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ACOUSTIC WA VE BASED BIOSENSOR 

Aditya A. Vijh, M.S.E. 

Western Michigan University, 2004 

Quartz Crystal Microbalances (QCMs) have been widely used for detection of 

various chemical and biological species in liquid media. In this work an improved 

binding of Protein A and IgG molecules on QCM biosensors by modifying the gold 

surface of the quartz crystal with an ultra thin polystyrene film followed by an acidic 

treatment has been reported. Protein A and IgG immobilizations on quartz crystals with 

the polystyrene film represented a 65% increase and a 40% increase respectively when 

compared to immobilization done directly onto the crystals. Atomic Force Microscopy 

(AFM) has been used to investigate and study the biomolecular coverage on different 

substrates. The results obtained using QCM and AFM are analyzed and correlated 

together. Simulation and modeling of the acoustic wave sensors is done using ANSYS 

6.1 to enhance the understanding of the sensing phenomena and the design parameters of 

the sensor. 
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1. INTRODUCTION

Development of Micro Total Analysis Systems (µ-TAS) has revolutionized the world of 

micromachining technology. Recently research has been concentrated on developing 

biological microelectromechanical systems (bio-MEMS) and the so called "Lab on a 

Chip (LOC)" wherein the biological system is reduced down to the micro levels. These 

microelectronic systems can be easily integrated with the on chip electronics making 

large arrays of these systems possible. They can be of very low cost and easily packaged. 

1.1 Biosensors 

Biosensors are analytical devices that measure the interaction of biomolecules by 

converting a biological response to a detectable electrical signal. They consist of three 

different components (Figure 1-1 ). These components include the biological element to 

be tested (antibody-antigen pair, enzymes, bacteria etc), the transduction system and the 

detection system. 

Biological Element Transduction System Detection System 

Figure 1-1: Biosensor configuration. 

Some of the major considerations while designing a biosensor include: 

• Immobilization of the biological element without affecting their biological

activity.

• Selection of a suitable transduction method.
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• Accuracy and repeatability.

• High sensitivity and selectivity for the target analyte.

• Insensitivity to variations in temperature, pH, pressure, viscosity, concentration,

electrical and other environmental interferences.

• Portability.

• Low cost.

1.2 Types of Biosensors 

Biosensors can be classified based upon the type of the transduction system. This 

transduction system may be piezoelectric, amperometric, potentiometric, calorimetric and 

optical. 

1.2.1 Piezoelectric Biosensors: Piezoelectric biosensors consist of a piezoelectric 

substrate that oscillates at a resonant frequency on application of an electric field. 

Binding of any substance on the surface of the substrate causes a shift in the frequency of 

operation proportional to the amount of mass adsorbed. 

1.2.2 Amperometric Biosensors: Amperometric biosensors detect the analyte by 

measuring the current change that occurs due to the transfer of electrons between the 

biomolecule and an electrode. 

1.2.3 Potentiometric Biosensors: Potentiometric biosensors use ion selective electrodes 

to convert a biological reaction into an electrical signal and measure the potential at 

constant (ideally zero) current. 

2 



1.2.4 Calorimetric Biosensors: Calorimetric biosensors determine the analyte 

concentration by measuring the heat generated during an antigen-antibody reaction. The 

heat generated is measured using thermistors under closely monitored conditions wherein 

most of the heat generated may be registered as the temperature change. 

1.2.5 Optical Biosensors: In optical biosensors light is made to pass through the 

biomolecular layer adsorbed on the surface of the sensor. The biomolecules absorb 

certain wavelength of the incident light. The reflected light is measured and the 

difference in the spectrum of the incident and the reflected light determines the 

concentration of the target compound. 

The work presented here involves the usage of Quartz Crystal Microbalance 

(QCM), a piezoelectric acoustic wave biosensor to detect various concentrations of 

mouse immunoglobulin G (lgG) bound to the surface of the sensor. Further various 

modification techniques of the sensor surface have also been discussed resulting in much 

higher and improved binding of the biomolecules to the surface of the sensor. 

1.3 Acoustic Sensors 

Acoustic wave sensors have been widely used for many applications in detecting 

chemical and biological components in liquid media. By using the so-called chemical 

interfaces, they can be implemented for determining the concentration of a highly 

specific target compound in a liquid environment. The interface selectively adsorbs 

materials in the solvent to the surface of the sensing area. This adsorption results in the 

changes in the electrical and mechanical properties of the device which in turn causes 

changes in the acoustic wave characteristics namely amplitude and velocity and hence the 

3 



resonance frequency of the device. These changes in the acoustic properties of the sensor 

can be directly related to any mass change on the sensor surface. 

1.4 Mass Sensitivity of Acoustic Sensors 

Mass sensitivity is a criterion for acoustic sensor design. The mass sensitivity is defined 

as the incremental signal change occurring in response ·to an incremental change in mass 

per unit area of the surface of the device. For bulk wave resonators mass sensitivity is 

defined as [ 1] 

S = lim 
(!::./ I lo)

m t.ni➔O /).m 
(1) 

where !::.rn is the per unit area mass uniformly distributed on the surface of the device, fo 

is the resonant frequency of the device and !::.f is the change in the working frequency that 

occurs due to mass loading. Mass sensitivity for surface acoustic wave (SAW) devices is 

defined as [ 1] 

S - 1· 
(!::.V !Vo) 

111 
- 1m

t.m➔O /).m 
(2) 

where !::.m is the per unit area mass uniformly distributed on the surface of the device, V 0 

is the phase velocity and !::. V is the change in the phase velocity due to mass loading. 

1.5 Types of Acoustic Sensors 

1.5.1 Thickness Shear Mode (TSM) Resonators: The TSM resonators were first 

studied and used by Sauerbrey in 1959 [2] to determine the thickness of thin layers 

adhering to the surface of the device. Over the period of time, the usage of TSM 
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resonators has been extended for detection of various chemical and biological species by 

coating the surface of the device with a suitable detection layer. Also referred to as the 

Quartz Crystal Microbalance (QCM), TSM consists of an AT-cut quartz crystal with thin 

film metal electrodes patterned on both sides forming a single electrical port (gold is the 

ideal choice for the electrodes). These devices fall in the category of bulk wave acoustic 

sensors as application of a voltage produces an electric field throughout the bulk of the 

device. The piezoelectric nature of quartz in tum causes this electric field to produce a 

shearing motion transverse to the normal of the crystal. The resonant frequency of the 

device is inversely proportional to the thickness of the crystal (which is half a wavelength 

thick) and is typically between 5 MHz to 10 MHz. Quartz Crystal Microbalances have 

been used extensively for protein sensing [3, 4] and gravimetric immunoassays [5, 6, 7, 

8]. One of the advantages of using QCM is the small temperature dependence of the 

operating frequency on the ambient temperature. The electronic circuitry and the 

measurements associated with QCM are relatively simple and straightforward. Further 

these devices have a very high Q (quality) factor. The most serious limitation of these 

devices is the low sensitivity which is limited by the thickness of the crystal. Although 

the device's sensitivity can be increased by decreasing the crystal thickness, it makes the 

crystal much more fragile. Figure 1-2 shows the top and the side view of a typical QCM 

crystal. 
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(a) 

-�------�iG_ol�d (Upper electrode)

I Quartz 

�-,-------...--, G
--,--

ol�d (Lower electrode) 

(b) 

Figure 1-2: (a) Top view of a QCM crystal (b) Side view of a QCM crystal. 

