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MXenes for exosome detection: a new frontier in
biomolecular analysis
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Exosomes, the small extracellular vesicles secreted by cells, hold immense potential as biomarkers for
disease diagnosis, monitoring, and therapeutic development. MXenes and their composites have
emerged as promising materials for exosome detection, showcasing remarkable attributes such as
remarkable electrical conductivity, mechanical flexibility, large surface area, and tunable surface
chemistry. These characteristics position MXenes as optimal candidates for biosensing applications,
enabling the effective capture and analysis of exosomes, which are vital in cell communication and
disease progression. However, significant challenges persist in the practical use of MXenes for exosome
detection, notably pertaining to the reproducibility and stability of these materials in diverse biological
environments. Furthermore, optimizing MXene functionalization for selectivity towards specific
exosomes remains an ongoing task. Recent innovations, including hybrid MXene-based sensors
integrated with nanomaterials and machine learning algorithms for data analysis, promise significant
improvements in detection accuracy and real-time monitoring capabilities, paving the way for accessible
point-of-care diagnostic devices. This review delves into the transformative applications of MXenes and
their composites in exosome detection, emphasizing their unique properties that enhance biosensing
capabilities. By showcasing recent advancements, current challenges, and future perspectives, it
underscores how MXene-based (bio)sensors are poised to develop more accurate and early disease
detection systems using exosomes.

conductivity, high surface area, rich surface functionalities,
and tunable physicochemical properties."™ Thus, they are
finding innovative applications in various fields, including

In recent years, MXenes have emerged as a fascinating class of
two-dimensional (2D) materials, captivating researchers with
their unique properties. These materials, composed of transi-
tion metal carbides, nitrides, or carbonitrides, exhibit excellent
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biosensing.>”” Exosomes, nano-sized extracellular vesicles, play
crucial roles in intercellular communication and disease pro-
gression (Fig. 1).® Detecting exosomes efficiently can provide
valuable insights into health diagnostics and therapeutic
monitoring.”'® Notably, exosomes have emerged as pivotal
components in the realm of liquid biopsies. Their role in
disease diagnosis, particularly for cancers, is gaining traction
due to their unique properties.® These nanoscale vesicles carry
vital biomolecules, including proteins, lipids, and nucleic
acids, which reflect the physiological status of their cells of
origin. Consequently, they serve as a non-invasive source of
biomarkers, enabling early detection and monitoring of various
diseases.™* The ability to detect cancer early through exo-
somes presents a promising approach for effective treatment.
Commonly used methods for detecting exosomes, such as
optical and electrochemical assays, immunoreaction assays,
and aptamer-based detection, face several challenges. These
include low purity of isolated exosomes, tedious and time-
consuming procedures, and the requirement for expensive
and sophisticated instruments, which limit their widespread
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Fig. 1 Exosomes and their various detection methods: exosomes, those tiny vesicles measuring approximately 30 to 150 nanometers, play a profound
role in cellular communication. Exosomes have emerged as promising biomarkers in the detection of cancers and various diseases. Their unique
properties make them ideal candidates for non-invasive diagnostic tools. Essentially, they reflect the physiological state of their parent cells, providing

real-time insights into disease progression.

application. Immunoaffinity techniques, while highly selective,
are hindered by the high cost and instability of antibodies.
Aptamer-based methods offer advantages in stability, easy
chemical modification, and cost but are limited by the avail-
ability of suitable aptamers. Additionally, techniques like
fluorescence, surface plasmon resonance (SPR), and surface-
enhanced Raman scattering (SERS) provide sensitive detection
but often require complex setups. Chromatography and micro-
fluidic methods improve isolation and characterization but still
face issues such as low reproducibility, large sample demands,
and challenges in achieving high sensitivity and purity."*™*
Overall, despite advances in nanomaterial-based biosensors
and lab-on-chip devices that enhance sensitivity and multi-
functionality, the detection and isolation of exosomes remain
technically challenging due to these limitations, including the
need for extensive sample purification, elevated false-positive
rates, and difficulties in labeling due to the small size of
exosomes.' 11617

