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Abstract We describe an electrochemical immunosensor for
the simultaneous determination of alpha-fetoprotein (AFP)
and prostate specific antigen (PSA) via a modified glassy car-
bon electrode. Silica nanoparticles (200–300 nm i.d.) with
good monodispersity and uniform shape were synthesized,
and the following species were then consecutively
immobilized on their surface: gold nanoparticles (AuNPs; 5–
15 nm i.d.), secondary antibody (Ab2) and the redox-probes
Azure A or ferrocenecarboxy acid (Fc). In parallel, two types
of primary antibodies (Ab1) were co-immobilized on the sur-
face of the dissolved reduced graphene oxide sheets (rGO)
that were also decorated with AuNPs. In the presence of anti-
gens (AFP or PSA), the Ab2/Si@AuNPs carrying Azure A
and Fc are attached to the AuNP/rGO conjugate via a sand-
wich type immunoreaction. Differential pulse voltammetry
(DPV) was employed to measure the resulting changes in
the signal of Fc or Azure A. Two well-resolved oxidation
peaks, one at −0.48 V (corresponding to Azure A) and other

at+0.12 V (corresponding to Fc; both vs. SCE) can be ob-
served in the DPV curves. Under optimal conditions, AFP and
PSA can be simultaneously determined in the range from 0.01
to 25 ng mL‾1 for AFP, and from 0.012 to 25 ng mL‾1 for
PSA. The detection limits are 3.3 pg mL‾1 for AFP and
4.0 pg mL‾1 for PSA (at a signal-to-noise ratio of 3). The
method was applied to (spiked) real sample analysis, and the
recoveries are within 96.0 and 107.2 % for PSA, and within
100.9 and 105.8 % for AFP, indicating that this dual
immunosensor matches the requirements of clinical analysis.
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Introduction

The prostate specific antigen (PSA), a single chain glycopro-
tein with a molecular weight of 32–33 kDa, is a reliable and
widely used tumor biomarker [1]. For healthy individuals, the
PSA concentration in serum is below 4 ng mL−1, and higher
level is related to prostate cancer [2]. Alpha-fetoprotein (AFP)
is another widely used tumor biomarker, its normal level in
serum is less than 25 ng mL−1, and higher level is related to
liver cancer [3]. Thus, monitoring the level of PSA or AFP is
very helpful for clinical diagnosis. However, most biomarkers
are not specific to a particular tumor. For example, AFP is
associated with liver cancer and epithelial ovarian tumors,
while carcinoembryonic antigen (CEA) is associated with co-
lorectal cancer, liver cancer and pancreatic cancer. The result
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from single biomarker detection tends to provide false infor-
mation. Moreover, most cancers exhibit an elevation of the
level of two biomarkers at least. So, simultaneous detection
of multiple biomarkers related to a certain cancer in a single
run has attracted considerable attention [4, 5].

Various methods have been reported to realize multiple
biomarkers detection including enzyme-linked immunosor-
bent assay, chemiluminescence immunoassay, fluorescence
immunoa s s a y, e l e c t r o c h em i c a l immunoa s s ay,
electrochemiluminescence immunoassay [6–8]. Among them,
electrochemical immunosensor has become one of the prom-
ising techniques due to its advantages such as high sensitivity,
high selectivity and simple instrument. To date, various
immunosensors have been reported for the detection of bio-
markers based on enzyme [9], quantum dots (QD) [10–12]
and dye-doped nanoparticles amplifying detection signal
[13, 14]. For multiple biomarkers detection, the major prob-
lem is how to obtain and discriminate every signal of the
corresponding biomarker. From literature, we have known
multi-labelled strategy is a good approach to solve the prob-
lem. For instance, different metal sulfide nanoparticles were
used as signal tags to label secondary antibody (Ab2), and
distinguishable peaks were obtained in anodic stripping volt-
ammograms [15]. Other, various redox probes (e.g., Prussian
blue, thionine, ferrocene etc.) were used to label Ab2, and the
well-resolved peaks were obtained in DPV curves [16–18].
Compared with metal nanoparticles markers, the redox-
probes show many advantages such as shorter time and do
not require harsh conditions including acid dissolution step
and high potential accumulation. However, the problem of this
method is to find suitable redox-probes whose signals do not
overlap each other.

