
Quartz Crystal Microbalance Biosensors 
Basic Principles and Applications

Rui M.	Borges	dos	Santos
Marine	Molecular	Bioengineering	Research	Group



“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	transduction	element"

isolated enzymes, immune systems, tissues, organelles or whole cells to detect
chemical compounds, usually by electrical, thermal or optical signals’’ (Nagel
et al. 1992). Being very general in describing the functioning of biosensors, this
definition has at least two limitations that differ from that of the modern point of
view. First, nucleic acids and oligonucleotides are omitted from the list of bio-
chemical components. Second, the term ‘‘mediation’’ can be used only for
enzymes, tissues or whole cells as sources of enzyme activity. However, the
reaction of analyte molecules with antibodies, or the formation of DNA–protein
complexes, do not correspond to the mediation because such reactions do not take
the catalytic path of the analyte conversion.

The description of a biosensor as any kind of device based on biochemical
reactions has initiated many discussions. As a result of some of them, the
following definition was suggested:

Although the technical report mentioned (Thevenot et al. 1999) referred to
electrochemical biosensors, it was assumed that the definition could then be extended
to other types of signal transduction. What seems important is that the biosensors are
clearly distinguished from the bioanalytical systems. They involve additional units
or accessories, e.g., peristaltic pumps, pre-concentration columns, injection systems,
etc. From this point of view, all the flow-through biosensors developed for waste-
water control or blood analysis do not belong to the biosensor family. Besides,
glucometers, which are often considered to be the essence of a biosensor idea,
specifically in the area of commercialization, are not real biosensors either, because
they are equipped with needles, erythrocyte separating membranes, etc.

An intimate contact of the biochemical part with a transducer was described as
another indispensable feature of a biosensor. This has made it possible to draw a
line between the compact devices and cumbersome technological apparatuses such
as fermenters or wastewater treatment facilities that are equipped with their own
sensors, e.g., oxygen sensors, pH meters, thermometers, or glucose biosensors.

Fig. 1.1 Principal scheme of
a biosensor assembly. 1—
Transducer; 2—Biological
recognition element; 3—
Sample

An electrochemical biosensor is a self-contained integrated device, which is
capable of providing specific quantitative or semi-quantitative analytical
information using a biological recognition element (biochemical receptor)
which is retained in direct spatial contact with an electrochemical trans-
duction element (Physical Chemistry and Analytical Chemistry Divisions of
IUPAC 1999) (Thevenot et al. 1999).

2 1 Introduction and Overview of History

1-Transducer;	2-Biological	recognition	element;	3- Sample

Definition



The transducers exploited in biosensors are listed in Fig. 1.4. For many reasons,
the biosensors started with electrochemical transducers, as was already mentioned.
Until recently, amperometric biosensors have been the most popular, especially in
various commercial devices such as glucometers or lactate sensors (Ronkainen
et al. 2010).

The principles of the electrochemical detection used in the biosensors will be
considered in detail in Chap. 3. Here, some advantages of voltammetry should
be mentioned, e.g., simple design, lack of limitations of the size and shape of the
transducer, low cost, prospects for miniaturization, and field applications. To some
extent, the popularity of amperometric biosensors can be referred to related tech-
niques that were and remain common in medicine and environmental monitoring.

The equipment for the electrophysiology studies, for the detection of dissolved
oxygen and heavy metals and for the measurement of some metabolites (nitrogen
monoxide, dopamine, cysteine) can be easily adapted for recording the signal of
the enzyme or the DNA sensor. Besides, the redox conversion of the analytes and/
or products of their biochemical consumption is rather typical for biochemical
processes and is often realized in complicated biochemical paths like the citric acid
cycle, photosynthesis, etc.

A variety of electrode modifications with mediators of electron transfer pro-
motes the use of such transducers in complex media as biological fluids or
wastewaters due to the high selectivity achieved (Chaubey and Malhotra 2002). In
most cases, direct current voltammetry or chronoamperometry are used for signal
recording.

Meanwhile, the potentiometric transducers based on ion-selective electrodes
(ISEs) developed in parallel with amperometric devices have lost most of their
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Piezoelectric biosensors assisted with
electroacoustic impedance spectroscopy:
a tool for accurate quantitative molecular
recognition analysis
João M. Encarnaçãoa, Raul Baltazara, Peter Stallingab

and Guilherme N. M. Ferreiraa*

In this work, electroacoustic impedance analysis based on a modified Butterworth–Van Dyke (BVD) model is used to
complement resonance frequency measurements of piezoelectric crystal sensors for the identification and removal of
interfering signals. This approach enables the accurate use of the Sauerbrey correlation to establish a direct
relationship between mass deposited at the sensor surface and measured frequency variations. Kinetic models
can thus be evaluated and binding constants estimated directly from the measured data. We further demonstrate the
usefulness of this approach by applying it to the study of the formation of 11-hydroxy-1-undecanothiol self-
assembled monolayers (SAM) as well as to the binding of streptavidin to immobilized biotin. Kinetic and equilibrium
parameters were estimated from transient analysis, adsorption isotherms, Scatchard and Hill plots obtained from the
frequency data for both the alkanethiol and streptavidin films.
This strategy based on electroacoustic impedance assisted quartz-crystal microbalance (QCM) biosensors is

expected to be a major contribution for the use of these piezoelectric devices as a reliable and cheap detection
system that can easily be integrated into analytical techniques. Copyright # 2008 John Wiley & Sons, Ltd.

Keywords: piezoelectric biosensor; impedance analysis; equivalent circuit; interferences; molecular interactions; affinity
constants

INTRODUCTION

Piezoelectric sensors are an example of a simple and low cost
detection system that can compete with the most common
instrumentation used, particularly with application to biomole-
cules. Piezoelectric transduction enables label-free detection of
biorecognition events and has been used in microgravimetric
devices, generally known as quartz-crystal microbalance (QCM),
for different applications (Yang et al., 1998; Etchenique and
Brudny, 2000; Liu et al., 2004; Su and Li, 2005; Wu et al., 2005;
Modin et al., 2006; Encarnação et al., 2007a; Ferreira et al., 2007;
Mitomo et al., 2007). These sensors are driven to mechanically
resonate at a particular frequency ( f0) (Köblinger et al., 1995;
Laricchia-Robbio and Revoltella, 2004), that is dependent on the
deposition of mass according to the Sauerbrey equation
(Sauerbrey, 1959) (Equation (1)).

