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In this work, we developed a disposable amperometric sandwich-type immunoassay to detect prostate
specific antigen (PSA). A self-assembled peptide nanotube (PNT), gold nanoparticle (AuNP) and polyaniline
(PANI) composite (PANI/AuNP-PNT) were used to modify a pencil graphite electrode (PGE). Anti-PSA (Ab1)
was immobilized on the modified electrode (PANI/AuNP-PNT/PGE) to capture PSA. Horseradish peroxidase
(HRP) labeled anti-PSA (HRP-Ab2) was used as a tracer antibody. The modified electrodes were character-
ized with scanning electron microscopy (SEM), thermogravimetric analysis (TGA), energy dispersive X-ray
spectroscopy (EDS), transmission electron microscopy (TEM), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS). PSA concentration in phosphate buffer (pH = 7.4) was determined with
electro-catalytic reduction of H2O2 on the modified working electrode by using the chronoamperometric
method. Limit of detection was found out to be 0.68 ng/mL in a linear range of 1–100 ng/mL with a high
regression (R2 = 0.990). To show the practicality of the modified biosensor in real matrixes, it was success-
fully applied for the detection of PSA in blood serum samples. The proposed method was also compared
with enzyme-linked immunosorbent assay (ELISA) and compatible results were obtained. The developed
immunoassay exhibited good reproducibility together with high stability and provides an efficient approach
to detect PSA cost-effectively compared to traditional methods.
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1. Introduction

Prostate specific antigen (PSA) is a type of glycoprotein and is
produced by the prostate. PSA is used as a biomarker for the diag-
nosis of prostate cancer [1,2]. The main function of the PSA enzyme
is to break down the gel-forming proteins such as semenogelins I
and II in the semen, thereby increasing the motility and productiv-
ity of the semen [3]. Though a certain level of PSA is found in the
blood serum of a healthy person, this amount is increased in
patients. Additionally, it was determined that there was a relation-
ship between the amount of PSA and the level of the disease. PSA
level is below 4 ng/mL in healthy men, while it is above 4 ng/mL
in prostate cancer patients this level may increase depending on
the level of cancer progression [4]. Therefore, the role of PSA plays
a pioneering role in prostate cancer. Hence, the rapid, sensitive and
alternative methods for the detection of PSA maintains its
importance.

In the literature, some conventional methods were usually
practiced for the detection of PSA such as enzyme-linked
immunosorbent assay (ELISA), radioimmunoassay (RIA), chemilu-
minescence immunoassay (CLIA), electro-chemiluminescence
immunoassay (ECLIA), chemiluminescent microparticle
immunoassay (CMIA), fluoro-immunoassay (FIA). Though these
procedures are very efficient and highly accurate, the realization
of these tests is laborious, time-consuming and quite costly. There-
fore, biosensors which work with different principles have been
developed to detect biomarkers for enabling early detection of can-
cer [5–7]. Among these, electrochemical biosensors stand out due
to some of their superior features such as rapid and high sensitivity
detection, easier, and faster and cheaper monitoring of disease pro-
gression [8–10].

Diphenylalanine (FF) dipeptide can form a peptide nanotube
(PNT) structure by self-assembly under certain conditions
[11,12]. PNTs are promising materials due to their stability, ease
of synthesis and biocompatibility [13–16]. Diphenylalanine based
peptide nanostructures have attractive properties for many nan-
otechnological applications such as molecular recognition, drug
release, photovoltaic cell, and energy storage [17,18]. Furthermore,
the electrical conductivity of PNTs have been studied [19,20] and
they have been applied in the electrochemistry field owing to their
ease of synthesis and modification, ability to increase the signal/
noise ratio, biocompatibility, and stability [21–24]. When PNTs
are combined with other sensor materials, they can show a syner-
gistic effect with a high selectivity and sensitivity. For instance, the
greatest success of the gold nanoparticles (AuNPs) is to increase
the electro-active surface area in catalytic applications [25]. Fur-
thermore, it provides direct electron transfer, has high surface
area/volume ratio and shows biocompatible properties [26]. Thus,
it is used extensively in biosensor applications in the literature
[27]. Conducting polymers like polyaniline (PANI), polypyrrole,
poly(o-toluidine), and their composites have been extensively
studied in the literature [28–32]. Especially, PANI is a highly
remarkable and intensive research topic among conducting poly-
mers. This is due to the fact that polyaniline and its derivatives,
composites or co-polymers can be easily synthesized chemically
or electrochemically by oxidative polymerization. Thus, PANI has
been combined with various nanomaterials and nanoparticles, for
improving physicochemical properties of the materials and for
the construction of effective detection sensor platforms [33–39].
Considering the studies in the literature, PANI/AuNP-PNT modified
sensor application was not found.

