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Ultrasensitive electroanalytical sensing platform
using aptamer-conjugated V,CT, MXene for the
detection of the HER-2 biomarker+
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Breast cancer is a leading cause of mortality among women globally, with the human epidermal growth
factor receptor-2 (HER-2) serving as a vital biomarker for its diagnosis and management. In this study, an
electrochemical aptasensor was developed using V,CT, MXene for the sensitive and selective quantification
of HER-2. The sensor's electrochemical performance was evaluated through cyclic voltammetry (CV) and
square wave voltammetry (SWV) that demonstrated a wide linear detection range of 1 ng mL™ to 100 ug
mL™. The aptasensor achieved an exceptional detection limit of 0.36 ng mL™ and a quantification limit of
1.96 ng mL™ under optimized conditions. Furthermore, the sensor displayed excellent selectivity for HER-2
against other biomarkers and retained stability for 40 days, making it suitable for prolonged use. The high
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electrochemical response was attributed to the exceptional surface-to-volume ratio and conductivity of the
V,CT, MXene, enabling efficient aptamer immobilization and signal enhancement. These findings highlight
the potential of the developed aptasensor as a non-invasive, reliable, and cost-effective platform for early
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Introduction

Breast cancer is the most serious cancer that affects women’s
health and lives." It ranks as the second main cause of cancer
among women, contributing to 34% of all malignancies and
impacting around 2.1-2.3 million people worldwide every year.
In 2020, there were 2.261 million new cases of breast cancer and
0.685 million deaths worldwide. By 2025, the number of breast
cancer cases in India is expected to increase to 232 000 from the
current 205 000.> HER-2, also called ErbB-2 (avian erythroblasto-
sis oncogene B), is overexpressed by twenty to thirty percent in
breast cancer cells, making it a well-established biomarker to aid
in medical supervisory for patients with breast cancer.” The
person affected with breast cancer typically shows higher HER-2
levels (15-75 ng mL™") in blood as compared to the levels seen in
healthy individuals (2-15 ng mL™").* Therefore, developing a
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HER-2 detection, paving the way for improved breast cancer diagnosis and monitoring.

quick, sensitive, label-free, and affordable method for detecting
HER-2 levels is necessary.

Current diagnostic techniques, including pathological
testing, mammography, sonography, thermography, magnetic
resonance imaging (MRI), molecular breast imaging, positron
emission tomography (PET), biopsy, and computerized tom-
ography (CT), also known as the “gold standard” for breast
cancer diagnosis, can provide scientific and reliable data.’
However, they have the drawbacks of being time-consuming
and invasive, which are not ideal for early cancer detection.
The proximity between normal and cancerous cells makes
diagnosing and treating breast cancer challenging.® Women in
rural areas face numerous challenges regarding healthcare and
regular checkups. The lack of healthcare facilities often leaves
them unaware of symptoms indicative of conditions like breast
cancer. Without regular checkups, their health can deteriorate
to a critical point where the cancer becomes fatal.” The
absence of local healthcare facilities forces many women to
travel long distances to urban hospitals. Due to the distance
and associated costs, many families opt for local, often
inadequate, care. Additionally, societal attitudes and taboos
further complicate matters, discouraging women from seeking
the help they need.® These combined factors result in a severe
lack of resources and support for women in rural areas. As a
result, there is a need for different approaches, non-invasive,
portable, and cost-effective screening methods that offer high
sensitivity and specificity for point-of-care (POC) diagnosis.
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Electrochemical DNA sensing methods have been given
extreme consideration due to the high specificity of DNA.°
Using nanomaterials for signal amplification has improved the
sensitivity and selectivity of DNA-based electrochemical bio-
sensors.’® Incorporating suitable nanomaterials as bioelec-
trode modifiers further enhances the electroanalytical pro-
perties of biosensors. The high surface-to-volume ratio of
these nanomaterials allows for improved receptor immobiliz-
ation, while their quantum confinement properties lead to
enhanced electronic conductivity and increased signal amplifi-
cation. These advancements have extensively benefited the
development of electrochemical biosensors.'™'?> MXenes are
an emerging class of 2D biomaterials that have attracted sig-
nificant research interest for potential biomedical applications
in biosensing, bioimaging, and cancer therapy. This interest is
due to their intriguing physicochemical properties and highly
variable structures and compositions.’*'* Due to their 2D
structure, these materials have an elevated surface-to-volume
ratio, enhancing the availability of ion-active sites.'> This
increased number of active sites and the ability to adsorb ions
can improve electrochemical performance. Additionally, tune-
able surface chemistry with various functional groups, such as
hydroxyl, oxygen, and fluorine, further enhances this
performance.'"” A tuneable work function offers several
advantages, including using the MXene electrode as either a
hole or an electron transport layer. It also facilitates the devel-
opment of strategies to enhance electrochemical stability and
performance, such as tuning the interlayer structure and
surface area and increasing electrode conductivity."®

