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Abstract We repor t on a new e lec t rochemica l
immunosensor for the carcinoembryonic antigen (CEA; a
model analyte). First, poly(o-phenylenediamine) nano-
spheres (PPDNSs) were synthesized by using a wet-
chemistry method. The nanospheres were utilized as the
support for immobilizing horseradish peroxidase-labeled
polyclonal rabbit anti-human CEA antibody (HRP-anti-
CEA) on a pretreated glassy carbon electrode (GCE) using
glutaraldehyde as a crosslinker. In the presence of target
CEA, an antigen-antibody immunocomplex formed on the
electrode. This results in a partial inhibition of the active
center of HRP and decreases the activity of HRP in terms
of H2O2 reduction. The performance and factors influenc-
ing the performance of the immunoelectrode were studied.
Under optimal conditions, the reduction current obtained
from the anti-CEA-conjugated HRP (best at a working
voltage of −265 mV vs. Ag/AgCl) is proportional to the
CEA concentration in the 0.01 to 60 ng mL−1 range, with a
detection limit of 3.2 pg mL−1. Non-specific adsorption
was not observed. Relative standard deviations for intra-
assay and inter-assay are <8.3 % and <9.7 %, respectively.
The method was applied to the analysis of nine human
serum samples, and a good relationship was found between
the electrochemical immunoassay and the commercialized
ELISA kit for human CEA.
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Introduction

Carcinoembryonic antigen (CEA), as a set of highly related
glycoproteins involved in cell adhesion, is normally produced
in gastrointestinal tissue during fetal development, but the pro-
duction stops before birth. However, the serum levels are raised
in some types of cancers, e.g., liver, colon, breast and colorectal
cancer [1]. Hence, the sensitive determination of CEA plays an
important role in early monitoring and screening disease recur-
rence, contributing to tumor diagnosis and clinical therapy. Im-
munoassay, based on the antigen-antibody specific recognition
interactions, has become the main analytical method to detect
or quantify the tumor markers (which are found in the body,
usually blood or urine) with high sensitivity and specificity [2,
3]. Various detection methods including fluoroimmunoassay,
enzyme-linked immunosorbent assay (ELISA), electrochemi-
cal immunoassay, immunochromatographic assay, radioimmu-
noassay and chemiluminescence immunoassay, have already
been reported for the determination of tumor markers [4–8].
Among these methods, the electrochemical immunoassay has
attracted great attention because of its high sensitivity, simple
instruments and low cost [9].

Electrochemical immunosensor studies the immuno-
chemical reactions which take place in a solution at the
interface of an electron conductor (a metal or a semicon-
ductor) and an ionic conductor (the electrolyte), and which
involve electron transfer between the electrode and the
electrolyte or species in solution [10]. To develop the ad-
vanced electrochemical immunoassays, many works have
been focused on using different nanomaterials for the
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construction of the immunosensors, e.g., by noble nano-
structures, organic-inorganic hybrid nanostructures and or-
ganic polymer nanomaterials [11]. Recent research has
looked to develop innovative and powerful new
nanomaterials, controlling and tailoring their properties in
a very predictable manner to meet the needs of specific
applicat ions [12]. The power and scope of such
nanomaterials can be heavily enhanced by coupling
them with immunoreactions and electrical processes
(e.g., nanobioelectronics). Poly(o-phenylenediamine)
(PPD) is an interesting conducting polymer due to its
high conductivity, electrochromic and photoelectronic
properties with many free amino and imino groups
[13]. Such PPD polymers naturally have both a pore
size and a charged group that prevent interfering
compounds from permeating them, so they have drawn
wide interest in the fabrication of biosensors [14]. More
significantly, the conducting PPD exhibits the strong
electrochemical properties, which can be used as the
mediator for the electron transfer [15]. In this work,
our motivation is to synthesize the electroactive PPD
nanostructures (PPDNS) for the construction of electro-
chemical immunosensor.

Using CEA as a model analyte, we design a new
PPDNS-based immunosensing platform for the sensitive
detection of CEA in the biological fluids. Initially, the
positively charged PPDNS is immobilized onto the
pretreated glassy carbon electrode with negative charges
through the electrostatic reaction, and then horseradish
peroxidase-labeled anti-CEA antibody is immobilized on
the PPDNS by using glutaraldehyde as the cross-linkage
reagent. Upon target CEA introduction, the formed
immunocomplex on the electrode inhibited partially the
active center of HRP, and decreased the immobilized
HRP to H2O2 reduction. The electrochemical signal is
registered through the labeled HRP toward catalytic re-
duction of H2O2 with the help of PPDNS. The reduction
currents decreased with the increasing target CEA. By
monitoring the change in the current, we can indirectly
evaluate the concentration of target CEA in the sample.
The aim of this work is to explore a new electroactive
nanostructure-based immunosensing protocol for the de-
tection of low-abundant protein without the participation
of external electron mediator.

