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Abstract

MXenes, a diverse family of two-dimensional transition metal carbides and nitrides, have emerged
as highly promising materials for wearable biosensors due to their exceptional conductivity, tunable
surface chemistry, and mechanical flexibility. Among their most compelling applications is sweat-
based health monitoring, which enables non-invasive, real-time access to dynamic physiological
information. Unlike previous reviews that broadly survey MXene-enabled wearables, this work
provides a unified perspective that integrates human-specific sweat variability, sweat-relevant
structure—property relationships of MXene compositions, and data-driven methodologies for
adaptive, personalized sensing. Translating MXene-based sensors into robust, personalized platforms
requires innovations that extend beyond material design into adaptive signal processing, machine
learning calibration, and individualized digital modeling. This review critically examines the
structure—property relationships of various MXene compositions and outlines material engineering
strategies for enhancing sensitivity, selectivity, and operational stability in sweat environments.
Furthermore, it highlights how computational frameworks can calibrate, adapt, and simulate sensor
behavior under individualized biochemical conditions. In silico sweat simulation and architecture
optimization are also discussed as transformative tools for accelerating biosensor development. By
bridging advanced materials with data-driven methodologies, this review establishes a blueprint for
the next generation of MXene-based wearable systems capable of intelligent, personalized health
monitoring.
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1. Introduction
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The evolution of wearable bioelectronics has ushered in a
new era of non-invasive, real-time health monitoring
systems that seamlessly integrate with the human body [1,
2]. These systems offer the unprecedented ability to track

personalized therapy adjustment, and predictive health
analytics [3-5].

Among various bodily fluids used in diagnostic
applications, sweat stands out as an attractive candidate
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due to its accessibility, non-invasiveness, and rich content
of physiological biomarkers, including -electrolytes,
metabolites, proteins, and hormones [6, 7].

Consequently, sweat-based wearable biosensors have
gained significant traction for applications ranging from
glucose monitoring and electrolyte balance to stress and
dehydration tracking [3, 8—10].

Despite rapid advances in the field, a critical challenge
remains largely unaddressed in current literature and
device development pipelines. The high degree of inter-
individual and intra-individual variability in sweat
composition is still crucial to be addressed [11].

Unlike blood, sweat is highly influenced by a wide
range of biological and environmental factors such as age,
sex, genetics, hydration status, stress levels, physical
activity, circadian rhythms, ambient temperature, and
underlying medical conditions [12, 13]. These variables
alter sweat’s ionic strength, pH, metabolite
concentrations, protein content, and volume rate, creating
a biochemically dynamic and heterogeneous environment
that directly impacts sensor response, reliability,
calibration, and clinical relevance [14, 15].

However, most wearable biosensors are still designed
based on standardized artificial sweat models that fail to
capture this biochemical diversity, limiting their accuracy,
user specificity, and widespread applicability[16—18].
Addressing this gap necessitates a paradigm shift in sensor
material design from static and universal to dynamic and
personalized interfaces that can adapt to the complex
chemical signatures of individual users. Within this
context, MXenes, a class of two-dimensional transition
metal carbides, nitrides, and carbonitrides, have emerged
as promising materials for advanced biosensing platforms
[19-21].

Exhibiting a unique combination of metallic
conductivity, hydrophilicity, surface functional tunability,
redox activity, and mechanical flexibility, MXenes are
particularly well-suited for integration into skin-
interfaced devices [22].

Their surface terminations (—OH, —O, —F) enable
strong interactions with aqueous and ionic species, while
their solution processability allows for scalable
fabrication of thin films, membranes, and composite
structures [23-25].

Fig. 1 illustrates a personalized bioelectronic platform
integrating MXene-based electrochemical sensors for
real-time, non-invasive sweat biomarker monitoring. The
system addresses the inherent variability in sweat
composition across individuals and physiological states,
influenced by environmental, dietary, and activity-related
factors.

By combining the chemical specificity of MXenes
with machine learning (ML) algorithms and digital twin
frameworks, the platform enables adaptive signal
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processing and individualized health tracking tailored to
each user’s biochemical profile. The integration of
MXenes into wearable sweat sensors has largely followed
a conventional approach maximizing conductivity and
surface area for improved electrochemical signal
generation [20, 26].

While such strategies have led to significant progress
in analyte detection (e.g., glucose, lactate, sodium,
cortisol), they often overlook the crucial influence of
sweat variability and user-specific  biochemical
environments on material performance, degradation
behavior, and signal fidelity [12, 14, 27].

For instance, changes in pH or ion concentration may
modulate surface charge distribution on MXenes, affect
redox reactions, alter enzymatic activities, or trigger
aggregation or delamination [28].

Moreover, the influence of interfacial hydration,
electrolyte diffusion, and long-term biofouling on
MXene-based sensors in real sweat conditions is not well-
characterized in the literature.

This review seeks to address this critical knowledge
gap by presenting a first-of-its-kind analysis of the
interplay between human-specific sweat chemistry and
MXene-based sensor materials.

A materials-centric framework for understanding and
optimizing MXene structures and hybrid systems in the
context of biochemical personalization is proposed. This
includes  comprehensive  discussions on  sweat
composition variability, structure—property relationships
of MXenes in physiological environments, material
engineering strategies for personalized selectivity and
robustness, and performance benchmarking under
variable sweat conditions.

Furthermore, we explore emerging directions in
adaptive sensor systems that incorporate Al-guided
calibration, digital twin modeling, and biosensor matching
to individual user profiles, transforming wearable sensors
into truly personalized bioelectronic platforms.

By bridging the domains of advanced functional
materials, sweat biochemistry, and personalized
healthcare engineering, this review offers a novel, cross-
disciplinary perspective that is absent from existing
literature.

It aims to serve not only as a scientific synthesis but
also as a strategic guide for the rational design of next-
generation wearable sensors tailored to the individual at
the molecular, material, and system levels.

Although several reviews have discussed MXene-
based bioelectronics or wearable sweat sensors, these
works have primarily focused on general device
architectures, broad material classifications, or
application overviews without explicitly integrating the
biochemical variability of human sweat into materials
design.
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Figure 1. Illustration of the concept of personalized bioelectronics through sweat sensing

The present review is distinct in three critical ways.
First, it introduces a sweat-centric framework that treats
inter- and intra-individual variability in sweat composition
as a fundamental engineering parameter, linking these
biochemical variations directly to MXene surface
terminations, ion-exchange behavior, and electrochemical
stability. Second, it systematically analyzes structure—
property relationships of MXenes under sweat-relevant
mechanical, chemical, and environmental conditions.
Third, it uniquely incorporates data-driven methodologies,
including real-time ML calibration, in silico sweat
modeling, and digital-twin architectures, to outline how
MXene-based sensors can evolve into adaptive,
personalized bioelectronic systems. By combining sweat
biochemistry, MXene materials science, and computational
personalization, this review frames a new cross-
disciplinary perspective that is not limitedly addressed in
the current literature and provides a targeted roadmap for
next-generation personalized sweat biosensing.

2. Sweat Composition and Human-Specific
Variability

2.1. Core Components of Human Sweat

Human sweat is a complex aqueous biofluid composed of
a wide array of physiologically relevant constituents [7,
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12]. Although primarily composed of water (~98-99%),
the remaining 1-2% comprises a dynamic mixture of
electrolytes, metabolites, proteins, hormones, and trace
biomolecules, many of which serve as critical indicators of
health status, metabolic activity, and environmental
adaptation [14, 29, 30]. The complexity of sweat
composition stems from the active and passive transport
mechanisms governing its production, as well as from
systemic influences such as endocrine regulation, renal
function, and skin surface interactions [12, 14].

Electrolytes are among the most abundant and
functionally significant components in sweat [ 13]. Sodium
(Na*) and chloride (Cl") ions are secreted in the highest
concentrations depending on sweat rate, acclimatization
status, and ductal reabsorption -efficiency [30, 31].
Potassium (K*), calcium (Ca?"), and magnesium (Mg?*) are
also present in lower concentrations but contribute to
osmotic regulation and electrochemical balance [31, 32].
These ions influence the ionic conductivity and interfacial
capacitance of sensor materials and can modulate the
performance of electrochemical biosensors based on redox
and impedance mechanisms.

Sweat also contains key metabolites such as glucose,
lactate, urea, and ammonia, which serve as real-time
indicators of metabolic and physiological activity [7, 32].
Glucose concentrations in sweat generally range from 10
uM to 1 mM, reflecting plasma levels with a time lag that
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varies based on skin permeability and sweat gland
physiology [14, 33]. Lactate, a byproduct of anaerobic
metabolism, is often detected at concentrations between 5—
25 mM during intense physical activity and is an important
marker of muscle fatigue and tissue oxygenation [34, 35].
Urea and ammonia arise from protein catabolism and
nitrogen excretion pathways, and their levels are
influenced by renal function and hydration state [32, 36,
37]. Human sweat urea concentration in healthy
individuals typically ranges from about 5 to 40 millimolar
(mM), with an average around 20 to 25 mM. This level is
substantially higher than the urea concentration in blood
serum, which is generally around 6.2 mM (typically 2.5 to
7.5 mM depending on the source). The urea concentration
in sweat can increase significantly in people with kidney
dysfunction or end-stage renal disease, sometimes reaching
levels above 100 mM [38-40]. Meanwhile, ammonia
concentration in human sweat varies widely but typically
ranges from about 10 to 110 uM. The highest
concentrations are often observed in the initial stages of
sweating when sweat secretion is low, and the levels
decrease as sweating becomes more profuse [32, 41-43].
Hormones such as cortisol, aldosterone, and epidermal
growth factor are secreted into sweat at nanomolar to
micromolar levels and reflect endocrine activity,
psychological stress, and circadian rthythm [44]. Cortisol is
gaining attention as a non-invasive stress biomarker due to
its measurable correlation with serum levels and its
implications in fatigue, depression, and metabolic
syndromes [45]. Cortisol levels in human sweat generally
range between about 8 to 142 ng/mL, which is slightly
broader than the stated 5—30 ng/mL. These levels reflect
circadian rhythms and stress responses, with variations by
time of day, sweat rate, collection site, exercise, and
hydration status. Some studies report average sweat
cortisol concentrations around 20-70 ng/mL, with peaks up
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to 141.7 ng/mL post-exercise [44, 46-48]. This makes
sweat cortisol a viable biomarker reflecting systemic
cortisol fluctuations related to stress. These biochemical
ranges underscore the complexity of sweat as an analytical
matrix and highlight the need for wearable sensors to
maintain high selectivity and stability across wide dynamic
concentration spans. These low-abundance analytes
require highly sensitive and selective sensor platforms with
engineered surface chemistries to ensure accurate detection
amidst interfering species.

In addition to small molecules, sweat contains a variety
of proteins, peptides, and enzymes such as lysozyme,
dermcidin, interleukins (e.g., IL-6), and lactate
dehydrogenase. These constituents are associated with
immune function, inflammation, and skin microbiome
interaction [14]. Their presence may also contribute to
biofouling on sensor surfaces and affect the long-term
reliability and stability of biosensing membranes. The
interplay between these macromolecules and sensor
materials, especially two-dimensional (2D) materials like
MXenes, requires detailed interfacial design to mitigate
nonspecific adsorption and maintain sensor selectivity [49—
51]. Moreover, the pH of sweat varies widely, typically
between 4.5 and 7.5, depending on anatomical location,
microbiota, and sweating rate [52, 53]. This variation in
hydrogen ion concentration can affect the electrochemical
behavior of redox-active materials, enzyme kinetics in bio-
functionalized sensors, and the stability of surface
terminations on MXenes, especially in hybrid structures.
Similarly, sweat viscosity influence the diffusion and mass
transport of analytes to the sensor surface, thereby affecting
response time and analytical accuracy. Human sweat is a
biochemically rich and dynamically fluctuating fluid, with
its core components influencing multiple aspects of
biosensor function from ion exchange and redox activity to
signal stability and mechanical interface behavior.
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Figure 2. Generalized illustration of factors influencing sweat composition
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Any material system intended for reliable sweat-based
biosensing, such as MXenes, must be carefully engineered
to operate across a broad range of concentrations, ionic
environments, and biochemical contexts. Understanding
these core components is thus essential as a foundation for
the subsequent development of personalized, adaptive
biosensing platforms.

2.2. Factors Influencing Sweat Composition

The biochemical composition of sweat is not static rather,
it is shaped by a complex interplay of intrinsic and extrinsic
factors that contribute to significant inter- and intra-
individual variability (Fig. 2) [54, 55]. This variability
poses a critical challenge to the standardization and
calibration of wearable biosensors and necessitates sensor
materials that are both adaptable and robust under
fluctuating physiological and environmental conditions.
Understanding the sources and mechanisms of this
variability is crucial for the rational design of biosensors,
particularly those based on surface-sensitive materials such
as MXenes, whose electrochemical behavior is intimately
linked to the local ionic and biochemical milieu.

One of the most prominent intrinsic factors influencing
sweat composition is genetic makeup, which governs the
baseline function of sweat glands, ion transport channels,
and systemic metabolism. For instance, individuals with
cystic fibrosis exhibit elevated concentrations of sodium
and chloride in their sweat due to mutations in the CFTR
(CF Transmembrane Conductance Regulator) gene, which
impairs ion reabsorption in the sweat ducts [56, 57].
Similarly, polymorphisms in genes regulating glucose
metabolism or hormone secretion can affect sweat glucose
and cortisol levels, respectively. These genetic variations
not only modulate analyte concentration ranges but also
affect the baseline electrochemical profile encountered by
the sensor. Sex and age also exert considerable influence.
It has been observed that males typically produce sweat
with higher sodium content compared to females, owing to
differences in hormonal regulation and sweat gland density
[13, 58]. Age-related changes affect both sweat rate and
composition, with elderly individuals showing reduced
sweating capacity, altered electrolyte balance, and
diminished buffering capacity, which can shift pH
profiles[59, 60]. These physiological variations have direct
implications for biosensor design, particularly in relation to
surface functionalization and enzyme stability in pH-
sensitive detection systems. Hydration status is another
major determinant of sweat composition. Hypohydration
reduces overall sweat volume and increases the relative
concentration of electrolytes and urea, thereby enhancing
solution viscosity and ionic strength [13, 61-63]. This
affects the diffusion kinetics and analyte transport to the
sensor surface, influencing time-response characteristics
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and potentially leading to fouling or oversaturation of
sensor interfaces. Conversely, hyperhydration dilutes
analyte concentrations and may reduce sensitivity,
necessitating dynamic calibration mechanisms in the
sensing platform [61, 62]. Physical activity and thermal
exposure not only increase sweat rate but also alter its
chemical profile. During prolonged or high-intensity
exercise, lactate concentrations rise significantly due to
increased anaerobic metabolism, while sodium and
chloride losses can reach levels that trigger heat-related
illness if not properly replenished [64—66]. These high-flux
sweating conditions result in a continuously changing
biochemical environment, requiring sensors to remain
functional under high ionic fluxes, mechanical
deformation, and variable hydration layers, conditions
under which the performance of some 2D materials can
degrade unless properly stabilized. Endocrine status and
stress levels modulate the secretion of hormones and low-
molecular-weight analytes such as cortisol and adrenaline,
which are now being targeted in sweat-based diagnostics
for mental health, fatigue, and metabolic syndromes [67,
68]. Circadian rhythms add a temporal dimension to this
variability, with certain analytes such as cortisol exhibiting
peak levels in the early morning and declining throughout
the day [69, 70].