Dfm ¼ " 2nf 20ffiffiffiffiffiffiffiffiffiffiffi
rqmq

p
Dm

A
(1)

where Dfm is the frequency change due to mass loading, f0 the
resonant frequency of the fundamental mode, n the overtone
(n¼ 1 for the fundamental mode), rq and mq are the density and
the shear mode of the quartz material, respectively, Dm is the
mass change and A the sensor sensitive area. Equation (1) is only
valid for thin, rigid and uniform films. If the surface film is not
entirely rigid, or when measurements are carried out in liquid
environments, the quartz response depends not only on themass

load but also on the properties of the attached layer and buffers
(Etchenique and Weisz, 1999; Etchenique and Buhse, 2000;
Lucklum and Hauptmann, 2000; Ghafouri and Thompson, 2001;
Encarnação et al., 2007b). Analyte detection in liquid environ-
ments is thus influenced by these interferences, resulting in
non-mass-related resonance frequency variations which are
additive to Dfm (Encarnação et al., 2007b). Mass variations cannot
be differentiated when only the frequency change is measured,
and, therefore, one has to be extremely careful when evaluating
and interpreting the resonance frequency data. Despite the
recent increase of publications regarding the use of quartz crystal
sensors for molecular recognition (Cooper and Singleton, 2007),
the true analytical potential of these devices is still compromised
by these interferences.
In this work, we demonstrate the potential of piezoelectric

sensors assisted with electroacoustic impedance analysis for
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nanoparticles the dose – response relationship is tested in in vitro test systems using bioassays of cell 
cultures as sensor. 

2.  Material and Methods 
For the air-liquid interface exposure of cell cultures towards aerosols the Karlsruhe exposure system 
was developed [2, 3]. This system consists of an isokinetic sampling unit to collect the aerosol from 
the particle loaded atmosphere (Figure 1). The particles bigger than 1 µm are removed by passing a 
size selective inlet like a cyclone. In the next step the aerosol is humidified up to 85% by injecting 
water steam. The aerosol temperature is controlled to 37°C. From this conditioned aerosol, sample 
flows of 100 ml/min each are directed into VITROCELL® exposure modules [3, 4], which contain 
three Transwell® inserts with human lung cells on the microporous membrane (Figure 2). The aerosol 
flows perpendicular onto the surface of the cell culture and the particles deposit on it. After exposure 
experiments of 1 up to 8 hours the cell cultures were taken out of the system and tested for different 
biological responses. The responses of the cells were analyzed by measuring the viability (LDH, 
AlamarBlue) as well as the release of Interleukin-8 (IL-8) as a marker for pro-inflammatory changes 
[5]. 

  

Figure 1. Left: scheme of the Karlsruhe Exposure System with the (1) size selective inlet, (2) the water vapour dosage for 
humidification (3), the conditioning reactor for a constant aerosol with 37°C and 85% r.h., (4) the VITROCELL® exposure 

chambers containing the Transwell® membrane inserts and the sensor of the (5) quartz crystal microbalance.  
Right: photograph of the fully automated and temperature controlled prototype during an outside measurement of 

environmental aerosols. 
 

 
Figure 2. Left: scheme of the exposure of a cell culture towards aerosol at the air liquid interface consisting of the aerosol 

inlet, the cell culture insert and the medium container. 
Right: opened and closed VITROCELL® exposure chambers with water temperature control and medium for supplying the 

cell cultures with nutrients. 
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and quartz crystal microbalance mass loss detection, the effusion
cell and the thermal contact was modified in order to work at tem-
peratures up to 650 K. A schematic representation of the apparatus
is presented in figure 3.

2.2. Vacuum pumping system

The pumping system consists of a rotary pump (Alcatel model
Pascal 2010SD), which is used for pre-evacuating the system, and
an oil diffusion pump (Ilmvac model PDH100). The pumping
system enables the achievement of pressures lower than
(1 ! 10"4) Pa in less than 20 s and an ultimate pressure below
(5 ! 10"5) Pa. The chamber pressure is monitored by a Varian Sen-
Torr vacuum monitoring system, using a Varian vacuum gauge
model ConvetTorr for pressures above (1 ! 10"1) Pa and a Varian
high vacuum gauge model Cold cathode in the high vacuum stage.

2.3. The sublimation chamber

The effusion cell is concentrically placed in a cavity on the alu-
minium block. The aluminium block is contained inside the subli-
mation chamber, represented in figure 4, consisting of a stainless
steel cylindrical vacuum chamber (diameter = 296 mm, height =
360 mm, thickness = 5 mm). The aluminium block is connected to
a stainless steel platform by three ceramic elements to minimise

the heat transfer of the aluminium block to the vacuum chamber.
The sublimation chamber is connected directly to the pumping
system by means of a stainless steel vacuum pipeline (/ =
100 mm). The chamber walls are kept at room temperature by
means of two forced-air coolers located at the oven level.
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FIGURE 2. Typical temperature step programming and quartz crystal micro-
balance frequency resonance results, obtained in the KEQCM apparatus.
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FIGURE 3. Schematic representation of the Knudsen effusion apparatus with QCM mass loss detection (KEQCM apparatus).

FIGURE 4. Schematic representation of the vacuum chamber, oven crystal holder
and trap. (a) Pt100 for temperature measuring; (b) Pt100 for temperature control;
(c) aluminium cylinder block and heaters; (d) cell cavity and effusion cell; (e)
thermal contact pressing disk; (f) microbalance quartz crystal holder; (g) quartz
crystal cooling liquid circulation; (h) oven cooling connector; (i) internal vacuum
chamber trap; (j) chamber trap cooling liquid circulation and (k) forced-air coolers.
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a b s t r a c t

A new Knudsen effusion apparatus, enabling simultaneous gravimetric and quartz crystal microbalance
mass loss detection, is described. This device allows the measurement of vapour pressures of small sam-
ple mass (50 to 100) mg over a wide temperature range (350 to 650) K using very short effusion time
intervals. The performance of the apparatus was checked by measuring the vapour pressures of anthra-
cene, benzanthrone, and 1,3,5-triphenylbenzene, between (0.1 and 1) Pa, over temperature intervals of
20 K. The derived standard molar enthalpies of sublimation and vapour pressures are in excellent agree-
ment with the mean of the available literature values and with the recommended values. The new work-
ing methodology and design of this apparatus allows the measurement of high quality vapour pressure
data due to: accurate temperature measurement and control; improvement in vacuum thermal contact
between the effusion cell and the oven metal block; optimisation of the quartz crystal sensor head micro-
balance position; efficient temperature control of the quartz crystal microbalance head; accurate mea-
surement of the resonance crystal frequency using an impedance circuit analyser methodology.

