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Abstract: By means of the specific immuno-recognition and ultra-sensitive mass detection, a quartz crystal microbalance (QCM)
biosensor for Escherichia coli O157:H7 detection was developed in this work. As a suitable surfactant, 16-mercaptohexadecanoic
acid (MHDA) was introduced onto the Au surface of QCM, and then self-assembled with N-hydroxysuccinimide (NHS) raster as
a reactive intermediate to provide an active interface for the specific antibody immobilization. The binding of target bacteria with
the immobilized antibodies decreased the sensor’s resonant frequency, and the frequency shift was correlated to the bacterial
concentration. The stepwise assembly of the immunosensor was characterized by means of the electrochemical techniques. Using
the immersion-dry-immersion procedure, this QCM biosensor could detect 2.0x10% colony forming units (CFU)/ml E. coli
0157:H7. In order to reduce the fabrication time, a polyelectrolyte layer-by-layer self-assembly (LBL-SA) method was adopted

for fast construction. Finally, the reproducibility of this biosensor was discussed.
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INTRODUCTION

Escherichia coli O157:H7 is one of the most
dangerous food born pathogens, which may cause life
threatening complications—hemorrhagic colitis and
hemolytic uremic syndrome in humans (CDC, 2006;
Rangel et al., 2005; Su and Li, 2005). Illness due to E.
coli O157:H7 infection is often misdiagnosed and
commonly requires invasive and expensive medical
tests to make a correct diagnosis. The infective dose
of this bacterium is possibly fewer than 100
organisms (Tuttle e al., 1999). Since the loss caused
by E. coli O157:H7 is enormous in terms of medical
cost and product recall, it is extremely urgent to
develop some fast and sensitive methods to detect this
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kind of bacteria in food or water supplies.

Traditional methods for detection of E. coli
O157:H7 involve plating and culturing, enumeration
methods, biochemical testing, microscopy and flow
cytometry. Some new methods have been developed,
including immunoassays (Magliulo et al., 2007),
immunomagnetic separations (Wang et al., 2007),
nucleic acid probe-based methods based on
hybridization and polymerase chain reaction (PCR)
(Johnston et al., 2005), and the DNA microarrays (Jin
et al., 2005). However, many of these methods are so
time-consuming, expensive or complicated that they
are not suitable for fast detection of E. coli O157:H7.
As alternative to the conventional methods, biosensors
have been explored for pathogenic bacteria detection
in recent years (Berganza et al., 2007; Berkenpas et
al.,2006; Varshney and Li, 2007). Advantages of this
approach include its continuous data acquisition
ability, target specificity, fast response, mass produce
feasibility and sample preparation simplicity. Origi-
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nally the design of most biosensors is based on the
sandwich immunoassay, which forms an im-
muno-complex consisting of the immobilized pri-
mary antibodies, the captured target bacteria, and the
second antibodies labeled with enzymes. The signal
resulting from the enzymatic reaction is detected by
optical absorbance (Demarco and Lim, 2002; Liu and
Li, 2001), chemiluminescence (Liu et al., 2003), po-
tentiometry (Tu et al., 2000), or electrochemical im-
pedance (Ruan er al., 2002). Though these im-
munosensors can improve the detection sensitivity
and reduce the assay time, they are label-dependent,
so costly and complicated. As a label-free biosensor,
the quartz crystal microbalance (QCM) possesses
attractive advantages of cost effectiveness, speed and
simplicity of operation for detection of E. coli
O157:H7. As been well known, QCM is a very sen-
sitive mass-measuring sensor, and the crystal reso-
nance frequency decreases with the increase in mass
on the QCM. The relationship between the frequency
change and the mass loading is described by Sauer-
brey equation:

AF=CF*Am/A,

where, C is constant, AF is the frequency change, Am
is the mass change due to the surface deposition, F is
the basic frequency of the QCM, and 4 is the area of
the Au electrode. Based on the combination of highly
specific immuno-recognition and sensitive mass
detection, QCM offers such an opportunity to detect
the bacteria directly. According to Sauerbrey
equation, the frequency decrease is proportional to the
mass change, which relates to the bacterial
concentration (Su and Li, 2004).