Thus, sensors aiming to track these biomarkers must be
not only chemically selective but also temporally
responsive, with data processing frameworks that can
integrate time-series trends. Anatomical location of sweat
collection (whether forehead, back, forearm, or armpit)
affects both sweat gland type and the local chemical
environment [12, 14]. Eccrine glands, which are most
commonly targeted in wearable biosensing, differ in
density and activity across body regions, leading to site-
dependent variations in analyte concentration and pH.
Furthermore, interactions with skin microbiota and local
epidermal enzymes can degrade or transform analytes post-
secretion, affecting the reliability of on-skin biosensors
[71, 72]. Moreover, external factors such as ambient
temperature, humidity, and air flow conditions alter sweat
rate and evaporation Kkinetics, modifying analyte
accumulation on sensor surfaces [73, 74].

These environmental conditions are particularly
relevant for long-term or outdoor deployments of wearable
devices and must be considered during the materials
selection and encapsulation design phases. These
variations impact analyte availability, signal strength,
sensor fouling, and long-term device performance. For
MXene-based biosensors, whose sensing mechanism often
relies on interfacial redox activity, ion transport, and
surface charge interactions, this variability underscores the
need for customizable material interfaces and context-
aware calibration frameworks [75, 76]. Recognizing and
addressing these influences is a foundational step in
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moving from population-level biosensor designs to
individual-specific diagnostic platforms.

2.3. Implications for Biosensor Calibration and Design

The dynamic and individualized composition of sweat has
profound implications for the design, calibration, and
functional reliability of wearable biosensors [20, 77-79].
Traditional biosensing platforms, including those
employing MXene-based materials, are often validated
using artificial sweat formulations with fixed pH, ionic
strength, and analyte concentrations [20, 75, 76]. While
these models are useful for baseline performance
evaluation, they fail to capture the physiological diversity
seen in real-world applications. As a result, wearable
devices often exhibit signal drift, inconsistent sensitivity,
or false-positive/negative readings when deployed on
human skin across different users or under varying
physiological states.

From a calibration standpoint, sensors that rely on
electrochemical or potentiometric mechanisms are
particularly susceptible to compositional fluctuations. For
example, changes in sweat pH can significantly alter the
protonation state of sensing interfaces, especially for
materials with pH-sensitive functional groups. In the
context of MXenes, whose surface terminations interact
with ionic species, local pH can influence surface charge
density, double-layer formation, and redox kinetics [80,
81]. These variations manifest as shifts in open-circuit
potential, changes in charge transfer resistance (Rc), or
altered chronoamperometric response. All of them impact
sensor’s output unless properly accounted for in the
calibration algorithm.

Ionic strength is another critical parameter. Variability
in sodium, potassium, and chloride concentrations affects
not only the conductivity of the sweat media but also the
Debye screening length at the sensor interface, modulating
the effective electrochemical sensing zone [82] . For
materials like MXenes, where electron-ion coupling and
interfacial capacitance play key roles in signal
transduction, variations in ion concentration can attenuate
or amplify signals unpredictably [75, 76, 83]. This poses a
significant challenge for sensors that aim to provide
quantitative outputs rather than binary thresholds,
especially in the detection of low-abundance analytes such
as cortisol or interleukins.

In addition, sweat flow rate and hydration state can
affect both analyte concentration and transport dynamics
[61, 62]. At high sweat rates, dilution of target molecules
can reduce detection sensitivity, whereas low sweat rates
may lead to local accumulation and sensor fouling [84, 85].
Moreover, proteinaceous components and enzymes present
in sweat can non-specifically adsorb to the surface of 2D
materials, including MXenes, potentially compromising
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active sites and degrading sensor selectivity over time.
These challenges necessitate the use of anti-fouling
coatings, hydrogels, or zwitterionic barriers that maintain
sensor responsiveness in biofouling-prone environments
[86-89].

The variability in analyte concentration ranges across
individuals further complicates the issue. For instance,
while sweat glucose levels may vary from 10 uM to 1 mM
depending on the individual and metabolic condition, many
sensors are optimized for narrow detection windows based
on average population data. This mismatch can lead to
overestimation or underdetection in users with atypical
profiles, especially in cases such as prediabetes,
dehydration, or stress-induced hyperglycemia [90, 91]. As
such, biosensor materials must be engineered with broad
dynamic range and high signal-to-noise ratios, while
calibration algorithms must incorporate user-specific
baselines or adaptive learning models [92-94].

These calibration complexities are further compounded
in multi-analyte sensing platforms, where cross-sensitivity
between ions (e.g., Na'/K'), metabolites (e.g.,
glucose/lactate), or redox species (e.g., uric acid (UA)
/ascorbic acid (AA)) can interfere with signal
discrimination [94-96]. The design of selective interfaces,
such as MXene-based composites functionalized with
molecular recognition elements (enzymes, aptamers,
antibodies), However, these
biorecognition strategies must also be robust against matrix
effects imposed by inter-individual sweat composition,
including changes in buffer capacity, ionic competition,
and enzyme denaturation at non-physiological pH levels
[75, 76, 97].

To address these challenges, emerging strategies
include the integration of real-time feedback control, self-

becomes  essential.

calibrating architectures, and data-driven adaptive signal
processing into wearable biosensor systems. For MXene-
based sensors, the ability to dynamically modulate sensing
performance  via  electrical gating,
functionalization, or ML-guided recalibration presents a
promising direction. In this framework, calibration is no
longer a static, one-time event but a continuous,
personalized process informed by both material behavior
and real-time biochemical input.

In addition to the challenges posed by compositional
variability, the analytical requirements for sweat

chemical

biosensing must also be aligned with the physiological
concentration ranges and temporal dynamics of each
biomarker. Electrolytes such as sodium or potassium,
which fluctuate on the order of tens of millimoles and
exhibit rapid changes during thermoregulation or exercise,
demand sensors with wide linear ranges, fast ion-exchange
kinetics, and negligible drift under high-sweat-flux
conditions. Metabolites including glucose and lactate
require high sensitivity and pM-mM resolution, with
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architectures capable of suppressing interference from
coexisting species such as ascorbate, urea, and uric acid.
Hormonal biomarkers such as cortisol, present at nM—pM
levels, impose even stricter requirements on limit of
detection, signal-to-noise ratio, and recognition selectivity,
typically necessitating surface functionalization strategies
or engineered MXene terminations that preferentially
capture low-abundance targets. For macromolecular
biomarkers such as cytokines or enzymes, antifouling
interfaces and long-term surface stability become the
dominant constraints. These biomarker-specific analytical
profiles thus directly inform the choice of MXene
composition, termination chemistry, hybrid structure, and
polymer environment, enabling the rational matching of
material properties to the sensing task. Such coupling
between physiological context and material design is
essential for future personalized sweat diagnostics and
underpins  the  structure—performance  discussions
developed in the subsequent sections of this review.

3. MXenes as Sensing Materials: Structure—
Property Relationships

3.1. MXene Fundamentals

MXenes, a rapidly expanding family of 2D transition metal
carbides, nitrides, and carbonitrides, have emerged as
highly versatile materials for a wide range of applications,
including electrochemical energy storage, electromagnetic
interference shielding, water purification, and more
recently, biosensing [98, 99]. First reported in 2011 by
Naguib et al., MXenes are typically synthesized by
selectively etching the A layers from MAX phases—
ternary carbides or nitrides with the general formula
M,+1AX, (n = 1-3), where M is an early transition metal, A
is predominantly an element from groups 13-14 (with
some reported examples from groups 15-16), and X is
carbon and/or nitrogen [100, 101]. The resulting 2D
structures have the general formula M,+1X,Tx, where Tx
denotes surface terminations (—OH, —F, —O) introduced
during the etching process [102, 103].

The intrinsic properties of MXenes such as their high
electrical large surface area, and
hydrophilicity make them highly suitable for
multifunctional platforms, including electrochemical
biosensors, energy storage devices, and flexible or
stretchable  electronics [104—106]. In biosensing
applications, these properties facilitate rapid electron
transfer, strong analyte—surface interactions, and efficient
integration with hydrogels, polymers, and microfluidic
systems [100, 107].

The synthesis route has a profound impact on MXene
physicochemical properties and, consequently, their

conductivity,

biosensing performance [99, 107]. Conventional wet-

d ) 10.57647/jnsc.2026.1601.05

chemical etching using hydrofluoric acid (HF) or in situ
generated HF (e.g., LiF/HCI) removes the A-layer and
introduces  surface  terminations  that  enhance
hydrophilicity and  compatibility = with  aqueous
environments such as sweat. Alternative routes including
molten-salt etching, electrochemical etching, and
delamination strategies have been developed to improve
yield, structural integrity, and environmental safety[99,
101]. A critical feature that makes MXenes especially
attractive for wearable biosensors is their metal-like
conductivity combined with solution processability,
enabling fabrication into thin films, flexible membranes,
and printable inks [17, 26, 108]. Their 2D layered structure
also provides a high surface area and the possibility of
intercalating ions or functional molecules between the
layers, which is beneficial for electrochemical signal
amplification [109]. Additionally, their tunable surface
chemistry allows precise control over their interaction with
target analytes, electrolytes, and biological molecules [17,
110]. The type and density of surface terminations (~OH, —
F, —O) are particularly important in determining the zeta
potential, electronic structure, and interfacial reactivity of
MXenes [110, 111]. For example, TisC.Tx with a dominant
—OH termination behaves differently in terms of redox
activity and hydration layer formation compared to one
rich in —F terminations [ 110—112]. These structural features
strongly influence MXene interactions with ions and
biomolecules. Their specific implications for sweat
biosensing are discussed in Section 3.2.

Although TisC:Tx remains the predominant MXene
employed in sweat biosensing owing to its high
conductivity, hydrophilicity, well-established synthesis
protocols, and abundant literature. On the other hand,
recent studies have begun to explore alternative MXene
compositions such as Nb2C, Mo2CTx, and V2CTx. These
emerging materials offer distinct surface terminations,
redox behaviors, and stability profiles that may prove
advantageous for specific sensing tasks. While the
experimental evidence for these non-Ti MXenes is still
limited compared to TisC.Tx, they have been explored in
this review to provide a comprehensive and forward-
looking perspective on the broader MXene family and their
potential roles in next-generation sweat biosensors.

3.2. Relevant Properties of MXenes for Sweat
Biosensing

Building on the structural and chemical fundamentals
outlined in Section 3.1, this section discusses the specific
MXene properties that directly influence performance in
sweat biosensing applications.

In the context of sweat biosensing, these structural and
surface features translate into application-specific
functional advantages.
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Understanding how these intrinsic and tunable
properties influence sensor performance is essential for
guiding the rational design of MXene-based platforms that
can maintain stability and selectivity under physiological
conditions. One of the most critical properties of MXenes
is their high intrinsic electrical conductivity, which enables
efficient electron transfer and low interfacial resistance
when used as transducing elements in electrochemical
sensors [83, 113]. The high conductivity of MXenes
ensures efficient charge transfer during amperometric or
voltammetric measurements, which is crucial when
detecting weak redox-active biomarkers such as dopamine,
uric acid, or cortisol in low concentrations. For instance,
TisC.Tx films exhibit high electrical conductivity values
comparable to or even surpassing conventional carbon-
based nanomaterials like graphene or carbon nanotubes
under certain conditions [114]. This property supports
sensitive amperometric and potentiometric measurements,
even in miniaturized or low-power formats. Conductivity
in MXenes is strongly influenced by flake size, interlayer
spacing, and the density of surface terminations [115], all
of which can be tuned via the synthesis route and post-
processing conditions such as annealing or solvent
treatment [109, 116]. The layered morphology and
adjustable interlayer spacing facilitate efficient diffusion of
Na*, K*, CI, lactate, and other sweat-relevant ions,
supporting low-noise electrochemical readout under
variable hydration conditions.

Equally important for sweat biosensing 1is
hydrophilicity, which enables effective ion and molecule
exchange at the material-biofluid interface. Hydrophilicity
promotes rapid sweat wetting and stable skin—sensor
adhesion, enabling continuous ion transport and
minimizing contact impedance. Unlike many other 2D
materials that require surface modification to become
hydrophilic, MXenes possess native surface functional
groups that render them inherently wettable [117]. This
feature enhances the accessibility of target analytes such as
glucose, lactate, and electrolytes to electroactive or
recognition sites on the material surface. Moreover,
hydrophilicity contributes to rapid analyte diffusion and
uniform sweat spreading across the sensor area, improving
the temporal resolution and reliability of the signal.

The surface chemistry of MXenes, dictated by their
terminations and defect sites, plays a central role in
determining their interaction with both ionic and molecular
species [25, 110, 117]. These terminations affect the
material’s redox potential, point of zero charge, and overall
chemical reactivity. For instance, surface —OH groups
participate in hydrogen bonding with polar analytes, while
—F groups may reduce electrochemical activity and hinder
enzymatic integration [24, 110]. For example, the
abundance and tunability of -OH, —O, and —F terminations
modulate MXene surface charge and interfacial redox
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behavior, directly influencing sensitivity to pH,
electrolytes, and charged metabolites naturally present in
sweat. Importantly, the surface termination profile of
MXenes governs multiple sweat-relevant sensing
behaviors through well-defined structure—property
couplings. For example, hydroxyl-rich TisC.Tx exhibits
higher hydrophilicity, stronger hydrogen bonding
interactions, and faster electron—ion coupling compared to
fluorine-terminated analogues, which translates into
improved sensitivity for metabolites such as glucose [118,
119].

In contrast, —F terminations increase interlayer
repulsion and suppress faradaic activity, often reducing
redox response and selectivity [120, 121]. The M-site
chemistry also plays a decisive role. For instance, early
transition metals with higher d-electron density (e.g.,
Nb2C, Mo:C) show accelerated charge transfer and
stronger affinity for cationic species, making them
promising for electrolyte and hormone sensing [122, 123].
Engineering the termination profile can modulate
properties such as binding affinity, pH sensitivity, and
enzyme compatibility, which are critical for biosensors
targeting diverse sweat biomarkers.

