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An MXene is a novel two-dimensional transition metal carbide or nitride, with a typical formula of
M, 1 X, Ty (M = transition metals, X = carbon or nitrogen, and T = functional groups). MXenes have found
wide application in biomedicine and biosensing, owing to their high biocompatibility, abundant reactive
surface groups, good conductivity, and photothermal properties. Applications include photo- and
electrochemical sensors, energy storage, and electronics. This review will highlight recent applications of
MXene and MXene-derived materials in drug delivery, tissue engineering, antimicrobial activity, and
biosensors (optical and electrochemical). We further elaborate on recent developments in utilizing
MXenes for photothermal cancer therapy, and we explore multimodal treatments, including the
integration of chemotherapeutic agents or magnetic nanoparticles for enhanced therapeutic efficacy.
The high surface area and reactivity of MXenes provide an interface to respond to the changes in the
environment, allowing MXene-based drug carriers to respond to changes in pH, reactive oxygen species
(ROS), and electrical signals for controlled release applications. Furthermore, the conductivity of MXene
Received 30th September 2023, enables it to provide electrical stimulation for cultured cells and endows it with photocatalytic
Accepted 1st December 2023 capabilities that can be used in antibiotic applications. Wearable and in situ sensors incorporating
DOI: 10.1039/d3mh01588b MXenes are also included. Major challenges and future development directions of MXenes in biomedical
applications are also discussed. The remarkable properties of MXenes will undoubtedly lead to their
rsc.li/materials-horizons increasing use in the applications discussed here, as well as many others.

Wider impact

An MXene is a novel two-dimensional transition metal carbide or nitride characterized by high biocompatibility, abundant reactive surface groups, good
conductivity, and photothermal properties. Since the first synthesis in 2011, MXenes have undergone more than a decade of development. MXene-based
materials find widespread application in photo- and electrochemical sensors, energy storage, and electronics. In the past five years, the high biocompatibility of
MXene has been confirmed, leading to a growing interest in the applications of MXene-based materials in biomedicine and biosensing. This comprehensive
review aims to elucidate recent advancements in the application of MXene and MXene-derived materials within the regions of drug delivery, tissue engineering,
antimicrobial activity, and biosensors. Additionally, we will address current challenges and explore prospective directions for the biomedical application of
MXene-based materials. In this review, we posit that the exceptional properties of MXene-based materials will undoubtedly facilitate their increasing
integration into smart delivery systems, bioactuators, biosensors, and various other technologies within the realm of future biomedical applications.

1. Introduction transition metal layers (M-layers); with more than 100 unique

stoichiometric MXene combinations discovered to date, these
MXenes are a family of two-dimensional (2D) nanomaterials nanomaterials can achieve wide tunability by varying the ratios
with a carbide or nitride layer (X layer) sandwiched between of M or X layers." MAX phases of MXenes are layered, hexagonal
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carbides and nitrides with the general formula M,,,;AX,,, (MAX)
where n =1 to 4, M is an early transition metal, A is an A-group
element (mostly IIIA and IVA, or groups 13 and 14) and X is
either carbon or nitrogen.” The layered structure consists of
edge-sharing, distorted XM, octahedra interleaved by single
planar layers of the A-group element.”

MXenes have found wide application in biological research
and biosensing, owing to their high biocompatibility, abundant
reactive surface groups, good conductivity, and photothermal
properties.> Chen et al. comprehensively reviewed the applica-
tions of MXenes in the biological field, including biosensing,
antibacterial activity, reactive oxygen species (ROS) and free
radical scavenging, tissue repair and antitumor therapy.® Garg
and Vitale, in their recent review, highlighted the emerging
biomedical applications of MXenes with specific emphasis on
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bioelectronics,  biosensors, tissue engineering, and
therapeutics.* Miao et al. also reviewed the fabrication, mod-
ification and biomedical applications of MXene; MXene/carbon
composites were also discussed, focusing on their biomedical
applications, such as biosensors, antibacterial materials, drug
delivery, and the diagnosis and treatment of diseases.’ This
review will focus on four rapidly expanding fields of MXene
biomedical applications: drug delivery, tissure engineering,
antimicrobial activity, and biosensing (Fig. 1).

The unique properties of MXenes, such as their metal-like
electrical conductivity reaching ~20000 S cm ™', render them
quite useful in a large number of applications, including energy
storage, communications, and optoelectronic, biomedical, and
environmental applications.® The first MXene was synthesized
by selectively etching metal layers from the MAX phases
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Fig. 1 The structure of this review, including the MXene structure, appli-
cation of MXenes in drug delivery, applications of MXenes in tissue
engineering, antimicrobial applications of MXene-based materials, and
applications of MXenes in biosensors.

(layered transition metal carbides and carbonitrides) using
hydrofluoric acid.® Processing techniques using supercritical
fluids (SCFs) were then developed for enhancing exfoliation
efficiency and product quality.” As shown in Fig. 2, multiple
additional synthetic approaches have subsequently been devel-
oped, including selective etching in a mixture of fluoride salts
and various acids, and the use of non-aqueous etchants, halo-
gens, or molten salts. These new synthetic approaches have
allowed the creation of new MXenes with better control over
their surface chemistries.®
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2. MXenes and targeted delivery

2.1. Applications of MXenes in photothermal therapy and
synergistic therapy

Photothermal therapy (PTT) is a promising approach for eradi-
cating tumors by inducing localized hyperthermia, thereby
minimizing adverse side effects. Photothermal agents generate
localized heat upon exposure to light, leading to cancer cell
destruction. The effectiveness of photothermal agents hinges
on two factors: their light-absorption capability, determined by
the extinction coefficient (¢), and their ability to generate heat
when exposed to external light, known as photothermal con-
version efficiency (PCE, 1). Among various carbon-based 2D
materials, 2D MXenes stand out due to their remarkably high
PCE, attributed to their robust near-infrared (NIR) absorption
and low radiative decay. This indicates their potential as highly
efficient photothermal agents for cancer hyperthermia, utiliz-
ing external NIR laser irradiation.®

In general, 2D MXenes like titanium carbide (Ti;C,) and
niobium carbide (Nb,C) MXenes are employed for photo-
triggered cancer hyperthermia due to their high photothermal
conversion efficiency. However, despite their high PCE, Ti;C,
MXenes eliminate cancer cells with relatively low efficiency,
possibly owing to insufficient biocompatibility and/or stability;
thus, it is important to enhance these properties of TizC,
MXenes for achieving more effective cancer treatment. Lin
et al. have made strides in enhancing biocompatibility and
physiological stability through surface modification of 2D
Ta,C; MXene nanosheets with soybean phospholipids.® The
2D Ta,C; MXene nanosheets demonstrate exceptional NIR
photothermal capabilities with a reasonable extinction coeffi-
cient of 4.06 L g~ cm™" at 808 nm, an extraordinarily high
photothermal conversion efficiency of 44.7%, and remarkable
photothermal stability.” Han et al. harnessed the exceptional
drug-loading capacity and photothermal conversion properties
of TizC, MXene, leveraging the synergistic effects of photother-
mal therapy and chemotherapy, as shown in Fig. 3(a) and
(b)."'" Their investigations encompassed both in vitro and
in vivo assessments of tumor clearance. As shown in Fig. 3(c),
the in vitro photothermal conversion prowess of Ti;C,-SP was
assessed by monitoring the temperature increase of an aqueous
solution following exposure to 808 nm laser irradiation at a
power density of 1.0 W cm™ 2" The temperature exhibited a
progressive rise corresponding to increasing Ti;C,-SP concen-
trations (0, 38, 75, 150, and 300 pg mL ').'" Following a
5-minute near-infrared (NIR) irradiation at 808 nm, the tem-
perature reached 52 °C at a concentration of 300 ug mL ™ *."*
These MXenes exhibited an impressive drug-loading capacity,
reaching up to 211.8 wt/wt% as shown in Fig. 3(d), and
exhibited both pH-responsive and near-infrared laser-
triggered drug release capabilities. Furthermore, these 2D
MXenes could be used as contrast agents for photoacoustic
imaging, offering theranostic potential, Fig. 3(e) and (f).
Finally, their superior in vivo biocompatibility and efficient
clearance from the body have been comprehensively evaluated,
underscoring their robust biosafety profile and potential for
clinical translation.""

