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Abstract: Piezoelectric crystal immunosensors have attracted considerable interest in the last few years 
since the monitoring of a specific substance is central in many applications. These sensors work on the 
principle of measuring a small change in resonant frequency of an oscillating piezoelectric crystal due to 
change in mass on the sensor surface. Because of their low cost and high Q-factors, these miniaturized 
sensors show fast response time, high sensitivity, and are suitable for mass production using standard 
fabrication techniques. Arrays of such sensors could be fabricated to cover ranges of a particular sensing 
property and have the potential for seamless integration with CMOS-based electronics. The present article 
demonstrates a type of piezoelectric crystal immunosensor using simple design of frequency oscillator and 
monitoring circuitry for biomedical applications. The basic criterion for immobilizing biomolecules 
(receptor etc.) on sensor surface for immunoassay application is briefly discussed. 
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_____________________________________________________________________________________ 
 
1. Introduction 
 
Piezoelectric biosensors work on the principle of piezoelectric effect firstly described by Pierre and Curie 
in 1880 as a phenomenon where electric dipole (developing potential difference) is generated in 
anisotropic natural crystals subjected to mechanical stress. Such materials also exhibit the converse effect 
i.e., suffering dimensional change under the influence of an electric field. All piezoelectric materials, 
exhibiting an anisotropic effect have no center of symmetry in their crystal structure. The existence of a 
polar axis in natural piezoelectric crystal gives rise to an inherent polarization, before any electric field is 
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applied. The piezoelectric effect occurs in crystals without any center of symmetry, when pressure is 
applied to the crystal in certain orientation. The crystal lattice is deformed in such a manner that a dipole 
moment arises in the molecules of the crystal, resulting in electric potential. Alternating mechanical 
deformations occurs at the crystal, which becomes a part of the oscillating circuit. These deformations 
cause a vibratory motion of crystal and formation of the standing acoustic wave. When the frequency of 
the enclosed electric field is equal to the fundamental frequency of the crystal, stable vibration arises. A 
minimal dispersion of energy takes place at this so called “resonant frequency”. The piezoelectric crystal 
oscillate in the thickness shear mode, parallel to the major axis, and yield antimodally displacing surface. 
This mode of operation in crystal overcomes the problem of harmonic and overtone interferences 
(Guilbault, 1980). For the mass based sensing applications (Quartz Crystal Microbalance), a piezoelectric 
crystal made of AT-cut quartz crystal sandwiched between a pair of electrodes is generally used. AT-cut is 
a type of cut of the quartz wafer at an angle 350 15’ . These crystals show nearly zero frequency drift over 
a wide range of temperature variation) When the electrodes are connected to an oscillator and an AC 
voltage is applied over the electrodes the quartz crystal starts to oscillate at its resonance frequency due to 
the piezoelectric effect. Figure 1 shows the construction of piezoelectric crystal and its vibration in 
thickness shear mode. 
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Fig. 1. (a) Piezoelectric crystal construction and (b) crystal vibrating in thickness shear mode. 
 

2. Theoretical Principals 

The basic equations describing the relationship between the resonant frequency of an oscillating 
piezoelectric crystal and the mass deposited on the crystal surface have been derived by Sauerbrey, In 
1959, Sauerbrey developed an empirical equation for AT-cut quartz crystals vibrating in the thickness 
shear mode that describes the relationship between the mass of thin metal films deposited on quartz 
crystals and the corresponding change in resonant frequency of the crystal. The frequency of the quartz 
crystal is dependent upon the physical dimensions of the crystal plate and the thickness of the electrode 
deposited as shown: 

Θ = N/F,      (1) 
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where N is the frequency constant. For an AT-cut quartz crystal N is 1.67 x 105 Hz 

Also, the thickness of the quartz plate is related to its mass by the equation 

Θ = m/A ρq,       (2) 

where, ρq is the density of the quartz (2.65 g/cm3), m is the mass (g) of oscillating quartz, and A is the area 
(cm2) of the electrodes of quartz plate. 

