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A survey of the 2006-2009 quartz crystal
microbalance biosensor literature
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Since the publication of the original review of piezoelectric acoustic sensors in this series there has been a consistent,
gradual expansion in the number of published papers using ‘quartz crystal microbalances’ (QCM). Between 2001 and
2009, the number of QCM publications per annum has increased from 49 to 273, with a two-fold increase in papers per
annum between 2004 and 2008. Within the field, comparing the time covered by the current to the previous review,
there are trends towards increasing use of QCM in the study of protein adsorption to surfaces (93% increase),
homeostasis (67% increase), protein-protein interactions (40% increase) and carbohydrates (43% increase). New
commercial systems have been released that are driving the uptake of the technology for characterization of binding
specificities, affinities, kinetics and conformational changes associated with a molecular recognition event. This paper
highlights theoretical and practical aspects of the principles that underpin acoustic analysis, then reviews exemplary
papers in key application areas involving small molecular weight ligands, carbohydrates, proteins, nucleic acids,
viruses, bacteria, cells and membrane interfaces. Copyright © 2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Acoustic biosensors have been employed in the label-free
detection of a very broad range of analytes; from interfacial
chemistries and lipid membranes through to small molecules and
whole cells (Cooper and Singleton, 2007). They provide a unique
method for observing in situ events involving ‘soft matter; in
which changes in contact mechanics, interfacial dynamics,
surface roughness, viscoelasticity, density and mass can be
monitored in real time (Thompson and Hayward, 1997; Janshoff
et al., 2000; Cooper, 2003; Cote et al., 2003; Marx, 2003; Cooper,
2006b; Hook and Kasemo, 2006; Steinem and Janshoff, 2006;
Hunter, 2009). In practice, most analytical platforms routinely
used today use optics, with only a few of the more novel
transducer modalities having transitioned from academic
instrument prototypes to robust commercial platforms (Myszka
and Rich, 2000; Cooper, 2002; Cooper, 2006a; Rich and Myszka,
2006; Rich and Myszka, 2007). However, over the last 5-10 years,
there has been an increased recognition of the versatility and
broad applicability of acoustic biosensors for the analysis of
molecular recognition and associated phenomena. This level of
information content goes beyond that produced by many more
widely adopted optical label-free techniques that are used to
analyse molecular changes occurring in biochemical processes.
Acoustic sensor technology is thus highly interdisciplinary and
has encompassed advances and improvements from electrical
engineers through to cell biologists. This review seeks to impart
an awareness of the theory and biological relevance of acoustic
physics (in particular for BAW, TSM or QCM sensors), with a focus
on the application areas of greatest relevance to biological and
biochemical research. We examine 857 published applications of
QCM to the analysis of chemical and biochemical systems over
the period 2006-2009 and touch on the most recent develop-
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ments that push the scope and depth of the field. Not reviewed
are 83 papers published that specifically exploit electrochemical
QCM, or ‘EQCM; in which the QCM device is used as the working
electrode of an electrochemical cell to study electron transfer
processes in real time. For further information in this area the
reader is referred to the excellent book chapter by Marx (Marx,
2006). Similarly, 108 papers that used QCM to characterize
materials interfaces or non-biological modification of surfaces,
such as polymer film deposition and response, surface wetting
processes, and nano-structured surfaces are not reviewed.

Due to the rising popularity and commercial availability of
acoustic biosensors QCM is increasingly used as a complimentary
technique, for example, to confirm layer formation on surfaces
that are then subject to a range of other studies. Although these
publications will still be included in this review as far as
publication statistics are concerned, they are not individually
reviewed.

A detailed introduction to acoustic wave devices, biophysics
and the application of QCM technology to liquid phase
interactions has been published in the first of this series of
reviews (Cooper and Singleton, 2007) and by others (Ferreira
et al., 2009; Hunter, 2009). Briefly, acoustic transducers became of
interest to physicists and chemists when it was demonstrated
that there was a linear relationship between mass adsorbed to
the surface and the resonant frequency of the crystal in air or a
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vacuum (Sauerbrey, 1959). Application to biological samples
became possible when suitable oscillator circuits for operation in
liquids were developed (Nomura and Okuhara, 1982). These can
be combined with specific interfacial chemistries for target
immobilization and macro- or micro-fluidic liquid delivery
systems that enable controlled contact of a solution of analyte
with its receptor.

PUBLICATION TRENDS

The number of research articles and reviews that involve QCM in
the analysis of biological systems continues to increase year on
year, with near-linear growth from 2003 to 2007 (Figure 1).

This trend has been driven by an increasing number of
commercially available systems (Table 1) and a growing
recognition of the versatility and analytical capability of acoustic
biosensors. In addition, system sensitivity continues to improve
and a number of suppliers now offer multi-channel systems
that enable referencing against control surfaces or receptors and
direct comparison of binding specificity.

Analysis of the application area of studies using the technique
reveals that the vast majority of scientists use QCM to analyse
the interaction of proteins with surfaces (Figure 2A). Binding or
physisorbtion of proteins to surfaces was also the fastest growing
area (93% increase), although there was significant growth in
the use of QCM in the analysis of homeostasis (67%),
protein—protein (40%), carbohydrates (43%) and interactions
with whole cells and membranes (40 and 22%, respectively;
(Figure 2B). For the first time, the number of fundamental studies
on interactions of acoutic waves on biological materials and
synthetic polymers decreased, whilst standard antigen-antibody
immunoassays were flat (Figure 2B). There was a notable increase
(albeit from a very low base) in papers on homeostasis and novel
implementation of modified acoustic wave devices and QCM
design.

BACTERIA

In systems using surface plasmon resonance, the penetration
depth of the sensing evanescent wave is in the order of hundreds
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Figure 1. Number of publications per year referenced by a combined
search of US National Library of Medicine PubMed and ISI Thompson Web
of Science™ using the terms ‘quartz crystal microbalance’ or ‘quartz crystal
resonant sensor. Results exclude those publications relating to electro-
chemical quartz crystal measurement.

of nanometres, as defined by the interrogating light wavelength
and metal film used to generate plasmons. As described in the
introduction, the penetration depth of a thickness shear mode
acoustic wave can be varied as a function of the fundamental
frequency of resonance and overtone order sampled. This means
that many researchers have found the QCM a versatile tool for
both sensitive detection of micron sized bacteria, and charac-
terization of bacterial adhesion mechanisms and the formation
and morphology of microbial biofilms.

Detection and quantification of bacteria

Salmonella typhimurium was detected by physically adsorbed
affinity-selected filamentous phage (Olsen et al., 2006). Approx
3 x 10'° phage particles/cm? could be irreversibly adsorbed after
1 h at room temperature to prepare working biosensors. Sensors
possessed a rapid response time of <1805, had a low-detection
limit of 10? cells/ml, with a linear concentration-response range
of 10°-107 cells/ml. Escherichia coli W1485 was detected using a
functional mannose self-assembled monolayer in combination
with the lectin concanavalin A (Con A) which binds to the
polysaccharide envelope of the bacteria (Shen et al., 2007c); the
linear range was from 7.5 x 10 to 7.5 x 10 cells/mL. E. coli
0O157:H7 was detected using specific antibodies (Wang et al.,
2008b) and a DNA sensor with nanoparticle amplification was
used to detect E. coli O157:H7 down to concentrations as low as
107"?M of synthetic oligonucleotide and 2.7 x 10 cfu/mL of
bacteria (Mao et al, 2006). The effect of the spacer on
hybridization was also investigated for E. coli O157:H7 DNA
detection (Wu et al., 2007). Chen et al. utilized streptavidin for the
detection of E. coli and determined the affinity of the
cell-displayed Strep-tag Il peptide (Chen et al, 2009a) and
Adanyi et al. used anti-E. coli 1gG for the detection of E. coli in food
(Adanyi et al, 2006). The influence of contaminants on the
detection of Cryptosporidium parvum was studied (Poitras et al.,
2009) and a study reported the effect of pH, conductivity and
viscosity of the medium in broth and milk on the detection of E.
coli in an attempt to develop a sensor for the continuous
long-term detection of microbial populations during fermenta-
tion processes (Han et al, 2009). Alava et al. developed a
sensor for the parallel detection of two different types of
bacteria, one virus and a protein using immobilized antibodies.
The minimal detection thresholds for E. coli MRE 162, Bacillus
atrophaeus, Cydia pomonella  granulosis  virus  (CpGV)
and ovalbumin were 2.4 x 10 cfu/mL, 1.4 x 10°spores/mL,
1.1 x 108 granules/mL and 1 pg/mL.

Improvements of immobilization methods and detection

A number of publications dealt with the improvement of
immobilization techniques using various grafted surfaces
and different bacteria. The surface chemistry for antibody
immobilization for a B. anthracis binding assay was investigated
(Hao et al, 2009). Mixed self-assembled monolayers with a
combination of 11-mercaptoundecanoic acid (11-MUA) and
6-mercaptohexan-1-ol (6-MHO) were found to give the best
results. Edwardsiella tarda was bound to a sensor surface using a
novel immobilization method (Hong et al., 2009) that gave higher
detection sensitivity and a sensor that was reusable 10 times;
oxidized IgG was cross-linked to hydrazide formed on self
assembled monolayer (SAM) and the results compared with three
conventional methods. A study compared the sensitivity and
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Table 1. Commercially available biosensor systems based on the principles of QCM
Manufacturer Website Product(s) No. of channels Frequency (MHz)
Antech www.anttech.com.tw ADS Plus 1 2-16
Attana www.attana.com Attana™ A100 1 10
Attana™ 200 2 10
Attana™ Cell200 2 10
Initium www.initium2000.com Affinix® QN Pro 1-4 27-81
Affinix® QN 1-4 27
Affinix™ Q4 4 27
CH Instruments www.chinstruments.com 400B 8
www.gsense.com Q-Sense E4 Auto 4 1-70
gsense Q-Sense E4 4 1-70
Q-Sense E1 1 1-70
Resonant Probes GmbH www.resonant-probes.de IQCM 2 10-180
Sierra Sensors www.sierrasensors.com QCMA-1 2 10-40 (20 default)
TTP Labtech www.ttplabtech.com RAPid 4 16.5
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Figure 2. (A) Publications from Figure 1 classified by application area. The majority of applications studied remains the binding or physisorbtion of
proteins to surfaces, with 158 papers in this area reported in the period. ‘Novel/Theory’ refers to a novel implimentation of QCM design in biosensing or a
novel analytical method to derive new properties describing a biological ‘soft matter’ interactions; (B) Growth (or decline) in the number of papers in
these application areas published during this review period (2006-2009) compared to the period previously reviewed (2001-2005).
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accuracy of measuring saturating or equilibrium response levels
against the use of the initial slope (dF/dt) for quantification of
bacterial titres. A highly log-log linear response was obtained for
detection of E. coli O157:H7 over a wide range of cell
concentrations from 3 x 10> to 1 x 10°cells/mL (Poitras and
Tufenkji, 2009). Measurements conducted over a broad range of
bacterial cell concentrations showed that the optimal biosensor
response is the initial slope of the dissipation shift as a function of
elapsed time (D-slope).

Bacterial deposition on surfaces and biofilm formation

Bacterial adhesion to different types of surfaces was investigated
in a number of different papers. This included polymer grafted
stainless steel for orthopaedic implants (Ignatova et al., 2006),
artificial siderophores (Inomata et al., 2007) and silica surfaces
with determination of the deposition kinetics (Long et al., 2009).
Surface interactions of Streptococcus salivarius mutants, posses-
sing various surface appendages of known lengths were
investigated by Olsson et al. (2009). The magnitude of frequency
and dissipation shifts was found to be influenced by the distance
at which the cell body was held from the sensor surface by its
surface appendages. The growth of biofilms of Streptococcus
mutants was monitored (Schofield et al., 2007; Tam et al., 2007)
using QCM, as well as Pseudomonas aeruginosa where the layer
thickness was measured simultaneously using an optical method
(Reipa et al., 2006). Another laboratory study looked into the
biofilm formation in water treatment systems (Sprung et al.,
2009).

HEMOSTASIS

The hemostatic system maintains vascular system integrity, and
thrombosis (formation of a clot in a blood vessel) is one of the
largest causes of morbidity and mortality in the western world.
New clinical and research tools for characterizing the hemostatic
system are hence of continued interest. The standard method
for assessing surface induced blood coagulation often
involves measurement of the soluble thrombin-antithrombin
complexes via enzyme immunoassays, or substrates. In hospital
laboratories citrated plasma held at 37°C is analysed using
automated instrumentation. A platelet membrane substitute
(phospholipid) and a factor Xl activator is often added to
the plasma, then an excess of calcium is added (thereby reversing
the effects of citrate), enabling blood to clot. Clotting time
can also be measured indirectly via electrical impedance or
enzyme action on a peptide substrate; approaches that are
suitable for near patient testing (e.g. Roche CoaguCheck and
Hemosense INRatio). QCM provides an additional method for the
determination of induced blood coagulation, since the fibrin
formation can be detected in situ and in real time, and blood
coagulation results in large changes in observed signal due to the
viscosity-density contribution to frequency change.

The conversion of adsorbed fibrinogen to fibrin in the presence
of the enzyme thrombin was studied using a number of different
techniques. QCM showed that mass loss at the surface was
consistent with fibrinopeptide release and the conversion to
fibrin also resulted in the adsorbed layer becoming more strongly
bound to the surface and more compact (Evans-Nguyen et al.,
2006). QCM was also used to study viscoelastic properties and
morphology of fibrin as a function of the concentration of
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antithrombin Ill (AT) and the anti-coagulant heparin (Jung et al.,
2009b) and the binding of fibrinogen to different metal surfaces
(Hulander et al., 2009). The conversion of fibrinogen to fibrin was
also monitored to evaluate the anticoagulant activity of some
proteins, such as gastrodin (Liu et al, 2006c) and a human
recombinant endothelial cell-associated protein (Matsusaki et al.,
2008). QCM was also used in a study on complement activation
by CpG, an oligonucleotide, in a human whole blood (Mangsbo
et al., 2009).

Sulfated or sulfonated polymers such as heparin play an
important role as anticoagulants and their immobilization on cell
surfaces using avidin-expressing binding sites was observed with
QCM (Cabric et al., 2008). Different types of sulfonated polymers,
including polystyrenes with different sulfonation levels, various
sulfonated polyethylene oxides, as well as sulfated chitosan
were studied with regards to their antigolant activities by
observing the binding to factor XIl (FXIl) (Chen et al., 2007b) or
antithrombin Il (Jung et al, 2009a). Platelet conformational
changes (Fatisson et al., 2008) and platelet aggregation (Ergezen
et al., 2007) were also studied using QCM and the selective
sensitivity of this technique for the monitoring of platelet
function and inhibition could be demonstrated (Figure 3). The
interaction of thrombocyte vesicles with sensor surfaces of
different lipophilicity was examined as a model for understanding
the membrane properties of thrombocytes (Agmo Hernandez
et al., 2008).

A sensitive biosensor for detecting antithrombin Ill (AT Ill) was
constructed based on in situ growth of nanogold on the gold
electrode of a quartz crystal microbalance (Zhang et al., 2008b).
Heparin was used as the affinity ligand and immobilized onto the
nanogold modified gold electrode. A flow injection analysis-
quartz crystal microbalance (FIA-QCM) system was used to
investigate the relationship between nanogold growth and the
AT 1ll response. Compared with the directly immobilized large
nanogold particles, the in situ grown particles with the same size
occupied more sensor surface, resulting in higher frequency
shifts to AT Il in the interaction study between heparin and AT IIl.