Based on the advantages of redox probe, we have designed
an electrochemical immunosensor for multiple biomarkers de-
tection. Previously, we had described an electrochemical
immunosensor for the simultaneous detection of CEA and
AFP based on redox probe labeling signal antibody [19]. In
design, thionine and prussian blue were employed to label
Ab2, reduced graphene oxide (rGO) was used for the immo-
bilization of primary antibodies (Ab1), the immunosensor ob-
tained can permit simultaneous detection of CEA and AFP in
a s i n g l e r u n . I n p r e s e n t s t u dy, Azu r e A and
ferrocenecarboxylic acid (Fc), whose signals can be distin-
guished clearly, were selected to label Ab2 via the carboxyl
or amino group. In order to improve the immobilized amount
of Ab2 and redox-probe, Silica nanoparticles (Si NPs) and
gold nanoparticles (Au NPs), with a larger surface and good
biocompatibility, were employed to immobilize Ab2 (Ab2/
Si@Au NPs) and redox-probe; Au NPs decorated rGO (Au
NPs/rGO) nanomaterial, with a larger surface and good con-
ductivity, were used for two different Ab1 immobilization. In
the presence of AFP and PSA, redox-probes coated Ab2/
Si@Au NPs were captured onto the surface of Au NPs/rGO

via the immunoreaction. The responsive signal from Fc and
Azure A were clearly distinguished in different pulse
voltamograms. So, this immunosensor can detect AFP and
PSA simultaneously in a single run. Because of the use of
Si@Au NPs and rGO in sensing system, the responsive sig-
nals are clearly increased. As a result, the immunosensor ex-
hibits high sensitivity.

Experimental

Chemicals and reagents

Alpha-fetoprotein (AFP), AFP antibody (anti-AFP), prostate
specific antigen (PSA), monoclonal PSA antibody (anti-PSA)
and humanchorionic gonadotropin (HCG) were purchased
from Biocell Biotech. Co., Ltd (Zhengzhou, China, http://
chinabiocell.biogo.net) and stored in refrigerator at 4 °C.
Bovine serum albumin (BSA), sodium borohydride
(NaBH4), sodium citrate and tetraethoxysilane (TEOS) were
purchased from the Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China, http://www.reagent168.cn). Human
immunoglobin G (IgG) were obtained from Sigma Co.
(http://www.sigmaaldrich.com). Reduced graphene oxide
(purity≥98 %) (rGO) was purchased from Sinocarbon
Materials Technology Co., Ltd (Taiyuan, Shangxi, http://
www.sinocarbon-cas.com). Ferrocenecarboxylic acid (Fc),
Azure A, (3-Aminopropyl) triethoxysilane (APTES), N-(3-
Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC) and N-Hydroxysuccinimide (NHS) were purchased
from Aladdin Reagent Co. (St. Louis, USA, http://www.
aladdin-e.com). Chloroauric acid (HAuCl4 ·4H2O) was
obtained from Shanghai Chemical Reagent Co., Ltd.
(Shanghai, China, http://ccn.mofcom.gov.cn). Phosphate
buffer saline (PBS) with various pH values were prepared by
mixing the stock solution of 0.1 M Na2HPO4 and 0.1 M
NaH2PO4. The washing buffer was pH 7.0 PBS containing
0.05% (w/v) Tween (PBST). The clinical serum samples were
from the clinical laboratory of the Yiji Shan Hospital (Wuhu,
China). All solutions were prepared with twice-quartz-
distilled water.

Apparatus

Electrochemical measurements were performed on a CHI
650C electrochemical analyzer (Shanghai Chenhua
Instrument Co., China). The three-electrode system consisted
of a platinum wire as the auxiliary electrode, a saturated cal-
omel electrode (SCE) as the reference electrode and bare
glassy carbon electrode (GCE) or modified electrode as the
working electrode. Scanning electron microscope (SEM,
S-4800, Hitachi, Japan), dynamic light scattering (DLS,
5022 F ALV/Laser Vertriebsgesellschaft m.b.H, Germany)
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and energy dispersive x-ray spectrometer (EDS) were
employed to investigate the various nanomaterial prepared.

