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Abstract We report on a sensitive electrochemical immunoassay for the prostate specific antigen (PSA). An
immunoelectrode was fabricated by coating a glassy carbon
electrode with multiwalled carbon nanotubes,
poly(dimethyldiallylammonium chloride), CeO2 and PSA antibody (in this order) using the layer-by-layer method. The
immunosensor is then placed in a sample solution containing
PSA and o-phenylenediamine (OPD). It is found that the
CeO2 nanoparticles facilitate the electrochemical oxidation
of OPD, and this produces a signal for electrochemical detection of PSA that depends on the concentration of PSA. There
is a linear relationship between the decrease in current and the
concentration of PSA in the 0.01 to 1,000 pg mL−1 concentration range, and the detection limit is 4 fg mL−1. The assay
was successfully applied to the detection of PSA in serum
samples. This new differential pulse voltammetric immunoassay is sensitive and acceptably precise, and the fabrication of
the electrode is well reproducible.
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Introduction
The detection of biomarkers plays a crucial role in basic
medical researches as well as in clinical diagnostics [1, 2].
Immunoassay based protocol employing antibody-antigen interaction is one of the most important analytical techniques in
the quantitative detection of biomarkers due to the highly
specific molecular recognition of immunoreaction [3]. Because of the increasing need of in-time control of various
diseases, the development of sensitive, rapid and low cost
immunoassays has become a great challenge. In comparison
with other immunological methods such as fluorescence [4],
chemiluminescence [5], surface-plasmon resonance[6], or
quartz crystal microbalance [7, 8], electrochemical immunoassay [9] has attracted considerable interest for its intrinsic
advantages such as good portability, low cost, and high sensitivity. Therefore, different electrochemical immunosensors
[10], particularly amperometric immunosensors [11], have
been developed and extensively applied to the determination
of biomarkers.
The emergence of nanomaterials has opened new opportunities for electrochemical immunosensors [12]. Some particular nanomaterials, such as gold and quantum-dot nanoparticles, have already been widely used due to their good biocompatibility [13, 14]. Recently, nanoscale materials with
unique catalytic activities have attracted great interest because
of their multiple applications in energy storage, chemical
synthesis, and biomedical applications [15–17].
Ceria (CeO2) is a useful promoter and an important component for three-way catalysts because of its unique redox
properties, strong oxygen storage, and release capability via
facile conversion between Ce3+ and Ce4+ oxidation states
[18–20]. Researchers have discovered that the catalytic performance of CeO2 has been greatly influenced by the structural properties, such as surface area, naked crustal planes, and
surface states [21–23]. CeO2 mesoporous spheres have been
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of increasing interest in catalysis for their unique structural
properties, such as high surface area, special interfaces, uniform size distribution, and well-defined pore technology. The
penetrable shells allow the diffusion of chemical reagents
toward the inside of the structure, and the high surface area
and the pore channels are helpful in the adsorption. Recently,
it is reported that nanosized ceria show pH dependent oxidase
activity, which can quickly oxidize a series of organic substrates without any oxidizing agent [24]. Meanwhile, a colorimetric assay has been developed based on cerium oxide as an
oxidase-mimetric agent [25]. CeO2 nanoparticles have also
been used for the construction of electrochemical hydrogen
peroxide biosensor [26, 27]. However, to the best of our
knowledge, the catalytic application of CeO2 mesoporous
spheres in electrochemical immunoassay has not been addressed yet extensively. The catalytic activity of ceria mesoporous spheres in aqueous media makes them a powerful tool
for a wide range of potential applications in bioassay and
biological areas.
Herein, a novel electrochemical immunoassay was designed for sensitive detection of prostate specific antigen
(PSA). A three dimensional (3D) architecture was fabricated
by combining multiwalled carbon nanotubes (MWCNTs) and
CeO2 mesoporous spheres using the layer-by-layer method.
Owing to the good stability of CeO2 mesoporous spheres and
excellent conductivity of MWCNTs, the 3D architecture not
only provided a highly suitable microenvironment for effective antibody immobilization, but also made the immobilized
antibodies hold high stability and bioactivity. The CeO2 nanoparticles showed excellent catalytic property toward the electrochemical oxidation of o-phenylenediamine (OPD), which
could produce a sensitive signal for electrochemical detection
of PSA. The procedure of the immunoassay was shown in
Scheme 1. The immunoassay showed a high sensitivity and a
wide linear range for rapid detection of PSA. This strategy
provided a useful tool for sensitive detection of PSA in serum
samples.

