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Review
Piezoelectric sensors are acoustic sensors that enable
the selective and label-free detection of biological events
in real time. These sensors generate acoustic waves and
utilize measurements of the variation of the wave propa-
gation properties as a signal for probing events at the
sensor surface. Quartz crystal microbalance (QCM)
devices, the most widespread acoustic resonators, allow
the study of viscoelastic properties of matter, the
adsorption of molecules, or the motility of living cells.
In a tutorial-like approach, this review addresses the
physical principles associated with the QCM, as well
as the origin and effects of major interfering phenomena.
Special attention is paid to the possibilities offered by
QCM that go beyond microweighing, and important
recent examples are presented.

Introduction
The integration of advanced microelectronics technology
with signal processing and biological sensing interfaces,
with the aim of generating biosensor devices, has emerged
as a rapidly growing area of enormous potential. The field of
biomolecular sensors is now beginning to emerge as a valu-
able tool for understanding the underlying biophysical prin-
ciples of molecular recognition, as well as detecting the
presence of specific analytes. The ‘holy grail’ of biosensors
is the development of rapid, simple, selective and label-free
detection methodologies to measure and transduce the bio-
logical events that occur in a particular setting. Currently
available biosensors have already been used widely in
clinical diagnosis, biomedicine, environmental monitoring
and pollution control, military and security applications, as
well as in food safety and industrial applications [1].

The International Union of Pure and Applied Chemistry
(IUPAC) definition of a biosensor is given as ‘a biosensor is a
self-contained integrated device that provides quantitative
analytical information using a biological recognition
element retained in direct contact with a physical trans-
duction element’. The biological recognition element (e.g.
bioreceptors, antibodies, DNA, enzymes, or cells) guaran-
tees the selective recognition of target analytes,whereas the
transducer converts binding events into a measurable elec-
trical signal, which is correlated with the build-up of con-
centration, or the activity of the analyte in the vicinity of the
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device (Figure1).The use of acousticwaves is one of themost
appropriate direct transduction mechanisms, because the
parameters that describe the wave propagation (e.g. wave
velocity) depend on the properties of the propagating
material (see below).While acoustic waves can be generated
by severalmeans, the piezoelectric effect has been employed
most widely, both to generate and to receive acoustic waves
[1–4].Piezoelectricity isassociatedwith the reversiblepolar-
ization of certain materials and is produced by mechanical
strain. This phenomenon was initially described by the
Curie brothers and has been used extensively to promote
thepropagationof transverseacousticwavesacross thebulk
of appropriate crystalline materials (Figure 2a). Piezoelec-
tric transduction enables a label-free detection of biorecog-
nition events and typically is used in microgravimetric
devices, generally known as quartz crystal microbalance
(QCM), in a variety of different applications, such as
monitoring and characterization of (bio)film deposition,
detection of specific antigens, biomolecule binding kinetics,
cell adhesion, and DNA detection [1,5–11].

This review describes the theoretical aspects of QCM
operation in liquid environments. Particular emphasis is
placed on the tutorial description of the physics that
underlie the signal generation. This aims to provide a
broad and comprehensive understanding of the role of
the most relevant parameters associated with the sen-
sor–liquid interphase, which might cause or potentiate
interference in the signal, as well of different approaches
for measuring and examples of applications.