! 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the classical methodology of the Knudsen effusion method
[1–3], in which the mass loss is measured gravimetrically, a long
effusion time interval is necessary in order to achieve a reasonable
mass change in the effusion cell. There are some drawbacks deriv-
ing from the miniaturization of the Knudsen effusion systems, such
as the ratio between the orifice and cell size, the increased uncer-
tainty of small gravimetric mass change detection and the neces-
sity of an increased care in handling. The long effusion times can
be considered a serious disadvantage for sensitive compounds as
well as for small samples because a reasonable amount of com-
pound is necessary to complete a set of effusion experiments.
Due to the recent increase in the demand and scientific motivation
for availability of accurate data concerning vapour pressures,
enthalpies and entropies of sublimation of organic solids, espe-
cially in the fields related with organic-electronics (organic semi-
conductors, conducting polymers, organic photovoltaic materials)
and environmental science (e.g. halogenated, aromatic and hetero-
cyclic organic compounds), we decided to design a new Knudsen
effusion apparatus based on the simultaneous gravimetric and
quartz crystal microbalance mass loss detection that enables the

decrease of sample size and of the effusion time and can be used
at temperatures up to 650 K. Recently, two other Knudsen effusion
apparatus based on the quartz crystal microbalance have been de-
scribed in the literature [4,5], using a quite distinct design and
working methodology.

Knudsen effusion based methods are the most widely used for
measuring the vapour pressures of crystalline organic compounds
for pressures less than 1 Pa. At the temperature T, the mass m of
the sample sublimed from the effusion cell, during the time period
t, is related to the vapour pressure of the crystalline compound by
equation (1)

p ¼ ðm=AowotÞ $ ð2pRT=MÞ1=2; ð1Þ

where M is the molar mass of the effusing vapour, R is the gas con-
stant, Ao is the area of the effusion orifice and wo is the transmission
probability factor which is usually calculated by means of equation
(2) where l is the length of the effusion orifice and r its radius:

wo ¼ f1þ ð3l=8rÞg&1: ð2Þ

This method has been widely used by our research group for
measuring the vapour pressures of several organic compounds
[6–8].

When a quartz crystal microbalance (QCM) is used for a mass
change measurement, there is a quantitative relationship between
the oscillation frequency shift, Df, and the deposited mass, Dmq, on

0021-9614/$ - see front matter ! 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jct.2010.12.022
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Figure 2: Mass-sensitivity distribution for AT-cut 10MHz 3rd
overtone QCM. Red line represents the electrode region (|!| <2mm) and blue line represents the nonelectrode region (2mm <|!| < 4.35mm).
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Figure 3: Schematic view of single-drop of liquid localized on the
QCM.

mass sensitivity of the QCM can be described as a Gaussian
function, like the following:"! (!) = #$−#, (where & = '!2!2$ ) , (7)

where# is the highest value of sensitivity at the center of the
electrode (for AT-cut 10MHz fundamental QCM # = 6.23× 1012 and for AT-cut 10MHz 3rd overtone QCM# = 2.02 ×
1012); !$ is the radius of the gold-electrode; and' is a constant,
for the two types of QCMs having the values 2.298 and 0.797,
respectively.

As Figure 3 shows, when a small single-drop of liquid (in
microliter level) loaded on the center of the electrode, the
radius of single-drop much less than the electrode radius and
their centers coincided; we can assume that "!(!) is changed
a little within the range of ! < !%. As can be seen from
Figures 1 and 2, "!(!) is relatively smooth near the center of
the electrode. In addition, the place loaded by liquid which
has the highest mass sensitivity will contribute to lowering of
the limit of detection.

Medial axisSingle-drop liquid

QCM electrode

ra

rd

#/2

Figure 4: Schematic view of single-drop of liquid localized on the
electrode.

The research of Hillier and Ward shows that the effective
massΔ+ is related to the liquid decay length,when theQCM
is covered by a viscoelastic film [24]:, = √ ./001 , (8)

where 1 and . are the density and viscosity of the liquid,
respectively.

Based on the analysis above, as shown in Figure 4, the
effective mass Δ+ could be divided into Δ+1 (the effective
mass of the liquid droplet contained within decay length ,/2
for base radius from center to !&) and Δ+2 (the effective mass
of the liquid droplet contained within decay length ,/2 for
base radius from !& to !%), and the frequency shift of QCMΔ0 can be calculated asΔ0 = Δ01 + Δ02,Δ01 = − 2//!2& ∫'!0 #$−#Δ+1! 4!,Δ02 = − 2// (!2% − !2&) ∫'"'! #$−#Δ+2! 4!,

(9)

where & = '!2/!2$ , Δ+1 = 1/!2&,/2, and Δ01 and Δ02 are the
frequency shift caused by Δ+1 and Δ+2, respectively.

In general, the decay length of liquid is very small (in
micrometer level), so !% − !& is also in micrometer level;
that is, !% − !& is an infinitesimal. It is obvious that Δ+2 ≈(1/2)/(!2% −!2&)×,×1 is an infinitesimal of higher order than(!% − !&). As a consequence, Δ02 is very small and could be
ignored. So Δ0 can be calculated asΔ0 = −/1,∫'"0 #$−#! 4!, (10)

where & = '!2/!2$ .
Equation (11) could be obtained through integration:Δ0 = −12/1,#!2$' (1 − $#̂) , (11)

where &̂ = −'!2%/!2$ .
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examining the coupling of the elastic shear waves in the
crystal to the viscous shearweaves in the sample liquid. In this
manner, the resonance condition derives directly from the
matching of appropriate boundary conditions on the shear
waves. Thus, the Kanazawa model that reveals the relative
relationship between the frequency shift of the QCM and the
density and viscosity of the sample liquid has been developed
[23]:

Δ" = "3/20 ( $%&%!'!)1/2 , (2)

where "0 is the operating frequency of the QCM; % and $ are
the density and viscosity of the sample liquid, respectively;%! and '! are the density and shear modulus of the quartz
having the values %! = 2.648 × 103 kg/m3 and '! = 2.947 ×
1011 g/cm⋅s2, respectively.

