image to be corrected by the flat field. The individual flat field images 
should be adjusted for overscan, trimmed, de-biased and corrected for dark current effects 
prior to combining. Typical distributions and spatial maps of individual pixel offsets, dark 
current, read noise, linearity, photo response non-uniformity and variance distributions of 
individual pixels from the standard can be observed under uniform and controlled 
illumination conditions, from dark conditions to multiple low light levels, for instance, 
between ~20 to ~1,000 photons/pixel per frame to higher light intensity levels. 

19.3. Aggregation of Computer Intelligence 

The aggregation of intelligence was based in an environment consisting of a customized 
computer with 256 MB RAM, a 1 GHz processor, and a Windows© operating system. The 
algorithm to aggregate the decision-support system was developed using the object-
oriented programming language C++. Additionally, the tool platforms were based on the 
Borland© C++ Builder. The flowchart of the algorithm is illustrated in Fig. 19.9 and 
consists of five modules, namely: information acquisition; pre-processing; processing; 
post-processing; and analysis and decision-making support. 

Fig. 19.10 shows the class diagram for the sensor reading and computer vision and 
intelligence aggregation for the live bacteria colony recognition and count. 

The CHoughCircle class generates and fills the accumulator array, implemented by 
the CMatrix class using the transform() method that implements the Circle Hough 
Transform. CSensor class is responsible for acquiring the image from the CCD sensor 
and preparing it for analysis. The CFilter class implements the essential functions for 
the automated Laplacian filter. 

As previously mentioned, the algorithm was written in the oriented-object programming 
language C++, using the Borland C++ Builder© tool, which was useful for the construction 
of the application’s Graphic User Interface (GUI).  

Fig. 19.11 shows the graphical interface. The interface was organized into three main 
areas, indicated by the dotted rectangles. The first area (dotted rectangle 1) designates to 
the menu bar and consists of three levels for interaction: File, Image, and Help. The File 
Menu offers the following five options: 
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Fig. 19.9. Flowchart of the algorithm that allows the aggregation of intelligence to support 
decision makers. 
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Fig. 19.10. The class diagram of the intelligent live bacteria formation counting system. The both 
empty and full diamond shape means aggregation and composition relationships between classes, 

respectively. 

 
Fig. 19.11. A view of the graphical user interface prepared for live bacteria colony recognition and 
counting in the agricultural industry. It is organized in three main areas: the menu bar, and the left 
and right panels. In the third area there are following setting options: (a) radii definition; (b) initial 
radius; (c) final radius; (d) θ variation; (e) radius variation; (f) background color; and (g) button to 
allow the application of the Hough Transform. 
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 Open image: responsible for opening and loading an image into the system. The BMP 
image format is accepted; 

 Save image: allows for saving the image is being displayed on the left side of the main 
screen; 

 Sample: allows registering the image sample in the system; 

 Analysis: allows the analysis and recording of the various analyzed samples; 

 Exit: closes the system that is running and exits. 

The Image Menu is enabled after an image is loaded into the system and offers four 
options as follows: 

i. Select a Region of Interest (ROI): allows the user to select a region in the image for 
analysis; 

ii. Thresholding: performs thresholding based on the Otsu threshold method and allows 
the user to adjust the threshold, when applicable; 

iii. Edge Detection: detects the edges of an image using a Laplacian filter; 

iv. Hough Transform: used to detect bacterial colonies using the circular Hough 
transform; 

v. The Help Menu offers documentation to help users operate the entire system. 

The second area in Fig. 19.11 (dotted rectangle 2) displays the original image and the 
results obtained through pre-processing. The third area in Fig. 19.11 (dotted rectangle 3) 
is the region in which controls that can be used to adjust procedures in the image 
processing phase are displayed. Such context shows not only how one can enable the 
Hough Transform operation, but also depicts the smallest and largest radii (a) that are used 
to define the interval [Rmin, Rmax]. The user can directly include the information in fields 
(b) and (c), the initial and final radius values, respectively. In field (d), the user may 
change the value of θ. In field (e), it is possible to define the interval between the radii. 
Field (f), which is the radius variation, has an option to indicate how one can define the 
image background. The button indicated by (g) is used to run the Hough Transform 
operation in the selected area of interest. 

In the following subsections, the five modules that make up the algorithm shown in  
Fig. 19.9 will be described in detail. In each topic, information about the techniques used 
and aspects of the developed system will be presented. 

19.3.1. Acquisition Images Module 

Generally, the biggest difficulty encountered in automatic colony counting systems is in 
lighting systems that require high power lamps to be dimmer. Hence, in some cases, the 
use of special lenses is necessary. There are at least two methods of lighting that can be 



  Chemical Sensors and Biosensors 

 458

employed in an imaging system for bacterial colony counting. One method uses a 
backlight and the second method uses front lighting. In the first method, the Petri dish is 
placed on a light source under the CCD camera. A CCD camera is a semiconductor device 
that acts as a transducer between the incoming light and the electrical charge. For the CCD 
sensor operation, it is important to consider the level of environmental illumination 
relative to the object on which the operation is being performed. Lighting is an important 
factor to consider in the image formation as it can influence the result of the analysis. 
During the image acquisition process, the level of pixel intensity will be a function of the 
illumination and the angle of its incidence over the plate. Generally, this method uses a 
white acrylic plate between the light source and the Petri dish to produce more uniform 
lighting. In the second, front lighting method, the Petri dish is placed below both the light 
source and the CCD camera. The camera captures environmental lights and performs 
frame registration for processing. 

To arrange the acquisition images module better, a front lighting system was developed 
for the acquisition of the information from the bacterial colonies, which were located on 
Petri dishes. For the lighting system, we connected four 20 W fluorescent lamps by two 
electrical ballasts. The electrical ballasts avoided the flicker effect of the fluorescent 
lamps, which can be captured by the CCD cameras as undesirable noise. The box 
surrounding the set of bulbs was made of wood and has the following internal 
measurements: 500 mm long by 250 mm wide and 500 mm in height. It has a front cover 
that allows the manipulation of samples and a top cover that closes the box. Internally, 
there is a support for the lights and the camera. Fig. 19.12 presents the schematic diagram 
of the illumination system. 

In this schematic diagram, the following components of the illumination system are 
displayed: a box, the top cover, the front cover, and the built-in bracket for the lights and 
the CCD camera. In addition, the arrow indicates the location at which the Petri dish 
containing the colonies is placed at the bottom center of the box under the electrical 
ballasts. 

For such applications, the acquisition images module included a lighting system 
developed to maintain uniform luminance for capturing images suitable for analysis. The 
image was captured using a CCD sensor for high pixel counts and miniaturization. In this 
case, the ICX452AQ, having a diagonal 9.04 mm (Type 1/1.8) 5.13 M pixel, was used to 
meet these needs, that is, a unit cell size equal to 2.775 μm (Horizontal) × 2.775 μm 
(Vertical) square pixels. 

19.3.2. Pre-Processing Module 

The pre-processing module contains a set of techniques to prepare the information 
collected from the bacterial colony plate for processing and is responsible for preparing 
to organize a matrix for the processing stage. This set includes global and Otsu threshold 
methods [23-25], conversion of color images (RGB) to grayscale, and edge detection 
using a Laplacian filter [26, 27]. 
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Fig. 19.12. The schematic diagram with details of the illumination system, including information 
about the location of the Petri dish, which is used for growing bacterial colonies. 

The objective of segmentation is to isolate the objects of interest from the others in an 
image, for a given application. In this sense, the threshold is one of the most important 
approaches. It consists of, given a threshold (t), differentiates values that are less than, 
equal to and greater than this threshold. There is a large set of techniques for obtaining a 
threshold value, and each one uses a criterion that considers important to obtain it. Simple 
global thresholding, Otsu method, P-Tile, Pun method, Kapur method, Sahoo, Johannsen 
and Bille method, and Triangle method are examples of such techniques [24, 28, 29]. In 
this work, the simple global thresholding techniques and the Otsu method will be 
described. 

The simple global thresholding technique consists of observing and partitioning the 
histogram of the image at a single threshold t, and the threshold decision is usually manual. 
Looking at the grayscale of the histogram, where black is 0 and white is 255, it is possible 
to define a threshold value that best separates the two classes: object and background. 
Subsequently, by scanning the image, pixel-by-pixel, and applying Eq. (19.2), 
segmentation is performed, that means: 
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 𝑔 𝑥, 𝑦
1, 𝑠𝑒 𝑓 𝑥, 𝑦 𝑡
0, 𝑠𝑒 𝑓 𝑥, 𝑦 𝑡

, (19.2) 

where f(x, y) is the original image and g(x, y) is the threshold image. 

Fig. 19.13 shows the image of the culture of the Staphylococcus aureus microorganism in 
Petri plate at 256 gray levels. In this image, the objects of interest are dark. Therefore, 
they have the lowest values in the grayscale. 

 

Fig. 19.13. Image of the culture of the Staphylococcus aureus microorganism in Petri plate  
at 256 gray levels. 

Fig. 19.14 shows the histogram of the image, obtained and presented in Fig. 19.13, of the 
Petri plate in 256 levels. 

 

Fig. 19.14. Histogram of Petri plate image with Staphylococcus aureus colonies. 
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From the histogram, it can be observed that the image is predominantly clear and, 
therefore, the highest number of pixels is between gray levels 100 and 200. However, in 
this case, Staphylococcus aureus colonies are dark and are between gray levels 0 and 100. 
Thus, the threshold value adopted was t = 100, and the result can be verified in Fig. 19.15. 

 

Fig. 19.15. Binary image with threshold value adjusted to t = 100. 

Thresholding makes the image binary. In the example illustrated in Figs. 19.13-19.15, the 
objects of interest are the pixels labeled 0 (black) and the background that are pixels 
labeled 1 (white). 

Another segmentation technique is known as Otsu method. This method is based on 
discriminant, non-parametric and unsupervised analysis of automatic threshold selection 
in a histogram at L gray levels suitable for the thresholding process [24]. 

Consider an image in L gray levels, [1, 2,..., L]. The number of pixels at level i is denoted 
as ni and the total number of pixels per N = n1 + n2 +... + nL. For simplification, the 
histogram of the image in gray levels was normalized and considered as a distribution of 
probabilities according to Eq. (19.3), where pi is the frequency of points in the image with 
the gray level i. 

 𝑝 , 𝑝 0, ∑ 𝑝 1. (19.3) 

The thresholding operation was considered as the division of the image pixels of L gray 
levels into two classes, C0 and C1, which occurred at the gray level t. Thus, we obtain C0 
= {0, 1,..., t} and C1 = {t + 1, t + 2,..., t}. The probability of occurrence of the classes C0 
and C1 is given by equations (19.4) and (19.5). 

 𝜔 Pr 𝐶 , ∑ 𝑝  𝜔 𝑡 , (19.4) 

 𝜔 Pr 𝐶 , ∑ 𝑝  1 𝜔 𝑡 . (19.5) 
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The means of the in turn are expressed by equations (19.6) and (19.7) 

 𝜇  ∑ 𝑖 Pr 𝑖|𝐶  ∑ , (19.6) 

 𝜇  ∑ 𝑖 Pr 𝑖|𝐶  ∑
   , (19.7) 

where 

 𝜔 𝑡  ∑ 𝑝 , (19.8) 

 𝜇 𝑡  ∑ 𝑝 , (19.9) 

are zero and first-order cumulative moments of the gray level histogram, and µT is the 
total mean of the gray levels of the image and is expressed by Eq. (19.10). 

 𝜇 𝜇 𝐿  ∑ 𝑖𝑝 , (19.10) 

Let 𝜎  be the variance within the class, 𝜎 , the variance between the classes, and 𝜎  the 
total variance, the optimal threshold can be obtained by minimizing one of the following 
criteria functions: 

 𝜆 , 𝜂 , 𝜅  , (19.11) 

where 

 𝜎  𝜔 𝜎  𝜔 𝜎 , (19.12) 

 𝜎  𝜔 𝜇 𝜇 𝜔 𝜇 𝜇 , (19.13) 

 𝜎  ∑ 𝑖  𝜇 𝑝 . (19.14) 

The functions 𝜎  and 𝜎  are dependent on t while 𝜎  is not threshold-dependent. It is 
also observed that 𝜎  is a second-order statistic, because it depicts a variance between 
classes, whereas 𝜎  is a first-order statistic. 

Thus, among the three criteria functions presented in Eq. (19.11), η is the simplest and, 
therefore, adopted as a measure criterion to calculate the thresholding separability at level 
t. The optimal threshold t* is defined by Eq. (19.15). 

 𝑡∗ arg max 𝜂 . (19.15) 

The Otsu method is believed to be a simple process because it uses only the zero and first-
order cumulative moments of the gray-level histogram. Fig. 19.16 shows the flowchart of 
the image thresholding process in the bacterial colony counting system. 
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Fig. 19.16. Flowchart of the thresholding process. 

According to the flowchart shown in Fig. 19.16, the image is thresholded based on the 
threshold value determined by the Otsu method. However, it is possible to manually adjust 
the threshold value by visualizing the histogram of the original image. Fig. 19.17 shows 
an image of a Petri plate with a culture of the Staphylococcus aureus microorganism 
thresholded with the value determined by the Otsu method. Moreover, it is possible to 
observe the image histogram that can be used to adjust the value of the threshold. 

Another important preprocessing task is edge detection. The edges of the elements present 
in an image are fundamental in the process of image analysis because they define the 
contour of the objects. Most of the discontinuity detection processes are because these 
discontinuities are a modification of the pixel gray level under study concerning its 
neighbors, and thus, this modification can be determined by the signal derivative in the 
pixel. 

Fig. 19.18 illustrates a discontinuity present in an image and the diagram of signals 
corresponding to these discontinuities. 

In Fig. 19.18, the first derivative representing the gradient G(x, y) of an image f(x, y), is 
defined as a vector1, according to Eq. (19.16). 

                                                      

1 It is a vector variable with two componentes, i.e., magnitude and direction. The edge magnitude is the 
magnitude of the gradient, and the edge direction ϕ is rotated with respect to the gradient direction ψ by -90º. 
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Fig. 19.17. Image of a pure culture of Staphylococcus aureus thresholded based on the threshold 
value determined by the Otsu method. In the figure it is possible to observe the histogram of the 
original image that can help in adjusting the threshold value if the value determined by the Otsu 
method is not satisfactory. 

 

Fig. 19.18. Discontinuity in an image. Adapted from [30]. 
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 ∇𝑓 𝑥, 𝑦  
𝐺
𝐺

,

,
𝑖
𝑗 . (19.16) 

The gradient vector points in the direction of the maximum rate of increase of the function 
f(x, y). The magnitude of the gradient is equal to the maximum rate of increase of f(x, y) 
per distance unit in the direction of G [30]. The magnitude of the gradient is given by  
Eq. (19.17). 

 𝑚𝑎𝑔 ∇𝑓 𝑥, 𝑦 𝐺 𝐺
/

. (19.17) 

The second derivative is also shown in Fig. 19.8 and this case, there is a characteristic of 
interest for the detection of discontinuities. As noted, the second derivative illustrates a 
zero crossing exactly at the discontinuity in intensity near the pixels. The mathematical 
operation for the second derivative is known as Laplacian and is represented by  
Eq. (19.18). 

 ∇ 𝑓 𝑥, 𝑦  
² ,

²

² ,

²
. (19.18) 

Considering that the input image is a discrete set of pixels it is necessary to determine a 
convolution mask that approximates to the second derivative in the definition of 
Laplacian. Eq. (19.19) presents two examples of convolution masks. 

 
0 1 0
1 4 1

0 1 0
,

1 1 1
1 8 1
1 1 1

. (19.19) 

Fig. 19.16 illustrates the use of the Laplacian filter, which is useful in preparing for the 
application of the circular Hough transform. 

The circular Hough transform requires the contour information of the objects to be 
analyzed for it to be employed. In this sense, after the thresholding process, which 
separates objects from the image background, it is necessary to apply a method of edge 
detection. 

It is possible to choose to apply the Laplacian filter to the original image or the thresholded 
image. In Fig. 19.19, the second option (Left Image), which refers to the threshold image, 
was chosen. Algorithm 19.1 describes how the Laplacian filter is applied to an image. 

The contour information, provided by the Laplacian filter, is used by the circular Hough 
transform for detection of colonies in Petri plates. 
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Fig. 19.19. Edge detection process using the Laplacian filter, in preparation for the application  
of the Hough transform. 

Algorithm 19.1. Laplacian Filter. 

Require: f(x, y) 

Begin 

 g(x,y):= f(x,y) 

 for all f(x, y) do 

   threshold:= ( g(line, col) * 4) + 

    ( g(line, col -1 ) * -1) + 

    ( g(line, col + 1) * -1) + 

    ( g(line -1, col) * -1) + 

    ( g(line +1, col) * -1)) 

   if threshold < 0 then 

    threshold:= 0 

   else 

    threshold:= 255 

   end if 

   f(line, col):= threshold 

 end for 

End 
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19.3.3. Processing Module 

The processing module uses the Circular Hough Transform to detect circular bacterial 
colonies from the pre-processed image, containing the edges of possible bacterial colonies 
in a circular primitive, generating a circumference for each edge pixel and stored them in 
the accumulator array. 

Paul Hough proposed the Hough transform (HT) in 1962 as a method for detecting 
complex patterns in binary images in the form of a patent [31]. One of Hough's objectives 
was to predict a method for recognizing complex patterns in photographs; another 
objective was to provide a method and an improved way of recognizing particle tracks in 
photographs obtained in a bubble chamber [31, 32].The Hough transform was initially 
employed in computational view for detection of parametric curves [31, 33] and more 
recently generalized for the detection of non-parametric forms [34]. 

Regarding circular objects, Duda & Hart [33] suggested the use of the Hough transform 
adapted for circumference. Considering that it can be applied in recognition of curves if 
they can be described in the parametric form and that a circumference can be given by a 
parametric equation, we can see that it is possible to adapt the Hough transform to the 
circumference. The parametric equation that describes a circumference is given by  
Eq. (19.20). 

 𝑥 𝑎 𝑦 𝑏 𝑐 , (19.20) 

where a and b are the coordinates of the center of curvature and c is its radius of curvature. 
The first property, defined by [33], states that a point in the Cartesian plane corresponds 
to a sine curve in the plane of parameters. This property can be extended to adapt to the 
circumference. In this case, a point in the Cartesian plane corresponds to a circumference 
in the plane of parameters. Thus, by taking all pixels of the Cartesian plane and applying 
Eq. (19.21), it is assumed that each pixel will generate a circumference in the space of 
parameters. 

 𝑥 𝑎 𝑦 𝑏 𝑐 . (19.21) 

From the Cartesian plane transformation, using the circular Hough transform, space is 
generated where the points of the image correspond to circumferences in the space of 
parameters. The coordinates, a and b, are stored in the accumulator arrangement. The 
crossing of the circumference and the value accumulated in this cell define how many 
pixels belong to the circumference. The following example is intended to elucidate the 
circular Hough transform. Given an image with five pixels, one must identify if there are 
pixels that can compose a circumference of radius1/√2. Fig. 19.20 shows the image and 
the pixels, represented by p1,..., p5. 

Through the transform, it is possible to identify which pixels make up the circumference. 
From Fig. 19.20 it is possible to visually observe that pixel 3 (p3) is not part of the 
circumference. The accumulator arrangement is assembled with the space of parameters 
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and shown in Fig. 19.21, in which each pixel of the image, shown in Fig. 19.20, becomes 
a circumference. 

 

Fig. 19.20. Image of a circle showing the pixels in the plane x, y. 

 

Fig. 19.21. Space of parameters a and b for circles. 

It can be seen in Fig. 19.21 that of the five circles generated, four intersect and therefore 
correspond to the pixels p1, p2, p4, and p5. Moreover, it is noted that crossing occurs at 
the point reflecting the center of the circumference in the Cartesian plane, coordinate  
(3.5, 3.5). In this way, it is concluded that pixel 3 (p3) does not comprise the circumference 
in the image plane and that is possible to find a circle of radius 1/√2 and obtain its 
equation as shown Eq. (19.22). 

 𝑥 3,5 𝑦 3,5
√

. (19.22) 
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The dimensions of the accumulator arrangement must be defined to avoid loss of 
information. One way is to consider the dimensions equal to those of the image in the 
Cartesian plane, with size a × b, equaling the size a with the size of b. However, in this 
case, a pixel in the Cartesian plane (image) that is exceeding the limits imposed by the 
edge (one of the four ends of the image plane) would cause the placement of a 
circumference having as its center the edge, beyond the limits of the accumulator 
arrangement, and thus losing information. To avoid this loss, we adopt the dimensions in 
ranges, according to Eq. (19.23) where Xmax and Ymax are the highest values of x and y, 
respectively. 

 raio  a  𝑋   raio , raio  b  𝑌  raio . (19.23) 

Therefore, the dimensions of the accumulator arrangement will be given by Eq. (19.24). 

 𝑎𝑟𝑟𝑎𝑛𝑗𝑜 𝑋 2 ∗ 𝑟𝑎𝑖𝑜 𝑌 2 ∗ 𝑟𝑎𝑖𝑜 . (19.24) 

Algorithm 19.2 presents the Hough transform for circular objects. According to the 
algorithm, every pixel that is different from the background will have a circumference 
drawn in the accumulator arrangement. 

Algorithm 19.2. Calculate Circle Hough Transform. 

Require: f(x,y) 

Begin 

for all f(x,y) != background do 

 for radius ← Rmin to Rmax do 

  for θ ← 0 to 360 do 

   a ← x – radius * cos(θ) 

   b ← y – radius * sin(θ) 

   array(a, b, radius) ← array(a, b, radius) + 1 

  end for 

 end for 

end for 

Return: array 

End 

Moreover, it is possible that a pixel is near the end of the image and in this case, the 
circumference trace would exceed the limits of the accumulator arrangement. The 
arrangement has the same image size and an additional band around the size of the largest 
radius (Rmax) to circumvent this situation. 
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19.3.4. Post-Processing Module 

The post-processing stage is responsible for preparing the processed image for analysis 
and the generation of results. The back-mapping technique is applied to the Circular 
Hough Transform to eliminate the possibility of noise occurring due to false peaks 
generated during processing. Usually, the Hough transform has a fault, the generation of 
false peaks. These peaks are points (circumferences in the image space) that are due to 
pixels surrounding the central radius of the circle, which generate high values in the 
accumulator arrangement causing circumferences that do not exist to arise. 

Gering & Klein [35] introduced an algorithm named back-mapping with the aim of 
highlighting the most relevant parts of the accumulator arrangement and minimizing the 
generation of false peaks due to pixels surrounding the central radius of the circumference. 
The algorithm uses a new Hough accumulator with the same dimensions as the previous 
one and performs the same procedure as the Hough transform. However, instead of 
assigning votes, on this other Hough accumulator, the parameters that identify the position 
in the first Hough accumulator with the highest vote are stored. After locating the position 
of the highest vote obtained by the mapping of the Hough parametric space of a given 
pixel in the image, that same position is now filled in the second Hough accumulator. This 
procedure allows maintaining only the "most likely" points of finding significant 
segments. This process has as main characteristic the significant reduction of the time of 
analysis of the Hough space and allows a decrease in the threshold value. In this work, we 
used a three-dimensional accumulator array, in which a third dimension, representing the 
possible radii of the circumference, can be detected. In this way, the definition of the new 
arrangement is obtained by Eq. (19.25). 

 ∑ ∑ ∑ 𝑎𝑟𝑟𝑎𝑦 𝑎, 𝑏, 𝑟
1, 𝑖𝑓 𝑓 𝑥, 𝑦 255

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 , (19.25) 

where array(a, b, r) is the accumulator arrangement filled by the Hough Transform, Ymax 
is the height of the image, Xmax is the width of the image, f(x, y) is the grayscale intensity 
of a pixel at the (x, y) coordinate whose value is in the range 0-255, r is the radius of the 
pattern to be recognized in the interval [Rmin, Rmax] and a and b are defined by Eqs. (19.26) 
and (19.27). 

 𝑎 𝑥 𝑟 cos 𝜃 , (19.26) 

 𝑏 𝑦 𝑟 sin 𝜃 , (19.27) 

where θ sweeps through the full 360° range around the points (x, y) to trace the circle’s 
perimeter. The (r, θ) plane is sometimes referred as Hough space and this representation 
makes the Hough Transform conceptually very close to the two-dimensional Radon 
Transform [36]. In order to illustrate the process of colonies detection, Fig. 19.22 shows 
an image of 70×70 pixels after thresholding and application of the Laplacian filter. The 
circle border contains 25-pixel radii in the center of the image. 
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Fig. 19.22. Image of 70×70 pixels with the edge of a circle of 25 pixels radius in the center. 

Fig. 19.23 shows the diagram in which it is possible to observe that the back-mapping 
technique is between the accumulator arrangement stage and the peak detection stage. 

 

Fig. 19.23. The steps in the process of detecting colonies using the circular Hough transform. 
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Fig. 19.24 shows the parameter space in a three-dimensional perspective after  
the accomplishment of the circular Hough transform configured to detect circles with  
25-pixel radii. 

The parameter space is a matrix whose positions are filled according to the circumference 
tracing. The peaks observed in the figure represent the number of intersections that occur 
in this matrix position. The largest peak indicates the center of the circumference in the 
image. 

The parameter space can also be referred to as the accumulator arrangement of the circular 
Hough transform. In addition to the generation of the accumulator arrangement by the 
transform, it is necessary to apply the back-mapping technique before detecting the peaks 
in the arrangement to reduce false peaks due to pixels surrounding the central radius of 
the circumference. 

Fig. 19.25 shows the new accumulator arrangement generated after applying the back-
mapping technique. 

Algorithm 19.3 describes the back-mapping technique used to generate the new 
accumulator arrangement. This algorithm has as input the parameter space produced by 
the Circular Hough Transform presented in Fig. 19.24 and produces a new arrangement.  

 

Fig. 19.24. Parameter space, with 120×120 dimension, generated by circular Hough transform. 
The biggest peak shows the center of circumference of image on Fig. 19.22. 
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Fig. 19.25. New accumulator arrangement generated after applying the back-mapping technique. 
The number of peaks decreased, mainly, on the center of accumulator arrangement. 

Algorithm 19.3. Calculate the Backmapping. 

Require: array(a, b, radius) 

for all array(a, b) do 

 for radius ← Rmin to Rmax do 

  if array(a, b, radius) > maxvalue then 

   maxvalue ← array(a, b) 

   amax ← a 

   bmax ← b 

  end if 

 end for 

newArray(amax, bmax) ← newArray(amax, bmax) + 1 

end for 

Return: newArray 

19.3.5. Analysis Module 

Furthermore, there is a stage for analysis and decision-making support that allows for the 
extraction the live bacteria colony count and colony formation information from the 
processed image. 
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Information can also be extracted and stored in a collection for post-analysis of the growth 
of bacterial species. Fig. 19.26, presenting results qualitatively, shows an image of the 
system. In Fig. 19.26, it is possible to verify that the system applies a white border in each 
recognized bacterial colony.  

Therefore, the result of recognition of the bacterial colonies visually aids the 
microbiological analyses by the specialist. Fig. 19.27 shows another result generated by 
the system, in this case quantitatively. 

In Fig. 19.27, it is possible to verify some bacterial colonies detected considering their 
diameter. This information assists the population variability analysis of bacteria, which 
helps the expert in the decision-making processes. 

The illumination system allowed for a regular illuminance of 1200 lumen/m² over the 
image. Outside the system, the illuminance observed was 750 lumen/m². Fig. 19.28 shows 
the Petri dish information acquired with and without illumination and their respective 
histograms. The illuminance value does not depend on the material properties of the 
surface being illuminated. However, because the information depends on the intensity of 
light being reflected from other surfaces, it does depend on the color and reflectance of 
the surfaces that surround it.  

 

Fig. 19.26. Qualitative results of the system. 
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Fig. 19.27. Quantitative result generated by the system. 