Fundamental aspects of quartz crystal sensors
A QCM is a thickness shear mode (TSM) acoustic wave
resonator, in which an AT-cut thin quartz disk (i.e. a disk
cut fromaquartzmineralat a35.258orientation to its optical
axis) is sandwiched between two metal electrodes, typically
made of gold. As a result of the piezoelectric nature of the
quartz material, the application of an alternating electric
field produces a shear (tangential) deformation. Upon defor-
mation, both surfaces move in parallel but opposite direc-
tions, being thus motion antinodes, thereby generating
acoustic waves that propagate through the bulk of the
material across the crystal, in a direction that is perpen-
dicular to the surface, and with wavelengths that are
multiple factors of double the thickness of the substrate
(tQ) (see Figure 2a). In fact, upon reflection at each of
the sensor surfaces, a constructive interference between
09.09.003 Available online 23 October 2009 689
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incident and return acoustic waves occurs when the wave-
length is an odd multiple of the double substrate thickness,
andhence, standingwave conditionsare established [4]. The
resonance frequency, also termed eigen frequency ( f ) of the
crystal, depends on the shear acoustic wave velocity (n) and
the thickness of the crystal substrate, and can be expressed
as: f = n�n/2tQ, where n is the overtone. The fundamental
resonance frequency ( f0) is obtained for n=1 and only odd
overtones (n = 1,3,5,...) can be excited, as predicted by the
acoustic wave propagation equation [4,12]. Moreover, as
the shear acoustic wave velocity (n) is highly dependent on
the properties of the propagatingmaterials (i.e. n = (E/r)1/2,
where E is the stiffness (Young modulus) and r the density,
TSM resonators are able to determine material-specific
parameters, which are not easily obtained, or even imposs-
ible to obtain using other biosensors with direct transduc-
tion, such as optical sensors based on surface plasmon
resonance (SPR) [4].

By relating the mass of the crystal material with its
density (i.e. m = A�tQ�r, with A being the area) it is
possible to predict the resonant frequency variation that
is associated with small mass increases (DM) at the surface
of the sensor, according to Equation 1:

D f 0 ¼ �
2ffiffiffiffiffiffiffi
Er
p f 20 �

DM

A
(Equation 1)

This equation is the so-called Sauerbrey equation [13],
which establishes a linear relationship between resonant
frequency and small mass increments. The Sauerbrey
equation makes the assumption that the mass deposited,
or the film formed, at the surface of the crystal follows the
vibration of the crystal and therefore the loaded crystal
would simply behave as if it were thicker. The effective
wavelengthof the crystal is thus increasedand consequently
its resonant frequency decreases. This model assumes that
Figure 1. Schematic illustration of a Biosensor. A biosensor is an integrated device tha

transduction element. The molecular sensing layer ensures the recognition of specific

signal, the intensity of which is correlated with the concentration or activity of the t

biological specificity is conferred and the mode of physicochemical signal transduction

as biosensors with immobilized antibodies and optical transduction, or as immobilized D
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an intermediary, or the specific target is detected directly (so-called direct transduction
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no energy dissipation occurs and will thus only be valid for
thin, rigid and uniform films that have similar acoustic
properties as those of the bulk crystal material [4].

However, when the resonator becomes immersed in a
fluid, as required for biosensing applications, or the acous-
tic properties of the added viscoelastic probe layer differ
significantly from those of the crystal sensor, energy is lost
to the fluid through so-called viscous coupling [4,14], as the
shear acoustic waves are transmitted to the fluid, which
results in a velocity profile that is described by the Navier–

Stokes equation for one-dimensional plane parallel flow
[4,12,14,15] (see Figure 2b).

The effect of viscous coupling was modelled by Kana-
zawa and Gordon [16,17], who solved the simultaneous
wave propagation and the Navier–Stokes equations by
assuming that no slip occurs at the solid–liquid interface,
that is, the fluid near the surface moves at the same
velocity as the surface. The resulting solution predicts a
decrease in sensor resonant frequency, owing to liquid
damping that is proportional to the viscosity (hL) and
density (rL) of the fluid (see Equation 2), and that a
transverse shear wave propagates into the fluid that dis-
sipates exponentially with a decay characteristic length (d)
that depends on the resonant frequency (Equation 3).

