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Abstract High molecular-weight silk peptide (SP) was used
to functionalize the surface of nanosheets of reduced graphene
oxide (rGO). The SP-rGO nanocomposite was then mixed
with mouse anti-human prostate specific antigen monoclonal
antibody (anti-PSA) and coated onto a glassy carbon electrode
to fabricate an immunosensor. By using the hexacyanoferrate
redox system as electroactive probe, the immunosensor was
characterized by voltammetry and electrochemical impedance
spectroscopy. The peak current, measured at the potential of
0.24 V (vs. SCE), is distinctly reduced after binding prostate
specific antigen (PSA). Response (measured by differential
pulse voltammetry) is linearly related to PSA concentration
in the range from 0.1 to 5.0 ng ·mL−1 and from 5.0 to
80.0 ng∙mL−1, and the detection limit is 53 pg∙mL−1 (at an
SNR of 3). The immunosensor was successfully applied to
the determination of PSA in clinical serum samples, and the

results were found to agree well with those obtained with an
enzyme-linked immunosorbent assay.
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Introduction

Prostate specific antigen (PSA) is an important biomarker high-
ly related to diagnosis, prevention, and treatment of prostate
tumor [1, 2]. High PSA concentration in serum means a poten-
tial risk in suffering from prostate cancer [3]. The typical PSA
cutoff level in serum regarding to suspicious prostate cancer is
4 ng·mL‾1 [4]. To monitor PSA level in physiological fluids is
essential for the early diagnosis and the accurate evaluation of a
drug therapy. Traditional assay methods such as enzyme-linked
immunosorbent assay (ELISA) [5], radioimmunoassay [6],
fluorescence immunoassay [7], mass spectrometric immunoas-
say [8], and immune-polymerase chain reaction assay [9] have
their own disadvantages and limitations unavoidably, resulting
in an increasing demand for simple, sensitive and easily auto-
mated devices. Electrochemical immunosensor is considered to
be an outstanding alternative and has been widely applied for
clinical diagnosis [10–12]. In order to improve the sensitivity
toward PSA, many nanomaterials based on metal nanoparti-
cles, carbon nanotubes, reduced graphene oxide nanosheets
and their composites have been used as sensing platform to
immobilize anti-PSA [13–21].

Carbon nanotubes and graphene nanosheets possess some
extraordinary properties including superior electrical conduc-
tivity, high thermal conductivity, good electron field emitters,
high specific surface area and excellent mechanical properties
[22–24]. The key challenge in harnessing of these unique
properties is the difficulty of reliable manipulation of well-
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dispersed carbon nanotubes and graphene nanosheets. Chem-
ical and physical functionalization of graphene has become a
focus of especial interest, because they can not only stabilize,
but also induce new properties [25]. The covalent modifica-
tion has been demonstrated a worthwhile method for fabricat-
ing functionalized reduced graphene oxide nanosheets. The
graphene oxide nanosheets can supply many active sites,
e.g., epoxy groups, for the reacting with modifiers such as
amines, amino acids, ionic liquids and biomolecules [26,
27]. High molecular-weight silk peptide, a partly hydrolysis
product of silk protein, has also been used as a functional
monomer to modify the reduced graphene oxide nanosheets.
The obtained nanocomposite has been demonstrated to be an
enhanced element for the amperometric sensing of phenolic
compounds based on the catalytic properties of tyrosinase
[28].

Herein, the SP-rGO nanocomposites were used as a sens-
ing platform to construct an electrochemical immunosensor
for PSA. High molecular-weight silk peptide not only pro-
vides abundant active groups, mainly amino groups and car-
boxyl groups, for the immobilization of anti-PSA, but also
forms a biocompatible microenvironment that is helpful for
maintaining the bioactivity of anti-PSA. In addition, the re-
duced graphene oxide nanosheets possess large surface area
and high conductivity. Therefore, SP-rGO nanocomposites
will not only promote more anti-PSA to be loaded on, but also
improve the electrochemical response of potassium ferricya-
nide, thus accordingly enhance the sensitivity of the devel-
oped immunosensor. Voltammetry and electrochemical im-
pedance techniques were used to characterize the
immunosensor. Experimental conditions for PSA determina-
tion were optimized. Furthermore, practical application of the
immunosensor for PSA determination in clinical serum sam-
ples was evaluated.