Based on forementioned biosensors with dif-
ferent transmitting mechanism for bacteria detection,
it is rewarding to develop such a QCM biosensor for
E. coli O157:H7 detection based on direct immuno-
assay. That is to say, specific antibodies for target are
anchored onto the modified Au substrate, and then the
bacteria will be captured by the combination with
antibodies. The additional mass loading from the
specific binding can cause a shift in the QCM’s
resonant frequency, which requires no labeled sec-
ondary antibodies or pre-separation. Therefore the
direct immunoassay-based QCM biosensors excel
those founded on sandwich immunoassays. Mean-

while, they exceed the PCR-based QCM sensors in
the simplicity and rapidness. In the development of
direct immunoassay-based QCM  biosensors,
antibody immobilization is a crucial step to capture
the target bacteria successfully. There are many
methods to improve the immobilization efficiency,
such as polymer membrane (Wong et al., 2002),
protein A (Babacan et al., 2000), and self-assembled
monolayer (SAM) (Fung and Wong, 2001). Among
these methods, the SAM technique has attracted more
and more attention of scientists because it can provide
a reproducible, ultrathin, and well-ordered functional
layer for the late antibody immobilization. Aiming at
the Au electrode substrate of QCM, the way to form
an SAM of 16-mercaptohrxadecanoic acid (MHDA)
with 1-ethyl-3-(3-dimethylaminoprppyl) carbodiim-
ide (EDC) and N-hydroxysuccinimide (NHS) ester
has been adopted in antibody immobilization popu-
larly (Fung and Wong, 2001; Qian et al.,2002; Su and
Li, 2004), which may improve the detection sensitiv-
ity, speed, and reproducibility.

MATERIALS AND METHODS

Regent and materials

MHDA, EDC, NHS, poly ethylenimine (PEI)
and poly acrylic acid (PAA) were all purchased from
Sigma-Aldrich (USA). Affinity purified antibodies to
E. coli O157:H7 were obtained from Chinese Center
for Disease Control and Prevention (CDC, China).
Bovine serum albumin (BSA) was supplied by
Sino-American Biotechnology Inc. (Shanghai, China).
All other chemicals such as NaOH, KCI, NaCl,
Na,HPO,, H,SO,4 (98%), H,0,, potassium ferrocya-
nide and potassium ferricyanide were of analytical
pure grade or better quality. Ultrapure water (18.2
MQ/cm) produced by a Milli-Q system (Bedford, MA,
USA) was used throughout.

Bacteria and culture plating method

As the target bacteria, E. coli O157:H7 was
presented by the Centre for Disease Control and Pre-
vention in Zhejiang Province (Hangzhou, China) and
E. coli K-12 was used for negative control.

E. coli O157:H7 or E. coli K-12 was cultured in
nutrient broth at 37 °C for 12 h before use, and the
bacterial concentration was decided by the surface
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plating-count method. The cultured bacteria should
be killed in 100 °C water bath for 15 min, then be
diluted to a series of desired concentrations with
phosphate buffered saline (PBS, NaCl 8.00 g/L, KCI
0.20 g/L, Na,HPO, 1.38 g/L, KH,PO, 0.2 g/L, pH 7.4)
for later use.

QCM and experimental apparatus

The immunosensors used in our work were de-
veloped on 8 MHz AT-cut quartz crystals (diameter=
13.7 mm) sandwiched between two Au electrodes
(diameter=5.1 mm, thickness=1000 A). During the
course of fabrication and detection, the crystal was all
through mounted in a detection cell composed of
three round Teflon pieces (Fig.1). The top piece was
the cell top to hold reference and counter electrodes
used in the electrochemical measurement, the center
piece was the cell body for solution, and the bottom
piece was for mounting purpose. The seal was
through two O-rings that were pressed together by
four screws whose function was to tighten the bottom
piece and center piece together.