The use of the qualitative and quantitative methods place greatest reliance on both in terms 
of understanding the behaviour from the colonies ‘perspective and for representing 
developments numerically. In this context the framework has been developed to support 
early and regular discussions between experts and users in order to conduct and analysis 
of laboratory studies and, therefore, to reduce irreproducibility. The essential points within 
the framework are explained and illustrated below, i.e., using examples of the application 
of the intelligent method for live bacteria counting and colony recognition. Mixed 
methods, which combine quantitative and qualitative approaches in the same tool, have 
found an increasing trend in the last decade, both in academic works and in the market 
tools. This growth is due to the fact that the combination of these methods provides an 
alternative for the investigation of complex phenomena, frequently encountered in the 
decision-making process, as in the case of recognition of bacterial colony patterns and 
their counting. The literature on the research of mixed methods is relatively broad; 
however, there is a need to be more widely disseminated as a strategy in the development 
of decision tools that use intelligence, image processing and real sample data.  

Furthermore, together to such concept, it is important to observe that the contrast 
enhancement, which is frequently referred to as one of the most important issues in image 
processing, should be used. The difference in visual properties makes an object 
distinguishable from other objects and the background. Additionally, the information may 
be lost in places where the contrast is highly concentrated on a specific range. Then, for 
such real applications, the problem is to optimize the contrast of the images in order to 
represent all the information presented in the input images. The histogram equalization 
can be useful to help in such situation. 
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19.4. Examples of the Application of the Intelligent Method for Live 
Bacteria Counting and Colony Recognition 

A set of thirty-three bacterial samples was analyzed and divided into three groups: Group 
#1, Group #2 and Group #3. For each group, computational and manual analyses were 
performed by experts. The absolute error, relative error, and percentage error values were 
calculated for each analyzed sample. 

Fig. 19.29 presents sample #1 of Group #1, which contained the Escherichia coli samples, 
and the main steps of processing image sample. The image is loaded into the application 
and then segmented. Subsequently, edges are detected and the Circle Hough Transform is 
applied. In the last step, the formations of the colonies were detected and marked in the 
original image. 

The results obtained using the smart method for the identification and colony count of the 
bacteria or other microorganisms identified 460 colonies, while for this sample, the 
manual count performed by experts identified 472 colonies. Table 19.3 presents the results 
of the analysis carried out for Group #1, which comprised five samples of the bacteria 
Escherichia coli in solid culture. 

 
(a) 

 
(b) 

Fig. 19.28. Escherichia coli culture assay information acquired in 256 gray levels: (a) without 
additional illumination; (b) with additional illumination i.e., 1200 lumen/m². The respective 

histograms for both samples are shown. 
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For Group #1, one may observe that the percentage error was smaller than 10 %, except 
for sample #5, for which the error rate exceeded this percentage. However, it is possible 
to observe that the number of colonies per sample was greater than 300 in most cases; for 
the smart method of counting, the errors remained small.  

Fig. 19.30 shows the result of values dispersion, and the linear correlation coefficient was 
equal to 0.98 when plotting results obtained by expert measurements versus those obtained 
with the smart method. 

Contamination by Escherichia coli can be very complex and involves all aspects of human 
and the agricultural production, products, and their interactions with the ecosystem. The 
epidemiology of each pathotype varies with the reservoir host, levels of community 
sanitation and hygiene, and agriculture and food production systems. 

Prevention and control require a multidisciplinary approach in which transducers and 
sensors, as well as intelligent systems and computer vision, play an important role to 
evaluate risk-based approaches and to support decision makers, from the producers to the 
consumers. 

 

Fig. 19.29. Example obtained with Escherichia coli from Group #1. The first image (circle 1) is 
the image of a sample loaded in the application. The second image (circle 2) shows the segmenting 
results for the image. The third image (circle 3) shows the edges, which were detected, and the 
option <Hough Transform> being selected. The fourth image (circle 4) presents the white circles 
and shows the processed information. The red ellipse in the picture is emphasizing the number of 
detected colonies. 
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Table 19.3. Results of samples analyzed with bacteria Escherichia coli in solid culture. 

# 
Absolute

error 

Manual 
method error 

Smart method 
error 

Relative % Relative % 
1 12.00 0.03 2.54 0.03 2.61 
2 14.00 0.04 3.72 0.03 3.87 
3 40.00 0.08 7.78 0.08 8.44 
4 9.00 0.04 4.31 0.05 4.50 
5 109.00 0.17 17.41 0.21 21.08 

 

Group #2 samples are the bacteria Acidithiobacillus ferrooxidans cultivated on solid 
culture. Sulphur deficiency in soils is becoming common in many areas of the world due 
to adverse agricultural practices. Sulphur applied in combination with phosphate rock has 
been tested to achieve in-situ phosphate solubilization and increase supplies of P and S to 
soils and plants [37]. Sulphur mixed with phosphate rocks and inoculated with the sulphur 
oxidizing bacteria Thiobacillus ssp, has been tested in many soils and proved as effective 
as superphosphates. Biosuper, as this blend is called, is very effective in many tropical 
soils and is superior to single superphosphate in areas that receive large amount of rain. 

 

Fig. 19.30. Correlation between the sensor-based recognition method and the experts’ manual 
counts, for Group #1, which contains the Escherichia coli samples. 

Besides, under these conditions it can be used as controlled P and S fertilizer for pastures 
and long-term agricultural and horticultural crops. Therefore, the development of a smart 
method to support decision-making, especially for processes related to the identification 
and counting of colonies of microorganisms in soils, particularly of those of the genus 
Acidithiobacillus, is critical. 



Chapter 19. Live Bacteria Counting and Colony Recognition Based on Advanced Embedded Sensor  
and Computer Vision 

479 

Fig. 19.31 presents the processing steps in the intelligent counting system for sample #06. 
The experts’ manual count identified 82 colonies, while the automatic method recognized 
84 colonies. 

 

Fig. 19.31. Example obtained with Acidithiobacillus ferrooxidans from the Group #2. The first 
image (circle 1) is the image of a sample loaded in the application. The second image (circle 2) 
shows the segmentation result for the image. The third image (circle 3) shows the edges, which 
were detected, and the option <Hough Transform> being selected. The fourth image (circle 4) 
presents the white circles and shows the processed information. The red ellipse in the picture is 
emphasizing the number of detected colonies. 

Table 19.4 presents the results for Group #2, which comprises 21 samples prepared with 
the bacteria Acidithiobacillus ferrooxidans on solid culture. This table represents the 
absolute, relative, and percentage error for each sample. 

From the analysis of Group #2, one may observe that the absolute error remained smaller 
than 10 %. However, there are results that show a relative error rate above 10 %, 
particularly samples #8, #13, #20, and #21. 
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Table 19.4. Results of samples analyzed with bacteria Acidithiobacillus ferrooxidans  
in solid culture. 

# 
Absolute

error 

Manual method 
error 

Smart method 
error 

Relative % Relative % 
6 2.00 0.02 2.44 0.02 2.38 
7 1.00 0.02 1.52 0.02 1.54 
8 6.00 0.11 10.71 0.12 12.00 
9 3.00 0.08 8.33 0.09 9.09 

10 1.00 0.02 2.38 0.02 2.44 
11 3.00 0.03 2.63 0.03 2.56 
12 1.00 0.01 0.77 0.01 0.76 
13 10.00 0.18 17.86 0.15 15.15 
14 3.00 0.04 4.17 0.04 4.00 
15 2.00 0.02 2.44 0.03 2.50 
16 1.00 0.02 2.27 0.02 2.22 
17 5.00 0.03 2.86 0.03 2.78 
18 1.00 0.02 2.13 0.02 2.08 
19 1.00 0.01 1.06 0.01 1.05 
20 21.00 0.10 9.50 0.11 10.50 
21 17.00 0.12 11.89 0.13 13.49 
22 3.00 0.07 7.14 0.07 6.67 
23 12.00 0.06 6.32 0.06 5.94 
24 2.00 0.06 5.71 0.05 5.41 
25 4.00 0.05 5.48 0.05 5.19 
26 4.00 0.07 7.41 0.07 6.90 

 

These results are linked to external factors inherent in the process of sample preparation. 
Examples of external factors of errors that occur due to the provision of culture medium 
on the Petri dish include problems related to the wrinkling or bubbling, to colonies 
growing near the edge of the plate. Fig. 19.32 shows the result of dispersion of the values 
found in both expert manual counting and automatic counting for Group #2. In the graph, 
the error bars are associated with the absolute error for each sample. The coefficient of 
linear correlation was found to be 0.99. For this group, the number of colonies per sample 
was smaller than 200, and in this case, the results obtained by our automatic analysis were 
very close to those obtained by the manual method. The third group of samples refers to 
the culture of the Staphylococcus aureus microorganism in a solid culture medium.  
Fig. 19.33 shows the processing of sample 30. 

For this group, seven samples were analyzed and it was observed that the colonies had 
small diameters of the order of 6 to 8 pixels. Table 19.5 presents a summary of the analysis 
performed with this group. 
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Fig. 19.32. Correlation between the proposed method and the experts’ manual counts, for Group 
#2, which contains the Acidithiobacillus ferrooxidans samples. 

 

Fig. 19.33. Example obtained with Staphylococcus aureus from the Group #3. The first image 
(circle 1) is the image of a sample loaded in the application. The second image (circle 2) shows 

the processing of sample 30. 
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Table 19.5. Results of samples analyzed with bacteria Staphylococcus aureus in solid culture. 

# 
Absolute

error 

Manual method 
error 

Smart method 
error 

Relative  % Relative  % 
27 3.00 0.02 1.63 0.02 1.66 
28 19.00 0.04 4.42 0.05 4.62 
29 4.00 0.02 2.30 0.02 2.35 
30 8.00 0.03 2.68 0.03 2.61 
31 3.00 0.07 6.67 0.06 6.25 
32 1.00 0.02 2.22 0.02 2.27 
33 4.00 0.04 3.81 0.04 3.67 

 

It can be observed from the table that the error percentage obtained from the analysis was 
less than 5 %. Furthermore, it was found that the samples with the number of colonies 
between 300 and 400 CFUs generated a lower percentage of errors despite a large number 
of colonies per sample. 

Fig. 19.34 shows the result of dispersion of the values found in the manual and automatic 
counting of Staphylococcus aureus samples group. 

 

Fig. 19.34. Correlation between the proposed method and the experts’ manual counts, for Group 
#3, which contains the Staphylococcus aureus samples. 

In the graph, the error bars are associated with the absolute error for each sample. The 
coefficient of linear correlation was found to be 0.99. 

19.5. Conclusions 

This chapter presented the use of computer vision and image processing for intelligent 
recognition and both qualitative and quantitative analysis of bacteria colonies. 
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Additionally, the method for analysis was presented and results illustrate the use of a CCD 
embedded image sensor and the algorithms for image processing and decision making 
based on the concepts of computer vision. To identify the opportunities based on such a 
system, multiple groups of samples were analyzed to collect information about the 
bacterial colonies’ growth, formation, and quantity in solid culture, all prepared in Petri 
dishes. Furthermore, it was possible to observe a linear correlation coefficient of around 
0.99 when compared with manual analysis by experts, i.e., for both the Escherichia coli 
samples (Group #1), the Acidithiobacillus ferrooxidans samples (Group #2), and for the 
Staphylococcus aureus (Group #3). The goal of this initiative, i.e., the organization of an 
advanced sensor-based instrument for the analysis of live bacteria colonies, took into 
account the knowledge acquired from biology, computation, sensor-based 
instrumentation, and decision making processes, which are suitable areas for researchers, 
engineers, programmers, technical personnel, among other expertise, which seek, for 
instance, programmable architectures to interact with the bacterial analysis processes 
through graphical icons and visual indicators such as secondary notation, which is often 
not a part of the formal notation itself. Rather, it is a method of organizing the formal 
notation to allow it to be better understood. In the future, based on qualitative and 
quantitative analysis of bacterial colonies, one may take into consideration the 
development of additional methods, i.e., designed to be used directly in agricultural fields 
for in-situ analyses. Additionally, such innovations could be embedded in Android 
smartphones for online processing. 
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Chapter 20 
Recent Development of Data Acquisition  
and Transmission Systems Applied  
to Decentralized Photovoltaic Plants 

Renata I. S. Pereira, Ivonne M. Dupont, Sandro C. S. Jucá,  
Paulo C. M. Carvalho and Fábio T. Brito1 

20.1. Introduction 

Long-term projections indicate that world energy demand may increase dramatically 
specially in developing countries. According to projections from the World Bank and the 
International Monetary Fund, Asia and South America are believed to present higher 
growth rates than the rest of the world within the next decade [1]. The population of those 
regions should grow faster than in other countries and at the same time there should be an 
improvement of economic conditions, increasing demand for household appliances, 
industrial products and services. All that will result in higher energy consumption.  

In developing countries Renewable Energy (RE) plants, characterized by a low 
environmental impact, can play a significant role as low-carbon intensive energy systems. 
Decentralized electric energy generation is a sustainable alternative, whereby generators are 
placed close to consumption areas to overcome transmission losses. When decentralized 
generation uses RE sources usually it is also possible to utilize local human resources thus 
increasing employment and income. Systems that are less centralized and less capital 
intensive may produce more job opportunities, which is especially relevant for developing 
countries where there is a need for jobs at the lowest possible level of investment [1]. 
Decentralization should be stressed to help promote a fair and desirable level of 
technological, economic and social development in those countries. 

Data acquisition and transmission systems (DATS) are essential to identify local RE 
resources, to monitor energy conversion efficiency and to send failure reports using inter 
communication systems. The cost of wind energy converters (WEC) and photovoltaic 
(PV) modules is still high in developing countries, where there is a need for precise 
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characterization of energy resources and demand to find an optimal financial and technical 
alternative. On the other hand, DATS is an imported technology for most developing 
countries, meaning high cost and difficult dissemination of such systems. The design and 
implementation of a low cost DATS is motivated by the need to offer an alternative for 
commercial systems, which are more expensive, usually imported and have proprietary 
software. Additionally, commercial DATS do not allow amendments and adjustments to 
hardware nor software. 

This chapter presents the development and implementation of DATS at the Laboratory of 
Alternative Energies, Federal University of Ceará (LEA-UFC), Fortaleza, Brazil (latitude: 
-03º 43', longitude: -38º 32', elevation: 21 m (69 ft)), applied to decentralized RE plants. 
Each DATS development phases are described in the next sections and listed according 
to the implemented technologies chosen alongside the evolution of Embedded Systems. 
Design, implementation, results and conclusion for each DATS phase are discussed in 
full.  

20.2. First Phase: DATS Using GPRS/GSM Module and USB 
Communication 

In this section, we describe the development of a DATS using GPRS/GSM module as the 
first technology implemented for decentralized RE plants monitoring. This first DATS 
version utilizes a Delphi supervisory system and a low-cost PIC microcontroller 
(SanUSB), analyzing data from a PV powered water pumping system to optimize plant 
operation. Measurements are carried out at 10 minutes intervals using a real-time clock 
and stored in local EEPROM memories; data recovery is made using the Delphi® 
supervisory that generates graphs in a PC [2].  

An improvement to this system has been reported in [3] using a Supervisory Control and 
Data Acquisition (SCADA) system. The DATS is the same utilized in [2] to send data 
from a WEC powered water pumping plant. Data are transmitted over modbus 
communication protocol from the microcontroller to the SCADA system and stored in a 
database. SCADA collects real-time wind speed samplings as well as hydraulic and 
electrical data, allowing graphic visualization.  

To implement wireless technology and remote monitoring we utilized the DATS 
described in [4, 5], utilizing a PIC microcontroller-based unit for local storage and data 
transmission to the Internet by a GSM modem (Fig. 20.1) connected to a dedicated PC. 
Correlations and performance tests were used to compare data collected by the proposed 
DATS with data from a commercial data logger yielded a correlation factor greater than 
0.9996. The system can be expanded to record data from other analog or digital sensors, 
controlling RE plants via a Matlab/Simulink program. 

The acquisition system of the proposed USB-based DATS contains two clock sources for 
parallel information processing from different communication protocols. To ensure the 
low cost of the DATS and to promote the dissemination of this technology in developing 
countries, the data acquisition firmware and the software for USB microcontrollers 
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programming is a free and open source software, executable in Linux and Windows® 

operating systems.  

 

Fig. 20.1. PIC Microcontroller and GSM modem. 

Fig. 20.2 shows a simplified diagram of the proposed DATS. The used microcontroller 
with USB interface (1) manages all the I2C chips and the USB connection with the PC. 
The USB channel is used by a computer for setting the Real Time Clock (RTC) RAM (2) 
and data readings from the external EEPROM (3), through virtual serial channel 
emulation. Additionally, the USB channel is used for programming and updating the 
microcontroller firmware. The proposed low-cost DATS is characterized by having a 
general application for analog and digital data and hardware simplicity, allowing also 
automatic data storage during long periods of time (months). Storage data can be read 
locally via USB interface, transmitted via serial RS-232 (4) to a GSM/GPRS modem and 
sent wireless to servers; or to a modbus network using the TTL/RS-485 transceiver (5).  

 

Fig. 20.2. Simplified diagram of the proposed DATS. 
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In the microcontroller firmware the sensors data is stored at predetermined time intervals 
in the external EEPROM via the I2C bus. Every second the microcontroller performs a 
reading of the RTC via the I2C bus with the internal timer interrupt, checking the date 
(day, month and year) and time (second, minute and hour). If the RTC reading is equal to 
the time set by the programmer to store data, the microcontroller writes the sensors value 
in the external EEPROM memory.  

Data storage in the PC is carried out by monitoring free software via USB emulation of a 
virtual serial channel. Using the same software, it is possible to set up and record 
memories of both monitoring and acquisition systems, such as microcontroller memories, 
RTC RAM and external EEPROM, where the sensors variables are stored.  

SanUSB is the acquisition hardware core, composed of software and a microcontroller-
based circuit with USB interface. It is used for the development of embedded systems, 
i.e., systems that manipulate data inside another larger system, as is the case of the 
proposed DATS.  

Free and open source software is software that is distributed with a source code, often 
under a license that sets conditions for modification, reuse and re-distribution. 
Development and maintenance of free and open source software depends on voluntary 
contributions over the Internet and from a community comprising geographically 
distributed developers and users. This type of software often offers a more reliable 
alternative, better performance, encourages creativity and helps solving problems more 
rapidly, compared to proprietary software. Additionally, free software is globally 
available and growing in programmer participation and market share.  

20.2.1. First DATS Implementation and Results 

The developed DATS is of generic application, being easily configured either as digital 
or as analog and can be reprogrammed via the USB interface. To verify the applications 
for analog and digital sensors, the developed DATS was used to measure digital wind 
speed from an anemometer (Fig. 20.3) at 10 meters height and analog pressure and voltage 
from a PV powered water pumping unity.  

Fig. 20.4 shows wind speed data collected by the developed DATS and compared with 
the same data collected by a commercial data logger (period: October, 29st 2010). 

Analog pressure and voltage data came from a PV powered dc motor-pump used in a 
reverse osmosis desalination plant without batteries [6]. The PV array was composed by 
five modules (Fig. 20.5) with an individual power rating of 87 Wp. 

The developed DATS was configured to perform voltage and pressure readings every 
minute and store data average in the external EEPROM every 10 minutes. From that data, 
a voltage and pressure graph is shown in Fig. 20.6 (April 21st, 2010). 
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Fig. 20.3. Anemometer at the UFC Campus, Fortaleza, Brazil.  

 

Fig. 20.4. Wind speed data collected by the developed DATS and by a commercial data logger. 

 

Fig. 20.5. PV modules at LEA-UFC. 
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Fig. 20.6. Voltage and pressure of a PV powered dc motor-pump. 

The implemented pressure sensor provides an analog signal of 0-10 V equivalent to a 
pressure of 0-140 psi. For a maximum analog-digital converter voltage of 5 V, the pressure 
sensor indicates a maximal value of 70 psi (482.65 kPa). As shown in Fig. 20.6, the motor-
pump pressure follows the PV array voltage (for the best irradiation values, pressure is 
around 200 kPa and voltage is ca. 20 V). Hence, the developed DATS shows significant 
results in the digital application with a wind speed measurement and in the analog 
application with PV voltage and pressure variables.  

20.2.2. First DATS Conclusions 

The proposed USB-based DATS was implemented to acquire wind speed data from an 
anemometer and voltage and pressure values from a PV powered motor-pump without 
batteries, demonstrating precise data measurement. Among the main features of this 
system is the use of an USB interface for data reading from the acquisition hardware, 
microcontroller programming and I2C peripherals configuration with the possibility of 
using standard serial communication via EIA/RS-485 for applications in modbus 
networks, in addition to the standard communication EIA/RS-232 which can be used as 
an interface for GSM/GPRS modules for data transmission in wireless networks. The use 
of supervisory systems and databases with free software provide a number of advantages 
compared to proprietary software, such as reducing system cost and ensuring total 
flexibility with the use of open source protocols, such as modbus. Finally, the proposed 
DATS works successfully and yields good performance, sensitivity, reliability and easy 
programming in both Linux and Windows® operating systems.  
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20.3. Second Phase: DATS Using Bluetooth Communication and Embedded 
WiFi Module 

20.3.1. DATS Using Bluetooth Communication 

In [7] we propose a DATS for a PV powered water pumping unity using data transmission 
via Bluetooth. Data are collected by a PIC microcontroller and sent to an Android device 
through a Bluetooth modem; from the Android application, data are sent to a database via 
3G/GPRS. As drawbacks, this DATS requires a SIM card with data transfer charging and 
can be installed only in places under phone coverage. Fig. 20.7 shows the developed 
Bluetooth – DATS. 

 

Fig. 20.7. Developed Bluetooth – DATS.  

Fig. 20.8 illustrates the developed online monitoring in three steps: 

1. Sensing, conditioning and data acquisition; 
2. Temporary storage and sending to the online database; 
3. Web server and presentation to the user. 

 

Fig. 20.8. Online monitoring steps using free software. 
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Step 1 used the PIC SanUSB free software and hardware tool. Step 2 was based on the 
development of the Android platform and step 3, the user presentation layer, was 
developed in PHP with MySQL database. Hence, this proposal represents a completely 
free alternative of online monitoring for decentralized RE plants.  

For system monitoring, a Web Monitor was developed alongside the next developed 
DATS to be described in the following sections. 

20.3.2. DATS Using Embedded WiFi Module 

A further step was performed, using an embedded WiFi modem (Wifly RN-XV) 
connected to the DATS, based on PIC SanUSB board [8, 9]. A Web Monitor was 
developed in an online server with PHP programming language and a Structured Query 
Language (MySQL) database. DATS with the online server is autonomous and powered 
by a PV module, applied to a PV powered water pumping plant without batteries. The free 
software for online monitoring and WiFi data acquisition allows analyzing stored data and 
charts through mobile devices as notebooks, tablets and smartphones.  

20.3.3. WiFi DATS Development 

The monitoring and data acquisition WiFi system was developed using an embedded WiFi 
modem (Wifly) coupled to a microcontrolled board based on the free tool SanUSB. This 
modulated hardware (Fig. 20.9) consists of a SanUSB microcontroller board connected to 
a WiFi modem via an adapter board developed for this application to adjust the pin 
connections, as well as to convert the voltage from 5 V to 3.3 V.  

 

Fig. 20.9. Acquisition data board and WiFi modem. 

After coupling the embedded WiFi modem to the microcontroller pins (VCC, GND, Rx, 
and Tx), it is necessary to program the microcontroller with the firmware developed by 
Wifly configuration commands. SanUSB tool allows a friendly interface and also debugs 
directly through the virtual serial emulation via USB. This step can be implemented in a 
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fast and efficient way when the microcontroller is connected to a computer via USB. An 
equipment developed for a specific application tends to be cheap, to have good cost-
benefit ratio and are easy to operate, compared to generic devices. With the same data 
acquisition board a monitoring system was developed for implementation of a temperature 
controller to be applied to thermoelectric microgenerators [10]. Fig. 20.10 shows the 
program process using the designed embedded system. 

 

Fig. 20.10. Program process using the designed embedded system. 

The WiFi modem (Fig. 20.11) is based on the RN-171 module to provide connection to 
the wireless networks. That connection needs only four pins designated to power and WiFi 
communication. The device has an independent antenna to increase its reach and offers 
strong signal and support for the most common communication protocols like 
Transmission Control Protocol (TCP), User Datagram Protocol (UDP), and File Transfer 
Protocol (FTP).  

 

Fig. 20.11. Online monitoring process via WiFi modem. 
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For remote computer access it is necessary to enter the default static IP in the code, for 
example 192.168.1.195, followed by a slash and one of the programmed commands into 
the microcontroller circuit (e.g., 192.168.1.195/YT), as seen in Fig. 20.12, along with the 
confirmation screen of received data from the online server. By accessing the "Logs" link, 
real time sent data monitoring information via WiFi every 10 seconds is possible.  

 

Fig. 20.12. Confirmation of received data from the online server. 

In the present WiFi proposal, information sent to the online data bank is configured with 
remote access over WiFi without charging, different from the previous proposal that uses 
General Packet Radio Service (GPRS) protocol.  

The online data bank can be queried by any computational device connected to the Internet 
by using a personal password. Query can be made at any time, updated every minute.  
Fig. 20.13 shows the online monitoring development in two stages:  

1. Sensing, conditioning and data transmission; 

2. Data bank uploading from an online server and presentation to the user. 

The first stage establishes communication between the connected sensors and the data 
acquisition board. The second stage, i.e., the user presentation layer, was developed in 
PHP with MySQL database.  

 

Fig. 20.13. Open source software monitoring system steps. 
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20.3.4. WiFi DATS Results 

The developed online monitoring and wireless acquisition open source software was 
installed to record PV modules voltage and current, motor-pump pressure and flow, 
ambient temperature and solar irradiance. The developed Web Monitor was used to allow 
the user to see the DATS charts.   

As expected, PV panel voltage remains stable in sunny days, with a maximum of 19.3 V 
at noon and remaining around 19 V from 6 a.m. to 5 p.m. (Fig. 20.14). PV current tends 
to follow the solar irradiance reaching a maximum of 3.7 A at noon, irradiance peak. 
Electrical power is maintained around 70 W for a voltage of 19.29 V and a current of  
3.64 A. A flow sensor outputs a signal between 0 and 10 V corresponding to a range from 
0 to 25 liters per minute (l/min). To perform the sensor reading a variation from 0 to 5 V 
is necessary due to the full-scale voltage of the microcontrolled data acquisition system. 
Hence, the corresponding l/min value for a voltage range from 0 to 5 V is 0 to 12.5 l/min.  

 

Fig. 20.14. PV voltage, current and electric power.  

Solar irradiance in Fortaleza (near the Equator line) usually increases from 6 a.m. 
gradually to a maximum at noon and decreases up to 5 p.m., when there is little irradiance 
on the PV panel. Ambient temperature presents the maximum value few hours after the 
highest irradiance level, varying from 28 ºC to a maximum of 35 ºC at 5:30 p.m.  
(Fig. 20.15). 

 

Fig. 20.15. Ambient temperature and solar irradiance. 
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20.3.5. Second Phase Conclusions 

The proposed system allows querying data sent to the online database by any computing 
device connected to the Internet via password. Queries can be made at any time by 
updating the database every 10 minutes, usually the maximal time step for data acquisition 
systems applied to RE plants. The Web monitoring and designed data acquisition system 
are efficient because of the online query possibility and real-time operation of the 
microgeneration plant, showing a behavior according to the project specifications. The 
proposed system offers the possibility of sending data via GSM/GPRS or WiFi, storage 
in a local database of the Android operating system and sending to the database from an 
online server. The use of free software tools for supervisory systems and online database 
applied to microgeneration plants allows greater accessibility to general users. The 
proposed online monitoring and data acquisition system can be expanded to record data 
from other types of analog or digital sensors as well as from other types of 
microgeneration plants. As drawbacks, the GPRS DATS requires a SIM card with data 
transfer charging and can be installed only in places under phone coverage. WiFi DATS 
is implemented to avoid this limitation, but requires WiFi coverage.   