A setup for the analysis of glycated haemoglobin (HbA1c) in
blood was reported by Pribyl and Sklddal (2006). A combination
of a piezoelectric biosensor for glycated haemoglobin based on a
gold electrode with 3-aminophenylboronic acid (APBA) as a
specific ligand and a flow-through photometric sensor for total
haemoglobin (Hb) was used and the full range of HbA1c content
(4-15%) in blood could be analysed (Pribyl and Skladal, 2006).

IMMUNOASSAYS

Protein immobilization

The immobilization of either antibody or antigen onto the
surface of a sensor is a key step in the fabrication of most
immunosensors, including those based on QCM. The density of
bound antigen or antibody and the suppression of unspecific
binding are essential to achieve high sensitivity for the analyte.
The immobilization can occur via direct physical adsorption onto
a gold surface or other surface, chemical immobilization via
the formation of a new chemical bond, introduction of surfaces
that allow electrostatic interactions and many other methods.
The ease of fabrication and the reusability of the sensor are
important factors for commercial applications. Therefore there is
a strong interest in optimizing the binding to the sensor surface

wileyonlinelibrary.com/journal/jmr
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Figure 3. A piezoelectric thickness shear mode (TSM) biosensor was coated with collagen-l fibers to promote platelet activation and adhesion
magnitude and frequency response of the sensor were monitored under static conditions at 37°C, using platelet-rich plasma, and PRP with adenosine
diphosphate (ADP), a clinical aggregation inhibitor (abciximab), or a collagen binding inhibitor. Sensors loaded with PRP exhibited a 3-stage response: (i)
no significant change in response for the first 20 min, (i) followed by a larger drop in response and (iii) a gradual increase in response. Exogenous ADP
stimulated an immediate Stage-2 response, while abciximab delayed and reduced the magnitude change of Stage-2. In the presence of collagen inhibitor,
Stage-2 response was similar to that of control but was delayed by an additional 20 min. The obtained results were supported by epifluorescence and
complementary SEM studies, and demonstrate the monitor platelet function and inhibition, particularly aggregation. From (Ergezen et al., 2007),

reprinted with permission.

and a number of publications have looked at different ways to
immobilize proteins. Different methods were investigated for
anti-C-reactive protein (CRP) monoclonal antibodies (Aizawa
et al., 2006), immunoglobulin G (IgG) (Caruso et al., 1996; Sai et al.,
2006; Shen et al, 2007b; Yang et al, 2009b), BSA using a
temperature controlled surface (Liu et al, 2008), carcinoma
antigen 125 (CA 125) onto gold nanowires (Tang et al., 2008),
aflatoxin B, antibody-functionalized magnetic core-shell compo-
site nanoparticles (Wang and Gan, 2009) and other antibodies
(Serizawa et al, 2007). Ding et al. used poly-L-lysine/hydro-
xyapatite/carbon nanotube hybrid nanoparticles for the immo-
bilization of carbohydrate antigen 19-9 (CA19-9) (Ding et dl.,
2008) and Hirlekar Schmid et al. used a crosslinked layer of
protein A to generate a uniform, stable and sterically accessible
antibody coating (Hirlekar Schmid et al., 2006). In general, those
studies that employed polymeric or planar ethylene glycol
self-assembled monolayer supports for directed immobilization
of proteins gave the most reproducible results.

Clinical analysis

A synthetic peptide from the juxtamembrane region of IA-2
(@ Type 1 Diabetes associated antigen) was used in the
development of a diagnostic assay of autoimmune diseases
(Ayela et al., 2007). The auto-antibodies directed against wheat
gliadin, a protein fraction of cereal gluten which is involved in
celiac disease, were detected in human sera (Balkenhohl and
Lisdat, 2007). A simplification of the conventional ELISA assay
without multiple labelling and separation steps was achieved
by using an QCM immunoassay utilizing antibodies against
carcinoembryonic antigen (CEA) (Tang et al, 2006; Chen
and Tang, 2007). CEA together with tumour markers such as
a-fetoprotein (AFP), prostate specific antigen (PSA) and carci-
noma antigen 125 (CA125) was detected in a multi-array
immunoassay device without cross-reactivity with other tumour
markers (Zhang et al., 2007a).

wileyonlinelibrary.com/journal/jmr
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Rheumatoid arthritis (RA)-specific (cyclic citrulline-containing)
peptide was immobilized to functionalized single-walled carbon
nanotubes and deposited on crystal to generate a sensor that
allowed detection in the femtomol range. The sensitivity of the
nanotube-based sensor was higher than that of the established
ELISA and microarray assay systems, detecting 34.4 and 37.5%
more RA patients with anti-citrullinated peptide antibodies than
those found by ELISA and microarray, respectively (Drouvalakis
et al., 2008). Microalbumin, a1-microglobulin, 32-microglobulin
and IgG in urine as prognostic markers for diabetes nephropathy
were detected using a QCM immunosensor array. Luo et al.
showed that the immunosensor array was highly comparable to
immunonephelometry (Luo et al., 2006). A rapid, simple, portable
and sensitive immunoagglutination assay that uses silica particles
instead of the traditional latex microspheres and quartz crystal
microbalance (QCM) for quantifying Schistosoma japonicum
antibodies as an efficient test for the diagnosis of schistosomiasis
was developed by Wang et al. (2006a). An immunosensor array for
the rapid detection of HIV-1 and HIV-2 was developed by Wen et al.
(2009). Clinical serum samples were used and the linear range for
the measurement was 0.01-0.2 NCU/ml. Kim et al. developed a
competitive assay for the detection of C-reactive protein (CRP), a
cardiovascular biomarker, with a detection limit for CRP of 0.130 ng/
mL (Kim et al., 2009). QCM was also used to analyse binding kinetics
and specificity of iron oxide nanoparticles for MRl imaging coated
with human anti-VCAM1 antibodies (Amstad et al., 2009).

Affinity studies

Antibody-modified liposomes were used to developed an assay
for direct quantitative detection of human immunoglobulin G
(hlgG) without the need for the immobilization of antigen or
antibody on the quartz crystal surface (Chen et al., 2007a). The
assay was based on the specific agglutination of antibody-coated
liposomes in the presence of the corresponding antigen, which
was correlated with the frequency shift of a piezoelectric device.
An ultrasensitive piezoelectric method for the detection of the
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aflatoxin B; was developed based on the indirect competitive
immunoassay and the biocatalysed deposition amplification
utilizing the oxidation of 4-chloro-1-naphthol by hydrogen
peroxide, generated by horseradish peroxidase, to yield the
insoluble product benzo-4-chlorohexadienone on the surface of
quartz crystal microbalance (Jin et al, 2009). The proposed
approach allowed the determination of aflatoxin in the range of
0.01-10 ng/mL. Various single-chain fragment variable antibodies
(scFv) against cytrochrome P450 1B1 were used to develop an
immunoassay with good sensitivity (detection limit 2.2nM) and
selectivity (Shen et al.,, 2007d). A mercapto Schistosoma japonicum
antigen was self-assembled onto the quartz crystal surface via a Au
nanoparticle mediator monolayer to sense the S. japonicum
antibody (SjAb) and coupled with a an amplification path based on
an insoluble biocatalysed precipitation product generated by
horsereaddish peroxidase (Wu et al., 2006). The detection limit for
the S. japonicum antibody was as low as 5ng/ml. Other specific
immunoassays were developed for the detection of matrix
metalloproteinase-1 (MMP 1) (Soumetz et al, 2009), oratoxin A
(OTA) mycotoxin (Vidal et al., 2009), mesothelin (Corso et al., 2006),
and immunoglobulin E (IgE) (Yao et al., 2009a). Chu et al. developed
a protocol for a doubly amplified immunoassay based on
antibody-functionalized Au nanoparticles as the primary amplifying
probe and a dendritic-type immunocomplex of protein A and
antibody-modified Au nanoparticles as the secondary amplifying
probe (Chu et al., 2006).

CARBOHYDRATES

Cellulose and modified cellulose

Cellulose is the main structural component in the cell walls of
algae and plants and is also secreted by some bacteria to assist
in the formation of biofilms. Cellulose and modified celluloses
have a number of industrial uses in the production of paper,
cellophane and rayon to name just a few and increasingly in the
production of biofuels such as cellulosic ethanol. The physical
forms and the behaviour of cellulose and cellulose nanofibrils is of
importance in many industries. In paper and pulp industrial
research a study showed that immobilized cellulose nanofibers
are excellent models for the pulp fiber surface (Ahola et al.,
2008a), while another study looked at the interaction between
cellulose and lignin (Notley and Norgren, 2006). The activity of
cellulose degrading enzymes has been studied using QCM by a
number of groups (Ahola et al, 2008b; Josefsson et al., 2008;
Turon et al, 2008; Hu et al, 2009a). Hu et al. used QCM to
investigate cellulase activity on cellulose films and compared
their results to the IUPAC dinitrosalicylic acid standard method
and biccinchoninic acid and ion chromatography methods for
the determination of cellulase activity (Hu et al, 2009b). They
found that the QCM technique provided results best correlated to
those obtained by measuring the actual reducing sugars.
Cellulose as well as modified celluloses have been used in
polyelectrolyte adsorption studies (Hedin et al., 2007; Amirkhani
et al., 2008; Enarsson and Wagberg, 2009) as well as in the
construction of thin films (Notley, 2008) or multilayer films (Xing
et al., 2007; Aulin et al., 2008; Hedin et al., 2009).

Other polysaccharides

Polysaccharides are often used in the construction of mutilayer
bio-compatible surfaces, amongst others these include chitosan,
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alginate and dextran derivatives. Alginate was the focus in the
study of the self assembly and crosslinking of polyelectrolyte
multilayer films of chitosan and alginate (Alves et al., 2009) and
the fabrication of adhesives composed of cross-linked alginate
and polyphenols (Bitton et al, 2007). Chitosan adsorption on
model films was investigated (Indest et al., 2008), as well as the
immobilization of glucose oxidase (GOD) in films with alternating
layers of chitosan made by layer-by-layer (LbL) fabrication (Caseli
et al., 2006a). Chitosan derivatives were also used to generate
multilayer assemblies (Channasanon et al., 2007). Of particular
interest are chitosan sulfate and fucoidan sulfate as they have
promising anticoagulant properties and represent an alternative
to heparin treatment of vascular grafts (Indest et al, 2009).
Film formation and adsorption was studied for partially
2,3-O-methylated amyloses (Kida et al., 2008), cationic starch
(Kontturi et al., 2008), and dextran (Kwon et al., 2006). Covalently
immobilized layers of carboxymethyl dextran were used in a
study to investigate the fouling of dextran layers in cell culture
medium, fibronectin, and serum solutions (Dubois et al., 2009).
QCM was also used to characterize the interaction of a
protein-polysaccharide complex extracted from the mushroom
Agaricus blazei Murill with a cell membrane model represented by
a Langmuir monolayer of dimyristoyl phosphatidic acid (Schmidt
et al., 2009).

Mucins

Mucins are a family of heavily glycosylated proteins (glycocon-
jugates) of high molecular weight that occur in large aggregates
that are produced by epithelial tissues in most metazoans and
play a role in many biological interactions. Mucins could be
immobilized onto different types of functionalized gold surfaces
(Feldoto et al, 2008). Bovine submaxillary gland mucin was
immobilized and the mucoadhesive properties of hydrophobi-
cally modified derivatives of dextran and hydroxypropylcellulose
were assed using QCM (Chayed and Winnik, 2007) Measurements
revealed that a pre-adsorbed bovine salivary mucin layer
stabilizes IgG through complexation on a polymeric model
surface (Sandberg et al., 2009a).

Interaction with carbohydrate-binding proteins

Carbohydrate-binding proteins are generally referred to as
lectins. They are highly specific for certain carbohydrate moieties
and play an important role in biological recognition phenomena
involving cells and proteins. For example, some viruses use lectins
to attach themselves to the cells of the host organism during
infection. Mimicking the biological process specific interactions
of plain (unmodified) and PEGylated, lectin-grafted liposomes
with model membranes containing glycolipids were assessed
under real-time flow conditions (Bakowsky et al, 2008) using
QCM. Using a novel method, monosaccharide-derivatized
photoprobes were immobilezed on PEG surfaces and their
interaction with the lectins concanavalin A (the agglutinin from
Canavalia ensiformis, Con A), Viscum album agglutinin (VAA), Ulex
uropaeus lectin | (UEA) and Pisum sativum agglutinin (PSA) was
studied (Pei et al, 2007). Different carbohydrates were
immobilized onto a gold surface using alkyne-containing thiols
carbohydrate azides and ‘click-chemistry’ and the interactions
with different lectins determined (Zhang et al., 2006; Norberg
et al., 2009). Huang et al. looked at the influence of surface rigidity
on the binding (Huang et al., 2007b). They created a polymer
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Figure 4. Estimation of ECs, values (50% inhibition of concanavalin A binding) for tested carbohydrate structures [left]. Inhibitory responses of Con A
binding in presence of DCL constituents 1,6, 1-1, 6-6. The curves were based on consecutively diluted concentrations of tested inhibitors included in the
QCM-assay with Con A [right]. From (Pei et al., 2006), reprinted with permission.

containing mannose and probed the interaction with Con A once
immobilized to a gold surface via an alkanethiol substituent.
Cross-linked polymer decreased the flexibility of the polymer
backbone between the carbohydrate binding sites, and it was
proposed that the cost of conformational entropy for multivalent
binding was minimized. Binding constants of cross-linked
polymer with Con A were significantly larger than with a
carbohydrate self-assembled monolayer.

Mori et al. investigated the binding kinetics of concanavalin
A (Con A) using biotinylated mannotriose (Mans-bio) dispersively
immobilized in the matrix of biotinylated lactose (Gal-Glc-bio) on
a streptavidin-covered surface. The binding kinetics and affinities
of Con A to Mans-bio in the Gal-Glc-bio matrix could be obtained,
with the affinity for the 1:2 binding observed to be ten-fold larger
than that for the 1:1 binding, with a three-fold larger association
rate constant (ko,) and a three-fold smaller dissociation
rate constant (ko). This is the first example to obtain separate
kinetic parameters for the 1:1 and 1:2 bindings of lectins to
carbohydrates on a surface (Mori et al., 2009). Simonis et al.
determined the kinetic constants of the binding of heparin and
other sulfated polysaccharides to immobilized P-selectin (Simo-
nis et al.,, 2007b). They analysed six semi-synthetic glucan sulfates,
with different degrees of sulfation, which imparts a strong
influence on inhibitory activity. Kinetic data illustrated that the
inhibitory capacity correlated well with the off-rate of these
polysaccharides (R=0.99) and that the association rate (ko)
affected activity to a lesser extent. A much slower dissociation of
the inhibitors from the receptor than the physiological ligands
was key for inhibitory capacity and highly charged compounds
with a slow off-rate, such as heparin or glucan sulfates, appeared
as potent candidates for P-selectin inhibition. The binding
kinetics and affinity of the two low molecular weight heparins
(LMWHs) enoxaparin and nadroparin, and of the unfractionated
heparin Liquemin N to P- and L-selectin were also determined
(Simonis et al., 2007a).