1.5.2 Surface Acoustic Wave (SAW) Sensors: Surface acoustic wave (Rayleigh) 

sensors consist of a piezoelectric substrate ( quartz, lithium niobate, lithium tantalate etc) 

with electrodes patte�ed in the form of metal Interdigital transducers (IDT's). These 

sensors developed with the invention of IDT' s [9] have wave energy confined mostly at 

the surface approximately one wavelength thick. The particles follow an elliptical path 

having displacements transverse to the direction of wave propagation and parallel and 

normal to the plane of the surface. The acoustic wavelength is determined by the IDT 

periodicity. These sensors are normally operated in a "delay line" configuration with one 

set of IDT' s acting as a transmitter and the other set acting as a receiver. These devices 

work at higher frequencies (typical frequency of operation being 30-300 MHz) as 

compared to the TSM resonators and have higher sensitivity as the wave propagates not 

through the bulk of the device but near the surface in the region having thickness lower 
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than the operating wavelength. SAW sensors have found extensive usage in gas sensing 

[10, 11, 12] and biosensing applications [13, 14, 15]. The top and side view of a SAW is 

shown in Figure 1-3. 

(a) 

�-•-•-•-•-•-•-------�•�•�•�•�•�•---.Interdigital Transducers
�-------------�' Substrate 

(b) 

Figure 1-3: (a) Top view of a SAW sensor (b) Side view of a SAW sensor. 

1.5.3 Shear-Horizontal Surface Acoustic Wave (SH-SAW) Sensors: SH-SAW 

sensors belong to the category of SAW sensors wherein the application of a potential to 

the IDT' s produces an acoustic wave having particle displacement perpendicular to the 

direction of wave motion and in the plane of the crystal (shear displacement). As in SAW 

devices, the acoustic wavelength is determined by the transducer periodicity. SH-SAW 

sensors have been applied to a number of enzyme detection [ 16] and liquid sensing 

applications [ 17, 18]. 

1.5.4 Shear-Horizontal Acoustic Plate Mode (SH-APM) Sensors: SH-APM sensors 

[19, 20] are essentially Rayleigh sensors with a difference that the substrate thickness in 

these sensors is less than that in the SAW delay line devices. Under such conditions, 
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IDT's in addition to the Rayleigh waves generate the shear horizontal waves also. These 

waves travel are not confined to the surface only but travel through the bulk getting 

reflected between the top and the bottom surfaces of the substrate which now acts as an 

acoustic waveguide. The particle displacement for SH-APM devices is parallel to the 

surface (in plane) and transverse to direction of wave propagation. 

1.5.5 Love Mode Acoustic Wave Sensors: Love Mode Acoustic Wave Sensors also 

referred to as Surface Skimming Bulk Wave (SSBW) sensors or Guided SH-SAW is 

essentially SH-SAW sensors with an acoustic waveguide or a guiding layer [21, 22]. An 

essential condition for existence of love waves is that the shear acoustic velocity in the 

guiding layer should be less than the shear acoustic velocity in the substrate. Under such 

conditions the elastic waves generated in the substrate get coupled to this surface guiding 

layer which traps the acoustic energy near the surface of the device thereby increasing the 

sensitivity of the device to mass loadings. Hence the guiding layer should be the one with 

low density and low shear velocity. The guiding layer also serves the purpose of 

passivating the IDT's from the contacting liquid [22]. The most commonly used 

substrates for SH-SAW sensors and Love mode devices are quartz, lithium niobate 

(LiNbO3) and lithium tantalate (LiTaO3). The guiding layer may be SiO2 [23, 24, 25], 

certain polymers like Poly (methyl methacrylate) also known as PMMA [26] or ZnO [27]. 

The top and side view of a Love wave sensor is shown in Figure 1-4. 
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(a) 

Interdigital Transducers:h 
11111 111111 I Guiding Layer �

i 
-------------'--�

I Substrate 
(b) 

Figure 1-4: (a) Top view of Love wave sensor (b) Side view of a Love wave sensor. 

1.5.6 Lamb Wave Sensors: Lamb waves sensors are essentially Rayleigh wave sensors 

wherein the waves propagate in a plate (membrane) having thickness less than an 

acoustic wavelength. Particle displacement is transverse to the direction of wave 

propagation and is parallel and normal to the plane of the surface. Application of a 

potential across the electrodes gives rise to both symmetric and anti-symmetric plate 

modes. The lowest order anti-symmetric mode (Ao) of the lamb wave is known as 

Flexural Plate wave (FPW) and it is this mode that is used in liquid sensing operations 

[28]. The membrane is formed by depositing a layer of silicon nitride by chemical vapor 

deposition and then etching it from the backside to the desired thickness. A piezoelectric 

layer of ZnO is then deposited on the upper membrane surface. The IDT's forming a 

"delay line" launch the flexural plate waves that set the whole membrane into motion. 

The wave velocities and hence the frequency of operation of these devices therefore 

depends upon the plate material and its thickness. Figure 1-5 shows the top, bottom and 

the side view of a flexural plate wave sensor. 
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(a) 

(b) 

ZnO---' .___,. Interdigital Transducer 

(c) 

Figure 1-5: (a) Top view of a FPW sensor (b) Bottom view of a FPW sensor (c) Side 

view of a FPW sensor. 

Strong radiation losses limit the use of longitudinal bulk modes and Rayleigh waves in a 

liquid environment. Therefore, acoustic modes, with no elastic coupling to the liquid such 

as TSM, SH-SAW, Love modes, and SH-APM are proper candidates for the development 

of devices to detect biomolecules in complex mixtures [29]. Acoustic wave devices use 

piezoelectric materials for the excitation and the detection of acoustic waves and hence 

the nature of almost all of the parameters involved with sensor applications concerns 

either mechanical or electrical perturbations. An acoustic device is thus sensitive mainly 
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to physical parameters, which may perturb the mechanical properties of the wave and/or 

its associated electrical field. For biological sensors, the binding of the antibodies and 

antigens on the substrate changes the mass of the membrane thus causing a drop in the 

wave velocity, which is correlated to the resonance frequency of the device. 
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2. FUNDAMENTALS OF IMMUNOASSAYS

2.1 Antibody 

An antibody also referred to as immunoglobulin is a protein complex produced by the 

plasma cells to identify and specifically bind to a foreig� substance known as an antigen 

and to neutralize it thus producing an immune response. Antibodies are broadly classified 

as monoclonal antibodies and polyclonal antibodies. Polyclonal antibodies are produced 

in the serum of an animal and are secreted against a specific antigen, each recognizing a 

different epitope. Monoclonal antibodies are produced by a single clone of cells and 

hence have specificity defined against only one affinity partner allowing for improved 

sensitivity and selectivity over polyclonal antibodies. The portion or the region on an 

antibody that binds to an antigen is referred to as an epitope. 

Antigen Binding Sit� �ntigen Binding Site 

Light Chain 

Figure 2-1: Structure of an antibody. 
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Figure 2-1 shows the basic structure of an antibody. Each antibody molecule has an 

approximate molecular weight of 150,000 Daltons (1 Dalton = 1.65 x 10-24 
grams) and 

consists of two heavy chains and two light chains having molecular weights of 50,000 

Daltons and 25,000 Daltons respectively. The stem of the Y shaped antibody molecule is 

referred to as the Fe fragment (fragment that crystallizes) whereas the two identical 

antigen binding fragments (Fab) form the V shaped portion of the antibody. Based upon 

the type of heavy chain antibodies are classified into five different subclasses namely 

IgA, IgD, IgE, IgG and IgM. 