Herein, we fabricated PANI/AuNP-PNT modified PGE which was
a disposable, cheap, and easy method for the chronoamperometric
detection of PSA for the first time. PANI/AuNP-PNT composite
enhanced the signal of PSA remarkably due to their synergistic
effect, high surface area, and signal/noise ratio. Electrochemical
and spectroscopic methods were carried out for revealing the
effect of the modification on the electrode surface. ELISA was used
as a control method and similar results were obtained with both
analysis. We obtained comparable data with similar studies in
the previous literature. The developed method demonstrated the
adaptability of PSA detection in clinical applications instead of con-
ventional, high cost and time-consuming process.

2. Experimental

2.1. Chemicals and reagents

Gold(III) chloride trihydrate (HAuCl4�3H2O), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), n-hydroxysuccinimide
(NHS), Bovine serum albumin (BSA), hydroquinone (HQ),
phosphate buffer saline (PBS) tablet (pH: 7.4, 10 mM), and aniline
were purchased from Sigma-Aldrich. Pencil graphite electrode
(PGE, 0.5 mm, HB) was obtained from local market (Tombow Pencil
Co. Ltd., Japan). Diphenylalanine was obtained from Bachem,
Switzerland. PSA antigen (Ag), anti-PSA antibody (Ab1), and sec-
ondary anti-PSA antibody (Ab2) labeled with horseradish peroxi-
dase (HRP) were purchased from Fitzgerald, U.S.A. All aqueous
solutions were prepared with Milli-Q deionized pure water with a
resistivity of 18.2 MX cm. All reagents were analytical grade and
used without further purification.

2.2. Instrumentation and measurements

To enlighten the features of the developed electrodes, scanning
electron microscopy (SEM, Zeiss Evo 60), thermogravimetric anal-
ysis (TGA, Thermo Scientific), energy dispersive X-ray spectroscopy
(EDS, Bruker AXS Quantax 4010), transmission electron
microscopy (TEM, JEM-1400Plus) were used. All electrochemical
measurements were carried out using CH Instrument
Potentiostat/Galvanostat in a three-electrode configuration. The
modified electrode was used as the working electrode by dipping
1 cm of the electrode in a three-electrode cell. The reference elec-
trode was Ag/AgCl (3.0 M KCl) and the counter electrode was plat-
inum wire. Before measurements, all solutions were deaerated
with pure nitrogen gas for about 20 min.

2.3. Fabrication of the biosensor

We synthesized gold nanoparticle/peptide nanotube hybrid
nanomaterial to modify pencil graphite electrodes. Firstly, 6.0 mg
diphenylalanine was dissolved in 100 mL hexafluoroisopropanol
and added in 0.5 mg/mL Gold(III) chloride trihydrate (HAuCl4�
3H2O) solution in different concentrations. Then, the solution was
sonicated for 10 min and then incubated at 60 �C for an hour. At
the end of this period, diphenylalanine self-assembled to form
nanotubes and gold nanoparticles was formed. To fabricate
AuNP-PNT/PGE, pencil graphite electrode was modified by dipping
into AuNP-PNT dispersion and incubated for 5, 15, and 30 min at
room temperature. Afterwards, the AuNP-PNT adsorbed electrode
was dried and washed with DI water. PANI thin film was
synthesized electrochemically onto AuNP-PNT/PGE by cyclic
voltammetry. Electro-polymerization of aniline was carried out in
an electrolyte solution composed of 0.5 M H2SO4 and 1 mM aniline.
Cyclic voltammograms (CVs) were recorded at a scan rate of
0.1 Vs�1 for a potential range of �0.1 to +1.1 V (vs.Ag/AgCl).
Anti-PSA (Ab1) was attached to PANI/AuNP-PNT/PGE
surface via 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)/n-hydroxysuccinimide (NHS) amidization reaction described
by Arya et al. [40]. To activate COOH group of Ab1, a solution was
prepared containing 0.4 M EDC, 0.1 M NHS, and 10 mg/mL Ab1 in
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PBS solution (pH: 7.4, 10 mM). To obtain amide bonds between the
COOH group of Ab1 and the NH2 group of PANI, PANI/AuNP-PNT/
PGE was dipped into the solution and incubated for 2 h at room
temperature. To remove any unbound Ab1, electrodeswere washed
with 0.05% Tween-20 in PBS solution and PBS solution subse-
quently. Preventing nonspecific binding of Ab1 is essential to obtain
good sensitivity for biosensor. Then, Ab1 modified electrodes were
incubated for an hour with 2% BSA at room temperature and then
washed with 0.05% Tween-20 in PBS solution and PBS solution sub-
sequently. Later electrodes were incubated with PSA (Ag) in PBS
solution (0–100 ng/mL) at different durations (15, 30 and 60 min),
followed by washing with 0.05% Tween-20 in PBS solution and
PBS solution. Then, the electrodes modified with PSA were finally
incubated with HRP labeled secondary antibodies (Ab2) for an hour
at room temperature. And the final modified electrodes were
washed with 0.05% Tween-20 in PBS solution and PBS solution
before using them in electrochemical analyses [41].
3. Results and discussion

