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a b s t r a c t

A novel piezoelelctric biosensor has been developed for cholera toxin (CT) detection based on the analyte-
mediated surface-agglutination of ganglioside (GM1)-functionalized liposomes. To achieve a CT-specific
agglutination at the surface, the gold electrode is modified by a GM1-functionalized supported lipid
membrane via spontaneous spread of the liposomes on a self-assembled monolayer of a long-chain
alkanethiol. In the presence of CT, the GM1-incorporated liposomes in assay medium will rapidly specif-
ically agglutinate at the electrode surface through the binding of CT to GM1 on the electrode surface
and the liposome interface. This results in an enormous mass loading on the piezoelelctric crystal as
well as a significant increase of density and viscosity at the interface, thereby generating a decrease in
unctionalized liposome
upported lipid membrane
enewable biosensor

frequency of the piezoelelctric crystal. The combination of mass loading with interfacial change in the
surface-agglutination reaction allows the developed piezoelelctric biosensor to show substantial signal
amplification in response to the analyte CT. The detection limit can be achieved as low as 25 ng mL−1 CT.
This is the first demonstration on CT detection based on specific surface-agglutination of GM1-modified
liposomes. The supported lipid layer based sensing interface can be prepared readily and renewably,
making the developed technique especially useful for simple, reusable and sensitive determination of

proteins.

. Introduction

Piezoelectric quartz crystals are very sensitive microgravimetric
evices. The frequency change of the piezoelectric quartz crystal in
as phase arises from mass change of the adsorbates on the crys-
al surface, while in liquid phase it is generally attributed to both
ravimetric and viscoelastic effects. Owing to its simplicity, low
ost, high sensitivity and real-time output, the piezoelectric quartz
rystal microbalance (QCM) has attracted considerable interest in
iomedical analysis of various targets including nucleic acids [1–3],
roteins [4–7] and small molecules [8,9].

QCM detection of proteins has been routinely performed
sing antibody-based immunoassay methodologies. In general, to
chieve specific detection of proteins the antibody is immobilized

n the QCM electrode surface, and the binding of target protein
irectly causes a change of mass loading on the crystal surface
r mediates a downstream binding of secondary antibody with
iant mass amplifier or enzyme label. Therefore, the immobiliza-

∗ Corresponding authors. Tel.: +86 0731 8821916; fax: +86 0731 8822577.
E-mail addresses: jianhuijiang@hnu.cn (J.-H. Jiang), rqyu@hnu.cn (R.-Q. Yu).

003-2670/$ – see front matter © 2009 Published by Elsevier B.V.
oi:10.1016/j.aca.2009.10.036
© 2009 Published by Elsevier B.V.

tion protocol and the detection strategy both play crucial roles for
the performance of QCM biosensors of protein targets.

Immobilization protocol should ideally not only impart a
high loading of active recognition components for enhancing the
sensitivity and dynamic range, but also allow ready and repro-
ducible preparation and regeneration of the sensing interface.
Immobilization of recognition components is traditionally imple-
mented using covalent linking via polymer coating [10–12], surface
self-assembled monolayer (SAM) [8,13], electrostatic assembled
multi-layer [14–16] and sol–gel film [17,18]. To improve the surface
loading of recognition components, there is an increasing interest
in the utilization of nano-structured sensing interfaces includ-
ing porous nanofilms [19,20] and nanoparticle-assemblies [21,22].
Alternatively, oriented immobilization procedures using protein
A/G and antibody fragments are introduced for the purpose of opti-
mizing the activity of immobilized antibodies [9,23]. Nevertheless,
these immobilization methods usually require skillful operations to

ensure reproducible preparation of the interfaces or harsh condi-
tions to regenerate the surfaces in which the immobilized antibody
might be partially inactivated. In this context, search for protocols
by which the sensing interface can be readily prepared and renewed
is still of great significance in the development of immunosensors.

