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Abstract
In this study, we constructed a disposable indium tin oxide polyethylene terephthalate film (ITO-PET)-based electrochemical 
aptasensor for analyzing prostate-specific antigen (PSA), one of the most important biomarkers of prostate cancer. Because 
of their clinical importance, building PSA biosensing systems with high sensitivity and stability is essential. However, it still 
presents significant difficulties, such as low detection limits. We designed a platform to covalently bind the amino-terminated 
aptamer by modifying the ITO-PET surface with carboxyethylsilanetriol (CTES) to obtain a self-assembled monolayer 
(SAM). We also evaluated the potential for use in real human serum samples by investigating the optimal operating condi-
tions and analytical performance characteristics of the developed biosensor. The design we present here exhibits excellent 
precision, with a limit of detection (LOD) as low as 8.74 fg/mL PSA. The broad linear detection range of the biosensor under 
optimal conditions was determined as 1.0–1500 fg/mL. The dissociation constant (Kd) for the aptamer was also calculated 
as 46.28 ± 5.63 nM by evaluating the impedimetric response as a function of PSA concentration. The aptasensor displayed 
considerable repeatability (1.3% RSD) and reproducibility (7.51% RSD) and good storage stability (98.34% of the initial 
activity for 8 weeks). Additionally, we demonstrated that the technique we developed was quite efficient in estimating the 
kinetics of aptamer–analyte interactions by determining the Kd and single-frequency impedance (SFI) data. In conclusion, 
we proposed a selective and sensitive biosensor with the potential for clinical application and superior performance in real 
serum samples.

Keywords  Aptamer · Aptasensor · Prostate-specific antigen · Biosensor · Prostate cancer · Electrochemical impedance 
spectroscopy

Introduction

Prostate cancer (PC) is among the most commonly diagnosed 
cancer in men. About 3.8% of PC cases diagnosed in 2020 
resulted in death [1]. Survival rates are significantly improved 
when PC is detected in its early stages [2]. In efforts to find 
alternatives to biopsy-based methods, which are painful and 

can lead to relatively late diagnosis, studies have been carried 
out for years using many different noninvasive biomarkers for 
early PC diagnosis. One of the most commonly used biomark-
ers in PC diagnosis is prostate-specific antigen (PSA). PSA is 
a serine protease produced in abundance in both normal and 
cancerous prostate epithelium. PSA is released into the blood-
stream in trace amounts by a healthy prostate. However, PSA 
levels are increased considerably in individuals with prostatic 
disease, and serum PSA levels above 4 ng/mL are generally 
considered abnormal [3].

The PSA test is only one tool used to screen for early 
signs of PC. The clinical behavior of PC may be asympto-
matic, and its symptoms are often not present at the time 
of diagnosis. In most cases, an elevated PSA level raises 
clinical suspicion of PC. A digital rectal exam (DRE) is 
another screening test, usually performed following a PSA 
test. While these may be signs of PC, they require addi-
tional evaluation. If there are adjustable variables that may 
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temporarily increase PSA levels, these factors should be 
addressed before repeating the PSA test. Additionally, uro-
logical evaluation is useful for establishing whether a pros-
tate biopsy is required, whether further testing may reduce 
the need for biopsy at that time, and when a reassessment 
should occur [4]. A clinical determination is made as to 
whether a biopsy is necessary based on the PSA test, DRE, 
and other ancillary test findings. During a prostate biopsy, 
tissue samples from the prostate are taken for further 
analysis. The results of the biopsy are used to establish 
a diagnosis of cancer. A negative prostate biopsy result 
may not exclude the potential for PC. Even in PC cases, 
a prostate biopsy can miss malignant cells owing to the 
sampling method, even when imaging is employed to guide 
the biopsy. Possible side effects of biopsy include serious 
infections, pain, and bleeding. In PSA screening, false-
positive test findings are also prevalent. Consequently, 
a second biopsy may be necessary if the PSA level rises 
[5]. In non-biopsy-based clinical studies, antibody-based 
autoanalyzer systems are frequently used. However, today's 
relatively traditional methods also have some limitations 
regarding measuring serum PSA levels, especially low 
detection limits. The literature notes that both internation-
ally agreed threshold levels and high PSA level values have 
a large margin of error [6]. Moreover, the study of antibody 
cross-reactions in antibody-based autoanalyzer systems 
used in hospitals is crucial, including chemiluminescence-
based methods [7]. Since only the main reference materials 
(World Health Organization [WHO] reference materials) 
have been established, and PSA lacks a complete refer-
ence measurement system comprising reference materials 
and reference measurement techniques, the standardization 
of PSA tests used in clinical laboratories is limited [8]. 
The importance of developing proof-of-concept detection 
systems is better understood by considering the need for 
standardized methods in the clinic.

In contrast to biopsy-based approaches, which cause 
possible side effects and may result in relatively late diag-
nosis, several possible indicators, including PSA, for early 
detection of PC have been studied by researchers. Pro-PSA 
refers to a variety of inactive forms of PSA. In addition, 
PSA appears in the blood in multiple structural isoforms 
(IsoPSA). The IsoPSA test analyzes the total spectrum of 
PSA isoforms and can be used to identify men at high risk 
of developing PC where biopsy is needed [9]. Traditional 
PSA determination methods and their updated versions are 
still used for the analysis of serum PSA levels, including 
enzyme-linked immunosorbent assay (ELISA) [10, 11], 
chemiluminescence immunoassay (CLIA) [12, 13], electro-
chemiluminescence immunoassay (ECLIA) [14], radioim-
munoassay (RIA) [15], and fluorescence-based assays [16]. 
Some of the conventional methods have also been adapted 
to clinical usage. Although these procedures are effective 

and highly precise, they are time-consuming, costly, and 
labor-intensive.

