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ABSTRACT
MXenes have emerged as electrically conductive, hydrophilic two-dimensional nanomaterials uniquely suited for electroactive
bioink development. However, the field lacks an integrated design framework that links MXene surface chemistry and colloidal
behavior to printability, electrical percolation, and tissue-specific biological outcomes. This review establishes a structure rheology
biofunction paradigm for MXene-based bioinks, critically examining how synthesis routes, surface terminations, and oxidation
dynamics influence shear-thinning behavior, network formation, and cytocompatibility. We analyze mechanistic pathways
underlying cell–material interactions, including electrically mediated signaling and mechanotransduction in three-dimensional
constructs. Emerging in vivo studies are evaluated with emphasis on biodistribution, immune modulation, and long-term
biodegradation. Finally, we define key translational bottlenecks, oxidative instability, reproducibility, sterilization sensitivity, and
regulatory classification, and propose actionable design criteria to advanceMXene bioinks from laboratory constructs to clinically
viable electroactive scaffolds.
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Introduction

hree-dimensional (3D) bioprinting has emerged as a transfor-
ative platform in regenerative medicine, enabling the spatially
ontrolled deposition of living cells and biomaterials to recre-
te complex tissue architectures. Beyond geometric precision,
he next frontier of bioprinting lies in engineering bioactive
icroenvironments that recapitulate the biochemical, mechan-
cal, and electrical cues governing native tissue function. While
onventional hydrogel-based bioinks provide cytocompatible and
tructurally supportive matrices, they remain inherently limited
n electrical functionality and mechanical robustness. These con-
traints are particularly restrictive for electrically active tissues,
ncluding neural, cardiac, and skeletal muscle systems, where
ndogenous electrical signaling regulates mechanotransduction,
ineage commitment, and functional maturation [1, 2].
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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Efforts to address these limitations have led to the incorporation
of conductive nanomaterials into hydrogel bioinks. Carbon-
based fillers such as graphene and carbon nanotubes, as well as
metallic nanoparticles, have demonstrated the ability to enhance
conductivity and mechanical stiffness [3]. However, their clinical
translation has been hindered by challenges including hydropho-
bic aggregation, poor aqueous dispersibility, inconsistent surface
chemistry, and variable cytocompatibility. More importantly,
the integration of conductivity often occurs at the expense of
rheological performance or print fidelity, underscoring the need
for materials that simultaneously satisfy electrical, mechanical,
and processing requirements [4]. Efforts to address these limita-
tions have led to the incorporation of conductive nanomaterials
into hydrogel bioinks. Carbon-based fillers such as graphene
and carbon nanotubes, as well as metallic nanoparticles, have
demonstrated the ability to enhance conductivity andmechanical
se, which permits use, distribution and reproduction in any medium, provided the
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tiffness. However, their clinical translation has been hindered
y challenges including hydrophobic aggregation, poor aque-
us dispersibility, inconsistent surface chemistry, and variable
ytocompatibility. From a processing perspective, conductivity
nhancement usually requires the formation of an interconnected
onductive network above a critical filler concentration. Increas-
ng filler loading can substantially alter hydrogel rheology by
ncreasing viscosity, yield stress, and particle–polymer interac-
ions, which may impair smooth extrusion, increase shear stress
n encapsulated cells, or cause nozzle clogging. In addition,
oorly dispersed conductive fillers can create agglomerates that
isrupt homogeneous cross-linking and produce irregular fila-
ent formation, reduced layer stacking, and loss of shape fidelity.
herefore, the integration of conductivity into bioinks is not
imply an additive function but a formulation-dependent trade-
ff between electrical percolation, cytocompatibility, viscoelastic
ecovery, and print fidelity [5–8].

n this context, MXenes, a rapidly expanding family of two-
imensional transition metal carbides, nitrides, and carboni-
rides, have emerged as uniquely positioned candidates for elec-
roactive bioink engineering. Unlike many conventional conduc-
ive nanomaterials, MXenes combine metallic-level conductivity
ith intrinsic hydrophilicity and tunable surface terminations
–O, –OH, –F), enabling stable colloidal dispersion within aque-
us hydrogel systems [9]. This rare convergence of electrical
ercolation potential, surface reactivity, and aqueous processabil-
ty positions MXenes not merely as conductive additives, but as
esign-enabling nanocomponents capable of modulating bioink
tructure–property relationships [10].

ecent experimental studies have begun to demonstrate this
otential across different tissue-engineering contexts. Ti3C2-
asedMXene nanosheets have been incorporated into hyaluronic
cid/alginate, GelMA, GelMA/HAMA, and silicate-modified
ydrogel systems to produce electroconductive bioinks with
mproved printability, structural retention, cytocompatibility, and
issue-specific bioactivity. These systems have been explored for
steogenic, myogenic, and neural applications, suggesting that
Xene incorporation can influence not only electrical conduc-
ivity but also cellular adhesion, proliferation, differentiation, and
unctional maturation in printed constructs [8, 11, 12]. Neverthe-
ess, these studies also reveal that MXene bioink performance
s highly formulation-dependent, with outcomes governed by
anosheet concentration, dispersion stability, hydrogel chem-
stry, cross-linking strategy, and the balance between electrical
ercolation and biological compatibility [13].

espite rapid growth in MXene-based biofabrication studies,
he field remains largely dominated by proof-of-concept demon-
trations. Reported improvements in conductivity, stiffness, and
ell viability are promising but often lack standardized bench-
arking, systematic rheological characterization, or long-term
iological validation. Critical parameters, including oxidation
ynamics, surface termination heterogeneity, nanosheet size dis-
ribution, and percolation thresholds, are inconsistently reported,
imiting cross-study comparability and obscuring structure–
unction relationships. Furthermore, in vivo evidence remains
elatively sparse, and translational considerations such as ster-
lization stability, biodegradation kinetics, batch reproducibility,
nd regulatory classification are insufficiently addressed [14].
of 35
Addressing these challenges requires an integrative framework
that connectsMXene physicochemical characteristicswith bioink
rheology, print fidelity, cellular mechanobiology, and transla-
tional feasibility. Rather than treating electrical conductivity as
an isolated performance metric, a holistic design paradigm is
needed in which surface chemistry, colloidal behavior, network
formation, and cellular signaling are evaluated as interdependent
variables.

This review establishes a structure–rheology–biofunction–tra-
nslation framework for MXene-based bioinks in 3D bioprint-
ing. Within this framework, MXene structural characteristics,
including synthesis-dependent physicochemical properties and
surface chemistry, govern rheological behavior and printability.
These rheological attributes subsequently influence biological
performance, including cell–material interactions and tissue
regeneration, while the combined physicochemical and bio-
logical properties ultimately determine translational feasibility
and clinical applicability. We critically analyze how synthesis
routes and surface terminations influence dispersion stability,
shear-thinning behavior, and electrically percolated network
formation. We examine mechanistic insights into cell–material
interactions, including integrin-mediated adhesion, mechan-
otransduction, and electrically mediated signaling pathways in
three-dimensional constructs. Emerging in vivo studies are eval-
uated with emphasis on immune modulation, biodistribution,
biodegradation, and functional integration. Finally, we identify
key translational bottlenecks and propose actionable design
criteria to guide the rational development of clinically viable
electroactive bioinks [15].

2 MXenes in the Biomedical Context

MXenes constitute a rapidly expanding family of two-
dimensional (2D) transition metal carbides, nitrides, and
carbonitrides described by the general formula Mn+1XnTx, where
M represents an early transition metal, X denotes carbon and/or
nitrogen, and Tx corresponds to surface terminations such as─O,
─OH, and─F [16]. Beyond their compositional diversity, MXenes
are distinguished by a unique electronic structure characterized
bymetallic conductivity originating from transitionmetal d-band
states, which enables high charge carrier density and efficient
electron transport. When combined with their hydrophilic and
chemically tunable surfaces, these electronic properties position
MXenes asmultifunctional nanoarchitectures rather thanmerely
conductive fillers in biomedical systems.

Unlike many 2D nanomaterials that require extensive post-
functionalization to achieve aqueous processability, MXenes
intrinsically exhibit colloidal stability due to their negatively
charged surface terminations. This combination of metallic
conductivity, hydrophilicity, and reactive surface chemistry
establishes a physicochemical foundation particularly rele-
vant for electroactive bioink engineering and other biomedical
interfaces [17].

From a biomedical perspective, the relevance of MXenes ari-
ses from the ability of these physicochemical features to regu-
late biological interfaces. Their high electrical conductivity
can support bioelectronic communication, electrophysiological
Small, 2026
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ignal transduction, and electrically mediated stimulation,
hich are particularly important for neural, cardiac, and
keletal muscle tissues. At the same time, their hydrophilic
urface terminations provide anchoring sites for polymer
hains, biomolecules, peptides, growth factors, and therapeutic
gents, enabling their integration into hydrogels, coatings,
caffolds, and implantable or wearable biointerfaces [17–20].
ccordingly, MXene-based biomaterials have been explored
n biosensing, drug delivery, photothermal cancer therapy,
ntibacterial treatment, wound healing, and tissue engineering,
emonstrating that MXenes can act as multifunctional
iomedical components rather than passive conductive
dditives [21–23].

owever, the biomedical performance of MXenes is highly
ontext-dependent. Their interactions with cells and tissues
re governed by composition, lateral flake size, surface ter-
ination chemistry, oxidation state, concentration, exposure
uration, and the surrounding matrix. While many MXene-
ontaining systems exhibit favorable cytocompatibility and
ioactivity at optimized concentrations, excessive loading or
oorly controlled degradation may induce membrane disrup-
ion, oxidative stress, inflammatory responses, or altered cell
iability. Therefore, evaluating MXenes in biomedical systems
equires not only electrical and mechanical characterization
ut also systematic assessment of hemocompatibility, immune
esponse, biodegradation behavior, biodistribution, and long-
erm biosafety [24–26]. This issue is particularly important
or MXene-based bioinks, where nanosheets are placed in
irect contact with living cells during printing and remain
mbedded within three-dimensional tissue-like constructs after
abrication.

.1 Structure and Surface Chemistry

Xenes are typically synthesized through the selective etching
f the A-layer from layered MAX phases, resulting in ultrathin
anosheets with high specific surface area and abundant sur-
ace functionalities. This topochemical transformation not only
enerates atomically thin lamellae but also introduces defect
ites, heterogeneous termination distributions, and edge-reactive
omains that collectively influence interfacial behavior. The
esulting nanosheets possess high aspect ratios, which play a
ritical role in reducing electrical percolation thresholds when
ncorporated into hydrogel matrices, an important determinant
f conductivity in bioinks.

urface terminations (─O, ─OH, ─F) introduced during etching
ignificantly modulate hydrophilicity, zeta potential, and surface
nergy. These terminations are not uniformly distributed; basal
lanes and edge sites often exhibit different chemical environ-
ents, with edge sites being more susceptible to oxidation and
tructural transformation. The relative proportion of ─O, ─OH,
nd─F groups directly influences colloidal thermodynamics, dis-
ersion stability, and electrostatic interactionswith biomolecules.
or instance, higher ─O/─OH termination densities generally
nhance hydrogen bonding with aqueous media, improving
ispersion stability, whereas fluorine-rich surfaces may alter
rotein adsorption profiles and potentially necessitate secondary
odification to optimize biocompatibility [17].
mall, 2026
These surface characteristics ultimately dictate how MXenes
interact with biological environments, which is closely linked
to their oxidative stress–related cellular effects. The biological
effects of Ti3C2 MXenes are largely related to oxidative stress
mechanisms. In vivo and in vitro studies have shown thatMXenes
can trigger inflammatory responses and cell membrane damage
by increasing the formation of reactive oxygen species (ROS).
A strong correlation has been found between toxicity and the
oxidative potential of MXenes, and the reduction of toxic effects
upon application of N-acetylcysteine, a ROS scavenging agent,
confirms that oxidative stress is one of the keymechanisms. These
findings suggest that MXene biocompatibility depends not only
on the presence of the material but also on its interactions with
biological processes such as oxidative stress and inflammation
[27]. Notably, these oxidative stress effects are closely linked to
MXene surface properties, which determine their cellular uptake
and subsequent intracellular damage.

The biocompatibility and toxicity of MXene are closely related to
their surface properties. Studies on Ti3C2 and Ti3CNMXene have
shown thatMXenewith unaltered surfaces aremore readily taken
up by cells, resulting in excessive ROS production, mitochon-
drial damage, lysosomal degradation, and apoptosis. Conversely,
surface alterations resulting from oxidative senescence reduced
cellular uptake and oxidative stress, thereby decreasing cyto-
toxicity. These findings suggest that MXene biocompatibility is
determined by surface reactivity, cell-material interactions, and
oxidative stress mechanisms [28]. In addition to cellular toxi-
city mechanisms, MXene nanostructures show size-dependent
effects that extend to immune response and biodegradation
processes. MXene quantum dots (MQDs), depending on their
size and surface engineering, can interact with the immune
system, modulating T-cell activity and immune response. They
also exhibit controlled degradation kinetics and biodegrada-
tion behavior, displaying temporary biopersistence rather than
chronic accumulation. These characteristics suggest that the
systemic compatibility, immune response, and biodegradation
processes of MQDs should be considered together [29]. Collec-
tively, these findings indicate that MXene biocompatibility arises
from coupled physicochemical surface properties and biological
mechanisms including oxidative stress, immunemodulation, and
degradation behavior.

Different etching protocols, including fluorine-based and
fluorine-free strategies, further affect termination chemistry and
defect density. Fluorine-containing etchants tend to increase
–F terminations, which may modify surface charge distribution
and influence subsequent biointerface interactions. Such
synthetic variability introduces batch-dependent heterogeneity,
complicating cross-study comparison and underscoring the
importance of standardized physicochemical characterization.

