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In the early days of electronic commu-
nication—as a result of the limited
number of quartz resonators availa-
ble—frequency adjustment was ac-
complished by a pencil mark deposit-
ing a foreign mass layer on the crystal.
In 1959, Sauerbrey showed that the
shift in resonance frequency of thick-
ness-shear-mode resonators is propor-
tional to the deposited mass. This was
the starting point for the development
of a new generation of piezoelectric
mass-sensitive devices. However, it
was the development of new powerful
oscillator circuits that were capable of
operating thickness shear mode reso-
nators in fluids that enabled this tech-
nique to be introduced into bioanalytic
applications. In the last decade adsorp-

surfaces turned in to one of the para-
mount applications of piezoelectric
transducers. These applications include
the study of the interaction of DNA
and RNA with complementary strands,
specific recognition of protein ligands
by immobilized receptors, the detec-
tion of virus capsids, bacteria, mamma-
lian cells, and last but not least the
development of complete immunosen-
sors. Piezoelectric transducers allow a
label-free detection of molecules; they
are more than mere mass sensors since
the sensor response is also influenced
by interfacial phenomena, viscoelastic
properties of the adhered biomaterial,
surface charges of adsorbed molecules,
and surface roughness. These new in-
sights have recently been used to
investigate the adhesion of cells, lip-

osomes, and proteins onto surfaces,
thus allowing the determination of
the morphological changes of cells as
aresponse to pharmacological substan-
ces and changes in the water content of
biopolymers without employing labor-
intense techniques. However, the fu-
ture will show whether the quartz-
crystal microbalance will assert itself
against established label-free sensor
devices such as surface plasmon reso-
nance spectroscopy and interferome-
try.

Keywords: analytical methods - bio-
Sensors molecular recognition
quartz-crystal microbalance - surface
chemistry

\tion of biomolecules on functionalized
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1. Introduction

As a consequence of their extraordinary properties quartz
resonators can be found in all kinds of electronic devices, such
as watches and computers to give an accurate time base, and
as signal generators or reference systems in electronic devices.
Quartz resonators did not become of interest commercially
until immediately prior to World War II when there was an
enormous requirement for communication devices. More
than 30 million resonators were necessary to cover the
demand. Quartz crystals attained significance as an analytical
device after the discovery that there is linear relationship
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between deposited mass and the frequency response,!t2 as
demonstrated by Sauerbrey in 1959.51 He showed that this
proportionality only holds if the ideal layer of foreign mass is
strongly coupled to the resonator. This is the reason for calling
such a device a “quartz-crystal microbalance” (QCM). The
mass sensitivity of a 5 MHz quartz crystal is approximately
0.057 Hzcm? ng~!, which is approximately 100 times higher
than that of an electronic fine-balance with a sensitivity of
0.1 pg. In the 1960s and 1970s the QCM technique gained
importance as devices for monitoring thicknesses in vacuum
and air, and is still used in today’s laboratories to determine
the thicknesses of layers. The lack of suitable oscillator circuits
that enabled the shear-wave resonator to be operated in fluids
prevented, however, the extension of this technique to
bioanalytical areas. In 1982, Nomura and Okuharal were
the first to report on a circuitry capable of breaking this
barrier, thus giving the starting point for the development of a
new class of bioanalytic tools.
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Nowadays quartz resonators can be regarded as typical
mechanical transducers for chemical and biological sensor
devices that transform the mass or thickness of a foreign layer
(physical quantity) of an analyte into an electrical signal. A
mass adsorbed on a shear-wave resonator experiences an
acceleration of more than 10° g. The amplitude of vibration is
usually 10—20 nm in air and is reduced in water to a mere 1 -
2 nm.P!

This article is intended to show that specific interactions
between biomolecules can be quantified in terms of thermo-
dynamic and kinetic parameters by means of QCM. Further-
more, the objective is to put emphasis on the fact that the
QCM is more than just a mass sensor. A new application of
this classical technique is the determination of viscoelastic
properties of cellular systems. The strength of piezoelectric
transducers is that they can couple mechanical and electrical
variables, which allows the formulation of equivalent circuits
that describe the mechanical properties of biopolymers and

complex multilayers, such as confluent cell monolayers. Thus,
it is possible to determine molecular recognition events apart
from interfacial phenomena, surface energy, viscoelasticity,
roughness, surface charge density, and the water content of
biomolecules.

2. Basic Piezoelectric Resonators
2.1. Acoustic Waves in Solids

Acoustic waves cover a frequency range of 14 orders of
magnitude—from 10~2 Hz (seismic waves) and extending to
102 Hz (thermoelastic excited phonons; Figure 1). The
acoustic resonators such as those mentioned in this article
oscillate in a narrow frequency range of 10°~10° Hz.

A brief introduction to acoustic wave theory and in
particular piezoelectric excited vibrations is given and then

-
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Figure 1. The spectrum of acoustic waves covers roughly 14 orders of
magnitude. The frequency range of the four resonators which are described
in this article range in operation between 1 and 1000 MHz.I"!

this is followed by a more detailed description of different
types of piezoelectric transducers.

The application of a periodic perturbation (stress) to a solid
results in elastic deformations (strain), which travel as waves
through the solid. The type of wave—transversal or longi-
tudinal—and the phase velocity both depend on the crystal
structure. The wave equation that describes acoustic waves in
solids [Eq. (1)] can be derived using the equation of motion,
the definition of strain, and the constitutive equations.!

u

Vee:Vau = p—
pazz

®

u is the displacement of the particle, p the density of the
material, and ¢ denotes time. The matrix ¢ describes the
elasticity moduli of the solid. Table 1 summarizes the relevant
expressions for one and three dimensions.

Table 1. The dynamic equations of motion for one and three dimensions. ¢
is the tensor of elasticity. Stress T and strain S are symmetric tensors with
nine elements of which six are independent because of symmetry. u is the
particle displacement, z indicates the direction where strain occurs, and p is
the density of the material.[’]

One-dimensional Three-dimensional

system system
Newton's | oT u o1 Pu
ewton’s law — = ‘T = p—
0.~ Por P or
L u
definition of stress S = — S = Vu
0z
constitutive relations
Hooks law T =CS T =c:S§
. . ou Ou
particle velocity v = — V= —
ot ot
mechanical impedance Z = /pC
phase rate v, = /C/p
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2.2. Piezoelectric Excited Acoustic Waves in Solids

Piezoelectricity as first reported 1880 by the Curie brothers
describes the generation of electrical charges on the surface of
a solid caused by pulling, pressure, or torsion. In contrast, the
occurrence of a mechanical deformation arising from an
external electric field is called the converse piezoelectric
effect. Figure 2 shows schematically the general relationships
between mechanical and electrical variables.

Mechanical variables Electrical variables

Figure 2. Relationship between mechanical and electrical variables. The
direct piezoelectric effect is the production of electric displacement by
applying a mechanical stress. The converse piezoelectric effect results in a
strain in the crystal when an electrical field is applied. The relation between
stress and strain is determined by the elasticity of the solid.’)

Prerequisite for the occurrence of piezoelectricity in
crystals is an inversion center. In total 21 point groups fulfill
this requirement but only 20 classes have nonzero piezo-
electric constants. Although a large number of crystals show
piezoelectricity only quartz provides the unique combination
of mechanical, electrical, chemical, and thermal properties,
which has led to its commercial significance. Equation 1 needs
to be expanded by the term eV?@® in order to introduce
piezoelectricity in the general wave equation, in which @ is
the electrical potential and e the piezomodul composed of
piezoelectric constants as matrix elements.’! The additional
expression is responsible for the electrical excitation of elastic
waves in a piezoelectric solid. The resulting motion causes a
change in @, which can in turn be detected electrically. Since
the gradient of the displacement current is zero, that is, no free
charge density occurs, integration of the extended Equa-
tion (1) results in a comprehensive expression that describes
acoustic waves in a piezoelectric medium. The following
section deals with its physical consequences.

2.3. Piezoelectric Resonators

The main emphasis of this article is placed on bulk-acoustic-
wave (BAW) or thickness-shear-mode (TSM) resonators,
which are also known as quartz-crystal microbalances
(QCMs). Although TSM resonators are considerably less
sensitive than flexural-plate-wave (FPW) or surface-acoustic-
wave (SAW) sensors they are widely used as a result of their
robust nature, availability, and affordable electronics. Figure 3
depicts schematically various resonator types.
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Figure 3. Schematic sketches of the four common types of acoustic
resonators and their wave propagation modes. The particle displacement
is indicated by a black arrow, and the direction of the wave propagation by
an open arrow. TSM: thickness-shear-mode resonator, also known as the
quartz-crystal microbalance technique; FPW: flexural-plate-wave resona-
tor; SAW: surface-acoustic-wave resonator (two port delay line) and SH-
APM: shear-horizontal-acoustic-plate-mode resonator.

2.3.1. Thickness-Shear-Mode (TSM) Resonators
(Quartz-Crystal Microbalances)

Depending on the cut-angle a large number of different
resonator types such as thickness-shear-mode, plate, and
flexural resonators can be ob-
tained from a mother crystal
(Figure 4A) with eigenfre-
quencies ranging from 5 X
102-3 x 108 Hz.  Generally,
AT-cut crystals are used for
QCM purposes, being cut with
an angle of 35.25° to the z-axis
(Figure 4B). AT-cut quartz
crystals exhibit a high fre-
quency stability of Afif~
108, which makes them well-

8 opical anis

11l [

suited for many electronic

e i devices.[® )
+] ) Since AT-cut quartz crystals
lf have a temperature coeffi-
: cient that is almost zero be-
£ tween 0—50°C, this particular
AL ( cut is the most suitable one for
QCM sensors.'”! The follow-

ing parameters are always re-
lated to AT-cut quartz.

A convenient way to de-
scribe acoustic waves travel-
ing in a circular, lossless, and
stress-free AT-cut crystal with
thickness d, is to express the
wave equation in cylindrical
coordinates (Figure 5). The
propagation velocity of the

Figure 4. A) Photograph of sev-
eral a-quartz crystals. B) AT-cut
of a quartz crystal. A quartz plate
is cut at an angle of 35°10" with
respect to the optical axis. A
deviation of only 5’ from the
angle leads to a temperature co-
efficient that is different from
zero in the range of 0-50°C.
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Figure 5. Definition of the coordinates of a circular-shaped quartz crystal.
The gray areas depict the metal electrodes.

acoustic wave in a piezoelectric thickness-shear-mode reso-
nator is (Ces/0,) ' (0, = density of the quartz).'!l The boundary
conditions require that the amplitude of the shear displace-
ment is zero at the electrode edges, while it is at a maximum at
r=0 and exhibits a node at z =0. 8 follows periodic boundary
conditions. The wave equation can be solved by a usual
separation process.'”) The solution yields important proper-
ties of the shear vibration. The eigenfrequencies are found in
general from Equation (2).

) vy P2 A2y Rsd, v, [RPT? v,n nKy
fok = = +— =~ L = - = )
2\ d} R 2\ d2 2d, dq

From the solution of the wave equation, it is clear that only
odd overtones n can be excited.['} The displacement at r=0
and z ==+d/2 is at a maximum for the fundamental
frequency, while the amplitude vanishes at the electrode
edges where r= R. Thus, the transversal wave exhibits a node
at z =0 and maximum amplitude at z = +d/2.1'"

If the lateral dimensions of the quartz plate greatly exceeds
the thickness of the crystal the problem can be treated one-
dimensionally. The function u,(z,t) describes two transversal
waves traveling in opposite directions, which thus form a
standing wave within the crystal. Assuming stress-free surfa-
ces (Ou/0z=0), the shear vibration can be described as a
simple cosine function. The use of constructive interference
d,=nl/2 and R>d, simplifies Equation (2).I"! K denotes
the so-called frequency constant of AT-cut quartz with K =
1664 ms L It can be deduced from Equation (2) that the
resonance frequency of an AT-cut quartz increases with
decreasing thickness of the crystal. For instance, a S MHz
quartz exhibits a thickness of 0.33 mm, while a 30 MHz crystal
is only 55 pum thick.

TSM resonators provide numerous material-specific pa-
rameters. In order to fully exploit the capability of acoustic
resonators it is essential to understand the conversion
between mechanical and electrical parameters since the last
ones are those which are readily accessible to the user.
Mechanical models can readily be transformed into equiv-
alent electrical circuits which permit a complete description of
the oscillation in the presence of an adsorbent. A general one-
dimensional acoustic wideband model has been suggested by
Mason!'! (Figure 6 A) and provides a basis for the theoretical
description of complex composite resonators as they occur in
life science. In particular cases, such as low load, the Mason
model can be easily transformed near resonance into an
equivalent circuit with lumped elements—the so termed
Butterworth —van-Dyke (BVD) circuit (Figure 6B). A com-
prehensive treatment of this issue has been given by Rosen-
baum.®!

