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1. Introduction leading to additional challenges for society [1]. In an addi-

tional 23 countries, it ranks third or fourth which highlights

Outlined by World Health Organization (WHO) in 2019, he global demand for improving research, prevention, and
cancer has been declared to be one of the most concern-  yrearment efforts [2, 3]. Prostate cancer is the second most
ing global health issues affecting almost 183 nations as its prevalent cancer diagnosed in men worldwide, underscor-
precedent increases year after year. Described as the first or ing its importance as a public health concern [4]. The high
second leading cause of mortality among individuals under  j, idence of prostate cancer emphasizes the urgent need
seventy suffering from the illness across 112 countries, itis ¢y, improved screening and early detection methods [5].
clear just how significant a threat it poses to the economy.  Bjg|ogical markers (biomarkers) are measurable cellular or

Cancer is danger9us not only because 1t can be fatal, but  polecular indicators of biological processes, disease states,
also because it hinders improvements in life expectancy,
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or treatment responses, assisting in disease prediction, di-
agnosis, and evaluation [6-9]. While they are valuable for
drug development and research, biomarkers do not always
align with a patient’s clinical experience [10-12]. There are
a wide variety of prostate cancer biomarkers such as PSMA,
PCA3 and so on. PSMA is a unique cell-surface protein
that shows a significant over-expression on prostate can-
cer cells, especially in advanced stage prostate carcinomas
with low expression in normal human tissue. Its elevated
levels in prostate cancer tissues can be used to detect the dis-
ease more effectively and monitor treatment responses [13].
Traditional PSMA detection methods, such as immunohis-
tochemistry and PET scanning, are likely to have significant
limitations, including reduced sensitivity, reliance on techni-
cal expertise, and the need for invasive tissue biopsies. They
can yield false negatives, will need special equipment and
experienced personnel, and may not be readily available in
all medical facilities [14, 15]. Additionally, the multi-step
nature of these procedures is often time-consuming, and
their outcomes can vary based on individual interpretation.
It is evident that biomarker monitoring and therapeutic in-
terventions, which are tailored by clinicians, can improve
patient care and outcomes. In this context, biosensors offer
a rapid and sensitive detection strategy for quick analysis.
The devices convert bio-signals to measurable outputs, fa-
cilitating ease in tumor biomarkers detection and allowing
timely and optimized treatment protocols. Electrochemical
sensing provides highly sensitive and selective detecting
capability that finds special utility in environmental moni-
toring and medical diagnostics [16—-19]. MXene is a term
for a class of two-dimensional (2D) materials known as
MXene that are transition metal carbides, nitrides, and car-
bonitrides having the general formula Mn+1XnTX [20].
They are prepared from layered MAX phases precursors
containing a transition metal "M’, an A’ group element,
and carbon or nitrogen "X’ [21-23]. The process of syn-
thesis is through exfoliation of the A’ layers to produce
MXene sheets with potentially tunable surface terminations
marked by TX (for example, -F, -O, -OH) [24, 25]. MXene
also have a wide range of highly versatile applications in
various areas, more in the biomedical field, due to their
excellent properties [26-29]. Their hydrophilic, antimicro-
bial behavior and bio compatibility make them compatible
with skin repair applications. Cr,CTx MXene, in particular,
has strong antibacterial activities against gram-negative and
gram-positive bacteria, which make them increasingly use-
ful in wound healing. They also possess anti-fungal activity
