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Abstract: This review discusses on Quartz Crystal Microbalance (QCM) and microfluidic driven by ultrasonic 
acoustic forces, as possible alternative technologies to develop compact and portable diagnostic point of care 
(POC). Extension of QCM to measure 10-15 g/cm2 is possible and development of this technology will open up 
new business opportunities in public health, life sciences, and material sciences. The experimental results showed 
that QCM technology can be 1000 times more sensitive, than the currently available mass sensor systems in the 
market. The target market is on diagnostic POC, focussing on home care, public health, and agriculture and food 
industry sectors. Some of the challenges discussed are: 1) A centrifuge for blood plasma separation (BPS),  
and 2) Microfluidic driven by ultrasonic acoustic forces, for separation of suspended particles in the whole blood. 
We also present an overview of the expected global market growth from 2011 to 2020 and the benefits to the end 
users. 
 
Keywords: Femtogram, QCM, Microfluidic, Ultrasonic blood plasma separation (BPS), Free-BPS,  
Whole blood. 
 
 
 
1. Introduction 

 

The CANARY/PANTHER technology is currently 
used as diagnostic POC for detection of virus and 
bacteria in site buildings, emergency response, and 
rapid screening of other disease outbreak in public 
areas, but encounters a lot of problems. These 
problems are primarily sample preparation [1-2], 
involving micro-centrifuges, and micro-air handling 
devices, burdened by the long-term storage of 
refrigerated B-cells, which are ineffective in other 
applications. Mass Spectroscopy (MS) and electron 
microscopy are very effective in conducting scientific 
research and can be used for identification of diseases 
in several hours or weeks, but face challenges such as 
miniaturization, preprocessing samples, introducing 

samples to the MS chamber, and interpreting spectral 
signals. Therefore, there is a need to develop cost-
effective portable diagnostic POC equipment for 
detection of diseases in real time. 

The nanoscale mass sensor devices which can be 
used to develop cost-effective and modern diagnostic 
POC systems do exist and the patents have been 
reported elsewhere [3-14]. The existing inventions are 
sensitive enough to measure the mass of bacteria, 
virus, cells, molecules, and troponins. These devices 
are based on Carbon Nanotube (CBN), QCM, Micro-
Electromechanical Systems (MEMS), and 
Microcantilevers, with the capability to measure mass 
from picogram (pg/cm2 or 10-12 g/cm2) to zeptograms 
(zg/cm2 or 10-21 g/cm2). Among these devices, the only 
one which is cost-effective, cheap, easy to fabricate 
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and manufacture, and commercially available in the 
market, is QCM mass sensors [15-18].  

Sauerbrey [19] was the first to recognize the 
potential usefulness of the QCM technology and 
demonstrated the mass sensitivity nature towards 
frequency changes at the surface of QCM electrodes. 
He derived the equation which relates the mass change 
per unit area at the QCM electrode surface to the 
observed change in oscillation frequency  
of the crystal as shown in the expression:  
K = 2f2/  = 2.26×10-6f2Hz-1cm2/g, where K is the 
mass sensitivity coefficient, ρ = 2.648 g/cm3,  
is the density of quartz crystal, and  
µ = 2.947×1011 g/cm.s2, is the shear modulus of quartz 
crystal. If the mass sensitivity coefficient (K) and the 
detection limit ∆f (τ) parameters are known, it is 
possible to estimate mass resolution; using Allan 
deviation σ (τ) which represents noise instability in the 
time domain less than 10 seconds [20-21]. The σ (τ) is 
calculated using the equation; σ = (1×10-7)/Ԛ, where 
Ԛ is the Q-factor of an AT-cut quartz disk.  
The ∆f (τ) is calculated using the equation;  
σ (τ) × f (τ) = ∆f (τ), while the mass resolution [22] is 
calculated by taking the ratio of ∆f (τ) to K.  

To verify that the mass resolution depends not only 
on the frequency shift but also the diameter of the 
central active electrode, we have designed, fabricated, 
and characterized 5 disks. The diagrams which show 
the designs and the experimental set-up for 
measurement of the Q-factors and the frequencies are 
shown in Sections 3 and 4. Section 5 discusses on 
calculated σ (τ), K, ∆f (τ), and mass resolution in 
g/cm2. Sections 6 and 7 discuss on challenges for 
developing diagnostic POC using QCM mass sensor 
interfaced with microfluidic driven by ultrasonic 
acoustic forces. Section 8 discusses on market 
overview and benefits to end users while the last 
section summarizes what has been discussed in  
this review. 