Among the studies on PSA detection, biosensor-based 
approaches are promising for early diagnosis, providing 
highly sensitive measurements. Compared with the time-
consuming and costly procedures often employed in health-
care, biosensors provide a better alternative because of their 
sensitivity, selectivity, ease of use, and ability to be deployed 
in situ. Researchers have created hundreds of unique bio-
sensing systems for PSA detection over the past few decades. 
Sensitive PSA determination has been achieved in studies 
with various methodologies including electrochemical meth-
ods [17, 18], optical detection systems [19, 20], and mass-
based platforms [21, 22].

Early PSA biosensors mostly used antibody-based 
approaches, but other recognition components, including 
nucleic acid sequences, polymers, and aptamers, are gaining 
popularity today [23]. Aptamers are single-stranded DNA 
(ssDNA) or ssRNA oligonucleotides that can identify many 
targets with great sensitivity and specificity. Over the past 
few years, nucleic acid aptamers have become more popu-
lar in diagnostics and biosensor development. Aptamers are 
a more effective alternative to antibodies in many aspects. 
They are less costly, have higher chemical stability, and are 
simpler to generate than antibodies. In contrast to antibodies, 
the in vitro selection process may be adjusted to the required 
pH, temperature, and ionic strength. Aptamers can also be 
straightforwardly manipulated, and their architectures are 
compatible with many media and matrices. Thanks to the 
benefits of aptamers, high-precision PSA biosensors have 
been designed by different research groups [17, 24].

Aptamers are also frequently used in different electro-
chemical methods, including electrochemical impedance 
spectroscopy (EIS). The EIS technique uses sinusoidal 
electric potential to study electrode surface changes. EIS 
measures electrode resistance and capacitance to detect 
biological interactions, quantifying aptamer–antigen inter-
actions as electrical impulses without labeling or pretreat-
ment. Biosensors based on EIS have advantages over other 
electroanalytical methods, such as direct recognition without 
labeling the relationships between recognition elements and 
analytes, a nondestructive nature, and steady-state system. 
These features are also useful for defining analytical param-
eters related to the binding kinetics and interfacial properties 
and for analyte detection [25–27].

In this study, we developed an EIS-based PSA aptasen-
sor using ITO-PET as working electrodes. To our knowl-
edge, the PSA-specific aptamer sequence we utilized as the 
recognition element in this study represents the first such 
use on a carboxyethylsilanetriol (CTES)-modified surface 
on ITO-PET electrodes. ITO-PET electrodes are transpar-
ent conductive oxide films. Their use in biosensor design 
offers several advantages over traditional electrode systems, 
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including excellent electrical conductivity, low cost, and an 
extensive working surface. Within the scope of this study, 
PSA detection with femtomolar sensitivity was performed 
using the aptasensor, the analytical parameters of the rel-
evant biosensor were defined in detail, and the potential for 
use in real samples for PSA analysis was evaluated. With 
adequate accuracy and reproducibility, the electrochemi-
cal PSA aptasensor offers a promising platform for clinical 
applications.

Material and methods

Chemicals and equipment

All compounds used were of analytical purity. Unless oth-
erwise specified, all compounds were obtained from Sigma-
Aldrich (USA). Bovine serum albumin (BSA) was purchased 
from Sigma Aldrich (USA). Electrochemical studies were 
conducted with a Gamry Reference 600 potentiostat/galva-
nostat (Gamry Instruments, Warminster, PA, USA). Ferri/
ferro redox probe solution was prepared by mixing 5 mM 
[Fe(CN)6]4− and 5 mM [Fe(CN)6]3− in phosphate buffer (PB; 
pH 7) containing 0.1 M KCl. ITO film covered on polyeth-
ylene terephthalate (PET) film with a surface resistivity of 
60 Ω/sq (639303-1EA) was purchased from Sigma-Aldrich 
(USA). ITO-PET electrodes (2 mm x 20 mm) were used in 
a three-electrode arrangement, along with an Ag/AgCl refer-
ence electrode and a platinum wire counter electrode. The 
solutions were prepared using the Elga PURELAB flex pure 
water equipment, weighed with a Shimadzu Corporation 
ATX224 instrument, and measured using a Fisher Scien-
tific pH meter. Scanning electron microscopy (SEM, JEOL 
SEM-7100) and atomic force microscopy (AFM, WITec 
alpha3100R) were used to determine the surface morphol-
ogy. The 5′-NH2-(CH2)6-TTT​TTA​ATT​AAA​GCT​CGC​CAT​
CAA​ATAT-3′ PSA aptamer sequence was provided by Mac-
rogen. Serum samples were taken from Namık Kemal Uni-
versity Research Hospital, with the approval of the ethics 
committee.