Immunoglobulin A (IgA) consists of 2 "Y" shaped molecules (dimer) and has 

therefore four epitope binding sites. It constitutes 6% of the total antibodies produced in 

the human immune system and has a half life of approximately 5 days. Immunoglobulin 

D (IgD) constitutes 0.2% of the serum antibodies and has a half life of 3 days. It is a 

monomer and therefore consists of only two epitopic site. Having a half life of 

approximately two days, Immunoglobulin E (IgE) constitutes upto 0.002% of the serum 

antibodies. Like IgD it is also a monomer having two epitope binding sites. The highest 

secreted of all the serum antibodies is the Immunoglobulin G which makes upto 80% of 

the serum antibodies. It consists of two epitopic sites and has a half life of 7-23 days. IgM 

is the first antibody produced by the immune system in response to any invasion. It 

constitutes 13% of the serum antibodies. It is a pentamer having ten epitopic sites and has 

a half life of approximately 5 days. 
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2.2 Immunoassay Techniques 

This section describes the vanous immunoassay techniques currently in use. These 

immunoassays represent the various methods of specifically detecting immunoglobulins 

and their complexes formed with the affinity partners. 

2.2.1 Radioimmunoassays (RIA): Radioimmunoassays use radioactive labels to detect 

the concentration of an antigen [30, 31]. The most commonly used radioactive labels are 

1251 (Iodine) and 1311. To start with a radioactively labeled antigen and antibody (against 

the antigen) are incubated together to form a complex. A known amount of an unlabeled 

antigen is then added to the mixture. This unlabeled antigen competes with the 

radioactively labeled antigen for the antibody epitopic sites and hence displaces some of 

the labeled molecules. A secondary antibody directed against the primary antibody (also 

known as anti antibody or a antibody) is then added to form a huge complex. The 

antibody-antigen-antibody complex is then centrifuged and the supernatant fluid is 

separated out. The supernatant fluid contains the unbound antigen whereas the 

centrifugate contains the bound antigen. The radioactivity of both the fractions is 

measured and the radioactive counts in the centrifugate when compared to the standard 

curves give the concentration of the unknown antigen. Figure 2-2 is a pictorial 

representation of the steps involved in radioimmunoassays. 
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Radioactively labeled antigen 

Primary Antibody 

(a) 

(b) 

Secondary Antibody 

o•o• 

•o•o

(c) 
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0 Radioactively labeled antigen 

Complex in the centrifugate 

I Unlabeled antigen 

Figure 2-2: (a) Antigen-antibody complex (b) Addition of unlabeled antigen 

( c) Addition of secondary antibody ( d) Centrifugation result.
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2.2.2 Enzyme Immunoassays (EIA): Enzyme immunoassays use enzymatic labels 

which in the presence of an antigen catalyzes a reaction producing a product with a color 

change [32, 33, 34]. Enzyme immunoassays can be used for the detection of both the 

antigen and the antibody. The first step involves immobilization of the antigen specific 

antibody on a solid substrate. The antigen to be detected is then allowed to incubate with 

the antibody forming an antibody-antigen complex. An enzyme labeled antibody ( against 

the same antigen) is then added to the sample mixture. Following its incubation a 

chromogenic substance is added which in the presence of the enzyme undergoes a change 

in color. The amount of the color developed gives an estimate of the amount of antigen 

present in the test sample. A pictorial representation of the steps involved in enzyme 

immunoassays is shown in Figure 2-3. 

Substrate 

(a) (b) 

(c) 

Figure 2-3: (a) Immobilization of the antibody on a solid substrate (b) Addition of 

the antigen (c) Addition of the enzyme labeled conjugate antibody. 
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2.2.3 Fluoroimmunoassays (FIA): Fluoroimmunoassays involve the usage of a 

fluorescent labels to detect the protein of interest [35, 36, 37]. When excited optically (at 

a specific wavelength) the labels emit fluorescent light. This light is then detected using 

fluorometers or fluorescent microscopes making the detection of biomolecules possible. 

2.2.4 Chemiluminescent Immunoassays (CIA): These 1mmunosassays use 

chemiluminescent labels to generate visible light from a chemical reaction [38, 39, 40] 

and differ from the fluoroimmunoassays by the fact that the labels used in these assays 

emit light when excited by a chemical reaction and rather than the light at excitation 

wavelength. 

2.3 Advantages of Biosensors over the Current Immunosensing 

Techniques 

Current immunoassay techniques suffer from the facts that they are cumbersome, 

laborious, expensive, and hazardous and require specific labels and reagents at individual 

steps of the detection process [41, 42]. Biosensors with rapid and highly sensitive 

detection capabilities for various biomolecules are therefore in great demand in the field 

of life sciences. These biosensors need no labels or distinct reagents and are much easier 

and simpler to implement. They can be made available as a handheld device and would 

be more economical than currently used technologies performing the complete testing 

and analysis of samples. This work therefore involves the usage of a QCM to specifically 

detect the amount oflgG bound to the surface of the sensor. 
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3. QUANTIZATION TOOLS AND METHODS

3.1 Quartz Crystal Microbalance (QCM) 

A Quartz Crystal Microbalance (QCM) falls in the category of bulk acoustic wave 

sensors wherein the acoustic wave when excited flows through the entire bulk of the 

device. It consists of an AT-cut piezoelectric crystal sandwiched between two metal 

electrodes. Also referred to as a Thickness Shear mode resonator (TSM), the particle 

displacement in a QCM is perpendicular to the direction of wave propagation or in other 

words parallel to the sensing surface [43]. Figure 3-1 shows the cross sectional view of a 

TSM resonator indicating the direction of particle displacement (double headed arrow) 

and wave propagation. 

��--
---

�I_G_o�ld (Upper electrode) 

I Quartz 

��------�, G-o�ld (Lower electrode) 

Figure 3-1: (a) Side view of the gold coated quartz crystal (b) Cross sectional view of 

the quartz substrate showing the direction of particle displacement and wave 
propagation. 

Application of an alternating voltage potential across the quartz crystal by the two metal 

electrodes causes the crystal to oscillate at its resonant frequency. Figure 3-2 shows the 

basic electrical model of a quartz crystal resonator. The motional arm of the model 
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consists of a resistor (R), inductor (L) and a capacitor (C) in series. A capacitor Co is 

connected in parallel to the motional arm. 

L C R 

Figure 3-2: Electrical model of a QCM resonator. 

Resistor R represents the losses induced in the resonator when the resonator is loaded 

with a viscous liquid. Capacitor C represents the elasticity of the quartz and its 

surrounding medium whereas the inductor L gives a measure of the mass added onto the 

crystal surface. 

