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Transition metal dichalcogenides as platforms for
biosensing, phototherapy, and drug delivery

*xab

Yilin Tang,7? Zineng Huang,7? Keyue Tian® and Feng Luo

Two-dimensional transition metal dichalcogenides (TMDCs) are advancing from model nanomaterials to
clinically relevant biointerfaces. Their atomic thickness, tunable band structures, strong light-matter
coupling, and chemically addressable surfaces enable this progress. This review connects structure-
property-function relationships to synthesis routes, including mechanical exfoliation, chemical vapor
deposition, and solution-phase exfoliation. These methods control layer number, phase, defect chemistry,
and lateral size. We outline how covalent or non-covalent functionalization, heterostructuring, and doping
expand colloidal stability, targeting specificity, and robustness in physiological media. TMDCs leverage their
high surface area and semiconducting properties to enable ultrasensitive biosensing across field-effect,
electrochemical, and fluorescence/colorimetric approaches. They also enable stimuli-responsive drug
delivery with spatiotemporal control and multimodal bioimaging. Modalities span photoluminescence,
photoacoustic, two-photon, and MRI-hybrid platforms. Broadband near-infrared absorption supports
efficient photothermal and photodynamic cancer therapies, enabling synergistic theranostics. Mechanically
compliant, conductive composites position TMDCs for tissue engineering and regenerative scaffolds. We
critically assess biocompatibility and long-term fate, focusing on phase or defect chemistry, protein
coronas, reactive oxygen species, and degradation pathways. Translational bottlenecks include batch
variability, scalable manufacturing with phase control, deep-tissue activation, standardized characterization,
and regulatory readiness. We map these to a practical roadmap integrating reproducible synthesis,
harmonized materials descriptors, in vivo pharmacokinetics or toxicology standards, and interoperable
device integration. Together, TMDCs are emerging as a coherent materials platform for precision
diagnostics, targeted therapy, and regeneration, with milestones toward clinical adoption.

particularly suitable for applications in sensing, imaging, and
therapy. Their high surface-to-volume ratio promotes strong

Two-dimensional (2D) materials, particularly transition metal
dichalcogenides (TMDCs), have emerged as key players in
biomedicine due to their unique properties arising from their
atomic thickness and composition. TMDCs, consisting of a
transition metal (e.g., molybdenum [Mo] or tungsten [W]) and
chalcogenides (e.g:, sulfur [S], selenium [Se], or tellurium [Te]),
offer a diverse range of electrical, optical, mechanical, and
chemical characteristics that are ideal for various biomedical
applications." These materials exhibit properties ranging from
semiconducting to metallic, depending on their composition
and structural phase.> This versatility makes TMDCs
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interactions with biomolecules, enhancing their sensitivity for
detection and ability to load large amounts of drugs.
Additionally, TMDCs possess unique optical properties,
including strong light absorption and photoluminescence
across the visible to near-infrared (NIR) range, making them
ideal for bioimaging and phototherapies.® The inherent
mechanical strength and flexibility of TMDCs enable their
integration into wearable and implantable devices without
compromising functionality or comfort. Their chemical
modifiability enables the conjugation of biomolecules,
targeting agents, and polymers, thereby enhancing their
biocompatibility and targeting specificity.*

TMDCs, with a transition metal (M) sandwiched between
two chalcogen atoms (X), typically sulfur, selenium, or
tellurium (MX,), exhibit a range of electronic properties, from
metallic to semiconducting.” Synthesis methods for TMDCs,
such as mechanical exfoliation, chemical vapor deposition
(CVD), and atomic layer deposition (ALD), offer control over
layer thickness and material purity, enabling the fine-tuning
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of their properties. While graphene has garnered significant
attention for its properties, TMDCs differ in that they exhibit
a wide range of band gaps, making them particularly
attractive for optoelectronic applications and biosensing. The
semiconducting nature of TMDCs, such as MoS, and WS,,
makes them particularly suitable for photothermal therapy
(PTT) and drug delivery systems, where their light-absorption
properties can be used to control drug release and target and
destroy cancer cells. Their unique optical properties also
enable fluorescence-based biosensing and imaging for
diagnostics and in vivo monitoring.

TMDCs are explored for biosensing, drug delivery,
bioimaging, photothermal and photodynamic therapy (PTT/
PDT), and tissue engineering. TMDC-based sensors utilize
electrical and optical properties for sensitive biomolecule
detection. As carriers for therapeutics, they enable controlled
release and targeted delivery, improving treatment efficacy
and minimizing side effects. Their optical characteristics
offer high-resolution imaging of biological structures. Strong
NIR light absorption enables localized cancer therapy with
minimal damage to healthy tissue. TMDCs are also
incorporated into scaffolds to support cell growth and tissue
regeneration, leveraging their mechanical and
features.

The mechanisms behind these applications are rooted in
TMDCs' atomic structure and material properties. In
biosensing, the adsorption of biomolecules alters electrical
properties, enabling the detection of specific analytes. For
drug delivery, TMDCs' surfaces can be engineered to respond
to environmental stimuli, releasing loaded drugs at target
sites. Their optical properties are exploited in bioimaging and
phototherapies, where interactions with light enable both
visualization and therapeutic functionalities. Despite the
promising potential of TMDCs in biomedicine, challenges
remain, including ensuring long-term biocompatibility,
mitigating potential toxicity, achieving efficient and targeted
in vivo delivery, and scaling up production. Future research
will focus on overcoming these challenges by developing
novel synthesis and functionalization strategies, conducting
comprehensive biocompatibility and toxicity studies, and
exploring the integration of TMDCs with existing medical
technologies to enable seamless clinical translation. The
application of TMDCs in biomedicine is a rapidly growing
field with the potential to revolutionize diagnostics,
therapeutics, and regenerative medicine. As we continue to
explore and harness the unique properties of TMDCs, their
integration into biomedical applications promises innovative
solutions to healthcare challenges, paving the way for
advancements in medical technology and patient care.

While several excellent reviews have summarized the
fundamental properties and general applications of TMDCs
in biomedicine, this review distinguishes itself by providing a
critical and forward-looking analysis focused on the
translational pathway from laboratory innovation to clinical
implementation. Unlike previous publications, we place a
particular emphasis on the interplay between material

surface
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synthesis, functionalization strategies, and their direct
consequences for in vivo performance and biocompatibility.

2. Synthesis of TMDCs

2.1 Mechanical exfoliation

Mechanical exfoliation is a straightforward and effective
method for synthesizing 2D TMDCs, such as MoS,, WS,, and
WSe,. This technique, which played a crucial role in the
initial isolation of graphene, involves physically peeling layers
from a bulk TMDC crystal to produce thin layers or even
single layers of the material. Despite its simplicity,
mechanical exfoliation has been instrumental in the research
and development of TMDCs, enabling the production of
high-quality, atomically thin layers ideal for fundamental
studies and small-scale device fabrication.’

The process begins with a bulk TMDC crystal, characterized
by van der Waals forces between layers that enable separation.
Adhesive tape is applied and peeled off to cleave layers from
the material. Repeating the peeling process with fresh tape or
folding and unfolding the tape thins the layers further. The
thinned layers on the tape are then transferred to a suitable
substrate, such as a silicon wafer coated with silicon dioxide,
by pressing the tape onto the substrate and peeling it off,
leaving the TMDC layers on the surface.*” The transferred
layers are characterized using optical microscopy, atomic force
microscopy (AFM), or Raman spectroscopy.

This process is straightforward and requires minimal
equipment, making it accessible for basic research
laboratories. Mechanical exfoliation yields TMDC layers with
minimal defects, preserving their intrinsic electronic and
optical properties. However, the technique is not suitable for
large-scale production due to its labor-intensive nature and the
difficulty in consistently producing layers of uniform
thickness.® Typically, the process yields a small number of 2D
layers, with the thickness and size of exfoliated flakes varying
significantly.” Despite these limitations, mechanical
exfoliation remains a valuable technique for producing high-
quality TMDC samples for research, especially for investigating
their unique physical, chemical, and electronic properties.
Additionally, prototype devices such as transistors, sensors,
and photodetectors can be developed to explore the potential
applications of TMDCs in electronics and optoelectronics.

Mechanical exfoliation does not work for industrial-scale
production, but findings from this method drive progress in
alternative, scalable synthesis methods.

2.2 CVD

CVD enables the controlled growth of TMDC layers—
materials composed of transition metals and chalcogens—on
various substrates. This method offers scalability and
uniformity, which are essential for practical applications in
electronics, optoelectronics, and biomedicine (Fig. 1). The
process begins by placing a substrate, often a silicon wafer
coated with silicon dioxide or another suitable material,
inside a CVD chamber. Transition metal precursors, such as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 CVD of TMDCs. A shows the growth mechanism of AA stacking MoS, bilayer grain and representative low-magnification optical images of
MoS, domains grown for 25 min, demonstrating the morphology during the CVD method for preparing TMDC.° Copyright© American Chemical
Society. B illustrates the general structure of TMDC materials and their common phases.”* Copyright© MDPI. C presents the microscopic images
of hBN and WSe2 sheets that have undergone TFD coating treatment during the CVD process, along with their surrounding environment.**
Copyright© Royal Society of Chemistry. D illlustrates a preparation method for achieving the desired thickness and morphology, as well as the
electronic band structure analyzed by ARPES.! Copyright© Royal Society of Chemistry. E shows a key technology that facilitates the exploration of

carrier dynamics in 2D materials.'