D f ¼ � f 3=20

ffiffiffiffiffiffiffiffiffiffiffi
rLhL

pEr

r
(Equation 2)

d ¼
ffiffiffiffiffiffiffiffiffi
2hL

vrL

s
; (Equation 3)

were v = 2pf if the angular frequency
Equation 3 shows that the acoustic shear wave that is

transmitted into the fluid propagates to a greater extent
(higher decay length) into fluids with higher kinematic
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Figure 2. Fundamental aspects of quartz crystal sensors. (a) The application of an electric field produces tangential deformation that results in an acoustic wave that

propagates across the crystal material. (b) If the sensor is immersed in a fluid, the acoustic wave is propagated into the fluid, which results in a one-dimensional plane-

parallel flow velocity profile. (c) The amplitude (white lines) and decay length (d) of the acoustic wave transmited to the fluids (purple line) decrease with increasing sensor

resonance frequency, or overtone ( fn). (d) Example of use of QCM to estimate binding constants. The sensor resonance frequency variation is monitored continuously and

the Sauerbrey equation is used to establish a direct relationship between the resonance frequency and the mass or concentration of ligand (L) bound to the surface binding

sites (S), therefore providing an estimate of the ligand surface coverage (u). As u is proportional to the frequency variation f(t), the integrated rate equation (inset equation) is

fitted to the experimental frequency variation data measured at different concentrations of ligand (L). The kinetic binding constants (ka and kd) are then calculated from a

linear correlataion of each one of the obtained exponantial terms and the respective ligand concentration (L).
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viscosity (hL/rL). Quartz crystal resonators only respond to
the fluid that is present in regions very near to the sensor
surface; for instance, Equation 3 predicts a penetration
depth (decay length) of 250 nm for a shear acoustic wave
propagating in water and generated from a 5-MHz crystal
microbalance. Another important outcome of Equation 3,
with far-reaching practical consequences, is the dependence
of thedecay lengthon the sensor resonance frequency,which
enables probing at different distances from the sensor sur-
face, which allows one to obtain information about different
layers upon measuring at the sensor overtones (Figure 2c).

The immediate outcome of Equations 1–3 is that QCM
will respond to mass deposition and liquid loading. In
addition, as the frequency change is affected significantly
by the density and viscosity of the liquid, QCM will also
respond to differences in the viscosity of the buffer and
injected samples, as well as to viscosity changes arising
from variation in temperature.

Martin and co-workers [14] have derived a model for the
total frequency change that accounts for the simultaneous
contribution of mass and liquid loading to the sensor signal
(Equation 4):

D f ¼ D f m þ D f L

¼ � 2 f 20
nðC66rqÞ1=2

Dm

A
þ rLhL

4p: f 0

� �1=2
" #

(Equation 4)

where C66 = 2.957�1010 N.m–2 is the stiffness of quartz.
As a result of the additive nature of mass and liquid
loading illustrated by Equation 4, the contribution of the
mass increase cannot be differentiated from that of liquid
loading when tracking the overall frequency change, and
the obtained data need to be carefully evaluated and
interpreted.

Despite this apparent disadvantage, QCM sensors can
still be employed successfully using standard oscillator
techniques and frequency counting, because they exhibit
a number of advantages including low cost and simplicity
of operation and data analysis. The sensor resonance
frequency is monitored continuously and, upon sample
application, the resonance frequency variation is further
obtained by comparison with a reference. Typically, the
Sauerbrey equation (Equation 1) is used to estimate the
overall adsorbed mass, based on the total frequency vari-
ation obtained, or to establish a frequency variation (sig-
nal) to mass direct relationship, which is necessary to
determine any binding kinetic constants from the fre-
quency variation data [18] (Figure 2d). In this mode of
operation (standard oscillation with resonance frequency
counting), it is assumed that the use of reference measure-
ments will eliminate most of the liquid loading effects,
because these are considered to be equal in both the sample
and the reference.

Deviations in the QCM response
Although the use of QCM as a transducer in the devel-
opment of biosensing tools has exploited mainly the direct
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relationship between mass and frequency, as described by
the Sauerbrey equation (Equation 1), this approach gener-
ally is biased because viscoelastic effects (as described
earlier) are not taken into consideration. This might result
in misinterpretation of experimental data, and lead poten-
tially to erroneous conclusions. This is particularly import-
ant in life sciences, where the use of biomolecules requires
handling the sensors and measuring the signal in complex
liquid buffers. In addition, biomolecules also commonly
lead to considerable alterations of the viscoelastic proper-
ties near the sensor surface, which renders the signal from
the sensor unsuitable to be interpreted under the ideal
conditions that allow the use of the Sauerbrey equation.