Angew. Chem. Int. Ed. 2000, 39, 4004 -4032
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oi|i ZA tan({kd,/2) iZA tan(kdq/2)}:¢

F, ' F,
1tho Y-V,

i ZA /sin(kd,)

Table 2. Parameters of the BVD-equivalent circuit and their relationship
to the physical characteristic numbers of an AT-cut quartz together with the
different resonance frequencies. A is the electrode area, 7, the viscosity, d,
the thickness of the quartz, ¢,, the dielectric constant of the quartz material,
and e,, the piezoelectric constant dependent on the cutting angle, which can
be obtained from the matrix elements e;; and e, of the piezoelectric
polarization modulus e and the cutting angle. The material constants shown
in this Table are only valid for AT-cut quartz.l’)

Parameter Expression
C, 1- epA
ITv—HD—I G o 4
q
% c 8Ae,
B c, L, R, d 72d T
——| - . &p,
M N " ¢ 8Ae3
I
G R dyngm
q
Figure 6. A) Equivalent circuit (wideband model) of the three-port Mason 8Aess
model of a finite thickness piezoelectric layer. The equivalent circuit 1 1 C,R?
consists of two mechanical ports and one electrical port. Z is the i w2\ L c (1 + oL )
characteristic impedance of the quartz, k the complex wave number, A 4 4
the area, and d, the thickness of the resonator. 2C, is the turns ratio of the 1 1 1 C, GCyR:
transformer and is defined as (e,/ey)C,. B) Butterworth—van-Dyke- b P L,C, + 2C, 2L,
equivalent circuit. Near resonance the three-port Mason model can be R
transformed into an equivalent circuit composed of discrete impedance Frmi i 1 (1 _ CﬂRq)
elements. The capacitance C, represents the mechanical elasticity of the - 27\ LyC,y 2L,
quartz, the inductance L, the initial mass, and the resistance R, the energy 5
.. L . .. 9 1 1 C,  GR;
losses arising from viscous effects, internal friction, and damping induced Frmas —— 1+
2m\| L,C, 2C, 2L,

by the crystal holder. The static capacitance C, determines the admittance
away from resonance, while the motional components dominate near

resonance. %]

The BVD circuit combines a parallel and
series resonance circuit (motional branch). The
motional branch consists of Ly, Cy, and R,. The
electrodes on both sides of the crystal plate
provide an additional parallel capacitance C;,
which gives rise to a parallel circuit. Table 2
summarizes the expressions for Ly, C;, Ry, and
C, as they occur at the fundamental vibration.

The quartz material between the two electro-
des (Figure 5) serves as a typical dielectric
material, thus the resonator behaves as a plate
condenser at high frequencies. Figure 7 displays
parameter curves of impedance spectra of a
5 MHz quartz crystal on varying L,, C,, Ry, and
C,. The motional resistance R, contains intrin-
sic viscosities of the quartz and is responsible
for energy dissipation. The phase maximum is a
measure of the damping of a quartz resonator,
as pointed out by Martin et al.l'”]

If damping is negligible (R, —0) the quartz
resonator shows two resonance frequencies
corresponding to a phase shift ¢ =0 at mini-
mum and maximum magnitudes of the impe-
dance |Z|. The corresponding resonant fre-
quencies are referred to as resonant frequency
fr and antiresonant frequency f,. % The
separation between the frequencies rises with
an increase in the electroacoustic coupling
constant K. Four different resonant frequencies

Angew. Chem. Int. Ed. 2000, 39, 4004 -4032
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Figure 7. Simulated impedance spectra from the BVD-equivalent circuit with discrete
variations of the impedance element values Cy, C,, Ly, and R,.
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are discernable if damping occurs (R,>0; Figure 8A). fx
separates into f,,, the frequency at minimal impedance
(|Z]), and f,, the frequency at zero phase ¢ at the low
frequency branch. In turn f, separatesinto f,, the frequency at
zero phase at the high frequency branch, and f,..., the
frequency at maximum impedance. The expressions for f, f,,

A mein fs fp meax
10000
1zl @
1000 : .
4.98 5.00 5.02
flMHz —
B meax
fA
T 5.005 - fo
f/ MHz
fs
5.000 |-
fx
mein

. , .
0 500 1000 1500 2000
R/ —>

Figure 8. A) Simulated impedance spectrum from the BVD-equivalent
circuit with marked resonance frequencies fzuin, fs» fp» and fzmay for the case
of R, > 0. B) Dependence of the resonance frequencies i, fs, fp> a0d f7max
on the motional resistance R, calculated according to the approximation of
Bottom.”! Accurate calculations show that f; and f, converge at R,=
2280 Q.

fzmin, and  fz... assuming low R, and their
dependencies on the electrical parameters of
the simple BVD equivalent circuit are given in
Table 2. f

The dependence of the resonance frequency Aral
on the damping resistance R, are shown in
Figure 8 B. f,... and f; rise with increasing
damping, while f7,,, and f, decrease. The reso-
nant frequencies f; and f, converge at ¢,,, =0.

Active oscillation of shear resonators is re- 300
stricted to @, > 0. At larger resistances leading T
to @max <0 impedance analysis by a network
analyzer is necessary to further study the behav-
ior of the resonator.

200
Af/Hz

100

2.3.1.1. Mass Loading

Sauerbrey has provided the first treatment of
this issue.’! By analytically solving the one-
dimensional equation of motion he showed that
an ideal layer of foreign mass results in a
frequency decrease Af that is proportional to
the deposited mass Am if the resonator is
operated in air or vacuum. If the density of the

4010

mass layer is equal to that of the quartz crystal, Equation (3)
applies.

213 A
Aeub,

Equation (3) describes the frequency response of a reso-
nator on deposition of thin, rigid, and uniform films. The
integral mass sensitivity or Sauerbrey constant S; depends on
the square of the fundamental frequency [Eq.(3)], and
increases proportionally to the overtone number.

The differential mass sensitivity, however, is maximum in
the center of the quartz resonator and decreases towards the
borders of the electrodes (Figure 9).

The concept of energy trapping explains the differential
mass sensitivity observed.®! The conditions for resonance and
hence the resonant frequencies of the quartz crystal in the
electrode-free region are different from those at the electro-
des as a result of the additional mass of the electrodes.
Analogous to the total reflection of light in an optical
waveguide, in which the incoming light cannot penetrate the
optically more dense material, standing acoustic waves
generated at the electrodes are confined to this region, and
is referred to as energy trapping. The lateral components of
the acoustic wave, which travel tangential to the surface of the
crystal are almost completely reflected at the interface
between the electrode and electrode-free region. Energy
trapping suppresses spurious modes and the quality factor of
the resonator increases.’”! However, if the thickness of the
electrodes is too thin (usually less than 500 A) the resonant
frequencies of regions with and without electrodes are very
similar, so that the acoustic wave is not confined to the
electrode-covered region, and as a consequence the quality
factor O of the resonator decreases. Very thick electrodes,
however, cause a decrease in the Q-factor as a result of the

Af=— m=—S;Am (3)

ACq ! aF

ARq KO
0.4

L

0.0 =4 L

1 1 1 . 1
-10 05 00 05 10 10 05 00 05 1.0

R —» MR —

Figure 9. A) Radial distribution of the relative oscillation amplitude at the quartz surface
according to a Bessel distribution (dotted line) and a Gaussian distribution (solid line) with
a=2. The Bessel function drops to zero at the electrode edges where r/R =1, whereas the
Gaussian function includes motion near the electrode edges. B) The increase in frequency of
a 5 MHz AT-cut quartz while pressing a polyethylene tip on the quartz surface immersed in
water. The change in resonance frequency is defined as Af=f(r) —f,. C) Corresponding
capacitance change ¢, of a 5 MHz AT-cut quartz. D) Change in motional resistance R. The
solid lines are the results of the fitting parameters of a Gaussian distribution to the data.
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presence of a dead dielectric, which is particularly pro-
nounced by using gold electrodes and high frequency
resonators.?!! Electrodes made of aluminum instead of gold
improve the situation because of the lower acoustic adsorp-
tion coefficient of aluminum. Further improvement can be
achieved by using larger electrode areas.

The radial mass sensitivity s; is proportional to the square of
the radial displacement (s{(r) oc| u(r) | 2),22 which is described
by a Bessel function J, of the first kind and zeroth order
(Figure 9 A).'l The highest sensitivity is located at the center
of the crystal at r=0 and vanishes at the electrode edges.
However, Martin and Hager®! were the first to show that the
amplitude of vibration is nonzero beyond the electrode edges
(r=R) as a result of field fringing (inhomogeneous electric
field, Figure 16), which is not considered by the energy-
trapping concept. Field fringing is enhanced in an environ-
ment of higher permittivity such as water. The amplitude of
the shear vibration depends on energy dissipation and there-
fore on the kind of load on the quartz. Liquid loading usually
results in considerable damping and increased field fringing
leading to a broadening of the curve and a decreased
amplitude. The radial distribution of the shear amplitude
can empirically be described by a Gaussian function

[Eq. (4)].
u(r) = Umax CXp <_ a ;_22> (4)

Upax denotes the maximum displacement at =0 and a is the
characteristic width of the distribution, with typical values of
a~?2 for a plane —parallel 5 MHz quartz in water. Figure 9A
displays a comparison of the two distributions. The spatial
distribution of the differential mass sensitivity can be
experimentally probed by depositing small defined masses
or attaching a sharp probe at certain locations of the crystal
surface. The latter approach has been used to map the
sensitivity distribution of a 5 MHz quartz resonator as shown
in Figure 9B —D. The maximum change of Af, AR, and AC,
occurs in the center of the plate. The distribution is well
described by an empiric Gaussian function. By including field
fringing, Hillier and Ward"?! provided a solution of the wave
equation that shows proportionality between frequency shift
and deposited mass only if the material is homogeneously
distributed over the crystal. Employing electrolysis to cali-
brate the QCM, however, does not always result in the
formation of homogeneous metal films but often leads to an
increased amount of deposited material at the electrode
edges, which thus results in a systematic underestimation of
the integral mass sensitivity.

The Sauerbrey Equation does not apply for thick films,
viscous liquids, elastic solids, and viscoelastic bodies. In order
to describe these various types of loading, theoretical models
are needed to account for the observed frequency shifts and
impedance spectra.?*?! Furthermore, the development of
special oscillator circuits was necessary to cope with the high
damping with liquid loads. Since the theoretical description of
composite loading is common in life science problems and
biosensor applications are of paramount interest, the theo-
retical framework developed by Bandey et al.’>] has been
chosen in this Review to explain some of the most relevant
load situations in bioanalytics.

Angew. Chem. Int. Ed. 2000, 39, 4004 -4032

Starting with the three-port-Mason model (Figure 6 A) the
piezoelectric resonator loaded on one side can be character-
ized by its mechanical impedance Z, [Eq. 5] (T, = mechanical
strain in the xz direction; V.= potential in the x direction).

T,

Z, = = (5)
VK z=0

The electrical impedance of the system Z, is composed of
Z% [Eq. (6a)], the impedance of the unperturbed resonator,
and a term Z! [Eq. (6b)] representing the load (w = angle
frequency).

1 kd,/K® ) 1
Z0 = - (7— 1) ~ Ryt+ioL,+— (6a)
inCy \2tan(kd,/2) inC,
kd,(Z,/Z i(Z,/Z -1 n Z
7, - MZIZ)( MEZ) Y 2 )
4K*wC, 2tan(kd,/2) 4K 0,Cy Z,

K is the electroacoustic coupling factor. The approxima-
tions on the right hand side are only valid for low-load
conditions of the quartz (Z/Z, < 2tan(kd./2)). It ZJZ,<0.1
the impedance of the loaded resonator can be expressed as a
lumped element equivalent circuit with ZL (Figure 10) as an
additional element in series to the motional branch of the
BVD-equivalent circuit (Figure 6B). The mechanical impe-
dance Z; is a complex number in which the real part
represents mechanical energy losses whereas the imaginary
part stands for mechanical energy storage at the surface.
Table 3 shows the impedance elements of Z for various
surface coatings.

Figure 10. Modified BVD-equivalent circuit with an additional complex
impedance Z!, representing the load on the surface.

Table 3. Mathematical expressions of motional inductance L; and resistance
R, for particular loads on AT-cut quartz resonators.*’!

Load L. Ry
nw
rigid mass . s 0
4K'wC Z,
nx PLL nit WP

Newtonian liquid 22 0CZ, \ 20

d [pv(lG\—G’)]‘ﬂ nzw {pv<\G|+G/)T/z
Z, 2 4K’ 0C,Z, 2

4K 0CZ N 2

semi-infinite
viscoelastic layer

Equations (6a) and (6b) enables one to describe typical
load situations such as thin rigid films, viscous liquids, and
viscoelastic polymers.?> 3% 31 Multilayers consisting of differ-
ent kinds of surface layers can be described as a linear
combination if interaction terms occurring between the
different materials can be neglected. Nonlinearities will be
discussed in more detail later. Three relevant cases, which are
particularly interesting for applications in life science, are
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thoroughly discussed in the following section: a) thin rigid
films covered by a Newtonian liquid, b) semi-infinite visco-
elastic solids, c) thin viscoelastic solids covered by a New-
tonian liquid.

2.3.1.1.1. With a Newtonian Liquid Covering Thin Rigid Films

Covering a sufficiently thin filmP? with a semi-infinite
Newtonian liquid permits a linear combination of the
mechanical impedances of the rigid mass and the liquid
(Figure 11).
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Figure 11. A) Impedance spectra of a 5 MHz AT-cut quartz before and
after sequential deposition of 79, 158, and 237 pg of copper. The measure-
ment was performed with one side of the quartz in contact with water.
B) Change in the resonance frequency with increased amount of deposited
copper.

The mechanical impedance of a rigid film of mass per unit
area pg can be expressed by Z,=iwp,. Z, is purely imaginary,
which means that the mass vibrates in phase with the
resonator surface. The mechanical impedance Z, of a liquid
with viscosity #; and density p; can be determined from the
velocity profile of a laminar flow parallel to the surface of the

crystal [Eq. (7) ], where 6 = /25, /(wp, ) is the decay length of
the damped shear wave within the fluid.

v(z,0) = v e P cos(z/0) e o

The shear wave propagates deeper into the medium with
increasing kinematic viscosity (7;/0, ). For instance, the decay
length of a 5 MHz quartz is 250 nm in water. Assuming a mass
load of a Newtonian liquid with a mass of Am=Ap.0,
Equation (3) results in the well-known expression found by
Kanazawa and Gordon™ [Eq. (8)], who related the product
of the density and viscosity of the liquid to the frequency shift
of the shear wave resonator.