 
 

2. Design, Fabrication and 
Characterization of the Disks 

 

The disks were designed and fabricated using 
sputter deposited Gold electrode layers (~300 nm) on 
Chromium adhesion layer (~50 nm). The diagram 
which shows the fabricated disks is depicted in Fig. 1.  

 

 
 

Fig. 1. The top views show the gap with numeral 11, the ring 
electrode with numeral 12, and the center electrode with 
numeral 13. The bottom side is a full coated electrode with 
numeral 10. 

Referring to Fig. 1, the top side of the disk is described 
using three numerals; 11, 13 and 12. Numeral 11 is the 
gap between the center electrode and the outer ring 
electrode. Numeral 13 is the center electrode as 
viewed from the top of the Quartz disk. Numeral 12 is 
the ring electrode, at the bottom side of the Quartz 
disk, is the full electrode marked with numeral 10. The 
center dot with numeral 13 has different diameters  
(1 mm, 2 mm, 3 mm, 4 mm and 5 mm) for disks 1 to 
5 respectively. 
 
 
3. Experimental Set-up 
 

The experimental set up for Q-factor 
measurements using 4294A Precision Impedance 
Analyzer which is connected to Signatone (S-1160 
model) Probe Station is shown in Fig. 2 (a).  

 
 

 
 

Fig. 2. (a) Set-up for measurements of Q-factors versus 
frequencies; (b) Set-up for measurement of frequency 

stability. 
 
 

These disks were mounted on a Signatone (S-1160 
model) Probe Station and connected using a coaxial 
cable to the 4294A Precision Impedance Analyzer in 
the series configuration. The electrical signal 
(150 mV) is applied at a resonant frequency on the top 
layer labeled with numeral 12 while the ground 
terminal is connected to a full bottom electrode labeled 
as numeral 10. The measured parameters were  
Q-factors, in the frequency range between 1 MHz and 
1.10 MHz The set-up for frequency shift 
measurements using Frequency Counter, Signal 
Generator, and Signatone (S-1160 model) Probe 
Station is shown in Fig. 2 (b). The disks were mounted 
on the top of the probe stations and the sinusoidal 
electrical signals (10 V) were applied from the signal 
generator to the ring electrode while the full bottom 
electrode grounded. The Frequency Counter was then 
used to measure frequencies using lab view program 
installed in the computer.  
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4. Results and Discussion 
 

In this section we present results based on: 
  

1) Q-factors and Allan deviation calculation;  
2) Calculation of mass sensitivity coefficients;  
3) Calculation of detection limit; 
4) Calculation of mass resolution.  
 
 
4.1. Q-factors and Allan Deviation 

Measurements  
 

The curve which shows the measured Q-factors 
versus frequencies is in Fig. 3(a), the obtained results 
show the maximum Q-factor to be 50000 at resonance 
(1.067 MHz) for the disk with 3 mm diameter. For the 
disks with 1 mm, 2 mm, 4 mm and 5 mm, diameters, 
the measured Q-factors were 40000, 46000, 42000 and 
38000 respectively.  
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Fig. 3 (a). The curve which shows the measured Q-factors 
of five disks as a function of frequencies and the diameters 

of the central electrodes. 
 
 

The curve which shows the calculated Allan 
deviation is in Fig. 3 (b). The highest Allan deviations 
were calculated from the disks with 5 mm and 4 mm 
diameters; the σ (τ) of the disk with 5 mm as a central 
diameter was 3.2exp-12, while the σ (τ) of the disk 
with 4 mm as a central diameter was 3.05exp-12. The 
disk with the smallest Allan deviation was that with 
1 mm diameter, where σ (τ) is equal to 2.7ex-12. By 
comparing the results obtained in Fig. 3 (a) and (b) we 
noted that as Q-factors increases the value of 
calculated σ (τ) decreases.  
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Fig. 3 (b). The curve which shows the calculated Allan 
deviation versus frequencies of five disks with different 

center dot electrodes. 
 
 

4.2. Mass Sensitivity Coefficient 
and Detection Limit 

 

The obtained σ (τ) as a function of frequencies was 
then used to calculate the detection limit;  
∆f (τ), as shown in Fig. 3(c). The disk with 3 mm as 
central diameter was found to be more  
sensitive and the maximum detection limit was 
approximately 2.15 µHz.  
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Fig. 3 (c). The curve which shows the calculated 
detection limit versus frequencies of five disks 

with different central diameters. 
 