Body

§— Bottom

:;1::'__—_%%% Bottom

(a) (b)

Fig.1 The self-made detection cell. (a) Before tighten-
ing; (b) After tightening

Top cell
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Body cell

Bottom cell

Oscillating circuit 1

The frequency change conduced by mass al-
teration on the surface was acquired by an experi-
mental Quartz Crystal Analyzer (QCA) which we
ourselves designed, fabricated and developed as
shown in Fig.2. The frequency counting was carried
out with a frequency counter controlled by a com-
puter. The frequency signal of the QCM was sub-
tracted from a standard reference crystal with 8.20
MHz fundamental frequency and the variation of
frequency measurement in the PBS buffer was less
than 1 Hz.

Biosensor fabrication and detection procedure

Before use, the crystal was cleaned with 1
mol/L NaOH for 20 min, 1 mol/L HCI for 5 min and
Pirannha solution (30% H,0,:H,S04=2:3, v/v) for 1
min, in sequence, to remove organic adsorbent im-
purities and obtain a clean Au surface. After clean-
ing pretreatment, the crystal was rinsed with ethanol
and water successively, and dried in a stream of
nitrogen.

The cleaned crystal was fixed in the detection
cell. One side of the Au surface was submersed in
200-pl ethanol solution of 10 mmol/L MHDA for 24
h in order to organize a well-ordered monolayer.
After rinsed with ethanol and water successively, the
MHDA-modified crystal was treated with the solution
including 75 mmol/L EDC and 15 mmol/L NHS for 1
h to convert the terminal carboxylic group to an active
NHS ester. After the co-addition of EDC and NHS,
the following steps were PBS washing and nitrogen
drying to prepare the crystal for the next treatment.
Antibody immobilization was a vital part for the
successful fabrication: 20 pl anti-E. coli O157:H7
antibodies were added and spread over the whole Au

Measurement
signal input

Mixer signal
Mixer output
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Frequency
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Fig.2 The sketch of the whole detection system of experimental Quartz Crystal Analyzer
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electrode, and then the electrode was stored at 37 °C
for 1 h. After antibody immobilization, PBS buffer
was used to remove the excess antibodies and the
antibody-modified crystal was treated with 0.1%
BSA-PBS for 1 h to block the untreated and nonspe-
cific sites. The blocked crystal was rinsed by PBS and
water, and then dried in nitrogen. Thus, the im-
munosensor was ready for use and should be stored at
4 °C. Every step of the biosensor fabrication would be
detected by the experimental QCA to record the fre-
quency shift of the sensor in 200 pl PBS until the
baseline of PBS was stabilized.

During the detection process of E. coli O157:H7,
3 ml of 10°~10* colony forming units (CFU)/ml
bacterial suspension was added into the detection cell
for 1 h. Then the sensor was rinsed with PBS and
water, while the frequency shift caused by the com-
bination was collected by the QCA in 200 ul PBS
until the curve reached a plateau. The schematic dia-
gram of sensor fabrication and detection process is
presented in Fig.3.

EDC+NHS{HO-P

:3

Detection

Fig.3 Illustration for the fabrication and detection
procedure of the QCM immunosensor

The whole analytical course including the bio-
sensor fabrication and detection was named immer-
sion-dry-immersion procedure, because in each fab-
ricating and detecting step, one side of the crystal was
always exposed to the reagents or bacterial suspen-
sion in a static cell, and the resonant frequency of the
sensor was measured in liquid phase before and after
immersion. During the immunosensor fabrication, the
sensor should sometimes be dried with nitrogen
stream.

Investigation for rapid construction and im-
munosensor regeneration

To better fabricate the biosensor, the cleaned
QCM was fixed and treated by PEI (1 mg/ml, pH 10.0)
for 15 min, then by PAA (3 mg/ml, pH 3.0) for 15 min.
The following steps for NHS activation and antibody
immobilization were the same as those for biosensor
fabrication abovementioned.

Finally, in order to investigate and optimize the
biosensor regeneration, 0.1 mol/L glycine-NaOH (pH
11.0) elution buffer was adopted to regain the blocked
crystal, which could be used to detect the bacteria
again. After soaking in 10° CFU/ml of E. coli
O157:H7, the crystal was treated by the gly-
cine-NaOH buffer for 5 min, and then rinsed by PBS
to record the frequency shift, which should approxi-
mately return to the quondam blocking level.

