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Abstract A novel and simple approach for oriented immobi-
lization of antibody (Ab) was proposed through carbodiimide
reaction and controlling electric field (CEF). The electrode
was modified by self-assembled monolayer of cysteine
(CYS SAM) with amino group stretching outside, and Fc
region of Ab was activated via carbodiimide reaction. By
adjusting pH of solution and applying a proper electric field,
Abs were manipulated owing to their charged nature and
immobilized on the electrode via the activated Fc region.
The stepwise modified electrodes were characterized with cy-
clic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). The results proved that Abs could be success-
fully immobilized on the surface of electrode. Under optimal
experimental parameters, the immunosensor could detect an-
tigen (Ag) in a range from 0.04 to 400 ng/mL. Furthermore,
the immunosensors fabricated with and without CEF were
comparatively studied, and the results showed that the former
had better detection properties than the later. Finally, the effect
of CEF on Ab was studied by polarization modulation infrared
reflection—absorption spectroscopy (PM-IRRAS) and scan-
ning electron microscope (SEM); the results indicated that
Abs were arranged in better order under electric field, this
may be the reason for the better properties of the
immunosenor. In a word, Ab immobilization through
carbodiimide reaction and CEF was very simple, fast, and
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easy to perform, and it would find wide application in the
immune-based assay systems.
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Introduction

Antibody (Ab) immobilization on the surface is known to be
an important factor for the development of immune-based
assay systems because the choice of the immobilization meth-
od greatly affects Ab—antigen (Ag) interaction on the assay
surface [1-3]. The current standard methods of immobilizing
Ab include physical/electrostatic adsorption, covalent cou-
pling via amine moieties, or affinity binding using affinity tags
[4-6]. Due to their simplicity of execution, these methods are
widely reported and commonly used. However, they often
lead to random orientation of Ab, creating supports of low-
density binding sites and of decreased binding affinity [5].
Thus, alternative strategies leading to Ab orientation have also
been presented.

Ab is composed of hundreds of amino acids to form the
characteristic Y-shape and where the carboxyl (~COOH)
group is positioned at the lower end of this Y-shape structure
(Fc region). Through the two upper end parts of this Y-shape
that are amine-terminated (Fab region), each Ab is able to bind
two Ag species [7]. Based on the characteristic mentioned
above, numerous methods have been described for achieving
oriented immobilization of Ab. The most common one is
achieved by protein G or protein A [4, 8, 9]. These proteins
bind specifically to the Fc region of Ab, leaving the Ab avail-
able to bind their target Ag and producing well-aligned
immobilized Ab with minimal steric hindrance. Although
common, Ab-binding proteins are expensive, and the
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additional process prior to Ab immobilization is time-consum-
ing. Other common approach refers to the oxidation of Ab. Ab
is a special class of glycoproteins containing approximately
3 % carbohydrate located on Fc region [10]. Carbohydrate can
be oxidized by sodium periodate to form aldehyde groups, and
Ab is consequently bound to amino group of support surface
via the Schiff-base reaction [11-13]. Oxidation method was a
convenient and effective oriented immobilization technique,
while it may result in excessive damage to Ab reactivity [2].
Another attractive method is based on the Ab fragments. The
disulfide bridges located in the Ab hinge region can be re-
duced. Using the resulting thiol side chains as reactive sites,
Ab can conjugate to gold or maleimide functionalized surface
[14-16]. This approach can improve the sensitivity of
immunsensor. At the same time, the potential loss of biologi-
cal activity of Ab fragments or steric hindrance possibility
because of a very compact layer is not to be ignored [2].
Overall, methods reported about Ab oriented immobilization
more or less have disadvantages. There is an urgent need to
develop a new method for oriented immobilization.

Carbodiimide reaction is employed for decades for protein
covalent binding and is expected to be compatible with pro-
tein structures, therefore preventing significant loss of activity
of Ab [7]. Carbodiimide compounds work by activating car-
boxyl groups for direct reaction with primary amines via am-
ide bond formation. Because no portion of their chemical
structure becomes part of the final bond between conjugated
molecules, carbodiimides are considered zero-length
carboxyl-to-amine cross-linkers [17]. Traditionally, carboxyl
group of support surface was activated by carbodiimide and
reacted with amino groups of Ab to result in their cross-
linking. This will lead to random orientation of Ab [18].
Ferreira et al. [7] activated the carboxylic residues at the Fc
site of Ab via carbodiimide reaction and making these directly
to an amine functionalized surface. Although the
immunosensor design was simple and oriented immobiliza-
tion of Ab, this method may end up in intermolecular or in-
tramolecular coupling within activated Fc site and the amino
group present in the Ab molecules.