Af = —f3p [P ®)
TP ¢Co6
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Kanazawa and Gordon did not consider the damping of the
resonator from viscous loading. However, the electromechan-
ical model of Martin and co-workers!'"> %] shows that the
resistance R; and the inductance L; both exhibit a propor-
tionality to the square root of the density-viscosity product of
the corresponding liquid (Figure 12 A and B).
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Figure 12. A) Influence of various glycerol —water mixtures on the phase
shift. The solid lines are the results of fitting the parameters of the BVD-
equivalent circuit. The measurements were taken in air (spectrum with the
largest phase maximum), in water, as well as with glycerol — water mixtures
of 40, 55, 60, 65, 70, 80, 85% glycerol (the arrow indicates an increasing
amount of glycerol in solution).!'”! B) Dependence of the resistance R (0)
and inductance L (@) on the square root of the density/viscosity product of
various glycerol —water mixtures. The parameters were fitted using the
generalized BVD-equivalent circuit composed of L, C, R, and C,. The
capacitance C (21.655 fF) can be calculated from the intrinsic properties of
the unloaded quartz (5 MHz).

A thin layer of a rigid mass covered by a semi-infinite layer
of Newtonian liquid yields a linear combination, that is,
addition of both impedances. The corresponding elements R}
and L; can be obtained from a linear combination of the
expressions shown in Table 3. Impedance spectra illustrating
the situation of sequentially deposited copper films on a
quartz crystal vibrating in aqueous solution are shown in
Figure 11. Mass deposition of thin rigid films in a Newtonian
liquid at constant density and viscosity can be described by
Sauerbrey’s equation without changes in R; (Figure 11B).

2.3.1.1.2. Semi-Infinite Viscoelastic Solids

The semi-infinite viscoelastic solid is characterized by the
absence of reflections at the air—solid interface of the shear
wave traveling within the viscoelastic body. The decay length
is smaller than the thickness of the solid. Therefore, wave
propagation is unidirectional within the viscoelastic solid of
density py, which leads to a simple expression for the
mechanical impedance Z; [Eq. (9)].1)

z, = \/Gp, ©)
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G is the complex shear modulus, in which Re(G) is the
storage modulus G’ and Im(G) the loss modulus G”. Both G'.
and G” can be obtained from the expression of R, and L, .
Using a specific model for viscoelastic solids, such as the
Kelvin or Voight model, one can calculate viscosity and
elasticity, respectively. Figure 13 shows the frequency re-
sponse and the shear displacement for different viscoelastic
materials.
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Figure 13. A) Numerical simulations of the imaginary part of the mechan-
ical impedance (proportional to the frequency change) of a lossless
viscoelastic film with different film thicknesses. An increase of film
softness, namely, the shear modulus G becomes smaller, and leads to a
considerable deviation from the Sauerbrey Equation even at small film
thicknesses. For very soft films, even the resonance of the film is visible in
the observed film thickness range, which starts at ¢=mn/2 and is
characterized by a sudden increase in the resonance frequency. B) Shear
vibration amplitude within the film. Within the linear region of Im(Z,)
versus d the polymer surface oscillates in phase with the quartz and the
damping is almost zero (middle curve). With larger thicknesses an
overshoot of the displacement at the film/air interface occurs; the surface
of the elastic film does move synchronously with the quartz oscillation but
with a higher amplitude (top curve). Immediately after resonance the
oscillation of the film is 90° behind the oscillation of the vibrating quartz
(bottom curve). C) Within an infinite extended viscoelastic solid the shear
oscillation propagates with different wave and decay lengths. The situation
depends on the complex shear modulus G and the density of the solid.
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2.3.1.1.3. With a Newtonian Liquid Covering Thin Viscoelastic
Solids

The combination of a sufficiently thin viscoelastic film
covered by a semi-infinite layer of a Newtonian liquid cannot
be treated as a simple linear combination of the individual
mechanical impedances as was valid for the two previous
examples. Instead, interaction terms between the two differ-
ent materials have to be taken into account. Granstaff and
Martin?®l derived a general recursion formula [Eq. (10)] for a
layer system with » different viscoelastic materials.

L g 2 cosh(yd”) + 70 sinh(ya”)
' * Z® cosh(y™d™) + Z{"+V sinh(y"d™)

(10)

y denotes the complex wavenumber ik and Z{" is the
characteristic impedance of the nth viscoelastic layer. The
procedure for evaluating the mechanical impedance of single
layers is to start with the knowledge of the characteristic
impedance of the top layer (stress free). Then, one has to work
backward toward calculating the surface mechanical impe-
dance at the resonator —film interface. This process allows the
influence of many viscoelastic layers on the surface of the
TSM resonator to be estimated, although extracting physical
properties becomes cumbersome with increasing amount of
layers. One example is a thin viscoelastic film of thickness d
covered by a liquid. A description with discrete impedance
elements is permitted because of the phase lag of the shear
oscillation at the surface of the viscoelastic film with respect to
the resonator—film interface. Resonance of the viscoelastic
solid is reached at an acoustic phase shift ¢ =wdRe+/p, /G of
7t/2 accompanied by a sudden increase in the resonance
frequency and damping of the system (Figure 13). At ¢ > n/2
the surface of the film oscillates at 90° to the surface of the
resonator, and exhibits higher amplitude (overshoot) than the
quartz material, which is almost critically damped.

2.3.1.1.4. Conclusion

The previous examples demonstrate that the operation of
TSM resonators in liquids raises theoretical and experimental
problems. Besides the difficult evaluation of multilayers
composed of different viscoelastic solids or fluids, contribu-
tions from the electrolyte, roughness of the surfaces, surface
energy of the outermost layer, and influence of compressional
waves have to be considered. Some of the most important
aspects are discussed in more detail below.

2.3.1.2. Longitudinal waves

Longitudinal or compressional waves can readily be
observed by filling a measuring chamber equipped with a
TSM resonator at the bottom and opened to air with a volatile
liquid. Periodical changes in the resonant frequency can be
recorded (Figure 14) as a result of the evaporation of the
liquid. Closing the chamber, however, abolishes the observed
instability instantaneously.

This observation can be explained in terms of compres-
sional wave generation. The evaporation of the liquid with
time results in the height of the liquid varying, and therefore
constructive and destructive interference of the compres-
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Figure 14. Periodic changes in the resonance frequency of a 5 MHz quartz
immersed in ethanol. As ethanol evaporates over time, the resonance
condition of the longitudinal wave, which is reflected at the ethanol-air
interface, alters continuously.

sional waves reflected at the air—liquid interface occurs. This
process results in a typical standing wave pattern. The origin
of longitudinal waves can be reasoned by the occurrence of
longitudinal or flexural modi or as shown by Martin and
Hager® by a nonzero velocity gradient of the shear
oscillation along the x-axis (Figure 15).

A
[reeerezanern == Reflector

|

L

Quartz

Figure 15. A) Representation of compressional waves generated in the
fluid above the quartz crystal induced by a velocity gradient of the particle
displacement, which are reflected at the glass surface and form a standing
wave. B) Velocity profile of the particle movement on the quartz surface.**]

Lin and Ward®! as well as Schneider and Martin
demonstrated by a simple experiment and theoretical treat-
ment of the problem that indeed compressional waves are
generated from the quartz surface and can be reflected at an
interface. They mounted a reflector (glass plate), adjustable to
the desired distance from the quartz plate (z-direction),
several 100 um away from the resonator. Both, the resonance
frequency and the damping resistance R varied periodically
with the distance of the reflector from the shear resonator.
The periodicity was 4./2, in which 4, represents the wavelength
of the longitudinal wave in solution.

2.3.1.3. Conductance and Permittivity of the Solution

Other important parameters that influence the resonant
frequency of the quartz crystal in solution are the ionic

4014

strength and dielectric constant of the electrolyte. Supposing
that the operator of the QCM has to change the buffer
conditions for a particular experiment an undesired parasitic
frequency shift may occur, which can be more or less of the
same magnitude as the measuring signal itself. This effect
strongly depends on the shape of the electrodes and con-
ductance of the solution. The series resonance shows only a
minor response to changes in conductance and permittivity, 3
since all effects parallel to the motional branch add on the
parallel resonant frequency of the crystal.®®l The parallel
resonant frequency decreases with increasing conductance of
the solution. An expanded BVD-equivalent circuit which
explained the observations was first introduced by Shana and
Josse.F7]

An additional parallel RC circuit (Figure 16B) has to be
introduced to account for the influence of the conductance
and dielectric constant of the medium. R can be neglected at
high ionic strength, thus C; and C; 5 can be lumped into one
capacitance to give the well-known BVD circuit with a
modified capacitance C,. Rodahl et al.®¥! investigated the

A
Upper electrode .=

‘ Quartz

Lower electrode

Rq
= i A (2; =,
L‘?

Figure 16. A) Course of the field lines at the electrode edges of a quartz
oscillator. The origin of the changes in the quartz resonance frequency
upon changing the ion conductance of the solution are field-fringing effects.
B) These edge effects of the electric field can be represented by a RC
element (Rg and Cg). As a result of the overlap of the electric field the
effective area of the quartz is larger, hence the capacitance C, of the quartz
is also increased by C 5.7 *

influence of the conductance on the series and parallel
resonant frequency as well as the damping of the resonator
using differently shaped electrodes.™! They found that field
fringing is the predominant reason for changes in the resonant
frequencies (Figure 16 A). The extent of field fringing strongly
depends on the shape of the electrodes. The strongest
dependence of the parallel resonant frequency on the
conductance of the electrolyte solution was seen for ring-
shaped working electrodes in which the the center of the
quartz resonator is not layered, for instance, while completely
covered quartz plates do not display significant frequency
shifts with changing conductivity.

2.3.1.4 Surface Roughness

Interpretation of adsorption phenomena is strongly influ-
enced by the surface roughness of quartz resonators. In
particular an alteration in the hydrophilicity upon adsorption
can lead to tremendous changes in the resonant frequency.
Rough and hydrophilic surfaces entrap liquids in small
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cavities thus contributing to the overall mass detected by the
device.*> 4l Hydrophobic cavities, however, are often not
wetted by the liquid and result in the inclusion of air or
vacuum (Figure 17),4 thus leading to smaller energy losses
on hydrophobic surfaces than hydrophilic ones. This obser-
vation implies that the resonant frequency shifts to smaller
values when changing from a hydrophobic to a hydrophilic
surface. Hence, smooth surfaces are required when operating
in fluids so as to avoid frequency shifts arising from changes in
surface energies.

120

\\__, 117

<117

Figure 17. Cross-section of different liquid menisci formed in a sinusoidally
textured surface illustrating contact angle dependent trapping (A) with
trapped air and (B) without trapped air. The dashed lines indicate the initial
penetration of liquid for the indicated microscopic contact angle. The solid
lines indicate the equilibrium penetration, which becomes complete at
<108° (A) and <117° (B).I"

2.3.1.5. Electrochemical Double Layer

Tsionsky et al.*?l presented a consistent treatment of the
influence of the electrochemical double layer on the resonant
frequency. Considering the electrochemical double layer as a
rigid mass on the basis of its extension of a few nanometers in
the z-direction leads to an additional frequency change Afps.
The thickness of the double layer can be estimated to be about
1 nm for a 1:1 electrolyte of 0.1m. By taking into account that
the extension of the shear wave of a 5 MHz quartz is 250 nm in
water and therefore exceeds by far the thickness of the double
layer this approximation holds for most cases. The influence
of a thin rigid mass oscillating in phase with the resonator
surface can be expressed by Sauerbrey’s Equation. A change
of the electrochemical double layer as a result of additional
charges adsorbing to the surface leads to the following change
in resonant frequency [Eq. (11a) and (11b)].

Afps = — 215 AMipe (11a)
DS Am DS
q q_
Ampg = ?(MA — Myny,) _F(MK — Myny) (11b)

M, and My are the molecular masses of the corresponding
anions and cations, My, the molecular weight of water, n, and
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ng denote the number of substituted water molecules, and ¢q_
and ¢q, are the excess charges on the surface. Adsorption of
positively charged particles on the resonator surface leads to
an increase in adsorbed mass if it is assumed that sufficiently
large counter ions are near the quartz. Therefore, charged
particles can cause larger frequency shifts than uncharged
ones. The influence of charges on the hydrodynamic proper-
ties of the adjacent water layer has not been considered yet.

2.3.1.6. Conclusion

In conclusion, interpretation of QCM data is not unambig-
uous and can lead to controversial results. The factors
mentioned in Sections 2.3.1.2-2.3.1.5 have to be taken into
account if conditions such as hydrophilicity, surface charges,
meniscus, temperature, viscosity of the liquid, and buffer
composition cannot be preserved. The QCM in fluids is not a
simple mass-sensor but provides valuable information about
interfacial reactions. Besides elasticity and viscosity, informa-
tion about surface charges of biomolecules can be obtained.
The following section gives an overview of other acoustic
resonators.