Additionally, MXenes can be functionalized with
enzymes, antibodies, aptamers, or redox mediators to
impart specific recognition capabilities, while still
maintaining a high electron-transfer rate due to their
conductive backbone [124, 125].

MXenes exhibit ion permeability and pseudocapacitive
behavior, both of which are advantageous in biosensing
applications that rely on capacitive or impedance-based
readouts [75, 83, 110]. The lamellar structure of MXenes
supports interlayer diffusion of hydrated ions [126],
allowing dynamic changes in dielectric properties in
response to fluctuating ionic strength in sweat. This is
particularly useful for sensing electrolytes such as Na* and
K*, whose concentration directly influences ionic
conductivity, dielectric constant, and electrochemical
impedance spectra. These properties also enable the
development of multiplexed sensors where different ions
or metabolites can be simultaneously monitored through
changes in frequency-dependent electrical response [127].

Another dimension of relevance is mechanical
adaptability. For skin-mounted or wearable devices, sensor
materials must accommodate repeated mechanical
deformation, such as stretching, bending, and compression
[3, 17]. MXenes, particularly when processed into
composite films with polymers or hydrogels, demonstrate
excellent mechanical resilience and flexibility without
significant loss of conductivity or sensing performance [ 76,
97, 107].

This enables continuous operation under physical strain
typical of real-life wearables, ensuring that signal output
remains reliable over prolonged use.
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3.3. Mechanical and Electrochemical Stability in
Sweat-like Conditions

The long-term operation of wearable biosensors in real-life
environments demands sensing materials that are both
mechanically robust and electrochemically stable under
dynamic, moisture-rich, and chemically complex
conditions. MXenes, particularly TisC.Ty, but increasingly
also Nb2CTx, V2CTy, and Mo2CTy, are attractive candidates
due to their high conductivity, solution processability, and
surface chemistry, yet their use in wearable formats
necessitates deliberate strategies to address their inherent
structural fragility and susceptibility to oxidation [26, 100,
101]. Mechanical behavior is intimately tied to MXene
flake size, layer stacking order, and interfacial bonding
within composites. Larger lateral flakes improve
percolation pathways and conductivity stability under
strain, whereas small or defective flakes are more prone to
crack propagation and delamination during repeated
deformation [128, 129]. Likewise, expanded interlayer
spacing, which can be achieved via intercalants, polymer
chains, or heteroatom doping, improves stretchability and
reduces conductivity loss at high perspiration levels [130,
131]. These structure—property correlations are critical for
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designing MXene architectures that preserve signal fidelity
during dynamic on-body operation. Mechanically, single-
and few-layer MXene films exhibit flexibility suitable for
integration onto soft substrates but are prone to
microcracking and delamination under continuous strain,
particularly when used as standalone layers [125, 132]. To
overcome this limitation, recent research has focused on
hybrid and composite architectures in which MXenes are
embedded into stretchable matrices [133, 134]. For
instance, Pu ef al. (2019) developed a multilayered fiber-
based sensor by sequentially coating silver nanowire and
MXene layers onto a hydrophilic polyurethane substrate
via a simple dip-coating process. The composite
architecture  mitigated crack  propagation under
deformation, enabling a gauge factor exceeding 100 within
a 0-100% strain range, and demonstrated seamless
integration into wearable textiles for real-time motion
detection [135]. Similarly, Seyedin et al. (2020) utilized
wet-spinning  to  fabricate  highly
MXene/polyurethane fibers with strain endurance up to
13,000,
demonstrating scalability and suitability for wearable
strain-sensing systems [136].
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Figure 3. Mechanical behavior of MXene/polyurethane composites as a function of MXene content and solvent processing. (a) Schematic stress—strain
curve illustrating softening and strain-induced crystallization regions. (b) Representative stress—strain curves for composites prepared with isopropanol (IPA)
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GmbH & Co. KGaA, Weinheim

d ) 10.57647/jnsc.2026.1601.05


https://doi.org/10.57647/jnsc.2026.1601.05

Karaman et al., J. Nanostruct Chem., 2026,16(1)

81

Fig. 3 further highlights how MXene loading and
solvent processing influence the mechanical performance
of MXene/polyurethane composites. As shown in Fig. 3b,
increasing MXene content initially enhances the
mechanical strength and stretchability, particularly under
acetic acid processing conditions. However, beyond a
critical MXene concentration, the composite becomes
brittle, as reflected in the dramatic decrease in strain at
break (Fig. 3e) and tensile strength (Fig. 3d) [136]. This
confirms the importance of controlled MXene integration
within flexible matrices to preserve both conductivity and
mechanical resilience under strain.

In a similar way, a recent study introduced a
multidimensional nanocomposite yarn combining silver
nanoparticles, silver nanowires, and MXene nanosheets,
fabricated through a dip-coating approach [137]. The
hierarchical 0D—1D-2D configuration enabled the yarn to
achieve good strain sensitivity over a broad strain range of
up to 350%. Beyond sensing applications, the composite
yarns also functioned as electrically responsive heating
elements when woven into fabrics, broadening their utility
in smart textile systems [137].

Beyond polymer composites, intercalation or
hybridization with conductive nanomaterials such as
carbon nanotubes, graphene, or silver nanowires has
proven effective in enhancing the mechanical integrity of
MXene-based electrodes. These hybrid structures maintain
high conductivity while distributing mechanical stress
across the network, reducing crack propagation. In one
example, MXene was combined with carbon nanotubes to
form an interwoven percolation network that
synergistically leverages the conductivity of 2D MXene
sheets and the flexibility of 1D CNTs [138].

This hybrid design enabled ultrathin, highly stretchable
strain sensors capable of detecting minute deformations (as
low as 0.1% strain) while maintaining sensitivity over a
broad range. The integration of dimensional heterogeneity
not only enhanced mechanical durability under repeated
strain but also ensured stable electrical performance across
thousands of cycles. These results reveal its applicability in
wearable systems for continuous physiological monitoring
[138].

A layered composite structure integrating TisC2Tx
MXene with graphene and PDMS has been shown to
provide both high sensitivity and mechanical adaptability
under strain [139]. Upon stretching, the structure separates
into a brittle MXene-rich upper layer and a resilient
graphene/PDMS foundation, enabling a dynamic balance
between conductive pathway disruption and preservation.
This architecture delivers stable and tunable sensitivity
across a wide deformation range, with excellent linearity
and durability, making it ideal for precise motion tracking
in applications such as respiratory monitoring [139].
Electrochemical stability is equally critical, particularly in
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wearable applications involving prolonged exposure to
sweat, which contains chloride ions, proteins, and
fluctuating pH that accelerate oxidative degradation of
MXene flakes. Electrochemical stability is also strongly
structure dependent. MXenes with higher oxygen
termination density form more stable Ti—O networks that
resist chloride-induced oxidation, whereas fluorinated
surfaces degrade more rapidly in sweaty, acidic, or high-
ionic-strength environments.

Similarly, multilayer MXenes oxidize from their edges
inward, while delaminated single layer nanosheets exhibit
faster but more uniform degradation. These trends
highlight the need for termination control, protective
polymer coatings, and composite encapsulation to preserve
MXene activity under real-sweat exposure. Surface
oxidation disrupts interlayer conductivity and impairs
redox performance, especially for sensors relying on
faradaic charge transfer or interfacial capacitance. To
counteract this, surface passivation techniques have been
employed. For instance, to enhance -electrochemical
resilience in sweat-exposed environments, a recent study
by Chen et al (2022) utilized fluoroalkyl silane-
functionalized MXene integrated with a polyaniline
(PANI) membrane to fabricate a flexible sweat pH sensor.
The fluorinated surface treatment significantly improved
MXene’s environmental stability by mitigating oxidative
degradation, while the PANI layer provided enhanced
electrochemical response and reversibility. The resulting
miniaturized sensor exhibited long-term operational
stability and accurate real-time pH monitoring during
physical activity, illustrating the effectiveness of surface
passivation strategies in preserving MXene performance in
biofluids [140].

Another approach to improving electrochemical
stability in wearable sensing applications involved directly
employing TisC.Tx MXene as the active layer in a
potentiometric pH sensor [80]. By comparing MXene
etched via LiF/HCI and HF routes, Liang et al. (2023)
demonstrated that deeper HF etching produced a more
responsive and reversible pH-sensitive material. The
resulting flexible sensor, combined with a solid-contact
Ag/AgCl electrode, delivered reliable real-time sweat pH
readings, maintaining consistent performance in
physiological conditions. This highlights the role of
controlled etching and structural refinement in optimizing
MXene’s stability and sensing efficiency in chloride-rich
environments like human sweat [80].

In addition to surface modifications, encapsulation
within hydrogel or polymeric membranes has been used to
protect MXene films while maintaining their ionic
permeability [141].

The choice of encapsulant not only affects chemical
protection but also contributes to mechanical damping,
further enhancing operational durability. Encapsulated
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systems have demonstrated multi-day stability under
physiological conditions, a key metric for real-time, on-
body biosensing [142]. For instance, MXene-integrated
chitosan—hyaluronate hydrogels have shown both reduced
porosity and strong antimicrobial activity, providing a
protective  yet functional microenvironment for
biointerfaces. Complementing this, electrospun chitosan
nanofibers loaded with delaminated TisC.Ty flakes have
exhibited significant antibacterial efficacy by achieving up
to 95% reduction in E. coli and 62% in S. aureus[143].
These nanofibrous mats offer a dual advantage of barrier
protection and passive antimicrobial action, reinforcing the
potential of MXene—polymer encapsulation systems for
extended use in wearable biosensing and wound healing
applications. In another work, a hydrogel composite
system incorporating TisC.Tx MXene into a chitosan—
hyaluronate matrix demonstrated the potential of
polymeric encapsulation to enhance stability and
functionality of MXene-based materials [ 144].

The hydrogel maintained structural integrity while
supporting ionic permeability and offering antibacterial
protection, even with low MXene loading (1-5 wt.%).
Additionally, the reduced porosity of the matrix, stabilized
with vitamin C, contributed to a more uniform
microstructure, positioning such encapsulated designs as
promising candidates for extended on-body use, such as in
biosensing or wound monitoring applications [144].

The introduction of heteroatoms or secondary
terminations during synthesis may also provide protective
effects or improved compatibility with sweat components
[26, 145]. For example, co-doping Nb.C MXene with
nitrogen and sulfur via a one-step thiourea-assisted
treatment has been shown to significantly enhance its
electrochemical properties [146]. This heteroatom
incorporation not only expands interlayer spacing and
increases surface area but also enriches the material with
additional active sites and improved conductivity.

As demonstrated in acidic environments such as
simulated gastric juice, the doped MXene displayed
superior sensitivity, selectivity, and long-term stability
during dopamine (DA) detection [146]. Compared to
multilayered and delaminated Nb.C, the co-doped structure
exhibits markedly superior redox activity, highlighting the
effectiveness of heteroatom engineering in preserving
MXene performance under physiologically challenging
conditions [146]. Such strategies offer promising avenues
for extending the functional lifespan of MXene-based
biosensors exposed to chloride-rich biofluids like sweat.

3.4. Surface Functionalization Strategies
Recent efforts toward integrating these advanced materials

into textile-based platforms and epidermal electronics have
reinforced the importance of addressing these stability
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concerns holistically [147]. By leveraging multiple
stabilization strategies such as layered heterostructures,
redox-inert coatings, and dynamic self-healing polymers
MXene-based biosensors are increasingly able to meet the
stringent demands of wearable healthcare, operating
reliably in real-world environments while maintaining
sensitivity to trace-level biomarkers in sweat [117]. Recent
advancements have focused on various strategies to
functionalize MXenes, tailoring their surface chemistry to
meet the demands of biosensing applications [25, 110,
117].0ne prominent approach involves the covalent
attachment of biomolecules to MXene surfaces. Lee ef al.
(2021) demonstrated a surface functionalization strategy
where polyethylene glycol carboxylic acid (PEGs-COOH)
was covalently grafted onto TisC.:Tx MXene via
esterification [148]. This modification significantly
improved dispersibility in nonpolar organic solvents while
preserving the structural integrity and electrical
conductivity of the flakes. The engineered PEG-
MXenes
microstructures and conductive thin films (~16,200

functionalized formed well-ordered
S-cm™), and the approach also enabled tunable surface
valency through the incorporation of o-functionalized PEG
ligands (e.g., ~NH2, —Ns). These findings highlight the
potential of controlled covalent modification for enhancing
MXene processability and expanding their functional
versatility in bioelectronic applications [148]. In a related
study, MXene flakes were covalently functionalized with
first-generation poly(amidoamine) (PAMAM) dendrimers
to form a stable hybrid structure (MXene@PAMAM) that
effectively mitigated restacking and anodic oxidation
[149]. This modification preserved MXene’s conductivity
while introducing a three-dimensional (3D) architecture
with high surface area and abundant functional groups. The
amino-rich PAMAM layer served both as a structural
stabilizer and as an anchoring matrix for gold nanoparticles
(AuNPs), enabling the construction of a highly sensitive
immunosensor for cardiac troponin-T detection. The
resulting biosensor achieved a wide detection range with
excellent sensitivity and long-term signal retention,
underscoring the potential of covalent biomolecular
grafting strategies to enhance the electrochemical
performance and stability of MXene-based devices [149].
Fig. 4 illustrates the enhanced -electrochemical
performance of the AuNPs/MXene@PAMAM hybrid
sensor. As shown by cyclic voltammetry (Fig. 4a—c), the
composite electrode exhibits superior redox stability and
significantly improved signal retention across repeated
cycles. The impedance analysis (Fig. 4d) and peak current
measurements (Fig. 4e, f) further confirm that the
hierarchical architecture reduces charge transfer resistance
and enhances electron transfer kinetics, contributing to a
>5-fold increase in current response compared to bare
electrodes [149].
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Figure 4. Electrochemical characterization of AuNPs/MXene@PAMAM-modified SPCE for enhanced biosensing performance. Reproduced from [149]
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Non-covalent functionalization methods have also been
explored to preserve the intrinsic properties of MXenes.
These stacking hydrogen
bonding, and electrostatic interactions with polymers or
biomolecules, facilitating the immobilization of enzymes
or aptamers without compromising MXene conductivity.
Such strategies have been employed to develop sensors
with enhanced sensitivity and selectivity for various
Thurakkal et al. (2022) demonstrated a non-
covalent functionalization approach where TisC2Tx MXene
stabilized using cationic porphyrins through
electrostatic interactions. The Fig. 5. illustrates the
synthesis of delaminated TisC.Tx MXene via LiF/HCl
etching followed by electrostatic interaction with
positively charged porphyrins, forming stable MXene—
porphyrin hybrids through non-covalent assembly [150].
This strategy effectively suppressed oxidation in aqueous

include 7= interactions,

analytes.
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environments while preserving the structural integrity and
electronic characteristics of MXene. The resulting hybrids
exhibited strong energy/electron transfer behavior and pH-
responsive porphyrin release, showcasing the potential of
non-covalent modification in enhancing both stability and
functional versatility of MXenes for biosensing and
biomedical applications [150].