Due to their hydrophilic surfaces and high negative surface
charge, MXenes initially demonstrate favorable aqueous dis-
persibility, facilitating homogeneous integration into hydrogel
networks and bioinks. However, under physiological conditions,
particularly in oxygen-rich aqueous environments, rapid oxida-
tion can occur. Delaminated Ti3C2Tx nanosheets are especially
susceptible to oxidation at edge sites, leading to gradual trans-
formation into TiO2-rich domains. This oxidative conversion can
reduce electrical conductivity by several orders of magnitude and
3 of 35
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lter zeta potential, thereby impacting both percolation behavior
nd protein adsorption dynamics.

xidation-driven structural evolution not only compromises
lectroactivity but also modifies biological identity by reshaping
urface chemistry and redox behavior. Consequently, long-term
tability in physiological environments remains a central chal-
enge for translational applications. Tomitigate premature degra-
ation and aggregation, various surface engineering strategies,
ncluding polymer grafting with PEG, hyaluronic acid (HA), or
rotein coatings, have been explored [30]. These modifications
rovide steric stabilization, reduce oxidative susceptibility, and
odulate nano–bio interactions by altering hydration layers and
urface accessibility.

n addition to passive stabilization strategies, MXene systems
ave been designed to actively modulate oxidative stress in
iological environments. Ren et al. developed a ROS-scavenging
Xene-based conductive hydrogel by integrating Ti3C2 MXene
anosheets into a temperature-sensitive ECMmatrix. The system
educes intracellular reactive oxygen species through the intrinsic
edox activity of MXene, thereby mitigating oxidative stress and
rotecting cardiomyocytes from apoptosis. In addition, the con-
uctive network enhances intercellular electrical signaling via
ncreased Connexin43 (Cx43) expression, indicating that MXene-
ediated redox regulation and surface reactivity contribute to
oth electrochemical and biological stabilization in oxidative
nvironments [31].

longside antioxidant-based biological strategies, polymer
ncapsulation offers a complementary physicochemical
pproach to improving MXene stability. Kumar et al.
emonstrates a polymer encapsulation strategy to enhance
he oxidative stability of Ti3C2Tx MXene-based sensors. By
mbedding MXene within a siloxane-based polymer matrix,
he system effectively reduces environmental degradation,
eading to a more than twofold increase in device half-life.
he encapsulation not only improves structural stability but
lso preserves and even enhances sensing performance through
nterfacial chemical interactions. These results highlight polymer
ncapsulation as an effective approach to mitigate oxidation-
nduced instability in MXene-based devices. Compared with
ntioxidant-based approaches, polymer encapsulation offers
uperior physical and environmental protection, making it more
uitable for device stability; however, it lacks direct bioactive or
edox-regulating functions in physiological systems [32].

eyond bulk-level physical encapsulation strategies, interfacial
ngineering approaches have also been explored to further reg-
late MXene surface reactivity and enhance long-term stability
hrough controlled surface passivation Wang et al. investigates
he controlled adsorption of quaternary ammonium ions on the
i3C2 MXene surface under an external electric field (EEF),
lucidating the surface passivation mechanism. DFT simulations
howed that the EEF effectively modulated the ion adsorption
nergy and the degree of surface encapsulation. In particular,
he formation of Ti─O─N bonds resulted in a denser protective
ayer, reducing MXene surface reactivity and enhancing surface
assivation. This process improved electrochemical stability and
nsured high capacitance conservation over a long cycle life.
hese results demonstrate that electric field-assisted surface
of 35

i

passivation is an effective strategy for improving MXene stability.
In contrast to bulk encapsulation, surface passivation provides
more precise interfacial control and improved electrochemical
durability, although its effectiveness is often dependent on
external stimuli such as electric fields [33].

Beyond electrochemical stabilization strategies focused on inter-
facial surface passivation, MXene-based systems have also
been extended to biomedical applications, where similar redox-
regulating principles are employed to reconstruct pathological
microenvironments and promote tissue regeneration. Zhu et al.
reported aMXene-containing conductive hydrogel for spinal cord
injury repair, where the MXene component plays a key role in
regulating local redox chemistry by loweringROS levels andmod-
ulating macrophage polarization toward an anti-inflammatory
phenotype. This redox balancing effect, combined with MXene’s
surface-related conductivity, creates a more stable microenviron-
ment that supports neural regeneration. Importantly, the system
highlights how MXene surface chemistry and electron transfer
properties can indirectly regulate oxidative stress in biological
systems [34]. These MXene stabilization strategies, together with
theirmechanisms, advantages, and limitations, are systematically
compared in Table 1. Overall, integrating physical stabilization
through encapsulation, interfacial engineering via surface passi-
vation, and biological redox modulation using antioxidant and
microenvironment strategies appears to be the most effective
approach for achieving long-term MXene stability in biomedical
applications.

MXenes, derived from MAX phases composed of transition
metals, group 13 or 14 elements, and carbon or nitrogen through
selective removal of aluminum, therefore represent a class of elec-
troactive nanomaterials whose biological behavior is intrinsically
linked to their synthetic history [12]. Their physicochemical prop-
erties enable them to function not only as passive reinforcements
but also as dynamic mediators of charge transfer and interfacial
signaling within engineered tissues [35].

Table 2 provides a comparative overview of MXenes and other
widely investigated two-dimensional nanomaterials in the con-
text of bioink engineering. Importantly, MXenes uniquely inte-
grate high metallic conductivity with intrinsic hydrophilicity and
tunable surface chemistry, enabling stable dispersion in aqueous
bioink systems without extensive surfactant use. In contrast,
graphene-based systems often require oxidation or stabilizing
agents to achieve comparable processability, while semiconduct-
ing nanomaterials such as MoS2 and black phosphorus are
limited by either lower conductivity or environmental instability.
This multifunctional convergence, conductivity, wettability, and
chemical tunability, confersMXenes a distinct advantage for elec-
troactive bioink development, particularly where simultaneous
control over printability, electrical percolation, and biointerface
compatibility is required.

2.2 Biointerface Interactions and Stability

At the nano–bio interface, the biological performance of MXene
nanosheets is governed not solely by intrinsic physicochemical
properties but by dynamic transformations occurring in physio-
logical environments. Upon exposure to biological fluids,MXenes
Small, 2026
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TABLE 1 Comparison of MXene stabilization strategies for oxidative stability in biomedical applications.

Strategy Mechanism Main advantage Limitation Refs.

PEG HA protein coatings Steric and hydration layer
stabilization

Improved biocompatibility and
dispersion

Limited long term oxidative
protection

[30]

Antioxidant incorporation Reactive oxygen species
scavenging

Reduced oxidative stress and
cellular protection

Finite activity over time [31]

Polymer encapsulation Physical barrier against
oxygen and moisture

Strong environmental and
structural stability

Reduced bioactivity [32]

Surface passivation Interfacial bonding and ion
adsorption control

Enhanced electrochemical
stability

Often stimulus dependent [33]

Redox microenvironment
engineering

Regulation of oxidative and
inflammatory signals

Promotes tissue level
regeneration

High system complexity [34]
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apidly adsorb proteins and biomacromolecules, forming a pro-
ein corona that defines their effective biological identity. The
omposition and stability of this corona are influenced by surface
erminations, charge density, and nanosheet oxidation state, and
ay include both tightly bound “hard” corona components and
ore transient “soft” corona layers [78].

rotein corona formation can modulate cellular uptake path-
ays, immune recognition, and intracellular trafficking. For
xample, PEGylated MXene nanosheets generate distinct corona
ompositions compared to unmodified counterparts, influencing
ndocytic mechanisms and ROS dynamics in monocytic cells
79]. Corona-mediated masking of reactive surface groups may
lter integrin accessibility, modulate focal adhesion formation,
nd thereby influence downstream mechanotransduction sig-
aling cascades. Such interfacial remodeling highlights that
he biological identity of MXenes is not static but emergent,
ontinuously redefined by environmental interactions.

he intrinsic hydrophilicity of MXene surfaces promotes inter-
ctions with extracellular matrix components and enhances
niform dispersion within hydrogel matrices, contributing to
patially consistent cellular microenvironments in bioprinted
onstructs. Furthermore, surface reactivity enables chemical con-
ugation with peptides, growth factors, or other bioactive ligands,
acilitating tailored regulation of cell adhesion, proliferation, and
ineage commitment.

urface-modified MXenes have demonstrated cell-type-
ependent biological responses. Tunable surface chemistries
nfluence integrin binding affinity and focal adhesion dynamics,
ey regulators of mechanotransduction pathways involved in
tem cell differentiation and tissue maturation [17]. These effects
re particularly relevant in electrically active tissues, where
lectroconductive substrates may synergistically modulate ion
hannel activity and cytoskeletal organization.

urface terminations also impart redox-active characteristics.
hile controlled redox interactions may stimulate pro-rege-
erative pathways such as angiogenesis or osteogenic differentia-
ion, excessive ROS generation, arising from surface reactions or
xidation-derived TiO2 domains, can induce oxidative stress and
ytotoxicity. Therefore, dose, exposure duration, and oxidation
mall, 2026
state collectively define a therapeutic window within which
bioactivity is maximized and cytotoxicity is minimized.

Immune modulation represents an additional dimension of
MXene–biointerface interactions. Emerging evidence suggests
that surface chemistry may influence macrophage polariza-
tion profiles and cytokine secretion patterns, potentially bias-
ing toward pro-inflammatory or pro-regenerative phenotypes
depending on termination chemistry and surface modification
[78]. Such immune responses are critical determinants of long-
term implant integration and functional tissue regeneration.

Surface modification strategies, including collagen functional-
ization and antioxidant polymer coatings, have been shown to
reduce oxidative stress, stabilize colloidal behavior, and enhance
cell viability through electrostatic and biomolecular interactions
[80]. These approaches underscore the importance of interfacial
engineering in balancing electroactivity with biosafety.

In summary, the layered morphology, heterogeneous surface
terminations, and redox-sensitive chemistry of MXenes ren-
der them highly adaptable nano–bio interface modulators.
However, their biological performance emerges from a com-
plex interplay between structure, surface chemistry, oxidative
dynamics, and protein corona evolution. Precise control over
these interfacial phenomena is therefore essential for the ratio-
nal development of MXene-based bioinks that achieve stable
electroactivity, predictable cellular responses, and translational
viability.

3 Engineering MXene Bioinks

The successful integration ofMXenes into bioinks for 3Dbioprint-
ing requires a multi-parameter optimization strategy in which
formulation chemistry, nanosheet dispersion, cross-linking kinet-
ics, and rheological behavior are engineered concurrently. Unlike
conventional hydrogel bioinks that primarily rely on poly-
mer concentration and cross-link density to define mechanical
properties, MXene-based systems must simultaneously balance
electrical percolation, shear-thinning behavior, network integrity,
and cytocompatibility within a single composite platform. This
creates a complex materials engineering landscape in which
5 of 35
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TABLE 2 Comparison of MXenes with other 2D nanomaterials for bioink applications.

Property MXenes (e.g., Ti3C2Tx) Graphene/GO MoS2
Black Phosphorus

(BP) Refs.

Electrical
conductivity

Metallic conductivity
(∼103–105 S m−1),
tunable via surface

terminations

High (graphene),
reduced in GO due to

defects

Moderate
semiconducting

behavior

Moderate,
thickness-dependent

[36–39]

Hydrophilicity/
dispersibility

Excellent aqueous
dispersibility due to
–OH, –O, –F surface

terminations

Poor (graphene);
improved in GO via
oxygen groups

Limited
dispersibility
without

modification

Poor; prone to rapid
degradation in
aqueous media

[40–43]

Surface chemistry/
functionalization

Rich, tunable surface
chemistry enabling

direct
biofunctionalization

Requires chemical
oxidation or post-
functionalization

Limited active
surface chemistry

Reactive but unstable
under ambient
conditions

[44–47]

Biocompatibility Generally favorable;
dependent on dose,
oxidation state, and
surface modification

Variable; GO may
induce

ROS-mediated
cytotoxicity

Moderate; limited
long-term studies

Limited by instability
and degradation
byproducts

[14, 48–50]

Printability in
bioinks

Excellent colloidal
stability and

shear-thinning behavior
suitable for extrusion

bioprinting

Requires
modification for

stable dispersion and
rheology control

Limited printability
due to aggregation

Poor due to instability
and degradation

[51–54]

Mechanical
reinforcement

Strong reinforcement via
2D nanosheet network

and interfacial
interactions

High stiffness but
poor dispersion
limits uniform
reinforcement

Moderate
reinforcement
capability

Limited due to
instability

[43, 55–57]

Electrical–
biological
coupling

Strong coupling via
conductive networks and

surface charge
interactions

Moderate; depends
on percolation and

dispersion

Limited Limited [58–61]

Photothermal
properties

Strong NIR absorption
and efficient

photothermal conversion

Moderate Strong
photothermal
response

Strong but unstable
under irradiation

[58, 62–64]

Degradation
/stability

Oxidation-sensitive but
tunable via surface

engineering

Highly stable Chemically stable Rapid degradation
under

oxygen/moisture

[65–68]

Biomedical
relevance

Tissue engineering,
bioinks, biosensing, drug

delivery

Drug delivery,
scaffolds, coatings

Cancer therapy,
sensing

Experimental
regenerative
applications

[52, 69–71]

Advantage for
bioinks

Multifunctionality
(conductivity +
hydrophilicity +
tunability)

High intrinsic
conductivity

Photothermal
capability

Biodegradability [72–75]

Primary limitation Oxidation and long-term
biosafety concerns

Aggregation and
poor dispersibility

Limited
conductivity for
bioelectronics

Environmental
instability

[14, 49, 76, 77]
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onductivity enhancement cannot compromise print fidelity or
iological performance.

he central engineering challenge lies in achieving an electrically
ercolated nanosheet network at concentrations below cytotoxic
of 35
thresholds while preserving extrusion stability and structural
recovery post-printing. Consequently, formulation design in
MXene bioinks is increasingly guided by structure–rheology–
function coupling principles rather than simple additive
incorporation.
Small, 2026
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.1 Formulation and Cross-Linking Strategies

Xene incorporation typically involves uniform dispersion of
i3C2Tx nanosheets within aqueous hydrogel matrices such
s hyaluronic acid HA, alginate, GelMA, and composite poly-
er blends. Achieving homogeneous dispersion is critical, as
anosheet aggregation increases local stiffness heterogeneity,
isrupts print resolution, and may generate localized oxidative
tress. Early demonstrations showed that Ti3C2Tx nanosheets
ould be stably dispersed within HA/alginate systems, producing
lectroconductive inks capable of forming multilayered con-
tructs with high shape fidelity while maintaining >95% cell
iability in HEK-293-loaded scaffolds [11]. These findings estab-
ished the feasibility of integrating conductive nanomaterials
ithout compromising basic cytocompatibility.

eyond feasibility, subsequent studies began leveraging MXene–
olymer interfacial interactions to tune rheology and biological
ignaling. For example, silk fibroin methacrylate (SilMA) and
ectin blends containing MXene exhibited enhanced shear-
hinning behavior and improved extrusion stability, supporting
eural stem cell differentiation under electrical stimulation [14].
n such systems, hydrogen bonding and electrostatic interactions
etween polymer chains and MXene surface terminations con-
ribute to dynamic physical cross-linking, influencing viscosity,
ield stress, and structural recovery after shear.

mportantly, MXene nanosheets may function not only as con-
uctive fillers but also as active structural cross-linking nodes.
heir two-dimensional morphology and high surface area enable
ultiscale stabilization mechanisms, including polymer chain
dsorption, inter-sheet stacking, and physical entanglement
ithin hydrogel matrices. In composite systems incorporating
omplementary nanomaterials (e.g., graphene oxide), these inter-
ctions generate hierarchically reinforced porous architectures
ith improved stiffness and interconnected microchannels [81].
uch hybrid cross-linking enhances post-printing shape retention
nd mechanical robustness, critical parameters in extrusion-
ased bioprinting where filament collapse and pore closure can
ompromise tissue maturation.

n methacrylated hydrogel systems such as GelMA and HAMA,
Xene incorporation introduces additional complexity due
o light absorption and charge transport behavior. Compos-
te GelMA/HAMA–MXene bioinks exhibit improved rheolog-
cal performance and mechanical integrity, enabling high-
esolution construct fabrication while supporting cell encapsu-
ation. Notably, these systems have demonstrated spontaneous
steogenic differentiation of human mesenchymal stem cells
ithout exogenous biochemical induction (Figure 1A) [12]. This
ehavior has been attributed to the synergistic interplay between
Xene-mediated electrical conductivity, altered microenviron-
ent stiffness, and surface bioactivity, suggesting that electrocon-
uctive cues can partially substitute for soluble osteoinductive
actors.

imilarly, Jo et al. reported that MXene-incorporated Gel-
A/HAMAbioinks supportedmyogenic differentiation of C2C12
ells even in the absence of external differentiation media
83]. The electroactive microenvironment created by Ti3C2Tx
mall, 2026

reat
nanosheets appears to modulate gene expression pathways asso-
ciated withmusclematuration, potentially through enhanced ion
flux and cytoskeletal organization. Importantly, in vivo volumet-
ric muscle loss models demonstrated improved regeneration and
attenuated inflammatory responses, indicating that formulation
design influences not only in vitro differentiation but also host
integration dynamics.

