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In this paper, a most sensitive electrochemical biosensor for detection of prostate-
specific antigen (PSA) was designed. To reach the goal, a sandwich type electrode
composed of reduced graphene oxide/ gold nanoparticles (GO/AuNPs), Anti-Total
PSA monoclonal antibody, and anti-Free PSA antibody was assembled. The func-
tionalized materials were thoroughly characterized by atomic force microscope spec-
troscopy, transmission electron microscopy, and X-ray diffraction techniques. The
electrochemical properties of each of the modification step were evaluated by cyclic
voltammetry and electrochemical impedance spectroscopy. The results presented that
the proposed biosensor possesses high sensitivity toward total and free PSA. Further-
more, the fabricated biosensor revealed an excellent selectivity for PSA in comparison
to the other tumor markers such as BHCG, Alb, CEA, CA125, and CA19-9. The limit
of detection for the proposed electrochemical biosensor was estimated to be around

KEYWORDS

1 | INTRODUCTION

Prostate cancer is one of the major health concerns in the
world, and it is the third most common type of cancer in men
who are older than 50 years [1]. The use of screening and
early detection test such as prostate-specific antigen (PSA) is
one of the common methods for reducing prostate cancer
mortality rates [2,3]. PSA serum levels of men naturally rise
with age, but prostate cancer tumor growth leads to increas-
ing levels of PSA in biological fluids, blood in particular.
PSA is a 32-33 kDa single-chain glycoprotein produced by
the prostate gland that is present in serum, seminal plasma,
and benign hyperplastic and prostatic fluids; therefore, it
is a special tumor biomarker for prostate cancer screening
and post-treatment monitoring [4,5]. Generally, a serum
PSA level below 4 ng/mL is regarded normal, between 4
and 10 ng/mL is considered as the gray zone, and total PSA

Abbreviations: GC, glassy carbon; GNP, gold nano particle; PSA, prostate
specific antigen

0.2 and 0.07 ng/mL for total and free PSA antigen, respectively.

biomarker, electrochemical biosensor, prostate cancer, prostate specific antigen

level (i.e., free PSA plus ACT-bound PSA) above 10 ng/mL
is considered as positive and almost certain indication for
prostate cancer [6].When PSA is used alone, approximately
20-30% of tumors will be missed because PSA testing in
patients with normal serum PSA levels (defined as 4.0 ng/mL
or less) has a sensitivity of about 67.5-80% when the serum
PSA level is >4.0 ng/mL, the specificity of PSA testing is
60-70% [7,8]. Age-adjusted PSA and use of free to total PSA
ratios are two different methods for increasing PSA specificity
for prostate cancer and thus reduce the number of unwanted
biopsies. Age adjustment consists of using higher value for
“normal” PSA levels for older men as PSA tends to increase
with age. For unsure reasons, patients with prostate cancer
tend to have lower free to total PSA ratios, while men with
benign disease have higher free to total PSA ratios. Using the
free to total PSA ratio will reduce the number of unwanted
biopsies in men with serum PSA levels between 4.0 and
10.0 ng/mL [9,10]. Thus far, the general methods for mea-
suring the level of PSA include ELISA, chemiluminescence
immunoassay (CLIA), radioimmunoassay, and fluorescent
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immunoassay (FIA) [11,12]. The techniques mentioned often
involve time consuming, high cost, limited sensitivity, and
sophisticated instrumentation [13]. Therefore, development
of high sensitive and economical biosensors with the ability
to improve theranostic applications is a key issue in modern
medicine[Byrne, 2009 #29;Tothill, 2009 #14]. High sensitive
nanobiosensors could be suitable alternatives because of
their high selectivity and sensitivity, they are unsophisticated,
inexpensive, and rapid, which allows detection of various
species such as bacteria, fungal pathogens, viruses, tumor
markers, and cancer cells [13-15].