to assist in wound healing. They are also highly efficient
in photothermal conversion, making them good for use in
solar energy. MXene are fit for sensor and electronic device
use and, through hydrophilic nature, can be easily function-
alized, making them more useful in composite materials
[30-33]. Apart from that, MXene are also playing an im-
portant role in applications of electro-catalysis and energy
storage, particularly as supports for single-atom catalysts
(SACs) that improve catalytic efficiency in significant re-
actions like hydrogen evolution. Their distinct properties
enhance efficiency in energy storage systems. MXene-based
SAC:s are also employed in various sensing technologies,
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capitalizing on their attributes to improve detection capa-
bilities [34, 35]. Notably, MXene show great promise in
electrochemical sensors, where their high conductivity and
advantageous surface characteristics can greatly enhance
sensitivity and selectivity, makes them suitable for detecting
biochemical substances in medical diagnostics and envi-
ronmental monitoring. This work introduces an advanced
electrochemical sensor based on MXene, with the incor-
poration of gold nanoparticles (AuNPs). The addition of
AuNPs significantly improves the sensitivity of the sensor
and offers a platform for prostate-specific membrane anti-
gen binding. This new sensor is targeted at achieving high
sensitivity and specificity towards the detection of PSMA,
hence offering a potential strategy for the further enhance-
ment of the diagnosis and treatment of prostate cancer (PCa).
The focus of the study was on developing a label-free elec-
trochemical sensing device utilizing aptamers, featuring
Cr,C MXene nanosheets combined with AuNPs to enhance
the detection capabilities for the PSMA biomarker. A thiol-
functionalized PSMA aptamer preloaded with Pb>* ions
was anchored onto the electrode surface to serve as the
recognition element. This configuration enables the de-
velopment of a non-invasive electrochemical platform for
PSMA detection, which is crucial for monitoring prostate
cancer in patients. To identify the Pb?>T ions associated with
the aptamer as a signaling indicator, square wave anodic
stripping voltammetry (SWASV) was employed, providing
a highly sensitive measurement technique. Signal fluctua-
tions were observed upon the release of Pb>* ions from the
surface of Cr,C MXene/AuNPs when PSMA and aptamer
interacted. The choice of Pb>* as the signaling ion in the
biosensor designed for medical diagnostics, particularly for
detecting PSMA, is primarily due to its strong electrochem-
ical properties, which enhance the sensor’s sensitivity and
specificity. Pb?T ions can effectively bind to the aptamer,
providing a measurable signal change upon interaction with
the target biomarker, PSMA. This interaction allows for
precise quantification of PSMA concentrations, which is
crucial for early detection and monitoring of prostate cancer.
On the other hand, the presence of gold nanoparticles in
the fabrication of aptamer biosensors enhances conductivity
and sensitivity while facilitating stable binding through the
interaction between the nanoparticles and the thiolic groups
at the ends of the aptamer structure. The innovative design
not only enhances detection sensitivity but also allows for
monitoring of PSMA concentration in real samples, which
is a prerequisite for early intervention during prostate can-
cer treatment. The SPCE/Cr,C MXene/AuNPs/Pb*t-AP
offers many advantages compared to previously suggested
biosensors for PSMA detection, such as a better dynamic
range due to the high surface area of the biosensor from the
presence of Cr,C MXene, and a good limit of detection due
to the synergistic effect of Cr,C MXene and gold nanoparti-
cles in the modification of the biosensor. This suggests that
this biosensor is a powerful tool for the diagnosis of PSMA.
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2. Experimental part

