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Abstract

This work describes a sensitive voltammetric immunosensor for label-free electroanalysis of the prostate specific antigen
(PSA), the main biomarker of prostate cancer. A gold electrode was firstly modified with the optimum self-assembled
monolayer (SAM), 1,6-hexanedithiol, followed by the subsequent adsorption of gold nanoparticles (AuNPs) and, then, the
monoclonal antibody to recognize PSA was immobilized. The influence of the most significant experimental variables (SAM
type and incubation time, AuNPs deposition, antibody concentration and bovine serum albumin immobilization) on the
biosensor response was studied by microscopy and voltammetry techniques. The electroanalytical detection was based on
the interaction between PSA antibody and PSA via square-wave voltammetry using ferrocyanide/ferricyanide as
electrochemical redox indicator. Using the proposed immunosensor, PSA was specifically detected within the linear range
between 0.2 and 200 ng-mL™ with 0.01 ng-mL™ as limit of detection. The immunosensor allows accurate, reproducible and
sensitive (22.7%reduction mL-ng™) detection in a concentration range useful for clinical purposes.

Keywords: Electrochemical immunosensor; Self-assembled monolayer; Gold nanoparticles; Cancer biomarker; Prostate

specific antigen.
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1. Introduction

Prostate cancer is still a clinical issue considering that it is
the second most common cancer in men and the fifth
leading cause of cancer-related mortality among men with
an estimate of 307000 deaths in 2012 [1,2]. The symptoms
mostly appear in advanced phases of the disease; therefore,
early diagnostic is undoubtedly desire to reduce evolution
risks and malignancy. Prostate specific antigen (PSA) is a
serine protease, being one of the most prevalent proteins
in semen; it can move into the blood stream through the
basal cells and the basement membrane [3]. Blood PSA
concentration is significantly augmented in prostate cancer
patients, because of the disorder of the prostate gland [3-
5]. PSA is used extensively as a prostate cancer biomarker
with the aim of screen, diagnose, follow-up the response
to treatment and detection of recurrence after definite

therapy [4-6]. A value of PSA higher than the cut-off value
(2.5 — 4 ng-mL™?) indicates high probability of prostate
cancer [6,7].

In recent years, immunosensors have been appearing as a
promising approach for biomarker quantification. Among
the different detection strategies, electrochemical
immunosensors have attracted much attention because
they combine the specificity and sensitivity of
immunoassay procedures, and the simplicity, low cost, as
well as the automatization and miniaturization potential of
the electrochemical measurement systems [4,8-10]. Most
of the developed immunosensors use a label to obtain the
analytical response. However, currently label-free
immunosensors are a true alternative since they provide
rapid and accurate analyses while reducing the preparation
steps and, therefore, also improving the analytical
precision [4,11]. A critical aspect for the successful
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development of an electrochemical immunosensor is the
antibody immobilization: the key issue is to immobilize
antibodies at an appropriate concentration, maintain their
bioactivity and promote their immobilization with suitable
orientation to interact favorably with its target antigen
[12,13].