Experimental

Chemicals and apparatus

High molecular-weight silk peptide (SP, MW=10,000–15,
000 Da) was bought from Huzhou Xintiansi Biotech Co.,
Ltd (http://www.chinatiansi.com/en/index.htm). Mouse anti-
human PSA monoclonal antibody (anti-PSA), prostate specif-
ic antigen (PSA), α–fetoprotein, and human IgG were pur-
chased from Beijing Biosynthesis Biotechnology Co., LTD
(h t tp : / /www.b ioss . com.cn ) . Specpure g raph i t e ,
glutaraldehyde, and bovine serum albumin (BSA) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. (http://
www.sinoreagent.com). Other chemicals were analytical
grade and were used as received. All of the solutions were
prepared with ultrapure water. Experiments were carried out
at room temperature without other statements.

Electrochemical measurements were performed with CHI
660 C electrochemical workstation (http://www.chinstr.com).
A conventional three-electrode system consists of an
immunosensor as the working electrode (3 mm in diameter,
http://www.gaossunion.com), a Pt wire as auxiliary electrode,
and a saturated calomel reference electrode (SCE). JSM-
6700 F field emission scanning electron microscopy (http://
www.jeol.co.jp/en) was applied to the electrode surface
analysis. Transmission electron microscopy (TEM) images
were obtained on a FEI Tecnai G2 20S-TWIN instrument
(http://www.fei.com/products/tem/tecnai) operating at an
acceleration voltage of 200 kV. X-ray photoelectron spectros-
copy (http://www.thermoscientific.com) was used to analysis
of the composition of nanocomposites. X-ray diffraction was
conducted on D8 Advanced X-ray diffractometer (http://
www.bruker.com). FTIR was recorded on a FTIR-8700 infra-
red sepectropho-tometer (http://www.shimadzu.com). Raman
spectra were performed on a LabRAM HR800 confocal
Raman microscopy system (http://www.horiba.com) using
532 nm laser.

Synthesis of SP-rGO nanosheets

Graphite oxide was synthesized using the Hummers method
with some modifications [29, 30]. The graphite powder (10 g)
was loaded into a mixed solution containing concentrated
H2SO4 (15 mL), K2S2O8 (5 g), and P2O5 (5 g), and was heated
to 80 °C. The resultant dark blue mixture was thermally iso-
lated and allowed to cool to room temperature. The mixture
was then carefully diluted with distilled water, filtered, and
washed until the rinse water became neutral. The product
was dried at ambient temperature overnight. Concentrated
H2SO4 (17 mL) was added to the mixture of pre-oxidized
graphite powder (0.5 g) and KNO3 (0.45 g). KMnO4

(2.25 g) was added gradually with stirring and cooling, and
kept at 0 °C for 2 h. Then, the mixture was stirred at room
temperature for 5 days. The reaction was terminated by the
addition of 50 mL of a mixed solution containing H2SO4

(3 %) and H2O2 (0.5 %). The mixture was washed with ultra-
pure water until the rinse water became neutral. After that, the
graphite oxide was dispersed into water and was subjected to
dialysis for one week. Then, ultrasonication was used to ex-
foliate graphene oxide nanosheets from the graphite oxide
surface. Subsequently, the unexfoliated graphite oxide was
removed from the system using centrifugation [31]. The solu-
tion was evaporated to afford graphene oxide nanosheets.

The procedure for the SP-rGO nanosheets preparation was
briefly described as following [28]: 4.0 mg of the graphene
oxide nanosheets, 20.0 mg of high molecular-weight silk pep-
tide and 16.0 mg of KOH were added into ultrapure water
(20.0 mL), and were vigorously stirred to obtain a homoge-
neous mixture. The mixture was kept at 80 °C for 24 h. After
being cooled to room temperature, 2.0 mL NaBH4 solution
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(1.0 mol L−1) was added to reduce the graphene oxide nano-
sheets. The reaction was kept at 80 °C for 2 h. Centrifugation
was used to separate SP-rGO nanosheets with thorough wash-
ing. The obtained SP-rGO nanocomposites were characterized
with TEM, XRD, XPS, FTIR and Raman spectroscopy. All
results were shown in Fig. S1 – S5 (Electronic Supplementary
Material), and confirmed the successful modification of SP on
the reduced graphene oxide nanosheets surface.