The affinity of lectins for specific carbohydrates was also used
for the direct detection of bacteria. Con A was immobilized using
avidin-biotin and a detection limit of approximately 1.0 x 10* cfu/
mL was achieved. An increase of detection was observed in the
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presence of free biotinylated ConA. Using Con A and lectin
from Arachis hypogaea, different response profiles were achieved
for E. coli, Staphylococcus aureus and Mycobacterium phlei,
thus demonstrating the feasibility of this approach for the
discrimination of different bacteria. (Serra et al., 2008). QCM was
also used to study the complex formation of Con A and the
glycoprotein carboxypeptidase Y (Lebed et al., 2006), to show that
dermatan sulfate demonstrated a high level of binding activity to
the receptor activator of NF-kB ligand (RANKL) and obstructed the
binding of RANK to RANKL (Shinmyouzu et al., 2007). Stablin is a
small protein relating to the coagulation in arthropods and its
binding constant to chitin was determined using QCM (Matsuda
et al, 2007). Other notable publications include determination of
the affinity of various synthetic oligosaccharides to recombinant
calreticulin (Takatani and Ito, 2006; Tatami et al., 2007), the rapid
identification of lectin inhibitors from a dynamic combinatorial
library of glycosyldisulfides (Figure 4) (Pei et al, 2006), and the
identification of a trimannoside-recognizing peptide sequences
from a T7 phage display (Nishiyama et al., 2009).

OLIGONUCLEOTIDE INTERACTIONS

Oligonucleotide immobilization

A number of publications describe the improvement of existing
methods or development of new methods for the immobilization
of RNA or DNA. These consisted of covalent immobilization
(Lee et al., 2008a; Razumovitch et al., 2009; Sato et al., 2009)
including a photochemical method (Nakano et al., 2006),
polycationic surfaces (Rawle et al, 2007; Yang et al, 2008a),
inclusion in a layer-by-layer self-assembly system (Sultan et al.,
2009), natural organic matter (Nguyen and Chen, 2007; Nguyen
and Elimelech, 2007a), adsorption directly to quartz (Nguyen
and Elimelech, 2007b) and the use of biotinylated DNA
on streptavidin (Yamasaki et al, 2007). Surface morphology
was shown to play an important role, leading to a three- to
five-fold better sensitivity in an DNA detection assay where
nanogold ‘hollow’ spheres where used instead of a flat gold
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Figure 5. Crystal sensor response to DNA hybridization. All crystal sensors used were functionalized with HS-Pr1 probe and blocked with
11-hydroxy-1-undecanothiol: (A) resonance frequency recorded for crystal sensors incubated with (I) PBS buffer, (Il) 1 wM of Ctr1, (lll) 1 wM of Tgt1,
(IV) 1.7 nM of Au-SAM nanoparticles, (V) 1.7 nM of Au-HS-Tgt1 nanoparticles; (B) impedance data acquired for crystal sensors incubated with gold
nanoparticles modified with 11-hydroxy-1-undecanothiol (Au-SAM) and gold nanoparticles functionalized with complementary target HS-Tgt1

(Au-HS-Tgt1). From (Encarnacao et al., 2007), reprinted with permission.

surface (Lu et al, 2007). Immobilization of DNA on a polyelec-
trolyte surface enabled the real-time monitoring of induced DNA
damage (Rawle et al., 2008). Hianik et al. carried out a comparative
study for the immobilization of aptamers and found that
immobilization by means of avidin-biotin technology revealed
the best results in terms of sensitivity in comparison with
immobilization utilizing first generation dendrimers or chemi-
sorption to a gold surface (Hianik et al., 2007).

Encarnada et al. looked at the influence of electrolytes on
the detection of oligonucleotide sequences and found that the
presence of electrolytes in solution generates desorption-like
transients when the resonance frequency is measured. They
were able to discriminate these influences and quantified them
as 8.0+ 0.5Hz per pF of electrolytes to the sensor resonance
frequency and used this factor to correct the data obtained by
frequency counting measurements (Encarnacao et al., 2007). The
influence on DNA hybridization is shown in Figure 5.

Detection of hybridization

The high specificity of DNA hybridization, together with the
sensitivity of QCM, allowed several research groups to identify
genes with single base pair mutations. Feng et al. used the DNA
ligase reaction combined with the biocatalysed deposition of an
insoluble product for signal amplification to identify target DNA
(Feng et al., 2007). The DNA target hybridized with a capture
probe tethered onto the gold electrode and then with a
biotinylated allele-specific detection DNA sequence. The ampli-
fication of the signal was achieved by the detection of the
biotinylated allele-matched probe via the binding to streptavidin-
horseradish peroxide (SA-HRP), which catalysed the oxidative
precipitation of 3,3-diaminobenzidine (DAB) by hydrogen
peroxide on the electrode. The detection limit for this method
was 0.1 nM.

Uludag et al. could show for a hybridization asay detecting
HSV-1 DNA that without the use of nanoparticles but utilizing
capture protein, a hybridization sensitivity of 107" M could be
achieved (Uludag et al., 2008). An optimized surface chemistry
was combined with a simple signal amplification method using
NeutrAvidin labelled RNA to enhance the limit of detection
for HSV viral DNA recognition. The frequency changes during
the course of the assay including the signal enhancement step
and the results of the assay are shown in Figure 6.
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Another method for the detection of single-base mutations
relied on the use of nanogold-labeled DNA probes (Pang et al.,
2006). A capture probe was designed with the potential point
mutation site located at the 3’-end and immobilized via a thiol on
the 5’-end. Successive hybridization with the target DNA and
detection probe of nanogold-labeled DNA followed by DNA
ligase reaction and denaturing at an elevated temperature led to
a return of the QCM frequency to the original value for the target
with single-base mismatch, whereas a reduced frequency
response would be obtained for the case of the perfect match
target. A detection limit of 2.6 nM was achieved (Nie et al., 2007).
A different approach used single-base-coded CdS nanoparticle
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Figure 6. (A) Sequential injections of 1 pg/ml target sequence, 1 p.g/ml
detection probe and 5 pg/ml NeutrAvidin to enhance the hybridization
signal. Grey: active flow cell; black: control flow cell; (B) Diagonally striped
columns: VP16 target sequence hybridization onto the surface probe.
Crossed columns: NeutrAvidin capture onto the VP16 detection probe.
Black columns: NA capture after the injection of solution-hybridized VP16
target sequence and VP16 detection probe (n=4 for all results). From
(Uludag et al., 2008), reprinted with permission.
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probes and target DNA immobilized on core/shell Fe;04/Au
magnetic nanoparticles (Ye et al., 2009). It was also demonstrated
that the structure of the streptavidin film used to immobilize
biotinylated DNA plays a role in target DNA hybridization (Su
et al., 2005). A biotinylated probe and classic PCR amplification
were used with wild type and mutated cells in the analysis of the
TP53 gene involved in a number of different tumors (Dell’Atti
et al, 2006). In another study single nucleotide exchanges or
deletions were distinguished reliably from the wild-type
sequences, on the basis of differences in their dissociation or
association rates starting at low nanomolar concentration
(Gronewold et al., 2006). Both the mass and viscosity signals
were measured allowing discriminating between mass effects
resulting from hybridization of short DNA strands and viscosity
effects due to increasing amounts of DNA deposited on the
sensor.

Although not strictly a QCM a film-bulk-acoustic-resonator
(FBAR) is closely related and works on the same principles but at a
higher frequency (0.8-1.5 GHz). Its mass-sensitivity is about tens
times higher than a typical quartz crystal microbalance and
Zhang et al. were able to demonstrate its usefulness be creating a
sensor that is capable of distinguishing a complementary DNA
that is mismatched to a probe DNA by a single nucleotide
(Figure 7). A 15-mer probe nucleotide was functionalized at the
5’-end with a thiol for immobilization on a gold surface (Zhang
et al., 2007b).

Oligonucleotide-protein interactions

Oligonucleotide aptamers have the ability to selectively bind to
certain proteins and this ability can be used to develop
QCM-based assays for the detection of such proteins. Using this
principle interferon-y could be detected down to a 10 pM level by
a DNA aptamer in fetal bovine serum (Min et al., 2008). QCM was
also used to study the interaction of DNA aptamers with estrogen
receptor a (Su et al., 2006; Peh et al., 2007), an investigation of
enzymatic digestion with a type IIP restriction endonuclease
EcoRV (Takahashi et al., 2007b) and the influence of ultrasound
irradiation on the DNA polymerase reaction (Hoshino et al., 2006).
One of the most widely studied oligonucleotide-protein
interactions undoubtedly is in the context of the cellular
translation machinery and the ribosome. QCM with immobilized
mMRNA proved useful in the study of the initial binding events
between mRNA and the bacterial 70S ribosome (Takahashi et al.,
2006; Takahashi et al, 2007a). A similar approach was used to
study the binding of Tat protein to RNA which leads to translation
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of the HIV-1 virus and the inhibition of translation though PAMAM
dendrimers (Wang et al., 2006b).

Clinical applications

DNA detection assays have a number of clinical applications and
QCM-based assays have been developed that show comparable
results to existing PCR-based assays but with shorter analysis
time. Traditional PCR and gel electrophoresis could be replaced
by QCM in a DNA-based diagnosis of a-thalassemia (Vattana-
viboon et al., 2008). A QCM biosensor was used to assay 18
blinded specimens and could accurately discriminate between
normal and Southeast Asian a-thalassemic genotypes. A peptide
nucleic acid (PNA) piezoelectric sensor was developed for the
detection of hepatitis B virus DNA (Yao et al., 2008). The PNA
probe was immobilized on the surface of the biosensor to
substitute the conventional DNA probe for the direct detection of
HBV genomic DNA without previous amplification by PCR. The
hybridization assay was completed in 50 min, with a detection
limit of 8.6 fg/mL and a clinical specificity was 94.44% compared
with real time-PCR. Detection assays for the DNA of E. coli (Sun
et al, 2006) and a microalgae that produces neurotoxins
responsible for paralytic shellfish poisoning, Alexandrium minu-
tum, have also been reported (Lazerges et al., 2006).

CELLS

For most normal eukaryotic cells adhesion is a pre-requisite for
proliferation and growth, with detachment only occurring with
the onset of apoptosis. Here QCM sensing can be used in the
study of cellular films, cell adhesion, attachment, growth and
cell-substrate interactions. Many of the latter applications once
again exploit the ability of acoustic biosensors to detect changes
in the viscoelastic properties of an entity adhered to a surface
with real-time resolution and without reporter labels.

Attachment, adhesion and proliferation

Although QCM is generally considered to be non-invasive, the
shear oscillation at the centre of the resonator could potentially
impact on the ability of cultured cells to adhere to and spread on
the sensor surface. This putative effect has been examined
recently (Heitmann and Wegener, 2007) with three mammalian
cell lines and variant elevated lateral oscillation amplitudes.
Effects on the adhesion kinetics and the formation of stable
cell-substrate contacts was retarded or blocked only when the
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Figure 7. lllustration of FBAR device being treated with HS-ssDNA and MCH for mixed monolayer formation and hybridized with a target DNA
sequence. The resonant frequency of the HS-DNA immoblized FBAR decreases when hybridized with the target DNA complement [left]. The resonant
frequency shift of the FBAR on whose surface is immobolized DNA [right]. From (Zhang et al., 2007b), reprinted with permission.
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lateral oscillation amplitude exceeded values higher than 20 nm
(typical lateral displacements for commercial QCM system driven
at 100mV are in the order of 1-3nm). However, even shear
displacements of 20 nm were found to be insufficient to displace
attached cells from the surface. The experimental data suggest
that the normal QCM mode of operation with low oscillation
amplitudes is, indeed, non-invasive with respect to mammalian
cells.

The cell adhesion process and the molecular interactions that
determine its kinetics were investigated by Hong et al. (2006)
(Figure 8). They were able to correlate sensor readings with the
progression of cell adhesion and looked in detail at the specific
effects of receptor-mediated adhesion, the glycocalyx and
surface charge on initial cell-surface attachment and steady-state
adhesion of endothelial cells (Hong et al., 2006).

In addition to the requisite surface chemical properties
conducive to cell adhesion, surface topology also has an impact
on the adhesion, spreading and proliferation of cells. In a study
with MCF-7 human mammary cancer cells on two gold electrodes
with different surface roughness, it was shown that the analysis of
the QCM resonant frequency (dF) and motional resistance
changes (dR;) revealed a significant surface-stress effect in
addition to a viscodensity effect, and a comparitevely small mass
effect (Tan et al, 2009b). Fluorescence microscopy, cyclic
voltammetry and electrochemical impedance spectroscopy were
used to further investigate and quantitatively correlate surface
roughness and cell population resulting in a novel QCM method
for dynamically measuring the surface stress on an electrode in
cell-culture.

Depending on the type of cell used, differently modified sensor
surfaces may need to be employed to ensure cell adhesion and
cell survival. A number of studies have looked at different surface
coatings presenting peptides or proteins. Extracellular matrix
proteins pre-coated on a gold surface were used to facilitate QCM
studies on the adhesion and spreading of WB F344 rat epithelial
cells and B16F10 lung melanoma cells (Fohlerova et al., 2007), and
in a separate study with human embryonic stem cells (Kohen
et al, 2009). Surface coatings presenting the RGD peptide
sequence were used in studies of rMSCs and 3T3-L1 fibroblasts
(Knerr et al., 2006), and human endothelial cells (Bodin et al., 2007;
Marx et al., 2009). The adhesion of NIH3T3 fibroblasts to serum
protein coated tantalum and oxidized polystyrene surfaces was
investigated using QCM, and it was found that process of cell
adhesion and spreading elicited different responses depending
on both the protein coating composition and the influence of the
underlying substrate (Lord et al, 2006b; Lord et al, 2008).
Adsorption of serum proteins onto colloidal silica surfaces lead to
a significantly reduced adhesion and proliferation of human
endothelial cells compared to control silica surfaces (Lord et al.,
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2006a). Polyelectrolyte multilayers can also facilitate cell adhesion
and spreading onto surfaces. Human hepatoma cells (HepG2)
were cultured on positively and negatively charged electrolytes
and the adhesion and spreading monitored using QCM (Saravia
and Toca-Herrera, 2009). Human fibroblast adhesion to multi-
layers composed of heparin (an anionic glycosaminoglycan) and
chitosan (a cationic biodegradable polysaccharide) was found to
be highly pH-dependent, rendering the surfaces extremely
cytophobic or moderately cytophilic (Kirchhof and Groth, 2008).
Multi-layer films containing chitosan, hyaluronan and alginate
and the impact of rigidification of the layers on cell binding were
also investigated using MC3T3 pre-osteblastic and rat fibroblastic
skin cells (Hillberg et al., 2009). Finally, a polyporphorin film was
successfully used to coat a gold sensor surface and enabled the
real-time monitoring of MCF-7 human breast cancer cell growth
and assessment of chemical cytotoxicity (Guo et al., 2008).

A number of studies using QCM to monitor cell adhesion and
spreading have been conducted in relation to transplant
materials; here good cell adhesion is important to successfully
facilitate the integration of the underlying substrate material, e.g.
into bone structure and tissue. The initial cell adhesion of
pre-osteoblastic MC3T3-E1 cells onto tantalum and chromium
surfaces was investigated using QCM (Modin et al., 2006).
Biomimetic coatings containing fibronectin were tested for the
growth of MG63 human osteoblast-like cells, in order to evaluate
their potential for the treatment of materials employed in
bone-tissue engineering (Soumetz et al., 2008). Titanium surfaces
covered with human fibronectin were investigated and several
aspects of initial host/biomaterial interactions (keratinocyte
adhesion, platelet interactions and pellicle formation) were
studied (Scheideler et al., 2007), as were titanium surfaces coated
with peptides containing the RGD motif (Michael et al., 2009).

Other studies relating to cell adhesion focused on the
viscoelastic properties of the extracellular adhesives produced
by marine diatoms Amphora coffeaeformis Cleve and Craspedos-
tauros australis Cox (Molino et al., 2008). The effect of mucin
surface-shielding on activation of immobilized neutrophils
(Sandberg et al., 2009b), and other forms of surface grafting
(Croll et al., 2006; Chou et al, 2009) involved integral use of
the QCM.