Self-assembly provides a simple method to functionalize
metallic electrode surfaces with organic molecules, which
have free anchor groups (thiols, disulfides, amines, silanes,
or acids), by their spontaneous organization onto the metal
surface [14,15]. Thus, self-assembled monolayers (SAMS)
have been extensively applied as the basis for
electrochemical biosensor development, since they
provide well-ordered assemblies strongly chemisorbed on
substrates (electrodes) that improved the adsorption
capacity and stability of immobilized components [14,15].
SAMs present several advantages such as easy formation,
flexibility in functional control by changing the tail group
and needed of low amount of biomolecules for
immobilization [14,16]. Moreover, SAMs can be coupled
with gold nanoparticles (AuNPs) [13,16-18], which
present unique physico-chemical properties, such as high
surface/volume ratio, high stability and good biological
compatibility, making themselves an ideal base for
biosensing platform [12,19,20]. AuNPs also display
excellent conduction characteristics and are easy to
functionalize; AuNPs surface can be coated with an
antibody by simple adsorption maintaining the bioactivity
of the adsorbed biomolecules [21-24]. Thus, AuNPs are
particularly interesting from an electroanalytical point of
view to couple interface biological recognition reactions
with electronic signal transduction [19,20,25]. Moreover,
AUNPs as sensing platform can not only immobilize a
higher amount of biomolecule, but as well speed up the
electron transfer improving the analytical signal [12,19].
Lately, a lot of immunoassay methods related to PSA
detection have been reported including enzyme-linked
immunosorbent-assays (ELISA) [26], electrochemical
immunoassays [24,27-29], chemiluminescent
immunoassays [30] and bioluminescent immunoassay
[31]. Although those methods are reliable, most of them
require long measurement procedures, high costs, complex
equipment, highly qualified personnel and are not
appropriate for massive decentralized assays. Therefore,
nowadays it is still a challenge to develop simple, low-cost
and appropriate detection methods for sensitive
determination of PSA levels [6,32]. In this work, a simple
and sensitive nanostructured label free immunosensor for
PSA quantification is proposed. The sensor consisted of
AUNPs deposited on the previously 1,6-hexanedithiol
(HDT) modified gold electrode (HDT/Au electrode),
followed by antibody adsorption. The biosensor
construction and the assessment of the immune reaction
between the modified electrode and the biomarker were

characterized by cyclic voltammetry (CV) and square-
wave voltammetry (SWV).

2. Experimental

2.1. Reagents and solutions

Absolute ethanol and hydrochloric acid (HCI) (37%)
were purchased from Carlo Erba Reagents. Sulfuric acid
(H2S04) (96%), hydrogen peroxide (H202) (30%) and
sodium chloride (NaCl; 99%) were delivered by PanReac
AppliChem. Alumina solutions (y-Al203) 0.3 um and 0.05
pm were obtained from Gravimeta. Glycine, potassium
hexacyanoferrate  (I1l)  (KsFe(CN)s),  potassium
hexacyanoferrate (1) trihydrate (KsFe(CN)g-3H20),
potassium hydrogen phosphate (KHPO4), potassium
dihydrogen phosphate (KH2PO.), trisodium citrate

dehydrate, glutaraldehyde, 1,6-hexanedithiol (HDT),
cystamine  (CYS), 2-mercaptoethanol (ME), 3-
mercaptopropionic  acid  (MPA)  solution,  N-
hydroxysuccinimide (NHS), N-(3-

Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC) and gold(lll) chloride solution
(30%) (HAuUCIs) were purchased from Sigma-Aldrich.
Bovine serum albumin fraction V (BSA) was obtained
from Acros Organics. Natural human prostate specific
antigen protein (PSA) (ab78528) and anti-prostate specific
antigen (anti-PSA) mouse monoclonal antibody [S5A6]
(ab10185) were purchased from Abcam. Ultrapure water
used throughout this work was obtained from a Milli-Q
Simplicity 185 system (Merck Millipore). BSA, PSA
antibody and PSA solutions were prepared in 0.1 M PBS
pH 7.4 buffer.

2.2. Electrochemical measurements

Electrochemical measurements were performed with an
Autolab PSTAT 12 potentiostat/galvanostat (Metrohm
Autolab B.V.) controlled by a computer through the
Autolab GPES software version 4.9. A conventional three-
electrode cell was wused for all electrochemical
measurements: a polycrystalline gold electrode, BASiMF-
2014, with a surface area of 2.0 mm? and a diameter of 1.6
mm, as a working electrode; platinum as counter-
electrode; and a Ag|AgCI|3 M KCI reference electrode to
which all potentials are referred.