3.1. Characterization of the modified electrodes

Fig. 1 showed the surface morphology of PANI/AuNP-PNT/PGE
and PGE obtained with scanning electron microscope. According
to Fig. 1A and B, PANI and AuNP-PNT structures were adsorbed
on PGE. Also, PANI film, occurring due to successful synthesis from
aniline by cyclic voltammetry, was observed on AuNP-PNT. Com-
pared to the smooth, bitty and disorderly layered surface of PGE,
PANI/AuNP-PNT/PGE had PANI film coated PNT structures were
observed on the surface of the PANI/AuNP-PNT/PGE.To determine
the elemental composition of PANI/AuNP-PNT/PGE, energy disper-
sive X-ray spectroscopy (EDS) was performed (Fig. 2). EDS spec-
trum shows the presence of carbon (C) and nitrogen (N) which
present in PANI and PNT. Oxygen (O) is also present in the struc-
ture of the PNT. Two characteristic X-ray energy peaks of gold
(Au) in the spectrum proved that composite includes gold
nanoparticles. Consequently, the EDS spectrum confirms the suc-
cessful modification of PGE with AuNP-PNT and PANI.

The increase in the electroactive surface area of the PANI/PGE,
PANI/PNT/PGE, and PANI/AuNP-PNT/PGE was determined by CV
(Fig. S1) in 5 mM Fe(CN)64�/3� solution containing 0.1 M KCl accord-
ing to the Randles–Sevcik Eq. (1)

Ipa ¼ 2:69� 105A� D1=2n3=2v1=2C ð1Þ

where Ipa is anodic peak current. A refers electroactive surface area.
D, n, and v show the diffusion coefficient, the number of transferred
electrons, and scan rate, respectively. C shows the concentration of
the redox probe ferri- and ferrocyanide. Modification of PGE with
PANI and PANI/PNT increased electroactive surface area about
Fig. 1. SEM images of bare pencil graphite electrode (A) and PANI/AuNP-PN
5.3% and 10.5%, respectively. As a result of modification with
PANI/AuNP-PNT, the effective surface area of the electrode
increased about 18.6%.

Electrochemical impedance spectroscopy (EIS) was used to
investigate the modification of electrodes at each step. Fig. 3 shows
overlapped impedance spectra as a nyquist plot of electrodes in a
solution containing 5 mM Fe(CN)63�/4� and 0.1 M KCl.

Nyquist plots were obtained in a frequency range of 10–105 Hz
with an amplitude of 25 mV. It is clear that adsorption of AuNP-
PNT on PGE decreased the charge transfer resistance (RCT) of the
electrode. The spatially aligned aromatic structure of the peptide
nanotube caused faster electron transfer rate and contributed to
conductivity and electro-activity [18]. Filho et al. calculated band
gaps of peptide nanotubes and found comparable results with
the inorganic nanotubes. They also showed that interaction of
water molecules with PNT increases the dipole moment, the hop-
ping electron probabilities and consequently the conductivity of
the PNT [42]. Overall, we can say that peptide nanotubes promoted
electron transfer on the electrode. AuNP is known as a good electri-
cal conductive nano-sized material which increases electroactivity.
When AuNP-PNT/PGE was modified with PANI, RCT decreased
again. This shows us that the conductive polymer PANI was syn-
thesized successfully by electro-polymerization of aniline on the
electrode surface. Next Ab1, BSA, Ag, and Ab2 modifications of
PANI/AuNP-PNT/PGE were carried out and each modification step
showed an increase in the RCT value of the electrode in accordance
with the literature [43]. It can be proposed that the reason for the
decrease in RCT value is due to the blocking of electron transfer by
biomolecules on the modified electrode surface.