However, there are still some inevitable drawbacks when
using Kanazawa model for on-field measurement of liquid
properties; that is, this method is difficult to be applied and
spread widely in on-field testing because it is sample wasteful,
requires complex instruments, and is difficult to operate.
In addition, immersing the QCM in liquid will damp the
amplitude, and the damping becomes seriously detrimental
when immersed in highly viscous liquid, which will make the
measurements hard or even causes the failure of oscillation.

This new mass-sensitivity-based approach presented in
this paper could promote the application of QCMs in on-field
testing of liquid viscosities and enable the measurement of
highly viscous liquids. Thanks to the advantages of this new
approach including simplicity of operation, saving reagent
and time, real-time output, and label-free analysis, this novel
approach will achieve a considerable potential application
prospect in on-field measurements of liquids.

2. Proposed Method

The frequency shift caused by a localized or nonuniformmass
attached on the QCM electrodes is given by [24]Δ" = − 1&,2" ∫2#0 ∫$!0 .% (,, /)0 (,, /) , 1, 1/, (3)

where .%(,, /) is the mass-sensitivity function, in hertz per
kilogram; 0(,, /) is the effective added mass; ," is the radius
for the mass deposit on the electrode; , and / are the polar
coordinates of the point at which the mass is added.

The research of Josse et al. shows that the mass-sensitivity
distribution of QCM devices can be represented by the
following equation [25]:.% (,, /) = |2 (,)|22&∫∞0 , |2 (,)|2 1,4%, (4)

where 4% is the Sauerbrey sensitivity constant, with a value
of 1.78 × 1011Hz⋅cm2/kg; 2(,) is the particle displacement
amplitude function; and , is the distance from the center.
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Figure 1: Mass-sensitivity distribution for AT-cut 10MHz funda-
mental QCM. Red line represents the electrode region (|,| < 2mm)
and blue line represents the nonelectrode region (2mm < |,| <
4.35mm).

The particle displacement amplitude function 2(,) is
solution of the following particle displacement amplitude
equation [26]:

,2 5225,2 + ,525, + 62' ,27 2 = 0, (5)

where 6 represents the wavenumber; 7 is a constant deter-
mined by the elastic stiffness constants and the piezoelectric
constants of crystal quartz. Since the particle displacement2(,) and shear strain field are continuous at , = 0 (where0 is the radius of electrode), according to these boundary
conditions, the boundary equations of QCM with “m-m”
type electrode are obtained as [27]2(88888$=) = 2*88888$=) ,52(5, 888888888$=) = 52*5, 888888888$=) . (6)

On the basis of these boundary conditions, 2(,) can be
determined. And the mass-sensitivity function of QCM with
“m-m” type electrode is then determined [28].

Take two QCMs used in this study (AT-cut 10MHz
fundamental QCM and AT-cut 10MHz 3rd overtone QCM),
for example. The diameters of crystal and gold-electrode are
8.7mm and 4mm, respectively. The thickness of the gold-
electrode is 1000 Å. The profile of mass-sensitivity distribu-
tion can be obtained as shown in Figures 1 and 2, respectively.

As expected, the mass-sensitivity distribution of the two
types ofQCMs is an approximateGaussian curve.The highest
sensitivity point appears at the center of electrode (, =0) and then decreases exponentially as the distance from
the center (,) increases. So, within the electrode area, the
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Figure 5: Schematic of experimental setup.

Since !! ≪ !", $̂must be very small; then (12) is tenable:1 − &$̂ ≈ −($̂ + $̂22 ) . (12)

So (11) could be simplified toΔ+ = −12,!2%√./0+0 (1 + 1!2!2!2" ) . (13)

In summary, considering that the density of liquids is
usually known or can be measured easily and accurately
using conventional methods, so the viscosity of liquids
could be quickly and conveniently obtained by measuring
the frequency shift of QCM and the radius of liquid drop
according to (13).

3. Experimental Results

3.1. Experimental Setup. Figure 5 shows a schematic of the
overall experimental setup. At room temperature (about
20∘C), a single-drop of sample liquid was loaded onto
the center of the QCM electrode using a microinjector.
Then the response of QCM was measured with a vector
network analyzer (Agilent E5062A). And the diameter of
the single-drop was measured with a tool-microscope (TM-
505).The microinjector was purchased from Shanghai Gaoge
Industrial and Trading Co., Ltd. (Shanghai, China). The
tool-microscope was purchased from Shanghai BM Optical
Instruments and Manufacture Co., Ltd. (Shanghai, China).

It is worth adding that a high accuracy microscope was
used to acquire high testing precision during experiments.
But in practical on-field measurements, sophisticated high
microscope is not needed; an ordinary magnifier loupe
with scale can meet the measure requirements (with the
magnifying power of about 100). Likewise, the expensive,
sophisticated, and cumbersome vector network analyzer is
also not needed and could be replaced by a small frequency
meter. The computer used in these experiments is not
necessary as well in practical on-field measurements; these
simple calculations could be done by an ordinary calculator.

Figure 6: The response of AT-cut 10MHz fundamental QCM
without loading.

3.2. The Measurement of Low Viscosity Liquid (Take Pure
Water as an Example). Two types of QCMs were used in
this study: AT-cut 10MHz fundamental QCM and AT-cut
10MHz 3rd overtone QCM. The only difference between
them is the thickness of the crystal.The thickness of crystal of
them is about 0.167mm and 0.5mm, respectively.The thick-
ness of the gold-electrode of them is 1000 Å.The diameter of
crystal and gold-electrode is 8.7mm and 4mm, respectively.
They were purchased fromTongfang Guoxin Electronics Co.,
Ltd. (Hebei, China).