Cellular responses to exogenous stimuli

An interesting study by Marx et al. demonstrated that QCM can
be used to detect and study cell cytoskeleton alterations and
dynamics (Marx et al., 2007). The study utilized living endothelial
cells and the metastatic human mammary cancer cell line
MDA-MB-231, and probed the effect of the microtubule-binding
drugs paclitaxel (taxol) and nocodazole in varying concentrations
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by measuring changes in the QCM steady state frequency (dF)
and motional resistance (dR) values. The authors observed the dF
shift values to decrease significantly in magnitude to a limiting
value, in a dose-dependent fashion after addition of nocodazole.
This effect is consistent with nocodazole’s known disruption of
intracellular microtubules. Paclitaxel caused little alteration in dF
over the same time period, consistent with its microtubule
hyperstabilization effect. The data was confirmed by a
fluorescence light microscopy investigation and indicated that
the QCM biosensor can be used to detect and study endothelial
cell cytoskeleton alterations and dynamics. Paclitaxel was also
used in a study looking at disruption of adhesion and induction of
apoptosis in HepG2 cells (Wei et al., 2007). Another hepatic cancer
cell line (Bel7402) and the apoptotic effects of doxorubicin were
target of a different study (Tan et al.,, 2009a). The discrimination
between hepatic normal cells (L-02) and hepatic cancer (Bel7402)
cells was possible using QCM in an agglutination assay (Tan et al.,
2009a). QCM was also useful in a study looking at the neural
differentiation of PC12 cells (Washio et al., 2009).

The reaction of mammalian MDCK-Il to environmental changes
such as osmotic stress, addition of fixation reagents, or the
influence of drugs such as cytochalasin D was investigated in a
comparative study using both QCM and electric cell-substrate
impedance sensing (ECIS). The two techniques give substantially
different results, indicating that both techniques may comp-
lement each other with respect to their biological information
(Sapper et al, 2006). Finally, a QCM system with a micro CCD
camera that enabled microscopic observations simultaneously
with the QCM measurements was developed (Kang and
Muramatsu, 2009) and used in the investigation of chemical
stressors to cultured cells.

SMALL MOLECULES

Detection of small molecular weight analytes is a pre-requisite for
assays in a wide range of application areas: (i) environmental
monitoring of low molecular weight analytes, (ii) interactions
between receptors and small molecules that may be involved in
ligand-receptor modulation of disease pathways, enzyme-
substrate interactions and enzyme-cofactor interactions, (iii)
pharmaceutical research where there is a growing need for
binding-based assays that confirm putative ‘hits’ that result from
high throughput functional screens and for information rich
assays that can quantify target selectivity, affinity and kinetics
during hit-to-lead and mode-of-action studies and finally (iv) in
clinical diagnostics, where there are many low-molecular weight
molecules that are important clinical biomarkers for disease risk,
onset and response to therapy. There were relatively few
representative examples relevant to the above for the period
2001-2005, and the publications in this area during the current
review period grew by only 21%. In the following sections we
highlight examples involving small molecule detection exploiting
either: (a) direct binding, (b) competitive displacement assay, (c)
small molecule as receptor (surface immobilized small molecule
binding to a larger analyte in solution) or (d) molecularly
imprinted polymers (Table 2).

Direct small molecule-receptor interactions

Low molecular weight B-amyloid fragment peptides such as
the pentapeptide KLVFF were used as tools for detecting the
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specific aggregation of the amyloid-B peptides responsible
for Alzheimer’s disease in a QCM method (Okuno et al., 2006;
Okuno et al., 2007). A QCM immunosensor was developed for the
determination of the insecticides carbaryl, trichlopyr, and
3,5,6-trichloro-2-pyridinol (TCP), the main metabolite of the
insecticide chlorpyrifos. The sensor showed detection limits
(analyte concentrations producing 10% inhibition of the
maximum signal) of 11 and 7ng/mL for carbaryl and TCP
respectively (March et al., 2009). Acetylcholinesterase (AChE) was
immobilized by chemisorption and cross-linking over the surface
of a quartz crystal microbalance and an inhibition study with
varying concentrations of a model organophosphorus pesticide
EPN, a carbamate and one carbofuran was carried out. The limits
of detection in these assays were 16 and 1.3 nM, respectively
(Kim et al., 2007b). A novel polymeric material for the detection
of organophosphorous nerve agents was developed and used
in a QCM sensor demonstrating a ten-fold higher sensitivity to
the nerve agent simulant dimethyl methylphosphonate (DMMP)
than to other interfering vapors (He et al, 2008). DMMP was
also detected with WOs-nanoparticle functionalized quartz
crystal microbalance sensors (Zhao et al., 2009a).

Various approaches have been taken to develop heavy metal
ion sensors based on QCM. Cross-linked melanin on a gold
surface produced a sensor with a mercury ion sensitivity of
520 Hz/ppm with the limit of detection at 5 ppb (Huang et al.,
2007a). Other metal ions detected were Sn?*, Ge**, Lit, zZn?t,
Cu?t, Bi*T, Co?t, AP, Ni*", Ag™* and Fe**. Unexpectedly, binding
of Mn’*, Pb?", Cd*™ and Cr*" led to an increase in resonant
frequency, rather than the normal frequency decrease (Huang
et al., 2007a). Other approaches to heavy metal ion detections
were reported (Sartore et al,, 2009), and a Pb>" selective sensor
using bovine serum albumin (BSA) showed a detection limit
of 1 nM (Yin et al., 2007). An ingenious way of detecting cyanide
concentrations down to low ppb was developed by Timofeyenko
et al. (2007). It relied on the ability of cyanide to form soluble
gold complexes. Even very low concentrations of cyanide will
lead to a slow ablation of the gold surface, which can be detected
by QCM. The detection limits at pH 12 were 16.1 and 2.7 ppb
using analysis times of 10 min and 1 h, respectively. The assay
possessed excellent linearity over a variety of cyanide concen-
trations ranging from low ppb to hundreds of ppm (Timofeyenko
et al., 2007).

The binding processes and layer formation of some tea
polyphenols to bovine serum albumin have been investigated:
thearubigin (Chitpan et al., 2007) and (-)-epigallocatechin gallate
(Wang et al., 2007a) both gave measurable signals indicative of
binding to this serum protein. Ammonia in breath is an indicator
of solute removal during dialysis and a QCM sensor has been
used to continuously measure breath ammonia concentration of
patients undergoing dialysis treatment. A strong correlation
was observed between changes in the frequency of the QCM gas
sensor and both the pre-dialysis blood urea nitrogen (BUN)
level and the post-dialysis BUN level (Ishida et al., 2008). Another
gaseous analyte that a QCM sensor has been developed for
is methane where cryptophane A has been used as a matrix
for selective detection of methane (Sun et al., 2009). Joo et al.
designed a self-cleaning thiol sensor for natural gas fuel cells
based on a ZnO nanorod-coated sensor surface. They could show
that hexanethiol was adsorbed onto the nanorod-coated surface
and that subsequent exposure of the surface to UV radiation
led to a complete photodegradation and sensor surface free of
adsorbed thiol (Joo et al., 2009).
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Table 2. Selected examples of QCM assays for small molecules
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Analyte Mwt (Da) limit (nM) Assay type Reference
Imidacloprid 256 10000 MIP (Bi and Yang, 2009)
Thiacloprid 253 10000 MIP (Bi and Yang, 2009)
8-hydroxy-2'-deoxyguanosine 283 83 MIP (Ersoz et al., 2008)

283 7.5 MIP (Say et al., 2009)
EPN (ethyl p-nitrophenyl 323 15.5 Competition (Kim et al., 2007b)
thionobenzenephosphonate)
Carbofuran 221 1.3 Competition (Kim et al., 2007b)
TCDD 324 0.03 Direct (Kurosawa et al., 2006)
(2,3,7,8-tetrachlorodibenzo-pdioxin)
Carbaryl 201 50 Competition (March et al., 2009)

201 62 MIP (Yao et al., 2009b)
TCP (3,5,6-trichloro-2-pyridinol) 198 35 Competition (March et al., 2009)
Histamine 101 5 MIP (Pietrzyk et al., 2009)
Bisphenol A 228 13 Direct (Rahman et al., 2007)
Pirimicarb 238 500 MIP (Sun and Fung, 2006)
Cyanide 26 104 Direct (Timofeyenko et al., 2007)
y-aminobutyric acid 103 42000 Competition (Wang and

Muthuswamy, 2008)

Chloramphenicol 323 10000 Direct (Adanyi et al., 2006)
Daminozide 160 03 MIP (Yan et al., 2007)
Lead 207 1 Direct (Yin et al., 2007)
Mercury 201 25 Direct (Huang et al.,, 2007a)
Copper 64 0.8 MIP (Yang and Zhang, 2009)

QCM and electrochemical impedance spectroscopic (EIS)
techniques were used in an immunosensor for bisphenol A
with a detection limit of 0.3 ng/mL (Rahman et al., 2007). A more
sensitive immunosensor for the detection of dioxins in fly ash
was described by (Kurosawa et al, 2006). The biointerface of
QCM immunosensor was designed to immobilize antibodies
and reduce non-specific binding using a self-assembled mono-
layer with subsequent blocking with a synthetic phospholipid
polymer (2-methacryloyloxyethyl phosphorylcholine. The detec-
tion limits could be extended down to 10 pg/mL, which compares
well with results obtained through other environmental
monitoring methods such as ELISA and GC/MS. A similar dioxin
immunosensor was described by Park et al. (2006).

Combination of a QCM sensor array with an artificial neural
network led to the development of an ‘E-nose’ with various
potential end-use applications. It was validated for the detection
and anesthetic dose level predictions of the anesthetic
sevoflurane (Saraoglu and Edin, 2007). Another sensor array
system consisting of five QCM sensors (four active and one
reference) and an artificial neural network for the on-line
detection of volatile organic compounds was recently reported
(Xu et al., 2009). Three ionic liquids and a silicone oil, which are
widely used as gas chromatographic stationary phases were
selected as sensitive coatings on the quartz surface allowing the
sensor array to effectively identify toluene, ethanol, acetone and
dichloromethane. Incorporation of peptides selective for the
binding to trinitrotoluene (TNT) in a polymeric matrix has led to
the development of a selective sensor that can also discriminate
between TNT and dinitrotoluene (DNT) (Cerruti et al, 2009).
Others TNT sensors are based on specific antibodies (Larsson et al.,
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2006). The olfactory receptor protein of Caenorhabditis elegans,
ODR-10, was expressed in E. coli and a QCM sensor then coated
with crude membrane extracts, containing the expressed receptor
protein and the interaction between the olfactory receptor and
various odorant molecules examined (Sung et al., 2006). An array
consisting of nine sensor elements coated with different polymeric
materials was developed for the analysis of odor emissions from a
wastewater treatment facility (Ziya Ozturk et al., 2009). Other areas
where QCM was used to detect alcohols, esters and terpenes are in
the continuous surveillance of composting processes (Lieberzeit et
al., 2008), volatile organic compounds in gas mixtures (Si et al,
2007) (Filippov et al., 2007), alcohols (Melegari et al., 2008) (Koshets
et al, 2009), nonylphenol (Nabok et al, 2007a), chloramphenicol
(Adanyi et al, 2006), T-2 mycotoxin (Nabok et al., 2007b), and
paclitaxel (taxol), a natural anti-cancer agent providing a promising
alternative to classical analytical methods for a fast and easy
determination of paclitaxel (Pastorino et al., 2006). QCM was also
used to study the host-guest interaction between N,N-dimethyl-
formamide or cholic acid and a cyclodextrin derivative (Schofield
et al, 2006), between heptaprenyl diphosphate synthase and
the substrate farnesyl diphosphate (Suzuki et al, 2006), and to
determine drug binding to human serum albumin in a competition
binding assay with bilirubin using flow injection analysis (Zhang
et al, 2008a). A QCM for low humidity detection was developed
based on poly(l-lactide) stabilized gold nanoparticles (Sun et al.,
2007) and a hybrid humidity sensor was assembled using optical
waveguides on a quartz crystal microbalance (Shinbo et al., 2009).

In a thermochemical study on coronene Torres et al. were able
to use QCM to reliably determine the enthalpy of sublimation for
coronene (Torres et al., 2009).
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Recognition of chiral small molecules

An interesting application of QCM is the incorporation of chiral
surfaces on the sensor to discriminate between different
stereoisomers of small molecules. The immobilization of
L-phenylalanine on the gold surface of a QCM sensor via a
layer-by-layer assembly procedure led to a chiral surface that was
able to discriminate between L- and D-mandelic acid. The chiral
recognition ability of mandelic acid on the chiral surface was
verified by sensing using the vapor diffused molecular assembly
method with the QCM and the chiral discrimination factor
between L- and D-mandelic acid compared to the racemic
mixture was found to be about nine-fold (Guo et al., a-c). Chiral
HPLC stationary phases were immobilized onto a QCM sensor via
a thiol monolayer to give a pseudo stationary phase, which could
then be used to evaluate and predict chiral separation for
different HPLC stationary phases with a reusable sensor and an
analysis time of only a few minutes (Inagaki et al, 2008).
Molecularly imprinted polymers (MIPs) were used to discriminate
between D- and L-tryptophan with a detection limit of 8.8 uM
and the enantionmeric composition of the mixtures was
determined by the degree of frequency shift (Liu et al., 2006a).
Molecularly imprinted nanoparticles were immobilized on the
QCM transducers by physical entrapment in a thin poly(ethylene
terephthalate) layer and (R)- and (S)-propranolol used as test
compounds to exemplify chiral recognition capability.

A study on cyclodextrin derivatives (Xu et al., 2008) investigated
ten chiral sensors immobilized with mercaptyl perfunctionalized
B-cyclodextrins with promising enantioselectivity. Proteins, which
are made up from chiral amino acids and hence chiral themselves,
can also be used to discriminate between different isomers. A
method was developed for a chiral discrimination using a QCM
biosensor with self-assembled bovine serum albumin (BSA) or
human serum albumin (HSA) for chiral small molecules (Su
et al, 2009). (RS)-1-(3-Methoxyphenyl) ethylamine and (R,S)-1-
(4-methoxyphenyl)ethylamine could be easily differentiated by the
BSA sensor, while the selectivity of the HSA sensor for (R,S)
-tetrahydronaphthylamine, (R,S)-2- octanol and (R,S)-methyl lactate
was higher than that of the BSA sensor.

Small molecules immobilized on a surface

Whilst most applications involve small molecules present in the
bulk, or solution phase, several researchers have investigated
surface-confined small molecules that interact with other ligands
in free solution. When 2-[(4-hydroxyphenyl)azolbenzoic acid was
immobilized onto a sensor surface it was shown to subsequently
form a metastable complex with avidin (Deng et al., 2006). Upon
exposure to biotin a more stable complex was formed and the
mass-loss of the desorbed avidin could be quantified in a
competitive inhibition assay format. Various peptide probes were
immobilized to assay their affinities to profilin, an actin-binding
protein involved in the dynamic turnover and restructuring of the
actin cytoskeleton (Okada et al, 2007). The binding of
vancomycin to peptide ligands immobilized on a sensor chip
was investigated by QCM and showed that vancomycin
specifically associated with the D-Ala-D-Ala-containing peptide
with an affinity of 3.2 uM consistent with the value of 2.7 uM
determined by surface plasmon resonance assay (Tseng et al.,
2007).

Real-time investigation of molecular recognition between
protein and the low molecular weight photosensitizer (meso-

wileyonlinelibrary.com/journal/jmr

Copyright © 2011 John Wiley & Sons, Ltd.