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 MXenes have a formula of M,,,1X,T,, where M is an early transition metal, Xis C or N, T, represents surface terminations (the n value can vary from
1 to 4; the M sites can be occupied either by one, two, or more transition metal atoms, forming solid solutions or ordered structures).® The ordered
double transition metal MXenes exist as in-plane ordered structures (i-MXenes), e.g., (Mo,/3Y1/3).CT,, in-plane vacancy structures, e.g., Mo,,3CT,, and
out-of-plane ordered structures (o-MXenes) where one or two layers of Ml transition metal are sandwiched between layers of Ml transition metal, e.g.,
Cr,TiC,T, or Mo,Ti,CsT,.® Reprinted with permission from Wiley, copyright 2021.°

MXene nanosheets in PTT have predominantly been
employed within the first NIR-I biowindow (750-1000 nm);
exploration of the second NIR-II biowindow (1000-1350 nm)
has been limited. In contrast to the well-established NIR-I
biowindow, operating within the NIR-II biowindow offers two
distinct advantages: a greater maximum permissible exposure
and an enhanced laser penetration depth. Lin et al. found that
Nb,C nanosheets exhibit remarkable NIR-I and NIR-II absorp-
tion, along with extraordinarily high photothermal conversion
efficiency."® The 2D Nb,C nanosheets were synthesized through
a two-step liquid exfoliation process that involved sequential
delamination and intercalation procedures. These Nb,C
nanosheets demonstrated remarkably high photothermal con-
version efficiency, reaching 36.4% in the NIR-I spectral
range and 45.6% in the NIR-II spectral range. Moreover, their
photothermal performance remained stable over time. Follow-
ing surface modification with polyvinylpyrrolidone (PVP),
the resulting Nb,C-PVP colloids exhibited outstanding

This journal is © The Royal Society of Chemistry 2024

biocompatibility and physiological stability, showing no dis-
cernible toxicity both in vitro and in vivo. Han et al. utilized
versatile sol-gel chemistry to create a distinct “therapeutic
mesopore” layer on the surface of 2D Nb,C MXene."* This layer
capitalizes on the characteristics of mesoporous structures to
serve as a reservoir for loading and delivering therapeutic
agents.'* These developments open new avenues for MXene-
based PTT in the NIR-II biowindow, capitalizing on its unique
advantages.?

Using MXenes for simultaneous PTT and drug delivery has
been explored by Zhu and colleagues.”® Platinum (Pt) nano-
particles exhibit peroxidase-like (POD-like) activity, capable of
generating hydroxyl radicals (*OH) that induce cell apoptosis
and necrosis as shown in Fig. 3(g).'* Such particles have been
referred to as “artificial nanozymes” due to their catalytic
activity. Zhu et al. prepared Ti;C, nanosheets decorated with
Pt-(poly(ethylene glycol), PEG) to leverage hyperthermia-
enhanced nanozyme catalytic activity for cancer therapy.'?

Mater. Horiz., 2024, 11, 876-902 | 879
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Fig. 3 The scheme of the synthetic process and functionality of MXene-SP for synergistic effects on cancer therapy. (a) A schematic illustration of the
TizC,-based drug delivery system for in vivo synergistic photothermal and chemotherapy of cancer is presented. This includes the processes of transport
within the blood vessel, accumulation within the tumor, controlled drug release, and NIR-triggered photothermal ablation of tumor tissue.'* (b) The
schematic representation outlines the surface modification of TizC, nanosheets using SP, followed by their surface drug loading, and responsive drug
release triggered either from within or through external irradiation.'* (c) Photothermal heating curves of TizC,-SP nanosheets at varying concentrations
when exposed to 808 nm laser irradiation (1.0 W cm™3). Additionally, (d) the Dox-loading capacities of TizC,-SP nanosheets at different Dox/TizC,-SP
nanosheets ratios are presented.! (e) /n vivo 2D ultrasound imaging, PA imaging, and merged US and PA images of the tumor following intravenous
administration of TisC»-SP via the tail vein at various time points (pre-injection, 1 hour, 4 hours, and 24 hours).™ (f) The corresponding quantitative
changes of PA signal intensity within the tumor.!! Reprinted with permission from Wiley, copyright 2023.1 (g) Illustration of the diagram depicting
TisC,Tx-Pt-PEG with hyperthermia-enhanced nanozyme catalytic activity for cancer therapy.'? (h) Photographic documentation of the representative
murine subjects, captured 15 days post-varied treatments, with delineation of the tumor regions through circumscribing.*? (i) Relative tumor volume
curves of 4T1 tumor-bearing mice after different treatments.*? (j) Tumor weight changes in 4T1 tumor-bearing mice after different treatments. (g)-(j)
Reprinted with permission from American Chemical Society, copyright 20231
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Fig. 3(h)-(J) demonstrates the synergistic therapeutic efficiency
of Ti;C,T,-Pt-PEG nanocomposites. It was found that nanocom-
posite particles exhibit anti-tumor activity both through their
enzymatic action and a photothermal effect upon NIR-II light
irradiation, even at low power density (0.75 W cm™~?)."?

Another example of synergistic drug release and PTT was
reported by Xu et al. They designed a dual-therapeutic con-
jugate, DOXjade, responsive to the acidic microenvironment of
tumors. This conjugate incorporates the clinically approved
iron chelator deferasirox and doxorubicin (DOX). When DOX-
jade is loaded onto ultrathin 2D Ti;C, MXene nanosheets with
PVP modification, it forms a construct referred to as Ti;C,-
PVP@DOXjade. This construct enables the photo-activation of
iron chelation and chemotherapeutic functions of DOXjade
specifically at tumor sites. Additionally, it exhibits a robust
photothermal effect with photothermal conversion efficiencies
of up to 40%. This approach achieved a tumor pH-responsive
antitumor effect encompassing iron chelation, photothermal
therapy, and chemotherapy, validated through both in vitro and
in vivo experiments.'®

Another approach for controlled release was explored by
Yang and co-workers, who mixed MXene with magnetic iron
oxide nanoparticles (MNPs@MXene) and then encapsulated
MNP@MXene in a poly(N-isopropyl acrylamide) (PNIPAM)/algi-
nate hybrid hydrogel through dual internal covalent- and ionic-
cross-linked bonding.'® The hybrid system contributes a novel
strategy for a drug carrier with photothermal- and magnetic-
responsive abilities. This carrier demonstrated high effective-
ness in photothermally triggered drug release. The mechanism
is thought to involve the thermally-induced expulsion of water
from the hydrogel, effectively pumping the drug out of the
carrier upon illumination. The studies described above show
some of the remarkable advances in photothermal therapy and
photo-triggered drug release achieved using the unique cap-
abilities of MXenes.

2.2. ROS-, pH-, electrical- and multi-responsive properties of
MXene-based drug delivery systems

Environmentally-responsive 2D materials with a broad range of
biomedical applications have been developed in previous
studies.”” ' For example, Shen and co-workers have shown
that cobalt-molybdenum-based 2D layered double hydroxide
(LDH) nanosheets (CoMo-LDH) can be used for photo-
responsive dynamic therapy for cancer treatment. The CoMo-
LDH nanosheets contain, by design, defects in the structure
that enhance their photocatalytic and electrocatalytic activities.
After treating with NIR-III 1567 nm, the nanosheets can catalyze
the formation of H,0,, leading to tumor cell apoptosis.>> In
addition, Hu and co-workers have created cobalt-tungsten LDH
(Cow-LDH) nanosheets with a small bandgap.*® Electron-hole
pairs can be excited and separated to generate 'O, and *0,” in
CoW-LDH nanosheets under ultrasound stimulation.® The
reactive oxygen species (ROS) generated by this sonodynamic
effect can induce cancer cell cell apoptosis.>® In addition to the
photothermal properties of MXene nanomaterials, scientists
are also eager to apply the physiochemical properties (such as