J. Peng et al.

and its use is prohibited in some countries. Doubly distilled
water was used throughout the experiments. The clinical
serum samples were from Nanjing Gulou Hospital.
Synthesis of ceria mesoporous nanospheres
Ceria mesoporous nanospheres were synthesized according to
the reported methods [28]. In a typical synthesis, 1.0 g of
Ce(NO3)3 ·6H2O was dissolved in 1 mL of deionized water.
Then, 1 mL of C2H5COOH and 30 mL of glycol were added
with stirring to form a uniform solution. The mixed solution was
sealed and heated at 180 °C for 200 min to get the products.
Fabrication of immunosensing interface
A glass carbon electrode (GCE) with diameter of 3 mm was
successively polished to a mirror by using 0.3 and 0.05 μm
alumina slurry followed by rinsing thoroughly with water.
After successive sonication in 1: 1 nitric acid/water, acetone,
and doubly distilled water, the electrode was rinsed with
doubly distilled water and allowed to dry at room temperature.
As shown in Scheme 1, first, 5 μL of 1.0 mg mL−1 MWCNTs
solution was first dropped on the pretreated GCE and dried,
and then immersed in a 500 μL PDDA (0.2 mg mL−1 in 0.1 M
NaCl) solution for 30 min. After rinsing with water, the
electrode was immersed into a solution of CeO2 dispersion
(0.5 mg mL−1). After dried and rinsing, the electrode was
immersed in a mixture solution of EDC (100 μL,
20 mg mL−1) and NHS (100 μL, 10 mg mL−1) for 30 min.
Then, the above electrode was immersed in an aqueous solution of PSA antibody for 2 h for immobilization. Finally, the

Experimental
Reagents
Prostate specific antigen (PSA) and PSA antibody were purchased from Shanghai Linc-Bio Science Co. LTD (http://
www.linc-bio.net/main.asp). Poly(dimethyldiallylammonium
chloride) (PDDA, MW = 10 000–20 000), 3mercaptopropionic acid (MPA), bovine serum albumin
(BSA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and
tween-20 were obtained from Aldrich Chemical Co. All of
the other chemicals were of analytical grade. Ophenylenediamine (OPD) is a highly cancerogenic compound

Scheme 1 a Schematic illustration of the procedure of the immunoassay:
(A) Glassy carbon electrode (GCE); (B) Layer-by-layer assembly; (C)
Immobilization of PSA antibodies; (D) PSA antibody-antigen immunoreaction; (E) Electrochemical detection of PSA antigen. b Electrochemical oxidation of OPD based on CeO2 catalytic property
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BSA solution was used to block the residual active sites. The
immunoelectrode obtained was stored at 4 °C when not in use.
Immunoassay procedure
The above immunoelectrode was immersed into a solution of
PSA for 40 min. For the electrochemical detection, the solution was transferred into an electrochemical cell containing
0.1 M HAc-NaAc buffer (pH = 5.2) and OPD solution
(0.8 mM). The differential pulse voltammetric measurements
were performed from −0.1 to −0.8 V with pulse amplitude of
50 mV and a pulse width of 50 ms.

Results and discussion
Fabrication and characterization of the immunoelectrode
Since MWCNTs are chemically inert, activating their surface
is an essential prerequisite for linking functional groups for
anchoring CeO2 mesoporous nanospheres. MWCNTs were
initially oxidized by acid treatment to introduce carboxyl
groups on their tips and any defect in the side walls. As
demonstrated by previous report, PDDA was adsorbed on
the surface of MWCNTs by electrostatic interaction between
carboxyl groups on the MWCNTs surface and polyelectrolyte
chains. Here, PDDA were assembled on MWCNTs at the
activated GCE surface, then CeO2 mesoporous nanospheres
can be electrostatic absorbed on the MWCNTs surface. PSA
antibodies were finally immobilizated onto the CeO2 mesoporous nanospheres because of the strong interaction between

