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Tailored MXenes and graphene as efficient
telemedicine platforms for personalized

health wellness
Kamil Reza Khondakar, €2 ** Divya Tripathi,” Hirak Mazumdar,*“ Kirti Ahuja® and
Ajeet Kaushik @9

This comprehensive review paper provides an insightful exploration of the burgeoning field of 2D
nanostructures and their development as telemedicine platforms for futuristic smart healthcare systems.
A remote health monitoring device is known as telemedicine for continuous surveillance of body
parameters. 2D materials, such as graphene and MXenes with their unique physical, chemical, and
electrical properties, have recently garnered significant attention in this field. Graphene, composed of a
single layer of carbon atoms in a hexagonal lattice, boasts a high surface-to-volume ratio, exceptional
electrical and thermal conductivity, and remarkable mechanical strength. In the realm of telemedicine,
graphene-based nanostructures have emerged as versatile tools for biosensing, targeted drug delivery,
and bioimaging. The exceptional attributes of graphene facilitate efficient drug loading and controlled
release. Additionally, its outstanding electrical conductivity supports the development of biosensors with
heightened sensitivity and selectivity. On the other hand, MXenes, a family of 2D transition metal
carbides and nitrides, offer distinct surface chemistry and excellent biocompatibility. These materials
exhibit promise in various biological applications, including biosensing and drug delivery. Their
substantial surface area and diverse surface characteristics enhance drug-loading capabilities and
cellular interactions. Furthermore, the integration of hybrid nanocomposites, combining graphene and
MXenes, presents an opportunity to synergistically enhance the functionality and performance of
telemedicine platforms. Moreover, the integration of 2D nanomaterials with artificial intelligence (Al)
amplifies the potential of telemedicine. Al-powered systems optimize the release of therapeutic agents
in drug delivery systems and improve the precision of disease detection through data analysis and
modeling. Real-time data analysis allows for personalized healthcare, enabling immediate adjustments
and tailored interventions. This convergence of 2D nanomaterials and Al fosters dynamic synergy,
offering the prospect of elevated patient outcomes, reduced side effects, and the expedited
development of cutting-edge healthcare solutions. The future of telemedicine is undeniably promising
with these advancements.

modifying and designing materials at the nanoscale level.
Telemedicine-based technology makes it possible to create

Telemedicine has emerged as the next-generation diagnostic
tool and has the potential to revolutionize the practice of
medicine and healthcare."™ It introduces innovative appro-
aches for disease prevention, drug delivery, and treatment by
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extremely sensitive and focused diagnostic instruments for
enhancing better diagnostic capabilities.>® Early biomarker
detection is made possible by nanoscale sensors and imaging
tools, enabling earlier illness diagnosis and better diagnostic
precision. Nanostructures are useful in imaging procedures like
MRI, CT scans, and molecular imaging due to their capacity to
be tailored for precise targeting of particular cells or areas.
Targeted drug delivery has been the most explored area in the
telemedicine field. Drugs can be packaged, and transported
to the target site and can be released directly to target cells
or tissues, overcoming obstacles, and minimizing unwanted
effects. Targeted drug delivery methods increase therapeutic
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Fig. 1 Schematic illustration of the telemedicine approach for personalized health wellness.

effectiveness, boost drug stability, and lower the quantity and
frequency of medication needed. Telemedicine also provides
controlled release systems that can deliver medications or
therapeutic chemicals over a prolonged period or in response
to triggers. With this strategy, therapeutic levels are sustained,
fluctuations are reduced, and patient compliance is improved.
Controlled release systems are especially useful for long-term
medication therapy or chronic illnesses. Also, improved treat-
ment efficacy can be achieved by combining many medications
for therapeutic and diagnostic purposes, and more efficiently
crossing biological barriers. This adaptability increases thera-
peutic efficacy and lowers the risk of developing medication
resistance. Therefore, personalized medicine by allowing for
the customization of treatments to meet the unique demands
of each patient can be addressed. Fig. 1 depicts the importance
of telemedicine for personalized disease management.
Advancements in science and nanotechnology are driving
continuous evolution in nanomaterials and their composites.
These materials, with their size and composition-dependent
properties, play a pivotal role in solving various scientific
challenges in healthcare because of their versatility.” Nano-
materials can be categorized according to their size, agglo-
meration state, morphology, dimensions, and composition,
and depending on each characteristic, they can be used for a
wide range of healthcare applications.®® Two-dimensional (2D)
nanomaterials are ideal for a variety of applications, most
notably in energy storage, electronics, sensors, catalysis, and
biomedical applications because they have an atomic thick-
ness, large active surface sites, a large surface area to volume
ratio, and excellent mechanical properties.'®2° Size, shape,
surface chemistry, and other features of 2D nanostructures
can all be customized. Furthermore, the introduction of nanos-
tructures like graphene and MXenes as 2D materials has
revolutionized biomedical technology providing precision tele-
medicine platforms for disease management.”’ They can
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operate as scaffolds for sensing materials, bioimaging, patho-
gen killers, wound healers, and tissue regeneration.”* Also,
these 2D layer structures can deliver drugs to the desired
locations, aiding in tissue regeneration, and repair.

Graphene is an allotrope of carbon possessing ultrathin
thickness, a planar structure with a large active surface area.”?
Graphene also exhibits excellent biocompatibility and can
directly disperse in aqueous solutions without modification,
and ease of functionalization making it very suitable for bio-
sensing applications.>**> Graphene is successfully used in the
fabrication of optical devices, and biosensors due to its high
electron mobility and atomic sheet structure. Graphene-based
nanocarriers provide notable benefits for medication delivery.
Therapeutic compounds may be encapsulated by them, which
prevents their deterioration and permits controlled release
at certain disease areas.”® The great drug-loading capacity
provided by graphene’s huge surface area improves the effec-
tiveness of therapies. Additionally, by using electro-responsive
devices, graphene’s special electrical properties enable tailored
drug delivery. Graphene-based biosensors have shown out-
standing sensitivity and selectivity for detecting biomarkers
in addition to medication delivery.>>*” Graphene scaffolds
can support tissues mechanically, encourage cell adhesion,
and accelerate tissue growth for tissue engineering applications
in healthcare. Additionally, the optical qualities of graphene
have made it easier to use it in imaging processes, enabling
high-resolution imaging of cells and tissues. Overall, due to its
adaptability and distinctive qualities, graphene is a promising
material for developing telemedicine and opening the door
for novel treatments, diagnostics, and tissue engineering
techniques.

Recently, a class of novel materials known as MXenes have
had a significant impact on creative ideas in various scientific
disciplines.”® With their intricate atomic configuration and
numerous adjustable properties within their multilayered

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structures, MXenes demonstrate enhanced multifunctional
behaviours. Their multilayered structure, which has a complex
atomic arrangement and a lot of tunable properties, enhances
their multifunctional behaviors. MXenes are a family of 2D
materials (transition metal carbides/nitrides) that have shown
significant applications in medical diagnostics because of their
unique physicochemical properties, ultrathin lamellar struc-
ture, and high specific surface area.”® These new remarkable
nanostructures have been utilized as therapeutics for anti-
cancer treatment, and in photothermal therapy as drug delivery
agents.”® MXenes can be precisely designed and synthesized in
the pristine structure for a variety of applications including
biosensing, precision medicine, bioimaging, antimicrobial
activity, etc.>® The high specific surface area, metallic conduc-
tivity, and hydrophilic nature of MXene nanosheets make them
potential drug or protein carriers with abundant anchoring
sites and reservoirs for precision nanomedicine. Furthermore,
MXenes have been explored as a contrast agent for computer
tomography (CT) scans and magnetic resonance imaging
(MRI). MXenes thus enable new applications and modify/
improve the functionality of existing ones by tailoring the
functional groups on the surface.

The emergence of these 2D smart nanomaterials in devel-
oping sophisticated tools for telemedicine applications and
integration of AI and ML for data analysis have improved
the innovations and breakthroughs in medical technology in
elevating the quality of healthcare. Al in telemedicine is trans-
forming diagnostics and treatment by leveraging data analysis
for precise disease detection and drug delivery optimization at
the nanoscale. It accelerates the development of innovative
telemedicine solutions through simulations and modeling. In
clinical practice, Al enables real-time patient monitoring and
personalized interventions. The synergy of Al and telemedicine
holds tremendous potential for more effective and tailored
healthcare solutions. This review will include discussions on
current applications of 2D nanostructures (graphene, MXenes,
and their composites) in the field of telemedicine with a focus
on Al-based systems for future applications.