One such type of MXene is vanadium MXene (V,CT,),
which is widely used in developing electrochemical sensors,
biosensors, gas sensors, batteries, etc. V,CT, stands out for its
unique combination of electronic conductivity, mechanical
flexibility, and abundant active sites provided by its surface ter-
minations. These properties make it a promising material for
biosensing applications, particularly in point-of-care diagnos-
tics for biomarkers such as HER-2. However, to the best of our
knowledge, no studies have been reported on using V,CT,
MXene in the biosensing field.

In this study, we focused on developing an electrochemical
aptasensor platform using V,CT, MXene for detecting breast
cancer through the HER-2 biomarker, representing a novel appli-
cation of this material. The high surface area and superior con-
ductivity of the V,CT, MXene facilitated efficient aptamer immo-
bilization and signal amplification, critical for achieving high
sensitivity and specificity in biomarker detection. V,CT, nano-
particles were immobilized on carbon screen-printed electrodes
(CSPE) using a drop casting technique, followed by EDC-NHS
coupling. Signal amplification was accomplished through cyclic
voltammetry and square wave voltammetry. The developed apta-
sensor demonstrated a broad linear range and high sensitivity,
offering a promising method for detecting HER-2 in human
serum for early breast cancer diagnosis. This innovative approach
highlights the potential of the V,CT, MXene to transform biosen-
sing applications and establish itself as a key material in the field
of diagnostic healthcare.
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Experimental section
Reagents and methods

The carbon-based screen-printed electrodes (CSPE) (1 mm dia-
meter) were bought from Micrux Technologies, Spain. Sodium
monobasic and dibasic salts (NaH,PO, and Na,HPO,) and
Methylene Blue (MB) were sourced from Fisher Scientific, India.
Sodium hydroxide (NaOH), N-hydroxy succinimide (NHS),
1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), di-
methylformamide (DMF) and acetone were bought from Merck
India Pvt. Ltd. The V,AIC MAX powder was procured from
Nanoshell UK Ltd. Hydrofluoric acid (HF) and hydrochloric acid
(HCl) were bought from Sigma-Aldrich. The aptamer and the
recombinant fusion protein (HER-2-Fc), the protein comprising
two extracellular domains of HER-2 linked to a human Fc frag-
ment, were bought from Gene Bio Solutions in Dehradun, India.
The sequences were based on those reported by Limin Chun
et al. and were stored at —20 °C until use. Deionized (DI) water
with a specific resistivity of 18.2 MQ was utilised in every test.
The aptamer sequence is provided below.

Aptamer sequence: NH2-5"-CTT CTG CCC GCC TCC TTC C-
(TGG GGC CTG GAT ACG GAT TGG TAA GGA TTA GTA GGG
GGC ATA GCT)-GGA GAC GAG ATA GGC GGA CACT-3'.?

Synthesis of V,CT, MXene

Vanadium carbide MXene was synthesized as described in the
literature.'® The process began by preparing an etching solu-
tion in distilled water, combining hydrofluoric acid (HF) and
hydrochloric acid (HCI) in a 12:12:6 volume ratio, totalling
60 mL. Next, 2 grams of V,AlC MAX powder were slowly added
to this etching solution and stirred at 40 °C and 300 rpm for
120 hours. After the etching, the solution was repeatedly
washed with distilled water until the pH reached approxi-
mately 6 and then centrifuged at 3200 rpm for 10 min. The
resulting powder was then dried under vacuum at 80 °C for
24 hours, producing a greyish-black powder.