This journal is © The Royal Society of Chemistry 2024
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high surface area and reactivity) of MXene nanomaterials
to develop versatile carriers with different responsive
behaviors for new drug delivery systems. Zhang and co-
workers developed an MXene nanocarrier with dual responsive-
ness (pH and reactive oxygen species, ROS) to control drug
release behaviors.?* First, the MXene surface was modified to
an amine-rich interface and then doxorubicin was bound using
3,3’-diselenodiyldipropionic acid (DSeDPA) as a cross-linker.
During the conjugation process, DSeDPA can first form an
amide bond on the MXene surface, and then the remaining
carboxylic acid groups on DSeDPA provide a site for conjuga-
tion with doxorubicin (DOX) molecules through an EDC/NHS
reaction, resulting in the generation of MXene-Se-DOX. DOX
was not released from MXene-Se-DOX under either weakly
acidic or healthy physiological conditions (<3% in pH = 5.5
and pH = 7.4), preventing premature release and the associated
ill side effects. However, the diselenide bond from 3,3’-
diselenodiyldipropionic acid is easily broken by reducing
agents, leading to a 20-30 times enhancement in DOX release
when using hydrogen peroxide and glutathione as reducing
agents. Many reports have demonstrated that ROS levels,
including hydrogen peroxide, are higher in tumor tissues than
in normal tissues.”>*® In addition, previous studies have also
reported that the rapid growth and metabolism of cancer cells
contribute to an acidic environment and overexpression of
glutathione in the tumor microenvironment.””*® At pH 5.5,
glutathione-triggered DOX release was much greater than
hydrogen peroxide-triggered release, while differences were
smaller at pH 7.4. These results revealed that the MXene-Se-
DOX nanocargo has a dual (ROS- and pH-) responsive function
and has great potential as a responsive system for tumor
therapy.*®

3. Application of MXenes in tissue
engineering

Recently, biomimetic environments with electrical stimuli have
shown their importance in regulating various physiological
bioactivities in embryogenesis, skeletal tissue movement, and
tissue regeneration: electrical energy plays a crucial role in the
human body and its development.>>*! In contrast to other 2D
materials, MXene exhibits superior biocompatibility and hydro-
philicity. In comparison to graphene and reduced graphene
oxide (rGO), the prominently negative zeta potential (ranging
between —30 and —80 mV) endows MXenes with the capability
to readily form stable colloidal dispersions without aggregation
in diverse aqueous and organic solvents. In addition, its
elevated specific surface area facilitates drug or growth factor
loading, and it possesses antimicrobial properties conducive to
biological implantation.*” The initial variant of MXene discov-
ered exhibits outstanding electrical conductivity and volu-
metric capacitance, measuring approximately 10000 S cm ™’
and 1500 F cm ™, respectively. Notably, the volumetric capaci-
tance of MXene surpasses that of graphene by several orders of
magnitude (60-100 F cm™>). These exceptional electrical

Mater. Horiz., 2024, 11, 876-902 | 881
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properties position MXene as a promising candidate for regen-
erating electrically active tissues, including cardiac and neural
tissues.>

Owing to active functional groups and high hydrophilicity,
MXenes are readily used to develop versatile functional com-
plexes by integrating with other materials. Many studies have
developed or synthesized new MXene-derived nanocomplexes
to improve the poor electrical and mechanical properties of
biopolymers or synthetic polymers. For example, Lin and co-
workers generated a multifunctional wound dressing hydrogel
by mixing bacterial cellulose and MXene. By adding MXene, the
hydrogel achieved the desired mechanical properties and flex-
ibility; Mxene conductivity contributed to an electrical stimula-
tion effect for wounds, and provided better healing behaviors
compared to commercial Tegaderm films.>* The electrical/con-
ductive properties of MXenes may be useful in almost any
tissue engineering or regeneration application. In this review,
we focus on neural, cardiac, and bone tissue engineering
applications. Finally, in contrast to other 2D materials, mono-
or few-layer MXene flakes exhibit instability in environments
containing oxygen and water, a characteristic that may enhance
their biodegradability.?” Lin et al investigated the biodegrad-
ability of Nb,C-PVP nanosheets (NSs) in human myeloperox-
idase (hMPO). Dynamic light scattering (DLS) measurements of
Nb,C NSs treated with hMPO revealed multiple peaks corres-
ponding to size reduction, compared to untreated controls.
Additionally, visible-near-infrared (vis-NIR) absorbance spectra
of treated nanosheets demonstrated a significant size decrease
during biodegradation. Profound alterations in nanosheet
morphology were further affirmed through transmission elec-
tron microscopy (TEM) images. Consequently, the authors
assert that a route of enzyme-triggered biodegradation of
Nb,C NSs has been achieved, enabling their harmless degrada-
tion under simulated conditions within a reasonable in-body
period after fulfilling their therapeutic functions."?

3.1. Mxene-based materials for neural tissue engineering

Injuries afflicting the peripheral (PNS) and central (CNS) ner-
vous systems have the potential to cause the loss of motor and
sensory faculties, exerting a substantial impact on the overall
quality of life in affected patients. The PNS and CNS demon-
strate inadequacy in their regenerative capacities subsequent to
such injuries; thus, the development of methods that allow
neural cell regrowth is imperative. Conventional therapeutic
approaches, such as autografts, allografts, and pharmaceutical
agents, have limitations and are often insufficient to fully
restore nervous system injuries. Neural tissue engineering,
i.e., utilizing biomaterials to guide nerve cell interactions, steer
their growth, enhancement, proliferation, and specialization,
holds much promise. During the maturation of the nervous
system, electrical activity assumes a prominent role in govern-
ing signal transmission and the functioning of neuronal net-
works. Thus, electrical nanomaterials and tissue engineering
have gained considerable recognition as potential solutions for
effective tissue regeneration.
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Among the various materials being explored, 2D nanoma-
terials have emerged as a central focus in tissue engineering
and regenerative medicine.*> These nanomaterials possess
exceptional physicochemical and biological properties, making
them highly valuable for these applications. Given their excep-
tional electrical conductivity, mechanical adaptability, and
inherent hydrophilicity,®® the notable conductivity of MXenes
makes them particularly promising candidates for developing
innovative scaffolds in neural tissue engineering.’” This con-
ductive property can potentially aid in the development of
substrates that more closely mimic the natural electrical
environment of neural tissues, thus promoting cellular growth,
differentiation, and overall tissue integration.*® Furthermore,
the high loading capacity of MXene nanomaterials has cap-
tured the interest of researchers for their potential use in drug
and gene delivery for treating various severe nervous system
disorders. Their ability to efficiently encapsulate therapeutic
agents and deliver them to specific sites within the nervous
system holds great potential for targeted and effective treat-
ments. The exploration of MXene’s application in nerve regen-
eration encompasses the utilization of 2D substrates infused
with MXenes, the integration of MXene nanosheets within
three dimensional (3D) hydrogels, and 3D bioprinted or elec-
trospun matrices.*® However, in this relatively new field, there
is still limited literature on the application of MXene in neural
tissue engineering, with most studies focusing on in vitro
experimental designs at present.

The biocompatibility and the nanotoxicology of MXenes
have been documented across various neural cell types. Wu
and colleagues previously assessed the biotoxicity of Ti;C, on
primary neural stem cells (NSCs) and differentiated cells
derived from these stem cells.*® This evaluation encompassed
various facets, including apoptosis, cellular viability, uptake,
maintenance of cell membrane integrity, and an analysis of
global gene expression profiles. Their investigation revealed
that Ti;C, exerted dose-dependent cytotoxic effects on both
NSCs and differentiated cells derived from NSCs. Remarkably,
at a concentration of 12.5 pg mL ™", TizC, nanosheets exhibited
no discernible adverse impact, but at a concentration of
25 pg mL~', they induced notable apoptosis and disrupted
the integrity of the cell membrane. Furthermore, the study
showed that NSCs took up small quantities of Ti;C, MXene
nanosheets, with the majority of these nanosheets residing
outside the NSCs. Exposure to Tiz;C, MXene nanosheets trig-
gered an inflammatory, defensive, stress-related, and stimulus
response within the NSCs. These studies indicate that the safety
impact of MXene concentration on normal cells remains non-
negligible. Mitigating the cytotoxicity of MXene through surface
modification and property adjustments will be a crucial con-
sideration for its application in tissue engineering.

Guo and colleagues distributed Ti;C, MXene onto tissue
culture polystyrene. Following this, they cultivated neural stem
cells (NSCs) on the MXene coated with laminin, with the intent
of probing its impact on the regulation of cellular survival and
behavior. Notably, their findings indicated that these cells
thrived on both Ti;C,T, MXene and tissue culture polystyrene

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3mh01588b

Published on 01 2023. Downloaded by Fail Open on 23/07/25 09:50:19.