Electrochemical analyses

All electrodes used in immobilization procedures were 
treated with PSA solutions of varying concentrations. EIS 
and cyclic voltammetry (CV) experiments describe the 
surface behavior at various PSA concentrations and each 
optimization step. Electrochemical measurements were 
taken inside the redox probe. The applied voltage for CV 
measurements was set between 0.5 V and 1 V, with a step 
size of 10 mV and a sweep rate of 100 mV/s. The stand-
ard measurement potential for impedance is 0 V and 5 mV 

for alternating current. Impedance was measured between 
50,000 and 0.001 Hz.

Construction of a biosensing system for PSA analysis

The ITO-PET electrodes were cleaned by ultrasonication 
in acetone, soap solution, and ultrapure water for 10 min 
each, followed by dehydration at room temperature using 
argon gas. The electrodes were then submerged for 90 min 
in a 5:1:1 (v/v) solution of ultrapure water, hydrogen per-
oxide, and ammonium hydroxide to create hydroxylated 
active ITO-PET surfaces under dark conditions. They were 
then rinsed with ultrapure water and dried with argon gas. 
The hydroxylated ITO-PET electrodes were placed in a 
0.1–0.5% CTES (v/v) solution prepared with ultrapure 
water at room temperature overnight. The CTES-modified 
ITO-PET electrodes were washed with ultrapure water and 
dried with argon gas. Before aptamer immobilization, elec-
trode surfaces were treated using carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) chemistry. EDC (0.04 M) as 
a coupling agent and NHS (0.01 M) as an activator were 
used to activate the CTES-modified ITO-PET electrodes. 
After rinsing the ITO-PET electrodes with ultrapure water to 
remove any unbound EDC/NHS, the electrodes were placed 
in a PB solution (pH 7.0) with a PSA aptamer. Before each 
use, the aptamer was folded into the correct conformation 
by incubation at 95 °C for 10 min, 10 min on ice, and 10 min 
at 25 °C, after which 0.1 μM PSA aptamer was immobilized 
on the modified electrode for 30 min. The amino groups 
(NH2) of the PSA aptamer formed a strong amide bond 
(CO–NH) with the carboxyl groups of the modified ITO-
PET electrodes. Subsequently, aptamer-modified electrode 
surfaces were blocked with 0.5% BSA. After this final step, 
the electrodes were fully functional for PSA measurement. 
During trials to determine the best settings, different concen-
trations of PSA ranging from 1 to 1500 fg/mL were added 
to the modified electrodes. As seen in Fig. 1, each change in 
the ITO-PET electrode was confirmed by EIS and CV, and 
charge-transfer resistance (Rct) values were obtained for each 
concentration using EIS measurements (n = 3). These values 
were calculated using the following equation:

Optimization studies for PSA Analysis

To analyze the effects of CTES concentration on the 
hydroxylated ITO-PET electrode surface, different con-
centrations of CTES (0.1, 0.25 and 0.5%) were applied 
while maintaining fixed concentrations of other immo-
bilization components. The EIS and CV data with 

ΔRct = Rct(PSA) − Rct(BSA)
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increasing PSA concentrations for the independently 
prepared electrodes were examined, and the graphs 
in the linear range were compared. To determine the 
effect of aptamer concentration to be supplied to the 
optimized CTES-modified ITO-PET electrode, EIS and 
CV measurements were performed against different con-
centrations of PSA aptamer (0.1, 0.25 and 0.5 μM) for 
30 min. After optimization of the PSA aptamer incuba-
tion time, the incubation time of PSA-antigen on the 
modified ITO-PET electrode was optimized for 30, 45, 
and 60 min. To achieve this optimization, EIS and CV 
measurements were conducted on the aptamer-modified 
ITO-PET electrode that was incubated at varied peri-
ods and PSA concentrations. Optimization parameters 
were used to construct the calibration plot for the PSA 
aptamer-based PSA biosensor.

Characterization studies for PSA analysis

The reproducibility of the biosensor was tested with the modi-
fied ITO-PET electrodes fabricated at different times and 
under ideal conditions. For this investigation, 10 different bio-
sensor systems were developed, and EIS measurements were 
made within the detection range of the proposed biosensor. 
For the repeatability analysis, 20 distinct ITO-PET electrodes 
were fabricated. The mean value, standard deviation value, and 

coefficient of variation were determined using EIS measure-
ments of these electrodes, incubated at the chosen concentra-
tion. Furthermore, the interaction between the PSA aptamer 
and PSA antigen was assessed by observing how the imped-
ance changed over time at a single frequency. Impedimetric 
measurements were taken at the selected PSA concentration 
(750 fg/mL) of different electrodes prepared under the same 
conditions and stored for 10 weeks to determine the storage life 
of the designed biosensor system (in a dark, dry environment 
at +4 °C). SEM and AFM techniques were also used in each 
immobilization phase to observe the immobilization processes 
on the electrode surface.

