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A novel amperometric immunosensor for the determination of carcinoembryonic antigens (CEA)
was developed. Firstly, ordered multilayer films of Prussian blue (PB) and multiwalled-carbon nan-
otube/polyethylenimine/Au (MWNT-PEI-Au) nanocomposite were fabricated onto the surface of a glassy
carbon electrode via alternate electrodeposition and self-assembly. Then a layer of chitosan mixed with
gold nanoparticles was cast onto the surface of the electrode. Subsequently, the electrode was coated
with antibody (Ab;) and blocked with BSA. The morphology of the MWNT-PEI-Au nanocomposite was
characterized by transmission electron microscopy (TEM). The fabrication process of the ordered mul-
tilayer structure and immunosensor were characterized by scanning electron microscopy (SEM) and
electrochemical measurements, respectively. The proposed fabrication strategy effectively ensured the
stability of the Prussian blue as electron mediator. Under optimal conditions, the fabricated immunosen-
sor exhibited a good response to CEA, with a detection range from 0.5 to 160 ng/mL and a detection limit
of 0.08 ng/mL at 3. The current fabricated immunosensor exhibited good sensitivity, selectivity, and
long-term stability. Furthermore, current study demonstrated the promising application of the alternate
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strategy based on electrodeposition and self-assembly for the construction of biosensor.
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1. Introduction

In past decades, the determination of tumor markers was an
important topic in the field of clinical analysis. Although several
methods can be chosen for the determination of tumor mark-
ers, including conventional enzyme immunoassay (Clerico et al.,
2000; Worwood, 2002; Hage, 1999), radioimmunoassay (Cioffi
et al,, 2001), and fluoroimmunoassay (Matsumoto et al., 1999),
immunosensors have attracted increasing interest because of their
easy operation, low cost, and ability to be implemented at the
point-of-care (PoC) (Tlili et al.,2010). Among these immunosensors,
electrochemical immunosensors are the most promising because
of their high sensitivity, ease of use and portability (Munge et al.,
2009; Ou et al., 2007).

Many reported amperometric immunosensors utilized the elec-
trolyte containing reversible redox species, such as ferricyanide
(Gao et al., 2011), thionine (Wu et al., 2006), because most antigen
or antibody proteins do not have electrochemical activity. However,
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the redox compounds in the supporting electrolyte may affect the
bioactivity of antibodies or antigens (Shi and Ma, 2011). In order
to improve the analytical performance of immunosensor and sim-
plify immunoassay operation, the label-free immunosensor based
on the immobilization of electron mediators onto the interface of
electrode has attracted much attention. Here, many types of media-
tors have been applied to the construction of immunosensors in the
literature, such as Prussian blue (PB), ferrocene and its derivatives
(Qiuetal.,2009), phenazine dye (Chai et al.,2008; Zhuo et al., 2005),
and 3,3',5,5'-tetramethylbenzidine (TMB) (Wu et al., 2009). Among
those mediators, the PB has been extensively used in the construc-
tion of biosensors because of its low cost, versatility of preparation
and good redox activity (Karyakin et al., 1995; Haghighi et al., 2004;
Jiang et al., 2010; Song et al., 2010; Ou et al., 2008).

The effective and stable immobilization of electron mediators
onto the conducting interface of label-free immunosensors is a key
point for the fabrication of immunosensors. Different immobiliza-
tion methods of mediators on the surface of biosensors had been
utilized, including cast method, layer-by-layer assembly (LbL) and
electrodeposition. Although one-step electrodeposition can pro-
vide a direct, simple and quick way to construct a PB layer on the
surface of electrodes, modified electrodes usually show unstable
electrochemical performance due to the unsatisfied stability of the
PB layer (Karyakin et al., 1995; Haghighi et al., 2004). To improve
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Scheme 1. The construction process of the immunosensors.

the stability of PB layer, MWNT and gold nanoparticles were intro-
duced into the electrodeposition process of PB layer, but slow signal
attenuation was still observed (Li et al., 2007; Sharma et al., 2011).