Electrochemical biosensors play a major role in tumor
marker detection due to their advantages such as fast
response, miniaturization, and simple operation [16,17].
Recently, use of nanostructure surface and nanoparticles
dramatically improved the sensitivity of electrochemical
sensors [18,19]. The use of graphene can significantly
enhance the electrochemical signal of various electrodes due
to their excellent properties such as high electrochemical
active surface area, high electron transfer rate, descent
conductivity, and a broad range of chemical functional
groups on the surface of graphene [20-23]. However, some
certain limitations of the use of graphene alone include
irreversible self-agglomerations, non-specificity, less col-
loidal stability, poor reliability, and repeatability [24]. The
dispersion of noble nanoparticles on graphene sheets may
cause the production of some outstanding materials for var-
ied potential applications. Among noble nanoparticles, gold
nanoparticles (AuNPs) have remarkable properties such as
their comparative chemical stability, less hazardous, simple
synthesis, and genuine biocompatibility with other labeled
biomaterials [25-29]. A number of studies presented that the
GO/AuNPs composite could improve the catalytic activity,
electrical conductivity, water solubility, biocompatibility,
and Raman signal [30,31]. In 2013, Sharma et al. proposed
the functionalized graphene—graphene oxide nanocomposite
electrode based electrochemical immunosensing. These
studies indicate that the functionalized graphene oxide made
the electrical properties better, especially electrochemical
signals for detection of diuron [32]. In other research, Hong
et al. developed another strategy with combination of gold
nanoparticles with graphene oxide sheets to improve the
rate of electrochemical reactions [33]. In 2015, Jang et al.
showed graphene—gold composite—based 3D label-free PSA
immunosensor and the calculated LOD by these immunosen-
sor was 0.59 ng/mL [34]. Table 1 summarizes various
approaches used for PSA immunosensor development. In
this work, we present a different electrochemical biosensor
for detection of total and free PSA antigen using modified
graphene oxide—gold nanostructures. For this goal, we synthe-
sized the RGO/AuNPs through Hummer's method and after
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PRACTICAL APPLICATION

In this study, an electrochemical biosensor com-
posed of graphene oxide, gold nanoparticles, and spe-
cific antibodies was successfully developed. The pro-
posed electrochemical biosensor can be utilized as a
diagnostic tool for the detection of tumor markers,
prostate cancer, and clinical analyses.

that PSA antibodies were decorated on the surface of modified
electrode.

2 | MATERIALS AND METHODS

2.1 | Chemicals and materials

All chemicals were obtained from commercial sources
and used without manipulation. Hydrogen tetrachloroau-
rate (III) (HAuCl,-3H,0, Alfa Aesar, 99.99%), 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 11-mercaptoundecanoic acid
(11-MUA), and human serum albumin (HSA) were obtained
from Sigma—Aldrich. Mouse anti-Total PSA antibody and
Mouse anti-Free PSA antibody were purchased from Abcam
Co., Ltd (USA). The deionized water with an electric resistiv-
ity 18.2 MQ-cm was used during the experiments. The human
serum samples from prostate cancer patients were collected
from Boghrat Pathobiology Laboratory (Tehran, Iran). Sera
were isolated from whole blood samples via centrifugation at
3000 rpm for 15 min, and subsequently kept frozen at —80°C
until analysis.