Calculations for the determination of the analytical 
parameters

To determine the analytical parameters, the difference in the 
electron transfer resistance (Rct(PSA)) value at a certain concen-
tration of PSA from the electron transfer resistance (Rct(BSA)) 
value of the BSA application, which is the last immobiliza-
tion step, was used. The following equation was used to con-
struct the calibration graph and the binding plot for the PSA 
aptasensor:

ΔRct = Rct(PSA) − Rct(BSA)

Fig. 1   a  Voltammetric and b  impedimetric characterization of the 
buildup process of the immunosensor (the concentration values and 
composition of the components used in the immobilization stage are 
as follows: CTES: 0.1%; H2O2-NH4OH-H2O: 1:1:5 (v/v); EDC/NHS: 

0.04–0.01 M; PSA aptamer: 0.1 μM; BSA: 0.5% and PSA: 1500 fg/
mL). c CV and d EIS responses of the immunosensor at elevated PSA 
concentrations (1, 150, 250, 500, 750, 1000, 1250, 1500 fg/mL PSA), 
respectively
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In this equation, Rct(PSA) and Rct(BSA) are the semicircular 
diameter values recorded after the PSA application and BSA 
blocking stage, respectively, while ΔRct indicates the differ-
ence between these two values. The limit of detection (LOD) 
and limit of quantitation (LOQ) are the minimum measured 
and quantified concentrations. The equations 3 σ/m and 10 
σ/m were subsequently used to determine LOD and LOQ [28, 
29]. In these equations, σ is the standard deviation of the blank 
signal, and m represents the slope of the calibration curve.

Kd was calculated by applying PSA at concentration val-
ues above the dynamic range and evaluating the graph with 
the nonlinear regression (specific binding with the hill slope) 
function of GraphPad Prism 5.0 software [30]. To determine 
the Kd value, the ΔRct responses were plotted against PSA 
concentrations [31]. The following equation was used for the 
calculation, in which the ΔRct values obtained by taking the 
Rct(PSA)− Rct(BSA) difference were plotted against the PSA 
concentration using the Hill equation [32]:

Kd represents the concentration of ligand that binds to 
half of the equilibrium receptor sites. Bmax, Kd, and h are the 
interpolated PSA concentrations at which the maximum bio-
sensor response is reached, the PSA concentration required 
to achieve the half-maximum biosensing signal, and the Hill 
coefficient, respectively.

Selectivity of the PSA biosensor

In order to evaluate the selectivity of the developed immunosensor, 
several components (glucose, ascorbic acid, BSA, haptoglobin, and 
immunoglobulin G [IgG]) were utilized during the detection of 
the PSA antigen. Concentrations of interfering components were 
created with the PB at 500 fg/mL, and EIS and CV measurements 
were carried out under optimal circumstances (n = 3).

ΔR
ct
=

B
max

. [PSA]h

K
d

h + [PSA]h

Evaluation of the applicability of the biosensor 
to serum samples

After immobilization and characterization investigations, 
real serum samples (serum samples were taken from Namık 
Kemal University Research Hospital with approval by the 
ethics committee) were used to test the designed biosen-
sor system. According to recent studies, a PSA level of 4.0 
ng/mL is appropriate [33]. According to this value, serum 
samples were diluted 10,000-fold with PB and tested using 
the standard analyte addition procedure. Following this step, 
human serum samples were spiked with PSA standards (250 
and 500 fg/ml). The immunosensor was used to examine 
the prepared solution, and the findings are given in Table 1.

Results and discussion

Fabrication of the aptasensor

Scheme 1 depicts the fabrication of the label-free ITO-PET 
aptasensor. In the first two successive stages of the design of 
the aptasensor, following the formation of hydroxyl groups 
on the ITO-PET electrode, the electrode surface was func-
tionalized by the CTES silanization process [34]. CTES is a 
carboxyl group-containing silane coupling agent, and EDC/
NHS treatment activates these carboxyl groups. As a result 
of the amide bond formed by the active carboxyl groups 
of the developed SAM with the 5′-amino-modified PSA 
aptamer, the relevant aptamer sequences were immobilized 
on the electrode surface. In the final step in constructing a 
fully functional detector electrode, BSA (0.5%) was applied 
to block the possible active sites that may be present on the 
electrode surface. The prepared ITO-PET/CTES/EDC-NHS/
PSA aptamer/BSA electrodes were washed with ultrapure 
water and dried with argon gas before use in studies to inves-
tigate the high-sensitivity detection of PSA.

Table 1   Suitability of the PSA 
biosensor for use with real 
serum samples

Serum sample 
number

PSA conc.
(fg mL−1)

Standard 
added conc.
(fg mL−1)

Measured conc.
(fg mL−1, n = 3)

RSD (%)
(n = 3)

Recovery (%)

1 208.77 250 486.16/478.29/466.35 3.95 103.95
500 719.84/696.82/722.76 0.61 100.61

2 532.19 250 749.56/735.29/791.81 2.98 97.02
500 1112.03/942.16/1061.33 0.61 100.61

3 625.15 250 898.75/806.67/851.84 2.59 97.41
500 1173.81/1016.75/1226.25 1.23 101.23

4 660.11 250 891.17/935.75/910.99 0.28 100.28
500 1176.72/1189.83/1071.53 1.21 98.79