As an important fabrication method, LbL self-assembly tech-
nique could offer an effective approach to the fabrication of
ordered multilayer films with controlled composition and thick-
ness. Ordered structure of multilayer film can provide a favorable
microenvironment to maintain the stability of film matrix (Liu and
Lin, 2006). Yuan group reported several works about the multilayer
PB nanoparticle modified immunosensor based on LbL technique.
For example, Ou et al. (2008) utilized the Pt-PB hybrid nanoparti-
cles and MWNT-chitosan to construct an immunosensor via LbL
assembly. Therefore, the combination of electrodeposition and
layer-by-layer self-assembly as a strategy for stable immobilization
of electron mediators on the electrode surface may provide quick
fabrication of the stable interface of immunosensors with ordered
multilayer structure, and should be an interesting study topic.

This work attempted to construct an immunosensor based
on an alternate strategy combining electrodeposition and
the self-assembly technique. The PB nanoparticles and syn-
thesized multiwalled-carbon nanotube/polyethylenimine/Au
(MWNT-PEI-Au) nanocomposite were incorporated into the fabri-
cation process. Through the alternate strategy of electrodeposition
of PB nanoparticles and the self-assembly of a MWNT-PEI-Au
nanocomposite highly stable and ordered (MWNT-PEI-Au/PB),
composite films were obtained, which also acted as a good matrix
for electron transfer. Finally, a layer of chitosan-Au film covered
onto the surface of the electrode to form the coating layer for
immobilization of the antibody. Here, carcinoembryonic antigen
(CEA) was used as a model substrate. The prepared immunosen-
sor showed high sensitivity, low detection limit and long-term
stability.

2. Experimental
2.1. Materials and reagents

Multiwalled-carbon nanotubes (10-20nm in diameter, 95%)
were purchased from Shenzhen Nanotech Port Co., Ltd. (Shen-
zhen, China). The purification and carboxylation of the MWNT
were performed according to our previous report (Liu et al., 2008).
Polyethylenimine (PEI, branched, Mw 10,000), potassium ferri-
cyanide (K3Fe(CN)g), potassium ferrocyanide (K4Fe(CN)g-4H,0),

iron(O) chloride hexahydrate (FeCl3-6H,0), hydrogen tetra-
chloroaurate (HAuCly-4H,0), and potassium chloride (KCl) were
purchased from the Chemical Reagent Company of Shang-
hai (Shanghai, China). All of the reagents were of analytical
grade, and double distilled water was used throughout the
experiments.

Chitosan (Mw=1,000,000, deacetylation degree 92%) and
bovine serum albumin (BSA) were purchased from the Chem-
ical Reagent Company of Shanghai (Shanghai, China). Anti-
carcinoembryonic antigen (anti-CEA, Ab;) and carcinoembryonic
antigen (CEA) were purchased from Beijing Keyuezhongkai
Biotechnical Company (Beijing, China) and kept at —20°C.

Glassy carbon electrodes with diameters of 4 mm were pur-
chased from CHI Instruments (Shanghai, China). Indium-tin oxide
(ITO) conducting glass was obtained from Laibao Hi-Tech Co., Ltd.
(Shenzhen, China).

2.2. Preparation of the MWNT-PEI-Au nanocomposite

The MWNT-PEI-Au nanocomposite was prepared according to
the literature, with necessary modifications (Hu et al., 2006; Zhang
et al,, 2012). This suspension was highly dispersible and was sta-
ble for two months at room temperature. The nanocomposite of
MWNT-PEI was fabricated in a similar fashion without the addition
of the HAuCl, aqueous solution.

2.3. Formation of (MWNT-PEI-Au/PB),, multilayer composite
films

The pre-treatment of the glassy carbon (GC) electrode was per-
formed according to the literature (Cui et al., 2008). First, 5 L
of MWNT-PEI-Au nanocomposite was cast onto pre-treated sub-
strate and dried at room temperature. Then the substrate was
dipped into a 2.5mM KsFe(CN)g and 2.5 mM FeCls solution con-
taining 0.1 M KCl and 0.1 M HCl, and the electrodeposition was
performed by cyclic voltammetry between 0.4 and —0.1V at a scan
rate of 50 mV/s for five cycles. Afterwards, the substrate was rinsed
with double-distilled water and dried under nitrogen. Next, 10 L
of the MWNT-PEI-Au nanocomposite was cast onto the surface
of the substrate for self-assembly for 30 min in a wet chamber at
room temperature. These processes were repeated to obtain the
(MWNT-PEI-Au/PB), composite film.
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2.4. Construction of the immunosensor