http://www.sciencedirect.com/science/journal/00032670
http://www.elsevier.com/locate/aca
mailto:jianhuijiang@hnu.cn
mailto:rqyu@hnu.cn
dx.doi.org/10.1016/j.aca.2009.10.036
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Piezoelectric sensors are responsible to protein analytes either
ia the gravimetric or the viscoelastic mode. Due to limited mass
f the analyte protein, the frequency response of gravimetry-based
iezoelectric sensor is often inadequate to generate a highly sen-
itive signal. Giant mass label [24–27] or enzymatic deposition
28,29] has been exploited in order to improve the dose-response
ensitivity of piezoelectric sensors. These signal amplification
echniques, though offering sensitivity enhancement, frequently
nvolve multi-step reactions that might be time-consuming and
hus impractical for rapid assay applications. Piezoelectric sensors
ased on viscoelastic detection are essentially physical transduc-
rs in response to liquid phase bio-recognition reactions [7,11,30].
ecause of facilitated kinetics in homogenous interaction between
ntibodies and antigens in liquid phase, this technique features
relatively high analytical speed. However, since only interfacial

iscoelastic effect is measured, viscoelasticity-based piezoelectric
ensors are intrinsically limited in their detection sensitivity.

In this paper, a novel reusable piezoelectric biosensor with enor-
ous signal amplification has been developed for detection of

holera toxin (CT) based on analyte-specific surface-agglutination
f ganglioside (GM1)-functionalized liposomes on supported lipid
embrane incorporated with ganglioside GM1. The analyte protein

T, a protein enterotoxin that is secreted by the bacterium Vib-
io cholerae associated with a severe epidemic disease, comprises
pentamer of identical B units each specifically interacting with

ne ganglioside GM1 molecule. Then, the analyte protein not only
inds to the biosensor surface, but also causes specific agglutina-
ion of the GM1-incorporated liposomes on the surface as well as
n the assay solution. This produces an agglutinated network com-
lex of liposomes and CT at the sensor surface, inducing substantial
iscoelastic changes and enormous mass loading on the sensing
nterface. Compared with traditional piezoelectric biosensor, the
roposed technique introduces a simple approach to combine the
ontribution of both gravimetric and viscoelastic effects, thereby
nabling vast sensitive enhancement in protein determination.
urthermore, the supported lipid membrane modified interface is
nherently biocompatible and resistant to non-specific adsorption
f serum constituents, which mitigates the background responses
nd improves the selectivity of the developed sensor [31]. Addi-
ionally, the supported lipid membrane can be easily regenerated
ia brief wash with ethanol followed by spontaneous spread of the
ipid membrane. This furnishes an ideal protocol for the immobi-
ization of bio-recognition elements such as antibodies, aptamers
nd receptors for protein detection.

. Experimental

.1. Chemicals and solutions

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
onosialoganglioside (GM1) were purchased from Sigma Chem-

cal Co. Phosphate buffer saline (PBS, pH 7.4) was prepared using
/15 M Na2HPO4 and 1/15 M KH2PO4. Cholera toxin (CT) was
indly supplied by Shanghai United Cell Biotechnology Co., Ltd.
United Biotech). CT solution of varying concentrations were
repared in 1/15 M PBS (pH 7.4) and stored at 4 ◦C. BSA, IgG, HSA,

gE, thrombin, and lysozyme were obtained from Beijing Dingguo
iotechnology Company (Beijing, China).

