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obtained about 50 pg/mL at the potential of 0.4 V in potassium hexacyanofer-
rate [K,Fe(CN)y ] medium. To decrease the limit of detection (LOD) and applied
potential of the prepared nanoprobe Cu/carbon quantum dots (CuCQD) is intro-
duced as a new redox. The results show that this new electrochemical medium
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1 | INTRODUCTION

Prostate cancer is the second most diagnosed cancer and
the second cause of mortality in men worldwide.! During
the past decades, the early diagnosis and increased public
awareness led to improved survival rates and prognosis.’
Therefore, early detection through digital rectal examina-
tion and prostate-specific antigen (PSA) serum test would
be beneficial in decreasing the growing mortality rate
of this common cancer.® It has been proven that cancer
biomarkers as a sign of abnormal conditions of the disease
are promising tools for cancer early detection.* The nor-
mal range of PSA is related to the age, for men below fifties,
the PSA of more than 2.5 ng/mL is considered abnormal,
and for the sixties this magnitude is more than 4.0 ng/mL.
Therefore, a sensitive and selective method is required
to detect minor changes in the levels of the biomark-
ers. In recent years, aptamers have attracted considerable
attention as promising molecular probes for biomarker
detection. Aptamers are single strands of oligonucleotides
(DNA or RNA) isolated through an in vitro selection
called SELEX (systematic evolution of ligands by expo-
nential enrichment). They are capable of binding to var-
ious targets ranging from small molecules to the whole
cell with high specificity and affinity.>® Aptamers offer
several advantages over established antibodies, includ-
ing high chemical stability, low immunogenicity, sim-
ple cell-free synthesis, and easy modification.”® Different
aptamer-based biosensors with various transducers such
as optical, electrochemical, and mass-sensitive transducers
have been developed.” Electrochemical methods are con-
sidered promising among the various techniques due to
their simplicity of fabrication, high sensitivity, and lower
cost.'” To improve the performance of electrochemical
aptasensors, different nanomaterials are used to amplify
the electrochemical signals of the aptasensors by increas-
ing their recognition surface."! Among these nanomateri-
als, graphene gold nanocomposites with intrinsic advan-
tages of high surface area, excellent electron conductiv-
ity, good mechanical strength, and easy functionalization
have attracted much attention.'” Moreover, quartz crys-
tal microbalance (QCM), as a mass-sensitive biosensor
that detects small changes in mass around nanograms, is
widely used in aptasensors for protein detection for real-
time and label-free detection.'® Based on the piezoelectric
effect, the frequency change is proportional to the mass
change on the surface of the crystal'* In this study, we
fabricate an electrochemical biosensor for PSA detection
based on self-assembly of specific thiolated aptamer onto
reduced graphene oxide/Au nanoparticle (RGO-AuNP)
nanocomposite at the electrode surface. The biosensor
response was checked using cyclic voltammetry (CV),

square wave voltammetry (SWV), and electrochemical
impedance spectroscopy (EIS) techniques in both hexa-
cyanoferrate and carbon dot/copper as redox probes. The
QCM experiment was also performed as another approach
for PSA detection using PSA aptamer to verify electro-
chemical measurements.

2 | EXPERIMENTAL

2.1 | Materials and apparatus
Analytical grade graphite powder, sodium borhydrate
(NaBH,), HAuCl,-4H,0, potassium hexacyanoferrate
(K4[Fe(CN)g]), diammonium hydrogen citrate, and
CuCl,-H,0 were all purchased from Sigma-Aldrich
(Germany) and were used as received. All solutions were
prepared using ultrapure water.

The PSA aptamer with 5’SH modification and HPLC
purification was synthesized by Bio Basic Inc. (Canada)
with the following sequence:

5" TTT TTT TTT TAT TAA AGC TCG CCA
TCA AAT AGC TGC 3’

The lyophilized aptamer powder was diluted by phos-
phate buffer saline (pH 7.4) and restored at —20°C.">