Fabrication of PSA immunosensor

Prior to modification, glassy carbon electrodes were polished
with emery paper and alumina slurries. The electrodes were
successively ultrasonicated in nitric acid, ethanol, and water,
and then allowed to dry at room temperature. The SP-rGO
nanocomposites (25 μL, 2 mg mL−1) and anti-PSA (10 μL,
5μgmL−1) were homogeneously dispersed in phosphate buff-
er. In subsequent steps, the mixed solution was drop coated
onto the cleared glassy carbon electrode surface and dried at
4 °C. Then, the anti-PSA/SP-rGO composite film electrode
was treated with glutaraldehyde vapor for 5 min to stabilize
anti-PSA via a cross-linking reaction. After that, the modified
electrode was incubated in a bovine serum albumin solution to
block all unspecific sites to produce an immunosensor that
was denoted as anti-PSA(BSA)-SP-rGO/GCE. The obtained
immunosensor was fully washed with ultrapure water to re-
move all chemicals that were physically adsorbed. When be-
ing used for immunosensing, anti-PSA(BSA)-SP-rGO/GCE
was incubated in a PSA solution for 30 min, and was washed
thoroughly with phosphate buffer. Based on specific binding
between anti-PSA and PSA, the immunosensor can selective-
ly recognize PSA and give corresponding electrochemical
signals using K3[Fe(CN)6]/K4[Fe(CN)6] as electroactive
probes. The fabrication procedure and electrochemical re-
sponse mechanism of the immunosensor were presented in
Scheme 1.

Electrochemical measurements

Cyclic voltammetric and differential pulse voltammetric
measurements were carried out in an electrochemical cell
containing 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1),
0.1 M KCl and 0.01 M phosphate buffer. The current
difference between the electrochemical response of the
immunosensor before and after being interacted with
PSA was used as a quantitative standard to evaluate its
sensing performance. The pulse amplitude, pulse period,
and pulse width of differential pulse voltammetry were
50 mV, 0.2 s, and 50 ms, respectively. Electrochemical
impedance spectroscopy was carried out in the frequency
range from 1.0×105 to 0.1 Hz.

ELISA assay

Clinic serum sample was kindly supplied by the Central Hos-
pital of Wuhan (http://www.zxhospital.com). The blood
serum sample was simply diluted with phosphate buffer, and
was measured using the developed immunosensor. Enzyme-
linked immunosorbent assays were performed using commer-
cial kits (http://www.leadmanbio.com) according to the
manufacturer’s instructions, and were detected using
Olympus AU5421 automatic biochemical analyzer (http://
www.olympus-global.com/en).

Results and discussion

Characterization of PSA immunosensor

To successfully fabricate the SP-rGO-based immunosensor,
the stabilized modification of the SP-rGO nanosheets and
the anti-PSA(BSA)-SP-rGO composites on glassy carbon
electrode surface were very crucial. Hydrophobic interaction
and π-π interaction between the rGO nanosheets and the
glassy carbon electrode surface will be beneficial to the stabi-
lization of these nanocomposites. In addition, the covalent
cross-linking reaction between amino groups, which exist in
anti-PSA and SP, and aldehyde groups come from glutaralde-
hyde are great helpful to immobilize anti-PSA onto the sens-
ing platform. Figure 1 shows the scanning electronmicroscop-
ic images of the SP-rGO/GCE (a) and the anti-PSA(BSA)-SP-
rGO/GCE (b), respectively. It is obvious that the SP-rGO
nanosheets modified electrode displayed tiny wrinkles over
the whole surface with mountainous peaks. The overlap of
the SP-rGO nanosheets with two or more layers can be clearly
observed. Scanning electron microscopic image of the anti-
PSA(BSA)-SP-rGO/GCE reveals that some nanoparticles
were homogeneously distributed onto the electrode surface.
The morphologic difference between the SP-rGO/GCE and
the anti-PSA(BSA)-SP-rGO/GCE is mainly caused by the

Scheme 1 Schematic for the fabrication and electrochemical response of
the PSA immunosensor
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immobilization of anti-PSA, thus meaning the successful fab-
rication of the immunosensor.