Composite formation is another strategy wherein
MXenes are combined with other nanomaterials to
synergistically improve sensor performance. For example,
integrating MXenes with gold nanoparticles or graphene
has been shown to amplify redox signals and enhance
electron transfer rates, thereby increasing the sensitivity of
electrochemical biosensors. For instance, Fan ef al. (2024)
developed a highly sensitive DNA biosensor by integrating
amino-functionalized TisC.Tx MXene with AuNPs,
forming a TisC.2NH2 MXene@Au composite.
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By tuning the amino group content during exfoliation,
they precisely controlled the AuNP density via Au-N
interactions,  thereby  optimizing  probe  DNA
immobilization[151] performance.

The resulting nanocomposite sensor exhibited
exceptional sensitivity and selectivity for HBV-DNA,
achieving detection down to 1.05 x 107'* M across a wide
dynamic range, even in artificial serum [151]. This work
highlights how compositing MXenes with AuNPs can
synergistically enhance redox activity and electron transfer
efficiency in electrochemical biosensors In other work,
Mao et al. (2024) proposed a hybrid photonic crystal fiber
biosensor integrating gold, graphene, and Ti:C.Tx MXene
as a multilayered surface plasmon resonance structure for
cancer cell detection. This composite configuration,
modeled using finite element analysis, leveraged the
synergistic optical properties of the three materials to
achieve ultra-high sensitivity reaching up to 9286 nm/RIU
for MCF-7 breast cancer cells [152]. The strategic
manipulation of cladding geometry and material layering
significantly enhanced SPP coupling, enabling label-free,
cost-effective cancer diagnostics with remarkable
specificity [152]. This study exemplifies how MXene-
based hybrid composites can be tailored for advanced
photonic biosensing platforms. A recent study by
Saraswathi et al. (2024) introduced enzyme-free,
disposable glucose sensors based on 2D TizC.Tx MXene-
modified screen-printed gold electrodes, optimized for
non-invasive sweat analysis. By tailoring surface
terminations through direct and in-situ etching strategies,
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the researchers achieved controlled surface chemistry,
which significantly influenced the electrocatalytic.
Among the variants, LiF/HCl-etched MXene exhibited
the highest sensitivity (569.70 pA mM™ cm™?) and a
remarkably low detection limit of 5 nM. The sensor
enabled accurate glucose detection in natural sweat
samples without requiring dopants or enzymatic layers,
highlighting the potential of pristine MXene-modified
electrodes as practical, cost-effective tools for wearable
glucose monitoring platforms [153]. Chen et al. (2024)
developed a 3D electrochemical glucose sensor using a
porous aerogel composed of TisC.Tx MXene and reduced
graphene oxide, aimed at continuous and noninvasive
sweat glucose monitoring. The 3D architecture
significantly enhanced electron transfer efficiency by
minimizing the distance between the redox center of the
immobilized enzyme and the electrode surface, while also
ensuring stable enzyme retention [154]. A key innovation
was the integration of a real-time adaptive calibration
system that simultaneously accounts for pH fluctuations in
sweat, enabling dynamic and accurate glucose sensing
during physical activity. This work underscores the
potential of multifunctional MXene-based composites for
next-generation personalized health monitoring platforms
[154]. Dai et al. (2017) reported the development of
multifunctional tantalum carbide (TasCs) MXene-based
nanosheets engineered for imaging-guided photothermal
cancer therapy. By leveraging the reductive nature of the
MXene surface, manganese oxide (MnOx) nanoparticles
were grown in-situ, creating MnOx/Ta«Cs composites with
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synergistic functionalities. The Ta component provided
strong X-ray attenuation for enhanced CT imaging, while
MnOx contributed pH-responsive contrast in T1-weighted
MRI. In addition, the composite exhibited efficient
photothermal conversion for photoacoustic imaging and
effective tumor ablation through localized hyperthermia.
This study exemplifies how rational composition tuning
and surface functionalization of MXenes can expand their
role in noninvasive, multimodal cancer theragnostic [155].
Furthermore, surface passivation techniques have been
employed to mitigate the oxidation of MXenes in aqueous
environments.  Coating MXene  surfaces  with
biocompatible polymers such as chitosan or polyethylene
glycol not only enhances their stability but also provides
functional groups for further bioconjugation, extending the
operational lifespan of wearable sensors. Yin ef al. (2025)
developed a high-performance
electrochemical glucose sensor by integrating MXene with
nickel—cobalt layered double hydroxide (NiCo-LDH) and
subsequently coating the composite with chitosan. The
MXene component provided excellent conductivity and a
large active surface area, while NiCo-LDH enhanced
catalytic activity for glucose oxidation. Critically, the
chitosan layer served as a biocompatible passivation

non-invasive

coating, improving structural integrity and sensor stability
in complex media such as saliva. The incorporation of
NiCo-LDH and chitosan onto MXene-modified electrodes
significantly improves redox activity and reduces R The
scan rate-dependent measurements confirm the sensor's
excellent linearity and fast electron transfer Kkinetics,
demonstrating its high sensitivity and stability for glucose
detection. The resulting sensor exhibited excellent
sensitivity (154.05 yA mM™ ecm™2?), a wide linear range,
and a low detection limit, underscoring the effectiveness of
polymer coatings like chitosan in extending sensor lifespan
and ensuring biocompatibility in wearable monitoring
systems [156]. In a similar manner, Pan et al. (2024)
developed a wearable -electrochemical biosensor by
integrating TisC.Tx MXene with a biocompatible poly(3,4-
ethylenedioxythiophene)polystyrenesulfonate (PEDOT:P

SS) based conductive hydrogel for continuous,
noninvasive glucose monitoring in sweat. MXene and
glucose oxidase (GOx) were mixed into a PEDOT:PSS
hydrogel matrix, forming a flexible electrochemical patch
capable of noninvasive glucose detection in sweat during
physical activity [157]. Ethylene glycol was introduced
during synthesis to enhance polymer chain mobility,
resulting in improved film formation, flexibility, and
electrical conductivity. This structural optimization also
addressed material agglomeration and delamination,
enhancing sensor stability. The device exhibited a low
detection limit of 1.9 uM and a sensitivity of 21.7
PA-mM'-cm2. When applied on human skin using
screen-printed carbon electrodes, the hydrogel patch
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demonstrated strong agreement with conventional glucose
meters, confirming its potential for real-time wearable
diabetes management [157].

Emerging strategies also include the development of
porous MXene structures to increase the surface area
available for biomolecule immobilization, thereby
improving the sensitivity and response time of biosensors.
These porous architectures facilitate efficient mass
transport and rapid analyte diffusion, which are critical for
real-time monitoring applications [158, 159]. These
surface functionalization strategies are pivotal in
harnessing the full potential of MXenes for wearable
biosensing applications, enabling the development of
devices that are not only sensitive and selective but also
robust and adaptable to the complex environment of human
sweat [160, 161].

3.5. Integration of MXenes into Wearable Biosensing
Platforms

The transition from laboratory-based electrochemical
measurements to real-time, on-body monitoring requires
sensor materials that are not only functionally superior at
the molecular level but also compatible with scalable
fabrication techniques and flexible device architectures
[162]. Among the most widely adopted integration
methods is the fabrication of thin, flexible MXene films via
vacuum-assisted filtration or drop-casting, followed by
transfer onto stretchable elastomeric substrates such as
PDMS or Ecoflex [163].

These platforms enable conformal contact with skin
and preserve signal fidelity under motion-induced
deformation. For example, in a recent study, Zahed et al.
(2023) demonstrated a fully integrated, flexible patch
system combining microfluidic glucose sensing and dry
electrophysiological monitoring using scalable, skin-
conformal fabrication strategies. Their device employed
laser-patterned MXene—PVDF-derived carbon nanofiber
electrodes and reduced graphene oxide-based glucose
sensors, achieving reliable signal acquisition even under
physical movement.

This platform maintained the sensitivity during bending
and enabled real-time adjustment based on dynamic sweat
pH and temperature, underscoring the role of MXene-
derived materials in multimodal, miniaturized biosensing
platforms tailored for continuous on-body monitoring
[164]. Beyond simple film-based configurations, MXenes
have also been incorporated into stretchable hydrogels,
which provide a dual advantage of mechanical softness and
ionic permeability, both desirable for interfacing with
human skin and sweat glands.

In a recent report, Wang et al. (2020) introduced a rapid
self-assembly method to fabricate TizC.Tx MXene-based
poly(acrylic acid) (PAA) hydrogels with exceptional
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conductivity and stretchability (~1400%), specifically
designed to overcome nanosheet restacking. By inducing
in-situ TiO: nanoparticle growth on MXene surfaces, the
strategy not only prevented aggregation but also enabled
ultrafast polymerization without external heating. The
resulting hydrogels exhibited tunable mechanical and ionic
properties, making them highly suitable for wearable

(A)

bioelectronics and skin-interfacing applications where both
softness and signal permeability are essential [165]. Gong
et al. (2023) developed a novel MXene nanochannel
hydrogel by embedding TisC.Tx within the aligned
microstructure of electrospun fiber textiles, forming a
neuron-like, interconnected conductive network (Fig. 6A)
[166].
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Figure 6. Representative MXene—hybrid architectures for flexible wearable sensing. (A) MXene nanofiber—reinforced hydrogel exhibiting strong self-
adhesion to skin and bone, antifreezing capability, and high mechanical sensitivity enabled by aligned nanofiber channels. Reprinted with permission from
[166] Copyright © 2023, American Chemical Society (B) Microstructured MXene—silicone nanocomposite fabricated via 3D-masked casting and integrated
with conductive fabrics for double-sided skin contact and robust physiological signal monitoring

Reprinted with permission from [167] © 2021 Wiley-VCH GmbH
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Unlike conventional MXene-filled hydrogels, this
architecture provided greater mobility and alignment of the
nanosheets,  significantly  enhancing conductivity,
mechanical resilience, and sensitivity. As can be seen from
Fig. 6A, the resulting hydrogel exhibited self-adhesion,
antifreezing capability, and excellent performance in
detecting subtle physiological signals such as pulse,
highlighting its potential for next-generation flexible and
wearable biosensing applications [166].

In pursuit of fully integrated, wearable systems, screen
printing and inkjet printing of MXene-based inks onto
flexible substrates have gained momentum. These
techniques allow scalable, low-cost patterning of sensor
electrodes and interconnects. These techniques offer
scalable and cost-effective patterning for sensor electrodes
and interconnects, advancing the manufacturability of
next-generation wearables. Yi et al. (2021) demonstrated a
self-powered, fully integrated wearable platform using 3D-
printed MXene-based inks coupled with stretchable SEBS
substrates. The system included a triboelectric
nanogenerator (TENG), high-sensitivity pressure sensors,
and near-field communication modules, enabling
continuous and wireless monitoring of physiological
signals such as radial artery pulse—without the need for
external power. In this multifunctional platform, MXene
ink is 3D-printed into sensing components and energy
harvesters, enabling self-charging from biomechanical
energy and seamless data transmission to mobile devices.
This approach exemplifies the role of printed MXene
technology in realizing autonomous, skin-interfacing
biosensor systems [168].

Textile-based MXene integration is an emerging area of
interest, as it enables biosensors to be embedded directly
into garments for large-area, non-invasive sensing. Dip-
coating or spraying of MXene suspensions onto conductive
textile fibers, followed by functionalization with selective
biorecognition layers, has yielded promising results for on-
cloth sensing of sweat analytes. In a recent demonstration,
Wang et al. (2021) developed a superhydrophobic,
wearable textile sensor by assembling 2D TisC.Tx MXene
nanosheets and  zero-dimensional (0D)  silicon
nanoparticles (SiNPs) onto cotton fibers, forming a
hierarchically structured MX@SiNPs cotton composite
[169]. This hybrid textile platform exhibited exceptional
multi-mode sensing capabilities with high sensitivity (up to
12.23 kPa™") and long-term durability, even under wet or
corrosive environments. The low surface energy of the
SiNP coating preserved MXene's conductivity while
improving wash resistance, showcasing the feasibility of
integrating MXenes into fabric-based substrates for
scalable, flexible, and  waterproof  biosensing
applications[ 169]. Interfacing MXene sensors with readout
electronics and data communication modules is essential
for developing complete wearable systems[168, 170].
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Integration with flexible printed circuit boards, Bluetooth
low-energy modules, and smartphone apps has enabled
real-time visualization and data logging in multiple studies.
Furthermore, some research efforts have explored energy-
autonomous systems, where MXene sensors are paired
with triboelectric or thermoelectric energy harvesters to
support continuous monitoring without external batteries,
a key step toward sustainable, untethered bioelectronic
devices.

In a study by Salauddin ez al (2022), a fabric-assisted
micropatterning strategy was developed to engineer
hierarchical surface microstructures on MXene/silicone
nanocomposites (Fig. 6B) [167]. This approach enabled
controlled alignment and confinement of MXene flakes
within the silicone matrix, significantly enhancing
interfacial charge generation and trapping without
requiring high-temperature processing or complex
lithography.

The resulting double-side-contact TENG demonstrated
nearly a 10-fold increase in output voltage and more than a
20-fold enhancement in current density compared with
unstructured silicone counterparts. Beyond energy
harvesting, the system reliably powered wearable
electronics and enabled real-time motion sensing and
wireless interfacing, illustrating a scalable pathway toward
battery-free MXene-based platforms for continuous
physiological and biomechanical monitoring [167].The
compatibility of MXenes with both solution-based
processing and dry-transfer techniques offers design
freedom across multiple device form factors. Whether
integrated into soft patches, textile bands, or even tattoo-
like epidermal electronics, MXenes provide a robust
platform for the translation of high-performance materials
into clinically and commercially viable biosensing
solutions.

The ongoing refinement of printing methods, device
encapsulation, and biorecognition layer integration
continues to expand the capabilities of MXene-based
systems for real-time health monitoring.

4. Advanced-Material Engineering Strategies
Toward Personalization

4.1. MXene—Polymer Composites for Adaptive
Interface Engineering

The integration of MXenes into wearable biosensors offers
compelling opportunities for high-fidelity biochemical
monitoring. However, the effective interfacing of these 2D
materials with soft, dynamically changing biological
surfaces such as human skin presents significant
engineering challenges.