20.4. Third Phase: DATS Using Internet of Things (IoT) and Cloud 
Communication 

In this section we present the Renewable Energy Monitoring System (REMS), developed 
in [11], a new concept of an open source and low-cost DATS using Raspberry Pi, multi-
user cloud remote monitoring and Internet of Things (IoT), applied to decentralized RE 
plants. REMS has the objective of eliminating the disadvantages of online monitoring 
systems applied to large systems: expensive commercial data loggers, local control, 
limited data storage and sensor connections, and long distances cable communication. 
Additionally, REMS opens the possibility of multi-user remote monitoring, respecting the 
ubiquitous behavior of the users. REMS is described in details, followed by presentation 
of the main experimental results obtained and our conclusions.  

REMS architecture, based on the Internet of Things (IoT) and Cloud computing 
principles, consists of three main parts: 

1. Analog/Digital Converter Embedded System (ADCES) which utilizes a SanUSB 
microcontroller, based on free software and hardware tool with the PIC18Fxx5x 
family including native USB interface;  

2. Raspberry Pi (RPi) [12] Embedded Linux System (ELS);  

3. Online Web Monitor for real-time cloud monitoring.   

REMS enables online supervision of measured variables using analog and digital sensors. 
ADCES oversees reading analog sensors while RPi reads digital sensors. Data are stored 
in an online database and accessible as charts and tables through a free software Web 
Monitor also developed for this project.  
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REMS is completely customizable for different plants allowing expansion and variation 
of analog and digital sensors. REMS can also perform remote updates to the PIC 
microcontroller firmware and configure ELS via Internet, reducing displacements time 
and costs. 

RPi is chosen due to its small size (like a credit card) and low-cost, compared to 
conventional PCs and data loggers, plus zero cost of free Linux software. We used RPi 2 
model B, a sophisticated and easy to use low-power microprocessor with onboard 
electronics supporting many input and output peripherals, considered the world smallest 
computer. Raspbian image (around 2 GB) has to be written on a SD card (minimum of 8 
GB) using another computer and then connected to the RPi [13]. SD card works as the 
RPi hard drive. The extra capacity can be used for data storage. If a large amount of data 
and applications are required, a SD card with minimum of 16 GB should be chosen. 

RPi is suitable for beginners use, compared to other platforms which are not appropriate 
to be used as a standalone processing system or are targeted to more advanced  
developers [14].  

RPi in comparison to most of the others Linux-based embedded systems, such as Arduino 
Yún [15], Beagle Bone Black [16] and Intel Galileo [17] shows advantages like better 
cost/benefit ratio, larger user community, standard programming language and 
communication, many input/output pins and graphic interface.  

Considered an easy Do-It-Yourself (DiY) platform for students who do not have 
experience with software development and embedded systems, RPi use started at schools 
and universities [18] but now it is increasingly being applied on companies, research labs 
and independent designers projects.  

Languages such as C, C++, Python or Java are online accessible with material provided 
by the user community, in opposition to proprietary software that normally depends on 
the factory language. 

IoT, the communication between devices without the intervention of humans [19], 
understands each device as a small part of the Internet. Such small parts can in a practical 
way interact and communicate, maximizing modularization, comfort, convenience, 
safety, security, and energy-savings. 

Wireless technologies such as WiFi/3GPP, Bluetooth, Radio are being preferred for 
decentralized systems [20, 21] but Ethernet cable is also an alternative for centralized 
systems. 

Cloud computing provides access to a shared pool of configurable computing resources 
without requiring profound knowledge of the management technologies [22]. Cloud 
model simplifies installation, operation, and maintenance of information systems, 
increasing system effectiveness and reliability while reducing costs.  
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Cloud systems can be classified according to development or service model. Cloud 
development models are: public, private, community or hybrid; cloud service models are: 
Platform as a Service (PaaS), Software as a Service (SaaS) or Infrastructure as a Service 
(IaaS). We use PaaS, the use of tools and resources to provide services to end-users. 
Microsoft Azure [23] and Google Cloud Platform App Engine [24] are also classified as 
cloud PaaS. User can control the deployment of end applications but can not control the 
operating infrastructure.  

20.4.1. REMS Development 

Our REMS collects data from a PV module installed in the city of Fortaleza (latitude: -
03º 43', longitude: -38º 32', elevation: 21 m (69 ft)), Brazilian Northeast region. Because 
of its low latitude, Fortaleza shows no significant seasonal meteorological variations. 
REMS uses Internet of Things (IoT), by which systems are capable of sensing and 
modifying the monitoring process management of micro and mini-generation power 
plants through online firmware update, as well as communicating with a developed cloud 
server profile, allowing creating different PaaS profiles. PaaS profiles (PaaS A, B or N) 
are free and automatically generated by an online server after the password registration 
by the user, allowing developing, compiling, debugging and/or testing an application in 
the Cloud. Hence, any user (A, B or N) can create and configure in the Cloud in real time 
a monitoring profile, as well as perform firmware features configurations and control the 
REMS (Fig. 20.16).  

Another advantage of REMS is that using the online cloud service as an access point there 
is no need to unlock router ports and/or firewall.  

 

Fig. 20.16. Proposed PaaS and REMS. 
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REMS consists of three main parts: 

1. ADCES, which utilizes a SanUSB microcontroller, based on a free software and 
hardware tool with the PIC18Fxx5X family including native USB interface; 

2. RPi Embedded Linux System (ELS);  

3. Online Web Monitor for real-time cloud monitoring.  

REMS embedded software is free and can be obtained after the registration in the cloud 
server of a new profile in the PaaS. REMS is programmed to work in a decentralized and 
distributed way, allowing multiple users and multiple REMS communication at the same 
time and using the same cloud server. In the case of REMS configuration or modification, 
basic knowledge on installation of applications in the Linux operating system is necessary.  

ADCES consists of the SanUSB free development tool. SanUSB is composed of software 
and hardware of the PIC18Fxx5x family with USB native interface [25]. This free tool is 
efficient in the development of projects because there is no need to remove the 
microcontroller for the firmware update, opposite to other developing systems which 
usually use a specific burning hardware and work via cable. Additionally, SanUSB tool is 
multiplatform, running on Windows®, Mac OSX and Linux as well as plug and play, being 
automatically recognized by operating systems without the need to install any driver [26].  

Hence, SanUSB enables compilation, recording and real simulation of a program to be 
efficiently performed from the microcontroller connection to a computational system via 
USB, which in this application is an RPi 2 model B, and even through the RPi Internet 
connection. Serial communication by emulation of a virtual COM port may also be done 
efficiently from the moment the microcontroller is connected directly to a computer via 
USB [27].  

RPi can be directly implemented in electronics projects mostly due to its general purpose 
input/output (GPIO) pins [28] with digital I/O support, I2C and SPI protocols, to perform 
communications with sensors. Communication variety allows RPi to communicate with a 
larger number of peripherals. The use of the access library Wiring Pi [29] written in C 
facilitates to program and setup the GPIO pins using a command-line utility “gpio”. 

There are two forms of communication between ADCES and RPi in this project: serial 
communication and USB interface. To perform serial communication between a PIC 
microcontroller and the RPi ELS, ground (GND), GPIO 14 (TX) and GPIO 15 (RX) pins 
are used. In the developed project, the computer to burn the SanUSB PIC microcontroller 
is the RPi, utilizing serial communication. 

Hence, a graphic interface and a burning software to directly transfer the firmware from 
the embedded Linux system interface to the ADCES PIC using Human Interface Device 
(HID) protocol communication via USB port was developed. The proposed ADCES is 
also an embedded system RISC and allows online firmware updating from the Cloud, 
according to Fig. 20.17. Files can be sent to update ADCES firmware (.hex files) and to 
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update RPi scripts (.c files). To update ADCES, a wire connection between RPi pin 11 
and ADCES pin 1 is necessary, as well as a WiFi dongle. 

To allow remote updating at any time this wire should be kept connected, with no harm 
to the circuit operation because it is software commanded. Thus, the system is applicable 
to IoT projects, with remote access via Internet and not only Intranet. 

 

Fig. 20.17. Remote firmware and scripts updating. 

RPi 2 model B idle current consumption is around 230 mA and around 380 mA for active 
working time. RPi requires an energy source of 5 V/2 A to supply maximum total USB 
peripheral current draw of 0.6/1.2 A (switchable). REMS works 24 hours per day, so the 
daily power consumption is around 42 Wh/day. 

As a laboratory first phase implementation, we used an USB energy source connected to 
the grid, which can be considered a drawback. To eliminate this disadvantage, a next step 
intends to use a PV powered REMS plus battery. 

There are different ways for reading an external variable with the RPi’s GPIO pins; the 
decision depends on the type of sensor and electronic connection.  

RPi has as disadvantage the lack of a built-in A/D converter. Hence, if analog sensors are 
used  convertion of measured data into digital format is necessary. That is the reason we 
use a PIC microcontroller in the present project to A/D conversion (ADCES). ADCES is 
programmed to read analog sensors like PV current and voltage, ambient temperature and 
solar irradiance. The use of an extra board allows system expansion for further sensor 
integrations. Serial communication with RPi allows firmware burning via the developed 
Cloud Web Monitor, making the system fully remotely controllable and modifiable. 
Sensors implemented in the PV plant are described in Table 20.1 and identified in  
Fig. 20.18.   

ADCES treats data and transmits serially to ELS as a sequence of predefined characters. 
RPi script, in C language, extracts analog values and concatenates with digital ones in a 
string along with a checksum to verify data integrity. 
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Table 20.1. Implemented sensors. 

Variable Sensor Ref. 
PV Voltage Resistive divider by 4.6 1 
PV Current ACS712 – 5 A 2 
PV Module Temperature LM35 3 
Irradiance  Pyranometer LP02 4 
Ambient Temperature 

DHT11 5 
Relative Humidity 

 

 

Fig. 20.18. Sensors implemented on the third DATS. 

For longer term data storage with original resolution [30], an independently parallel 
crontab task (internal Linux scheduler) is used to schedule the script and run it at fixed 
adjustable intervals to build a Uniform Resource Locator (URL) string with the sensor 
values. Finally, ELS sends the URL string to a PHP page that acts as a communication 
interface between the hardware and the MySQL database. Using the PHP Web Monitor, 
data are stored in a Cloud server to generate online graphics that can be remotely accessed 
by the users. In this step, a free server for sending and receiving data is initially used. 
Although free servers have many limitations, such as unavailability due to an instable 
connection, keeping data for only 30 days and not supporting updating of scripting 
languages like PHP or MySQL database, they can be used for development and initial 
testing. In a second project phase, to avoid these problems and keep data security, a paid 
server (US$ 27/year with US$ 9/year domain register) has been used.  

In the developed project, REMS server database has capacity of 84.44 MB and the online 
server has capacity of 2 GB; 365.65 MB of the server capacity is used for Web server 
hosting. Considering one post per minute (string with six sensor values) with size of 150 
bytes, data for an uninterrupted period of 391 days can be stored. 
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20.4.2. Developed Web Monitor 

This section describes the Web Monitor developed in free software, using PHP [31] and 
Apache [32] with open source MySQL database [33] for PV plant monitoring.  

The monitoring process is divided into the following steps: 

1. Data acquisition via sensors: PV voltage and current, PV module and ambient 
temperature, irradiance and relative humidity.  

2. Data sending from ADCES to ELS, conditioning of the received data. 

3. Data transmission to Cloud server to generate graphics, data handling according to 
user need.  

The Web application has been developed with PHP programming language for building 
graphics, due to the advantages of free software, dynamism and practicality. This language 
can interact with the Web world, fully improving Websites that have static pages. 
Additionally, PHP does not create redundant data copies, what reduces the amount of 
information stored on the database and avoid them to become corrupted. PHP code runs 
on the server and the results are sent to the browser, already displaying the rendered page, 
without consuming computer resources. PHP can be used together with Hyper Text 
Markup Language (HTML) code for Web page development and Apache, an open source 
and free Hypertext Transfer Protocol (HTTP) multiplatform server.  

Querying data stored in the online database via smartphones or PCs is possible using the 
Web page. Whereas Ethernet standard is the solution most widely used in priority systems 
for interconnectivity of networks, costs of monitoring systems for micro network WiFi 
with free software tend to reduce. Additionally, wireless applications are easier to install 
and sampling time delay for viewing on the server is almost zero, so the system can be 
considered a real-time application.   

A disadvantage of WiFi use in decentralized plants is the need of a WiFi modem or router. 
Typical WiFi Routers (2.4 GHz band) reach up to 92 m outdoors [34]. So, when the plant 
is remotely located, a mechanism to increase WiFi speed and range is needed. Multi-user, 
multiple-input, multiple-output technology, better known as MU-MIMO, allows WiFi 
routers to communicate with multiple devices simultaneously. This functionality 
decreases the time each device has to wait for a signal and dramatically speeds up the 
network. MU-MIMO technology is ideal for real-time services such as videoconferencing 
and online games. A beneficial side-effect of MU-MIMO is that data sent from router to 
WiFi devices are encrypted. Only the indented recipient can process and read data from 
the signal, granting security to the communication channel. 

Viewing monitoring logs is made from the structured database MySQL, which can be 
consulted by any computing device connected to the Internet via password. Queries can 
be made at any time by updating the page every 30 seconds. To access the monitoring 
system, the user must enter the address: http://sanusb.org/ftpmonitor/ and then the system 
authentication form is displayed. Configuration via a communication interface offers 
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major advantages over a sending configuration and data insert directly on the database 
since the latter does not allow communication with Internet free hosting servers. Another 
function of the Web Monitor is ADCES firmware and ELS scripts remote updating. 

The use of the Web Monitor allows sending files to the server with extensions C (.c), 
Python (.py), Shell scripts (.sh) and hexadecimal (.hex). The file to be sent is named with 
the user password together with a counter. The counter starts with “0” and at every upload 
the counter is incremented. Considering the password “test”, the first file is called “test0”, 
“test1” is the second and so on. The counter number is always kept unless the password 
is changed. 

The developed Web Monitor for sending files to the server 
(http://sanusb.org/rs/sanusb.php) has the following steps: 

1. Insert the password used to rename the file to be sent to the server; 

2. Browse the file to be sent;  

3. ‘Send’ button performs the file transfer to the server. 

If a “.hex” file comes, ELS writes the file to the ADCES through the wire connection 
between RPi pin 11 and ADCES pin 1. If a “.c” file comes, ELS compiles the script and 
then run the compiled file in the background. In the case of a shell script or a file created 
in Python, ELS runs directly the file in the background.  

In the “Monitoring” tab (Fig. 20.19) a graphic can be seen for each sensor data. There is 
also the possibility of accessing graphics and monitoring logs of all configured sensors, 
as well as export and print information to different formats (PNG, JPEG, PDF and SVG 
for graphics, PDF and XLS for logs), allowing filter by periods of time. 

 

Fig. 20.19. Web Monitor main menu. 

The “General Graphics” tab shows daily average, highest and lowest values recorded for 
each sensor. The “Management” tab provides a list of users and sensors configured in the 
system and facilitates the management of different database indicators, as well as 
maintenance functions and support necessary for proper system operation. New users 
receive an e-mail with the new user data and the initial password set by the administrator. 
In the first system access, password change is mandatory for checking security and system 
integrity. In the “Research team” tab, Curriculum Vitae of each research participant can 
be obtained. 
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By selecting the variable under the chart (Fig. 20.20 (a)), data can be activated or 
deactivated. The screen provides a graphic with minute-by-minute measurements of the 
chosen sensor. 

Logs (Fig. 20.20 (b)) can also be accessed with all collected data. Web Monitor offers the 
possibility to query the stored data in the online database using smartphones or PCs. 

Highcharts, a library made in Java Script, is used for generating charts, restarted every 30 
seconds (Fig. 20.20 (c)) automatically. If the user needs to restart the chart before that 
interval just has to click on the browser option or key F5. To view stored data for a specific 
day, just select a valid date (Fig. 20.20 (d)). Chart is updated by displaying an hourly 
average of the sensor data. The System allows to print or export the chart structure, in 
addition to the logs corresponding to the selected sensors (Fig. 20.20 (e)). 

20.4.3. Third DATS Implementation and Results 

As an application for the developed Web monitor we used a PV module supplying a  
50 W load with the following specifications: Model YL95P-17b 2/3, Maximum Power  
95 Wp, Efficiency 14.3 %, open circuit voltage (Voc) 22.5 V and short circuit current (Isc) 
5.59 A. In Fig. 20.21 daily curves are shown for the period from August 24th to 29th 2016 
for the following variables: solar irradiance, PV voltage, current and power, ambient 
temperature, relative humidity and PV module temperature.  

 

Fig. 20.20. Generated chart for PV voltage, current and power on September 18th, 2016. 
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Fig. 20.21. Charts generated on the Web Monitor from August 24th to 29th 2016. 

As expected on typical sunny periods a maximum irradiance value around 1,250 W/m² is 
reached at noon, resulting in PV voltage of 18.8 V, current of 2.1 A, and maximum power 
of 39.5 W. Ambient and PV module noon temperature reach 33 ºC and 57 ºC, respectively. 
A characteristic of the relative humidity is that it drops while the ambient temperature 
increases; hence ambient temperature shows minimum values around 26 ºC increasing to 
maximum values around 33 ºC, while relative humidity varies from 83 % to 60 % during 
the day.  
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The sunshine hours for Fortaleza are from 6 a.m. to 5 p.m. Local meteorological 
conditions allow stable solar irradiance from 8 a.m. to 2 p.m. (between 800 and  
1,250 W/m²). However, in this period high PV module temperatures are measured, which 
reduces the PV module efficiency. 

20.4.4. Third DATS Conclusions 

The developed Web Monitor is effective due to the online consultation and real-time 
operation of the PV plant. The use of open source and multiplatform software (Linux, 
Windows®, and Mac OSX) for online microgeneration monitoring systems allows greater 
user interaction and accessibility due to the possibility of free distribution.  

Hence, the proposed REMS can be expanded to data recording from other types of analog 
or digital sensors as well as for other types of applications using RE sources. Basic C 
language and Linux programming knowledge are required to implement modifications. 
Low cost of hardware and zero cost of Linux embedded software are two important 
advantages, added to the ability to use ADCES and ELS for learning programming 
languages, embedded systems and integration with microcontrollers for use in applied 
projects in the areas of Electronics, Robotics and Information Technology. In the 
described project, REMS was applied to collect PV voltage and current, ambient and PV 
module temperature, solar irradiance and relative humidity from a PV plant. Data 
collected and sent to the database can be accessed by users as charts and logs through the 
developed Web Monitor via Internet connected computational devices.  
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Chapter 21 
Serum-Biomarker Thymidine Kinase 1  
for Early Discovery of Tumour Process – 
160,086 Participants Using a Sensitive 
Immune-ECL-Dot-Blot Detection System 

Zhiheng Chen, Yu Wang, Gang Chen, Xia Cao, Xiaorong Jiang, 
Hongbo Ma, Ji Zhou, Ellen He and Sven Skog1 

21.1. Introduction  

Cancer is a leading cause of death worldwide and the number of affected individuals 
increases each year. Although the different methods of treatment for cancer, for example 
surgery, radiotherapy, chemotherapy and endocrine therapy, have improved tremendously 
during the last decades, their efficiency of them is still far from perfect, particularly for 
patients with later stages of cancer. In 2015, an estimated 40 million deaths occurred due 
to non-communicable diseases (NCDs), accounting for 70 % of the overall total of  
56 million deaths. The majority of the deaths were caused by the two main NCDs: 
cardiovascular disease, 17.7 million deaths (45 %) and cancer, 8.8 million deaths  
(22 %) [1].  

The World Health Organization (WHO) reported that the cancer burden worldwide is 
projected to rise from 14 million new cases in 2012 to about 24 million in 2035 [2]. The 
greatest increases will be in developing countries. It will struggle to meet demands of 
increasing patient numbers and spiralling treatment costs. Consequently, cancer control 
must combine improvements in treatment with greater emphasis on prevention and early 
detection. Therefore, extensive research has been devoted to discovering tumours at their 
early stages, which increases the ability to cure the patients.  

During the last 30 years, we have participated in a transformative period in cancer 
prevention and early detection. Cigna [3] has summarised guidance from published 
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literatures by the American Society of Clinical Oncology (ASCO), the American Cancer 
Society (ACS) and the National Cancer Institute (NCI). The guidance states the need of 
qualitatively and quantitatively assays of tumour-related markers that is by immunochemical 
techniques of tumour-associated antigens found in serum, plasma, urine, or other body 
fluids or tissue. Although an abnormal level of a serum tumour-related marker level may 
suggest cancer, its presence alone does not confirm a diagnosis. This is because tumour-
related markers are compounds produced by tumours, but also by other types of cells in 
the body in response to the cancer, or to certain benign or normal tissues.  

Remarkable progress in precision medicine and immune-oncology, driven by 
extraordinary recent advances in genome-wide sequencing, large-data analytics, blood-
based technologies, and deep understanding of the tumour immune microenvironment 
(TME), has provided unprecedented possibilities to study the biology of pre-malignancy. 
One of the critical barriers to developing new approaches to cancer detection and 
prevention is the lack of understanding of the key molecular and cellular changes that 
cause cancer initiation and progression. Unlike the extensive work that has been done in 
profiling advanced stage tumours, few studies have comprehensively profiled the genomic 
alterations found in precancerous tissues. As imaging modalities and screening guidelines 
advance, the number of lesions identified will grow resulting in a need for more precise 
risk stratification methods and effective early intervention. Characterisation of the 
molecular alterations in pre-malignant lesions and the corresponding changes in the 
microenvironment associated with progression would hasten the development of 
biomarkers for early detection and risk stratification as well as suggest preventive 
interventions to reverse or delay the development of cancer [4]. Although it is now widely 
accepted that cancer is the result of a gradual accumulation of driver gene mutations that 
successively increase cell proliferation [5], understanding the earliest molecular and 
cellular events associated with cancer initiation remains a key bottleneck in transforming 
our approach to cancer prevention and detection in health screening.  

How to implement the strategy of WHO’s strategy “Prevention and early detection of 
cancers” in health screening? Tumours are characterised by abnormal cell proliferation. 
Multiple-gene mutations associated with the cell growth regulation pathway in certain 
enzymes and proteins leads to un-controlled proliferation and thus development of 
malignancies, which may take 10-30 years depending of tumour type. Searching for 
tumour-proliferating markers is one of the important projects in precision medicine for 
cancer detection and prevention. Thymidine kinase 1 (TK1) was found to be a precision 
protein molecular target for assessment of proliferating rate as early as in the 1950´s. TK1, 
an enzyme of the pyrimidine salvage pathway, catalyses the conversion of thymidine 
(dTdR) to thymidine monophosphate (dTMP). TK1 of mammals during the cell cycle is 
known as a key enzyme of the DNA synthesis [6] and an S-phase specific enzyme [7]. 
TK1 level is closely related to the DNA synthesis rate, and thus to tumour cell proliferation 
[7-14]. A schematic pattern of human TK1 in relation to the cell cycle is shown in  
Fig. 21.1.  
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Fig. 21.1. TK1 is one of key enzymes involve in the cell cycle. The division cycle  
of most eukaryotic cells is divided into four discrete phases: G1, S, G2 and M phase (mitosis).  

S-phase is the period during which DNA replication occurs. 

With development of serological TK activity (STKa) technology, large numbers of reports 
confirmed that elevated or declined STKa in tumour cells corresponds to tumour cell 
proliferation rate [15], for prognosis and monitoring treatment, mainly in blood system 
tumours [16-18]. However, none reported about use of TKa in health screening. It was 
proved that the C-terminal region of TK1 was a key sequence regulating activity and 
concentration of TK1 in normal mammalian proliferating cells and in tumour cells during 
the cell cycle. The C-terminal region also contains a sequence motif (KEN) that serves as 
an ubiquitination ligase signal involved in mitotic degradation of human TK1 [13]. 
Furthermore, the tetrameric structure of human TK1 was published [19]. Based on those 
studies, we designed specific anti-human TK1 antibodies and set up an alternative to 
STKa by measuring the concentration of TK1 protein in serum (STK1p) using a highly 
sensitive immune-enhancing chemiluminescent dot blot detection (ECL dot blot) system, 
developed at Karolinska Institute, Stockholm, Sweden [20, 21]. The STK1p was found to 
be useful for monitoring treatment [16-18, 22-24], prognostic potential of recurrence and 
survival in all types of cancer patients and as a predictive biomarker for risk to develop 
tumours and for early discovery of pre-malignancy and malignancy [23-30]. Based on a 
meta-study of a large number of serum samples in health screening (n = 35,365) [31], we 
found a reasonable risk threshold level of STK1p (2 pM) useful for assessment of 
abnormal tumour growth of people in routine health screening, correlating to the risk of 
developing a tumour later in the life or the presence of a malignant tumour. In this meta-
study, a receiver operation characteristic (ROC) statistical analysis was performed on 
cancer patients with 10 different types of malignancies preoperation (n = 720), and on 
people without malignancies/pre-malignancies/tumour-related diseases (n = 4,103). With 
a ROC-value of 0.96, and a cut-off value of STK1p of 2.0 pM, a specificity of 0.99, 
sensitivity of 0.80 and a likelihood (+) value of 236.0 indicated that the ECL dot blot 
STK1p assay was highly qualified for healthy screening. In this meta-study it was found 
that people with STK1p above 2.0 pM had a 3-5 times higher risk of developing new 
malignancies within 11 years compared to the expected risk of a group of people with a 
cancer incident rate of 0.2 % – 0.3 % [31]. If compared to people with STK1p values  
<2.0 pM in this meta-study the risk was even higher (44 times).  
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In this chapter, we describe a method that can be used for early discovery of progression 
of human tumours and for discovery of pre-malignancy/diseases associated with tumour 
progression and early malignancy individually, based on 160,086 participants at four 
independent routine health screening centres (n = 35,365 [31], n = 26,055 [32], n = 56,286 
[33] and n = 42,383 [34]) in China during 2005-2016.  

21.2. Methods of Assessing for Evaluating Human TK1  

The role of serological biomarkers is to predict risk of malignancy progression or discover 
small malignant tumours. Abnormally elevated levels of tumour-related markers can be 
used to detect invisible tumours before the symptoms occur. Early discovery can be done 
by screening high-risk groups and following up patients with risk for recurrence of 
tumours, combining serological markers with imaging or other tools used for long term 
follow-up to find risk signs of precancerous disease or invisible tumours [35].  

21.2.1. Tumour-Related Markers 

The tumour-related types of biomarkers are not directly related to growth, but are present 
or absent in malignant cells, reflected by their serum concentrations and tumour tissues 
expression. Examples are CEA, CA15-3, CA19-9 and CA125 reflecting epidermal cell 
carcinoma, NSE and SCC-Ag for detection of squamous cell carcinoma and PSA for 
prostate carcinoma, respectively [36]. Guidelines for the use of these markers in clinical 
practice have been published by the American Society of Clinical Oncology (ASCO), the 
American Cancer Society (ACS) , the National Cancer Institute (NCI) and the National 
Comprehensive Cancer Network (NCCN). An overview from [3] pointed out that tumour-
related markers are substances produced by cancer or other cells in the body in response 
to cancer, or certain benign conditions. Most tumour-related markers are proteins, but they 
may also be patterns of gene expression or other changes in DNA of normal cells, found 
in a much higher level in the presence of a cancer. Tumour-related markers may be found 
in the blood plasma/serum or other bodily fluids (e.g., urine, saliva, sputum, cerebrospinal 
fluid, or effusions) and/or tissue. Although an abnormal level of a tumour-related marker 
may suggest cancer, its presence alone does not confirm such a diagnosis. Tumour-related 
markers are typically combined with other diagnostic tests (e.g., laboratory tests, biopsy, 
radiological imaging) to confirm the diagnosis. So far there are few tumour-related 
markers for health screening [18]. These markers may not be elevated in the presence of 
some types of cancers, especially in early stages of the disease, may not be specific to a 
particular type of cancer, and/or may be elevated by more than they would be for other 
types of diseases other than cancer. However, in some types of cancers, tumour-related 
marker levels may reflect the extent or stage of the disease and can be useful in 
determining the most effective treatment and how well the disease will respond to the 
treatment. Typically, the primary use of tumour-related markers is to monitor a cancer's 
response to treatment with periodic measurements following therapy. Following therapy, 
a decrease in the marker level may indicate a response to therapy as opposed to 
consistently elevated or rising marker levels which may be indicative of a lack of response 
to treatment or recurrence of the disease. The evidence in published peer-reviewed 
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literature and professional societies support tumour-related makers for diagnosis and 
management of some cancers, while other tumour-related markers are still evolving and 
their clinical utility has not been fully proven yet.  