Characterization of V,CT, MXene

The X-ray diffraction (XRD) of the V,CT, MXene powder was
performed using an XRD spectrometer with Cu Ko radiation (4
= 0.154 nm) at a 26 span of 5°-80° to analyse the phase struc-
ture. Field emission-scanning electron microscopy (FE-SEM,
JOEL, USA; beam energy = 10 keV) was utilised to characterize
the surface of the synthesized V,CT,. Fourier Transform
Infrared Spectroscopy (PerkinElmer FTIR Spectrometer) was
performed to analyse various functional groups within
4000-400 cm ™. The UV-Vis absorption spectrum of V,CT, was
recorded using a UV-Vis spectrophotometer (LAMBDA 35,
PerkinElmer). Raman spectrometry (Raman, PerkinElmer
Raman spectrometer) was used to analyse the quality of V,CT,
at wavelengths of 200-1600 cm™'. Transmission Electron
Microscopy (TEM, THERMO FISHER TALOS F200X) was uti-
lized to analyze the microstructure of the synthesized material.
The material’s surface chemistry was analyzed using X-ray
Photoelectron Spectroscopy (XPS, PHI5000 Versa Probe II,
ULVAC-PHI, Japan).
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Sensor surface characterization

The working area (1 mm) of a flexible electrode made from
screen-printed carbon was treated with 1 pL of 1 mg mL™"
V,CT, solution and air-dried at 25 ©°C for 2 hours.
Subsequently, the nano-enabled carbon electrode was again
modified via immobilizing 1 pL of HER-2 aptamer through
amide linkage using EDC-NHS coupling chemistry. The elec-
trode was then incubated for 24 hours at 4 °C. This process led
to developing a V,CT,/Aptamer-based HER-2 bio-electrode
designed to detect HER-2.

Electrochemical analysis

Electrochemical analyses were conducted using a three-elec-
trode setup with a DropSense uStat i-400 potentiostat. The
V,CT,/Aptamer-modified carbon electrode, and two gold pads,
functioned as the working, counter and reference electrodes,
respectively. The electrolyte utilized was Phosphate Buffer
Saline-Methylene Blue redox indicator (PBS-MB, 0.1 M/
100 pM, pH 7). Preliminary electrochemical characterization
and HER-2 detection performance of the CSPE/V,CT, surface
was assessed via cyclic voltammetry (CV), spanning from 0.5 to
—0.5 V at a scan speed of 100 mV s

The optimization of the sensor involved evaluating aptamer
concentrations (10-50 pM), incubation times (1-5 min), and
electrolyte pH levels (5-7.5) to enhance the aptamer reco-
gnition process. These optimizations were conducted using
Square Wave Voltammetry (SWV) with a voltage range of 0.1 to
—0.6 V, a scan speed of 100 mV s, and a frequency of 20 Hz.
Under the optimized conditions, SWV was further employed
for analytical sensing studies. HER-2 concentrations were
varied from 1 ng mL™" to 100 pg mL™', with each measure-
ment performed using a fixed sample volume of 70 pL.

Results and discussion

V,CT, surface characterization

The XRD pattern, as depicted in Fig. 1(a), shows that the ana-
lysis was performed on both the MAX phase (V,AIC) and the
synthesized MXene (V,CT,). It is evident that in the MAX
phase, the peak at 20 = 13.3°, corresponding to the 002 orien-
tation, shifts to a lower angle of 26 = 7.8° in the MXene. This
shift is due to the exfoliation of the aluminum layer, increas-
ing the interlayer spacing.>® Other peaks associated with the
V,AIC MAX phase are diminished or reduced, confirming the
successful synthesis of vanadium carbide MXene. FTIR spec-
troscopy in Fig. 1(b) revealed various surface functional
groups, such as -O/OH at 3374 cm™'. Further absorption
bands at 1637 cm™" correspond to the C=C stretching
vibration,'* while bands at 966 cm™" and 863 cm ™" correspond
to the presence of C-O. The vibrations observed at 964 cm ™
and 464 cm ™" resemble the metal and oxygen bonding of V=0
and V-0, respectively, in the as-synthesized MXene.*' The
UV-Vis spectra of the MAX phase and MXene in N-methyl pyr-
rolidone solvent in Fig. 1(c) are consistent with the literature,
indicating that V,AIC and V,CT, do not exhibit any absorption
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peaks in the visible region. However, a slight absorption curve
is observed between 300 and 400 nm."® The calculated optical
band gap from the Tauc plot is determined to be 4.2 eV, indi-
cating a wide-band gap nature. Raman spectroscopy of the
vanadium MXene depicted in Fig. 1(d) displays prominent
peaks, as reported by Eunji Lee et al.>* The peak at 283 cm™" is
typically associated with the E1, vibrational mode, which
involves in-plane vibrations of V atoms within the MXene
layers. The peaks at 401 cm™" and 520 cm™' correspond to
active vibrational modes related to surface terminations®*** of
the MXene, primarily arising due to V-O bonds and their inter-
action with surface terminations such as oxygen and hydroxyl
groups. Furthermore, the peak at 699 cm™" is attributed to the
Al, vibrational mode, indicating out-of-plane vibrations of V
atoms, suggesting the presence of ordered surface termin-
ations. These assigned peaks collectively provide insights into
the structural and vibrational properties of the as-synthesized
V,CT, MXene, confirming the successful etching and termin-
ation of the MXene layers. Fig. 1(e) depicts the field emission
scanning electron microscopy (FESEM) image of the syn-
thesized V,CT, MXene, showing a distinct accordion-like
three-dimensional morphology. The structure consists of inter-
connected, stacked layers with varying degrees of compaction
and exfoliation. This morphology is characteristic of MXenes
synthesized through the etching process, highlighting their
ability to form loosely packed, multi-dimensional architectures
with exposed active surfaces, facilitating enhanced material
performance. The EDX spectrum in Fig. 1(f) confirms the
elemental composition of the synthesized V,CT, MXene. The
composition includes vanadium (V) at 59.91%, carbon (C) at
5.63%, oxygen (O) at 25.63%, fluorine (F) at 6.17%, and alumi-
num (Al) at 2.64% (atomic percentage). The significant pres-
ence of vanadium and carbon supports the successful syn-
thesis of the MXene structure. At the same time, the oxygen
and fluorine peaks indicate functional groups (-OH and -F)
introduced during the etching process. The small amount of
aluminum suggests partial retention from the parent V,AIC
phase.