Electrochemical characterization of the QCM
electrodes

Electrochemical cyclic voltammetric (CV) ex-
periments and impedance spectroscopy measure-
ments were processed by VMP2 Multichannel Po-
tentiostat (EG & G Inc., USA). Pt wire electrode was
used as the counter electrode and Ag/AgCl (in satu-
rated KCI) electrode as the reference electrode. The
impedance spectra were recorded in the frequency
range from 0.1 Hz to 100 kHz at the formal potential
of the [Fe(CN)s]* ™ redox couple, and the amplitude
of the alternating voltage was 5 mV.

RESULTS AND DISCUSSION

Immunosensor fabrication

1. Detailed fabrication and analytical perform-
ances of the biosensor

The specific antibodies could be immobilized
onto the Au surface of QCM in many ways in order to
fabricate an immunosensor. In this study, a compact
self-assembly membrane was used for the pro-
tein-linkage interface. MHDA is a long-chain car-
boxylic acid-terminating alkanethiol, which was
proved to be more stable than other shorter chain ones
(Mirsky et al., 1997), and an oriented monolayer of
MHDA on the Au electrode of QCM was shaped
through the strong Au-thiolate bond. The mechanism
of Au-thiolate bond is denoted as follows:
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R-SH+Au=RS-Au+e +H".

The co-addition of EDC and NHS could improve
the stability of the linker compounds by activating the
MHDA monolayer (Fung and Wong, 2001), and an-
tibodies were immobilized by replacing the active
NHS esters through the amide bonds.

The stepwise assembly of fabrication and the
corresponding response performance of the im-
munosensor were investigated using the immer-
sion-dry-immersion procedure. After each treatment
during the fabrication, one face of the crystal was
immersed in the background solution, i.e., PBS, until
it reached equilibrium, generally within 15 min.

Fig.4 shows the frequency increase due to each
step of the construction obtained with static lig-
uid-phase measurement by the QCA. In the statistical
histogram, it is shown that the mass increases of
MHDA-SAM, activated NHS esters and immobilized
antibodies induced the frequency shifts of (367£39),
(120421) and (271+67) Hz, respectively, with the
frequency fluctuation of +10.6%, =+17.5% and
+24.7%. It is well understood that the response fre-
quency of piezoelectric sensor is always instable in
liquid phase, because of its more complicated be-
havior in liquid phase than that in gas phase. So when
the QCM is detected in liquid phase, it should be
guaranteed that one side electrode of the crystal must
be kept in gas phase which has the lower damping
than that in liquid. The error of each step would be
amplified in series due to the mutual influences of the
conjoint steps. Some explanations indicated that,
besides the specific and nonspecific adsorption, the
variation of surface viscoelasticity, crystal interior
stress, solution density and viscosity could also in-
fluence the response frequency of the QCM (Martin et
al., 1991). Actually, the response frequency shift AF
of the crystal measured in liquid can be depicted by
the equation as follows:

AF=AF,+AF,+AF,,

Thereinto, AF),, and AF), are the frequency shifts in-
duced by the mass increase on the electrode surface
and solution character, respectively; AF), is the fre-
quency shift caused by crystal interior stress. How-
ever, the interior stress cannot be avoided when the
QCM is mounted on the detection cell. So the AF),
comprises two parts, i.e.,

AF =AF+AFy,

where, AF represents the frequency shift from the
initial static stress and AF4represents the frequency
shift from the dynamic stress induced by the small
perturbation of solution in cell. Owing to the presence
of AF;, the repeatability for the initial frequency of
the QCM is very poor. After the installation has been
finished, the AF, remains constant, and the AFy be-
comes a variable value and cannot be ignored.
Probably due to these complicated factors, the liquid-
phase based method has showed poor reproducibility.
However, this liquid-phase based procedure is actu-
ally the most appropriate method for revealing the
biomolecular interaction in the solution (Morita et al.,
20006). In this work, the static liquid-phase measure-
ment was adopted to keep the background buffer in an
immobile state, so the AF, has been minimized and
almost has no influence on the AF. Compared with
the injection and flow system (IFS), the static lig-
uid-phase measurement has fewer interferential fac-
tors, so the AF gained by static liquid-phase proce-
dure is more reasonable and accurate.