Review

(TCPS) substrates, displaying steadfast adhesion and further
exhibiting substantial expansion of their terminal extensions.*!
Driscoll et al. conducted cytotoxicity studies in vitro using
primary cortical neurons cultivated on Tiz;C, MXene films.
The quantification of viable neurons revealed no notable dis-
parity in cell survival when compared to control polystyrene
cultures. However, after 7 days of culture, they found that cells
on Ti;C, MXene were notably more sparse, in comparison to
those grown on polystyrene. This implies that additional sur-
face treatments may be necessary for facilitating neuronal
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adhesion and growth. While there was a reduction in overall
neurite density in the Ti;C, MXene cultures, no significant
differences were observed in neurite outgrowth per neuron.*?
The aforementioned studies collectively demonstrate that
MXenes exhibit dose-dependent biocompatibility (i.e., compa-
tible at low doses) and possess the capacity to support neuron
growth and the establishment of neural networks.

As shown in Fig. 4, Zhang et al. developed a composite
hydrogel by combining Ti;C, MXene with Matrigel and
explored its impact on the pluripotency of cochlear organoids,
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Fig. 4 Functional organoid hair cells in MXene-Matrigel exhibited better electrophysiological properties.*®

(a) Statistic results of RMP of regenerated

organoid hair cells in the Matrigel and MXene-Matrigel substrates after differentiation for 20 days (d30), P2 native IHCs, and P2 utricle hair cells.*® (b)

Representative evoked spikes recorded under current-clamp, from native (WT) IHCs at P2 and organoid hair cells (d30). (c) Representative K* currents
recorded. (d) and (e) The -V plot of the averaged fast component (d) and low component (e) of the K* currents.*® (f) Representative calcium currents
(Ica) recorded in response to a voltage ramp from —87 to +63 mV in 150 ms under voltage clamp, from organoids hair cells of the Matrigel group or the
MXene-Matrigel group at d30. (g) Statistic results of the peaks of Ica, recorded from organoid hair cells of the Matrigel group or the MXene-Matrigel
group at d30. (h) Cochlea-Orgs co-cultured with modiolus and form synapse-like contacts with sensory neurons.*> Reprinted with permission from

Wiley, copyright 2023.4%
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particularly in enhancing the development and maturation of
hair cells within these organoids.*® Fig. 4(a)-(g) show that
functional organoid hair cells in MXene-Matrigel exhibited
better electrophysiological properties than those grown on
TCPS.*? Their research revealed that MXene-Matrigel facilitated
the establishment of connections between regenerated hair
cells and spiral ganglion neurons (SGNs), as shown in
Fig. 4(h), which grew from the cochlea modiolus in a co-culture
system.>® Additionally, MXene-Matrigel enhanced the efficiency
of synapse formation.*® Liao et al. have introduced an electrical
stimulation system created through the integration of a
cochlear implant with a conductive hydrogel composed of
Ti;C, MXene and Matrigel. This 3D Tiz;C, MXene hydrogel
was found to have a beneficial effect on the growth and
maturation of SGNs.**

MXene-infused hydrogels have also been explored as neural
growth guides. Cai et al. designed a nerve conduit utilizing a
gelatin methacryloyl (GelMA)-MXene hydrogel, which incorpo-
rated both conductive properties and a microgroove structure.
This innovative approach aimed to enhance the micro-
environment at the site of spinal cord injury and facilitate the
connection between newly generated nerves and the injured
neurites. In vitro experiments conclusively demonstrated that
the grooved GelMA-MXene hydrogel significantly enhanced the
adhesion, proliferation, and differentiation of NSCs. Addition-
ally, through animal experiments, the viability of the scaffolds
for spinal cord injury was explicitly established in vivo.*®

In contrast to flat surfaces, substrates composed of highly
oriented fibers demonstrate a superior ability to stimulate
crucial neuronal differentiation, facilitate cell migration, and
encourage neurite extension. This phenomenon is primarily
attributed to the influence of contact guidance.” Electrospin-
ning is a versatile technique employed for fabricating polymeric
fibrous scaffolds, with fibers ranging in diameter from micro-
meters to nanometers. These fibrous scaffolds closely resemble
the native extracellular matrix. Various natural and synthetic
polymers, including polycaprolactone (PCL), poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), cellulose, chitosan, and gelatin
(among others), are extensively utilized for fiber production in
this process. In one study, poly-i-lactic acid (PLLA) nanofibers
were produced through electrospinning, creating an extra-
cellular scaffold comprising aligned PLLA nanofibers with an
additional Ti;C,T, MXene coating layer.*® These conductive
scaffolds play a pivotal role in orchestrating intercellular com-
munication among NSC-derived neurons by facilitating the
formation of functional electrical synapses. This, in turn,
fosters neuronal maturation and amplifies the beneficial
effects of applied electrical stimulation, ultimately enhancing
the regeneration of nerve tissue. Notably, the MXene coated,
aligned PLLA nanofiber scaffold exhibits significant advantages
for in vivo applications, particularly in terms of mitigating the
host immune response and reducing tissue fibrosis. Electro-
spinning (and spray coated) was also used by Nan et al
to fabricate nerve guidance conduits (NGCs) composed of
MXene-PCL. The impact on nerve regeneration was assessed
both in vitro and in vivo. Remarkably, MXene-PCL NGCs
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demonstrated comparable outcomes to autografts in terms of
the sciatic function index, electrophysiological examination,
angiogenesis, and morphological nerve regeneration. These
findings suggest that the conductive MXene-PCL NGC has the
potential to transmit physiological neural electric signals,
stimulate angiogenesis, and promote nerve regeneration.*’
Electrical stimulation (ES) has been employed within cell
culture systems to augment various aspects of NSC behavior,
including proliferation, neuronal differentiation, and migra-
tion. Also, efficient ES can serve as a promising method for
modulating the behavior of excitatory cells, particularly to
enhance nerve regeneration and to accelerate peripheral nerve
cell growth. ES has been used with a number of MXene-
containing scaffolds or substrates. Guo et al. have cultured
primary NSCs on a laminin-coated MXene film, and the combi-
nation of electrical stimulation and MXene films substantially
augmented the proliferation of NSCs. Li et al. conducted a
study in which they cultured NSCs on MXene substrates to
investigate the impact of this substrate on the morphological
and electrophysiological characteristics of neurons derived
from NSCs. Previous studies have revealed that the combi-
nation of ES with MXene not only supported the regular growth
of NSCs but also significantly boosted NSC proliferation. More-
over, this enhanced proliferation coincided with increased
efficiency in neuronal differentiation, suggesting that MXenes
can facilitate the maturation of NSCs.**° Li et al. also demon-
strated that MXene facilitated the differentiation of NSCs and
promoted neurite growth. Furthermore, MXene increased the
voltage-gated Ca®" current in mature neurons, although it had
no significant effect on Na' or K' currents. This resulted in
heightened neuronal spiking activity without altering passive
membrane properties, and also enhanced synaptic transmis-
sion among the neurons.’® Xiao et al. conducted experiments to
comprehensively investigate the impact of MXene interfaces on
the biophysiological characteristics of targeted neurons and
in vitro neuronal circuits, particularly the influence of uncoated
MXene interfaces on neuronal electrophysiological behavior.
Calcium imaging, and the measurement of spontaneous and
miniature postsynaptic currents were employed to demonstrate
that MXene interfaces preserved the fundamental physiology of
neural microcircuits.”® Qi et al. developed a wireless magnet-
powered electrical stimulation system induced by a rotating
magnetic field using conductive MXene-coated PLLA particles.
They showed an excellent conductivity of 8.44 S m™' and
generated a current of 10 pA. In vitro testing revealed enhanced
PC12 cell proliferation, neurite growth, and differentiation into
mature neurons.” In a study on cochlear implants discussed
above, Liao et al. developed an electroacoustic stimulation
system for cochlear implants, utilizing a conductive MXene-
matrigel hydrogel, to investigate the behavior of SGNs. They
found that low-frequency stimulation played a crucial role in
promoting growth cone development, neurite outgrowth in
SGNs, and facilitating signal transmission between these cells.
This research holds potential for the clinical application of
MXene hydrogel to enhance the postoperative auditory out-
comes of cochlear implantation, thereby benefiting individuals
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with sensorineural hearing loss.** Notably, in addition to
utilizing MXene’s conductivity for neural induction, Wang
et al. have shown that 2D MXenes can be harnessed for remote
and photothermal stimulation of neuronal electrical activity at
subcellular precision. Their research revealed that MXene
requires similar incident energy densities to stimulate neurons
compared to a photoelectrically active p-i-n Si membrane and
Si nanowires.>