Controlling electric field (CEF) is a well-known technique.
In recent years, several studies have reported its application in
biosensing. Enzyme and deoxyribonucleic acid (DNA) can be
immobilized covalently onto gold electrode under electric po-
tential [19, 20]. Response dynamics of biosensor based on
hydrogels can also be enhanced by the applying of electric
field [21]. The most interesting may be that charged Ab can
be manipulated under an electric field and immobilized onto
the support surface to fabricate immunosensor [18].

In this paper, we proposed a novel Ab immobilization
method through carbodiimide reaction and CEF. First, the
electrode was modified by CYS SAM with amino group
stretching outside, and Ab was activated via carbodiimide
reaction. By adjusting pH of solution and applying a proper
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electric field, Ab would move to electrode owing to their
charged nature and immobilized on the electrode via the acti-
vated Fc domain. Through carbodiimide reaction and CEF,
Ab could be oriented immobilized on the electrode, the time
of immobilization was greatly shortened, and the most impor-
tant was that intermolecular and intramolecular coupling of
Ab can be avoided. The immobilization process of Ab was
characterized by CV and EIS. The optimal condition for im-
mobilization and the properties of immunosensor were inves-
tigated. Finally, the effect of CEF on the immunosensor was
studied as well.

Materials and methods
Chemicals

Ab (goat anti-mouse IgG, IP 6.8-7.2) and Ag (mouse IgG)
were purchased from Shanghai Shengzheng Co. Ltd.
(Shanghai, China). CYS was obtained from Kemiou
Chemical Co. (Tianjin, China). Bovine serum albumin
(BSA), 1-ethyl-3-(3-diamino)propyl-carbodiimide (EDC),
and N-hydroxysulfosuccinimide (NHS) were obtained from
Acros CO. (Japan); Acetate-buffered solutions (ABS) at var-
ious pH were prepared using 0.02 mol/L NaAc and
0.02 mol/L HAc stock solution. Phosphate-buffered solutions
(PBS) at various pH were prepared using 0.02 mol/L
Na,HPO, and 0.02 mol/L KH,PO,. All chemicals were of
analytical reagent grade. All the water used in experiments
was the hyperpure water (resistivity>18 MS2 cm).

Apparatus

CV and EIS were performed on an IM6e-controlled intensity
modulated photo spectroscopy (Zahner instrument,
Germany). The electrochemical cell consisted of a three-
electrode system with Au or modified Au as the working
electrode, Ag/AgCl electrode and platinum wire as the refer-
ence and the counter electrode, respectively. CV was accom-
plished in PBS (pH 7.0) containing 5 mmol Fe(CN)¢> " and
0.1 mol KCl at a scanning rate of 100 mV/s. EIS was conduct-
ed in the same solution to the CV within the frequency range
of 5 mHz to 10 kHz.

PM-IRRAS was collected with a model Tensor 27 spec-
trometer (Bruker instrument, Germany). The Ab spectra were
obtained after subtracting the background (CYS SAM) from
the sample spectra (immunosensor), using a scaling factor that
made the 1750-1800 cm ™' region flat. Fourier self-
deconvolution and secondary derivative were applied to am-
ide I band to estimate the number, position, and width of
component bands. With the application of the above process,
curve-fitting was carried out by OPUS (version 5.0) to get the
best Gaussian-shaped curves that fit the original spectrum.
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After the identifying individual bands with its representative
secondary structure, the content of each secondary structure
was calculated by area of their respective component bands.

The surface of the modified electrodes with and without
CEF was characterized by SEM (SU8000, Hitachi, Japan).

The immobilization of Ab via CEF was accomplished on a
MCP-1 potentiostat (Jiangsu Jiangfen electroanalytical instru-
ment, China). Potentiometric measurements were made on a
PXIJ-1B digital ion meter (Jiangsu Jiangfen electroanalytical
instrument, China).