367
400 f
<[ 271
)
= 300 F
5
%2}
>
s 2 120
g
£ 100 f -
MHDA  EDC/NHS  Antibody

Fig.4 Frequency change for the individual coating on
the quartz crystal
Error bars=SD (n=3~10)

According to Sauerbrey equation, the mass
change on the surface can be deduced from the fre-
quency shift, and then the amounts of molecules of
each layer can be calculated according to the mass.
Usually, Sauerbrey equation is depicted as follow:

1/2
AF:CFzATerCF;“%. (1)

In the static liquid-phase measurement, the vis-
cosity () and density (pr) of the background buffer
are constant in each detection, so the Ay and Apy are
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all zero.
There, C=—2.26x10"° cm?/(Hz-g). Then this
equation could be simplified as:

AF=CF*AmlA, ()
thus,
AF x A
Am=—0— "= 3
T 26x10° F” 3

The molecule numbers N could be calculated by
mass Am, molecular weight M,, and Avogadro’s
constant A4 (6.02x10* mol ") as:

N=Am/M%6.02x10%, 4)
then,
N=-2.664x10"<AFxA/(M<F*).  (5)

The results shown in Table 1 indicate that the
fabricated immunosensor has the ability to adsorb the
order of 10" target antigens in an idealized state, but
the real amount of adsorbed bacteria would be de-
cided by many factors such as the antibody activity,
temperature, the pH of buffer solution and so on.

Table 1 Changes of mass and molecular numbers in each
step

AF AM Mol
Layer  Mw g (ng)  (nmol) N

MHDA 28849 367.0 517.333 1.7932 1.0795x10"
NHS  115.09 120.3 169.615 1.4740 8.8735x10"
Antibody 150000 271.4 382.551 0.0026 1.5351x10"

The reaction efficiency of stepwise fabrication
could be calculated from the data as follow:

Nyus/Nvinpax100%=82.1 95%,
Naw/Nnus*x100%=0.173%.

It is shown that the activating efficiency of NHS
is about 82.195%, namely almost 5 MHDA molecules
could be activated by 4 NHS molecules. The acti-
vating efficiency can be satisfied, but the effect of
antibody immobilization has declined so much, that is
to say that about 500 activated MHDA can immobi-
lize only one antibody. Analyzing the low immobili-
zation efficiency, at least two possible reasons should
be considered. One is that the volume of anti-£. coli
O157:H7 antibody is more gigantic than that of

MHDA, the other is that many active NHS esters
would be hydrolyzed by H" ions in the reagent during
the course of immobilization reaction. It is very im-
portant to adjust the pH value of the antibody solution
to the alkalescent level, so that the OH ions could
neutralize the H' ions and inhibit the hydrolization of
active NHS ester.