3.2. Mxene-based materials for cardiac tissue engineering

Cardiovascular diseases are irreversible and often lead to
patient disability or death. Annually, over 18 million deaths
globally are attributed to cardiovascular diseases.’* Among
these, myocardial infarction stands out as a common yet often
not easily detected cardiovascular ailment resulting from
decreased or obstructed blood flow. This condition leads
to prolonged inadequate oxygen supply, hemodynamic dete-
rioration, and irreversible necrosis of the cardiac muscle.
Consequently, cardiac tissue injury arising from myocardial
infarction or coronary artery disease stands as a leading
cause of morbidity and mortality worldwide.>® This damage is
permanent due to the cardiac tissue’s limited regenerative
capacity. The current long-term strategies for managing
cardiac injuries involve pharmacological interventions and
heart transplantation.’® In the past decade, promising new
approaches in regenerative medicine and tissue engineering
have been explored- approaches that may eventually benefit
millions of people.”” Normal cardiac tissues possess specific
contractile properties that are directly related to cellular orien-
tation and elongation. Therefore, to replicate the properties of
cardiac tissues in vitro, it is critical to engineer cardiac tissue
with controllable mechanical properties to mimic the in vivo
anisotropic structure of the myocardium encompassing its
biophysical and topographical features. Based on these require-
ments, engineered cardiac tissues generally involve scaffolds
made up of biodegradable and biocompatible materials, cellu-
lar components such as stem cells, and growth factors, and can
reconstruct the structure and function of native cardiac tissues
across different scales.*® Additionally, cardiac muscles are
electrically conductive (~0.1 S m™ ') and contain nanofibrous
architectures with diameters ranging from 10 to 100 nm.*
Therefore, the incorporation of nanomaterials with electrical
conductivity into engineered cardiac tissues plays a vital role in
endowing engineered cardiac tissues with appropriate electrical
properties.

In the past five years, conductive material-hybrid scaffolds
have been widely used in cardiac tissue engineering
applications.®® For example, gold nanorods/nanoparticles,!
graphene, graphene oxide,”> and carbon nanotubes®® have
been blended with conventional biomaterials, such as cryogels
or hydrogels, to improve their electrophysiological properties.
However, gold-, graphene-/graphene oxide-, and carbon
nanotube-hybrid materials have a dose cytotoxicity issue, which
limits the usage of these materials in clinical applications.®*®
Compared with these conventional conductive materials,
composites of MXene (carbonitrides, nitrides, and transition
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metal-carbon) provide a water-soluble system, large specific
surface area, high cytocompatibility (compared with conven-
tional conductive materials), and high electroconductivity.®”
These properties make MXene-based materials suitable candi-
dates for clinical biomedical (and biosensing, see below)
applications.®® Ye and co-workers have developed mussel-like
MXene-based cyrogels as a cardiac patch for cardiac tissue
engineering (Fig. 5).° They mixed 0.8% MXene with
PEG, GelMA, and dopamine-N’,N'-methylene-bisacrylamide to
obtain a prepolymer solution; the MXene-hybrid prepolymer
solution was placed in a —20 °C freezer overnight for cryogela-
tion. Afterward, the cardiomyocytes isolated from 1-3 day old
neonatal SD rats were cultured in MXene-hybrid cryogels. After
7 days of incubation, cardiomyocytes (CM) expressed mature
cardiac-specific proteins, such as CX-43 and o-actin protein,
and exhibited calcium transients and synchronous beating
behavior. After transplanting the CM-laden MXene-cryogel
patch into rats with myocardial infarction, they observed a
reduction in inflammatory response, an acceleration of myo-
cardial infarction recovery, and improved cardiac function.®®
Basara and co-workers developed MXene-based cardiac patches
by using an aerosol jet printing technology. Briefly, they fabri-
cated a PEG membrane as a base layer and then printed
MXene onto the PEG layer. The MXene-PEG printed composite
had a conductivity of 1.1 x 10* S m™", which is more than
100000 times that of the pure PEG substrate (0.1 S m™').
Through this technology, the induced pluripotent stem cell
(iPSC)-derived cardiomyocytes could be aligned on the printed
patterns, and this enhanced the expression of CM-43 protein
and increased the calcium flux intensity and the synchronous
beating area of mature cardiomyocytes from iPSCs.”® These
studies, although preliminary, suggest the possibilities for
MXenes in cardiac tissue engineering.

3.3. Mxene-based materials for bone tissue engineering

Regeneration of large bone defects is a vital issue attracting
scientists aiming to reconstruct the damaged bone after skele-
tal trauma, degenerative/cancer diseases, or bone fractures in
the elderly population.®” In general, the healing of large bone
defects in the orthopedic regeneration field also poses a
formidable issue because the critical-sized defects caused by
tumor resection or skeletal trauma inhibit the spontaneous
healing capacity of bone. Currently, various strategies are
widely used to reconstruct bone defects in bone tissue engi-
neering. For example, bone transplantation with autologous
or allogeneic bone tissues presents a gold standard for
reconstructing bones in clinical practice.”' However, bone
transplantation has limitations, including tissue resources,
immunoreaction risk, and costly sample pre-treatment pro-
cesses. Synthetic artificial substitutes combining cells, scaf-
folds, and chemical/physical stimuli may soon provide
clinically effective solutions.”>”*

Electrical currents and/or fields are an indispensable signal
transduction factor that can activate some signaling pathways,
such as the calcium-calmodulin pathway, and then upregulate
growth factors or cytokines to accelerate osteogenesis.”*”>
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Therefore, the combination of artificial bone substitutes
and electrical stimulation as a tissue engineering strategy is
emerging as a popular adjunctive method to promote bone
regeneration. For example, Yao and co-workers integrated a
tricalcium phosphate-based gelatin scaffold with electroacu-
puncture technology to impart dual effects of biomaterials and
electrical stimulation in rats with large bone defects. The study
confirmed that electrical stimulation can promote the secretion
of parathyroid hormone and calcium and then activate the
osteoblast-osteoclast interaction to accelerate bone remodeling
of large bone defects within 12 weeks.”®

Currently, the osteogenic activity and new bone induction
capacity of 2D nanomaterials such as MXene in bone tissue
engineering are only beginning to be explored. Zhang and
co-workers evaluated the osteoinductivity and new bone
remodeling by MXene both in vitro and in vivo.”” In vitro,
MXene-coated substrates induced preosteoblasts with signifi-
cant osteogenesis-related protein expressions (alkaline
phosphatase(ALP), osteocalcin(OCN), and osteopontin(OPN))
in the osteogenic medium. The possible mechanism is that
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the MXene surface, rich in hydroxy groups, offers strong
hydrogen bonding with proteins in the medium and then forms
an osteoblast-like surface to induce cell adhesion and differ-
entiation. Afterward, in vivo rat calvarial defect regeneration
results showed that the MXene films promote early osteogen-
esis, rapid mineralization, with no inflammatory reactions. The
MXene films enabled accelerated bone regeneration, compared
to a titanium membrane, after 8 weeks. However, MXene films
without cross-linking may be easily redispersed in the presence
of a body fluid environment and then lose their mechanical
strength and osteoinductive capability.”” Recently, Hu and co-
workers addressed this by developing a regenerated silk fibrin
(RSF)-encapsulated MXene composite by using horseradish
peroxidase (HRP) and hydrogen peroxide (H,O,) as a cross-
linking strategy to form an internal dual-crosslinked network.”®
In their design, the RSF assembled on the MXene surface, and
then the complex functional groups on MXene maintained the
RSF fibril structure and further accelerated the formation of the
B-sheet structure of RSF. Furthermore, the RSF-encapsulated
MXene composite promoted conductivity and exhibited good
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biocompatibility, which increased the wound healing effect in
the presence of electrical stimulation. Furthermore, in their
in vivo bone regeneration study, Hu and co-workers also con-
firmed that the MXene-based composite with electrical stimu-
lation could enhance M2-type macrophage polarization to
reduce inflammation and then activate the calcium-signaling
pathway, promoting bone extracellular protein secretion, osteo-
genic differentiation of bone marrow stromal cells (BMSCs),
mineralization, bone remodeling, and angiogenesis in a
critical-size calvarial bone defect model after 12 weeks. The
studies reviewed here show that MXene holds promise in
playing an increasingly significant role in modifying scaffold/
hydrogel properties, especially conductivity, for establishing an
electrical environment in bone remodeling applications in
bone tissue engineering.