5 225.38 250 503.64/443.91/453.23 1.78 98.22
500 743.74/723.63/751.31 1.95 101.95
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Determining the ideal circumstances for the construc-
tion of an effective biosensor is crucial. The establishment 
of parameters where appropriately oriented recognition 
components are suitable for generating a homogeneous 
layer is made possible by determining these requirements. 
In this regard, EIS and CV measurements confirmed the 
layer evolution processes on the electrode surface at each 
step. The EIS Nyquist plots and CV measurements of each 
immobilization step revealed that the insulation of the sur-
face increased. Figure 1b (inset) depicts a Randles equiva-
lent circuit for each EIS spectrum mentioned above. The 
circuit consists of the solution resistance (Rs), the Rct, the 
Warburg resistance (Zw), and the constant phase element 
(CPE). The Randles equivalent circuit simulation was used 
to fit the impedance values, and the results corresponded to 
the Randles model [35]. The electron transfer resistance, 
Rct, is depicted by the semicircle diameter in EIS, and it 
provides information on the electron transfer rates of the 
redox probe at the electrode interface. A charged layer exerts 
either an attractive or a repulsive force on ions close to the 
electrode, which can enormously impact the Rct value [36, 
37]. Figure 1b shows the changes in the EIS spectra after 
each immobilization step. It was determined that the semi-
circle diameter increased due to the insulation of the EDC/
NHS compared with the CTES application, which was the 
previous immobilization stage. A striking increase in Rct 
value was observed after covalent bonding of PSA aptamer, 
probably due to its nonconductive properties as well as the 
effects of steric hindrance and the negative charge of the 
phosphate group of the aptamers having electrostatic repul-
sion to the probe [38]. Furthermore, the amide bond formed 
between the amino-modified aptamer and the carboxylic 
acid on the surface reduces the conductivity, which is also 
reflected in the Rct value [39]. Blocking the remaining active 

sites by BSA also caused an increase in the Rct value due to 
the insulating effect of the modified ITO-PET electrode. The 
EIS results revealed that the proposed aptasensor was effec-
tively configured. Immobilizing biological recognition com-
ponents is crucial to creating an efficient biosensor system. 
Each immobilization layer must be well-organized. In the 
current study, CTES was applied to the ITO-PET surface to 
form a SAM, which was then activated by EDC/NHS chem-
istry. SAMs enable the development of biosensor platforms 
with enhanced efficiency and performance. In addition, the 
development of the SAM on the ITO-PET surface widened 
the working scale and enhanced the analytical performance. 
Combining these modifications has created a biosensor plat-
form with improved performance that is more efficient and 
sensitive.

Investigating the electrochemical properties of modified 
electrodes is often done via CV. Figure 1a shows the CV 
results after each modification applied to the electrode sur-
face. By evaluating the differences in oxidation and reduc-
tion peak currents in CV values associated with electrode 
modification steps, it was determined that each immobiliza-
tion step led to an increase in the insulating properties of the 
ITO-PET electrode and a decrease in peak current values. 
The CV data provided conclusive evidence that the electrode 
was successfully constructed.

Surface characterization of the PSA aptasensor

SEM and AFM were used to characterize the surface mor-
phology of the PSA aptasensor at different immobilization 
stages. The SEM and AFM images of a homogeneous sur-
face with a narrow allocation on the hydroxylated ITO-PET 
electrode can be seen in Fig. 2a and b. The root mean square 
(RMS) roughness value of the ITO-PET/OH electrode was 

Scheme 1   Schematic illustra-
tion of the construction process 
of the PSA aptasensor
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44.868 nm on a scale of 5×5 μm. As shown in Fig. 2c and 
d, when the SEM and AFM images were examined after the 
CTES treatment, a homogeneous distribution occurred, and 
the roughness value was calculated as 101.163 nm on a scale 
of 5×5 μm. It can be deduced from the cross-sectional graph 

of AFM after CTES application that the gaps increased, and 
the silane agent interacted with the –OH groups on the elec-
trode surface (Fig. 2d) [40]. SEM and AFM images after 
EDC/NHS coupling agent application for activating carbox-
ylic acid groups are shown in Fig. 2e and f. The roughness 

Fig. 2   SEM and AFM images of the hydroxylated ITO electrode (a, 
b). CTES-modified electrode surface (c, d). EDC/NHS-activated 
CTES-modified electrode surface (e, f). PSA aptamer-immobilized 
electrode surface (g, h). BSA blockage (ı, j). Surface characteristics 
after interaction of PSA with PSA aptamer (k, l). (The concentra-

tion values and composition of the components used in the immobi-
lization stage are as follows: H2O2-NH4OH-H2O: 1:1:5 (v/v); CTES: 
0.1%; EDC-NHS: 0.04–0.01 M; PSA aptamer: 0.1 μM; BSA: 0.5% 
and PSA: 1500 fg/mL, respectively)
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value obtained with AFM is 163.638 nm on a scale of 5×5 
μm. SEM and AFM images obtained after applying PSA 
aptamer, which now displays a sharper end-appearing mor-
phology, are indicated in Fig. 2g and h, with a roughness 
value of 237.967 nm at a scale of 5×5 μm. SEM and AFM 
images recorded after immobilization of the blocking agent 
BSA indicate a smooth distribution (Fig. 2i and j). A rough-
ness value of 257.074 nm on a scale of 5×5 μm was obtained 
for this step. In the last stage, the electrode surface morphol-
ogy was investigated after PSA application (Fig. 2k and l). 
The interaction of PSA and PSA aptamer creates a strik-
ing change in the surface morphology, as seen in the SEM 
image. After the interaction of PSA with the aptamers on the 
fully functionalized electrode surface, a roughness value of 
277,355 nm was obtained at a scale of 5×5 μm. The data on 
surface morphology are consistent with EIS and CV data 
and support the finding that the aptasensor was successfully 
developed.