Figure 3-3 shows the oscillator circuit of the quartz resonator consisting of an 

automatic gain control (AGC) amplifier A and terminated in a load resistance RL. The 

voltage across RL is fedback to the input of the amplifier causing the circuit to oscillate at 

its resonant frequency (the frequency for which the phase shift around the loop is 0° or an 

integral multiple of 360°). Under conditions for which Co is zero, the resonant frequency 

(series resonance) for the circuit is given by the formula, 

f =ll21r-frc 
For series resonance, the inductive reactance and the capacitive reactance cancel each 

other so the net reactance of the circuit is resistive. The circuit thus oscillates with a net 

loop gain of 1. 
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A 

L C R 

Figure 3-3: Quartz crystal oscillator circuit consisting of an amplifier A, quartz 

crystal resonator and a load resistance RL, 

The QCM used in my experiments was purchased from Stanford Research Systems 

(SRS) and had a resonant frequency of 5 MHz. The diameter of the crystal was 2.54cm 

and the thickness of the crystal was 331 µm. The metallization layer consisted of gold 

(900nm) and chromium (18nm). The gold surface, which forms the active area for 

immobilization was l.37cm2 and the mass sensitivity of the crystal was 0.057 Hz/ng/cm2
. 

The short term stability of the crystal was 0.002 Hz (sec to sec). The upper and lower 

surfaces of the gold coated quartz crystal are shown in Figure 3-4. 

(a) (b) 

Figure 3-4: (a) Liquid (Upper) surface of a QCM crystal (b) Contact (Lower) 
surface of a QCM crystal. 
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The setup used for our experiments is as shown in Figure 3-5. It consisted of a QCM25 

crystal oscillator, QCMlOO analog controller, SR620 universal time interval counter and 

a crystal holder. 

Figure 3-5: Experimental setup. 

For practical applications Co is never zero. This causes a leading current to flow into RL 

preventing the zero phase condition. It therefore is necessary to cancel Co in a way that 

the leading current through Co is cancelled by the lagging current through the motional 

arm. This is achieved by placing a varactor diode (having a variable capacitance) in the 

circuit as shown in Figure 3-6. 

L C R 

Figure 3-6: Quartz crystal oscillator circuit with nullified Co, 
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The amplifier A drives a transformer with two secondary windings. One of the secondary 

windings drives the crystal resonator and the load. The other secondary winding ( center 

tapped) inverts the voltage. With Cv connected in parallel with C, the net capacitance of 

the motional arm increases. The capacitive reactance decreases such that the net 

reactance of the motional arm becomes inductive. The inverted voltage drives the 

varactor to inject a lagging current into the circuit so as to cancel the current through C0.

The net reactance of the circuit thus remains resistive and the oscillations are sustained. 

The QCM25 crystal oscillator maintains the 5 MHz oscillation of the crystal. It is 

connected to the QCMl00 analog controller. The QCMl00 analog controller powers up 

the QCM25 oscillator and provides a bias to the varactor to cancel C0• The QCM thus 

oscillates at its series resonance frequency. The QCM25 and QCMlO0 are shown in 

Figure 3-7 and Figure 3-8 respectively. 

Figure 3-7: QCM25 crystal oscillator. 
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Figure 3-8: QCMlOO analog controller. 

The frequency measurements were done using a SR620 universal time counter (Figure 3-

9) having a frequency range from 0.001 Hz to 1.3 GHz. The frequency and phase

resolution of the device were upto 11 digits (Hz) and 0.001 ° respectively. 

Figure 3-9: SR620 universal time counter. 

Binding of the material onto the surface of the crystal causes the inductance L of the 

motional arm to increase. This results in a decrease in the resonant frequency of the 

device. 
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This change in the frequency (M) is related to the mass change (ilin) as per the Sauerbrey 

equation [44] 

where f0= initial/ unperturbed resonant frequency. 

A= piezoelectrically active area defined by the two gold electrodes. 

pq
=density of quartz (2.648g cm-3). 

µq
= shear modulus (2.947 x1011 dyn cm-2).

Sauerbrey equation is however based on an assumption that the mass has been uniformly 

and rigidly attached to the crystal and has negligible thickness as compared to the crystal 

as a whole [44]. Under such conditions the thin film acts as an extension of the quartz 

thickness and experiences no shear force during the crystal oscillation [44]. The simple 

relationship relating the change in frequency (�f) to the change in mass (�m) enables 

QCM to be widely used in sensing applications [45, 46, 47, 48]. 

3.2 Atomic Force Microscopy (AFM) 

The Atomic Force Microscope (AFM) invented by Binnig, Quate and Gerber [49] 

consists of a ceramic/semiconductor tip mounted on a cantilever beam. The tip scans over 

the sample surface and a constant force is maintained between the tip and the sample. As 

the tip is repelled by or attracted to the surface, the cantilever beam deflects. The 

magnitude of the deflection is captured by a laser and a plot of the laser deflection versus 

tip position on the sample surface provides the topography of the surface. 
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3.2.1 Contact Mode of Operation: In the contact mode of operation the tip maintains a 

closed contact with the surface over which it is scanned. Under this mode the force on the 

tip is repulsive and has a mean value of approximately lnN. As the tip and the sample 

remain in a constant contact, a strong lateral force is experienced by the sample resulting 

in its damage. 

3.2.2 Non Contact Mode of Operation: In this mode of operation attractive Van der 

Waals forces exist between the tip and the sample as the tip is scanned 5-15 nm over the 

sample surface. The cantilever is oscillated at its resonant frequency. Usually a small AC 

oscillation is given to the tip to detect the weak attractive forces by measuring the 

changes in the amplitude, phase and frequency of the oscillating cantilever. As the tip is 

not in contact with the sample, the resolution is less compared to the contact mode. 

However, unlike the contact mode of operation the damage to the tip and the specimen is 

avoided. 

3.2.3 Tapping Mode of Operation: In the tapping mode of operation the cantilever is 

made to resonate at a frequency of 50-500 KHz and brought close to the sample until a 

contact is made. Under such cases the tip contacts the sample for a very small fraction of 

its oscillation period. Tapping mode allows better quality imaging with high resolution 

and at the same time has little damaging effects on the sample. 

In this work qualitative studies were made using Autoprobe CP Research AFM 

machine (Figure 3-10) in a non-contact mode. The AFM tips used for imaging were 

silicon with an approximate radius of curvature of 20nm. The AFM images were 

analyzed using image-processing software (IP 2.1) to calculate the RMS roughness value. 
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Figure 3-10: Autoprobe CP Research AFM machine. 

3.3 Western Blot Analysis 

Western Blot is a technique of separating proteins from a mixture of proteins depending 

upon their sizes. The protein identification is based on both antibody reactions and 

antigens. Proteins are separated on a denaturing sodium dodecyl sulfate (SDS) 

polyacrylamide gel and are transferred to a nitrocellulose/ PVDF membrane. The 

membrane is then exposed to solutions containing primary antibody, followed by a 

secondary antibody attached to an enzyme or a label. The membrane is subsequently 

soaked in a developer and a fixer solution to develop the color reaction, which results in 

identifying the antigen as a band. Prestained protein markers of known molecular weight 

are then used to measure the molecular weights of the visible bands. 
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4. ANTIBODY IMMOBILIZATION ON

UNMODIFIED (BARE) GOLD SURFACE 

This chapter discusses the methodology and the protocols adopted Muramatsu et al [50) 

to physically adsorb the antibody molecules on the surface of the gold crystal. The 

adsorption of the antibody molecules on the sensor surface was confirmed using a Quartz 

Crystal Microbalance and qualitatively studied using the Atomic Force Microscopy. 

Protein A (Sigma-Aldrich) and mouse monoclonal IgG antibody (BioDesign 

International Inc) were used throughout these studies. Glutaraldehyde and Glycine were 

purchased from Sigma-Aldrich. Glutaraldehyde acts as a cross linking agent between the 

chip and the biomolecules. Glycine is used as a blocking agent. Protein A was 

resuspended in phosphate buffered saline (PBS; Sigma-Aldrich) at a Goncentration of 

500µg/ml. The mouse monoclonal IgG was resuspended in PBS and stored at -20°C in 

aliquots. Aliquots were thawed and diluted to different concentrations as needed. 