However, concentration-dependent trade-offs are consistently
observed. Schöbel et al. demonstrated that MXene incorporation
into alginate dialdehyde–gelatin (ADA–GEL) systems increases
compressive modulus and conductivity in a dose-dependent
manner but may impair cell viability at higher loading levels
(Figure 1B) [82]. This highlights a fundamental engineering con-
straint: increasing nanosheet concentration lowers percolation
threshold and enhances electroactivity but may simultaneously
interfere with cross-linking efficiency, alter swelling kinetics, or
elevate ROS generation.

Hybrid systems combining MXene with metallic nanoparticles
further illustrate this balance. Boularaoui et al. showed that co-
integration of MXene and gold nanoparticles into GelMA matri-
ces improves shear-thinning behavior, electrical conductivity,
and print resolution, facilitating enhanced myogenic maturation
[8]. Nevertheless, excessive nanomaterial content can attenuate
cross-linking density and introduce cytotoxic risk, emphasizing
the importance of defining a functional concentrationwindow for
each formulation [84].

Photocurable systems introduce additional engineering con-
straints. Lotfi et al. identified that MXene nanosheets exhibit
strong UV–visible absorption, reducing light penetration depth
and cross-linking efficiency in GelMA-based composites [85].
This optical attenuation imposes a thickness-dependent curing
limitation, particularly in high-MXene formulations. Optimiza-
tion of photoinitiator systems, including LAP, EY, and IG, has
been shown to mitigate this effect, enabling tunable curing
kinetics and improved structural integrity despite nanosheet
incorporation. However, the interplay between MXene con-
centration, light attenuation, and cross-linking rate defines a
multidimensional design space that must be carefully navigated
to preserve both electroactivity and print fidelity.

Yeh et al. further demonstrated that MXene-based hybrid bioinks
incorporating SilMA and pectin can modulate mechanical stiff-
ness and electrochemical properties in neural tissue engineer-
ing contexts (Figure 2A) [14]. Surface modification strategies
enhancing dispersibility, such as phospholipid coatings, improve
nanosheet homogeneity and prevent aggregation-inducedhetero-
geneity. Importantly, reductions in hydrogel stiffness combined
with enhanced conductivity were associated with increased neu-
ral stem cell proliferation and synaptic activity under electrical
stimulation, underscoring the coupling between material design
and bioelectrical signaling.

Across these studies, formulation diversity highlights how
polymer chemistry, nanomaterial concentration, and printing
modality collectively define functional outcomes. As summarized
in Table 3, MXene-integrated bioinks span multiple hydrogel
systems, extrusion platforms, and target tissues, yet converge on
7 of 35
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FIGURE 1 (A) Schematic abstract shows that GelMA/HAMAbioink containingMXene offers a promising biofunctional scaffold platform for bone
tissue regeneration, supporting novel osteogenic differentiation of hMSCs in 3Dprinting. Reproducedwith permission from [12]. Copyright 2023 Elsevier.
(B) Schematic abstract demonstrates the tunable mechanical and electrical properties, 3D printability, and biocompatibility of ADA-GEL/MXene
nanocomposite hydrogels with MG-63 cells. Reproduced with permission from [82]. Copyright 2025 Elsevier.
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common engineering principle: electrical percolation must be
chievedwithin a rheologically stable and biologically permissive
indow. The comparative analysis underscores that MXene
oading, cross-linking strategy, andmatrix selection directlymod-
late not only conductivity but also structural integrity, immune
esponse, and lineage-specific differentiation outcomes.

ollectively, these studies reveal that MXene bioink perfor-
ance emerges from a tightly coupled network of parameters:
anosheet concentration, surface chemistry, polymer matrix
election, cross-linking strategy, and curing kinetics. Conduc-
ivity enhancement is inseparable from rheological modifica-
ion, and mechanical reinforcement must be balanced against
xidative stability and cytocompatibility. Rather than function-
ng as passive additives, MXene nanosheets actively reshape
ydrogel network architecture, microenvironment stiffness, elec-
rical percolation behavior, and cellular mechanotransduction
athways.
of 35
Therefore, rational MXene bioink engineering demands a for-
mulation framework in which electrical functionality, shear-
thinning behavior, and biological compatibility are co-optimized
within defined concentration and processing windows. This
evolving paradigm marks a transition from empirical nanoma-
terial incorporation toward predictive, multifunctional bioink
design tailored for electrically active tissue regeneration.

3.2 Rheology and Printability

Rheological behavior is a defining determinant of MXene-
based bioink performance, governing extrusion flow, filament
formation, and post-deposition structural integrity. In extrusion-
based bioprinting, optimal bioinks must exhibit shear-thinning
flow under high shear rates within the nozzle, followed by
rapid viscosity recovery and elastic stabilization upon depo-
sition. MXene-based systems typically display non-Newtonian
Small, 2026
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FIGURE 2 (A) Schematic representation of the conductive bioink formulation, its key physicochemical characteristics, and the 3D bioprinting of
neural stem cell (NSC) spheroids under electrical stimulation. Reproduced with permission from [14]. Copyright 2025 American Chemical Society. (B)
In the schematic summary, the printability of different bioinks was evaluated: (a,b) Suitable pressure and stability were determined for CELLINK ink
using filament fiber and slump tests.(c,d) Printability and structural stability were analyzed in GGO ink. (e,f) Printing speed and stability were optimized
in ink containing Ti3C2Tx MXene. Reproduced with permission from [58]. Copyright 2026 American Chemical Society.
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ower-law behavior, where viscosity decreases with increas-
ng shear rate, minimizing extrusion pressure while protecting
ncapsulated cells from excessive mechanical stress (Figure 2B)
58]. In addition to rheological characterization, qualitative
xtrusion-based assessments such as filament string tests and
ilament collapse tests are frequently employed to evaluate
rintability. The filament string test assesses the ability of a
ioink to extrude as a continuous and uniform filament without
roplet formation, providing insight into optimal nozzle size
nd extrusion pressure. Complementarily, the filament collapse
est evaluates shape retention and filament bridging capability
cross defined gaps, reflecting the balance between viscosity,
mall, 2026
elasticity, and printing speed. These simple yet informative
methods are widely used to optimize extrusion parameters and
ensure structural fidelity in MXene-containing bioinks.

From a mechanistic standpoint, the rheological response of
MXene bioinks emerges from nanosheet–polymer interactions
and percolation dynamics. Moderate MXene concentrations
increase zero-shear viscosity and yield stress due to hydrogen
bonding, electrostatic interactions, and physical entanglement
between nanosheets and polymer chains. These interactions
enhance filament continuity and strand stacking fidelity. How-
ever, beyond an optimal loading window, excessive nanosheet
9 of 35
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oncentration increases flow resistance, elevates extrusion pres-
ure, andmay induce nozzle clogging or heterogeneity in filament
iameter. Power-law rheological models have been used to corre-
ate MXene concentration with flow behavior indices and print
esolution outcomes, revealing a nonlinear relationship between
anosheet loading and shear-thinning exponent values [10].

scillatory rheology further clarifies this balance. A favorable
ost-printing profile is characterized by storage modulus (G′)
xceeding loss modulus (G″) after shear cessation, indicating
lastic dominance and structural recovery. In MXene-reinforced
ystems, the G′/G″ ratio is strongly influenced by nanosheet
ispersion state and interfacial bonding strength. Polymers such
s pectin and GelMA provide network elasticity, while MXene
ncorporation increases network connectivity, shifting the vis-
oelastic spectrum toward a more solid-like response without
ompromising cell viability [14]. Importantly, rapid thixotropic
ecovery, defined as restoration of G′ after high-shear deforma-
ion, is essential to prevent filament collapse during multilayer
tacking.

n multicomponent hydrogel systems designed for bioelect-
onic skin applications, Ti3C2Tx incorporation into algina-
e/gelatin/methylcellulose matrices has demonstrated concen-
ration-dependent rheological modulation [88]. At low concen-
rations, MXene does not significantly perturb viscoelastic bal-
nce, preserving extrusion stability. Intermediate concentrations
∼1% w/v) improve filament uniformity and strand definition,
uggesting improved yield stress and shear recovery kinetics.
onversely, excessive loading disrupts viscoelastic equilibrium,
ncreasing apparent viscosity and compromising print precision.
otably, electrical conductivity enhancement persists across this
ange, highlighting the necessity of defining a concentration-
ependent designwindow that balances rheological performance
ith electroactivity.

imilar rheological behavior has been observed in HA/Alg–
Xene systems, where homogeneous nanosheet dispersion pro-
uces stable shear-thinning flow suitable for multilayer construct
abrication [11, 89]. In these systems, the introduction of MXene
stablishes conductive pathways without significantly altering
xtrusion pressure requirements, illustrating that optimized dis-
ersion can decouple conductivity enhancement from excessive
iscosity increase. This decoupling represents a key engineering
bjective in MXene bioink development.

hou et al. provided systematic rheological characterization of
Xene dispersions, demonstrating that nanosheet suspensions

nherently exhibit a dual viscoelastic character. Under applied
hear, viscous behavior (G″) dominates, facilitating extrusion,
hile elastic behavior (G′ > G″) rapidly re-emerges after shear
essation, enabling structural retention. Yield stress and plateau
′ values increasewith nanosheet interaction density, reinforcing
hat dispersion homogeneity and inter-sheet connectivity directly
etermine print stability. These findings position MXene dis-
ersions as tunable rheological modifiers capable of supporting
iverse biofabrication strategies [90].

ollectively, these studies demonstrate that rheological opti-
ization in MXene-based bioinks is governed by three coupled
arameters: nanosheet concentration, dispersion homogeneity,
0 of 35
and polymer network compatibility. Electrical percolation and
rheological stabilization must be achieved within a narrow
operational window, where extrusion pressure, filament fidelity,
and cell viability remain balanced. The identification of this
rheology–percolation design space is central to predictive MXene
bioink engineering.

3.3 Functional Properties of MXene Bioinks

Beyond printability, MXene integration confers multifunctional
capabilities that extend across mechanical reinforcement, electri-
cal conductivity, biointerfacemodulation, and stimuli-responsive
behavior. These properties do not act independently; rather, they
emerge from amultiscale interplay between nanosheet structure,
hydrogel network architecture, and biological signaling [89].

Post-printing cross-linking transforms extruded filaments into
mechanically stable constructs. In ionic systems such as algi-
nate, Ca2+ -mediated gelation operates in parallel with MXene-
induced physical reinforcement, generating hybrid networks
with improved compressive modulus and structural resilience
[58]. In photocross-linkable systems such as GelMA and SilMA,
covalent polymer networks are reinforced by MXene nanosheets
acting as stress-transfer nodes. These nanosheets distribute
mechanical load and improve cyclic stability, attributes particu-
larly relevant for load-bearing or contractile tissue [26].

Electrical functionality is a defining advantage of MXene
incorporation. At relatively low filler concentrations, Ti3C2Tx
nanosheets establish percolated conductive networks that signifi-
cantly elevate hydrogel conductivity [58]. As previously reported,
Boularaoui et al. reported conductivity values of 0.65 ± 0.04
and 0.94 ± 0.12 S m−1 for GelMA hydrogels containing 50 and
100 µgmL−1 MXene, respectively (Figure 3A) [8]. These values fall
within physiologically relevant conductivity ranges for skeletal
muscle and neural tissues, supporting electrically mediated cell
communication and functional maturation.

Percolation modeling suggests that conductivity increases non-
linearly with MXene concentration until a threshold is reached,
beyond which aggregation and heterogeneity may reduce effec-
tive transport pathways [10]. Therefore, defining the percolation
threshold relative to cytotoxicity and cross-linking efficiency is
essential. Excessive loading may disrupt polymerization kinetics,
alter swelling behavior, or induce ROS generation, establishing
a conductivity–biocompatibility trade-off that must be carefully
managed [34].

MXenes also contribute bioactive interfacial properties. Their
high specific surface area enables adsorption of serum proteins
and biologically relevant ions. Jo et al. reported increases of 154%
in serum protein adsorption, 176% in calcium ion adsorption,
and 177% in potassium ion adsorption in MXene-containing
systems [83]. Given the central role of Ca2+ and K+ flux in
excitation–contraction coupling, such ion-interactive behavior
reinforces the suitability of MXene-based bioinks for excitable
tissues.

In extrusion-based systems, MXene addition has been shown
to reduce effective shear stress experienced by encapsulated
Small, 2026

ve C
om

m
ons L

icense



TA
B
LE

3
Re
pr
es
en
ta
tiv
e
M
Xe
ne
-in
te
gr
at
ed

m
ul
tim

at
er
ia
lb
io
in
ks
an
d
hy
br
id
ar
ch
ite
ct
ur
es
fo
ra
dv
an
ce
d
3D

bi
op
rin

tin
g
ap
pl
ic
at
io
ns
.

B
io
in
k
co
m
po
si
ti
on

B
io
pr
in
ti
ng

m
et
ho
d

D
is
ti
nc
ti
ve

pr
op
er
ti
es

Ta
rg
et
ap
pl
ic
at
io
n

R
ef
s.

G
el
M
A
,H

A
M
A

in
co
rp
or
at
ed

w
ith

Ti
3C

2T
x
M
Xe
ne

Ex
tr
us
io
n-
ba
se
d
bi
op
rin

tin
g

(B
io
X,
C
el
lin
k)

Th
e
hy
br
id
hy
dr
og
el
de
m
on
st
ra
te
sh
ig
h
sh
ap
e
fid
el
ity

an
d

m
ec
ha
ni
ca
ls
ta
bi
lit
y
af
te
rp
rin

tin
g,
w
ith

in
te
rc
on
ne
ct
ed

m
ic
ro
po
ro
us
ar
ch
ite
ct
ur
e
th
at
su
pp
or
ts
ce
ll
vi
ab
ili
ty
an
d

m
yo
ge
ni
c
m
at
ur
at
io
n.
A
dd
iti
on
al
ly
,t
he

pr
es
en
ce
of
M
Xe
ne

co
nt
rib
ut
es
to
en
ha
nc
ed

re
ge
ne
ra
tiv
e
ou
tc
om

es
an
d

m
iti
ga
te
sa
dv
er
se
im
m
un
e
re
sp
on
se
s.

Sk
el
et
al
m
us
cl
e

tis
su
e
en
gi
ne
er
in
g

[8
3]

G
el
M
A
,H

A
M
A
,a
nd

Ti
3C

2T
x
M
Xe
ne

Ex
tr
us
io
n-
ba
se
d
bi
op
rin

tin
g

(B
io
X,
C
el
lin
k)

M
Xe
ne
-r
ei
nf
or
ce
d
G
el
M
A
/H
A
M
A
sc
af
fo
ld
ss
ig
ni
fic
an
tly

en
ha
nc
e
hM

SC
ad
he
si
on
,p
ro
lif
er
at
io
n,
an
d
lo
ng
-te
rm

su
rv
iv
al
,w

hi
le
in
du
ci
ng

sp
on
ta
ne
ou
so
st
eo
ge
ni
c

di
ffe
re
nt
ia
tio
n,
hi
gh
lig
ht
in
g
th
ei
rs
ui
ta
bi
lit
y
fo
rb
on
e
tis
su
e

re
ge
ne
ra
tio
n
st
ra
te
gi
es
.