The properties of the used liquids are however only one
important factor that influences the response of the
resonant frequency of a TSM. Variation in resonant fre-
quency are also affected by changes in the roughness of the
sensor surface [12,19,20], the solution permittivity and
conductivity, as well as by the presence of charged species
near the sensor surface [4,21–24]. Others factors are the
viscoelastic properties of the adsorbed films and the occur-
rence of compressional waves [25–31].

Surface uniformity is of particular relevance because it
is one of the conditions under which the Sauerbrey model
can be used reliably to relate resonance frequency and
deposited mass. In the case of a non-uniform surface,
acoustic waves that are generated and reflected from the
surface back into the crystal might have different ampli-
tudes and therefore different wave vectors. This disrupts
the establishment of positive interference, which occurs on
ideal uniform surfaces, and result in energy dissipation
and thus in variations in the sensor resonant frequencies
[31].

However, a certain extent of surface roughness, either
on the quartz crystal surface itself or on the adsorbed film,
typically is inevitable, as are the interactions based on the
wettability of the surface, that is, its degree of hydrophi-
licity or hydrophobicity. Surfaces that are rough or hydro-
philic, tend to entrap liquids in their small cavities,
therefore adding to the overall frequency variation
observed, and subsequently, an increase in detected mass
[4,20,32]. On the other hand, hydrophobic cavities on the
surface are not wetted by the liquid, and instead, result in
the inclusion of air or vacuum, which leads to reduced
energy losses compared to those of hydrophilic surfaces
[33]. The major consequence of this behaviour is the
tendency of the resonance frequency variation to decrease
with increasing hydrophobicity of the surface [4]. Addition-
ally, with increased surface hydrophobicity, the fluid slip at
the sensor surface also increases, and therefore, the ‘no
slip’-conditions, a prerequisite for the validity of themodels
mentioned earlier, are no longer valid. These phenomena
are particularly relevant when biological molecules are
used with QCM sensors, because the hydrophobic charac-
ter of the surface might significantly change during bio-
molecule adsorption, owingmostly to the hydrophobicity of
biomolecules, and thus result in a significant increase in
dissipated energy, which in turn could lead to variations in
the resonance frequency [34,35].

The use of conductive liquids, or of liquids with a high
ionic strength and permittivity, also affects the resonant
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frequency of quartz crystals in solution, because these
liquids can increase the piezoelectrically effective surface
of the quartz crystal, evenwhen the liquid is only in contact
with the grounded electrode [36]. This effect is of particular
importance for buffers with low ionic strength, because in
this case, the parasitic frequency variation can be of the
same order of magnitude as the measured signal [4,24].
The presence of charged species can additionally perturb
the electrical double layer and also lead to significant
frequency variations [22–24]. The electrical double layer
was found to have a rigid structure [22,23], which, in
accordance with Equation 1, is translated into resonant
frequency variations in addition to those that are caused by
mass deposition [22–24]. It is important to note that the
influence of charged species and that of the electrical
double layer is negligible when buffers with high ionic
strengths (I > 150 mM) are used [24]. The use of buffers
with high ionic strengths is thus a wise option to eliminate
the influence of charged species [24].

Another effect that needs to be considered is the occur-
rence of liquid evaporation, which can lead to periodic
changes in the resonance frequency in TSMs that have
been submerged in open chambers [31]. As demonstrated
by Martin and Hager [37], this behaviour can be explained
by the generation of compressional waves as liquid evap-
oration changes the height of the air–liquid interface. This
can result in positive or negative interference as the
acoustic waves are reflected at the air–liquid interface
[31,37]. This limitation can however be overcome with
the use of a closed chamber [4,37].