4.1 Preparation of the Gold Surface 

Prior to the immobilization process the gold crystal was cleaned using Piranha solution (3 

parts of H2SO4 in 1 part of 30 % H2O2) to remove any organic contamination from the 

surface of the crystal. Enough Piranha solution was employed to cover the gold surface of 

the chip and allowed to incubate at room temperature for two minutes. The chip was then 

thoroughly rinsed with milli-Q water. This procedure was repeated twice. The chip was 

subsequently blown dried in a stream of nitrogen gas. 

27 



4.2 APTES Modification of the Gold Surface 

Gold has been found to be hydrophobic in nature and therefore causes the adsorbed 

biomolecules to denature and loose their activity. It therefore becomes essential to 

improve the hydrophilicity of the gold surface. This was achieved by the formation of a 

self assembled monolayer (SAM) of 5% 3-Aminopropyl triethoxysilane (3-APTES; 

Sigma-Aldrich) in acetone. Figure 4-1 shows the basic structure of an APTES molecule. 

Si 

Figure 4-1: Molecular structure of APTES. 

It is the presence of the terminal amine groups (NH2) in APTES that is basically 

responsible for this improvement in hydrophilicity [ 50]. 

4.3 Protein A Incubation 

After 1 hour following the APTES modification the chip was placed in a 5% (v/v) 

glutraldehyde solution (diluted in water) for 3 hours at room temperature to enhance the 

cross linking between the chip and the biomolecules. A 20µ1 solution of Protein A 

(500µg/ml; Sigma-Aldrich) resuspended in Phosphate Buffered Saline (PBS) was then 

immobilized onto the aldehyde modified surface for a period of 1 hour. Protein A having 
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a molecular weight of 45,000 Daltons was chosen because of its affinity towards the Fe 

fragment of the antibody thereby preventing the random orientations of the antibody 

molecules. The antibody orientation with and without the protein molecules are depicted 

in Figure 4-2a and 4-2b. 

Analyte 

Antibody--■ 

Substrate 

(a) 

Analyte 

Protein A 

Substrate 

(b) 

Figure 4-2: (a) Antibody orientation in the absence of Protein A (b) Antibody 
orientation in the presence of Protein A. 

As can be seen from Figure 4-2, the presence of Protein A enables both the Fab 

fragments of the antibody molecule to be available for binding to the antigen resulting in 

an increase in the number of active sites. AFM image (Figure 4-3) revealed a uniform 

coverage of the surface with Protein A molecules of approximately 10nm in size. The 

scan size used was l .6µm x 1 .�µm. 
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Figure 4-3: AFM image of immobilized Protein A. 

Immobilization of Protein A on gold was then quantitatively studied with QCM. QCM 

when operated in liquids has been found to be sensitive to the viscosity and de·nsity of the 

liquid [51]. Under such conditions frequency shifts obtained using a QCM depend upon 

the absolute viscosity and density of the surrounding liquid as suggested by Kanazawa et 

al [ 52]. Changes in viscosity were avoided by maintaining a constant buffer environment 

of PBS on the crystal surface. Figure 4-4 represents the QCM frequency response to the 

protein immobilization. Point 1 in the figure refers to the point of addition of the Protein 

A containing solution to the chip. Point 2 indicates when the crystal was subjected to 

several wash-dry cycles and point 3 represents new resonance frequency of the crystal 

when Protein A was specifically bound on the surface. The frequency shift due to this 

direct binding (the difference in frequency between point 1 and point 3) was 220 Hz. 

From the Sauerbrey equation, this frequency shift corresponds to a binding of 2.8µg of 

protein. 
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Figure 4-4: QCM frequency response to Protein A immobilization. 

4.4 Antibody Immobilization 

Following Protein A incubation the chip was covered with 0.1 M Glycine dissolved in 

PBS for 1 hour to block any sites not bound to Protein A on the glutaraldehyde modified 

chip. The crystal was then thorough rinsed with O. lM Glycine-HCl buffer (pH 2.4) 

followed by milli-Q water to wash off any excess proteins or glycine. Different 

concentrations of the mouse monoclonal IgG antibody was then incubated on the chip for 

1 hour followed by rinsing with 0.5M NaCl to remove any non-specifically adsorbed 

antibody. For antibody concentration of 80µg/ml, QCM registered frequency shift of 172 

Hz corresponding to a mass change of 2.21 µg (Figure 4-5). Point 1 indicates the time at 

which the antibody was added to the crystal. Point 2 represents the time when the crystal 

was rinsed with 0.5M NaCl to remove any non-specifically adsorbed IgG and point 3 

corresponds to the final resonant frequency after the NaCl rinsing. 
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Figure 4-5: QCM frequency response to antibody concentration of 80µg/ml. 

The QCM frequency shifts for antibody concentrations of 120µg/ml and 160µg/ml shown 

in Figure 4-6 and Figure 4-7 were found to be 205 Hz and 282 Hz for mass uptakes of 

2.63µg and 3.62µg respectively. 
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Figure 4-6: QCM frequency response to antibody concentration of 120µg/ml. 
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Figure 4-7: QCM frequency response to antibody concentration of 160µg/ml. 

4.5 Summary 

To conclude, antibody immobilization on APTES modified gold crystal was studied. 

APTES modification resulted in an improvement in the hydrophilicity of the surface 

which prevents biomolecules from getting denatured. Protein A was incubated onto the 

chip to prevent the random orientations of the antibody molecules. Protein A incubation 

resulted in a frequency shift of 220 Hz. Prior to antibody immobilization, Glycine was 

used to block the unoccupied sites on the glutaraldehyde modified surface. Mouse 

monoclonal antibody with different concentrations was then immobilized on the protein 

coated surface. Antibody with concentrations of 80µg/ml, 120µg/ml and 160µg/ml 

registered frequency shifts of 172 Hz, 205 Hz and 282 Hz respectively. 
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5. ANTIBODY IMMOBILIZATION ON

POLYMER COATED GOLD SURFACE 

This chapter describes the methodology and the protocols described in Chapter 4 to 

physically adsorb the antibody molecules on a polymer coated gold surface. The polymer 

used in our case was polystyrene. An improved binding of Protein A and IgG molecules 

on QCM biosensors by modifying the gold surface of the quartz crystal with an ultra thin 

polystyrene film followed by an acidic treatment was observed. This resulted in an 

appreciable increase in the frequency shift obtained using the QCM when the polystyrene 

film was used as an interfacial layer. 

5.1 Preparation of the Ultra Thin Polystyrene Film 

The gold surface was cleaned using Piranha solution as described in Chapter 4. For the 

experiments in which binding was measured with the polymer film, a 7% w/v solution of 

polystyrene (Sigma-Aldrich) in chloroform was spin coated onto the gold coated crystal 

at a speed of 1000 rpm. The second to second short term and the long term stability of 

the device following the polymer coating were found to be 0.004167 Hz and 0.004513 Hz 

respectively. 

0 

Figure 5-1: Structure of a polystyrene molecule. 
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Figure 5-1 shows the basic structure of a polystyrene molecule. It basically consists of a 

long hydrocarbon chain with phenyl group attached to each carbon atom. The AFM 

image of a polystyrene coated gold surface is shown in Figure 5-2. The scan size used for 

the AFM imaging was 5 µm x 5 µm. 
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Figure 5-2: AFM image of a polystyrene coated gold surface. 