21.2.2. The Prospects of STK1p in Application of Malignancy  

Human TK1 is very unstable in cellular extract. The half-life is about 45 minutes to  
2 hours [10, 37, 38]. The half-life of TK1 is different in proliferating and resting cells. 
Degradation plays an important role in maintaining appropriate levels of TK1. Zhu et al., 
reported that a 44-amino acid deletion of TK1´s C-terminus increased its half-life to  
8.3 hours, compared to 1.4 hours for wild-type TK1 at the proliferating stage [39]. 
Similarly, Demeter et al., reported that the half-life of TK1 of normal ovarian epithelial 
cells was 1.3 hours compared to 36 minutes for that of malignant ovarian cells [40]. Posch 
et al. suggested that a decreased half-life (<60 minutes) of TK1 in mammalian 
proliferating cells could be a result of mutation of the binding sites of ATP or dTdR [41].  

However, in human serum TK1 is in complex with macromolecules, which stabilises TK1 
and therefore can be preserved at -20o C for about 10 years. The composition and the 
properties of TK1 in serum are not yet well understood. Results indicate that TK1 in serum 
is in a polymeric form, probably in complex with other serum proteins and thus has a total 
molecular weight of approximately 700 kDa [37]. So far, we do not know the mechanism 
by which human TK1 is released from tumour cells, and then entering the blood stream 
to form a large blood macro-molecular complexes ending up in a stabilized form. 
Anyhow, the stable human TK1 in serum gives us great opportunities to detected human 
TK1 expression in different individual for assessment of the proliferation rate of cells with 
abnormal growth.  

Since the 1980’s, a large amount of published literature and the summary in a published 
book from 2017 [24] have proved that TK1 is an emerging potential proliferating 
biomarker for serological and immunohistochemical (IHC) detection. It can be used for 
the prognosis of relapse and survival and for monitoring of tumour therapy. In addition, 
STK1p is a potential biomarker in healthy screening for the detection of invisible tumour 
malignancy development as well as the discovery of early-stage tumours.  

A schematic graph showing the function of STK1p value correlated with tumour 
size/growth by time is presented in Fig. 21.2. STK1p is associated with the number of 
tumour cells proliferated, from invisible tumour to tumour visible by imaging. STK1p 
value correlates well to tumour size/growth during the early and middle periods of tumour 
growth. When the tumour cell proliferation reached a certain size, however, we found that 
in many cases STK1p decreases with time of tumour growth (advanced cancer), which 
might be due to oxygen and nutritional deficiencies in the centre part of the tumour tissue, 
due to necrosis, or to part of the tumour cells dying or the growth of the tumour cells being 
retarded, although the tumour size is still large [42, 43]. 
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Fig. 21.2. A schematic graph showing the function of STK1p in correlation with tumour growth. 

21.2.3. Methods of Human STK1  

21.2.3.1. Serum TK Activity (STKa) Assay 

Because of the tight coupling between the serum TK enzyme activity (STKa) and 
proliferation rate, it was considered as a sensitive and useful marker for cell proliferation 
and hence for malignancy detection. Since the STKa reflects activity from both TK1 and 
TK2 and from other sources other than human cells (virus, bacterial) the activity is 
denoting just TKa. However, more than 95 % of TK enzyme activity serum corresponds 
to TK1, while less than 5 % corresponds to TK2. The degree of TKa from virus and 
bacterial depends on the degree of infections. TK activity assay can be measured in serum, 
cellular extraction and tissues extract. TK activity levels can be determined using two 
different substrates: 3H-thymidine (3H-dTdR) or 125I-5-iodo-2'-deoxyuridine (TK-REA 
kit, Sangtec Medical AB, Sweden, now DiaSorin, USA). Now a non-isotope substrate by 
the DiviTum kit provided by Biovica International AB (Uppsala, Sweden) or a LIAISON 
kit provided by the Liaison DiaSorin (USA) are available on the market. Although the 
method is relatively effective, the non-specific substrate for detection of TKa in humans, 
could influence the final results if the patient is infected with multiple virus or bacterial 
induced multiple diseases. Such assays are also sensitive to pH and temperature. The 
disadvantage of such technique has probably limited its clinical use. So far the STKa assay 
has been mainly useful in clinical applications since 1984 for monitoring of treatment 
effect, and for prognosis in cases of acute leukaemia and chronic leukaemia (CLL), and 
of Hodgkin and non-Hodgkin’s lymphoma [15, 44-46], and in just a few solid tumours 
[47-49] in the clinical use since 1984. There are no publications on health screening.  
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21.2.3.2. Serum TK1 Protein (STK1p) Concentration Assay 

The concentration of TK1 in serum is very low. Therefore, we needed a highly sensitive 
detection assay. According to previous reports IgY antibody (from hens’ egg-jolk) has its 
advantages over IgG antibody: (1) The phylogenetic distance between mammals and avian 
species causes a high immune response of bird’s antibody (IgY) to mammalian antigens; 
(2) The IgY’s neither activates the complement system nor binds to protein A and G, 
rheumatoid factors (RF) or cell surfaces; (3) Chicken antibodies do not interfere with 
biomolecules in the human body as mouse IgG mab does (denoted HAMA), so they can 
be used to eliminate such interference. Thus, IgY antibodies should theoretically have 
advantages over immunoassays containing mammalian antibodies, especially for tumour 
marker assays; (4) The production of IgY’s is a non-invasive alternative to current 
methods due to the fact that the antibodies are collected from eggs. Chicken is both 
inexpensive and easy to handle. Furthermore, IgY’s does not interfere with proteins A or 
G. This may not simplify the purification, but there are several methods for IgY extraction 
from the egg yolk. Therefore, we produced a new anti-human TK1 chicken polyclonal 
antibody (IgY) against a 31-amino acid synthetic peptide (residue 195-225, GQPAG 
PDNKE NCPVP GKPGE AVAAR KLFAPQ) corresponding to the part of the C-terminus 
of human TK1 [20]. The chicken anti-human TK1 IgY antibody was proved to be specific 
by immunological standard assays and Western blot (Fig. 21.3).  

 

Fig. 21.3. Example 1. Western blot with anti-TK1 IgY antibody. Reductive SDS-PAGE (A): 
Human recombinant TK1 (rHTK1) at concentrations of 15, 3, 0.6, 0.12, and 0.0 pg/well (lanes  
2-6); human lymphoid cells CEM TK1+ (C+, lane 7) and human lymphoid cells CEM TK1ˉ (C-, 
lane 8); lane 1. SDS markers: lysozyme Mr. 14,400; trypsin Mr. 21,500; carbonic anhydrase  
Mr. 31,000; ovalbumin Mr. 45,000; serum albumin Mr. 66,200; phosphorylase B Mr. 97,400; 
isoelectric focusing (B) and native electrophoresis (C): human lymphoid CEM TK1+ cells in the 
absence (lanes 1 and 2 ) and in the presence (lanes 3 and 4) of 200 nM from C-terminal 31 peptide 
of human TK1 [20, slight modification]. Example 2. Native electrophoresis/Western blot with anti-
TK1 IgY antibody (lane 1, 2, 5 and 6). CEM+ and CEMˉcell extracts (lanes 1 and 2) and sera 
samples from one non-Hodgkin’s lymphoma patient (Ps. lane 5) and one disease-free healthy 
person (Hs. lane 6). ß-actin mixed with CEM+ or CEMˉ cell extracts was used as loading control 
(lane 3 and 4). After stripping the gel from the TK1 IgY antibodies, the part of the gel 
corresponding to the β-actin lanes 3 and 4 was treated with β-actin antibody provided by Abcam, 
GE Healthcare, UK, No 8227) [27, slight modification].  
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As stated above, since the concentration of TK1 in serum is very low, we needed a highly 
sensitive detection assay. According to the principle of a highly sensitive biotin-
streptavidin (BSAS) detection system, we developed a commercial STK1p kit 
(www.sstkbiosstk.com, 2006) based on a BSAS/ECL dot blot detection system (biotin-
streptavidin/enhanced chemiluminescence dot blot detection system) (Figs. 21.4A and 
21.4B). A sandwich TK1 ELISA was also produced by AroCell AB, Uppsala, Sweden, 
(www.arocell.com, 2015) (Fig. 21.4D). To enable running the ECL dot blot fully 
automatic system, an automatic magnetic immunoluminescence system has been 
developed and is tested commercially. 

 

Fig. 21.4. Schematic diagram of biotin-streptavidin/immune detection, for examples: A. Three 
steps of biotin-streptavidin/enhanced chemiluminescence dot blot detection system; B. Two steps 
of biotin-streptavidin/enhanced chemiluminescence dot blot detection system, C. Automatic 
magnetic beads (M. B) immunoluminescence system; D. Schematic diagram of sandwich ELISA-
TMB chromophore detection system, both IgG and IgY TK1 Ab are useful. 

The commercial STK1p kit is of more benefit than the TKa assays in clinics, it is fully 
useful in patients with both solid and blood (leukaemia, lymphoma) tumours. Thus, TK1 
is now for the first time an attractive alternative as a biomarker in clinical oncology, 
particular in early discovery of tumours in health screening, but also for monitoring cancer 
treatment (e.g. after operation, chemotherapy, endocrine therapy, radiotherapy  
and/or immunological therapy), and for the prognosis of cancer patients (recurrence and 
survival) [24].  
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Briefly, blood samples (2 ml) were collected between 7 a.m. and 9 a.m. from individuals 
who were in fasting condition. The venous blood drawn was stored for 2-3 h at room 
temperature (RT) in non-heparin tubes, and then centrifuged at 4,000 rpm for  
8-10 min. Three μl of serum were directly applied onto a nitrocellulose membrane 
(Hybond TM-C, Amersham, UK). In the case, serum sample can be immediately stored 
at -20 C, or -80 C until analysis. TK1 calibrators (2.2, 6.6 and 20 pM) were used as an 
extrapolation standard. The membrane was blocked in TBS (Tris-buffered saline) with  
6 % non-fat milk for 30 min and incubated at RT for 2 h after the addition of primary TK1 
IgY antibody. After incubation with a biotinylated secondary antibody for 40 min at RT, 
the membrane was incubated in TBS buffer with SA-HRP, followed by the addition of 
ECL substrate. The light intensity of a single spot on the membrane was detected using a 
CIS-II imaging system (SSTK Inc., Shenzhen, China). Based on the light intensities (OD-
value) of the known concentrations of TK1 standards, the light intensities of the serum 
TK1 spots were re-calculated and expressed as pM [50]. The calibration curve was used 
to enable comparison of STK1p values between different studies.  

The sandwich TK1 ELISA, produced by AroCell AB, Uppsala, Sweden, 
(www.arocell.com, 2015), is based on two mouse monoclonal IgG antibodies raised 
against the C-terminal region of the human TK1 protein (195-225 GQPAG PDNKE 
NCPVP GKPGE AVAAR KLFAPQ) [20]. Serum samples, controls, and calibrators were 
pre-incubated with a sample dilution buffer for 1 h at room temperature. An TK1 
antibody-coated-96-well-ELISA-plate of the kit was prewashed 4 times with washing 
buffer using a Tecan Hydroflex washer (Tecan Group Ltd., Männedorf, Switzerland) 
before adding the incubated samples and calibrators. After a pre-wash, 100 μl of 
calibrators, controls, and serum samples were added to each well, and the plate was 
incubated for 2 h on a rocking platform. After non-binding molecules were washed away 
during 4 × 2 min with the wash buffer, 100 μl of biotin-labelled TK1 antibody was applied 
to each well followed by incubation for 1 h. Then, the plate was washed again 4 times and 
incubated with the SA-HRP (100 μl per well) for 30 min. After the final wash, 
tetramethylbenzidine (TMB) (Thermo Fisher Scientific) was added and allowed to 
develop colour for 15 min, and then quenched with 2N H2SO4. The OD-values in the wells 
were read at 450 nM in an Infinite M200 Micro plate reader. By using the standard curve, 
the average absorbance (OD-values) of the different serum samples in duplicate was used 
to determine the concentrations of TK1 in the serum samples. The inter-assay variation 
was determined from the mean and SD of all serum samples which were independently 
assayed as duplicates in two different experiments [51, 52]. 

Summary: Serum TK1 levels can be detected by TK1 concentration or TK1 activity. 
Different types of commercial TK1 kits are provided for TK1 concentration assay or 
activity assay world-wide. The sensitivity and the specificity of the different types of TK1 
kits can be assessment statistically by Receiver Operating Characteristic (ROC) analysis. 
According to previously published studies, the ROC, sensitivity and specificity of the 
different TK1 assays are summarised in Table 21.1, showing that the BSAS/ECL dot blot 
assay is the most reliable test on the market today (AUC 0.96). Based on the AUC-value 
from the ROC-analysis the reliability is in the order SSTK Ltd > Arocell AB > O’Neil > 
Biovica > DiaSorin.  
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Table 21.1. Sensitivity and the specificity of the different types of commercial human STK kits. 
TK1 was assessed statistically by receiver operating characteristic (ROC) analysis.  

TK1 assay kit AUC 
Risk 

cut-off 
Sens. Spec. 

L.h. 
(+) 

Test number 

STK1 conc. ECL Dot 
blot Kit. SSTK Biotech 
Ltd. China. 
www.sstkbiosstk.com 

0.96 
2  

(pM) 
79.90 % 99.9 % 233.75 

Meta study: non-
cancer diseases  
(n = 6,354), 10 types 
of cancer patients  
(n = 721) [31] 

STK1 conc. Sandwich 
TK1 ELISA Kit. Arocel 
AB. Sweden,  
www.arocell.com 

0.9 
0.35 

(ng/ml) 
50 % 98 % nd 

Breast cancer 
patients, n = 124 [52]. 

STK1 conc. ELISA Kit. 
O'Neill KL., USA 

0.79 
4.9 

(nM) 
75 % 83.30 % nd 

Lung cancer patients, 
n = 40. Healthy 
persons, n = 18 [53] 

STK act. DiviTum 
Assay Kit. Biovica AB, 
Sweden 
www.biovica.com 

0.71 
80 

(U/L) 
26.30 % nd nd 

Breast cancer 
patients, n = 161. 
Healthy persons,  
n = 149 [48]. 

STK act. DiviTum 
Assay Kit. Biovica AB. 
Sweden 
www.biovica.com 

nd 
134 

(Du/L) 
56.30 % 88.4 % nd 

Breast cancer 
patients, n = 160. 
Healthy persons,  
n = 120 [51] 

STK act. Liaison Assay 
Kit CLIA, Diasorin 
USA 
www.diasorin.com 

0.69 
8.2 

(U/L) 
25 % nd nd 

Breast cancer 
patients, n = 161. 
Healthy persons,  
n = 149 [48] 

conc.: concentration; act.: activity; Sens.: Sensitivity; Spec.: Sensitivity; L.h.(+): Likelihood (+);  
AUC = area under the curve; nd: not determined 

21.3. Is STK1p Useful in Clinical Oncology and Health Screening? 

The role of STK1p is to predict risk of malignancy progression and to be used as a 
prognostic factor for relapse and survival; it is also used to monitor the effect of treatment. 
We performed clinical investigations following the guidelines of the Reporting 
Recommendation for Tumour Marker Prognostic Studies (REMARK) and combined it 
with Receiver Operation Characteristic (ROC) statistical analysis of the STK1p assay.  

21.3.1. The REMARK Recommendations 

Notwithstanding extensive investigations into the utility of tumour-related markers in 
oncology and health screening during the last decades, it was difficult to determine the 
specificity of prognostic markers of malignant diseases were because of the lack of a 
standardisation performance. Therefore, the Reporting Recommendation for Tumour 
Marker Prognostic Studies (REMARK) guidelines was created [54]. This guideline was 
established by the US National Cancer Institute (NCI) and the European Organization for 
Research and Treatment of Cancer (EORTC) in 2000. A checklist was published, 
including information about the study design, predesigned hypotheses, patient and 
specimen characteristics, assay methods, and statistical analysis methods.  
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The investigations reported here on STK1p were strictly in accordance with the 
REMARK. The results included both prospective and retrospective studies, with 
reasonable hypotheses, detailed data of patients’ assessment of the prognosis of the patient 
using Kaplan-Meier analysis and multivariable COX analysis, ROC statistical analysis 
and cut-off risk value of STK1p on a large number of persons. The results are based on 
more than 15,000 cancer patients in oncology and 160,086 persons participated in health 
screening. In conclusion, the results show that STK1p is a reliable proliferation biomarker 
for monitoring the effect of treatment [22-25, 27, 28] and for prognosis of malignant 
tumour [24, 26, 29], and especially, for early detection of invisible tumours before the 
symptoms occur. And of particular importance [24, 26, 29], STK1p assay can be used for 
discovery of early tumours in health screening [30-33, 41, 49, 55-57].  

21.3.1.1. Prognostic Potential of STK1p in Breast Carcinoma Patients 

21.3.1.1.1. STK1p Predicts Recurrence of Patients with Breast Cancer 

A retrospective study of STK1p was performed to find out whether STK1p could be used 
in predicting the recurrence of patients with early breast cancer in 2006 [6]. This study 
included a cohort of 120 breast cancer patients, of whom 67 patients were measured for 
their STK1p. The STK1p value was analysed at 21 days and at 3, 6, 9, 12, 18, 24 and  
36 months after surgery. The STK1p at 21 days after surgery was used as an internal 
control. The results are shown in Fig. 21.5. The mean STK1p value at 21 days post-surgery 
was 7.9 ± 9.8 pM, and no difference was found between the mean values of patients with 
and without recurrence. For non-recurrence patients, the STK1p value decreased to 6 pM 
at 3 months after surgery and remained at this level until 36 months. For recurrence 
patients, STK1p levels increased 2.2-fold up to 18 months, a significantly difference 
compared to SKT1p for non-recurrence patients. The recurrence risk ratio was also 
calculated in the study (Fig. 21.6). The estimated cumulative incidence of patients with 
recurrence at 5 years was correlated to the STK1p value at 3 months after surgery to see 
weather STK1p early after surgery could have a prognostic value. The number of 
recurrence patients at 5 years with high STK1p at 3 months was significantly higher 
compared to the number of patients with low STK1p, confirming that STK1p value at  
3 months after surgery has a potential prognostic value. In addition, it is of interest to note 
that the STK1p values were elevated 6 months before signs of recurrence were observed 
by imaging (Fig. 21.6). 

Cox analysis was performed on univariate and multivariate group of patients (Table 21.2). 
There was a significantly difference in recurrence rate between patients with high and low 
STK1p values (p < 0.001 and p = 0.004, respectively). In the multivariate analysis of any 
recurrence at 5 years, the hazard rate ratio was estimated to be 6.1 (95 % CI: 1.3-28.5). 
STK1p was found to be an independent prognostic factor.  

In 40 out of the 67 patients (16 patients with recurrence and 24 without recurrence), 
STK1p was also compared to STKa and CA15-3. While 63 % (10/16) of the patients with 
recurrence showed a significantly higher STK1p value compared to patients without 
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recurrence, no such difference was seen for either STKa or CA15-3 (Fig. 21.7). It is 
obvious from this finding that the results depend on how the STK1 is analysed.  

 

Fig. 21.5. Percentage of STK1p level for non-recurrence and recurrence patients. Percentage was 
used to indicate the increase of STK1p level [26]. 

 

Fig. 21.6. Cumulative incidence of any recurrence (loco-regional or distant recurrence) in breast 
cancer patients with different STK1p values in a controlled clinical trial of adjuvant endocrine 
therapy. STK1p was elevated 6 months before the first recurrence symptoms were observed  
by imaging [26, slighty modified]. 

Table 21.2. Characteristics of the recurrence in patients with breast cancer by univariate  
and multivariate [26, slightly modified]. 

Ratio* Events/patients Univariate Multivariate**  

STK1p  
Loco-

regional/distant 
Hazard risk P Hazard risk P 

< 0.78 2/22 1 1  

0-78-1.08 5/22 2.6 (0.5-13.6) 2.3 (0.4-12.3)  

> 1.08 12/23 7.7 (1.7-34.5) <0.001 6.1 (1.3-28.5) 0.004 
* Ratio between STK1p measured at 3 months and at 3 weeks after surgery. Cut-off points were obtained  
by dividing the STK1p distribution into three equally sized groups.  
** Multivariable analysis for age (≤45 vs ≥45 years), nodal status (no vs yes), tumour size (<20 mm  
vs. ≥20 mm), treatment (yes vs no), ER status (ER- vs ER+) and endocrine treatment.  
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Fig. 21.7. Individual values of STK1p, STKa and CA15-3 in serum of breast cancer patients  
with (R) and without (NR) recurrence, 3 months after surgery. The values are expressed  
in relation to the corresponding values at 21 days after surgery, and given as relative levels (%) 
[26, slightly modified]. 

21.3.1.1.2. Therapeutic Potential of STK1p in Breast Carcinoma Patients 

In a prospective follow-up study (44 months) on neo-adjuvant treated locally advanced 
breast cancer patients (n = 51), STK1p was elevated 18 months before the symptoms of 
recurrence were observed by imaging and correlated significantly to incidence of 
recurrence and survival (Fig. 21.8) [29] . Patients with high STK1p values (>2.0 pM)  
3-6 months after neo-adjuvant treatment/surgery showed a positive correlation to clinical 
stage, tumour size, occurrence of metastasis and survival. Of interest, patients with stage 
III/IV disease and low STK1p values exhibited statistically significantly improved 
survival compared to patients with high STK1p values. 

   

Fig. 21.8. STK1p level in relation to survival (A) and incidence of recurrence (B) of breast 
cancer patients 6 months after neo-adjuvant/surgery treatment. STK1p was elevated 18 months 

before the observation of recurrence [29, slightly modified]. 

STK1p, high 

STK1p, low 
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Patients with high STK1p values (>2.0 pM) at 6 months after surgery had a statistically 
significantly higher risk of developing metastasis (p = 0.002). Also, patients with stable 
disease and progressive disease exhibited significantly higher STK1p values at 6 months 
after surgery compared to patients with complete response to treatment (p = 0.017). 
Patients with high STK1p values exhibited a significantly shorter survival compared to 
patients with low STK1p values at 6 months after surgery. A multivariate Cox analysis 
(Table 21.3) demonstrated that the STK1p levels 6 months after surgery was the only 
independent prognostic factor for metastasis and survival. Thus, STK1p can be used to 
evaluate the effect of neoadjuvant chemotherapy in breast carcinoma patients. 

Table 21.3. STK1p levels 6 months after surgery was the only independent prognostic factor  
for metastasis and survival using multivariate Cox analysis. 

Variables P-values Risk hazard 95 % CI 

STK1p (<2.0 vs ≥2.0 pM) 0.01 8.221 1.67-40.87 

Stage (I/II vs III/IV) 0.087 – – 

Size (<5.0 vs ≥5.0 cm) 0.087 – – 

Age (<50 vs ≥51 years) 0.312 – – 
CI = confidence interval 

The two studies of recurrence in patients with breast cancer proved that STK1p can be 
used to detect invisible tumours before the symptoms occur. The results suggest that the 
STK1p can be useful for detection of invisible small tumours in health screening.  

21.3.1.1.3. STK1p Diagnostic Potential for Monitoring the Response to Surgery  
of Patients with Lung Cancer 

There are a number of clinical studies on STK1p in relation to patients with lung cancer. 
However, most of those studies are based on limited number of cases, making conclusions 
unsure. Therefore, to increase the number of cases, a meta-study was performed and 
described in detail by Lou et al. in 2017 [25]. Patients received extensive open surgery. 
Surgical injury induces a systemic endocrine metabolic response, which is proportional to 
the severity of surgical stress, such as activation of immunological, inflammatory, 
metabolic and endocrine mediators. Oxidative stress is also believed to be part of the 
surgical stress response, associated with myocardial injury, sepsis, pulmonary oedema, 
kidney and liver failure and increased mortality [16, 17].  

The meta-analysis was performed using the RevMan 5.3 software provided by the 
Cochrane Collaboration network. Twenty-one publications were chosen, including health 
controls with no symptoms of tumour and/or infectious diseases (n = 1,694), patients with 
benign disease (n = 268) and patients with lung cancer (n = 2,107). Heterogeneity test 
between the three groups was statistically significant (p < 0.00001, I2 = 98 %). The 
random-effects model to merge the effect quantity was used in the study (WMD = -3.68, 
95 % CI (-5.45~-1.91), p < 0.0001). The expression of STK1p increased significantly  
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(p < 0.0001) in the following manner: healthy group (0.74 ± 0.54 pM) < benign disease 
group (1.27 ± 1.48 pM) < lung cancer group (7.49 ± 8.51) (Fig. 21.9A).  

       

Fig. 21.9. A. STK1p values in health and in benign and malignant patients with lung carcinoma. 
*Benign and malignant groups were significant different from the health group; #significant 
differences between benign and malignant groups. B. STK1p before and after treatment, 
*significant difference [25]. 

The possibility of using STK1p to monitoring the efficiency of the surgery was also 
investigated in this study (Fig. 21.9B). Five publications were used, including pre-
operative (n = 253) and postoperative lung cancer patients (n = 235). The STK1p value 
was decreased by 41.7 % one month after surgery from 4.77 ± 6.33 pM to 2.78 ± 3.75 pM, 
statistically significantly different (p < 0.0001), approximately corresponding to a half-
life of about one month (Fig. 21.9B).  

The half-life index may provide valuable information to the doctors on how to assess the 
patient's treatment effect and offer a reasonable treatment plan in the future, allowing for 
individual therapy for different carcinomas and avoiding overtreatment or changes of 
treatment strategy. The elevated levels of STK1p in patients with recurrence after curative 
surgery therapy also provide new options for evaluating the therapy in a short time period. 
Thus, the half-life index of STK1p may yield information that could improve the survival, 
enhancing the quality of life of the cancer patients.  

21.3.1.1.4. Diagnostic and Prognostic Potential of STK1p in Non-Hodgkin’s 
Lymphoma 

For the first time, Pan et al. [27] showed that STK1p was useful in predicting the outcome 
after treatment with CHOP chemotherapy in patients with non-Hodgkin’s lymphoma with 
follicular small-cleaved cell (n = 13), follicular large cell (n = 6) and diffused large cell  
(n = 18). They found that the STK1p level before chemotherapy and at one day and four 
weeks after chemotherapy differed significantly and correlated to the clinical response 
(complete recurrence (CR) < partial recurrence (PR) < no recurrence (NR) and five-years 
survival. These findings indicate that STK1p might be of great value in evaluating the 
treatment outcome and predicting recurrence of patients with non-Hodgkin’s lymphoma 
(Fig. 21.10).  
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Fig. 21.10. Five-year survival of non-Hodgkin’s lymphoma patients with high STK1p level  
(>2.0 pM) and low level (<2.0 pM) at 28 days after the start of treatment (p < 0.01) [27]. 

21.3.1.1.5. Prognostic Potential of STK1p in Gastrointestinal Cancers  

21.3.1.1.5.1. Prognostic Potential of STK1p in Gastric Cancers 

STK1p can predict the prognosis of gastric cancer 

 (GC) patients. A study on patients with advanced GC, demonstrated that the STK1p 
levels were related to tumour response to chemotherapy and to survival [28]. The results 
showed that the average STK1p level in patients with GC (5.6 ± 3.1 pM) was significantly 
higher than that in healthy persons (1.1 ± 0.6 pM) (p < 0.001). Also, the STK1p level was 
significantly higher in patients before surgery compared to patients after surgery  
(p = 0.049). The STK1p level decreased significantly in patients who achieved an 
objective response (OR), CR, RR or NR, while in patients with progressive or recurrent 
disease, it increased.  