The equation (1) and (2) yields  

F = ρq NA/m       (3) 

If an added mass ∆m is attached uniformly to the electrode surface, we get 

∆f + f = ρq NA/m + ∆m, or 

∆f = -f2. ∆m/ ρq  NA(1 + ∆m/m)   (4) 

Substituting the values of N and ρq in the equation yields 

∆f = - 2.3 x f2. 10-6 f2 ∆m/A (1 + ∆m/m) 

Since, ∆m is very small compared to m, and hence is omitted. The above equation becomes 

∆f = -2.3 x 10-6 f2 ∆m/A    (5) 

Since, the value of f and A are constant for a type of crystal, we can re-write the above equation as 

∆f = -k ∆m 
 
The change in resonant frequency (∆f) in Hz is directly proportional to the mass adsorbed on the crystal 
surface. It is anticipated from the equation that a 9 MHz quartz crystal has a mass sensitivity of about  
400 Hz/µg or a 15 Hz crystal a sensitivity of 2600 Hz/µg (Guilbault and Luong, 1988) and therefore, the 
limit of detection of piezoelectric crystal based detection system is estimated to be approximately in sub-
nanogram range. 

The oscillating frequency of the piezo crystal immersed in an aqueous medium is also influenced by the 
density (ρ) and viscosity (η) of the medium, as described by equation (Kanazawa & Gordon 1985,) 

∆F = -2.3 x 10-6 F3/2 (η.ρ)1/2 

This equation gives shift in fundamental frequency of the order of 7 kHz for a 10 MHz quartz crystal with 
only one face in contact with aqueous medium. 
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3. Quartz Crystal Microbalance 
 
A QCM sensor typically consists of a thin AT-cut quartz disc with circular electrodes on both sides of the 
quartz. Due to the piezoelectric properties of the quartz material a voltage between these electrodes leads 
to a sear deformation of the quartz crystal. The QCM measure the resonant frequency of a quartz crystal, 
which is a linear function of the mass of material, deposited on the crystal surface (as described by 
Sauerbrey in 1959). There are many different kind of detection mechanism based on changes in one or 
more of the physical characteristics of a thin film or layer in contact with the device surface. Mass loading 
is the most commonly used and easily interpreted. The mechanical behavior of quartz can be expressed by 
an electrical equivalent circuit (see Figure 2). The inductance L corresponds to the energy storage in the 
vibrating quartz mass, the capacitance C is related to the mechanical elasticity and the resistance R 
denotes the energy losses due to the various processes. The dielectric quartz substrate between the 
electrodes forms a static capacity Cs. 
 

 
 
Fig. 2. The equivalent circuit Model for QCM resonator mass and liquid loading. The inductance L corresponds to 
the energy storage in the vibrating quartz mass, the capacitance C is related to the mechanical elasticity and the 
resistance R denotes the energy losses due to the various processes. The dielectric quartz substrate between the 
electrodes forms a static capacity Cs. 
 
The liquid loading leads to an additional inductance and resistance, whereby L2 relates to the vibrating 
liquid mass and R2 to the viscous losses. This equivalent circuit is valid for the crystal having one side of 
its electrode in contact with liquid while the other side is in air only. For crystal dipped in liquid with both 
of its phases in contact with liquid, another parallel capacitance Co is added. For biochemical applications 
in liquids the electrodes are coated with a specific layer of receptor molecules, resulting in an impedance 
Z3 corresponding to an inductance L3. 

 
In general, for QCM based measurements, only one side of the crystal is in contact with the liquid. A 
hydrostatic pressure thus causes a deflection of the piezo crystal, which is related to change in the 
frequency of the crystal by following equation 

 
∆Fp  =  Ap p2

 
The geometric dependent constant Ap increases with the decrease of the crystal thickness. The total 
frequency shift ∆F resulting from the mass deposition ∆Fm and the hydrostatic pressure is described as 
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∆F  =  ∆Fp  +  ∆Fm
 