At room temperature (about 20∘C), about 0.5 2L of
pure water (0 = 1.0022mpa⋅s and / = 0.9982 × 103 kg/m3)
was loaded onto the center of QCM electrode using a
microinjector. The response of AT-cut 10MHz fundamental
QCM before and after loading is shown in Figures 6 and 7,
respectively. The response of AT-cut 10MHz 3rd overtone
QCM before and after loading is shown in Figures 8 and 9,
respectively.The radius of the single-drop of water loaded on
the two QCMs was measured as 0.57mm and 0.56mm using
tool-microscope, respectively.

As can be seen from Figures 6 and 7, the resonant
frequency of AT-cut 10MHz fundamental QCM declined

Application	2

(Kanasawa &	Gordon,	19855)
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instance, ECD and NHS, to activate SAM terminal functions
for biomolecule covalent attachment. This procedure will not
only save the expense of valuable chemicals, but also make the
immobilization process more convenient by reducing the
number of steps involved (gold modification with a linker,
activation of terminal groups, and covalent linkage of the
biomolecule). The method shows compelling potential for
ligand immobilization in immunosensors employing gold
surface as the substrate. Although there are some reported
studies using this methodology, they are mostly focused on
small molecules;25,28−33 for example, dopamine, epinephrine,
different kinds of amino acid (e.g., tryptophan), and very few
larger molecules, such as polyethyleneimine (22 kDa)34 and
biocompounds, namely, oligonucleotide35 and glucose oxi-
dase,28 have been immobilized on gold by this new method. To
our knowledge, this is the first study reporting the use of in situ
DTC formation to prepare an immunosensing surface and
clearly show its feasibility toward ligand detection and
prevention of nonspecific adsorption.
The purpose of the present investigation is to prepare a new

immunosensor interface with antibody probes using the in situ
dithiocarbamate formation principle. IgG which often functions
as the ligand for detecting analytes in commercial immuno-
sensors is selected as a typical example of antibodies. Protein A
commonly employed for an oriented immobilization of IgG is
also used, since it contains several IgG binding domains and
interacts specifically with the Fc portion of IgG exposing its
bioactive Fab portion to further recognize anti-IgG molecules.36

The combined procedure of surface modification and IgG
immobilization is illustrated in Figure 1. The bottom-up surface
functionalization will be characterized by a combination of
techniques including cyclic voltammetry, UV−vis spectroscopy,
AFM, conventional ellipsometry, and SPR.

2. EXPERIMENTAL SECTION
2.1. Materials. CS2 is purchased from Sigma-Aldrich, and other

chemicals, for instance, sulfuric acid (Pancreac), pure ethanol (Riedel-
de Haën), and sodium hydroxide (Fluka) are in analytical grade or
better. Protein A from Staphylococcus aureus, human IgG, anti-human
IgG from goat, lysozyme from chicken egg, bovine serum albumin
(BSA), and blocking buffer are obtained from Sigma-Aldrich and used
without further purification. Phosphate-buffered saline solution (PBS:
8.0 mmol/mL Na2HPO4, 1.14 mmol/mL KH2PO4, 138 mmol/mL
NaCl, and 2.7 mmol/mL KCl, pH = 7.4) and phosphate-buffered
saline solution with 0.05% Tween-20 (PBST, pH = 7.4) are purchased
from Sigma-Aldrich and used for the preparation of biomolecule
solution. Ultrapure water is obtained from a Milli-Q A10 gradient

purification system (18.2 MΩ cm at room temperature) and used to
prepare all the solutions.

2.2. Substrate Preparation. For electrochemistry, ellipsometry,
and AFM measurements, gold film (200 nm) on borosilicate glass
(prelayer of chromium, 2−4 nm) is purchased from Arrandee, and
used as substrates for monolayer preparation. The surfaces are cleaned
in piranha solution (H2SO4/H2O2 = 3:1, v/v) for a few minutes, and
then washed with water and ethanol several times. After drying under
pure nitrogen flow, they are flame-annealed under butane−oxygen to
produce a flat surface with predominant (Au-111) crystallographic
orientation.37

For SPR observations, gold (50 nm) coated glass slides are
purchased from Analytical μ-Systems and used as substrates. After
washing with water and ethanol several times, they are placed in a UV
cleaner for 25 min in order to remove any contamination.

2.3. Gold Surface Modification. Protein A is a highly stable cell
surface receptor in Staphylococcus aureus. Its molecular weight is about
42 kDa and contains four domains to bind the Fc portion of IgG.38 In
order to keep the Fab portion of IgG exposed outside, protein A is
used to capture IgG. The experimental parameters (reaction times and
reagent concentrations) for the reaction between CS2 and protein A, in
the presence of a gold surface, have been optimized and the best
conditions are as follows: first, gold slides are immersed into a mixed
solution (1:1, v/v) of 0.1 M CS2 in water and 20 μg/mL protein A in
PBS solution for 2 h at 4 °C. After being thoroughly rinsed with water
and dried by nitrogen, the slides are incubated in 100 μg/mL IgG in
PBST solution for 30 min, and then rinsed with PBST solution for 15
min at room temperature (21 ± 1 °C). Finally, the gold substrates are
immersed in 100 μg/mL anti-IgG in PBST solution for 30 min, also at
room temperature. After rinsing with PBST solution for 15 min, the
substrates are washed with water and then dried with nitrogen. The
concentrations of CS2, protein A, IgG, and anti-IgG, and reaction time
were kept constant in all the experiments, unless noted otherwise.

2.4. UV−vis Spectrophotometry. UV−vis spectroscopy is
obtained by a compact UV-2600 UV−vis spectrophotometer produced
by Shimadzu Corporation. All measurements are performed under the
absorbance mode over a scanning range from 200 to 600 nm with 2
nm intervals.

2.5. Morphological Investigations. The morphology of
modified gold slides is characterized by a Nanoscope IIIa Multimode
AFM produced by Digital Instruments (Veeco). All measurements are
carried out using tapping-mode AFM with etched silicon tips (∼300
kHz) in ambient conditions.