The synthesis of gold nanoparticles was performed according
to the literature (Grabar et al., 1995), and the diameter of the final
synthesized nanoparticle was approximately 16 nm. Through cen-
trifugation, the original synthesized gold nanoparticle suspension
was concentrated 10-fold. Then 100 pL of the concentrated gold
nanoparticle suspension was added into a 1% chitosan solution, and
the dispersion was sonicated for 10 min to generate a homogeneous
mixture of chitosan-Au. Next, 5 L of chitosan-Au suspension was
cast onto the surface of a (MWNT-PEI-Au/PB),-modified electrode
and dried at room temperature. Subsequently, 20 L of anti-CEA
(500 pwg/mL,in 0.01 M PBS buffer, pH 7.2) was dropped onto the sur-
face of the modified electrode at 4 °C for approximately 12 h. Finally,
the modified electrode was incubated in a 0.5% (w/w) BSA solution
for 2 h at room temperature to block the remaining active sites and
avoid non-specific adsorption. The resulting immunosensor was
stored at 4°C when not in use. The entire fabrication procedure
is shown in Scheme 1.

2.5. Apparatus and measurements

The morphologies of the assembled multilayer films were
observed using a Sirion-100 field-emitting scanning electron
microscope (SEM, FEI, USA). The surface morphology of the
MWNT-PEI-Au nanocomposite was visualized using transmitting
electron microscopy (TEM, JOEL, Japan).

Electrochemical measurements were performed with a CHI
650c electrochemical workstation (Shanghai CH Instrument Com-
pany, China). A conventional three-electrode system was used
with a platinum disk electrode as the auxiliary electrode, a sat-
urated calomel electrode (SCE) as the reference electrode and a
modified GC electrode as the working electrode. Cyclic voltam-
mograms (CV) were performed in 0.025M PBS containing 0.1 M
KCI (pH 6.0) from 0.4 to —0.1V at a scan rate of 50 mV/s. For CEA
detection, the changes in reduction peak current (Al) before and
after antigen-antibody reaction were calculated in the equation
Al=Iy—I, where I represents the peak current after immunoreac-
tions, and Iy represents the peak current before immunoreactions.

3. Results and discussion

3.1. Formation of the (MWNT-PEI-Au/PB), nanocomposite
multilayer films

Fig. 1 shows the CVs of electrodes modified with different
numbers of (MWNT-PEI-Au/PB) bilayers in 0.025 M PBS (contain-
ing 0.1M KCl, pH 6.0). All of the electrodes gave well-defined
redox peaks, and the increased peak current was proportional to
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Fig. 1. CVsresponse after successive alternate electrodeposition and self-assembly;
the supporting electrolyte was 0.025M PBS containing 0.1 M KCl, pH 6.0. Inset:
Anodic peak current vs. number of fabricated nanocomposite bilayers.

the numbers of bilayers, which suggests that the electrochem-
ical signal could be effectively enhanced through the alternate
cycles of electrodeposition and self-assembly. For the first layer
of MWNT-PEI-Au prepared by the casting method, thus, the inset
of Fig. 1 shows the linear correlations between the reduction cur-
rent and the number of bilayers from two to seven. These results
confirmed that the alternate strategy of electrodeposition and self-
assembly was feasible and led to the formation of ordered and
functionalized composite films.

The TEM image of the MWNT-PEI-Au nanocomposite is shown
in the inset of Fig. 2a. It was clear that gold nanoparticles were
anchored around the sidewalls of the MWNT, which agreed with
the results published in the literature (Hu et al., 2006). Fig. 2a also
shows the surface morphologies of the ITO slides modified by the
MWNT-PEI-Au nanocomposite. The MWNT-PEI-Au nanocompos-
ite was firmly and uniformly adsorbed through strong electrostatic
interactions, and the Au nanoparticles were scattered on the surface
of the MWNT.