2.3.2. Surface-Acoustic-Wave (SAW) Sensors

Lord Rayleigh was the first to discovered this acoustic
mode known as surface acoustic waves (SAW). The stress-free
boundary of a solid gives rise to these surface-confined waves
that propagate as coupled longitudinal and transversal waves.
The frequencies of SAW sensors are usually between 50 MHz
and a few GHz.!" The displacement components decay
exponentially within the solid. The surface acts as an acoustic
waveguide. Surface acoustic waves can be excited and
detected by patterned interdigital transducers (IDT, see
Figure 3) on the surface of single piezoelectric crystals such
as quartz, lithium niobate, or lithium tantalate. Each “finger”
is the origin of a surface acoustic wave. The transducer works
most efficiently if the periodicity matches the wavelength of
the surface wave occurring at f=v,/d, in which v, denotes the
propagation velocity and d the distance between the inter-
digital fingers, that is, the periodicity. Generally, resonators
can be distinguished as two port delay lines and one-port
resonators.¥] Two port delay lines work with one IDT as a
transmitter and one as a receiver. The separation between
them determines the delay between the transmission and
receiving of the surface wave. One-port resonators consist of
one IDT structure in between two reflectors thus producing a
standing wave in both directions. The resonant frequency is
given by f,=nwv,/2l, in which [ is the distance between the
reflectors. The quality factor QO of SAW devices is between
6000 and 12000 and is considerably lower than that of TSM
resonators operating in air (20000-50000 for a 10 MHz
fundamental frequency).

2.3.2.1. Mass Loading

If the deposited mass is a thin rigid film the kinetic energy
of the synchronously vibrating system is increased without any
energy loss arising from viscous damping. This then leads to a
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decrease in the propagation velocity. The influence on the
resonant frequency is given by Equation (12).!

2= 2o, (12)

This equation resembles Equation (3). Again the mass
sensitivity increases with the square of the fundamental
frequency, which is considerably higher (> 100 MHz) than
that of TSM resonators, and renders the sensitivity of a
100 MHz SAW sensor 200 times higher than the mass
sensitivity of a 5 MHz quartz crystal. However, bioanalytic
applications require operation in water, thus SAW sensors are
less suited than TSM resonators as a result of the high energy
loss occurring in an aqueous environment. Damping is a
consequence of compressional waves generated by displace-
ment components parallel to the surface normal and the
viscous coupling of displacement components parallel to the
surface.

2.3.3. Acoustic-Plate-Mode (APM) Sensors

APM sensors are cut from single-crystalline quartz to serve
as acoustic waveguides that are particularly suited for
operation in liquids. The acoustic wave is confined between
the upper and lower surfaces of the plate propagating
between input and output transducers, in contrast to SAW
sensors in which they are restricted to one surface.[*! Shear-
horizontal (SH) APM resonators do not exhibit displacement
components parallel to the surface normal but predominantly
display displacement parallel to the surface and the direction
of wave propagation. Therefore, loss of acoustic energy from
interaction with the environment is drastically reduced. The
particle displacement has only one component.*] SH modes
can be considered as a superposition of plane waves with an
in-plane (shear horizontal) displacement reflected at a
particular angle between the upper and lower face of the
quartz resonator. Similar to SAW sensors, acoustic waves can
be excited and detected by lithographically patterned IDT
metal structures (Figure 3). The input transducer with perio-
dicity b and thickness d generates approximately the eigen-
frequency calculated by Equation (13).1%’]

=l T

2.3.3.1. Mass Loading

When the mass is strongly bound (nonslip boundary
condition) to the surface the layer moves synchronously with
the quartz surface. As a consequence the kinetic energy
increases and the propagation velocity decreases as discussed
previously for TSM and SAW resonators [Eq. (14)].17)

ﬁ — f = cpPM

F , Ps (14)

cAPM denotes the mass sensitivity, and pg the surface mass
density (mass/area on face) of the foreign mass layer.
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2.3.4. Flexural-Plate-Wave (FPW) Resonators

FPW resonators are thin, rectangular membranes made of
tension-free silicon nitride embedded in a frame of silicon that
are manufactured photolithographically. Oscillations of these
plates, which are only a few micrometers thick, can be excited
piezoelectrically by IDT, electrostatically, or by using mag-
netic transducers. FPW resonators are characterized by a high
quality factor and low energy loss in fluids at a low resonant
frequency. Although the mechanical amplitude is rather high
(100 nm) energy dissipation is low since the phase velocity of
the acoustic wave is lower than the velocity of sound in most
liquids (900-1500 ms~').["1 The low resonant frequencies (1 -
10 MHz) permit the use of low-cost electronics, thus providing
an attractive alternative to the less sensitive TSM resonators.
FPW devices can also be used as actuators for granular solids
as a result of their high amplitude.

The simplest case of an oscillating isotropic plate includes
an infinite set of waves known as Lamb waves.*> 41 Two sets
of waves can be distinguished: symmetric waves (S), with
particle displacements symmetric about the neutral plane, and
antisymmetric waves (A), whose displacements have odd
symmetry. Only two waves, A, and S, (both of lowest order),
occur in sufficiently thin plates. Notably, the phase velocity of
the two waves differs tremendously. Thinner membranes
exhibit lower phase velocities for the A, mode, in which the
plate undergoes flexing as the wave propagates, while the
phase velocity reaches its maximum value for the S, mode. In
the case of the A, mode the eigenfrequency decreases with
decreasing thickness of the membrane at a given wavelength 4

[Eq. (15)].70
FoLVB

Y {15

B denotes the bending stiffness of the membranel*! and M
the specific mass of the membrane per unit area.

2.3.4.1. Mass Loading

Increasing the mass of the isotropic plate by a thin rigid
layer of foreign mass results in a decreased phase velocity of
the A, Lamb wave [Eq. (16)].[7
Af Av Oy

f v - 2M (16)

The integral mass sensitivity —1/2 M can be increased by
using thinner plates, thus reducing the phase velocity and
hence the resonant frequency. A comparison of the different
acoustic resonators is given in Table 4.

3. Adsorption of Biomolecules and Cells
3.1. Quartz-Crystal Microbalances

The core component of a quartz-crystal microbalance is the
AT-cut quartz plate with fundamental resonance frequencies
predominately in the range of 5—30 MHz. Since quartz plates
with high fundamental frequencies are very thin and therefore
difficult to handle, most quartz plates in use have fundamental
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Table 4. Comparison of the different acoustic resonators. d = plate thickness; 4 is the wavelength of the acoustic wave.

Resonator d Medium f[Hz] Example Temperature stability Mass sensitivity S,
[(Hz/MHz) (ng/cm?)!]
TSM A2 g, fl 4-30 quartz high 0.014 (6 MHz)
6 MHz, d =277 um
v,=3330ms™!, A =554 ym
SAW >4 g 30-500 quartz high/medium 0.20 (158 MHz)
158 MHz, d =760 um
v, =3160 ms~', 1 =20 um
SH/APM 3-104 g fl 25-200 quartz high 0.019 (101 MHz)
101 MHz, d =203 um
v,=5060 ms~', =50 um
FPW < A2 g, fl 2-7 ZnO medium 0.38 (5.5 MHz)

5.5MHz, d=3.5 um
v, =550 ms~!, A =100 um

[a] S, “=° (AfIPL/p..

resonance frequencies in the range of 4—10 MHz. Overtones
are excited in order to obtain resonance frequencies larger
than 15 MHz. Despite mechanical problems, very sensitive
quartz crystals with fundamental resonance frequencies of
about 30 MHz are also used.[*]
For the analysis of biomolecules and cells, measurements in
fluids are required—particularly in aqueous solutions. By
developing appropriate oscillator circuits capable of exciting
AT-cut quartz crystals to their resonance frequencies under
liquid load,’*>! the quartz crystal microbalance could be
introduced as a powerful tool in life science. Up to now
several quartz crystal microbalance setups have been realized:
a) A flow system comprising a quartz plate that is usually
clamped between two O-rings. Since the radial mass
sensitivity, described by a Gaussian function, decays
towards the edges of the quartz plate it is advisable to
minimize the contact area of the O-ring with the resonator
and to place it as far outside the quartz as possible, so that
damping is minimized and thus the quality factor is at a
maximum. The measurement chamber has to be sealed to
air to avoid air bubbles and alteration of the liquid
meniscus in order to avoid reflection of induced longitu-
dinal waves at the air—liquid interface which influence the
resonance frequency of the quartz. An outlet and inlet of
the quartz holder allows the addition of analytes at any
given time while monitoring the resonance frequency.
Apart from thermodynamic equilibrium values, kinetic
data can also be obtained with this setup. The time
resolution of the quartz crystal is limited by its quality
factor and is in the range of milliseconds. Using a flow
system ensures a proper mixing of the solution, so that
rate-controlled kinetics might be assumed. Moreover,
most setups can be fully automated for sensor applications.

b) A different approach to excite the quartz which has only
one side in contact with liquids is to seal one side of the
quartz with a rubber casing. Only one side is exposed to
the fluid when the quartz is completely immersed into
solution, with the other one kept in air. Addition of the
analyte can be performed using a syringe while stirring the
solution continuously.

c¢) Further techniques to immerse quartz crystals with only
one side in aqueous solution are based on moving a quartz
plate horizontally at the air—water interface; beforehand,
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a film is spread at the air—water interface and compressed
to the desired film pressure. In this way, the quartz plate is
in close contact with the monolayer. Upon addition of the
analyte into the subphase, the interaction can be moni-
tored.

d) The simplest approach is to monitor frequency shifts in air
after adsorption of the biomolecules in fluids and drying of
the surface. This technique allows only the determination
of final frequency values with large errors arising from the
continuous change between air and liquid. The resonance
frequencies obtained vary considerably compared to those
gathered from measurements in liquids, since the water
content of the biomolecules influences the response of the
quartz significantly. The only advantage of this technique
is given that the Sauerbrey Equation might be valid under
these conditions.

e) Inspired by the finding that the vibration of the quartz is
considerably influenced by a liquid, the so-called reference
crystal method has been developed. With this setup, two
quartz crystals are excited in parallel. One of the surfaces
of the two quartz crystals is functionalized while both of
them are immersed in the same medium. This results in a
net detection of the biomolecules. However, this method is
not frequently used since other disadvantages occur from
the different surfaces of the two crystals which lead to
temperature and resonance frequency instabilities.

There are basically two different modes of operation for
TSM resonators. One is based on the quartz crystal being the
frequency-determining element of the oscillator circuit. The
surface coverage of the quartz can be obtained by monitoring
the resonance frequency. The read out of the resonance
frequency is routinely performed using an oscillator circuit
connected to a frequency counter. This mode of operation is
termed active, since the crystal is excited to its resonance
frequency and the oscillator circuit compensates for the
energy loss. One should keep in mind that the exact resonance
frequency that is excited by the oscillator circuit is not
necessarily known so that experimental results might not be
comparable using different oscillator circuits. Especially, if
energy dissipation as a result of viscoelastic load occurs then
frequency responses can be quite different. The equations
depicted in Table 2 outline the various resonance frequencies
of a moderately damped system to demonstrate this problem.
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Therefore, it is important to know whether the serial or
parallel resonance is supported by the oscillator circuit.
However, the feedback of the oscillator circuit often intro-
duces inevitable phase shifts, which result in considerable
deviations from the serial or parallel resonance so that an
accurate determination of the excited resonance frequency
remains difficult.

The other mode of operation, the so termed passive
method, uses a network analyzer/frequency generator to
excite the crystal to a constraint vibration near resonance
while monitoring the complex electrical impedance or admit-
tance dependent on the applied frequency. By fitting the
parameters of the BVD-equivalent circuit to the spectra
(Figure 6 B) both the mass load and energy dissipation can be
determined separately.

A connecting link between simple frequency determination
and complex network analysis is the so-called QCM-D
technique developed and commercialized by Kasemo and
co-workers,? which allows the resonance frequency and
dissipation factor to be monitored simultaneously. In this
technique a quartz plate is excited with a frequency generator
followed by switching off the source and recording the free
decay of the quartz oscillation. This procedure is repeated
each second. The dissipation factor together with the reso-
nance frequency is obtained by a curve fit. Damping can also
be recorded using an amplitude-controlled oscillator circuit
that monitors the amplitude separately from the resonance
frequency.?!