To bridge this mechanical and biochemical mismatch,
MXene—polymer composites have emerged as a powerful
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platform for building adaptive sensing interfaces that are
not only structurally compliant and stretchable, but also
capable of tuning their interfacial properties in response to
user-specific sweat compositions. The interfacial structure
of MXene—polymer composites directly dictates the
analyte transport and charge-transfer behavior in sweat
sensing. Uniformly dispersed MXene nanosheets establish
continuous electron-conduction networks, while polymer-
swelling kinetics regulate ion diffusion from sweat into
these networks. Highly crosslinked polymers provide
mechanical robustness but restrict ion transport, whereas
loosely crosslinked or hydrophilic matrices enhance
sensitivity at the cost of slower recovery times. These
tunable couplings between microstructure, hydration
behavior, and electron/ion mobility form a rational
framework for future MXene composite design.

In wearable sweat biosensors, sensor interfaces must
endure not only cyclic mechanical deformation from
bodily movement but also variations in hydration,
temperature, salt concentration, and surface chemistry
arising from inter-individual and intra-individual sweat
variability. The polymer matrix in MXene—polymer
composites acts as a dynamic medium that can be
engineered to respond intelligently to these changes,
modulating analyte diffusion, ion exchange rates, and even
surface charge distribution [171, 172]. This creates a
feedback-competent interface where sensor performance
can be dynamically matched to the user’s biochemical
environment.

A key functional parameter is swelling behavior the
ability of the composite to absorb water and expand,
thereby altering internal porosity, ionic diffusivity, and
interfacial contact area. Hydrophilic polymers such as
polyvinyl alcohol (PVA), PEG, and polyacrylamide have
been widely employed to form hydrogels with embedded
Ti3C2Tx, M02CTy, or Nb2CTy flakes. In these systems, the
polymer not only stabilizes the MXene against oxidation
but also serves as a tunable ionic conductor. For instance,
a recent study by Liu ef al. (2021) addressed the common
challenge of MXene aggregation in hydrogels by
introducing a chitosan-induced self-assembly method to
fabricate a dispersion-enhanced MXene hydrogel. In this
system, polyacrylamide serves as the swelling matrix,
while chitosan forms a positively charged scaffold that
interacts electrostatically with MXene nanosheets,
preventing their restacking [173]. This strategy not only
preserves the hydrophilicity and swelling capability of the
hydrogel but also creates a highly interconnected 3D
conductive network, improving both ionic transport and
electron mobility. The resulting composite exhibits
exceptional mechanical flexibility (up to 1900% strain),
conductivity, self-adhesion, and antibacterial functionality,
demonstrating the critical role of hydrophilic polymers in
stabilizing MXenes and tailoring hydrogel properties for
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wearable biosensing and soft electronic applications [173].
Peng et al. (2023) developed a multifunctional ionotronic
hydrogel composed of polyvinyl alcohol, polyacrylamide,
CaClz, and MXene esigned for bionic skin sensors. By
integrating both electron- and ion-conductive pathways
through the combined effects of MXene and CaCl., the
hydrogel overcomes the limitations of conventional
electronic or ionic skins. Notably, the CaCl. component
imparts a moisture self-regenerative capability, allowing
the hydrogel to retain water and functional stability for
over 70 days under ambient conditions. The composite also
demonstrates remarkable features such as anti-freezing
performance down to —50 °C, high strain sensitivity, and
strong self-adhesion. These properties collectively position
PPCM hydrogels as robust, long-lasting platforms for
practical applications in wearable electronics, prosthetics,
and human—machine interfaces [174]. In other work, Sun
et al. (2024) introduced a MXene-based polyampholyte
hydrogel engineered to suppress excessive swelling in
aqueous  environments while maintaining  high
stretchability (up to 1391%), reliable conductivity, and
self-healing capability. The anti-swelling design enabled
stable underwater sensing performance across a wide strain
range (2-400%), making it suitable for real-time aquatic
applications. Additionally, the hydrogel exhibited rapid
photoresponsiveness and was successfully integrated into
an underwater warning system, demonstrating its potential
for environmental monitoring, marine technology, and
smart urban infrastructure [175].

The interfacial ion transport properties of MXene—
polymer systems are also highly tunable through polymer
chain architecture, crosslinking density, and ionic
functional group incorporation. Nafion, a sulfonated
tetrafluoroethylene-based fluoropolymer, has been co-cast
with TisC.Tx to yield composites that exhibit directional ion
conductivity and enhanced selectivity for cationic analytes,
critical in multiplexed sweat electrolyte sensing. Shahzad
et al. (2019) demonstrated that coating Tis:C.Tx MXene-
modified electrodes with Nafion significantly enhanced the
electrochemical detection of DA, achieving high
sensitivity (~3 nM), excellent selectivity, and a broad
detection range (0.015-10 pM). The negatively charged
MXene surface and the ion-selective nature of Nafion
worked synergistically to favor cationic DA transport,
enabling discrimination from interfering species.
Compared to reduced graphene oxide-based sensors, the
MXene—Nafion composite exhibited superior performance
in real-sample testing, highlighting how ionic functional
polymers like Nafion can modulate interfacial ion transport
and improve selectivity in MXene-based biosensing
platforms [176]. Further demonstrating the role of
polymer-assisted ion transport in MXene-based sensing
systems, Cao et al. (2022) fabricated a DA electrochemical
sensor by co-assembling ZnO nanoparticles with
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monolayer TisC-Tx and coating the composite with Nafion.
The resulting ZnO/TisC.Ty/Nafion-modified Au electrode
exhibited a broad linear detection range (0.1-1200 uM), a
low detection limit (0.076 uM), and high sensitivity
(96 nA/uM), with excellent reproducibility and recovery
(97.8%—-102.2%) in biological samples [177].

Guo et al. (2023) developed a zwitterionic MXene-
based conductive hydrogel with rapid synthesis, antifreeze
capability, and long-term environmental stability. The
hydrogel was prepared within one minute through an
autocatalytic reaction system involving tannic acid-
modified cellulose nanofibers and ZnCl., into which
TisC.Tx nanosheets were incorporated to enhance
conductivity (~30mScm™) and mechanical flexibility
(stretchability =~ ~980%). The resulting  material
demonstrated durable adhesion even after prolonged air
exposure, remained functional across an ultra-wide
temperature range (—60 °C to 40 °C), and was effective for
high-resolution physiological signal monitoring, including
handwriting and voice recognition. Its versatility and
robustness make it a strong candidate for wearable
healthcare devices and intelligent sensing systems in
challenging environments [178]. These hybrid systems
exploit the synergy between the electronic transport of
MXenes and the ionic transport of hydrated polymer
chains, resulting in stable signal transduction under
physiological strain.

Beyond linear composites, recent advances in self-
healing and thermoresponsive polymer matrices have
enabled the development of MXene—polymer systems that
adapt their morphology and conductivity over time. For
example, Zhang et al. (2020) reported a self-healing,
stretchable MXene/silicone composite engineered through
biomolecule-assisted modification. By functionalizing
MXenes and amino-terminated PDMS via esterification
and Schiff base reactions, the resulting material achieved
uniform MXene dispersion, high electrical conductivity,
and robust mechanical performance. The reversible
hydrogen and imine bonding networks imparted excellent
self-healing efficiency, restoring up to 98.4% of tensile
strength and 97.6% of conductivity after damage. The
composite, containing 10 wt% modified MXene, exhibited
reliable strain-sensing capabilities and was able to detect
subtle physiological movements such as speech and
swallowing, even after repeated cut-heal cycles. This work
highlights a scalable approach for developing
multifunctional,  wearable electronics = combining
mechanical resilience and sensing precision [179].

Importantly, MXene—polymer composites serve as not
just structural or transport media but as information-
processing layers. Their tunable permselectivity, redox
buffering capacity, and dynamic swelling can be exploited
to perform on-material preprocessing of biochemical
signals such as filtering pH shifts, smoothing ionic noise,
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or biasing diffusion of larger interferents prior to
downstream signal capture and digitization[ 134, 172]. This
built-in biochemical filtering can be particularly valuable
when analyzing sweat from users with altered physiology
(e.g., hyperhidrosis, cystic fibrosis, or dehydration), where
standard sensor calibrations may fail.

In the context of personalized bioelectronics, the use of
adaptable MXene—polymer composites thus offers a
materials-first approach to user matching. Rather than
relying exclusively on software-based calibration, these
materials can be pre-engineered or in situ tuned to match
specific user sweat profiles. This paradigm shift, from
calibrating signal output to calibrating the material input,
represents a fundamental innovation in biosensor
personalization strategy, and lays the groundwork for
biosensors that are tailored not only to a measurement but
to a person.

4.2. Structuring and Patterning for Signal Fidelity

In personalized sweat biosensing platforms, the design of
the sensor interface must go beyond basic conductivity or
sensitivity and focus on optimizing signal fidelity under
dynamic, real-world conditions[18]. As wearable sensors
are continuously exposed to mechanical motion,
heterogeneous sweat  diffusion,
variability, achieving stable and reproducible signal
transduction becomes increasingly challenging[78, 180].
Micro- and nanostructuring of MXene-based sensing
materials offers a powerful engineering route to address
this problem by enhancing analyte accessibility, increasing
signal-to-noise ratio, and improving interfacial coupling
with both the skin and the analyte-rich fluid.

At the nanoscale, structuring techniques such as

and biochemical

template-assisted synthesis, laser-induced patterning, and
freeze-casting have been utilized to create MXene films
and composites with controlled porosity, hierarchical
surface roughness, and anisotropic channel architectures
[99, 101, 159].

These features facilitate mass transport of ions and
small molecules, minimize local analyte depletion zones,
and promote uniform contact between the sensor and sweat
film. For instance, novel enzymatic glucose sensors were
fabricated using synthesized molybdenum carbide (MosCz)
MXene and dPIn-modified screen-printed -electrodes,
demonstrating their first reported application in glucose
sensing; although MWCNT-dPIn composites exhibited
superior electrochemical performance, MosC:-based
sensors still provided stable, selective, and reproducible
detection across physiologically relevant glucose ranges,
supporting the utility of structured MXene composites in
biosensing platforms [181]. In other work, MXene-
wrapped cationic polystyrene spheres have been pyrolyzed
to synthesize highly graphitic carbon quantum dots
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(CQDs), where the TisC.Tx shell not only catalyzed
dehydrogenation via C—Ti—O active sites but also acted as
a confinement barrier to regulate the diffusion and
carbonization of decomposition products, demonstrating a
templated approach to control nanoscale architecture and
enhance material uniformity [182].

Beyond increasing electrochemically active area,
microstructuring can improve mechanical interlocking
between the sensor surface and the skin, reducing motion-
induced noise. Patterning MXene layers into interdigitated
microelectrodes (IDEs) or micropillar arrays not only
amplifies the capacitance signal but also enhances
adhesion under strain [183]. For wearable platforms, this
translates into improved robustness of measurements
during movement, sweat accumulation, or hydration
changes. For instance, Turcan et al. (2024) demonstrated
the successful dielectrophoretic assembly of pristine
MXene flakes across interdigitated microelectrodes,
forming uniaxial conductive bridges whose alignment and
density could be precisely tuned via frequency and voltage
parameters, paving the way for reproducible, directionally
oriented MXene architectures in miniaturized chemi-
resistive sensors [184]. In another work, Cai et al. (2018)
designed a MXene/CNT-based percolation network with a
woven microstructure that synergistically combined 2D
TisC>Tx nanosheets and 1D carbon nanotubes to achieve
ultrathin, highly stretchable strain sensors with excellent
adhesion, stability, and a detection limit as low as 0.1%
strain. This demonstrates how microstructural engineering
can enhance both sensitivity and mechanical robustness for
continuous physiological monitoring during movement.
[138]. Similarly, Lu et al. (2020) developed highly
stretchable and pressure-sensitive MXene-based hydrogel
sensors by embedding uniformly dispersed TisC.Ty
nanosheets into a double-network PVA/PVP hydrogel,
forming a 3D conductive architecture that enhanced
mechanical interlocking, resilience (up to 2400% strain),
and signal fidelity under dynamic deformation. This is
ideal for real-time monitoring of complex human motions
such as facial expressions, phonation, and handwriting.
[185]. Zhang et al. (2021) developed a fully self-powered
smart sensor system by integrating MXene/black
phosphorus (BP) lamellar structures into both flexible
pressure sensors and laser-written micro-supercapacitors,
enabling high sensitivity (77.61 kPa™), rapid response
(10.9 ms), and real-time heart signal monitoring without
external power [186].

Signal fidelity is also closely linked to spatial
resolution, particularly in multiplexed or patch-based
devices designed to monitor multiple analytes in parallel.
Microfluidic-guided patterning, such as using wax printing
or laser-engraved microchannels, can spatially isolate
MXene sensing regions for selective analyte detection
while avoiding cross-talk between adjacent regions. In
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such designs, patterned MXene zones can be
functionalized individually, enabling simultaneous sensing
of lactate, glucose, and electrolytes from the same sweat
sample. These modular architectures are critical for
translating MXene-based materials into wearable
biochemical arrays, where local signal integrity and
minimal interference are essential. For instance, Nah et al.
(2021) developed a wearable microfluidic electrochemical
immunosensor by integrating TisC.Tx MXene into a LBG
3D electrode network on a PDMS substrate, enabling
localized and selective detection of cortisol in sweat. The
microfluidic channel guided sweat into a defined chamber,
allowing spatial isolation of the sensing zone and
minimizing cross-talk. This configuration not only
improved signal fidelity and detection sensitivity (LOD:
88 pM) but also demonstrated the potential of MXene-
integrated microfluidic patch systems for multiplexed,
point-of-care biomarker analysis [187]. In other work, Liu
et al. (2022) demonstrated a high-throughput microfluidic
synthesis platform for producing TisC.Tx MXene
uniformly  dispersed Pt—Pd
nanoparticles, achieving precise control over nanoparticle
size (2.4-9.3 nm), composition, and distribution under
tunable flow rates. The resulting TisC>Tx/Pt—Pd composites
exhibited superior electrocatalytic activity for hydrogen
peroxide sensing, with a broad detection range (1-
12,000 uM), low detection limit (0.3 uM), and high
sensitivity (300 pA mM™' cm™), outperforming batch-

functionalized  with

synthesized counterparts and highlighting the promise of
microfluidic strategies for scalable, high-performance
MXene-based sensor fabrication [188]. Similarly, Wen et
al. (2022) developed a FRET-based fluorescent biosensor
for the ultrasensitive detection of amyloid B oligomers
(ABO), a key biomarker of Alzheimer’s disease, by
integrating carboxyfluorescein-labeled aptamers with 3D
FesO4/MXene nanospheres as novel quenchers on a PDMS
microfluidic chip. The platform achieved a wide linear
detection range (0.10-200nM) with a remarkably low
detection limit (~0.05 nM) using minimal sample volume
(~4.5 uL), demonstrating the promise of MXene-based
nanostructures in early-stage neurodegenerative disease
diagnostics and miniaturized smart healthcare systems
[189].