Copyright© Royal Society of Chemistry. F shows a detailed process of growing WS, flakes on a SiO, surface.!?

Copyright© Springer Nature. These figures are intended to provide a more vivid description of CVD.

molybdenum oxide or tungsten oxide, and sulfur or
selenium, which are sources of the chalcogen element, are
introduced in solid or gas form. The chamber is then heated
to high temperatures, usually between 600 °C and 900 °C,
under a controlled atmosphere. Carrier gases such as argon
or nitrogen flow through the chamber and transport the
vaporized precursors to the substrate. Upon reaching the

© 2026 The Author(s). Published by the Royal Society of Chemistry

substrate, the metal and chalcogen vapors react to form
TMDC layers that adhere to the surface.'® Process
parameters, including temperature, pressure, gas flow rates,
and precursor ratios, are carefully controlled to achieve the
desired thickness and morphology.'"'* After growth, the
system is allowed to cool before the substrate is removed
with the synthesized TMDC layers.

Sens. Diagn.
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Building on these process advantages, CVD is particularly
useful for producing large-area TMDC (transition metal
dichalcogenide) films. This makes it suitable for industrial
applications. The technique provides uniform layer thickness
and high crystalline quality. These features are essential for
device fabrication. Additionally, CVD offers scalability,
precise thickness control, good coverage, and strong
electronic properties. This enables the synthesis of
heterostructures and complex architectures. However, the
CVD process requires precise control over many parameters.
This makes it more complex than mechanical exfoliation."
High-quality CVD setups can be expensive and require
specialized vacuum systems and precise temperature control.
Despite these challenges, CVD-synthesized TMDCs have
applications in electronics, optoelectronics, sensing, and
biomedicine.

Applications include the fabrication of transistors,
photodetectors, and other electronic devices that benefit
from TMDCs' semiconducting properties.'* The development
of light-emitting diodes (LEDs), lasers, and photovoltaic cells
utilizes the direct bandgap and strong light-matter
interaction in TMDCs. Furthermore, CVD-synthesized TMDCs
are crucial for creating sensitive and selective sensors for
chemical, biological, and environmental monitoring. These
materials are also used in bioimaging, drug delivery systems,
and Dbiosensors, where their biocompatibility and
functionalization are critical.

Appel and colleagues investigated the biocompatibility of
2D TMDC materials, MoS, and WS,, prepared by
mechanical exfoliation and CVD. Their findings revealed no
toxic effects on mammalian and bacterial cells, and no
significant alterations in ROS levels, suggesting the potential
of these materials for medical device manufacturing.
Similarly, Chen's team demonstrated the biocompatibility of
MoS, synthesized via CVD for biosensor applications,
confirming its suitability as a semiconductor through
in vitro and in vivo testing. Their research emphasizes the
potential of integrating TMDC into
biodegradable and water-soluble electronic platforms for
biomedical implants. As the understanding and control of
CVD processes improve, the range of achievable materials
and their applications in electronics, optoelectronics,
sensing, and biomedicine is expected to expand
significantly."

nanostructures

2.3 Solution-based chemical exfoliation

Solution-based chemical exfoliation involves dispersing bulk
TMDCs in suitable solvents, often assisted by sonication (to
agitate particles), chemical reactions, or intercalation
(inserting molecules between layers), to obtain thin or even
single layers of TMDC in solution. Solution-based chemical
exfoliation enables the production of TMDCs with a wide
range of thicknesses and lateral sizes, making them suitable
for various applications in electronics, optoelectronics, and
biomedicine."®
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The process begins with selecting high-quality bulk TMDC
crystals and appropriate solvents. The choice of solvent is
crucial, typically selected to match the solvent's surface
energy with that of the TMDC material, thereby promoting
exfoliation.” The bulk TMDCs are then dispersed in the
selected solvent, followed by sonication (exposure to high-
frequency sound waves) or mechanical agitation (vigorous
mixing). This step helps intercalate (insert) solvent molecules
between the TMDC layers, weakening the van der Waals
forces (weak attractions between molecules) that hold the
layers together and allowing the exfoliation (separation) of
individual layers into solution.'® Chemical intercalation
agents, such as alkali metals or organic molecules, can be
introduced prior to sonication to further weaken interlayer
forces and enhance exfoliation efficiency. After exfoliation,
the solution is centrifuged (spun at high speed) or filtered to
remove unexfoliated bulk material, yielding a dispersion of
TMDC layers with the desired thicknesses and sizes."
Surface functionalization (adding specific chemical groups)
or chemical modification can be performed to enhance the
dispersibility, stability, and functionality of exfoliated
TMDCs.*

Solution-based chemical exfoliation enables large-scale
production of TMDC dispersions. This method is suitable for
applications that require substantial material quantities.>" By
adjusting exfoliation conditions, TMDCs with controlled
thicknesses and lateral dimensions can be synthesized.
Exfoliated TMDCs in solution can also be easily
functionalized with organic molecules, polymers, or
biomolecules. This improves their compatibility and allows
for use in specific applications. However, achieving uniform
layer thickness and size distribution remains a challenge and
may impact TMDC properties and performance. Chemical
intercalation agents or solvent residues may also remain, so
thorough cleaning is needed to ensure purity.

Thin, flexible TMDC layers produced via solution-based
exfoliation are ideal for flexible transistors, sensors, and
photodetectors. TMDC dispersions can also be added to
polymers or other matrices to improve the mechanical,
electrical, or thermal properties of composites.*?
Functionalized TMDCs are explored for drug delivery,
bioimaging, and biosensing due to their biocompatibility and
surface functionality. Solution-based chemical exfoliation
offers a scalable, versatile route to TMDC materials for many
applications. While challenges in quality and purity persist,
research and development focus on refining this technique
to unlock the full potential of TMDCs in electronics,
optoelectronics, and biomedicine (Fig. 2).

3. Characteristics of TMDCs relevant
to biomedical application

TMDCs, with their diverse and tunable properties, have
garnered significant attention for their potential in

biomedical applications. These 2D materials, composed of a
transition metal (M) such as Mo or W sandwiched between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 From synthesis to application. Three synthetic methods of TMDCs, chemical functionalization, biological applications and future challenges

of TMDCs in the field of biomedicine

two chalcogen atoms (X) such as S, Se, or Te, exhibit a variety
of electronic, optical, and chemical properties relevant to
biomedical applications. The characteristics of TMDCs that
are particularly relevant to biomedical applications include:

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.1 Biocompatibility

Biocompatibility ensures that TMDCs do not cause adverse
reactions when introduced into a biological system. This
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property makes them safe for medical applications such
as drug delivery, biosensors, and bioimaging agents.
Goldman et al examined the biocompatibility of WS,
Inorganic  fullerene-like  nanoparticles  (IFWS,) and
multiwall inorganic nanotubes (INT-WS,) in salivary gland
cells. Their toxicity assessments in RSC and A5 cells at
concentrations of 0.22-100 pug mL™" showed no significant
effects on growth or survival. These microstructures are
localized in the cytoplasm and are enclosed by
membranes, indicating good biocompatibility and potential
medical applications.>® Appel et al tested the cytotoxicity
and genotoxicity of WS, nanoparticles and nanosheets on
S. typhimurium TA100 and HEK293f human kidney cells.
Their tests showed that WS, did not induce high ROS
levels linked to cell death. S. typhimurium also showed no
significant mutations after exposure to 100 pg mL™' of
WS, for 24 hours.**

Several factors influence the biocompatibility of TMDCs.
The type of transition metal and chalcogenide, along with
impurities or synthesis residues, can have a significant
impact. Materials made with high-purity precursors and
thoroughly cleaned after synthesis tend to exhibit better
biocompatibility. The physical characteristics of TMDCs,
such as lateral size, thickness, and morphology, also affect
their interactions with biological systems. Smaller, well-
defined nanoparticles can interact differently with cells
compared to larger or irregularly shaped materials.
Functionalizing TMDCs with biocompatible ligands or
polymers can enhance their biocompatibility.>® Surface
modifications help prevent direct interactions with cells
and tissues, reduce toxicity, and improve solubility and
stability in biological fluids. Biocompatibility also depends
on concentration and exposure time; lower concentrations
and shorter exposure times usually cause fewer adverse
effects. Biocompatible TMDCs can carry therapeutic agents,
enabling targeted delivery and controlled release to
minimize side effects and enhance treatment efficacy.
TMDCs with good biocompatibility also act as contrast
agents in fluorescence, photoacoustic, and MRI imaging.
This provides insight into biological processes without
adverse effects. Biosensors made with biocompatible
TMDCs can sensitively and selectively detect biomolecules,
aiding in disease diagnosis and monitoring.>® Ongoing
efforts to enhance biocompatibility through material design
and functionalization are crucial for TMDC applications in
healthcare. Functionalization with molecules such as
polyethylene glycol (PEG), peptides, or antibodies can
control TMDC interactions with biological systems for
specific uses.?” For example, doxorubicin can adsorb onto
MoS, nanosheets, thereby improving their targeting and
killing of cancer cells.*® Large molecules such as DNA and
proteins can also bind TMDC surfaces via non-covalent
interactions, enabling DNA detection.>® Functionalization
improves solubility and stability, reduces non-specific
binding, and enables targeting of specific cells or tissues
for drug delivery or imaging.

