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A sensitive immunosensor for quantifying prostate specific antigen (PSA) had been described. In the
design, gold nanoparticles decorated thionine-functionalized carbon nanospheres (CNSs/Thi@AUuNPs)
for immobilization of primary antibody (Ab1) as an electrochemical sensing platform. Silicon dioxide
nanospheres (SiO2 NSs), with large surface area and good biocompatible, were loaded with horseradish
peroxidase (HRP) and horseradish peroxidase labeled secondary antibodies (HRP-Ab,). In the presence
of PSA, a sandwich type immunocomplex from Abi-Ag-Abz had been formed. Differential pulse
voltmmetry (DPV) was employed to obtain the response signal of immunosensor. Under the suitable
experimental conditions, the changes of current intensity were linear with the logarithm of PSA
concentration from 0.1 pg-mL? to 100 ng-mL™, and the detection limit was 0.025 pg-mL™? (S/N=3).
Moreover, the immunosensor possessed satisfactory specificity, repeatability and stability, suggesting
that it had potential application value in the detection of tumor markers.

Keywords: Electrochemical immunosensor; Prostate specific antigen; Horseradish peroxidase; Silicon
dioxide nanospheres; CNSs/Thi@AuNPs nanocomposites

1. INTRODUCTION

Prostate cancer (PCa) represents one of the most common forms of cancer affecting men
worldwide and is particularly prevalent among men of age 50 and older [1,2]. Primary PCa has no
obvious clinical manifestation. This makes early diagnosis important for successful cancer treatment [3].
Prostate specific antigen (PSA), a glycoprotein almost entirely secreted by the prostate gland, is
recognized as an important tumor marker for the diagnosis, monitoring, and risk prediction of PCa [4-
6]. In general, the serum level of PSA in normal men is less than 4 ng-mL?, if it exceeds 10 ng-mL™,
the patient is likely to develop prostate cancer [7-9]. Therefore, the development of a simple and effective
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PSA test for detecting early asymptomatic PCa will be crucial to increase the chances of cure and reduce
its mortality.

Conventional, the PSA detection is based on immunoassay methods such as enzyme-linked
immunosorbent assays (ELISA), radioimmunoassay, chemiluminescence, fluorescence and
electrochemical immunoassay [10-13]. Among them, electrochemical immunoassay has attracted much
attention due to its rapid, high sensitivity, and specificity, which provides a possibility for rapid and
accurate screening and diagnosis of PCa in early stage.

However, the growing need for early and ultrasensitive surveillance of disease-related
biomarkers is driving the development of biomarker sensitive assays through signal amplification.
Fortunately, recent achievements in nanomaterials and nanotechnology have provided new avenues to
develop novel signal amplification strategies for ultrasensitive immunoassay [14-16]. Because of their
small size, large specific surface area and good stability at high temperatures, nanoparticles have been
widely used for signal amplification including colloidal gold nanoparticles(AuNPs), magnetic
nanoparticles(MNPS), carbon nanospheres(CNSs), quantum dots(QDs), silicon dioxide nanospheres
(SiO2 NSs) [17-21]. More importantly, the surfaces of these nanoparticles can be modified with
oligonucleotides, enzymes, or antibodies to generate biological conjugates that serve as analysis cores
and enhance signal generation by producing a synergistic effect to achieve higher sensitivity and lower
detection limits [22,23].

Compared with a variety of nanoparticles, CNSs, AuNPs, SiO2 NSs and their
nanocomposites serve as signal amplification systems have many advantages: (i) they are nontoxic and
highly biocompatible with biological systems; (ii) easy to be prepared and their surface can be
functionally treated as needed [24-26].

In the present study, a sensitive electrochemical immunosensor was designed for PSA detection.
Thionine (Thi), AuNPs and primary antibody (Abi) were assembled on CNSs respectively to form
CNSs/Thi@AuNPs nanocomposites, which not only served as sensing platforms, but also owned large
surface area and good biocompatibility, and could load more signal molecules and antibodies to enhance
response signal. SiO2 NSs was used a carrier for the immobilization of HRP and HRP labeled secondary
antibody (HRP-Ab). Sandwich-type immunocomplexes were formed when antibodies and antigens
performed specific recognition responses. Meanwhile, in the medium containing H2O., the prepared
HRP-ADb,-SiO2 NSs bioconjugate acted as a catalytic system with the help of thionine, further amplifying
the reaction signal [27]. The experimental results showed the designed immunosensor had a wide linear
range and high sensitivity. In addition, the detection results of serum samples by the developed method
agreed well with ELISA values.