2.2 | Synthesis of gold/reduced graphene oxide
composite

Graphene oxide (GO) were synthesized by oxidative exfoli-
ation of graphite flakes according to a modified Hummer's
method [22], where the concentration and the size of the
layers were controlled by successive cycles of centrifuga-
tion and sonication. GO suspension was sonicated using
probe ultrasonic (Hielscher up 200 h) for 30 and 15 min.
Graphene oxide—gold nanohybrid was synthesized using 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) as a
reducing agent. For this purpose, 0.5 uL of 1 g/LL GO was
added to 1500 uL of 0.1 M HEPES followed by the addi-
tion of 2 uL of 0.1 M HAuCl, and the mixture was kept
at room temperature for 1.5 h. After that, graphene oxide—
gold nanohybrid was centrifuged at 10 000 rpm twice and
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TABLE 1 Various PSA immunosensors and their preparation conditions
Binding
Immunosensor Component Preparation condition technique LOD Reference
Ab, -hionine/CH/rGO/ rGO GO prepared from acid treatment of Glutaraldehyde 10 fg /mL [42]
GCE graphite and reduced (covalent)
electrochemically at —1.0 V CH
coating
Ab,/PAMAM/GCE PAMAM/GCE  Using infrared light treatment EDC/NHS 0.3 pg/mL [43]
(covalent)
Ab,/ Au@MWCNTs- MWCNTs- Refluxing MWCNTs in H2SO4 Physical 3.3 fg/mL [44]
SO3H/ GCE SO3H -HNO3 at 120 °C, 30 min
AuNPs Sodium citrate based reduction at
100 °C reflux
Ab,/MPA/Au MPA/Au Self-assembled monolayer EDC/NHS 0.05 to 2 pg/mL [45]
(covalent)
Ab,/PS Physical 0.020 + [46]
0.001 fg/mL
Ab,-AuNPs/CHI/SPE AuNPs Electrochemical reduction in 0.5 M Physical 0.001 ng/mL [47]
H2S04 via CV scans between
—1.5and 0.5 V at arate of 30 mV/s
Ab,;/Au@Th/GO/GCE Au@Th/GO GO synthesized using modified Physical 16.6 fg/mL [48]
Hummers’ method was mixed with
Thi and HAuCl4 solution and stir
Ab,/CH/ CNT/SPE CH/CNT/SPE Acid treated CNTs were mixed with Glutaraldehyde 10.02 ng/mL [49]
nafion 117 and drop casted on SPE (covalent)
followed by deposition of CH
solution
Ab;-BSA/AuNP/ PANI/GCE Phytic acid doped polyaniline via Physical 1.25 fg/ mL [50]
PANI/GCE electrochemical co-deposition at
0.8V, 400 s
AuNPs Electrodeposit deposition by cyclic
sweeping in the potential range of
—11t00.2 V at 50 mV/s, 10 cycles
Ab,;/Au@N-GQD/ GCE N-GQD Dicyandiamide and CA solution was Physical 0.003 pg/mL [51]
autoclaved at 180°C, 12 h
Au@N-GQD HAuCl, was added to N-GQD, pH
adjusted to 10 using NaOH
followed by autoclaving at 160 °C,
6h
G/ GNP/Ab,/Ag/Ab, GO/AuNPs Graphene Oxide (GO) were EDC/NHS Total PSA Present
composite synthesized by oxidative (covalent) 0.2 ng/mL work
exfoliation of graphite flakes Free PSA
according to a modified Hummer's 0.07 ng/mL

Engineering

method. Graphene oxide-gold
nanohybrid was synthesized using
4-(2- hydroxyethyl)-1-
piperazineethanesulfonic acid
(HEPES) as a reducing agent

Notes: Ab,: capture antibody; CH: chitosan; CV: cyclic voltammetry; EDC: 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide; GN: graphene nanosheet; MPA: mercap-
topropionic acid; NHS: N-hydroxysuccinimide; PAMAM: polyamidoamine dendrimers; PS: polystyrene; PSA: prostate specific antigen; Thi: thionine; GNP: gold nano
particle; GC: glassy carbon; GCE: glassy carbon electrode



AKBARIJONOUS ET AL.