Preparation of Si@Au NPs nanocomposites

Si NPs were synthesized according to the Stöber method with
a slight modification [20]. Briefly, 4.0 mL TEOS was firstly
added to a mixture containing 47.0 mL ethanol and 3.3 mL
ammonium hydroxide under stirring and reacted for 24 h.
Next, 0.3 mL APTES was added to functionalize the silica
colloidal. After the solution was centrifugal treated, the prod-
uct was dried at 50 °C for 6 h.

3.0 mL NaBH4 (0.001 M) was slowly added to 20 mL
HAuCl4 (0.002 M) and reacted for a few minutes. Next,
2.0 mL sodium citrate (0.01 M) and 4.0 mL APTES-
functionalized Si NPs (0.02 g APTES-functionalized Si NPs
was suspended in 4.0 mL water) were added into solution
above in sequence and reacted for 3 h under stirring. After
the product was treated by centrifuging and washing, it was
re-dispersed in 2.0 mL PBS. Thus, the product obtained was
Si@Au NPs nanocomposite.

Preparation of two labels

In this study, we synthesized two labels, one is Fc@Ab2/
Si@Au NPs bioconjugates and the other is Azure A@Ab2/
Si@Au NPs bioconjugates. Here, we described the prepara-
tion of the Fc@Ab2/Si@Au NPs bioconjugates. Simply,
200 μL EDC (300 mM) and 200 μL NHS (100 mM) were
first injected into 2.0 mL Fc (1.0mgmL−1) and reacted for 1 h.

After that, 150 μL anti-PSA (Ab2) was injected into the solu-
tion above. After 24 h, the excessive Fc and coupling agent
were removed by centrifuging. Thus, the product obtained
was Fc@Ab2. For further used, it was dispersed in 500 μL
pH 7.4 PBS. Second, the Fc@Ab2 solution was added into
1.0 mL Si@Au NPs nanocomposites and reacted for 12 h
under stirring condition, next, 100 μL BSA was added to
block all active sites. Subsequently, the solution was treated
by centrifuging and washing, the product obtained was
Fc@Ab2/Si@Au NPs bioconjugates. In experiment, the prod-
uct was need re-dispersed in 1.0 mL pH 7.4 PBS and stored at
4 °C for use. Similarly, Azure A@Ab2/Si@Au NPs bioconju-
gates were preparation according to the similar procedures of
the Fc@Ab2/Si@Au NPs.

Fabrication protocol of the immunosensor

The fabrication protocol of the immunosensor is shown in
Scheme 1. First, 5 μL rGO was dropped onto the surface of
the pre-treated GCE (the treatment procedure is according to
literature [21]) and dried in air. Subsequently, the electrode
modified with rGO was immersed in 1.0 mg mL−1 HAuCl4
solution, and electrodeposited for 20 s at −0.20 V. During the
process, the Au NPs was deposited on the surface of the rGO.
Second, the electrode modified with Au NPs/rGO was im-
mersed in the mixture containing two types of Ab1 for 12 h
at 4 °C for the immobilization of Ab1. After washing with
water, the modified electrode was incubated with 1 % BSA
solution for 1 h at 37 °C. Thus, the immunosensor was
obtained.

Scheme 1 Schematic
representation of the fabrication
procedure of the immunosensor
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Electrochemical measurements

Before measurement, the immunosensor was incubated with
the various concentrations of AFP and PSA or serum samples
for 50 min at 37 °C. Then, it was incubated with the mixture
containing redox-probes@Ab2/Si@Au NPs nanocomposites
for another 50 min at 37 °C. Finally, the immunosensor was
transferred to 10 mL electrolytic cell with 3.0 mL pH 6.5 PBS
solutions for electrochemical measurement. Before experi-
ment, high-purity nitrogen was used for 10 min to remove
oxygen of the solution, and a blanket of nitrogen was main-
tained during the measurements. DPV technique was
employed to record the responsive signals from redox probes.
The experiment parameters are listed as follows: initial poten-
tial, −0.8 V; final potential, 0.4 V; pulse amplitude, 0.05 V;
pulse width, 0.25 s; sample interval, 0.002 s.