21.3.1.1.5.2. Prognostic Potential of STK1p in Gastrointestinal Cancers 

Recently, a prognostic study of STK1p combined with cytokeratin-19 (CK19) in advanced 
gastrointestinal cancer was reported [30]. The patient group (n = 171, 112 males and  
59 females, mean age 59 years) consisted of preoperative advanced gastrointestinal 
cancer, including esophageal cancer (n = 23), gastric cancer (n = 90), colorectal cancer  
(n = 31), and rectal cancer (n = 27). Patients were followed up for 91 months. Results 
showed that the over-all survival (OS) time of patients with high STK1p/CK19 mRNA 
values was significantly shorter compared to patients with low STK1p/high CK19 values 
(median OS 6.1 vs 9.1 months, respectively; p = 0.028). Based on a multivariate Cox 
regression analysis (Table 21.4), STK1p in combination with CK19 mRNA was an 
independent predictor for OS in gastrointestinal cancer patients (p = 0.024).  
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Table 21.4. Multivariate Cox analysis for overall survival in patients with advanced 
gastrointestinal cancer (n = 96). 

Variables Hazard ratio  95 % CI P 

Gender (male vs female) 0.801 0.390-1.642 0.544 

Age (<50 vs ≥50 years) 0.976 0.948-1.006 0.117 

Metastatic site (1-2 vs 3-4) 1.393 0.570-3.832 1.478 
Route of metastasis (lymph nodes vs 
blood) 

0.91 0.550-2.403 1.15 

Differentiation (poor vs good/moderate) 0.87 0.605-1.250 1.548 
STK1p combined with CK19  
(CK19 positive /STK1p positive vs. 
CK19 positive /STK1p negative) 

0.366 0.152-0.876 0.024 

CI = confidence interval. 

 

21.3.1.1.5.3. Prognostic Potential of STK1p in Colorectal Cancer 

Recently, a large, randomised, retrospective trial study on preoperative STK1p in patients 
with colorectal cancer (CRC, n = 504) proved the STK1p potential for prognosis in 
patients with CRC [24]. Patients were followed up for 3-8 years and pathological stage 
and grade, lymph node metastasis, gender and age were also investigated. This study was 
performed in cooperation with Prof. Wang, Sun Yat-sen University Cancer Centre, 
Guangdong, People Republic of China. There were significantly differences in the 
survival between low and high concentrations of STK1p (Fig. 21.11).  

   

Fig. 21.11. A. Western blot of serum TK1 from a patient with rectosigmoid colorectal cancer 
(clinical stage III) before surgery (1 and 2, duplicate), and after 6 months (3) and from a healthy 
person (4 and 5, duplicate) respectively. B. Kaplan Meier plots of overall survival in relation  
to expressions of STK1p at high (>0.9 pM, n = 325) or low level (≤ 0.9 pM, n = 179) in patients 
with colorectal cancer (n = 504). The log rank p-values are given in the figure. The solid circles 
show the times for censored observations [24]. 
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A significantly worse survival was found among patients with high STK1p values  
(>0.9 pM) compared to patients with low STK1 values (≤0.9 pM) (p < 0.0001). The Cox 
multivariate regression analysis demonstrated that STK1p, clinical stage and lymph node 
metastasis were independent prognostic factors (Table 21.5), but not Dukes stage  
(p = 0.633), gender (p = 0.976) or age (p = 0.520). Thus, STK1p was found to be a 
prognostic and predictive factor for disease overall survival (DOS).  

Table 21.5. COX multivariate analyses. Six variables (STK1p and clinical pathological 
characteristics) in relation to overall survival were multivariate analysed in patients  

with colorectal cancer. 

Six variables 
Using 

multivariate 
analyses 

95 % CI p 

STK1p, low versus high  1.714 1.199-2.451 0.03 

Clinical stage, I+II vs III+IV 1.227 1.004-1.500 0.046 

Lymf node metastasis., no vs yes 1.92 1.575-2.340 <0.000 
CI = confidence intervals 

 

In this study, we also proved by Western blot that our IgY TK1 antibody was highly 
specific in serum from colon carcinoma patients (Fig. 21.11). In Western blot of  
native-PAGE electrophoresis of serum from a rectosigmoid cancer patient prior to 
operation, only one band corresponding to human STK1p was observed. Six months after 
treatment the level of STK1p in serum was reduced to almost invisible, compared to a 
healthy person (Fig. 21.11).  

Using ROC analysis, the AUC (area under the curve) value was 0.88 (p < 0.0001; 95 % 
CI, 0.85-0.90). STK1p cut-off value was set to 0.90 pM based on a likelihood+ value of 
8.3, giving a sensitivity of 0.64 and a specificity of 0.92. Thus, although the AUC-value 
was less than 0.90, the high likelihood+ value (8.3) indicates that the STK1p assay is a 
reliable test for colorectal cancer patients. 

21.3.2. Receiver Operating Characteristic (ROC) Analysis of STK1p  

In the text above we showed that our TK1 IgY antibody has high specificity in human 
serum, proved by immunological standard assays (no cross reactivity) and Western blot 
(only one band).  

Opportunities for identifying high-risk individuals may be further joined by application 
of a Receiver Operation Characteristic (ROC) statistical analysis. The ROC test of STK1p 
was performed individually between malignant patients (n = 720) and normal persons 
including a series of non-tumour diseases (n = 4,103 [31]. The AUC value (area under the 
curve in the ROC analysis) of 0.96 shows a high degree of discrimination between pre-
operative malignant patients (n = 720) and normal people/people with various non-tumour 
illness (n = 4,103) except for pre-malignancies/malignancies [31]. In addition, the 
likelihood (+) value was very high, too (236.5). At a STK1p risk cut-off value of 2.0 pM, 
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the sensitivity and specificity were 0.80 and 0.99, respectively, showing low number of 
false positive cases (1/300) (Fig. 21.12). In conclusion, the STK1p assay developed by us 
achieves high sensitivity and specificity and is therefore useful in health screening. 

 
Fig. 21.12. ROC analysis of the chemiluminescent dot blot assay of pre-operative malignant 
patients (n = 720) of 11 different types of tumours, and normal people/non-tumour diseases  

(n = 4,103) [31]. 

Summary: According to the REMARK recommendations and ROC analysis, the above 
results are definitive showing that STK1p is a reliable proliferation biomarker for 
monitoring efficiency of therapy and prognosis of malignant tumour, and especially, early 
detection of invisible tumours (relapse) before the symptoms occur. STK1p might be a 
potential prognostic marker in patients with a variety of different types of carcinoma and 
provide clinicians a sensitive biomarker to identify subgroups of high-risk patients. 
Furthermore, the AUC value of ROC of 0.96 shows a high degree of discrimination 
between pre-operative malignant patients and healthy people/people with various non-
tumour illness. It is suggested that the STK1p biomarker can be used for discovery of 
early invisible tumour in health screening and be used as a risk warning marker for 
development of malignancy later in life. The STK1p also can be used in combination with 
other prognostic markers, pathological factors (for example immunohistochemical 
staining of TK1) and imaging techniques recommended for routine health screening.  

21.4. STK1p in Application of Routine Health Screening 

The prevention and early discovery of cancer, that is, early discovery of suspicious tumour 
diseases/tumour of small size, are primary in health screening centres. Also important is 
early discovery of precancers and risk diseases associated with tumour progression in later 
life, both for early risk warning and to advise about early treatment, leading to cure 
individually. 
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21.4.1. The Concept of Precancer and Risk Diseases Associated  
with Tumour Progression 

21.4.1.1. Precancers 

It should be noted that precancers are the earliest morphologically discernible lesions that 
present the development of invasive cancer. In fact, the term precancer is often confused 
with many unrelated terms. Currently, the term “intraepithelial neoplasia” is widely used 
by pathologists. There are hundreds of different types of precancers in humans. A more 
extensive listing of precancers was reported by Bergman & Moore in 2010 [58]. Six 
classes were used for precancer classification: (1) Acquired microscopic precancers;  
(2) Acquired large lesions with microscopic atypia; (3) Precursor lesions occurring  
with inherited hyperplastic syndromes that progress to cancer; (4) Acquired diffuse 
hyperplasia and diffuse metaplasia; (5) Currently unclassified entities; and (6) Superclass 
and modifiers [59].  

Every cancer arises from a precancer, although not all precancers lead to cancer. Over 
time, precancer cells must proliferate abnormal, and achieve excess numbers. In epithelial 
tissues delimited by basement membrane, the typical progression of precancer 
development involves expansion of irregular dysplastic cell population, beginning with 
the most basal epithelial cells and expanding into the full thickness of the epithelium. The 
expansion of dysplastic cells confined by a basement membrane is called intraepithelial 
neoplasia. After the normal epithelium is totally replaced by dysplastic cells, invasion may 
occur. Invasion marks the end of the precancer stage of the neoplastic development and 
the beginning of the cancer stage. For example, the process of ductal breast cancer is 
through a series of morphologically distinct precursors: intraductal hyperplasia  
(IDH) → atypical intraductal hyperplasia (AIDH) → intraductal carcinoma or ductal 
carcinoma in situ (DCIS) → invasive breast carcinoma. In clinic, the score of hyperplasia, 
usually by B-ultrasonic assessment, is of mild, moderate and severe types. The breast 
tissue of the subject is in a high risk of precancer progression when the score is of 
moderate or severe hyperplasia [58].  

21.4.1.2. Risk-Diseases Associated with Precancer/Cancer Progression 

Hepatitis B virus (HBV) or hepatitis C virus (HCV) infection: Hepatocellular carcinoma 
(HCC), is one of the most common fatal cancers worldwide. The most clearly established 
risk factor for HCC is chronic infection with HBV or HCV [60-62]. Widespread 
application of HCC surveillance in Asia-Pacific countries depends on economic factors 
and health-care priorities [63].  

Benign tumours: Can benign tumours progress into malignant tumours? In most people 
minds, benign is a neoplasm tumour that is not harmful, and is only an expanding clonal 
lesion that neither invades nor metastasis. However, the frequency of malignant 
transformation varies with the type of benign tumours. In spite of the development of new 
imaging technology, that can recognise the difference between malignant and benign 
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tumours, the findings are only semi-quantitative and still require diagnosis by pathology. 
Some cancers, such as, meningiomas in the brain, are harmful, because such cells push 
surrounding vital structures, and, may occasionally transform into malignant tumours. The 
diagnosis cancer does not encompass benign neoplasms such as skin warts or benign non-
invasive glandular adenomas, even though such lesions may sometimes cause death by 
haemorrhage or obstruction or may undergo progression from benign to malignant. In 
general, the larger the benign tumour is, the greater the likelihood that it may produce 
malignant cells in the future [58].  

Overweight and fatty liver disease: Overweight and obesity are highly prevalent and 
associated with increased risk of a number of the most common cancers. There is 
convincing evidence that having a higher body mass index (BMI) increases the risk of 
developing cancers of the uterus, gallbladder, kidney, colon, cervix and breast (in 
postmenopausal women). Overweight and obese individuals are also probably at higher 
risk of liver cancer, and some evidence suggests they may also be at increased risk of 
cancers of the oesophagus, rectum and ovary, as well as leukaemia, non-Hodgkin 
lymphoma, and multiple myeloma [64]. A recent study estimated that 3.6 % of cancer 
cases diagnosed worldwide in 2012 were attributable to high BMI [65]. For some type of 
tumours, the risk is even up to 20 % – 25 %. The problem of obesity has grown 
tremendously through the 20th century and into the 21st century, slowly transforming into 
an epidemic. Along with it, non-alcoholic fatty liver disease (NAFLD) has become one of 
the major diseases plaguing the nation and world. In the United States, NAFLD is the 
most common cause of liver disease, representing over 75 % of the chronic liver disease 
[66]. This increase was even more dramatic in adolescent populations, where the 
incidence increased by 174 % [67]. The liver carcinogenesis in NAFLD and non-alcoholic 
steatohepatitis (NASH) is a subject of intense research nowadays, since NAFLD is the 
most common chronic liver disease, affecting a great percentage of the population 
worldwide, while hepatocellular carcinoma (HCC), which represents the most common 
primary liver malignancy, is the third leading cause of cancer-related mortality [68]. 

21.4.2. Elevated STK1p Values in Relation to Precancer/Tumour-Related  
Risk Diseases 

The participants who visited health screening centres for regular or annual health 
screening were found to have about 50 % non-tumour diseases and 50 % tumour-related 
risk diseases. People with STK1p ≤ 2.0 pM showed a low risk of cancer progression, while 
people with STK1p > 2.0 pM showed high risk of cancer [21, 31]. The first published 
STK1p application in health screening was performed at the 301 Hospital in Beijing, 
China, during 2006-2007 [18]. This study included 72 people of middle age with no 
symptoms of malignancies or other illness or diseases. Three persons were found to have 
elevated STK1p values (1.8, 7.0 and 7.1 pM) compared to healthy individuals (<0.6 pM). 
Pathology examination showed esophagus squamous cell carcinoma, gastric 
adenocarcinoma and small adeno/squamous carcinomas of the lung, respectively. 
Although a limited study, it indicated that STK1p could be used for early discover of 
persons with malignancies in a group of healthy people, using the STK1p assay. As of 
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December 2016, more than 5 million persons have been tested for STK1p in health 
screenings, of which data from 160,086 persons have been published and have 
demonstrated that our STK1p marker is reliable for assessment of the risk of malignancy 
progress [31-34, 50, 56, 57, 69]. STK1p has also been determined in more than 15,000 
patients of 20 types of malignancies for prognosis and monitoring of therapeutic efficacy 
[24].  

In this part, we showed that STK1p in health screening can be used to discover people at 
risk of developing or already having precancer and tumour-related risk diseases of 
different types.  

21.4.2.1. STK1p Value in Health Screening: Meta studies 

Here, we summarised a meta study of six independent health screening studies with a total 
of 117,707 participants during 2005-2014, according to the original data from published 
papers, including 35,365 participants from Chen et al. in 2011 [31], 26,055 participants 
from Cao et al. in 2014 [32] and 56,286 participants from Wang et al in 2016 [33]. All 
precancers, both benign and with disease symptoms associated with risk of tumour 
progression were assessed by ultrasound or combined with other professional imaging 
equivalents. The mean STK1p value of those with precancers increased significantly  
(p < 0.0001) compared to those of the healthy disease-free people from about 0.4 pM to 
0.6 pM, depending on living conditions (civil servants, other city residents, oil-field and 
urban/rural area dwellers) (Table 21.6). This metastudy shows that (1) the disease-free 
healthy persons were only 1 % – 2 % of the people and thus, about 98 % of health 
screening participants had a variety diseases; (2) the number of people with low STK1p 
values (STK1p ≤ 2.0 pM) and a variety of precancer/tumour-related risk diseases were 
about 50 %, meaning, that when STK1p is low, there is a low risk to develop malignancy; 
(3) the number of people with elevated STK1p values varied between 0.5 % and 5.8 %, 
that is, civil servants were below 1.0 %, while people living in a worse environmental area 
included higher numbers of people with elevated STK1p values. As shown in Table 21.6, 
about 80 % – 85 % of the people with elevated STK1p values had a variety of tumour-
related high-risk processes. In particular, in precancer, the elevated STK1p group  
(STK1p > 2.0 pM) versus the low STK1p group (STK1p ≤ 2.0 pM) was a highly 
significantly different (p > 0.001), for more details see in Table 21.6. An 11-years follow-
up study [24, 31] comparing people with elevated and low STK1p values showed  
at least 3-5 times higher risk of developing malignancies for people with high STK1p 
values.  

The increase in the mean STK1p values was less pronounced among civil servants 
compared to people living in environments with extensive pollution (Table 21.6, oil-field 
and urban/rural area). As reported by city authorities, civil servants participate in annual 
health screening and care very much about their health conditions, while general city 
residents, oil-field works and those in other urban/rural areas do not.  
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Table 21.6. Diseases associated with tumor progression or non-tumor diseases in large-scale health screening. At an optimal risk cut-off value 
of STK1p of 2.0 pM [31], the low STK1p group (STK1p ≤ 2.0 pM) means a low risk of cancer progression and the elevated STK1p group 
(STK1p > 2.0 pM) means a high risk of cancer progression. *1. Pre-cancer [58], including all types of moderate and severe hyperplasia, etc.; 
*2. Ref. ane.: refractory anaemia (pre-cancer); *3. Low risk %: non-tumor diseases; *4. High risk % diseases link to risk of malignant process. 
Since some people have more than one disease, this calculation % was presented how many people in the group (*3 or *4) of the total people. 
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21.4.2.2. Comparison between STK1p of Low and Elevated Groups in City-
Dwelling People 

In the last decade, East Asia has undergone tremendous economic growth and cultural 
globalisation, which has resulted in increasing life expectancy, changing in dietary pattern 
and a more westernised lifestyle. Once considered a disease commonly diagnosed in 
western countries, breast and prostate cancer are now becoming an emerging health 
priority, especially in China’s cities.  

In a health screening study on city-dwelling people (n = 25,767), participants were divided 
into two groups: a low STK1p group (<2.0 pM, n = 25,560) and an elevated STK1p group 
(>2.0 pM, n = 207). Diseases related to cancer process analysed were precancers (such as 
moderate/severe hyperplasia, refractory anaemia, HBV high infection, benign tumour and 
moderate/severe fatty liver (Table 21.6). It was found that the number of people with 
precancer in the elevated STK1p group was statistically significantly elevated compared 
to the low STK1p group (p < 0.0010) (Fig. 21.13A). However, the main risk among 
diseases associated with cancer progression is precancer of moderate and severe 
hyperplasia types (Fig. 21.13B). 

Summary and conclusion: The precancer incident rate was statistically higher among 
people with elevated STK1p. People with moderate/severe types of hyperplasia and 
elevated STK1p should be advised to contact their oncology doctor for further 
investigation regarding diagnosis and reasonable treatment, to better effect a cure in the 
patients.  

The numbers of people with benign tumour and obesity in the low and high STK1p groups 
did not differ significantly, and the number of people with fatty liver in the low STK1p 
group seemed to be higher compared to the group of elevated STK1p group. The 
conclusion is that fatty-liver disease is not directly linked to uncontrolled proliferation, 
although there is a link between fatty-liver and development of liver malignancy. 
Nonetheless, the percentage of people with such problem has increased worldwide during 
the last decade. In some way, such physiological changes are associated with increasing 
risk of a number of the most common cancers, although we don't know the mechanism(s) 
in details. In connection with elevated STK1p values, those people should definitely be 
advised to adopt a healthier lifestyle (maintaining body weight, regular physical activity 
and healthy diet, reducing work stress) and doing regular health screening. One way to 
further keep these things under control is to regularly check the level of oxidative stress, 
another risk-factor for cancer development [for details, see ref 24].  

21.4.2.3. STK1p in Relation to Tumour Malignancies in City-Dwelling Individuals 
and Oil-Field Workers 

Living and working conditions may influence the STK1p level. The percentage of persons 
with elevated STK1p values (>2.0 pM) in a group of city-dwelling and oil-field people 
varied between 0.5 % and 5.8 %. (Fig. 21.14). In contrast to people living in cities, people 
living and working in a land-based oil field (n = 8,869) showed a statistically significantly 
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higher frequency of those with elevated STK1p values (5.8 %, n = 514), tested at the 
Health Centre of the General Hospital of the Jilin Oil-Field, Jilin, China [56]. Although 
the same high frequency of pre-malignancy/malignancy was observed as for the city-
dwelling people (about 85.4 %) in the group of people with higher STK1p values, oil-field 
workers had a statistically significant higher frequency of refractory anaemia, fatty liver 
and obesity. The refractory anaemia frequency was about 40 %, compared to about 1 % 
among the city-dwelling people. Anaemia is one of myelodysplasia precancer disease that 
could progress into leukaemia [70]. The high frequency of refractory anaemia among 
people working in the oil-field may have been caused by benzene toxicity [71, 72]. 

     

Fig. 21.13. Comparison between STK1p low and elevated groups of people living in city.  
A: Number of persons with malignant and pre-malignant diseases; B: Number of persons  
with breast or prostate mild or moderate/servere hyperplasia diseases and fatty liver. *means  
p < 0.0001, ** means p < 0.05 [56]. In A: 1. Malignant; 2. Premalignant;  
3: Refractory anaemia; 4: Benign; 5: Fatty liver; 6: Obesity. In B: 1. Prostate mild;  
2. Prostate moderate/severe; 3. Breast mild; 4. Breast Moderate/Severe; 5. Fatty liver mild;  
6. Fatty liver moderate/severe. 

 

Fig. 21.14. A. Number of people with tumour-linked diseases among city-dwelling individuals 
and oil-field workers. B. Distribution of tumour-linked diseases among oil-field workers [56]. 
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On the other hand, the number of people with breast and prostate hyperplasia was almost 
negligible among the oil company workers, but about 50 % in the city-dwelling group 
(data not shown). Of interest to note, the numbers of workers who were exposed directly 
and long-term to oil-related pollutants (drilling, transportations, geological prospecting) 
was significantly higher in the elevated STK1p group (7.8 %), as compared to people 
working at the service/administration department of that oil-field company (3.9 %)  
(Fig. 21.14B).  

Thus, it was suggested that the level of STK1p in this group of people reflects a higher 
risk of developing cancer in the haematopoietic system (anaemia) [71, 72], after exposure 
to pollutants in connection with oil products.  

21.4.3. Distribution of STK1p Concentration in Healthy and Tumour Disease-
Linked Groups  

21.4.3.1. Characteristics of the Distribution of STK1p Concentration in a Healthy 
Disease-Free Group 

Distribution studies of STK1p concentration on 1,718 confirmed healthy disease-free 
people (985 men, 723 women, aged 18-81 years) from different health centres (Central 
China (n = 404); Southern China (n = 1,106); Northern China 151 (n = 151); Sweden  
(n = 23)), were performed during 2002-2014. An almost normal distribution (Gaussian 
distribution) was found between 0.1 and 0.6 pM (86.9 %) with a limited tail up to 2.0 pM 
(13.6 %) (Fig. 21.15). The mean value of STK1p of the disease-free people was 0.38 pM 
and the median was 0.3 pM, values below the risk cut-off of 2 pM. It is important to note 
that the almost normal distribution indicates that our STK1p assay is sensitive down to 
0.1 pM.  

   

Fig. 21.15. The STK1p distribution of healthy disease-free persons (A) and oil workers (B) based 
on individual data of STK1p values. 
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21.4.3.2. Characteristics of the Distribution of STK1p Concentration in a Tumour 
Disease Linked Developing Group  

The distribution of STK1p concentration of people of a tumour disease link developing 
group (benign non-tumour disease, premalignancies, malignancies) has previously been 
published [24] based on three different health screening centres in China (civil servants 
of Changsha city: n = 11,278 [50]; workers in an oil field, Jilin city: n = 8,869 [56] and 
city residents of Fuzhou city: n = 8,135 [57]. Among the tumour disease inked group, an 
approximately normal distribution (Gaussian distribution) was found between 0.1 and  
0.6 pM with an extensive elevated tail up to 2.0 pM. The mean value of STK1p ranged 
from 0.38 pM in healthy disease-free people to 0.5-0.7 pM in the tumour disease linked 
group (Table 21.6). Here we show an example of STK1p distribution of healthy disease 
free people (Fig. 21.15A) as compared to that of oil workers (Fig. 21.15B). A similar 
approximately normal distribution of STK1p distribution was found among the oil 
workers as was found in the healthy disease-free people. However, there was an extensive 
elevated tail up to 2.0 pM (36.6 %). The mean value of STK1p ranged from 0.38 pM in 
the healthy disease-free group up to 0.56 pM in the oil working group, a significant 
difference. No difference in the mean STK1p values among gender and ages were found. 

21.4.3.3. Evidence for Significant Differences in STK1p Distribution between  
a Healthy, Disease-Free Group and a Tumour Disease Linked Group 

Above, we reported significantly differences in the STK1p distributions between healthy, 
disease-free and tumour disease linked group. However, the results from the healthy 
disease-free group and the tumour disease-linked group were based on data from different 
health screenings independent of each other. To further prove the significant differences 
between these two groups, we show here additional results from one health screening 
study (2011-2014) based on 56,267 participants [33], where a health disease-free group 
was collected from this cohort and compared to the group of tumour disease linked group. 
Those people lived in an urban/rural area, with higher frequency of liver, lung and cervix 
cancers. Most participants did not have annual health screening test and may not have 
cared very much about their health condition. The number of people in the health disease-
free group was only 0.8 % of the total (n = 428). The distribution of STK1p concentration 
(Fig. 21.16A) showed almost normal distribution with a limited tail, similar to that found 
for the healthy, disease-free group collected from the four independently health screening 
mentioned above (Fig. 21.15). The number of people in the STK1p range of 0.1 to 0.6 pM 
was about 87 % of the total and the tail about 13 %.  

The results for the tumour disease linked group were also similar as mentioned above. The 
number of people in the range 0.1-0.6 pM was 51.6 %, but with an increasing tail of  
43.9 % in the range of 0.6-2.0 pM, a statistically difference (p < 0.0001) (Fig. 21.16B).  

Thus, there is a significant difference in the distribution of STK1p concentration 
distribution between healthy disease-free people and people with diseases linked to 
tumours.  
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Fig. 21.16. The STK1p distribution of healthy disease-free people (A) and tumour disease linked 
people (B) based on individual data of STK1p values (n = 56,267) in the health screening. 

In an additional STK1p distribution study [34] on a cohort of 42,383 civil servants  
(male = 24,194, female = 18,189; aged 20-79 years) in a health centre of Changsha city, 
Hunan, China, similar distribution results were found to those reported above. The number 
of people in the range of 0.1-0.6 pM was 70.1 % with an increasing tail up to 28 % in the 
range of 0.6-2.0 pM (Fig. 21.17A). The result was similar to that shown in Fig. 21.16B; 
however, the increases in the mean STK1p values were less pronounced among the civil 
servants compared to people living in the urban/rural area. These results show that the 
distribution of STK1p concentration distribution may differ depending on living 
conditions (civil servants/city vs urban/rural). It was reported that the civil servants 
participated in annual health screening and care very much about their health conditions, 
while people living in urban/rural areas do not.  

 

Fig. 21.17. A. The STK1p distribution of 42,383 city residents based on individual data of STK1p 
value. B. STK1p in relation to ages. Based on the cohort of 42,383 city residents seen in figure A, 
14,960 participates were selected, excluding those with main diseases associated with tumour 
proliferation [Original data from ref. 34]. 
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In the study of STK1p concentration reported above [34], the health disease-free group 
still contained people with some disease linked tumour progression, but of minor degree 
type (Fig. 21.17A). Thus, based on the cohort of 42,383 city residents,  
14,960 participants (9,586 males and 5,374 females, ages 20-79 years) were selected for 
further investigations of STK1p concentration distribution investigation [34]. Excluded 
were people with the main diseases associated with tumour proliferation that is precancer 
(moderate/severe types of hyperplasia of breast, prostate, gastrointestinal, cervix, liver 
cirrhosis, refracittory anaemia). Also excluded were people with risk-diseases associated 
with tumour progression such as, liver disease, moderate/severe fatty liver, high risk for 
hepatitis B, abnormal liver function, obesity and benign tumours (such as renal, thyroid,); 
and any of the following conditions: severe cardiac disease; using any medication that 
could affect STK1 levels such as exogenous hormone therapy; pregnancy; or acute illness 
such as inflammation/virus infection within 4 weeks. Included were people with minor 
type of proliferating /chronic/non-tumour diseases. Similar results were found as shown 
in Fig. 21.16A. The results in Fig. 21.17B show that STK1p value was litter higher at  
20-24 years, but then decreased and reached a plateau value of 0.35 pM in late adulthood. 
Thus, the result from the health disease-free group obtained by us (Fig. 21.16A) and 
people with minor proliferating /chronic/non-tumour diseases (Fig. 21.17A) show similar 
STK1p values, significantly lower compared to people with pre-malignancies or risk 
diseases associated with tumour progression. We concluded that STK1p could distinguish 
between people of healthy disease-free/minor proliferating /chronic/ non-tumour diseases 
and people with pre-malignancies or risk diseases associated with tumour progression.  