Engineering 200

TABLE 2 Experimental results of loaded Au on GO

Time (min) [GO)/[HEPES] Au loaded (ug/mL)
30 0.5 0.0182
1.0 0.1448
1.5 0.0255
60 0.5 0.1068
1.0 0.2140
1.5 0.17878
90 0.5 0.0046
1.0 0.1246
1.5 0.1232

dispersed in water. The capacity of GO for Au loading was
evaluated through UV/Vis spectroscopy described by Yade-
gari et al. [20]

2.3 | Optimization of synthesis of GO-gold
nanohybrid

Central composite design (CCD) and response surface
method (RSM) were employed to evaluate the effect of
concentration ratio of HEPES to GO and incubation time
on GO/AuNPs synthesis. Hence, a fractional factorial CCD
design was used with two factors and three levels per factor,
given in Table 2. The Design-Expert 7 software was used for
the statistical design of the experiments.

2.4 | Preparation of GO/GNP/anti-total PSA
antibody

The GO/AuNPs /anti-PSA antibodies were first achieved
by introducing 11-mercaptoundecanoic acid (11-MUA) to
GO/GNP. Typically, 4 mL 11-MUA solution in PBS (10 mM,
pH 7.0 with 0.1 mg/mL Tween-20) was added to 4 mL
AuNPs (1 mg/mL) and the mixture was stirred for 5 h at
room temperature. Subsequently, the obtained mixture was
centrifuged and repeatedly washed with PBS to remove
excess reagent. Afterward, 11-MUA-modified GO/GNP were
incubated with 100 mM EDC/NHS for 10 min. The resulted
mixture was centrifuged to remove unreacted EDC/NHS.
Meanwhile, (4 ug/mL) monoclonal mouse anti-total PSA
antibody was added to the mixture and kept at 4°C for
3 h. The final mixture was washed by centrifugation and
then re-dispersed in phosphate buffer solution. Afterward,
1 wt% Nafion solution was added to the mixture. Finally,
the resulting GO/AuNPs/anti-total PSA antibody (Ab,) were
stored at 4°C before use. Also AuNP probe was prepared as
described in our previous work [35].

2.5 | Fabrication of nanoprobe

For preparation of nanoprobe, 4 mL of GO/AuNPs solution
(1 mg/mL) was mixed with EDC and NHS (100 mM) and
stirred for 2 h. Then, monoclonal mouse anti-Free PSA anti-
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body (4 ug/mL) was added into the mixture. After another 3
h of reaction, the GO/AuNPs /Ab, solution was centrifuged
and washed. The resulting GO/AuNPs /Ab, conjugates
were stored at 4°C in phosphate buffer solution before
use.

2.6 | Fabrication of biosensor

The glassy carbon working electrode (2 mm diameter) was
carefully polished with 3 ¢M alumina powder and sonicated
subsequently in ethanol and water in order to remove adsorbed
particles. After that, 10 uL of GO/AuNPs /Ab; was dropped
on the surface of electrode and left at room temperature
for 10 min. Then, the modified electrode was incubated in
1 wt% BSA solution for 30 min to eliminate nonspecific bind-
ing between the antigen and the electrode surface. Subse-
quently, serum sample was added onto the electrode surface
and incubated for 20 min at room temperature, and then the
electrode was washed to remove unbounded PSA molecules.
After washing, the electrode was electrochemically inves-
tigated. Subsequently, GO/AuNPs /Ab, was dropped onto
the same electrode surface; then, incubated for another
20 min, and finally the electrochemical measurements were
repeated.

2.7 | Characterization

Electrochemical measurement was carried out using IVI-
UMSTAT.XR (Electrochemical Interface & Impedance Ana-
lyzer). The morphology of the samples was completely
characterized by transmission electron microscopy (Philips
EM208 TEM) and Ara Research 0201/A atomic force micro-
scope (AFM, Iran). Ultraviolet—Visible (UV/Vis) spectra
measurements were performed on an Avaspec 2048 TEC
spectrophotometer. X-ray diffractions (XRD) were performed
with a step size of 0.02 (26) per second with CuKe radiation
by using X'Pert PRO MPD (PANalytical) diffractometer.