2.1 Components and reactants

Chromium Aluminum Carbide (Cr,AlC; 99%) was
procured from Laizhou Kai Kai Ceramic Materials
Co., Ltd. in Shandong, China. Tris (hydroxymethyl)
aminomethane (Tris), 6-Mercaptohexanol (MCH), Lithium
fluoride (LiF; 99.9%), hydrochloric acid (HCl; 35%),
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP),
chloroauric acid (HAuCly; 99.99%), potassium chloride
(KCI; 99.99%) and lead(II) nitrate (Pb(NO3),; 99.0%)
were sourced from Adamas (Shanghai Titan Scientific
Co, Ltd., located in China). All chemicals employed
in this study were of analytical grade and used without
further purification. Each experiment was performed in
quadruplicate to ensure reproducible and reliable responses.
The DNA aptamer bearing a thiol modification was
procured from Sangon Biotech (Shanghai, China) with the
sequence listed below:

5'-SHC6-
GGGAGGACGAUGCGGAUCAGCCAUGUUUACGUCA
CUCCUUGUCAAUCCUCAUCGGC-3'.

2.2 Cr,C-MXene Synthesis

The synthesis of MXene refers to this reports [36]. To
prepare the etching medium, 4 mL of hydrochloric acid
solution (2 M) was employed to dissolve 0.4 g of lithium
fluoride, and the mixture was stirred for approximately 5
min. Subsequently, 0.2 g of Cr, AlC precursor powder was
added slowly into the prepared solution and maintained
under continuous stirring at ambient conditions for 48 h, en-
abling selective removal of aluminum layers. After etching,
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the dispersion was subjected to centrifugation at 4000 rpm
for 10 min, followed by repeated washing with deionized
water until the pH of the supernatant exceeded 5. To achieve
efficient exfoliation of Cr,C nanosheets, the resulting sus-
pension was further treated by vortex agitation for 30 min.
A subsequent centrifugation step (10 min) was carried out
to separate the supernatant, which was dried in an oven at
60 °C to yield Cr,C MXene powder.

2.3 Fabrication of SPCE/Cr,C MXene/AuNPs/Pb%*-AP

Electrochemical measurement was performed in a 10 mM
Tris-HCI buffer at pH 7.4 and room temperature). A 5.0
pL CryC-MXene suspension (0.5 mg/mL) was cast onto
the SPCE surface and dried under infrared light. The
SPCE/Cr,C MXene was then immersed in a 0.01 M HAuCly
solution with 0.1 M KCI, where electrodeposition was
performed at —0.3 V for 1 minute, followed by air dry-
ing. Finally, a Pb?>"-aptamer solution was added onto the
SPCE/Cr,C MXene/AuNPs surface and incubated for 12
hours at 4 °C. The electrode surface was first washed with
Tris-HCI buffer to eliminate loosely attached species, fol-
lowed by modification with 1.0 mM MCH for 1 h. After-
ward, the surface was rinsed to remove any excess molecules
and subsequently incubated with PSMA solution. The pre-
pared interface was then subjected to electrochemical anal-
ysis using SWASYV, as illustrated in scheme 1.

3. Results and discussions

3.1 Analysis of MXene catalyst

The morphology and microstructure of MXene were an-
alyzed using SEM and TEM techniques, as depicted in

e ¥y B

porostate Cahcer

PSMA
Thioled-PSMA aptamer+pbf+
Gold Nanhoparticles

Cr,C-Mxene

Scheme 1. A diagram depicting the steps involved in creating the aptamer biosensor design utilized for PSMA detection.
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figurel.

After treating the precursor with LiF and HCl to remove
the aluminum layer, a clear two-dimensional multilayered
structure was observed, confirming the successful synthesis
of MXene Fig. 1 (a-c). The EDS characterization results in
Fig. 1 (d) further demonstrate that the synthesized MXene
composite comprises two elements C, O, Cl, and Cr validat-
ing its successful creation. Moreover, the high-resolution
TEM image shown in Fig. 1 (e-g) provides insights into the
lattice plane spacing of the MXene material. This detailed
analysis illustrates the effective removal of impurities and
the formation of the desired MXene structure with distinct
layered characteristics.

Atomic force microscopy was used to investigate the Cr,C
MXene structure, and the resulting image is presented
in Fig. 2 (a). Microscopic examination reveals distinct
sheet-like layers, which provide strong evidence that the
aluminum component was successfully eliminated during

Xu et al.

etching, leading to the formation of Cr,C MXene with the
anticipated few-layer thickness.

BET analysis is a standard technique used to measure the
surface area of solids. This technique is especially benefi-
cial for investigating the surface characteristics of various
solids, providing researchers and scientists with valuable in-
sights into the materials’ structural properties and behaviors
[37, 38]. Fig. 2 (b) demonstrates the BET method analysis
indicates that the Cr,C sample has a relatively low spe-
cific surface area of approximately 1.88 m?/g. Besides, the
sum pore volume is around 0.10 mL/g as a result of mostly
macro-pores. This result also emerges from the plots for
pore size distribution calculated from BJH and NLDFT both
of which indicate an average pore diameter between 76 and
101 nm consistent with a predominantly macro-porous na-
ture. The observed low BET surface area is likely due to
insufficient delamination and exfoliation steps, which may
restrict the sensor’s ability to achieve optimal sensitivity by

Figure 1. SEM analysis of MXene (a-c), along with elemental mapping and EDS spectrum (d) and TEM image of Multi-layer MXene (e-g).
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Figure 2. AFM image of Cr,C MXene (a), nitrogen adsorption-desorption isotherms (BET) of Cr,C MXene (b), and XRD patterns of Cr,C MXene and

the Cr, AIC MAX phase (c).