2. Preliminary exploration for rapid construction

The SAM technique employed in this assay is
attached to the covalently combining method, and it
has such an advantage that the assembly monolayer
can provide diversified functional groups according
to the experimental design in a uniform environment.
But, some existing lacuna of the monolayer would
result in the oxidation of the thiol groups, which could
arouse the break of Au-S bond and the collapse or
desquamation of assembly molecules, and further
influence the immobilization efficiency. Besides the
antibody immobilization effect, the preparation time
is also a parameter to evaluate the performance of the
biosensor. It has taken at least 24 h to form an
MHDA-SAM in this work, so the desire to improve
the procedure for more rapid construction of the
immunosensor was raised. In order to enhance the
stability of the deposited molecular layer and shorten
the fabrication time, a polyelectrolyte layer-by-layer
self-assembly (LBL-SA) method was explored for
antibody immobilization. It is well known that the
technique of polyelectrolyte multilayers based on
electrostatic interaction is a general approach for the
fabrication of multicomponent films on solid support
in the field of the materials science (Zhang et al.,
2007), but this is the first time the method is used in
the immunosensor construction for bacteria detection.
PEI and PAA are the materials used for deposition of
cationic and anionic layers, which are rich in amido
groups and carboxyl groups, respectively. The PEI, as
a polycation, was used to form the sensing film of a
toxic gas-detecting device (Kikuchi and Shiratori,
2005); the PAA, as a polyanion, was applied to shape
a polymer film on the surface of surface plasmon
resonance (SPR) to analyze amine compounds (Ni-
shimura et al., 2002). In this report, a polymeric
structure based on LBL-SA was formed by PEI" and
PAA" for improving the biosensor fabrication. The
required time for the assembly of multilayer films was
only 30 min in all, which was much less than that of
MHDA-SAM. In succession, the carboxyl groups on
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PAA membrane could be activated by NHS ester for
1 h, and thus the crystal surface was suitable for the
antibody immobilization. The whole procedure of this
LBL-SA based immunosensor could be accomplished
within 3 h, which has the rapidity predominance
compared with the MHDA-SAM based method.
However, multilayer structures for the rapid con-
struction of biosensor have exhibited a lower NHS
activating effect and a lower antibody immobilization
efficiency than those of the MHDA based approach,
i.e., the amounts of NHS and antibodies immobilized
onto the Au surface are 1.4743x10" and 0.6923x10"
respectively, and both of them are fewer than those
obtained with MHDA-SAM method. It is well known
that there were many factors affecting the growth of
polyelectrolyte multilayer, including the pH and
character of the reagent, the concentration and mo-
lecular weight of the polyelectrolyte, and the proc-
essing time, and so on. How to improve the efficiency
of antibody immobilization based on the LBL-SA
method needs to be explored and discussed thor-
oughly in the further study, and the LBL-SA method
would be a promising approach to rapidly construct
the immunosensor, and could extend the application
range of the biosensor greatly.

Immunosensor detection

A typical sensor diagram for the stepwise sensor
fabrication and detection is shown in Fig.5. Because
the immersion-dry-immersion procedure had been
used in the whole course, each temporal response
curve of the fabrication and detection was indie and
elevatory according as the ordinal treatment. The
frequency shift was obtained in the static PBS buffer,
so the curve would reach a plateau almost within 15
min. The change calculated from every two
neighboring stable curves was regarded as the AF
induced by the corresponding treatment. The immo-
bilization of anti-E. coli O157:H7 antibodies caused
more than 200 Hz increase of frequency, which con-
firmed the successful immobilization based on the
MHDA-SAM and NHS ester activation. Consulting
other pioneering works carried out by Mao et al.
(2006), BSA was selected to effectively prevent the
nonspecific adsorption of bacteria to the electrode.
The 100 Hz frequency shift after BSA blocking sug-
gested the adsorption of BSA to the surface of the
QCM.

E. coli O15:H7 detection

~ 216.10 ;
5 Negative control
= . Blocking
_L% 21590 b - Antibody
>
% 215.70 e i NHS/EDC
g 21550 L
55

215.30 Clean

0 4000 8000 12000

Data collection points

Fig.5 Temporal response curves of each step of the
immunosensors fabrication and detection
Data collection points at 300 points/min

Immersed in different concentrations of E. coli
O157:H7, the sensor’s resonant frequency increased
accordingly due to the binding of bacteria onto the
immobilized antibodies. The calibration graph of the
frequency shift vs the logarithm of cell concentration
is displayed in Fig.6. It can be seen that in the entire
working range of 10°~10° CFU/ml, the higher the
concentration, the greater the sensor response, but the
relationship is nonlinear and can be described by an
approximate sigmoid modal. Moreover, it can provide
some useful information about the kinetics of com-
bination of target bacteria with immobilized anti-
bodies. In Fig.7, the frequency shift and concentration
are plotted in a double-logarithmic scale, and a well
linear relationship is found between the logarithmic
values of these two variables.