Bo
ne

re
ge
ne
ra
tio
n

(F
ig
ur
e
1A
)

[1
2]

A
lg
in
at
e
co
m
bi
ne
d
w
ith

Ti
3C

2T
x
M
Xe
ne
s

D
ro
pl
et
-b
as
ed

bi
op
rin

tin
g

(B
io
X,
C
el
lin
k)

Th
e
in
co
rp
or
at
io
n
of
M
Xe
ne
sl
ea
ds
to
a
de
cl
in
e
in
ce
ll

vi
ab
ili
ty
ac
co
m
pa
ni
ed

by
el
ev
at
ed

re
ac
tiv
e
ox
yg
en

sp
ec
ie
s

ge
ne
ra
tio
n;
ho
w
ev
er
,t
he

sy
st
em

en
ab
le
s

te
m
pe
ra
tu
re
-r
es
po
ns
iv
e
m
od
ul
at
io
n,
al
lo
w
in
g
co
nt
ro
lle
d

tu
m
or
su
pp
re
ss
io
n
an
d
m
od
el
ve
rs
at
ili
ty
.

In
vi
tr
o
ca
nc
er

m
od
el
s

(F
ig
ur
e
6B
)

[8
6]

G
el
M
A
/β
-T
C
P/
so
di
um

al
gi
na
te
(S
r2

+
-d
op
ed
)

w
ith

Ti
3C

2
M
Xe
ne

Ex
tr
us
io
n-
ba
se
d
bi
op
rin

tin
g

(B
io
-A
rc
hi
te
ct
SR
)

Th
is
m
ul
tif
un
ct
io
na
lb
io
in
k
ex
hi
bi
ts
pr
on
ou
nc
ed

an
tib
ac
te
ria
la
ct
iv
ity

an
d
an
ti-
tu
m
or
al
be
ha
vi
or
,w

hi
le

si
m
ul
ta
ne
ou
sl
y
pr
om

ot
in
g
os
te
og
en
ic
di
ffe
re
nt
ia
tio
n

th
ro
ug
h
sy
ne
rg
is
tic

in
te
ra
ct
io
ns
be
tw
ee
n
M
Xe
ne
,β
-T
C
P,

an
d
Sr

2+
io
ns
.

In
fe
ct
ed

bo
ne

tis
su
e

re
pa
ir

[8
7]

G
el
M
A
in
te
gr
at
ed

w
ith

A
uN

Ps
an
d
Ti

3C
2

M
Xe
ne

Ex
tr
us
io
n-
ba
se
d
bi
op
rin

tin
g

(I
nk
re
di
bl
e+
,C
el
lin
k)

Th
e
co
m
bi
ne
d
in
cl
us
io
n
of
go
ld
na
no
pa
rt
ic
le
sa
nd

M
Xe
ne

m
ar
ke
dl
y
im
pr
ov
es
el
ec
tr
ic
al
co
nd
uc
tiv
ity

an
d
pr
in
t

re
so
lu
tio
n,
re
su
lti
ng

in
co
ns
tr
uc
ts
w
ith

hi
gh

ce
ll
vi
ab
ili
ty

an
d
en
ha
nc
ed

el
ec
tr
ic
al
ly
m
ed
ia
te
d
m
yo
ge
ni
c

di
ffe
re
nt
ia
tio
n.

M
us
cl
e
tis
su
e

co
ns
tr
uc
ts

(F
ig
ur
e
3A
)

[8
]

H
ya
lu
ro
ni
c

ac
id
/a
lg
in
at
e-
ba
se
d

hy
dr
og
el
co
nt
ai
ni
ng

Ti
3C

2
M
Xe
ne

Ex
tr
us
io
n-
ba
se
d
bi
op
rin

tin
g

(A
lle
vi
2,
U
SA
)

Th
e
M
Xe
ne
-in
fu
se
d
H
A
/A
lg
hy
dr
og
el
di
sp
la
ys
fa
vo
ra
bl
e

rh
eo
lo
gi
ca
lb
eh
av
io
r,
el
ev
at
ed

el
ec
tr
ic
al
co
nd
uc
tiv
ity
,a
nd

ex
ce
lle
nt
bi
oc
om

pa
tib
ili
ty
an
d
bi
od
eg
ra
da
bi
lit
y,
re
nd
er
in
g

it
su
ita
bl
e
fo
rn
eu
ra
lt
is
su
e
en
gi
ne
er
in
g
ap
pl
ic
at
io
ns
.

N
eu
ra
lt
is
su
e

en
gi
ne
er
in
g

[1
1]

Small, 2026 11 of 35

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74819 by Faith Sultan M
ehm

et U
niversity, W

iley O
nline L

ibrary on [07/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 3 (A) Schematic summary shows that GelMA bioinks enhanced with AuNP and MXene support the viability, differentiation, and 3D
tissue formation of C2C12myoblasts by improving conductivity, rheological properties, and printability. Reproducedwith permission from [8]. Copyright
2021 American Chemical Society. (B) Schematic abstract demonstrates the production of mechanically robust scaffolds via temperature-controlled PCL
printing and the provision of a cell-friendly surface with Ti3C2Tx MXene coating to support optocapacitance-based neural stimulation. Reproduced with
permission from [91]. Copyright 2024 Nature.
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ells, creating a more protective printing environment [87].
or example, incorporation of 50 µg mL−1 MXene into 5
t% GelMA significantly enhanced cell proliferation while
aintaining structural stability [8]. These findings indicate
hat MXene nanosheets may simultaneously modulate rheo-
ogical flow fields and post-printing microenvironment stiff-
ess, influencing both immediate cell survival and long-term
ifferentiation.

eyond bulk incorporation, MXene surface functionalization
trategies extend functionality to printed scaffold interfaces.
i3C2Tx-coated polycaprolactone architectures fabricated via
elt electrowriting demonstrate enhanced hydrophilicity and
euronal alignment (Figure 3B) [91]. Moreover, MXene’s intrin-
ic photothermal response under near-infrared (NIR) irradia-
ion enables optically triggered modulation of cellular activity,
xpanding their utility toward bioelectronic and neuromodula-
ory applications.
2 of 35
Stimuli-responsive behavior further broadens application scope.
MXene-mediated photothermal effects can induce localized heat-
ing, enabling controlled drug release or matrix stiffness modu-
lation, contributing to emerging 4D bioprinting paradigms [10].
This dynamic functionality transformsMXene bioinks from static
scaffolding materials into responsive bioelectronic platforms.

Beyond extrusion-based bioinks, MXene-integrated conductive
hydrogels synthesized via one-pot strategies have demonstrated
enhanced mechanical robustness, self-healing behavior, and
fibroblast adhesion, highlighting the broader applicability of
MXenes in epidermal bioelectronics and wound-healing plat-
forms [92].

Collectively, the functional performance of MXene-based bioinks
arises from a tightly coupled multiscale system in which
nanosheet dispersion, network architecture, electrical percola-
tion, and biointerface chemistry converge. Optimizing these
Small, 2026
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arameters requires balancing electroactivity, mechanical rein-
orcement, and cytocompatibility within a defined formulation
indow. Thus, MXene-enabled bioinks should be regarded not
erely as conductive scaffolds but as dynamically engineered
ioactive systems capable of modulating cellular signaling path-
ays and tissue-level functionality [93].

Biological Performance

he biological performance of MXene-enabled bioinks can be
onceptualized through a multiscale structure–interface–cell–
issue continuum in which physicochemical properties are
ranslated into functional cellular and tissue-level outcomes.
s summarized in Table 4, recent studies demonstrate that
Xene nanosheets simultaneously modulate hydrogel mechan-

cs, electrical conductivity, protein adsorption dynamics, and
onic interactions, thereby reshaping the local microenvironment
xperienced by encapsulated or seeded cells. These material-
evel modifications propagate to the cellular scale, influencing
echanotransduction pathways, voltage-sensitive ion channel
ctivity, cytoskeletal organization, and lineage-specific gene
xpression.

n electroresponsive tissues, including neural, muscular, cardiac,
nd skeletal systems, the formation of conductive percolation
etworks enhances cell–cell electrical coupling and promotes
aturation processes that are traditionally dependent on exoge-
ous biochemical cues. MXene surface chemistry further con-
ributes to biological regulation by mediating ion adsorption and
iointerface interactions, supporting osteogenic, myogenic, and
eurogenic signaling cascades. Thus,MXene integration operates
hrough coupled mechanical–electrical–interfacial mechanisms
ather than through isolated conductivity enhancement.

merging in vivo evidence extends these findings beyond in
itro differentiation, indicating that MXene-based constructs can
acilitate tissue regeneration while modulating inflammatory
esponses. Multifunctional systems incorporating MXene quan-
um dots or NIR-responsive hydrogels demonstrate additional
herapeutic capabilities, including photothermal antibacterial
nd antitumoral effects [94, 95]. Hybrid architectures integrating
Xene with rGO or spatial patterning strategies further illus-
rate how conductive networks and interfacial engineering can
nhance cell adhesion, migration, and synchronized contraction
n engineered cardiac tissues [58, 96–98].

mportantly, these biological advantages remain inherently
inked to concentration-dependent constraints, oxidative stabil-
ty, and long-term biosafety considerations. Excessive nanosheet
oading may disrupt polymer networks, elevate oxidative stress,
r compromise immune compatibility, underscoring the need
or defined electroactivity–biocompatibility windows. Conse-
uently, rigorous evaluation of biological performance must
xtend beyond cell viability metrics to include electrochemical
tability, immune modulation, and degradation behavior under
hysiologically relevant conditions.

ogether, these findings establish a unifying mechanistic para-
igm in which MXene nanosheets function as multifunctional
egulators of bioink-mediated cellular environments. By con-
mall, 2026
currently modulating mechanical cues, electrical conductivity,
and interfacial bioactivity, MXene-based systems enable struc-
turally robust and biologically instructive constructs, forming the
basis for the in vitro, in vivo, and translational analyses that
follow.

4.1 In Vitro Mechanisms

The in vitro biological performance of MXene-based bioinks
must be evaluated within a mechanistic framework that links
physicochemical parameters to intracellular signaling cascades
and functional maturation. Beyond conventional viability assays,
emerging studies indicate that MXene incorporation reshapes
the cellular microenvironment through coupled mechanical
reinforcement, electrical conductivity, and interfacial charge
interactions. These factors collectively regulate proliferation,
cytoskeletal tension, ion-channel activity, and lineage-specific
transcriptional programs.

4.1.1 Cytocompatibility and Cell Proliferation

Cytocompatibility remains a foundational requirement for
MXene-enabled bioinks. Early demonstrations showed that
Ti3C2Tx nanosheet incorporation into HA/Alg matrices
maintained>95% viability in HEK-293 cells [11], establishing that
properly dispersed MXene does not induce acute cytotoxicity.
However, cytocompatibility in MXene-based systems extends
beyond short-term survival metrics and is strongly influenced by
nanosheet concentration, oxidation state, and surface chemistry.

Mechanistically, several parameters govern cell compatibility.
First, nanosheet dispersion influences local stiffness heterogene-
ity and shear stress distribution during printing, which in turn
affects cytoskeletal organization and proliferation rates. Second,
surface charge density modulates protein adsorption profiles
and integrin clustering at the cell–material interface. Integrin-
mediated adhesion activates focal adhesion kinase (FAK) sig-
naling and downstream pathways that regulate cell spreading
and proliferation. Thus, MXene surface chemistry indirectly
contributes to proliferation through modulation of adhesion-
dependent mechanotransduction.

In SilMA/pectin/MXene systems, neural stem cells exhibited
enhanced proliferationunder electrical stimulation [14]. This sug-
gests that electroconductive matrices facilitate voltage-sensitive
ion channel activation and Ca2+ influx, which are known regula-
tors of cell cycle progression. Similarly, GelMA/HAMA-MXene
composites supported high hMSC viability and spontaneous
osteogenic differentiation [12], indicating that MXene-mediated
microenvironmental cues extend beyond simple cytocompatibil-
ity to active regulation of stem cell behavior.

Surface engineering further refines cytocompatibility. Poly-L-
lysine (PLL) modification of Ti3C2 nanosheets alters zeta poten-
tial and electrostatic interactions with cell membranes [100, 101].
This modification improves colloidal stability and reduces cyto-
toxic effects within defined concentration ranges, highlighting
that cytocompatibility is not intrinsic toMXene but emerges from
controlled surface chemistry.
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mportantly, concentration-dependent effects remain critical.
xcessive MXene loading may increase reROS) production
hrough surface redox activity or oxidation-derived TiO2
omains, potentially inducing oxidative stress andmitochondrial
ysfunction. Therefore, a cytocompatible window must balance
lectrical percolation and oxidative stability. Current literature
redominantly reports short-term assays, and systematic
valuation of long-term proliferation, genomic stability, and
mmune signaling remains limited.

ollectively, in vitro cytocompatibility in MXene-based bioinks
epends on a convergence of dispersion quality, surface termi-
ation chemistry, concentration thresholds, and matrix com-
atibility. Rational bioink design must therefore define safe
lectroactive concentrationwindows rather than relying solely on
igh viability percentages.

.1.2 Lineage-Specific Differentiation and Functional
utcomes

eyond supporting proliferation, MXene-based bioinks actively
nfluence lineage specification through electromechanical and
nterfacial mechanisms. Differentiation outcomes in these sys-
ems appear to arise from the interplay between matrix stiff-
ess, conductive network formation, and ion-mediated signaling
athways.

n neural applications, SilMA/pectin/MXene bioinks enhanced
euronalmarker expression and synaptic activity under electrical
timulation [14]. These outcomes likely involve Ca2+-dependent
ignaling cascades, where MXene-mediated conductivity ampli-
ies externally applied electrical cues, facilitating membrane
epolarization and downstream transcriptional activation asso-
iated with neurogenesis. Enhanced neurite extension suggests
mproved cytoskeletal remodeling and actin dynamics, pro-
esses regulated by integrin–FAK and Rho-family signaling
athways.

n musculoskeletal models, MXene-infused GelMA/HAMA
atrices promoted myogenic differentiation of C2C12 cells [83].
he combined effects of mechanical reinforcement and electrical
onductivity likely influence mechanosensitive pathways such
s YAP/TAZ nuclear translocation and cytoskeletal tension
egulation. Electrical coupling between adjacent cells may
urther enhance synchronized differentiation through gap
unction–mediated communication.

ardiac tissue engineering provides a compelling demonstration
f spatially controlled electroactivity. Aerosol jet–printed Ti3C2Tx
atterns on PEG hydrogels guided cardiomyocyte alignment
nd increased expression of cardiac-specific markers including
YH7, SERCA2, and TNNT2 (Figure 4A) [102]. Enhanced con-
uction velocity and synchronous contraction indicate improved
lectrophysiological integration. These findings suggest that
Xene patterning enables anisotropic electrical guidance, mim-

cking native myocardial architecture through coordinated struc-
ural and conductive cues.

n bone tissue contexts, spontaneous osteogenic differentiation
bserved in MXene-containing bioinks [11, 12] may arise from
mall, 2026
surface charge–mediated ion interactions and modulation of
extracellular Ca2+ availability. Adsorption of biologically rele-
vant ions can influence osteogenic transcription factors and
mineralization pathways, reinforcing the role of MXene as an
electrochemical niche modulator.