Sens. Diagn.
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3.2 High surface area

TMDCs' high surface area facilitates substantial loading of
therapeutic agents, including drugs, genes, and proteins,
enabling more efficient delivery per unit mass, potentially
increasing treatment efficacy.’* The surface can also be
chemically modified to control the release kinetics of loaded
agents, enabling sustained release over time or responsive
release triggered by specific stimuli (e.g;, pH changes,
enzymes, or light), which is particularly beneficial for
targeted therapy.”® The extensive surface area also enables
effective interaction with biomolecules, enhancing biosensing
performance. By functionalizing the surface with specific
receptors or antibodies, TMDCs can selectively bind to target
biomolecules, such as DNA, RNA, proteins, or small
molecules, leading to detectable changes in their physical or
chemical properties.®® This high degree of interaction
enhances the sensitivity of TMDC-based biosensors, allowing
for the detection of low concentrations of biomarkers, which
is crucial for early diagnosis and disease monitoring.

In bioimaging, the large surface allows efficient loading
with imaging agents or functionalization with targeting
ligands. This improves contrast and specificity of imaging
techniques. For fluorescence imaging, TMDCs can be
combined with fluorescent dyes or quantum dots to amplify
the signal. In photoacoustic imaging, strong optical
absorption enables TMDCs to convert light into acoustic
signals, yielding high-resolution images of biological
tissues.>® The high surface area also promotes interaction
with cells and tissues for therapies like PTT or PDT. TMDCs
absorb light and create heat or generate ROS, damaging
cancer cells while sparing healthy tissue.**

3.3 Optical properties

TMDC materials exhibit unique light absorption,
photoluminescence (PL, the emission of light by a
substance after absorbing photons), and nonlinear optical
responses across the visible to near-infrared (NIR)
spectrum, making them valuable for applications such as
bioimaging, phototherapy, and biosensing.** The quantum
confinement and direct bandgap in monolayer TMDCs
enhance their optical properties, distinguishing them from
other nanomaterials and expanding their utility in
biomedicine.*

TMDCs such as MoS, and WS, exhibit strong PL when
exfoliated to monolayer thicknesses, owing to their direct
band gaps. This property is exploited in fluorescence
bioimaging, where TMDCs serve as fluorescent probes or
contrast agents.”® They can be functionalized with targeting
molecules to bind specifically to biomarkers or cellular
structures, providing high-contrast images of biological
processes.’® TMDCs' photostability and tunable emission
offer advantages over traditional organic dyes and quantum
dots, reducing photobleaching and enabling customizable
imaging windows. Their broad NIR absorption makes them

© 2026 The Author(s). Published by the Royal Society of Chemistry
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excellent candidates for PTT, as they efficiently convert
absorbed light into heat, inducing localized hyperthermia to
selectively destroy cancer cells with minimal damage to
healthy tissue. NIR absorption aligns with the biological
tissue transparency window, allowing deeper
penetration and more effective tumor targeting.” TMDCs,
such as MoS,, have demonstrated high photothermal
conversion efficiency, making them promising for minimally
invasive cancer treatment.’” Additionally, some TMDCs can
generate ROS upon light excitation, useful for PDT. Under
specific light irradiation, TMDCs transfer energy to oxygen
molecules, producing ROS that induce cell death through
oxidative stress.*® TMDCs also exhibit significant nonlinear
optical responses, including two-photon absorption, useful in
multiphoton fluorescence microscopy. This technique
enables deep-tissue imaging with reduced photodamage and
photobleaching, providing high-resolution 3D images of
biological structures.*®

tissue

3.4 Electronic and sensing properties

TMDCs can be utilized to fabricate field-effect transistors
(FETs) that serve as highly sensitive biosensors.*® The
semiconducting nature of TMDCs, combined with their high
surface-to-volume ratio, enables effective transduction of
biological interactions at the surface into measurable
electrical signals. When molecules bind to the surface of a
TMDC-based FET, they alter the carrier concentration or
surface  potential, thereby modulating the device's
conductivity. This principle is exploited to detect a wide
range of biological analytes, including DNA, RNA, proteins,
glucose, and ions, with high specificity and sensitivity. In
addition, TMDC-based FETs typically exhibit high on/off
current ratios and sensitivity, which are crucial for detecting
low concentrations of biomolecules. The thinness of TMDC
layers minimizes the distance between the sensing surface
and the channel where charge carriers flow, enhancing the
sensor's responsiveness to surface-bound molecules.*' This
feature enables the early detection of disease biomarkers,
potentially enabling prompt intervention and treatment.
Beyond FET-based sensing, TMDCs also show promise in
electrochemical sensing applications. Their unique electronic
properties facilitate electron transfer in electrochemical
reactions, making them suitable for the development of
electrochemical biosensors.*”> These sensors can detect
analytes via redox reactions at the TMDC surface, offering
another versatile platform for biosensing applications,
ranging from monitoring metabolic markers to detecting
pollutants and toxins.** Moreover, the inherent flexibility of
TMDCs, along with their electronic properties, makes them
ideal candidates for integration into flexible and wearable
biosensors. These sensors can conform to the skin or be
embedded in textiles, enabling continuous, non-invasive
monitoring of physiological parameters such as heart rate,
sweat composition, and blood glucose levels.** The
combination of TMDCs' electronic properties with flexible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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substrates opens new avenues for personalized healthcare
and mobile monitoring devices.*

3.5 Chemical versatility and functionalization

TMDCs can be functionalized via both covalent and non-
covalent interactions, enabling attachment of a wide range of
functional ~ groups, biomolecules, polymers, and
nanoparticles.*® This versatility facilitates the development of
TMDC-based materials with enhanced solubility, stability,
biocompatibility, and targeted interaction with biological
entities. For covalent functionalization, this approach involves
forming strong chemical bonds between the TMDC surface
and functional molecules. It can be used to attach specific
ligands, peptides, or polymers to enhance the dispersion of
TMDCs in biological fluids, or to target specific cells or
tissues for drug delivery and imaging applications. In
contrast, non-covalent interactions, such as n-m stacking,
electrostatic interactions, and van der Waals forces, enable
reversible attachment of molecules to TMDCs without altering
their intrinsic structure. This method is often used to adsorb
drugs, DNA, proteins, or fluorescent tags for biosensing and
bioimaging, preserving the electronic and optical properties
of TMDCs.

Besides, the edges of TMDC layers expose unsaturated
metal and chalcogen sites that can be chemically
functionalized to modify their electronic properties, catalytic
activity, or biological interactions.”” Edge functionalization
can enhance the reactivity of TMDCs, making them suitable
for applications such as enzymatic biosensors and
electrocatalysts in bioelectronic devices. Moreover, doping
TMDCs with foreign atoms is another strategy to tailor their
electronic, optical, and catalytic properties. Substitutional
doping (replacing metal or chalcogen atoms) or intercalation
doping (inserting atoms or molecules between the layers) can
adjust the band structure, charge-carrier concentration, and
reactivity of TMDCs, thereby optimizing them for specific
sensing or therapeutic applications. Finally, the assembly of
heterostructures by stacking different 2D materials, including
TMDCs, graphene, and hexagonal boron nitride (h-BN),
enables the creation of materials with novel properties not
present in their individual components.

3.6 Mechanical properties

Known for its outstanding in-plane stiffness (~0.2 TPa),
single-layer TMDC is ideal for strain engineering due to its
low bending modulus (~9.61 eV) and strong strain
endurance (~10%). These properties arise from strong
covalent bonds within the layers. Despite their thinness,
TMDCs withstand significant stress without breaking—
crucial for durable biomedical devices. Their elasticity allows
stretching or compression without permanent deformation,
supporting integration into flexible medical implants that
adapt to dynamic bodily environments. This flexibility
benefits wearable and implantable biosensors,*® enabling
devices to conform to the body while maintaining function

Sens. Diagn.
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and comfort. Consistent contact with biological tissues
enables accurate monitoring of physiological parameters,
such as heart rate, blood pressure, and glucose levels, as well
as targeted delivery of therapeutics.”” The mechanical
properties of TMDCs underlie their biocompatibility and
bioactivity, which are essential for biomedical materials.
TMDCs endure physiological conditions without degrading,
supporting long-term device stability. Their surfaces can be
engineered to promote cellular adhesion and growth, making
them suitable scaffolds for tissue engineering. By mimicking
the mechanics of natural tissues, TMDCs support the
regeneration of damaged skin, bone, or cardiac tissue.
TMDCs also combine with polymers, proteins, or hydrogels
to form composites with tailored properties,”® merging
TMDCs' strength and flexibility with component-specific
enhancements such as biocompatibility or environmental
responsiveness.”® This enables the use of advanced materials
for drug delivery, wound dressings, and regenerative
medicine. However, challenges in scalability, integration, and

long-term  physiological compatibility remain. Future
research will focus on optimizing TMDC synthesis,
functionalization, composite formation, and in vivo

performance.*”

3.7 Environmental stability

Environmental stability allows TMDCs to retain their
structure, composition, and function when exposed to diverse
environments, including air, moisture, biological fluids, and
environments within organisms. Several factors contribute to
this stability. Strong covalent bonds within TMDC layers
resist environmental degradation. The specific transition
metal and chalcogen atoms affect resistance to oxidation and
other reactions. Surface modifications and protective
coatings, such as polymers, oxides, or organic molecules,
strengthen environmental stability by serving as barriers
against  degradative  agents.  Functionalizing  with
biocompatible ligands further improves stability in biological
settings. Combining TMDCs with other stable materials, such
as graphene or h-BN, yields hybrids that enhance protection
against mechanical, chemical, and biological degradation by
leveraging the strengths of each material.”®

For TMDC-based medical devices such as implants and
biosensors, environmental stability is key for reliable
performance throughout their intended use. Devices that
degrade too early may provide inaccurate readings or
endanger patients. In drug delivery, TMDC stability ensures
controlled therapeutic release without leakage or carrier
breakdown. This is crucial for maintaining efficacy and
reducing side effects. For bioimaging, stable TMDCs give
consistent signals for accurate, long-term biological tracking.
Although TMDCs are inherently stable, challenges remain in
optimizing them for specific biomedical uses. Concerns such
as long-term interactions with tissues, immune responses,
and the effects of prolonged TMDC exposure require further

study.>® Future directions include new coatings and

Sens. Diagn.
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functionalizations to improve biocompatibility —and
biofouling resistance, designing TMDC-based hybrids for
greater stability, and conducting in vivo studies on stability
and biodegradation in biological environments.