reducing the available active sites for biomolecule binding.
Therefore, modifications to the synthesis process, such as
incorporating additional delamination or exfoliation tech-
niques like sonication, are recommended to enhance the
active surface area and improve the sensor’s performance.
XRD pattern of synthesized MAX phase Cr, AIC is shown
in Fig. 2 (c), consisting of sharp peaks that indicate success-
ful synthesis. The peaks at 20 = 14.1°, 36.4,°42.4°, and
77.3° correspond to the (002), (100) and (109) planes, re-
flecting the hexagonal structure of the prepared MAX phase
[39, 40]. Following synthesize, the characteristic reflections
of the MAX phase showed a marked decrease in intensity
accompanied by a shift to higher diffraction angles, indicat-
ing that the synthesis was successfully accomplished and
aligning with reported XRD patterns of Cr,C MXene and
the utilized MAX phase [41].

Figure3 has been utilized to compare the surface chemical
composition and states of XPS-synthesized Cr,CTx MXene.
The survey spectrum as indicated by Fig. 3 (a) confirmed
the presence of chromium, carbon, oxygen, fluorine, and
chlorine and showed successful etching of the MAX phase.
Figure3 (b) shows High-resolution C|g analysis showed
peaks at 284.43 eV (C-C), 285.96 eV (C-0), 288.02 eV
(C=0), and 291.82 eV (C-F) and also a peak at 282.04 eV
for C—Cr bonds, which confirms carbide structure retention.
The Oy spectrum showed peaks at 529.60 eV and 531.17
eV, corresponding to metal-oxygen bonds and C-O func-
tional groups, respectively [42, 43]. The Cry, spectrum in

Fig. 3 (d) suggested that chromium primarily exists in the
+3 oxidation state. The quantification of surface termina-
tions indicates specific ratios of —O, —OH, and —F groups,
impacting the surface chemistry. These varied terminations
and stable Cr—C bonding suggest that Cr,CTx MXene is
promising for gas sensing applications, particularly for NO,
detection, with its partial oxidation potentially affecting
sensitivity. Specifically, oxidation can create additional
active sites for gas adsorption, enhancing the sensor’s re-
sponse. However, it may also lead to changes in electronic
properties, which could either improve or hinder sensitivity
depending on the context. Moreover, the high electrical
conductivity of MXene enhances their sensing capabilities.
Keep in mind that XPS spectra of MXene are complex to an-
alyze, and fluorine functionalization is established by F-Cr
and F-C bonds. MXene are also utilized in energy storage,
supercapacitors, and sensors applications [44—46].

3.2 Electrochemical study
3.2.1 Biosensor surface engineering

A comprehensive study utilizing both bio-sensing and elec-
trochemical cyclic voltammetry (CV) effectively character-
ized the sensor’s enhancements and modifications, employ-
ing the [Fe(CN)6]3~/4~ redox probe as a standard electro-
chemical reference. The CV analysis of the SPCE (Fig. 4,
curve a) revealed quasi-reversible behavior, with a signifi-
cant peak-to-peak separation in the standard solution. Modi-
fication with Cr,C MXene (curve b) resulted in notable cur-
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Figure 3. XPS wide range spectra of Cr,C MAX (a). A survey spectra, Cjs (b), Oy (c) and Cry (d).

rent enhancements; however, the peak potential remained
largely unchanged, representative a lack of catalytic activity.
The introduction of AuNPs (curve e) yielded the most signif-
icant improvements, leading to reversible behavior for the
[Fe(CN)6]3~/4~ redox reaction. These findings emphasize
the considerable electrochemical influence of both Cr,C
MXene and Au NPs, validating the efficacy of the surface

modification strategy.