5.2 APTES Modification of the Polystyrene Coated Gold Surface 

Like gold, polystyrene is also hydrophobic. This hydrophobic nature of the polymer 

denatures the biomolecules resulting in a loss of their activity. To avoid denaturation of 

the biomolecules, the polymer film functional groups such as amino and hydroxyl groups 

can be chemically added. This helps the biomolecules retain their activity as 

immobilization now takes place through the hydrophilic arms of the polymer film (53, 

54]. To increase the hydrophilicity of the surface which would increase the ability to add 

the functional groups, the chips were subjected to an acidic treatment followed by 

aqueous silanization using 3-APTES (55]. Figure 5-3 shows the schematic representation 
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of the acidic treatment and the APTES modification of polystyrene. The acid treatment 

provides NO2 groups and the APTES modification improves the hydrophilicity of the 

surface by providing the required amine groups. 
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Figure 5-3: Polystyrene film when treated with acid and 3-APTES (a) Polystyrene 

film (b) Formation of the NO2 groups by acidic treatment (c) Formation of the 

amine (NH2) groups by silanization. 

5.3 Confirmation of the Improvement in Hydrophilicity of the 

Polystyrene Coated Surface 

This improvement in the hydrophilicity was confirmed by monitoring the distribution of 

water droplet on polystyrene and APTES modified polystyrene surfaces. Figure 5-4 

shows the water distribution images (recorded using a Digital Blue Computer 

microscope) on polystyrene and modified polystyrene surfaces respectively. 
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(a) 

(b) 

Figure 5-4: (a) Image of water distribution on polystyrene coated surface (b) Image 
of water distribution on APTES modified polystyrene surface. 

A decrease in the contact angle of about 34° (from 89° to 55°) for APTES modified 

polystyrene surface was observed compared to the unmodified surface. A completely 

hydrophobic surface has been found to have a contact angle of 180° as compared to 0°

for a completely hydrophilic surface. A decrease in the contact angle as observed in our 

experiment is therefore indicative of the improvement in the hydrophilicity of the APTES 

modified surface. The improvement in the hydrophilicity was further ratified with AFM 
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study of IgG molecules (approximately 10 nm in size) immobilized on APTES modified 

polystyrene surface (Figure 5-5) . 
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Figure 5-5: (a) AFM image of lgG immobilized on polystyrene coated surface 

(b) Height profile of the surface along a line.
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A zoomed in image of the lgG immobilized on polymer modified surface is shown in 

Figure 5-6. The AFM imaging performed two hours after the biomolecular 

immobilization revealed that the molecules retained their characteristic "heart shape" 

indicating that they were not denatured. 
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Figure 5-6: Zoomed in AFM image of IgG immobilized on polystyrene coated 

surface. 

5.4 Protein A and Antibody Immobilization 

Following the confirmation of improvement in the hydrophilicity of the polymer coated 

surface, the chip was treated with glutaraldehyde for a period of 3 hours. Protein A and 

mouse monoclonal lgG antibody were then incubated on the modified surface using the 

same protocols as described in Chapter 4. The QCM frequency response for Protein A 

immobilization is shown in Figure 5-7. The registered frequency shift from was 364 Hz 

which corresponds to a mass uptake of 4.66 µg. This represented a 65% increase in the 

frequency shift when compared to the QCM chips that were not coated with the polymer 
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film. As in previous experiments point 1 represents the instant when protein A was 

incubated onto the chip, point 2 is the time when the crystal was subjected to several 

wash-dry cycles of PBS and point 3 is the instant when the frequency stabilized 

corresponding to the specific binding of protein A. 
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Figure 5-7: QCM frequency response to Protein A immobilization on polystyrene 
coated surface. 

Similar results were obtained for the binding of IgG. The QCM response (Figure 5-8) for 

the immobilization of IgG (80µg/ml) on the polystyrene surface showed a frequency shift 

of 260 Hz. This represented a 40% increase in the frequency shift when compared to 

chips that had not been modified with polystyrene. 
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Figure 5-8: QCM frequency response to lgG (80 µg/ml) immobilization on 

polystyrene coated surface. 

Similar to what was found with the antibody concentration of 80µg/ml, antibody 

concentrations of 120µg/ml and 160µg/ml also showed an approximate 40 % increase in 

registered frequency shifts (325 Hz and 391 Hz respectively) for immobilizations done on 

crystals coated with polystyrene. QCM frequency response for antibody concentrations of 

120µg/ml and 160µg/ml is shown in Figure 5-9 and Figure 5-10 respectively. 
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Figure 5-9: QCM frequency response to antibody concentration of 120µg/ml on 

polystyrene coated surface. 
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Figure 5-10: QCM frequency response to antibody concentration of 160µg/ml on 
polystyrene coated surface. 

Figure 5-11 shows the frequency shifts and mass immobilized for different IgG 

concentrations with and without the polymer film modification. The upper set of curves 

represents the frequency shifts and the corresponding mass uptakes registered for 

immobilization carried on the polystyrene modified surface whereas the lower set of 

curves represents the frequency shifts and the corresponding mass changes registered for 

immobilization carried on bare gold surface. As is evident from Figure 5-11, an ultra thin 

film of polystrene aids in a higher and a much improved binding of biomolecules 

resulting in higher frequency shifts ( 40% increase) and hence higher mass changes. 
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Figure 5-11: Frequency shifts and Mass immobilized for different lgG 

concentrations with and without polystyrene. 

5.5 Discussion on Improved Biomolecular Binding and 

Increased Frequency Shifts 

AFM images of the bare gold crystal and polystyrene coated crystal along with the height 

profile of the surface along a line are shown in Figure 5-12 and Figure 5-13 respectively. 

The AFM studies (as is evident from Figure 5-12) revealed that the gold coated quartz 

crystals had a RMS surface roughness of 98.4nm. An appreciable decrease in the surface 

roughness to 1.75nm was observed when the crystal was coated with an ultra thin layer of 

polystyrene. Gold and polystrene are both hydrophobic in nature. APTES modification of 

the gold surface although improves the hydrophilicity of the surface, it doesn't result in 

much decrease in the roughness of the surface. On the other hand APTES modification of 

the polystyrene coated surface not only improves the hydrophilicity of the surface but 

there is a marked improvement in the surface roughness because of the polymer film. The 
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improved biomolecular binding and hence the increased frequency shifts may be 

attributed to this improvement in the surface smoothness. 
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Figure 5-12: (a) AFM image of the gold surface of the QCM chip (b) Height profile 
of the surface along a line. 
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Figure 5-13: (a) AFM image of polystyrene coated gold surface and (b) Height 

profile of the polystyrene surface along a line. 

With a surface roughness of 98.4nm, the orientation of the protein A molecules is not 

uniform and hence there are chances that the active sites on one protein molecule would 

sterically hinder the active sites on the other resulting in a non uniform binding of 

antibody molecules. On the other hand a polymer coated surface although decreases the 
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available surface area, provides the biomolecules with a much more plane and uniform 

surface resulting in less steric hindrance. Hence more active sites for antibody 

immobilization are available resulting in improved binding and hence higher sensitivity. 

This is pictorially represented in Figure 5-14. 