 

In Fig. 3 (d), are results showing the calculated 
mass sensitivity coefficients as a function of the 
measured frequencies, showing the specific mass 
sensitivity of approximately 2.6 MHz.g-1.cm2 when 
the resonant frequency is 1.07 MHz. 
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Fig. 3(d). The curve which shows the calculated mass 
sensitivity coefficients using Sauerbrey mass sensitivity 

coefficient equation. 
 
 

4.3. Calculated Mass Resolution 
 

The mass which can be detected on the surface of 
active center electrode area of each disk were 
calculated by taking the ratio of detection limit ∆f (τ) 
in Fig. 3 (c) to mass sensitivity coefficient (K) in Fig. 3 
(d). The curve which shows mass resolution per unit 
area of each disk is in Fig. 3 (e). The minimum mass 
resolution is 825 femtograms at 1.067 MHz for the 
disk with a diameter of 3 mm.  
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Fig. 3 (e). The curve which shows the calculated mass 
resolution as a function of frequencies and electrode 

diameters of five disks. 
 
 

4.4. Measured Mass Using Frequency Shift 
 

In order to convert the frequency shift to mass 
added on the surface of the active gold electrode, the 
Volume (V) of the Gold layer was calculated using the 
equation πr2t where the thickness (t) is 3×10-5 cm and 
the radius (r) is 0.15 cm. The mass (m) of the Gold 
layer is calculated by multiplying the density of gold 
to the volume it occupies. Therefore the mass is given 

by multiplying πr2t×ρ = (3.14×0.15 cm × 0.15 cm × 
3×10-5 cm) × (19.3 g/cm3) = 4.09×10-5 g, where ρ is 
the density of Gold which is equal to 19.3 g/cm3. The 
measured frequency shift (∆f) was 2×10-8 MHz when 
the resonant frequency (f) was 1.067 MHz. The 
frequency ratio (∆f/f) at resonance was found to be 
1.9×10-8. The mass change (∆m) is given by the 
expression: ∆f/f×m = 1.9×10-8×4.09×10-5g = 
=7.77×10-13g. This mass is approximately  
8.25×10-13 g/cm2 calculated by taking the ratio of mass 
sensitivity coefficient to the detection limit, as seen in 
Fig. 3 (e). These results are almost the same as those 
reported by Mecea [23] with a frequency stability of 
(∆f/f) = 1.5×10–9, showing mass which is equivalent to 
1 pg×cm–2. 
 
 
5. Challenges for Developing Diagnostic 

POC Based on QCM Mass Sensor 
 

One of the challenges facing the development of 
femtogram mass sensors is particle selectivity and 
separation from the blood. Recently, biomarkers have 
shown good results for selectivity of certain virus, 
bacteria, cells, and molecules [24-28]. Moreover; the 
technological advances in microfluidic driven by 
ultrasonic acoustic forces which separate suspended 
particles in the fluid medium [29-32], have shown that 
it possible to combine QCM mass sensor technology 
with microfluidic to develop portable diagnostic POC. 
This review has shown that the separation technique 
based on microfluidic driven by ultrasonic acoustic 
forces is better than other conventional particle 
preparation and separation; using electro-spin [33], 
centrifuge [34], and BPS [35]. 

The conventional microfluidic techniques faces 
tremendous challenges such as:  

1) Inconsistencies with diluting blood samples 
which causes inaccuracies into the measurements and 
reduced concentration of target analyses, leading to 
reduced assay sensitivity,  

2) Complex designs that are cost-ineffective to 
integrate into microfluidic platforms,  

3) Time consuming workflow systems with low 
extraction rates [36].  

By using the new development of simplified 
microfluidic systems controlled with ultrasound 
standing waves, now it is possible to build a 
miniaturized microfluidic system for particles 
separation from whole blood [37-39]. This technology 
is currently used for separation of lipid particles in 
blood during major surgery, significantly reducing the 
embolic load to the brain after cardiac surgery [40]. 
Also, through this review, we noted that the low power 
ultrasonic acoustic forces can be used to separate 
suspended particles in the fluid in microscale to the 
nanoscale regime, while the high-power ultrasonic 
acoustic forces can be used to enhance industrial 
fluid/solid particle separation processes in macro scale 
[41]. 
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6. Integration of Microfluidic to QCM 
Mass Sensor 

 
In the flowchart shown in Fig. 4, the blood is 

injected into the microfluidic driven by ultrasonic 
acoustic forces which separate blood into cells, 
antigens, electrolytes, bacteria, and troponins. The 
components of the microfluidic delivery system are 
not discussed in this flowchart but include; micro 
pumps, micro valves, micro volumes, ultrasonic 
acoustic forces and a reflector, while the sensing 
components consist of biomarkers and special assay 
formats with gold nanoparticles on QCM. 
Successfully interfacing the microfluidic delivery 
system with QCM mass sensor will make it possible 
to develop cost-effective diagnostic POC system. 
 