Despite these promising outcomes, mechanistic decoupling
remains incomplete. The relative contributions of conductivity,
stiffness modulation, and surface chemistry to lineage commit-
ment are not fully resolved. Furthermore, most findings are
derived from short-term in vitro models, and translation to
sustained in vivo functional integration remains insufficiently
explored.

Thus, MXene-mediated differentiation should be interpreted as
an emergent property of electromechanical coupling rather than
as a purely conductive effect. Future studies integrating transcrip-
tomic profiling, ion-channel analysis, and mechanotransduction
pathwaymappingwill be essential to fully elucidate themolecular
basis of lineage specification in MXene-enabled systems.

4.1.3 Mechanotransduction and Electrical Signaling
Pathways

The influence of MXene-based bioinks on cellular behavior
extends beyond structural support, encompassing the coordi-
nated regulation of mechanotransductive and electrochemical
signaling pathways. Conductive bioinks modulate cell fate not
only through scaffold stiffness and topographical cues but also by
reshaping local electrical microenvironments that interface with
intrinsic cellular signaling networks.

At the electromechanical interface, MXene-mediated conduc-
tivity enhances charge transport within the hydrogel matrix,
facilitating membrane depolarization and Ca2+ influx through
voltage-sensitive ion channels. Calcium signaling acts as a central
integrator of electrical cues, activating downstream cascades
including MAPK/ERK and PI3K–Akt pathways, which regulate
proliferation, differentiation, and survival [10]. Although direct
pathway dissection within MXene systems remains limited,
related studies in conductive hydrogel platforms demonstrate
enhanced calcium flux and integrin-mediated signaling under
electrical stimulation, mechanisms likely underpinning the dif-
ferentiation outcomes observed in MXene bioinks.

Simultaneously, MXene surface terminations and protein corona
formation influence integrin clustering and focal adhesion
dynamics at the cell–material interface. Integrin engagement
activates focal adhesion kinase (FAK), which transducesmechan-
ical and biochemical cues into cytoskeletal reorganization and
gene expression programs. Through modulation of local stiffness
and surface charge density, MXene incorporation may alter
FAK signaling and downstream mechanosensitive regulators
such as YAP/TAZ, thereby linking matrix mechanics to lineage
specification [104].

Mechanical stiffness represents a critical regulator of mechan-
otransduction. Stem cells interpret substrate rigidity through
cytoskeletal tension and focal adhesion maturation. Softer matri-
ces (0.1–1 kPa) promote neurogenic differentiation, intermediate
15 of 35
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FIGURE 4 (A) Schematic summary, the structural and optical properties of Ti3C2Tx MXene synthesized by HF and LiF/HCl methods were
compared; MXene produced by HF showed higher photocatalytic activity and methylene blue decomposition efficiency. Reproduced with permission
from [102]. Copyright 2025 Springer Nature. (B) Schematic representation of microfluidic 3D-printed MX-HF scaffolds designed for skin flap
regeneration. Fabricated through a coaxial capillary microfluidic approach, the scaffolds exhibit NIR-triggered photothermal shrinkage and swelling,
promoting cell and tissue infiltration within the channels. Furthermore, the regulated release of VEGF from the dynamic scaffold architecture enhances
neovascularization and supports the regeneration of large skin flap defects. Reproduced with permission from [103]. Copyright 2022 Wiley.
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tiffness (5–50 kPa) favors myogenesis, and rigid substrates
>100 kPa) induce osteogenic pathways [96]. Conventional
ioinks often fall outside optimal stiffness windows, with
ollagen systems being overly compliant (0.2–0.8 kPa) and
garose systems excessively rigid (168–230 kPa) [97]. MXene
ncorporation enables simultaneous reinforcement and conduc-
ivity enhancement, allowing tuning of hydrogel moduli within
hysiologically relevant ranges while preserving electroactivity
11, 58].

n skeletal muscle engineering, conductive 3D scaffolds facil-
tate synchronized electrical propagation, enhancing myotube
6 of 35
alignment and maturation [105–107]. MXene-enabled bioinks
combine mechanical reinforcement with electrical signal trans-
mission, creating an electromechanically active niche that more
closely recapitulates native muscle microenvironments. This
dualmodulation supports coordinatedmechanotransduction and
ion-channel activation, processes essential for functional tissue
formation.

Cardiac tissue engineering further illustrates the integration
of structural and electrophysiological cues. Aerosol jet–printed
Ti3C2Tx MXene patterns on PEG hydrogels generate anisotropic
conductive pathways that guide cardiomyocyte alignment and
Small, 2026
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aturation [108, 109]. Upregulation of cardiac markers such as
YH7, SERCA2, and TNNT2, along with increased synchronous
ontraction and improved conduction velocity, indicates that
patially controlled MXene deposition enhances both structural
rganization and electrophysiological integration. These findings
uggest that MXene-based biointerfaces can replicate aspects of
ative myocardial anisotropy through coordinated mechanical
nd electrical guidance [98].

eyond externally applied stimulation, MXene-based platforms
ave also been engineered to harness endogenous bioelectrical
ignals. In maxillofacial and soft tissue repair models, Ti3C2Tx
anosheets capture intrinsic wound-site electrical gradients and
onvert them into localized microcurrents, establishing self-
egulating electroactive microenvironments [110–112]. Biological
valuations demonstrate enhanced collagen deposition, vas-
ularization, and re-epithelialization comparable to externally
pplied electrical stimulation [113, 114]. Such systems highlight
he capacity of MXene to function as a self-powered biointer-
ace that dynamically couples physiological electrical signals to
egenerative processes.

n neural repair contexts, multifunctional MXene hydrogels
ncorporating stromal cell-derived factor-1α (SDF-1α) have
emonstrated activation of PI3K–Akt and calcium-dependent
athways, accompanied by reduced oxidative stress and
acrophage polarization toward a regenerative phenotype
34]. These findings underscore that MXene-mediated electrical
nvironments intersect with immunomodulatory signaling,
inking electroactivity to microenvironmental regulation [115].

t the material level, electronic structure and defect chem-
stry further influence biointerface behavior. Ti3C2Tx -coated
olycaprolactone scaffolds exhibit enhanced hydrophilicity and
acancy-rich surface structures that affect charge transport and
nterfacial interactions [116, 117]. Surface defects and termination
eterogeneity may modulate electron density distribution and
rotein adsorption patterns, thereby shaping cell attachment and
roliferation dynamics [118, 119].

ollectively, MXene-based bioinks modulate mechanotransduc-
ion and electrical signaling through a coupled network of
tiffness tuning, conductive percolation, ion-channel activation,
nd integrin-mediated adhesion. Rather than acting as passive
onductive fillers, MXene nanosheets establish electromechan-
cally integrated microenvironments that regulate intracellular
ignaling cascades across neural, muscular, cardiac, and soft
issue systems.However,mechanistic decoupling of conductivity-
riven versus stiffness-driven effects remains incomplete, and
ystematic pathway-level investigations are required to fully
lucidate MXene-mediated signal transduction [120, 121].

.1.4 Cellular Responses in 3D Contexts

nderstanding cellular responses within 3D microenvironments
s critical for accurately evaluating the biological performance
f MXene-based bioinks, as 3D systems more faithfully replicate
ative tissue architecture, spatial mechanical gradients, andmass
ransport conditions. While 2D studies provide initial insights
nto cytocompatibility and signaling, they fail to capture the
mall, 2026
complex interplay between cell–matrix interactions, nutrient
diffusion, and electromechanical coupling that defines functional
tissue formation.

In 3D constructs, MXene integration influences not only cell via-
bility but also spatial organization, network formation, and long-
term functional maturation. Several reports demonstrate that
MXene-augmented scaffolds maintain high viability (>95%) after
extended culture while supporting neurite extension, myotube
alignment, and multicellular network formation [83]. These out-
comes suggest that conductive percolation networks established
within volumetricmatrices enable distributed electrical signaling
rather than localized surface effects typical of 2D systems.

Matrix porosity and microarchitecture, which can be modu-
lated by MXene concentration and polymer composition, play
a decisive role in 3D cellular behavior. MXene nanosheets may
alter cross-linking density and pore size distribution, thereby
influencing oxygen diffusion, nutrient transport, and metabolic
waste clearance. In thick constructs, diffusion limitations can
generate hypoxic gradients that modulate stem cell fate and
angiogenic signaling. Therefore, tuning porosity alongside con-
ductivity is essential to prevent necrotic core formation and to
sustain long-term cell function. Reported correlations between
scaffold porosity, proliferation rates, and differentiation outcomes
highlight that architectural parameters are inseparable from
bioelectrical effects in 3D biofabrication.

Importantly, electrical signaling behaves differently in 3D matri-
ces. In volumetric hydrogels, conductive nanosheet networks
establish interconnected pathways that distribute electric fields
across the construct, potentially influencing cell–cell communi-
cation and synchronization over larger distances. This spatial
propagation of electrical cues is particularly relevant in excitable
tissues such as neural and muscular systems, where coordinated
signaling governs functional maturation.

Wang et al. developed a microfluidic-assisted, MXene-integrated
hollow fibrous scaffold exhibiting dynamic responsiveness to
NIR stimulation (Figure 4B) [103]. The system demonstrated
reversible structural modulation, controlled shrinkage and
expansion, which enhanced cellular infiltration within the 3D
architecture. In addition, stimulus-responsive release of vascu-
lar endothelial growth factor (VEGF) significantly promoted
endothelial cell proliferation, migration, and angiogenic activity.
In vivo skin flap models confirmed improved neovascularization,
reduced inflammatory response, and decreased apoptosis, illus-
trating how MXene-enabled structural adaptability can couple
mass transport enhancement with regenerative signaling.

Such findings emphasize that MXene-based systems in 3D
contexts operate through a combined framework of electrome-
chanical modulation and microenvironmental regulation. Con-
ductive networks influence ion flux and cell synchronization,
while dynamic scaffold architectures regulate infiltration and
vascularization. Together, these properties facilitate tissue-level
integration beyond isolated cellular effects.

Nevertheless, mechanistic understanding of how 3D-distributed
electric fields generated by MXene networks influence intracel-
lular signaling remains incomplete. Most current studies rely
17 of 35
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n phenotypic assessments rather than pathway-level mapping
ithin volumetric constructs. Future investigations integrating
patial transcriptomics, electrophysiological mapping, and real-
ime ion flux analysis will be essential to fully elucidate the
iological consequences ofMXene-mediated electroactivity in 3D
icroenvironments.

.2 In Vivo Evidence and Biosafety

hile in vitro investigations provide mechanistic insight into cel-
ular behavior, the translational viability of MXene-based bioinks
ltimately depends on their in vivo performance. Preclinicalmod-
ls are essential to evaluate biocompatibility, host–material inter-
ctions, immune modulation, degradation behavior, vascular
ntegration, and functional tissue restoration. These parameters
ollectively determine whether electroactive biofabricated con-
tructs can transition from experimental platforms to clinically
elevant regenerative therapies.

mportantly, in vivo environments introduce complex variables
bsent in controlled in vitro systems, including dynamic immune
esponses, vascularization requirements, mechanical loading,
nd systemic clearance pathways. Therefore, successful transla-
ion of MXene-integrated bioinks requires not only regenerative
fficacy but also controlled inflammatory responses, predictable
egradation kinetics, and long-term biosafety.

.2.1 Muscle Regeneration Models

mong emerging applications, skeletal muscle regeneration
odels provide someof themost compelling in vivo evidence sup-
ortingMXene-based bioinks. Volumetricmuscle loss (VML) rep-
esents a clinically challenging condition characterized by irre-
ersible tissue loss and limited intrinsic regenerative capacity. In
urine VML models, extrusion-bioprinted hydrogels composed
f GelMA and HAMA incorporating Ti3C2Tx MXene nanopar-
icles demonstrated significantly enhanced muscle regeneration
ompared with polymer-only controls [58].

istological analyses revealed increased expression of both early
e.g., MyoD) and late (e.g., MyHC)myogenic markers, along with
mproved myofiber organization and reduced fibrotic tissue for-
ation. These findings indicate that MXene integration supports
tructural regeneration while promoting functional maturation
f muscle fibers. Importantly, functional assessments demon-
trated improved contractile performance and muscle strength
ecovery in treated animals, suggesting that MXene-mediated
onductivity contributes to coordinated myofiber development
nd neuromuscular integration.

eyond structural regeneration, immunomodulatory effects
ppear to contribute significantly to the observed outcomes.
Xene-containing constructs were associated with attenuated

nflammatory infiltration and reduced expression of pro-
nflammatory markers relative to controls. Such findings suggest
hat MXene integration may influence macrophage polarization
ynamics, potentially shifting the microenvironment toward a
egenerative phenotype. The conductive and surface-reactive
roperties of Ti3C2Tx nanosheets may modulate protein
8 of 35
adsorption and cytokine signaling, thereby influencing
host–material interactions during the acute inflammatory
phase.

Mechanistically, the regenerative benefits likely arise from com-
bined electromechanical coupling within the scaffold microen-
vironment. MXene incorporation enhances hydrogel mechan-
ical stability and viscoelastic behavior, maintaining structural
integrity under physiological loading. Simultaneously, conduc-
tive percolation networks may facilitate synchronized electrical
signaling between regenerating myofibers, supporting myoblast
fusion and alignment. However, these benefits are strongly
concentration-dependent. Optimized MXene loadings promote
proliferation and myogenic differentiation, whereas excessive
concentrations can induce cytotoxic effects, possibly due to strong
electrostatic interactions with cellular membranes and localized
oxidative stress [83, 122].

Matrix stiffness further modulates regenerative outcomes. Mod-
erately cross-linked GelMA/HAMA constructs provide a per-
missive mechanical niche that supports cellular infiltration and
differentiation, whereas excessively stiff matrices impair prolif-
eration and functional integration. Thus, muscle regeneration
outcomes reflect a delicate balance between scaffold mechanics,
electrical conductivity, and host immune response.

Collectively, these in vivo findings indicate that MXene-mediated
electromechanical modulation plays a central role in coordinat-
ing structural regeneration with functional recovery in skeletal
muscle tissue. Nevertheless, long-term biosafety data remain
limited, particularly regarding degradation products, systemic
biodistribution, and chronic immune responses. Comprehensive
longitudinal studies will be essential to validate the safety profile
of MXene-integrated constructs before clinical translation.

4.2.2 Bone and Hard Tissue Regeneration

ExtendingMXene-based bioinks from soft tissues to load-bearing
skeletal environments introduces additional biomechanical and
biological constraints, including high mechanical demand, min-
eralization requirements, vascularization coupling, and immune
compatibility. Recent in vivo studies increasingly demonstrate
that MXene-integrated scaffolds can support robust osteogenesis
while simultaneously enablingmultifunctional therapeutic inter-
ventions. In critical-sized bone defectmodels, composite scaffolds
combining MXenes with bioceramics or polymeric matrices have
shown enhanced osteoblastic activity and accelerated new bone
formation without detectable cytotoxicity at optimized concen-
trations. MXene-modified ceramic scaffolds significantly upreg-
ulated bone-related proteins and promoted mineralized matrix
deposition, suggesting that conductive nanosheet incorporation
can potentiate osteogenic signaling cascades in vivo.