2.6. Ellipsometric Measurements. The measurement of the
optical parameters and estimation of protein layer thickness is carried
out by a conventional ellipsometry produced by SENTECH
Instruments GmbH. All measurements are performed with the angle
of incidence at 70° and a He−Ne laser at 632.8 nm.

To obtain the optical parameters of the bare gold, a two-phase
model is used to deduce the refractive index (ns) and adsorption
coefficient (ks). For measuring the thickness of the protein layer

Figure 1. Schematic diagram of IgG immobilization on the gold surface modified with a solution of CS2 and protein A (the relative dimensions of
CS2, protein A, IgG, and anti-IgG in this figure are distorted for clarity). First, a gold slide is immersed into a mixed solution of CS2 and protein A,
and then incubated in IgG solution in order to form the IgG sensing surface. Finally, incubation of the sensing surface in anti-IgG solution allows us
to evaluate the bioactivity of the immobilized IgG.
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Preparing Self-Assembled Monolayers (SAMs)  
A Step-by-Step Guide for Solution-Based Self-Assembly 

 
 
Description 
Self-assembled monolayers (SAMs) of thiols are 
prepared by immersing a clean gold substrate into a 
dilute solution of the desired thiol.  
 
Figure 1.  
Schematic showing an ordered self-assembled 
monolayer of densely packed alkane thiols. 
 

 
 
Although self-assembly takes place rapidly, good 
experimental procedures are needed to produce 
consistent, highly ordered films. This technical bulletin 
outlines a recommended protocol for preparing SAMs.  
 
Reagents and Equipment Recommended  
• Gold coated substrates  
• Thiol compound(s)  
• 200 proof ethanol (Catalog Number 459844)  
• Calibrated micropipettes 
• Container for mixing thiol solution 
• Tweezers for sample handling 
• A dedicated ethanol solvent bottle 
• Parafilm® (Catalog Number P7793) for sealing 

containers 
• Containers for sample preparation  
• Petri dishes for transporting and storing SAMs 
• Dry nitrogen gas 
• Analytical Balance 
• Sonicator 
• pH paper 
 

Precautions and Disclaimer  
Please consult the Material Safety Data Sheet for 
information regarding hazards and safe handling 
practices.  
 
Environment - A clean environment is key to preparing 
high-quality SAMs. Even low levels of contaminants 
can affect monolayer quality. Avoid rooms or hoods in 
which silanes or poly(dimethylsiloxane) (PDMS) have 
been used. These compounds easily cross contaminate 
a variety of surfaces. Iodine adsorbs readily onto gold 
and should also be avoided. All thiols should be 
handled in a fume hood.  
 
Containers - Appropriate containers include glass or 
polypropylene (e.g., scintillation vials, polypropylene 
test tubes and centrifuge tubes). If glass containers are 
used, they must be cleaned thoroughly to avoid solution 
contamination.1 One option for glass cleaning is the use 
of piranha solution [30:70 v/v solution of 30% hydrogen 
peroxide (H2O2) and concentrated sulfuric acid 
(H2SO4)].  
Note: Extreme caution must be taken when using 
piranha solution. It is a very strong oxidant and reacts 
violently with organic matter.  
 
Containers should be easily sealable. For the highest 
quality films, oxygen exposure should be minimized 
during the assembly process. This is achieved by 
reducing the headspace above the thiol solution and 
backfilling with an inert gas. Each substrate is placed in 
its own container to avoid interactions that would be 
detrimental to film quality. 
 
Containers can be reused, as long as they are rinsed 
well with solvent after each use and dedicated to the 
same thiol to avoid cross-contamination. 
 
Solvent - For most thiols, 200 proof ethanol (Catalog 
Number 459844) is required for successful assembly. 
Note: Elevated levels of copper disrupt the assembly of 
the thiols and may affect the performance of the 
resulting SAM. 
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between compound and target. Polar groups are able to establish

hydrogen bonds, which might contribute more significantly to the

binding enthalpy. In general, only strong hydrogen bonds are able

to overcome the unfavorable desolvation enthalpy of polar groups

and contribute favorably to the binding enthalpy. ITC measure-

ments of different compounds that vary by a single functionality

and for which crystallographic structures of their bound complexes

are available (e.g. [7,8]), indicate that strong hydrogen bonds con-

tribute anywhere between !4 and !5 kcal/mol to the enthalpy

change, whereas van der Waals interactions associated with a

methyl group can contribute as much as !1 kcal/mol.

The interactions between the drug molecule and its target also

result in a loss of conformational entropy owing to the structuring of

protein residues and the drug molecule itself. The loss of conforma-

tional entropy of the compound can be minimized by introducing

conformational constraints. All else being equal, a conformation-

ally constrained compound will have a better binding affinity and

also better selectivity than its flexible counterpart. Conformational

constraints will restrict the ability of the compound to accommo-

date to binding site variations found in homologous off-target

molecules. In this respect, Knight and Shokat [9] noted that selective

kinase inhibitors are usually entropically constrained with four or

fewer rotatable bonds connecting any two ring systems.

Figure 1 summarizes typical contributions to the thermody-

namic signature of a drug molecule. The figure is by no means

exhaustive. For example, if binding is associated with extensive

protein structuring or folding, as is the case with intrinsically

disordered proteins, the unfavorable conformational entropy

might predominate, giving rise to an overall unfavorable entropy

[10,11]. In addition, protonation and/or deprotonation effects

that are buffer dependent need to be deconvoluted from the

observed binding energy [12,13]. Because different forces have

different thermodynamic profiles, it is possible for two compounds

with similar affinities to have different selectivity profiles. From a

design point of view, the goal is to maximize favorable interactions

with the target while simultaneously minimizing or even making

unfavorable the interactions of the compound with off-target

molecules. Understanding the molecular origin of the selectivity

differences of compounds with similar binding affinities becomes

crucial to the design of more selective drug molecules. It is evident

that all the forces that contribute to binding affinity do not

contribute equally to selectivity. A tight fit between the ligand

and its binding target not only maximizes van der Waals interac-

tions, but also reduces the probability that the ligand will be

accommodated equally well in off-target molecules. Affinity gains

with off-target proteins will not be as large as with the target.