Determination of the optimal conditions 
of the aptasensor

Optimization of the experimental parameters is critical 
for robust electrode configuration and development of the 
aptasensor. In this study, after optimizing the CTES ratio, 
PSA aptamer concentration, and the PSA aptamer incuba-
tion time, we finally determined the ideal interaction time 
for the PSA aptamer and PSA. The use of CTES as a silaniz-
ing agent has many advantages, perhaps the most impor-
tant of which is that monolayer production is not affected 
by changes in ambient humidity [41]. The optimal amount 
of CTES may vary depending on certain physicochemical 
parameters and the nature of the material used [42]. CTES 
was used at 0.1%, 0.25%, and 0.5% (v/v) concentrations, 
respectively, to determine the optimal amount, and the PSA 
binding efficiency of the modified electrodes was evaluated 
by keeping other parameters constant. As seen in Fig. S1a, 
the lowest slope and R2 values were obtained using 0.5% 
CTES. The fact that this concentration is too high to form an 
efficient layer is also reflected in the linearity of the graph. 
Considering the R2 values of the graphs and the consistency 
in the impedimetric response, 0.1% CTES was determined 
as the optimal concentration.

The quantity of the PSA aptamer was optimized in the 
next step. The PSA aptamer concentration to be applied to 
the CTES-modified ITO-PET electrodes was tested in the 
micromolar range, considering the electrode surface area 
(average 1 cm2). It can be assumed that 0.5 μM aptamer 
concentration accumulates on the electrode surface, increas-
ing the random coupling potentials of the aptamer sequences 
and, more importantly, creating a steric hindrance for analyte 
binding. According to the graphical parameters, the most 

efficient aptamer concentration was 0.1 μM, and subsequent 
investigations were conducted with this value (Fig. S1b).

Determining the ideal interaction time for the recognition 
element and the analyte in biosensors is essential for obtain-
ing consistent and reproducible results. In order to optimize 
the incubation time of the PSA aptamer, another important 
optimization parameter, immobilization, was performed for 
15, 30, and 45 min. It was determined that incubation of 
the PSA aptamer for 30 min elicited a higher impedimet-
ric response and was sufficient for interaction with PSA. 
Although linear results were obtained below or above this 
time, the most significant signal decrease was detected at 
30 min (Fig. S1c).

The last optimization step was to examine the ideal time 
for the analyte incubation process. To determine the inter-
action time of PSA with the aptamer, PSA was applied to 
the modified electrodes at 30, 45, and 60 min. The optimal 
PSA incubation time was determined as 30 min. The linear 
calibration graph obtained with different PSA incubation 
times is shown in Fig. S1d. Although the results obtained 
with 30 and 45 min of interaction were very similar, due to 
the slope of the graph and the time advantage it provided, 30 
min of PSA incubation was used in further studies. Indeed, 
the single-frequency impedance (SFI) measurement result is 
consistent with this finding. SFI is a technique that allows for 
evaluation of the impedance change against time at a speci-
fied frequency. This method is particularly useful for in situ 
determination of analyte and recognition element interaction 
times [43]. As seen in Fig. 4b, the interaction of the PSA 
aptamer and PSA was determined in real time by SFI meas-
urement. The SFI plot confirms that the signal stabilized 
for approximately 30 min, and that this time was sufficient 
for interaction of the PSA aptamer with the PSA. It was 
determined that 60 min of incubation caused a significant 
signal decrease. The lower responses were attributed to the 
long-stored analyte damaging the integration of the electrode 
surface and exerting physical stresses.

Analytical characterization of the aptasensor

Determination of LOD, LOQ, and Kd

EIS is an excellent approach for determining the analytical 
parameters of the aptasensor and is an accurate and reli-
able method for observing the modifications that occur in 
the interfacial properties of the modified electrode surfaces. 
Because protein deposition makes electron and mass trans-
port of the probe challenging, increases in analyte concen-
trations cause significant changes in the surface insulation, 
as evidenced in both CV and EIS findings (Fig. 1c and d). 
Analytical performance criteria were defined by correlating 
increasing PSA concentrations with Rct signals obtained in 
EIS measurements, so that a high-sensitivity biosensor could 
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be designed. The linear response of the aptasensor and the 
kinetics of PSA binding were determined by utilizing the 
equivalent circuit model (Fig. 1b inset). As mentioned ear-
lier, the basic components of this equivalent circuit are Rs, 
Zw and Rct. The Rct value, which expresses the double-layer 
capacitance related to the capacitance of the complex bioac-
tive layer, differs greatly from the deposition on the electrode 
surface depending on the analyte binding. Therefore, Rct was 
chosen as a reasonable criterion to evaluate the interfacial 
characteristics of the designed biosensor during construction 
[44, 45]. The analyte deposition on the electrode surface 
following the interaction of PSA with the aptamer causes 
an increase in Rct for the potassium ferri/ferrocyanide redox 
couple in a faradaic EIS measurement [46]. The increase in 
the Rct is proportional to the PSA concentration.

The CV and impedance spectra of the proposed aptasen-
sor for increasing concentrations of PSA are shown in 
Fig. 1c and d, respectively. As seen in Fig. 1d, the semi-
circle diameter of the Nyquist plot, and thus the Rct val-
ues, increased with increasing concentrations of PSA. The 
aptasensor design achieved a large dynamic range of 1.0 fg/
mL to 1500 fg/mL with a coefficient of 0.9914, as seen in 
Fig. 3b. Indeed, the dynamic ranges of the PSA aptasensors 
appear quite broad (Table S1). The range we obtained is 
comparable to that of other PSA biosensors in the recent 
literature. The calibration curve exhibited a strong linear 
relationship between changes in Rct values and PSA con-
centration (Fig. 3b).