Fig. 1 SEM images of (a) GCE/
MWCNTs, (b) GCE/MWCNTs/
PDDA, (c) GCE/MWCNTs/
PDDA/CeO2, (d) GCE/MWNTs/
PDDA/CeO2/Ab1
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the carboxyl groups on the CeO2 mesoporous nanospheres
and primary amine groups of antibodies. Finally, the BSA
solution was used to block the residual active sites and reduce
the nonspecific adsorption.
Scanning Electron microscopy (SEM) was employed to
characterize the MWCNTs, PDDA functionalized MWCNTs,
MWCNTs/PDDA/CeO2 and MWCNTs/PDDA/CeO2/Ab1 assembled on GCE surfaces, respectively. As shown in Fig. 1a,
the MWCNTs showed a well-dispersed one-dimensional
structure and the diameter was in the range of 40-100 nm.
No obvious change was observed for PDDA functionalized
MWCNTs (Fig. 1b). As shown in Fig. 1c, the CeO2 mesoporous nanospheres with diameter of about 50 nm were successfully adsorbed on the MWCNTs surface. From the image in
Fig. 1d, PSA antibodies were immobilized onto the CeO2
mesoporous nanospheres by the EDC and NHS crosslinking.
Impedance spectroscopy was reported as an effective method to monitor the feature of surface allowing the understanding of chemical transformation and processed associated with
the conductive electrode surface [29]. The impedance spectra
include a semicircle portion and a linear portion, the semicircle portion at higher frequencies corresponds to the electrontransfer limited process, and the linear part at lower frequencies corresponds to the diffusion process. The semicircle
diameter corresponds to the electron transfer resistance (Ret).
Figure 2 shows the Nyquist plots of EIS for the bare GCE, (b)
GCE/MWCNTs, (c) GCE/MWCNTs/PDDA, (d) GCE/
MWCNTs/PDDA/CeO2, (e) GCE/MWCNTs/PDDA/CeO2/
Ab1, (f) GCE/MWCNTs/PDDA/CeO2/Ab1/Ag. At a bare
GCE, the redox process of the [Fe(CN)6]3−/4− probe showed
an electron-transfer resistance of about 250 Ω (curve a in
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Fig. 2 Nyquist diagrams for the electrochemical impedance measurements in a solution of 0.1 M KNO3 containing 5 mM K3Fe(CN)6 and
5 mM K4Fe(CN)6 for different electrodes (a) GCE, (b) GCE/MWCNTs,
(c) GCE/MWCNTs/PDDA, (d) GCE/MWCNTs/PDDA/CeO2, (e) GCE/
MWCNTs/PDDA/CeO2/Ab1, (f) GCE/MWCNTs/PDDA/CeO2/Ab1/Ag

Fig. 2). The MWCNTs and MWCNTs/PDDA modified GCE
both showed a much lower resistance for the redox probe
(curves b, c in Fig. 2), implying that the MWCNTs and
MWCNTs/PDDA were both an excellent electric conducting
material and accelerated the electron transfer. After CeO2 were
assembled on the GCE/MWCNTs/PDDA, the electrontransfer resistance increased to 90 Ω (curve d in Fig. 2). When
Ab1 and PSA molecules were immobilized on the electrode
(curve e and f in Fig. 2), the electron-transfer resistance
increased, suggesting that the Ab1 and PSA molecules can
block the electron exchange between the redox probe and the
electrode. The results were consistent with the observation
from the SEM images as shown in Fig. 1.
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solution (pH5.2) in the absence and presence of OPD. No
amperometric response was observed at bare GCE, MWCNTs
and MWCNTs/PDDA modified GCE in 0.1 M HAc-NaAc
buffer solution (pH5.2) containing 0.8 mM OPD (curve a, b, c
in Fig. 3). The above results indicated that the MWCNTs and
PDDA could not have any catalytic effects on OPD oxidation.
As shown in Fig. 3, curve g, no detectable current signal was
observed for the MWCNTs/PDDA/CeO2 modified GCE in
the absence of OPD. This result showed that the CeO2 itself
had no electrochemical redox behavior in 0.1 M HAc-NaAc
buffer solution (pH5.2). For the MWCNTs/PDDA/CeO2
modified GCE in the presence of OPD (curve d in Fig. 3), a
pair of stable redox peaks were observed at −0.47 V and
−0.42 V (vs. SCE), respectively, corresponding to the redox
2,2-diaminoazobenzene, the oxidation product. Thus, the oxidation of OPD quickly went to the completion under the
catalysis of CeO2. The result confirmed that the CeO2 mesoporous nanospheres had excellent catalytic property on the
oxidation of OPD without any other oxidants. When the PSA
antibodies and antigen were immobilized on the modified
GCE (Fig. 3, curve e and f), the anodic peak current decreased
obviously. It is reported that the activity of CeO2 is dependent
on the thickness of the polymer coating on the surface of
cerium oxide nanoparticles [24]. Thus, the reason for the decreased current signals is that the antibody and antigen molecules covered on the CeO2 mesoporous nanospheres, weakening the catalytic property of CeO2. Therefore, a novel
electrochemical immunoassay was developed for detection
of PSA.
Optimization of conditions for electrochemical detection
of PSA