After five cycles of electrodeposition, the surface of the
MWNT-PEI-Au nanocomposite became rougher, and the diam-
eter of the MWNT became larger, which implies that the PB
nanoparticles were successfully deposited on the surface of the
MWNT-PEI-Au nanocomposite (Fig. 2b). In the inset of Fig. 2b, the
magnified zone highlights PB nanoparticles covering the MWNT
nanocomposites. These results may be attributed to the positive
charge of the MWNT-PEI-Au nanocomposite and the negative
charge of the PB nanoparticles (Fiorito et al., 2005). Here, the PEI
acted as a bridge role to connect the MWNT and PB nanoparticles

1 pm
University

Fig. 2. The morphologies of MWNT-PEI-Au (a), inset of a: the TEM details for the morphology of MWNT-PEI-Au and MWNT-PEI-Au/PB (b), inset of b: a local magnified

zone of MWNT-PEI-Au/PB.
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Fig. 3. (A) The CVs of different modified electrodes in a 0.1M
KCl solution containing 0.1M HCl (scan rate: 50mV/s vs. SCE).
From inside to outside: (PEI/PB);, bulk PB, (MWNT-PEI/PB); and
(MWNT-PEI-Au/PB);. (B) The CV characterizations of different modified
electrodes: bare GC (a); GC/MWNT-PEI-Au (b); (MWNT-PEI-Au/PB)s (c);
(MWNT-PEI-Au/PB)s/(chitosan-Au) (d); (MWNT-PEI-Au/PB)s/(chitosan-Au)/Ab;
(e); (MWNT-PEI-Au/PB)s/(chitosan-Au)/Ab; /BSA (f). The supporting electrolyte
solution was 0.025 M PBS containing 0.1 M KCl, pH 6.0.

-0.1

because of the PB can stably bind to the polymer chain (Hornok and
Dékany, 2007). In addition, the bulk PB layer onto the smooth ITO
fabricated under the same conditions can be seen clearly, indicat-
ing the current PB layer was composed of uniform nanoparticles
(see Supplementary Fig. S1).

3.2. Electrochemical characterization of the composite films

Fig. 3A shows the CVs of different electrodes modified with
(MWNT-PEI-Au/PB)3, (MWNT-PEI/PB)s, (PEI/PB); and bulk PB.
In contrast to the electrode modified by bulk PB, the electrode
modified with (PEI/PB)3 displayed only weak redox peaks. As a
non-conducting polymer, PEI may impede the electron transfer
on the surface of the electrode. Thus, the PB nanoparticles could
not effectively grow on the surface of the PEI-modified electrode
without carbon nanotubes. These results confirm the function
of MWNT as a conductive matrix material. The behavior of the
(MWNT-PEI-Au/PB);-modified electrode was similar to that of the
electrode modified with the (MWNT-PEI/PB)3, but with a higher
current response. This result may be attributed to the function of
Au nanoparticle, which acted as electron antenna, further improved
conductivity of modified interface on the electrode.

On the other hand, the signal attenuation of immunosensors
in the supporting electrolyte is unfit for accurate determination
based on the blocking effect. The different manner of deposition
employed for PB seemed to affect the stability of the fabricated sen-
sor (Ricci and Palleschi, 2005). Compared with the sensors modified
with (MWNT-PEI/PB)3 or bulk PB, the (MWNT-PEI-Au/PB)3 film
showed the best stability. Through successive CVs in the supporting
electrolyte within 2 h, the (MWNT-PEI-Au/PB); modified electrode
did not show any observable decrease of peak current. The probable
causes may be attributed to the following factors. First, the poly-
electrolyte and MWNT effectively enhanced the electrochemical
stability of PB (Li et al., 2007; Lukachova et al., 2002). In addition,
it was reported that the stability of the PB layer was effectively
improved through the deposition of PB onto the gold nanocrystals
(Song et al., 2010). In this study, Au nanoparticles on the surface
of MWNT might further enhance this protective action of MWNT
and polyelectrolytes for PB nanoparticles. Furthermore, the con-
structed sandwich-like multilayer structure might also provide a
favorable microenvironment to stabilize PB layer. Therefore, the
stability of (MWNT-PEI-Au/PB),, modified electrode is synergetic
result of factors demonstrated above. Finally, with the considera-
tions of these findings, the (MWNT-PEI-Au/PB), was chosen to be
the final multilayer film for the immunosensor matrix.