SWV and CV were performed using Fe(CN)s*7# as
electroactive indicator at a concentration of 10 mM in 0.1
M PBS solution (pH 7.4). SWV measurements were
obtained varying the potential from 0.6 to -0.2 V at a scan
rate of 200 mV-s1. The optimal SWV parameters were a
frequency of 50 Hz, amplitude of 20 mV and scan
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increment of 4 mV. CV measurements were performed at
50 mV-s in the same potential range as SWV.

2.3. Immunosensor development

2.3.1. Pretreatment of gold disk electrode

The surface of the bare Au electrode was polished
repeatedly with 0.3 and 0.05 pm alumina powder on
microfiber cloth. Afterwards, the electrode was rinsed with
water and ultrasonically cleaned in absolute ethanol. Then,
the electrode surface was cleaned by immersion in piranha
solution (H202: H.SO4, 1:3 v/v) for 5 min at room
temperature (RT). After that, the electrode was rinsed with
water, and cycled 25 times from -0.2Vto 1.6 Vin 0.5 M
H>SO4 solution at a scan of 100 mV/s. Finally, a cleaning
step was performed by CV, cycling 25 times from -0.2 V
to 1.4 V in 0.5 M KOH at a scan of 100 mV/s. After a
washing step with water, the electrode was ready to be
modified.

2.3.2. Modification with self-assembled monolayer

Five different SAMs were studied to modify the gold
electrode. In order to perform the modification, the Au
electrode was immersed, for 12 h at RT, in ethanol
solutions of CY'S (0.1 M), CYS + ME (0.1 M of each one),
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MPA (1 mM), MPA + ME (1 mM of each one) and HDT
(1 mM). After rinsing with water to remove any unbound
molecules, the CYS-modified electrodes were immersed
in a 3% glutaraldehyde solution for 30 min, while the
MPA-modified electrodes were immersed in an EDC/NHS
solution (0.02%, w/v, of each one in PBS pH 7.4). For the
HDT-modified gold electrode (HDT/Au), just a washing
step with ethanol and water was required.

After selection of the best SAM-modified electrode to
construct the immunosensor, the incubation time for the
SAM formation at RT was optimized varying from 1 to 2
h.

2.3.3. Synthesis of gold nanoparticles and electrode
modification

AuUNPs were synthesized according to the Turkevich
method [1]. First, 20 pL of HAuClI, solution were mixed
with 20 mL water. This mixture was heated up, while
being stirred, until boiling. Then, 2 mL of trisodium citrate
0.01% (w/v) were added in two times (2 x 1 mL). The
mixture was stirred until the color of solution was changed
to wine-red. The solution was then cooled to RT. The
synthetized AuNPs were characterized by UV-Visible
spectroscopy (UV 1800-Shimadzu, Germany), laser
doppler velocimetry and dynamic light scattering
(Zetasizer Nano ZS; Malvern Ltd, UK).

Anti-PSA

Gold electrode

! Gold electrode

! Gold electrode
60606

Blocking
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l
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Fig. 1. Schematic representation of the different steps needed for the immunosensor construction.
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To immobilize the AuNPs on the surface of the HDT/Au
electrode, it was immersed in the AuNPs solution for 2 h.
After washing with water and PBS buffer (0.1 M, pH 7.4),
the AuNPs/HDT/Au electrode was ready to immobilize
the PSA antibody. The bare (Au) and the modified
electrodes were characterized by scanning electron
microscopy (SEM; FEI Quanta 400FEGESEM/EDAX
Genesis X4 M) coupled with an energy dispersive
spectrometer (EDS; EDAX Pegasus X4M).

2.3.4. Antibody immobilization

Antibodies against PSA were immobilized by adsorption
depositing 20 pL of anti-PSA solution (prepared in 0.1 M
PBS pH 7.4 buffer) onto the AuNPs/HDT/Au electrode
and placing it to incubate at 4°C for 12 h. Then, the anti-
PSA/AuUNPS/HDT/Au electrode was rinsed with a 0.1 M
glycine solution. At last, in order to block the remaining
adsorption-reactive sites, the anti-PSA/AuNPs/HDT/Au
electrode was immersed in a 20 pg-mL™* BSA solution
(prepared in 0.1 M PBS pH 7.4 buffer) for 5 min at 4°C.
Then, the BSA/anti-PSA/AuNPs/HDT/Au was rinsed with
PBS solution.