The electron transfer rate constant (ks) and the charge transfer
coefficient (a) for the HRP/Ab2/Ag/Ab1/PANI/AuNP-PNT/PGE was
calculated with Laviron equation by using cyclic voltammetry
[44,45]. According to Fig. S2, the anodic peak potential (Epa) and
the cathodic peak potential (Epc) have a linear relationship with
the logarithm of scan rates. The charge transfer coefficient can be
calculated from the slopes of the plots using the following
equation:

ka = kc ¼ a= ð1� aÞ ð2Þ

where ka and kc are the slope of the plots for Epa versus logv and Epc
versus logv, respectively. Thus, the value of a was calculated to be
0.65. In addition, the electron transfer rate constant can be also cal-
culated using the following equation:

log ks ¼ alogð1� aÞ þ ð1� aÞloga� logRT=nFm
� að1� aÞnFDEp=2:3RT ð3Þ

where n is the number of electrons transferred, DEp is the peak-
to-peak potential separation, m is the scan rate, and other symbols
T modified pencil graphite electrode (B). The scale bars represent 2 mm.



Fig. 2. EDS spectrum of PANI/AuNP-PNT/PGE.
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have their usual meanings. The calculated value for ks was
2.3 � 10�3 s�1 at 100 mV s�1.

After the characterization step of the biosensor, it was planned
to use the developed surface for the sensitive detection of PSA.
Before detection, various parameters which might affect the
biosensor response were investigated and optimized. These
parameters and results are given as follows.
3.2. Optimization of parameters that affected the biosensor response of
surface

3.2.1. Effect of HAuCl4 concentration on PNT formation
Reduction of Au (III) ions and growth mechanism of gold

nanoparticles has been reported in the literature previously [45].
According to author, Au (III) ions are converted into metallic Au
(0) by a reducing reagent and then AuNPs are formed via nucle-
ation and growth of single crystals [46]. Also, peptide nanotube
formation from diphenylalanine is well-known self-assembly pro-
cess. The hydrophobic interactions, p-p stacking, and hydrogen
bonds play a major role in self-assembly of nanotubular peptide
structure [47,48]. Besides, peptides have the ability to reduce AuCl4-
� and to form gold nanoparticles through the amino and carbonyl
Fig. 3. Nyquist plots for pencil graphite electrodes at each modification step in
0.1 M KCl solution containing 5 mM [Fe(CN)6]4�/3�. The inset shows the equivalent
circuit for the impedance spectra.
groups [49]. In the light of these informations, we think that the
reduction of gold nanoparticles results in oxidation of peptide
nanotubes.

The solutions formed by adding the diphenylalanine solution to
the HAuCl4 at different concentrations were shown in Fig. 4A.
When diphenylalanine concentration reached at 6.0 mg/mL in
aqueous solution, dipeptides formed nanotubes due to intermolec-
ular forces [50]. In order to construct AuNP-PNT composite, differ-
ent concentrations of HAuCl4 solution added to the solution. It was
determined that solutions containing HAuCl4 at 0.1 and 0.5 mg/mL
concentrations contained both AuNP and PNT structures. But, the
solutions containing HAuCl4 at 2.0 mg/mL and 5.0 mg/mL did not
form PNT structures. Additionally, there was a color change in dis-
persions with the change of HAuCl4 concentration. The color of dis-
persions for 0.1 and 0.5 mg/mL HAuCl4 was light violet and navy
blue, respectively. When we used 2.0 and 5.0 mg/mL HAuCl4,
brown precipitations appeared as can be seen in Fig. 4A. The obser-
vations we present here suggest that when we use a high concen-
tration of AuCl4�, intermolecular interactions are affected and
nanotubular structure is distributed and caused to the formation
of distinct oxidized aggregated peptides.1

The solution containing 0.5 mg/mL HAuCl4 was used for elec-
trode modification because it contained peptide nanotube struc-
tures as suspension with higher gold nanoparticle content. The
structures formed by self-assembly diphenylalanine in the aque-
ous solution of HAuCl4 was also investigated by scanning electron
microscopy (SEM) (Fig. 4B). As seen from Fig. 4B.b, this formulation
promoted the formation of PNT and it preserved the nano-tubular
structure. Also, this construction contained the high incidence of
AuNP. Thus, modification of PGE was carried out using 0.5 mg/
mL HAuCl4 and 6.0 mg/mL diphenylalanine.