Despite their promise, TMDCs in biomedicine face
challenges, such as ensuring long-term biocompatibility and
stability, achieving targeted delivery, and scaling up
production. Future efforts aim to overcome these barriers,
explore new functionalizations, develop hybrid materials with
other biocompatible substances, and advance device
fabrication. TMDCs' unique, tunable properties make them
strong candidates for advancing applications like bioimaging,
drug delivery, biosensing, and tissue engineering. Continued
research is expected to expand their role in new medical
technologies, ultimately improving diagnostics, treatments,
and patient outcomes (Table 1).

4. Biomedical applications of TMDCs

TMDCs are a class of 2D materials that have attracted
significant interest for their unique properties and potential
medical applications. TMDCs, such as molybdenum disulfide
(MoS,), tungsten diselenide (WSe,), and their compounds,
exhibit diverse electrical, optical, and chemical characteristics,
making them suitable for various biomedical applications.
Here are some of the notable applications of TMDCs in
medicine (Fig. 3).

4.1 Biosensing

TMDCs are promising biosensing materials in biomedicine.
They have high surface area, strong electrical and optical
features, and chemical versatility.”> Common examples
include MoS,, WS,, MoSe,, and WSe,. TMDCs can detect
many biological substances with high sensitivity and
specificity. They function as biosensors mainly via FETs,
electrochemical methods, chemiluminescence, and
fluorescence, each using a specific TMDC property.>®

4.1.1 FETs. FET biosensors, also known as semiconductor

biosensors, are based on the structure and working
principle of metal-oxide-semiconductor field-effect
transistors (MOSFETs). It consists of an ion-sensitive

membrane, an electrolyte solution, and a reference
electrode. TMDC-based FETs can detect biological molecules
by monitoring changes in electrical conductivity in response
to the adsorption of molecules on the TMDC surface. This
method is particularly sensitive to charged biomolecules,
making it suitable for detecting DNA, RNA, proteins, and
ions.”’

4.1.2 Electrochemical sensors. The electrochemical
biosensor consists of a diffusion barrier layer, a working
electrode (anode), an electrolyte, and an opposite electrode
(cathode). TMDCs can be used in electrochemical biosensors,
where their surfaces act as electrodes. Changes in current,
potential, or impedance upon binding of target molecules
can be precisely measured, offering insights into the
concentration of specific analytes.®®  Electrochemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of TMDCs characteristic, description and biomedical applications
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Characteristic Description Biomedical applications Ref.
Biocompatibility Minimal TMDCs like MoS, and WS, have shown low Drug delivery TMDCs can be used as 111
cytotoxicity cytotoxicity in various cell lines, making them carriers for targeted drug
suitable for in vivo applications delivery systems
Surface Biocompatibility can be enhanced by Tissue Scaffold materials for cell 111
modification functionalizing TMDCs with biocompatible engineering growth
molecules (e.g., PEGylation)
Bio-interface TMDCs interact favorably with biological Protease Monitoring protease activity =~ 112
interaction membranes, proteins, and cells, which is detection by detecting the fluorescence
crucial for biomedical applications intensity
High surface 2D structure The 2D layered structure of TMDCs provides a  Drug delivery High loading capacity for 111
area high surface area-to-volume ratio, enhancing therapeutic agents
interaction with biological molecules
Enhanced loading High surface area allows for increased loading  Biosensors Enhanced sensitivity due to 113
capacity of therapeutic agents, drugs, or biomolecules increased surface
interactions.
Optical Photoluminescence TMDCs exhibit strong photoluminescence, Bioimaging Used in fluorescence and 114
properties which is tunable by altering the number of photoluminescence imaging
layers, allowing for applications in bioimaging
NIR absorption TMDCs like MoS, absorb in the NIR range, PTT NIR absorption for cancer 115
useful for PTT treatment
Fluorescence Strong fluorescence signals enable TMDCs to be Biosensors Functionalized with targeting 116
used in imaging applications molecules to provide
high-contrast images
Electronic and High carrier TMDCs exhibit excellent electronic properties, = Biosensors Detect biomolecules and 113
sensing mobility making them suitable for biosensing physiological parameters
properties applications
Sensitive detection High sensitivity to changes in the environment Electrochemical Monitor glucose, pH, and 117
allows TMDCs to detect biomolecules, gases, or sensors other analytes
ions effectively
Conductivity Tunable electronic properties for specific Transistor Detect biological analytes 118
sensing applications by doping or modifying biosensors including DNA, RNA,
TMDCs proteins, glucose, and ions
Chemical Surface chemistry TMDCs can be chemically modified to Targeted drug ~ Functionalization for specific 111
versatility and introduce functional groups that enhance delivery targeting
functionalization biocompatibility or target specificity
Functionalization ~ Enables covalent or non-covalent attachment of Hybrid systems Integration with other 119
drugs, targeting ligands, or fluorescent tags materials for
multifunctionality
Versatile chemistry Ability to form various derivatives and PTT Producing localized heat 120
composites with polymers, nanoparticles, or from the defect-rich structure
biomolecules to enhance the Fenton
process
Mechanical Flexibility and TMDCs possess high mechanical strength while Flexible Wearable and implantable 121
properties strength being flexible, allowing them to conform to electronics devices
biological tissues
Layered structure  Enables mechanical stability under Tissue Scaffolds that mimic the 111
physiological conditions engineering mechanical properties of
tissues
Elasticity Suitable for flexible and stretchable biomedical Composites Combine with other material 122
devices to create composites with
tailored properties
Environmental  Chemical stability TMDCs are resistant to oxidation and Implantable Long-term stability for 68
stability degradation under physiological conditions, devices implants and sensors
ensuring long-term stability in biomedical
applications
Thermal stability =~ Maintains structural integrity under a range of  Therapeutic Stability in diverse 123
temperatures relevant to biological processes systems physiological conditions
Biological stability Offers stability in various physiological Drug delivery Stability ensures the 111
environments controlled release without
unintended leakage or
degradation
sensors  include  electrochemical enzyme  sensors, Electrochemical enzyme sensors use immobilized enzymes
electrochemical immunosensors, and electrochemical DNA  as recognition units to detect the corresponding
Sensors. biomolecules. Under enzyme catalysis, biological molecules
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Fig. 3 Biomedical applications of TMDCs. TMDCs operate as biosensors through several mechanisms, involving FETs, electrochemical sensors,

chemiluminescence biosensor, and fluorescence biosensors.

undergo chemical reactions to produce various ions at
different concentrations. The production of this soluble ion

alters electrical signals, which can be converted into
measurable signals by a conversion unit. Thus, the
concentration of the target biological substance is

determined indirectly.

An electrochemical immunosensor combines immunology
and electrochemical detection; it is a labeled immunoassay.
When the antigen/antibody response reaches equilibrium,
the electrical signal changes. Electrical signals are obtained
through electrodes. Therefore, the measured signal strength
is linearly related to the concentration of the target molecule
within a certain range.

The principle of electrochemical DNA sensors is nucleic
acid hybridization. The ssDNA probe is fixed to the electrode,
and at the right temperature, pH, and ionic strength, the
probe on the electrode surface can selectively hybridize with
the target sequence to form dsDNA. Different interaction
forces between ssDNA and dsDNA at the electrode surface
can alter the electrode surface structure. The electrode is
then used as a signal sensor to detect the hybridization
reaction at its surface. Therefore, target sequences or specific
genes can be detected by measuring these measurable
electrical signals.

Sens. Diagn.

4.1.3 Fluorescence biosensors. The principle of
fluorescence biosensors is that TMDC nanosheets, especially
MOS, nanosheets, exhibit strong fluorescence properties.
When their thickness is reduced to a single layer, a transition
from an indirect band gap to a direct band gap occurs,
resulting in a blue shift in their PL emission spectrum.
TMDC nanosheets are prone to fluorescence quenching due
to their unique 2D planar structure and the properties of the
transition-metal ions. That is, when certain ions or
molecules, such as basic ions (Li, Na, K) or H ions, are
inserted between its layers, they can expand the lattice and
change its crystal structure (e.g., from 2H to 1T), thereby
quenching PL.