3 | RESULT AND DISCUSSION

3.1 | Working principle of biosensor

Electrochemical sensor based on signal amplification and
dual recognition strategy is shown in Scheme 1. Accordingly,
GO/AuNPs/anti-Total PSA antibody (Ab,) was first prepared
through multiple steps. Then, anti-Total PSA antibody was
subsequently attached to the surface of working electrode
for antigen capturing (Scheme 1b). Afterwards, the result-
ing antigen/antibody modified electrode was incubated with
the GO/AuNPs to form a sandwich-like system. Due to spe-
cific recognition and high binding affinity of antibody, the
sandwich-like system could be exclusively formed in the pres-
ence of the target antigen (Scheme 1c). The electrochemical
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SCHEME 1 (a) Procedures for the fabrication of Go/ GNP/Ab. (b) Procedure for preparing the electrochemical sensor (c). Schematic illustration

of the novel electrochemical sensor for PSA marker detection

signals (DPV peak) are clearly related to form a sandwich-like
system which existed on the electrode surface. Accordingly,
the number of captured antigen could be achieved. Because
of loading numerous anti-Free PSA antibody, specific recog-
nition and high binding affinity of antibody, the selectivity and
sensitivity of this sensor are greatly enhanced.

3.2 | Optimization of time and HEPES/GO
ratio for loading Au

According to the significance of GO/AuNPs synthesis in
biosensor performance, it is important to evaluate the effect
of various parameters affecting the amount of Au loading.
Therefore, the effect of time and GO/HEPES ratio, as two crit-
ical factors, on amount of Au loading was performed by using
quadratic polynomial model, and all samples were studied by
UV-Vis spectroscopy, TEM, and XRD (1B, D-F).

The experimental results of loaded Au at different time
intervals (30, 60, and 90 min) and GO/HEPES ratio (0.5, 1,
and 1.5) are shown in Table 2. Regression coefficient of each
value was calculated. Equation (1) represents the proposed
model for prediction of the amount of Au loaded on GO.

R, = 0.2591 +0.02123A + 0.01363B — 0.1169A42

1
+0.003862A B — 0.03999 B> M

where R, is the loaded amount of Au and A and B stand
for GO/HEPES ratio and time, respectively. The signifi-
cance of each coefficient was determined by p-values. The

p-values (p < 0.05) suggested that the second-order term of
A (GO/HEPES), and the first term of B (time) are highly
noteworthy. It is important to know that the negative and
positive coefficients in equation indicate antagonistic and
synergistic effect, respectively. Based on the analysis of
regression coefficients, the variables including the ratio of
HEPES to GO and time have decreased or had an incremental
effect on the amount of gold loaded on GO. Regarding
the R, values, the predicted R, was found to be 0.8306, which
was in reasonable agreement with the adjusted R; of 0.647.
Figure 1C demonstrates the effects of GO/HEPES ratio and
time on the amount of loaded Au.

As shown in Figure 1E and F, GO displayed two absorp-
tion peaks including a strong absorption peak at ~220 nm
and a shoulder at around ~300 nm corresponding to the z—
7* transition of C=C and n—z* transitions of C=0, respec-
tively [36]. The LSPR peak in GO/AuNPs could be seen in
three different peak shapes, including broaden peak with low
intensity broaden and long wavelength, and a sharp and nar-
row wavelength (Figure 1E and F) [16], which were attributed
to the existence of a few AuNPs with high dispersion, aggre-
gation of AuNPs, and the optimum condition, respectively.
Also, TEM analysis was used for evaluation of morphological
features and distribution of AuNPs on GO/AuNPs. As shown
in Figure 1E, in optimal condition, a homogeneous disper-
sion can be seen for AuNPs on GO without any free particles
outside the sheets. Moreover, thin layers, wrinkles, and occa-
sional folds are clearly shown in TEM image of GO. Based on
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FIGURE 1 (A) AFM image and (B) TEM images of GO. (C) The 3D response surface plots for optimum condition for preparation of
GO/AuNPs, and (D) XRD patterns of samples. (E) UV/Vis spectra of GO and GO/AuNPs, GO / HEPES ratio of 1 in 0.1 M of HEPES solution at
time 71 min (optimum condition) and (F) GO / HEPES ratio of 1.5 in 0.1 M of HEPES solution at time of 30 min
the obtained results, the highest amount of Au loaded and the The average size of the deposited AuNPs was obtained