The electrochemical experiments were fulfilled using a
Vertex. one electrochemical analysis system (Ivium Tech-
nologies, the Netherlands) driven by Ivium soft software
provided by the company. A three-electrode system con-
sisted of a glassy carbon working electrode (GCE), a pla-
tinium counter electrode, and an Ag/AgCl reference elec-
trode as counter and reference electrodes, respectively.
CV, SWV, and EIS were done in 0.2 mM K,[Fe(CN)q]
and 5 mM Cu/carbon quantum dots CuCQD) as the
redox probes. EIS analysis was performed in 0.2 mM
Fe(CN)¢>/4 at the frequency range of 100 mHz to 10
kHz. QCM experiments were performed using an open
QCM instrument (Novaetech, Italy). The AT-cut quartz
crystal with a resonance frequency of 10 MHz with gold
coating on both sides was purchased from Novaetech
(Novaetech, Italy). X-ray diffraction (XRD) measurements
were performed using an X-ray diffractometer (STOE, Ger-
many), transmission electron microscopic images (TEM,
Philips Tecnai G220, operated at 120 kV), FT-IR spec-
tra (Thermo Incol, USA), and dynamic light scattering
(DLS) was done on a (Nano Phox, Germany) instru-
ment. All measurements were performed at room tem-
perature. Enzyme-linked immunosorbent assay (ELISA)
was done using a UV-2550 spectrophotometer (Shimadzu,
Japan).
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3 | METHODS

3.1 | Synthesis of graphene oxide

We used the Hummer method for graphene oxide (GO)
preparation. To illustrate, 1 g of graphite was dissolved in
20 mL sulfuric acid (98% purity) in an ice bath on a stirrer.
After 30 min, 3 g of potassium permanganate was slowly
added to the solution until the color turned sludge green.
Then after 30 min, 30 mL of distilled water was added
dropwise to the mixture. After 10 min, 100 mL of distilled
water was added to the solution. Then 30 min later, 35 mL
of hydrogen peroxide was added to the obtained solution
dropwise. Finally, after 24 h under constant stirring, the
mixture was centrifuged, and the precipitate phase was
collected and washed with distilled water and ethanol and
dried with a freeze dryer.'®"

3.2 | Synthesis of RGO-Au nanocomposite
RGO-Au nanocomposite was synthesized using a
hydrothermal method. First, 0.6 g of prepared GO
was added in 100 mL ultrapure water and was sonicated
for 10 min until a homogeneous solution was obtained.
Then 1 g of NaBH, was slowly added to the above solution
and was dried at 80°C in the oven overnight to reduce
GO. Then the dried powder was rinsed with deionized
water and 96% ethanol and undergo centrifuge (5.5 RPM)
for 10 min. Next, 0.35 g of reduced GO was dissolved in
80 mL of distilled water and was sonicated for 10 min.
Then, 2 mL of 0.25 M HAuCl, salt was added dropwise
to the RGO solution on the constant stirring for 3 h to
become combined entirely with RGO. Finally, the solution
was centrifuged. The obtained precipitated phase was
collected, washed with distilled water and ethanol, and
dried with a freeze dryer."”

3.3 | Synthesis of CuCQD

CuCQD was synthesized using a hydrothermal method.
First, 2 g of di-ammonium hydrogen citrate was dissolved
in 75 mL of ultrapure water. Then 1 g of CuCl,-2H,0
was added to the solution. After that, 0.47 g of sodium
hydroxide (NaOH) was added to the solution. After NaOH
was completely dissolved, the solution was poured into
a Teflon-lined stainless-still autoclave reactor (100 mL).
Finally, the reactor was placed in a 150°C oven overnight.
After completion of the reaction, a dark brown solution
was obtained.

3.4 | Electrode modification with
Nafion/RGO-Au/apta

First, the glassy carbon electrode (® = 2mm) was polished
with 0.3 um alumina slurry and then rinsed with ultrapure
water. Then, 2 uL of thiolated aptamer was mixed with
98 uL of 6 mg/mL RGO-Au solution and was incubated
at 4°C for 24 h so that the self-assembly of the Au-S
group occurs. Then 0.1% Nafion solution was mixed with
aptamer/RGO-Au in the proportion of 1:8 to improve the
affinity of the composite to the electrode surface. Next,
8 uL of the naf/RGO-Au/apta was dropped on the surface
of the prepared GCE and dried at room temperature.
Subsequently, 6 uL of PSA antigen with different con-
centrations was dropped on the naf/RGO-Au/apta. Then
the interaction of aptamer/protein was electrochemically
examined after 30 min. After each protein adding step, the
electrode was gently rinsed with PBS buffer (pH 7.4). The
selectivity of the prepared nanoprobe was investigated
for PSA (0.1 ng/mL™) against BSA (0.7 uL/mL), FBS
(5 ng/mL), and glucose (90 mg/dL). All the selectivity
tests were performed in hexacyanoferrate solution using
SW techniques after 30 min of incubation. The results
normalized as response percent and compared with the
blank medium.