Hydrogen bonds are also major contributors to selectivity owing

to their stringent distance and angle constraints. A different arrange-

ment of donors and acceptors within the binding pocket not only

weakens or eliminates the favorable energy of hydrogen bonds, but

also leaves intact the severe desolvation penalty that originates from

the burial of unsatisfied polar groups, thus lowering the affinity

towards off-target molecules. In this respect, a few strong hydrogen

bonds can be expected to provide better selectivity than a larger

number of weak, partially satisfied hydrogen bonds that can be

reshuffled and be energetically similar in an off-target protein.

Given that hydrophobicity, or desolvation entropy in general,

represents an exclusion from the solvent rather than an attractive

force to the target, it does not contribute to selectivity even though

it might contribute strongly to affinity. As shown in Fig. 1, in most

situations, two terms are responsible for most of the unfavorable

contributions to the binding energy, the positive enthalpy asso-

ciated with the desolvation of polar groups and the unfavorable

entropy associated with the conformational structuring of the

protein and its target. By contrast, the terms that contribute most

favorably are the negative enthalpy associated with hydrogen bonds

and van der Waals interactions and the favorable desolvation

entropy of both polar and nonpolar functionalities.

In drug development, a lead compound or fragment is optimized

by modifying or adding different chemical functionalities. These

functionalities are usually derived from structure–activity relation-

ships that rely on the binding affinity or a related parameter (Ki, IC50,

EC50, among others). Affinity and selectivity are generally corre-

lated; however, the spread in selectivity for any given affinity can be

larger than two orders of magnitude even at the highest affinity

levels [14]. In general, selectivity has been elusive even for high-

affinity inhibitors of targets that belong to families of highly homo-

logous proteins, such as serine proteases (thrombin) and kinases

[15–20]. This situation prompts the general question: what is the

best strategy to improve the selectivity of a compound that has

already achieved extremely high affinity against its target?

Previously, we considered the role of binding enthalpy during

the evolution of drug molecules from first in class to best in class

[21,22]. We concluded that more enthalpic compounds preferen-

tially occupied best-in-class positions, and that they exhibited

characteristics beyond favorable binding affinity, such as

improved selectivity or better drug-resistant profiles, in the case

of anti-retrovirals [1], which propelled them to prominence. Here,

we analyze selectivity gains obtained by the introduction of dif-

ferent functionalities with different thermodynamic signatures. In

particular, we show that strong enthalpic interactions can improve

selectivity even if they do not contribute to an improvement in
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FIGURE 1

Typical contributions to the thermodynamic signature in drug design.
Favorable enthalpic interactions (DH; green bars) originate primarily from
hydrogen bonding and van der Waals interactions. Unfavorable enthalpic
interactions, by contrast, originate from the desolvation of polar groups.
Favorable entropic contributions (!TDS, red bars) are due to desolvation of
nonpolar and polar functionalities, whereas unfavorable entropic
contributions originate from the structuring of residues in the protein or the
compound itself. Abbreviation: DG, Gibbs energy of binding (blue bars).
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[9,10] provides a unique experimental way of characterizing the

binding mode of a drug molecule.

The enthalpy change associated with the interaction between

drug and protein is difficult to optimize because it is composed of

two major conflicting contributions1: the favorable enthalpy asso-

ciated with the formation of hydrogen bonds and van der Waals

contacts and the unfavorable enthalpy associated with the deso-

lvation of polar groups. van der Waals interactions are maximized

by a perfect geometric fit between drug and target, while the

strength of hydrogen bonds is maximal when the distance and

angle between acceptors and donors are optimal. If the distance

and angle are suboptimal, the enthalpic contribution of a hydro-

gen bond does not simply become smaller and eventually

approach zero, it actually becomes unfavorable. The reason behind

this observation is that hydrogen bond donor and acceptor groups

in the compound are hydrogen-bonded to water before binding. In

binding energetics the real question is, how strong is the hydrogen

bond that any given group forms with the protein, relative to the

hydrogen bond that the same group forms with water before

binding? The strength of the bonds with water are reflected in

the enthalpy of desolvating those groups. The enthalpy penalty

associated with the desolvation of polar groups commonly used in

drug design is in the order of 8 kcal/mol at 258C (1 cal = 4.18 J),

which is about one order of magnitude higher than that of non-

polar groups (see review and compilation of experimental values

in [12]). Therefore, a favorable interaction enthalpy is an indica-

tion that the drug establishes good interactions with the target and

that those interactions are strong enough to compensate the

unfavorable enthalpy associated with desolvation. Conversely,

an unfavorable binding enthalpy usually indicates that polar

groups are not forming strong bonds with the target and that

the desolvation penalty dominates. Structure-based drug design is

not yet capable of engineering hydrogen bonds down to the tenths

of 1 Å that are required to achieve a favorable enthalpy contribu-

tion. On the contrary, structure/activity relationships (SARs)

extended to three dimensions by the incorporation of enthalpy

and entropy data in addition to binding affinity are capable of

identifying optimal locations for hydrogen bond donors and

acceptors.

Contrary to the enthalpy, the binding entropy is much easier to

optimize. Two major terms contribute to the entropy of binding,

the desolvation entropy change and the conformational entropy

change. The desolvation entropy is favorable and originates from

the release of water molecules as the drug molecule and the

binding cavity undergo complete or partial desolvation upon

binding. Favorable desolvation entropy is the predominant force

REVIEWS Drug Discovery Today ! Volume 13, Numbers 19/20 !October 2008

FIGURE 1

The thermodynamic signature of all HIV-1 protease inhibitors approved by the FDA. It is apparent that better enthalpies have accompanied the search for
inhibitors with better binding affinity, selectivity and drug resistance profile. All protease inhibitors with low picomolar affinity have favorable binding enthalpies.
Data from [1,14].