2. EXPERIMENTAL

2.1. Materials and Apparatus

Horseradish peroxidase (HRP), HRP-labeled monoclonal anti-PSA antibody (HRP-Abz), PSA
ELISA kit were purchased from Biocell Co., Ltd. carboxylated-carbon nanospheres (COOH-CNSS)
were purchased from Xfnano Co., Ltd. 3-Aminopropyltriethoxysilane (APTES), Tetraethoxysilane
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(TEQS), Thionine(Thi), Bovine serum albumin (BSA) were purchased from Aladdin Chemistry Co.,
Ltd. Other reagents were analytical grade, purchased from Sinopharm Chemical Reagent Co., Ltd.
Twice-quartz-distilled water was used in all tests.

The morphology and the size of nanomaterials were measured on a scanning electron microscope
(SEM, Hitachi, Japan). FTIR spectra of SiO> NSs and functionalization were obtained on an IR-21
spectrometer (Shimadzu, Japan). UV-vis absorption spectra were obtained on a U-5100 UV-vis-NIR
spectrometer (Hitachi, Japan). Electrochemical measurements were carried out on CHIG50C three-
electrode electrochemical working system (Shanghai CH Instruments Co., China).

2.2. Preparation and functionalization of SiO2 NSs

The preparation and surface functionalization of SiO, NSs were carried out according
to reference [28,29]. 2.7 mL ammonium hydroxide and 5.0 mL deionized water were mixed with 90 mL
ethanol, then 2.3 mL of TEOS was added into the mixture and stirred vigorously for 24 h. The white
suspension was centrifuged, washed with ethanol for three times and dried to obtain monodisperse silica
nanoparticles. 20 mg of SiO> NSs was then dispersed in 50 mL ethanol and treated with 0.4 ml APTS.
After being stirred for 6 h, the suspension was washed three times and the amino-functionalized SiO;
NSs (NH2-SiO2 NSs) were obtained. Next, NH2-SiO2 NSs (20 mg) were suspended in 20 mL of N, N-
Dimethylformamide (DMF) containing 0.1 mol-L™! glutaric anhydride by ultrasonic stirring for 10 min
and reacted 24 h under magnetic stirring. The centrifuged precipitates were washed alternately with
DMF and water three times to obtain carboxyl-functionalized SiO> NSs (COOH-SiO2 NSs).

2.3. Preparation of HRP-Ab>-SiO: NSs bioconjugate

20 mg of COOH-SiO2 NSs were ultrasonically dispersed in PBS solution (2 mL, pH 7.4) and
activated with 2.6 mg EDC and 2.6 mg NHS for 30 min. Then, HRP (0.3 mL, 0.5 mg - mL™?) and HRP-
Ab, (0.1 mL, 1.0 mg - mL™) were added to the dispersion and stirred overnight at room temperature.
The excessive enzymes and secondary antibodies were removed by centrifugation. The sediment was
washed with PBS and re-dispersed in 2.0 mL PBS containing 1% BSA, which was stored in a refrigerator
at 4°C for later use.

2.4. Preparation of CNSs/Thi@AuNPs

The preparation of CNSs/Thi@AuNPs nanocomposites referred to the method we introduced
before [30]. Briefly, 1.0 mg carboxylated-CNSs were ultrasonically dispersed in 2 ml of distilled water
and activated for 30 min by adding EDC and NHS to the suspension. Next, 2.0 mL Thi (1.0 mM) was
added to the mixture and stirred for 12 h. After centrifugation, the precipitate was washed three times,
and slowly dropped into of AuNPs solution (10.0 mL) with mild agitation for another 12 h. Finally, the
mixture was centrifuged, washed and dispersed in PBS (2.0 mL, pH 7.0).
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2.5. Fabricating immunosensor

The glassy carbon electrode (GCE) was repeatedly polished with 0.05um aluminum powder,
ultrasonically cleaned with water and ethanol, and then blow-dried with nitrogen. 10 pL
CNSs/Thi@AuNPs nanocomposites were dribbled onto the surface of GCE and dried naturally at room
temperature. The decorated electrode was immersed in PSA primary antibodies (Ab1, 200 pg - mL™)
and incubated at 37 ° C for 12 h. Finally, the electrode was blocked withl % BSA at 37°C for 45 min.

2.6. Detection of PSA

PSA testing protocol was shown in scheme 1. Firstly, the prepared immunosensor was incubated
with PSA solution of different concentration for 50 min. After washing with PBS, the immunosensor
was placed into HRP-Ab,-SiO2> NSs bioconjugate for further incubation for 50 min. Then the
immunosensor was transferred into PBS solution containing 4.0 mM H»O> for DPV detection.
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Scheme 1. The construction process of immunosensor for electrochemical detection of PSA.