3.5 | QCM modification

The gold-coated quartz crystals were cleaned using a 1:1
mixture of acetone and ethanol for 30 min and then rinsed
thoroughly with ultrapure water. All QCM measurements
were performed by a flow rate of 0.01 mL/min using a
syringe pump. First, 1 mol/L K,HPO, was added to the
system to obtain a stable signal. Then a mixed solution of
10 uL PSA aptamer and 490 uL of 1 mol/L K,HPO, was
injected into the QCM chamber for self-assembly of thiol
on the gold surface of the crystal. The frequency change
was measured by comparing the differences in stable sig-
nals before and after adding the aptamer. The functional-
ized electrode was then incubated at 4°C for 24 h for bet-
ter immobilization. Then it was exposed to 0 ng/mL of
PSA protein (control) until reaching a stable signal. This
approach was repeated for all the other protein concentra-
tions, including 2.5, 5, 7.5, and 10 ng/mL.

3.6 | Optical characterization of CuCQD
biosensor

In order to investigate the interaction between PSA anti-
gen and PSA aptamer with CuCQD, the ELISA test was
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FIGURE 1 (A)The FT-IR spectrum of GO, RGO-Au, and aptamer/ RGO-Au. (B) XRD patterns of GO and RGO-Au, (C) XRD patterns of

CQD and CuCQD, (D) FT-IR spectrum of CQD and CuCQD, (E) DLS test and size distribution of the CuCQD, and (f) TEM images of RGO-Au

nanocomposite

performed. First, 2 uL of PSA aptamer was added to
2 mg/mL CuCQD solution and then 10 uL of different con-
centrations of PSA antigen in the range of 2.5, 5, 7.5, and 10
ng/mL were added to the above solution separately. Then
each solution was transferred into a clear 96# well plate
and read for absorbance at the range of 300-1000 nm. Dis-
tilled water was used as a buffer.

4 | RESULTS AND DISCUSSION

Scheme 1 presents the procedure of nanoprobe fabrica-
tion. First, synthesized RGO/AuNPs were incubated with
aptamer chains and after that dropped on the surface
of GCE to prepare the nanoprobe for PSA detection.
Figure 1A shows the FT-IR spectra of the graphene oxide,
RGO/AuNPs, and RGO/AuNPs-apt. The GO spectrum
showed the presence of the O-H group at 3368, C=0 at
1733, C=C at 1622, and C-0 at 1129 cm.™!® The noticeable
decline in the O-H peak indicates the reduction of GO in
the RGO/AuNPs spectrum.'” By interaction of aptamer
chains with RGO/AuNPs, the intensity of O-H peak
decreased more due to coverage of RGO/AuNPs surface
with aptamer chains. Figure 1B shows the XRD patterns of
GO and RGO/AuNPs. The distinct XRD peak at 26 = 9.98°
is related to the oxidation of graphite, and the peak at 26 =
26.01 is related to the (002) plane of graphite that indicates

an organized layer structure with an interlayer distance
of 0.34 nm.?’ The XRD pattern of RGO/AuNPs showed
additional peaks at 20 = 38.3%, 44.4°, 64.7°, and 77.7°, which
are related to the (111), (200), (220), and (311) plane of Au
nanoparticles, respectively.”’ The XRD pattern of CQD and
Cu/CQD are presented in Figure 1C. There is a broad peak
at 20 = 20.66°, which is corresponding to the (002) plane.
This indicates the poor crystalline structure of CQD and
the presence of more oxygen-containing groups. Moreover,
at the XRD spectrum of CuCQD, peaks at 260 = 31.58", 45.35°,
66.14°, and 75.12°, corresponding to (111), (200), (220) and,
(311) planes, are for Cu,O nanoparticles.”>?* Figure 1D
shows the FT-IR spectra of the carbon dot. It revealed
the presence of the different functional groups, including
OH (3369 cm™), C-H (2887 cm™), C=0 (1704 cm™), C-C
(1638 cm™), and C-0O-C (1108 cm™). The CuCQD FT-IR
spectrum in Figure 1D shows a significant reduction in
C=0 moieties and an increase in the amount of O-H
groups, which indicates that the groups on the surface of
the CQD were reduced to hydroxyl groups partially. Addi-
tionally, as it can be observed, the Cu-O band appeared
at 556 cm.™?* The DLS measurement was carried out to
confirm the formation of the CuCQD. As Figure 1E shows,
the hydrodynamic diameter of the CuCQD is nearly about
60 nm. The hydrodynamic diameter of CQD is signifi-
cantly increased due to the presence of Cu atoms in the
structure of CQD. As shown in Figure 1F, the structure of
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FIGURE 2 (A)CV curves and (B) Nyquist plots of the electrode modification process, (C) effect of the incubation time, and (D)