Results and discussion

Choice of materials

As is well known, graphene and carbon nanotubes have been
used in sensing field for improving sensing performance due
to their larger surface area and good conductivity. Carbon
nanotubes-based immunosensors have been reported. For ex-
ample, Lin’s group [22] have reported an immunosensor for
the CEA detection based on carbon nanotubes decorated with
gold nanoclusters as sensing interface; Our groups [23] have
reported a high sensitive immunosensor based on thionine-
carbon nanotubes nanocomposite as sensing substrate, and
HRP-carbon nanotubes as labels for the CEA detection.
However, the functionalization of carbon nanotubes requires
harsh condition and costs longer time. Because Si NPs are
easily synthesized and functionalized, previously studies
showed the Si NPs provide larger surface area for the signal
tags and antibody immobilization, as a result, the
immunosensor obtained had high sensitivity. Based on the
advantages of Si NPs and graphene, we adopted rGO instead
of carbon nanotubes as substrate in present work, and Si NPs
were employed as carriers for immobilization of Au NPs,
signal tags and antibodies. Based on this design, we hope that
the immunosensor obtained had high sensitivity and selectiv-
ity for the multiple biomarkers detection.

Structure characterizations

The synthesized nanocomposites were investigated using
SEM, DLS and EDS. Figure 1 showed the SEM image of Si
NPs and Si@Au NPs nanocomposite. From Fig.1a, it can be
observed that the synthesized Si NPs exhibited a homoge-
neous structure. From Fig. 1c, it can be seen that Au NPs were
dispersed onto the surface of Si NPs. The Si NPs provided a

large surface area for amount of Au NPs immobilization.
Therefore, the Si@Au NPs nanocomposite not only improved
the immobilization of capture antibody, but also can improve
the electron transfer rate due to good conductivity of Au NPs.
In order to obtain the Si NPs particles size, DLS was
employed to investigate and the particles size distribution

Fig. 1 SEM images of a Si NPs, b Si@Au NPs, c Si@Au NPs (at high
magnification)
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and results are shown in Fig. S1. The particles size was mainly
distributed in range of 200–250 nm. EDS is employed to an-
alyze the elemental compositions of Si@Au NPs nanocom-
posite (Seen Fig. S2). From Fig. S2, the signature peaks of Si,
O and Au were clearly observed, indicating the Si@Au NPs
nanocomposite was successfully prepared.

Similarly, the characterization of the rGO and rGO/Au NPs
are shown in Fig S3. It can be observed that rGO showed the
typical crumpled and flake structure, after electrodeposited in
1.0 mg mL−1 HAuCl4 solution, Au NPs were distributed uni-
formly on the surface of rGO. EDS results confirmed the Au
NPs existence on the surface of rGO (Seen Fig. 3SC).

Investigation the assembled process of immunosensor

Figure 2a shows the DPV results of the different assembled
steps of the immunosensor in 1.0 mM [Fe(CN)6]

4-/3- solution.
The peak current clearly increased at rGO modified electrode
(curve b) in contrast to the bare GCE (curve a). After the Au
NPs were assembled onto the surface of rGO/GCE, the peak
current increased clearly (curve c), indicating rGO and Au
NPs have good conductivity. However, when the modified
electrode was immobilized with anti-AFP and anti-PSA

mixture (curve d) or blocked out with 1 % BSA (curve e),
the peak currents clearly decreased due to the formation of
the insulating layer from antibody or protein and blocks the
electron transfer of [Fe(CN)6]

4-/3- at electrode interface. When
the modified electrode was employed to recognized antigens
(curve f), the peak current decreased continuously. The reason
is ascribed to the immunocomplex formation from the anti-
gen-antibody. Figure 2b shows the cyclic voltammograms
(CVs) of the immunosensor in presence of antigens and re-
dox-probes@Ab2/Si@Au NPs. From Fig. 2b, two couples of
redox peaks corresponding to Fc and Azure Awere observed
in CVs, indicating two kinds of redox-probes were success-
fully attached onto the electrode surface via sandwich type
immunoreaction. In this study, we also investigated the effect
of Si@Au NPs and rGO on responsive signal, the results
showed the responsive signal are obviously increased in pres-
ence of Si@Au NPs and rGO (Seen in Fig. S4), Therefore, we
selected rGO as sensing substrate and Si@Au NPs as the
immobilization of Ab2 and redox –probes.