2. Graphene and MXenes, emerging
2D-materials for biomedical
applications

We briefly introduce the basics of MXenes and graphene.
MZXenes are considered as 2D material where M represents an
early transition metal, X depicts carbon or nitrogen, and T
represents terminal groups with the basic formula of M,,,1X,, T,
(where n = 1, 2, 3, and x represents the number of terminal
groups).*’ This unique combination of elemental arrangements
and structures of MXenes has opened numerous possibilities to
synthesize a variety of 2D materials. MXenes display a variety
of electronic applications due to their excellent electrical con-
ductivity and unique physicochemical properties.>* Because of
their metallic conductivity, which is a result of transition
metals being present in their structure, MXenes are effective
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conductors in electrical devices. Furthermore, MXenes have
great mechanical strength and flexibility, which makes
them suitable for application in composites and innovative
materials. They show high surface reactivity of their large
surface area and abundance of functional groups, such as
hydroxyl or oxygen groups. These terminations allow for
improved interactions with ions and molecules. Due to their
customizable surface chemistry and catalytic activity, MXenes
have also demonstrated potential in catalysis. MXenes have a
distinctive combination of layered structures, excellent elec-
trical conductivity, mechanical strength, and versatile surface
chemistry for biomedical applications.**

They are being explored in various industries including
energy storage and conversion, the environment and catalysis,
separation membranes, medicine, optics, and electronics, etc.
According to Gogotsi et al., MXenes have a unique combination
of properties, including the high electrical conductivity and
mechanical properties of transition metal carbides/nitrides.**
They have functionalized surfaces that make MXenes hydro-
philic and can be bonded to various species; high negative zeta-
potential, enabling stable colloidal solutions in water; and
efficient absorption of electromagnetic waves, which have led
to many applications. MXenes, possessing numerous appealing
physicochemical characteristics, such as a large specific surface
area, significant electrical conductivity, magnetism, low toxi-
city, luminescence, and high biocompatibility, have emerged as
a promising contender for cancer therapy and theragnostics.
These two-dimensional (2D) nanostructures, which exhibit
photothermal, chemotherapeutic synergistic, and photo-
dynamic effects, hold great potential for effective and non-
invasive anticancer treatments. They have been extensively
investigated for applications in photothermal/chemo-photo-
thermal therapy (PTT) and targeted delivery of anticancer
drugs. Notably, MXenes’ unique optical properties have facili-
tated their use in bioimaging and biosensing, and their excep-
tional ability to convert light to heat makes them highly
suitable as biocompatible and efficient nano-scaled agents for
PTT applications. Nevertheless, there remain significant chal-
lenges that need to be addressed, such as ensuring their stability
in physiological environments, achieving sustained and controlled
drug release, and enhancing biodegradability.*

Earlier, graphene was considered one of the most important
materials of the century, having numerous applications in
areas including electronics, medicine, agriculture, structural
engineering, and many others that are under investigation.***”
Graphene is a single layer of carbon atoms arranged in a
hexagonal lattice that exhibits extraordinary properties.” It is
a perfect material for electronics applications because of its
incredibly fast electrons resulting in high electrical conduc-
tivity. The planar shape is facilitated by the pi-bonds that form
between carbon atoms, which create a continuous network that
facilitates faster electron movement. In terms of physical
characteristics, graphene is almost transparent and has excep-
tional mechanical strength. It is one of the strongest materials
known, despite only being one atom in thickness. Graphene’s
distinct blend of mechanical and electrical characteristics has
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sparked interest in applications such as composite materials
and flexible electronics. It may also be used in thermal devices
for photothermal therapy management due to its high thermal
conductivity. Graphene’s chemical reactivity is largely depen-
dent on its high surface area and two-dimensional structure.
The graphene surface can be functionalized to add functional
groups to the surfaces or edges of the sheets for customized
chemical interactions. Graphene’s strong carbon-carbon bonds
prevent it from degrading chemically, which makes it a durable
material in a variety of settings. Because of these charac-
teristics, graphene is a used as biocompatible material and
for sophisticated coatings. These properties are essential to fabri-
cating sensors for various healthcare applications. In conclusion,
graphene’s unique physicochemical properties, including excep-
tional electrical conductivity, mechanical strength, transparency,
and chemical reactivity, make it a material with vast potential
for revolutionizing numerous industries, from electronics to
materials science and beyond.>”***° Recently, graphene has been
explored as a potential material for biomedical applications in
areas such as biosensing, cancer therapies, drug delivery sys-
tems (DDSs), and tissue engineering, allowing the development
of new research fields associated with the interactions of
biomolecular systems and graphene.’*”® The surface of the
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two-dimensional structure, enriched with oxygen and sp®
domains, facilitates interaction and anchoring with a diverse
array of biomolecules, including DNA, peptides, proteins
(such as enzymes), viruses, and more. These interactions can
occur through both covalent and noncovalent bonds. The
functionalization of graphene with these biomolecules holds
great promise for applications in materials science, bio-
engineering, nanotechnology, and nanomedicine.’

Furthermore, among the transition-metal dichalcogenides
(TMDs), molybdenum disulfide (MoS,) has been explored in
the nanotechnology industry due to its high mobility of charge
carriers, excellent optical absorption properties, and high
thermal and chemical stability. Due to these properties, MoS,
has found applications in different industries such as optical
and electronic materials.

Similarly, boron nitride (BN) is one of the emerging insulat-
ing 2D layered materials that has shown high mechanical
strength, chemical inertness, exceptional thermal stability,
and superior ion conductivity. Scientists are exploring BN in
the fields of optoelectronics, quantum optics, electronics, and
sensing as the next-generation smart material.

In conclusion, each material has its advantages and dis-
advantages. Graphene has remarkable mechanical strength,

Table 1 Comparison of various properties and characteristics of well-known 2D nanomaterials

Types of

2D materials ~ Properties layer Synthesis Applications Ref.
Graphene High surface area, high electrical Single Chemical exfoliation, epitaxial growth  Sensors energy electronics 13

conductivity, biocompatible layer, few (MBE), mechanical exfoliation, arc

layers discharge, chemical vapor deposition
(cvp)

MoS, (moly- Excellent electrochemical and Monolayer, Atomic layer deposition (ALD), pulsed Sensors LED fabrication, solar 10
bdenum luminescence properties, bilayer, laser deposition (PLD), chemical vapor cell
disulfide) superconducting properties. hexalayer deposition (CVD)
MXenes Large specific surface area, high  Single Molten salt etching, hydrofluoric acid  Energy storage, sensors 11

electrical conductivity, high layer, few (HF) etching, electrochemical, nanomedicine

mechanical strength, tunable layers hydrothermal

band gap
BN (boron High thermal conductivity, low  Monolayer, Chemical vapor deposition (CVD), Detecting corrosive chemicals, 12
nitride) thermal expansion, high bilayer, few hydrothermal, laser-ablative aqueous  high-temperature monitoring,

chemical resistance layers synthesis harsh industrial environments
Tungsten Excellent optical properties, large Monolayer, Chemical vapor deposition (CVD) Light emitters, photodetectors/ 14
disulfide surface area, high mechanical bilayer, microwave-assisted synthesis sensors, valleytronics, and
(WSy) strength, valley polarization multilayer flexible nanoelectronics
Niobium dis-  Electronic properties Monolayer, Chemical vapor deposition (CVD) Superconductor 15
ulfide (NbS,)  polymorphism and polytypism, few layers

superconducting properties
Tungsten Large surface area, high thermal Single Chemical vapor deposition (CVD) and ~ Sensors, photocatalysis and 16
diselenide conductivity, good photostability layer, few flux zone growth (flux) solar energy quantum
(WSe,) layers computing
Tungsten Excellent thermoelectric Single or Chemical vapor deposition (CVD), Energy harvesting and waste 17
telluride properties, Superconducting few layers molecular beam epitaxy (MBE), and heat recovery, energy storage
(WTe,) properties, magnetoresistance mechanical exfoliation and conversion, quantum

computing

Carbon Large surface area, high Monolayer, Hydrothermal, co-precipitation, acid Nanomedicine, water filtration, 18
nitride (C3N,) mechanical strength, high few layers  etching, etc. energy storage

conductivity, biocompatible
Molybdenum Large surface area, electroactive  Single Solvo-thermal chemical root method,  Lubricants and energy storage 19
diselenide material, electrocatalytic layer, few chemical vapor deposition (CVD) devices
(MoSe,) properties layers
Molybdenum  High surface-to-volume ratio, Single Flux method, liquid exfoliation, Sensors, light emitting diodes, 20
ditelluride superconducting properties layer, few thermal treatment powder mixture solar cells, ultra-fast photo-
(MoTe,) layers detectors and single-photon

emitters
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thermal stability, and electrical conductivity with applications
in energy storage, electronics, and sensor industries. However,
its applicability in several semiconductor applications is limited
due to its absence of an intrinsic bandgap. However, MXenes
overcome some of graphene’s drawbacks with their metallic
conductivity and adjustable qualities, making them a promis-
ing material for electronic devices and energy storage. TMDs
with a natural bandgap, such as MoS,, are good candidates for
transistor applications. It can be difficult to synthesize them
and integrate them into electronics, though. Despite being
electrically insulating, boron nitride is a great substrate and
insulator for electronic devices. Depending on the particular
needs of the application, one can choose between MXenes,
graphene, and TMDs while taking conductivity, bandgap, and
simplicity of use into consideration. A comparison table has
been included to summarize the various properties and char-
acteristics of the emerging 2D materials (Table 1).