To further investigate the morphology of the V,CT, MXene,
TEM analysis was conducted, as depicted in Fig. 1(g). The
images reveal that the 2D flake structures are stacked in a few
single layers.>* A high-resolution TEM (HR-TEM) image
(Fig. 1h) highlights the lattice fringes, with an interplanar
spacing measuring 0.253 nm.>® Additionally, the selected area
electron diffraction (SAED) pattern in Fig. 1(i) confirms the
crystalline nature of the synthesized V,CT, MXene. Elemental
composition analysis was performed using energy-dispersive
X-ray spectroscopy (EDX) mapping, as shown in Fig. 2(j), con-
firming the presence of vanadium (V), carbon (C), oxygen (O),
and fluorine (F).

X-ray photoelectron spectroscopy (XPS) of V,CT,

The elemental states and chemical composition of the V,CT,
MXene were studied through X-ray photoelectron spectroscopy
(XPS) analysis. The XPS survey scan in Fig. 2(a) shows the pres-
ence of V, C, O, and F in the as-synthesized MXene. The C 1s
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Fig. 1 (a) XRD pattern measured within the range of 26 = 5°~80°, (b) FTIR spectra captured within the range of 4000-500 cm™, (c) UV-Vis absorp-
tion spectrum of V,CT, across the range of 250-900 nm. Inset: Tauc plot estimating the optical band gap, (d) Raman spectra of V,CT,, (e) SEM
Image and (f) EDX spectra of the as-synthesized V,CT,, (g) TEM image of the V,CT, MXene, (h) HRTEM image, (i) SAED pattern and (j) EDX-mapping

analysis of the V,CT, MXene.

spectrum, in Fig. 2(b), shows peaks at 284.7 eV, 285.4 eV, and
288.6 eV attributed to C-C, C-O, and C=O0, respectively.>®*’
The V 2p spectrum is fitted into two doublets, as shown in
Fig. 2(c) wherein the peaks at 516.7 eV and 524.3 eV corres-
pond to V 2p;;, and V 2py, respectively.”® Moreover, three
peaks at 530.9, 531.8, and 533.1 eV were found in the O 1s

10764 | Nanoscale, 2025,17,10761-10770

region, as depicted in Fig. 2(d), which can be ascribed to
vanadium bonded to oxygen in varied oxidation states in V*-
0/V>*-0 and adsorbed water, respectively.>® The F 1s spectrum
in Fig. 2(e) has been deconvoluted into two distinct peaks: one
at 684.9 eV, attributed to fluorine bonded to vanadium, and a
smaller peak at 686.7 eV, corresponding to residual C-F

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 XPS analysis of the V,CT, MXene: (a) total survey, (b) C 1s, (c) V 2p

bonds.>*° All these findings demonstrated that the 2D V,CT,
MXene was successfully synthesized using the HF/HCI mixture
as an etching agent.