B. BECKER AND M. A. COOPER

tetrakis(4-hydroxyphenyl)porphyrin  used in photodynamic
therapy was carried out with the photosensitizer immobilized
on the QCM surface and protein in solution (Yang et al., 2009a).
QCM and impedance analysis were used together to assess the
activity and affinity of antibodies bound to the surface of a sensor
coated with surface immobilized 2,4-dinitrophenyl (DNP)-ligands
that bind specifically to anti-DNP antibodies (Senaratne et al.,
2006). The neurotransmitter y-aminobutyric acid (GABA) was
immobilized and GABA concentrations determined in a compe-
tition assay using QCM and a GABA antibody (Wang and
Muthuswamy, 2008).

Molecularly imprinted polymers (MIPs)

QCM sensors for the detection of pesticides have been a focus
of a number of different groups. A detection method that allowed
the identification and quantification of two neonicotinoid
pesticides (imidacloprid and thiacloprid) was developed
by the preparation of molecularly imprinted monolayers
of alkanethiols self-assembled on a QCM sensor chips with
pre-adsorbed imidacloprid or thiacloprid templates (Bi and Yang,
2009). MIP-QCM sensors have been developed for the fast and
on-site determination of the pesticide pirimicarb in contaminated
vegetables (Sun and Fung, 2006), for carbaryl with a the detection
limit of 12.5 ng/mL (Yao et al., 2009b), and for the detection of
daminozide, a plant regulator, where the detection limit was
50 pg/mL, which is lower than that of conventional methods (Yan
et al., 2007).

Molecularly imprinted polymers for QCM sensing were
successfully used to build devices for the detection of explosives.
MIPs were prepared as particulates or as thin coatings and used
for the direct measurement of dinitrotoluene (2,4-DNT) and
trinitrotoluene (2,4,6-TNT) with a TNT-uptake of about 150 pg
per ng MIP per hour (Bunte et al., 2007).

8-hydroxy-2'-deoxyguanosine (8-OHdG) has been used as a
marker to quantify oxidative stress, but there is no cheap and
easy determination method available. By using methacryloyla-
midohistidine-platinum(ll), a novel metal-chelating monomer,
and the generation of an imprinted polymer it was possible
to manufacture a sensor with an average percentage recovery
of 8-OHdG from plasma samples of 80% (Ersoz et al., 2008; Say
et al, 2009). 8-OHdG levels in several clinical blood plasma
samples were determined by this method. Imprinting techniques
were combined with cyclodextrin to fabricate binding sites for
aromatic compounds within TiO, ultrathin layers with a
selectivity for bisphenol A (Yang et al., 2006a). MIPs have also
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Figure 9. Linear Langmuir adsorption isotherm of thymine and uracil
on thymine imprinted polymer. From (Diltemiz et al., 2009), reprinted with
permission.
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been used in the detection of histamine with a detection limit of
5nM (Pietrzyk et al., 2009), toluene vapors (Matsuguchi and Uno,
2006), bilirubin (Wu and Syu, 2006) and thymine (Diltemiz et al.,
2009) (Figure 9). The molecular imprinting technique has also
been successfully applied for the generation of sensors selective
to Cu(ll) ions with a short response time, wide linear range (1 nM
to 50 M) and a lower detection limit of 0.8 nM (Yang and Zhang,
2009).

LIPIDS AND MEMBRANES

The use of QCM to measure shear modulus and viscoelasticity in
addition to mass adsorption and desorption has led researchers
to apply QCM sensing in a varied study of lipid film formation,
membrane morphology changes and interactions between an
analyte and a membrane receptor or the membrane itself
(Cooper, 2004).

Supported membranes and immobilized vesicles

The immobilization and characterization of intact liposomes
via biotin-avidin interaction was the target of several QCM
studies (Morita et al., 2006; Brochu and Vermette, 2007). A hybrid
bilayer membrane was used to immobilize avidin onto the
sensor chip and sensitivity and stability of the resulting sensor
chip was comparable to a sensor chip prepared by the
conventional carbodiimide reaction (Mun and Choi, 2009).
Another study using the amino-coupling method, found that
intact liposomes could be immobilized on a solid surface and
were stable for 10h with frequency changes of less than 5%
(Vu et al., 2009). QCM monitoring and atomic force microscopy
(AFM) were combined to evaluate the defects created by an
ionic liquid anion and a cation in a supported phospholipid
bilayer composed of zwitterionic lipids on a silica surface (Evans,
2008a). A real-time investigation of liposomal binding, under
dynamic flow conditions, onto target proteins immobilized
at the sensor with simultaneous damping analysis gave an
insight into the nature of liposomal deformation or spreading at
the target surface (Hopfner et al., 2008). Ishizuka-Katsura et al.
found that 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
vesicles rapidly adsorbed on a dithiobis(1-deoxy-glucitol-1-
carbamoyl pentane) self-assembled monolayer to form a
lipid layer of physisorbed intact vesicles (Ishizuka-Katsura et al.,
2008).

Bidirectional transfer of phospholipids between a charged,
supported lipid bilayer on silica and oppositely charged,
unilamellar vesicles was studied by means of QCM and optical
reflectometry techniques with various possible mechanistic
scenarios, including monomer insertion and hemifusion models
(Kunze et al., 2009a; Kunze et al., 2009b). Liu et al. investigated the
adsorption of poly(ethylene glycol) (PEG) with different end
groups onto phospholipid membranes at the liquid/solid
interface by use of a QCM with dissipation in real time. The
experiments demonstrated that PEG chains with sufficient
hydrophobic end groups (PEG-C(18)H(37)) can insert in the
bilayer and form aggregates on the membrane surface (Liu et al.,
2009). Larger membrane constructs were produced and their
formation observed with QCM by multilayer film assembly of
polystyrene sulfonate, poly(allylamine hydrochloride) and 50 nm
diameter 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipo-
somes on planar substrates (Stadler et al.,, 2009). The findings
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Figure 10. Different stages of vesicle adsorption: (A) adhesion, (B)
crowding, (C-E) stress-induced rupture and spreading of bilayer patches
that can expose either leaflet by either mechanism 1 or 2, (F,G) coalesc-
ence of high energy edges and and expulsion of water and excess lipid,
and (H) growth of patches into a continous bilayer; further adsorption to
the bilayer is weak and does not lead to their rupture or spreading. From
(Anderson et al., 2009), repinted with permission.

were then correlated to the film growth of the polyelectrolytes
and structurally intact liposomes on silica particles. Upon removal
of the silica template core, stable capsosomes containing one or
two layers of intact liposomes as cargo were obtained.
Anderson et al. studied the deposition of dimyristoyl-
phosphatidylcholine (DMPC) bilayers on various glass surfaces
from vesicles in various aqueous solutions and temperatures
using QCM (Anderson et al., 2009) (Figure 10). A disposition study
of different unsaturated fatty acids in alkane solution onto steel
surfaces showed that depending on the fatty acid used either
monolayers or multilayers were formed (Lundgren et al., 2007).
QCM with impedance analysis was used to monitor both the
kinetics and viscoelastic properties of tether adsorption and
vesicle fusion in tethered bilayer lipid membranes (tBLMs) (Dorvel
et al., 2007). Other applications of QCM in the area of artificial
membranes and vesicles include the controlled radial distribution
of nanoscale vesicles during binding to an oscillating QCM
surface (Edvardsson et al., 2007), deposition of vesicles on a
hydrated cationic poly(diallyldimethylammonium chloride) layer
as a function of phospholipid composition and sodium chloride
concentration (Tang et al., 2009), effect of docosahexaenoic acid
on phosphocholine-supported lipid bilayers (Thid et al., 2007),
planar phospholipid bilayers supported on silicon dioxide
surfaces with and without incorporation of glycolipids (Weng
et al, 2006), the adsorption of micelles or vesicles made from

wileyonlinelibrary.com/journal/jmr



Journaat
Molecular
Recognition

polystyrene-S-poly(N-isopropylacrylamide) diblock copolymers
onto gold surfaces (Yan et al., 2006) and vesicles composed of
DEPC and DMPG and their adsorption onto gold and silica sufaces
(Evans, 2008b).

A layer-by-layer (LBL) assembly composed of liposomes and
the membrane protein bacteriorhodopsin (bR) was fabricated by
Nakane and Kubo (2009). The liposomes were found to be
stacked regularly until the 8th layer of the liposome and the effect
of nonylphenol on layer stability was investigated (Nakane and
Kubo, 2009).

Membrane formation

Another detailed study of the mechanics of lipid bilayer
formation via vesicle adsorption was carried out by Gromelski
et al. who used QCM to show that depending on the chemical
structure of the lipids, two different pathways are followed on
SiO, surfaces: (i) vesicle adsorption occurs in a first step until a
critical coverage is reached, followed by vesicle rupture and
bilayer formation, or (ii) adsorption and vesicle rupture occur
almost simultaneously (Gromelski et al., 2009). In the case of
polyelectrolyte cushions, both neutron reflectivity and quartz
crystal microbalance experiments showed that the formation of
homogeneous DMPC bilayers was significantly better on the
negatively charged PSS surface compared to the positively
charged PAH surface. Results obtained by Okazaki et al. indicated
that the edges of polymeric bilayers catalyse the formation of
substrate-supported planar lipid bilayers by destabilizing
adsorbed vesicles, whereas polymeric bilayers and embedded
fluid bilayers form a continuous hybrid bilayer membrane, sealing
energetically unfavorable bilayer edges (Okazaki et al., 2006).

SiO, particles with well-defined surface topology were used
with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
lipid vesicles to examine effect of nanotopology on the
adsorption and supported phospholipid bilayer formation
(Pfeiffer et al., 2008). Other studies looked at systems containing
DPPC and monoolein, and the influence of lipid and solvent
composition on membrane formation (Viitala et al., 2007; Wang
and Yang, 2008). Reimhult et al. used a setup for parallel QCM-D
and SPR measurements to measure the kinetics of vesicle-
to-bilayer transformation on SiO, and vesicle adsorption on Au,
respectively. The combination of SPR and QCM, complemented
by atomic force microscopy measurements, enabled a complete,
time-resolved separation of vesicle and bilayer coverage, which
allowed precise quantification of the critical surface coverage of
vesicles needed for rupture (Reimhult et al., 2006). Patel and Frank
found evidence of a one-step mechanism for bilayer formation of
tethered vesicles and monitored the subsequent adsorption and
binding of streptavidin, biotinylated vesicles, and streptavidin-
coated microspheres. For all three constructs a critical surface
density was identified, above which a significant amount of
coupled interstitial water contributed to the response of the
quartz resonator in a phenomenon similar to dynamic coupling
ascribed to surface roughness (Patel and Frank, 2006). The
bilayer-tethered vesicle assembly was then used create an
immunosensor with a model antibody-hapten system (Patel et al.,
2009a).

The structural transformation of lipid vesicles to a bilayer was
also shown to be accompanied by significant changes in their
physical properties (Cho et al., 2007¢). After the adsorption and
saturation of intact vesicles onto a gold surface, the adsorbed
vesicle layer exhibited a soft, water-rich, viscoelastic state. An
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amphipathic helix peptide, a vesicle-destabilizing agent, was then
added to trigger the formation of a much thinner (approximately
5nm), compact and rigid bilayer. The effect of monovalent and
divalent cations on formation of supported phospholipid bilayers
via deposition of palmitoyloleoyl phosphatidylcholine (POPC)
vesicles on a SiO, support was investigated in a study by Seantier
and Kasemo (2009). They found that very small concentrations
of divalent cations could cause a strong reduction of the
critical coverage, where conversion of intact, adsorbed vesicles
to a bilayer occurs. This bilayer promoting effect increased in
the order Sr** < Ca*" < Mg?" (Seantier and Kasemo, 2009). In
a similar manner, QCM was used in a study looking at the
membrane destabilizing effects of ethylenediaminetetraacetic
acid (EDTA) (Prachayasittikul et al., 2007). Liposome deposition
onto carboxylic acid-terminated self-assembled monolayers
resulted in planar mono- and multilayer, vesicular and composite
membranes, as a function of liposome size and composition.
Quartz crystal microbalance data provided estimates for layer
thicknesses and sheer moduli and were used for classification of
the final structure (Mechler et al., 2009). Sapper et al. used QCM
to monitor the deformation of surface-bound giant liposomes by
applying an electric field with small amplitudes. Changes in
the apparent height of attached vesicles in the nanometer range
were easily detected as a function of lipid composition (Sapper
and Janshoff, 2006).

Membrane interactions

Wikstrom et al. (2008) investigated the interaction of positively
and negatively charged lipid vesicles with supported lipid
bilayers of opposite charge. The vesicle-bilayer interaction leads
initially to adsorption of lipid vesicles on the bilayer; eventually,
the vesicles (and possibly other lipid structures) desorb from
the bilayer surface. This was explained in terms of initial strong
electrostatic attraction between the added vesicles and the
bilayer, forming a structure where lipid transfer between the two
bilayers occurs on a time scale of 10-40 min. This lipid transfer
causes a charge equilibration with an accompanying weakening
of the attraction, and eventually repulsion, between the
bilayer and vesicles, leading to desorption of vesicles from the
bilayer (Wikstrom et al., 2008). The interactions of unmodified
versus PEGylated lectin-grafted liposomes with model glycoli-
pids-containing membranes were studied reported (Bakowsky
et al, 2008). The interaction of chitosan with phospholipid
monolayers as cell membrane model showed that chitosan
was able to remove B-lactoglobulin from negatively charged
dimyristoylphosphatidic acid and dipalmitoylphosphatidyl gly-
cerol membranes (Caseli et al., 2008). Using polyethersulfone as a
model membrane surface Liu et al. studied the adsorption
kinectics and viscoelastic behaviours of the adsorbed surfactant
layers of sodium laureth sulfate, cocamidopropyl betaine and
their mixed solution (Liu and Kim, 2009b).

Lee et al. studied water transport through stacked intercellular
lipid membranes found in the stratum corneum is the outermost
layer of the epidermis by using QCM and and a model SC
membrane. (Lee et al., 2009). Other systems studied by QCM
include binding of F-actin to lipid bilayers containing ponticulin
(Barfoot et al., 2008), the interaction of chitosan and layers of
dimyristoyl phosphatidic acid (Pavinatto et al, 2007), and the
interaction between phospholipid monolayers and water-soluble
ethanol (Yamamoto et al., 2006).
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Membrane-protein interactions

QCM is a technology well suited for studying both the interaction
between a protein and its target membrane and for screening for
developing inhibitors of that interaction. Trepout et al. (2007)
reported a method to reconstitute a membrane receptor into
a lipid membrane in a selective orientation on a solid support.
The membrane protein reconstitution process was carried out on
silica nanoparticles and on planar silica surfaces, and was
characterized by cryo-electron microscopy and QCM (Trepout
et al, 2007). QCM was used to demonstrate sequence specific
immobilization of DNA modified liposomes created from the
cellular membrane extracts of insect cells that were used to
express transmembrane G-protein coupled receptors (GPCRs).
Microarrays of GPCRs on a chip surface embedded in a
membrane were generated this way (Bailey et al., 2009). QCM
with dissipation monitoring and SPR techniques were used
to investigate new approach for surface immobilization of
trans-membrane proteins where the proteins were immobilized
on a surface in a proteoliposome multilayer structures (Graneli
et al., 2007).