All the above results proved that there are differences in the STK1p distribution between 
healthy disease-free people/minor proliferating /chronic/ non-tumour diseases and people 
with disease linked to precancer. This indicates that our STK1p assay is a reliable test 
below 2.0 pM for pre-malignancies or a variety of diseases associated with the risk of 
cancer progression later in life. It proves that the STK1p assay developed by us achieves 
high sensitivity and specificity and therefore should be useful in routine health screening. 
STK1p can be an alternative or complementary approach for discovering the process of 
early malignancy.  

21.4.3.4. Distribution of Concentration of STK1p, AFP and CEA, a Comparative 
Study in Health Screening 

So far, there are few tumour-related markers for early tumour screening in routine health 
centres today. Examples of such markers are CEA (carcinoembryonic antigen) and AFP 
(alpha-fetaprotein). Although they do not directly assessing the rate of tumour 
proliferation [36], such markers are in commonly used for tumour screening.  

To understand whether to use STK1p, CEA or AFP markers for early risk screening of 
pre-malignancy or diseases related to cancer in a routine health centre, we determined the 
distribution of concentration of STK1p, AFP and CEA in relation to progressive age in a 
cohort of 56,178 persons, in which 89 malignant patients were excluded [33]. The study 
was done at a health centre in south-east of China (QuanZhou, Fujian province), an area 
with higher frequency of liver, lung and cervix cancers, during 2011-2014. The study was 
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divided into three age groups: 21-40, 41-60 and <61 years. Each age group was further 
divided into three groups: (1) of the total of 56,178 people, 428 persons were healthy 
disease-free individuals; these were used as controls. The other groups were (2) persons 
below the cut-off value of STK1p, AFP, CEA and PSA (low-risk group) and (3) persons 
above the cut-off value of STK1p, AFP or CEA (elevated-risk group). Since there was no 
significant difference in the STK1p, AFP and CEA values between men and women, their 
individual values of them were put together. The mean and median values of STK1p, CEA 
and AFP in the different groups are summarised in Table 21.7. 

Table 21.7. The mean value and median of STK1p, AFP and CEA with progressive age. 

A. STK1p 
(pM) 

1. Disease-free  
(0.05 ~ 1.82) 

2. Health screening 
(STK1p ≤ 2 pM) 

3. Health screening 
(STK1p >2 pM) 

p value  
1 vs 2  

Age  Mean ± SD Median  Mean ± SD Median Mean ± SD Median  (●Mean) 

21-40 ys. 0.22 ± 0.11●  

(n = 25) 
0.18 

0.71 ± 0.57● 
(n = 20535) 

0.52 
3.79 ± 3.66 
(n = 952) 

2.895 0 

41-60 ys. 0.40 ± 0.32● 
(n = 363) 

0.33 
0.67 ± 0.53● 
(n = 28090) 

0.51 
3.66 ± 2.40 
(n = 1046) 

2.97 0 

>60 ys. 0.32 ± 0.19● 
(n = 40) 

0.25 
0.67 ± 0.52● 
(n = 5331) 

0.52 
3.81 ± 3.61 
(n = 213) 

2.82 0 

Summary 0.38 ± 0.30● 
(n = 428) 

0.31 
0.69 ± 0.55● 

(n = 53956） 
0.52 

3.79 ± 3.48 
(n = 2211) 

2.91 0 

B. AFP 
(ng/ml) 

1. Disease-free  
(0.22 ~ 12.67) 

2. Health screening 3. Health screening  
(AFP >10 ng/ml) 

p value  
1 vs 2   (AFP ≤ 10 ng/ml) 

Age  Mean ± SD Median  Mean ± SD Median Mean ± SD Median  (●Mean) 

21-40 ys. 2.84 ± 1.82  
(n = 24) 

2.425 
2.74 ± 1.42 
(n = 18732) 

2.54 
50.22 ± 
136.18  

(n = 182) 
14.31 0.73 

41-60 ys. 3.99 ± 1.98● 
(n = 211) 

3.63 
3.29 ± 1.59● 
(n = 25632) 

3.06 
35.65 ± 
136.80  

(n = 309) 
12.38 0 

>60 ys. 3.53 ± 1.79  
(n = 15) 

3.72 
3.28 ± 1.54 
(n = 4401) 

3.08 
70.61 ± 
221.98  
(n = 36) 

12.76 0.531 

Summary 3.85 ± 1.97● 
(n = 250) 

3.54 
3.08 ± 1.55● 

 (n = 48765) 
2.87 

43.07 ± 
144.18  

(n = 527) 
12.77 0 

C. CEA 
(ng/ml) 

1. Disease-free  
(0.10 ~ 10.04) 

2. Health screening 3. Health screening 
(CEA > 5 ng/ml) 

p value  
1 v. 2  (CEA ≤ 5 ng/ml) 

Age  Mean ± SD Median  Mean ± SD Median Mean ± SD Median  (●Mean) 

21-40 ys. 
1.48 ± 0.91 

1.43 
1.65 ± 0.97  

(n = 18149) 
1.49 

6.58 ± 2.31 
(n = 268) 

5.96 0.391 
(n = 24) 

41-60 ys. 2.11 ± 1.24● 
(n = 198) 

1.915 
1.92 ± 1.03● 
(n = 24573) 

1.76 
8.23 ± 16.93 
(n = 1050) 

6.31 0.01 

>60 ys. 2.77 ± 1.95  
(n = 14) 

2.235 
2.31 ± 1.10 
(n = 4051) 

2.19 
16.58 ± 86.20 

(n = 347) 
6.28 0.12 

Summary 2.09 ± 1.28● 
(n = 236) 

1.86 
1.85 ± 1.03● 

(n = 46773) 
1.68 

10.89 ± 47.94 
(n = 1686) 

6.24 0 
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There were significantly higher STK1p values in the low-risk group compared to the 
healthy disease-free group (Table 21.7A) in all age groups (21-40, 41-60, >60 years). 
Putting all age groups together the mean value of STK1p in the low-risk group was  
0.69 ± 0.55 pM compared to 0.38 ± 0.30 pM in the healthy disease-free group (p < 0.0001) 
(Table 21.7A).  

A significantly increase in the STK1p, AFP and CEA values by progressive age in the 
healthy disease-free group was found in the low-risk group (Table 21.7). No significant 
difference was found in the STK1p, AFP and CEA values in the elevated-risk group by 
progressive age (Table 21.7).  

In contrast to STK1p, AFP values in the low-risk group (<10.0 ng/ml) were lower in all 
age groups compared to the healthy disease-free group, although not significantly  
(Table 21.7). The mean value of all age groups together in the low-risk group was  
3.08 ± 1.55 ng/ml compared to 3.85 ± 1.97 ng/ml in the healthy disease-free group, 
showing an inverse significant difference.  

As in the case of AFP, CEA values were also lower in the low-risk group (<5.0 ng/ml) 
compared to healthy disease-free group (Table 21.7). The mean value of CEA of all ages 
together in the low-risk group was 1.85 ± 1.03 ng/ml compared to 2.09 ± 1.28 ng/ml in 
the healthy diseases-free group, showing an inverse significant difference (Table 21.7). 
No significantly differences between the progressive ages were found.  

The distributions of AFP and CEA in healthy disease-free and tumour disease linked 
subgroups in the healthy screening group were very similar and appeared to be an almost 
normal distribution (Fig. 21.18). 

Summary: STK1p values in the health disease-free group were approximately normally 
distributed between 0.1 and 0.6 pM (86.9 %) with a limited tail up to 2.0 pM (13.6 %). 
The mean STK1p value was 0.38 ± 0.30 pM. On the other hand, in the health screening 
group of people at low-risk group (below the cut-off value of 2.0 pM) the number of 
persons in the concentration range of 0.1-0.6 pM decreased to 53 %, while the number of 
persons in the range 0.6-2.0 pM increased to 43 %, resulting in an elevated mean value of 
STK1p of 0.7 pM. The number of persons in the high-risk group (>2.0 pM) also increased 
to 4.0 %. In contrast to STK1p, no changes in the mean values and concentration 
distributions were found for AFP and CEA between healthy disease-free and low-risk 
groups (below cut-off values). AFP and CEA concentrations were normal distributed with 
almost no tails. Furthermore, there were no differences in the mean values and 
concentration distributions among gender and ages of STK1p, AFP and CEA. A likely 
explanation for why STK1p values increased in the range of 0.6-2.0 pM, but not AFP and 
CEA did not is that (1) STK1p is a proliferation marker; (2) pre-malignancies and diseases 
linked to development of tumour are related to proliferation; (3) a high frequency (~50 %) 
of people with pre-malignancies and diseases linked to development of tumours were 
found in the low-risk group; (4) CEA and AFP, as with many other tumour-related bio-
markers, are substances produced, not only by the tumour, but also by other type of cells 
in the body in response to premalignancy and malignancy.  
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Fig. 21.18. Distribution of AFP and CEA in healthy disease-free group (A and C) and in tumour 
disease linked groups (B and D) in health screening. 

Of particular interest is the close correlation between elevated STK1p values of the low-
risk group (0.6-2.0 pM) and presence of moderate/severe type of pre-malignancies and 
diseases linked to development of tumours in liver and prostate. This type of correlation 
was, however, not found for AFP and CEA, supporting STK1p as a more reliable 
biomarker for early detection of pre-malignancies and diseases linked to development of 
tumour compared to other tumour-related markers. Furthermore, since STK1p is a 
proliferation marker, it also indicates that these types of pre-malignancies found in the 
low-risk group are linked to abnormal cell proliferation. Although it is known from 
previous health screenings, that people with STK1p values above cut-off values (>2.0 pM) 
have 3-5 times higher risk of developing malignancies compared to persons with STK1p 
values below the cut-off value, our results here show that even those persons with STK1p 
values in the range of 0.6-2.0 pM have an increased risk to develop pre-malignancies. 
Thus, people with STK1p values between 0.6-2.0 pM should be a little concerned and 
should check up their health from time to time, however, not as frequently as those people 
with STK1p values above the cut-off value (>2.0 pM).  

From the summary, it is obvious that even at STK1p values below the recommended cut-
off value of 2.0 pM, that is 0.6-2.0 pM, there is an increased risk to develop pre-
malignancy and in the end malignancy. How to use the STK1p in routine health screening? 



Chapter 21. Serum-Biomarker Thymidine Kinase 1 for Early Discovery of Tumour Process –  
160,086 Participants Using a Sensitive Immune-ECL-Dot-Blot Detection System 

543 

We suggest that the STK1p concentration should be combined with that of individuals 
who have been proved to have pre-malignancy or diseases associated with the risk process 
of malignancy specifically. In addition, the individual STK1 values in health screening 
should be divided into two STK1p sub-groups: 1. For individuals at an initial risk step of 
development of pre-malignancy or diseases associated with the risk process of malignancy 
with STK1p values of 0.6-2.0 pM, annual health screening is recommended; 2. Individual 
at a high risk step of development of malignancy or diseases associated with the risk 
process of malignancy with STK1p > 2.0 pM, should be referred to an oncology doctor 
for early discovery of tumour and to start treatment, increasing the chance of cure for the 
cancer patient. The use of two-step risk assessment in health screening would increase the 
efficiency of discovering people at risk for developing malignancy later in their life.  

21.4.4. Cancer Incident Rate in Health Screening 

21.4.4.1. Cancer Incident Rate in Health Screening 

With increasing incidence and mortality, cancer is the leading cause of death and is a 
major public health problem. Four of the 10 major types of cancer in China are lung, liver, 
stomach and oesophagus, according to the Chinese cancer registries (2009-2011) [73]. 
This cancer register also differs between urban and rural-dwelling people (see Table 21.6). 
The cancer incident rates are higher in men than in women (234.9 versus 168.7, 
respectively, per 100,000) and are higher in rural areas than in urban areas (213.6 versus 
191.5, respectively, per 100,000), but still relatively low compared to western countries. 
Southwest China has the highest cancer incidence rates, followed by North and Northwest 
China. Central China has the lowest incidence rate. However, although the cancer incident 
rates are still low in China, they are on the way up. In some of the larger cities in China, 
the cancer incident rates have increased by 4-5 times during the last five years [33].  

To deal with the uncontrolled increase in the cancer incident rate, WHO has suggested to 
focusing on prevention and early detection of tumours. The updated nation-wide estimates 
of cancer burden and time trends presented here are critical to understanding the aetiology 
of cancer and the effectiveness of prevention, early detection, and management of cancer 
worldwide, particular in China.  

The cancer incident rate found in China (0.2 %) is less than in the western countries  
(0.4 % – 05 %). In a meta-study of three health screening centres [31] the cancer incident 
rate based on all participants was 0.011 % (4/35,362). The main reason for the very low 
cancer incident rate found in health screening centres in China is that most people in China 
are unaware of possible tumour in the body, until they have suspected tumour-related 
symptoms. They then go to the oncology doctor, bypassing the health centres. This is 
perhaps bad, since with tumour-related symptoms it might indicate a large, aggressive 
tumour or metastasis to a distant part of body. It could be too late to run successful therapy 
of any types. To deal with this problem, the Chinese government has decided to reorganise 
the health screening work so that people with pretumours or early small tumours can begin 
treatment as early as possible to increase the chance for cure. Now Chinese people have 
started to understand the important of routine health screening for early detection of 
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tumours and early treatments. In addition, people in the health screening metastudy with 
high and low STK1p values were followed up for 11 years. The cancer incident rate in the 
STK1p elevated group (STK1p > 2.0 pM) at 11 years was 9.4 % (16/170) compared with 
0.16 % (10/6,354) in the low STK1p group, indicating a higher risk of about 59 times for 
people with elevated STK1p values to develop new malignancy over time.  

A similar health screening study on 56,286 people out of a cohort of 486,085 people was 
performed during 2011-2014 at Fujian 180 Hospital, Quanzhou, China [33]. This area 
shows high incidence of cervical, liver and lung cancer. The number of people with 
malignancies found in the group of 56,285 people was 89. The results showed that cancer 
incident rates of all type of tumours together increased by 4.5 times from 0.048 in 2009 
to 0.220 in 2014. While the cancer incident rates of cervical, liver, lung, kidney, stomach, 
colorectal and breast increased, the cancer incident rates for oesophagus, leukaemia and 
thyroid were almost unchanged during the six-year period. 

The people in the health screening study [33] were divided into four age groups: 13-20, 
21-40, 41-60 and >61 years old. No person with a malignant tumour was found in the 
group of people aged 13-20 years. In the groups of people aged 21-40, 41-60 and  
>60 years, the numbers of persons with malignant tumours were 7, 57 and 25, 
respectively. The cancer incidence rate increased by age from 0.032 in the group of people 
21-40 years up to 0.44 among people above 60 years of age (Fig. 21.19A). There was a 
statistically significant increase in the cancer incident rate between the elevated STK1p 
group and low STK1p group by progressive age (p < 0.00001)) of 3-5-fold (Fig. 21.19B). 
Possible reasons for the increased cancer incidence rate in Quanzhou area are that it is an 
intersection of urban and rural areas with a historical of life-style that results in such a 
high incidence rate of cervical cancer, liver cancer, and lung cancer and/or a lack of health 
education. 

     

Fig. 21.19. Cancer incident rate in relation to ages. The values in the brackets are the numbers  
of people with malignant tumours in relation to the total number of people investigated (A). 
Comparison between STK1p low group and elevated group in relation with ages (B).  
* Significant difference between low and high STK1p. 
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21.4.4.2. STK1p Compared to AFP, CEA and CA19.9 in Respect to Mortality  

The prognosis of 89 patients with different types of carcinoma (liver = 30, cervical = 20, 
lung = 17, esophagus = 7, colon = 5, renal = 5, gastric = 3, thyroid = 1, leukaemia = 1) 
from a cohort of 56,285 people in a health screening was investigated [33]. The serum 
concentrations of STK1p, CEA and AFP were determined before operation/ 
chemotherapy. Elevated STK1p values were found to have poor prognoses compared to 
low STK1p values [18]. The serum reference cut-off values of STK1p, CEA and AFP 
were 0.5 pM, 5.0 ng/mL and 10 ng/mL, respectively. Fifty-five (55/89) of the cancer 
patients were followed-up for 10-40 months. Patients with elevated STK1p values showed 
a significantly higher mortality, while people with high CEA or high AFP did not (Fig. 
21.20A). It was also found that people with high STK1p values were a statistically 
significant 8.5 years older compared to people with low STK1p values, statistical 
significance. No such significant differences in the ages were found in the groups of CEM 
or AFP (Fig. 21.20B). 

     

Fig. 21.20. A. Numbers of dead/living patients with low and elevated STK1p, CEA and AFP  
10-40 months after follow-up. B. Mean age of patients with low and elevated STK1p, CEA  
and AFP. The statistical test of the numbers of dead/living patients was done by Chi-square test, 
while the statistical test of the age distribution was done by Student’s t-test [33]. 

These results were confirmed in a retrospective 3-8 years follow-up study on colorectal 
carcinoma patients (n = 504, Prof Wang, Sun Yat-sen University Cancer Centre, 
Guangzhou, China) where the sensitivities of STK1p, CEA and CA19.9 in relation to 
mortality were investigated, singly or in combination. The STK1p was significantly more 
sensitive (72 % – 75 %) compared to CEA (43 % – 51 %) and CA19.9 (22 % – 32 %), 
depending on left or right side of colon carcinoma or rectal carcinoma types. There was 
low risk of mortality when the STK1p concentration was low (0.9 pM an optimal cut-off 
by ROC analysis) and the CEA was low (<5 ng/ml) or high (>5 ng/ml) or the CA19.9 was 
low (<35 ng/ml) or elevated value of CA19.9 (>35 ng/ml). However, when the patients 
showed high STK1p (>0.9 pM,)/low CEA (<5 ng/ml) or high STK1p (>0.9 pM)/low 
CA19.9 (<35 ng/ml), the risk of dying was doubled or more. High CEA or high CA19.9 
did not further increased the risk of mortality at high STK1p value. Thus, CEA and 
CA19.9 did not add any new information concerning mortality compared to STK1p  
alone [24].  
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In conclusion, STK1p is a more reliable marker for mortality compared to CEA, CA19.9 
and AFPs 

21.4.4.3. STK1p Value in Relation to Individual Follows-Up 

STK1p is a precise target to assessment cell proliferating rate. Therefore, it can be used 
as a potential abnormal cell proliferating marker for monitoring the risk process of 
precancerous lesions or to discover invisible small tumours individually. STK1p is the 
most effective assay that can be used for regular monitoring of abnormal proliferating rate 
individually over time. Abnormal cell growth is a process that is important to determine 
when trying to predict the risk of tumour development and hopefully the end of the cancer 
process.  

A 11-years follow-up study [33] with people of elevated STK1p values (n = 170) and on 
randomly selected people with low STK1p (n = 6,354) showed 3-5 times higher risk to 
develop malignancies among people with elevated STK1p values, compared to people 
with low STK1 values (Fig. 21.21). This risk value of 3-5 times was calculated from an 
expected cancer incident rate of 0.2 % among the people with low STK1p, based on 
official cancer statistic in China. If the number of people with new malignant tumours 
actually found in the STK1p group were used instead the risk rate would be even higher, 
by about 60 times. The new malignancies appearing in the STK1p elevated group during 
the 11-years follow-up time were gastric, liver, ovarian and prostate carcinomas. 

    

Fig. 21.21. Numbers of persons with new malignancies, death and progress into pre-malignancies 
after follow-up of 6 (A) and 11 years (B). 

The kinetics in the increase of the new malignant tumours was also different between the 
groups with high and low STK1p (Fig. 21.21). The appearance of new tumours in the low 
STK1p group was delayed by 6-11 years, while the new tumours in the high STK1p group 
appeared after 0-6 years. Thus, development of tumours is a slower process among people 
with low STK1p compared with to people with high STK1p. However, it is important to 
note that cancer incident rates vary between populations depending on living and working 
conditions. In this study, the people with low and high STK1p values were recruited  
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from the same population and thus it was possible to compare them with each other in a 
reliable way.  

Summary: When STK1p was used for kinetic monitoring follow-up individually for  
11 years, it was demonstrated that people with elevated STK1p values had a higher risk 
for progress into malignant tumours of at least 3-5-fold, compared with people with low 
STK1 values. The risk for tumour development could be even higher, depending on the 
type of calculation. It may be that early precancer has the longer time for development of 
malignancy and thus a greater chance for regression.  

21.4.5. Individual Cases of STK1p in Short- or Long-Term Follow-Up  

Here we present examples of individual cases in short- and long-term follow-up. STK1p 
rises earlier than clinical signs appear, giving an early warning. STK1p is a convenient 
assay for prognosis and for monitoring treatment of patient. STK1p combined with 
imaging or TK1 immunohistochemical staining might be a more reliable assessment of 
abnormal cell proliferation rate than STK1p alone.  

In the following examples of cases the red dotted line in the figures represents high risk 
cut-off STK1p value for developing malignancy or diseases associated with the risk 
process of malignancy when STK1p >2.0 pM. The black dotted line represents initial risk 
cut-off STK1p value for developing premalignancy or diseases associated with the risk 
process of pre-malignancy when STK1p tends to rise 0.6-2.0 pM.  

21.4.5.1. Elevated STK1p is Associated with Increased Size of the Benign Tumour 
Tissue 

In most people's minds, benign means a neoplasms tumour that is not harmful. However, 
the frequency of malignant transformation varies with the type of benign tumour. In 
general, the larger the benign tumour is, the greater the likelihood that it may progress 
into malignant tumour in the future [58]. There would be no or very limited cancer 
development in the future if the amplified benign tumours were treated early.  

Case 1. A woman was found to have at least three types of proliferating diseases linked 
to malignant development risk during the period of 2003-2014 (Fig. 21.22). In 2003 
adenomatous polyps was found in her stomach. At that time, no STK1p test was yet 
available, but it started to be used in 2008 to assess the risk of benign proliferating 
progression. During 2007-2010 follicular cervicitis and hyperplasia and fibrocystic 
disease of the breast were detected corresponding to elevated STK1p values of 2-3 pM. 
The breast cysts increased from 4×5 mm in size in 2010 to 8×7 mm in 2013, and were 
assessed as a suspicious malignancy at the end of this period. In parallel, during  
2008-2014, the STK1p values increased from 2.0 to 7.6 pM. Based on this information, a 
minimally invasive surgery using the Mammotome®Biopsy System was performed. 
Furthermore, histological and TK1 immunohistochemnistry staining investigations on the 
hypoechoic nodules showed an expanding fibrocyst type, but no evidence of 
precancer/cancer. The TK1 immunohistochemistry on the cyst tissue showed strong 
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staining of TK1 in the ductal epithelial cells and thus confirmed the abnormal proliferation 
in the lesion. One week after the surgery, the STK1p value decreased to almost normal 
values (1.6 pM), but then fluctuated above 2.0 pM for the next 7 months. Furthermore, 
when the patient was re-examined, small foci with squamous cell hyperplasia in ulcerated 
cervix, as well as flat gastric erosive lesions were identified, but not treated; this may 
explain why the STK1p values did not return to normal values (Fig. 21.22). Now the 
patient is currently being followed up using STK1p analysis combined with 
imaging/pathology in order to begin therapeutic intervention as early as possible to avoid 
the risk of developing cancer and end of cancer process in the future [74].  

 

Fig. 21.22. The STK1p values detected during a follow-up period of 84 months. The sizes  
of the breast fibrocysts are shown in the boxes [74]. 

Case 2. A woman (aged 51 years) was found by B-ultrasound to have multiple myomas 
with a size of 2×2 cm, chronic cervix inflamation and endometritis (Fig. 21.23) in 
December 2015. The other tests were normal. The STK1p value was 1.36 pM. The STK1p 
continuously increased to 10.76 and 5 months later a right side of the capsule cysts was 
discovered (1×1 cm) by B-ultrasound. The patient was treated with anti-inflammatory 
Chinese drugs. The STK1p values declined from 10.76 to 4.32 pM during a time period 
of 9 months. However, half a month later the size of myoma with calcific degeneration 
had increased to 3.1×2.7 cm, the right ovarian cyst also expanded to 6.6×4.6 cm with 
cystic solid, detected by vaginal ultrasound and MRI. Because of that, hysterectomy and 
adnex removal by laparoscopy were performed. The pathologist reported that the myoma 
was expanding to 4.5×4.5 cm and the right ovarian cyst to 8.4×4.0 cm. The 90-day and 
120-day post-operative STK1p values were 3.83 pM, and 1.9 pM, respectively  
(Fig. 21.24). The imaging and other tests showed normalities. The TK1 
immunohistochemical staining was 10 % – 15 % of positive for cervical squamous 
epithelial and endometrial hyperplasia (Fig. 21.24). (Reported by Dr Xiaowei Yang, 
Health Screening Center of Tianjin Hospital, China, 2017).  
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Fig. 21.23. The STK1p values detected in a patient with benign cervix disease during a follow-up 
period of 18 months. The size of the myoma and ovary are shown in the boxes. 

 

Fig. 21.24. Peroxidase DAKO EnvisionTM system staining of TK1; arrows point to TK1 staining 
of brown and yellow colours in cervix tissue. 

Case 3. In November 2016, a women (aged 40 years) was detected as having STK1p of 
0.3 pM and no other abnormalities (data provided by Dr Wong Yoke Meng.) Six months 
later the STK1p increased to 1.8 pM, in parallel with discovery of thyroid nodules (right 
lobe 23.6×22.9×53.9 mm, left lobe 18.6×17.5×44.9 mm). Isthmus was thickened  
(4.0 mm). (Fig. 21.25). After further four months the patient started treatment with oral 
anti-thyroid nodules drugs for 21 days, which resulted in a shrinking of the thyroid nodules 
and a decrease of STK1 value to 0.8 pM. Two months after the treatment ended the STK1p 
was down to normal value (0.3 pM). Thyroid nodules are very common in the general 
population and are usually benign (85 % – 95 %) [75]. STK1p might be as an accurate 
proliferating marker in benign thyroid tumours for assessment of the effectiveness of 
treatment.  
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Fig. 21.25. STK1p for assessment of the effectiveness of treatment in a volunteer with benign 
thyroid tumours (Data provided by Dr Wong Yoke Meng on 28th Oct 2017 at HOME Medical 

Investigating Centre at 1221 Ocean Centre, TST, Hong Kong SAR). 

21.4.5.2. Elevated STK1p Predicts an Earlier Risk Assessment of Malignant 
Tumour than Imaging  

Case 1. A woman (aged 57 years) visited a health centre for annual routine health 
screening in March 2011. The STK1p level was rather low and other tests were normal 
without any symptom of malignant tumour (Fig. 21.26).  

 

Fig. 21.26. Elevated STK1p was found 12 months before discovery of lung cancer by imaging 
(Data provided by Prof. Z. H. Chen, Healthy Centre of the Third XiangYa Hospital,  

ZhongNan University, China). 

Twelve months later the STK1p was significantly elevated to 3.3 pM, but no symptom of 
malignant tumour was found. However, after a further 2 months, the patient was 
diagnosed with a right lobar lung cancer by CT and pathological identification, and a 
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radical surgery was then performed. The patient was followed up for 26 months by STK1p 
combined with CT. STK1p was very low and CT showed tumour-free. So far, the patient 
is well recovered. 

Case 2. A man (aged 60 years) without any symptom of malignant tumour was 
participated in an annual routine health screening in 2013 (Fig. 21.27). STK1p was  
1.1 pM and other detections were normal. After six months, STK1p started to increase 
and reached about 11 pM 15 months later, while the other tests were still normal. 
However, four months later the patient was diagnosed with lung cancer by CT and 
pathological identification, followed by radical surgery and a decreased STK1p value. The 
patient was treated with chemotherapy after the surgery and the STK1p value was 
followed up for 3 months. Due to the additional chemotherapy, the STK1p values 
fluctuated, but returned back to normal value after 3 months. At time for publication the 
patient is still in follow up mode. 

 

Fig. 21.27. Elevated STK1 appeared 8 months before lung cancer was discovered by imaging 
(Data provided by prof. ZH. Chen, Healthy Centre of the Third XiangYa Hospital,  

ZhongNan University, China). 