comparison between PSA with FBS, glucose, albumin, CEA, and BSA

synthesized RGO-Au nanocomposite was visualized by
TEM images. It can be observed that the gold nanoparti-
cles are uniformly deposited on the surface of RGO with
an average size of 50 nm with no visible agglomeration or
free particles.

The CV and EIS tests were used to study the fabrica-
tion of the aptasensor in each step using [Fe (CN)y>~/4]
redox probe. Figure 2A shows the CVs of different modi-
fied electrodes in 0.2 mM [Fe (CN)¢374"] at the scan rate of
50 mV/s. As shown, each CV curve has a redox peak due to
the electrochemical charge transfer of the Fe***3 reaction.
The redox peak of RGO/AuNPs is higher than the bare
electrode due to the high surface area and good electron
conductivity of RGO-Au nanocomposite that facilitates the
electron transfer and leads to an increase in peak currents
compared to the bare electrode. In the next step, the Nafion
polymer was added to the RGO-Au, resulting in a decrease
of redox peak currents. This is because the Nafion poly-
mer hinders the diffusion of Fe(CN) ¢34 towards the sur-
face of the electrode. In the next level, the PSA antiap-
tamer was immobilized on the surface of the electrode.
This led to a notable decrease in peak current which is
due to the electrostatic repulsion of negative-charged phos-
phates groups on the backbone of the aptamer and the
negative ions of the Fe(CN),>”/*". When the PSA protein
with the concentration of 2.5 ng/mL was bound to the

aptamer, the peak current decreased significantly. This
is because the formation of the aptamer-protein com-
plex hinders the Fe(CN)¢>~/4" diffusion towards the elec-
trode surface even more. Furthermore, EIS as an effec-
tive method was used to examine the fabrication of the
nanoprobe by monitoring the changes in charge trans-
fer resistance (R.). Figure 2B shows the Nyquist plots of
the electrode modification process. The semicircle part
relates to the electron transfer resistance at high frequen-
cies, and the linear part occurs due to the diffusion process
at lower frequencies.””> When the electrode was modified
with RGO-AuNP nanocomposite, it exhibited a smaller R
than the bare electrode, indicating that the RGO-AuNP has
a good electron conductivity. The added Nafion polymer
holds back the Fe (CN)s>/4~ from the electrode surface;
therefore, the R value increased. Following immobiliza-
tion of aptamer and PSA, the R value increased dramat-
ically because of obstruction of the electrode surface and
the electrostatic repulsive force of the charged aptamer.
In addition, the nanoprobe’s effective incubation time
with the PSA antigen was measured. As shown in Fig-
ure 2C, with increasing the incubation time from 0 to
60 min, the signal produced by the nanoprobe increased
until it reached a plateau at 30 min. That means a satu-
rated binding between nanoprobe and PSA antigen occurs
at an optimal incubation time of 30 min. To determine
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FIGURE 3 (A)SW voltammograms and (B) Nyquist plots of nanoprobe at various concentrations of PSA in hexacyanoferrate solution,

(C) CV curves of nanoprobe in 5 mM CuCQD at various scan rates, (D) CVs, and (E) SW voltammograms of nanoprobe at various
concentrations of PSA in 5 mM CuCQD, and (F) ultraviolet-visible absorption of the CuCQDs at various concentrations of PSA

the detection specificity of the nanoprobe, its response to
some biological molecules such as BSA, glucose, and FBS
was investigated. As it can be observed in Figure 2D, no
notable changes in nanoprobe response were detected for
these biological macromolecules compared to PSA. These
observations indicate that the presence of these proteins
has a negligible effect on PSA detection and the suggested
aptasensor is selective for the PSA antigen. Under the opti-
mized experiment conditions, the analytical performance
of the aptasensor for quantitative detecting of PSA antigen
with concentrations range of 0.1-0.9 ng/mL is presented
in Figure 3. Figure 3A presents the SW voltammograms of
the prepared nanoprobe. By increasing the concentration
of PSA on the surface of the electrode, the active sites will
be blocked; therefore, the current peaks of SWV decreased.
The pattern shows that the interaction of PSA and aptamer
has a linear behavior that can be used for electrochemical
detection.