To address the question of how annexins, which participate
in various membrane-related processes, including endocytosis
and exocytosis, bind to and aggregate membranes, the
association of annexin A6 (Buzhynskyy et al., 2009), annexin
A5 (Garnier et al., 2009) and annexin A1 (Kastl et al., 2006; Faiss
et al., 2008) with model phospholipid membranes was studied
using QCM and other techniques. Another important membra-
ne-protein interaction probed by QCM was the membrane
association of the hepatitis C virus NS5A protein, which is
required for viral replication (Cho et al, 2007a). The N-terminal
amphipathic helix within NS5A was subsequently found to be
able to lyse lipid vesicles that served as a model system for virus
particles (Cho et al., 2009). In a study investigating the effects
of pulmonary surfactant protein B, QCM was found to provide a
useful, simplified way to mimic the effect of surfactant protein on
vesicle dynamics and permit a detailed characterization of the
parameters governing the reorganization of surfactant layers
(Cabre et al., 2009). Similar results were obtained using phytase, a
protein that also shows surface activity (Caseli et al., 2006b).

The cytoplasmic peripheral membrane protein ezrin plays a
key role in cell surface structure adhesion, migration, and
organization. Its adsorption onto L-a-phosphatidylinositol-4,5
-bisphosphate (PIP(2)) containing solid-supported membranes
was investigated using QCM (Herrig et al., 2006). The lipid I
binding kinetics of the natural peptide antibiotics gallidermin
(Christ et al., 2008) and nisin (Christ et al, 2007) in model
membranes were studied using QCM. Other antibacterial
peptides that interact with bacterial membranes were also
studied using QCM (Umeyama et al., 2006; Mechler et al., 2007),
and a combined study using QCM and NMR found evidence of
transmembrane pore formation (Sherman et al., 2009).

The importance of membranes in the molecular recognition of
membrane receptors could be demonstrated in a study looking
at the binding between IgG and Staphylococcal Protein A oligo B
domains with long trialkyl-tags immobilized in a lipid bilayer.
IgG-LppB1 binding was found to be largely restricted because
of steric hindrance on the lipid surfaces (Mitomo et al., 2007).
Nobre et al. immobilized a carbohydrate rich Neurospora crassa
alkaline phosphatase in monolayers of the sodium salt of
dihexadecylphosphoric acid, a synthetic phospholipid that
provides very condensed Langmuir films. The binding of the
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alkaline phosphatase to Langmuir-Blodgett lipid films was
mediated by the anionic polysaccharide iota-carrageenan, and
the polysaccharide was found to be essential to promote the
interaction between DHP and NCAP and also to increase
the fluidity of the film (Nobre et al., 2009).

Using QCM Turner et al. demonstrated that a molecular
imprinting approach can be used to generate monolayers with
enhanced affinity for specific proteins (Turner et al, 2007).
Monolayers consisting of cationic dioctadecyldimethylammo-
nium bromide, non-ionic methyl stearate, and poly(ethylene
glycol) bearing phospholipids were imprinted with ferritin at
the air/water interface of a Langmuir-Blodgett trough and
transferred hydrated to hydrophobic substrates for study. This
immobilization was shown by fluorescence correlation spec-
troscopy to significantly hinder any further diffusion of lipids,
while rebinding studies demonstrated up to a six-fold increase
in ferritin adsorption to imprinted versus control monolayers.

VIRUSES

The versatility of QCM detection and the ability to sense particles
in the order of 100-1000 nm diameter range has been exploited
by a number of researchers in the field of viral detection and
diagnosis, phage display and the interaction of virus particles
with various surfaces.

Detection of viral particles

Peduru Hewa et al. used QCM for the rapid and sensitive
detection of influenza A and B viruses (Peduru Hewa et al., 2009).
The limit for detection by QCM for stock preparations of both
A/PR/8/34 and B/Lee/40 viruses was 10* pfu/mL. Conjugation of
13 nm gold nanoparticles to the detecting antibody improved
the mass sensitivity, resulting in a ten-fold increase in sensitivity
and a detection limit of 10%pfu/mL. A comparison of results
obtained from 67 clinical samples using existing RT-PCR, shell vial,
cell culture and ELISA methods showed that QCM techniques
were comparable in sensitivity and specificity to the cell culture
methods (Table 3). A QCM-based sensor for the direct detection
of aerosolized influenza A virions utilizing surface-bound
antibody with a limit of detection of 4 virus particles/mL was
reported by Owen et al. (2007). A QCM DNA biosensing method
using oligonucleotide-functionalized gold nanoparticles (AuNP)
to amplify the detection signal for the detection of dengue virus
was developed by Chen et al. (2009b). They were able to detect
dengue viral RNA via RT-PCR amplification and QCM detection of
the resultant amplified DNA in virus-contaminated serum. The
sensitivity and specificity of this RT-PCR-QCM method with
nanoparticle technology showed it to be comparable to the
fluorescent real-time PCR methods.

Polyclonal and monoclonal antibodies developed against
soluble ebola virus envelope glycoprotein were used to detect
ebola virus in a study utilizing QCM as well as SPR and ELISA
techniques (Yu et al, 2006). Polyclonal and monoclonal
antibodies were used in combination to identify and differentiate
both human and non-human primate ebola virus glycoproteins.
QCM was also used for real-time detection of airborne Vaccinia
viruses (Lee et al., 2008b). The capture rate varied linearly with the
concentration of initial virus suspensions (8.5 x 108 to 8.5 x 10™°
particles/mL) at flow rates of two and one L/min, respectively.
This observation is consistent with mass transport-limited
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Table 3. Results obtained for shell vial, standard cell culture, ELISA, Directigen Flu A and QCM methods in comparison with RT-PCR.

(Data from Peduru Hewa et al., 2009)

No of specimens

Test TP® TNP FP¢ FN¢ Sensitivity® Specificity’ PPVY NPV
Shell vial Influenza A 28 27 3 9 76 920 80 75
Influenza B 12 52 0 3 80 100 100 95
Cell culture Influenza A 30 30 0 7 81 100 100 81
Influenza B 15 52 0 0 100 100 100 100
ELISA Influenza A 25 30 0 12 68 100 100 71
Influenza B 9 52 0 6 60 100 100 90
Directigen Flu A Influenza A 13 30 0 24 35 100 100 56
Influenza B NA NA NA NA NA NA NA NA
QCM Influenza A 28 30 0 9 76 100 100 77
Influenza B 12 52 0 3 80 100 100 95
QCM (nanoparticles) Influenza A 30 30 0 7 81 100 100 95
Influenza B 13 52 0 2 87 100 100 96

A total of 67 nasal samples were compared with RT-PCR which was used as the reference method (gold standard).

Samples positive by shell vial, standard cell culture, ELISA, Directigen Flu A kit and QCM, but negative by RT-PCR, were considered FP.
Samples that were identified by RT-PCR assays were considered as TP. Samples that were negative by shell vial, standard cell culture,
ELISA, BD Directigen Flu A kit and QCM but positive by PCR were regarded as FN. A sample that was negative by RT-PCR was a TN.

@TP, true-positives;
PTN, true-negatives;
“FP, false-positives;
9EN, false-negatives;

€ Sensitivity = number of TP specimens/(number of TP + number of FN specimens) x 100;
fSpeciﬁcity: number of TN specimens/number of TN;specimens + number of FP specimens) x 100;

9PPV (positive predictive value) =TP/(TP + FP) x 100;
"NPV (negative predictive value) = TN/(TN 4+ TN) x 100.

binding, most likely due to the dimensions of the flow cell used in
this case. Other applications include a comparison study between
QCM and carbon nanotube sensor detection of influenza virus
hemagglutinin with randomly immobilized anti-hemagglutinin
antibody (Takeda et al., 2007), and the detection of M13 virus
antibodies on a surface coated with M13 virus particles with a
reusable detector and a limit of detection of 7 nM or 1.3 pmol of
antibody (Yang et al., 2008b).

Another very interesting area of virus detection using QCM is
the use of molecular imprinting techniques to generate polymer
surfaces with artificial binding sites for viruses. Tai et al. produced
a QCM surface coated with molecularly imprinted polymers
specific for dengue nonstructural protein 1 to develop a serologic
technique for the diagnosis of early viremia in dengue (Tai et al.,
2006). Serum samples from patients with confirmed cases of
dengue were compared with the results of monoclonal ELISA;
QCM signals were >15Hz in 18 of 21 (86%) of dengue samples
and in 0 of 16 control samples. The correlation of the QCM
response and the ELISA result was R> = 0.73 with CVs of between
4 and 28%. Jenik et al. used QCM and molecular imprinting
techniques to created patterned polyurethane layers adapted to
bind human rhinovirus (HRV) and the foot-and-mouth disease
virus, two representatives of picornaviruses (Jenik et al., 2009).
The imprinted polymer was able to distinguish between different
HRV serotypes (HRV1A, HRV2, HRV14, and HRV16, respectively)
with a selectivity factor of three, regardless of the group (major/
minor) to which the samples belonged. The same selectivity
factor could be observed between HRV and foot-and-mouth
disease virus.
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Phages and phage display techniques

Immobilized phages have been used for the detection of
B-galactosidase from E. coli with a detection limit of a few
nanomoles (Nanduri et al, 2007), and of prostate specific
membrane antigen and antibody (Yang et al., 2006b). AT7 phage
display pool was screened for affinity towards the synthetic
ligand for FK506-binding protein and irinotecan (Takakusagi
et al, 2008a), methotrexate (Takakusagi et al, 2008b), and C10
biotinylated camptothectin (Takakusagi et al., 2007). A similar
approach using phage display also led to the identification of
peptides with specific binding for SiO, and TiO, (Chen et al.,
2006).

Virus particles and surfaces

The binding of bacteriophage MS2 to bare silica and Suwannee
River Natural Organic Matter was investigated (Yuan et al., 2008;
Pham et al., 2009). Multilayers of viral nanoparticles (VNP) were
generated using either alternating deposition of biotinylated
cowpea mosaic virus (CPMV) and streptavidin (Steinmetz et al.,
2008a) or alternating layers of chemically modified CPMV and
tobacco mosaic virus (Steinmetz et al., 2008b). CPMV was also
used together with poly(diallyldimethylammonium chloride) in
a layer-by-layer assembly to generate biologically active surfaces
for cell culture (Lin et al, 2008). QCM was also used to
monitor the directed platinum cluster deposition on a surface of
genetically engineered TMV with the aim to construct nanoscaled
platinum conductors (Lee et al., 2006).
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PROTEIN INTERACTIONS

The interactions of proteins with one another and the adsorption
of proteins onto solid surfaces are extremely important processes
that have received increasing attention in medicine, biotechnol-
ogy, diagnostics and food technology. QCM permits the
monitoring of in situ adsorption, protein—protein interactions
and can provide evidence of conformational effects in real time.
Notably, acoustic sensing is not limited to the use of optically
transmittive or reflective materials, as is the case with more
traditional techniques. Consequently, QCM sensors devices have
been widely employed to monitor biomolecule adsorption onto
quartz, gold, self-assembled monolayers, graphite, polymer films,
hydroxyapatite, lipid films and many other surfaces.

Protein adsorption: metal and metal oxides

Chen et al. studied the interaction between peptides and
titanium oxide surfaces by using point mutants of a TiO,-binding
peptide. (Chen et al, 2008). A comparison of Au and
hydroxyapatite surfaces and their ability to bind fibronectin
showed that the fibronectin uptake is larger on Au as compared
with hydroxyapatite (Dolatshahi-Pirouz et al., 2009). Fogel et al.
examined the use of the QCM as a tool for fundamental analyses
of a sensor for the enhanced detection of glucose constructed by
the immobilization of cobalt(ll) phthalocyanine and glucose
oxidase (GOx) onto a Au-quartz electrode. The amount of GOx
bound using the model system compared favourably to
calculations derived from the maximal amperometric functioning
of the electrochemical sensor but not to theoretical values
derived from dimensions of GOx as established by crystal-
lography (Fogel et al., 2007). Hemmersam et al. studied the
adsorption of fibronectin on gold, titanium, and tantalum oxide
and found that the surface chemistry influenced the frequency
shift observed during adsorption. The data was further analysed
using the random sequential adsorption model, and the
adsorption rate parameter k,s; was found to provide a means
to determine the degree of hydration of the adsorbed protein
layer (Hemmersam et al., 2008). QCM in combination with
electrochemical impedance spectroscopy has been utilized to
monitor in situ anti-human IgG adsorption on several Au-based
surfaces, bare Au, nanogold/4-aminothiophenol colloids, and
multi-walled carbon nanotubes on Au, and succeeding human
IgG reactions (Jia et al., 2007).

A patterned two-dimensional hexagonally ordered array of
ferritin molecules, the outer surfaces of which had been
genetically modified by titanium specific binding peptides,
was realized in a self-assembling manner on a hexagonal Ti thin
film island made on a silicon substrate (Matsukawa et al., 2009).
Bare Si substrate and amino-modified Si substrates were the
surfaces used in a QCM study of the adsorption kinetics and
energy dissipation of poly(ethylene glycol)-modified ferritins with
various molecular weights (Kumashiro et al., 2008). Reimhult et al.
report on a comparison of the ability of traditionally used
blocking agents and poly(ethylene glycol) derivatives to prevent
protein adsorption on both gold and polystyrene surfaces and
showed that on pure gold the PEG-thiols are superior to the other
blocking molecules tested (Reimhult et al, 2008). Kacar et al.
(2009) demonstrate the utilization of gold binding peptide as a
molecular linker genetically fused to alkaline phosphatase and
immobilized on gold substrate. The binding and enzymatic
activities of the bi-functional fusion constructs were analysed
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using quartz QCM and biochemical assays. Self-immobilization of
the bi-functional enzyme on micro-patterned substrates showed
higher enzymatic activity per area compared to that of native
alkaline phosphatase (Kacar et al., 2009). The gold binding
peptide itself and its adsorption kinetics were also studied
(Tamerler et al.,, 2006a; Tamerler et al., 2006b).

Pillai et al. (2009) utilized an aqueous extract of fish proteins as
a coating for minimizing the adsorption of fibrinogen and human
serum albumin. The surfaces pre-treated this way included
stainless steel, gold, silicon dioxide and polystyrene (Pillai et al.,
2009). The adsorption of albumin onto ceramic surfaces for
biomedical applications (TiN, TiNbN, TiCN) was also studied (Serro
et al., 2009). Yang et al. studied the formation of apatite induced
by negatively charged nanocrystalline TiO, coatings soaked
in simulated body fluid; different stages were clearly observed in
the process of apatite precipitation, indicating two different
kinetic processes (Yang et al, 2007). After fabrication of a
hydroxyapatite ultra-thin layer on a gold surface the in situ
adsorption mechanism and conformational changes of fibrino-
gen on gold, titanium and hydroxyapatite surfaces were
investigated (Monkawa et al, 2006). QCM and ellipsometry
showed that during adsorption of fibrinogen on evaporated
tantalum films the saturation uptake increases with increasing
root-mean-square roughness (from 2.0 to 32.9nm) beyond
the accompanying increase in surface area. This increase was
attributed to a change in the geometrical arrangement of
the fibrinogen molecules on the surface. For comparison, the
adsorption of a nearly globular protein, bovine serum albumin,
was studied and it was found that the adsorption was less
influenced by the roughness. Monte Carlo simulations taking into
account surface roughness and the anisotropic shape of
fibrinogen reproduced the experimentally observed trend
(Rechendorff et al., 2006). Hydrophobin, a small fungal protein
that self-assembles on interfaces and significantly changes the
surface wetability, was used to generate a self-assembled film
on a gold surface. The protein film improved the surface
hydrophilicity and the self-assembled film remained stable under
different pH values ranging from 1 to 13. A hydrophilic protein
such as choline oxidase was then successfully immobilized on
the hydrophobin-modified gold surface (Zhao et al., 2009b).