Several studies have focused on utilizing electrochemical,
optical, and electrochemiluminescence (ECL) biosensors for
detecting exosomes.'® These technologies have been applied
to detect exosomes released from various cancer cell types,
including breast, ovarian, pancreatic, lung, and cervical can-
cers. While exosomes can identify a range of external and
internal biomarkers when conjugated with specific recognition
elements, most current biosensor designs predominantly focus
on CD9 and CD63. Consequently, developing novel biosensors
that offer selective and sensitive recognition of exosomes
remains a pressing challenge in the field."""*'®'” In the
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context of exosome detection, MXenes offer several unique
properties that enhance their potential as advanced bio-
sensors.'®?° Their exceptional electrical conductivity enables
rapid electron transfer, crucial for sensitive detection of low-
abundance biomarkers.”" This property enhances the sensitiv-
ity of electrochemical biosensors, allowing for detecting low
concentrations of exosomes. With a large surface area, MXenes
allow for extensive functionalization, improving specificity
by facilitating the attachment of biomolecules like antibodies
or aptamers.”” This enhances the sensitivity of the detection
method, enabling the identification of exosomes at low
concentrations. Their tunable surface chemistry enables custo-
mization for selective interaction with exosomes, while light-
weight and flexible characteristics promote the development of
portable sensing devices for point-of-care applications.”***
Additionally, their biocompatibility makes them suitable for
use in biological environments, positioning MXenes as promis-
ing candidates for advancing exosome detection technologies
and contributing to personalized medicine solutions.>>>’
Moreover, the combination of MXenes with other nanomater-
ials, such as gold nanoparticles or graphene, can lead to
synergistic effects.**® These hybrid materials can enhance
signal amplification, thereby increasing detection limits. Addi-
tionally, the integration of MXenes into microfluidic devices
allows for real-time monitoring, which is essential for clinical
applications.”*®

The applications of MXenes and their composites in exo-
some detection are diverse (Table 1). The ultrasensitive colori-
metric aptasensor constructed using MXenes and the biotin-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Some important examples of MXene-based sensors for exosome detection
Limit of detection

Biosensor type Structures and materials (LOD) Linear range Ref.
An electrochemical Fe,[Fe(CN)e]s (Prussian blue) on the surface 229 particles pL ™" 5 x 10* particles pL ™" to 34
biosensor of MXene (Ti;C,) as hybrid nanoprobes; a 5 x 10° particles uL ™"

CD63 aptamer-modified poly(amidoamine)

(PAMAM)-Au NP electrode interface
An extended-gate field- CD9 aptamer and MXene (Ti;C,Ty) 10.64 pM for CD9 pro- 10 pM to 1 uM in the buf- 35

effect transistor
(EGFET)-type biosensor

A portable electro-
chemical aptasensor

Cubic AuPt dendritic nanocrystals/TizC,; an
aptamer CD63 modified graphene oxide was

teins; in the clinical
test: 6.41 x 10> exo-
somes per mL

fer; in the clinical test: 1 x
10° to 1 x 107 exosomes
per mL

immobilized on a screen-printed carbon
electrode (SPCE) as the substrate materials
for the direct capture and detection of
colorectal carcinoma exosomes

A sandwich-type Amino-functionalized Fe;O, nanoparticles;

biosensor CD63 aptamer attached Fe;O, nanoprobes;
MXene (Ti3;C,) nanosheets modified with
epithelial cell adhesion molecule (EpCAM)
aptamer

An electro- MoS, quantum dots-MXene heterostructure;

chemiluminescence Au nanoparticles@biomimetic lipid layer

(ECL) sensor

An enzyme-assisted
photoelectrochemical
(PEC) biosensor

A metasurface-
regulated ECL-based
biosensor
Aptamer-functionalized
magnetic MXene-based
nanoplatform

MXene (Ti;C,)/CdS composites

A hybrid plasmonic-dielectric metasurface
consisting of Au nanorings and TiO, nano-
particles derived from MXene

An aptamer-functionalized magnetic MXene
composite, including Fe;O4, Ti;C,,
poly(ethylenimine), 3,3’-dithiodipropionic
acid di (N-hydroxysuccinimide ester) (DSP),
CD63 aptamer, FAM-ssDNA

streptavidin system allows for the early diagnosis of cancer.>%*"

It can also be used to evaluate the effectiveness of cancer
treatments and assess the prognosis of cancer patients. The
detection method exhibits excellent sensitivity, with a low limit
of detection (LOD) and a wide linear range, making it suitable
for clinical applications. Furthermore, MXenes-based aptasen-
sors demonstrate satisfactory reproducibility, stability, and
selectivity, ensuring reliable and accurate detection results.
These properties make MXenes a promising class of nanoma-
terials for the detection of exosomes and pave the way for their
potential applications in clinical cancer detection and other
biomedical fields.***