Experimental

Materials and reagents

Horseradish peroxidase-labeled polyclonal rabbit anti-
human CEA antibody (HRP-anti-CEA) and CEA stan-
dards with various concentrations were purchased from

Biocell Biotechnol. Co. Ltd. (Zhengzhou, China, www.
chinabiocell.com). o-Phenylenediamine (OPD) (98 wt %)
, bovine serum albumin (BSA) and glutaraldehyde
(25 wt %) were obtained from Sinopharm Chem. Re.
Co., Ltd. (Shanghai, China, www.sinoreagent.com). All
other reagents were of analytical grade and used
without further purification. Double distilled water was
used for all experiments. Phosphate buffer at various pH
values were prepared by mixing the stock solutions of 0.
1 M KH2PO4 and 0.1 M K2HPO4, and then adjusting the
pH with 0.1 M KOH and H3PO4, and 0.1 M KCl was
added as the supporting electrolyte. Clinical serum
samples were gifted from Shandong Provincial Tumor
Hospital, China.

Synthesis of poly(o-phenylenediamine) nanospheres
(PPDNS)

Poly(o-phenylenediamine) nanospheres (designated as
PPDNS) were synthesized through the redox processes of
self-doped poly(o-phenylenediamine) in the presence of
K2Cr2O7 referring to the literature with minor modification
[16]. Initially, 200 μL of 0.1 M OPD monomer was dispersed
into 3 mL of distilled water. Then, 150 μL of 0.1 M K2Cr2O7

aqueous solution was quickly added to the mixture. After-
wards, the mixture was stirred gently for 8 h at room temper-
ature. The resulting suspension was centrifuged at 7000 g for
10 min. Finally, the obtained precipitate was re-dispersed into
1.0 mL of distilled water for further use.

Preparation of HRP-anti-CEA/PPDNS-functionalized
immunosensor
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A glassy carbon electrode (GCE, 3 mm in diameter) was
sequentially polished with 0.3 and 0.05 μm alumina slurry,
followed by successive sonication in distilled water, ace-
tone, ethanol and distilled water for 2 min and dried in air.
After that, a potential of + 1.75 V was applied to the elec-
trode in 0.1 M pH 5.0 phosphate buffer for 300 s at room
temperature. The electrode was then scanned between
+ 0.3 and + 1.3 V until a steady-state current-voltage curve
was obtained [17]. After being washed with distilled water,
10 μL of PPDNS colloids (10 mg mL−1) was dropped onto
the resulting electrode, and incubated for 2 h at room tem-
perature. During this process, the positive charged PPDNS
was adsorbed to the negatively charged GCE via the elec-
trostatic reaction. Following that, the modified electrode
was incubated with the mixture containing 0.1 mg mL−1

HRP-anti-CEA and 1.0 wt % glutaraldehyde for 5 h at 4 °C
under gentle shaking to yield HRP-anti-CEA/PPDNS-
modified electrode. Finally, the immunosensor was incu-
bated with 3.0 wt % BSA for 60 min at room temperature
to eliminate non-specific binding effects and block the
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remaining active groups. The immunosensor was stored at
4 °C when not in use. The fabrication process of the
immunosensor is illustrated in Scheme 1.

Immunoreaction protocol and electrochemical
measurement

Voltammetric measurements were carried out with an
AutoLab electrochemical workstation (μAUTIII.FRA2.v,
Eco Chemie, The Netherlands, www.ecochemie.nl). A
conventional three-electrode system used in the work
consisted of a modified glassy carbon electrode as the working
electrode, Pt wire as the counter electrode, and an Ag/AgCl
reference electrode. Scheme 1 gives the fabrication process of
the immunosensor and the assay principle of the electrochem-
ical immunoassay. The assay was based on the inhibition of
the activity of the immobilized HRP after the formation of the
immunocomplex on the electrode. CEA standards or serum
samples with various concentrations were initially prepared
with distilled water, and then the immunosensor was incubat-
ed for 15 min with the samples at room temperature. After the
residual was removed with doubly distilled water, the
immunosensor was placed into pH 7.0 phosphate buffer con-
taining 2.4 mM H2O2. Meanwhile, the signals were assayed