3. Telemedicine as a smart analytical
approach for health wellness

Telemedicine as a new frontier in healthcare promises ground-
breaking improvements in disease detection, therapy, and
prevention. The field of telemedicine in healthcare has the
potential to completely alter how we identify, treat, and
comprehend diseases. Telemedicine provides precise drug
targeting, early disease detection, and customized treatments
by utilizing the unique qualities of nanoscale materials,
eventually resulting in more efficient and personalized health-
care. It addresses issues like poor drug solubility, minimizes
side effects, and improves imaging methods used in medicine.
Nanomedicine also facilitates tissue regeneration, overcomes
biological obstacles, and provides drug delivery. It provides
precision targeting at the cellular and molecular levels by
utilizing nanoscale materials and technology, minimizing
adverse effects, and increasing therapeutic efficacy.

The integration of intelligent nanomaterials into biological
systems has sparked numerous groundbreaking applications in
precision telemedicine. These applications encompass innova-
tive therapeutics, novel drug delivery systems, the creation of
rapid and highly sensitive diagnostic tools, and many more.
Among the next-generation smart materials, MXenes and gra-
phene, are poised to revolutionize healthcare across multiple
categories.”' These nanoparticles’ excellent electrical conduc-
tivity and surface area make them perfect for creating extremely
sensitive biosensors in diagnostics. MXene-based biosensors
can accurately diagnose early disease by detecting biomarkers
at exceedingly low concentrations.”” Graphene nanoparticles
can act as adaptable drug carriers in cancer therapy, effectively
delivering therapeutic compounds to tumor areas while caus-
ing the least amount of harm to healthy tissues. Additionally,
MXenes are an excellent candidate for tissue engineering
applications due to their distinct electrical and mechanical
characteristics, which will help with the regeneration of injured
tissues in regenerative medicine. The antibacterial properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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graphene oxide can be used to provide novel approaches for
managing infectious diseases and enhancing wound healing.
The combination of MXenes and graphene nanoparticles holds
enormous potential to advance telemedicine as it develops.
These two smart materials (MXenes and graphene) have been
extensively explored for innovative applications in the teleme-
dicine field for developing smart healthcare systems. In Fig. 2,
we described some of the emerging applications of MXene and
graphene-based systems with Al

4. MXenes and graphene for advanced
biosensing applications

The incorporation of cutting-edge two-dimensional (2D) func-
tional materials like graphene, borophene, and MXenes has
ushered in the era of next-generation biosensing devices,
characterized by enhanced spatiotemporal attributes.*® There
are several reports of graphene-based sensors for biomedical
applications.** Single-atom thickness, biocompatibility, and
large active surface area of graphene act as a better sensing
platform for a variety of molecules. Ease of functionalization,
wide potential window as well as high electron transfer rate, etc.
make graphene an excellent sensing material. However, the
application of graphene sensors in clinical settings has faced
challenges such as reproducibility, high manufacturing yields,
Debye screening, and nonspecific absorption on electrodes.
Yin et al. recently developed an on-chip-based POCT (point-of-
care testing) graphene field effect transistor (GFET) sensor where
they addressed those above-mentioned problems of graphene-
based sensors and successfully detected pancreatic cancerous
exosomes.” The chip consists of GFET sensor arrays and a
portable read-in/out electronic system was built to measure the
real-time electrical response from patient samples in less than
1 hour. A schematic of the GEFT sensor along with its operation as
a portable sensor for exosome detection is shown in Fig. 3.

In the field of telemedicine, wound healing is one of the
sectors gaining the attention of material scientists toward
improving the condition of patients. Graphene has gained
significant attention in the field of wound healing due to its
versatile applications. It can be used in wound dressings, where
its vast surface area acts as a scaffold for cell growth, and its
flexibility allows for easy application to various wound types.
Graphene’s inherent antibacterial properties also aid in pre-
venting infections, a crucial factor for accelerating the wound
healing process. Moreover, functionalized graphene can serve
as a vehicle for drug delivery, enabling the targeted adminis-
tration of healing agents to wounds, thereby promoting tissue
regeneration. Graphene’s surface characteristics enhance cell
adhesion, proliferation, and migration, crucial processes for
wound healing. It has also shown promise in promoting
angiogenesis, ensuring adequate blood supply to healing tis-
sues, and supporting cell development and tissue regeneration.
Additionally, graphene’s superior thermal conductivity makes
it suitable for thermal therapy applications like photothermal
therapy (PTT), which can expedite tissue repair, reduce pain,

Mater. Adv,, 2024, 5, 4091-4111 | 4095
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Fig. 2 Schematic illustration of the emerging application of graphene and MXenes in telemedicine.

and facilitate wound cleansing. Zhu et al. utilized these proper-
ties of graphene and designed a unique material - ciprofloxacin
(CF)-encapsulated graphene-silk fibroin macromolecular
hydrogel dressings for the treatment of burn wound injuries.
This advanced blend improved the graphene’s superior thermal
conductivity to enhance the effectiveness of thermal therapy
and provided an excellent dressing material for the treatment
of burn wound injuries. This hydrogel composite was effective
for wound healing with enhanced antibacterial activity for
preventing bacterial infection.*®

MXenes have emerged as a prominent interfacing material
within the domains of portable healthcare and environmental
sensing, showcasing exceptional sensitivity and selectivity.
Ongoing research into the use of MXenes in wound healing
has revealed promising applications. MXene-based wound
dressings, characterized by their high surface area, offer flexible
and protective barriers for wounds. These dressings have the
potential to not only safeguard wounds but also promote tissue
regeneration, potentially possessing antibacterial properties.***’
Moreover, MXenes can be tailored for drug delivery purposes,
encapsulating medications or growth factors that enhance tissue
regeneration and wound healing. This controlled drug release
from MZXene carriers can optimize the healing process and
improve wound healing outcomes. Additionally, MXene materials
have demonstrated the ability to enhance cell adhesion, prolifera-
tion, and migration, essential elements of wound healing, thereby

4096 | Mater. Adv, 2024, 5, 4091-411

fostering favorable conditions for cell growth at wound sites.*®
Furthermore, MXene-based materials show promise in their anti-
microbial properties, which can aid in infection prevention when
integrated into wound dressings or coatings.*’ Notably, MXenes
may also play a role in modulating inflammation, a critical factor
in wound healing, by regulating excessive inflammation at the
wound site and potentially expediting the healing process.
Similarly, MXenes have excellent sensing properties. Among
the emerging applications of MXenes, application in biosensors
has gained a lot of attention due to their flexible structure for
ease of functionalization, high electron mobility, good stability,
and high active surface area. Recently, MXene QDs have
demonstrated high photo-thermal stability, hydrophilicity,
and multimodal sensing/imaging capacities for cellular ima-
ging. Based on the above properties of MXenes, Xue et al.
successfully designed and developed photoluminescent Tiz;C,
MXene QDs for multicolor cellular imaging using a simple
hydrothermal technique. They demonstrated sensing proper-
ties with quantum efficiency and were deployed as zinc ion
sensors.”® Wang et al. developed an MXene-integrated micro-
needle to slowly release asiaticoside (AS) to accelerate chronic
wound healing.>® Their work showed that MXenes as a drug
delivery platform not only enhance the mechanical durability of
microneedles, enabling them to penetrate the skin’s barrier for
subcutaneous drug administration, but also prolong the release
duration of the active substance (AS) (a typical microneedle