Voltammetric analysis

The attachment of aptamer strands onto the electrode surface,
coated with the V,CT, MXene, was achieved through a single-
step process. This resulted in hydrogen bonding interactions
involving the bonding of -NH groups of the aptamer strands
and the hydroxyl (OH) groups on the surface of the V,CT,.
Hydrogen bonding, a non-covalent interaction, happens when
an electronegative atom interacts with a hydrogen atom co-
valently bound to another electronegative atom, such as nitro-
gen (NH) or oxygen (OH). In this perspective, the NH groups
on the aptamer strands acted as hydrogen bond acceptors,
while the OH groups on the nanohybrid surface functioned as
hydrogen bond donors. During the immobilization process,
stable hydrogen bonds formed between these two components
as the OH groups on the nanohybrid interacted with the NH
groups of the aptamer strands. This interaction effectively
anchored the aptamer strands to the nanohybrid surface,
ensuring immobilization.

This procedure significantly enhances the ease and
efficiency of functionalizing the nanohybrid with the desired
aptamer strands, paving the way for developing bioanalytical
or biomedical applications that leverage versatile and efficient
nanohybrids. The response analysis throughout various stages
of sensor fabrication was conducted using Cyclic Voltammetry
(CV), as depicted in Fig. 3(a). A substantial decrease in peak

This journal is © The Royal Society of Chemistry 2025
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anodic current (I,,) was observed when carbon screen-printed
electrodes were coated with the V,CT, MXene. This decrease in
current, from approximately 9.3 pA to 4.6 pA, can be ascribed
to the interaction of Methylene Blue (MB) with the negatively
charged functional groups on the vanadium MXene. MB,
which contains an electron-rich benzene ring fused to a
heterocyclic ring, interacts with these functional groups,
thereby reducing the interface current.** To further confirm
the decrease in current, we conducted an 8-hour absorption
experiment, where the vanadium MXene absorbed methylene
blue (MB). This absorption is likely attributed to hydroxyl
groups and active sites on its surface. The corresponding
figure is provided in the ESI.T However, after immobilizing the
HER-2-specific aptamer onto the V,CT,-coated nano-bioelec-
trodes, the I,, increased to approximately 33 pA. This increase
is primarily due to the groove-binding interaction between the
MB redox probe and the single-stranded aptamers, facilitating
efficient interfacial electron transfer.'* The unique behaviour
noted at the individual phase of electrode fabrication under-
scores the successful development of a CSPE/V,CT,/Aptamer
bio-nanoelectrode. The notable potential of this electrode in
detecting and analyzing breast cancer illustrates the evolution
in bio-nanoelectrode technology and its promising appli-
cations in medical diagnostics.

The electroactive surface of the aptasensor was assessed by
examining the fluctuations in current at multiple scan speeds
(varying within 20 to 100 mV s'). The associated cyclic vol-
tammetry (CV) plots can be seen in Fig. 3(b). The current pro-
files exhibit reversible kinetics as the scan speed increases

Nanoscale, 2025,17,10761-10770 | 10765


https://doi.org/10.1039/d4nr04503c

Published on 14 d’ abril 2025. Downloaded on 1/2/2026 7:03:45.

Paper
40
(@)
30
20
§_ 10
c 01
£-10]
-
20 ——CSPE
-30- ——CSPEIV,CT,
—— CSPE/V,CT,/Aptamer
=40 -
-06 -04 -02 00 02 04 06
Potential vs Ag/AgCI (V)
Jlc
30(c) &
20
101 - | 12 v -
:‘3 loa (BA)= 3.56 Vv (mV/s)"?- 1.73, R? = 0.93
ENRS
_a-10 loe (HA) = -3.89 Vv (mV/s)"?+ 2.76, R? = 0.92
_20-
-30 9
_40 T T T T T T

4 5 9 10

6 7 8
Vv{(mV/s)"?}

View Article Online

Nanoscale
40
(b) CSPE/V,CT,/Aptamer
30-
< 201
= 10/
e
5 o
.
5 -10-
(&) -20] 100mV/s
_30_
-40 - 20mV/s
-06 -04 -02 00 02 04 0.6
Potential vs Ag/AgCl (V)
-0.17
(d)
—0.18- /
Qo
-0.19
- Epa (V) = 0.01 log (v) {log(mV/s)}-0.20, R? = 0.95
S-0.20-
o
-0.21 -
w E. (V) = -0.02 log (v) {log(mv/s)} -0.18, R? = 0.99
-0.22
-0.23-
-0.24