In general, the sharp redox peaks of deposited PB layer can be
attributed to the oxidation process as following equation (Mattos
et al., 2000):

Fell'[Fe'(CN)gl5 + 4K" + 4e~ < KqFell[Fe'(CN)g]5 (1)

The reduced form of Prussian white can be changed to be Prus-
sian blue, accompanied with the loss of four electrons. Thus, the
couple of well-defined peaks between —0.1 and 0.4V were surely
attributed to the conversion of Prussian blue and Prussian white.
Any inhibitory event taken place on the surface of electrode will
impede this conversion process by delaying electron transfer, thus,
the peak current of electrode decreased. Based on this principle,
the construction process for immunosensors can be characterized
by CV. Fig. 3B shows the bare GC electrode had no CV response in
the PBS (curve a in Fig. 3B). However, the GC/MWNT-PEI-Au had
a greater background current response than the bare GC electrode
(curve b in Fig. 3B), which suggests that the surface of the electrode
was significantly covered by the MWNT-PEI-Au nanocomposite
and electron transfer was improved (Ou et al., 2008; Cui et al.,
2008). The GC electrode modified with (MWNT-PEI-Au/PB)s dis-
played well-defined peaks with the highest response (curve c in
Fig. 3B). After the formation of the chitosan-Au film, the CV sig-
nal of GC/(MWNT-PEI-Au/PB)s5/(chitosan-Au) showed an obvious
decrease (curve d in Fig. 3B). This behavior was the result of the
inhibitory action of chitosan on the electron transfer of the elec-
trode surface. Similarly, the CVs after coating with the antibody
and blocking with BSA showed further inhibitory effects (curves e
and fin Fig. 3B).

The relationship between the scan rate and CV peak current
reflected the reaction kinetics change of the surface of electrode.
The peak current linearly increased with the scan rate from 5 to
45 mV/s (see upper inset of Supplementary Fig. S2), which suggests
that the observed electrochemical behavior was a surface process.
However, the peak currents were proportional to the square root of
the scan rate from 50 to 180 mV/s (see lower inset Supplementary
Fig. S2), implied the current reaction kinetics changed from a
surface process to a solution diffusion-confined process. The inves-
tigations above confirmed that the (MWNT-PEI-Au/PB),-modified
electrode preserved the electrochemical activity of PB (Du et al.,
2010).
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3.3. Optimization

3.3.1. Optimization of fabrication process

To guarantee the good electrochemical behavior of the elec-
trodes, some important parameters in the fabrication process and
in the detection period need to be optimized. The CV results showed
that the peak current reached a plateau when five cycles of elec-
trodeposition on the surface of MWNT-PEI-Au were completed.
Therefore, five cycles were chosen for fabrication throughout the
experiments (see Supplementary Fig. S3).

The CV signal increased with an increasing number of bilay-
ers. This phenomenon was attributed to the increased amount of
Prussian blue loaded on the surface of the electrode. However,
too thicker film may impede the electron transfer on the sur-
face of the electrode (Bellezza et al., 2002). Thus, the number of
(MWNT-PEI-Au/PB) bilayers should be considered carefully. The
best response was reached when the number of bilayers was five
(data not shown). Therefore, (MWNT-PEI-Au/PB)s was chosen for
the final immunosensor matrix.

Synthesized gold nanoparticles can usually be used directly as
the outermost layer by self-assembly or casting methods. Further-
more, the direct electrodeposition of gold nanoparticles onto the
outermost surface of the electrode was also chosen because of its
simplicity and ease of use, as already reported in several studies
(Jiang et al., 2010; Ding et al., 2009; Yuan et al., 2007).