Steric Hindrance 

(a) 

(b) 

Figure 5-14: Orientation of Protein A molecules on (a) Bare gold surface resulting in 
steric hindrances (b) Polystyrene coated surface with reduced steric hindrance. 

5.6 Summary 

To determine if covering the chips with a thin polymer film could also increase the 

efficiency of Protein A binding and hence improvement in antibody immobilization, the 

gold surface was coated with an ultra thin film of polystyrene. The hydrophilicity of the 
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polymer film was improved by acidic treatment followed by aqueous silanization. A 65% 

increase in the frequency shift was observed for Protein A incubation. A similar trend 

was observed for IgG immobilization with the increase in frequency shifts being 40% for 

different antibody concentrations. This improved binding of Protein A and lgG molecules 

is speculated to be due to the significant decrease in the roughness of the bare gold 

surface when coated with polystyrene. 
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6. SIMULATION OF THE QCM RESONATOR

USING THE FINITE ELEMENT ANALYSIS

APPROACH 

This chapter discusses the 2-D Finite Element (2D-FE) simulation of the design parameters 

and the sensing phenomenon of a QCM resonator us_ing ANSYS. The behavior of the 

QCM resonator was investigated by studying the acoustic wave propagation and the 

particle displacement through the bulk of the device. This study was then extended to 

experiments wherein mass was immobilized onto the resonator surface. Under such 

conditions a decrease in the acoustic wave velocity was observed resulting in a decrease 

in the resonant frequency of the device. 

6.1 Finite Element Analysis (FEA) 

Finite element analysis/ solution can be divided into three stages. The first stage involves 

defining the problem. The keypoints, nodes, areas and volumes are defined followed by 

the definition of the element type and its material and geometric properties. The lines, 

areas and volumes created are then meshed. The second stage of the analysis involves 

defining the loads and the constraints and solving the resulting set of equations. The final 

stage of the result includes post processing the results to see the nodal displacements, 

deflections, forces etc. 
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6.2 ANSYS Calculations 

The equations which relate the electrical and mechanical properties of a piezoelectric 

substrate are 

T=c.S-e.E (1) 

D= e
1
• S + &. E (2) 

where T = stress vector. 

c= elasticity matrix and has a value of sE-J; where SE is the compliance matrix. 

D = Electric flux density vector. 

S = strain vector. 

E = electric field vector. 

& = dielectric (permittivity) matrix and has a value of &r-d. sE-1. d; where dis 

the piezoelectric coupling factor. 

e = piezoelectric crystal stress matrix and has a value of d. sE-1. 

The compliance matrix SE for quartz is given by 

12.77 -1.79 -1.22 -4.5 0 0 

-1.79 12.77 -1.22 4.5 0 0 

SE
= 

-1.22 -1.22 9.6 0 0 0 
X 10-12 m2/N. 

-4.5 4.5 0 20.04 0 0 

0 0 0 0 20.04 -9

0 0 0 0 -9 29.1
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The piezoelectric coupling factor d for quartz is given by 

[
-2.3 2.3 0 -0.67 0

0.67 
0 

d= 0 

0 
0 0 0 
0 0 0 

The relative permittivity for quartz is given by 

[
4.52 

&rl&o= 
� 

0 
4.52 

0 
� l; &o = 8.854 x 10· 12 F/m. 

4.68 

Based on the values above, the elasticity matrix [c], the piezoelectric stress matrix [e] and 

the dielectric (permittivity) matrix[&] for quartz were calculated to be 

[c] =

[e] =

[&] = 

8.429 X 1010

6.788xl09 

l.157xl010

1.74x1010

0 

0 

4.536 X 109 

8.654 XI 0 10

l.157xl010 

-1.841 X 1010

0 

0 

-l.014xl010 

1.014 X 1010 

1.042 X 10
11 

-4.552xl09 

0 

0 

0.201 0.05 -0.121 0 
0.121 

0 
0 

0 
0 
0 

0 

0 

0 
3.904xlQ-ll

0 

50 

1.791 X 10 10 0 0 

-l.791xl010 0 0 

4.241 X 10-8 0 0 

5.794 X 1010 0 0 

0 5
.
795 X 1010 1.792 X 1010 

0 l.792xl0 10 

3.991X1010 



For modeling using ANSYS, the 6 x 6 elasticity matrix defines the stiffness coefficients 

and has the following form 

X y z xy yz xz 

X CII 

Y C 21 C 22 

[c] = Z C 31 C 32 C 33 

xy C 41 C 42 C 43 C 44 

yz C51 C52 C53 C54 C55 

xz c61 c62 c63 c64 c6s c66 

This represents the IEEE standard notation. However for ANSYS this IEEE matrix has to 

be transformed into an ANSYS input form such that the terms [c61 C62 C63 c6J 

are entered as the ANSYS xy row, the terms [c41 C42 C43 C46 C44] are entered as the 

ANSYS yz row and the terms [s I S2 S3 S6 S4 sJ are entered as the ANSYS xz 

row. For 2-D modeling, the elasticity matrix [c] is therefore defined as 

8.429x 1010 0 0 0 

[c] = 
6.788x 109 8.65xl0I0 0 0 
l.157x 1010 l.157xl 0I0 l.042xl0II 0 

0 0 0 l.792x 1010

Similarly the 6 x 3 piezoelectric stress matrix [ e] is defined as 
X y z 

X el I e12 e13 

y e21 e22 e23 

z e31 e32 e33 
[e] =

xy e4l e42 e43 

yz es1 es2 e53 

xz e61 e62 e63 51 



For ANSYS simulation, the terms [e61 e 63 ] are entered as the ANSYS xy 

row, the terms [e 41 e 43 ] are entered as the ANSYS yz row and the terms 

e 53 ] are entered as the ANSYS xz row. For 2-D modeling, the 

piezoelectric stress matrix [ e] thus assumes the form 

-0.19
0.201 

[e] = 
0.05

0 

0 

0 

0 

0 

0 

0 0.196 0 

6.3 ANSYS Simulation Results 

The piezoelectric substrate defined for the simulation was quartz with a length of 0.0254 

m and a thickness of 329.164 µm. Gold electrodes with a length of 0.0132 m and a 

thickness of 918 nm were modeled on the top and bottom surfaces of the piezoelectric 

substrate and the measurements were done with the top electrode representing the liquid 

surface of the QCM crystal. The substrate and the bottom electrode were grounded and 

the entire structure was meshed with a mesh element edge length of 32.91 µm. The 

permittivity, elasticity and the piezoelectric matrix were defined as calculated above. The 

density of quartz was defined as 2651 kg/m3 . A sinusoidal signal of 5 MHz frequency 

was then applied across the gold electrodes. Application of a voltage causes the wave to 

travel through the bulk of the substrate resulting in the shear displacement of the 

substrate. Figure 6-1 represents the shear displacement of the substrate for simulation 

times of 0.3 µsec and 1 µsec. 
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Figure 6-1: Shear displacement of the quartz substrate for simulation times of 

(a) 0.3 µsec (b) 1 µsec.
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As the wave travels through the bulk of the substrate, it causes the particles to be 

displaced perpendicular to the direction of wave propagation (Y direction) along the 

positive and the negative X axis. The particle displacements due to the wave traveling 

through the quartz substrate are shown in Figure 6-2 and Figure 6-3 with the particle near 

the top of the surface represented by UX _ 2 and that in the bulk of the device represented 

by UX _ 11. A delay in the excitation time for particles in the bulk of the device ( as is 

evident from the Figure) is because of the fact that the particle near the top surface of the 

substrate experiences the wave before and is therefore displaced at an earlier instant than 

the particle in the bulk of the device which experiences the wave at a later instant. This 

confirms the fact that the displacements observed for the particles is entirely due to the 

wave propagation through the device and not because of any potential difference between 

the top and the bottom surface. 