12 1.3 1.4 15 1.6 1.7 1.8 1.9 2.0 2.1
log (v) {log(mV/s)}

Fig. 3 (a) Cyclic voltammetric response within the potential range of —0.5 to +0.5 V in phosphate-buffered saline/methylene blue at a concen-
tration of 0.1 M/1 pM, pH 7, comparing pristine carbon, V,CT, (2D) and aptamer-coated electrode surfaces. (b) Impact of scan rate on interface
current at CSPE/V,CT,/aptamer, (c) correlation between the variation of peak current and the square root of scan rate at CSPE/V,CT,/aptamer, and
(d) impact of scan rate on the redox peak potentials of CSPE/V,CT,/aptamer nanoelectrodes.

from 20 mV s~ to 100 mV s™*, as evidenced by the ratio of I,
to I,. being approximately equal to 1. The peak currents
depicted in Fig. 3(c) show a linear correlation with the half-
power of the scan speed, indicating diffusion-controlled kine-
tics and resembling a typical Randles-Sevcik behaviour.

The electroactive surface region of the sensor electrode was
measured to be ~0.149 mm® using the Randles-Sevcik
equation.?? Such a high electroactive area of the electrode indi-
cates a successful modification of the electrode surface, which
is expected to exhibit ultrasensitive quantification of HER-2
biomarker.

The increased electroactive surface area of the CSPE/V,CT,/
Aptamer sensing electrode significantly enhanced the overall
interface current response, providing sufficient region for
allowing the hybridization event. In addition, the Laviron
plot*® in Fig. 3(d) demonstrates a change in peak potentials as

the scan speed varies from 20 to 100 mV s~

10766 | Nanoscale, 2025,17,10761-10770

The equations below demonstrate a linear correlation
between the logarithm of the scan speed (logv) and the peak
potentials (E,, and Ejp).

Epa = 0.01 log(v) — 0.20, R* =0.98 (1)
Epe = —0.02 log(v) — 0.18, R*>=10.96 (2)

By conducting a comparison between these equations with
the Laviron relations,** we obtain

2.303RT
0.01=——— (3)
(1—a)nF
—2.303RT
-002=——"— (4)
ankF

where the number of electrons transferred is symbolised as
“n”. The ideal gas constant “R” is 8.314 ] K~* mol™" and is

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04503c

Published on 14 d’ abril 2025. Downloaded on 1/2/2026 7:03:45.

Nanoscale

related to thermodynamic calculations. Temperature, rep-
resented in Kelvin, affects reaction kinetics and equilibrium.
Faraday’s constant “F”, equal to 96 500 C mol~", indicates the
charge per mole of electrons. Lastly, the charge transfer coeffi-
cient “a” is a dimensionless value that signifies the energy bar-
rier’'s symmetry for charge transfer, influencing reaction rates
and mechanisms.

The high electroactive surface area (0.149 mm?®) and the
average value of ‘a’ for CSPE/V,CT, Aptamer electrodes (0.98)
are indications of an elevated degree of electron transfer,
which enhances the response time of the developed sensor.

Optimization of sensing parameters

Before recording the analytical response, the sensor’s perform-
ance was optimized. As shown in Fig. 4, this optimization
involved adjusting the target aptamer concentration, pH level,
and incubation time using Square Wave Voltammetry (SWV).
Initially, the optimal target aptamer concentration was deter-
mined by monitoring changes in the anodic peak current (I,,)
across aptamer concentrations ranging from 10 pM to 50 pM.

The anodic peak current (I,,) reached approximately
15.7 pA at an aptamer concentration of 40 pM, as shown in
Fig. 4(a). This improvement in electron transfer kinetics is
attributed to the effective binding of free guanine residues in
the aptamer with methylene blue (MB) molecules. However,
when the aptamer concentration was increased beyond 40 pM,
a decrease in I,, was observed. This decline is likely due to
steric hindrance from accumulating multiple layers of apta-
mers on the electrode surface.’® Therefore, 40 pM was the
optimal aptamer concentration for further analyses.