At the interface with electronics, structuring also
improves impedance matching and charge transfer
efficiency. Techniques such as microcrack engineering and
fracture-controlled patterning, wherein cracks are
introduced intentionally in composite films to segment
conductive paths, have been used to maintain electrical
performance under bending and torsion while reducing
noise from capacitive drift [190, 191]. These crack-
insensitive patterns are especially relevant for devices
operating over long durations on regions prone to flexion
(e.g., wrists, elbows), where mechanical noise could
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otherwise compromise baseline drift [191, 192]. On the
other hand, the choice of substrate and its compatibility
with patterned MXene layers is another crucial design
factor. Recent approaches have utilized stretchable,
breathable materials such as electrospun polyurethane
meshes or porous PDMS membranes, onto which patterned
MXene electrodes are deposited via screen-printing or
layer-by-layer assembly [136, 185]. These systems
improve sweat permeation, reduce hydration lag, and
preserve intimate contact with the skin, three conditions
that significantly influence the electrochemical signal
fidelity in wearable formats. Moreover, emerging
structuring  strategies also incorporate bio-inspired
geometries, such as honeycomb microchannels or lotus-
leaf-like textures, which can facilitate self-cleaning, anti-
fouling behavior, and rapid sweat wicking [193]. Such
features contribute not only to mechanical and chemical
stability but also to consistent analyte delivery and
minimized contamination from skin lipids, dead cells, or
exogenous molecules (e.g., cosmetics). Bio-inspired
structuring may also assist in extending the operation
window for sensors worn continuously over multiple days,
aligning with the goal of long-term, personalized health
monitoring[193—-195]. For example, Chen et al. (2025)
developed a leaf-inspired MXene-composited hydrogel
using tannic acid encapsulation and cellulose nanofiber
intercalation, forming a stable 3D nano-motif that
preserved MXene integrity for over 10 days under
oxidative conditions. The resulting PCM-TENG
demonstrated robust mechanical resilience, high
stretchability (>800%), and sustained performance as a
self-powered biosensor, highlighting how bio-inspired
structuring strategies can extend operational longevity in
wearable health monitoring applications [195].

As personalized biosensing applications demand high-
resolution, drift-free signal acquisition over extended
durations, micro- and nanoscale structuring of MXene-
based materials will play a central role in achieving stable
and reliable device performance [18]. Structuring not only
amplifies sensing performance but serves as a foundational
design layer that complements the chemistry and
electronics in realizing adaptive, user-specific biosensing
systems.

4.3. Tuning Surface Charge and Ion Exchange
Behavior

In the design of personalized wearable biosensors, one of
the most underappreciated yet critically important
engineering variables is the surface charge of the sensing
material [111, 115].

This becomes particularly relevant when the biosensor
operates in a medium as chemically dynamic as human
sweat, where ionic composition, pH, and the presence of
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competing species vary both across individuals and
temporally within the same user.

Because sweat composition varies widely among
individuals, tuning MXene surface charge emerges as a
potent strategy for selective analyte recognition.
Modulating the zeta potential of MXenes by tuning the
density and distribution of surface terminations is a direct
approach to influence this behavior [25, 111]. MXenes with
negative zeta potentials preferentially attract cationic
metabolites (NH4*, Ca?"), while positively modified
surfaces favor anionic species such as lactate or chloride.
Termination engineering, pH-induced charge modulation,
and functional coatings can therefore be strategically
leveraged to match target analytes and reduce cross-
sensitivity. This direct mapping between surface chemistry
and selectivity establishes clear guidelines for personalized
and multi-analyte sweat sensor design.

In a recently published work, Venkatesan et al. (2024)
demonstrated that incorporating TiO--functionalized
MXene into a polystyrene nanofiber membrane introduced
effective charge-trapping behavior in a triboelectric
nanogenerator, significantly enhancing surface charge
retention and electric field distribution. This result
emphasizes how tailoring MXene surface chemistry,
specifically by modifying its termination groups and zeta
potential, can optimize interfacial charge dynamics in
ionically complex environments, thereby improving
stability and performance in bio-interfacing applications
such as wound healing and sweat-powered wearable
sensors [196]. On the other hand, Hajian et al. (2018)
employed first-principles density functional theory (DFT)
simulations to demonstrate that tuning the ratio of surface
terminations on TisC.Tx MXene (particularly reducing
fluorine content in favor of oxygen and hydroxyl groups)
enhances ammonia adsorption by increasing charge
transfer and adsorption energy. This study underscores how
surface termination engineering directly influences zeta
potential and interfacial electrostatics, offering a strategic
route to improve selectivity and sensitivity of MXene-
based chemical sensors in complex biological
environments[197]. In another DFT-based study, it was
revealed that the adsorption behavior of Ti2C MXenes
toward various flue gas molecules is highly dependent on
surface terminations, with oxygenated groups (e.g., =0, —
OH) enabling strong chemisorption of polar species like
NHs and NO, while halogenated (Br, Cl) and amine (—-NH)
terminations primarily promote physisorption with weaker,
reversible interactions. The findings highlight that surface
termination not only governs adsorption strength and
selectivity but also impacts structural stability under
reactive conditions—providing a theoretical framework for
tailoring MXene interfaces in selective gas sensing and
separation technologies[198]. In the concept of wearable
sensors, Li ef al. (2022) enhanced the VOC selectivity and
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humidity tolerance of TisC.:Tx MXene by introducing
hydrocarbon surface terminations, which significantly
suppressed water vapor interference (by 71%) while
increasing ethanol sensitivity fivefold at room temperature
[199]. Fig. 7 illustrates the design and operation of the
hydrocarbon-terminated  TisC.Tx-M2  MXene sensor
integrated into a flexible wearable platform for real-time
breath ethanol monitoring. Fig. 7a shows the device
architecture, highlighting the flexible substrate, patterned
MXene sensing layer, and wireless module for on-body
deployment. Fig. 7b presents the fabrication procedure,
including MXene surface termination, electrode
patterning, and encapsulation into a breathable wearable
patch. Fig. 7c depicts the wearable prototype positioned
near the exhalation pathway for continuous on-body breath
analysis. As shown in Fig. 7d, the hydrocarbon-terminated
TisCoTy-M2  sensor  delivers rapid and  sensitive
electrochemical responses to ethanol, closely correlating
with commercial BrAC detector outputs. Fig. 7e—f further

demonstrate the enhanced selectivity, reduced baseline
drift, and improved operational stability of TisC2Tx-M:
compared to pristine TisC2T, confirming the benefits of
surface termination engineering for volatile organic
compound (VOC) sensing. Collectively, the results
highlight that surface-modified MXene electrodes
significantly improve chemical specificity and long-term
stability, enabling practical integration into wearable
breath-analysis systems for intelligen -health monitoring.
An equally powerful approach lies in surface charge
inversion or patterning, where MXenes are chemically or
physically modified to present regions of opposing or
tunable polarity. This has been achieved by grafting amine-
functionalized silanes (e.g., 3-aminopropyl)
triethoxysilane (APTES)) or zwitterionic polymers (e.g.,
poly(sulfobetaine methacrylate)) onto MXene surfaces,
resulting in surfaces capable of capturing both anionic and
cationic analytes in a pH-dependent fashion [88, 178].
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Figure 7. Wearable Ti;C>T,-M2> MXene sensor platform for real-time, wireless monitoring of exhaled ethanol (a) Schematic illustration of breath alcohol
monitoring using a mask-integrated MXene sensor. (b) Optical image of the flexible sensor device. (c) System architecture detailing signal processing and
wireless transmission. (d) Real-time resistance change (AR/Ro) in response to ethanol following beer intake, showing strong correlation with a commercial
BrAC detector. (e—f) Comparative ethanol sensing performance of TisC2T,-M: versus unmodified TisC2Tj, highlighting the enhanced sensitivity and signal
clarity of the modified sensor. Reprinted with permission from [199] © 2021 Wiley-VCH GmbH
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Such dual-affinity systems offer flexibility for
simultaneous monitoring of multiple sweat constituents
with opposite charges—e.g., lactate (negatively charged at
physiological pH) and ammonium (positively charged)—
without mutual signal interference. Moreover, as sweat pH
can vary between 4.5 and 7.5 depending on body region,
hydration state, and individual physiology, the pH
responsiveness of MXene interfaces is another critical
dimension of design. In practical terms, this means that
sweat sensors lacking pH normalization or charge control
may misinterpret analyte concentrations due to
confounding electrochemical signals arising from proton
flux or ionic masking [29, 78, 200].

Integrating pH-stable MXene—polymer composites or
applying real-time signal correction algorithms based on
electrostatic modeling, provides a pathway to compensate
for these confounding factors and move closer to accurate,
personalized sensing. Surface charge engineering of
MXenes thus constitutes a material-level calibration
mechanism one that can be embedded directly into the
sensor structure. As personalization becomes a cornerstone
of biosensor design, MXenes offer a unique opportunity to
match their interfacial behavior to an individual’s sweat
signature, whether it reflects their diet, hydration habits,
disease state, or even genetic makeup.

5. Case Studies and Experimental Advances of
Sweat-Responsive MXene-Based Sensors

While this review focuses on MXene-based wearable
sweat sensors, a limited number of non-MXene examples
are intentionally incorporated in this section to serve as
benchmark comparisons. These reference systems, such as
carbon nanostructures, metal oxides, and polymer-based
sensing platforms, provide essential contextual baselines
for evaluating MXene performance in terms of
conductivity, electrocatalytic  activity,
compliance, and interface stability. Their inclusion is
strictly comparative and enables a clearer distinction of the
advantages and remaining challenges of MXene-based
architectures relative to widely adopted material classes in
wearable biosensing. This framing ensures that the
discussion remains MXene-centered while delivering a
scientifically meaningful assessment of design trade-offs
relevant to real-world sensor deployment. In recent years,

mechanical

a growing body of experimental work has validated the
feasibility of MXenes as core sensing materials for sweat
diagnostics, yet challenges remain in ensuring their
robustness under physiologically variable conditions and
translating laboratory prototypes into real-world use. The
diversity of sweat biomarkers necessitates MXene-based
sensing architectures that are not only compositionally
tuned but performance-matched to the analytical demands
of each target analyte. In recent experimental
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demonstrations, sensitivity, LOD, response time, and
stability are strongly dictated by the interplay between
MXene flake chemistry, termination profile, hybrid
assembly, and polymer or hydrogel interfaces. For
example, sensors designed for electrolytes prioritize rapid
ion transport and broad linearity, whereas glucose and
lactate platforms emphasize catalytic enhancement and
interference rejection through composite engineering.
Cortisol and other low-abundance biomarkers require
termination-controlled MXenes or biofunctional surfaces
to achieve nM-level detection fidelity. By analyzing these
case studies through the lens of performance—structure
coupling, Section 5 highlights how experimental MXene
designs strategically align material properties with
application-specific performance requirements.
Electrochemical sensing platforms leveraging TisC2Ty
have been the most extensively explored. In a
representative example, Zhang et al. (2025) reported a
wearable  biosensing system  based on a
Ga@MZXene/chitosan (CS) hydrogel composite that
combines high conductivity with excellent mechanical
stretchability. By forming a three-dimensional conductive
network, the Ga-integrated MXene enhanced signal
transduction, while the CS hydrogel provided sweat
absorption, adhesion, and softness for skin-conformal
application. The biosensor demonstrated a low detection
limit of 0.77 uM, high sensitivity (1.122 pA-uM*-cm™),
and a wide linear detection range (10-1000 uM), making it
well-suited for continuous sweat analysis and personalized
health monitoring [201]. Myndrul et al. (2022) reported a
skin-attachable and stretchable electrochemical glucose
sensor integrating ZnO tetrapods with TizC.Tx MXene
nanoflakes, enabling non-invasive, real-time monitoring of
glucose in sweat with high sensitivity (29 pA mM™ cm™),
a low detection limit (~17puM), and mechanical
stretchability up to 30%. The sensor demonstrated strong
correlation with conventional blood glucose readings,
highlighting its clinical promise for continuous, painless
glucose tracking during physical activity or postprandial
states [202]. Beyond the ZnO/MXene-based example,
strain-dependent behavior is broadly observed across
flexible and stretchable biosensor architectures. Tensile
deformation can modulate the electrochemical response by
altering conductive percolation pathways in MXene—
polymer composites, where stretching disrupts or reorients
flake networks and increases resistance [203-205]. In
hydrogel-based enzymatic sensors, strain influences mass-
transport dynamics and the local hydration environment,
leading to changes in response time or baseline drift [206,
207]. Stretchable microfluidic platforms may also
experience deformation-induced changes in channel
geometry that affect sweat sampling efficiency and analyte
concentration stability [208-210]. Therefore, it can be
stated that strain sensitivity is strongly dependent on the
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sensor’s material composition and structural design,
underscoring the need for strain-aware engineering in
MXene-enabled wearable systems. In another work, Zahed
et al. (2022) introduced a butterfly-inspired hybrid
epidermal biosensing (bi-HEB) patch that integrates
nanoporous carbon/MXene (NPC@MXene) transducers
for the real-time, multiplexed detection of sweat glucose,
pH, temperature, and electrophysiological (ECG) signals
(Fig. 8). The sensor demonstrated high glucose sensitivity
(100.85 pA mM ! cm™2) within physiological ranges and
incorporated a compensation strategy for dynamic sweat
pH and temperature fluctuations, while also providing
reliable ECG data comparable to standard Ag/AgCl
electrodes. This multifunctional wearable platform
highlights the value of integrating electrochemical and
electrophysiological monitoring in a unified patch for
enhanced physiological assessment during physical
activity [211].  While TisC.Tx dominates most
demonstrations, alternative MXene chemistries such as
Mo:CTx and Nb:CTy are gaining traction due to their
distinct electronic properties and different surface
terminations. Chavan ef al. (2025) developed a minimally
invasive  electrochemical biosensor for real-time
progesterone  monitoring based on an aptamer
displacement mechanism, integrating AuNPs-decorated
APTES-functionalized Nb.C MXene nanosheets on a
screen-printed carbon electrode. The sensor achieved high
sensitivity (0.159 pA pM™) and low detection limits (14—
17 pM) in both PBS and sweat samples, enabling accurate
in situ hormone tracking with high selectivity and stability
for point-of-care female health diagnostics [212].Laochai
et al. (2022) demonstrated a thread-based electrochemical
immunosensor for non-invasive cortisol detection in sweat,
utilizing a conductive thread electrode modified with
MXene and AuNPs to enhance surface area and facilitate
anti-cortisol immobilization. The sensor employed
EDC/NHS chemistry for aptamer conjugation and
achieved high sensitivity (LOD: 0.54 ng/mL) across a
broad linear range (5—180 ng/mL). Designed for wearable
use, this robust platform maintained performance for over
6 weeks and proved effective for cortisol detection in
artificial sweat, offering promising integration potential
into wristband-based real-time biosensing systems
[213].Multi-analyte systems based on patterned MXene
films have also been explored to reflect the biochemical
complexity of sweat [94, 96]. In a recent demonstration,
Zhang et al. (2025) introduced a flexible, multifunctional
sweat sensor platform by integrating reduced graphene
oxide electrodes with a hybrid nanocomposite consisting
of nitrogen/sulfur co-doped holey graphene and TiO:-
decorated MXene. This architecture  enhances
conductivity, increases electrocatalytic activity, and
maximizes ion/electron transport via porous and doped
structures. The device enables simultaneous detection of
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K, AA, UA, and DA in sweat with high sensitivity and
selectivity. Validated during physical activity, the system
successfully monitored biomarker fluctuations in real time,
offering a robust approach for continuous, non-invasive
health assessment [96]. Emerging approaches have begun
to explore non-enzymatic detection routes using MXenes
to overcome stability issues associated with biomolecular
degradation. For instance, Subramania er al. (2023)
reported the fabrication of a non-enzymatic
electrochemical glucose sensor by in-situ decorating
NiCo:04 nanoparticles (~82 nm) onto Ti2NbC. MXene
nanosheets, forming a hybrid material with enhanced
electrocatalytic properties. The synergistic integration of
NiCo204+’s high surface area and Ti.NbC:’s superior
electrical conductivity enabled the sensor to achieve a high
sensitivity of 425.6 pnA mM™ cm™, along with a low
detection limit and rapid response time. This work
highlights the potential of Ti2NbC:-based nanohybrids in
developing efficient, low-cost, and scalable non-enzymatic
wearable biosensors [214]. Similarly, Feng et al. (2024)
developed a TisC.Tx MXene/CuO composite glucose
sensor via acid etching followed by -electrochemical
deposition. The composite exhibited a synergistic catalytic
effect where the MXene matrix enhanced CuO
nanoparticle dispersion and electron transfer efficiency,
resulting in an ultrasensitive non-enzymatic glucose
sensing platform. Operating at 0.55 V (vs. Ag/AgCl), the
sensor showed dual linear detection ranges (1 pM—4.655
mM and 5.155 mM-16.155 mM), an excellent sensitivity
(up to 361 pA mM™' cm2), and a low detection limit of
0.065 pM. It demonstrated high selectivity against
common interferents and accurate glucose quantification in
sweat, confirming its promise for real-time wearable
biosensing [215]. In another work, Ravitchandiran et al.
(2024) reported the design of a non-enzymatic glucose
biosensor by integrating a ZnFe Prussian Blue analogue
[ZnFe(PBA)] with TisC.Tx MXene via in-situ sonication,
forming a nanohybrid with enhanced electrocatalytic
activity. The cubic nanostructure of ZnFe(PBA) coupled
with the conductive MXene nanosheets provided a large
electroactive surface and superior electron transfer
capability. This screen-printed electrode exhibited an
impressive sensitivity of 973.42 pA mM™ cm™?, a low
detection limit of 3.036 uM, and a wide linear range of
0.01-1 mM, demonstrating its strong potential for non-
enzymatic glucose sensing in wearable diagnostic systems
[216]. On the other hand, Damirchi ez al. (2024) developed
a paper-based electrochemical glucose sensor leveraging a
novel MXene/NiSm-LDH  porous  nanocomposite
electrode that operates under bipolar electrochemistry
without the need for enzymes. The sensor design enables
efficient electron transfer and high electrocatalytic activity,
allowing enzyme-free glucose oxidation and real-time
detection in sweat.
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Figure 8. Multimodal on-skin epidermal MXene patch for detecting glucose, lactate, electrolytes, and temperature. Reprinted with permission from [211]
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Table 1A. Electrolytes and pH