Photoactivated Ti3C2Tx MXene systems further reveal multi-
modal regenerative mechanisms. Under controlled irradiation,
MXene presentation upregulated pro-angiogenic factors and
osteogenic differentiation markers both in vitro and in vivo,
indicating that electroactive and photothermal properties may
synergistically enhance vascularized bone regeneration [123].
These findings suggest that MXene incorporation supports not
Small, 2026
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FIGURE 5 (A) Schematic diagram illustrating the preparation of multifunctional TBGS scaffolds designed for both photothermal treatment of
bone tumors and bone defect repair. The illustration includes: (I) the fabrication process of TBGS scaffolds; (II) in vitro photothermal destruction of
osteosarcoma cells; and (III) bone tissue regeneration and in vivo photonic therapy of osteosarcoma following TBGS implantation and subsequent NIR
irradiation. Reproduced with permission from [95]. Copyright 2019 Wiley. (B) Schematic summary shows that MXene-reinforced 3D-printed double-
cross-linked silk fibroin aerogel scaffolds provide osteosarcoma treatment throughNIR-induced photothermal effect and drug delivery, while promoting
bone regeneration. Reproduced with permission from [124]. Copyright 2023 American Chemical Society.
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nly structural mineralization but also angiogenesis-coupled
steogenesis, which is critical for defect healing.

eyond conventional regeneration, MXene-based scaffolds are
ncreasingly engineered to integrate oncological therapy with
keletal repair. This theragenerative paradigm is particularly rel-
vant following malignant bone tumor resection, where residual
umor cells and compromised osseointegration represent major
linical challenges.

ilk fibroin (SF)-based aerogel scaffolds incorporating Ti3C2
Xene nanosheets exemplify this dual-function approach
mall, 2026
(Figure 5B) [124]. Through 3D printing and photo-cross-linking,
these constructs achieve controlled architecture and mechanical
stability while leveraging strong NIR photothermal conversion
for localized tumor ablation. Importantly, these scaffolds
simultaneously support preosteoblastic proliferation andmineral
deposition, demonstrating that tumoricidal and osteogenic
functions can coexist within a single platform.

More advanced multifunctional systems integrate two-
dimensional Nb2C MXene with S-nitrosothiol-functionalized
mesoporous silica and 3D-printed bioactive glass frameworks
[125]. In these hybrid constructs, NIR-II–activated photothermal
19 of 35

ve C
om

m
ons L

icense



e
(
m
r
o
a
s

S
g
x
s
(
b
r
l
t
b
a
i
s
t
f

A
p
T
r
a
M
a
o
o
m
d
a
b
t
s
d
p
a

C
3
t
a
i
i
d
s

B
e
d
(
c
o
p
a
f

2

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74819 by Faith Sultan M
ehm

et U
niversity, W

iley O
nline L

ibrary on [07/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reat
ffects enable efficient tumor cell eradication, while nitric oxide
NO) release provides antibacterial and microenvironment-
odulating activity. Concurrent calcium and phosphate ion
elease from the bioactive glass matrix further promotes
steogenesis. The coordinated sequence of tumor ablation,
ngiogenesis induction, and bone regeneration reflects a
ophisticated theranostic strategy.

imilarly, Ti3C2 MXene integrated within 3D-printed bioactive
lass (BG) scaffolds achieved complete tumor regression in
enograft models through localized photothermal effects while
imultaneously enhancing new bone formation at defect sites
Figure 5A) [95]. These studies collectively highlight that MXene-
ased scaffolds can bridge oncological therapy and regenerative
econstruction within a unified system. Infection-related bone
oss introduces an additional layer of complexity, as effective
reatment requires not only structural bone repair but also rapid
acterial elimination, inflammatory control, and restoration of
n osteogenic microenvironment. To address these compet-
ng demands, multifunctional MXene-containing bioink/scaffold
ystems have been developed to integrate photothermal antibac-
erial activity with osteoinductive and mechanically supportive
eatures.

representative example is a hybrid GelMA/β-tricalcium phos-
hate (β-TCP)/Sr2+ -cross-linked alginate system incorporating
i3C2 MXene, which demonstrated effective photothermal bacte-
icidal activity under NIR irradiation against both Gram-positive
nd Gram-negative bacterial strains [87]. In this design, Ti3C2
Xene primarily contributed to NIR-responsive photothermal
ntibacterial performance, whereas β-TCP and Sr2+ provided
steoconductive and osteoinductive cues that enhanced the
steogenic differentiation of bone marrow-derived mesenchy-
al stem cells. In vivo implantation in infected mandibular
efect models further showed accelerated infection resolution
nd improved bone regeneration, illustrating how MXene-
ased composite scaffolds can couple infection control with
issue reconstruction. Importantly, this example also demon-
trates that the therapeutic value of MXene-containing bioinks
epends on the coordinated design of multiple functional com-
onents rather than on conductivity or photothermal conversion
lone.

ombinatorial systems incorporating berberine (BBR) within
D-printed biphasic calcium phosphate (BCP) scaffolds fur-
her extend this strategy [126]. MXene-mediated photothermal
ctivation enabled stimulus-responsive BBR release, enhanc-
ng antibacterial efficacy while preserving scaffold mechanical
ntegrity. These results demonstrate the feasibility of integrating
rug delivery, infection control, and structural support within a
ingle regenerative platform.

eyond functional outcomes, recent investigations have begun
lucidating the molecular mechanisms underlying MXene-
riven bone regeneration. In Ti2AlN MXene–polycaprolactone
PCL) composite scaffolds, incorporation of 5% MXene signifi-
antly improved surfacewettability, cell adhesion, and early-stage
steogenic differentiation, as indicated by increased alkaline
hosphatase (ALP) activity [127]. In vivo studies in rat tibial
nd rabbit maxillofacial defect models confirmed enhanced bone
ormation.
0 of 35

i

Transcriptomic analyses revealed activation ofWnt/β-catenin sig-
naling pathways and calcium-binding protein regulation, suggest-
ing that MXene-mediated electrochemical microenvironments
may influence canonical osteogenic cascades. These findings
indicate that MXene integration not only reinforces scaffold
mechanics but also modulates intracellular signaling networks
critical for bone regeneration.

Collectively, these studies illustrate a transition from single-
function osteogenic scaffolds toward multifunctional MXene-
enabled platforms capable of integrating structural support,
electroactivity, photothermal therapy, antimicrobial control, and
biochemical signaling. Such systems exemplify an advanced
theragenerative paradigm in bone tissue engineering.

Nevertheless, several translational challenges remain. Long-
term degradation kinetics, systemic biodistribution of MXene
degradation products, surface chemistry variability, and fabri-
cation standardization require rigorous investigation. Inconsis-
tencies in nanosheet termination chemistry and concentration-
dependent cytotoxicity further complicate cross-study compar-
isons. Addressing these issues will be critical for advancing
MXene-based hard tissue scaffolds from promising preclinical
models toward safe and standardized clinical implementation.

4.2.3 Immunogenicity and Biocompatibility

Biocompatibility represents a decisive parameter in the trans-
lational assessment of MXene-based bioinks, as regenerative
efficacy must be coupled with controlled immune responses
and predictable biosafety profiles. Preclinical studies consis-
tently report minimal adverse immune reactions and acceptable
host tolerance when MXene nanosheets are appropriately inte-
grated within composite hydrogels. In skeletal muscle regen-
eration models, MXene-augmented scaffolds exhibited reduced
inflammatory infiltrates and a shift toward pro-regenerative
macrophage phenotypes compared with polymer-only controls
[10]. These findings suggest that MXene incorporation may mod-
ulate the early inflammatory phase and influence the transition
from acute inflammation toward constructive tissue remodeling.
Macrophage polarization dynamics appear to be particularly rel-
evant. Several in vivo observations indicate enhanced expression
ofmarkers associatedwithM2-like phenotypes alongside reduced
pro-inflammatory cytokine production. Given the critical role
of macrophage-mediated cytokine gradients in orchestrating
angiogenesis and matrix deposition, this immunomodulatory
effect may contribute significantly to the regenerative out-
comes observed in muscle and bone models. However, the pre-
cise molecular mechanisms governing MXene-induced immune
modulation remain insufficiently defined.

Importantly, MXene biocompatibility is not intrinsic but highly
dependent on physicochemical parameters. Surface termination
groups (─F, ─OH, ─O), lateral nanosheet dimensions, oxidation
state, and synthesis routes collectively determine cellular interac-
tions and toxicity profiles. At nanoscale dimensions (1–100 nm),
MXene particles can be internalized via endocytosis, influencing
intracellular trafficking and potential cytotoxic responses [19,
128]. Dose-dependent effects are consistently observed: opti-
mized concentrations maintain high viability, whereas excessive
Small, 2026
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anosheet loading can compromise membrane integrity through
lectrostatic interactions with negatively charged phospholipid
ilayers.

xidative stress emerges as a central determinant of MXene-
ssociated cytotoxicity. Residual oxidizing species generated
uring synthesis, along with redox-active surface terminations,
ay elevate intracellular reactive oxygen species (ROS) levels,
riggering apoptosis-related pathways [129]. While moderate ROS
evels can support regenerative signaling, uncontrolled oxidative
tress may induce mitochondrial dysfunction and inflamma-
ory cascades. This dual role underscores the importance of
efining concentration windows that balance bioactivity and
afety.

n vivo clearance studies indicate partial elimination of MXenes
hrough renal and fecal pathways within short timeframes;
owever, long-term biodistribution, degradation kinetics, and
otential accumulation in reticuloendothelial organs remain
ncompletely characterized. These gaps are particularly rele-
ant for repeated or large-volume implantations, where chronic
xposure scenarios may arise.

urface engineering strategies have demonstrated considerable
romise in mitigating cytotoxicity and improving stability. Func-
ionalization with biocompatible polymers, including polyethy-
ene glycol (PEG), poly(lactic-co-glycolic acid) (PLGA), chitosan,
oly-L-lysine, collagen, and silk fibroin, enhances colloidal stabil-
ty, reduces nonspecific protein adsorption, and attenuates oxida-
ive stress responses [26]. Emergingmachine learning approaches
urther aim to predict cytotoxic outcomes based on synthesis
arameters and surface chemistry, offering a data-driven pathway
or rational MXene optimization.

ollectively, current evidence indicates that the biosafety of
Xene-based systems is context-dependent and governed by
anosheet chemistry, dose, and microenvironmental interac-
ions. Rigorous standardization of synthesis protocols, longi-
udinal biodistribution studies, and immune profiling under
linically relevant conditions will be essential to ensure safe
linical translation [114].

.2.4 Functional Integration and Phenotypic
utcomes

unctional integration represents the ultimate benchmark for
egenerative biomaterials, as successful tissue repair requires
ot only structural restoration but also recovery of physiological
erformance and long-term host compatibility. MXene-based
iointerfaces offer a unique opportunity to couple electroactivity,
echanical reinforcement, and biointerface tunability to support
ntegrated tissue remodeling.

n vivo evidence suggests thatMXene-containing scaffolds extend
eyond passive support to actively modulate phenotypic out-
omes. In skeletal muscle and bonemodels, improved alignment,
atrix deposition, and enhanced tissue organization indicate
hat conductive scaffolds facilitate coordinated cellular behav-
or. Electrical conductivity may promote synchronized cell–cell
ommunication, while surface charge interactions influence
mall, 2026
adhesion and cytoskeletal organization, collectively contributing
to functional maturation.

Alkaya et al. demonstrated a 3D hydrogel scaffold incorporating
MXene quantum dots (MQDs) and stem cells for simultaneous
tissue regeneration and tumor recurrence prevention following
breast cancer resection (Figure 6A) [130]. In murine models,
MQD-containing constructs suppressed early tumor recurrence
while simultaneously promoting tissue remodeling, as confirmed
by histological and immunohistochemical analyses. The dual-
function capability highlights how MXene-based systems can
integrate oncological control with regenerative reconstruction
within a single microenvironment.

Beyond oncological contexts, functional integration in electrore-
sponsive tissues such as cardiac and neural systems depends
on restoring electrophysiological continuity. Conductive MXene
networks may facilitate synchronized electrical propagation
across engineered tissues, reducing conductionheterogeneity and
supporting maturation of excitable cell populations. Although
long-term electrophysiological mapping remains limited, early
data suggest improved contraction synchrony and organized
tissue architecture in conductive constructs.

Nevertheless, long-term integration dynamics remain underex-
plored. Questions persist regarding scaffold degradation rates
relative to tissue remodeling, stability of conductive networks
over time, and potential immune responses under chronic load-
ing conditions. Moreover, the durability of electromechanical
coupling after partial MXene degradation requires further inves-
tigation to determine whether functional benefits are transient or
sustained.

In addition to regenerative applications, MXene-mediated pho-
tothermal platforms have demonstrated functional tumor mod-
ulation in bioprinted 3D breast cancer spheroid models, where
localized hyperthermia andROS generation significantly reduced
tumor viability and influenced immune cell migration patterns,
underscoring the capacity of MXene-enabled systems to actively
regulate complex 3D microenvironments (Figure 6B) [86].

Overall, MXene-based biomaterials demonstrate the capacity
to orchestrate structural repair, phenotypic modulation, and
therapeutic functionality within complex in vivo environments.
However, achieving durable and clinically reliable integration
will require comprehensive long-term studies addressing degra-
dation behavior, immune equilibrium, and electrophysiological
stability under physiologically relevant conditions.

4.3 Mechanistic Framework of MXene-Mediated
Bioactivity in 3D-Bioprinted Constructs

The preceding subsections document a rapidly expanding body of
evidence showing that MXene-containing bioinks support cyto-
compatible encapsulation, accelerate lineage-specific differenti-
ation, and enhance the functional maturation of 3D-bioprinted
constructs. Yet a recurring interpretive ambiguity runs through
this literature: the observed biological effect is rarely attributed
to a single, experimentally isolated MXene property. Instead,
MXene loading simultaneouslymodulates electrical conductivity,
21 of 35
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FIGURE 6 (A) Schematic summary shows breast cancer modeling, mastectomy, and implantation of 3D-printed scaffolds. Tumor images and
size measurements one week after breast tumor induction. Mastectomy procedure following tumor excision. Implantation of a 3D-printed scaffold
after mastectomy. Schematic representation of the in vivo experimental workflow. Reproduced with permission from [130]. Copyright 2025 Wiley. (B)
Schematic summary shows the time-dependent growth of 4T1 spheroids. Schematic representation of the formation of conventional spheroids using a
96-well ultra-low adhesion (ULA) plate. Development of conventional spheroids 0, 48, and 96 h after centrifugation; cells were seeded onto ULA plates
and centrifuged at 300 g for 3 min. Increase in spheroid radius over time for conventionally prepared spheroids. Bioprinting procedure for spheroid
production. Representative images of 4T1 spheroids produced by bioprinting on days 0, 14, and 30. Temporal changes in radius and density of bioprinted
spheroids. Reproduced with permission from [86]. Copyright 2022 Elsevier.
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iscoelastic/mechanical stiffness, surface termination chemistry,
nd the local ionic micro-environment, all of which can converge
n overlapping downstream signaling pathways (e.g., FAK/ERK,
AP/TAZ, Piezo1, connexin-43, L-type Ca2+ channels) [131, 132].