Impedance analysis of QCM
The classical QCM operation based on the Sauerbrey
equation allows one only to obtain the sensor resonance
frequency and its variation as the sole experimental
parameter. As described above, these measurements are
biased because the resonance frequency is influenced by
several factors that have to be accounted for to be able to
quantify accurately analytes or kinetic data. Impedance
analysis enables a full description of the acoustic load of
the biosensor and thus makes it possible to identify and
eliminate any interfering signals [14,15,38–44].

The impedance of the sensor is a complex vector
quantity (Z=R+iX) that depends on the frequency of the
applied signal. The imaginary terms of the complex impe-
dance (X), termed reactance, represent energy storage,
whereas, the real part of the impedance vector, the resist-
ance (R), represent energy dissipation [3,4,14].

Physically, the impedance (Z) is the ratio between the
applied voltage across the crystal and the current flowing
through the crystal. In impedance analysis, the incident
voltage versus the reflected sinusoidal voltage from the
quartz crystal is measured within the resonant frequency,
and the impedance magnitude and phase angle are calcu-
lated. The magnitude (jZj) of the impedance provides a
measure for the signal attenuation, whereas the phase (QZ)
measures the lag between the applied field and the result-
ing displacement [4]. As deducted in Box 1, the impedance
of the sensor (Z) comprises an inductor (Lm), a resistor (Rm)
and a capacitor (Cm), which arise from the inertia, damping
and elastic stress terms, respectively [4,14,24]. Together,



Box 1. Derivation of the impedance of a QCM

The resonance of a QCM can be modelled as a damped oscillatory

motion. The force balance of a vibrating mechanical structure that

consists of a mass, a spring and damper is given by

F ¼m
d2x

dt2
þ h

dx

dt
þ kx

Review Trends in Biotechnology Vol.27 No.12
these parameters define the motional arm of a Butter-
worth–van Dyke (BVD) model of a quartz resonator
(Figure 3a), which includes an additional parallel capacitor
(C0) to account for the dielectric energy storage because the
resonating crystal is situated in between two electrodes
[38–44]. Table 1 summarizes the expressions of the BVD
Figure 3. Impedance analysis of QCM. (a) Modified Butterworth-van Dyke

equivalent electrical circuit (BVD) of a QCM sensor. Three circuits are shown that

represent the sensor being exposed to air (black circuit, area I) or liquid (blue

circuit), as well as the case of mass loading (green circuit). The BVD circuit for the

sensor exposed to air (area I) comprises an inductor (LM), a resistor (RM) and a

capacitor (CM), which arise from the inertia, damping and elastic stress terms, in

parallel with a capacitor (C0) to account for dielectric energy storage. CM is related

to the overall sensor apparatus (mounting cell and cables), being thus constant.

Each circuit is obtained by adding to that representing the sensor exposed to air (I),

additional L, R, and C elements to account for variations in mass, viscoelasticity

and charge upon liquid exposition (II) and/or upon mass adsorption (III),

respectively. (b) Schematic illustration of the magnitude of the impedance for a

QCM exposed to air and liquid. When the sensor is immersed in liquid buffer, the

magnitude of its impedance is dampened considerably compared to that obtained

in air. In additon, in liquids, its peak also shifts to lower frequencies, with

decreased amplitude and broader shape. The quality factor (Q) can be calculated

from the impedance curve as a parameter to quantify the dissipation. (c) Schematic

illustration of the course of the sensor impedance variation upon mass adsorption

at the QCM surface. As rigid mass adsorbs to the sensor surface, the impedence

peak continuously shifts to lower frequencies. However, in contrast to immersion

into liquids, where energy dissipation occurs, the width of the peak remains

unchanged, which indicates that no additional energy dissipation occurs as

expected for rigid mass adsorption.