Electrochemical impedance spectroscopy is an effective
technique to explore the interfacial information of the modi-
fied electrode during the stepwise assembled processes. The
Nyquist plot commonly includes a semicircular portion and a
linear portion. The semicircle portion at higher frequencies is
corresponding to the electron-transfer limited process, and the
linear part at lower frequencies is attributed to the diffusion
process. The semicircle diameter corresponds to the charge
transfer resistance (Ret). K3[Fe(CN)6]/K4[Fe(CN)6] were used
as electroactive probes to study the charge transfer resistance
(Ret) of the bare glassy carbon electrode (a), the SP-rGO/GCE
(b), the anti-PSA-SP-rGO/GCE (c), the anti-PSA(BSA)-SP-
rGO/GCE (d) and the PSA-anti-PSA(BSA)-SP-rGO/GCE (e),
respectively. The corresponding Nyquist plots were shown in
Fig. 2a. The Randles equivalent circuit, which was inserted in
Fig. 2a, was further chosen to fit the impedance data obtained
in the experiments using ZSIMPWIN300 software, where Rs
is the uncompensated solution resistance, Q is the constant
phase element, Ret is the charge transfer resistance, Zw is the
Warburg impedance. From curve a to e, the fitted values of Ret
for K3Fe(CN)6/K4Fe(CN)6 at these electrodes are 133.8,
332.7, 696, 1664, and 2439 ohm, respectively. Correspond-
ingly, the average value for three independent measurements
are calculated to be 133.6 ohm (SD=4.3 %), 333.1ohm (SD=
4.5 %), 694.5 ohm (SD=3.8 %), 1664.8 ohm (SD=3.3 %),
and 2438.3 ohm (SD=2.8%). It was obvious to see thatRet for
the bare GCE (curve a) is less than the electrode modified with
SP-rGO nanosheets (curve b). The main reason can be as-
cribed to the poor conductivity of high molecular-weight silk
peptide. The Ret value significantly increased after
immobilizing anti–PSA through the cross-linking reaction
with glutaraldehyde (curve c). When all unspecific sites were
blocked with bovine serum albumin, the charge transfer resis-
tance was further enhanced (curve d), meaning the successful
reaction between BSA and the remained aldehyde groups. In
the following step, the fabricated immunosensor was incubat-
ed in a PSA solution. Immunoreaction between PSA and the

immobilized anti-PSA leads to the further increasing of charge
transfer resistance of K3Fe(CN)6/K4Fe(CN)6 (curve e).

Figure 2b presents the cyclic voltammograms of 5.0 mM
K3Fe(CN)6/K4Fe(CN)6 at the bare glassy carbon electrode (a),
the SP-rGO/GCE (b), the anti-PSA-SP-rGO/GCE (c), the anti-
PSA(BSA)-SP-rGO/GCE (d) and the PSA-anti-PSA(BSA)-
SP-rGO/GCE (e). It is obvious to see that the redox peak
current gradually decreased with the fabricating procedure
being successively performed. The oxidation peak current,
shown in Fig. 2b, was used to calculate the electrically active
surface area of each electrode according the following equa-
tion: ip=2.69×105n3/2AD1/2cv1/2. Where, n is the electron
transfer number for the oxidation of K4Fe(CN)6; the coeffi-
cient of diffusion (D) for K4[Fe(CN)6] in 0.1 M KCl is 0.65×
10‾5cm2·s‾1; the concentration (c) of K4[Fe(CN)6] is 5×
10‾3M; scan rate (v) is 0.1 V·s‾1. Subsequently, the current
density (j) was also calculated and presented in Fig. 2c. The
calculated electrically active surface area gradually declined
from a to e, leading the current density increased accordingly.
It is notable that a significant increase was observed after the
anti-PSA(BSA)-SP-rGO/GCE has been incubated in a PSA
solution (50 ng·mL‾1). This phenomenon is well consistent
with the result from electrochemical impedance spectroscopy.
The significant variation of electrochemical signal during the
incubation process not only indicated that an immunoreaction
has occurred between PSA and the anti-PSA(BSA)-SP-rGO/
GCE, but also suggested a high sensitivity of the developed
immunosensor.

Optimization of experimental conditions

The following parameters were optimized: (a) Sample pH
value; (b) incubation temperature; (c) incubation time. Re-
spective data are given in the Electronic Supporting Material
as Fig. S 6. The following experimental conditions were found
to give best results: (a) A sample pH value of 6.0; (b) an
incubation temperature of 35 °C; and (c) an incubation time
of 30 min.

Fig. 1 Scanning electron
microscopic images of the SP-
rGO/GCE (a) and the anti-
PSA(BSA)-SP-rGO/GCE (b)
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Stability and reproducibility

The storage stability of the immunosensor was investigated by
comparing the peak current response of PSA at the concentra-
tion of 50.0 ng·mL‾1. After being stored in a refrigerator for
six weeks, the immunosensor retains about 95% of its original
response, meaning good storage stability. The reproducibility
for the PSA determination was evaluated by measuring
K3(FeCN)6/K4(FeCN)6 (5.0 mM) with six independently pre-
pared immunosensors. The calculated RSD, 4.15 %, indicates
reliable fabrication reproducibility. After being regenerated in

a glycine hydrochloric acid buffer (0.2 M, pH 2.8), the
immunosensor was used for determining PSA (50.0 ng·
mL−1) repeatedly. A RSD value of 4.04 % was obtained for
the six independent determinations, meaning no perceive in-
fluence on the biosensing performance during the regenera-
tion process.