Immobilization of Ab

The stepwise immobilization was schematically shown in
Fig. 1. (1) A cleaned gold disk electrode ($=2 mm) was
immersed in 10-mmol CY'S aqueous solution at room temper-
ature for 24 h before being thoroughly rinsed with distilled
water and dried with pure nitrogen gas. In this step, self-
assembled CYS monolayer was formed on the gold surface
(CYS/Au). At the same time, Abs were activated by reaction
with EDC (25 mmol) and NHS (50 mmol) in ABS (pH 5.5)
for 30 min. (2) CYS/Au, Ag/AgCl, and platinum electrode
were placed into the Abs solution, as the working, reference,
and counter electrode, respectively. By adjusting pH, Ab
could have positive charge. The positive charges in Ab were
reported to be more distributed on the surface in the Fab re-
gion than in the Fc region [22]. Applying a proper electric
field on the system, Ab would directionally move to electrode
owing to their charged nature. (3) Potential of zero charge
(PZC) was the marker of surface charges of electrode [23].
Normally, the electrode surface was positively charged when
the potential is above the PZC and negatively charged when
below [24]. According to the PZC of CYS/Au electrode in
ABS (=500 mV, Fig. S1), a potential of higher than PZC
was applied on three-electrode system. At this time, electrode
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Au electrode CYS/Au electrode
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surface was positively charged. Because the same charge mu-
tually repelled, when Ab neared the electrode under electric
potential, Fab would repel the positive surface of electrode,
and they would automatically adjust molecular orientation, so
that the activated Fc domain was close to -NH; " on the elec-
trode surface. Ab consequently was oriented immobilized via
the coupling reagents EDC/NHS. After the immobilization,
the nonspecific response sites were blocked by BSA
(0.5 mg/mL, 1 h).

The immunosensor without CEF was prepared similar with
that of using CEF. After the activation of Ab, the CYS/Au
electrode was inserted into the Ab solution for 1.5 h, at room

temperature. Finally, the nonspecific response sites were also
blocked by BSA.

Detection of mouse IgG

The potentiometric response for the reaction between Ab and
Ag derived from a digital ion meter. The immunosensor (Ab/
CYS/Au electrode) and Ag/AgCl electrode were used as
working electrode and reference electrode, respectively. The
dynamic potential with time was recorded by successive ad-
dition of Ag to an ABS solution. After the immunoreaction,
the electrode was named as Ag/Ab/CYS/Au.

Results and discussion
Electrochemical characterization

CV was employed to monitor each immobilizing step.
Figure 2a shows the CV spectrogram of differently modified
electrodes. As expected, a well-defined spectrogram was ob-
served at the bare Au electrode (Fig. 2a, curve 1). When the
electrode was modified with CYS, an obvious increase of the
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(2) Adjusting the pH value and
electric potential control

(3) The oriented immobilization of antibody and

the blockage of non-specific response

Fig. 1 Schematic diagrams of Ab immobilization through carbodiimide reaction and CEF
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anodic peak and cathodic peak was obtained (Fig. 2a, curve
2). This may be the protonation of -NH, in CYS and the
electrostatic interaction with Fe(CN)¢>#", which promote
the transfer rates of Fe(CN)s> ™~ [25]. When Abs were
immobilized on the surface of the electrodes, the peak currents
of ferricyanide decreased greatly (Fig. 2a, curve 3), which
implied that the immobilization of Ab perturbed the interfacial
electron transfer of Fe(CN)s® *". Finally, after Ags were
coupled into Abs on the surface of electrode, a more obvious
decrease of the anodic peak and cathodic peak was obtained
(Fig. 2a, curve 4). The reasons may be that the Ab—Ag com-
plex acted as the inert electron and mass transfer blocking
layer, and it hindered the diffusion of ferricyanide toward the
electrode surface [26].