Solving the differential force equation using the Laplace trans-

forms, dividing by the velocity (V), and using the transformed

equation in the frequency domain s = iv (i = H(�1), v being the

angular frequency), an expression for a driving force divided by a

flow like term (impedance) is obtained:

F

V
¼ ivm þ k

iv
þ h

This equation defines the impedance (Z) of the resonator. The

three terms at the right hand side of this equation are equivalent to

the impedances of an electrical inductor (L), a capacitor (C) and a

resistor (R), respectively. These three electrical components are thus

said to form the motional arm of an electrical equivalent circuit of

the resonator. The impedance of the resonator is therefore a

complex number whose representation in polar coordinates defines

the impedance magnitude (jZj) and phase (QZ)

Z ¼ jZ j � e iQZ
circuit parameters as they occur at the fundamental reson-
ance of the sensor.

The condition for the circuit being in resonance implies
that the imaginary part of the impedance is zero. Under
these conditions, and if damping is negligible (Rm!0), the
quartz resonator shows two resonance frequencies that
correspond to a phase shift QZ = 0; the resonant frequency
( fR) at the minimum value of impedance and the anti-
resonant frequency ( fA) at maximum impedance magni-
tude [14,33,44]. On the other hand, if damping occurs
(Rm>0), four different resonant frequencies are discern-
able. At minimum impedance and at zero phase in the low-
frequency branch, fR separates into fZmin and fs, the serial
resonance frequency, whereas atmaximum impedance and
at zero phase in the high-frequency branch, fA separates
into fZmax and fp, the parallel resonance frequency [44] (see
also Table 1).

Figure 3 shows impedance simulations of a 5-MHz
crystal resonator in air or immersed in a Newtonian liquid,
and upon mass adsorption in liquid. Typically, immersing
the sensor in liquid (as shown in Figure 3b) results in a
shift of the resonance to lower frequencies, associated with
a decrease and broadening of the impedance that arises
from the energy dissipation associated with increasingRm.
Additionally, although the resonant and antiresonant fre-
quencies are independent of Rm, the series and parallel
resonant frequencies converge and eventually coincide [4].
The difference between fZmin and fZmax also increases,
which reflects the broadening of the resonance peak [44].

On the other hand, as mentioned earlier, the deposition
of rigid mass can be treated as an increase in the sensor
thickness. The increase of vibratingmass is translated into
increasing Lm, which is reflected by a shift of the resonance
693



Table 1. Impedance parameters of AT-cut crystal sensorsa

Parameter Expression Description

Rm tqhqp2

8Ae2
26

Oscillating energy dissipation into the structure onto

which the crystal is mounted and into the medium

(viscous solutions and viscoelastic films).

Cm 8Ae2
26

p2tqC66

Stored energy in oscillation, which is related to

crystal elasticity.

Lm t3
qrq

8Ae2
26

Oscillation inertial component, which is related to the

dislocated mass during vibration.

C0 e22A

dq

Static capacitance of the crystal electrodes, holding

structure and cables.

fR 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

r
Resonance frequency

fA 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

þ 1

LmC0

s
Anti-resonance frequency

fs 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

r
1þ C0R2

m

2Lm

� �
Series resonance frequency

fp 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

r
1þ Cm

2C0

� C0R2
m

2Lm

� �
Parallel resonance frequency

fZmin 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

r
1� C0R2

m

2Lm

� �
Frequency at minimum impedance zero phase

fZmax 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

LmCm

r
1þ Cm

2C0

þ C0R2
m

2Lm

� �
Frequency at maximum impedance at zero phase

aA is the electrode area, hq the viscosity, tq the thickness, rq the density, e26 the piezoelectric constant, e22 the stiffened elasticity, and C66 is the permittivity of the AT-cut quartz

material.
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to lower frequencies while maintaining the magnitude of
the impedance (Figure 3c). Nevertheless, if rigid mass is
added, the separation between the frequencies fZmax, fA, fp,
fZmin, fR, and fs is maintained, as an indication that no
dissipation occurs [44]. It should be noted that in the
oscillation mode of a TSM, only the serial resonance fre-
quency can be measured, thus making it difficult to infer
the occurrence or extent of energy dissipation.