.3.1 Electrical Conductivity and Charge-Transfer
henomena

Xenes of the Ti3C2Tx family exhibit metallic-to-semiconducting
lectronic transport, with sheet resistance tunable over several
2 of 35
orders of magnitude by composition (Ti3C2, Ti2C, Nb4C3, Mo2C),
interflake contact engineering, oxidation state, and polymer-
matrix percolation threshold. In electroactive tissues, cardiomy-
ocyte networks, skeletal myotubes, neural spheroids, and bone
(where piezoelectric and streaming potentials operate), MXene
scaffolds have been reported to (a) redistribute exogenous electri-
cal stimulationmore uniformly across the cell-adherent interface,
(b) accelerate the propagation of action-potential-like Ca2+ tran-
sients, (c) upregulate voltage-gated ion channels and connexin-
43, and (d) amplify Piezo1-mediated mechanosensitive currents.
For example, in 3D-bioprinted cardiac constructs, conductive
Small, 2026
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dditives such as MXenes have been benchmarked against
educed graphene oxide, carbon nanotubes, and gold nanorods
n alginate–gelatin and GelMA–AlgMA hydrogels, where MXene
oading produced conductivities on the order of ∼107 S/m while
reserving cell viability >90% by day 7 [133]. In skeletal muscle
issue engineering, low-concentration GelMA bioinks containing
.05 mg/mL Ti3C2Tx nanosheets exhibited conductivity of 0.65 ±
.04 S/m (vs. ∼0.3 S/m for pure GelMA) and a 5–15% increase
n myosin heavy chain expression in C2C12 myoblasts even
n the absence of exogenous electrical stimulation [8, 134]. In
eural applications, NSCs cultured on Ti3C2Tx films formed
ore active and synchronous network activity than on TCPS
ontrols, displayed significantly longer axons (41.75 ± 2.75 µm
s. 29.84 ± 2.19 µm), and exhibited increased spontaneous exci-
atory postsynaptic current frequency; coupling with electrical
timulation further amplified NSC proliferation [135]. However,
he literature largely attributes these outcomes to “conductivity”
ithout measuring the actual transduced potential at the cell–
aterial interface, or without designing matched-conductivity
ontrols that also match stiffness and surface chemistry. This
onflation is the central concern raised in the present review and
otivates the framework proposed here.

.3.2 Mechanical and Topographical Signaling

ncreasing MXene content in a bioink almost invariably raises
he storage modulus (G′), the equilibrium Young’s modulus, or
oth, and frequently introduces sub-micron topographical cues at
lake edges that re-model integrin clustering and focal-adhesion
aturation. These cues are translated into downstreamYAP/TAZ
uclear translocation,MRTF-A–SRF signaling, andERK1/2 phos-
horylation, which together govern lineage decisions in MSCs,
yoblasts, and neural progenitor cells, consistent with the
roader matrix-mechanotransduction paradigm in which sub-
trate stiffness directs stem-cell fate through FAK/SRC/integrin
ndHippo-pathway effectors [136]. InMXene bioinks specifically,
echanical reinforcement is well documented: incorporation of
mg/mL Ti3C2Tx into alginate-cellulose bioinks raised the com-
ressive Young’s modulus by ∼72% (to ∼0.39 S/m conductivity)
58]; in MXene/SilMA bioinks, increasing the MXene content
aised the compressive modulus and the shear-thinning index
equired for extrudable printability [14]; and in oxidized alginate-
elatin MXene hydrogels, Young’s modulus increased from 40
o 68 kPa upon MXene reinforcement [82]. Importantly, how-
ver, the few available studies that explicitly matched modulus
cross MXene-loaded and MXene-free bioinks (e.g., by adding
ompensatory inert filler) suggest that mechanical reinforcement
lone can account for a substantial fraction of the observed
steogenic and myogenic benefit. This is consistent with the
roader hydrogel literature in which stiffness, independently of
onductivity, modulates lineage commitment.

.3.3 Surface Chemistry and Termination-Group
ffects

Xene flakes carry a heterogeneous mixture of ─OH, ─O,
nd ─F terminations whose ratios depend on the etchant (HF,
iF+HCl, mixed HF/HCl, halogen-free NaOH), delamination
mall, 2026
route, intercalant, and post-treatment annealing [26, 137, 138].
These terminations regulate (a) surface energy and water contact
angle, (b) the composition and conformation of the adsorbed pro-
tein corona (vitronectin, fibronectin, albumin), and (c) the avail-
ability of hydrogen-bond donors/acceptors at the biointerface.
Halogen-free NaOH-etched Ti3C2Tx shows a water contact angle
of ∼34.5◦ (vs. ∼49.8◦ for HF-etched Ti3C2Tx), an ∼3.6 eV work
function, and preserved biocompatibility at concentrations up to
2000 µg/mL at which conventional fluorinated Ti3C2Tx caused
∼50% viability loss [139, 140]. Conversely, fluorinated MXene
flakes release F− ions upon partial oxidation that can promote
ROS generation, disrupt mitochondrial membrane potential, and
trigger pro-inflammatory cytokine release, providing amechanis-
tic link between surface termination chemistry and inflammatory
tone. At the cell-interface level, the predominantly ─O/─OH-
terminated Ti3C2Tx has been shown to cause negligible hemolysis
(0.8% at 200 µg/mL) in red blood cells and to preserve HUVEC
morphology, whereas graphene oxide at the same concentration
caused 50.8% hemolysis, an effect attributed largely to the distinct
hydrophilic surface chemistry of MXene [141].

4.3.4 Ion Adsorption, Intercalation, and Release
Behavior

MXenes are well-known cation intercalation hosts and reversibly
accommodate Na+, K+, Ca2+, and Mg2+ between their galleries,
with ion-transport kinetics governed by interlayer hydration,
defect density, and termination chemistry [142, 143]. In physi-
ological media, partial oxidative degradation also liberates low
concentrations of titanium species. The biological implications
are dual-edged: on the beneficial side, local Ca2+ enrichment at
the cell interface may amplify L-type Ca2+ channel activity and
promote osteogenic mineralization or cardiogenic excitation–
contraction coupling, independently of any electrical effect; on
the detrimental side, Ti release above a poorly defined threshold
can elevate intracellular ROS, compromise mitochondrial mem-
brane potential, and trigger pro-inflammatory cytokine release
[139]. The available data suggest that the beneficial/detrimental
crossover lies in the low-µg/mL range and depends strongly
on the oxidation state of the released species, but few studies
have quantified release kinetics in 3D-printed constructs under
physiologically relevant perfusion. This mechanism is particu-
larly relevant for MXene composites co-loaded with bioactive
ions: in Ti3C2Tx -decorated 3D-printed ZnSr/β-TCP ceramic
scaffolds, for example, photothermal activation by Ti3C2 was
combined with the gradual release of Ca2+, Zn2+, Sr2+, and PO4

3−

ions to coordinate ROS scavenging, macrophage polarization
from M1 to M2, and osteogenesis [144]; and in MXene/copper-
functionalized GelMA/Alg-DA hydrogels, Ti3C2Tx nanosheets
adsorbed free Cu2+ electrostatically to prevent explosive release
while supporting osteogenic and angiogenic differentiation [145].

4.3.5 Combinatorial and Synergistic Effects

Taken together, the four mechanisms above are not independent
variables: conductivity is itself a function of interflake contact
(which is dictated by stiffness and dispersion quality); surface
chemistry is itself a function of oxidation (which releases ions);
23 of 35
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nd ion adsorption is itself a function of interlayer hydration
which depends on polymer-matrix interactions). Consequently,
iological outcomes almost always reflect a convolution of these
actors. We therefore propose that future MXene bioink studies
dopt a multidimensional characterization matrix that simulta-
eously reports: (1) sheet resistance or bulk conductivity at the
rinting-relevant solids content; (2) G′ and tan δ at the cell-
eeding frequency; (3) XPS-derived─OH/─O/─F ratios and Ti 2p
xidation state; and (4) Ca2+, Mg2+, and Ti release kinetics over 1,
, and 14 days. Studies that cannot provide all four should refrain
rom attributing outcomes to any single mechanism [146, 147].

able 5 summarizes the four primary mechanism classes along-
ide the MXene property they map to, the documented biological
utcome, a representative bioink system, and the principal
imitation of the currently available evidence.

Translational and Regulatory Considerations

he clinical translation of MXene-based bioinks extends far
eyond proof-of-concept demonstration and requires alignment
ith manufacturing scalability, regulatory classification, long-
erm biosafety, and ethical deployment frameworks. While
reclinical data demonstrate promising regenerative and mul-
ifunctional performance, the path toward clinical adoption
emands rigorous standardization, risk stratification, and com-
liance with regulatory agencies such as the U.S. Food and
rugAdministration (FDA) and the EuropeanMedicines Agency
EMA).

Xene-enabled systems frequently fall into complex regulatory
ategories. Depending on formulation and intended use, they
ay be classified as medical devices, combination products
device–drug or device–biologic hybrids), or advanced therapy
edicinal products (ATMPs). For example, photothermal tumor-
blation scaffolds incorporating drug release or nitric oxide
onors may require dual regulatory evaluation, significantly
ncreasing translational complexity. Consequently, early-stage
esign must consider regulatory classification to streamline
pproval pathways and reduce downstream barriers.

nlike traditional polymer-based biomaterials, MXene-conta-
ning systems introduce electroactive nanocomponents whose
egradation products, long-term persistence, and biodistribu-
ion must be thoroughly characterized. Therefore, translational
dvancement requires not only demonstration of regenerative
fficacy but also comprehensive toxicological profiling, chronic
mplantation studies, and validated degradation models.

.1 Standardization, Synthesis, and
anufacturing Scalability

eproducible and scalable synthesis constitutes a foundational
equirement for regulatory acceptance. MXene fabrication com-
only involves selective etching of MAX phases followed by
elamination and surface modification. However, variations in
tching chemistry, such as hydrofluoric acid–based methods
ersus minimally intensive layer delamination approaches, pro-
uce substantial differences in surface termination profiles (−F,
4 of 35
−OH, −O), lateral nanosheet dimensions, oxidation kinetics, and
colloidal stability [151].

These physicochemical variations directly influence rheological
behavior, print fidelity, degradation rate, and biointerface interac-
tions. Consequently, inconsistencies in synthesis protocols hinder
the establishment of robust structure–property–function rela-
tionships and complicate interlaboratory reproducibility. From a
regulatory standpoint, such variability poses significant obstacles
to compliance with Good Manufacturing Practice (GMP) stan-
dards and quality control requirements mandated by agencies
including the FDA and EMA.

Manufacturing scale-up introduces additional technical chal-
lenges. Large-scale production must ensure controlled delam-
ination efficiency, narrow lateral size distribution, uniform
surface chemistry, and long-term dispersion stability. Evenminor
variations in nanosheet aggregation state can alter bioink viscos-
ity, percolation thresholds, and electrical conductivity, thereby
affecting biological performance.

To address these challenges, translational pipelinesmust incorpo-
rate standardized characterization frameworks, including surface
chemistry quantification (e.g., XPS-based termination analysis),
nanosheet size distribution mapping, oxidation state monitoring,
and accelerated aging studies. Integration of in-line quality
control systems during manufacturing will be critical to achieve
batch-to-batch consistency.

Furthermore, regulatory approval will require validated steril-
ization protocols compatible with MXene stability. Conventional
sterilization methods, such as gamma irradiation, autoclaving, or
ethylene oxide treatment,may alter surface terminations or accel-
erate oxidation, potentially affecting functionality and safety.
Thus, sterilization compatibility studies must be incorporated
early into manufacturing design.

Ultimately, establishing scalable, quality-controlled synthesis–
manufacturing pipelines capable of meeting GMP standards will
be essential for translating MXene-based bioinks from laboratory
innovation to clinical-grade biomaterials [152].

5.2 Sterilization and Biological Stability

The clinical deployment of MXene-based bioinks necessi-
tates sterilization strategies that preserve both physicochemical
integrity and functional bioactivity. Unlike conventional poly-
meric biomaterials, MXene-containing constructs incorporate
electroactive nanosheets whose surface terminations and oxi-
dation state critically determine conductivity, dispersibility, and
biointerface interactions. Consequently, sterilization-induced
alterations may significantly affect performance.

Standard sterilization modalities, including autoclaving, gamma
irradiation, and ethylene oxide exposure, pose distinct risks. Ther-
mal sterilization may accelerate MXene oxidation and structural
fragmentation. Gamma irradiation can induce surface defect
formation andmodify termination chemistry, potentially altering
electrical conductivity and redox behavior. Ethylene oxide, while
milder, may leave residual contaminants or modify surface
Small, 2026
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unctional groups. Such changes may influence protein adsorp-
ion, integrin engagement, and cell signaling pathways.

espite these risks, systematic investigations examining
terilization-induced alterations in MXene systems remain
carce, representing a major translational gap. Establishing
alidated sterilization protocols tailored to MXene stability is
herefore essential. Potential strategies include low-temperature
lasma sterilization, filtration-based approaches for bioink
recursors, or aseptic manufacturing pipelines that minimize
ost-fabrication exposure.

qually critical is the long-term biological stability of MXene
onstructs under physiological conditions. Ti3C2Tx and related
Xenes are prone to oxidation in aqueous, oxygen-rich envi-
onments, leading to gradual loss of conductivity and alteration
f surface chemistry. Degradation may result in nanosheet frag-
entation and formation of titanium oxide species, which can
nfluence both scaffold mechanics and cellular responses.

rom a translational safety perspective, such instability raises
oncerns regarding degradation byproducts, persistence in retic-
loendothelial organs, and long-term accumulation. Although
reliminary studies indicate partial renal and fecal clearance,
omprehensive pharmacokinetic and biodistribution analyses
emain limited. Chronic implantation models and accelerated
ging studies under simulated physiological conditions will be
ecessary to define acceptable degradation windows.

o enable regulatory progression, standardized testing frame-
orks must be developed to quantify sterilization effects, oxida-
ion kinetics, conductivity retention, and degradation behavior
n biologically relevant environments. Defining performance
hresholds, rather than relying solely on qualitative observations,
ill be critical for establishing predictable safety profiles and
acilitating regulatory approval [10].

.3 Biocompatibility, Immunomodulation, and
iosafety Evaluation

omprehensive biosafety evaluation of MXene-based systems
ust extend beyond acute cytocompatibility to encompass long-
erm immune modulation, hemocompatibility, genotoxicity, sys-
emic biodistribution, and degradation product profiling. Given
he nanoscale and electroactive nature ofMXenes, their biological
mpact is inherently dependent on surface chemistry, lateral size,
xidation state, and formulation context.

hort-term in vitro studies generally report favorable hemo-
ompatibility and low cytotoxicity, particularly when surface
unctionalization reduces nonspecific membrane interactions
79]. However, nanomaterials can exert dual immunological
ffects, promoting either regenerative macrophage polarization
r pro-inflammatory activation depending on physicochemical
arameters.

n orthopedic and implantable systems, biosafety is intrinsi-
ally linked to infection control. Hybrid platforms integrating
i3C2 MXene with Fe-based metal–organic framework (Fe-MOF)
anozymes within 3D-printed polylactic acid scaffolds demon-
6 of 35
strate how MXene-mediated photothermal effects can synergize
with catalytic ROS generation to achieve potent antibacterial
activity [94]. Under NIR irradiation, localized surface plasmon
resonance (LSPR) enhances electron transfer to Fe-MOFs, accel-
erating Fenton-like reactions and amplifying ROS production.