Cyclic voltammetric behavior of the immunoelectrode
Figure 3 shows the cyclic voltammograms of different modified glassy carbon electrode in 0.1 M HAc-NaAc buffer

Fig. 3 Cyclic voltammograms of (a) glassy carbon electrode (GCE), (b)
GCE/MWCNTs, (c) GCE/MWCNTs/PDDA, (d) GCE/MWCNTs/
PDDA/CeO 2 , (e) GCE/MWCNTs/PDDA/CeO 2 /Ab 1 , (f) GCE/
MWCNTs/PDDA/CeO2/Ab1/Ag in 0.1 M HAc-NaAc buffer solution
containing 0.8 mM OPD, (g) GCE/MWCNTs/PDDA/CeO2 in 0.1 M
HAc-NaAc buffer solution (pH5.2). SCE=saturated calomel electrode

The analytical performance of the electrochemical detection
was related to the concentration of CeO2 and OPD in the
measuring system. As seen in Fig. 4, the DPV peak current
reached the similar maximum values at the CeO2 and OPD
concentrations of 0.5 mg mL−1 (Fig. 4a) and 0.8 mM (Fig. 4b),
respectively. Therefore, the optimal concentrations of CeO2
nanoparticles and OPD concentrations were selected at
0.5 mg mL−1 and 0.8 mM, respectively. Under optimal detection conditions, the electrochemical response depends on the
formation of immunocomplex on the electrode surface. The
latter is decided by the concentration of immobilized Ab1 and
the incubation time. In order to obtain the optimal concentration of Ab1, the modified electrodes GCE/MWNTs/PDDA/
CeO2 were incubated in Ab1 solutions with different concentrations. As shown in Fig. 4c, the peak currents increased
with the increasing Ab1 concentration and tended to a
plateau at 40 μg mL−1, indicating that immobilized Ab1
reached a maximum absorption on the electrode. Thus,
40 μg mL−1 of Ab1 was used for the immobilization.
The effect of the antigen-antibody incubation time upon

Electrochemical immunoassay using ceria mesoporous nanospheres
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Fig. 4 Effects of (a)
Concentration of CeO2, (b)
Concentration of OPD, (c)
Concentration of PSA antibodies
for immobilization, (d)
Incubation time on current
responses of PSA (10 pg mL−1) in
the assay

the peak current was shown in Fig. 4d. The response
increased with the incubation time between 10 and
60 min and then leveled off after 40 min. The result
indicated that the interaction of antigen with antibody
had reached equilibrium after 40 min. therefore, to
maximize the signal and minimize the assay time,
40 min was selected as the optimal incubation time.
Electrochemical response to PSA
It was found that the peak current of the DPV analysis decreased with the addition of PSA, as can be seen from Fig. 5a.
The electrochemical PSA immunoassay displayed well-

Fig. 5 a Typical differential
pulse voltammetry of
electrochemical immunoassay
with increasing PSA
concentration from (a) to (g) (0,
0.01, 0.1, 1.0, 10, 100, and
1,000 pg mL−1 PSA,
respectively). b The resulting
calibration curve of PSA plotted
on a semi-log scale

defined concentration dependence. As shown in Fig. 5b, a
linear relation between the decreased peak current responses
and the logarithmic values of antigen concentrations was
observed in a range from 0.01 to 1,000 pg mL−1. The linear
regression equation was y=8.30 x +21.53 with a correlation
coefficient R2=0.997 (n=6). The decreased peak current
(ΔI) was calculated by the peak current differences for GCE/
MWCNTs/CeO2/Ab1 and GCE/MWCNTs/CeO2/Ab1/Ag. As
can be seen from Fig. 5b, ΔI increased with increasing PSA
concentrations within the detection range. The detection limit
of this immunoassay was 0.004 pg mL−1. According to the
linear equation, we could detect PSA concentration quantitatively. The analytical performance of the developed assay has
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methods
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Method