3.2. In Situ Hybridization of DNA/RNA on Quartz
Surfaces

The analysis of genetic material, such as that essential for
the diagnosis of hereditary and infectious diseases, for the
classification of an organism, and in the field of forensic
chemistry, has attained enormous importance and has led to
numerous techniques to quantify nucleic acids in a sensitive,
selective, and fast manner, that is, high-throughput screening.
In the course of these developments mass-sensing devices
were included in the repertoire of signal transducers that are
capable of detecting oligonucleotides label-free and online.
The first evidence of a direct measure of nucleic acids using an
acoustic resonator was given by Fawcett et al.;>* however, the
experiments were performed in air. The first in situ experi-
ment was accomplished in fluids using an acoustic-plate-mode
resonator! and the second one with a thickness-shear-mode
resonator, which was functionalized with a single-stranded
DNA coupled through a self organized 11-sulfanylundecanol
monolayer chemisorbed on gold.[

The crucial step in developing a mass-sensitive nucleic acid
detecting device is the immobilization of a single-stranded
oligonucleotide on the resonator surface which hybridizes
selectively with the complementary strand from solution.
Well-known procedures are the modification of 5'-phosphate
residues by thiol groups.’* In this way, DNA as well as
RNA can be immobilized, and also peptide nucleic acids
carrying a polyethylene-modified terminal cysteine.[! Suit-
able procedures solely for DNA and RNA are based on
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electrostatic interactions of the negatively charged backbone
and positively charged amine monolayers.®> % Frequently
used methods, though quite complicated, are based on the
binding of biotinylated oligonucleotides to surface-confined
avidin or streptavidin. The coupling of proteins is accom-
plished by simple physisorption,® by electrostatic interac-
tion,[ or covalently linked through an amide bond between
chemisorbed 3,3’-bispropionic acid and the amine residue of
the protein.® %l Unfortunately, the oligonucleotide cover-
age is not well determined in most cases; surface coverages
are mostly calculated after adsorption of the nucleic acid in air
or liquid using the proportional constant of the quartz as
determined before. The average values obtained are well
below 100 %, with typical coverages between 10 and 30%. A
correct correlation between the actual concentration of the
nucleic acid at the surface and the frequency decrease, as
experimentally determined by Su et al.,[”! demonstrated that
the surface coverage obtained from the frequency shift is 3 to
12 times larger than that determined by radioisotope labeling.
The question is whether the common oligonucleotide immo-
bilization techniques provide satisfactory surface coverages.
The quality of the immobilization method is rather important
for dealing with aspects such as sensitivity and specificity since
the surface coverage reflects the sensitivity of the mass-
sensing device. Moreover, nonspecific adsorption can be
minimized by complete surface coverage. A desirable, user-
demanded detection limit is approximately 107¥m, but
depends on the number of base pairs.[] In order to minimize
the detection limit of a functionalized resonator surface
quartz crystals with higher resonance frequencies were used,
multilayers composed of nucleic acids and polymers/proteins
were developed,/® DNA dendrimers were synthesized,® and
nucleic acids were amplified on the surface by using the
polymer chain reaction (PCR).™ In a recent study Bardea
et al.l"l used anti-double-stranded DNA and anti-mouse F,
antibodies as a second antibody to amplify the signal. Despite
these efforts, the detection limit is currently in the range of
10—8_10—7M.[56. 60, 69]

Besides difficulties of nucleic acid immobilization and
sometimes unknown surface coverage the reason for a low
detection limit can also be sought in the low hybridization
yields on the surface, which do not exceed 10 % .57 %- 7] Steric
hindrance of the hybridization reaction explains this low
value; however, the equivalence of mass change and fre-
quency upon the detection of nucleic acids in solution is
questionable. Although the translation of the frequency shift
into mass using the Sauerbrey Equation is pursued in many
publications, one should refer to the articles of Thompson and
co-workersl®> 72 and Fawcett et al.,[®! who showed that
oligonucleotides immobilized on the resonator surface in
fluids do not behave like an ideal rigid mass. Thompson and
co-workers revealed, for example, that the serial resonance f;
upon binding of DNA exhibits a frequency change which is
18 times larger than predicted by the Sauerbrey Equation.
They attributed this discrepancy to an altered viscosity on the
surface that was generated by hybridization. Network analysis
revealed that the motional resistance R, which is indicative of
energy loss, changes in the same fashion as the serial
resonance frequency. For immobilized DNA, R is not only
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dependent on the liquid’s viscosity but is also influenced by
the electrolyte effecting the electroacoustic coupling of the
oscillation. Thus, R is additionally determined by the solu-
tion’s conductivity and the electrochemical double layer,
which makes a particularly large contribution in the case of
highly charged DNA."I These altered viscoelastic effects can
be used to obtain kinetic data of the DNA hybridization on
the surface.” However, a systematic study remains to be
performed.

Besides sensitivity, the specificity of oligonucleotide bio-
sensors is also of paramount importance. Bardea et al.l®> 7!
showed, that a seven base pair mutation within a 31-mer that
occurs in the genome of the Tay — Sachs disease is sufficient to
inhibit hybridization of the mutated DNA with surface-
immobilized complementary strands. In contrast, 10-mers
containing two terminal mutations hybridize almost com-
pletely (92 %), while DNA with one mutation positioned in
the center of the strand hybridizes with a yield of only 30%.
However, nonspecific adsorption of oligonucleotides could
not be excluded.’”? An increased sensitivity was gained by
using peptide nucleic acids instead of DNA on the surface.
Functionalization of gold surfaces with peptide nucleic acids
has the effect that a single point mutation of the comple-
mentary DNA strand is sufficient to inhibit DNA binding to
the surface (Figure 18).[°1
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Figure 18. Frequency-time response of a QCM biosensor functionalized
with a peptide nucleic acid of the sequence Cys-egl-GGC-AGT-GCC-
TCA-CAA for multiple additions of 10 pgmL~! of the 15-mer 5'-TTG-
TGA-GGC-ACT-GCC-3' (T) and of 50 pgmL~! of 5-TTG-TGA-GAC-
ACT-GCC-3' (M). The mismatch base is indicated in bold.[!]

A recent study of Wang et al."] illustrates the use of the
quartz-crystal microbalance to monitor real-time enzymatic
activity of RNAses and DNAses using surface-confined
poly(U) single strands and (dA),,—(dT),, double strands.
The specificity of both enzymes was preserved on the surface.

3.3. Adsorption of Proteins at Functionalized Surfaces

The primary area of application of the quartz-crystal
microbalance today is the investigation of protein adsorption
at functionalized surfaces. For instance, the basic principle of
piezoimmunosensors is the detection of the binding of
antibodies to surface-confined antigens. For a long time it
was postulated that a direct quantification of the adsorbed
amount of protein would be feasible by using the Sauerbrey
Equation. However, a number of publications established that
protein adsorption performed in liquid leads to larger
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frequency shifts than in air. In order that the quartz-crystal
microbalance can be used as a universal tool it is desirable to
find reasons for the different frequency changes. A study from
1993 found for the first time a direct correlation between mass
load and frequency shift by adsorbing human serum albumin
(HSA) on the resonator.” Muratsugu et al. quantified the
mass load by using radioisotope-labeled HSA in combination
with the determination of the frequency shift by using the
quartz-crystal microbalance. This result is a hallmark with
respect to the sensitivity of shear-wave resonators. While Af/
Am is supposed to be 0.183 Hz cm? ng~! for a 9 MHz quartz as
predicted by Sauerbrey, the results revealed values of
(0.3754+0.012) Hz cm?ng~' for HSA and a value of
(0.716 £0.066) Hz cm? ng~! for anti-HSA. On the one hand,
these numbers are considerably larger than that expected
from the Sauerbrey Equation, and on the other hand, they
depend on the investigated protein. In order to clarify this
discrepancy, Kasemo and co-workers developed a measuring
device that allowed frequency shifts to be monitored simulta-
neously with energy loss, which was represented as the
dissipation factor with a time resolution of 1 s.°?l Energy loss
can occur within the adsorbed film, where included water also
has to be taken into account, or at the interfaces as a result of
friction. Their experimental results in aqueous solution
confirmed that energy loss, that is, an increase in the
dissipation factor, can be detected.””””! Thus, binding of
methemoglobin (met-Hb) and hemoglobin-CO (HbCO) on a
hydrophobic methyl-terminated monolayer exhibits the ex-
pected frequency decrease as well as an alteration of the
dissipation factor D (Figure 19 A, B). Plotting the frequency
shift versus change in D gives rise to two distinct slopes, which
indicates that a two step adsorption process occurs (Fig-
ure 19C).
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Figure 19. A) Changes in frequency and B) dissipation as a function of
time during the adsorption of met-Hb and HbCO at pH 7.0 and pH 6.5,
respectively, onto a methyl-terminated thiol monolayer (ML). C) Plot of
the change in the dissipation factor versus the change in frequency. Two
different slopes, which indicate a two-step adsorption process, are
discernable for the adsorption of both met-Hb and HbCO.”®!
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These results have led to the conclusion that energy loss
does not only occur at the interfaces but also in the protein
layer itself; dissipation might be attributed to conformational
changes within the adsorbed protein layer and tightly bound
water; they are induced by periodic shear movement. The
hypothesis that enclosed water contributes considerably to
the frequency shift was confirmed by Rickert et al.’ Upon
deposition of multilayers composed of alternating layers of
biotinylated BSA and streptavidin they obtained a sensitivity
that was four times larger than the integral mass sensitivity as
predicted from the Sauerbrey Equation. By determining the
thickness of the layer they could demonstrate that approx-
imately 75% of the overall mass is water. They excluded
viscoelastic effects since a nonchanging frequency shift per
protein layer up to 20 monolayers was observed. A decrease
in the frequency response by a factor of approximately 0.7
would be expected according to Rickert et al. if the protein
layer showed viscoelasticity.[*!

Although the frequency shift cannot be translated into mass
load, it is nevertheless conceivable that the quartz-crystal
microbalance could be used for insitu measurements of
binding events. Concentration-dependent measurements of
the frequency shift together with the assumption of a linear
relation between frequency shift and mass load allow the
binding and rate constants of the protein and peptide
adsorption to be determined.l®® #-%] The technique is well
suited for the quality control of multilayers prepared by the

Langmuir-Blodgett technique®! or self-organization proc-
esses.[80: 87-94]

3.4. Lipid - Protein Interactions at Solid-Supported Lipid
Membranes

Protein—receptor interactions at lipid membranes, for
example ganglioside —toxin interactions play an essential role
in biological processes. The first contact of a protein, virus, or
bacterium with its receptor at a biological membrane initiates
a variety of reactions at the cell membrane. Artificial
membrane systems which are variable in their lipid compo-
sition are necessary for investigating these kind of interactions
at a lipid membrane.”> %! Nowadays, common model mem-
brane systems are vesicles and black lipid membranes. Lipid
membranes immobilized in a highly ordered fashion on solid
supports are of great interest for the quartz-crystal micro-
balance. Different preparation techniques are available to
prepare so-called solid-supported membranes. The Lang-
muir - Blodgett and Langmuir — Schifer techniques, for exam-
ple, allow the transfer of highly ordered lipid monolayers from
the air—water interface onto a pretreated quartz surface.
Instead of using these equipment-intensive methods, techni-
ques based on the chemisorption of thiol or disulfide
components are well suited for immobilizing lipid bilayers
on gold-covered quartz plates. In a first step gold surfaces are
functionalized using sulfur-containing components. These
self-organized monolayers serve as starting points for the
preparation of lipid bilayers. Common methods for the
preparation of lipid bilayers are the vesicle-fusion technique,

4020

detergent dilution method, or painted lipid membrane
procedure.

Okahata and co-workers'%! immobilized lipid monolay-
ers at the air—water interface of a quartz surface by dipping it
horizontally from the air-side at the interface. The hydrophilic
head groups are oriented towards the water subphase so that
proteins and peptides dissolved in the subphase may interact
with them. These functionalized quartz plates allowed the
binding and dissociation constants of the interaction of
melittin and $-globulin with dipalmitoylphosphatidylethanol-
amine membranes to be determined; moreover the binding of
the lectine concanavalin A to glycolipid monolayers was
quantified.['”] Tt is very easy to incorporate various numbers
of receptor molecules in those lipid monolayers at the air—
water interface. With the same preparation technique it was
feasible to investigate the binding behavior of the influenza A
virus and wheat germ agglutinin with Gy;-doped monolayers
composed of sphingomyeline and/or glucosylceramide. Var-
iation of the lipid matrix and the dopant concentra-
tion revealed that only these parameters are pivotal for
virus binding and that the binding rate is influenced
considerably. The system allows the inhibition of the virus
binding by adding sialyllactose (NeuSAc-a-2-3Gal-3-1-
4GIC).[97’ 99, 100, 102]

The above-mentioned methods based on the self-organiza-
tion of lipids on surfaces make it possible to readily prepare
lipid membranes that are composed of two single leaflets. A
lipid bilayer composed of a first chemisorbed alkanethiol
monolayer and a second lipid monolayer can be obtained by
fusing unilamellar vesicles on the hydrophobic monolayer.
These vesicles fuse on the surface so that their composition
also determines that at the surface. Impedance analysis of the
mono- and bilayers allows an exact quality control of each
layer, thereby ensuring highly reproducible membrane prep-
arations (Figure 20).

fIHz —>

Figure 20. Impedance spectra of an octanethiol monolayer (o) and a lipid
bilayer composed of octanethiol and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC; o). The solid lines show the results of fitting the
parameters of the simple equivalent circuit depicted.!'*]

A comparison of two different QCM investigations dem-
onstrates that the choice of the artificial membrane system
significantly influences the obtained results. Both studies
dealt with the adsorption of melittin to phospholipid mem-
branes. Whereas Okahata and co-workers used lipid mono-
layers at the air—water interface and obtained an ideal
Langmuir adsorption isotherm for melittin concentrations of
up to 100 um,[' Steinem et al.'®! used lipid bilayers and
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obtained adsorption isotherms which indicated multilayer
adsorption started at a concentration of 8 um. The immobi-
lized membrane was solubilized by melittin at concentrations
larger than 20 um, these effects were not observed at the air-—
water interface.

In principle, the quartz-crystal microbalance in combina-
tion with lipid membranes composed of an alkanethiol
monolayer and a second lipid monolayer obtained by vesicle
fusion allows an easy determination of thermodynamic and
kinetic parameters of protein —ligand couples without the use
of labels. The example of the interaction of peanut agglutinin
(PNA) with gangliosides shows the suitability of this ap-
proach. A lipid membrane is doped with different concen-
trations of the receptor lipid Gy, and the frequency shift is
monitored upon addition of PNA. Figure 21 shows that a
dopant concentration of 1.3 mol % of the receptor lipid Gy, is
sufficient to achieve maximum coverage of the protein
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Figure 21. A) Frequency shifts of a 5 MHz quartz functionalized with
solid-supported octanethiol/POPC lipid bilayers containing different
amounts of Gy, upon addition of 2 um of PNA. B) Dependence of the
equilibrium value of the resonance frequency Af on the mole fraction yg,,
within the phospholipid monolayer. The solid lines intersect at yg,, =
1.3 mol %.117]

surface. A calculation of the theoretical value of the minimum
number of necessary Gy, molecules within the lipid matrix,
assuming a homogenous distribution of the receptor lipids and
correct values for the geometry of the protein, leads to a value
of 1.5 mol%. A comparison of the theoretical value with the
one obtained experimentally implies that the monomeric
protein coverage on the surface has to be close to one. Similar
maximum protein coverage using a lipid matrix doped with
2mol% of the receptor lipid was corroborated by Ebato
et al.l' who investigated the streptavidin —biotin couple with
the quartz-crystal microbalance. The frequency shift Af has to
be monitored at various concentrations of the protein ¢, in
solution to determine the binding constant of a protein-—re-
ceptor couple (Figure 22). By assuming that the binding sites
on the surface are energetically equivalent and that there is a
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Figure 22. Isotherm of the binding of PNA to a Gy;-doped lipid bilayer
(A) and to an asialo-G\;-doped octanethiol/POPC bilayer (B) immobilized
on a gold-covered AT-cut quartz. The dependence of the equilibrium
resonance frequency shift Af on the PNA concentration in solution is
shown. The POPC monolayer was doped with 4.8 mol % of the receptor
lipid. The solid line is the result of fitting the parameters of a Langmuir
isotherm according to Equation (17) with K, = (0.8 +0.1) x 10° and (6.5 +
0.3) x 10°m~, respectively, and Af;. = —(61.0+0.5) and (28.0+0.5) Hz,
respectively.['”]

homogeneous distribution of the receptor lipids,'®! the
binding constant K, can be obtained by fitting the parameters
of a Langmuir adsorption isotherm [Eq. (17)] to the data.