4.1.4 Colorimetric biosensors. The sensing mechanism of
colorimetric measurement relies on modulating the optical
properties of specific analytes, thereby enabling rapid and
intuitive detection. The emerging applications of colorimetric
sensors based on TMDCs cover multiple fields such as
environmental monitoring, medicine, and industrial
processes. These sensors possess high sensitivity, selectivity,
and real-time response capabilities, making them ideal
candidates for detecting various target analytes.”® In TMDC-
based colorimetric biosensors, tetramethylbenzidine (TMB),
used as a catalytic substrate in enzyme-linked

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Representative data of different sensing mechanisms
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Limit of
TMDC detection
Sensing mechanism material Target analyte (LOD) Linear range Response time  Sample matrix Ref.
Field-effect transistor MoS, Tumor necrosis 60 fM — — Buffer 60
(FET) factor-alpha (TNF-o.)
MoS, Mercury ion (Hg”") 1000 fM Semi-logarithmic ~ Reversible and  Aqueous solution 61
relationship reusable
WSe, SARS-CoV-2 spike ~0.066 ftM  — Real-time Phosphate buffer 124
protein response saline (PBS)
Electrochemical sensor WS, Carcinoembryonic ~2.78 ftM — — Clinical sample 62
antigen (CEA)
Fluorescence/colorimetric ~ MoS, microRNA ~3.4 fM — — — 62
sensor MoS,/WS,  Glucose — — — — 62

immunosorbent assay (ELISA), is the most prevalent
chromogenic agent. Lin et al. utilized glucose to react with
oxygen in the presence of GOx, producing H,0,. Both MOS,
and WS, can serve as catalysts in the reaction between H,O,
and TMB, resulting in a blue hue. By assessing chromaticity,
the concentration of glucose, including blood glucose, can be
determined.””

To quantitatively compare the performance of different
TMDCs sensing platforms, the article presents representative
data on their detection limits, linear ranges, response times,
etc. (Table 2). TMDCs have extremely high sensitivity and can
generally achieve detection limits as low as fM (10> M) or
even lower, enabling them to detect trace biomarkers and
being crucial for early disease diagnosis. Particularly, the
FET-type sensors have very fast electrical responses,
facilitating real-time monitoring of dynamic biological
processes. The table also shows that TMDCs can be used for
the detection of various analytes such as proteins, viruses,
ions, and small molecules, highlighting the wide applicability
of their platform technology.®*®*

TMDCs also have their own advantages and
disadvantages compared to other mainstream nanomaterials.
Compared to graphene with zero band gap, TMDCs
represented by MoS,, which possess natural semiconductor
properties, enable FET sensors to have higher switching
ratios and lower power consumption. They optimize the
signal-to-noise ratio while achieving the detection limit of
fM level. In electrochemical and colorimetric sensing, their
adjustable energy band structure and abundant edge active
sites provide catalytic activity superior to traditional carbon
materials. However, compared to MXenes with metallic-level
conductivity, the carrier mobility of TMDCs limits their
application in ultrafast response sensing, and their long-
term biological safety data are still scarce compared to
graphene. More importantly, for practical application,
TMDCs face challenges in large-scale production and
uniformity, and their process maturity is far inferior to that
of graphene. Therefore, the core competitiveness of TMDCs
is not all-encompassing, but lies in their adjustable direct
band gap, enzyme-like catalytic activity, and unique
interfaces with biological molecules.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The characteristics of TMDC determine its application.
The high surface area and the ability to functionalize TMDCs
with specific receptor molecules allow for the development of
highly sensitive and selective biosensors. TMDCs can be
engineered to detect a wide range of biological targets, from
small molecules and ions to large biomolecules like proteins
and nucleic acids.®® The electrical and optical properties of
TMDCs enable the detection of extremely low analyte
concentrations, which is crucial for early disease diagnosis
and monitoring.®* The mechanical flexibility of TMDCs
enables their incorporation into wearable and implantable
sensors, facilitating continuous monitoring of health
parameters.®>®® TMDC-based biosensors have been applied
in various areas, including disease diagnosis, environmental
monitoring, and food safety.®”®® Detecting biomarkers
specific to certain diseases, such as cancer, diabetes, and
cardiovascular conditions, enables early diagnosis and
personalized treatment plans.®® Sensing pollutants, toxins,
and pathogens in the environment, ensuring public health
and safety. Detecting contaminants, allergens, and pathogens
in food products to prevent foodborne illnesses and ensure
food quality.

The following situations can lead to the failure of TMDCs.
Oxidation can lead to degradation of the material's edges and
surface  structure, altering its electrical properties;
Aggregation can cause nanosheets to cluster due to high
surface energy, reducing the effective surface area and
dispersion, and affecting the uniformity of sensing;
Instability of phase state can directly change the electrical
behavior of the material, causing sensor signals to drift or
fail; In addition, the electrode interface is prone to be
affected by water molecule insertion or metal diffusion in
complex environments, resulting in increased contact
resistance and signal attenuation, while the material's own
defects (such as vacancies, doping) can trap charge carriers,
reducing fluorescence efficiency and carrier mobility, and
further affecting the sensitivity and stability of the sensor.
These factors collectively limit the reliability and service life
of TMDC biosensors.

The characteristics of TMDC determine its application.
While TMDCs offer significant potential for biosensing,

Sens. Diagn.
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challenges related to stability in biological environments,
scalability of sensor fabrication, and integration with existing
medical infrastructure need to be addressed. Future research
directions include improving stability and biocompatibility,
enhancing sensitivity and selectivity, and scalable fabrication.
Developing surface modification strategies to enhance the
stability and biocompatibility of TMDCs in complex
biological  fluids.  Exploring functionalization
techniques to increase the sensitivity and selectivity of
TMDC-based biosensors for a broader range of analytes.”®'%®
Developing cost-effective and scalable methods for
fabricating TMDC-based biosensors to facilitate widespread
adoption.

novel

4.2 Drug delivery

TMDCs are making significant inroads into drug delivery by
leveraging their unique physical, chemical, and biological
properties. These 2D materials, including MoS,, WS,, and
their analogs, offer promising platforms for the controlled
release and targeted delivery of therapeutic agents. Their
high surface area, ease of functionalization, and favorable
interactions with  biological molecules enable the
development of advanced drug delivery systems to enhance
the efficacy and safety of treatments (Fig. 4).”°

View Article Online
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The large surface area and porous structure of TMDCs
allow for high loading efficiencies of various drugs,
including chemotherapeutic agents, proteins, and nucleic
acids.*® Compared with graphene and its derivatives, drugs
can not only be adsorbed on the surface but also between
the layers of TMDCs, thereby achieving a much larger drug
loading capacity. Besides, TMDCs can be chemically
functionalized with targeting ligands, such as antibodies,
peptides, or small molecules, that recognize specific
receptors on the surface of diseased cells, such as cancer
cells.”® This specificity facilitates the direct delivery of
drugs to the target site, minimizing side effects on healthy
tissues and enhancing therapeutic outcomes.”" For
instance, studies have shown that by loading enhanced
siRNA/doxorubicin drugs onto the two-dimensional planar
structure of MoS,-peptide NSs, the mortality rate of C6
glioma cells upon near-infrared light irradiation reached
approximately 90%.”> However, there may be differences
between in vitro cell experiments and the actual in vivo
therapeutic effects. The in vitro experiments are conducted
in an environment that is highly complex and different
from the in vivo conditions: Firstly, once the nanomaterials
enter the bloodstream, they will quickly adsorb plasma
proteins and form a “protein cap”, which may completely
mask the carefully modified targeting ligands on their

Drug delivery involving TMDCs

Surface

Exfoliation modification
—_— e

TMDCs nanosheet

TMDCs can be chemically functionalized
with targeting ligands.

The surface of TMDCs can be modified to bind and
protect nucleic acids, facilitating the delivery of DNA
or RNA for gene therapy applications.

Drug |
load :

{Inserting between |
{__the two layers

T Release

pH changes

i Drug delivery systems release their payload in response to ‘
i specific triggers, including pH changes, enzyme activity, or
i external light and heat.

Fig. 4 TMDCs mediate drug delivery. When a drug is loaded onto a TMDC, the TMDC interacts with the cell, and the drug is released into the cell

by being affected by different factors.
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surface, causing them to be recognized and cleared by the
immune system, thereby significantly reducing the targeting
ability and tumor enrichment efficiency. Secondly, the two-
dimensional in vitro cell culture models cannot simulate
the high interstitial pressure and hypoxic microenvironment
of in vivo tumor tissues. These biological physical barriers
can severely impede the deep penetration of
nanomedicines. Moreover, factors such as the intervention
of the immune system (such as the clearance of MPS) and
systemic metabolism, which are unique to the in vivo
environment, cannot be reflected in simple in vitro models.
Therefore, more advanced 3D tumor sphere models,
organoids, and in vivo imaging techniques are urgently
needed to more accurately predict their in vivo behavior.
Moreover, the unique properties of TMDCs enable the
design of stimuli-responsive drug delivery systems that
release their payloads in response to specific triggers, such
as pH changes, enzyme activity, or external light and
heat.”® This controlled-release mechanism ensures that
drugs are released at the right time and place, thereby
maximizing their therapeutic effect. Li's team developed a
novel WS,/Au lipid nanocomposite that combines the
therapeutic effects of chemotherapy and photohyperthermia,
achieving targeted drug delivery and dual-response release
via nanotechnology, thereby improving treatment specificity
and efficacy while maintaining low systemic toxicity.”*
Sobhani et al further attached fifth-generation dendritic
macromolecules to the surface of WS,@NVCL-co-AAm
nanocarriers and loaded the antidiabetic drug pioglitazone
onto these nanocarriers. They then evaluated the drug's
loading and release patterns in a simulated human blood
(pH 7.4). The study found that the
nanocarriers could release up to 98% PG within 6 hours in
a simulated human blood environment at 50 °C, and about
18% PG within 6 hours at 37 ©°C, indicating that the
nanocarriers are temperature-sensitive and can control drug
release in response to changes in body temperature.”
Meanwhile, functionalized TMDCs have shown good
biocompatibility and, in some cases, biodegradability.
These properties are crucial for safe in vivo applications, as
they minimize toxicity and ensure that TMDCs are
metabolized or excreted after fulfilling their drug-delivery
function.>