Results and discussion

Characterization of the PPDNS

As mentioned above, the bioactivity of the immobilized bio-
molecules can be largely affected by the surface properties of
the transducer during the preparation of the immunosensor. In
this work, we tried to fabricate an improved sensing interface
by using poly(o-phenylenediamine) nanospheres as the matri-
ces. Use of nanospheres was expected to favor a particle-
enhanced immobilization of biomolecules because of the
unique physical and chemical features of nano materials.
Figure 1a shows transmission electron microscopy (TEM,
H600, Hitachi Instrument, Japan, www.hitachi.com) of the
PPDNS, and the mean size was 30 nm. Such a structure
provides a large surface coverage for the conjugation of
biomolecules. Logically, an important concern arises to
whether the PPDNS can be covalently conjugated to the
pretreated GCE by the glutaraldehyde. To demonstrate this
issue, we also used scanning electron microscopy (SEM,
S-3400 N, Hitachi Instrument, Japan, www.hitachi.com) to
monitor the pretreated GCE before and after conjugation
with PPDNS and HRP-anti-CEA. Compared with the
morphology of the pretreated GCE (Fig. 1b), we observed that
many small-sized nanoparticles were coated on the surface of
the pretreated GCE after incubation with PPDNS and HRP-
anti-CEA (Fig. 1c). The results revealed that the PPDNS can
be conjugated to the pretreated GCE by the glutaraldehyde.

Further, we also employed UV-vis absorption spectroscopy
(Specord 250 plus, Germany, www.analytik-jena.com) to
investigate the characteristics of o-phenylenediamine before
and after the polymerization (Fig. 1d). As seen from curve ‘a’,
a strong characteristic peak at 290 nmwas observed toward o-
phenylenediamine alone, which was ascribed to the π-π*
transition of the benzenoid rings [18]. After the formation of
PPDNS, two new characteristic peaks at 259 and 420 nmwere
appeared, while the initial peak at 290 nm was disappeared
(curve ‘b’). The phenomenon was in accordance with the
previous reports [19, 20]. The peak at 259 nm derived from

Scheme 1 Schematic illustration
of poly(o-phenylenediamine)
nanosphere (PPDNS)-
functionalized immunosensor for
one-step electrochemical
detection of target CEA by using
the PPDNS as indicator with
enzymatic amplification
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by using differential pulse voltammetry (DPV) from −100 to
−500 mV with a pulse amplitude of 50 mVand a pulse width
of 50 ms. The DPV peak current was collected and registered
as the signal of the immunosensor relative to CEA concentra-
tion (Note: All the currents were calculated relative to the
base line throughout the text, unless specifically stated).
The calibration plot was made by using the percentage
decrease in the peak current relative to the background
current [% = (i0 – in) ÷ i0 × 100 %, where i0 was the
background current and in was the current toward
different-concentration CEA]. All incubations and mea-
surements were conducted at room temperature (25 ± 1.
0 °C). All data were calculated in triplicate unless other-
wise specifically stated.
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the π-π* transition of the benzenoid rings. In contrast with o-
phenylenediamine, the polymer displayed a distinct shift from
290 to 259 nm, which might be attributed to the formation of
the C = N units, namely, quinoid units, a measure of oxidation
state of the polymer [21, 22]. The characteristic peak at
420 nm originated from the charge transfer exciton-like tran-
sition about quinoid units [19, 22]. Thus, the successful prep-
aration of poly(o-phenylenediamine) nanospheres favor for
the construction of the immunosensor.

Electrochemical characteristics of variously modified
electrodes

Figure 2a displays the cyclic voltammograms of the electro-
chemical immunosensor after each step in pH 7.0 phosphate
buffer at 50 mV s−1. No cyclic voltammetric peaks were ob-
served at bare GCE (curve ‘a’) and the pretreated GCE (curve
‘b’) within the working potential range. In contrast with curve
‘a’, the background current largely increased when the
cleaned GCE was electrochemically pretreated (curve ‘b’).
The reason might be attributed to the formation of –OH/
−COOH groups on the electrode surface [17]. When PPDNS
and HRP-anti-CEAwere immobilized onto the resultant elec-
trode, significantly, a couple of redox peak was achieved
(curve ‘c’). The results indicated that the formation of poly(o-
phenylenediamine) nanosphere did not change its redox prop-
erties, so that it can act as a mediator for electron communi-
cation between the solution and the base electrode. The redox

reaction for poly(o-phenylenediamine) nanospheres can be
illustrated as follows:

Typical cyclic voltammograms of the immunosensor in
pH 7.0 phosphate buffer at different scan rates were studied
(Fig. 2b). It was found that the the anodic and cathodic peak
current increased with the increasing of scan rate where ΔEp

increased slowly. At the low scan rates, the peak current in-
creased linearly with scan rate, v, not with v1/2 (Fig. 2b, inset),
suggesting that the redox reaction was a surface-controlled
process. When nΔEp < 200 mV, the electron transfer rate con-
stant Ks of HRP on the immunosensor can be estimated by the
following equation [23]:

Log Ks ¼ αlog 1–αð Þ

þ 1–αð Þlogα–log RT=nFvð Þ–α 1–αð ÞnFΔEp=2:3RT

Taking a charge transfer coefficient α of 0.5, and a scan
rate of 100 mV s−1, and then the electron transfer rate
constant (ks) was 4.13 ± 0.64 s−1, suggesting a reasonable
fast electron transfer between the HRP and the electrode
due to the presence of poly(o-phenylenediamine)
nanospheres.

To further monitor the electrochemical characteristic
of the immunosensor, H2O2 standards with different

Fig. 1 a TEM image of the
PPDNS, (b,c) SEM images of b
the pretreatedGCE and c PPDNS/
HRP-anti-CEA-modified GCE,
and d UV–vis absorption spectra
of (a) o-phenylenediamine and
(b) poly(o-phenylenediamine)
nanospheres

2544 Xu T.-S. et al.



concentrations were added into 0.1 M phosphate buffer
(pH 7.0), and cyclic voltammetric behaviors of the mod-
ified electrode was measured (Fig. 2c). As seen from
Fig. 2c, upon the addition of H2O2 into phosphate buffer,
an obvious catalytic characteristic was appeared with an
increase of the cathodic current and a decrease of the
anodic current. This result indicated the immobilized
HRP in the electrode retains high enzymatic catalytic

activity, and effectively shuttle electrons from the base
electrode to the redox center of HRP. The electron trans-
fer pathway can be simply summarized as follows:

HRPþ H2O2→Compound Iþ H2O
Compound Iþ PPDNS redð Þ→ Compound IIþ PPDNS oxð Þ*

Compound IIþ PPDNS oxð Þ*þ2Hþ→ HRPþ PPDNS oxð ÞþH2O
PPDNS oxð Þþ2e‐þ2Hþ→PPDNS redð Þ

Fig. 2 a Cyclic voltammograms of a bare GCE, b the pretreated GCE
and cHRP-anti-CEA/PPDNS -modified GCE in pH 7.0 phosphate buffer
at 50 mV s−1; b cyclic voltammograms obtained from HRP-anti-CEA/
PPDNS-modified GCE at different scan rates (5–500 mV s−1 from inner
trace to outer trace) in pH 7.0 phosphate buffer (Inset: plot of peak current
against scan rate); c cyclic voltammograms obtained from HRP-anti-

CEA/PPDNS-modified GCE in pH 7.0 phosphate buffer upon addition
of different-concentration H2O2 from 0.01 mM to 2.0 mM; and d DPV
responses of (a,a’) HRP-anti-CEA/PPDNS-modified GCE and (b,b’)
anti-CEA/PPDNS-modified GCE in pH 7.0 phosphate buffer containing
2.4 mM H2O2 before (a,b) and after (a’,b’) reaction with 1.0 ng mL−1

CEA

Fig. 3 The effects of a pH of phosphate buffer and b incubation time for the antigen-antibody reaction on the analytical properties of the electrochemical
immunosensor (1.0 ng mL−1 CEA used in this case)

Poly(o-phenylenediamine) nanosphere-conjugated capture antibody immobilized on a glassy carbon electrode... 2545



As described above, the PPDNS has a pair of redox peaks.
After target CEA reacted with the immobilized HRP-anti-CEA,
the formed immunocomplex coated on the modified electrode,
and inhibited partly the active center of HRP and the redox
efficiency of the PPDNS. Thus, the decreased electrochemical
current was ascribed to the PPDNS and the immobilized HRP
toward H2O2 reduction. The decrease in the reduction current
indirectly depended on the CEA concentration in the sample.