K, ¢y
Af = AfpoT—— 17

1+ K, ¢

The established binding constants present information
about the chemical structure of the receptor essential for an
appropriate binding, as demonstrated by the adsorption of
PNA to Gy and asialo-Gy;;. While the binding constant of
PNA to Gy is K, = (0.83 £0.04) x 10°m~, it is determined to
be almost a factor of 10 larger at K, = (6.5 4+0.3) x 10°m~! for
asialo-Gyy, 1% This difference is attributed to the fact that N-
acetylneuramic acid of Gy is not necessary for or even
disrupts the binding of PNA. However, it has been demon-
strated that the affinity of PNA to the trisaccharide S-Galp-
(1,3)-GalNac-(1,4)-8-Galp is larger than to the dissacharide -
Galp-(1,3)-GalNac.[1%]

This is an example how the molecular structure of a
receptor molecule can be illuminated by varying the receptor
molecules embedded in the lipid membrane using the quartz-
crystal microbalance. Besides quantifying the inhibition of
binding in solution this method is capable of clarifying
carbohydrate structures that play a pivotal role in receptor
function. Monitoring the frequency shift upon binding of PNA
to Gy in the absence of an inhibitor (Figure 23) allows the
binding constant K; of the inhibitor in solution to be
determined.'’! A prerequisite for the determination of K; is
an appropriate ratio between K; and K,. If the binding
constants have similar orders of magnitude an exact determi-
nation of the binding constant Kj is practicable since the
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Figure 23. Time course of the resonance frequency shift upon addition of a
2 uM solution of PNA to a lipid bilayer composed of octanethiol and POPC
doped with 4.8 mol % of Gy, without inhibitor, with 0.27 mwm -Galp-(1,3)-
GalNAc, and 26.5 mMm fS-galactose./'"7)

frequency changes continuously with the inhibitor concen-
tration in solution. If there are several orders of magnitudes
between K; and K,, the protein binds either almost unaffect-
edly on the surface or not at all.

The PNA —ganglioside system displays the potential of the
quartz-crystal microbalance combined with solid-supported
membranes in regard to studying ligand —receptor couples
and the parameters which can be calculated from the obtained
data. In summary, it can be concluded that the QCM
technique enables one to quantify binding constants and
kinetics in a relatively simple fashion so that information can
be gathered about the structure of natural receptor molecules.
This feature was particularly demonstrated in a study dealing
with the adsorption of bacterial toxins—cholera, tetanus, and
pertussis toxin—on various gangliosides.[!% 107-10°]

Besides basic knowledge that can be garnered from lipid
membranes immobilized on quartz crystals, this system might
also be useful for biosensor applications. Solid-supported lipid
membranes on gold surfaces are not only well-suited because
they can be prepared reproducibly with an exactly adjustable
composition, but also because they are of particular interest,
since nonspecific protein adsorption arising from the lipid
matrix is strongly suppressed. First experiments pointing in
the direction of regenerating the sensor surfaces after binding
of a protein were demonstrated by Janshoff et al.l'’’! Upon
addition of protease, the adsorbed protein can again be
released from the surface (Figure 24).
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Figure 24. Time course of the resonance frequency shift upon addition of a
pronase solution to a PNA-covered lipid bilayer composed of octanethiol
and POPC doped with 4.8 mol % of Gy,;. The PNA concentration was 2 um,
the concomitant frequency shift —36 Hz. The concentration of pronase E
was 0.2 % (w/w). The frequency increase arising from the action of pronase
was 35 Hz after incubation of the protein monolayer in solution for
approximately 1 h.['07]
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3.5. Piezoimmunosensors

The high specificity of antigen —antibody reactions and the
ability to generate antibodies against a variety of biological
and nonbiological substances opened up a way to develop
immunosensors to address questions in areas ranging from
clinical diagnosis, food control, to environmental analysis.
During the last three decades radioisotope-labeled antibodies
were mostly used for immunoassays.''”! Disadvantages that
emerge from work with radioactive components has led to the
development of new marker systems, that is, fluorescence-
labeled antibodies. Nowadays the enzyme-linked immunosor-
bant assay (ELISA) is the most widespread analysis tool to
detect antibody-—antigen reactions. The peculiarity of this
detection method is the amplification of the antigen—anti-
body reaction using an enzyme that is bound to the anti-
body and catalyzes a detectable reaction, namely, the
formation of a UV/Vis-active or fluorescence active
dye.l'"] Despite this established technique, interest in discov-
ering label-free and less time consuming online detec-
tion methods is still undiminished. Numerous articles were
published dealing with the immobilization of antibodies or
antigens on transducer surfaces whose signal is affected
upon binding of the complement. Such immunosensors are
valued with respect to their handling, their overall costs, and
how the sensor surface can be recycled without loss of
sensitivity.

Piezoelectric immunosensors, such as the quartz-crystal
microbalance and SAW sensors, are suitable transducer
surfaces which fulfill the above demands appropriately.
Piezoelectric immunosensors in the gas phase have been
investigated for quite some timel''>!1% whereas the online
detection of antibody —antigen reactions in aqueous solutions
originally started with the work of Roederer and Bastiaans on
SAW sensors!!'l and Thompson et al.l'"'®! on AT-cut quartz
plates. Contradictory to the classical understanding of piezo-
electric sensors Thompson and co-workers found a frequency
increase upon binding of immuglobin G (IgG) to the immo-
bilized antigen in their first study. They concluded from this
result that an alteration of the microviscosity at the interface
was induced upon binding of the antibody.

Similar publications from this time also dealing with the
piezoelectric detection of IgG established, however, that a
frequency decrease was observed upon the binding of an
antibody; hence the previously published frequency increase
remains questionable.['"- 121 A]l further studies supported the
decrease in frequency upon the binding of an analyte to a
surface.

Nowadays the applicability of piezoimmunosensors to
various fields has been proved. The spectrum ranges from
medical applications for the detection of bacterial tox-
inst2-1231 and viruses!'™* 116 124128] through the determination
of bacterial®> 1151291321 in the food industry, to environmental
analysis for the detection of organic compounds by using an
antigen —antibody reaction.[12 133-137]

For the development of a functional bioimmunosensor
based on piezoelectric transducers, problems characteristic to
all biosensors need to be solved: 1) functionalization of the
electrode-covered surface, 2) sensitive, specific, and reprodu-
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cible detection of the analyte in solution, and 3) regeneration
of the sensor surface.

The immobilization technique of antigens or antibodies
regularly leads not only to a functionalized sensor surface but
also determines substantially the sensitivity and reproduci-
bility of the sensor. A frequently used method is based on the
simple physisorption of the desired compound on clean gold
Surfaces[u[)‘ 124, 126-128, 131, 138, 139] and polymers.[S& 115, 140] The sta-
bility of those immobilized molecules does not differ signifi-
cantly from covalently coupled ones.['?> 132 138,141, 12l However,
problems arising from these techniques are the nondirectional
orientation of the molecules on the surface, namely, that part
of the antigens/antibodies is not accessible. An oriented
immobilization of antibodies can be achieved by nonoriented
physisorption of antibodies or covalent coupling of protein A
followed by an oriented adsorption of the antibody through
the F,, domain. Thus, the F,;, domain points preferentially to
the external medium.['!* 191201 Another possibility is to utilize
the linkage of the antibody to an individual thiol group.!'*I In
this way Gopel and co-workers succeeded in the arranged
linkage of an antigen—a synthetic peptide of the mouth and
claw epidemic virus—on a w-hydroxyundecanethiol mono-
layer 8% 144141 Another technique for the oriented immobili-
zation of antibodies using Langmuir - Blodgett films with F,,
fragments bound to linker phospholipids was successfully
demonstrated by Vikholm et al.[14 146]

However, a major problem remains: the nonspecific
adsorption at the transducer surface that can only be
minimized by improved immobilization techniques and
cannot be influenced by the transducer itself. The function-
alized surface is often blocked with a protein such as BSA or
casein before the binding of the analyte so as to minimize
nonspecific adsorption. Additionally, nonspecific adsorption,
which is predominantly caused by hydrophobic interactions,
can be reduced by the addition of detergents.[!?+ 126, 128]

Apart from nonspecific interactions, which generate un-
desired signals independent of the choice of the transducer,
viscous coupling of the liquid can cause severe problems if the
solution’s composition is varied during the experiment. The
shear-wave resonator responds sensitively to variations in the
solution’s properties, namely, an altered viscosity. There are
several possible ways of minimizing this bulk effect. If the
viscosity of the solution under investigation is known, the
viscosity of the medium can be adjusted by adding an
appropriate amount of glycerol.'”! Aberl and co-workers
used diluted humane serum albumin as a medium to minimize
nonspecific adsorption.l'?* 1201 More general procedures to
prevent this problem, which do not require the knowledge of
the solution’s composition, are the reference crystal meth-
0dl"*7l and the same-condition method.['*¥! A new procedure
was introduced by Zhang et al.,l'*] after they were able to
distinguish the mass load of the quartz from viscoelastic
effects by measuring the resonance frequency and the
amplitude of the applied voltage simultaneously. The ob-
tained frequency shift could be corrected by viscoelastic
effects with this setup.

The minimization of nonspecific adsorption enhances the
sensitivity of the piezoelectric immunosensor. Furthermore,
the minimum concentration which can still be detected with
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this method is determined by the binding constant of a given
ligand —receptor couple. Ebato et al!"*s! showed that the
immobilization of an antigen (fluoresceine-labeled lipid)
decreases the binding constant on the surface by a factor of
300 relative to the reaction in solution.

Eventually, the question remains as to whether the surface
can be regenerated after the binding of the analyte and allow
further binding studies. Willner and co-workers used a
reversible cleavage of antibodies which were bound to an
antigen-covered gold surface of a shear-wave resonator. They
functionalized gold surfaces of 9 MHz quartz plates with the
photoisomerable substrate N-methyldinitrospiropyran, which
exhibits an affinity to the antibody antidinitrophenyl-Ab.
Light with a wavelength of 360 nm < A <380 nm induced an
isomerization of N-methyldinitrospiropyran to N-methyldini-
tromerocyanin, which does not exhibit an affinity to the
antibody. The resiomerization occurs at A>495nm. The
reversible binding of the antidinitrophenyl-antibody was
impressive as demonstrated by QCM measurements.[1°0-152]
Another technique to achieve reversible antibody—antigen
interactions at surfaces was presented by Sargent and
Sadik.'*l They immobilized anti-HSA antibodies on a con-
ductive polypyrrole surface on a quartz plate and were able to
induce a reversible binding by applying voltage steps.

In summary, piezoelectric immunosensors are an alterna-
tive to established ELISA methods. In contrast to ELISA
techniques, which need a marker molecule and take approx-
imately two hours, this method can be fully automated.
Nowadays, the quartz-crystal microbalance provides a tech-
nique for analyzing phage libraries within a short time by
using a flow injection system.!">3] The detection of the analyte
can occur online and is label-free within 10 min; moreover,
kinetic data can also be used to specifically detect an antibody.
The specificity is determined predominately by the chosen
immobilization techniques and is therefore equivalent for
ELISA and quartz crystal microbalance measurements.
However, as yet the obtained sensitivity of piezoimmunosen-
sors is lower than that of an ELISA assay.

3.6. Detection of Cellular Systems

The application of microgravimetric acoustic sensors for
the detection and characterization of pro- and eukaryotic cells
has led to a number of interesting experimental findings as a
result of the abundant information provided by such an
analysis. Complex and time-consuming methods of cell
biology may one day be replaced by faster, more highly
resolving, and simpler techniques using TSM resonators as
piezoelectric sensors. These sensors are particularly important
in the food industry for the routine determination of bacterial
cell numbers in diets, but it is also desirable in clinical areas to
be able to determine cell numbers in body fluids online.
Table 5 gives an overview of bacteria whose cell numbers
were determined using piezosensors.

Most piezosensors used for the detection of bacteria in
solution are based on antigen-—antibody reactions in which
the bacterium binds to the corresponding surface-confined
antibody and thus can be monitored. In this way, the highest
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Table 5. Summary of cell types that were investigated using quartz resonators. The lowest detection limit as well as the surface reaction that was used for

detecting the cells are given.['*]

Cell species Cell number!'*"]

Surface reaction

Staphylococcus epidermidis!'®")
Listeria monocytogenes!'>'l
Chlamydia trachomatis!'*)
Vibrio cholerael'?