However, a comprehensive assessment of the biological
safety of these substances urgently requires a clear
understanding of their biological distribution, clearance,
and degradation pathways. Studies have shown that after
intravenous injection, TMDCs nanosheets that have been
surface-modified (such as PEGylation) are mainly captured
by the mononuclear phagocytic system (MPS), resulting in
significant accumulation in the liver and spleen.”® This is
the basis for their passive targeting of tumors, but it also
brings the potential risk of long-term retention. Their
clearance pathways are highly dependent on size and
chemical stability: sufficiently small nanoparticles or
degradation products may be excreted through glomerular

environment
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filtration in wurine; while larger aggregates mainly pass
through the hepatic-biliary system and are eliminated
through feces, and this process may last for several weeks.
In terms of degradation, TMDCs may gradually degrade in
the physiological through oxidation and
enzymatic hydrolysis pathways. For example, MoS, can be
oxidized to soluble molybdate and sulfate in the presence
of peroxidase (such as myeloperoxidase, MPO). However,
the degradation rates and products of different TMDCs
(such as WS,, WSe,) vary significantly, and their long-term
in vivo fate and safety of metabolic products still require
systematic assessment.”> Meanwhile, the long-term in vivo
toxicity of all TMDCs and the biological effects of their
degradation products (such as metal ions) remain largely
unclear. This is the main weakness compared to the
mature platforms such as liposomes or albumin
nanoparticles that have already entered clinical trials.

TMDCs' ability to carry both therapeutic drugs and
diagnostic agents also supports theragnostic applications,
combining therapy and imaging for personalized cancer
treatment. In addition, the surface of TMDCs can be
modified to bind and protect nucleic acids, facilitating the
delivery of DNA or RNA for gene therapy applications.””
This approach holds promise for treating genetic disorders
by directly correcting defective genes within cells.
Moreover, TMDCs such as MoS, exhibit strong NIR
absorption, making them suitable for PTT.”® They can be
used to deliver heat-sensitive drugs, releasing them upon
NIR irradiation for localized therapy, or as agents for
combined drug delivery and photothermal cancer
treatment.”” Based on the current publicly available
research data, the R&D efforts of TMDC in the field of
drug delivery are mainly concentrated on the proof-of-
concept stage in the laboratory.

Despite their great potential, the transition of TMDCs-
based drug delivery systems to clinical applications still
faces several key bottlenecks. Firstly, there is insufficient
understanding of their long-term biological safety and
in vivo fate. The materials and their degradation products
(such as metal ions) may remain in the body for months
or even years, potentially triggering chronic inflammation
or fibrosis and other systemic diseases.”® Secondly, to
move from the laboratory to clinical application, the
problem of large-scale production must be solved. The
existing synthesis methods are difficult to produce high-
quality materials with consistent size, layer number,
crystal phase and defect density, and the batch-to-batch
variations will directly affect the reproducibility of drug
loading and release behavior. Moreover, at the application
level, how to enable the carriers to effectively penetrate
complex biological barriers such as the blood-brain
barrier remains a major challenge. The delivery efficiency
of existing functionalization strategies still needs to be
improved. Finally, the absence of a regulatory scientific
framework  constitutes a fundamental constraint.”?
Currently, no specific characterization methods, quality

environment
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Table 3 The application of TMDCs in bioimaging
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Contents Principle Target object Specific application Advantages Ref.

Fluorescence  Utilizes TMDCs' Cells and Intracellular dynamic imaging to Photostability, tunable emission, 117,

imaging photoluminescence for tissues diagnose tumor pathologic status and functionalizability 125
cellular and tissue imaging and monitor drug distribution

Photoacoustic ~ Exploits TMDCs' strong NIR Deep tissue High-resolution imaging of Enhanced photoacoustic signals, 126,

imaging absorption to generate visualization vascular structures and tumors ~ potential for functional and 127
acoustic waves molecular imaging

Two-photon Leverages TMDCs' two-photon  Cellular Observe the activity of neurons Reduced photodamage and 128

imaging absorption for deep tissue components photobleaching, high spatial and
imaging and processes temporal resolution

Magnetic Uses magnetic Tissues for Improved contrast and specificity Combines TMDCs' properties with 129,

resonance nanoparticles-functionalized  diagnostic in MRI images magnetic nanoparticles' contrast 130

imaging (MRI) TMDCs as contrast agents imaging

standards and review guidelines for such two-dimensional
material drugs have been established globally, which brings
significant uncertainty to their clinical transformation path.

4.3 Bioimaging

The application of TMDCs in bioimaging offers new avenues
for disease diagnosis, tracking therapeutic interventions, and
understanding biological processes at the molecular and
cellular levels (Table 3).

4.3.1 Fluorescence imaging. TMDCs, particularly in their
monolayer form, exhibit significant PL due to their direct
bandgap in the visible to NIR spectrum. This property
enables TMDCs to serve as fluorescent probes for imaging
cells and tissues. Their photostability, tunable emission
properties, and the ability to functionalize with targeting
molecules make TMDCs advantageous over traditional
fluorescent dyes and quantum dots, which may suffer from
photobleaching or toxicity issues.®”

4.3.2 Photoacoustic imaging. The strong NIR absorption
of TMDCs enables their use in photoacoustic imaging (PAI), a
technique that combines optical and ultrasound imaging for
deep tissue visualization. When TMDCs absorb NIR light,
they generate acoustic waves through thermoelastic
expansion, which can be detected by ultrasound sensors.*
TMDCs' efficient NIR light absorption enhances
photoacoustic signals, yielding high-resolution images of
vascular structures and tumors and enabling functional and
molecular imaging.®

4.3.3 Two-photon imaging. TMDCs exhibit strong two-
photon absorption, making them suitable for two-photon
fluorescence microscopy. This technique allows for imaging
at greater tissue depths than conventional fluorescence
microscopy. It also reduces photodamage and
photobleaching. TMDCs can be engineered to target specific
cellular components or processes. This provides insights into
dynamic biological phenomena with high spatial and
temporal resolution.®?

4.3.4 Magnetic resonance imaging (MRI). Although
transition metal dichalcogenides (TMDCs) are not inherently
magnetic, their surface can be functionalized with magnetic

Sens. Diagn.

nanoparticles. This enables their use as contrast agents in
magnetic resonance imaging (MRI). Such hybrid systems
combine the advantageous properties of TMDCs, such as
their high surface area and chemical versatility, with the
magnetic properties of the nanoparticles. These hybrids
improve the contrast and specificity of MRI images for
diagnostic purposes.®*

4.3.5 Theragnostic. TMDCs are particularly promising for
theragnostic applications, in which diagnostic imaging and
therapeutic intervention are combined on a single platform.
Their capacity for drug loading, functionalization with
targeting ligands, and intrinsic or engineered imaging
contrast mechanisms enable TMDCs to simultaneously
diagnose diseases, deliver therapeutics, and monitor
treatment efficacy in real-time.

The application of TMDC in biological imaging is
currently at the laboratory proof-of-concept stage. Before
entering clinical research, the issue of material failure needs
to be resolved. Oxidation can lead to degradation of the
material's edges and surface structure, causing fluorescence
quenching or  photothermal  signal  attenuation;*
agglomeration can cause nanosheets to aggregate in the
physiological environment due to high surface energy,
reducing dispersibility and targeting efficiency, and possibly
triggering embolism risks; unstable phase can irreversibly
change the optical and electrical properties of the material,
resulting in drift of imaging signals.*® These factors jointly
restrict the reliability and clinical application prospects of
TMDC-based biological imaging probes.

These include ensuring biocompatibility, achieving
targeted and efficient accumulation in specific tissues, and
preventing rapid clearance from the body. Future research
will focus on enhancing biocompatibility, targeted delivery,
and multimodal imaging. For instance, strategies are needed
to improve the solubility, stability, and biocompatibility of
TMDCs for in vivo imaging applications. Researchers are also
engineering TMDCs with targeting molecules that recognize
specific biomarkers. This can improve their accumulation in
diseased tissues and reduce off-target effects. Combining
different imaging modalities in TMDC-based systems
provides complementary information and can improve

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The application of TMDCs in PTT and PDT
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Aspect Photothermal therapy (PTT) Photodynamic therapy (PDT) Ref.

Mechanism e Converts NIR light into heat to destroy cancer cells ¢ Uses light-activated photosensitizers to 131
generate ROS, inducing cell death

Light spectrum ¢ NIR light o Specific wavelengths of light to activate 132
photosensitizers

Targeting e Passive targeting, active e Same as PTT 133

o Targeting, ligand targeting

Minimal side e Precision targeting e Precise light activation 133

effects

Therapeutic e Direct destruction e Indirect destruction 134

outcome

Combination ¢ Radiotherapy, shemotherapy, nanomedicine ¢ Radiotherapy, chemotherapy, nanomedicine 135,

therapy delivery, PDT, gene therapy, immunotherapy delivery, PTT, gene therapy, immunotherapy 136

diagnostic accuracy and treatment monitoring. TMDCs
provide a versatile and powerful platform for bioimaging
applications, leveraging their unique optical and electronic
properties.