LOD and LOQ were calculated as 8.74 fg/mL (0.307 
fM) and 29.13 fg/mL (1.023 fM), respectively. The detec-
tion limit obtained in this study is many times lower than 
that of most biosensors, including commercial PSA analy-
ses, thanks to the high sensitivity of the aptamers com-
bined with ITO-PET electrodes [23, 47]. In this study, 
we used an aptamer with a well-defined structure with a 

5′-TTT​TTA​ATT​AAA​GCT​CGC​CAT​CAA​ATA​GCT​TT-3′ 
nucleotide sequence [48]. This aptamer sequence has been 
utilized in many biosensing studies, as seen in Table S1. 
Savory and colleagues used this aptamer sequence for the 
first time to detect PSA in the nM range by measuring 
the chemiluminescence signal. The EIS-based method we 
present here is an inherently sensitive approach correlated 
with the direct analyte deposition without labeling, so we 
were able to measure PSA with many times higher sen-
sitivity and dynamic range compared to this work. PSA 
analyses have been conducted in many unique approaches, 
from techniques combining molecularly imprinted poly-
mers or thiol-terminated sulfobetaine and amine-termi-
nated versions of the same aptamer [49, 50]. Except for a 
few of the studies mentioned in Table S1, most sequences 
were used as thiol-modified, and all were preferentially 
modified at the 5′ end. The results obtained with modi-
fications at the 5′ end support the idea that the binding 
site of this PSA aptamer is closer to the 3′ position. One 
study strengthened this claim by using a sandwich assay 
with the PSA aptamer–PSA antibody pair by modifying 
the aptamer from the 5′ position with ferrocene. The bind-
ing of the aptamer to PSA closer to the 3′ end allowed 
the free ferrocene-labeled end to be used in differential 
pulse voltammetry (DPV) measurements [51]. Because it 
improved analytical performance in earlier studies [52], 
we chose to use the aptamer as amino-modified from the 
5′ end in this study. Major differences in analytical perfor-
mance have been obtained across many different biosen-
sor approaches due to different immobilization, modifica-
tion, and measurement approaches with the same aptamer 
sequence (Table S1). To the best of our knowledge, only a 
few studies [53, 54] using the same aptamer for biosens-
ing have achieved the high sensitivity level we obtained in 
this work, which corresponds to a low femtomolar range.

Fig. 3   a Binding curve for PSA, b calibration curve obtained after EIS measurements
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Kd value calculated over impedance changes was deter-
mined as 46.28 ± 5.63 nM with a coefficient of 0.9953 for 
PSA aptamer by utilizing the nonlinear regression (specific 
binding with the hill slope) function of GraphPad Prism 5.0 
software [30]. Bmax, Kd, and h represent the interpolated PSA 
concentration at which the maximum biosensor response is 
achieved, the PSA concentration required to attain the half-
maximum biosensing signal, and the Hill coefficient, respec-
tively. The Hill coefficient describes the stoichiometry of the 
binding. The hill slope value was found to be 1.356 in this 
study. Usually, the h value greater than 1.0 is reflected on the 
graph sigmoidally, as shown in Fig. 3a. This value occurs 
when the recognition element or analyte has more than one 
binding site with positive cooperation [55]. Therefore, the 
obtained h value shows that the PSA aptamer can interact 
with PSA through more than one binding site. Researchers 
have used various methods to calculate the same aptamer's 
Kd. The Kd value was estimated on the nM scale in the study 
where the aptamer was developed for the first time [48]. 
Supporting the approach of the former work, in the analysis 
based on square wave voltammetry (SWV), fluorescence, 
quartz crystal microbalance (QCM), and surface plasmon 
resonance (SPR) for this aptamer, dissociation constants 
were found to be 2.6 nM, 790.27 nM, 37 nM, and 336.0 nM, 
respectively [56–59]. The calculated Kd value in our study is 
in perfect concordance with the previous data.

SFI is a method that has been successfully applied to 
characterize the kinetic interactions between the recognition 
element and the analyte in electroanalytical designs [60]. 
In this study, the interaction between the PSA aptamer and 
PSA was monitored with the SFI method, which can moni-
tor the total impedance at a single frequency value versus 
time. A Bode plot was used to calculate this frequency, and 
the measurement was performed at a fixed frequency of 5 
Hz. The impedance signal changed considerably during an 
interaction lasting 25–30 min, but there was no noticeable 
change after 30 min. This outcome demonstrates the suit-
ability of the 30-min incubation period for interaction of the 
PSA aptamer and PSA (Fig. 4b).

Repeatability, reproducibility, selectivity, and storage 
stability studies

Repeatability is a key factor of the biosensor's long-term 
stability. The repeatability of the designed aptasensors 
was evaluated by applying 750 fg/mL PSA to the 20 iden-
tical electrodes and evaluating the obtained responses 
on the calibration curve. We used the calibration curve 
equation to compute the mean value, standard deviation, 
and coefficient of variation, which were 754.02 fg/mL, 
±10.0, and 1.3, respectively. According to these calcula-
tions, the developed aptasensor demonstrates a high level 
of repeatability.