To further clarify the advantage of using the HRP-anti-CEA,
we prepared two types of immunosensors with and without the
HRP by the similar preparation method (i.e., HRP-anti-CEA/
PPDNS-modifiedGCE and anti-CEA/PPDNS-modifiedGCE).
Following that, two immunosensors were used for the detection
of 1.0 ng mL−1 CEA (as an example) in pH 7.0 phosphate
buffer containing 2.4 mM H2O2. The comparison was evaluat-
ed on the basis of the change in the cathodic current before and
after reaction with target CEA. As seen from Fig. 2d, the pres-
ence of HRP can cause an 11.4-μA signal decrease of the
immunosensor, while the signal only decreased 4.9 μAwithout
the HRP. So, use of HRP-anti-CEA had the ability to improve
the analytical performance of the immunosensor.

Optimization of experimental conditions

To achieve an optimal analytical performance, some experi-
mental parameters should be investigated. The influence of
pH of phosphate buffer is an important parameter on the sen-
sitivity of the electrochemical immunosensor, because the
acidity of solution greatly affects the activity of the
immobilized protein. Figure 3a shows the effect of pH of
phosphate buffer on the current of the immunosensors in the
buffer containing 2.4 mM H2O2 after incubation with
1.0 ng mL−1 CEA for 60 min (adequate reaction) at room
temperature. The cathodic current increased with the increas-
ing pH values from 5.0 to 7.0, and then decreased. The opti-
mal amperometric response was achieved at pH 7.0. Highly
acidic or alkaline surroundings would damage the
immobilized protein, especially in alkalinity. So, pH 7.0 phos-
phate buffer was selected as the supporting electrolyte for
CEA detection.

Usually, the antigen-antibody reaction is adequately car-
ried out at human normal body temperature (37 °C). Con-
sidering the possible application of the proposed immuno-
assay in the future, we selected room temperature
(25 ± 1.0 °C) for the antigen-antibody interaction through-
out the experiment. At this condition, we monitored the
effect of incubation time on the currents of the
immunosensors from 5 to 30 min (Fig. 3b). As shown in
Fig. 3b, the cathodic currents increased with the increment
of incubation time, and tended to level off after 15 min.
Hence, an incubation time of 15 min was selected for sen-
sitive determination of CEA in this work.

Electrochemical responses of the immunosensors
toward CEA standards

To enhance the probability for the effective treatment on the
disease-relative proteins, highly sensitive detection of cancer
markers is very important for early cancer diagnosis. Under
the optimal conditions, the sensitivity and dynamic range of
the electrochemical immunosensor were monitored toward
CEA standards with the differential pulse voltammetry in
pH 7.0 phosphate buffer containing 2.4 mM H2O2, using
the PPDNS as the reporter. It was obvious that DPV peak
currents displayed a dependence upon the concentration of
target CEA (Fig. 4a), and the percentage decrease in the
peak current increased linearly with the increasing of CEA
concentration ranging from 0.01 to 60 ng mL−1 with two
sections appeared. The linear regression equations were ob-
tained as y (%) = 22.254 × C[CEA] (ng mL−1) + 0.1187
(R2 = 0.9995, n = 5) in the range of 0.01–1.0 ng mL−1,
and y (%) = 0.2098 × C[CEA] (ng mL−1) + 22.444
(R2 = 0.9903, n = 6) in the range of 1.0–60 ng mL−1

(Fig. 4b). The limit of detection (LOD) was 3.2 pg mL−1,
as calculated at the signal-to-noise ration of three. To further
clarify the merits of the electrochemical immunosensor, the
analytical properties were compared with other CEA
immunosensing strategies (Table 1). Obviously, the LOD
of PPDNS-based immunosensor was comparable with those
of other CEA detection methods.

Fig. 4 a DPV responses of the
electrochemical immunosensor
toward different-concentration
CEA standards in pH 7.0
phosphate buffer containing
2.4 mM H2O2, and b the
corresponding calibration plots of
the immunosensor (Insets: the
corresponding linear curves at the
low- and high-concentration
range)
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Specificity and reproducibility and stability
of the immunosensor

To validate the precision of determinations, we repeatedly
detected 3 CEA standards with the identical batches of the
immunosensors. Experimental results indicated that the rela-
tive standard deviations (RSDs) of the intra-assay were 8.3,
5.2 and 6.9 % for 0.1, 10, and 40 ng mL−1 CEA (n = 3),
respectively, whereas the RSD of the inter-assay with various
batches were 8.9, 9.7 and 8.3 % towards the above-mentioned
levels. Hence, the precision and reproducibility of the electro-
chemical immunosensor were acceptable.