4.4 Photothermal and photodynamic therapy

TMDCs show considerable promise in PTT and PDT. They
emerge as effective agents in minimally invasive treatment
for various diseases, notably cancer. These 2D materials, such
as MoS,, WS,, and their analogs, exploit their unique optical
and electronic properties to absorb light. This absorption lets
them generate localized heat for PTT or produce ROS for
PDT. TMDCs in these therapies provide a targeted approach,
minimizing damage to healthy tissues while attacking
diseased cells (Table 4).

4.4.1 PTT. TMDCs are highly efficient at converting NIR
light into heat, owing to their strong optical absorption in
this region. This property is particularly advantageous for
PTT, where localized hyperthermia induced by NIR
irradiation can selectively destroy cancer cells or pathogens
without affecting surrounding healthy tissues.”” TMDCs can
be functionalized with targeting ligands to accumulate
specifically in tumor sites, enhancing the specificity and
efficacy of the therapy. Their high photothermal conversion
efficiency, combined with minimal side effects and the ability
to penetrate deep tissues using NIR light, positions TMDCs
as promising agents for cancer treatment and infection
control. Li et al. developed a multifunctional nanoplatform
by employing MOS, nanoparticles as the photothermal core,
which was coated with DPA and modified with PEG and iRGD
for tumor targeting (MOS,/Fe@CPT-11-PEG-iRGD). This
platform enables laser- and acid-triggered release of CPT-11,
boosts intracellular H,O, and ROS levels, and induces
ferroptosis.®®

4.4.2 PDT. In PDT, TMDCs act as photosensitizers that,
upon irradiation with specific wavelengths of light, transfer
energy to molecular oxygen, generating ROS. These ROS are
highly reactive and can induce cell death through oxidative
stress, offering a targeted approach to destroy cancer cells
and pathogens.”” Some TMDCs can act directly as

© 2026 The Author(s). Published by the Royal Society of Chemistry

photosensitizers, while others can be combined with
conventional photosensitizing drugs to enhance their
absorption and ROS generation.®” The ability of TMDCs to be
activated by light enables precise control over the therapy,
allowing the therapeutic effect to be activated only at the
desired site and time.*

Compared with TMDCs, other materials have their own
advantages and disadvantages. Graphene has high drug
loading capacity and photothermal stability, but its zero band
gap limits its own PDT activity and there is a problem of
long-term bio-stagnation;”® MXenes have high photothermal
conversion efficiency, but there is a lack of long-term
biological safety data, and the surface chemical properties
may limit its functionalization strategy;”"°> black phosphorus
has  excellent biodegradability = and  photothermal/
photodynamic synergy performance, but it has poor
environmental stability and is prone to rapid degradation,
affecting the persistence of therapeutic efficacy.”® Overall,
TMDCs demonstrate unique clinical translation potential in
balancing degradation and therapeutic controllability.

TMDC can be designed with specific targeting molecules
to direct the treatment towards specific diseased cells, such
as immune cells and tumor cells. This approach can reduce
collateral damage to healthy tissues and holds great promise
for the treatment of cancer and immune-related
diseases.®”°*%> Both PTT and PDT are minimally invasive,
using light to activate their therapeutic effects, which can be
applied externally or delivered via minimally invasive
endoscopic techniques.”® TMDCs offer the flexibility to be
used in combination therapies, integrating PTT and PDT with
drug delivery for enhanced therapeutic outcomes. This
multifunctional approach can overcome treatment resistance
and achieve synergistic effects in combating diseases.””®
The inherent or engineered optical properties of TMDCs can
also enable real-time imaging of the therapeutic process,
enabling monitoring of treatment efficacy and adjustments
to therapy protocols.”” Based on current research, the
application of TMDC in photothermal therapy and
photodynamic therapy is currently mainly in the preclinical
(in vivo) experimental verification stage (Fig. 5). While TMDCs
present a novel and effective approach to PTT and PDT,
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Fig. 5 Application of TMDCs in PTT and PDT therapy. A. The influence of PDT on the immune response.®” Copyright© MDPI. B. During the 9 day
treatment with the MoS,-AuNRs-apt solution, the use of different therapies to track the wound closure due to MRPA infection demonstrated that
MoS,-AuNRs-apt solution had a positive effect on wound healing.*® Copyright® John Wiley and Sons. C. Illustrates immunogenic cell death (ICD)
in MC38 cells after various drug treatments in a self-assembled chimeric cross-linked nanovesicles (CCNVs) experiment by Chen et al.°*
Copyright© American Chemical Society. D. Schematic diagram illustrating the mechanism of tumor cell apoptosis induced by PDT and the release
of IMT.®® Copyright®© American Chemical Society. E. The release of sorafenib from ROS-activated nanoparticles under laser irradiation to enhance
PDT's anti-tumor effects.® Copyright© Elsevier. F. Displaying element mapping of MOS,-CuO heterogeneous nanocomposites.’® Copyright©
Elsevier. The figures illustrate the excellent efficacy of TMDCs in treating specific diseased cells.

challenges remain in their clinical translation, including  applications. Enhancing the penetration depth of light for
biocompatibility and toxicity, light penetration, and targeting  activating TMDCs in deep tissues remains a challenge,
efficiency. Ensuring the long-term biocompatibility and  requiring innovative approaches such as upconversion
minimizing potential toxicity of TMDCs, especially with  nanoparticles or fiber-optic delivery systems. Improving the
repeated or prolonged exposure, is crucial for safe clinical  targeting and accumulation of TMDCs in diseased sites to

Sens. Diagn. © 2026 The Author(s). Published by the Royal Society of Chemistry
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maximize therapeutic effects while minimizing side effects is
an ongoing area of research.

5. Tissue engineering and
regeneration

The 2D structure, combined with inherent mechanical
strength, flexibility, and surface functionality, makes TMDCs
promising candidates for developing scaffolds and matrices
that support the growth, differentiation, and regeneration of
various tissues.'”” TMDCs, through their interaction with
biological systems, offer potential solutions for repairing and
regenerating tissues, ranging from skin and bone to cardiac
and neural tissues.'!

TMDCs can be processed into porous scaffolds that mimic
the extracellular matrix (ECM), providing a supportive
framework for cell attachment, proliferation, and
differentiation. The high surface area of TMDCs facilitates
the adsorption of proteins and growth factors, thereby
enhancing cell adhesion and signaling.'°>'*® Moreover,
TMDCs can be combined with polymers, hydrogels, and
other biocompatible materials to tailor the mechanical and
degradation properties of the scaffolds, ensuring they meet
the specific requirements of the targeted tissue. The surface
of TMDCs can be chemically modified to introduce
functional groups that improve interactions with cells and
biological molecules. This functionalization can promote
specific cellular responses, including enhanced stem cell
differentiation and tissue integration.'®  Additionally,
incorporating TMDCs into scaffolds can enhance the
material's conductivity, particularly beneficial for engineering
electrically active tissues, such as nerve and cardiac tissue, by
facilitating the transmission of electrical signals that guide
tissue formation and function. TMDCs incorporated into
tissue engineering scaffolds can also serve as platforms for
localized drug delivery. Drugs, growth factors, or other
bioactive molecules can be loaded onto TMDCs and released
in a controlled manner, directly influencing the regenerating
tissue. This approach can be used to enhance tissue
regeneration, modulate responses, Or prevent
infection at the site of implantation.'®

Besides, TMDCs can be applied in tissue engineering and
regeneration.”® In bone tissue engineering, TMDCs have
shown promise in supporting stem cell growth and
osteogenic differentiation, making them suitable for bone
tissue engineering applications. Their incorporation into
biocompatible scaffolds can enhance bone regeneration in
critical-sized defects or fractures. For skin regeneration,
scaffolds incorporating TMDCs can promote wound healing
by supporting keratinocyte proliferation and angiogenesis
while providing antibacterial properties to prevent infection.
Regarding cardiac and neural tissue engineering: TMDCs'
electrical conductivity makes them attractive for engineering
cardiac and neural tissues. They can be used to develop
conductive scaffolds that restore electrical signal propagation

immune

© 2026 The Author(s). Published by the Royal Society of Chemistry
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in damaged heart tissue or support the regeneration of nerve
pathways. %>

Based on the current publicly available research data,
the application of TMDC in the fields of tissue engineering
and regenerative medicine is currently in a transitional
period from the concept verification stage in the laboratory
to the preclinical (in vivo) experimental verification stage.
The main focus is on verifying the basic biological
compatibility of the materials at the cellular level in vitro
and assessing their potential to promote tissue regeneration
and the actual effects and initial safety of repairing tissue
defects such as bone, cartilage, and nerve in live animal
models.

Despite their potential, TMDCs in tissue engineering and
regeneration face specific challenges: scalability, long-term
biocompatibility, and integration with host tissues.
Addressing these requires future research to optimize
scaffold design and fabrication to achieve precise control of
architecture, porosity, and mechanical properties that mimic
106 Research should also prioritize
evaluating degradation products for safety, minimizing
adverse immune responses or toxicity. Finally, overcoming
regulatory, manufacturing, and clinical translation hurdles is
essential to advancing TMDC-based solutions from the lab to
the clinic.

native tissue environments.