Herein, we explore the applications and advancements of
MZXenes in the detection of exosomes. We delve into the unique
properties and synthesis methods of MXenes, highlighting
their capabilities for selective exosome capture. Moreover,
different MXene-based sensor platforms are discussed, show-
casing the versatility of MXenes in achieving sensitive and real-
time detection. The article also addresses the challenges and
future perspectives in MXene-based exosome detection, thereby
emphasizing the need for continued research and develop-
ment. Overall, MXenes offer promising avenues for enhancing
our understanding of exosomes and their role in health and
disease, paving the way for novel diagnostic approaches and
therapeutic interventions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Down to 20 exosomes 100 exosomes uL’1 to 5.0 x 36
pL 10° exosomes puL ™!
43 particles pL ™" 10 particles pL ™" to 107 37
particles uL ™"
10 fM From 30 fM to 20 nM 38
7.875 x 10" particles 7.3 x 10° particles per mL 39
per mL to 3.285 x 10° particles
per mL

21 particles per mL 10% to 10° particles per mL 40

4.21 x 10* particles per 10°-10"° particles per mL 11

mL

2. Exosome extraction for detection: a
critical step in clinical sample analysis

Isolating exosomes effectively is paramount for understanding
their biological functions and potential applications in diag-
nostics and therapeutics. Various isolation techniques have
emerged, each with its advantages and limitations. One of the
most commonly used methods is ultracentrifugation.*” This
technique involves subjecting cell culture supernatants to high-
speed centrifugation, which separates exosomes based on their
size and density. While ultracentrifugation is effective, it can be
time-consuming and may lead to the co-isolation of other
contaminants, such as protein aggregates. Moreover, this
method often requires specialized equipment that may not be
readily available in all laboratories.*> Another prominent tech-
nique is precipitation-based isolation. This method utilizes
commercially available kits that employ polymers to precipitate
exosomes from biological fluids. Precipitation is relatively
quick and straightforward, making it accessible to many
researchers. However, it may not achieve the same purity levels
as ultracentrifugation and can also lead to the co-isolation of
non-exosomal proteins and lipids.*® Size exclusion chromato-
graphy (SEC) offers an alternative approach that relies on the
size of exosomes for separation.** In this method, samples are
passed through a column filled with porous beads, allowing

Mater. Adv., 2025, 6, 5011-5029 | 5013
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smaller molecules to pass through while retaining larger exo-
somes. SEC is advantageous due to its ability to purify exo-
somes without harsh conditions, preserving their integrity.
However, the process can be less efficient in terms of yield
compared to ultracentrifugation.”® Additionally, immunoaffi-
nity capture techniques utilize antibodies that specifically
recognize surface markers on exosomes.*’ This protocol pro-
vides a high level of specificity and purity. However, it requires
prior knowledge of the exosomal markers of interest and may
not be suitable for all exosome types.*

Ultrafiltration is a widely utilized technique that employs
membrane filters with defined pore sizes to separate exosomes
from larger particles and contaminants.*® By applying pressure,
liquid samples pass through the membrane, allowing smaller
molecules to diffuse while retaining exosomes. This method is
relatively quick and can handle large sample volumes. How-
ever, the efficiency of ultrafiltration can depend on the mem-
brane’s pore size and the viscosity of the sample, which may
affect the overall yield.*®*” Additionally, microfluidic separa-
tion represents an exciting advancement in exosome isolation
technology.”® This approach uses micro-scale devices to manip-
ulate fluids, allowing for precise control over the separation
process. By integrating various mechanisms, such as size-based
filtering and affinity capture, microfluidic devices can effec-
tively isolate exosomes with high purity and yield. Moreover,
these systems often require smaller sample volumes, making
them suitable for clinical applications where sample availabil-
ity is limited. However, the complexity of microfluidic systems
may pose challenges in terms of design and implementation.*®
Charge-based isolation techniques capitalize on the surface
charge of exosomes. This method involves using charged
membranes or materials that attract or repel exosomes based
on their electrostatic properties. By altering the ionic strength
or pH of the solution, researchers can selectively isolate exo-
somes with varying surface charges. Charge-based isolation can
enhance purity while minimizing the co-isolation of contami-
nants. However, it may not be universally applicable to all
exosome types, as variations in surface charge can influence
the efficiency of isolation.*® By understanding and optimizing
these isolation techniques, researchers can enhance the yield
and purity of exosomes, unlocking their potential in medical
research and clinical applications.