© 2024 The Author(s). Published by the Royal Society of Chemistry
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patch for diabetic foot ulcer treatment shown in Fig. 4).
An enzymatic electrochemical biosensor was fabricated using
2D niobium carbide MXene for pesticide phosmet detection.
This new biosensor possessed low cytotoxicity, good chemical
stability, high porosity, excellent conductivity, and enhanced
electrochemical activity towards phosmet detection. The fabri-
cated sensor had a limit of detection (LOD) of 0.046 ng mL ™"
towards the phosmet analyte showing promising results as a
high-quality detection tool.>> In the context of glucose monitoring,
the intrinsic heterogeneous electron transfer (HET) characteristics
and electrical properties of MXenes have been explored to propel
the development of second-generation glucose-sensing devices.
Swift and direct measurement of blood glucose levels hold
pivotal significance in personalized diabetes mellitus management.
Novel strategies involving hybrid nanocomposite materials,
amalgamating 2D MXenes with 1D nanostructures, have been
pursued to amplify adhesion stability on transducer surfaces,
ultimately leading to extended-term monitoring capabilities.’?
Leveraging the physicochemical properties with superior
mechanical strength as well as HET characteristics of MXenes
have been explored by Chia et al. to fabricate multilayered
MXene titanium carbide-based hydrogen biosensors for glucose
quantification.>® This hydrogel-based nanocomposite sensor
demonstrated excellent chronoamperometric results to quan-
tify glucose concentration as they showed excellent electro-
catalytic activity toward glucose analytes. The biosensing platform
showed high selectivity with very long linear ranges of

© 2024 The Author(s). Published by the Royal Society of Chemistry

(50-27750 puM) and a low limit of detection of 23.0 pM.
In the age of smart technology, scientists are exploring multi-
functional, highly stable, electronic materials for healthcare
applications taking inspiration from the environment. Scientists
have developed a bean pod-inspired self-healable pressure sensor
for human arterial pulse monitoring and gait detection using
graphene and polystyrene beads as a wearable (Fig. 5).>°
Furthermore, MXene-graphene integrated electronic skin
(e-skin) sensors designed to detect human movements via
pressure transduction principles have been recently reported.
Remarkably breathable and biodegradable, the MXene pressure
sensor is amenable to interfacing with wireless smart
sensing platforms, opening avenues for practical applications
encompassing human locomotion monitoring, biodegradable
implanted devices, intelligent electronic skins, and therapeutic
oversight. In this direction, a self-healable high-performance
composite has been designed with the help of MXene and
graphene nanomaterials.”® Currently, self-healing graphene and
MXene composites are being explored in soft robotics, electronic
skin technology, and wearable sensors for a variety of reasons.
These new composites exhibited excellent arbitrary shape adapt-
ability, suitable adhesiveness, ideal durability, high stretchability,
immediate self-healing responsibility, and outstanding electro-
magnetic features.”” However, the Integration of multifunctional
sensors into a common substrate for simultaneous detection
of human body parameters is quite challenging. Recently,
Zhang et al. fabricated a multifunctional sensor for strain,
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Fig. 4 A diagram depicting the design of a microneedle patch using MXenes (referred to as MN-MOF-GO-Ag) aimed at expediting the healing process
of diabetic wounds. Reproduced with permission.>* Copyright 2022 Springer Nature.

temperature, and electrocardiogram (ECG) monitoring using
MXene-Ti;C,T, and 3,4-ethylene dioxythiophene (EDOT) depos-
ited on laser-induced graphene (LIG) as a wearable sensor
(Fig. 6). They also demonstrated on-site detection of human
body-induced deformations and physiological health indicators
on the human body for wearables.”® This work looks very
promising as future wearables for smart skin and healthcare
applications.

Currently, lab-on-chip platforms are being explored for
developing personalized therapy-based treatment.”*®! In particular,
lab-on-chip-based medical devices are being investigated for
organoid application using MXenes and graphene as the next-
generation smart materials. These new age smart nanomater-
ials have been integrated into lab-on-a-chip platforms with
optical detection systems providing myriad possibilities for
the study of personalized telemedicine. These smart materials
have exhibited outstanding prospects for boosting the function-
ing of lab-on-a-chip devices because of their high electrical
conductivity, exceptional surface area, and biocompatibility.
In integration with LOC, MXenes and graphene can be utilized
for precise and quick cellular analysis with focused medication
delivery, and diagnostics due to their low cytotoxicity, high
porosity, and excellent conductivity. Such applications have a
significant deal of potential to revolutionize customized
medicine and disease management. For example, new genera-
tion smart composites are being investigated for designing
innovative tissue engineering materials for organoid chip
applications. Wychowaniec designed a porous hydrogel made
of two-dimensional flakes from graphene oxide and MXenes

4098 | Mater. Adv, 2024, 5, 4091-4111

(TizC,Ty). They fabricated a three-dimensional porous hydrogel
with a unique porous architecture of well-suited chemical
surfaces to carry out three different types of cultured cells on
these scaffolds with extended three-dimensional networks for
organoid applications.®> A completely revolutionary work has
been reported by the team of Prof. Wei Gao from Caltech, USA
where they developed a wireless electrochemical biosensor for
the automatic, non-invasive, and wireless monitoring of inflam-
mation in the human body. In this work, they did not require
any time-consuming steps like incubation and washing steps
for the quantification of protein biomarkers in the blood. They
fabricated a skin-interfaced graphene array-based microfluidic
chip that capitalizes on sweat flow to achieve fully automated
protein and detector antibody (dAb) capturing, subsequent
washing and picomolar-level electrochemical detection on the
skin.®® Fig. 7 depicts the circulating CRP mechanism in the
human body (a), the scheme of the fabricated sensor (b), the
image of the sensor (c) and (d), and the detection mechanism of
the biosensor from the sweat sample (e). This prototype wear-
able biosensing technology can be utilized for real-time mon-
itoring of sweat for multiple body parameter analysis at home.

5. Graphene and MXenes: advancing
bioimaging for precision medicine

Cancer stands as one of the foremost contributors to global
mortality.®>®® Thus, the imperative to devise novel, sophisticated,
and precise approaches within the realm of cancer research has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Schematic illustration of the bean pod inspired healable pressure
sensor in the detection of (i) rice as a light object, (i) blood pulse on the wris
Copyright 2020 American Chemical Society.

grown significantly.>™®” These approaches target early detection
and treatment, aiming to enhance diagnostic outcomes while
minimizing the adverse effects of therapies. Graphene and more
recently MXenes, both belonging to the family of two-dimensional
(2D) materials, have emerged as pivotal contenders in this field.
They are extensively investigated as versatile nanoplatforms,
particularly for the diagnosis and treatment of cancer, harnessing
their potential as agents for photodynamic therapy. Their excep-
tional physicochemical attributes render them valuable assets in
the realm of photodynamic therapy (PDT), effectively synergizing
with bioimaging, photothermal therapy, and drug and gene
delivery. Diverse nanoplatforms with varying compositions and
nanostructures have been created as nano-agents for photother-
mal conversion, aiming to amplify the therapeutic impact of
photothermal therapy (PTT). These platforms encompass well-
established entities like gold nanoparticles, graphene, and its
derived forms, black phosphorus, transition-metal dichalcogen-
ides, and certain organic nano-systems. Moreover, the precise
determination of tumor localization holds significant importance
in refining therapeutic precision and minimizing the harm
caused to neighboring healthy cells and tissues through PTT.
This objective can be realized through imaging guidance and

© 2024 The Author(s). Published by the Royal Society of Chemistry

sensor and its mechanism. (b) Wearable sensing applications of the pressure
t, (i) hand clenching, and (iv) elbow bending. Reproduced with permission.>®

continuous monitoring before and during PTT hyperthermia.®®
The distinctive advantages of each diagnostic imaging modality
have been clearly illustrated. For instance, computed tomography
stands out as a potent tool in medical diagnosis due to its
exceptional spatial resolution and valuable tomographic insights
into anatomical structures.®® Additionally, MRI offers enhanced
information on soft tissue anatomical structures through a non-
invasive and nonionizing approach, setting it apart from other
imaging methods.” As a burgeoning diagnostic imaging techni-
que, photoacoustic (PA) imaging has the potential to surpass the
penetration limitations of optical imaging.”"”? It achieves this by
capturing pressure waves induced in laser-irradiated tissues,
making use of its low tissue-attenuation coefficient. This capabil-
ity enables real-time visualization of biological structures and
functional details. The integration of various imaging modalities
holds significant promise in comprehensively and synergistically
collecting information from living subjects to enhance diagnostic
accuracy. MXenes, renowned for their exceptional photothermal
attributes, have also been explored in the context of antimicrobial
therapy.”” In comparison to alternative photothermal agents,
MXenes exhibit the subsequent advantages: (1) they demonstrate
biocompatibility both in vitro and in vivo; (2) their unique two-
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dimensional (2D) structural makeup facilitates more effective
interaction with bacteria, thereby enhancing their antibacterial
efficiency; (3). the distinct edges of MXene nanosheets possess the
ability to disrupt bacterial membranes, showcasing innate anti-
bacterial properties. These distinct anti-bacterial properties of
MXenes have been explored by scientists. One of the interesting
pieces of work was carried out by Yang et al. They reported a novel
clinical implant into cells, utilizing 2D niobium carbide (Nb,C)
MXene on titanium, which offers advanced antimicrobial and
antibiofilm functions (Fig. 8).”* It combats infections by disrupt-
ing biofilms, sensitizing bacteria through photothermal therapy,
and reducing inflammation for improved tissue healing. This
innovation addresses critical challenges in antibiotic resistance
and biofilm-related infections.