Selectivity of the immunosensor

The specificity of the immunosensor plays an important role
in the biological assay without separation. Selectivity of the
immunosensor was evaluated by determining PSA in the pres-
ence of some potentially interfering species. After being incu-
bated in a PSA solution (10.0 ng·mL‾1) for 30 min, the
current response of the immunosensor was presented in
Fig. S 7 (a). With the identical procedure, the current response
of a PSA solution (10.0 ng ·mL‾1) containing alpha-
fetoprotein (100.0 ng ·mL‾1), human IgG (100.0 ng ·
mL‾1), BSA (1.0 μg ·mL‾1), Vc (1.0 μg ·mL‾1), L-
Cysteine (1.0 μg·mL‾1) and L-Lysine (1.0 μg·mL‾1) was
also measured using the immunosensor, and was shown in
Fig. S 7 (b). It was found that these potentially interfering
species had almost no influence on the current response of
PSA (signal change below 5 %), indicating that the
immunosensor possesses excellent selectivity towards PSA.

Analytical characteristics

The analytical performance of the immunosensor was ex-
plored by quantifying the PSA standard solution according
to the above-described procedure. The typical differential
pulse voltammograms at different concentrations are present-
ed in Fig. 3a. It was found that the peak current of K3(FeCN)6/
K4(FeCN)6 decreased with the PSA concentration increasing.
As shown in Fig. 3b, a good linear relationship between the
peak current variation (ΔI) and PSA concentration (c) was
obtained in the range of 0.1~5.0 ng ·mL‾1 and 5.0~
80.0 ng·mL‾1. At high PSA concentration, the ΔI values
would tend to be stable due to the saturation binding of PSA
to the immobilized anti-PSA. The equations can be expressed
as following: ΔI (μA)=2.14 c (ng·mL‾1)+9.75 (R=0.990)
and ΔI (μA)=0.175 c (ng·mL‾1)+19.4 (R=0.994). The de-
tection limit is calculated to be 0.053 ng·mL‾1 (S/N=3). The
calibration curves present two slopes, meaning different sen-
sitivity towards the voltammetric determination of PSA. The
difference may come from the restricted amount of anti-PSA
immobilized on the SP-rGO/GCE surface [14, 15]. During the
incubation process, PSA selectively interacted with the active
sites of anti-PSA. As the PSA concentration is low, the active
sites are abundant for PSA binding, thus showing a high sen-
sitivity. With the PSA concentration increasing, the amount of
active sites becomes relatively small. As a result, the sensitiv-
ity of the immunosensor declines accordingly. The sensing

Fig. 2 Nyquist plots (a) and cyclic voltammograms (b and c) of
5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) at the bare glassy carbon
electrode (a), the SP-rGO/GCE (b), the anti-PSA-SP-rGO/GCE (c), the
anti-PSA(BSA)-SP-rGO/GCE (d) and the PSA-anti-PSA(BSA)-SP-rGO/
GCE (e). Supporting electrolyte solution: 0.01 M phosphate buffer
(pH 6.0)+0.1 M KCl solution; Scan rate: 100 mV·s‾1
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performance of the developed immunosensor was compared
with the previously reported immunosensors for PSA. As
shown in Table S1 in Supporting Information, the
immunosensor fabricated with the SP-rGO nanosheets ex-
hibits a wider linear range and a lower detection limit than
some of them. The immunosensor also has the merits of sim-
ple, rapidness, and high selectivity for the PSA determination.
Thus, it should possess a promising application in real sample
analysis.

Analysis of PSA in clinical serum samples

The applicability of the developed immunosensor was evalu-
ated by determining PSA in serum samples. The results were
compared with those obtained using commercial ELISA Kits.
On the basis of these data summarized in Table 1, it was found
that no significant difference can be observed between the
immunosensor and the ELISA method, demonstrating a high
accuracy for the PSA determination. The developed
immunosensor can be considered as a versatile, reliable and
accurate tool for screening of PSA in clinical samples.

Conclusions

The integration of high molecular-weight silk peptide with the
reduced graphene oxide nanosheets provided some profitable
characteristics such as high specific surface area, excellent
conductivity, and abundant active sites for further modifica-
tion, leading the anti-PSA amount loaded on the electrode
surface increasing. An immunosensor based on the SP-rGO
composites was thus fabricated for the determination of PSA.
The results indicated that the immunosensor can be used to
determine PSAwith high sensitivity, good selectivity and ex-
cellent accuracy. The practicability of the immunosensor has
also been demonstrated by determining PSA in clinical serum
samples. We anticipate that SP-rGO nanocomposite based
immunosensors can be expanded rapidly for other tumor
markers.
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