.2. Apparatus
The quartz crystal analyzer (QCA 922) was purchased from
erkoeg & G Co., Ltd. (Japan). Piezoelectric quartz crystals (9 MHz,
old electrodes) were supplied from Chenxing Radio Equipments
Beijing, China). One side of the crystal was sealed with an O-ring
Acta 657 (2010) 204–209 205

of silicone rubber. The detection was performed by setting the
piezoelectric sensor in a laboratory-made reaction cell containing
300 �L sample solution. The experimental temperature was con-
trolled at 25 ◦C. The electric wires of the crystal were extended to
the quartz crystal analyzer to monitor the frequency responses. The
surface morphology of assembled layers was investigated by AFM
(SPI3800N Probe Station&SPA-400SPMUnit, Seiko, Japan)

2.3. Preparation of GM1-functionalized liposomes

Unilamellar liposomes were prepared according to a docu-
mented procedure [32] with slight modifications described as
follows: Stock solutions of DPPC and GM1 were prepared in a chlo-
roform/methanol mixture (6:1, v/v). The solution of DPPC (1 mg in
total) and GM1 were mixed in the mole ratio of 40:1 (DPPC/GM1)
in a 5-mL round-bottom flask. After the mixture was sonicated
for 5 min, the organic solvent was removed by rotary evapora-
tion under reduced pressure (0.09 MPa), leaving a thin lipid film
on the inside wall of the flask. To the dried lipids, 2 mL of PBS
(pH 7.4) was added. The lipids were hydrated in a water bath at
60 ◦C and rotated vigorously to form multilamellar vesicles (MLVs).
The MLV suspension was sonicated using a probe-type sonicator
to reduce the average size of the liposomes. The resulting lipo-
some suspension was centrifuged at 3000 rpm (644 g) for 15 min to
remove residual multilamellar vesicles and aggregated lipids. The
preparation of GM1-free liposome was exactly performed using the
aforementioned procedure except that the lipid solution only con-
tained DPPC. The liposome solution was stored at 4 ◦C until further
use. The diameter of the resulting liposome was measured to be
151 ± 15 nm using a dynamic light scattering system (Zeta Plus,
Brookhaven Instruments Corp.). The average volume of a single
liposome was calculated to be 1.8 × 10−12 �L. The amount of GM1
in the resulting liposomes was measured by the dimethyl methy-
lene blue dye method [33], and 51% of the GM1 was found to be
successfully incorporated in the GM1 liposome. Then it was esti-
mated that 2200 ± 200 molecules of GM1 were on the outer surface
of each liposome. Liposome concentration was determined to be
2.3 × 1012 liposomes mL−1 as explained elsewhere [34].

2.4. Fabrication of piezoelectric sensor modified with supported
lipid membrane

The gold electrode of a piezoelectric sensor was treated with
“piranha” solution, a mixture of 98% H2SO4 and 30% H2O2 in a vol-
ume ratio of 7:3, then washed thoroughly with a copious amount
of doubly distilled water, and finally dried at room temperature.
The bare electrode was immersed in a freshly made 2 mM octade-
canethiol in ethanol overnight to form a hydrophobic SAM on the
gold surface.

The hydrophobic surface of piezoelectric sensor was rinsed with
ethanol thoroughly, and air-dried. Exposure of the modified sensor
surface to an aqueous suspension of GM1-incorporated liposomes
in the reaction cell resulted in spontaneous spread of supported
planar lipid monolayer, which could be detected by the decrease
of resonance frequency. The supported lipid membrane modified
piezoelectric sensor was kept in PBS for further use. The piezo-
electric sensor without surface-tether GM1 was prepared exactly
using the aforementioned procedure except the use of GM1-free
liposome in spontaneous spread of the membrane.

2.5. Measurement procedure
The piezoelectric sensor was immersed in the reaction cell
containing 300 �L liposome suspension. After the resonance fre-
quency became stabilized, 3 �L of sample solution with different
CT concentrations was injected into the reaction cell. The frequency
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esponses were recorded as the reaction proceeded until equilib-
ium was reached. For all experiments, unless otherwise indicated,
he recorded frequency responses were the mean (SD) frequency
hanges of triplicate measurements.