EIS was an effective method for probing the interfacial
properties of modified electrodes and often used for under-
standing chemical transformations and processes associated
with the conductive support [27]. Typical nyquist plot of EIS
included a semicircle portion at higher frequencies which was
corresponding to the electron-transfer limited process and a
linear part at a lower frequency range representing the
diffusion-limited process. The semicircle diameter in the im-
pedance spectrum was equal to the electron transfer resistance,
R, which controlled the electron transfer kinetics of the redox
probe at the electrode interface [28]. Figure 2b shows EIS
results of differently modified electrodes in the presence of
redox probe Fe(CN)s®>*~ measured at the formal potential
(the insert was the curves 1 and 2 ). It could be seen that the
bare Au electrode revealed a very small semicircle domain
(curve 1), implying a low electron-transfer resistance R of
the redox probe. After being modified with CYS, the electrode
showed a lower electron-transfer resistance R, (curve 2), im-
plying that the electron transfer process of Fe(CN)¢>7* on the
modified gold surface was relatively fast compared to that for
the bare gold electrode [29]. When Abs were immobilized on
the electrode, the EIS of the resulting electrode showed a high
interfacial resistance (curve 3). Especially, after Ags were
coupled into Abs on the surface of electrode, a further increase
of the interfacial resistance was obtained (curve 4). This may
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be attributed to the immobilization of the Ab or Ag film that
hindered the access of the redox probe to the electrode, caus-
ing the increase in R [30].

The results of CV and EIS confirmed that Abs were suc-
cessfully immobilized on the electrode via CEF and the Abs
immobilized had good immune reactivity.

Optimization of immobilized conditions

To maximize sensitivity (expressed as slope of calibration
curve in the linear region) of the immunosensor [31],
immobilized condition was optimized by varying time, pH,
electric field, and temperature.

The time of applying potential was an important parameter
for the immunosensor. The effect of time from 1 to 30 min on
the immunosensor sensitivity was investigated (Fig. 3a). The
sensitivity of immunosensor increased with the time increas-
ing up to 15 min. When applying time was over 15 min, the
sensitivity decreased sharply, this indicated that the optimal
immobilization time was 15 min. The immunosensor sensitiv-
ity decayed for a longer time of immobilization, which could
be explained by the steric hindrance between the proteins [32].
Abs were large proteins, and they need sufficient space to bind
to their antigen; therefore, too much Abs were not good for
immunosensor sensitivity. According to the literature [7], the
time was usually 1.5 h when CEF was not used. Thus, the
application of CEF greatly shortened the time of Ab
immobilization.

The isoelectric point (PI) of rabbit anti-mouse IgG is 6.8—
7.2, at which there is no net electric charge on Ab. Below the
IP pH, Ab molecule was positively charged, while above the
IP pH, it was negatively charged. In order to make Fab region
of Ab had positive charge, the effect of solution pH from 3.0
to 6.0 on the immunosensor sensitivity was studied. The sen-
sitivity of immunosensor increased with the increasing of pH
value from 3.0 to 4.5 and decreased as the pH increasing
further (Fig. 3b). The experimental results demonstrated that
the maximum response of immunosensor occurred when the
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pH of immobilization solution was 4.5. Therefore, an ABS of
pH 4.5 was used as the medium for Ab immobilization.

The electric field of Ab immobilization was very important
for the fabrication of immunosensor. The effect of electric
field from —800 to +400 mV on the immunosensor sensitivity
was studied. The sensitivity of immunosensor increased with
the increasing of electric field from —800 to —200 mV and
decreased as it increasing further (Fig. 3¢). So, =200 mV
was chosen as the proper electric field to immobilize Ab.
From Fig. S1, =500 mV was the E,,. of CYS/Au electrode
in ABS of pH 4.5. Thus, at =200 mV (the optimized electric
potential) which was higher than £,,. of CYS/Au electrode,
the surface charge of electrode was still positive.
Immunosensor fabricated at =200 mV had the highest sensi-
tivity that may be attributed that the potential supplied the
optimal bias for Ab to obtain the maximum orientational en-
ergy and immune activity [20].

The temperature of applying potential was another
vital condition for the fabrication of immunosensor.
The effect of temperature on the immunosensor behav-
ior was studied between 20 and 50 °C (Fig. 3d). The
sensitivity of immunosensor increased with increasing of
temperature from 20 to 35 °C and decreased as the
temperature increased further. The experimental results
showed that the optimal immobilized temperature was
35 °C.

From the results of Fig. 3, 15 min, pH 4.5, =200 mV, and
35 °C were selected as the optimal condition for applying
potential.