Other studies looked at different proteins and metal/metal
oxide surfaces: bovine serum albumin adsorption on rough
platinum surfaces (Dolatshahi-Pirouz et al., 2008), the influence of
roughness on the adsorption of fibronectin onto tantalum
surfaces (Hovgaard et al., 2008), adsorption of albumin, lysozyme
and lactoferrin onto thin films of polyhydroxymethylsiloxane and
SiO, made by oxygen plasma treatment (Messina et al., 2009),
adsorption behaviours of lysozyme on Au, SiO,, and TiO, surfaces
(Nezu et al., 2008), the influence of spacer length on heparin
coupling efficiency and fibrinogen adsorption of modified
titanium surfaces (Tebbe et al, 2007), enamel matrix proteins
on the enamel surface and their effect on the biomineralization
of hydroxyapatite (Wang et al, 2009), deposition kinetics of
extracellular polymeric substances on silica (Zhu et al., 2009),
carboxylate coordination chemistry which relies on Zr*" ion
coordination chemistry that involves carboxyl terminal groups
present on the protein (Mazur et al., 2007).

Protein adsorption: quartz

Al-Jawad et al. used QCM to investigate the amount of fibronectin
adsorbed, the layer density, thickness and structure of films
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adsorbed to polished silicon oxide surfaces (Al-Jawad et al., 2009).
The adsorption of the amelogein protein mixture enamel matrix
derivate (EMD) to silica surfaces has been studied. The protein
was found to adsorb as nanospheres in mono- or multilayers,
depending on the concentration of nanospheres available in
solution (Halthur et al, 2006). Sum frequency generation
vibrational spectroscopy and QCM were employed by York
et al. to study the interfacial structure and adsorbed amount of
the amino acids L-lysine and L-proline and their corresponding
homopeptides, poly-L-lysine and poly-L-proline, at two liquid-
solid interfaces: hydrophobic d8-PS and the hydrophilic SiO,
liquid-solid interface (York et al., 2009).

Protein adsorption: self-assembled monolayers (SAMs) and
polymer films

Belegrinou et al. studied the pH-dependent immobilization of
bovine serum albumin, lysozyme, lactoferrin and fibronectin on
surfaces functionalized by plasma-enhanced chemical vapor
deposition of poly(acrylic acid)- and poly(ethylene oxide)-like
films (Belegrinou et al, 2008). Two antibody immobilization
procedures were compared to set up an immunosensor for goat
anti-rabbit immunoglobulin. Both cases used SAMs and the
antibody was either covalently bound or immobilized via affinity
to protein A. QCM measurements showed that the viscoelastic
properties of the antibody layer were markedly modified during
the antigen recognition when the antibody was bound by affinity
to protein A (Briand et al., 2007) and that the composition of the
SAM played a part as well (Briand et al., 2006). Hamlin et al. (2007)
studied the immobilization of B-galactosidase onto polyelec-
trolyte multilayer assemblies of the polyanion poly[1-[4-(3-
carboxy-4-hydroxyphenylazo)-benzenesulfonamido]-1,2-ethanediyl,
sodium salt] and the polycation poly(ethylenimine) constructed
by electrostatic self-assembly. Although comparable amounts of
B-galactosidase were incorporated onto both surfaces, enzymatic
activity was substantially inhibited when the g-galactosidase was
immobilized on the polyanionic surface compared to the enzyme
on the polycationic surface (Hamlin et al., 2007).

Malmstrom et al. (2007) evaluated the capacity of QCM to be
used as a quantitative technique on a nanostructured surface,
where protein is adsorbed specifically in a nanopattern exploiting
PLL-g-PEG as a protein-resistant background. They could show
that laminin, an important cell adhesive protein that is central
in developmental biology, forms a highly hydrated protein layer
with different characteristics depending on the underlying
substrate. Using a combination of QCM and atomic force
microscopy data from nanostructured surfaces, they modeled
laminin and antibody binding to nanometer-scale patches.
A higher amount of laminin was found to adsorb in a thicker layer
of a lower effective density in nanopatches compared to
equivalent homogeneous surfaces. The results suggest that
modeling of QCM data of soft viscoelastic layers arranged in
nanopatterns may be applied where an independent measure of
the ‘dry’ mass is known (Malmstrom et al., 2007).

A highly sensitive biomolecule sensor using gold nanoparticles
as signal amplification probes employed a streptavidin-biotin
interaction as a model system and showed good linearity over
a wide range from 1ng/mL to 10ug/mL for the quantitative
streptavidin target molecule analysis (Kim et al, 2007c). The
adsorption characteristics of three proteins (bovine serum
albumin, myoglobin and cytochrome c) onto self-assembled
monolayers of mercaptoundecanoic acid on both gold nano-
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particles and gold surfaces were described (Kaufman et al., 2007).
The incorporation of myoglobin into layer-by-layer assemblies
together with hyaluronic acid and the resulting physico-chemical
properties of the films have been studied using QCM and other
techniques by a number of publications (Liu and Hu, 2006; Liu
et al., 2006b; Liu et al.,, 2006d; Liu et al., 2007; Lu and Hu, 2007).
Biocompatible and non-fouling poly(oligo(ethylene glycol)
methacrylate) (pOEGMA) films with various thicknesses were
formed on gold and Si/SiO, substrates by a combination of the
formation of self-assembled monolayers and polymerization
reactions and the surface biotinylated. These novel films gave
enhanced signal-to-noise ratio (approximately ten-fold enhance-
ment) for the bio-specific binding of streptavidin compared with
the biotinylated substrate prepared from carboxylic acid-
terminated SAMs (Lee et al, 2007). Nonionic poly(ethylene
glycol) and ZrO, nanoparticles were successfully assembled
into layer-by-layer films on solid surfaces through coordination
interaction between the ether oxygen groups in PEG and
the Zr(IV) in ZrO, nanoparticles; the films were then loaded with
myoglobin (Qiao and Hu, 2009). Mixed protein/dendrimer
assemblies have been constructed with proteins differing in
charge, nature of the prosthetic groups and sizes such as
lysozyme, cytochrome ¢, polyhemic cytochrome ¢z or glucose
oxidase. Generally, the stability of adsorbed films was limited to
one dendrimer/protein bilayer (Lojou and Bianco, 2006).
Protein adsorbed from fetal bovine calf serum onto three
oxygen-containing biomedical polymers: polycaprolactone,
poly(ethylene glycol) and poly(methyl methacrylate) after Ar
and He implantations using ion beam modification was studied
using QCM and the resulting surfaces evaluated for the response
of human mesenchymal stem cells (Manso et al., 2007). Roach
et al. (2006) described the use of ‘Nano Orange; a fluorometric
probe, to quantitatively assess the adsorption of bovine
fibrinogen and albumin onto model hydrophilic and hydro-
phobic surfaces. Results obtained using this method allowed
the calibration of data obtained on the same surfaces using
quartz crystal microbalance measurements and an amido black
protein assay (Roach et al., 2006). Reisch et al. (2009) were able
to demonstrate that protein adsorption can be strongly reduced
or completely suppressed through the deposition of only one
layer of polyelectrolyte modified with phosphorylcholine and/or
(ethylene oxide); groups. These moieties were grafted on
poly(acrylic acid) and totally prevent protein adsorption for
grafting ratios of 25% or more (Reisch et al, 2009). Protein
repellent surfaces were designed by using hydroxyethyl- and
ethyl(hydroxyethyl) cellulose and hydrophobically modified
analogues of these polymers. These were both found to
completely hinder biofouling when deposited on the gold
substrates (Volden et al., 2009). Another protein repellent surface
investigated by QCM is an organosilane self-assembled mono-
layer with perfluoroalkyl groups (Kira et al., 2009). Modification of
a surface with densely packed poly(ethylene glycol) brush layer
was studied to improve the protein repellent ability of the
surface. The density of the PEG brushed layer substantially
increased with repetitive adsorption/rinse cycles of the PEG on
the gold substrate, allowing significant reduction of nonspecific
protein adsorption (Satomi et al., 2007). The removal of proteins
such as lysozyme from the solid-liquid interface has been
investigated using a quartz crystal microbalance on both
hydrophobic and hydrophilic surfaces. ‘Nanobubbles, the
common surfactant sodium dodecyl sulfate (SDS), and nano-
bubbles in combination with SDS were used as cleaning agents.
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On hydrophobic surfaces SDS proved superior, whereas on
hydrophilic surfaces the combination led to complete removal of
the protein (Liu and Craig, 2009).

QCM has also been used in studies looking into the protein film
structure of fibrinogen adsorbed to acrylic polymeric substrates
with varying polymer chain flexibility (Berglin et al., 2009) and
various other polymeric surfaces (Osaki et al., 2006; Weber et al.,
2007), to monitor the immobilization of tyrosinase on poly-
cationic and polyanionic precursor assemblies (Gormally et al.,
2009), the adsorption of type | collagen (Gurdak et al., 2006),
interaction and adsorption of glucose oxidase on poly(methyl
methacrylate)-bovine serum albumin particles (He et al., 2009),
adsorption of variants of the Thermomyces lanuginosus lipase
onto a hydrophobic surface (Otzen, 2008), the adsorption profile
and viscoelastic properties of bovine submaxillary gland mucin
and bovine serum albumin (Feiler et al, 2007), viscoelastic
properties of the blue mussel, Mytilus edulis, foot protein 1
(Mefp-1) (Hedlund et al, 2009), adsorption reversibility and
viscoelastic properties of ribonuclease A adsorbed to hydro-
phobic self-assembled monolayers (Jordan and Fernandez, 2008),
the adsorption process of g-lactoglobulin on a polyethersulfone-
coated surface (Kim et al., 2007a), the adsorption of whey protein
onto a polyethersulfone membrane surface (Liu and Kim, 2009a),
construction of nanosize gold hollow balls (NGB) with dendritic
surface as the immobilized affinity support for aflatoxin B;
antibody (Liao, 2007), the adsorption of lysozyme onto
acrylic-based hydrogels (Lord et al, 2006c), the adsorption of
different proteins onto polyurethanes containing poly(ethylene
glycol), poly(propylene glycol), or poly(dimethylsiloxane) soft
segments (Ma et al., 2009), immobilization of immunoglobulins
specific to the human cytokine Transforming Growth Factor §1
and to paclitaxel (Pastorino et al., 2007), reversible binding of the
Anx5 protein onto PS-B-P(PEMA-co-HEMA) block copolymer
micelles in the presence of Ca®" ions (Schmidt et al., 2008),
inclusion of BSA into polyelectrolyte multilayers (Watanabe et al.,
2008), nonspecific hydrophobic interactions of a repressor
protein, PhaR, with poly[(R)-3-hydroxybutyrate] films (Yamashita
et al., 2006), adsorption of the antimicrobial peptide histatin 5 on
poly(methyl methacrylate) surfaces modified using a cold plasma
technique (Yoshinari et al., 2006), and the effect of hydrolysis of
polyester surfaces for protein adsorption (Atthoff and Hilborn,
2007).

Conformational changes in protein films

The importance of the immobilization method in the ability of the
QCM to track conformational changes in a protein bound to the
sensor surface was demonstrated in a study by Baltus et al. (2007).
Two different approaches were used to attach a genetically
altered a-estrogen receptor to the gold electrode on the quartz
surface: (i) the mutant receptor containing a single solven-
t-exposed cysteine was directly attached to the crystal via a
sulfur to gold covalent bond, forming a self-assembled
protein monolayer and (ii) the N-terminal histidine-tagged
end was utilized to attach the receptor via a 3,3-dithiobis
[N-(5-amino-5-carboxypentyl)-propionamide-N;N’-diacetic acid]
linker complexed with nickel. Both constructs have previously
been shown to bind the substrate, but whereas exposure of
the receptor directly attached to the piezoelectric crystal to the
ligand 17-g-estradiol resulted in a measurable frequency
response, consistent with a change in conformation of the
receptor with ligand binding, no response was observed when
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the receptor immobilized via the linker was exposed to the same
ligand (Baltus et al., 2007). Azzaroni et al. investigated in detail the
supramolecular bioconjugation of streptavidin on biotinylated
self-assembled monolayers by using QCM. The biomolecular
reorganization within the film at the early stage involved a
significant increase in surface coverage followed by a second
stage where the streptavidin layer slowly reached asymptotic
coverage. Finally, a reorganization process takes place in the
bioconjugated film. The kinetics of biomolecular reorganization
could be described in terms of the Lifshitz-Slyozov law (Azzaroni
et al., 2007).

Real-time changes in viscoelasticity of adsorbed poly(L-lysine)
and adsorbed histone (lysine rich fraction) due to cross-linking by
glutaraldehyde and corresponding release of associated water
were investigated by Dutta et al. The adsorbed mass estimated
from the Sauerbrey equation (perfectly elastic) and the Voigt
viscoelastic model differ appreciably prior to cross-linking
whereas after cross-linking they converged. It was confirmed
experimentally via ATR/FTIR measurements that this is due to
trapped water molecules released during the cross-linking (Dutta
et al., 2008). Glomm et al. compared the adsorption of eight
different proteins (a-lactalbumin (types | and Ill), bovine serum
albumin, hemoglobin, myoglobin, cytochrome ¢, a-casein and
lysozyme) under the same conditions onto citrate-coated gold
surfaces of a QCM sensor. Protein surface coverage, layer
thickness and flexibility could be tuned as a function of
deposition method and has been correlated to native fold
stability determined from near- and far-UV circular dichroism
measurements (Glomm et al, 2007). The adsorption and
enzymatic cleavage of osteopontin on different surface chem-
istries was studied by Malmstrom et al. (2009). Thrombin was able
to bind and cleave the surface bound osteopontin at the
hydrophobic surface. The authors concluded that the altered
levels of osteopontin binding, hydration of the layer, and
susceptibility to thrombin cleavage suggestive of osteopontin
adopting different conformations and/or orientations at the
different material surfaces (Malmstrom et al., 2009). Valiaev et al.
used QCM together with AFM and microcantilever deflection
measurements to investigate the conformational mechanics of
stimulus-responsive elastin-like polypeptides in response to
changes in solution pH and ionic strength (Valiaev et al., 2007).
QCM was used in to investigate the role of hydrodynamically
coupled water in surface adsorbed amino acids and employed as
a tool to study hydrated peptides. The data were used in the
design of a hydropathy scale in surface adsorbed amino acid films
on solid and this scale compared well with reported hydropathy
scale reported in the literature and could be correlated with
the solid/liquid interfacial tension and work of adhesion of the
adsorbed amino acid films (Lakshmanan and Dhathathreyan,
2007). Protein hydration was also studied for human serum
albumin (Lubarsky et al., 2007).

Enzymatic reactions and enzyme kinetics

Sensor materials for the detection of proteases based on the thin
film degradation of peptide cross-linked dextran hydrogels
were developed by Stair et al. (2009). Hydrogel cross-links were
formed via simple imine linkages between aldehyde groups in
oxidized dextran and a peptide sequence susceptible to protease
cleavage. Degradation of the hydrogel films was monitored by
QCM (Stair et al., 2009). In a similar approach peptide cross-linked
polyacrylamide hydrogel films and their degradation by human
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neutrophil elastase (HNE) were studied (Kamarun et al., 2009).
Another study on proteases used S-casein as a model protein,
which was immobilized on the surface of a QCM sensor where its
degradation caused shifts in the resonant frequency upon
digestion with the peptidases pepsin or trypsin (Huenerbein
et al, 2007). To investigate the protease resistance of a
surface-bound «-helix, Hardesty et al. designed an «-helical
polypeptide, used it to form films of varying surface coverages
and then measured responses of the films to serine protease
exposure (Hardesty et al, 2008). Furusawa et al. compared
endo-type protease (subtilisin and «-chymotrypsin) and exo-type
protease (carboxypeptidase P) reactions and characterized the
enzymatic reaction mechanisms by determining all kinetic
parameters, by following the mass change of the formation
and the decay of the enzyme-substrate complex and the
formation of the product (Furusawa et al., 2008b; Furusawa et al.,
2008a). Numata et al. studied the reaction processes of
poly[(R)-3-hydroxybutyric acid] (PHB) with two types of poly(-
hydroxybutyric acid) depolymerases secreted from Ralstonia
pickettii T1 and Penicillium funiculosum. QCM measurements
clarified quantitatively the differences in detachment behaviour
between two types of PHB depolymerases, namely the enzyme
from R. pickettii T1 was hardly detached but the enzyme from P.
funiculosum was released easily from the surface of P(3HB)
crystals under an aqueous condition (Numata et al., 2007).