4. Apparatus 
 
The experimental apparatus comprised a 10 MHz AT-cut quartz crystal and a fabricated holding fixture. 
Piezoelectric crystals (AT-cut) with HC6U configuration with gold electrodes deposited on both sides of 
the crystal were used for immunoassay purpose.  The quartz crystal was mounted between two O-rings in 
the Teflon probe to provide liquid contact with only one side of the crystal. Phosphate-buffered saline 
(PBS), pH 7.41, was used as a liquid media. All reagents were of analytical grade. The frequency was 
monitored using an indigenously developed frequency monitor with resolution of 0.1Hz at 10 MHz.  A 
multi-channel QCM system comprising of seven inter-digital piezoelectric quartz crystals (AT-cut with 
gold electrodes of 10 MHz each) encapsulated in a detector cell has been developed. Crystals are coupled 
individually to the oscillator circuits (OSC1-6: sample oscillators and OSC R: Reference oscillator), and 
interfaced to the data selector and the frequency-monitoring device, for making a modular multi-channel 
QCM system (Fig. 3). All crystals were placed inside a specially designed detector cell, which was made 
up of two Teflon blocks joined together with screws. The crystals were centered between O-rings on 
upper and lower Teflon slabs to make a perfect sealing with only one face of the crystal exposed to sample 
compartment. A photograph of indigenously developed QCM system coupled with flow-through assembly 
unit for on-line monitoring of insulin concentration in samples is shown in Fig. 4. The system is capable 
of monitoring insulin concentration up to sub nanogram per ml in standard samples (Fig. 5).
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Fig. 3. A multi-channel QCM system comprising of seven inter-digital piezoelectric quartz crystals (AT-cut with 
gold electrodes of 10 MHz each) encapsulated in a detector cell coupled with frequency oscillating and monitoring 
devices. 
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Fig. 4. Quartz crystal set-up. The QCM unit is coupled to flow-through system for on-line monitoring applications. 
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Fig. 5. The response of developed QCM system for Insulin concentration (mg/ml) in samples. The electrode surface 
of piezoelectric crystals was coated with anti-insulin antibody using protein A as a linker for insulin monitoring 
(Suri et al., 1995). 

 

5. Quartz Crystal Immunosensors 

Immunosensors are based on the binding interactions between immobilized biomolecules 
(antibody/antigen) on the transducer surface with the analyte of interest (antigen/antibody), resulting in a 
detectable signal. The sensor system takes advantage of the high selectivity provided by the molecular 
recognition characteristics of an antibody, which binds reversibly with a specific antigen. In solution 
phase, antibody molecules (Ab) interact specifically and reversibly with an antigen (Ag) to form an 
immune- complex (Ab-Ag) according to the following equilibrium equation: 
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      Ka 

Ab   +   Ag      ↔      Ab-Ag, 

                  Kd
 
where Ka and Kd are the association and dissociation rate constants respectively.  The equilibrium constant 
(or the affinity constant) of the reaction is expressed as follows: 

 
K  = Ka  /   Kd    = [Ab-Ag]  /  [Ab][Ag] 

 
The equilibrium kinetics of antibody binding with antigen in solution suggests that both association and 
dissociation are relatively rapid. The direction of equilibrium depends on the overall affinity, which is 
basically the summation of both the attractive and repulsive non-covalent forces. The association rate is 
determined by the diffusion rates of reacting antibody and antigen, and by the probability that a given 
interaction will result in binding. The dissociation rate is governed by the strength of the bonds in the 
antibody-antigen complex, and also by the thermal energy available for the activation energy necessary to 
break these bonds. An immune-complex usually show low Kd values (in the range of 10-6 to 10-12) and also 
display higher affinity i.e., K value (typically 104) (Kabat, 1976). Immunosensors, which usually 
incorporate antibodies immobilized on solid matrix, do not show the same kinetics of reaction established 
for those reactants in solution (Rabbany et al., 1995). Immobilization of biomolecules on solid surface can 
alter either the properties of the reactants (measured in reaction rate constants) or the surface 
characteristics (surface charge, hydrophobicity etc.) of the support itself. 
 
Immunosensors are designed such that the formation of immune-complex on the transducer surface is 
directly determined by measuring the physical changes (electrical or optical) induced by the binding 
reaction. Either the antibody or the antigen is immobilized on the transducer carrier surface to form a 
sensing device. The solid matrix is sensitive, in its surface characteristics, to detect the immune-complex 
formation. The antigen or the antibody to be determined is dissolved in a solution and allowed to react 
with the complementary matrix-bound antibody or antigen to form an immune-complex. This formation 
alters the physical properties of the surface, such as electrode potential, piezoelectric properties, or the 
optical properties. The use of PZ crystal based immunosensor to demonstrate the antibody-antigen 
complex has now been attempted for the estimation of analytes. A general scheme showing binding of 
biomolecules on piezoelectric crystal surface is presented for monitoring different analytes of interest 
(Fig. 6). The biomolecules (receptor etc.) are attached to transducer surface by adopting some suitable 
binding chemistry (discussed in details in the following section). 