Materials used

Linear range

Detection limit

Reference

Immunosensor
Aptasensor

Carbon nanotubes
gold nanoparticles encapsulated
graphitized mesoporous carbon
Nanoporous gold
Graphene sheet
liposome
MWNTs/CeO2

0.4–40 ng mL−1
0.25–200 ng mL−1

4 pg mL−1
0.25 ng mL−1

[30]
[31]

0.05–26 ng mL−1
0.01–40 ng mL−1
0.01–100 ng mL−1
0.01–1,000 pg mL−1

3 pg mL−1
2 pg mL−1
7 pg mL−1
0.004 pg mL−1

[32]
[33]
[34]
This work

Immunosensor
Immunosensor
Immunosensor
Immunoassay

been compared with other detection methods in Table 1. It can
be seen that the developed immunoassay showed a wider
linear range and lower detection limit. This result may be
attributed to the excellent catalytic property of CeO2 for
OPD and good conductivity of MWCNTs for electrochemical
detection.
Specificity, reproducibility and stability of the PSA
immunoassay
Specificity is an important criterion for analytical measurement. Other proteins such as α-fetoprotein (AFP), carcinoembryonic antigen (CEA) and human immunoglobulin G
(HIgG) were used to evaluate the selectivity of the immunoassay. The current values obtained for each interfering substance at a concentration of 10 pg mL−1 was used as an
indicator for the assay selectivity in comparison with the
PSA reading alone. As could be seen in Fig. 6, no differences
for interferences was observed, which indicated that the strategy had sufficient selectivity for PSA detection, and was
capable of differentiating PSA from its analogues in complex
samples. The intra-assay precision of the immunoassay was
evaluated by assaying PSA at two levels for five replicate
measurements. The intra-assay variation coefficients with this
method were 3.1 % and 5.8 % at PSA concentrations of
1.0 pg mL−1 and 10 pg mL−1, respectively, showing a good

repeatability. While the interassay variation coefficients at
these concentrations on five immunoassays made independently were 4.9 % and 6.1 %, respectively, indicating acceptable fabrication reproducibility. When the immunoelectrode
was not in use, it was store at 4 °C. 95.8 % of the initial
response of the immunoelectrode for PSA remained after two
weeks, and 86.2 % of the initial response remained after four
weeks. These results indicated the immunoelectrode had acceptable stability. The regeneration of the immunoelectrode
could be realized by rinsing with pH 2.8 glycine-HCl solutions to dissociate the antigen-antibody complex. The asrenewed immunoelectrode could restore 90.2 % of the initial
values after five assay runs, show accepted reusability.

Application of the immunoassay in human PSA levels
The feasibility of our developed immunoassay for clinical applications was investigated by analyzing real
samples, in comparison with the enzyme linked immunosorbent assay (ELISA) method. Table 2 described the
correlation between the partial results obtained by the
immunoassay and the ELISA method. It obviously indicated that there was no significant difference between
the results given by the two methods, which meant that
the immunoassay could be satisfactorily applied to the
clinical determination of PSA levels in human plasma.

Table 2 Assay results of clinical serum samples using the and ELISA
methods

Fig. 6 The selectivity of the immunoassay. The concentration of antigen
is 10 pg mL−1. Error bars show the standard deviations of measurements
taken from at least three independent experiments

Serum Samples

Our method[a]
(ng mL−1)

ELISA[a]
(ng mL−1)

Relative
deviation (%)

1
2
3
4
5

1.20
0.60
102.2
27.50
15.62

1.26
0.57
101.3
27.94
15.90

−4.8
5.2
0.9
−1.6
−0.8

[a] The average value of five successive determinations
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Conclusion
A sensitive electrochemical immunoassay was developed for
PSA detection based on the catalytic property of CeO2 mesoporous nanospheres to OPD oxidation. The designed immunoassay for PSA had good performance with high sensitivity,
a wide linear range, acceptable precision and fabrication reproducibility, and excellent stability. It had been successfully
applied in the detection of PSA in serum samples. The immobilization strategy provides a useful platform for electrochemical immunoassay for wide-range cancer biomarkers and
could be readily extended toward the on-site monitoring of
the cancer biomarkers in serum samples.
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