Table 1. Comparative performance of MXene-based wearable sweat biosensors
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Table 1C. Small-molecules (metabolites, antioxidants, catecholamines, alkaloid, etc.)

Ref
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Platform Sensitivity Linear Range

Sensing Mechanism

Analyte Material System
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analysis of recent MXene-based sweat biosensors is

With a linear detection range of 10-200 pM and a limit
of detection of 3.6 uM, the system demonstrated reliable
sensitivity and strong practical applicability when
validated with real sweat samples [217]. A comparative

summarized in Table 1, highlighting how variations in
material architecture, fabrication strategies, and sensing

mechanisms govern device performance across different
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analyte classes. As shown, sensing platforms using
pristine or functionalized TisC.Ty excel in electrolyte and
pH detection owing to their stable ion-responsive surface
terminations, whereas aptamer-based and immunosensing
modalities enable high specificity for low-abundance
hormones such as progesterone and cortisol. Non-
enzymatic glucose sensors benefit from MXene—metal or
MXene—carbon hybrids that enhance catalytic activity and
charge-transport kinetics, while enzymatic hydrogel-
based systems provide superior conformability at the
expense of recovery time and biochemical stability.
Importantly, the table also illustrates key limitations
intrinsic to each design such as enzyme degradation,
MXene oxidation, polymer interface drift, or microfluidic
flow variability emphasizing the need for tailored
material-mechanism alignment for each biochemical
target.

This comparative framework underscores the diversity
of MXene-enabled sensing pathways and identifies the
structure—property relationships that should guide the
rational design of next-generation wearable bioelectronic
platforms. Despite these promising developments,
challenges remain in fully understanding the influence of
real sweat matrices on sensor performance. Many
experimental studies still rely on artificial sweat
standards, which often lack the complexity of native
sweat, particularly in terms of protein content, variable
pH, and skin-derived contaminants. This gap is
particularly significant for personalized biosensors, where
interindividual sweat composition can differ markedly in
ion content, pH, and metabolite concentration. While the
functional performance of MXene-based materials has
been thoroughly demonstrated in controlled laboratory
environments, their practical implementation within skin-
conformal, self-contained wearable platforms presents a
unique set of engineering and physiological challenges.
Successful integration involves not only establishing
stable electrical and electrochemical connections but also
ensuring biomechanical compatibility, biochemical
resilience, power autonomy, and real-time data
interfacing.

The translation from a testbed sensor to a fully
operable wearable requires harmonization across material
science, device architecture, and user ergonomics. As a
result, MXene-based biosensor research is now
increasingly shifting toward on-body testing with diverse
user groups, real-time monitoring during physical activity,
and longitudinal studies under variable environmental and
physiological conditions.

The development of sweat-responsive MXene-based
sensors thus represents a critical junction where material
chemistry, device engineering, and physiological
variability converge. The growing experimental literature
provides clear validation of their technical viability, yet
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also highlights the need for standardized protocols,
personalized calibration frameworks, and multi-parameter
validation to fully leverage these materials in
individualized, real-world health monitoring applications.

6. Toward Data-Driven Personalization and
Intelligent Modeling

Data-driven methodologies represent a critical layer of
intelligence in modern wearable biosensors. In MXene-
based platforms, ML and digital twin modeling serve
complementary functions. ML enables real-time signal
correction and adaptive calibration, while digital twins
provide physics-guided simulations of sweat chemistry,
device behavior, and long-term performance. The
following subsections detail these approaches and their
integration into next-generation MXene-enabled wearable
systems.

6.1. Machine Learning—Enabled Calibration and
Signal Adaptation

The operational fidelity of wearable MXene-based
biosensors increasingly depends on advanced signal-
processing strategies capable of compensating for
environmental, physiological, and device-specific
variability. During real-world wear, factors such as
fluctuations in sweat composition, pH, electrolyte
concentration, skin temperature, mechanical deformation,
and hydration state introduce dynamic sources of noise
and drift that static, laboratory-based calibration cannot
reliably address [4, 5]. As a result, real-time recalibration
has become essential for maintaining long-term reliability.
As a result, real-time recalibration has become essential
for maintaining long-term reliability. Static calibration
protocols, while effective under controlled conditions,
often fail during continuous operation due to drift, analyte
cross-sensitivity, and temporal signal instability [79]. ML
has emerged as a powerful enabling tool for maintaining
accuracy in-situ, offering adaptive recalibration without
manual baseline resets or repeated reference
measurements [223, 224]. ML algorithms learn nonlinear
mappings between raw sensor outputs and ground-truth
analyte concentrations using labeled training datasets [96,
200]. Once trained, these models can infer reliable analyte
levels even in the presence of noise, variable sweat
chemistry, or sensor drift. Algorithms such as support
vector regression, artificial neural networks, and random
forest regressors [225, 226] have demonstrated strong
predictive capability for time-series electrochemical data,
enabling extraction of richer information from
amperometric, voltammetric, or impedance-based
measurements and capturing complex dependencies
between MXene surface chemistry, physiological
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parameters, and temporal signal evolution. While the
intrinsic  electrochemical response of MXene-based
sensors is dictated by material properties and interfacial
redox behavior, real-time ML and digital twin approaches
provide important complementary advantages under
dynamic on-body conditions. ML algorithms can
continuously adapt calibration by learning relationships
between raw signals and true analyte levels, enabling
correction for pH fluctuations, electrolyte variations,
sweat-rate changes, temperature shifts, and mechanical
deformation. By extracting multidimensional waveform
features, ML reduces cross-sensitivity and improves
interpretability beyond traditional peak-based analysis.
Digital twin frameworks further enhance robustness by
providing physics-informed simulations of how sweat
chemistry, hydration, temperature, and electrode
degradation influence sensor behavior over time, enabling
predictive drift correction and virtual optimization.
Together, these computational tools support more stable,
accurate, and personalized operation of MXene-based
wearable biosensors during continuous real-world use.

In a representative example, Chen et al (2025)
developed a noninvasive wearable diagnostic platform for
cardiovascular disease by combining surface-enhanced
Raman spectroscopy (SERS) with ML. Utilizing
AgNW/MXene hydroxyl composite membranes as
flexible SERS substrates, the system enables
ultrasensitive detection of cholesterol in sweat down to
10® M, while maintaining performance over 50 stretch-
release cycles. Importantly, a random forest classifier was
employed to distinguish between healthy individuals and
cardiovascular patients, achieving an accuracy of 83.5%,
thereby demonstrating the power of ML in enhancing
diagnostic precision. This approach showcases a durable,
highly sensitive, and ML-integrated sensing strategy that
holds promise for real-time, noninvasive monitoring in
personalized cardiovascular health management [227].
Das et al. (2024) present a comprehensive review
emphasizing how ML integration enhances the
performance of 2D materials-based sensors, such as those
utilizing graphene and transition metal dichalcogenides.
While 2D materials offer unique electrical and surface
properties, their sensing capabilities are often constrained
by environmental variability and material-specific
limitations.

ML approaches are shown to address these challenges
by enabling pattern recognition, real-time signal
correction, and adaptive calibration, which significantly
improve sensitivity, selectivity, and overall reliability. The
study systematically reviews ML techniques applied
across healthcare, industrial, and environmental
monitoring use cases, showcasing how they reduce false
positives and elevate accuracy. This work positions ML-
assisted 2D sensing systems as a transformative path
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forward for smart, high-performance detection
technologies[225].

In a study regarding smart sweat sensors, Zhou et al.
(2024) developed a low-cost, battery-free colorimetric
wearable sensor for non-invasive detection of pH and
glucose levels in sweat, utilizing cotton-based textiles and
smartphone-assisted image acquisition. The sensor system
employs newly synthesized pH indicators and enzymatic
glucose sensing layers, which exhibit visible color
changes corresponding to physiological ranges. To
interpret the results with high accuracy, three different ML
algorithms were applied to image data, achieving up to
90% accuracy in classifying pH and glucose levels. This
study underscores the value of ML in automating signal
interpretation, improving reliability, and eliminating user
bias in wearable diagnostics—offering a promising
solution for chronic disease management, especially in
resource-limited settings [228].

Similarly, Zhou et al. (2024b) developed a machine
learning-integrated non-enzymatic wearable sweat sensor
capable of selectively detecting tyrosine, tryptophan, and
pH levels during physical activity, even under resource-
constrained conditions typical of portable systems. The
device features a compact two-electrode design embedded
within a microsystem that handles real-time signal
processing and wireless data transmission. By extracting
four explainable ML-derived features, the system
accurately predicts biomarker concentrations with strong
statistical reliability. Tested during cycling trials, the
platform demonstrated consistent biomarker detection
across varied pH conditions and nutritional states,
highlighting its potential for cost-effective, accurate, and
portable physiological monitoring in real-world
biomedical applications [229]. ML does not resolve the
underlying electrochemical overlap between tyrosine and
tryptophan.  Instead, it enables computational
discrimination by extracting latent waveform features
such as curvature, derivative behavior, and temporal
evolution that remain distinguishable even when the redox
peaks overlap in the 1D voltammetric trace. This approach
allows reliable quantification under varying pH conditions
where traditional peak-based analysis fails. By extracting
key electrochemical features and applying classification
algorithms such as k-nearest neighbors (KNN), the system
accurately quantified sweat biomarkers. The resulted
design enabled wireless, real-time monitoring of exercise-
related physiological changes [229].

In addition to signal correction and noise suppression,
ML algorithms are increasingly being employed for drift
compensation. Long-term exposure of MXene electrodes
to sweat constituents such as chloride ions and proteins
can lead to surface oxidation, enzymatic degradation, or
electrochemical fatigue, resulting in baseline shifts that
conventional analytical models cannot account for. By
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integrating time-dependent features and incorporating
historical sensor performance data, recurrent neural
network models and long short-term memory
architectures have been developed to capture such
temporal effects, enabling continuous recalibration during
device operation. These models are particularly effective
in wearable platforms used over extended periods or in
applications requiring uninterrupted monitoring, such as
glucose tracking in diabetic patients or -electrolyte
management during endurance sports.

Wang et al. (2024) developed a multifunctional
MXene-based bioadhesive hydrogel epidermal sensor
designed for seamless integration with the human skin.
This hydrogel sensor offers not only excellent mechanical
and electrical adhesion for high-quality
electrophysiological signal acquisition (e.g.,
Electromyography (EMG)) but also provides robust UV
protection, photothermal therapeutic effects, antibacterial
properties, and efficient hemostasis. Notably, the
integration with machine learning enabled the accurate
recognition of sign language gestures based on EMG
signals, highlighting its potential for intelligent
diagnostics and human—machine interfaces. This work
exemplifies the advancement of bioadhesive,
multifunctional epidermic sensors for next-generation
wearable healthcare technologies [230]. In another work,
Guo et al. (2024) reported a high-performance MXene-
functionalized piezoresistive sensor based on a surface-
modified PDMS (FPDMS) sponge, fabricated through
plasma treatment to enhance hydrogen bonding and
material integration. The resulting MXene-FPDMS
sponge achieved excellent sensitivity (14.2 kPa™),
mechanical softness (modulus of 9.7 kPa), and structural
integrity in a compact 450 um-thick configuration,
making it highly responsive to subtle pressure variations.
When paired with deep learning algorithms, the sensor
demonstrated remarkable capability in classifying 26
spoken letters and polite expressions with ~94% accuracy,
showcasing the promise of MXene-based soft electronics
in intelligent voice-interactive healthcare platforms and
wearable systems [231].