When the bacterial concentration was 10
CFU/ml, the frequency shift was about (7.0+1.5) Hz
on average, whereas, when the bacterial concentration
reached the 10' CFU/ml or the sample was the nega-
tive control, the temporal response curves could not
be distinguished from the foresides, so this im-
munosensor has a detection range of 10*~10° CFU/ml.

250 r
200
150 ¢

100 ¢

Frequency shift (Hz)

50 +

2 3 4 5 6 7 8
Log of bacterial concentration (log CFU/ml)

Fig.6 Frequency shift of the immunosensor as a func-
tion of bacterial concentration
Error bars=SD (n=3)
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Fig.7 The logarithm graph for the frequency shift vs
bacterial concentration

It could be well understood that at the high bacterial
concentration, abundant cells could saturate the im-
mobilized antibodies on the surface, but at the low
bacterial concentration, few cells only provided a
small mass change, so the frequency shift would not
change obviously at the lowest and highest concen-
trations.

Immunosensor is characterized by its high
specificity, which depends upon the antibodies used.
In our study, the affinity-purified antibodies were
chosen to minimize the cross-reactivity to other E.
coli strains, and the strict control to the procedure is
important to ensure the correct tendency of frequency
shift. The influence of several matrices including pure
culture media and 0.1% BSA-PBS was also investi-
gated. The immersion-dry-immersion procedure was
subject to the interference of these matrices, and
hence the electrode surface should be cleaned com-
pletely after each treatment, and the background
buffer for test should be preserved with the same.
Fortunately, no significant interference was found
from these matrices with the immersion-dry-
immersion method.

Electrochemical characterization

Electrochemical measurements which were
useful in assessing the microscopic integrity and av-
erage behavior of such assemblies, have long been
used to characterize modified electrodes.

After each step, the immunosensor was moni-
tored through cyclic voltammetry and electrochemical
impedance spectroscopy using [Fe(CN),]'”* as a
redox couple. As shown in Fig.8a, the pretreated bare
Au electrode gave a reversible cyclic voltammogram
indicating the Au surface had been treated cleanly.
However, the formation of MHDA monolayer on Au

electrode resulted in a highly insulating surface and
thus blocked the transfer of redox couple in a large
scale (Fig.8b). So the CV curve of the SAM showed a
conversed sigmoid, which indicated that the MHDA
monolayer was so integrate and well ordered that
there were no obvious pinholes on its surface. In fact,
the presence of an n-alkanethiolate film of thickness
sufficient to allow for close packing of the chains will
provide up to a 99% electrochemical blocking effect,
allowing only 1% of the current that could occur
before SAM adsorption (Smith et al., 2004). The
results shown in Fig.8 are consistent with this report.

Clean

SAMs

Current (x107* A)

-04 -02 0 0.2 04 06 0.8
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(b)
Fig.8 Cyclic voltammograms of the same Au electrode

in the presence of 10 mmol/L [Fe(CN)ﬁ]H"_ for bare Au
electrode (a) and MHDA-SAM (b)

Fig.9 shows that the faradic current of the redox
process decreased with the modification of Au elec-
trode surface, and the impedance change of the elec-
trode at each step could also be directly found in
Fig.10. After activation, the MHDA monolayer be-
came less insulating. Then an increased current re-
sponse and decreased impedance were observed
(curve b in Figs.9 and 10). The explain for this result
was probably due to that when the terminal carboxylic
group of MHDA was changed to EDC/NHS in pH 7.4,
the former would take the negative charges which
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blocked the transfer of the negative redox ions
[Fe(CN)] > to the QCM surface owing to the
electrostatic repulsion, while the latter was positively
charged and induced the opposite effect. Certainly, in
some conditions such as the monolayer was activated
in the organic solvent, the MHDA would deviate from
the electrode surface which became less insulating,
but the desorption of MHDA would be neglected in
this study because the activation has taken place in the
aqueous solution. Immobilization of antibodies re-
duced the penetration of the redox pair and decreased
the current response (curve c in Fig.9). Insulation was
further improved after BSA blocking (curve d in
Figs.9 and 10) and the bacteria binding onto the spe-
cific antibodies (curve ¢ in Figs.9 and 10).
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Fig.9 Cyclic voltammograms of the same Au electrode
in the presence of 10 mmol/L [Fe(CN)¢]*" for fabri-
cation and detection. (a) MHDA-SAM; (b) EDC/NHS
activation; (c¢) Antibody immobilization; (d) BSA
blocking; (e) Bacteria binding
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Fig.10 Electrochemical impedance spectroscopy for the
biosensor fabrication and detection. (a) MHDA-SAM;
(b) EDC/NHS activation; (c) Antibody immobilization;
(d) BSA blocking; (e) Bacteria binding