21.4.5.3. Elevated STK1p in Relation to Precancer Transition into Malignancy  

Case 1. A man (aged 72 year)s with hepatitis B virus (HBV) positive infection (HBsAg, 
HBeAb and HBcAb) and elevated STK1p value (2.36 pM) participated in 2013’s annual 
routine health screening (Fig. 21.28). The infection with HBV is one of high risk factors 
for hepatocellular carcinoma (HCC) [62]. He was detected as having liver diffuse lesions 
17 months later, and after a further 10 months a right lower lobe of HCC was discovered 
by CT and confirmed by pathological diagnosis. AFP and CEA also increased above cut-
off values. The patient underwent surgery and chemotherapy. The STK1p decreased to 
0.25-0.19 pM and no new symptom was discovered.  

Case 2. A woman (aged 72 years) was diagnosed as having ground-glass opacity of lung 
(precancer [58]) (Fig. 21.29). While the STK1p value was high at 3.9 pM, three lung 
tumour-related markers were negative (CEA (-) Cyfra19 (-) NSE (-)). The STK1p 
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continued to rise to above 10-13 pM, while CT and three of lung tumour-related markers 
were still normal 4 months after discovery of lung cancer. The patient underwent right 
lobectomy and systemic lymphadenectomy under thoracoscopicpy. Pathology 
investigation confirmed the presence of lung adenocarcinoma (moderate differentiation). 
One month after surgery, the STK1p value declined to 1.3 pM. So far, the STK1p has 
been maintained at a low level, and there has been no occurrence of metastasis or 
recurrence by CT assessment. 

 

Fig. 21.28. Elevated STK1p level in a patient with higher infection of HBV gave an early risk 
warning of progression into liver diffuse lesion and HCC 27 months after by CT discovery  

(Data provided by Prof. ZH. Chen, Healthy Centre of the Third XiangYa Hospital,  
ZhongNan University, China). 

 

Fig. 21.29. STK1p increased 4 months earlier than the discovery of the lung cancer by imaging 
(Data provided by Prof. ZH. Chen, Healthy Centre of the Third XiangYa Hospital, ZhongNan 

University, China). 
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21.4.5.4. STK1p in Relation to Clinical Stages 

STK1p is a reliable prognostic marker to assess different types of cancer patients at early, 
middle or advantage stages. Elevated STK1p can predict the risk of recurrence and 
development of metastases in advance compared to imaging during treatment of malignant 
patients.  

Case 1. A woman (aged 30 years) was diagnosed with cervical malignancy with IB1 (early 
stage) (Fig. 21.30). Initially, she was found to have squamous intraepithelial lesions, 
cervical CIN3 and elevated STK1p of 3.0 pM, when she visited a health centre. An 
oncology doctor diagnosed as cervical poorly differentiated cervical squamous cell 
carcinoma IB1. The patient underwent an extensive hysterectomy, followed by 
chemotherapy (paclitaxel + oxaliplatin). The STK1p was reduced to about 1 pM and no 
new symptom in progress was detected by imaging 6 months after treatment. The patient 
is now in follow-up survival.  

 

Fig. 21.30. STK1p combined with imaging to evaluate the therapeutic effect in patient with early 
stage (SCC IBI) squamous cell cervical carcinoma. (Data provided by prof. Z. H. Chen, Healthy 

Centre of the Third XiangYa Hospital, ZhongNan University, China). 

Case 2. A woman (aged 44 years) visited a health centre in 2013. STK1p was high  
(4.56 pM) and she was also found to have a left breast proliferating cyst with a RADS:  
4a degree, discovered by automated breast volume scan (ABVS) and colour Doppler 
ultrasound scan (Fig. 21.31). The patient had a radical mastectomy plus 
radiotherapy/chemotherapy one month later, followed by a pathological diagnosis as 
breast invasive ductal carcinoma (IDC) II-III. The STK1p decreased to 0.87 pM and no 
tumour progress by clinical comprehensive assessment was observed. However, three 
months after treatment STK1p increased to 1.82 pM due to recurrence. The patient died 
of breast cancer recurrence 11 months after recurrence following ineffective treatment. In 
general, patient with malignant tumours of middle stage have an increasing risk for 
recurrence. Since elevated STK1p appeared earlier than the assessment of recurrence by 
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imaging, STK1p is an important tool to discover the risk for developing recurrence in 
advance, and thus, initiating appropriate treatments.  

 

Fig. 21.31. A preoperative patient with IDC II-III with a higher STK1p (4.56 pM) had a high risk 
of recurrence. (Data provided by Prof. Z. H. Chen, Healthy Centre of the Third XiangYa 

Hospital, ZhongNan University, China). 

Case 3. A patient (man, aged 70 years) with lung cancer clinical stage IV was treated with 
chemotherapy, which resulted in a reduced STK1p value (0.3 pM) (Fig. 21.32).  

 

Fig. 21.32. A patient with lung cancer at clinical stage IV. The elevated STK1p appeared  
7 months earlier than tumour recurrence/metastasis detected by imaging (Data provided  

by Dr. Xiaolei Zhu, The Second Hospital of Tianjin Medical University, China). 

The patient was rechecked every three months after chemotherapy. Seven months after 
the end of the treatment, the STK1p value significantly increased to 38.9 pM, but no signs 
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of recurrence or metastasis by CT was observed. However, one month later a CT-scan 
found lung malignancy in progress, followed by diagnosis of brain metastases. Although 
the STK1p value was declined to about normal value (1-2 pM), the patient died 12 months 
later following ineffective treatment. 

This case study shows that STK1p value precedes imaging (CT) and should have make it 
possible to start up efficient therapy before development of recurrence. Although low 
STK1p normally indicates a good prognosis, low STK1p value is often found in cancer 
patients with clinical stage IV, followed by death. The reason for the low STK1p value is 
that the tumour size at late clinical stage is often large, leading to bad supply of nutrition’s 
and oxygen, metabolic disorder and growth retardation, and thus low STK1p value [42]. 
Since CT provides important information regarding tumour size, location and margins, a 
combination with the STK1p proliferating maker would improve the assessment of risk 
of recurrence/metastasis. 

21.4.6. Comparison of STK1p Concentration and STK1 Activity  
in Healthy Screening 

In a study of eight different types of malignancies, patient with benign disease and disease-
free healthy people (n = 850), the STK1p and TK activity were compared [21]. The STK1p 
was measured by our dot blot assay and the TK activity by an RIA assay. There was a 
correlation between the STK1p values and the TK activities among healthy people and 
patients with benign disease, and leukaemia, breast and gastric carcinoma, but not in 
patients with lung, colorectal, lymphoma, hepatoma and brain carcinoma. In those patients 
with no correlation, the STK1p values were high, while the TK activity was low. In all 
malignancies and benign types STK1p was significantly higher compared to that of 
healthy people. It was concluded that the STK1p proliferation bio-marker was more 
reliable than the TK activity in patients with solid tumours. According to the OD-value  
of individuals, the STK1p distribution is almost normal distribution, but the TK activity 
is not.  

21.5. Summary and Conclusions 

STK1p is a precise cell proliferating target, and therefore STK1p can be used for 
assessment of abnormal cell proliferation rate individually. The STK1p distribution in a 
healthy disease-free group was almost normal between 0.1 and 0.6 pM with a limited tail. 
The STK1p distribution of sub-healthy people also showed almost normal distribution 
between 0.1 and 0.6 pM, but with an extensive tail. Such extensive tail reflects individual 
people with higher risk to develop precancer/malignancies. We suggested that STK1p in 
combination with appropriate technology, such as imaging and other serum biomarkers, 
will provided unprecedented possibilities in understanding the biology of pre-malignancy.  

1. Mean and median values within low risk cut-off (STK1p ≤ 2.0 pM). The mean and 
the median values in the healthy disease-free group were 0.38 pM and 3.0 pM, 
respectively. Comparative analysis between healthy disease-free and sub-healthy groups 
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who were excluded from a series of diseases associated with abnormal cell proliferation 
(such as premalignancies or risk diseases associated with tumour progression) showed 
similar STK1p values, significantly lower compared to people with premalignancies or 
risk diseases associated with tumour progression. However, the mean values of the tumour 
risk linked people increased significantly from 0.38 pM to 0.5-0.7 pM, respectively, 
depending on living and working conditions. Thus, the STK1p is a reliable proliferating 
serological marker that could distinguish between people of healthy disease-free/minor 
proliferating/chronic/non-tumour diseases and people with higher risk of developing 
precancer/malignancies.  

2. STK1p in relation to age and gender. The STK1 value of the healthy disease-free 
people changed with progressive age in the following manner: the STK1p levels were low 
(0.21 pM) between 20-40 years, and then increased and reached a plateau value of  
0.38 pM in late adulthood. In contrast, the STK1p values of sub-healthy people (excluded 
a series of diseases associated with abnormal cell proliferation), changed with progressive 
age in the following manner: the STK1p levels decreased from 0.51 to 0.36 pM between 
20-40 years, and then reached a plateau value of 0.35 pM in late adulthood. There were 
no changes in the STK1p values by ages in people at risk to develop 
precancer/malignancies that is in the range of 0.6-2.0 pM.  

3. Precancer incident rate. The precancer incident rate was statistically higher among 
people with elevated STK1p. People with elevated STK1p with symptoms of precancer 
disease should be advised to contact their oncology doctor for further investigation 
regarding diagnosis and reasonable treatment, to be able to affect an early cure for the 
patients in early time. There was a statistically significant increase of at least 3-5 times, 
may be even higher, in the cancer incident rate in people with elevated STK1p values 
compared to people with low STK1p values (p < 0.00001)).  

4. Cancer incident rate. Participants of the health screening study were divided into four 
age groups: 13-20, 21-40, 41-60 and >61 years old. There was a statistically significant 
increase in the cancer incident rate between the elevated STK1p group and low STK1p 
group by progressive age (p < 0.00001)) of 3-5-fold.  

5. Malignancy progression follow-up. An 11-years follow-up study of people of 
elevated STK1p values (n = 170) and on randomly selected people with low STK1p values 
(n = 6,354) showed a 3-5 times higher risk to develop malignancies among people with 
elevated STK1p values, compared with people with low STK1 values. STK1p values 
combined with appropriate imaging should be recommended for follow-up individually.  

6. STK1p compared to AFP, CEA and CA19.9 in respect to mortality. Cancer patients 
with high STK1p values showed a significantly higher mortality (p = 0.009), while those 
with high CEA (p = 0.62) or high AFP (p = 0.34) did not. These results were confirmed 
in a retrospective 6-year follow-up study on colorectal carcinoma patients (n = 504). The 
STK1p value was significantly more sensitive (72 % – 75 %) compared with CEA  
(43 % – 51 %) and CA19.9 (22 % – 32 %) [24]. STK1p is a more reliable marker for 
mortality compared with CEA, CA19.9 and AFP. 
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7. Recommendation of two STK1p risk-sub-steps. The individual STK1p value in 
routine health screening should be divided into two STK1p risk-sub-steps, in order to be 
able to catch people with risk of developing premalignancy, preventing from further 
progress into malignancy later in the life. (1) “Initial risk cut-off STK1p value” sub-group 
with the risk to develop pre-malignancy or diseases associated with the risk progress of 
malignancy when STK1p rises to 0.6-2.0 pM and (2) “High risk cut-off STK1p value” 
sub-group with the risk to develop malignancy or diseases associated with the risk 
progress of malignancy when STK1p >2.0 pM.  

8. Risk of recurrence. The STK1p value is important for predicting the risk of recurrence 
in advance compared with imaging during the time of treatment of the malignant patient 
individually, in short or long follow-up.  

21.6. Pending Problems and Future Research Prospects  

21.6.1. TK1 Expression in Tumour Tissue in Relation to TK1 in Serum  

Unfortunately, there are only a few studies correlating TK1 expression in tissues (tTK1) 
with TK1 in serum (STK1p) so far. Such studies are in progress. However, tTK1 and 
STK1p each generally share the same conclusion as having prognostic potential. The tTK1 
expression and STK1p are elevated in pre-malignancy in both tissue and in serum. 
Additionally, elevated tTK1 and STK1p are both associated with worse prognosis and 
tumour disease progression including recurrence. Finally, tTK1 expression and STK1p 
appear as a more accurate and indicative biomarker of the patient’s prognosis compared 
with other biomarkers including proliferation markers (Ki-67, PCNA). The efficacy and 
utility of monitoring TK1 levels in both imalignant and healthy individuals are obviously.  

21.6.2. TK1 Expression in Cell Nucleus 

tTK1 is mainly expressed in the cytoplasm of cells, both of normal, pre-malignant and 
malignant types. However, in some of the tumour cells tTK1 is also found in the nucleus, 
still for unknown reasons, but closely correlated to worse survival of some types of cancer. 
Consequently, tumours with higher number of cells with tTK1 only in the cytoplasm 
correlate to better survival. Since it is important to discover patients who respond poorly 
to treatment, focus should be on analysing tumour cells with tTK1 in the nucleus. In 
addition, it is also easier to count stained nuclei than stained cytoplasm.  

21.6.3. TK1 Release to Blood Serum 

Some central theoretical questions of great importance for the understanding of the 
presence of human TK1 in serum and its relation to tumour disease remain to be solved 
in the future, including why does TK1 show up in serum? Is it due to disintegration of 
dying tumour cell? Or by excretion? What is the nature of TK1 in serum? In a previous 
report by Karlstrom et al. [37] and confirmed by us, it was shown that TK1 in serum is in 
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complex with other compounds, likely proteins, to form a large complex with an apparent 
molecular weight (Mw) of 730 kD. This TK1 complex can be stored at -20 ºC for more 
10 years. It would be of great interest to know what types of compounds comprise the 
TK1 complex, is it derived from the tumour cell or does it represents some kind of 
transport complex, or is it just composed of serum proteins to prolong the presence of TK1 
in serum for some unknown function?  

21.6.4. TK1 in Relation to Clinical Parameters 

In spite of the uncertainties regarding the questions mention above, extensive clinical 
studies by us and others has demonstrated a close relationship between STK1p and clinical 
parameters (recurrence, survival, stage, grade, monitoring treatment, etc.) for more than 
20 types of tumours. TK1 has been used as a marker for tumour proliferation clinically 
since 1980, mostly in lymphoma and leukaemia patients, but also to some extent in breast 
carcinoma patients, based on TK activity in serum. Almost no immunohistochemistry of 
TK1 has been available due to lack of useful anti-TK1 antibodies. The development 
recently of a new generation of chicken anti-TK1 antibodies (IgY) and mouse monoclonal 
anti-TK1 antibodies (IgG) improved extensively the clinical use of TK1 in almost all types 
of solid human tumours, for both serum and immunohistochemistry analysis. Based on 
the clinical studies done so far using the new generation of TK1 antibodies, it is likely that 
in the next 5 to 10 years TK1 will become a recommended marker for prognosis, 
monitoring of treatment and follow-up in cancer patients for recurrence and survival. 
However, the most promising aspect of TK1 is its usefulness in health screening for 
predicting the risk of developing cancer years later of peoples who have precancer and/or 
cancer risk diseases. The sensitive chemiluminescent TK1 assay is a useful tool, not only 
because of its high sensitivity and specificity (ROC-value 0.96, likelihood (+) value 233.7, 
specificity 0.99, sensitivity 0.80), but also because of its being an efficient assay at low 
cost.  

It is obvious that the STK1p assay stresses that the proliferation associated human TK1 
enzyme in serum is a reliable method. The routine clinical use of STK1p will be extended 
in the future. Because of that the STK1p determination needs automation and 
standardisation, works that are in progress. In addition, the detection of early stages of 
tumours by tTK1 in tumour tissues suggests that STK1p assay combined with 
immunohistochemistry of tTK1 might be a far better system for early discovery of 
precancer or malignancies.  

Universally recognised principles of public health and medicine indicate strategies for 
cancer prevention that have been recognized for decades. However, there are many new 
opportunities, based on contemporary assessments and research in disciplines from 
epidemiology and genomics through to behavioral science, law making and economics. 
Precision prevention has been illustrated here as embracing the molecular sciences to 
characterise new aetiologic risk factors, to detect cancer early and to target interventions 
to subgroups depending on risk profile. Thus, the ‘precision’ of prevention may refer both 
to the refinement of measurement as well as to the refinement of target population and 
requires careful definition as the field develops through interdisciplinary cooperation [76]. 
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Despite promising new tools, just 2 % – 3 % of cancer research funding was deposited for 
prevention in for example China, during 2009-2011 [73], consequently, two imperatives 
emerge for policy makers in all countries. First, as addressing national and local 
circumstances, implement cancer prevention, including screening and early detection. 
Second, initiate and support research on cancer prevention, specifically engaging the latest 
biological technologies, where practicable. Cancer prevention is founded on describing 
the burden of cancer, identifying the causes and evaluating and implementing preventive 
interventions. In this way, the full potential of precision medicine might be realised: 
supporting an integrated approach of prevention and treatment is the only viable strategy 
to avoid the increasing cancer burden worldwide.  

21.6.5. Random Mutations due to DNA Replication Causes Cancer 

Tomasetti and Vogelstein [77] stated that most cancers are “due to bad luck,” that is 
random mutations arising during DNA replication in normal, non-cancerous stem cells. 
Furthermore, Tomasetti et al. in 2017 [78] extended this study by investigating the 
relationship between the number of normal stem cell divisions and the cancer risk 
development of 17 cancer types in 69 countries throughout the world. Cancers are caused 
by multiple mutations that may be inherited, induced by environmental factors, or result 
from DNA replication errors (R). It was suggested that R-mutations are responsible for 
two-thirds of the mutations in human cancers. All of these results are consistent with 
epidemiological estimates of the fraction of cancers that can be prevented by changes of 
the environment. Cancer Research UK estimated that 42 % of cancer cases could be 
prevented if current knowledge about risk factors was translated into effective public 
health strategies. (Cancer Research UK, Statistics on preventable cancers; 
www.cancerresearchuk.org/health-professional/cancerstatistics/risk/preventable-cancers). 
The data from Tomasetti et al. revealed a strong correlation to the epidemiological 
evidence on cancers that are potentially preventable through improvements in 
environment and lifestyle, for example, maintaining a healthy life-style in control of 
weight and physical activity exercise, tobacco, alcohol and so forth.; reduced exposure to 
environmental and occupational carcinogens; vaccination against oncogenic viruses and 
regular health screening (Fig. 21.33).  

Fresh impetus for prevention and early detection will come through interdisciplinary 
approaches, encompassing knowledge and tools from advances in cancer biology. 
Examples include mutation profiles giving clues about aetiology and biomarkers for early 
detection, to stratify individuals for screening or for prognosis. However, cancer 
prevention requires a broad perspective stretching from the sub-microscopic to the macro-
political, recognizing the importance of molecular profiling and multi-sectoral 
engagement across urban planning, transport, environment, agriculture, economics, etc., 
and applying interventions that may just as easily rely on a legislative measure as on a 
molecule [79]. Certain prevention imperatives, exemplified by smoking cessation and 
related lifestyle changes, have been established for decades, but the recent World Cancer 
Report 2014 revealed the far broader scope of research findings and health initiatives 
offering pathways to reduced cancer incidence [2].  
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Fig. 21.33. Factors responsible for development of cancer. 

21.6.6. Reducing Un-Controlled Increases in New Cancer Cases: A Combination  
of Prevention and Early Detection of Tumours by STK1p  

Today we face the battle against cancer: what do we do? We know that cancer is a chronic 
disease due to abnormal growth. This key point told us that we needed to find a molecular 
target closely related to tumour growth. About 30 years ago, we decided to develop a 
cheap and easy method for prognosis of cancer patients based on tumour growth. We 
decided to use a precise molecule that was known to be part of the growth of tumour cells. 
Growth rate of a tumour is an important prognostic factor. A patient with fast growing 
tumour has a worse prognosis than a patient with a slow-growing tumour. This precise 
molecule, thymidine kinase 1 (TK1), is specific for growing cells, both non-malignant and 
malignant. It is present intracellularly and in the blood serum of persons with tumours, 
but at very low or almost undetectable concentrations in the serum of healthy people 
(disease-free). That makes it useful in health screening, where it is important to distinguish 
between healthy persons and persons with malignant diseases. The knowledge of TK1 is 
based on research from the 1950’s, with more than 3,000 scientific publications. Our 
extensive clinical studies (so far more than 250 publications) show that TK1 in blood 
serum and in tumour tissue gives a precise prediction of the risk for relapse and survival 
after finishing the treatment. This information is important for prognosis and makes it 
possible to modify the treatment, and to increase the chance of curing the patient. Similar 
methods are on the market today, but with limited clinical use, and not available for  
health screening.  

While TK1 was useful in people that have already got the diagnosis of cancer, we asked 
ourselves if serum TK1 could also be used in health screening for people with precancer 
or invisible tumours. Biomarkers for screening people at the risk to develop cancer or who 
already have cancer are rare. Today there are few such tools in routine use. Mammography 
for breast cancer, HPV for cervical cancer, blood/faces for colorectal cancer and may be 
PSA for prostate cancer. Since many biomarkers have been tested during the last decades 
and have not been accepted as a screening markers for tumours, the chance that TK1 could 
be such a biomarker was not very high. However, we found that it works well when we 
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set up an ECL dot blot detection system with high sensitivity and specificity. So far, more 
than 5 million people have been tested for TK1 in serum (STK1p) using our STK1p 
biomarker. Of these, now more than 161,000 peoples have now been analysed both in 
single studies and in meta-studies, showing that high STK1p level increases the risk of 
developing cancer 3-5 times, or even more, compared to people with low STK1p values. 
Also, the risk to develop precancer increased significantly in people with high STK1p in 
the blood serum. Our goal is to have analysed and published data from more than  
300,000 people before 2020. If our results of STK1p in health screening are still proven 
beneficial, STK1p will be one of the few biomarkers in the future that could be used for 
risk assessment of precancer and the chance to end of cancer individually. 

Every cancer arises from a precancer, although not all precancers lead to cancer. Over 
time, the number of precancer cells must be abnormally proliferate, and achieve excess 
numbers. If all precancers were detected early, the risk to further develop into malignancy 
would be reduced extensively. From our experiences with using TK1 in oncology and 
health screening for more than 30 years, we are now convinced that in combination with 
appropriate imaging technologies and TK1 immunological technique, STK1p has an 
important role in precise medicine for prognosis of premalignant and malignant cancer, 
both in oncology clinics and in health screening. This is good, but what if we could prevent 
development of cancer itself. Is it possible?  

Within cancer research societies, it is accepted that 30 % – 40 %, or may be even up to 70 
% of all cancers are due to lifestyle habits (Fig. 21.33). Changing our way of living in a 
positive way could affect the negative cancer prognosis of WHO dramatically. A group 
of researchers at Stockholm University (Prof Mats Harms-Ringdahl, Prof. Siamak 
Hagdoost, Prof. Dag Jensen), who are leading experts in life-style factors and gene 
mutations, have developed tests that can discover people at higher risk to develop diseases 
like cancer and tools that can reduce this risk. These tests are based on DNA damages 
induced by free radicals (oxidative stress). If not repaired properly, such damage can lead 
to gene mutations resulting in different diseases like cancer. Our strategy is a combination 
of these cancer prevention tests and the early detection of tumours by serum TK1 
combined with appropriate imaging to be the tools recommended by WHO to win the 
“battle” of cancer war (Fig. 21.34).  

Now we move from a period of development of reliable diagnostic tools for malignancies 
to a period of focusing on “cancer prevention and early detection and treatments of 
tumours”. In addition, the remarkable progress in precision medicine driven by new types 
of appropriate technology combinations has provided unprecedented possibilities in 
understanding the biology of pre-malignancy.  

In this chapter, we describe a way to fulfil the recommendations from WHO of preventing 
development of human tumours and early detection of precancer/cancer to increase 
patients chance to be cured. This also reduces patient costs, which is an integral factor in 
today’s cancer treatments. A strategy is a combination of cancer prevention tests and 
early detection of tumours by oxidative stress markers/TK1 to be the tools recommended 
(Fig. 21.34).  
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Fig. 21.34. The strategy of reducing the un-controled increases in new cancer cases.  
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adenomatous polyps, 547 
adsorbates, 27, 28, 39 
adsorbed aptamer assay, 412 
adsorption, 57, 65-68 
advanced breast cancer, 523 
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AFP, 539-542, 545, 546, 551, 556 
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Air pollution, 127 
Al-doped, 25, 29, 30, 33, 52 
allele-specific PCR, 154 
ambient temperature, 497, 502, 504 
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amplification-free detection of mutations, 
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analyte, 407, 408, 411-416, 418 
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bis(4-hydroxyphenyl) methane, 414 
bisphenol A, 414 
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JWH-018, 418 
LSD, 418 
methylenedioxypyrovalerone, 418 
morphine, 418 
oxycodone, 418 
progesterone, 414 
testosterone, 414 

and anti-DNA antibodies, 160 
Android, 493, 494 
Anemometer, 491, 492 
angled ultrasonic flowmeter, 88, 100, 101, 

102, 108 
anode, 235, 237, 241 
Anthracene, 170 
Application, 358 
aptamer 

3-way junction, 409 
g-quadruplex, 409 
stem-and-loop, 414 

Aptamer 
SELEX, 404-406, 412, 414 

Architecture, 129 
AroCell AB, 518, 519 
atomic force microscope (AFM), 156 
atomic force microscopy, 60 
ATR, 340 
atypical intraductal hyperplasia, 530 
AUC, 528 
Auger electron spectroscopy, 62 
Au-nanoparticle probes, 436 
Au-nanoparticles, 423 

AuNPs, 430 
automatic magnetic immunoluminescence 

system, 518 
avidin mutant, 370 
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Bacteria, 343 
Bacteria counting 

Colony Forming Units (CFU), 445 
laboratory methods, 444 
manual counting, 446 

devices, 449 
plate counting methods, 448 

plate spreading, 449 
pour plate, 449 

Bacterial Spores, 344 
bait, 369 
bait removal, 383, 384 
band bending, 67, 68 
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Binding Mode 
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Biological Effect, 354, 357 
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BRAF V600E, 159 
brain metastases, 555 
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breast cancer, 521 
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bulk and surface defects, 63, 64 
bulk defects, 58, 64 
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C2H5OH, 57, 63, 64, 69 
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cadmium telluride, 236 
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calmodulin, 391 
calmodulin-binding segment, 391, 394 
cancer incidence rates, 543 
Cancer incident rate in relation to ages, 544 
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capsule cysts, 548 
carboxymethyldextran, 369, 370, 398 
cardiac disease, 539 
carrier continuity equation, 237 
catalytic activity, 75, 78 
cathode, 235, 237 
CEA, 514, 539-542, 545, 546, 551, 556 
CEA (carcinoembryonic antigen), 539 
Cellular  
    Detection, 339 
    extraction, 516 
cervical CIN3, 553 
cervix, 531, 537, 539, 548, 549 
CH4, 57, 63, 64, 69 
characterisation techniques, others, 33 
charge-space region, 27 
chemical 
    reaction, 65 
    Sensors, 167-169, 180, 185 
    Vapor Synthesis, 63 
chemisorption, 57, 408 
chemotherapy, 511, 518, 525, 526, 545, 

551, 553, 554 
Chicken antibodies, 517 
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CIS-II imaging system, 519 
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city-dwelling people, 534, 535 
civil servants, 532, 537, 538 
CK19 mRNA, 526 
clinical stage, 523, 527, 528, 554, 555 
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CO, 57, 62-64, 69, 111-113, 118-121, 124 
CO (g), sensor, 25, 26, 30, 38-40, 52 
colon, 528, 531, 545 
color assays, 412 
colorectal cancer, 526-528, 560 
Colorectal Cancer, 527 
colorimetric, 423 
colorimetric assay, 430, 433 