2.3.5. Electrochemical detection of PSA

In order to perform the PSA detection, 10 pL of PSA
solution prepared in 0.1 M PBS pH 7.4 buffer were drop
casted onto the BSA/anti-PSA/AUNPs/HDT/Au electrode.
After a 12 h incubation step at 4°C, the SWV
measurements were carried out.

The cathodic peak current reduction (IR (%)) was
employed to obtain PSA analytical curves. I,R (%) was
calculated with the equation (1):

bR (%) = (1-(Ip/1,°)) X100 )

where 1,° and I, were the peak current intensities of
Fe(CN)¢* 7 (used as electroactive indicator at a
concentration of 10 mM in 0.1 M PBS solution pH = 7.4)
before and after the incubation with PSA, respectively.

2.3.6. Reutilization of the immunosensor

In order to reuse the immunosensor, after PSA detection
the PSA/BSA/anti-PSA/AUNPs/HDT/Au electrode was
immersed in 0.1 M glycine-HCI solution pH 3 at 4°C for
20 minutes. Then, the immunosensor, after a rinsing step
with PBS, was ready for a new PSA determination.

3. Results and discussion

3.1. Immunosensor development

In Fig. 1, the different steps concerning the development
of the developed PSA immunosensor are schematically
illustrated. In this section, optimization studies of the
different variables involved in the immunosensor
construction are presented.

3.1.1. Self-assembled monolayer formation

First, five different SAMs (CYS (0.1 M), CYS + ME (0.1
M each one), MPA (1 mM), MPA + ME (1 mM each one)
and HDT (1 mM)) were selected based on the different
head and tail groups, number of sulfur or thiol groups and
chain length, as well as based on previous studies [13-15].
One of the key benefits of SAMs is that their simplicity of
preparation; the electrode surface has to be just immersed
in the SAM solution for a given period followed by
washing with the same solvent [15]. The modification of
the electrode with each SAM formed an organic assembly
on the electrode surface that blocked the electron transfer
between the electrode surface and the electroactive species
in solution causing a signal reduction in the peak current.
The block in the electron transfer for the electrodes
modified with the different SAMs was studied using
Fe(CN)s*/* as redox probe (Fig. S1 in Supplementary
Data). For the same time of modification (12 h), the higher
peak current diminution (97%) was detected for the SAM
composed of HDT. Therefore, among the tested SAMs,
HDT-SAM was the best adsorbed and packed [14,18,34]
on the electrode surface. SAMs of alkanethiols on Au are
one of the simplest way and best available surface
modification for biosensors development since sulfur has
strong affinity to Au and van der Waals inter-chain
interactions ensure SAM tight packing and stability [13-
15]. Moreover, since HDT has two —SH groups (one head
group and a tail group), it will facilitate the immobilization
of the AuNPs (Fig.1). Thus, the HDT/Au electrode was the
selected to develop the immunosensor.

Afterward, the impact of the incubation time on the HDT-
SAM formation was studied. Short incubation times were
tested (1 and 2 h) with the aim of achieving the electrode
modification in the shorter time possible. Fig. 2 shows the
SWV recorded in the redox indicator (Fe(CN)g*"*) for the
Au electrode without modification and for the Au
electrode modified with HDT-SAM for the tested times.
As it can be seen in Fig. 2, when an incubation time of 2 h
was employed, a nearly total block of the electron transfer
(88% for 1 h and 96% for 2 h, which is similar to the
achieved with 12 h, Fig. S1) was obtained indicating that
this duration is enough to form an organized and packed
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SAM of HDT on the Au electrode surface. Overall, this
optimized incubation time is short when compared with
most data found in literature (from 30 min to 24 h)
[12,17,29,32,35-37].
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Fig. 2. Square-wave voltammograms recorded at a scan rate of
200 mV-s? in 10 mM Fe(CN)¢*"* solution (in PBS 0.1 M pH
7.4) with the bare (Au) and the modified electrode with
hexanedithiol (HDT) employing 1 h (HDT/Au - 1 h) and 2 h
(HDT/Au - 2 h) as incubation time.
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3.1.2. Characterization of AUNPs and AUNPs/HDT/Au
electrode