The Nyquist plots of the modified electrode at various
concentrations of PSA were examined to analyze the per-
formance of the aptasensor for PSA detection. As can be
seen in Figure 3B, the attachment of PSA macromolecules
to aptamer chains increases the surface resistance of the
electrode and, therefore, the magnitude of R.; in Nyquist
plotsincreased. The calibration plot between the resistance

and the concentration of PSA antigen ranging from 0.1
to 0.9 ng/mL shows an excellent linear relationship (Fig-
ure 3B inset). One of the significant results that can be
derived from calibration curves is the LOD, which is three
times signal to noise ratio. The LOD of the aptasensor was
calculated from the following equation:

30
LOD = — 1
0 o €))

where ois the standard deviation of the blank response and
m is the slope of the calibration curve. From this equation,
the magnitude of LOD was calculated at about 50 pg/mL.
The linear behavior of the electrode shows that this
biosensor can be used for the quantitative detection of PSA.
Although hexacyanoferrate produces a high electrochemi-
cal signal, its hazardous nature emphasizes the use of other
electrochemical solutions. For this purpose, we introduce
CuCQD as a new synthetic material to act as an electron
transfer medium. Figure 3C presents the CV curves of the
nanoprobe in a 5 mM CuCQD medium at various scan
rates. As illustrated, each CV curve has a sharp oxida-
tion peak and a broad reduction one related to the elec-
trochemical reaction of functional groups at the surface of
CuCQD.?® As can be seen, with increasing the scan rate,
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the magnitude of the current peaks increased. That corre-
sponds to the diffusion control process of CuCQD on the
surface of the electrode, where the behavior of the peak
currents against the scan rate is linear (Figure 3D inset).
The quantitative detection of PSA using the CV in CuCQD
medium is presented in Figure 6D, whereas in the absence
of PSA the CV curve has aredox peak that at the presence of
PSA the sharp oxidation peak divided to two oxidation one.
Each CV curve has two sharp oxidation peaks followed by
a broad reduction one. The difference between CV curves
on the presence of PSA molecules is very distinguishable.
After adding PSA, a new oxidation peak appeared in CV
curves. This new peak can be attributed to the interac-
tion of aptamer with CuCQDs’ surface functional groups.
As illustrated, by increasing the concentration of PSA,
due to the interaction of PSA and aptamer chains, some
active sites of the electrode surface got blocked. As the
number of active sites at the electrode surface diminished,
the peak current of the electrodes decreased. The SWV
was also performed for the quantitative detection of the
PSA antigen in the CuCQD electrolyte. Figure 3E shows
the SWV curves of the electrochemical aptasensor for the
nanoprobe-modified electrode in CuCQD solution. Each
SWYV curve presents two sharp oxidation peaks attributed
to the interaction of aptamer with the CuCQDs functional
group. With the increase of the PSA concentration, the
peak current of the electrodes decreased gradually. The cal-
ibration plot between the peak current and the concen-
tration of PSA antigen ranging from 2.5 to 10 ng/mL with
an excellent linear relationship. The LOD of the prepared
aptasensor using CuCQD as electrolyte was calculated as
40 pg/mL.

Figure 3F shows the ELISA spectrum of the
CuCQD/apta/PSA solution in the wavelength range
of 300-1000 nm and the selected range of 650-900 nm
(inset). As shown, the absorbance decrease after the
aptamer was added. However, it could be clearly observed
that in the presence of different concentrations of PSA
antigen, the absorbance of the CuCQD/Apta solution
increased gradually. This confirms the reaction between
the PSA antigen and CUCQD and the appearance of the
second peak in the electrochemical CV and SWV of the
CuCQD after adding PSA. Distilled water was used as a
control buffer.”” Figure 4A shows the frequency change
of QCM electrode modified by aptamer chains at various
concentrations of PSA. The aptamer chains bonded to
the gold electrode surface through Au-S binding. By
increasing the concentration of PSA antigen at the surface
of the QCM electrode, the resonance frequency of the gold
electrode changed. It occurs because of the interaction
between antigen molecules and aptamer chains, which
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FIGURE 4 (A)The resonance frequency of QCM electrode as

a function of time for different concentrations of PSA and (B)
calibration plot between the frequency change and the
concentration of PSA

causes an increase in weight on the electrode surface. A
good linear relationship between the frequency change
and concentration of PSA from 2.5 to 10 ng/mL was
obtained. The linear response of the QCM electrode to
PSA concentrations shows the capability of using the
electrode for PSA detection with the LOD of 3 pg/mL (Fig-
ure 4B). Stability and reproducibility are two significant
factors of a biosensor electrode. To analyze the stability,
the electrode was stored in a refrigerator for 3 days, and
the results show that the electrode has suitable stability for
PSA determination. Furthermore, five electrodes prepared
from different batches were tested in the presence of
0.5 ng/mL PSA with a relative standard deviation of 3%
that indicates the good reproducibility of the biosensor
electrode.