A promising trend in wearable sensor development is
the integration of soft, tissue-like materials with machine
learning for advanced, intelligent interfacing. In this
context, Wang et al. (2024) introduced a flexible
conductive hydrogel engineered through hydrogen
bonding between trisodium citrate dihydrate and MXene
nanosheets. The resulting material demonstrates
mechanical compliance with human skin (Young’s
modulus: 23.5-92 kPa), high sensitivity under both tensile
and compressive modes, and long-term durability over
1000 deformation cycles. Notably, its ability to detect fine
human motions such as joint movement or gait changes
was extended into the digital realm through successful
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machine-learning-assisted ~ handwriting  recognition,
achieving an accuracy of 97.44%. This convergence of
hydrogel mechanics and Al-powered analysis signals a
significant advancement for next-generation human-
machine interfaces in healthcare and smart living
environments.

The integration of adaptive machine learning with
wearable electronics marks a major advancement in real-
time, intelligent human—machine interfacing. In this
regard, Duan ef al. (2024) developed a smart MXene-
based data glove incorporating 10-channel textile bending
sensors and a near-sensor adaptive ML model for high-
accuracy gesture recognition. The sensors, fabricated
using a thermal transfer printing and MXene-infiltrated
textile method, provide stable mechanical contact and
high sensitivity. The embedded adaptive ML model
achieved 99.5% accuracy for 14 gestures and maintained
98.1% accuracy even when expanded to 20 gestures,
recovering 27.6% in performance through local updates
without offloading computations. The system’s successful
deployment in robotic sorting tasks underscores its
potential for next-generation applications in healthcare,
the Metaverse, and intelligent robotics [232].

In evaluating algorithmic performance, comparative
studies have highlighted distinctions in robustness,
generalizability, and computational efficiency. Recent
advancements in wearable biosensing have increasingly
integrated machine learning to overcome limitations in
selectivity, sensitivity, and real-time signal interpretation.
By combining MXene-based electrochemical and optical
sensors with various ML algorithms, including random
forest, KNN, neural networks, and adaptive learning
models researchers have demonstrated accurate, on-body
detection of biomarkers such as glucose, cortisol, tyrosine,
tryptophan, and dopamine, even in the presence of
overlapping signals and environmental fluctuations. ML
enhances the robustness of biosensors by enabling real-
time correction for dynamic factors such as sweat pH,
temperature, or motion artifacts, while also allowing
multiplexed and explainable classification tasks, such as
gesture recognition or disease risk profiling. These studies
collectively show that integrating ML with next-
generation MXene-based flexible sensors holds great
promise for advancing personalized, non-invasive, and
autonomous health monitoring platforms.

6.2. Digital Twin Technology for Biosensor
Customization and In Silico Optimization

The integration of digital twin technology into the design
and development pipeline of wearable biosensors
represents a significant advancement in personalized
diagnostics and precision health engineering [233, 234]. A
digital twin, in this context, is not merely a real-time
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digital replica of a user’s physiological state, but a
predictive and computationally tractable model that
allows for the simulation, optimization, and iterative
refinement of biosensor systems prior to physical
deployment [233, 235]. When applied to the field of
material-focused sensor development, digital twins
provide a feedback-enabled framework through which
virtual testing environments parameterized by user-
specific sweat chemistry, temperature, and skin hydration
can guide the rational design of sensing materials and
architectures [234, 235]. In, digital twin—driven
personalization framework for MXene-based wearable
biosensors, real-time physiological data acquired from
MXene-integrated sweat sensors, combined with user-
specific metadata (e.g., hydration, activity level), are
processed through a digital twin model. The system
simulates physiological dynamics, predicts health
trajectories, and provides adaptive feedback to optimize
sensor calibration and enable personalized, non-invasive
health monitoring.

One of the most promising applications of this
approach lies in the use of simulated sweat environments
for screening sensor performance across a physiologically
relevant range of conditions. Instead of relying on a
limited set of empirical test cases, computational sweat
libraries generated from population-level biochemistry
data can be used to evaluate sensor responses in silico
[236]. These synthetic datasets, informed by wearable
datasets or clinical reference values, can emulate edge
cases such as hypo/hypernatremia, abnormal pH ranges,
or stress-induced hormonal surges. Such models are
critical for designing sensors that are not only sensitive
within standard ranges but remain robust across
interindividual and intraindividual variability. Recent
works have shown that digital twin-based simulation
platforms can model real-time ion dynamics at the skin—
sensor interface and predict response degradation due to
signal interference or biomolecular fouling, reducing the
need for extensive empirical iteration in the early design
stages [235, 237].

Beyond environmental simulation, digital twins are
increasingly being used to guide in silico optimization of
biosensor architecture, particularly in systems where
multi-layered materials, enzymatic interfaces, or
microfluidic modules are involved [234, 238].
Computational fluid dynamics (CFD) models coupled
with finite element analysis (FEA) can simulate sweat
diffusion, ion transport, and heat dissipation across
flexible sensor platforms, enabling the refinement of
microchannel dimensions, electrode geometries, and
permeable membrane configurations [239, 240].
Material-level modeling further extends the utility of
digital twins. Atomistic and mesoscopic simulations such
as DFT (Mukasa et al., 2023; C. Wang et al., 2025a) and
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coarse-grained molecular dynamics (MD) (Deshpande et
al., 2022; C. Wang et al., 2025b) have been employed to
predict analyte—surface interactions, surface charge
behavior, and ion transport mechanisms for emerging
sensor materials, including MXenes. These predictive
models can be integrated into multi-scale digital twin
frameworks that span from nanoscopic surface chemistry
to macroscopic signal behavior. Through iterative
coupling between simulation and experimental feedback,
material candidates can be rapidly screened,
functionalization strategies can be virtually tested, and
degradation profiles under simulated use can be mapped
with time-dependent boundary conditions reflective of
real-world usage patterns. The broader implication of
embedding biosensor development into digital twin
ecosystems is a shift toward material-by-design
methodologies, where sensor components are no longer
empirically derived but computationally generated,
screened, and refined in silico before fabrication. This
approach not only reduces material waste and accelerates
development cycles but also increases the likelihood that
the final sensor will exhibit reproducibility and resilience
when deployed in personalized health monitoring
scenarios. It also enables a move toward co-optimization,
where sensing materials, device geometry, and data
processing algorithms are designed together within a
unified simulation framework.

As biosensors become increasingly integrated into
decentralized care, athletic monitoring, and chronic
disease management, the predictive power of digital twins
will play a growing role in enabling devices that are not
only reactive but anticipatory. The next generation of
biosensors will likely be “born digital,” with their
structure, surface chemistry, and performance constraints
defined not just in the lab, but within computational
environments that model the physiological realities of the
users they are intended to serve.

7. Challenges, Limitations, and Future Qutlook

While MXene-based wearable biosensors hold significant
promise for personalized health monitoring, several
scientific, engineering, and translational challenges must
be addressed before these systems can achieve reliable
real-world deployment. These limitations extend across
material stability, device integration, computational
adaptation, and regulatory validation each of which
shapes the long-term performance and clinical readiness
of MXene-enabled platforms.From a materials standpoint,
although certain MXene compositions have demonstrated
strong operational stability under optimized laboratory
conditions and short-term wear, their long-term
performance in real-world sweat environments remains a
critical challenge. MXenes, particularly TisC.Tx, exhibit
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susceptibility to oxidative degradation in aqueous or
humid environments, leading to changes in surface
terminations, conductivity, and electrochemical activity.
This issue becomes more pronounced during extended
exposure to chloride-rich and protein-containing sweat.
Achieving durable MXene electrodes requires advances in
minimally oxidative synthesis, controlled surface
termination engineering, antioxidant or zwitterionic
coatings, and encapsulation strategies that maintain ion
accessibility while preventing surface decay. Moreover,
the broader MXene family beyond TisC:Tx remains
underexplored in  biosensing applications, and
comparative studies are needed to establish composition—
performance relationships under physiologically variable
conditions. Recent efforts have explored oxidation-
resistant MXene architectures by integrating MXene
sheets with chemically robust carbon frameworks. For
example, several studies have demonstrated that in-situ
functionalization of MXene on porous LIG creates a
stabilizing interfacial microenvironment that suppresses
oxidation and preserves conductivity [243-246]. Such
MXene—LIG hybrids have enabled stable glucose sensing
over extended periods, owing to improved oxygen barrier
properties, enhanced electron transport, and reduced
surface defect reactivity. These findings highlight the
value of structural confinement and conductive carbon
scaffolds in prolonging MXene electrochemical stability
and represent a promising direction for future wearable
biosensor design.

Another key challenge is the intrinsic specificity and
selectivity of MXene-based sensors toward target
analytes. Although MXenes possess rich surface
chemistry and tunable terminations, their broad redox
activity and high surface reactivity can lead to interference
from structurally similar species in sweat, such as uric
acid, ascorbic acid, dopamine, lactate, or electroactive
amino acids. Improving chemical specificity will require
more deliberate molecular engineering strategies, such as
introducing selective recognition layers (aptamers, MIPs,
zwitterionic polymers), leveraging MXene—metal or
MXene—oxide heterostructures to modulate adsorption
energetics, or tailoring surface terminations to enhance
affinity toward the target analyte. Additionally,
incorporating catalytic nanoparticles or enzymatic
interfaces can reinforce selectivity by introducing
biochemical orthogonality. Coupling these material-level
strategies with ML-based signal deconvolution is
expected to substantially elevate specificity in complex
sweat matrices, particularly for multiplexed wearable
platforms.

On the device level, challenges in ensuring stable
skin—sensor contact, minimizing motion artifacts, and
optimizing multi-analyte selectivity persist. Wearable
platforms must not only detect target biomarkers with high
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fidelity but also maintain performance across different
skin types, anatomical locations, and environmental
settings. Biofouling from proteins, oils, and skin cells can
lead to signal degradation, particularly in non-enzymatic
or passive sensing formats. Furthermore, the integration
of MXene electrodes with microfluidics, stretchable
electronics, and wireless communication modules must be
scalable, low-cost, and compatible with standard
manufacturing processes.

In terms of computational adaptation, while machine
learning and digital twin strategies significantly enhance
personalization, their effectiveness depends heavily on the
availability of large, diverse, and high-quality datasets.
Most wearable sensor studies to date are limited in sample
size and demographic diversity, raising concerns about
generalizability and bias in model predictions. Real-time
signal normalization, drift compensation, and cross-
sensor harmonization are computationally intensive tasks,
and their implementation on low-power, wearable
hardware platforms remains constrained by trade-offs in
latency and energy consumption. Furthermore, the
interpretability of ML models remains a challenge in
clinical settings, where transparency and accountability in
decision-making are essential.

Regulatory and translational hurdles are also
significant. Biocompatibility of MXene materials,
especially for long-term skin contact or transdermal
applications, must be thoroughly evaluated under ISO and
FDA guidelines. Translating MXene-based sensors into
healthcare environments also necessitates compliance
with cybersecurity and patient data privacy standards,
especially when integrated with telemedicine platforms or
electronic health record systems. Secure encryption,
authenticated wireless transmission, and robust data
governance frameworks are therefore essential for clinical
viability.

Despite these limitations, the outlook for MXene-
enabled personalized biosensors remains highly
promising. Several emerging directions offer clear
pathways to overcome the above challenges. Advances in
surface termination engineering [25, 1117,
heterostructures and —MXene hybrids [161]may yield
improved biomolecular selectivity and enhanced chemical
resilience. Scalable, oxidation-resistant synthesis routes
such as fluorine-free etching, molten-salt routes, and gel-
state delamination are expected to improve batch
uniformity and environmental stability. Integrating
MXenes into multimodal platforms that combine
electrochemical sensing with strain, or optical readouts,
supported by microfluidic sweat management and
stretchable  encapsulation, may  enable  more
comprehensive physiological monitoring. Moreover,
recent  progress in  high-performance = MXene
architectures, multimodal sensors capable of decoupling
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simultaneous mechanical and biochemical stimuli, and
fully stretchable standalone platforms further underscores
the rapid technological evolution of the field and provides
additional promising avenues for next-generation MXene-
enabled wearable systems. These research opportunities
establish a future trajectory toward MXene-based
wearable biosensors that are more stable, intelligent, and
individualized. This positions the field to deliver next-
generation tools for precision diagnostics, preventive
healthcare, and continuous real-world monitoring.

8. Conclusion

This review has presented a comprehensive exploration of
MXene-based wearable biosensors, highlighting their
potential to serve as key enablers of personalized and
adaptive health monitoring through sweat analysis. The
unique physiochemical features of MXenes, including
high surface area, redox activity, and tunable surface
terminations, have positioned them at the forefront of
flexible bioelectronic platforms. Yet, as real-world
deployment demands move beyond conventional
performance metrics, material science alone is no longer
sufficient. The next frontier lies in integrating these
materials into intelligent, context-aware systems capable
of adapting to dynamic physiological states and individual
biochemical signatures.

Through this lens, we examined how engineering
strategies, from surface functionalization and composite
design to micro/nanostructuring and ion-exchange
control,I can tailor MXene interfaces for personalized
sweat sensing. We further demonstrated how recent
advances in adaptive signal processing, machine learning—
driven calibration, and digital twin modeling allow
biosensors to evolve from static detectors into predictive,
self-correcting systems. These computational frameworks
not only enhance real-time accuracy under variable
conditions but also enable simulation-driven sensor
design, material optimization, and health trajectory
forecasting.

Digital twin technology represents a paradigm shift in
biosensor development, bridging virtual environments
with real-time data streams to allow for in silico
customization, physiological modeling, and closed-loop
decision-making. When coupled with a deep
understanding of sweat variability and human-specific
biomarker expression, this framework facilitates the
development of biosensors that are not only wearable and
sensitive, but also meaningfully responsive to the
uniqueness of each user.

Despite significant progress, the path toward clinical
and commercial adoption still demands solutions to
challenges related to long-term material stability, data
interpretability, signal reproducibility, and regulatory

d ) 10.57647/jnsc.2026.1601.05

compliance. Nevertheless, the convergence of MXene
chemistry, advanced fabrication, machine learning, and
digital physiology points toward a future in which
biosensors are seamlessly embedded into personalized
digital health ecosystems. These systems will not merely
record data, but actively guide interventions, adapt to the
user, and contribute to a more anticipatory, precise, and
accessible model of healthcare.
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