Next, the specificity of the electrochemical immunosensor
was investigated by challenging the system against other
biomakers, e.g., tissue peptide antigen (TPA), alpha-
fetoprotein (AFP), cancer antigen 125 (CA 125), and prostate-
specific antigen (PSA). As seen from Fig. 5a, the detectable
signals of the immunosensor toward TPA, AFP, CA 125 and
PSA alone were almost the same as the background signal,
whilst the coexistence of interfering materials with target CEA
did not cause the significant change in the signal compared with
target CEA alone. Thus, the electrochemical immunosensor had
a high selectivity toward target CEA.

When the immunosensor was not in use, it was dried and
stored at 4 °C. No obvious change was observed after storage
for 20 days, while the signal decreased ~90 % of initial signal
on the 60th day. The slow decrease in the current might be
attributed to the gradual deactivation of the immobilizedHRP-
anti-CEA on the electrode.

Analysis of real samples and method comparison

To investigate the feasibility of the immunosensor for the
analysis of real samples, we collected nine human serum sam-
ples from Shandong Provincial Tumor Hospital, China. Prior
to measurement, these specimens with high-concentration
CEA were diluted to the linear range of the electrochemical
immunosensor with blank human serum. Following that, these
samples were monitored by using the electrochemical
immunosensors based on the above-mentioned method. To
evaluate the method accuracy, the assayed results were also
compared with referenced values obtained from the commer-
cialized human CEA ELISA kit (Fig. 5b). The comparison
was performed by use of a least-squares regression between
two methods: y = 1.0001 × + 0.1539 (R2 = 0.9954, n = 9)
(where x stands for CEA concentration estimated with the

Fig. 5 a The specificity of the electrochemical immunosensor against
CEA, TPA, AFP, CA 125, and PSA (Note: The mixture contained
0.1 ng mL−1 CEA, 100 ng mL−1 AFP, 100 U mL−1 CA 125,
100 ng mL−1 TPA and 100 ng mL−1 PSA), and b comparison of

method accuracy for nine human serum samples between the
electrochemical immunosensor and commercialized human CEA
ELISA kit

Table 1 Comparison of
analytical properties of PPDNS-
based electrochemical
immunosensor with other CEA
detection schemes existed

Detection method Linear range LOD Assay time Ref.

Amperometric immunoassay 0.01–100 ng mL−1 4.2 pg mL−1 >110 min [24]

Amperometric immunosensor 0.01–100 ng mL−1 2.7 pg mL−1 >80 min [25]

Amperometric immunoassay 0.01–100 ng mL−1 8.6 pg mL−1 >100 min [26]

Surface plasmon resonance biosensor 1.0–60 ng mL−1 1.0 ng mL−1 ~16 min [27]

Electrochemiluminescent biosensor 0.001–80 ng mL−1 0.3 pg mL−1 >80 min [28]

Impedimetric immunosensor 0.001–20 ng mL−1 0.42 pg mL−1 >140 min [29]

Immunochromatographic test strip – 2.0 ng mL−1 15 min [30]

Surface acoustic wave immunosensor 1.0–16 ng mL−1 1.0 ng mL−1 8 min [31]

Human CEA ELISA kit: RAB0411 >0.343 ng mL−1 0.15 ng mL−1 >4 h Sigma

Amperometric immunosensor 0.01–60 ng mL−1 3.2 pg mL−1 15 min This work
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electrochemical immunosensor and y stands for the referenced
values). The slope and intercept of the regression equation
were close to ideal values ‘1’ and ‘0’, respectively. Therefore,
the electrochemical immunosensor can be used for the de-
tection of CEA in biological fluids.

Conclusions

This work describes a sensitive and feasible electrochemical
immunoassay for the carcinoembryonic antigen by using
poly(o-phenylenediamine) nanospheres as the immobilization
matrix. The assay was performed by using one-step immuno-
reaction between the immobilized antibody and analyte. Com-
pared with conventional electrochemical immunoassays, our
strategy can shorten the assay time and reduce the incubation
steps, thus decreasing the assay cost. The system is capable of
continuously carrying out all steps within below 20min for one
sample, including incubation, washing, enzymatic reaction and
measurement, which is largely less than that of most commer-
cialized ELISA kits (~3 h). Although the linear range is rela-
tively narrow, it completely meets the requirement of clinical
diagnostics since the threshold of CEA in human serum is
3.0 ng mL−1.
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