4. Antimicrobial applications of
MXene-based materials

Microbial infection is a concern in all tissue engineering and
regeneration applications. There are three main areas of con-
cern: (1) during tissue reconstruction or regeneration, bioma-
terials or engineered implants are usually prepared in vitro before
transplantation and replacement of the damaged tissues through
surgical procedures. Therefore, preventing microbial contamination
ensures the preservation of the activity and functions of biomaterials
and engineered implants. (2) Immune response/patient safety:
wound contamination with microbes can cause a series of immune
responses, resulting in tissue inflammation and the rejection of
artificial implants by body tissues. (3) Biocompatibility and enhance-
ment of success rates: the contamination of biomaterials or engi-
neered implants by microbes creates a risk of degradation. Thus, it is
desirable to engineer implantable materials with built-in antimicro-
bial activity. For example, Samie and co-workers developed an
antibiotic-loaded silk fibroin-based electrospun composite with a
controllable release profile, which significantly inhibits the growth of
Gram positive and Gram-negative bacteria.”

In recent years, nanomaterials have confirmed their anti-
microbial ability in many studies. For example, Zhao et al
developed silver nanoparticle-laden metal-organic framework
(MOF) nanosheets for antimicrobial application.®® They con-
firmed that MOF nanosheets can convert NIR energy to heat,
which then accelerates the oxidation of Ag nanoparticles.
Subsequently, the Ag ion can be released from the MOF
nanosheets to kill microbes. Additionally, another group con-
firmed that molybdenum trioxide (MoOj3) nanomaterials have a
photodynamic effect which can be used for antimicrobial
applications.®" They co-intercalated H,0O and Na' into the
nanobelt of MoO; nanomaterials to shorten the length of
the nanobelt. This change in the MoO; structure enhanced
the absorption of NIR and generated more superoxide
radicals targeting Escherichia coli and Saccharomyces aureus.
The results yielded good antimicrobial effects in clinical period-
ontitis applications. These results encouraged further explora-
tion of the potential antimicrobial functions of versatile 2D
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nanomaterials (such as Mo-base nanomaterials, graphene
oxide/reduced graphene oxide, etc.).*>* For example, Xue and
co-workers observed a size effect on photocatalytic activity in
nanomaterials.®® In their study, they showed that nanosheets
with smaller sizes contributed to a higher photocatalytic ability
to generate ROS than bulk nanomaterials and exhibited a
higher antimicrobial activity for wound healing. Similarly, in
Zn-Ti layered double hydroxide (LDH) nanosheets, there is a
size effect on antimicrobial activity. Nanosheets with a con-
trolled, small lateral size (~9 nm) provide a larger surface area
and higher surface activity than large (~1 pum) particles. In
small particles, titanium facilitates ROS generation under
visible light. Small LDH nanosheets have thus been used as
an antibiotic substrate, exerting a strong inhibition effect on
the growth of S. cerevisiae, S. aureus, or Escherichia coli.®® Yang
and co-workers reported that MoS, obtained from a chemical
exfoliation procedure provides an oxidation stress effect, which
can cause damage to microbes and thus achieve antimicrobial
activity.®* In addition to their chemical activities, 2D nanoma-
terials may also co-inhibit microbial growth through their
physical morphology, called the “nano-knife” effect. This is
attributed to nanomaterials making direct contact with
microbes and further offering a physical interaction that results
in the disruption of their membrane.5¢

Zhu and co-workers developed a hybrid MXene nanomater-
ial with highly efficient and long-term antimicrobial activity by
doping silver into Ti;C,T,.*” Ag-doped MXene nanomaterials
were found to Kkill antibiotic-resistant microbes through a
synergistic effect (photothermal properties and electrostatic
attraction with the microbial cellular wall/membrane) upon
exposure to NIR radiation. Furthermore, doped nanomaterial-
encapsulated hydrogels have demonstrated their synergistic
antimicrobial effects on infection inhibition in wound dressing
applications in a mouse wound model and have enhanced
wound healing under NIR radiation exposure.®”

Photocatalytic activity can result from the electronic proper-
ties of MXenes®® The multilayered structure contributes to a
distinct intermediate energy level in MXene nanomaterials,
which helps in electron-hole separation and enhances their
photocatalytic performance.’® Furthermore, under illumina-
tion, the nanohybrid structure enhances the photocatalytic
effect, generating free radicals and inducing oxidative stress
in microbes. For example, Li and co-workers designed Bi,Ss/
MXene nanomaterials based on an interfacial Schottky junction
(Fig. 6).°° The Schottky barrier in the Bi,S;/MXene structure
inhibits electron backflow, promoting the transfer and separa-
tion of charges, which intensively enhances the generation of
reactive oxygen species, killing over 99.8% Escherichia coli and
S. aureus under NIR exposure within 10 minutes.”®

The third antimicrobial mechanism of MXene nanomater-
ials is the physical inactivation/mechanical destruction.
Through the direct contact between MXene nanomaterials
and microbes, the sharp edges in the MXene layered nanos-
tructure penetrate and destroy the microbial cell membrane,
causing microbial damage and eventual death.”* Using scan-
ning electron microscopy (SEM) and atomic force microscopy
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Fig. 6 (a) The optimization of the TizC,T,/Bi,Sz hybrid complex. (b)—(d) Pure TisC,T, provides a low photothermal property owing to its LSPR effect, and
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the photothermal function of TizC,T, MXene, resulting in an ROX effect that inhibits microbial activity. Reprinted with permission from Springer Nature
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(AFM) imaging, Rasool and co-workers found that MXenes signifi-
cantly damage the microbial membrane through direct physical
contact.”® Additional evidence for a direct physical interaction is
obtained from growth curves of E. coli and B. subtilis in the
presence of MXene nanosheets of different (lateral) sizes (0.09,
0.35, 0.57 and 4.40 pm). The smaller MXene nanosheets provide
more sharp edges (per unit mass) and cause significant damage to
microbial membranes and antimicrobial activity within 3 hours.*®
Similarly, Pandey and co-workers synthesized two different
MXenes (Nb,CT, and Nb,CsT,) to investigate the effects of the
size and atomic structure of MXene on antimicrobial activity.**
They found that the activity of microbes (E. coli and S. aureus)
progressively decreases as the lateral size of Nb,CT, and Nb,C,T,
nanosheets is reduced. These studies all suggest that the lateral
sheet size and atomic structure of MXene nanosheets play an
essential role in regulating and optimizing the antimicrobial
ability of MXene nanomaterials.

5. The applications of MXenes in
biosensors

MXenes with outstanding optical, electrical, thermal, and
mechanical properties have been developed as sensing
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elements for use in physical, chemical, and biological sensing
fields.” Compared with other 2D materials, MXenes are easily
functionalized with groups (such as O, F, and OH) on their
surfaces, which can then be conjugated with more biocompa-
tible materials or receptors for specific sensing. In addition, the
multiple layer structure of MXene provides higher conductivity
compared to other (typically single layer) 2D materials.”®
Recently, Tran et al examined the structures of MXenes,
discussed various synthesis procedures, and analyzed physico-
chemical properties, particularly optical, electronic, structural,
and mechanical properties for electrochemical sensors, gas
sensors, biosensors, optical sensors, and wearable sensors.”’
In their review, Pang et al. categorized sensors into “anthro-
pomorphic” senses: sight, hearing, smell, taste, touch, space,
and balance. They also reviewed actuators designed for stimu-
lating muscles, which employ MXene-based films or mem-
branes in combination with other functional materials.’® The
MXene-derived image sensors as artificial retinas, gas sensors,
chemical biosensors, acoustic devices, and tactile sensors for
electronic skin were all discussed.”® Wu et al. then system-
atically summarized the application of Ti,.;C,T, in nine cate-
gories of sensors such as strain, gas, and light sensors.”®
MXenes are also finding use in emerging intelligent and bionic
devices, including smart flexible devices, bionic E-skin, neural
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network coding and learning, bionic soft robots, as well as in an
intelligent artificial eardrum.® For the applications of MXene
in biosensors, the optical and electrical properties at the sub-
nano and nano scale are most important;* at the meso and
micro scale, mechanical properties become important as well."
All these properties can be employed for electrochemical,
optical and/or wearable sensors. In general, MXenes can be
exfoliated before their subsequent applications; for example,
they can be doped into other polymers to form composite
nanoparticles, thin films or fibers. In this review we will focus
on the recent publications on electrochemical sensors (for
small molecules, DNA/RNA or proteins, up to microorganisms),
optical sensors, and wearable and in situ engineering sensors.