best dispersion was observed in the optimized condition. The to be about 10+1 nm. The XRD pattern of graphite, GO
optimized loading (0.23 ug/mL) in the proposed model was and GO/AuNPs are illustrated in Figure 1D. As shown, the
obtained at GO/HEPES ratio of 1 in 0.1 M of HEPES solution XRD pattern represented a distinctive peak at 26.01° that was
at time 71 min. related to the (002) plane of graphite (curve a). The XRD
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GNP/Ab,/Ag/Ab, (e). (B) Electrochemical impedance spectra of bare GC electrode (a), G/GNP (b), G/GNP/Ab, (c), G/GNP/Ab,/Ag(d), and G/
GNP/Ab,/Ag/Ab, (e), (C) Effects of the incubation time. (D) And volume for GO/ AuNPs /Ab, nanoprobes on the Aip of the sensor. All

measurements were recorded in 0.1 M KCl solution containing 4 mM [Fe(CN)]

pattern of GO/AulNPs clearly showed the appearance of addi-
tional peaks at 26 ~38.3°,44.4°,64.7°, and 77.7° correspond-
ing to the (111), (200), (220), and (311) planes of the AuNPs,
respectively (curve b) [38].

3.3 | Electrochemical behavior of the biosensor

The assembly processes of the modified electrode were
verified by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy techniques (Figure 2). As can be
seen in Figure 2A, the CV curve of GC electrode in [Fe
(CN)¢]*~ media (curve a) have a redox peak related to Fe+/*
electrochemical reaction. After modification of GCE surface
with GO/AuNPs (curve b), the electrochemical active surface
area has significantly enhanced, indicating that GO/AuNPs
increases the active surface of electrode for the conjuga-
tion of biomarker. Immobilization of antibodies and anti-
gen on the surface of electrode (curves c—e) leads to a
decrease in the electrochemical active surface area of elec-
trode due to the hindering effect on the electron trans-
fer rate that results in the attenuation of redox peaks [39].
Figure 2B shows the Nyquist plots of sensing electrode

4-/3—

confirming and the step-by-step modification of the electrode
according to the procedure mentioned in Experimental Sec-
tion and Scheme 1.

As presented, each plot possesses a semicircle that is
ascribed to charge transfer resistance for electrochemical reac-
tion of Fe>*/>* ions on the surface of electrode. A minuscule
semicircle domain for the bare GC electrode was observed
(curve a), implying a fast electron transfer process. Subse-
quently, GO/AuNPs were deposited on the surface of GCE. As
shown, the diameter of the semicircle decreased (curve b) due
to increasing electrochemical active surface area of the elec-
trode that facilitates electron transfer. After immobilization of
GO/AuNPs /Ab,, a conspicuous escalation of the semicircle
diameter was also observed (curve c¢), implying a noticeable
augmentation of electrochemical impedance. Moreover, an
apparent increase of the resistance with sequential assembly
of antigen PSA can be discerned (curve d). It is also obvious
that the addition of GO/AuNPs/Ab, caused a gradual increase
in the resistance of the electrode as the experiment proceeded
(curve e). These results confirmed that the antibody—antigen
nanoprobe sandwich-like architecture has been successfully
assembled.
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respectively