However, the conventional employment of PTT for tackling
bacterial infections often necessitates elevated localized tem-
peratures, which can inadvertently induce nonselective thermal
effects, leading to inflammation and harm to nearby healthy
tissues. Therefore, more comprehensive research is required
before clinical application.

6. Revolutionizing theragnostics using
graphene and MXenes at the forefront

In the realm of theragnostic applications utilizing 2D materials,
the traditional concept of theragnostic agents demands the
integration of both therapeutic and diagnostic components
within a single formulation.”® However, an evolving perspective

4100 | Mater. Adv,, 2024, 5, 4091-4111

expands the definition of theragnostics to incorporate tools
where imaging serves to guide therapy rather than solely for
diagnosis. Theragnostic nanomedicines, utilizing 2D materials,
open opportunities for integrating multiple imaging techni-
ques and therapeutic functions. This includes passive and
active targeting for various disease treatments, effectively ser-
ving as theragnostics for drug delivery, as well as enabling
stimuli-responsive drug release, such as temperature- and pH-
dependent therapy. Among the 2D materials, graphene offers
exceptional attributes including remarkable lightweight and
flexibility, a high surface-to-volume ratio, near-infrared (NIR)
light absorption, and distinctive Raman spectra, making it
highly appealing for disease therapy applications.”®
Additionally, graphene oxide (GO) stands out as a promising
photoacoustic (PA) imaging agent due to its intrinsic high
photothermal conversion efficiency. Graphene and its deriva-
tives have found widespread application in diverse therapeutic
approaches, including photothermal therapy, photodynamic
therapy, and multimodal therapy, offering promising strategies
for treating various diseases, notably cancer.”” Their versatility
in these treatments showcases the significant potential of
graphene-based materials in advancing medical interventions
and improving patient outcomes.”” Kumawat et al. synthesized
and applied a fluorescent graphene-based nanohybrid, termed
“GO-PEI-GQDs,” as a promising nano-theragnostic system for
cancer treatment.”® This hybrid capitalized on the excellent
intrinsic properties of GQDs and GO, demonstrating remark-
able biocompatibility and proficient bioimaging in both L929
and MDA-MB-231 cells. Importantly, this nanohybrid proved

© 2024 The Author(s). Published by the Royal Society of Chemistry
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highly effective even at very low concentrations
(50 ng mL ") and under low-power laser density (0.5 W cm™?)
using an 808 nm laser. The combined photothermal and photo-
dynamic attributes of the nanohybrid resulted in a synergistic
treatment approach for combating cancer cells.

Recently, significant attention has been directed toward
MXenes and their composite materials within the domain of
cancer nano-theranostics. Lu et al. demonstrated the applica-
tion of MXene nanosheets as an effective photothermal therapy
agent (Fig. 9).”° This method can effectively kill cancer cells
with synergistic photothermal/chemotherapy and provides
remarkable photoacoustic imaging with high photothermal
conversion efficiency in near-infrared regions. This attraction
is owed to their captivating mechanical, optical, electronic, and
thermal attributes. Their hydrophilicity and expansive surface
area, amenable to functionalization and modification, position
them as promising contenders for targeted cancer mono-
therapy as well as precise imaging and diagnosis of cancer cells
and tumor sites.*®%>%! Innovative MXene-based systems,
encompassing enhanced solubility, heightened targeting/selec-
tivity, multifunctionality, biocompatibility, and minimal toxi-
city, have emerged as viable options for targeted delivery of
anticancer drugs, and for employing photothermal, photody-
namic, and chemo-dynamic therapies, in conjunction with
magnetic resonance and computed tomography imaging.®*%
Zhu et al. demonstrated that the combination of MXene
(particularly TizC,) nanosheets, exhibiting remarkable near-
infrared (NIR) responsiveness, with gold nanorods resulted in

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanohybrids with exceptional photothermal conversion
efficiency.®* This synergy between the gold nanorods and an
MXene showed great promise for effective cancer therapy.
Furthermore, MXenes have been utilized to load anticancer drugs,
like doxorubicin, and have shown distinct pH/NIR responsive
drug release behaviors when subjected to NIR irradiation, attrib-
uted to strong m-m stacking interactions between MXene-based
composites and doxorubicin.®®

Moreover, MXenes possessing high drug-loading capacities
and efficient photothermal conversion capabilities has exhib-
ited pH-responsive and NIR laser-triggered on-demand drug-
release behaviors. This breakthrough paves the way for syner-
gistic photothermal tumor ablation and chemotherapy both
in vitro and in vivo.®® Furthermore, these materials hold
potential as contrast agents for photoacoustic imaging, pre-
senting a promising avenue for diagnostic imaging guidance
and real-time monitoring throughout therapeutic interventions.
This discussion thus delves into the latest advancements in the
realm of cancer nanotheranostic applications involving MXenes
and their composite counterparts. Numerous investigations have
concentrated on the formulation of MXenes and their composites
with potential for both diagnostics and therapeutics.?>*

Nonetheless, in comparison to other scrutinized 2D struc-
tures such as graphene and its derivatives, the field has
witnessed fewer endeavors in exploring the concurrent thera-
peutic and diagnostic utility of these materials. MXenes, char-
acterized by their distinct architectures and surface chemistry
conducive to the in situ growth of superparamagnetic Fe;O,

Mater. Adv,, 2024, 5, 4091-4111 | 4101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00234b

Open Access Article. Published on 28 1403. Downloaded on 17/11/1404 06:03:52 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nucleus Cytoskeleton Merge

TP

TP+LPS

NTP

NTP+LPS

b passon doapicost Cpapivecr
- :

Bacteria invading
implant surface

x
z
<
a
=
z

Fig. 8

Live bacteria

Anti-inflammatory/anti-oxidative stress

View Article Online

Materials Advances

Dead bacteria

Bacterial destruction

5 5
3 { Intrinsic bactericidal effect-
ey 4
i
1

Energy metabolilsm pathwaysl

Implanted in vivo

Tissue regeneration € - |
I =9 }/ Bacterial killing'

Sopkes £V o
Anglogene5|s

(a) Fluorescent images of reactive oxygen species. (b) Masson and immunohistochemical staining for CD31 cells. (c) Immunohistochemical

staining was performed for CD31, with red arrows indicating CD31-positive cells. (d) and (e) Immunofluorescence staining of cells. (f) Schematic
description of trimodal bacterial killing by an MXene composite and its application in tissue regeneration. Reproduced with permission.”* Copyright 2020

American Chemical Society.

nanocrystals, have been harnessed in constructing superpara-
magnetic 2D MXene (Ti;C,)-based structures tailored for pre-
cise cancer theragnostic applications.®” These biocompatible
composite entities have demonstrated impressive features
including a considerable photothermal conversion efficiency
(~48.6%) suitable for the photothermal eradication of cancer
cells and the efficient ablation of tumor tissues both in vitro
and in vivo. Additionally, they exhibit excellent T, relaxivity
(~394.2 mM ' s7") and effectively enhance contrast in tumor
imaging through MRI. This advancement charts a novel course
for the realm of cancer theragnostics.®”

Similarly, ultrathin Ta,C; MXene nanosheets were synthe-
sized and then leveraged for the on-surface in situ growth of
superparamagnetic iron oxide nanomaterials.*® The inherent
merits of hydrophilicity and low cytotoxicity position MXene-
based structures as promising candidates for cancer diagnosis
and therapy, carrying the potential for biosafety and eventual
clinical translation.®® Furthermore, the notable capacity of
MXenes to absorb a wide range of near-infrared (NIR) light
and their significant efficacy in converting light to heat encou-
rage further exploration in domains such as photoacoustic
imaging and photothermal therapy.’® It is worth noting that
MXenes exhibit substantial surface engineering capabilities
due to the abundance of oxygen-containing groups on their

4102 | Mater. Adv,, 2024, 5, 4091-4111

surfaces, leading to enhanced colloidal stability and prolonged
blood circulation upon in vivo administration.®* Despite these
advantageous traits, numerous MXene variations remain
largely unexplored in the context of their biomedical viability.