The AuNP-PNT composite was also investigated by transmission
electron microscopy (TEM). Fig. 5 clearly demonstrated that the
AuNPs and the PNTs were synthesized successfully as a nanocom-
posite and the AuNPs were formed into interlayer space. The
AuNPs were found to be in non-uniform shape and predominantly
in the size range of 20–50 nm. Also, PNTs had a diameter range of
300–800 nm.

Thermogravimetric analysis was carried out to determine the
amount of AuNP in AuNP-PNT nanocomposite (Fig. S3). Obtained
AuNP-PNT was heated from room temperature to 500 �C in a N2

atmosphere. The decrease in the weight of the composite around
300 �C resulted from the degradation of PNT. After that tempera-
ture weight reached a low plateau at around 320 �C and no negli-
gible weight loss was observed. The noncombustible AuNP were
left as a residue at 500 �C with an amount of 7.1%.
3.2.2. Effect of AuNP-PNT adsorption time
PGE electrodes were kept in an AuNP-PNT solution with differ-

ent durations to optimize adsorption time of AuNP-PNT onto PGE.
For this purpose, PGEs were immersed into 1 ml AuNP-PNT solu-
tion at 5, 15, 30 min respectively. After this step, electro-
polymerization of aniline was carried out by cyclic voltammetry
(5 cycles were run between the – 0.1 to 1.1 V (vs.Ag/AgCl). PANI/
AuNP-PNT/PGE electrodes were inserted into 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] solution to determine the electrochemical activity by
cyclic voltammetry. The obtained cyclic voltammograms of PANI/
AuNP-PNT/PGE was shown in Fig. 6. It was found that maximum
current density was obtained at for 15 min adsorption time. After
that time, the response did not significantly change due to reaching
saturation. Thereby, the optimum physical adsorption time of
AuNP-PNT was determined as 15 min.
1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.



Fig. 4. (A) The effect of the concentration of HAuCl4 on the formation of AuNP-PNT composite, (B) SEM images of AuNP-PNT composite obtained with different concentration
of HAuCl4 (a) 0.1 mg/mL, (b) 0.5 mg/mL, (c) 2.0 mg/mL and (d) 5.0 mg/mL.

Fig. 5. TEM image of AuNP-PNT nanocomposite.
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3.2.3. Effect of polymer thicknesses
Polyaniline is synthesized by polymerization of aniline and can

exist in three different oxidation states: Emeraldine (E), Leu-
coemeraldine (L), and Pernigraniline (P). The fully reduced trans-
parent form is L, fully oxidized blue form is P, and half-oxidized
green form is E which is the only conductive form of PANI. Green
conductive E form can be synthesized easily by electrochemical
polymerization of aniline in acidic medium [51]. Electrochemical
polymerization is initiated with formation of cation-radicals by
monomer oxidation at the anode [52]. The green conductive E form
of PANI was obtained with cyclic voltammetry in acidic medium.
Cycle number is an important step for the electro-polymerization
process. Depending on the cycle number, the film thickness change
as was known. In order to investigate the influence of electro-
polymerization cycle number or the polymer thickness, PANI mod-
ification was carried out for 2, 5, 8 and 10 cycles. [Fe(CN)6]4�/3�

was used as redox probe to determine the electrochemical activity
of the surfaces with CV. As can be seen from Fig. 7, the highest peak



Fig. 6. Cyclic voltammograms of PANI/AuNP-PNT/PGE for different AuNP-PNT
adsorption time in 0.1 M KCl solution containing 5 mM [Fe(CN)6]4�/3� (�0.2/0.6 V
vs. Ag/AgCl, scan rate: 0.1 V).

Fig. 8. The effect of the PSA incubation time on the amperometric current response
of HRP/Ab2/Ag/Ab1/PANI/AuNP-PNT/PGE in 1.0 mM HQ, 0.1 mM H2O2 and 10 mM
PBS at pH: 7.4 for 25 ng/mL PSA at an applied potential of -0.1 V (vs. Ag/AgCl).
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current was recorded for the film which was produced by 5 cycles
scanning. Therefore, PANI modification was done with 5 cycles in
subsequent studies.