The synthetized AuNPs presented a mean hydrodynamic
diameter of 36 nm and an average zeta potential of -35 mV,
which suggest a stable suspension with low tendency to
aggregation [38,39]. The AuNPs were also characterized
by UV-VIS (Fig. S2 in Supplementary Data), which
spectra exhibited the typical band at 522 nm for AuNPs
stabilized by citrate ions that confirms their low size [40-
42].

Cyclic voltammograms were recorded in 10 mM
Fe(CN)g/* solution (in PBS 0.1 M pH 7.4) at a scan rate
of 50 mV-s! employing the Au electrode without
modification, the HDT/Au electrode and the
AuUNPs/HDT/Au electrode (Fig. 3A), with the aim of
determining if the modification with AuNPs allowed to
recover the peak current obtained for the Au electrode
before SAM maodification. Accordingly with previously
reported works [43,44], the modification of the HDT/Au
electrode with the AuNPs enhanced the intensity of the
peak. As Fig. 3A shows, almost the same peak current was
obtained for the Au electrode and for the AUNPs/HDT/Au
electrode. The successful electrode modification with
AuUNPs was also confirmed by SEM (Fig. 3B-C) that
showed an irregular surface with the AuNPs densely and
well-distributed on the SAM-modified Au electrode; EDS
characterization corroborated these findings (Fig. 3D).
Thus, electrochemical and optical techniques

demonstrated the effective AuNPs/HDT/Au electrode
modification.
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Fig. 3. (A) Cyclic voltammograms recorded in 10 mM Fe(CN)e>
!+ solution (in PBS 0.1 M pH 7.4), at 50 mV-s, with the bare
electrode (Au), the electrode modified with hexanedithiol
(HDT/Au) and AuNPs (AuNPs/HDT/Au). (B,C) Scanning
electron microscopy images of the bare Au electrode (B) and
AUNPs/HDT/Au electrode (C). (D) Energy dispersive spectrum
of the AUNPs/HDT/Au electrode.



Full Paper ELECTROANALYSIS
Table 1. Comparison of analytical properties of different electrochemical immunosensors for PSA detection.
Transducer Construction Detection Concentration LOD Ref.
range (ng-mL?)  (ng-mL7?)

Gold HDT SAM/AuNPs/anti-PSA. Label free. SWvVv 0.2 - 200 0.01 This work
electrode
8-channel Streptavidin-coated magnetic beads and Amperometry ~ 5-100 1.86 [27]
SPCEs biotinylated anti-PSA. Sandwich assay. HRP

as label.
Gold Cysteine SAM/Anti-PSA. Sandwich assay. Amperometry  1-30 0.03 [28]
electrode scFv detection antibody-conjugated PtNPs.