3. RESULTS AND DISCUSSION

3.1. Characterizations of SiO> NSs and HRP-Ab>-SiO> NSs bioconjugate

The shape of SiO2 NSs and its functionalization were investigated by SEM and FTIR. Figure.
1A showed SEM image of the SiO> NSs. It could be observed that the SiO> NSs had uniform spherical
shape with an average size of ~300 nm in diameter. Surface modification of SiO2> NSs was often used in
immunoassay. In this work, surface functionalization of SiO, NSs was carried out in two steps. Firstly,
the amine groups were introduced on the surface of SiO2 NSs through silanization reaction by APTES,
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and then the carboxyl groups were obtained by the extension reaction of amine groups and glutaric
anhydride with a ring-opening linker [31]. FTIR spectra (Seen in Figure. 1B) confirmed the existence of
amino and carboxyl groups on the surface of SiO, NSs after functionalization.

UV-vis spectrophotometry was employed to characterize the HRP-Ab2-SiO2 NSs bioconjugate.
From Figure. 1C, it could be observed that the bioconjugate appeared two new obvious absorptive peaks
at 280 nm and 402 nm, which came from Ab; and HRP, indicating that HRP-Ab> and HRP were
successfully bonded to SiO2 NSs via the EDC/NHS method.
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Figure 1. (A) SEM image of SiO2 NSs. (B) FTIR spectra of (a) SiO2 NSs, (b) NH2-SiO2 NSs, (c) COOH-
SiO2 NSs. (C) UV-vis absorption of (a) HRP-Abg, (b) SiO2 NSs, (¢) HRP-Ab,-SiO2 NSs.

3.2. Characterizations of CNSs and CNSs/Thi@AuNPs

The surface morphology of CNSs and CNSs/Thi@AuNPs was characterized by SEM. As can be
seen from Figure. 2A that CNSs was spherical with a diameter of 300-400 nm. When Thi and AuNPs
were decorated on CNSs, a large number of “bright spots” could be seen on the surface of CNSs,
meanwhile, EDX analysis confirmed the presence of Au element (seen Figure. 2B and 2C). Here,
CNSs/Thi@AuNPs nanocomposites not only provided electrochemical signal as electron transport
medium, but also improved the electrical conductivity of the electrode. Importantly, the incorporation
of significant biocompatibility and high conductivity of AuNPs could further enhance the
electrochemical signal and capture more primary antibodies.
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Figure 2. (A) SEM image of CNSs. (B) SEM image of CNSs/Thi@AuNPs. (C) EDX analysis of
CNSs/Thi@AuNPs.
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3.3. EIS and CV investigations of the immunosensor

The assembly process of immunosensor was studied by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). EIS consists of a linear section representing the diffusion limiting
process and a semicircular section reflecting the size of the electron transfer resistance (Ret) [32]. After
the bare GCE was modified by CNSs/Thi@AuNPs with excellent conductivity, the electron transfer was
strengthened, and the R value decreased significantly (Figure. 3A, curve b). However, after coating Abi,
BSA and antigens on the electrode, the resistance increased successively (curve ¢, d and e), indicating
that the presence of these bioactive substances impeded the electron transfer between the electrode and
the alkaline solution. In addition, the test results of CV technique were consistent with those of EIS
(showed in Figure. 3B).
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Figure 3. (A) EIS of (a) bare GCE, (b) CNSs/Thi@AuNPs/GCE, (c) Ab1/CNSs/Thi@AuNPs/GCE, (d)
BSA/Abi/CNSs/Thi@AuNPs/GCE, (e) antigens/BSA/Abi/CNSs/Thi@AuNPs/GCE in 5 mM
[Fe (CN)s>*] and 0.1 M KClI solution. (B) CV responses of the different modified electrodes in
1mM [Fe (CN)¢*"*] and 0.1 M KClI solution.

3.4. Optimization of experimental conditions

In order to obtain good performance of immunoassay, some experiment conditions were
optimized. Because of the activity of HRP and the stability of antibody were related to the pH of solution,
we researched the impact of pH on the response signal of the immunoassay. The result of Figure. 4A
showed that with the increase of pH from 4.5 to 8.0, the peak current first increased and then decreased,
reaching its maximum value at pH 6.5. Therefore, we selected the solution of pH 6.5 for the
immunoassay.

The effect of the incubation time of secondary antibody and antigen on signal intensity was also
investigated. As shown in Figure. 4B, in the range of 20-100 min, the peak current displayed its
maximum when the time reached 50 min. Therefore, the electrochemical measurements were performed
at incubation time of 50 min.
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Figure 4. The influences of (A) pH, (B) incubation time on the current intensity of immunosensor.