Finally, the prepared biosensor was compared with
the other PSA biosensor (Table 1). The results show
that the biosensor has suitable performance for the
determination of PSA and can be used for clinical
applications.

85UB017 SUOWIWIOD BA11881D) 8]t [dde 8y} Aq pausenob ke e O ‘8sn J0 S9IN1 10} ARIq1T 8ULUO A8|IA O (SUOTIPUOD-PUR-SLLIBY WD A8 M Ale.q)1 Ul |Uo//:Sty) SUORIPUOD pue SWiIs | 841 89S *[2202/TT/90] Uo AriqiTauluo AB(IM ‘(1BUNSUI) SHoMIBN “iS leuotieN uendAB3 Ad T/zz'qea/z00T 0T/I0p/wod" A3 1M Aeiq 1 jpuljuo"quignl//:sdny wouy pepeojumod ‘s ‘220z ‘vr/80.rT



MEHDIPOUR ET AL.

9.8:4.BLY

A\
a :‘1“‘ 0 . \\t 8 ;
W) —) — ) —i
weg¢ " @
=
Graphene Onide Gold maroparticle oct PSA Agtarmer  PSA artigen OOM Dlectrode
SCHEME 1 Procedure for the fabrication of RGO-Au/apta nanoprobe for the detection of PSA antigen
TABLE 1 Comparison of the prepared nanobiosensor with other PSA biosensor reported
Limit of
Type of nanobiosensor Component Range of detection detection Ref.
Electrochemical Graphene oxide/ssDNA/PLLA nanoparticles 1-100 ng/mL 1ng/mL 2]
Electrochemical Peptide nanotube, gold nanoparticle, 1-100 ng/mL 0.68 ng/mL 2
and polyaniline composite
Electrochemical Graphene oxide-gold nanostructures 0-10 ng/mL 0.2 ng/mL 30
Electrochemical Gold nanoflowers and DNA tetrahedron 1-100 ng/mL 0.2ng/mL 3
structural probes
Electrochemical antibody/HRP-labelled Au nanoparticles 1-13 ng/mL 0.2 ng/mL 32
Electrochemical Reduced graphene gold nanocomposite and 0.1-0.9 ng/mL 50 pg & 40 pg Ly
Cu/Carbon Quantum Dots
QCM gold nanoparticles 0-50.0 ug/L 0.054 ug/L 3
QCM gold nanoparticles 100-25.0 ng/mL 48 pg mL™? 34
QCM gold plated electrodes 0.25-2.5x10° ng/mL  0.25 ng/mL »
QCM gold plated electrodes 4-10 ng/mL 3 pg This study

5 | CONCLUSION

In this study, a sensitive and selective electrochem-
ical aptasensor for detecting PSA antigen based on
RGO/AuNPs-modified electrode was developed. The thio-
lated aptamer with a high affinity towards the PSA anti-
gen was self-assembled on RGO/AuNPs nanocomposite.
The RGO/AuNPs provided a large surface area for aptamer

immobilization and improved electron conductivity. The
response of the fabricated aptasensor was examined with
CV, SWV, and EIS methods in K,[Fe(CN)¢]. It provided a
linear range with a detection limit of 50 pg/mL. CuCQD
was used as a brand new redox probe with high stability
and a well-defined redox signal. The response of the fab-
ricated aptasensor in CuCQD was examined with CV and
SWV methods. It showed a linear range with a 40-pg/mL
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detection limit at the potential of —0.2 V. The CuCQD opti-
cal properties can also be used for optical recognition of
the target protein in further studies. To confirm the elec-
trochemical results, the QCM method was also applied for
PSA recognition. The PSA aptamer was self-assembled on
a QCM gold electrode. By adding the PSA antigen, changes
in the frequency were obtained. Furthermore, the pre-
sented method can also be applied to detect other cancer
biomarkers with related.
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