Label free.
Gold OEGMA-co-GMA/AUNPs/ANti-PSA. DPV 0.005 - 1000 0.002 [29]
electrode Sandwich assay. Detection antibody-

conjugated SiNPs. Label free.
Gold CYS SAM/Fc cored PAMAM/anti-PSA. DPV 0.01 - 100 0.001 [32]
electrode Label free.
Glassy carbon  Silver hybridized mesoporous silica Ccv 0.05-50 0.015 [45]
electrode nanoparticles/Anti-PSA. Label free.
Glassy carbon  SP-modified rGO nanosheets/anti-PSA. DPV 0.1-5;5-80 0.053 [46]
electrode Label free.
Pencil Peptide nanotube/AuNPs/PANI modified Amperometry  1-100 0.68 [47]
graphite electrode. Sandwich assay. HRP as label.
electrode
3D origami MnO; nanowires electrodeposited on WE DPV 0.005 - 100 0.0012 [48]
paper SPCE with AuNPs layer. Sandwich assay. GOX

and detection antibodies attached on carbon

nanospheres.
Gold MWCNTSs/AuNPs/anti-PSA. Sandwich SWV 0.001-10 0.0004 [49]
electrode assay. HRP molecules and detection

antibody attached on MWCNTSs.
Paper-based Anti-PSA on gold nanorods modified paper ~ Amperometry ~ 0.004 - 60 0.0015 [50]
carbon electrode. Sandwich assay. Porous zinc
electrode oxide spheres-AgNPs as label.
Gold 6-mercapto-B-cyclodextrin SAM/anti-PSA. DPV 0.001-1 0.0003 [51]
electrode Label free.
Gold SPE TCNQ/Cu-MOF/anti-PSA. Label free. Conductometry 0.1 - 100 0.06 [52]

SPCE: screen-printed carbon electrode; SPE: screen-printed electrode; LSV: linear sweep voltammetry; CV: cyclic voltammetry; WE: working
electrode; PtNPs: platinum nanoparticles; Fc: ferrocene, PAMAM: polyamidiamine dendrimers; PANI: polyaniline; rGO: reduced graphene oxide;
SP: silk peptide; OEGMA-co-GMA: (oligo/ethylene glycol)methacrylate-co-glycidyl methacrylate; AgNPs: silver nanoparticles; SiNPs: silica
nanoparticles; MWCNTSs: multiwalled carbon nanotubes; TCNQ: tetracyanoquinodimethante; MOF: metal organic framework.

3.1.3. Antibody and bovine serum albumin
immobilization

Regarding the immobilization of the capture antibody
(anti-PSA) on the AuNPs/HDT/Au electrode, several
concentrations of antibody solution were tested (Fig. S3 in
Supplementary Data).

The antibody immobilization caused a large reduction of
the Fe(CN)s%/* signal because of it forms a protein layer
that blocked the electrode surface and therefore, hampered
the electron transfer. The signal decreased with the
increase of the antibody concentration. For 10 pg-mL™,
the decrease of the signal was significant while for higher
concentrations, the electrode surface seemed to be
saturated. So, in order to assure a high surface coverage,
10 pg-mL? was chosen as optimum antibody
concentration.

After the immobilization of the antibody, a blocking step
of the free surface sites of the anti-PSA/AuNPs/HDT/Au
electrode was carried out in order to avoid non-specific
binding of the PSA onto the electrode surface. This
blocking step consisted of immobilizing BSA onto the
electrode surface. BSA immobilization generated another
insulating protein layer on the anti-PSA/AuNPs/HDT/Au
electrode, hindering the electron transfer. This step caused
28% of peak current reduction vs. the peak current for anti-
PSA/AUNPs/HDT/Au electrode (when SWV is used) (Fig.
S4). These results proved that both, anti-PSA and BSA,
were successfully immobilized on the AuNPs/HDT/Au
electrode.
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3.2. Electroanalytical performance of the
immunosensor