3.5. Analytical performance

The quantitative range of the immunosensor was assessed under the optimum conditions. As can
be seen from Figure. 5, with the increase of PSA concentration, the peak current of DPV enhanced
gradually and a good calibration curve was obtained in the range of 0.1 pg-mL™* to 100 ng-mL™. y(uA)
=5.1058 +0.1198x(ng-mL™1) was a linear regression equation, and its linear regression coefficient was
0.9951. The detection limit was estimated to be 0.025 pg-mL™* (S/N=3). Compared with other PSA
electrochemical immunosensors, our developed immunosensor showed higher sensitivity and
satisfactory detection range (seen in Table. 1)[8,33-38], which may be attributed to the following
aspects: First, AuUNPs interspersed on the surface of CNSs not only improved the conductivity and
electron transport capacity, but also increased the specific surface area, which can bind more primary
antibodies [27]. Second, the modified SiO2 NSs had stable performance, good biocompatibility and large
surface area, can load more HRP and secondary antibodies, enhanced the catalytic ability of signal
molecule reaction, and enhanced the binding ability between antibodies and antigens.
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Figure 5. (A) DPV signals of the immunosensor with target PSA concentration of 0.0001, 0.001, 0.01,
0.1,0.5, 5, 20, 100 ng-mL™ (a~h) in PBS (pH 6.5). (B) The calibration curve of peak current vs.
logarithm of PSA concentration.
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3.6. Specificity, reproducibility and stability

In order to assess the specificity of the sensor, several possible interfering substances such as AFP,
CEA, ascorbic acid (AA) and BSA were selected for detection [39]. The results (seen in Figure.6) showed that
compared with the target analyte, the addition of the above substances had no significant effect on DPV signals,
indicating that the sensor exhibited excellent selectivity.

Furthermore, PSA were measured with five parallel electrodes to investigate the repeatability of the
sensor under the same conditions. The results showed a relative standard deviation (RSD) of 3.6 %. The
Immunosensor was stored in a refrigerator at 4°C for 3 weeks to dynamically investigate its stability. After
one, two and three weeks, the DPV response signals of the immunosensor still maintained 96.5%, 94.2% and
91.6% of the initial levels.
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Figure 6. Specificity of the immunosensor. Cpsa= 20 ng-mL™; Cinterferens= 100 ng-mL™.

3.7. Samples analysis

To explore the feasibility of practical application of this method, eight human serum samples
from Yiji Shan Hospital (Wuhu, China) were detected by the proposed and ELISA methods. The results
were compared with the reference values obtained from the ELISA method (seen in Table. 2). The
relative deviations were within -3.65% to 4.94 %, implying that the results obtained by the proposed
method were basically consistent with those obtained by the ELISA.

Table 1. Comparison of analytical performance of various immunosensors for PSA

Electrode Linear range (ng-mL1) Detection limit (pg-mL™?) Refs
APBA/6-PICA/GCE 0.5-100 110 [8]
Au@Pt AUNCs/GCE 0.1-50 78 [33]

Br-Py/AuNP-Hep-Nafion/GCE 0.1-50 80 [34]
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AgEPG/GCE 1-35 440 [35]
AuNPs/CHI/SPE 1-18 1 [36]
AuNPs@MWCNTs-GODs/GCE 1-10 0.48 [37]
AuNSs/FTO 0.05-30 5.7 [38]
CNSs/Thi@AUNPs/GCE 0.0001-100 0.025 This work

APBA, aminophenylboronic; 6-PICA, poly-indole-6-carboxylic acid; GCE, glassy carbon electrode; Au@Pt AuNC,
gold/palladium bimetallic core-shell@gold nanocrystals; Br-Py, pyridinium bromide; AuNP, gold nanoparticle; Hep,
heparin; AgEPG, silver nanoparticle-embedded porous graphene; CHI, chitosan; SPE, screen printed electrode;
MWCNTSs, multiwall carbon nanotubes; GODs, graphene quantum dots; AuNSs, gold nanostructures; FTO, fuorine-
doped tin oxide.

Table 2. Comparison results of serum samples using the proposed and ELISA methods

Serum sample Proposed method 2 (ng-mL1) ELISA 2 (ng-mL1) Relative deviation (%)
1 1.326+0.008 1.266+0.012 4.74
2 0.615+0.014 0.598+0.018 2.84
3 5.108+0.022 5.231+0.027 -2.35
4 2.486+0.009 2.369+0.012 4,94
5 1.925+0.015 2.002+0.011 -3.65
6 11.128+0.106 10.613+0.188 4.85
7 24.362+0.491 23.585+0.615 3.29
8 38.118+0.616 39.439+0.802 -3.35

a
Mean valuexSD of five measurements serum sample.

4. CONCLUSIONS

In conclusion, an electrochemical immunosensor for quantitative detection of PSA had been
developed. CNSs/Thi@AuNPs nanocomposites served as electrochemical sensing platforms and carrier
of signal materials to amplify reaction signal. In addition, HRP-Ab2-SiO> NSs bioconjugate catalyzed
the reduction of H2O: in the presence of thionine, further amplifying the reaction signal. The research
results showed that the immunosensor exhibited high sensitivity and provided a promising potential in
clinical applications.
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