3. Advancements in MXene-based
exosome detection

The quest for superior interface materials is paramount in the
realm of optoelectronic devices. Selecting the right materials
hinges on their performance, functionality, and stability.
Among these, MXene has emerged as a frontrunner.’® The
integration of MXenes into exosome detection platforms holds
great potential for various biomedical applications, including
early diagnosis of diseases, monitoring disease progression,
and studying exosome-mediated cell communication. The use
of MXenes and their composites for exosome detection offers

5014 | Mater. Adv, 2025, 6, 5011-5029
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several advantages. Firstly, their unique structure allows
for the efficient immobilization of capture molecules, such as
antibodies or aptamers, onto their surface. This enables selec-
tive recognition and binding of exosomes, facilitating their
detection. Furthermore, MXenes can be integrated into various
sensing platforms, including field-effect transistors (FETs),
optical, ECL, and electrochemical sensors, to enable label-free
and sensitive detection of exosomes. The high conductivity of
MXenes ensures efficient signal transduction, enhancing the
sensitivity and reliability of exosome detection. Notably,
MXenes can be functionalized with different molecules or
nanoparticles to further enhance their sensing performance.
For instance, the surface of MXenes can be altered
with fluorescent dyes or plasmonic nanoparticles, thereby
enabling signal amplification and multiplexed detection of
51733 However, its susceptibility to oxidation, espe-
cially in hot and humid conditions, poses significant chal-
lenges. This vulnerability can detrimentally impact
photovoltaic efficiency, urging the need for innovative solu-
tions. In response to these challenges, Wang et al.>* developed
a 2D-semiconductor/0D-plasma  heterojunction, dubbed
MXene-TA-Au-PEG (MTAP). This novel composite not only
shielded MXene from the dreaded effects of stacking and
oxidation but also showcased remarkable optoelectronic prop-
erties. The integration of these features positioned MTAP as an
exceptional candidate for high-performance photovoltaic appli-
cations. Furthermore, MTAP’s unique characteristics extended
to the enhancement of surface plasmon resonance (SPR)
spectroscopy. This improvement facilitated the direct, real-
time detection of tumor cell exosomes. Astonishingly, it
achieved LOD as low as 0.28 particles mL . Notably, the as-
prepared MTAP addressed the conventional “three S” require-
ments—sensitivity, specificity, and stability. It merged photo-
electric enhancement with interfacial antifouling and oxidative
stabilization, creating a multifaceted tool for sensors. The
analysis of serum samples further highlighted MTAP’s promis-
ing application in clinical diagnostics.>® This study not only
sheds light on the fabrication of 2D/0D heterojunctions but
also inspires future innovations in sensing chip development.
The possibilities are vast, paving the way for enhanced opto-
electronic performance and groundbreaking clinical solutions.

The development of MXene-based biosensors for exosome
detection represents a significant advancement in the field of
exosome research and paves the way for the development of
innovative diagnostic tools. Researchers developed an ultrasen-
sitive ECL biosensor tailored for the detection of exosomes and
their surface proteins.>® The innovative design employed an
in situ formation of gold nanoparticles (Au NPs) decorated on
Ti;C, MXenes, enhanced further by aptamer modification,
creating a hybrid known as AuNPs-MXenes-Apt (Fig. 2(A)). To
begin with, the strategy focused on efficiently capturing exo-
somes using an electrode interface modified with a CD63
aptamer. This specific recognition was crucial, as CD63 is a
well-known exosomal marker. Simultaneously, the in situ
formation of Au NPs on the single-layer Ti;C, MXenes, mod-
ified with aptamers, showcased the versatility of MXenes.