While such antibacterial activity improves implant success, it
simultaneously necessitates careful evaluation of ROS-mediated
host tissue damage. Therefore, defining therapeutic windows
for photothermal activation is essential to balance antibacterial
efficacy and cytocompatibility.

Accumulating evidence indicates that MXene toxicity is highly
dose- and surface-dependent [153]. Zebrafish embryo models
classify Ti3C2 as “practically nontoxic” at tested concentrations,
with negligible neurodevelopmental disruption [154]. However,
differential cytotoxicity toward malignant versus nonmalignant
cell lines has been reported, suggesting that oxidation state
and surface terminations influence membrane interactions and
oxidative stress induction (Figure 7A) [155]. Surface engineering
plays a decisive role in mitigating toxicity. Soybean phospholipid-
functionalized Ti3C2 (Ti3C2 -SP) nanosheets demonstrate mini-
mal cytotoxicity in vitro and no significant acute or chronic tox-
icity following intravenous administration in murine models at
doses up to 20mgkg−1 [22]. Similar favorable profiles are observed
for SP-functionalized Ta4C3 and MnOx/ Ti3C2 composites, with
stable hematological and systemic parameters in vivo [156, 157].
These findings underscore thatMXene biosafety is tunable rather
than fixed. However, long-term accumulation, chronic immune
activation, and potential genotoxicity remain insufficiently char-
acterized. Standardizednanotoxicology frameworks, alignedwith
emerging nanomedicine regulatory guidelines, will be required to
systematically assess immune profiling, complement activation,
and systemic responses [158].

Beyond minimizing toxicity, MXene-based systems can actively
promote constructive host integration. Asaro et al. covalently
integrated MXene–collagen biohybrid platforms demonstrate
enhanced fibroblast proliferation, improved cardiomyocyte mat-
uration, and antibacterial performance against Staphylococcus
aureus [108]. Increased connexin-43 (Cx43) expression under
electrical stimulation indicates improved intercellular electrical
coupling in cardiac models.

Beyond cardiac and soft-tissue applications, the favorable
biocompatibility and antibacterial properties of MXene-
based systems have also been demonstrated in bone tissue
engineering. Veebarathin et al. developed 3D bioprinted
chitosan/hydroxyapatite (CS/HAp) nanocomposite scaffolds
containing Ti-MXene to reduce biofilm-induced infections and
improve mechanical performance in bone implants. Chitosan
and hydroxyapatite were combined in a 1:1 ratio, and then
hydrogels suitable for bioprinting were prepared by adding
different concentrations of Ti-MXene. The results showed
that the scaffold containing 0.3 mg/mL Ti-MXene exhibited
better structural integrity, lower biofilm formation, and higher
mechanical strength (23.3 MPa). Furthermore, low swelling
and degradation rates and favorable surface properties were
obtained. Cell viability tests revealed that the scaffold did
not exhibit toxic effects and supported cell adhesion. These
findings demonstrate that Ti-MXene-reinforced nanocomposite
Small, 2026
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FIGURE 7 (A) Schematic abstract shows a descriptive workflow outlining the fabrication, synthesis pathway, structural stabilization process,
and subsequent interactions with human cells of multilayer 2D Ti2NTxMXene nanosheets. Reproduced with permission from [155]. Copyright 2019
Springer Nature. (B) Schematic workflow illustrating (a) the synthesis of Ti-MXene nanosheets, (b) the formulation of chitosan/hydroxyapatite/Ti-
MXene nanocomposite bioink, and (c) the fabrication of 3D-printed scaffolds for soft bone tissue engineering applications. Reproduced with permission
from [159]. Copyright 2025 Nature.
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caffolds are biocompatible, antibacterial, and mechanically
trong candidates for bone tissue engineering applications
Figure 7B) [159].

hese findings illustrate that MXene-enabled systems operate at
he intersection of bioactivity and therapeutic modulation. How-
ver, sustained immune equilibrium under chronic implantation
onditions remains to be validated through long-term studies
xamining fibrosis, foreign body response, and degradation-
ediated immune activation.
mall, 2026
5.4 Regulatory Classification and Approval
Pathways

MXene-based bioinks occupy a complex and evolving regula-
tory landscape, where classification is determined by compo-
sition, intended clinical indication, and mechanism of action.
Depending on whether constructs incorporate living cells,
bioactive molecules, drug-release components, or purely struc-
tural scaffolds, MXene-enabled systems may be categorized as
medical devices, biologics, combination products, or advanced
27 of 35
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herapy medicinal products (ATMPs) under FDA and EMA
rameworks [160].

his classification ambiguity introduces substantial translational
omplexity. Device-based pathways typically emphasize mechan-
cal performance, biocompatibility, and degradation kinetics,
hereas biologic or combination product pathways require exten-
ive pharmacokinetic, biodistribution, immunogenicity, and
ong-term safety evaluation. For example, MXene-based scaffolds
esigned solely for structural regeneration may follow device-
riented regulatory routes, while photothermal systems incor-
orating drug delivery or nitric oxide release mechanisms may
e regulated as combination products requiring dual evaluation
treams.

egulatory agencies mandate comprehensive physicochemi-
al characterization for nanomaterial-containing systems. For
Xene-based bioinks, this includes nanosheet size distribution,
urface termination quantification, oxidation stability, batch
eproducibility, and degradation product profiling [161].

he dynamic surface chemistry and oxidation susceptibility
f Ti3C2Tx and related MXenes present additional regulatory
hallenges, as small alterations in termination chemistry can
odify biological performance. Therefore, lifecycle stability,
rom manufacturing through storage and implantation, must be
emonstrated under defined quality control parameters.

hree-dimensional bioprinting further amplifies regulatory com-
lexity. Constructs containing cells and biomolecules often fall
ithin combination or ATMP categories, requiring validation of
ell sourcing, sterility assurance, scaffold–cell interaction stabil-
ty, and functional persistence. Large-animal preclinical models
re increasingly expected to bridge the translational gap by
valuating long-term tissue integration, vascularization, immune
esponse, and mechanical durability under physiologically rele-
ant loading conditions [79].

critical challenge lies in the fact that existing regulatory
rameworks were not originally designed for multifunctional
anomaterial-enabled biofabrication platforms [6].MXenes com-
ine structural, electroactive, photothermal, and biochemical
unctionalities within a single system, complicating mechanism-
f-action categorization.Adaptive regulatory strategies, including
arly scientific advice consultations and risk-based classification
pproaches, will therefore be essential. Proactive engagement
ith regulatory agencies during early development stages can
elp define testing requirements, reduce uncertainty, and accel-
rate approval pathways [162].

.5 Ethical, Cost, and Commercial
onsiderations

eyond regulatory compliance, the successful clinical adoption
f MXene-based bioinks depends on ethical governance, eco-
omic feasibility, and demonstrable clinical value. Particularly in
iofabricated systems incorporating living cells, ethical consider-
tions surrounding cell sourcing, donor consent, genetic stability,
nd long-term monitoring must be carefully addressed. Autol-
gous cell strategies offer improved immunocompatibility but
8 of 35
limit scalability and increase manufacturing complexity, whereas
allogeneic approaches improve standardization but introduce
immunological and ethical considerations.

Long-term implantation of electroactive nanomaterials also
raises ethical obligations regarding post-market surveillance and
patient risk communication. Given the evolving understanding
of nanomaterial biodistribution and chronic exposure effects,
transparent risk–benefit assessment and longitudinal monitoring
frameworks will be essential for maintaining patient trust and
regulatory approval.

From a manufacturing standpoint, cost remains a major barrier.
Current MXene synthesis methods involve selective etching
processes, controlled delamination, and surface functionalization
steps that increase production complexity and variability. Achiev-
ing medical-grade purity with consistent surface termination
profiles further elevates cost and demands rigorous quality
control. Without scalable and cost-efficient production pipelines,
large-scale commercialization may remain constrained.

Commercial viability will ultimately depend on clear demonstra-
tion of clinical superiority over existing biomaterials. MXene-
based bioinks must justify their added complexity by delivering
measurable improvements in functional outcomes, durability,
or reduced complication rates. In healthcare systems governed
by reimbursement frameworks, cost–benefit analyses and health
economic evaluations will strongly influence adoption. Tech-
nologies that provide incremental benefits at disproportionately
higher costs may struggle to achieve market penetration.

Moreover, intellectual property landscapes and manufacturing
know-how will shape industrial partnerships and technology
transfer pathways. Collaborative ecosystems involving academic
researchers, material manufacturers, clinicians, and regulatory
experts will be required to bridge the gap between laboratory
innovation and commercial deployment.

Collectively, ethical responsibility, economic scalability, and
demonstrable clinical value represent pivotal determinants of
translational success. MXene-enabled bioinks must therefore
be evaluated not only through scientific performance metrics
but also through holistic frameworks encompassing societal
acceptance, cost-effectiveness, and sustainable manufacturing
strategies [152].

6 Challenges and Future Perspectives

Despite rapid advances demonstrating the promise of MXene-
based bioinks for 3D bioprinting, several critical challenges
remain before these materials can be broadly applied in func-
tional tissue engineering and clinical settings. Addressing these
challenges will requiremultidisciplinary efforts spanningmateri-
als science, bioengineering, regulatory science, and translational
research.

Beyond formulation-related challenges, the design of functionally
integrated bioinks introduces additional complexity. MXenes’
exceptional electrical conductivity and surface chemistry can
improve bioink performance, but their incorporation also
Small, 2026
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ntroduces complexity in ink rheology.AchievinguniformMXene
ispersion without aggregation is essential for consistent print-
bility, as agglomerates can increase viscosity and lead to nozzle
logging or inhomogeneous filament formation. Meanwhile,
trategies to improve flow behavior, such as high-shear mixing or
pecific solvents, may inadvertently degrade nanosheet structure
r impact biocompatibility, underscoring the delicate balance
etween printability and functional integrity. Careful optimiza-
ion of dispersion techniques, potentially guided by machine
earningmodels, could help navigate complex formulation spaces
nd enhance reliability.

o fully harness MXenes’ capabilities, multi-component ink
esigns that synergistically balance mechanical, electrical, and
iological functions are an active area of future research.
or example, composite formulations that combine MXenes
ith other conductive fillers, elastomeric polymers, or bioac-
ive ceramics may help maintain printability while providing
unctional cues tailored to specific tissues, yet such designs
equire careful engineering to avoid compromising cell viability
r structural stability.

pervasive challenge in 3D bioprinting is the fabrication of
onstructs that not onlymimic the structural complexity of native
issues but also support vascularization and nutrient transport.
hile MXene-based bioinks can enhance electrical and mechan-

cal properties, they do not inherently solve the limitations related
o creating perfusablemicrovascular networks that are critical for
issue survival in thick or metabolically active constructs. Future
trategies may need to integrate MXene bioinks with sacrificial
nks, growth factor gradients, or vascularizing cell populations to
mulate functional tissue architecture [163].

lthough initial in vitro and in vivo studies indicate good
hort-term cytocompatibility for MXene-based constructs, long-
erm biocompatibility remains underexplored. Particularly under
hysiological conditions, MXenes can undergo oxidation and
tructural changes that may affect conductivity, functional per-
ormance, and degradation byproducts. There is evidence that
egradation behavior and immune interactions are strongly
ependent on surface functionalization andnanosheet chemistry,
ut systematic evaluations in long-term animal models are lim-
ted. Addressing these gaps is essential for understanding chronic
esponses and ensuring safe clinical adoption [4].

ranslating MXene bioinks from bench to bedside will require
calable manufacturing processes that ensure batch-to-batch
eproducibility of nanosheet properties and bioink performance.
urrent synthesis and functionalization routes for MXenes are
ften small-scale and sensitive to etching conditions, making
tandardization challenging. Regulatory pathways for advanced
ioinks incorporating nanomaterials also remain complex, as
uch constructs may be classified as combination products,
equiring extensive safety and efficacy data. Collaboration
etween researchers and regulatory bodies is needed to establish
lear guidelines for nanomaterial-integrated bioinks, including
tandardized characterization metrics and evaluation protocols.
uture research should focus on predictive and adaptive bioink
ystems, where MXene properties can be dynamically tuned
o match tissue-specific requirements and evolving biological
nvironments. In the long term,MXene-based bioinksmay evolve
mall, 2026
from passive structural materials into intelligent biointerfaces
capable of sensing, responding, and actively guiding tissue
regeneration [134, 164].

Importantly, overcoming these challenges will require not only
incremental improvements but also integrated design strategies
that bridge material science, biology, and clinical needs. MXene-
based bioinks are emerging as a transformative class of materials
with the potential to redefine functional biofabrication.

7 Conclusion

MXene-based bioinks have emerged as a highly versatile and
promising class ofmaterials at the intersection of nanotechnology
and biofabrication. Their unique combination of physicochem-
ical properties, including high electrical conductivity, tunable
surface chemistry, photothermal responsiveness, andmechanical
reinforcement capability, enables the design of multifunctional
bioinks that extend beyond traditional structural roles. As high-
lighted throughout this review, these features position MXenes
as key enablers for engineering bioactivemicroenvironments that
can actively regulate cell behavior and tissue development.

From a materials engineering perspective, significant progress
has been made in tailoring MXene-based bioinks through
advanced formulation strategies, cross-linking mechanisms, and
rheological optimization to achieve printability without compro-
mising biological performance. The ability to integrate electrical
conductivity and stimuli-responsive behavior within printable
systems has opened new opportunities for fabricating constructs
that mimic the dynamic and functional nature of native tissues.

Biologically, MXene-incorporated constructs have demonstrated
promising outcomes across both in vitro and in vivo studies.
These systems support cell viability, proliferation, and lineage-
specific differentiation, while also enabling enhanced functional
maturation in electrically active tissues such as muscle and car-
diac systems. In vivo evidence further indicates thatMXene-based
scaffolds can promote tissue regeneration, modulate immune
responses, and facilitate functional integration within host envi-
ronments. However, these biological effects are highly dependent
on material parameters such as surface chemistry, concentra-
tion, and degradation behavior, underscoring the importance of
precise material design.

Despite these advances, several critical challenges remain to
be addressed before clinical translation can be realized. These
include achieving reproducible large-scale synthesis, ensuring
long-term stability under physiological conditions, understand-
ing degradation pathways and biodistribution, and establishing
comprehensive biosafety profiles. In addition, regulatory classi-
fication, manufacturing standardization, and ethical considera-
tions will play a defining role in determining the translational
trajectory of MXene-based bioinks.

Looking forward, the future ofMXene-enabled biofabrication lies
in the development of intelligently engineered systems that inte-
grate structural, electrical, and biological functionalities within a
single platform. Emerging approaches combining MXenes with
bioactive molecules, responsive polymers, and advanced printing
29 of 35
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trategies are expected to further expand their applicability across
omplex tissue systems. Moreover, the integration of predictive
odeling and data-driven design frameworks may accelerate
he optimization of MXene-based bioinks for specific clinical
pplications.

n conclusion, MXene-based bioinks represent a transformative
irection in 3D bioprinting, offering the potential to bridge the
ap between engineered constructs and functional living tissues.
ontinued interdisciplinary efforts will be essential to fully
arness their capabilities and translate these advanced materials
rom experimental platforms into clinically relevant solutions for
egenerative medicine.
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