In this study, the chitosan—Au mixture was cast onto the surface
of the modified electrode to fabricate a layer for immobiliza-
tion of the antibody because chitosan had good biocompatibility
and could effectively protect the inner matrix of electrode. How-
ever, the obvious immunoassay signal (AI) was not found for
the immunosensor built from original synthesized gold nanopar-
ticles mixed with chitosan. This observation could be attributed
to an insufficient concentration of Au nanoparticles for effec-
tive antibody immobilization on the surface of the electrode.
Thus, the immunoassay behavior of electrodes modified with
different chitosan-Au mixtures was also investigated. The orig-
inal concentration and 2, 5, 10, and 20-fold-concentrated gold
nanoparticles were mixed with 1% chitosan at the ratio of 1:1
(v/v). The electrode modified with the 10-fold-concentrated gold
nanoparticles mixed with chitosan provided the best electro-
chemical response to 10.0ng/mL CEA (see Supplementary Fig.
S4). The possible causes were attributed to the concentrated gold
nanoparticles mixed in the chitosan not only effectively immo-
bilized antibody, but also decreased the blocking effect of the
chitosan. Consequently, the chitosan-Au mixture with 10-fold-
concentrated Au nanoparticles was chosen to form outer layer
film.

3.3.2. Optimization of analytical conditions

The parameters in the detection period, including the pH of the
supporting electrolyte, immunoassay temperature and incubation
time, were all considered. The investigation of different pH val-
ues of the supporting electrolyte was performed in 0.025M PBS
containing 0.1 M KCI. The highest response was found at pH 6.0,
and the response then decreased at pH values above 7.0. This phe-
nomenon was attributed to the instability of Prussian blue under
alkaline conditions.

Although 37 °C was better for immunoreaction, a high tempera-
ture may damage the multilayer structure of (MWNT-PEI-Au/PB),
so the final practical operating temperature was chosen to be 25°C
(Ou et al., 2008). Finally, the incubation time was chosen based on
the effective decrease of current after the immunoreaction. With
the addition of CEA, the decrease in current increased within 25 min
and then reached a plateau. Thus, the effective time for immunore-
actions was chosen to be 25 min.
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Fig. 4. The calibration curve of the reduction peak current response of the
immunosensor (AlI) vs. the concentration of CEA under optimal conditions. Inset:
The CVs responses of the fabricated immunosensor to the different concentrations
of CEA. The supporting electrolyte solution was 0.025 M PBS containing 0.1 M KCl,
pH 6.0, scan rate of 50 mV/s vs. SCE.

3.4. The performance of the developed immunosensor for CEA

3.4.1. CVresponse and calibration curve

When the immunoassay reaction was taken place on the surface
of electrode, the antigen-antibody complex will surely inhibited
the electron-transfer. This action will lead to the change of the
reduction current of immunosensor. With the successive addition
of antigen, the proportional response to the different concentra-
tion of antigen can be observed. Under the optimized conditions,
the amperometric response of the immunosensor to different con-
centrations of CEA antigen is shown in Fig. 4. The linear range of the
(MWNT-PEI-Au/PB)s5/(chitosan-Au)/anti-CEA/BSA immunosensor
was 0.5-2.0ng/mL (AI=4.58Ccga (ng/mL)+0.9, r=0.995) and
2.0-160 ng/mL(AI=0.37Ccga (ng/mL)+19.18,r=0.992). The detec-
tion limit of the immunosensor was calculated to be 0.08 ng/mL
(at 34). Furthermore, the presented immunosensor could easily
respond to 0.5 ng/mL CEA antigen (inset of Fig. 4), which implied
that the current immunosensor could achieve highly sensitive
determination of low concentrations of CEA. This high sensitiv-
ity was mainly attributed to the effective immobilization of the
anti-CEA by the chitosan-Au film and to the improvement of the
conductivity between the electrode and PB by the MWNT-PEI-Au
nanocomposite. The detection limit of present immunosensor is
lower than the immunosensor based on PB (Lv et al., 2010). Besides,
the linear range is wider than that of immunosensor based on
Electrochemical impedance spectroscopy (EIS) (Tang et al., 2007),
suggesting the present immunosensor will be apt to detect real
sample.