The optimization studies were completed to achieve our goal
chronoamperometric studies were carried out for investigation of
the PSA detection. To provide a sensitive detection the first step
was to determine the optimum incubation time of PSA for binding.
To accomplish the specific binding, BSA/Ab1/PANI/AuNP-PNT mod-
ified PGEs were incubated at room temperature for 15 min, 30 min,
and 60 min in a solution of PSA at 25 ng/mL in PBS. Subsequently,
Ab2-HRP was bounded to this surface and the steady-state current
values were obtained after 150 s by the chronoamperometric
method (Fig. 8). As shown in Fig. 8, it was concluded that PSA
and anti-PSA bound to each other after 60 min. Thus, the binding
time of PSA with anti-PSA was selected as 60 min.

3.3. Chronoamperometric PSA biosensing

Determination of PSA was performed by the chronoamperomet-
ric method using a procedure similar to the literature [53]. Electro-
chemical biosensor was based on a sandwich configuration where
Fig. 7. The effect of applied cycle number for PANI modification of AuNP-PNT/PGE
on cyclic voltammetry current in 0.1 M KCl solution containing 5 mM [Fe(CN)6]4�/3�

(�0.2/0.6 V vs. Ag/AgCl, scan rate: 0.1 V).
capture antibodies were immobilized to the electrode surface.
Then target antigens were bound to the antibodies and HRP conju-
gated secondary antibodies were bound to a different epitope of
the antigens. HRP reduced hydrogen peroxide in medium and this
redox reaction leads a change in current that monitored by
chronoamperometry [54]. If the reaction occurs in the presence
of a mediator such as hydroquinone which enhances the electron
transfer the overall mechanism is as follows [55].

H2O2 þ HRPred ! H2Oþ HRPox

HRPox þ HQred ! HRPred þ HQox

HQox þ 2H þ 2e� ! HQred

H2O2 þ 2e� þ 2Hþ ! 2H2O

In the study, the medium used for the analysis of PSA was PBS
solution containing 1 mM hydroquinone (HQ) and 1 mM H2O2. HQ
was used as a mediator with a working potential of �0.1 V (vs. Ag/
AgCl) to transfer electrons between HRP and the electrode surface.
The obtained electrochemical signal of the HRP/Ab2/Ag/Ab1/PANI/
AuNP-PNT/PGE electrode resulted from the redox reaction
between H2O2 and HRP.

There was an increase in steady-state current on the chronoam-
perogram when increasing PSA concentration up to 100 ng/mL
(Fig. 9). According to Fig. 9b, current change was linearly proportional
to the concentration of PSA in a concentration range between 1 and
100 ng/mL (R2 = 0.990). By using the following formula (Eq. (4));

LOD ¼ 3 x ðs=mÞ ð4Þ
s: standard deviation of the blank;m: slope of the calibration curve.

Within the calibration range, limit of detection (LOD) was calcu-
lated as 0.68 ng/ml for biosensor. To compare the developed biosen-
sor performance with other several electrodes in literature was given
in table 1. The proposed method exhibits more linear range up to
100 ng/mL and obtained LOD value was suitable for the medical
applications. Also, this method has some advantages as being dispos-
able and cost-effectiveness according to other methods.

3.4. Reproducibility and stability

Reproducibility and stability of the biosensor were also investi-
gated. To evaluate the reproducibility, five different modified elec-



Fig. 9. (A) Chronoamperometric responses of HRP/Ab2/Ag/Ab1/PANI/AuNP-PNT/
PGE in 1.0 mM HQ, 0.1 mM H2O2 and 10 mM PBS at pH: 7.4 for various
concentrations of PSA at an applied potential of �0.1 V vs. Ag/AgCl, (scan rate:
0.1 V/s). (B) Linear calibration curve of chronoamperometric PSA detection data (1–
100 ng/mL PSA).

Table 2
Comparison of PSA levels in human serum obtained with ELISA and developed
immunosensor.