€Xxosomes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) The ECL biosensor operates on the principle of utilizing in situ formed gold nanoparticles, which are decorated on MXenes (TizC))

nanoprobes, to facilitate the detection of exosomes. Reproduced with permission from ref. 55 Copyright 2020 American Chemical Society. (B) The ECL
biosensor operates on a sophisticated principle designed to amplify the detection of exosome activity effectively; the biosensor utilizes AUNPs integrated
with MXenes (TizC,). Reproduced with permission from ref. 56 Copyright 2018 Elsevier. Polyethyleneimine (PEIl), glassy carbon electrode (GCE),
ethylenediamine (EDA), poly(N-isopropylacrylamide), carboxylic acid terminated (PNIPAM), aptamer (Apt), sodium alginate (SA), poly(acrylamide) (PAM).

Remarkably, MXenes served a dual purpose: they acted as both
reductants and stabilizers. This eliminated the need for addi-
tional reductants or stabilizers, streamlining the process. The
resulting AuNPs-MXenes-Apt hybrid exhibited exceptional
recognition capabilities for exosomes. Additionally, it provided
a catalytic surface characterized by the electrocatalytic activity
of Au NPs, particularly those with predominant (111) facets.
This feature significantly enhanced the ECL signal of luminol,
leading to improved sensitivity. Consequently, this ECL biosen-
sor demonstrated an impressive detection limit of 30 particles
per pL for exosomes derived from the HeLa cell line. This limit
was over 1000 times lower than the conventional ELISA
method. Furthermore, the biosensor operated within a linear
range from 10 to 10° particles per uL. Moreover, the platform
showed remarkable selectivity towards exosomes and their
surface proteins derived from various tumor cell lines,

© 2025 The Author(s). Published by the Royal Society of Chemistry

including HeLa, OVCAR, and HepG2 cells. Notably, it enabled
sensitive and accurate detection of exosomes from human
serum.” This advancement implies that the ECL biosensor
stands as a feasible, sensitive, and reliable tool for exosomes
detection, particularly in exosome-related clinical diagnostics.
Zhang et al.>® developed a sensitive ECL biosensor specifically
designed for exosome detection (Fig. 2(B)). The biosensor
employed aptamer-modified MXenes (TizC,) nanosheets as
the ECL nanoprobe, capitalizing on their large surface area,
excellent conductivity, and remarkable catalytic properties. To
efficiently capture exosomes, the electrode surface was functio-
nalized with an aptamer that recognized the EpCAM protein.
This strategic modification enabled high-affinity binding of
exosomes onto the electrode surface. Additionally, the ECL
nanoprobe itself could recognize the exosomes, significantly
amplifying the ECL signals of luminol during detection. As a

Mater. Adv., 2025, 6, 5011-5029 | 5015
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result of this approach, a highly sensitive ECL biosensor for
detecting MCF-7 exosomes was successfully developed. The
detection limit achieved was an impressive 125 particles per
uL, which is over 100 times lower than that of traditional ELISA
methods. The biosensor’s effectiveness was further validated
through successful detection of MCF-7 exosomes in serum
samples.”®