Upon immobilization of the Pb>*-aptamer onto the Cr,C
MXene/AuNPs composite, a notable reduction in anodic
current was observed, representative the formation of an
insulating layer on the SPCE/Cr,CMXene/AuNPs surface.
Furthermore, the subsequent introduction of the PSMA pro-
tein induced an additional decrease in the anodic signal

200
150|

-150

-200

-250

-0.6 -04 -0.2 0

0.2 0.4 0.6 0.8

E/V

Figure 4. CVs for the following electrode configurations: (a) The bare SPCE, (b) SPCE/Cr,C MXene, (c) SPCE/Cr,C MXene/AuNPs/Pb>* -aptamer-
PSMA, (d) SPCE/Cr,C MXene/AuNPs/Pb2+—aptamer, and (e) SPCE/Cr,C MXene/AuNPs using a 1.0 mM redox probe solution of [Fe(CN)6]3‘/ 4-
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of the SPCE/CrzCMXene/AuNPs/Pb”—aptamer biosensor,
likely due to the inherent low conductivity of the protein.
These observations underscore the pivotal role of tailored
surface modifications in modulating the electrochemical
performance of the developed sensor [47].

3.2.2 Influence of key factors

For boosting the aptasensor’s performance, the effect of
various concentrations of Pb>* and incubation times was
investigated using the PSMA solution (Fig. 5 (A) and 5B).
The data indicate that the increase in concentration of Pb>*
(0.5 — 5 mM) significantly increased SWASV current, con-
firming that higher concentrations facilitate the improved
adsorption of Pb?>* on the aptamer for activity. Beyond the
5 — 6 mM range, the signal leveled off, suggesting a maxi-
mum response had been attained can be relative saturation
of binding sites of aptamer. In terms of time of incubation,
increased exposure of PSMA to 90 minutes resulted in a
decrease in SWASYV current for Pb>*, as PSMA effectively
displaced Pb?* from the biosensor matrix. Figure 5 (C)
illustrates the impact of different buffer solutions on biosen-
sor efficiency, and Tris-HCI has been better than PBS and
Britton-Robinson. Hence, Tris-HCl is the optimal candidate
for experimental protocols. This in-depth investigation en-
ables us to identify the predominant parameters that regulate
the efficiency of aptasensors and provides a starting point
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for further optimization.

3.3 Evaluation of the analytical performance of the
biosensor

This study wanted to test the ability of SPCE/Cr,C
MXene/AuNPs/Pb>* -aptamer biosensor in detecting the
prostate cancer biomarker PSMA under SWASYV conditions.
The behavior between PSMA and the aptamer was observed
by SWASV measurement at the presence and absence of
PSMA with concentrations of 100 and 250 pg/mL, as indi-
cated in Fig. 5 (D). A clear-cut decrease in the SWASV peak
current was evident upon the introduction of PSMA (curves
b and c). It is attributed to the unique interaction between
PSMA and the immobilized aptamer on the surface of the
SPCE/Cr,C MXene/AuNPs, resulting in the release of the
initially bound Pb>* leads into solution and a concomitant
decrease of the SWASYV signal (scheme 2).

These results prove the biosensor’s capability to detect the
PSMA biomarker with success. Additionally, the mag-
nitude of the signal change is directly proportional to
PSMA concentration, demonstrating an effective strategy
for prostate cancer detection and monitoring. Overall, the
SPCE/Cr,C MXene/AuNPs /Pb>"-aptamer displayed Su-
perior efficiency in monitoring PSMA levels. Figure 6
illustrates that the sensor provided a wide detection window,
covering concentrations from 1.0 to 850 pg/mL, with a lin-

Time/min

180
160
140

120

I/uA
g

-0.6 -0.5 -0.4 -0.1 0

E/V

=0.7 -0.3 -0.2

Figure 5. (A) Optimization of Pb%* concentration. (B) Optimization of incubation time with PSMA. (C) Influence of different buffer solutions on the
biosensor signal. (D) SWASV illustrating the biosensor response without PSMA (a) and with PSMA at concentrations of 100 pg/mL (b) and 250 pg/mL

(©).
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Electrode

Scheme 2. SPCE/Cr,C MXene/AuNPs/Pb>* -aptamer biosensor mechanism for diagnosis of PMSA.

ear calibration curve described by Al = 0.1862 C + 6.2936
(R = 0.9923).