Figure 6-2: Particle displacements for simulation times of 0.3 µsec. 
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Figure 6-3: Particle displacements for simulation times of 1 µsec. 

Following this a layer of polystyrene was coated onto the surface of the crystal. The 

thickness of the polystyrene layer coated was 5 µm. This thickness was greater than the 

thickness actually achieved during the experiments (35 nm) as meshing of a 35 nm thick 

layer was not possible. The permittivity ( calculated as kEo where k is the dielectric 

constant with a value of 2.4 and Eo is 8.854xl0-11
), the elasticity modulus and the 

Poisson's ratio of the polystyrene layer were defined as 2.12x10-
11

, 3x10
9 

and 0.35 

respectively. The polymer layer, the substrate and the bottom electrode were grounded 

and the entire structure was meshed with a mesh element edge length of 32.91 µm. Figure 

6-4 shows the particle displacements for quartz substrate coated with polystyrene for

simulation times of 1 µsec and 2 µsec. 
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(a) 

(b) 

Figure 6-4: Particle displacements with polystyrene for simulation times of 

(a) 1 µsec (b) 2 µsec.
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A zoomed image of the displacement of the bottommost particle (UX _ 11) for quartz and 

polystyrene coated quartz crystal is shown in Figure 6-5. The simulation which was done 

for 0.3 µseconds revealed a. delay in the excitation time of the particle for the model 

wherein polystyrene was coated on the surface of the piezoelectric substrate. This delay 

was found to be 0.717 nanoseconds confirming the fact that the polymer film resulted in a 

decrease in the bulk wave velocity which inturn causes a shift (decrease) in the resonant 

frequency of the device. 
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2.00E-12 

�t 
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-
C: 
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Figure 6-5: Displacement of the bottommost particle for quartz and polystyrene 

coated quartz substrates for simulation time of 0.3 µsec. 
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6.4 Calculation for the Shift in the Resonant Frequency 

We know that the velocity of the acoustic wave in the bulk of the device is given by the 

thickness of the substrate times the resonant frequency. 

Velocity of the bulk wave 
F (l) = requency 

Thickness of the substrate 

Therefore, for a thickness of 329.164 µm and a resonant frequency of 5 MHz, the 

velocity of the wave can be calculated at 1645.82 m/sec. Also the time taken by the wave 

to traverse through the entire thickness of the substrate is given by thickness of the 

substrate divided by the wave velocity in that substrate. 

Thickness of the substrate 
--------- = Time taken by the wave to propagate (2) 
Velocity of thebulk wave 

For a thickness of 329.164 µm and the wave velocity of 1645.82 m/sec, the time taken by 

the wave to propagate the entire bulk is found to be 0.2 µsec. Since the particles in case 

of the polystyrene coated quartz substrate are displaced 0.717 nanoseconds after the 

particles in case of an uncoated device, the total time taken for the wave to propagate in 

the coated device is 0.2000717 µsec. Therefore the wave velocity in case of the polymer 

modified device is given by the thickness (329 .164 µm) divided by the time (0.2000717 

µsec) i. e. 1645.23 m/sec. The resonant frequency for the polystyrene coated quartz 

substrate is found to be 4.99 MHz. The shift in the resonant frequency on coating with a 

polymer film can thus be calculated to be 10 KHz (from 5 MHz to 4.99 MHz). 
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6.5 Confirmation of the Frequency Shift Calculated 

We know that the change in the frequency (M) is related to the change in the mass 

immobilized on the surface of the sensor according to the Sauerbrey equation given by 

where c1 is the sensitivity factor having a value of 0.078 Hz/ng/cm
2

. From the

simulation, the mass of the polystyrene layer was found to be 0.00013 grams. The 

frequency shift for a mass change of 0.00013 grams can be calculated as 10 .14 KHz 

which is consistent with the simulation results. 
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7. CONCLUSION AND SCOPE OF FUTURE

WORK 

7.1 Conclusion 

Owing to the increasing demands in consumer, medical and military field's development 

of the highly sensitive biosensors has gained utmost importance. It was demonstrated that 

the treatment of the QCM quartz chips with polystyrene exhibited a significant decrease 

in the RMS roughness of the gold crystal, resulting in a surface that was more uniform. 

The disadvantage of this technique, however, is that the hydrophobicity of the surface 

remains high. To counteract this undesirable trait, chips were treated by a simple 

aqueous silanization technique, which resulted in a significant improvement in the 

hydrophilicity of the surface. Chips that had an improved hydrophilicity were 

successfully utilized for biomolecular immobilization. Protein A resulted in a shift of 364 

Hz on the polystyrene modified surface as opposed to the 220 Hz shift of frequency for 

direct immobilization (an increase of 144Hz or 65%). The results for the treated QCM 

chips showed 40% higher frequency shifts for different IgG concentrations as opposed to 

the immobilizations carried on untreated surfaces. AFM imaging revealed uniform 

biomolecule coverage on polymer coated surfaces. This improved binding of 

biomolecules when coated with polystyrene is hypothesized to be due to the marked 

improvement in the roughness of the surface over which the biomolecules were 

immobilized. Simulation and modeling of the QCM resonator was achieved using the 

Finite element analysis (FEA) approach in ANSYS 6.1. This simulation was used to 

study the behavior of the wave propagation and the particle displacement when a voltage 
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was applied to the QCM. Results obtained during the simulation were consistent with the 

experimentally achieved results. 

7.2 Scope of Future Work 

Following the successful immobilization of antibodies on the gold coated crystal of the 

QCM, my future research focuses on development of an acoustic biosensor for early 

detection of prostate cancer. According to the American Cancer Society Facts and 

Figures [56], there would be an estimated 230,110 new cases of prostate cancer in the 

year 2004 with around 29,900 deaths. Prostate cancer, therefore, is a considerable burden 

to not only those individuals that contract the disease but also to society as a whole. 

Being able to successfully treat prostate cancer would therefore have a significant impact 

on morbidity and mortality for a large group of individuals. Prostate specific antigen 

(PSA), a protein with a molecular weight of 33-34 KDa, has been found to be the most 

effective marker for diagnosis and detection of prostate cancer. The demonstrated 

enhancement of biomolecular immobilization achieved with functionalized polymer 

surfaces would be applied to the detection of PSA. Low concentrations of PSA would be 

detected using a Love wave acoustic sensor because of its high sensitivity and its ability 

to operate in a liquid environment. The future goals of the research include: 

• Establishing tissue culture cells that express PSA and purify PSA from the cell

culture medium.

• Transplant of tumor cells into Athymic mice by subcutaneous injection and

collect blood for testing.
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• Design and fabrication of Love wave acoustic sensors in a dual delay line

fashion with one line acting as a sensing element and the other as a reference

channel.

• Simulation and modeling of the Love wave sensor and the design of the

external electronic circuitry.

• Establishing and standardizing Love wave sensor assay to detect cell culture

derived PSA (PSA) with and without mass amplification.

• Establishing assay using Love wave sensor to detect total PSA (tPSA) in the

serum from mice injected with tumor cells.
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