. Results and discussion

.1. Frequency response characteristics of piezoelectric sensor

The frequency change of a piezoelectric quartz crystal in liq-
id phase was determined by two factors, i.e. the gravimetric and
he viscoelastic effects. To reveal that the surface-agglutination
ssay offered enormous signal amplification as compared with
raditional gravimetry-based and viscoelasticity-based detection

odes, the behaviors of the piezoelectric sensor with or without
urface-tethered GM1 in assay media with or without GM1-
odified liposomes were investigated.
Fig. 1 shows the real-time frequency response curve for this sen-

or in different cases. Curve a in Fig. 1 gives the response of the
iezoelectric sensor with surface-tethered GM1 to CT protein in an
ssay medium with GM1-free liposome. In this case, the piezoelec-
ric sensor with surface-tethered GM1 was set in the detection cell
ith 300 �L of PBS containing GM1-free liposome. After frequency

tabilized, CT solution of 3 �L was added. From Fig. 1 one observes
hat the frequency decreased gradually and became stabilized after
min with a maximized frequency change of 155 (SD = 7) Hz. One
lso found that such a response curve was consistent with that
btained in the detection cell with 300 �L of PBS, indicating that
here was no non-specific adsorption between CT and GM1-free
iposome. To identify whether the frequency response in this case
ontained the contribution of viscoelastic effects of the bulk solu-
ion, the solution in the detection cell was replaced with PBS
olution containing GM1-free liposome via a flow system. One sees
rom curve a in Fig. 1 that there is no significant frequency shift
uring this treatment, evidencing the bulk solution at the sen-
or surface has little contribution to the frequency response of

he piezoelectric sensor. In other words, the frequency response
n curve a of Fig. 1 was primarily contributed by the binding of
T to the surface. Considering that surface-tethered GM1 ligands
ere confined in a monolayer, the adsorbed CT would only form

ig. 1. The real-time frequency response to (a) 1 �g mL−1 CT using the piezoelec-
ric sensor with surface-tethered GM1 in an assay media with GM1-free liposome,
b) 1 �g mL−1 CT using the piezoelectric sensor with a GM1-free supported lipid

embrane in an assay media with GM1-free liposome, (c) 1 �g mL−1 CT using the
iezoelectric sensor with a GM1-free supported lipid membrane in an assay media
ith GM1-functionalized liposomes and (d) 1 �g mL−1 CT using the piezoelectric

ensor with surface-tethered GM1 in an assay media with GM1-functionalized lipo-
omes. The arrows denote the substitution of assay medium.
Acta 657 (2010) 204–209

a sub-monolayer on the surface, which might only yield negligi-
ble viscoelastic response as compared to gravimetric contribution
arising from surface adsorbates.

Curve b in Fig. 1 gives the response of the piezoelectric sen-
sor with GM1-free supported lipid membrane to CT protein in an
assay medium with GM1-free liposomes. In this case, the sensor
was placed in a detection cell with 300 �L PBS containing GM1-
free liposomes. After frequency stabilized, 3 �L of CT was added
in the solution. It is clear from curve b that the frequency change
is relatively small, about 40 (SD = 3) Hz. This might be due to non-
specific adsorption of the protein on the surface or the liposome.
With the solution inside the cell replaced by PBS containing GM1-
free liposomes, there was no remarkable change in the frequency,
suggesting that non-specific adsorption primarily occurred on the
surface, and the adsorption of protein on liposome was negligible.

Curve c in Fig. 1 gives the response of the piezoelectric sen-
sor with GM1-free supported lipid membrane to CT protein in an
assay medium with GM1-functionalized liposomes. In this case, the
sensor was placed in a detection cell with 300 �L PBS containing
GM1-functionalized liposomes. After frequency stabilized, 3 �L of
CT was added in the solution. It is seen in curve c in Fig. 1 the
frequency change becomes stable at about 300 (SD = 17) Hz after
40 min. With the solution inside the cell replaced by PBS contain-
ing GM1-functionalized liposomes, the frequency response was
almost recovered to the value given in curve b. From these observa-
tions, one could conclude that the frequency shift in this case was
primarily contributed by the agglutination of GM1-incorporated
liposomes in the presence of CT. The formation of network com-
plexes of CT and liposomes at the surface altered the interfacial
viscoelasticity, thereby resulting in the frequency response of the
sensor. Because the network complexes were only present in the
bulk solution at the surface, the removal of the complexes in solu-
tion substitution recovered the frequency.