Candida albicans!'®
Enterobacteriaceael'®)
Salmonella typhimurium!*
Salmonella typhimurium!'3
Salmonella typhimurium!""
Pseudomonas cepacial' >3 x 10° cells cm—2
Staphylococcus epidermidis!'*! 39%x1072% (v/v)
Pseudomonas aeruginosa>") 10°-108 cells mL!

0.26-7.8 pgmL!
>10° cellsmL!

10°-10° cells mL!
10°-10° cells mL!

1x10%-4 x 107 cells mL*
2.5 x105-2.5 x 107) cells per quartz

10°-5 x 108 cells mL!

9.9 x 10°-1.8 x 10¥ CFU mL'l
3.6 x 10°=102 x 10° cells mL!

liquidation of gelatin
antigen —antibody
antigen —antibody
antigen —antibody
antigen —antibody
antigen-antibody

antigen —antibody
antigen —antibody

cell growing on SS-agarl®)
cell growing on gold
antigen —antibody, agglutination in solution
antigen —antibody

[a] CFU = colony-forming unit (number of cells in a culture that can build a new colony in a layer). [b] SS = Salmonella shigella.

specificity is ensured. However, problems similar to those of
immunosensors occur, such as nonspecific adsorption, which
can only be abolished by blocking the free binding sites prior
to the binding assay. In most cases a linear correlation
between the bacterial cell number and frequency shift can be
found, thus enabling one to calibrate the system for bacterial
cell numbers. These studies are based on the assumption that
the frequency shift upon cell binding can be attributed to a
simple mass change as described by the Sauerbrey Equation.
However, in 1993 Gryte et al.l'*¥l and Redepenning et al.['>"]
were the first to point out that cells on quartz resonators in a
medium cannot be treated like an ideal rigid mass. Cells are
more likely to be presented as a viscous load similar to a fluid.
A single cell layer on a 5 MHz quartz would give rise to a
theoretical frequency shift of 5600 Hz according to the
Sauerbrey Equation.['™ The actual values are in general at
least one order of magnitude lower than that. This observa-
tion is attributed to the concept that a cell body behaves like a
viscoelastic body (for example, Voight or Kelvin body)!
under shear stress, which leads to the fact that besides an
increase in the kinetic energy as a result of a mass change
(increase in inductance L) an energy dissipation (increase
in R) also occurs. It was shown that the shear wave within the
system composed of the cell, extracellular matrix, and a water
layer vanishes. This result was confirmed by experimental
results in which cell multilayers and the adsorption of silica
beads do not cause a detectable frequency shift.['>”]

In order to draw conclusions from the cell parameters
assuming that they behave as viscoelastic bodies, an impe-
dance analysis in the range of the resonance frequencies of the
quartz is necessary. Complex shear moduli can be obtained by
fitting electromechanical models to the obtained data. In
Figure 25 the impedance behavior of a 5 MHz quartz in the
presence and absence of adherent Madin darbine canine
kidney (MDCK II) cells is shown. The quartz is highly
damped because of the attached cells—an indication that
they do not behave like a rigid mass. Modeling the cells
attached to the resonator as a Newtonian liquid turns out to
be too simplified to account for its impedance behavior on the
resonator. In fact it is apparent from the spectra that an elastic
contribution has to be considered.'*® A detailed analysis of
the individual components of an adherent cell monolayer on a
quartz plate illuminates the complexity of the system. Besides
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Figure 25. A) Influence of a confluent MDCK II cell monolayer on the
impedance spectrum of a S MHz quartz resonator (| Z | and ¢); the spectra
before (@) and after (o) scraping the cell layer from the surface are shown.
The solid lines are the results of curve fitting using the BVD-equivalent
circuit. B) Equivalent circuit of an adherent cell monolayer including
extracellular matrix (ECM) and water layer. Z., represents the combined
viscoelastic properties of adherent cells as well as the ECM and an adjacent
water layer between the cell and the surface.['¢]

the actual cell layer, the extracellular matrix (ECM), a water
film between the ECM and cell, and the medium on top of the
cells need to be considered. It was shown that the influence of
the extracellular matrix plays a pivotal role in the shear
oscillation, while the mechanical properties of a cell-covered
quartz resonator remain unaffected by the supernatant
medium. The contribution of the ECM is mainly inductive
and can therefore be considered as a simple mass added to the
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resonator. Energy dissipation, however, could not be ob-
served.[>

Damping of the shear oscillation by the presence of a
confluent cell monolayer is dependent on the particular cell
species and their ability to adhere on the surface. Loosely
attached bovine aortic cells have little effect on the motional
resistance R, while strongly adhered MDCK cells damp the
oscillation of the quartz considerably (Table 6). This differ-
ence can be explained by the presence of a variable, thin water
layer between the cell and the surface. Diminishing the
thickness of the water layer by applying hyperosmotic stress,
in which the osmolyte does not penetrate the cell layer
(saccharose), leads to a dramatically increased damping of the
shear oscillation (Figure 26).

Table 6. Change of the motional resistance R and inductance L of different
cell species. The parameters were obtained from the fitting of the BVD-
equivalent circuit before and after mechanical removal of the confluent cell
layer.!

Cell species AR [Q] AL [pH]
MDCK I 755436 6.7+£0.7
MDCK II 992 + 36 10.5+0.8
Plexus epithelia 804 +£43 16+1.5
BAEC 55+12 31+05
3T3-fibroblasts 277420 25+05

T T T
A 30+ b
o
?/° 30
-60
-90 . h
4.98 5.00 5.02 5.04
f/MHz —>
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Figure 26. A) Phase spectra obtained from a quartz resonator covered
with a confluent MDCK I cell layer upon sequential increase in the
concentration of the osmotically active substances; a) 290, b) 415, c¢) 560,
d) 1100 mOsm per Kg H,O. The solid lines are the results of a fitting
procedure using the BVD-equivalent circuit. B) Change of the relative
motional resistance as a function of the molality of the osmotically active
substances for MDCK I (0), MDCK 1I (m), and 3T3 cells (®). The motional
resistance R, Wwas obtained 20 min after exchange of the isotonic
medium for the indicated molality of the osmotically active substances, and
is related to the initial resistance R . The solid lines are the results of
linear regressions.!'>)
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Wegener et al.l'"”] demonstrated that the observed increase
in damping may probably not be attributed solely to a
reduction of the cell volume;'% instead, an osmotic-driven
water flow out of the cell-substrate interspace presumably
occurs, and this moves the cells more closely to the quartz
surface and increases the damping.['°!

On the basis of the previous considerations, a quantitative
analysis of the impedance data should ascribe a cell-covered
quartz surface as a three layer model consisting of a rigid mass
(ECM), a thin liquid layer between the ECM and cell body,
and a semi-infinite viscoelastic body, the cell. A detailed
analysis of this multicomponent system is the subject of
current investigations.

Besides from data of confluent cell monolayers obtained
under static conditions, time-resolved processes, such as cell
adhesion or the influence of pharmacological substances, can
also be monitored using the quartz-crystal microbalance in
the active or passive mode. The process of cell adhesion is
rather complex and characterized by several distinct processes
which influence the oscillation behavior of the quartz
resonator. Starting with the first physical contact of the cell
with the surface, processes such as cell spreading, that is, the
enlargement of the contact area of the cell with the surface,
modification of the adhesion properties, excretion of extra-
cellular matrix components, and changes of the cell’s cytos-
keleton influence the oscillation in various ways. A detailed
study of cell adhesion based on a time-resolved frequency
analysis was performed by Wegener et al.'l using different
cell lines (MDCK I and II cells as well as 3T3-fibroblasts).
Wegener et al. confirmed the presumptions of Redepenning
et al.l%) and Matsuda et al.%] that the frequency decrease is
correlated with the number of cell —substrate contacts. Cells
that do not form contacts with the surface as a result of the
presence of contact-inhibiting peptides (RGD sequences) or
cell death that prevent adhesion, do not change the resonance
frequency of the quartz (Figure 27).

AffHz

L 1 i
0 100 200 300
t/min —»

Figure 27. Time course of the resonance frequency during the adhesion of
MDCK 1I cells starting with seeding densities of (8 1) x 10° cm~2 in the
presence of A) 1 mm GRGDS; B) 1 mm RGDS; C) 2 mmM RGD; D) 1 mm
RGD, and E) 1 mm SDGRG. The solid lines are linear regressions to
enable the apparent adhesion rates to be determined.['*?]

If a comprehensive impedance analysis of the quartz
oscillation is not possible, or a higher time-resolution than
provided by impedance analysis is required, changes in the
dissipation factor D = Q7! of the oscillation, which represents
the energy dissipation upon the binding of cells to the
resonator surface, can be monitored. In this way Kasemo and
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co-workers were able to detect the adsorption of monkey
kidney epithelial (MKE), Chinese hamster ovary (CHO) cells,
and neutrophiles by measuring the frequency shift of the
quartz and the time-resolved energy dissipation simultane-
ously.l'* 16 Otto et al.l'! used the same technique to inves-
tigate the interaction of E. coli with surfaces varying in
their hydropathic behavior. These experiments showed that
contact area, surface energy, ionic strength, and the cell
surface influence the frequency and dissipation changes
considerably.

If cell monolayers exhibit interesting barrier-forming prop-
erties as a consequence of the presence of tight junctions, the
quartz-crystal microbalance can be combined with common
electrochemical techniques. Such a setup allows the perform-
ance of a so-called quasi-simultaneous double-mode impe-
dance analysis, as described by Janshoff et al.'”l (Figure 28).

Cell mode

Quartz mode

Py

Fy

~

a

O

o

Figure 28. Schematic drawing of cells that are adhered to a quartz plate
and the corresponding equivalent circuits used for the impedance spectra
obtained in quartz mode and cell mode.['%7]

With this setup it is possible to detect electrical and
viscoelastic properties of cell monolayers with one device. A
cell monolayer can be described by a parallel RC element in
series with a capacitance C,, which represents the electrode —
solution interface; the corresponding equivalent circuit is
depicted in Figure 28. Figure 29 A shows the time course of
the transepithelial and motional resistance after the seeding
of MDCK II cells on a quartz resonator. Damping of the shear
oscillation occurs immediately after seeding, whereas the
transepithelial resistance can only be detected after 15 h. The
adhesion of cells, which predominately determines the damp-
ing behavior of the cells, occurs long before the formation of
tight junctions. Morphological changes of the cells induced by
changes of the cytoskeleton can be monitored time-resolved
with this device, as demonstrated by the example of cytochal-
asin D (alkaloid), which inhibits the polymerization of
actin filaments (Figure 29B, C). The induced rounding of
the cells by the degradation of the actin filaments results
in a decreased contact area of the cells with the resonator and
an increase in the average distance of the cells to the
substrate; as a consequence a decrease in the characteristic
damping of the shear oscillation by a confluent cell monolayer
occurs. Moreover, it was shown that the transepithelial
resistance collapses as a result of the large morphological
changes.
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Figure 29. A) Time course of the motional resistance R (®) and trans-
epithelial resistance Rypg (0) when a confluent MDCK II cell layer is
formed on a 5 MHz quartz. The seeding density was (1.5 +0.2) x 10° cells
per cm?. B) Time course of the motional resistance R (@) and the induction
L (o) of a MDCK II-covered 5 MHz quartz upon addition of the alkaloid
cytochalasin D with a concentration of 5 pm. C) Conceivable scenario of
the influence of cytochalasin D on a confluent cell layer. The arrow
indicates the decreased contact area of the cells with the surface as a result
of the rounding of the cell bodies.'"’)

3.7. Functionalized Vesicles as Model Systems for Cell
Adhesion

As a consequence of the complexity of the cell and its
contacts to the surface, it is quite difficult to address the
question as to which properties of the cell mostly influence the
resonance frequency shift. A simplified system to model the
surface adhesion of cells in detail are receptor-doped lipid
vesicles, which can interact with surface-confined ligands.['*®!
Pignataro et al.l] scrutinized the interaction of biotinylated
lipid vesicles with a streptavidin and avidin matrix. It
turned out that the frequency decrease of the quartz was
determined by the extent of biotinylation within the vesicles
(Figure 30).

However, the frequency decrease could not solely be
explained with the number of adsorbed vesicles on the
surface. A complementary scanning force microscopy study
demonstrated that an increase in the degree of biotinylation
of the vesicles, that is, an increased number of biotin —strep-
tavidin bonds, leads to a more pronounced flattening of the
vesicles up to a biotin content where the vesicles disrupt and
start to spread on the surface and form planar lipid bilayers.
The authors drew the conclusion that the number of contacts
influences the frequency response of the quartz. The con-
nection between the contact area and frequency decrease was
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Figure 30. A) Frequency decrease of a S MHz quartz upon binding of
vesicles doped with different amounts of biotin-X-DHPE to an avidin
layer. B) Frequency shift 180 min after addition of vesicles.!'*”]

also observed by Liebau et al.l'’* 7] They demonstrated that
polymerized liposomes produce a significantly smaller fre-
quency decrease than nonpolymerized ones. They explained
this observation through a suppressed membrane fusion. As
already demonstrated by Ohlson etal.l’”? and Janshoff
et al.'" fusion of vesicles on the surface results in large
frequency shifts of more than 230 Hz using a 5 MHz quartz.
Presumably, a significant change in the surface energy might
be responsible for the observed frequency shift.['”l A more
detailed explanation remains to be elucidated.