1 In this article only enthalpy contributions that can be engineered in the
design process are considered. Other contributions like those due to protein
conformational changes or linked protonation/deprotonation of protein
groups are usually beyond the reach of the drug designer and define a
constant background for a given target. In some cases that background is
enthalpically unfavorable, in which case the important parameter is the
binding enthalpy relative to that of the initial compound in the optimization
process. Also, all enthalpy and entropy values must be reported at the
standard reference temperature of 258C, at which solvation and other
energetic parameters are tabulated in the literature. Owing to heat capacity
changes, values measured at different temperatures vary and cannot be
compared directly with those at 258C [11]. In general, binding enthalpies
measured at higher temperatures are more negative.
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associated with the binding energy of hydrophobic groups. In fact,

it has been estimated that burying a carbon atom from the solvent

contributes in the order of 25 cal/mol Å2 to the binding affinity

[13]. The conformational entropy change, on the contrary, is

almost always unfavorable, as the binding process involves the

loss of conformational degrees of freedom for both the drug

molecule and the protein molecule. Drug designers, however,

have learned to minimize the conformational entropy loss, by

engineering conformational constraints that make the free con-

formation of the drug molecule similar to its bound conformation.

In addition to the intrinsic difficulties associated with the

engineering of atomic interactions, the optimization of a lead

candidate needs to be performed by following very rigorous con-

straints related to oral bioavailability, toxicology and so on. Func-

tional groups cannot be added at will, because the molecular

weight of successful drug candidates should generally not be

substantially higher than 500 Da. Also, hydrophobicity needs to

be kept under certain limits (C log P < 5) and all the hydrogen

bonds need to be made with fewer than five donors and ten

acceptors [6–8]. Finally, all enthalpy gains need to be translated

into affinity gains, a task that is not straightforward.

First in class and best in class
The role of binding enthalpy during the evolution of drug

molecules can be appreciated by considering two literature

examples for which thermodynamic data for complete series

of drugs are available. The progression of HIV-1 protease inhi-

bitors, major components in the chemotherapy of AIDS and the

progression of the statins, cholesterol-lowering drugs that per-

form their function by inhibiting the enzyme HMG-CoA reduc-

tase and are among the most widely prescribed drugs in the

world. Figure 1 shows the thermodynamic signature of all FDA-

approved HIV-1 protease inhibitors [1,14]. There are several

conclusions that can be derived from the data. First, the binding

affinity of the inhibitors has increased from Ki’s close to nano-

molar for the first inhibitors approved in 1995–1996 to Ki’s in the

low picomolar range for those approved in 2005–2006. It is

evident that, after ten years of optimization, the potency

increase is due to improved binding enthalpies and that all

protease inhibitors with picomolar binding affinity have favor-

able binding enthalpies. Figure 2 shows the thermodynamic

signatures of the statins [2]. In this case, it is also apparent that

the binding affinity increase observed in the newer statins cor-

relates with a more favorable binding enthalpy. It is apparent

that, in both cases, the compounds that were first in class were

not enthalpically optimized, whereas subsequent ones exhibit

more favorable binding enthalpies. Also, the enthalpic evolution

for both classes of drugs has taken more than ten years, a process

that could be substantially reduced if accurate thermodynamic

guidelines were available. Obviously, the goal to be achieved in

the development of best in class compounds is not a better

enthalpy per se; however, those compounds with extremely high

affinity, good selectivity and superior drug resistance profiles are

those with favorable binding enthalpies. These observations

identify the molecular interactions reflected in the binding

enthalpy as critical variables in lead optimization. Thermody-

namic signatures like those shown in Figs 1,2, provide a con-

venient way to visualize the thermodynamic balance of a

compound during optimization and are being increasingly used

in the literature [15–17].

How much enthalpy is necessary?
Although HIV-1 protease inhibitors like darunavir have strong

binding enthalpies (!12.7 kcal/mol) and derive most of their

binding affinity from enthalpy, it appears that more modest

enthalpic goals can also bring significant benefits for compounds

characterized by large favorable binding entropies. Goals as mod-

est as avoiding an unfavorable binding enthalpy can have signifi-

cant consequences. Consider, for example, the case of tipranavir

and indinavir. Both inhibitors have similar entropic contributions

to binding (close to !14 kcal/mol); however, indinavir has an

unfavorable binding enthalpy of 1.8 kcal/mol, whereas tipranavir

has a slightly favorable binding enthalpy of!0.7 kcal/mol. The net

enthalpic difference of 2.5 kcal/mol is enough to increase the

affinity of tipranavir by a factor of 70 to 19 pM. This example

demonstrates that, even for compounds with an entropically

dominated binding, the elimination of an unfavorable binding

enthalpy results in a significant binding affinity improvement. An

unfavorable binding enthalpy decreases the binding affinity by a

factor of 10 for every 1.4 kcal/mol. Conversely, every gain of

1.4 kcal/mol increases the affinity by one order of magnitude.

In addition, enthalpic and affinity gains due to hydrogen bonds

are also likely to improve selectivity owing to their strict distance

and geometric constraints. As a rule of thumb, we can estimate

that !14 kcal/mol is the maximum that the binding entropy can

contribute to affinity before a compound becomes completely

insoluble. This entropic contribution of !14 kcal/mol is equiva-

lent to a binding affinity of 55 pM if the binding enthalpy were

zero, a goal extremely difficult to achieve for an entropically

optimized compound. It is apparent that the binding enthalpy

needs to be controlled during lead optimization even for entro-

pically driven compounds. Because the most important source of

unfavorable enthalpy is the desolvation penalty of polar groups, it

is important to measure binding enthalpy changes every time that

Drug Discovery Today " Volume 13, Numbers 19/20 "October 2008 REVIEWS

FIGURE 2

The thermodynamic signature of the statins, the cholesterol lowering drugs.
Newer, more potent statins are enthalpically better optimized than older
ones. Data from [2].
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ITC



QCMHCC

QCM ITC



QCMHCC specificationsT control:  ±0.003 ºC

baseline noises:  ±0.23 Hz, ±30 nV, ±4 mΩ 

instrumental drift:   3 Hz, 50 nV, 3 mΩ / h

QCM sensitivity:  4 ng/cm2, precision of ±3 ng

HCC sensitivity: 10 mV/W, detection limit of 3 µW 



Conclusions
• Biosensor	technology
shop	around...	and	then	don’t	buy	(DIY)

• Functionalization	chemistry
ditto

• Independent	verification
AFM,	SEM,	ellipsometry,	goniometry

• Main	advantages	of	biosensors
Quantitative	information
on	your	selected	process
...
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