Optimization of experimental conditions

As is well known, the incubation time of antigen-antibody
reaction and pH value greatly affects the immunosensor sen-
sitivity. In this study, we investigated the effect of incubation
time and pH on response signal. All results are shown in
Fig. S5. From Fig. S5, it can be observed that the following
experimental conditions were found to give best results: (a) A
sample pH value of 6.5; (b) an incubation time of 50 min.

Investigation of the nonspecific adsorption
and cross-reactivity of immunoassay

In this study, we had investigated the nonspecific adsorption
of immunosensor with and without BSA elimination. The

Fig. 2 a DPV responses of different assembled steps of the
immunosensor in 1 mM [Fe(CN)6]

3-/4-solution. (a) bare GCE, (b) rGO/
GCE, (c) Au NPs/rGO/GCE, (d) Ab1/Au NPs/rGO/GCE, (e) BSA/Ab1/
Au NPs/rGO/GCE, (f) antigens/BSA/Ab1/Au NPs/rGO/GCE. b CVs of
the immunosensor in pH 6.5 PBS in the presence of AFP and PSA
antigens and Si@Au NPs/redox probes@Ab2 nanocomposites

Fig. 3 DPV responses of immunosensor in presence of various
conditions a 0 ng mL−1 PSA and 0 ng mL−1AFP solution, b 1 ng mL−1

PSA, c 10 ng mL−1AFP and d 1 ng mL−1 PSA and 10 ng mL−1AFP
solution with redox-probes@Ab2/Si@Au NPs nanocomposites as labels
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results are shown in Fig. S6. The results showed the
immunosensor need BSA to block out active sites. The inves-
tigation of the nonspecific adsorption and cross-reactivity of
immunosensor were carried out in absence and presence of
tumor biomarkers, and results are shown in Fig. 3. It can be
observed that no signal was obtained when the immunosensor
was employed to detect the solution without PSA and AFP,
indicating nonspecific adsorption of the immunosensor was
negligible (Seen curve a). In order to estimate the cross-
reactivity of the immunoassay, the immunosensor was
employed to detect various solutions in the presence of PSA
or AFP alone and both coexist. The results obtained were
different completely. Two well-resolved oxidation peaks,
one is at −0.48 V vs. SCE (corresponding to Azure A) and
other is at+0.12 V vs. SCE (corresponding to Fc) can be
observed in DPV curves and the peak potential difference
was about 600 mV in presence of PSA and AFP (Seen cure
d), indicating the responsive signal from Azure A and Fc
according to two biomarkers can be appeared alone and don’t
be overlapped. The peak currents different is 1.4 % for PSA in
absence and presence of AFP and 0.7 % for AFP in absence
and presence of PSA, indicating that the cross-reactivity from
the two biomarkers is negligible.

Analytical performance

The analytical performance of immunosensor was evaluated
by simultaneous detecting various concentrations of AFP and
PSA using DPV technology, and the results are shown in
Fig. 4. The peak currents of both Azure A and Fc were simul-
taneously increased with increasing concentration of AFP and
PSA, and a good calibration curves between peak currents and
the logarithmic of biomarkers concentration were obtained in
the range of 0.01–25 ng mL−1for AFP and 0.012–25 ng mL−1

for PSA. For AFP, the linear regression equation was I (μA)=
3.29+1.27logC (unit of C is ng mL−1) and the correlation
coefficients was 0.9950; For PSA, the linear regression equa-
tion was I (μA)=2.39+1.03logC (unit of C is ng mL−1) and
the correlation coefficients was 0.9900. The detection limits of
AFP and PSAwere 3.3 pg mL−1 and 4.0 pg mL−1 (at a signal
to noise ratio of 3), respectively. Compared with some