The results shown in Fig. 4(b) illustrate the investigation of
the effect of pH on sensor performance, covering a range from
5 to 7.5. It was found that a pH of 7 produced the strongest
current signals. A noticeable drop in signal intensity occurred
whenever the pH deviated from this neutral value, whether
towards acidity (below 7) or alkalinity (above 7). This finding
aligns with the usual pH of human blood, approximately 7.*
Consequently, a pH of 7 was determined to be the optimal
experimental condition, correlating with the best sensor per-
formance and the physiological relevance in biological
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samples. Fig. 4(c) illustrates the impact of incubation duration
on the hybridization process between recombinant proteins
and aptamers. The aptamer bio-nanoelectrodes CSPE/V,CT,
were coated with 70 pL of recombinant protein at 100 pg mL™"
concentration. The hybridization period was varied between 1
and 5 minutes using a PBS/MB solution (0.1 M/100 pM, pH 7).
The most favorable outcome occurred at 2 minutes, as indi-
cated by a decrease in current value with longer incubation.
These findings suggest that efficient hybridization into a
double helix structure occurs rapidly, within 2 minutes. This
incubation period is, therefore, considered optimal for asses-
sing the analytical capabilities of the hybridization process.

HER-2 detection using CSPE/V,CT,/recombinant protein
electrodes

The effectiveness of the nano-bioelectrode in detecting the
HER-2 recombinant protein was evaluated using square wave
voltammetry (SWV) with a scan speed of 100 mV s~ and a fre-
quency of 20 Hz, within a potential span of —0.6 V to +0.1 V.
The experiment utilized a PBS-MB (Phosphate-Buffered Saline-
Methylene Blue) electrolyte solution with a concentration of
0.1 M/100 uM and a pH of 7. The square wave voltammetric
(SWV) profiles are depicted in Fig. 5(a). An increase in the con-
centration of HER-2 recombinant protein from 1 ng mL™" to
100 ug mL™" resulted in a decrease in the peak anodic current
(Ipa)- when the amounts of recombinant proteins were raised,
the redox process of MB, crucial for electron transport, was sig-
nificantly hindered. The formation of larger hybridized com-
plexes on the electrode surface impedes the electron flow
channel. During DNA hybridization, these significant com-
plexes create a physical barrier that obstructs effective electron
transport, leading to reduced electrochemical activity and
impacting the overall performance of the electrode.*® Notably,
the electrochemical reactions mediated by the MB probe main-
tain their reversibility, as evidenced by the minimal changes in
peak potentials and the consistent I,,/Ip. ratio of approxi-
mately 1. This finding underscores the electrochemical stabi-
lity of the sensor platform during binding events within the
required electrochemical range.

16](a) ——10uM 16 (b) 16-(C)

14] ——20 uM 14 14
—_ —~12 121
< 121 <12 <
24 10 210
£ £ = 8
) 84 (] [7)
- ol = 64
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S 61 = S 44
(8] O 44 (8]
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Fig. 4 Square wave voltammograms (SWV) obtained at (a) different HER-2 aptamer concentrations, (b) effect of varying pH levels within the range
of 5 to 7.5 on the hybridization of 100 uM recombinant protein, and (c) influence of incubation time on the response of 100 uM HER-2 recombinant

protein.
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Fig. 5 (a) Square wave voltammetric profiles at various concentrations of the recombinant HER-2 protein ranging from 1 ng mL™* to 100 pg mL™.
(b) Sensor calibration graph was achieved at 0.22 V (—220 mV), showing a linear correlation between the peak current (/,,) and the HER-2 recombi-

nant protein concentrations.

The CSPE/V,CT,/Aptasensor was calibrated at the anodic
potential of —220 mV. Fig. 5(b) demonstrates an inverse corre-
lation between the concentration of HER-2 recombinant
protein and Ip,. As the concentration of HER-2 was increased
from 1 ng mL™" to 100 pg mL™", the current decreased from
approximately 23.2 pA to 17.1 pA. This decrease in I, is pri-
marily due to the formation of macromolecular complexes
during DNA hybridization, which obstructs the interface elec-
tron transfer.’”

log{Ipa(pA)} = — 1.03195 log{c(ngmL™")} (5)
+22.71 (R* =0.996)

The data strongly correlates with the linear model, indicat-
ing a robust fit as indicated in eqn (5). The biosensor exhibited
2 6.93 pA ng~' mL~" mm™ sensitivity. The detection threshold
(LoD) and limit of quantification (LoQ) were evaluated based
on the 3-sigma and 10-sigma rules (eqn (6) and (7)),
respectively.®®

LOD = (3.3 x 0.11307) + 1.03195=0.36 ng mL™*  (6)

where sigma o is the standard deviation of the blank signal,
and S is the slope of the calibration curve. This approach
ensures that the LoD represents the lowest concentration of

HER-2 recombinant protein that can be reliably detected with
a signal distinguishable from the background noise.