3.4.2. Selectivity investigations

The selectivity of the immunosensor was carefully investigated.
Some probable interfering compounds presented in the serum,
including ascorbic acid, glycine, glucose, cysteine, BSA and Prostate
specific antigen (PSA), were explored. The interference effect is
evaluated by the current ratio (current ratio=1I;/I, I; was the
current response of immunosensor in the CEA solution with inter-
ference and I, was the current response of immunosensor in
the CEA solution without interference). The relative experimental
results demonstrated the current ration ranged from 1.02 +0.02 to
1.05+0.05 (n=5), suggesting the present immunosensor was not
significantly hindered by these interferences under physiological
conditions.
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Table 1
CEA concentration in blood samples tested by the immunosensor and ELISA method.

Serum sample Immunosensor ELISA (ng/mL)? Relative deviation
(ng/mL)* (%)

1 3.8+ 0.1 3.6 +0.3 5.9

2 12.4 £ 0.5 128 £ 0.8 -3.1

3 274+13 259+ 09 5.8

4 491+ 1.5 48.5 + 0.8 1.2

5 673 £1.8 705+ 1.6 -4.5

3 Mean value + SD of five measurements.

3.4.3. Reproducibility, regeneration and long-term stability

The reproducibility of the immunosensors was an important
parameter for clinical application. In this study, the reproducibil-
ity of the immunosensor was investigated by analysis of the same
samples (containing 20 ng/mL CEA) using five electrodes prepared
in the same conditions. The reproductive measurements gave a rel-
ative standard deviation (RSD) of 4.9%. In addition, a RSD of 3.7%
was obtained when the prepared immunosensor was carried out
for five successive measurements of 20 ng/mL CEA.

The regeneration of the immunosensor was of interest for reduc-
ing the cost of real applications and for long-term reliability.
Compared with the urea solution, the results of glycine-HCI buffer
provided a better behavior of regenerated immunosensor. The RSD
of renewed immunosensor regenerated by the later is 3.6%, and
lower than that by urea solution. Moreover, as for the weak alka-
line of urea solution, which may damage the fabricated PB layer,
the glycine-HCI buffer was finally chosen as a reasonable solution
for regeneration. The CV signal of the three immunosensors in the
blank supporting electrolyte reached 94-97% of its initial response
after the immunosensor was immersed in 0.1 M glycine-HCI solu-
tion (pH 3.5) for 15 min under stirring for the purpose of removing
the antigen from Ab;.

The final fabricated immunosensors were kept dry at 4°C for 4
weeks, and the CV responses of the stored immunosensor retained
87.5% of their original value. These results suggest that the current
electrode maintained its immunoactivity over long-term storage.
The probable reasons were attributed to the following factors.
First, the multilayer PB was stably anchored onto the surface of
the MWNT-PEI-Au nanocomposite through strong electrostatic
interactions. Second, the sandwiched multilayer structure based
on this alternate strategy effectively maintained the stability of the
nanocomposite film, and the layer of chitosan-Au played an impor-
tant role in protecting the inner PB layer. Furthermore, the chitosan
and gold nanoparticles had good biocompatibility and maintained
the bioactivity of the antibody.

3.4.4. Application in real sample

The ability to determinate CEA in real serum is a key indica-
tor for the potential application of the proposed immunosensor.
To investigate the clinical potential of the current immunosen-
sor, comparison experiments with enzyme-linked immunosorbent
assay (ELISA) were performed by the detection of human serum.
The results are shown in Table 1, suggesting the proposed
immunosensor was feasible for the determination of CEA concen-
trations in clinical applications. Moreover, the recovery data were
performed to assure this method (see Supplementary Table S1).

4. Conclusions

Through an alternate technique for electrodeposition and self-
assembly, a novel immunosensor for the determination of CEA
was developed. The ordered growing mode of the multilayer was
confirmed by SEM and cyclic voltammetry. The present method
effectively circumvented the drawbacks of one-step electrodepo-
sition and illustrated the potential of this alternate strategy of

electrodeposition and self-assembly in the construction of func-
tional composite films. The resulting immunosensor demonstrated
several advantages, including high sensitivity, a low detection limit
and long-term stability. Furthermore, the construction process was
simple, and the reproducibility of the electrodes was satisfactory.
Thus, the present work demonstrates the potential application of
the strategy of alternate electrodeposition and self-assembly in the
development of novel immunosensors.
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