The prospect of designing novel MXene-based structures
featuring multifaceted theragnostic potential, strong bio-
compatibility, and rapid biodegradability holds the promise
of unlocking their versatile biomedical application and
potential clinical translation. Additionally, it is worthwhile to
consider hyperthermia-amplified nano-zyme catalytic therapy
using MXenes as an alternative approach for treating cancers.
Furthermore, the introduction of biocompatible MXene (Ti;C,)-
based composites (MnO,/Ti;C,) has ushered in an era of cancer
theragnostics, offering effective platforms for photothermal can-
cer/tumor monotherapy. These platforms have demonstrated
remarkable effects in tumor ablation and suppression of tumor
growth, guided by both MR and photoacoustic imaging.”

The distinctive chemical, physical, and biological attributes
of both graphene and MXenes have demonstrated their
potential as formidable tools in the domain of cancer therag-
nostics, specifically in PDT.”> These two-dimensional nano-
systems offer the unique advantage of enabling concurrent
utilization of non-invasive bioimaging alongside therapeutic
techniques that can be seamlessly integrated with PDT. These

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00234b

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 1403. Downloaded on 17/11/1404 06:03:52 ..

(cc)

Materials Advances

L > 1 2 I
IL-Exfoliation {25 1 bOX %5 1 X |
e I:d—_ | ) ? E/_O\ /g
S NN Q /\’»\\y (
L g |
Ti;AlC, IL-TiyC,T, MXene ST
I:.».nmm-..r-~ ' ’d,.m ‘\I
out i
1
PAI |
808 nm laser :
™ |
‘ /

3 g

Dmgreleas Chemot.herapys
SN é\‘&"

4

View Article Online

Review

v

55°C

Subcutancous
implantation PAIL 808 nm
4T1 cells "

Y VU7, 2N

3 \ IS 0 5 \
« < N S .
=N ) SN S
~J S~
S g——
Day 7 1 3 5 25°C
c
Group Name P
1 Saline os
n NIR 4%
o
n ILTi,C,T, MXene £
W IL-Ti,C,T, MXene + NIR o
v IL-TiyC,T, MXene@DOX + NIR ° L ':’7“. lh;l E )
f h v !

it

100 pm

Relative Tumor Volume (v¥,)

HH

T % % ®
Time (Days)

100 um

3 r ' % 100 pm

T e
Time (Days)

80, 100 104 % g v
< "R S SR e PR R
P s ER oL 3 3 [ ¥ %9 v
2 3 2 T v S209 ¢ 2 - v
5 40{ m |¥ 5 o84 o | '3 z &

3 § 2 |a S 3
4 | @ 10 @
20- 70 P4 7
T T T T T T T T T T T T T T T T T T T
Lnomowov Lnom v onom oW Lonomowov

Fig. 9 Schematic illustration of MXene nanosheets investigated for photothermal/chemo-photothermal therapy (PTT), and targeted anticancer drug delivery
treatment. Various in vivo treatment and imaging of MXene nanosheets (a)—(i). Reproduced with permission.”® Copyright 2022 Royal Society of Chemistry.

techniques encompass photothermal therapy, magnetic therapy,
and remotely controlled drug and gene delivery for chemotherapy.

Of note, while MXenes have been harnessed for photo-
thermal cancer monotherapy, there is room for improvement
in terms of enhancing their cellular internalization, potentially
achieved through the application of ligands with high specifi-
city toward cancer cells to coat their surfaces. Moreover,
innovative design strategies should be employed to craft
MXene-based structures responsive to biological cues such as
pH, temperature, and enzymes, thereby paving the way for
heightened therapeutic outcomes.

The efficacy of these promising materials as agents for
photothermal therapy and imaging in tumor treatment stems
from their ability to absorb light within the near-infrared (NIR)
spectrum.”® Additionally, their inherent capacity for facile
functionalization, facilitated by their substantial surface-to-
volume ratio, permits the incorporation of photosensitizer
agents onto these nanoplatforms. This augmentation enhances
targeting precision and efficacy, resulting in a more localized
therapeutic impact that is marked by diminished side effects
and heightened therapeutic effectiveness.

7. Graphene and MXenes: enabling the
next frontier of Al-driven telemedicine
The application of nanotechnology-enabled wearable continuous-
monitoring devices is popular in the healthcare sector.”

Advanced wearable devices are embedded nano-enabled sensors,
enabling the device to monitor physiological parameters

© 2024 The Author(s). Published by the Royal Society of Chemistry

continuously.”® However, comprehending the role of nano-

technology requires a deeper understanding, and leveraging
AI for enhanced sensitivity and miniaturization is imperative.
Extensive clinical datasets necessitate Al-driven analysis and
training to achieve precise diagnosis and prognosis.”® Various
ML techniques have recently been integrated with graphene-
based sensors for data analysis, classification, and diagnosis.
The integration of a sensor with a machine learning approach
facilitates quicker and more comprehensive identification and
tracking of both chemical substances and movements.”’
Recently, the application of graphene in AI has aroused con-
siderable attention.

Graphene sensors are combined with ML techniques to
implement task recognition, where graphene sensors detect
the external environments and generate output signals.
In contrast, ML techniques employ the information to establish
the relationship between the known environments (e.g., liquid,
gas, motion, voice, and image) and output signals (usually
electrical signals). In addition, ML methods are suitable for
property predictions, structure recognition, and inverse design
of graphene.’® Gas sensing is essential for many applications,
such as environmental monitoring, drug screening, medical
diagnosis, food storage, and alcohol testing. The electronic
properties of graphene enable the construction of electronic
nose (e-nose) sensors for developing gas sensors that mimic the
human olfactory system. Based on this, Hayaska et al. devel-
oped an artificial olfactory system (e-nose) for detecting volatile
organic gases using graphene-based field-effect transistors
(GFETs).”” ML methods have been used in the atomic-level
analysis of graphene and GO, such as defect detection of