LOQ = (10 x 0.11307) + 1.03195 =1.09 ng mL™!  (7)

The LoQ represents the minimum concentration of HER-2
that can be quantified accurately and precisely. The LoQ pro-
vides a higher confidence level than the LoD, making it suit-
able for quantification purposes in analytical applications
(Table 1).

Selectivity and shelf-life studies

To verify the specificity of the HER-2 sensor, its performance
was evaluated in the presence of various other analytes. The
analytes added individually to the detection solution included
Covid-19 (1 ng mL™") and PCA-3 (1 ng mL™"). The tests were
carried out under ideal circumstances, specifically utilizing
phosphate-buffered saline/methylene blue at a concentration
of 0.1 M/100 pM, pH 7. According to the results, the peak
current was largest when HER-2 was present, as depicted in
Fig. 6(a). This suggests that the aptasensing platform created
has strong selectivity towards the HER-2 recombinant protein
and does not interact with other analytes. Furthermore, its
shelf life was observed to check its stability, as depicted in
Fig. 6(b). The stable nature of the sensor platform was

Table 1 Comparison of sensing parameters with those reported in the previous studies

S. no. Surface enhancer Linear measurement span Detection threshold Ref.

1 LSG-AuNS-MIP 1 ng mL™" to 200 ng mL™* 0.43 ng mL™" 39

2 Graphene oxide 0.5 ng mL™" to 25 ng mL ™" 0.59 ng mL™* 40

3 MIP/AuSPE 10 ng mL™" to 70 ng mL ™" 1.6 ngmL™" 1

4 SPE/poly-L-lysine 10 ng ml™" to 60 ng ml™* 3.0 ng mL™* 42

5 SPCE/CdSe@ZnS$ 10 ng mL™" to 150 ng mL™" 2.1 ng mL™" 43

6 CSPE-V,CT, 1 ng mL™" to 100 pg mL™* 0.36 ng mL™" Present work

10768 | Nanoscale, 2025, 17,10761-10770

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nr04503c

Published on 14 d’ abril 2025. Downloaded on 1/2/2026 7:03:45.

Nanoscale
25
. (a)
20 -
—
<=- o
~ 15 - ;
whed B
= 3
o o
&= 10 £
= =
G
ok o
e — —
0 I Covid-19

Analytes

View Article Online

Paper

94.94% (b)

25 99.589 97.89%
f00% 99.16% 098.73% 97.47% ;494% 94.09%
88.86%

2 20

=
N

- 15

[ =

o

=

510
(&)

(3]

0 5 10 15 20 25 30 35 40 45
Days

Fig. 6 (a) Inference analysis of the HER-2 aptasensor in the presence of various analytes. (b) Shelf-life evaluation of the developed sensor over 40

days.

observed for 40 days. After 40 days, the current response was
slightly decreased.

Conclusion

In this study, we developed an ultrasensitive electrochemical
aptasensor for the early diagnosis of HER-2, leveraging the
V,CT, MXene as the sensing platform. The aptasensor demon-
strated an impressive linear detection range of 1 ng mL™" to
100 pg mL™", providing versatility for detecting HER-2 across a
wide range of concentrations. It achieved a detection limit
(LOD) of 0.36 ng mL™", a limit of quantification (LOQ) of 1.09
ng mL™', and a remarkable sensitivity of 6.93 pA ng”' mL™"
mm >, enabling the identification and precise quantification
of HER-2, which is critical for early breast cancer diagnosis.
The sensor exhibited excellent stability, retaining its perform-
ance for up to 40 days under optimized conditions, making it
suitable for prolonged use in healthcare applications.
Furthermore, the aptasensor demonstrated high selectivity for
HER-2, effectively minimizing interference from other bio-
markers and ensuring reliable and accurate detection. These
findings highlight the potential of this platform as a cost-
effective, non-invasive diagnostic tool for early breast cancer
detection. Its rapid response, high sensitivity, and excellent
stability could significantly improve patient monitoring and
clinical outcomes for breast cancer management. This study
represents a significant step in utilizing MXene-based
materials for advanced biosensing applications.
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