Fig. 4 a DPV responses of the immunosensor in presence of different
concentrations of AFP and PSA. b, c Calibration curves between peak
current and the logarithm of the biomarkers concentration. The error bars
stand for the standard deviations of different parallel samples at each
target concentration

Table 1 Analytical performance of several electrochemical immunosensors

Line arrange (ng mL−1) Detection limit (ng mL−1) References

Quantum dots coated silica nanoparticles as probes CEA 0.05–25 IgG 0.05–40 CEA 0.005 IgG 0.005 [15]

A branched electrode based immunosensor CEA 0.5–80 AFP 0.5–50 CEA 0.05 AFP 0.1 [24]

Reduced graphene oxide tetraethylene pentamine as electrode
materials

CEA 0.05–20 SCCA 0.03–20 CEA 0.013 SCCA 0.01 [25]

Multi-functionalized onion-likemesoporous graphene sheets PSA 0.01–50 fPSA 0.01–50 PSA 0.0067 fPSA 0.0034 [26]

This work AFP 0.01–25 PSA 0.01–25 AFP 0.0033 PSA 0.004
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recently published work (Seen in Table 1), the immunosensor
exhibits wide linear range and lower detection limit.

Reproducibility, selectivity and stability
of the immunosensor

In this study, the reproducibility of immunosensor was evalu-
ated by intra and inter-assay precision. The intra-assay preci-
sion was obtained by detecting three different concentrations
of AFP (0.01, 0.05 and 25 ng mL−1) and PSA (0.05, 0.25 and
1 ng mL−1) mixed antigens using identical immunosensor and
recorded their peak currents. The variation coefficient obtain-
ed (n=5) were 3.5, 4.8 and 2.6 % for 0.01, 0.05 and
25 ng mL−1AFP, and 4.9, 7.8 and 4.0 % for 0.05, 0.25 and
1 ng mL−1 PSA, respectively. The inter-assay precision was
investigated by measuring three different concentrations of
mixed antigens using five immunosensors fabricated under
the same condition. The variation coefficient (n=5) were
4.0, 5.5 and 4.4 % for 0.01, 0.05 and 25 ng mL−1 AFP; 3.5,
4.3 and 5.0 % for 0.05, 0.25 and 1 ng mL−1 PSA, indicating
the immunosensor possesses good reproducibility.

The selectivity of the immunosensor was evaluated using
CEA, HCG and IgG as the possible interference substance and
recorded their peak currents in presence of 1 ng mL−1 AFP
and 1 ng mL−1 PSA alone and co-exist with 100 ng mL−1

other interfere substance. The results obtained are shown in
Fig. S7. It can be observed that the signal intensities corre-
sponding to AFP and PSAwere almost kept a constant, indi-
cating the immunosensor had good selectivity.

The stability of the immunosensor was also examined in
presence of 1 ng mL−1 AFP. The response value of the
immunosensor maintains 98.6, 96.2, 95.8, 94.7, 93.5 and
91.6 % of initial value after 3, 6, 9, 12, 15 and 20 days pres-
ervation, which shows that the immunosensor exhibits good
stability.

Real samples analysis

To investigate the performance of the immunosensor in clin-
ical analysis, recovery experiments were performed by spik-
ing different concentrations (AFP and PSA) standards into the
blank serum specimens, and detect their content using the
immunosensor. Simply, 20 μL serum samples from normal
human (Yiji Shan Hospital provided) was injected into
3.0 mL pH 6.5 PBS. Then, different concentrations of AFP
and PSA were added into the solution above. The detection
procedure is according to the electrochemical measurement,
and the results obtained are shown in Table S1, the recovery
obtained were within 96.0–107.2 % for PSA and 100.9–
105.8 % for AFP, indicating the immunosensor can be applied
to simultaneously detect AFP and PSA in human serum.

Conclusions

In summary, a simple and sensitive immunosensor for the
simultaneous detection of AFP and PSA has been described
using Azure A and Fc as labels. The experimental results
show that the immunosensor exhibits wide linear response
range and high sensitivity. In particular, the immunosensor
provides a promising application in clinical analysis.
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