Mater. Adv., 2024, 5, 4091-4111 | 4103
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graphene, bandgap regulation of doped graphene, structural
analysis of GO, and the exploration of fractured C-C bonds in
GO.' Graphene strain sensors coupled with the ML system
represent a great artificial tactile system to identify material
species and micro-sculpture patterns, showing a complete
superiority to human fingers.'®’ The graphene-based sensors
combined with ML systems have been widely used as wearable
human-machine interface (HMI) systems for applications
in motion recognition. The high-aspect ratio graphene offers
gel-free, high-fidelity recording of muscle activities. W. H.
Yeo et al. used biocompatible solderable graphene to fabri-
cate an all-printed wearable and wireless device that incor-
porates ML algorithms to implement multi-class and versatile
HMI scenarios.’®® Similarly, Ravenscroft et al. developed an
approach to classify recorded resistance signals into predicted
words. A graphene strain gauge sensor was first fabricated and
worn on the throat to detect signals of small muscle move-
ments and vocal vibrations as the training dataset of the ML."*®
These ML-assisted graphene sensors have achieved ultra
sensitivity through iterative analysis of data-driven sensing
outcomes for developing intelligent smart sensor systems.
Incorporation of two-dimensional (2D) nanomaterials (NMs)
with IoTs/5G/AI/ML technologies has transformed a wide
range of sensor applications in healthcare and wearable
electronics for the safety, environment, military, space, and
agriculture sectors.'® Owing to their unique physicochemical
characteristics and surface functionalities, borophene and
MXenes have emerged as advanced 2D materials (A2M) to
architect future-generation sensors. ML-based theoretical mod-
eling has guided the research and development of A2M sensors
economically by reducing cost, human resources, and contami-
nation. A2M sensors are flexible, wearable, intelligent, biocom-
patible, portable, energy-efficient, self-sustained, point-of-care,
and economical, and can drastically transform conventional
sensing strategies.'®>'°® This throws light on various advance-
ments in the artificial synapse (AS) devices by using 2D materials
like MXenes with the features of Al and ML."”” These materials
hold great promise for applications in Al and neural computing,
due to their swift switching speed, high storage density, low
energy consumption, exceptional data processing capabilities,
and potential for biological-scale simulation. Moreover, efforts
have been made to develop hybrid nanocomposite materials by
combining 2D MXenes with 1D nanostructures, aimed at improv-
ing the adhesion stability on the transducer surface for prolonged
monitoring."® The interfacial integration of a 2D MXene/1D
graphene nanoribbon has been investigated for developing the
desired pressure sensor with an improved life cycle. ML
approaches were utilized for training the sensors for detecting
various sitting postures with > 95% accuracy. Flexible, breathable,
and degradable pressure sensors with excellent sensing perfor-
mance are drawing tremendous attention for various practical
applications in wearable artificial skins, healthcare monitoring,
and artificial intelligence due to their flexibility, breathability,
lightweight, decreased electronic rubbish, and environmentally
friendly impact.'” Recently, on-site detection has been clubbed
with solution-on-chip MXenes by interfacing biosensors with
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modern-age technologies, including 5G communication, internet-
of-medical-things (IoMT), artificial intelligence (AI), and data
clouding to progress toward hospital-on-chip (HOC) modules.*?
A new bifunctional intelligent nano-sensing platform based on
graphene-like titanium carbide MXene (Ti,C MXene)/Au-Ag
nano-shuttles (NSs) for both electrochemical and surface-
enhanced Raman scattering (SERS) intelligent analysis of
ultra-trace carbendazim (CBZ) residues in tea and rice coupled
with machine learning (ML) was successfully designed by Zhu
et al."™*® Ti,C MXene was synthesized by selectively etching Al
layers of Ti,AlC with hydrofluoric acid and high-temperature
calcination. Ti,C MXene/Au-Ag NSs prepared by the ultrasonic
dispersion of graphene-like Ti,C MXene into Au-Ag NS solution
under dark conditions displayed a large and rough surface,
enhanced conductivity, excellent electrochemical response,
prominent Raman enhancement, and high stability. The ML
via different algorithms such as artificial neural network,
support vector machine, and relevance vector machine (RVM)
was contrasted for the intelligent analysis of CBZ. Ge et al. have
developed a fast portable intelligent method for electrochemi-
cal detection of MPA in silage with a variable-pH microenviron-
ment using Zn-Co MOF/Ti;C, MXene/Fe;0,-MGO coupling
with machine learning (ML).""" Integration of wearables with
AI & ML has been investigated by Song et al. to fabricate a 3d
printed electronic skin (e3 skin) for health monitoring."'*> They
fabricated epifluidic elastic electronic skin-based wearables
using MXene ink with multiple electrochemical sweat biosen-
sors (e.g., glucose, alcohol, and pH sensors) and biophysical
sensors (e.g., temperature and pulse sensors) depicted in
Fig. 10. Furthermore, through the integration of e3 skin data
with machine learning, they successfully forecasted an indivi-
dual’s level of impairment in behaviors, such as reaction time and
inhibitory control, following alcohol consumption. The e3-skin
sets the stage for the autonomous production of personalized
wearable systems, facilitating broad use in routine health mon-
itoring and clinical contexts. Furthermore, the assembly of 2D
materials for real-world diagnostics needs material selection,
stability, and connectivity for advanced clinical trial and error.
Prior research interest in graphene and MXenes, towards tele-
medicine applications exhibits tremendous attention for their
utmost flexibility and conductivity, enabling the development of
wearable health monitoring devices that continuously track vital
signs and transmit data wirelessly to healthcare providers for
remote assessment. Also, another research study illustrated in
Fig. 11 [left side (a-g)] developed a highly durable and adaptable
pressure sensor utilizing a composite film of MXene and poly-
dopamine (PDA) for future clinical contexts.""® The sensor boasts
a distinctive structure integrating spherical PDA molecules,
leading to exceptional sensing capabilities. With a sensitivity of
138.8 kPa within the pressure range of 0.18-6.20 kPa with rapid
response and recovery times (¢; < 100 ms; ¢, < 50 ms), it proves
ideal for portable and wearable applications. Its versatility extends
to real-time monitoring of various health-related signals such as
wrist pulse, finger motions, vocalization, and facial expressions,
exhibiting both high sensitivity and accuracy that meets potential
clinical healthcare requirements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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There are certain challenges to the practical implementation
of these devices. Integration into existing diagnostic systems
requires careful consideration of scalability, cost-effectiveness,
and regulatory issues for various critical diseases like Alzhei-
mer, epilepsy, cancer, etc.’>""*'" Concerns related to large-
scale production, ensuring reproducibility and public trial
must be addressed. Additionally, compatibility with current
diagnostic systems is critical for seamless integration in health-
care. Collaborative efforts between researchers, industry stake-
holders, and regulatory bodies are crucial for navigating these
challenges and realizing the transformative impact of advanced
materials in practical diagnostic applications. Most impor-
tantly, human trials are needed which address the clinical
promise of these sensors for future healthcare applications.
Amidst the rise of infectious diseases, remote surveillance of
infected individuals is crucial, particularly for hospital settings
aiming to prevent pathogen spread.'’®''” Hence, a remote
health monitoring system was reported by merging a stretch-
able asymmetric supercapacitor (SASC) as a portable power
source with sensors capable of real-time monitoring of human
health indicators.> An abnormal body temperature or breathing
rate can signal illness or infection. The system combines a
FePS;@graphene-based strain sensor and SASC into a textile
system, wrapped around the abdomen to continuously monitor
breathing cycles shown in Fig. 11 [right side: (a’-c’)]. Real-time
body temperature is recorded by integrating a temperature
sensor with the SASC. This setup enables remote monitoring
and serves as a screening tool for infection status. The system,

© 2024 The Author(s). Published by the Royal Society of Chemistry

affixed directly to the body, allows accurate monitoring of
breathing rate and body temperature without direct contact
with healthcare personnel. Data from monitoring are wirelessly
transmitted to hospital cloud systems for clinical assessment.
This wearable health monitoring system integrates sensors
with SASC for real-time physiological monitoring, aiding in
the early identification of infections or emergencies. The
assembly method involves spray-coating deposition for Ti;C,
and FePS;@rGO-based stretchable electrodes, assembled with
a polymer gel electrolyte. The resulting SASC device exhibits
high electrochemical performance. Additionally, FePS;@rGO-
based energy storage and strain sensors are fabricated for
flexible and stretchable power sources, successfully monitoring
live breathing patterns. Integration with a temperature sensor
enables real-time body temperature monitoring, wirelessly
relaying data to smartphones. These wireless devices can be
vital in emergency rooms for monitoring various infectious
diseases and ensuring the safety of healthcare personnel. We
have summarized a comparative table of various sensors based
on graphene, MXenes, and their composites for telemedicine
applications (Table 2).

8. Challenges

The evolution of telemedicine has unlocked novel avenues
for healthcare improvements. A fundamental necessity is
exploring how nanomaterials engage with diverse surfaces,
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Table 2 A comparative table of various sensors based on graphene, MXenes and their composites have been depicted for telemedicine applications

Material Type of sensing

Application

Analyte

Remarks Ref.

Graphene Electrochemical
Graphene field effect Electrical

transistor (GFET)
MXene hydrogel Hydrogel as drug

loading system

MXene composite  Electrochemical
Niobium carbide Thermotherapy
(Nb,C) MXene tita- and

nium plate nanomedicine
nanosheets

MXene and gra-
phene composite

Wearable sensor for inflammation

monitoring
Point of care cancer detection

Microneedle patch for wound
healing

Glucose monitoring

Bacterial infection elimination and
tissue regeneration

Electromechanical Wearables as a multifunctional sen-

sor for strain, temperature, and

Sweat

Exosome as can-
cer biomarker
Asiaticoside as
therapeutic
agent

Glucose detec-
tion using
enzyme glucose
oxidase

MXene compo-
site showing
anti-bacterial
activity

Body deforma-
tions including

electrocardiogram (ECG) monitoring biopotential

Detection of C-reactive protein (CRP), a key 63
indicator of inflammation
Detection of (GPC-1 expression) 45

Diabetic foot ulcer treatment 51

Probable applications of pristine MXenes 54
toward the field of biosensors

Thermotherapy not only killed bacteria 74
in vivo but also promoted angiogenesis

High strain sensitivity (2075; >22% strain) 58
a good TCR (0.52% K ') and low skin-
electrode impedance (51.08 kQ at 10 Hz)

Electrochemical
chip

MXene nanosheets
sensor

compartments, organelles, living cells, tissues, and organisms
within the human body. Despite the promising potential of
nanotechnology, there remain numerous unresolved inquiries
and safety issues that require careful consideration.