T
0

T T
200 400 3IS

Trc

20 25 30 40 45 50 55

Properties of the immunosensor prepared through CEF

When Ag bound to Ab immobilized on the electrode, there
would be an additional layer, which would change the poten-
tiometric response. The electrochemical performance of the
modified electrode with CEF was investigated by monitoring
potentiometric response, and the results are illustrated in
Fig. 4. The variation of dynamic potential with time is shown
in Fig. 4a. When Ag was added into the ABS solution, the
potential decreased with increasing time. From Fig. 4a, the
potential decreased to the steady-state value within 10 min.
As the immunosensor was immersed in blank ABS, the
steady-state potential value was recorded with E,, and when
an appropriate volume of Ag was added into the ABS solu-
tion, the steady-state potential value was recorded with £}, E»,
E;, et al. So, we worked out the potentiometric response
(AEl =El _Eo, AEzzEz_Eo, AE3:E3_E0, and so On) of
the immunosensor with different concentration of Ag. The
relation of potentiometric response with Ag concentration log-
arithm (the calibration curve) is shown in Fig. 4b. The Ag
concentration was changed between 2x 10> and 4x10* ng/
mL. From the figure, the immunosensor gave a linear range of
the concentration of Ag from 0.04 to 400 ng/mL. The linear
regression equation was AE=17.48logC+29.94 with a corre-
lation coefficient of 0.9957. From the slope of the resulting
calibration curve, a detection limit of 0.04 ng/mL was
estimated.

The fabricated immunosensor could be stored at 4 °C be-
fore use. After storage of 12 days, the response of Ag could
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remain 95 % of its initial value, indicating that the proposed
immunosensor had acceptable stability.

Comparative study of immunosensors prepared
through CEF or not

The electrochemical performance of the modified electrode
without CEF is illustrated in Fig. 5. The variation of potential
with time is shown in Fig. Sa, and the calibration plot of the
immunosensor is shown in Fig. 5b. Immunosensors prepared
with CEF or not detected Ag at the same condition. Their
properties were comparatively analyzed, and the results are
shown in Table 1. From Table 1, immunosensor prepared with
CEF had a detection limit of 0.04 ng/mL and a linear range
from 0.04 to 400 ng/mL. Its response slope was 17.48 mV/
decade, and response time was 10 min (can also see Fig. 4).
The immunosensor prepared without CEF gave a detection
limit of 0.1 ng/mL and a linear range from 0.1 to 20 ng/mL
(Fig. 5). The corresponding response slope and response time
were 15.40 mV/decade and 14 min, respectively. It could be
seen that immunosensor prepared with CEF had better detec-
tion properties than that without CEF.

225

Effect of CEF on Ab secondary structure

PM-IRRAS was an effective and sensitive FTIR approach for
the study of ultrathin films on the electrode surface [33, 34]. In
this paper, the effect of electric potential on Abs secondary
structure was investigated by PM-IRRAS. The IR spectra of
proteins exhibited a number of amide bands: the amide I band
was sensitive to the changes in the secondary structure and
had therefore been widely used for studying protein confor-
mation [35]. For the quantitative analysis of each secondary
structure, Fourier self-deconvolution and second derivative
were applied to amide I bands of Ab to estimate the number
and position of structure component bands. With the applica-
tion of the above process, curve-fitting was carried out to
achieve the best fitted curves. A best fit was determined by
the root mean square (rms) of differences between the original
spectrum and the sum of all individual bands. Figure 6 shows
the original and curve-fitting spectra of Abs immobilization
through CEF or not. The Abs immobilization without CEF
indicated five components of amide I band, located at 1620,
1647, 1662, 1678, and 1697 cm ' (Fig. 6a). There are also five
components of the amide I band on the Abs immobilized with

50
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Table 1 Comparative analysis of properties for immunosensor
prepared with CEF or not

Detection Linear Response Response
limit range slope time
ng/mL ng/mL mV/decade  min
With CEF 0.04 0.04-400 17.48 10
Without CEF 0.1 0.1-20 15.40 14

CEF (Fig. 6b), which located at 1620, 1643, 1653, 1677, and
1693 cm .