Curve d in Fig. 1 gives the response of the piezoelectric sen-
sor with surface-tethered GM1 to CT protein in an assay medium
with GM1-functionalized liposome. In this case, the GM1-modified
sensor was immersed in 300 �L PBS with GM1-functionalized lipo-
somes. On adding CT in the detection cell, one observes a large
frequency decrease of 730 (SD = 38) Hz, as is depicted in curve d of
Fig. 1. With the solution inside the cell replaced by PBS with GM1-
functionalized liposomes, one observed a gradual increase of the
frequency with a maximized frequency shift of 110 (SD = 10) Hz.
Note that in this case where GM1 was present both on the sen-
sor interface and the liposome surface, CT would not only bind to
the surface, but also induce the formation of network complexes on
the surface and in the solution, i.e., a surface-agglutination reaction.
The network complexes of CT and liposome would form a multi-
layer structure on the surface and in the interfacial bulk solution,
which not only increased the gravimetric loading on the sensor, but
also altered substantially the viscoelasticity at the surface. That is,
the surface-agglutination strategy introduced a simple approach
to combine the contribution of both gravimetric and viscoelas-
tic effects, thereby enabling vast sensitive enhancement, 730 Hz
versus 155 Hz, in CT determination. Based on the results obtained
via substitution of assay medium that removed the network com-
plexes of CT and liposome in the bulk solution, the frequency
response arising from viscoelastic effect in bulk solution in the
surface-agglutination approach was estimated to be 110 Hz. This
implies that the contribution of gravimetric and viscoelastic effects
due to the adsorption of network complex on the surface was
620 Hz, which was also much greater than the gravimetric response

obtained in curve a.

Moreover, atomic force microscope (AFM) photographs of the
surface morphologies of QCM after spontaneous spreading of sup-
ported planar lipid monolayer and specific detecting of CT also
verify above-mentioned results. As shown in Fig. 2, the two pho-
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ig. 2. AFM photographs of QCM surface morphology: (a) QCM modified with t
iposome–CT complex.

ographs of surface morphology are distinct markedly, which
lluminates that the self-assembled supported planar lipid layer

as even and compact and surface-agglutination of liposome-CT
omplex led to substantial change of surface morphology.

.2. Concentration of GM1 and phospholipids in assay medium

It was reported that the surface density of GM1 in lipid
embrane would influence the orientation of CT protein at the
embrane [34]. To enable the analyte protein accessible by both

he sensor surface and the liposome, the concentration of GM1
hould be optimized in the lipid membrane. Under controlled con-
itions in preparing the liposome, the concentration of GM1 in the

ipid membrane was determined by the amount of GM1 in the lipid
olution. Fig. 3a depicts the frequency response of the biosensor as
function of varying GM1 fraction in the lipid solution. It can be

een from Fig. 3a that the maximal frequency response is obtained
ith the lipid solution with 40:1 in molar ratio for PC:GM1. There-

ore, the molar fraction of GM1 was controlled to be 1/41 in the
ipid solution throughout the experiments.

The sensitivity of agglutination assay was highly dependent

pon the size of the network complex of CT and GM1-
unctionalized liposome, which was in turn determined by the
oncentration of phospholipids used for the preparation of lipo-
ome. Similar to the immunoagglutination assay, the network
omplex exhibited the maximized size only when the valence

ig. 3. (a) Frequency responses to 1 �g mL−1 CT of the developed piezoelectric sensor in t
requency responses to 1 �g mL−1 CT of the developed piezoelectric sensor in the assay m
1-incorporated supported lipid layer and (b) QCM with surface-aggregation of