6. Characteristics and applications of
different TMDCs

MoS, demonstrates excellent biocompatibility —and
degradability in biomedical applications. Research indicates
that its cytotoxicity is significantly lower than that of carbon
nanomaterials like graphene oxide.'”” After functionalization
with molecules such as polyethylene glycol (PEG), MoS,
exhibits enhanced stability in physiological environments
and can be metabolized in vivo via the liver and kidneys,
eventually being excreted as ions in wurine and feces,
indicating good biological clearance. These properties make
it particularly suitable for high-sensitivity biosensing (e.g.,
FET, electrochemical sensors with detection limits reaching
nM-pM levels) and drug delivery systems. In therapy, MoS,
possesses a moderate photothermal conversion efficiency
(approximately 20-40%) suitable for photothermal therapy
(PTT), and its high specific surface area supports efficient
drug loading."*®

The most prominent biological characteristics of WS, are
its superior photothermal performance and long-term
retention tendency. It exhibits strong light absorption in the
near-infrared region and a high photothermal conversion
efficiency (PCE), often exceeding that of MoS,, with some
systems reaching 40-60%. However, animal studies have
shown that PEG-functionalized WS, nanomaterials primarily
accumulate in the reticuloendothelial system, such as the
liver and spleen, and remain difficult to be completely
metabolized even 30 days post-injection, suggesting a
potential risk of long-term retention. Regarding biosafety,
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Table 5 Characteristics and applications of different TMDCs
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Preferred Representative

TMDC synthesis Common functionalization Primary biomedical performance metrics

Materia Biological characteristics method(s) strategies applications (with sources) Ref.

MoS,  Good biocompatibility; high CVD; Covalent grafting (e.g., PEG, e Biosensing (FET, e Limit of detection 137,
specific surface area solution-based targeting peptides); polymer electrochemical) (LOD): ~nM-pM for 138

chemical coating; heterostructure biomarker sensing
exfoliation formation with metals/oxides e Drug delivery ¢ Photothermal
conversion efficiency
(PCE): 20-40%
e Photothermal ¢ Drug loading
therapy (PTT) capacity: Up to
150-200%
(weight-based)

WS, Good biocompatibility and low CVD; Surface plasmon resonance ¢ Photoacoustic o PCE: typically higher 137
toxicity; strong near-infrared mechanical tuning; NIR-II dye imaging than MoS,, reported in
absorption; excellent Exfoliation conjugation; phospholipid the range of 40-60%
photothermal conversion encapsulation for enhanced e Synergistic e Photoacoustic signal
efficiency (PCE) biocompatibility PTT/photodynamic intensity: 2-3x higher

therapy (PDT) than gold nanorods

e Tissue e Bandgap: tunable,

regeneration with monolayer being

scaffolds direct; relevant for
optical applications

WSe,  The single-layer direct bandgap CVD Bandgap engineering; o NIR fluorescence e Fluorescence 137,
is beneficial for optical lanthanide doping; imaging quantum yield: higher 139

applications in deep layers; the
hole conductive property

nanocomposites with
upconversion nanoparticles

¢ Photodynamic
therapy (PDT)

¢ X-ray-enhanced
radiotherapy

than MoS,/WS,,
beneficial for
deep-tissue imaging

e X-ray attenuation
coefficient: superior to
iodine-based contrasts
e Direct bandgap
pressure coefficient
(@a): 3.4 £ 0.1 meV
kbar™

some studies suggest that the short-term cytotoxicity of WS,
to human bronchial epithelial cells (BEAS-2B) is relatively
controllable, but long-term exposure may inhibit cell
proliferation.'” Therefore, WS, holds greater advantage in
applications requiring highly efficient photothermal effects,
such as photothermal therapy (PTT)/photodynamic therapy
(PDT) and photoacoustic imaging.

The biological properties of WSe, are closely related to its
narrow bandgap semiconductor characteristics, giving it
unique advantages in optical theranostics. Its monolayer
direct bandgap (~1.63 eV) is conducive to deep-tissue
fluorescence imaging in the near-infrared window. Recent
studies involving single-atom doping engineering (e.g., with
Cu, Ru) have enabled WSe, clusters to gain enzyme-
mimicking activities (e.g., catalase-like or peroxidase-like),
allowing them to regulate the intracellular redox balance
and showing great potential for catalytic therapy.''® However,
it is noteworthy that among the four materials, WSe,
exhibits relatively higher cytotoxicity in vitro, showing dose-
dependent inhibition of viability in human lung cancer cells
(A549), which requires attention in applications.'”” Thus,
WSe, is more suited for development in cutting-edge fields
such as imaging-guided catalytic therapy/photodynamic
therapy (Table 5).

Sens. Diagn.

7. Challenges and future directions

Despite significant advancements, the application of TMDCs
in biomedicine faces several challenges that must be
addressed to fully harness their potential. Understanding
these challenges and exploring future directions is crucial for
integrating TMDCs into clinical practice. One of the primary
concerns with TMDCs is their biocompatibility and clinical
potential toxicity, especially with long-term exposure. The
degradation products of TMDCs and their interactions with
biological systems need thorough investigation to ensure
safety in medical applications. Producing TMDCs with
consistent quality on a large scale remains challenging.
Achieving uniformity in thickness, composition, and
functionalization across batches is crucial for their reliable
use in biomedical applications. For drug delivery and
bioimaging applications, targeting TMDCs to specific cells or
tissues with high efficiency and minimal off-target effects is a
significant challenge. Enhancing targeting capabilities
through surface modification and functionalization needs
further development. Maintaining the stability of TMDCs in
the complex and dynamic biological environment is
challenging. Strategies to prevent rapid degradation or
clearance from the body, while retaining their functional

© 2026 The Author(s). Published by the Royal Society of Chemistry
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properties, are  essential.  Integrating = TMDC-based
technologies into existing medical frameworks and ensuring
compatibility with current diagnostic and therapeutic
protocols  requires  comprehensive  evaluation and
optimization.

Therefore, further research is recommended to develop
new methods for surface functionalizing TMDCs to improve
their solubility, biocompatibility, targeting accuracy, and
therapeutic efficacy. Exploring the development of hybrid
materials that combine TMDCs with other biocompatible
materials (e.g., polymers, liposomes, or other 2D materials) to
enhance their properties and overcome current limitations.
Conducting extensive in vivo studies and clinical trials to
assess the long-term safety, efficacy, and therapeutic
outcomes of TMDC-based biomedical applications,
facilitating their translation from the lab to the clinic.
Advancing the understanding of the interaction between
TMDCs and biological systems at the molecular and cellular
levels to design more effective and safer biomedical
applications. Establishing clear regulatory pathways for the
approval of TMDC-based medical products, ensuring that
they meet safety and efficacy standards for clinical use.
Promoting collaboration among material scientists,
biologists, physicians, and engineers to address the
multifaceted challenges of applying TMDCs in biomedicine
and to accelerate the translation of research findings into
practical applications.

8. Conclusion

TMDCs are a new class of 2D materials with exceptional
properties that can transform biomedical applications. Their
atomic thickness, high surface-to-volume ratio, tunable
electronic and optical characteristics, and strong mechanical
strength make them ideal for biosensing, drug delivery,
bioimaging, and photothermal or photodynamic therapies.
TMDCs offer strong biocompatibility and versatile chemistry,
enabling functionalization to enhance interactions with
biological systems and deliver precise, targeted therapies and
diagnostics. They also fit well in flexible, wearable devices,
supporting personalized healthcare. However, challenges
remain in improving their biocompatibility, stability,
scalability, and targeting for clinical use. Researchers must
focus on advanced synthesis methods, surface modifications,
and thorough in vivo studies to ensure safe and effective use
in medicine. Interdisciplinary research combining materials
science, biology, engineering, and medicine will drive the
development of next-generation diagnostic and therapeutic
tools. As research advances, TMDC-based systems will
continue to evolve and could revolutionize healthcare
through new solutions for disease detection, treatment, and
tissue regeneration. The unique properties of TMDCs, along
with progress in their functionalization and clinical
applications, position them as key materials in modern
medical technologies, potentially redefining biomedicine in
the coming years.
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Abbreviations

2D Two-dimensional

TMDCs  Transition metal dichalcogenides
Mo Molybdenum

W Tungsten

S Sulfur

Se Selenium

Te Tellurium

NIR Near-infrared

CVD Chemical vapor deposition
PTT Photothermal therapy
PDT Photodynamic therapy
ROS Reactive oxygen species
AFM Atomic force microscopy
ALD Atomic layer deposition
LEDs Light-emitting diodes

PL Photoluminescence

FETs Field-effect transistors

IF-WS, Inorganic fullerene-like tungsten disulfide
INT-WS, Inorganic tungsten disulfide nanotubes
PEG Polyethylene glycol

MRI Magnetic resonance imaging

h-BN Hexagonal boron nitride

ECM Extracellular matrix

MOSFETs Metal-oxide-semiconductor field-effect transistors
TMB Tetramethylbenzidine

ELISA Enzyme-linked immunosorbent assay
GOx Glucose oxidase

PAI Photoacoustic imaging

Cu,O Cuprous oxide

MosS, Molybdenum disulfide

CL Chemiluminescence
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