The activity of gastric lipase was studied on a range of different
solid substrates and at various pH values (Chahinian et al., 2006).
Potato amylopectin was immobilized on a QCM-D sensor surface
by Sasaki et al. and enzymatic starch hydrolysis was monitored
directly (Sasaki et al., 2008). The specific interaction between
tris(hydroxymethyl)laminomethane (Tris) and lysozyme were
investigated by Quan et al. using QCM and confirmed by SPR
and high-performance affinity chromatography. The low
measured dissociation constant suggested that it was better
to avoid using Tris buffers for a lysozyme ligand binding study
when the ligands under study are weak binders (Quan et al.,
2008). QCM and in vitro motility assays have been employed to
shed light on the interaction between myosin motor fragments
(heavy meromyosin) and artificial surfaces in an effort to
understand the principles of actomyosin function to be able
to combine heavy meromyosin with nanostructuring techniques
for the development of nanotechnological applications. QCM and
assay data were found to be consistent with a model where the
molecules are adsorbed either via their flexible C-terminal tail
part of heavy meromyosin or via their positively charged
N-terminal motor domain without other surface contact points
(Albet-Torres et al., 2007).

To investigate the reactions of protein translation, Takahashi
et al. (2009) established a system that allowed real-time
monitoring of protein synthesis using a cell-free translation
mixture. Using an mRNA that encoded a fusion polypeptide
comprising the streptavidin-binding peptide tag, a portion of
Protein D as a spacer, and the SecM arrest sequence, they could
follow the binding of the tag, while it was displayed on the 70S
ribosome, to a streptavidin-modified QCM over time. From the
results of this study, both the formation of the initiation complex
from the 70S ribosome, mRNA, and fMet-tRNA (fMet) and the
accommodation of the second aminoacyl-tRNA to the initiation
complex were determined to be rate-limiting steps in protein
synthesis (Takahashi et al., 2009). QCM was the essential tool in a
study aimed at elucidating the mechanism of the nuclease
enzyme EcoRIl. EcoRIl is a homodimer with two domains
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consisting of a DNA-binding N-terminus and a catalytic
C-terminus and recognizes two specific sequences on DNA.
After binding to either recognition site, EcoRll cleaves the other
recognition site of the same DNA (cis-binding) strand and/or the
recognition site of the other DNA (trans-binding) strand.
Takahashi et al. (2008) were able to obtain the binding and
cleavage kinetics of only the cis-binding site by following the
frequency (mass) changes of a DNA-immobilized QCM. It was
determined from the kinetic analyses that the N-domain, which
covers the catalytic C-domain in the absence of DNA,
preferentially binds to the one DNA recognition site while
transforming EcoRll into an active form allosterically, and then the
secondary C-domain binds to and cleaves the other recognition
site of the DNA strand (Takahashi et al., 2008).

Protein—protein interactions

Most of the published work for protein—protein interactions
involves antibody-antigen interactions, reports for which are
covered separately in the immunoassay section of this review.
The following papers are thus limited to the use of QCM in the
studies involving proteins other than immunoglobulins.

A QCM study could demonstrate that cystatin C, an
endogenous cysteine proteinase inhibitor that is often used as
an indicator of glomerular filtration rate, binds directly to
megalin, an endocytic receptor in proximal tubule cells, in a
Ca(+)-dependent manner (Kaseda et al., 2007). Pre-treatment of
surfaces with casein as standard protocol for achieving optimal
kinesin activity has been studied by QCM measurements and
microtubule gliding to uncover the role that casein plays in
enhancing the activity of surface-adsorbed kinesin (Ozeki et al.,
2009). Hovgaard et al. monitored the changes in layer thickness
and viscoelastic properties accompanying multilayer amyloid
deposition. The combination with AFM allowed the study of the
temporal evolution of the interfacial fibrillation process as a first
step to build up realistic models of amyloid plaque formation in
vitro (Hovgaard et al., 2007).

QCM was employed to analyse the real-time growth of
amyloid-g protein (1-40) aggregation intermediates selectively
immobilized on the crystal surface. Immobilization permitted
quantitative evaluation of A-B(1-40) aggregation intermediate
growth under controlled solution conditions. Elongation of
A-B(1-40) aggregation intermediates via monomer addition
proceeded in a non-saturable and reversible fashion (Kotarek
et al., 2008). The serine protease inhibitor, Kazal type 1 (SPINK1) is
expressed in a variety of pancreatic ductal neoplasms. Ozaki et al.
were able to show that SPINK1 co-precipitated with endothelial
growth-factor receptor (EGFR) in an immunoprecipitation
experiment and that the binding affinity of SPINK1 to EGFR
was about half of that of EGF using quartz-crystal microbalance
(Ozaki et al, 2009). Fibroblast growth factor-1 (FGF1) was
co-released with ST00A13, a Ca>™-binding protein that acts as an
extracellular cargo molecule. QCM was used to determine
affinities and kinetics in the presence of varying concentrations of
Ca®" or Cu®" (Matsunaga and Ueda, 2008).

The kinetics of neurosteroid binding to recombinant human
microtubule-associated protein 2C (rhMAP2C) and neurosteroid
regulation of MAP2C-stimulated tubulin assembly were studied
by QCM (Mizota and Ueda, 2008). A QCM biosensor for
recombinant human interferon-g was constructed by utilizing
antisense peptides adhered to the QCM gold surfaces (Luo et al.,
2007). Highly specific peptide aptamers were also used to detect
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CDK2 protein from yeast cell lysate (Shu et al, 2008). The
ryanodine receptor 2 induces Ca" leak in failing hearts and K201
(JTV519) is a protein that inhibits the Ca®" leak by correcting the
defective interdomain interaction. QCM in conjunction with
fluorescent labeling and digestion experiments was used to
elucidate the binding fragments between the N-terminal and
central regions of the ryanodine receptor 2 and K201 (JTV519)
(Yamamoto et al., 2008). The effect of ionic strength on the
interfacial interactions between pectin and the bovine serum
albumin surface were investigated using QCM (Wang et al,
2007b).

THEORY

Background

The basic theory of signal dependence on adsorbed mass was
first developed by Sauerbrey (1959), who showed that the
frequency change of a quartz crystal TSM resonator was a linear
function of the mass per area ms, or absolute mass Am:
2 2
Afm:*anqs:*fLArnS (1)
Fqpq Fapq Ae

where f, is the resonance frequency of the unperturbed quartz
resonator, Fq the frequency constant of the crystal (F, =fo.dg), dq
the thickness, p, the quartz density, and A the electrode area.
The above equation is only valid for thin, solid layers deposited on
the resonator. This model for thin solid films was then further
developed by various contributors: remarkably Kanazawa (1997),
who expanded the model to Newtonian (viscous and lossy)
liquids. The following equation gives the frequency shift for liquid
loaded sensor surface in which the liquid is defined by its density
o1, and viscosity n;:

Aff= — fgﬂz_fo% e Q)
TTHqPq TTlqPq

and in which 14 is the shear module in x-direction, and p is the
density of the crystal. This equation can be derived by calculation
of an effective mass loading based on the penetration depth of
the transversal wave propagated from the crystal surface into the
liquid.

In a two layer system (i.e. a rigid mass layer and a viscous and
lossy liquid) these frequency shifts simply add up to an overall

shift:
AF = My + Afj = —fy2 (2T [ WA 3)
ququl fO”quq

In addition to the frequency shift, there also exists a
dampening of the resonator caused by the viscous liquid layer.
Dampening due to liquid can be also be quantified in the
measured series resistance in the equivalent electrical circuit.

g
HqPq

AR =4Lq, |f3 (4)

This dampening factor allows the possibility to detect not only
mass changes but also viscoelastic and conformational changes
of interactions. This last equation contains the term L, which
describes the inductance due to the quartz (a constant). Note that
there are several different methods of measuring the crystal load
impedance and the acoustic or surface load impedance that are
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covered in more detail elsewhere (Johannsmann, 2006; Lucklum
and Eichelbaum, 2006). Of note, however, is the measurement of
the dissipation energy (D), which is realized as ‘QCM-D’ in
commercially available instruments from Q-Sense AB (Rodahl
et al., 1995). Simplistically, a film that is viscoelastic or ‘soft’ will not
fully couple to the oscillation of the crystal, and will dampen
the crystal’s oscillation. The damping or, dissipation (D), of the
oscillation contains information on the film’s viscoelasticity. D is
defined by the ratio of energy lost (dissipated) during one
oscillation cycle and the total energy stored in the oscillator:

_ Elost
27Estored

(5)

The dissipation of the crystal is measured by recording
the response of a freely oscillating crystal that has been vibrated
at its resonant frequency. This also gives the opportunity to
jump between the fundamental frequency and overtones. By
measuring at multiple frequencies and applying a viscoelastic
model (the so-called Voight model) an interfacial film can be
characterized in detail, even for soft films when certain
assumptions are made (Voinova et al., 2002; Zhang et al., 2009).

Advanced theory

As with any technology that possesses significant strengths in
terms of versatility in measurement, there is also a corresponding
weakness in terms of the number of possible interpretations of
the sensor response. It is widely accepted that the QCM is not a
simple ‘mass balance; and can measure properties that are
additional to mass coupled to the sensor surface. Despite this, it is
surprising how many researchers publish papers that describe an
interaction in which the signal is clearly not gravimetric in nature
(non-Saubrey behaviour), but chose to simplistically ascribe any
discrepancy to ‘missing mass: The detailed physical phenomena
and various interpretations and models that can account for
them are beyond the scope of this review and the remit of this
journal; however, it should be noted that there are numerous
effects other than mass addition that can lead to frequency
changes on a QCM. In addition to liquid viscosity and density,
temperature and pressure (Shen et al., 2008), signals can be
affected by electrode surface roughness and wetability
(Cho et al, 2007b; Roach et al., 2007; Zhuang et al., 2007),
compressional wave reflection from a liquid meniscus in an open
well or immersion configuration (Picard and Davoust, 2007; Shen
et al., 2007a), hydrostatic pressure in a flow system (Ogi et al.,
2008), liquid permittivity and conductivity (Yu and Janata, 2008),
particularly if the electrode/circuit is not well grounded
(Yoshimoto et al., 2006), shear oscillation amplitutde (Edvardsson
et al., 2006; Encarnacao et al., 2007; Yoshimoto et al., 2007), and a
variety of properties of the bound layer; shear modulus and
elasticity(Jimenez et al., 2006; Rojas et al, 2008), homogeneity,
topology and viscosity. Explanations for ‘missing mass’ centre on
discussions of ‘coupled water’ (Lakshmanan et al., 2006; Bingen
et al, 2008; Wang et al, 2008a; Furusawa et al, 2009b),
the geometry and homogeneity of the attachmed mass
on the surface (Konig et al, 2006; Johannsmann et al., 2008;
Johannsmann et al., 2009; Tellechea et al, 2009), and various
interpretations of the impact of the viscoelastic properties of
the interfacial layer (Dutta et al, 2008; Johannsmann, 2008;
Zhu et al., 2008; Zhuang et al., 2008; Furusawa et al., 2009a; Patel
et al., 2009b).
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CONCLUSIONS AND OUTLOOK

The many references herein clearly illustrate that QCM can be
used successfully to quantify many physical properties of
molecules and molecular interactions. In addition to these
fundamental capabilities, the technology possesses the
additional advantages of being able to operate directly in a
wide variety of complex liquids and detect interactions between
molecules without the need to isolate and purify the analyte. This
is because most liquids of interest to researchers in the field
of molecular recognition possess very similar viscosities and
densities, compared to their significantly variant refractive indices
and optical transmission. In addition, there are a substantial
number of reports that exemplify the use of QCM as a powerful
analytical tool to monitor protein conformational changes in real
time. Finally, the ability to ‘overcoat’ the quartz sensor with
materials that may be optically opaque or incompatible
with evanescent wave-based detection extends the range of
applications beyond those possible with more conventional
optical label-free detection platforms.

QCM sensors have traditionally been viewed as low-sensitivity
devices; however, recent advances in the field together with
innovative assay formats have enabled limits of detection and
quantification that equal, and in some cases surpass, those
achieved by more widely adopted optical techniques. Key
advances in the field of acoustics and biophysics will continue to
drive forward the sensitivity and specificity limits of piezoelectric
assays. These include ultra-thin, high frequency ‘inverted mesa’
sensors formed by deep-reactive ion etching (Abe and Kato,
2007), novel sensors with both electrodes on one face of the
quartz (Abe and Kato, 2007) or no electrodes (Ogi et al., 2006; Ogi
et al., 2007; Larsson et al., 2009; Ogi et al., 2009a; Ogi et al., 2009b),
novel drive and electronic interface circuits (Arnau et al., 2008;
Torres et al., 2008), multiplexed sensor arrays (Hsiao et al., 2009),
and systems capable of operating at multiple frequencies and
oscillation amplitudes (Cooper et al., 2001; Edvardsson et al.,
2005; Kankare et al, 2006). More recently completely new
micromechanical devices based on the principles of resonant
acoustic biosensing have appeared involving torsional piezo-
electric (Bucking et al, 2007) and suspended piezoelectric
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resonators (Burg et al, 2007). Ultra-high frequency film bulk
acoustic resonator (FBAR) sensors are appearing with operating
frequencies from 700 MHz up to 1.5 GHz (Wingqvist et al., 2009),
and multimode devices combining plasmon resonance and QCM
(Dahlin et al., 2008; Jonsson et al., 2008; Zong et al., 2008; Larsson
et al., 2009) or relectometry and QCM (Edvardsson et al., 2009)
into a single unit have been reported. Systems with integrated
sample concentration involving paramagnetic nanoparticles (Tsai
et al, 2008) and even dielectrophoresis (Fatoyinbo et al., 2007)
have been reported, leading to further gains in sensitivity.

Finally, the emergence of a number of commercial organiz-
ations (Table 1) that are developing robust, reliable sensors,
sample delivery and analysis systems will together push the
technology more rapidly into the general laboratory and the field.
The continued growth rate in published papers is indicative of
considerable momentum gathering over the last four years
leading to a general acceptance of acoustic biosensing as a
mainstream research tool for the analysis of molecules and
molecular recognition.

A NOTE ON NOMENCLATURE

All of the papers referenced in this review exploit the use of a
piezoelectric sensor to analyse molecular interaction phenom-
ena. As can be seen from many of these articles, this type of
sensor can detect properties other than mass adsorption and
desorption from a surface or receptor, implying that the most
commonly used term to describe the technique: ‘quartz crystal
microbalance’ or ‘QCM; is not strictly accurate. Nevertheless, this
term is still the most commonly invoked, and as such it should be
taken to be used interchangeably with other nomenclatures: viz.
‘quartz crystal resonant sensor, or QCRS; ‘thickness shear mode,
or TSM’" and ‘bulk acoustic wave, or BAW'
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