Sample
number

Proposed method (ng mL�1)
and RSD (%)

ELISA
(ng mL�1)

Relative
error (%)

1 3.42 ± 0.5 (14.7) 3.84 10.9
2 9.64 ± 1.2 (12.5) 8.64 11.6
3 22.1 ± 1.6 (7.24) 23.5 5.96
4 43.4 ± 2.9 (6.68) 45.8 5.24

95% confidence level, n = 3.
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trodes prepared in the same batch were used to measure 10 ng/mL
PSA. The obtained results demonstrated that, the difference in cur-
rent was not significant and the calculated relative standard devi-
ation (RSD) was 5.6% which showed that the fabrication method
was highly reproducible. For long-term stability studies, the elec-
Table 1
Comparison of the proposed chronoamperometric method with some electrochemical me

Modification Electrode Method

Ferrocene-peptide Au SWV
Paramagnetic bead Graphite SPE DPV
GS-MB-CS GCE Amperometry
Phenylboronic acid Au Amperometry
AuNPs Au SPE CV
Graphene/AuNP GCE CV
Platinum nanoparticles Au Impedance/CV
Fc-PAMAM Au DPV
MWCNTs/IL/Chit/AuPs-PAMAM GCE Impedance
TB/M-CeO2/CMC/ILs GCE DPV/amperometr
AuNP-peptide nanotube/PANI PGE Amperometry

GS-MB-CS: graphene sheets–methylene blue–chitosan, Fc: ferrocene, MWCNTs: carbo
dendrimers, CMC/ILs: ionic liquids doped carboxymethyl chitosan, TB: toluidine blue,
graphite electrode, SWV: Square-Wave Voltammetry, DPV: Differential Pulse Voltamme
trodes were stored at 4 �C in a desiccator for three weeks. Every
week, three electrodes were tested for 25 ng/mL PSA. After three
weeks, the current response of the electrodes decreased to about
87% of the initial current value.

As a practical application, the developed biosensor was applied
in human serum samples to detect PSA. Whole blood was collected
from healthy donors and centrifuged at 3000 rpm for 5 min at
room temperature to separate the serum. Different concentrations
of PSA solution was added to human serum without any dilution.
The results obtained by the proposed amperometric method were
compared with the commercially available ELISA method.

As shown in Table 2, chronoamperometric results showed good
correlation with the ELISA. The calculated maximum RSD was
14.7% and the maximum relative error was 10.9%. According to
these results, it can be concluded that the biosensor was conve-
nient for the determination of PSA in real samples.
4. Conclusion

We successfully fabricated disposable PSA biosensor based on
PANI/AuNP-PNT/PGE. The electro-polymerization of aniline and
the synthesis of gold nanoparticles, including peptide nanotubes,
were carried out easily. It is well known that PNT and AuNP have
unique electronic properties and it was observed that when com-
posite AuNP-PNT was used to modify the PGE the electrochemical
activity of the PGE surface was promoted. To the best of our knowl-
edge, AuNP-PNT/PANI composites have never been used as a sen-
sor application for any other analyte detection. The
choronoamperometric method was carried out with the modified
electrode to detect PSA with high sensitivity. The results demon-
strated low detection limit (0.68 ng mL�1) in a wide linear range
(1–100 ng mL�1) with good stability and reproducibility. The
biosensor was able to measure PSA within the clinical range (1–
10 ng/mL) and showed comparable results with the ELISA with
good recoveries. It was shown that PSA can be detected in human
serum by using cost-effective, disposable, and easily modified pen-
cil graphite electrode. The presented strategy exhibits an effortless,
thods.

Linear range (ng/mL) LOD (ng/mL) Ref.

5–40 0.2 [56]
0–10 1.7 [57]
0.05–5 0.013 [58]
2–15, 15–120 1.1 [59]
1–10 1.0 [60]
0–10 0.59 [61]
0–10 0.03 [62]
0.01–100 0.001 [63]
up to 25 0.5 [64]

y 0.0005–50 0.00016 [65]
1–100 0.68 This study

n nanotube, IL: ionic liquid, AuNPs:gold nanoparticle, PAMAM: polyamidiamine
GCE: glassy carbon electrode, SPE: screen printed electrode, Au: Gold, PGE: pencil
try, CV: cyclic voltammetry.
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fast and economical way to determine PSA in blood serum. The
procedure used to detect PSA in this study can also be applied to
other biomarkers by adapting procedures that is important for
point of care applications in diagnosis. In future, the modification
method can be used in a miniaturized portable device for the
detection of biomolecules. Also, this developed composite will be
promising modification material for the electrochemical detection
of various analytes.
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