Applying the optimized immunosensor (BSA/anti-
PSA/AUNPs/HDT/Au), the peak current decreased in
the presence of increased concentrations of PSA, due to
the block of the electron transport as a result of the capture
of the PSA by its antibody (Fig. 4). Simultaneously, this
capture also promoted a slight negative shift of the peak
potential, when the antigen concentrations were
augmented, due to the modification of the interface
properties of the biosensor surface. Still, the peak current
reduction showed a linear increase vs. log of PSA
concentrations in the range between 0.2 and 200 ng-mL™*
(Fig. 4). The calibration curve presented wide linearity,
good sensitivity (slope = 22.7%reduction mL-ng™), data
well-distributed with low standard deviation (<13%) and a
correlation coefficient (r) of 0.990. The limit of detection
(LOD) was calculated as the lowest concentration of PSA
that gives a peak current three times higher than the
standard deviation of the analytical signal obtained in
absence of PSA under identical conditions [53]. The LOD
value thus obtained was 0.01 ng-mL* while the limit of
quantification (LOQ, ten times the standard deviation of
the blank) was 0.03 ng-mL. The reproducibility of the
immunosensor was also evaluated using six different
modified electrodes and a RSD of 5% was attained for 50
ng-mL? PSA concentration. The reached broad
concentration range, low LOD and the good
reproducibility show that this simple immunosensor
presents appropriate analytical features for PSA detection.
Table 1 displays the electroanalytical characteristics of
recent reported electrochemical immunosensor for PSA
detection and those of the developed immunosensor. As it
can be seen, the proposed immunosensor improves the
width of the concentration range and the LOD in
comparison with some of the recent reported sensors
[27,28,45-47]. Although other immunosensors show lower
LOD that the achieved in this work [29,32,48-51] (Table
1), it has to be considered that the construction of these
biosensors involves more complex schemes and higher
costs (since more materials, reagents and/or steps are
needed). Moreover, from a clinical point of view, a wider
concentration range or a LOD lower that the achieved by
our immunosensor have no real utility (since the clinical
threshold level is 2.5 — 4 ng-mL?). Therefore, the
electroanalytical characteristics combined with the
simplicity of the proposed immunosensor make this
approach an interesting tool for PSA determination; even
more considering the label-free detection, which avoids
the need of expensive enzyme-linked antibody for
recognition or functionalized nanomaterials for signal
augmentation, decreasing the design complexity and cost.

The reusability of the biosensor was additionally assessed.
The immunosensor, once used for 10 ng-mL?' PSA
detection, was immersed in 0.1 M glycine-HCI solution
pH 3 for 20 minutes with the aim of breaking the antibody-
antigen linkage, and then it was applied for PSA detection
over again. It retained 86% of its initial signal after 12
cycles of utilizations (measurement always followed by
regeneration), demonstrating the success of the process.
This feature is clearly an advantage when compared to the
previously reported biosensors for PSA detection that are
usually designed to be used only one time [32,45-47,49].

A
80
I,R (%) = 22.7 log [PSA] + 17.6
2 =
o R2=0.981
S
P> 40
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Fig. 4. Calibration data for the immunosensor based on the
square-wave cathodic peak current reduction (I;R; %) using 10
mM Fe(CN) ¢** solution (in PBS 0.1 M pH 7.4) as electroactive
indicator: (A) Calibration plot (0.2, 0.4, 0.6, 0.8, 1, 4, 6, 10, 20,
50, 100, 200 ng-mL? of PSA); error bars correspond to the
standard deviation of 6 measurements; (B) Representative
square-wave voltammograms (0.4 to 50 ng-mL* of PSA).

4. Conclusions

A simple immunosensor based on a modified gold
electrode has been developed for label-free voltammetric
analysis of PSA. The construction of the proposed
biosensor consists of a HDT self-assembled monolayer
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forming an organized and packed layer on the surface of a
gold electrode, which enabled a fast and successful
modification with AuNPs. These nanoparticles, due to
their excellent conducting characteristics, promoted the
electronic transfer between the mediator and the electrode
surface amplifying the signal of the electrochemical
reaction. Thus, an immunosensor with low detection limit,
broad linearity range and suitable reproducibility was
achieved. The main advantages of the proposed
immunosensor are its simplicity and low-cost
construction, as well as the required relatively inexpensive
instrumentation. The linear range achieved makes this
immunosensor useful for PSA determination in clinical
samples.
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