Exosomes have emerged as noninvasive biomarkers, offer-
ing exciting potential for disease prediction and diagnosis,
particularly in the context of cancer-related public health
concerns.”® In one study, researchers developed special Cy3
labeled CD63 aptamer (Cy3-CD63 aptamer)/MXene (Ti;C,)
nanocomplexes.®” This configuration served as a self-standard
ratiometric fluorescence resonance energy transfer (FRET)
nanoprobe, enabling the quantitative detection of exosomes.
Accordingly, the mechanism initiated with the selective adsorp-
tion of the Cy3-CD63 aptamer onto the Ti;C, nanosheets. This
interaction was facilitated by hydrogen bonding and metal
chelation between the aptamer and MXenes. Initially, the
fluorescence signal from the Cy3-CD63 aptamer was quenched
due to FRET occurring between the Cy3 dye and the MXenes.
Upon introducing exosomes, which specifically bind to the
aptamer, the fluorescence signal of Cy3 significantly was recov-
ered. This recovery occurred because the aptamer, now
attached to the exosome’s CD63 protein, was released from
the MXenes surface, effectively restoring the fluorescence.
Importantly, the self-fluorescence signal from the MXenes
remained relatively unchanged throughout the process, serving
as a reliable standard reference. Utilizing this self-standard
turn-on FRET biosensing platform, the detection limit for
exosomes was determined to be an impressive 1.4 x 10°
particles per mL, which was over 1000 times lower than that
of traditional ELISA methods. This fluorescence sensor also
demonstrated versatility in identifying multiple biomarkers on
the exosome surface and distinguishing between different types
of exosomes through fluorescent confocal scanning microscopy
imaging.”” In another study, Fang et al.*® developed a dual-
mode biosensor integrating ECL and photothermal detection
methods for exosome analysis. This biosensor utilized cutting-
edge materials, specifically black phosphorous quantum dots
(BPQDs) and MXenes, to enhance signal amplification. At the
heart of the biosensor, BPQDs played a crucial role by catalyz-
ing the oxidation of Ru(dcbpy);>". This study marks the first
time BPQDs have been employed as a coreactant in an ECL
system. The self-enhanced Ru(dcbpy),**@BPQDs ECL system
generated a robust ECL signal by minimizing energy loss and
shortening the distance required for electron transfer, thereby
improving the overall efficiency. In addition to BPQDs, MXenes
were incorporated due to their large specific surface area and
exceptional conductivity. These properties contributed to
increased immobilization of Ru(dcbpy);>* and BPQDs on the
biosensor surface, further amplifying the ECL signal. Moreover,
both BPQDs and MXenes exhibited remarkable photothermal
effects, which were cleverly utilized to develop a photothermal
biosensor for exosome analysis. This dual-modality approach
not only enriched the applications of MXenes and BPQDs in
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biodetection but also offered a highly effective and reliable
method for detecting exosomes.”® This work presents a pio-
neering dual-mode probe combining MXenes and BPQDs,
paving the way for advanced biosensing technologies. The
resulting biosensor holds significant promise for enhancing
exosome detection and advancing cancer diagnostics, thereby
contributing to the growing field of personalized medicine.

Cancer often progresses silently, reaching terminal stages
where treatment becomes unfeasible. Although treatment
options are limited, early diagnosis can significantly enhance
survival rates and reduce recurrence. Exosomes, biomolecules
released by cancer cells, present promising opportunities for
clinical diagnosis.>® In this context, a sensitive electrochemical
biosensor was developed that leverages the in situ generation of
Prussian Blue on the surface of MXene (Ti;C,), creating hybrid
nanoprobes known as PB-MXene, specifically for the detection
of exosomes and their surface proteins.’* To achieve specificity,
a CD63 aptamer-modified poly(amidoamine) (PAMAM)-Au NP
electrode interface was fabricated. This interface was designed
to bind selectively with the CD63 protein present on exosomes
derived from OVCAR cells. Notably, the CD63-modified MXene
served as an effective nanocarrier, accommodating numerous
aptamers that adsorb onto the exosomes. The MXene enabled
the in situ generation and high-efficiency loading of Prussian
Blue, which significantly amplified the electrochemical signal
at a low potential. This feature was particularly advantageous,
as it minimized interference from electrochemically active
species that could compromise detection accuracy. The dual
amplification effect achieved through this approach allowed for
highly selective and sensitive electrochemical detection of
exosomes. Remarkably, the electrochemical biosensor exhib-
ited high specificity even in complex serum samples, under-
scoring its potential for clinical diagnostic applications.**

Su et al.'® developed a label-free aptasensor, ingeniously
designed with CuNi bimetallic metal-organic frameworks
(MOFs), enhanced by MXene quantum dots. This innovative
sensor displayed a promising approach for exosome sensing.
Accordingly, the CuNi-MOFs were functionalized with dual
specific aptamers, namely CD63 and MUC1. These aptamers
served as optimal nanocarriers and catalysts, facilitating the
recognition and capture of target exosomes. Simultaneously,
the MXene quantum dots., known for their excellent electron
transfer properties, could significantly boost the electrochemi-
cal catalytic performance of the aptasensor. Furthermore, the
2D bimetallic CuNi-MOF nanosheets had a large specific sur-
face area, providing abundant exposed active sites for aptamer
connection. Consequently, this could lead to successful specific
capture and detection of exosomes. The electrochemical apta-
sensor exhibited a remarkable linear detection range, spanning
from 1 x 10~ " to 1 x 10~ °® particles per uL, with an impressively
LOD of 5 particles per pL. Notably, the aptasensor exhibited
commendable electrochemical stability during exosome detec-
tion. This stability opens new avenues for clinical applications,
particularly in tumor diagnosis.'® MXene has gained recogni-
tion in the construction of optoelectronic interfaces due to its
remarkable properties. But, its hydrophilicity and metastable
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