Because reproducibility is another important factor for 
biosensors, it was validated using 10 distinct calibration 
plots of biosensors that were all made under identical con-
ditions. Within the range of 1.0 fg/mL to 1500 fg/mL, identi-
cal aptasensors exhibited a similar linearity level, as seen in 
Fig. 4a. The relative standard deviation was calculated from 
the overlapping line plots for the slopes as 7.51%. These 
results indicate that the reproducibility of the proposed 
aptasensors for the detection of PSA is satisfactory.

In addition, the Kramers–Kronig transform was used on 
the experimental data. In theory, Kramers–Kronig relation-
ships may be used to evaluate whether the impedance spec-
trum of a given system is affected by bias errors, such as 
those induced by artifacts or time-dependent events [34]. 
Kramers–Kronig transforms were executed in this investi-
gation using Gamry Echem Analyst software (ver. 5.61). 
This analysis determined a value known as goodness of fit 
(Fig. 4d).

In order to accurately detect their targets, biosensors need 
to be able to distinguish between a wide variety of analytes. 
Glucose, ascorbic acid, BSA, haptoglobin, and IgG were 
added as interfering substances to study the selectivity of the 
aptasensor. The analysis was also conducted with a mixture of 
all these potential entrepreneurs. All interfering compounds in 
the selectivity experiment were at 500 fg/mL final concentra-
tion. As shown in Fig. S2, most of the interfering substances 
had a minimal effect on the aptasensor, in contrast to the con-
siderable increase in the Rct value caused by PSA at 500 fg/
mL. It was observed that glucose and ascorbic acid, relatively 
small molecules, interfered at very low levels. Although still 
far below the PSA response, the greatest interference was 
found to occur with BSA and IgG applications. The effect of 
haptoglobin, a serum protein, was less than half that of the 
other two proteins. It is worth noting that the same level of 
interference (approximately four to five times) was observed 
for BSA in some of the other biosensor studies designed with 
the same aptamer [54, 61]. Interestingly, the synergistic inter-
ference signal obtained when these components were used 
in the mixture was lower than the individual ones. This is 
probably because nonspecific binding to the aptamer becomes 
difficult due to the competition of molecules in the complex 
environment. In addition, the satisfactory results we obtained 
in real human serum samples indicates the advantage of our 
approach in the complex serum environment (Table 1). Our 
technique is extremely selective for PSA when the overall 
results are assessed.

Stability testing of biosensors is critical in evaluating how 
long they can be used reliably and is an essential param-
eter in assessing their potential in clinical applications. The 
biosensors prepared identically with the standard experi-
mental immobilization procedure were stored for 10 weeks 
at 4 °C in dark and closed conditions. Measurements were 
carried out every 7 days with the prepared biosensors, and 
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the impedimetric response obtained for 750 fg/mL PSA was 
evaluated with the calibration plot (Fig. 4c). It was observed 
that the stability of the biosensor was maintained at up to 
98.34% of its initial activity at 8 weeks. Following the com-
pletion of the eighth week, an increase in the biosensor 
response was seen. These results indicated that the devel-
oped PSA aptasensor had good stability for up to 8 weeks.

Detection of PSA in real human serum

One of the most crucial performance criteria for aptasen-
sors is the capacity to analyze real samples. Since the 
serum PSA level is generally considered normal up to 4.0 
ng/mL in healthy individuals [48], the samples were diluted 
with PB, considering this value to ensure the detection 
range before analysis in real serum samples. After diluting 

five different serum samples, the response of each serum 
sample on the aptasensor was determined, and these values 
were considered blank. Each serum sample was indepen-
dently spiked with 250 and 500 fg/mL PSA. Serum PSA 
concentrations, and recovery values were computed using 
the equation of the calibration plot (Table 1).

The data in Table 1 show that our design yields highly 
accurate results in complex matrices. According to the real 
sample measurements, the PSA aptasensor offers remark-
able clinical application potential, with excellent sensitiv-
ity. According to WHO standards, the variation in today's 
commercial serum PSA tests has decreased to 3–5%, and the 
detection thresholds have increased to 0.01–0.02 ng/mL for 
total PSA [62]. In this context, the system we have developed 
is also quite acceptable for the serum PSA detection limit 
determined by WHO.

Fig. 4   a Reproducibility study, b single-frequency impedance result, c storage life, and d Kramers–Kronig transforms of the developed biosensor
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Conclusion

In this study, we developed an electrochemical impedance 
spectroscopy-based aptasensor for highly sensitive and selec-
tive PSA analysis. The level of sensitivity we have achieved 
makes the proposed aptasensor one of the most sensitive 
biosensing systems in the literature. The LOD and LOQ val-
ues were determined as 8.74 and 29.13 fg/mL, respectively, 
while the dynamic range of the biosensor was 1.0–1500 fg/
mL. The Kd value for the relevant aptamer was determined 
as 46.28±5.63 nM with the constructed novel biosensor. 
The aptasensor demonstrated high selectivity over IgG, hap-
toglobin, BSA, ascorbic acid, and glucose. The proposed 
aptasensor also provides adequate accuracy and satisfactory 
repeatability, reproducibility, and storage stability. Moreover, 
the aptasensor offered extremely sensitive and reliable results 
in detecting PSA levels in serum. In light of all these proper-
ties, it can be concluded that the developed aptasensor has 
enormous promise for PSA analysis in clinical applications.
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