ratio of the reactive species coincides with the molar ratio of CT
to GM1-functionalized liposome. Either excessive or scant lipo-
somes in the assay media would induce shrinkage in the size of
the network complex, resulting in a decreased frequency response.
To optimize the signal gain of the surface-agglutination assay,
effect of the concentration of phospholipids on the frequency
response was investigated at a fixed concentration of CT. The
results in Fig. 3b shows that the maximized frequency response
is obtained when the concentration of phospholipids is around
0.5 mg lipids mL−1, indicating that the network complex of CT and
liposome reaches the biggest size at the phospholipids concen-
tration of 0.5 mg lipids mL−1. The phospholipids concentration of
0.5 mg lipids mL−1 was used throughout experiments.

3.3. Calibration curve

Fig. 4 depicts the frequency responses of the piezoelectric sen-
sor to CT of varying concentrations. It was observed that the sensor
gave increased frequency shift with increasing CT concentration,
and the stabilized frequency shift (recorded 40 min after addition
of CT) exhibited a linear correlation to the CT concentration in the

range from 0.1 �g mL−1 to 1 �g mL−1, as shown in the inset of Fig. 4.
The regression equation was �F/Hz = 653.7C/(�g ml−1) + 70.9 with
a correlation coefficient of 0.99. The detection limit (the concen-
tration corresponding to a signal 3 SD above the mean for blank
signals) was calculated as of 50 ng mL−1.

he assay media with varying GM1 fraction in phospholipids concentrations and (b)
edia with varying phospholipids concentrations.
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of GM1-functionalized liposome for 30 min. Fig. 7 depicts typi-
cal frequency variation curve of the piezolelectric sensor in five
regeneration cycles. It was seen that the piezoelectric crystal could
ig. 4. The real-time frequency responses of the piezoelectric sensor to differ-
nt concentrations of CT (a) 0.25 �g mL−1, (b) 0.4 �g mL−1, (c) 0.6 �g mL−1, (d)
.8 �g mL−1, (e) 0.9 �g mL−1 and (f) 1 �g mL−1. Inset: Calibration curve of the fre-
uency responses versus the concentrations of CT.

Besides the use of stabilized response for the quantification of
T, the initial response rate, defined by the slope of the frequency
hange curve at the initial stage, could also be utilized for the detec-
ion of CT, which might be of particular significance in rapid assay
ractices. Fig. 5 gives the initial rate of frequency responses at the

nitial stage (30 s) after the addition of CT. One observed that the
requency responses almost exhibited a linear variation profile at
he initial stage, and the slope (initial response rate) dynamically
ncreased with increasing CT concentration. The inset plot revealed
hat the initial response rate had a linear correlation to the CT
oncentration in the range from 0.1 �g mL−1 to 5 �g mL−1. The
egression equations was (�F/�t)/(Hz s−1) = 1.4C/(�g mL−1) + 2.1
ith a correlation coefficient of 0.99. The detection limit (the con-

entration corresponding to a signal 3 SD above the mean for blank
ignals) was calculated as 25 ng mL−1 for the kinetic approach. So,
he developed biosensor might provide a useful approach for rapid
linical diagnosis, particularly for epidemic screening of CT.

.4. Specificity and real sample analysis

Fig. 6 depicts the frequency responses of the developed
iosensor to common coexisting materials. It was observed that

he biosensor gave mean(SD) frequency responses of 55(6) Hz,
0(5) Hz,19(4) Hz, 60(7) Hz, 43(5) Hz, 39(4) Hz, 35(5) Hz, respec-
ively, for BSA (50 �g mL−1), HSA (50 �g mL−1), human IgG
50 �g mL−1), human IgE (50 �g mL−1), lysozyme (50 �g mL−1),