The Q factor, the ratio between the height of the reson-
ance peak and its width at half maximum, can also be
obtained from impedance spectra (see Figure 3b). In
physical terms, the Q factor represents the fraction be-
tween energy stored and energy lost in a single oscillation,
and therefore, is a quantitative measure for energy dis-
sipation. However, the most commonly determined
parameter to account for dissipation in QCM experiments
is the dissipation factor, which is defined as the reciprocal
of the Q factor [4,12].

Applications in TSM biosensors
The different applications of acoustic sensors are all based
on the same physical principle; the propagation of acoustic
Table 2. Mathematical expressions of motional inductance (Lm) an
resonators [3]a

Load Lm

Rigid mass np

4K 2vC0

rs

Zq

Newtonian liquid np

4K 2vC0Zq

ffiffiffiffiffiffiffiffiffiffi
rLhL

2v

r

Semi-infinite np

4K 2vC0Zq

r Gj jð Þ �
2

�
Viscoelastic layer

aK is the electroacoustic coupling factor, Zq = H(rqmq) is the acoustic impedance of the qu

storage modulus G0 and the imaginary part is the loss modulus G00.
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waves in a multilayer structure. The acoustic load impe-
dance reflects these changes, irrespective of whether these
are caused by mass accumulation, changes in the material
properties (e.g. swelling, softening or rigidity), or chemical
(e.g. cross-linking) and physical (e.g. phase transition)
modifications. [40].

Under the conditions of low acoustic load [4,14,16,17],
the impedance of the loaded sensor can be expressed as an
additional element in series to the BVD equivalent circuit
(Figure 3a). In Table 2, the impedance parameters for the
three most relevant scenarios in biological applications are
summarized. Under these conditions, the impedance of
crystal loads by multiple layers can be described as linear
combinations of the impedance of each one of the layers
[16]. Thus, when liquid is added ormass is deposited on the
crystal surface, new elements can be added to the BVD
model to describe the overall impedance [45,46]
(Figure 3a). This makes it possible to identify the effect
of each of the layers simply by measuring the impedance in
a step-wise manner as each component of the measuring
sample (e.g. buffer, or target molecules) is added
[14,16,17,31–34,41].
d resistance (Rm) for particular loads on AT-cut quartz

Rm

0

np

4K 2vC0Zq

ffiffiffiffiffiffiffiffiffiffiffiffiffi
vrLhL

2

r

G0
�1=2

np

4K 2vC0Zq

r Gj jð Þ þG0

2

� �1=2

artz; G is the complex shear modulus of the viscoelastic material; the real part is the
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The most important objectives of biosensors are to
quantify the amount of an analyte in a biological fluid,
or to determine the kinetic constants for the binding of a
biomolecule to a specific immobilized binding partner. As
the Sauerbrey equation establishes a linear relationship
between mass and the recorded frequency variation sig-
nal, it is evident that quantitative analysis can be
achieved directly from obtained experimental frequency
variation data. Nevertheless, it is necessary to ensure
that any parasitic signals that might arise from inter-
ferences are eliminated. In this regard, it is particularly
important to determine the extent of acoustic losses (i.e.
the resistive parameter) and their influence on the result-
ing resonant frequency values. The Martin equation
(Equation 4) is the result of attempts to describe this
relationship (Dfvisc=�DR/4pLm) theoretically [14]. On
the other hand, it can be shown experimentally that
the presence of charged species considerably modifies
the resonance frequency [16,17,24,47,48]. An extension
of the BVD equivalent circuit model, such as that pre-
sented in Figure 3a, has been suggested to include
additional capacitance elements in parallel to account
for such influence [24,48], and the frequency effect of
charge addition can be quantified [24]. As the total fre-
quency variation data are the sum of the mass contri-
bution (Dfmass), viscous contribution (Dfvisc) and charge
contribution (Dfcharge), the mass contribution Dfmass can
thus be calculated and used in the Sauerbrey equation
[24]. This approach has been used recently to estimate
binding constants of anti-HIV-1 single chain antibodies
and furthermore, to develop an anti-HIV1 immunosensor
[7,18].