There are some key limitations in these next-generation 2D
materials for developing wearable devices as they directly
interact with human skin, tissue, and vital organs. Concerns
over long-term impacts on human health are raised by the high
surface area and propensity for oxidative stress, especially in
wearable sensor applications. Therefore, to mitigate the potential
adverse effects on the human body we must bring forth changes
for smooth integration of these advanced materials into wearable
technologies. In this paragraph, we will discuss the major
challenges associated with MXenes and graphene in developing
devices and possible solutions to reduce the effect.

4106 | Mater. Adv, 2024, 5, 4091-4111

3D-printed microfluidic wearable

Sweat, body tem- Al driven chip for health monitoring 113

perature, heart
rate

The complex synthesis process of MXenes and graphene
may introduce residual chemicals, raising concerns about skin
irritation and potential long-term effects."'® Employing rigorous
purification methods and incorporating protective coatings can
enhance stability and reduce the risk of adverse reactions."*"**
The synthesis and application of MXene and graphene-
based materials require sustainable techniques due to potential
environmental implications associated with their manufacture
and disposal. Tailoring the surface properties of MXenes and
graphene through functionalization during synthesis with bio-
friendly molecules can reduce the chemical residue, making them
suitable for prolonged skin contact in healthcare applications.

There are concerns about MXenes and graphene’s bio-
compatibility—a critical factor for wearable sensor applica-
tions—brought up by their interactions with biological systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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According to studies, some graphene compounds, like graphene
oxide, can cause inflammation and cytotoxicity in biological
tissues.'*® Wearable sensor design must carefully examine
MXenes’ biocompatibility, which differs depending on para-
meters including surface functionalization and synthesis
techniques."*'** Applying biocompatible coatings on MXene
and graphene surfaces can serve as a protective barrier, pre-
venting direct contact with the skin and reducing the risk of
adverse reactions. MXenes and graphene along with their
derivatives exhibit excellent electrical conductivity; therefore,
considerations must be made to prevent excessive exposure to
the human body. This could lead to skin soreness or thermal
discomfort for wearables.'*® Designing wearable devices with
flexible substrates ensures mechanical compatibility, allowing
the device to conform to body contours without causing
discomfort or potential injury. Integrating within insulating
layers or adopting lower conductivity variants may provide safer
options.'*®

While in vivo studies of nanomedicine show promising
outcomes, most of them are still limited to laboratory research,
with only a few being applied in clinical settings. The toxicity,
side effects, efficacy, and internal metabolic conversion of
nanoparticles remain areas where our understanding is limited.
Due to their smaller size, nanomaterials require different assess-
ment methods compared to conventional substances, and new
routes of exposure have emerged, allowing them to interact with
cellular portals differently. As this technology is still in its early
stages, new biological interactions and undiscovered toxicities
may arise.

One significant concern is nanotoxicology, as there is no
internationally accepted standard protocol for toxicity testing of
nanomaterials.’”” Different researchers use their protocols,
making it challenging to establish consistent nanotoxicity
results. Furthermore, certain issues such as the local supply
chain of nanotechnology-based products and the potential for
local invention or fabrication have not received sufficient
attention. In addition to the numerous benefits, some limita-
tions hinder commercial use, such as mono-dispersity, unre-
gulated size, and cumbersome production procedures of
nanomaterials. These factors need to be addressed to unlock
the full potential of telemedicine for practical applications.

Conquering these hurdles is imperative, given that the
future of telemedicine in the field of medicine holds significant
promise. With its remarkable advantages, telemedicine has the
potential to revolutionize the healthcare industry. However,
ensuring safety and addressing any uncertainties will be key
to fully harnessing its potential to improve health outcomes.
While the advent of MXenes has significantly broadened the
realm of two-dimensional materials and their diverse applica-
tions, the strategic design of MXenes and their composites for
cancer nano-theragnostics encompassing photothermal/photo-
dynamic therapy, radiotherapy, catalytic therapy, and imaging
attributes remains an enduring challenge in the field of bio-
medicine. Enhancing the mechanical, electronic, thermal, and
optical properties of these materials through hybridization and
surface functionalization/modification holds potential for their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effective utilization in cancer diagnosis and therapy. Given that
clinical trials involving MXenes in nanomedicine are still in
their nascent stages, further investigations should prioritize
crucial aspects such as optimization conditions, facile and
environmentally benign synthesis methodologies, clinical
translational assessments, potential long-term toxicity/bio-
safety concerns, pharmacokinetics, targeting capabilities, and
their responsiveness to stimuli. To comprehensively address
critical concerns in terms of biosafety, various avenues of
inquiry are necessary, encompassing biocompatibility, biode-
gradability (including degradation rate and extent), blood cir-
culation, and excretion behaviors. The extended presence of
nanomaterials raises concerns about potential inflammation,
oxidative harm, and fibrosis. Conversely, a specific subset of
MXenes, predominantly Ti;C,, has recently captured significant
attention for its exceptional chemical and physical attributes in
biomedical contexts. Therefore, forthcoming explorations in can-
cer theranostics should expand their scope to encompass other
MXene types beyond TizC,, all while meticulously considering
optimal synthesis conditions and functionalization techniques.

9. Conclusions and viewpoint

Telemedicine plays a pivotal role in shaping the trajectory of
medical research and patient care, particularly in an era where
personalized medicine and innovative therapies take prece-
dence in healthcare. In summary, this review underscores
significant advancements in utilizing graphene-based materials
and MXenes for telemedicine applications. We have focused on
cancer to demonstrate the importance of graphene-based
materials and MXenes for telemedicine applications. However,
this can be extended to other diseases as well. Nonetheless,
three primary factors warrant increased attention: (i) the pos-
sible non-targeted toxicity, (ii) the careful selection of physical-
chemical attributes of materials before their assessment in
cancer therapy thorough characterization (iii), and (iv) the
evaluation of their potential biodegradability. Despite the exist-
ing gaps in our understanding of this field, more than 30 ana-
lyzed studies have revealed promising prospects for GBMs and
MXenes. These materials have emerged as the most auspicious
candidates among 2D nanomaterials, holding the potential to
reshape the landscape of conventional cancer theragnostics
and ushering in novel protocols for personalized therapeutic
approaches.

In summary, the synergy between AI, ML, and telemedicine
is reshaping the healthcare landscape. This alliance enables the
realization of personalized medicine by harnessing the analy-
tical power of Al and ML to decode vast datasets, detect subtle
patterns, and predict patient-specific needs. With Al and ML at
the forefront, healthcare is on the cusp of a revolution where
treatment plans are tailored to the genetic and health profiles
of each patient. Complementing this revolution, telemedicine
provides the tools at the nanoscale, allowing for precise drug
delivery, real-time health monitoring, and unprecedented
insights into cellular and molecular processes. By manipulating
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Fig. 12 Graphene and MXenes exhibit promising futuristic applications within the field of telemedicine.

materials at this tiny scale, telemedicine opens the doors to
diagnostics and treatments that were once deemed science
fiction. Collectively, this integration promises to make health-
care genuinely patient-centric. It enhances our understanding
of diseases at a molecular level and unlocks the potential
to develop innovative therapies and diagnostics that were
previously unimaginable. The possibilities are limitless, and
the future of healthcare is both thrilling and auspicious.
In conclusion, the interplay of AI, ML, and telemedicine is
not only defining a new era in healthcare but also pushing the
boundaries of medical research and patient care. As we con-
tinue to explore these emerging frontiers, it is evident that Al,
ML, and telemedicine will continue to be fundamental forces
shaping the healthcare landscape for years to come. In Fig. 12,
we depicted the futuristic applications of graphene and MXene
in some of the emerging areas, including implantable sensors,
artificial organs, advanced sensors, etc. in conjunction with AL
for smart healthcare systems.

Nevertheless, a more comprehensive grasp of the interplay
between nanotechnology and its synergy with AI is imperative
to achieve the desired levels of sensitivity and miniaturization.
Establishing a connection between nanotechnology and
Al-driven systems that interface with IoMT technology is of
paramount importance in forging innovative healthcare solu-
tions, including the realms of telemedicine and nanorobotics.

4108 | Mater. Adv., 2024, 5, 4091-4111

The healthcare domain is witnessing a surge in the popularity
of nanotechnology-enabled wearable continuous-monitoring
devices. These advanced wearable devices are embedded
with nano-enabled sensors, enabling uninterrupted monitoring
of physiological parameters. For more precise diagnosis and
prognosis, the abundant clinical dataset necessitates Al-driven
analysis and training.
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