5.1. The applications of MXenes in electrochemical
(bio)sensors

The large surface area, tunable electrical properties, excellent
mechanical strength, good dispersibility, and biocompatibility
of MXenes make them attractive for bio-electrochemical sen-
sing platforms.’®® Kalambate et al. reviewed the progress of
electrochemical (bio) sensors for the detection of biomarkers,
pharmaceutical drugs, and environmental contaminants,
including how the synthetic strategies and surface functionali-
zation affect various properties of MXenes.'®* Many other
excellent recent reviews of MXene-based sensors are also
available,'*> """ and this work provides updates through 2023.

Table 1 lists electrochemical MXene-based sensors for small
molecules published in 2023. MXene (especially Ti;C,) and
other conductive nanomaterials (typically gold nanoparticles)
have been used for the sensing of hydrogen peroxide,**> '
Aflatoxin B1,""*™"" chlorpyrifos,"**"*° and glucose'*'*** with
sensing ranges in nM to mM and limits of detection in pM to
UM ranges. A specific receptor for the detection of some small
molecules is not always required; often their characteristic
redox potentials are sufficient. Notably, sensing platforms for
chlorpyrifos'*® or methotrexate’®® employed field effect tran-
sistors. Cui et al. developed non-enzymatic glucose sensors by
modifying Au@CuO/V,CT, MXene nanocomposites (NCs) on
the surface of a disposable laser-induced graphene (LIG)
electrode.' These sensors have excellent electrocatalytic activ-
ity for glucose oxidation in an alkaline medium,'** and they
achieved a detection range of 0.005 to 5.0 mM and a limit of
detection (LOD) of 1.8 uM."*> The sensor had good selectivity
and stability (84.12% activity retained after 6 weeks).'*> Zhang
et al. constructed a sensitive sweat biosensor for ascorbic acid
(AA) quantification built on a heterostructure with 3D linked
network microstructures made from 2D MoS, nanosheets and
Ti;C, MXene.'?® The inherent conductivity, extremely porous
structure, and active catalytic properties of 2D/2D heterostruc-
tures showed enhanced electrocatalytic activity toward the
oxidation of ascorbic acid to achieve a detection limit of
4.2 pM."*® Wu et al. designed strongly coupled molybdenum
sulfide (MoS,)/MXene hybrids for constructing an efficient
electrocatalytic biomimetic sensor."®” Their results show that
interfacial stresses, atomic defects, and an adjustable inter-
sheet spacing between MoS,/MXene nanosheets significantly
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promote biomolecular adsorption and rapid electron transfer,
resulting in excellent electrochemical activity and reaction
kinetics.'>” The MoS,/Ti;C,T, modified electrode shows a
sensitivity of 1.2 pA uM " for dopamine detection with a low
detection limit of 0.05 pM.'*” Vilian et al integrated gold
nanoparticles (AuNPs) into polypyrrole (PPy) on titanium car-
bide MXene (TizC,T,) using a sonochemical route involving the
in situ, oxidant-free polymerization of pyrrole monomers in the
presence of HAuCl,."*® Au-PPy-MXene-GCE exhibited better
electrocatalytic reduction performance at a higher cathodic
signal intensity and a lower reduction overpotential of
—0.38 V (vs. Ag/AgCl) for nitrofurantoin (NFT) than Au-
MXene, Au-PPy, and PPy-MXene GCEs."*® The fabricated sensor
had a wide linear range from 6 to 172 nM, and an ultra-low
detection limit (LOD) of 0.26 nM for the electroreduction of
NFT.'?*

Recent publications on MXene-based electrochemical sen-
sors for DNA/RNA or proteins are listed in Table 2. In general,
gold nanoparticles are incorporated, especially for the conjuga-
tion of DNA probes.'**'*® The sensing range for miRNA, 14
DNA/RNA,'*7' or genes'*® is lower than ~nM. For the sen-
sing of proteins (e.g., ¢Tnl,”*'*" H5N1 viral proteins,'** IL-
62> or Sortase A'*?), detection limits reach as low as ~fg
mL ', Receptors are required on the surface of electrodes to
ensure specificity and selectivity for these targets. Vessella et al.
developed a novel V,CT, MXene-based immunosensor for the
rapid and accurate detection of interleukin-6 (IL-6).'>* The
modified V,CT, tag was captured by the electrode surface with
cysteamine to detect the analyte, IL-6, after being attached
with a capture antibody.'** Our previous work used three novel
peptides for epitope imprinting; Ti,C doping dramatically
increased the sensing range (for C-reactive protein) from
0.1 to 100 fg mL™" to 10000 fg mL ™" with only a very small
concentration of MXene (e.g., Ti,C at 0.1 wt% in the prepara-
tion solution).**>

5.2. The applications of MXenes in optical (bio)sensors

Optical sensing applications with MXenes, began with
colorimetric,'®**” fluorescent,'*®**41%* chemiluminescence
(ECL),'*>""*  and plasmon (SPR)
detection’”>"”” and are summarized in Table 3; in recent years,
photoelectrochemical (PEC) detection’”®%¢ and surface-
enhanced Raman scattering (SERS) detection have been
added."**8”71% Their metallic conductivity, rich surface chem-
istry, hydrophilicity, good biocompatibility, and high anchor-
ing capacity for biomaterials make them an attractive candidate
for detecting a variety of analytes.’®® In a review by Babar et al.,
it was proposed that the hexagonal stacking network of MXenes
acts as a distinctive host matrix for nanoparticles; the
embedded nanoparticles can bind more biomolecules (e.g.,
antibodies), thereby improving biosensor performance."*® With
the surface conjugation of receptors, MXene quantum dot
(MQD) sensors are a promising platform for identifying target
analytes by sensing fluorescence, electrochemical signals, or
photoluminescence.'®*

surface resonance
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Table 1 Electrochemical MXene-based sensors for small molecules
Detection

Electrode Surface modification Signal enhancer Method  Receptor Analyte Sensing range limit Ref.
GCE HIL/Ti;C, CA Hemoglobin H,0, 2.0 nM-27.2 pM 2.0 nM 112

MXene-Co30, LSV H,0, 0-75 pM 0.5 pM 113
ITO PB-MXene CA H,0, 1 pM-500 uM 0.57 uM 114
GCE rGO/Ti;C, Ty DPV MIPs Acetaminophen 10 nM-1.0 mM 1.58 nM 129
GCE Au@Mxene CA RLM Aflatoxin B1 0.01 uM-50 pM 2.8 nM 115
SGPGE  MXene/MWCNTs/NiC0,0.,/ DPV Apt Aflatoxin B1 2.5-200 ng mL " 1.89 ng mL™' 116

PDA
SPE TizC,T,/Au DPV Ab Aflatoxin B1 10 pg mL ™ '-1.0 pg mL ™" 1.62 pg mL™' 117
SPE TizC,T/Au DPV Apt Ampicillin 10 pM-500 nM 2.28 pM 117
CP TizC,Ty/Mo0S, CV Ascorbic acid  10-5000 pM 4.2 uyM 126
GCE V,05s@Ti;C,T, DPV Bisphenol A 414 nM-31.2 uM 87 nM 130
GCE MXenes/PEI-MWCNTs CA CSDBLac Catechol 1-1000 uM 0.15 uM 131
GCE MXene/Fe@Ti-MOF-NH,/pTHi SwWv MIPs Catechol 1.0-4000 mM 0.54 M 132
AuE AuNPs/MXene SWv Peptide Cathepsin B 3.9-250 nM 0.62 nM 133
GCE MXene/AuPt DPV AChE Chlorpyrifos 1.0 pg mL ™ '-1.0 pg mL™" 1.55 pg mL~" 118
GCE SnO,/Nb,CT, DPV AChE Chlorpyrifos 51 fM-510 nM 51 fM 119