The effect of incubation time and volume of nanoprobe
solution on detection of total PSA are studied (Figure 2C
and D). As shown, a minor increase in the incubation time
leads to a significant decrease of Aip. The results show that
after 20 min, the response barely changes (about 32%). There-
fore, the incubation time for the antigen and antibody incu-
bation was found to be about 20 min. In addition to above
mentioned results, the impact of the volume of nanoprobe
solution was further investigated. Figure 2D presents the

relationship between Aip and the volume of nanoprobe solu-
tion. Therefore, the intensity of peak current density linearly
increases with an increase in the volume of the nanoprobe
solution until it reaches to 20 uL. In continuation, from
20 to 60 uL, the plot reveals that the intensity of the
peak current density is approximately independent of the
volume of nanoprobe solution. These results indicate that
the optimum volume solution for the nanoprobe is about
20 uL.
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3.4 | Detection of the total and free PSA

The responses of square wave voltammetry of total PSA and
free PSA are illustrated in Figure 3A and B. Figure 3A shows
that SW (square wave voltammetry) responses decrease with
increasing concentration of total PSA. Furthermore, square
wave voltammetry (SW) responses decrease with increasing
concentration of Free PSA (3B). LOD is defined as the low-
est possible concentration of an analyte that can be distin-
guished without any assurance about the imprecision of the
obtained results. Herein, the LOD was calculated by the fol-
lowing equation [37]:

LOD =30/b 2

where b is the sensitivity of the sensor (slope of the regression
line) and o is the SD of the blank. Mean value and SD of Aip
were calculated, since each concentration measurement was
repeated three times (Figure 3C and D). According to Equa-
tion (1), the LOD of total PSA and free PSA antigen were
calculated to be about 0.2 and 0.07 ng/mL, respectively.

Figure 3E and F showed the CV and responses of
square wave voltammetry of this sensor. The LOD of this
biosensor was obtained as 1.4 and 0.22 ng/mL for total PSA
and free PSA antigen, respectively. Clearly, GO/AuNPs has
better LOD in comparison with AuNP. These results may
relate to large specific surface area of GO and the high elec-
trochemical current of Au.

To compare our electrochemical biosensor with a standard
method, real samples of six patients were analyzed by chemi-
luminescence spectroscopy. As illustrated in Figure 4A and
B, the as-prepared electrochemical biosensor was capable
to detect total and free PSA antigen as good as the standard
methods. It has been shown that the selectivity is known as
an important parameter in electrochemical sensors. To inves-
tigate the specificity of the proposed electrochemical sensor,
a series of detection experiments was performed using differ-
ent kinds of tumor markers such as CEA, CA125, CA19-9,
BHCG, and Alb in certain concentrations (Figure 4C). The
results display that there is no significant alteration regard-
ing the DPV responses in the presence of tumor markers,
indicating that the proposed electrochemical biosensor has
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a high selectivity for the detection of total PSA [40,41]. The
time stability and reproducibility of the present biosensors
were examined by measuring the response for constant value
(4 ng/mL) of total PSA at different time points (Figure 4D).
As shown in Figure 4D, after 30 days, the biosensor response
change was just about 8%. These results prove that the present
biosensor has good time stability. Nevertheless, the electro-
chemical biosensors are still in development phase. Thus,
much more efforts and comprehensive studies should be
done to implement a sensitive and selective electrochemical
approach for commercial laboratories and real-world medical
applications.

4 | CONCLUDING REMARKS

In this study, an electrochemical biosensor composed of GO,
AuNPs, and specific antibodies was successfully formed for
the detection of total and free PSA. The suggested biosensor
has a double functionality, including specific recognition and
signal amplification for detecting the total and free PSA. A
sandwich-like procedure was used for providing an interac-
tion between antigens and antibodies immobilized on the sur-
face of GO/GNPs. The results showed that using decorated
AuNPs on GO can dramatically increase the selectivity and
sensitivity of the biosensor by increasing the electrochemi-
cally active surface area. Overall, the recommended electro-
chemical biosensor can be used as a diagnostic tool for the
detection of PSA tumor markers and clinical analyses.
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