Stability and repeatability of immunosensor
The QCM measurement was performed on the
self-manufactured QCA system, so the stability of

this equipment would directly influence the accuracy
and sensitivity of the immunosensor. In this research,
the stabilization of the QCA setup was so favorable
that the frequencies could reach the same level when
one crystal oscillated for three times (Fig.11).
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Fig.11 The stability and repeatability of the Quartz
Crystal Analyzer system
Data collection points at 300 points/min

Stability and reusability are also major factors in
evaluating an immunosensor. It was found that a
fabricated immunosensor based on MHDA-SAM
could retain its activity for at least 1 week at 4 °C
before its first use. How to regenerate a sensor for
continuous use is a challenge for the majority of
immunosensors, because the regeneration with ex-
treme pH, temperature and chaotropic agents would
decrease the activity significantly (Asanov et al.,
1998). There were many methods proposed to settle
on the solution to this problem, whose goal was to
effectively dissociate most antibody-antigen binding
interactions without permanently affecting protein
structure, so the regenerated immunosensor could be
used to detect the target bacteria again.

Fig.12 illustrates the variety of elution efficiency
and detection efficiency after two rounds of regen-
eration by glycine-NaOH buffer (pH 11). It is shown
that after each elution, the baseline would regress to
the level of BSA blocking, but the baseline of anti-
gens detection would decrease about 30% every time.
The main reason for the stepwise declining curve of
bacteria detection was possibly that the alkalescent
solution would gradually denature the antibody con-
formation and weaken its activity. Therefore, this
immunosensor based on MHDA-SAM could be used
continuously for only 2~3 times, and the optimization
of regeneration should be investigated in further re-
search.
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Fig.12 Two rounds of regeneration by glycine-NaOH
buffer (pH 11) for the biosensor. (a) After detection of
the bacteria; (b) The first round regeneration; (c¢) The
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CONCLUSION

The present study has detailedly introduced a
successfully fabricated immunosensor with MHDA-
SAM on Au surface, which could enable the subse-
quent immunobilization of anti-£. coli O157:H7 an-
tibodies onto the monolayer. As a reaction interme-
diate, NHS ester would improve the stability of the
linker compounds, and the frequency shifts obtained
by QCM were (367£39), (120£21) and (271+67) Hz
for the layers of MHDA, EDC/NHS and the anti-
bodies, respectively. PEI and PAA were adopted as
the polyelectrolytes in the LBL-SA method, and the
results indicated that those two materials had the
potential to shorten the fabrication time and extend
the application range of the biosensor. The detection
limit of the immunosensor based on MHDA-SAM

was 10> CFU/ml, which was advantageous or com-
parable to the presently available immunosensors for
bacteria detection. The immersion-dry-immersion
procedure was very appropriate for our QCM detec-
tion system to reduce some interferential factors, and
the detection of target bacteria could be completed
within 30 min, which was very simple and convenient.
Some attentions have been given to the exploration of
biosensor reusability, but it should be studied in the
further research.

There was no doubt that the immunosensor in
our work was very sensitive and speedy, and provided
a promising basis for developing a portable QCM
biosensor apparatus for bacteria detection, and that
even the possibility of a multi-channel detection sys-
tem would be realized by forming a QCM array.
Further melioration of the sensor’s sensitivity is
needed through improving the fabrication and im-
mobilization process in the future studies.
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