Shown in the inset are the SWASV curves for PSMA so-
lutions spanning 1.0 — 850 pg/mL (a—j) recorded on the
SPCE/Cr,C MXene/AuNPs/Pb** -aptamer interface. The
sensor reached a remarkably low LOD of 3.22 fg/mL, out-
performing previously published designs (Table 1). The
reported LOD, significantly lower than the 9.5 ng/mL
of carbon fiber modified sensor and 48.2 ng/mL of Cys-
AuNP/SPGE reported in Table 1. Its dynamic range of
1.0 — 850 pg/mL also exceeds that of other modifications,
such as Fe3O4 @Si0, @6Pha nanoparticles. Additionally,
the enhanced stability from this design addresses common
performance issues in existing biosensors. Overall, this

200

work demonstrates considerable advancements in sensitiv-
ity, range, and reliability.

The biosensor exhibited a good level of selectivity for 400
pg/mL PSMA monitoring, as shown in Fig. 7 (a). In terms
of stability, the biosensor’s response to PSMA was eval-
uated over several weeks. As illustrated in Fig. 7 (b), it
demonstrated strong performance during the initial three
weeks for detects 300 pg/mL. PSMA. However, a decline
in detection capability was observed thereafter. It was ob-
served that the biosensor remained stable and dependable in
detecting PSMA for a period of roughly 21 days; however,
its quantitative capability began to weaken thereafter.

In this final step, the application of SPCE/Cr,C MXene/Au-
NPs/Pb>*-AP as a new biosensor for the detection of PSMA

40 E 20x.9+‘; 2936
1 - :
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2 . “ J
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C/ lI_/'l 60! 8

Figure 6. Presents the calibration curve for the incubated aptasensor subjected to different concentrations of PSMA. The inset provides a detailed view of
the SWASV signals corresponding to PSMA solutions within the range of 1.0 to 850 pg/mL (a—J) at the SPCE/Cr,C MXene/Au NPs/Pb?" -aptamer

interface (n = 4).
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Table 1. Evaluation of the Performance of the developed electrochemical aptasensor for PSMA diagnosis.
Electrode = Modifier LDR LOD Ref.
Carbon Carbon fiber 10— 200 ng/mL 9.5 ng/mL [48]
SPGE Cys-AuNP/SPGE 5—250 ng/mL 48.2 ng/mL [49]
Fe304 @Si0O, @6Pha nanoparticles 7.5—-1250 pg/mL  2.21 pg/mL [50]
SPCE SPCE/Cr,C MXene/AuNPs/Pb>t-AP 1 —850 pg/mL 3.22fg/mL This work
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Figure 7. (a) Evaluation of the specificity of the PSMA aptasensor. (b) Long-term stability test of the aptasensor in PSMA detection over a 24-day period.

in dextrose saline as a real matrix was evaluated. Using the
standard addition method, a recovery range between 96.7%
and 102.1% was detected for the monitoring of PSMA by
SPCE/Cr,C MXene/AuNPs/Pb2T-AP, which is an accept-
able range for a new biosensor.

4. Conclusion

This work is a novel biosensor developed for accurate
detection and monitoring of the PSMA prostate cancer
biomarker. It employs an advanced layering approach,
where a CroC MXene/AuNPs/Pb>"-AP layer acts as the
SPCE modifier. The aptasensor architecture leverages
MXene, gold nanoparticles, and a PSMA-specific aptamer
to boost sensitivity and facilitate point-of-care detection
of PSMA. Selective investigations of the SPCE/Cr,C
MXene/AuNPs/Pb>t-AP sensor successfully differentiate
PSMA from other prostate biomarkers. The biosensor is
designed to detect PSMA by utilizing Pb>* as a signaling
molecule to analyze PSMA concentrations. It can accu-
rately measure PSMA levels ranging from 1.0 to 850 pg/mL,
boasting an exceptional LOD of 3.22 fg/mL. Interestingly,
the biosensor is highly selective for PSMA despite the
presence of other prostate cancer biomarkers such as
prostate-specific antigen (PSA), prostatic acid phosphatase
(PAP), and fatty acid synthase (FASN). Utilization of this
technology involves overcoming nanomaterial optimization,
toxicity of Pb>*, fouling of the electrode, and sustaining

reproducibility. This confirms that the biosensor possesses
the potential to significantly reduce the reliance on invasive
therapy in the treatment of prostate cancer.
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