 

 
 

Fig. 4. The flow chart which shows blood flow into the 
microfluidic driven by ultrasonic acoustic standing wave 

attached to a sensor with antibody and gold, functionalized 
on QCM mass sensor. 

 
 

7. Market Overview 
 

The emerging market is expected to be in the home 
care, public health, agriculture, and food industry 
sectors. In the home care, there is a need to develop 
cost-effective diagnostic POC portable systems based 
on QCM mass sensor functionalized with anti-
troponin [42-45]. Anti-troponin is gold standard 
sensitive biomarkers used to detect Myocardial 
Infraction (MI) by attracting troponin molecule from 
the blood. It is expected that troponin biomarkers 
could grow to encompass much of the diagnostic point 
of care (POC) market with a more sensitive and less 
expensive option [46]. The benefits of using POC tests 
can drastically increase patients’ chances of survival 

as they can be administered much more quickly than 
lab tests in the hospitals [47]. A report [48] prepared 
by the Canadian Agency for Drugs and Technologies 
in Health (CADTH) estimated an annual cost of 
C$1,652,433,246 to do troponin (cTn) laboratory 
testing for suspected Acute Coronary Syndrome 
(ACS) patients, admitted through the emergency 
department in the hospital. This report showed that 
replacement of laboratory testing of cTn with POC 
devices could save billions of Canadian dollars and 
save the lives of many people by detecting the ACS 
before it happens in homes.  

In the public health, agriculture and food industry 
sectors, the global cost to prevent and cure SARS 
outbreak was estimated to be 40 billion dollars [49] in 
2003 while an outbreak of foot and mouth disease in 
the UK (2001) was about 5.8 billion dollars in reduced 
livestock production earnings [50]. Therefore, there is 
a need to use the existing inventions based on QCM 
mass sensor or any Bulk Acoustic Wave (BAW) 
biosensor which can detect a mass in femtogram 
regime, to build diagnostic POC equipment, for 
detecting SARS and foot and mouth diseases before 
infection. The global market for BAW biosensors was 
predicted to be 2000 to 17000 million US dollars from 
2000 to 2018 and, valued to reach $22.68 billion [51] 
by 2020. Among these BAW biosensors, two-thirds is 
expected to be based on QCM mass sensor which is 
equivalent to $15.12 billion.  
 
 

8. Conclusions 
 

The QCM is limited to nanogram (10-9 g) but we 
have shown that it is possible to extend this technology 
to measure (10-13 g to 10-15 g) in the air. Also, we have 
shown that many inventions are reported to measure 
femtograms (10-15 g) but this technology does not exist 
due to the complexity of reproducing the claimed 
patents. Among these inventions, QCM disks are cost 
effective, currently available in the market, and can be 
reproduced easily. One of the future challenges is to 
integrate the sensor component with sample holders 
such as microfluidic, micro air, and microcentrifuge. 
The new development of novel ultrasonic acoustic 
standing wave devices for particle separation and 
nanoparticle/composite materials bioassays may 
provide suitable free-BPS POC solutions, which can 
overcome the matrix effects of whole blood.  

The advances in bioassays have also led to 
increasing number of sensitive, smart and simplified 
POC based on whole blood, bypassing BPS, hence 
creating a rationale for its exclusion in use with  
“An Ultrasensitive High Q-factor QCM Mass 
Sensors” [52]. Also, we envision that a diagnostic 
POC with femtogram sensitivity will reduce the 
patient severity, death, false-positive hospital 
admittance, unnecessary costs to the hospital, and will 
have a potential to impact many scientific research 
fields; including medicine, nanotechnology, 
semiconductor manufacturing, and pharmaceutical 
research. This technology will create new business 
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opportunities; therefore, creating new jobs in research 
institutions, hospitals, homeland security, 
pharmaceutical industries, and agriculture and food 
industry sectors. 
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