In contrast to the use of oscillator circuits and frequency
counting, in which only frequency variation data can be
obtained, and therefore only information about the depos-
ited mass, the use of impedance analysis allows TSM
sensor devices to be exploited to their full extent, because
measurement of the dissipation of acoustic energy (as Rm,
Q, or the dissipation factor D=1/Q) in addition to Df , can
increase significantly the information that can be gained
from QCM experiments. In particular, when using impe-
dance analysis, other properties of immobilized films (e.g.
viscoelasticity or hydrophobicity), as well as their variation
during the binding processes, can be monitored. As the
acoustic impedance parameters are related to the proper-
ties of the propagation material (Table 2), it is possible to
infer physical and structural information about the bio-
logical layers (e.g. DNA, proteins or cells) immobilized at
the sensor surface. Such an approach can be used success-
fully to derive detailed information about the film thick-
ness, shear viscosity, and elastic modulus of immobilized
single- and double-stranded DNA [29], the hydration sta-
tus of protein layers [49], and the conformational and
structural modifications upon binding of a ligand to
adsorbed proteins [7,50]. Additionally, combining classical
theories of solution viscosity with acoustic measurements
has also been shown to be highly effective in being able to
distinguish quantitatively DNA molecules that have the
same molecular mass but different structures, or to detect
and predict DNA conformational changes that occur upon
protein binding [51,52].
The ratio between DD (or DRm) and Df is a measure of
the energy dissipation per surface-coupled unit mass, and
thus specifically identifies the intrinsic properties of the
immobilized biolayer. It has been used to derive additional
information about the structure of the adsorbed layer,
such as its relative rigidity or water content [53]. This
ratio is gaining increasing importance to investigate cell
adhesion to different types of surfaces [54–56], because its
specificity can enable the identification of specific cell lines
[57,58], or the specific state of the cell adhesion process
[58,59]. This is because cell rigidity is related to the
cytoskelton structure, which is characteristic for each cell
type, and is reorganized during the process of cell
adhesion.

Concluding remarks
QCMs have already proven to be efficient tools for the
detection of molecules, for estimating affinity constants,
and studying cell adhesion processes. Although the initial
applications of QCM, which were based on the use of the
Sauerbrey equation, have demonstrated the potential of
QCM as a microweighing device, the observed frequency
variations have been found to be influenced by several
interferences, and have resulted in considerable deviations
from conditions under which the Sauerbrey equation is
valid. Recent studies have begun to take advantage of the
physical principles that underlie these deviations, and
have allowed QCM to become a more versatile tool that
is able to sense a number of material-specific parameters of
immobilized layers, such as their elastic moduli, surface
charge densities, and viscosity. As changes in viscoelastic
properties can be indicative of conformational changes that
are not associated with adsorption or desorption of mass,
ongoing QCM studies are now focusing on the possibility of
deducing information regarding conformational change of
proteins and DNA from the biosensing event, and on
investigating different aspects of the biology of the cell,
such as processes that involve cell adhesion, differentiation
and stress responses.

When compared with other type of biosensors, particu-
larly those based on SPR, the true power of piezoelectric
sensors lies in the tremendous amount of information that
can be obtained from measuring the acoustic impedance,
thus opening the way for an increased array of potential
applications, as additional properties of the immobilized
biolayers in addition to its mass are obtained. On the other
hand, piezoelectric sensors are currently not as sensitive as
SPR sensors. The sensitivity of TSM depends on its thick-
ness, which imposes mechanical constrains against build-
ing thinner and more sensitive sensors. This disadvantage
will certainly be overcome in the near future as our knowl-
edge increases about how to control and confine the propa-
gation of surface acoustic waves, thus leading to the
development of surface acoustic wave biosensors with
significantly higher sensitivities.
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