DNA coverage, 412, 416 
limitations, 406, 412, 416 
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successes, 412 
target incubation time, 412 
typical outcomes, 412 
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colour Doppler ultrasound scan, 553 
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sensors, 111 
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Computer Intelligence, 454 

algorithm, 454 
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circular Hough Transform, 467 
edge detection, 463 
illumination system, 458 
segmentation, 459 

modules 
acquisition images, 457 
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post-processing, 470 
pre-processing, 458 
processing, 467 
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contact resistance, 67 
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corrected signals, 314, 315, 316, 318, 321 
correction effectiveness, 318, 319 
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cross-linking detection, 430 
cross-reactive sensors, 416 
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C-terminal, 513, 517, 519 
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natural water, 225 
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detection of interactions, 149 
developing countries, 487, 488 
device  
    simulation, 237 
    simulator, 237 
diagnosis, 512, 514, 515, 531, 534, 551, 

553, 555, 556, 560 
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Dielectric Constant, 173 
dielectric property, 340 
diffusion, 65 
diffusion  
    layer, 266 
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diseases linked to tumours, 537 
disintegration, 557 
dislocations, 26, 42, 51, 53 
Distribution of STK1p Concentration, 536 
DiviTum kit, 516 
DNA, 330 
    amplification, 427 
    damages, 561 
    origami, 156, 160 
    polymerase, 427 
    probe, 430 
    sandwich hybridization colorimetric 

assays, 430 
    synthesis, 428, 512 
dNTP 

Deoxynucleotides, 433 
donor density, 237, 239 
double meander structure, 35, 36 
drift time, 241, 251 
drifting electron, 251 
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drug resistance, 149, 156 
DST 

drug-susceptibility testing, 426 
ductal carcinoma in situ, 530 
Dukes stage, 528 
dumbbell-like structure, 428 
dysplastic cells, 530 
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early  
    detection, 511, 512, 521, 529, 542, 543, 

559, 561 
    invisible tumour, 529 
    malignancy, 514 
    trea0tments, 544 
ECL dot blot, 513, 561 
    double layer, 266 
    field, 240, 245-247, 249, 250, 251, 254 
electric potential distribution, 237, 240, 

242, 245-250, 252, 253 
Electrochemical 

sensor, 111 
Electrochemical Etching, 168, 180 
electrode 

zone, 276, 280 
electrolyte, 278 

electron  
concentration, 252 
electron  
    depletion, 67 
    drift velocity, 240, 245-247, 249-251, 

254 
    mobility, 240, 252 
    Transfer, 170 
electron-depletion region, 57 
Embedded, 488, 490, 494, 495, 499, 501 
endometrial hyperplasia, 548 
endometritis, 548 
Energy Harvesting 

thermal, 118 
    resolution, 243 
    Transfer, 170 
enzyme-linked immune assay (ELISA), 160 
EORTC, 520 
epidermal cell carcinoma, 514 
esophageal cancer, 526 
esophagus squamous cell carcinoma, 531 
Ethanol, 172, 184 
European Organization for Research and 

Treatment of Cancer, 520 
EvaGreen, 159 
EXAFS, extended X-ray absortion fine 

structure, 32 
Examples 

Acidithiobacillus ferrooxidans, 478 
Escherichia coli, 476 
illumination system, 474 
Staphylococcus aureus, 480 

Exciton Dielectric Quenching, 170, 173 
excretion, 557 
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faces, 517, 560 
fatty liver, 531, 534, 535, 539 
fiber Bragg gratings, 112 
fibrocystic, 547 
FISH, 152, 157, 158 
fixed parameter, 240 
flow 

electro-osmotic, 266 
free surface, 276 
Hartmann, 265 
low-Reynolds number, 265 

Fluorescence 
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220, 222, 224-230 

investigation, 225 
mechanisms and applications, 198 
relay response, 201 
response, 212 
response of sensor, 198, 209, 212 
sensor, response of, 198 

fluorescence correlation (FCS), 155 
fluorescence in situ hybridization (FISH), 

152 
fluorescent  
    microscopy, 153, 158, 159 
    probes, 150, 160 
fluorophore development, 152 
focal plane array sensors, 304 
follicular cervicitis, 547 
follow-up, 514, 523, 532, 545-549, 553, 

556-558 
follow-up study, 523, 532, 545, 546, 556 
force 

Lorentz, 264 
frame rate, 304, 305, 307, 308, 311 
free  
    biotin, 378 
    radicals, 561 
    software, 490, 492, 494, 498, 501 
frequency  
    analysis, 307, 308 
    shift, 144 
full regeneration, 371, 377, 378, 382 
functionalized 

thiol-linked ssDNA, 430 

G 

gallbladder, 531 
gas  
    sensing mechanism, 75 
    sensitivity, 73, 78, 80 
    sensor, 73, 144 
   sensors, 73 
Gas sensors, 57, 111 
gas-phase, 58, 69 
gas-phase synthesis, 58, 69 
gastric  
    adenocarcinoma, 531 
    cancer, 526 
gastrointestinal cancer, 526 
Gastrointestinal Cancers, 526 

gate 
several ring-shaped, 238 

gated silicon drift detector (GSDD), 236, 
238, 243, 245, 246 
0.625-mm-thick, 240 
1.0-mm-thick, 245, 253 
2.0-mm-thick, 245, 249 
3.0-mm-thick, 246 
inexpensive, 252 
larger-area, 249 
single-anode, 236 
small-area, 236 
Smaller-Area, 255 
thicker, 243 
two-dimensional pixel, 255 

Gaussian distribution, 536, 537 
gel-combustion, technique, 29, 30, 39, 52 
gender and age, 527 
Gene, 355 
Genexpert, 423 
genomic DNA, 429 
GenoType MTBDR plus® assay 

Hain Lifescience, 426 
geometric parameters, 57 
GPRS, 132 
G-quadruplex, 156 
grain boundaries, 26-28, 32, 42, 51, 53 
grain-boundary diffusion, 63 
grain-size effect, 28 
ground-glass opacity of lung, 551 
GSDD. see  gated silicon drift detector 

(GSDD) 
GSDD image sensor, 256 

0.3-mm-thick, 256 
1.0-mm-thick, 256 

guanidinium thiocyanate (GTC), 371 

H 

H2, 111, 112, 114, 118-124 
H2 (g), sensor, 25, 26, 38-40, 42, 48, 49, 52, 

53 
H2S (g), sensor, 49, 51, 53 
haematopoietic system, 536 
haemorrhage, 531 
half-life, 515, 525 
half-life of TK1, 515 
HAMA, 517 
Harsh Environments, 111 
Hartmann 
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braking, 265 
number, 265 
wall, 265 

HBV, 530, 534, 551, 552 
HCC, 530, 531, 551, 552 
HCV, 530 
health screening, 512-514, 516, 518, 520, 

521, 524, 529, 531-534, 537-539, 541-
545, 550, 551, 556-561 

Healthy Disease-Free Group, 536 
healthy disease-free people, 532, 536-539, 

556 
Hepatitis B virus (HBV), 530 
hepatitis C virus (HCV), 530 
Hepatocellular carcinoma, 530 
Hexanol, 172, 183, 184 
high-count-rate, 251 
highly sensitive, 438 
Hodgkin, 516, 517, 525, 526, 531 
hole current, 236-238 
homologous nucleotide sequences, 428 
HPV, 560 
HRTEM, 26, 31-34, 42, 47, 52 
Human TK1, 515 
hybridization, 426 
hydration shell, 338 
hydraulic resistance, 269 
hydrodynamic 

zone, 280 
hydrogen detection, 146 
hyperplasia, 530, 533-536, 539, 547 
hysterectomy, 548, 553 

I 

IgG, 517-519, 558 
IgY, 517, 518, 528, 558 
IHC, 515 
imaging, 512, 514, 515, 519, 521-523, 529, 

530, 532, 547, 548, 550-557, 561 
Imaging embedded sensor 

bias removal, 452 
charge-coupled device (CCD), 450 
dark current removal, 453 
flat fielding, 453 

Iminobiotin, 376 
immunohistochemical, 515, 529, 547, 548 
immunohistochemistry, 547, 558 
implanted resistor, 235, 236, 238 
incident position, 255 

In-doped, 25, 29, 30, 33, 52 
induced current, 241, 251 
infection, 516, 530, 534, 539, 551, 552 
inflammation, 539 
infrared  
    camera, 303, 304, 309, 312, 320, 322 
    images (fig.), 38 
    thermography, 303 
INH resistance 

INHr, 424 
inhA gene, 424 
inline monitoring, 320, 322 
INNO-LiPA Rif.TB® kit 

Innogenetics, 426 
inter-agglomerate contacts, 57 
interfaces, 26, 32, 42, 51, 53 
intermolecular interactions, 334 
Internet of Things (IoT), 498, 500 
intraductal carcinoma, 530 
intraepithelial neoplasia, 530 
invasive breast carcinoma, 530 
inversion layer, 238 
isoniazid 

INH, 423 
isosbestic points, 195, 197, 223 
I-V characteristic, 61, 63, 66-69 

K 

katG gene, 424 
KEN, 513 
Ki-67, 557 
kidney, 524, 531, 544 

L 

Label-free biosensors, 369 
LAMP amplicon, 428 
Langmuir model, 388, 389, 391, 394 
lanthanum, 244 
laparoscopy, 548 
laser ablation, 139, 144, 146 
lateral flow dipstick assay, 428 
lead, 244 
leukaemia, 531 
LIAISON kit, 516 
Libelium Waspmote Plug&Sense, 129 
lifestyle, 534 
limit of detection, 139 
Line Probe Assay 
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LPA, 423 
Linear Alcohols, 170, 172, 173, 181, 183, 

185 
Linux, 489, 492, 499, 501 
liquid metal, 270 
LNA nucleotides, 159 
LOD (limit of detection), 214, 216 
long-term follow-up, 547 
loop-mediated isothermal amplification 

LAMP, 423 
LOQ (limit of quantification), 214, 216 
low abundant, 159 
low cost DATS, 488, 489, 508 
low-cost detector, 235 
lung cancer, 524 
lutetium, 244 
lymph node metastasis, 527 

M 

M96H-mutants, 371, 375 
magnesium pyrophosphate, 428 
magnetic  
    nanoparticles 

MNPs, 430 
    vector potential, 282 
malignancy, 512-516, 520, 529, 531, 532, 

534, 535, 539, 541, 542, 544, 547, 553, 
555, 557, 561 

malignant, 512-515, 520, 521, 525, 528-
530, 533, 535, 539, 544, 546, 547, 550, 
551, 553, 557, 560, 561 

Mammography, 560 
material characterization, 320 
MDR-TB 

Multidrug-resistant TB, 423 
measurement, 428 
mechanical stresses, 320 
melting points, 427 
MEMS, 26, 33, 34, 42, 48, 52, See 

microheater 
meningiomas, 531 
mercury, 243 
Metal oxide semiconductor, 73 
metal oxides, 57, 114, 115, 116 
metal-oxide-semiconductor field-effect 

transistor (MOSFET), 235 
built-in, 235, 236, 238 

metastasis, 523, 524, 527, 528, 530, 543, 
552, 554, 555 

meta-study, 513, 524, 543 
Methanol, 172, 184 
MgSO4 

Magnesium sulfate, 433 
MHD micropumps, 264 

conduction, 264 
induction, 264 

Microbiology, 445 
bacterial growth, 447 
microbiological analyses, 445 

microcontroller, 488, 489, 490, 493, 496, 
501 

microcrystalline, 25 
microheater, 25, 26, 52 
micropumps 

mechanical, 263 
nonmechanical, 263 

MicroRNA (miRNA), 156 
miRNA, 156, 157, 158 
moderate/severe  
    fatty liver, 534 
    hyperplasia, 534 
molecular  
    diagnosis, 429 
    Recognition 

polarity-based, 180, 182, 184 
size effect, 182 

    vibrations, 333 
monitoring of tumour therapy, 515 
monitoring treatment, 513, 547, 558 
monodisperse, 61 
mortality, 524, 531, 543, 545, 546, 556 
MOSFET. see  metal-oxide-semiconductor 

field-effect transistor 
mouse monoclonal anti-TK1, 558 
MRI, 548 
multilayer system, 43, 48 
multiple  
    myeloma, 531 
    myomas, 548 
Multiplexing, 112 
Multipolar, 122 
multipole, 115 
multivariate, 521, 522, 524, 526, 528 
mutant 

MUT, 428 
mutation, 512, 515, 559, 561 
Mycobacterium tuberculosis 

MTB, 423 
mycolic acid 

mycobacterial cell wall, 424 



  Chemical Sensors and Biosensors 

 576
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NAFLD, 531 
nanocrystalline, 25, 26, 29, 30, 32, 33, 38-

43, 52 
nanocrystalline oxide thin films, 80 
Nanodiagnostics, 429 
nanomaterial, 407 
nanoparticle 

spherical, 407, 408 
nanoparticles, 58, 60, 61, 63, 64, 66, 67, 69, 

152, 153, 157, 403, 406-408, 412, 416, 
418 
nanorods, 407 
nanostars, 407 
prisms, 407 

Nanopore sequencing, 153 
nanoporous, 139 
nanorod, 117 
nanosecond laser, 139, 142-146 
nanostructured, 57, 64 
NASH, 531 
National Cancer Institute (NCI), 512, 514, 

520 
National Comprehensive Cancer Network 

(NCCN), 514 
native-PAGE electrophoresis, 528 
nearest-neighbor empirical parameters, 151 
near-infrared, 120 
neo-adjuvant, 523 
neoadjuvant chemotherapy, 524 
neo-adjuvant treatment, 523 
neoplastic, 530 
N-ethylbiotin, 376 
Network Organization, 132 
next generation sequencing, 154 
nitrocellulose membrane, 519 
no recurrence, 525 
NO2, 111, 113, 118-121, 124 
noise, 139, 144-146, 303 
non-alcoholic  
    fatty liver disease, 531 
    steatohepatitis, 531 
non-communicable diseases (NCDs), 511 
non-complementary, 430 
non-cross-linking colorimetric assay, 430 
non-heparin tubes, 519 
non-Hodgkin’s lymphoma, 516, 525 

Non-invasive detection, 154 
non-recurrence, 521 
non-specific adsorption, 369, 374, 380-382, 

395 
non-TB mycobacteria 

non-tuberculous mycobacteria, NTM, 
425 

normal distribution, 536, 537, 541, 555 
NOx, 57 
NSE, 514, 551 
n-type  
    layer. see  anode 
    metallic oxide, 27, 28 
nuclear magnetic resonance, 409 

imino protons, 409, 410, 411 
Nucleic  
    Acid Bases, 330 
    acid probe, 426 
    acid recognition, 150 
    Acids, 330 
nucleus, 557 
numerical simulation, 285 
NUPACK nucleic analysis package, 150 
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obesity, 531, 534, 535, 539 
objective response, 526 
oesophagus, 531, 543, 544 
Ohm’s law, 269 
oil-related pollutants, 536 
oligonucleotides, 404, 405, 409 
one-point base mutation, 428 
online monitoring, 494, 496, 498 
open  
    channel, 276 
    surgery, 524 
operating temperature, 75, 83 
Optical 

gas sensor, 112 
Oral cancer, 352 
Orbital energy (F), 206 
organometallic precursor, 63 
Oscillator, 296 

frequency stability, 299 
quartz oscillator, 296 
switching oscillator, 297 

ovarian  
    cyst, 548 
    epithelial cells, 515 
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over-all survival, 526 
Overweight, 531 
oxidative stress, 524, 534, 561 
oxygen vacancies, 61 
Ozone, 128 

P 

partial recurrence, 525 
particle size, 57, 61, 62, 64, 69, 143, 145 
Particulate matter, 128 
passivation layer, 237, 241, 243 
pathological stage and grade, 527 
PC, 131 
PCA, 327, See principal component 

analysis 
PCNA, 557 
peak-to-background ratio, 243 
Pentanol, 172, 184 
pepsin, 371 
Perspective, 354 
pH 

effect, 204, 206, 218 
pH, effect of, 195-197, 204-212, 218, 219, 

221-223, 225, 226 
phosphorus, 243 
Photoconductive detectors, 329 
PHP, 494, 504 
physical-chemical parameters, 58, 69 
physisorption, 408 
picosecond laser, 139, 140, 142-146 
PIV, 278 

measurements, 284 
pixel X-ray image sensor, 236, 255 
Planck, 124 
Plasmon, 113 
Plasmonic 

chemical sensor, 113 
pnp bipolar transistor, 236, 238 
Poiseuille 

Law, 267 
Poisson equation, 237 
Poland-Sheraga (PS) model of DNA 

denaturation, 150 
polydisperse, 60 
polymerase chain reaction 

PCR, 423 
Polypyrrole, 183 
porosity, 57, 58, 64 

porous film, 61, 63, 66 
portable electronic system, 36 
positive  
    fixed charge, 237 
    fixed oxide charge sheet density, 237, 

240, 241 
postmenopausal, 531 
potential barrier, model of (fig.), 27 
Power consumption, 135 
precancer incident rate, 534, 556 
precancers, 529, 530, 532, 534, 561 
precise molecule, 560 
pregnancy, 539 
pre-malignancy, 513, 543, 547, 557 
prevention, 511, 512, 529, 543, 558, 559, 

561 
prey, 369 
prey removal, 371, 382, 384 
principal component analysis, 113, 417 
prognostic factor, 520, 521, 524, 528, 560 
progressive disease, 524 
Propanol, 172, 184 
prostate carcinoma, 514, 546 
Protein, 334 
    A and G, 517 
    G, 390 
PSA, 514, 540, 560 
p-type  
    layer. see  cathode 
    ring (p-ring), 235 

multiple, 235 
one, 239 
single, 237, 238 
trench-type, 248 

p-type, metallic oxide, 28 
p-type/intrinsic/n-type detector (pin 

detector), 235 
1.0-mm-thick, 245, 255 
2.0-mm-thick, 246 
3.0-mm-thick, 247 

pumping 
zone, 280 

PV  
    current, 497, 502 
    module temperature, 506, 508 
    powered motor-pump, 492, 497 
    voltage, 497, 504, 507 
Pyrene, 170 
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Q 

QCLs, 328 
quantum dots, 152, 153, 430 
Quartz, 293 

equivalent circuit, 294 
quartz crystal pulling sensitivity, 295 
quartz data, 296 

QWIP detector, 307 

R 

RADS, 553 
random  
    jumping, 303 
    jumps, 309, 321 
rare  
    earth, 244 
    metal, 244 
rational design, 150 
reactive oxidation, technique, 29, 30, 52 
Real Samples, 223 
real-time, 488, 498, 501, 504, 508 
receiver operation characteristic, 513 
recognition element 

antibody, 403 
recognition elements, 403, 405, 416 

DNA aptamers, 403, 406-412, 416 
molecular beacons, 406 

reconstructed signal, 307 
recovery time, 78, 79, 82 
rectal cancer, 526, 527 
rectosigmoid cancer, 528 
rectum, 531 
recurrence, 513, 514, 518, 521-525, 552-

555, 557, 558 
reducing gas, 27, 28 
Reference  
    Area Method, 303, 309, 310, 312, 321, 

322 
    signal, 314 
refractory anaemia, 533-535 
regenerative chip, 389 
relapse, 515, 520, 529, 560 
relative humidity, 504, 506, 508 
REMARK, 520, 521, 529 
renewable energy, 487 
Reporting Recommendation for Tumour 

Marker Prognostic Studies, 520 
resistivity, film surface, 25 

resistor, double meander (fig.), 37 
response, 57, 58, 61-66, 68, 69 
Response of a sensor, 79 
response time, 61 
Restriction Fragment Length Polymorphism 

RFLP, 426 
Reynolds number 

magnetic, 270 
rheumatoid factors, 517 
rifampicin 

RIF, 423 
ROC, 513, 519-521, 528, 529, 545, 558 
rural, 532, 537, 538, 543, 544 

S 

SA-HRP, 519 
sandwich TK1 ELISA, 518, 519 
SanUSB, 488, 490, 494, 498 
Saturated Vapor Pressure, 173, 174 
SAXS, small angle X-ray scattering, 30 
SCC-Ag, 514 
schematic cross section, 237-239, 255 
Scheme of multilayer sensing system (fig.), 

52 
Scherrer equation, 26, 30, 33, 42, 47 
Schottky  
    approximation, 77 
    barrier, 66, 67, 69 
SDD. see  silicon drift detector (SDD) 
selectivity, 25, 28, 29, 48, 57, 63 
Selectivity 

chemical sensor, 112 
self-assembled monolayer, 370 
SEM,scanning electron microscopy, 26, 32, 

42, 44-47, 52 
semiconductor, 57, 61, 67 
semi-custom, 130 
sense and antisense strand, 428 
Sensing Mechanisms, 116 
sensitivity, 117. 139, 146. 426 
sensitivity and specificity, 150, 160 
Sensitivity and Stability, 222 
Sensor 

array, 116 
    performance, 57, 58, 63-65, 69 
    response, 58, 62, 64, 69 
    Response 

characteristic concentration, 184 
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concentration dependence, 170, 173, 181, 
183, 184 

photoluminescence  
    enhancement, 183, 184 
    quenching, 169, 170, 172, 173, 180, 

184 
selectivity, 168, 184, 185 
sensitivity, 168, 173, 182, 184, 185 
time evolution, 172, 181 

    sensitivity (S), 27 
    stability, 58 
    substrate, 83 
sequencing, 153, 154, 157 
serological biomarkers, 514 
serum tumour-related marker, 512 
SH2, sensor, 26, 42 
shaping time, 243 
Si substrate 

0.5-mm-thick, 252 
0.625-mm-thick, 243 
1.0-mm-thick, 245 
10-kΩꞏcm-resistivity, 236, 239, 240, 241, 

243 
2.0-mm-thick, 246 
2-kΩꞏcm-resistivity, 236, 252, 253, 255 
3.0-mm-thick, 244, 247 

signal rise time, 241, 251 
Silicon 

dissolution mechanism, 168 
nanocrystals, 167, 170 
porous, 167-170, 184 

silicon drift detector (SDD), 235, 238, 244, 
245 
0.5-mm-thick, 244, 252 
largest-area single-anode, 249, 250 
multi-anode, 235, 236, 250 
simple, 236 
small-area, 235, 240 

Simoa method, 152 
simple-structure SDD (SSDD), 237 
Single  
    Nucleotide Polymorphism 

SNP, 426 
    strand DNA sequences, 427 
single-molecule  
    FRET (smFRET), 156 
    studies, 149 
single-nucleotide polymorphism (SNP), 

150, 154 
sintering, 58, 60, 61, 63, 68 
sinusoidal pattern, 307, 323 

SiO2, 113 
size classified, 60 
Skin Tumors, 349 
slip 

length, 266 
velocity, 266 

slippage, 266 
small adeno/squamous carcinomas of the 

lung, 531 
small molecule targets 

cocaine, 410, 412, 415, 416, 418 
cortisol, 412, 414, 415 
estradiol, 412, 414, 417, 418 

smartphone, 131 
SnO, 61 
SnO2, 57, 61, 64, 67, 69, 139-141, 144-146 
SnO2 semiconductor, 25, 26 
SnO2, pure, 25, 26, 29-31, 33, 34, 36, 39-

45, 47-53 
SnOx, 60-63 
Snyder’s polarity index, 182, 184 
sodium dodecyl sulfate (SDS), 370 
solar irradiance, 497, 502 
sol-gel  
    process, 80 
    technique, 30, 43, 48, 50 
sound velocity, 89 
spatial noise, 314 
specificity, 428 
specificity and sensitivity, 149 
spectrum, 243 
S-phase, 512, 513 
spin coating, technique, 43, 44 
Spinach RNA aptamer, 152 
spray pyrolysis, technique, 43, 44 
squamous cell  
    carcinoma, 514, 553 
    cell hyperplasia, 548 
squamous intraepithelial lesions, 553 
SSDD. see  simple-structure SDD 
SSTK Inc, 519 
stability tests, 383 
stable disease, 524 
stage III/IV, 523 
standard addition technique, 396 
stimulated emission depletion (STED), 156 
STK1p, 513, 515, 517-529, 531-534, 536-

539, 541, 542, 544-549, 551, 553, 555-
558, 561 

STKa, 513, 516, 521-523 
Stokes Shift, 210 



  Chemical Sensors and Biosensors 

 580

stomach, 543, 544, 547 
strand displacement, 427 
streptavidin, 369 
stresses, 26, 30, 42, 43, 45, 47, 48, 51, 53 
Structural Properties, 141 
    acoustic wave, 139, 145 
    Enhanced Raman Spectroscopy, 407 
    Functionalization, 174 

electrochemical grafting, 178 
electrodeposition of conductive polymer, 

179, 182 
hydrosilylation, 177, 178, 181 
oxidation, 174, 180 
silanization, 177 
thermal carbonization, 179 

    Morphology, 142 
    plasmon resonance, 406, 407 
    Plasmon Resonance 

SPR, 424 
plasmon resonance (SPR), 369 
surgery, 521 
survival, 513, 515, 518, 520, 523-528, 553, 

557, 558, 560 
switchable avidin mutant, 398 
Synthesis, 194 
systemic lupus erythematosus (SLE), 160 

T 

target, 404-406, 408-416 
target gene, 428 
targets 

small molecule targets, 405, 412, 414 
TEM, transmission electron microscopy, 

31, 52 
temperature variations, 303, 309, 320, 322 
temporal noise, 303, 304, 309, 322 
Terahertz, 325 
    absorption, 335 
    Radiation, 356, 357 
    Spectroscopy, 330 
thermal image, 304, 310 
thermo-elastic effects, 303 
thermosiphon, 87, 88, 91, 95-100, 102, 103, 

108 
thick film, 25, 26, 28, 35, 39-41, 48, 52, 53 
thickness, 57, 58, 60-62, 144 
thin film, 26, 42-44, 47-50, 53 
thiol-modified DNA, 423 
thiol-modified ssDNA probes, 430 

Thymidine kinase 1, 512 
thyroid, 539, 544, 545, 549, 550 
THz  
    absorption spectra, 335 
    imaging, 342, 345 
    radiation, 325, 326 
    radiation attenuations, 340 
    signals, 329 
    spectra, 332 
    spectroscopy, 326 
THz-FTIR, 336 
THz-TDS, 326, 331 
TiO2, 112, 114, 116, 117 
tissues extract, 516 
TK activity, 513, 516, 555, 558 
TK1, 512-529, 531-542, 544-558, 560-562 
TK2, 516 
TKa, 513, 516, 518 
TK-REA kit, 516 
Transducer, 293 

impedance transducers, 293 
quartz oscillator, 296 
temperature compensation, 296 

transit time, 251 
transmission electron microscopy (TEM), 

156 
Triple Sonar, 103 
tTK1 expression, 557 
tuberculosis 

TB, 423 
tumour  
    cell proliferation, 512, 513, 515 
    disease link developing group, 537 
    Disease Linked Group, 537 
    size, 515, 522, 523, 555 
tumour-related markers, 512, 514, 520, 539, 

542, 551 
two photon (2P) microscopy, 155 

U 

univariate, 521, 522 
urban, 532, 537, 538, 543, 544, 559 
urban/rural area, 532, 537, 538 
urea, 378 
uterus, 531 
UV irradiation, 209, 210 
UV-Vis spectroscopic, 435 
UV-Vis Titration, 195 
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V 

vacancies 
oxygen, 114, 116 

    clusters, 26, 42 
venous blood, 519 
Visual Recognition, 225 
VOCs (Volatile Organic Compounds, 

particularly, ethanol), sensor, 25 

W 

water solvation-layers, 338 
Water-Containing System, 223 
Web-design tools, 151 
Western blot, 517, 527, 528 
WHO, 511, 512, 543, 561 
WiFi, 133, 494, 495, 498, 504 
Wi-Fi, see WiFi 
wind speed, 490, 492 
work function, 67 
World Health Organization (WHO), 511 

X 

XDR-TB 

Extensively drug-resistant TB, 427 
X-ray 

absorbed fraction, 244 
count rate, 251 
detector, 235 
fluorescence photon, 235, 243, 244 
fluorescence spectroscopy, 235 
Image Sensor, 255 
K-line, 243, 244 
photon, 235 
spectroscopy, 251 

    diffraction (XRD), 26, 30, 33, 41-43, 47, 
50, 52, 53 

Y 

YSZ, 111, 114-117 
yttria-stabilized zirconia. See YSZ 

Z 

ZigBee, 132 
ZnO, 57, 60, 61, 63-69 
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