The multiplicity between 1620 and 1640 cm™' has been
frequently observed in {3-sheet-containing proteins, which
were usually called the low-frequency “3-component” and
reflected differences in the hydrogen bonding strength, as well
as difference in transition dipole coupling [36, 37]. The high-
frequency “p-component” may overlap with contributions
from 3-turns and unordered structures, and it was not univo-
cally related to a particular absorption peak. Some literature
assigned the peaks between 1660 and 1690 cm™ ' to either (-

-]

T as '|‘...' = I e B 1
1600 1625 1650 1675 1700 1725
Wavenumber/cm”

v T = BU v T v T T
1600 1625 1650 1675 1700 1725
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Fig. 6 (—) Experimental and (...) calculated spectra of Ab immobilized
without (a) and with (b) CEF

turns or (3-sheet [38, 39]. Bonwell and Wetzel assigned the
peaks observed in the region 16801670 cm ™' to intermolec-
ular antiparallel (3-sheet structure [40]. Consequently, we at-
tributed the bands range 1640-1620 cm ' and 1680—
1670 cm ' to B-sheet, and the bands range 1690—1680 cm
and 1670-1660 cm ' were assigned to B-turns. The bands
range 1640-1650 cm™' and 1650-1658 cm™' were usually
attributed to random coil and «-helix, respectively [35, 41].
On the basis mentioned above, in our work, the (3-sheet con-
tent was calculated by using the peaks centered at 1620,
1678 cm™ ' of Fig. 6a and the peaks centered at 1620,
1677 cm ' of Fig. 6b. The peak at 1662 cm ™', 1697 cm ™' of
Fig. 6a and the peak at 1693 cm™' of Fig. 6b were attributed to
B-turns. The peak centered at 1647 cm™ ' of Fig. 6a and
1643 cm ! of Fig. 6b were assigned to the random coil. The
peak observed at 1653 cm ' of Fig. 6b was ascribed to oc-
helix.

The percentage of each individual structural element was
calculated as the ratio between the area of the corresponding
peak and the total amide I band area. Table 2 shows the con-
tent of each secondary structure. As can be seen, Ab
immobilized without CEF had 33 % [3-sheet, 39 % random
coil, and 28 % (-turns. Upon with CEF, the position of [3-
sheet had no change; yet, the content of them increased a little
from 33 to 37 %. Random coil and high-frequency {3-turns
shifted 4 cm ™' to lower frequency; at the same time, the con-
tent of them decreased greatly, from 39 to 19 % and from 22 to
13 %, respectively. The most interesting was that loss of the
peak 1662 cm ™' (B-turns, without CEF) and the concomitant
appearance of the peak 1653 cm ™ '(«-helix, with CEF). From
Table 2, Abs were arranged in better order under CEF, and -
helix was induced at the expense of 3-turns and other more
random structures. The similar transitions had been observed
by May et al., in their study on the effect of electric field on
protein [42]. The better order of Ab with CEF may be the
reason for the better detection properties of the immunosenor.

Finally, the results of SEM (Fig. 7) illustrated the compar-
ison between the modified electrodes with and without CEF.
From Fig. 7, Abs assembled to form irregular shape when they

Table 2 Amounts of the structural components of Abs immobilized
with CEF or not

Without CEF With CEF
position content Sum  position content sum
(%) (%) (%) (%)

[3-Sheet 1620 12 33 1620 6 37

1678 21 1677 31
Random coil 1647 39 39 1643 19 19
a-Helix 1653 31 31
[3-Turns 1662 6 28 1693 13 13

1697 22
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Fig. 7 SEM images of Ab immobilized without (a) and with (b) CEF

were immobilized without CEF (Fig. 7a), the formation of
irregular shape may be ascribed to the intermolecular or intra-
molecular coupling of Ab. When Abs were immobilized with
CEF (Fig. 7b), regular spherical morphology with diameters
of 50-100 nm could be seen. The results of SEM further
confirmed ordered structure of Ab immobilized with CEF.

Conclusions

In the present paper, a novel and simple approach for oriented
immobilization of Ab was proposed through carbodiimide
reaction and CEF. The stepwise modified electrodes were
characterized with CV and EIS. The results proved that Ab
could be successfully immobilized on the electrode. Under
optimal experimental parameters, the immunosensor can de-
tect Ag in a range from 0.04 to 400 ng/mL. Furthermore, the
immunosensors fabricated with and without CEF were com-
paratively studied, and the results showed that the former had
better detection properties than the later. Finally, the effect of
CEF on Ab was studied by PM-IRRAS and SEM; the results
indicated that Abs were arranged in better order under electric
field, this may be the reason for the better properties of the
immunosenor. In a word, Ab immobilization through
carbodiimide reaction and CEF was very simple, fast, and
easy to perform, and it would find wide application in the
immune-based assay systems.
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