4. Development of Biosensors Based on Optical
Transducers

In this section the acoustic resonators described above are
compared with common state of the art optical transducers as
used for bioanalytic purposes. In principle, information about
the quantity of an analyte can be obtained from the character-
istic properties of light, such as frequency, amplitude, phase,
or polarization. In the area of biosensor development several
label-free optical methods, such as surface plasmon resonance
spectroscopy (SPR),[7+17] grating coupler, reflectance inter-
ference spectroscopy (RIfS),l'77] and ellipsometry have been
established.l'”® These techniques all detect the refractive
index n and the film thickness d or the effective optical
thickness (nd). The general principles of different optical
techniques are depicted in Figure 31.

The specificity of those sensors is achieved by surface-
immobilized receptive layers. The process of functionalization
has to be adapted to the properties of the sensor surface. Thus,
thiol chemistry is suitable for SPR and ellipsometry while
silane chemistry is advantageous for glass surfaces (grating
coupler, interferometry). In the following sections different
techniques with significant commercial impact, such as SPR,
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Figure 31. Schematic representation of the device principles of different
optical label-free techniques. A) Surface plasmon resonance spectroscopy
(SPR); B) resonance mirror (RM); C) grating coupler, and d) reflecto-
metric interferometric spectroscopy (RIfS).

grating couplers, the resonance mirror technique, and inter-
ferometry (RIfS), are explained in more detail and different
parameters, such as sensitivity, detection range, and their
limitations, are discussed and compared to acoustic resona-
tors.

4.1. Grating Coupler and Resonance Mirror Technique

Evanescent field techniques are based on multiple reflec-
tions at the interface between a substrate and a thin film (d <
1 um) immobilized on a surface composed of biological
receptive layers that show a lower refractive index than the
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supporting substrate. The detection limit is considerably
lowered when the system is equipped with an optical wave-
guide with multiple reflections since the relative propagation
velocity of the guided wave depends not only on the refractive
index of the medium but also on the number of reflections.
Guidance of the wave is accomplished by an imprinted grating
structure on the surface using a certain angle of incidence.
Observing the intensity after the wave has traveled through
the material at the end of the film is the easiest way of
measurement.!'”’!

However, in most cases this technique is used as a differ-
ential interferometer in which the different propagation
velocities of the waves for different polarizations are consid-
ered. As E- and B-field vectors of the electromagnetic
radiation are orthogonal, they will propagate with different
velocity, dependent on the refractive index of the surface
confined compound. The detectable phase difference, or
strictly speaking its change, is a measure of the altered
refractive index, for example, on the binding of an analyte to a
receptive surface.

The resonance mirror (RM) techniquel'””) is based on a
prism coupler; the coupling conditions for two orthogonal
waves of linear polarized light are met at different angles of
incidence. The polarized waves experience a phase shift in the
waveguide. Linear polarized light with an incident angle of 45°
is used in a typical experiment. The observed ellipticity after
travelling through the waveguide depends not only on the
phase shift, and therefore considerably on the refractive
index, but also on the adsorption layer at the interface. Thus,
the ellipticity is again a direct measure of the amount of
surface-bound analytes. The main applications of both
methods in the field of biosensors are the detection of
antigen —antibody reactions.

4.2. Surface Plasmon Resonance

Surface plasmon resonance spectroscopy (SPR) utilizes the
evanescent field in the same fashion as the resonance mirror
technique for the determination of the refractive index close
to the sensor surface. Surface plasmons are longitudinal
electron-density oscillations at the interface of a metal and a
dielectric medium, for example. Surface plasmon resonance
occurs by optical excitation only if the wave of the incoming
light interacts with the free electrons of the metal and if the
energy and momentum of the incident light beam correspond
to those of the surface plasmons. The dispersion relation
between frequency w and wave number k of the plasmons at
the interface [Eq. (18) ¢,, and ¢, are the dielectric constants of
the metal film and the dielectric medium, respectively] is
decisive for excitation.

® €4€m

k =

&g + & (18)
Excitation is accomplished by attenuated total reflection,
with the compound under investigation being immobilized on
a glass prism covered with an evaporated metal film. In this
setup, plasmons are excited by an evanescent electromagnetic
field which induces oscillation of the free electrons in the
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metal. Only p-polarized light is capable of exciting surface
plasmons. However, these plasmons generate another electro-
magnetic field, which penetrates the dielectric medium closely
attached to the metal surface. Only at a certain angle of
incidence do the wave numbers of radiation and surface
plasmons match, which leads to a resonance phenomenon in
which the energy of photons is transferred to plasmons.
Plasmon resonance can be observed as a sharp minimum in
the reflectivity of the incident light beam. The angle of
incidence of monochromatic light is varied during an experi-
ment, and the reflectivity near the resonance monitored. As
the wavelength is constant, the angle of the resonance
minimum only depends on the dielectric constant of the
medium covering the metal layer and is thus a measure of the
concentration of an analyte adsorbed on the functionalized
metal surface.

SPR can be used as a spectroscopic as well as a microscopic
technique, which leads to an increasing number of applica-
tions of this optical method. Thus, SPR is used not only for
studying classical ligand —receptor interactions in biochemis-
try but also for the detection of binding events at lipid
membranes, similar to the quartz crystal microbalance
technique. Special methods are required to modify these
surfaces, which are essentially based on the fusion of lip-
osomes onto hydrophobic surfaces. The interested reader is
referred to the review articles of Salamon et al.'’> 17l The
high sensitivity at a distance up to 100 nm away from the gold
surface allows the imaging of focal contacts of adherent cells
by SPR microscopy.['®]

4.3. Reflectometric Interference Spectroscopy

While both label-free methods discussed above detect
changes in the refractive index upon analyte binding using an
evanescent field, the reflectometric interference spectroscopy
directly determines the effective thickness and thus the
surface concentration of the analyte. This bound analyte
layer exhibits a thickness of up to 10 nm in the case of
biomolecules, but only 0.1 nm for low molecular weight
compounds.'’”l The physical principle of this method is a
wavelength modulation of the reflectivity of a thin trans-
parent film (Figure 31 D). When a film is illuminated with
white light through a substrate it is reflected at both interfaces
of the film. If monochromatic light is used, either constructive
or destructive interference is observed, dependent on the
phase shift; the interference obtained using white light varies
upon the wavelength, so that a periodic modulation of the
reflecting light intensity—an interference spectrum—results.
Thus, the positions of the maxima and minima only depend on
the film thickness at a given refractive index and angle of
incidence. The constructive interference obtained by illumi-
nation along an axis coincident with the surface normal is
given by Equation (19), in which m is the order of the maxima.

2nd=mai (19)

An increase in the thickness of the transparent layer results
in a shift of the spectrum to larger wavelengths and is strictly
valid only for transparent films with a thickness in the range of
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the wavelength of the incoming light. This is not true for high
molecular weight biomolecules and low molecular weight
analytes. Nevertheless, a simple experimental trick enables
one to obtain defined interference spectra, for example, a
glass substrate is covered with a thick interference layer of a
polymer material such as gels or oxides (SiO,). This layer,
which exhibits an interference pattern, is then functionalized
by receptor molecules. As a consequence, a change in the
thickness because of the adsorption of the complementary
binding partner can be measured. The thickness change is far
below the wavelength of radiation. This method allows
measurements of thickness changes down to 1 pm resolution
in effective optical thickness. Gauglitz and co-workers used
this technique to quantify antigen—antibody reactions as an
example of high molecular weight analytes as well as the
binding of pesticides (triazine) as an example for low
molecular weight analytes. They immobilized anti-pesticide
antibodies on an interference layer and determined the
thickness change, which was partially below 1 pm.

In special cases porous surfaces obtained from p-type
silicon are used as an alternative to polymer films.'*! These
thin meso- to macroporous films serve not only for the
generation of interference maxima and minima but also
provide a signal enhancement arising from the large increase
in the surface area within the porous matrix. The inner
cavities of the pores need to be properly functionalized, which
is achieved either by using trialkoxysilanes or Lewis acids and
Grignard reagents to generate Si—C bonds.['8-184 Reflectom-
etry as well as the other optical methods can be applied to all
kinds of binding problems and is an attractive alternative to
common ELISA techniques, although it is less sensitive.
Furthermore, reflectometry is suited to deal with thermody-
namic and kinetic problems. Optical transducers as used in
reflectometry reveal a high potential for detecting pharma-
ceutically relevant analytes.

5. Comparison of the Application of the QCM with
Optical Methods

A detailed comparison of the QCM and SPR method was
published in 1995 by KoBlinger et al.l'®] In this work a QCM
and SPR spectrometer were realized in one setup. The authors

claimed that no significant difference between both techni-
ques could be notified in terms of sensitivity and cross
reactivity. Both measurement devices are equally suited for
the online detection of chemical and biological analytes and
work without chemical modifications of the analyte. The
essentially different measurement principles (mass density for
QCM and dielectric constant for SPR), however, lead
inevitably to different limitations with respect to sensitivity,
signal to noise ratio, accuracy, reproducibility, regeneration of
the sensor surface, suitability for different complex analyte
systems, handling, and cost.

For SPR transducers, the metal film is evaporated on glass
substrates, which are transparent for lasers in the visible
region, or silicon chips, which are transparent in the IR
region.l'’¥ Optical components such as simple glass fibers,
ATR-prism couplers, grating couplers, or integrated layer
systems can be used as optical waveguides. The cost of such a
setup is about two times higher than that of a QCM, which
comprises a frequency counter, voltage supply, and an
oscillator circuit. Table 7 summarizes typical properties of
the different measuring devices.

The comparison of KoBlinger et al.'®] basically demon-
strates that both techniques are equally suited for bioana-
Iytics. Affinity measurements can be satisfactorily performed
with both devices (Figure 32).

The great advantage of SPR over QCM is its small sensor
area (5 x 10> mm? in comparison to 5 mm? for QCM) and the
higher sensitivity, namely, a greater number of particles is
detectable on the effective sensor surface (10~ mol for SPR
and 107" mol for QCM). The quartz-crystal microbalance is,
however, more suited for the determination of material
properties such as the viscoelasticity of polymer films.
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Figure 32. Change in the resonance frequency (o) and SPR angle (@) upon
nonspecific adsorption of bovine serum albumin to a gold surface.l'®]

Table 7. Comparison of surface plasmon resonance spectroscopy (SPR) with the quartz-crystal microbalance (QCM; 20 MHz quartz) on the basis of their

special properties.!'s’]

QCM

SPR

wave equation

wave type

basic physical quantities
measuring quantities
material parameter

Christoffel equation

elastic shear waves

mechanical impedance Z

frequency, quality factor, impedance

film thickness, density, viscosity, surface tension,

Maxwell equation

surface plasmons

reflectivity

angle of reflectivity minimum
dielectric constant, film thickness

viscoelasticity, ionic strength

penetration depth in water 126 nm

influence of ionic strength

sensitive area 5 mm?
detection limit 10" mol
thickness sensitivity/protein film 184 Hz nm™!
minimal significant change of the measuring quantity 20-25Hz

minimal detectable mass

sensitivity calibration electrolysis

can be neglected

30 ng per 5 mm?

150 nm (4 =1300 nm)
large

0.005 mm?

10~ mol

0.0263° nm~!

0.005°

0.5-5 ng per 5 x 1073 mm?
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6. Summary and Outlook

In the last few years the quartz-crystal microbalance has
developed from a pure mass sensor in the gas phase into a
versatile tool in chemo- and bioanalytics which not only
provides information about binding events at surfaces, but
also reveals material-specific quantities, such as elasticity
moduli, surface charge densities, and viscosity. Indirectly, one
can also deduce conformational changes of proteins as well as
the water content and net charge of biomolecules from the
data. Potential applications are quantification of cell adhesion
and the determination of viscoelastic properties of adherent
cells. It is expected that TSM resonators will become to be a
real alternative to conventional cell-specific techniques, such
as cell counting and optical microscopy, to control cell culture.
Many active substances directly influence cell adhesion.
Hence, the quartz-crystal microbalance is a fast and sensitive
device providing information about cell —substrate interac-
tions, the alteration of the number of focal contacts, or the
distance of the cell from the substrate. Moreover, the
possibility of combining the quartz-crystal microbalance with
other techniques, for example, optical (SPR) or electro-
mechanical techniques (EQCM), will increase the knowledge
about processes at interfaces in biochemistry as they occur at
cell surfaces. In this way double mode impedance analysis
allowed alterations of the barrier properties and cell substrate
interactions of cell monolayers to be correlated in a time-
resolved fashion and quasi-simultaneously. While the electro-
chemical QCM is already routinely used in electrochemistry
for monitoring deposition and corrosion processes, a combi-
nation of voltammetry, chronoamperometry, and impedance
analysis with QCM is rarely used in bioanalytics.

In summary, the detection limit of the quartz-crystal
microbalance is poorer than that of optical methods such as
SPR or RIfS, which is partially a result of the larger sensor
surface area, and partially a result of the inherent sensitivity.
In most cases, a lower sensitivity does not hinder the
investigation of biological problems since equilibrium ther-
modynamic and kinetic data cannot be obtained beyond
picomolar concentrations as a consequence of the limited
volume. A continuous depletion in solution would result—this
is also true for surface plasmon resonance spectroscopy,
though SPR spectroscopy needs a considerably smaller
detection area, since the sensor area covered with adsorbed
molecules is in general larger than the detected one. As far as
the QCM is concerned miniaturization is naturally limited,
which plays an important role with respect to the desired
automation because of the need for small reaction chambers.
The power of piezoelectric sensors is definitely the vast
quantity of available information that can be obtained and the
reliable determination of thermodynamic and kinetic data.
The method allows the use of almost any material from metals
to dielectric surfaces. In order to achieve lower detection
limits for minor component analysis it is necessary to use
piezoelectric sensors with higher mass sensitivity, such as
APM and FPW sensors, though these methods need to be
further developed.
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