ig. 5. The frequency responses of the sensor in 30 s after the addition of the dif-
erent concentrations of CT (a) 0.1 �g mL−1, (b) 0.25 �g mL−1, (c) 0.3 �g mL−1, (d)
.4 �g mL−1, (e) 0.6 �g mL−1, (f) 1.4 �g mL−1, (g) 2.5 �g mL−1, (h) 4 �g mL−1 and (i)
�g mL−1. Inset: Calibration curve of the initial response rates versus the concen-

rations of CT.
Fig. 6. The frequency responses of the piezoelectric sensor to different pro-
teins: CT (1 �g mL−1), BSA (50 �g mL−1), hIgG (50 �g mL−1), HSA (50 �g mL−1),
IgE (50 �g mL−1), thrombin (50 �g mL−1), lysozyme (50 �g mL−1) as well as whole
serum negative for CT (10 fold dilution).

thrombin (50 �g mL−1) as well as whole serum negative for CT
(10 fold dilution). These responses were all much less than that,
738(39) Hz, obtained with 1 �g mL−1 CT, indicating that the sup-
ported lipid membrane and the liposome were highly resistant
to non-specific adsorption of common serum proteins. Then, the
developed strategy was expected to show high selectivity for the
detection of CT in serum specimens.

3.5. Regeneration of piezoelectric sensor

The developed biosensor was prepared using the supported lipid
membrane technology. This biologically compatible membrane not
only alleviated of non-specific adsorption of serum proteins, but
also allowed a ready regeneration of the sensor interface. Indeed,
the external lipid membrane could be removed immediately
via rinsing with ethanol, which renewed the octadecanethiol-
assembled electrode surface. Then, the supported lipid membrane
could be regenerated via immersing the electrode in a suspension
response in very reproducible way to the spread of supported lipid
membrane and the surface-agglutination of CT–liposome com-

Fig. 7. The frequency variation curves of the piezolelectric sensor in five regenera-
tion cycles. Arrow a denotes the formation of supported lipid membrane, arrow b
represents the addition of 1 �g mL−1 CT and arrow c indicates the regeneration of
the sensor surface.
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lex. As a matter of fact, it was observed that the biosensor could
e regenerated for more than 50 times with no significant loss
f the sensitivity. The relative standard deviation for frequency
easurements obtained with piezoelectric sensors in response to
�g mL−1 CT prepared via renewal in 50 runs was evaluated to
e 4.1%. Furthermore, the octadecanethiol-assmbled electrode sur-
ace could also be prepared with high reproducibility. Actually, 20
iosensors were prepared via simple self-assembled monolayer of
ctadecanethiol-assmbled on different electrodes followed by the
pread of the supported lipid membranes. One observed that the
requency shifts obtained with these 20 piezoelectric sensors in
esponse to 1 �g mL−1 CT exhibited a relative standard deviation of
.2%. In addition, the octadecanethiol-assmbled electrode surface
ould be stored for a long period in air (more than three months)
nd the resulting biosensor could be used throughout this period
or CT detection without significant loss of sensitivity.

. Conclusion

The present study proposed a novel strategy for the devel-
pment of piezoelectric biosensor for CT based on surface-
gglutination of GM1-functionalized liposomes on supported lipid
embrane incorporated with GM1. The biosensor was prepared

asily and reproducibly using the supported lipid membrane
ethered with target-specific receptor GM1. This biocompatible

odification enabled not only the alleviation of non-specific
dsorption of serum proteins, but also a ready regeneration of
he sensor interface. Also, a surface-agglutination assay method
as developed for sensitive detection of CT using the piezoelectric

iosensor. This method combined the viscoelastic and the gravi-
etric effects produced by the agglutinated network complex of

iposomes and CT at the sensor surface, thereby creating an effec-
ive approach to signal amplification. The results demonstrated
hat the developed biosensor could allow sensitive, selective, rapid
nd reusable detection of CT with highly resistance to non-specific
dsorption. It was expected that the developed strategy might
urnish an ideal protocol in immobilization of bio-recognition ele-

ents such as antibodies, aptamers and receptors and sensitive
etection of proteins in clinic diagnosis and medical researches.
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