 

Crystal Substrate 

Gold Electrode 

Antigen 
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Blocking Agent 

Fig. 6. Schematic diagram of piezoelectric crystal bound with receptor molecules for antigen detection. 
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The derivatization of the sensor surface with suitable linkers for binding biomolecules is a key factor for 
getting reproducible and consistent results. To obtain highly sensitive sensing surfaces, it is necessary to 
present a receptor molecule so that the corresponding ligand can be bound without any steric restrictions. 
Several immobilization chemistries suitable for QCM immunoassays have been reported. Antibodies have 
been immobilized via their oxidized glycochains (O’Shannessy and Wilchek, 1990) or via their reduced 
disulphide bonds (Hermanson et al., 1992). A self-assembled monolayer of long-chain alkanethiols with 
suitable reactive groups on one end of the molecule and a gold-complexing thiol on the other end was also 
developed (Duschl et al., 1996). A silanization chemistry using 3-aminopropyltrirthoxysilane (3-APTES) 
has been used to attach antibodies to the gold surface via a glutaraldehyde linker for sensitive SPR sensing 
(Sasaki, et al., 1998). For a more specific linkage of receptors, use of biotin-avidin complex has been 
reported (Morgan et al., 1992). Thin polymer film coating (App 100 nm ethylenediamine), which provides 
a hydrophilic surface with sufficient amino groups, was also applied to gold to investigate biomolecular 
interactions with the polymer-coated surface (Nakamura et al., 1997). 
 
In our earlier study, site-directed immobilization of antibodies on gold carrier was described for 
piezoelectric crystal based microgravimetric immunobiosensor (Suri et al., 1995). But, the use of protein 
A coated gold carrier was restricted for repeated use, as the protein A molecules were not tightly bound to 
the gold surface (Protein A was chemisorbed to the gold surface). A more reliable immobilization method 
for antibody binding onto protein A coated gold surface is the covalent attachment of the biological 
recognition element to the metal film via a homo-bifunctional cross linker. This serves as a functionalized 
structure for binding biomolecules by making a barrier to prevent biomolecules from coming into contact 
with the metal surface. In the present study, we propose a novel sensor chip using protein A as a linker on 
DSP modified gold substrate to achieve uniform, stable, and sterically accessible antibody coating for 
QCM based immunosensor (Schmid et al., 2006). The principles of protein binding on a gold substrate via 
thiol based cross-linker DSP is shown in Figure 7. In yet another study using SRS quartz crystal monitor, 
the formation of antigen-antibody complex as monitored by the QCM system (Model 100) is depicted in 
Fig. 8. Immunoglobulin (IgG) was immobilized on a bare gold surface (Step 1) and the subsequent 
binding of an antibody directed against the immunoglobulin (anti-IgG) (Step 3). A blocking solution of 
concentrated ovalbumin was used in Step 2 to block all uncovered sites on gold electrodes. 
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Fig. 7. (a) Scheme of protein A coated QCM Sensor Surface presenting site-oriented immobilization of antibodies 
onto the gold surface and (b) Reaction mechanism of protein (R-NH2) on DMP coated gold surface. 
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Fig. 8. Antigen-antibody reaction monitored with a SRS (Model 100) Quartz Crystal Microbalance system. 
Immunoglobulin (IgG) was immobilized on a bare gold surface (Step 1) and the subsequent binding of an antibody 
directed against the immunoglobulin (anti-IgG) (Step 3). A blocking solution of concentrated ovalbumin was used 
in Step 2 to block all uncovered sites on gold electrodes. The quartz crystal used for this study is of 5 MHz 
fundamental frequencies. 

 

6. Conclusions 

QCM is a low cost immunosensing system designed for real-time mass measurements in processes 
occurring at or near surfaces. It can measures mass ranging from micrograms to sub-nanograms in both 
gas and liquid phase environments. This could be a valuable research tool for applications ranging from 
pure surface science to chemical/biological science. 
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