PEDOT:PSS-Ti,CT,-BSA-GO P-ISFET Chlorpyrifos 0.95 uM 120
GCE MXene/SA/SiO,@C22 MEPCM CA Chox Cholesterol 0.6-48.6 uM 0.081 uM 134
SPE MXene-MWCNTSs DPV Cortisol 0.1 fg mL™'-1 pg mL™" 0.03 fgmL™" 135
ITO 1T-MoS,/TizC, Ty DPV Dopamine 0.1-40 uM 0.05 uM 127
3DE MXene QDs CcvV Dopamine 0.01-20 uM 3nM 136
GCE MXene/MOF DPV Flutamide 0.05-70 uM 0.015 uM 137
SPE TizC,T,/Au DPV Ab Fumonisin B1 10 pg mL '-1 pg mL™" 1.62 pg mL™* 117
GCE Cu,0/Mxene/rGO CA Glucose 0.1-40 mM 1.1 pM 121
LIG Au@CuO/V,CT, CA Gox Glucose 5.0 uM-5.0 mM 1.8 uM 122
GCE Ti;C,T,/graphene/AuNPs (61% Gox Glucose 2 pM-6 mM 2 uM 123
SPE MXene@CeO, DPV Glucose 1.0-2.5 uM. 4 nM 124
GCE MXene/TiO,/Nafion LS-AdsSV Capsaicin 0.05-25 pM 25 nM 138
GCE MXenes/PEI-MWCNTs CA CSDBLac  Hydroquinone 1.0 pM-1.24 mM 0.09 uM 131
GCE MXene/VS, SA-CeCu,0, Swv DNA Kanamycin 5 pM-5 pM 0.6 pM 139

NPs

MWCNTs-doped MXene MMSFETs Apt Methotrexate 1.0 nM-100 uM 0.35 nM 125
GCE AuNPs/Ti3C2T, FET Nitrite 0.01 nM-5 mM 0.01 nM 140
GCE AuNP-PPy-MXene LSV Nitrofurantoin 6-172 nM 0.26 nM 128
GCE Ag-TizC,T,/CNTs DPV Paracetamol 0.01-35.0 uM 3.4 M 141
PI MXene/AuNPs DPV Peptide Pyocyanin 1-100 pM 142
SPCE MXene-chitosan (6)% SOx Sarcosine 5-50 UM 7.0 nM 143

Abbreviations: GCE: glassy carbon electrode; ITO: indium tin oxide; SGPGE: surface-graphenized pencil graphite electrode; SPE: screen-printed
electrodes; CP: carbon paper; AuE: gold electrode; 3DE: 3D electrode; LIG: laser-induced graphene; PI: polyimide; HIL: hydrophobic ionic liquid;
PB: Prussian blue; rGO: reduced graphene oxide; MWCNTs: multi-walled carbon nanotubes; PDA: polydopamine; PEI: polyetherimide; MOF:
metal-organic framework; pTHi: poly(thionine); AuNPs: gold nanoparticles; PEDOT: poly(3,4-ethylenedioxythiophene); PSS: poly(styrenesulfonate);
BSA: bovine serum albumin; GO: graphene oxide; SA: sodium alginate; MEPCM: microencapsulated phase change materials; QDs: quantum dots;
PPy: polypyrrole; CA: chronoamperometry; LSV: linear sweep voltammetry; DPV: differential pulse voltammetry; SWV: square wave voltammetry; P-
ISFET: P-channel ion-sensitive field-effect transistor; LS-AdsSV: linear sweep-adsorptive stripping voltammetry; MMSFETs: multi-spiral-channel
field-effect transistor; FET: field-effect transistor; MIPs: molecularly imprinted polymer; RLM: rat liver microsomes; Apt: aptamer; Ab: antibody;
CSDBLac: cell surface-displayed BLac; AChE: acetylcholinesterase; Chox: choline oxidase; Gox: glucose oxidase; and Sox: sarcosine oxidase.

Kong et al. prepared Ti;C, MXene to stimulate peroxidase
activity and quench fluorescence,"”® which, when labeled with
Aflatoxin B1 (AFB1) aptamers and 6-carboxyfluorescein (FAM),
was used to construct a novel multimode biosensor for the
detection of AFB1 in peanuts. This fluorescence/colorimetric/
smart phone detection of AFB1 achieved detection limits in the
range of about 0.09 to 0.96 ng mL™"."*® Wu et al. developed a
ratiometric surface-enhanced Raman scattering (SERS) apta-
sensor for AFB1 detection, in which 1,2-bis(4-pyridyl) ethylene
(BPE) was used to trigger the assembly of Au nanoparticle
dimers (AuNP dimers) and form intense SERS ‘hotspots”;
MXenes nanosheets could be loaded with aptamer-modified
AuNP dimers due to hydrogen bonding and chelation between
the phosphate groups of aptamers and the Ti ion of MXenes."*?
With the binding of AFB1 to the aptamer, AuNP dimers were
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separated from MXenes nanosheets, leading to a decrease
in SERS intensity, providing a sensing range from 0.001 to
100 ng mL~"' and a limit of detection of 0.6 pg mL '.'%*
Wei et al. reported an ECL amplification system consisting of
SnS, quantum dots decorated with Ti;C, MXene nanocom-
posites as the energy donor, which exhibited highly efficient
NIR ECL emission due to the surface-defect effect generated
by the oxygen-containing functional groups in MXene.'®®
Nonmetallic plasma hydrated defective tungsten oxide
nanosheets (dWO;-H,0) were utilized as energy acceptors
because of their strong surface plasmon resonance effect in
the vis-NIR absorption range.'®® The tetracycline (TCN) apta-
mer and its complementary chain served as a bridge to
connect the energy donor and acceptor, allowing the success-
ful construction of a NIR ECL-RET aptasensor.'®® This ECL
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Table 2 Electrochemical MXene-based sensors for DNA/RNA or proteins
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Electrode Surface modification  Signal enhancer Method Receptor Analyte Sensing range Detection limit Ref.
GCE Mxene-rGO-Au Mxene-AuPd DPV ssDNA miRNA-21 1 fM-1 nM 0.42 fM 144
GCE Au HFGNs/PnBA-MXene DPV SSDNA miRNA-122 0.01 aM-10 nM 0.0035 aM 145
GCE MXene/AuNPs MCH SWv SSDNA miRNA-155 5 fM-5 nM 1.2 fM 146
GCE MXene/Pt/C RNA-MB DPV SSDNA DNA/RNA 1 aM-100 nM 0.4 aM 149
SPE Ti;C,/AuNPs SWv CRISPR- HPV18 DNA 10 pM-500 nM 1.95 pM 147
Cas12a
GCE Au NPs@Ti;C, MCH SwWv DNA duplex  KRAS gene 10 fM-10 nM 0.38 fM 148
AuE TizCo/MWCNTSs DPV Apt cTnl 10 pg mL '-1.0 pg mL ™' 6.21 pgmL™" 150
ITO AuNPs/Ti;C, DPV Apt cTnl 0.24 fg mL™'-24 ng mL ™" 0.14 fg mL™' 151
AuE BSA/MXene SWv Peptide H5N1 viral proteins 0.48-500 nM 0.10 nM 152
AuE V,CT,/PB/Au NPs DPV  Ab IL-6 0.005-0.5 ng mL™* 0.5pgmL ' 153
Cr/Au  TisC, SiMFETs Apt IL-6 10 fg mL~'-100 ng mL™" 2.34 fg mL™" 154
PI MXene/AuNPs DPV Peptides Sortase A 1 pg mL™'-100 ng mL ™" 142
ITO MXene Ccv MIPs CRP 0.1-10000 fg mL " 0.2 ag mL " 155

Abbreviations: GCE: glassy carbon electrodes; AuE: gold electrode; ITO: indium tin oxide; PI: polyimide; rGO: reduced graphene oxide; HFGNs:
hierarchical flower-like gold nanostructures; PnBA: poly(n-butyl acrylate); MWCNTSs: multi-walled carbon nanotubes; BSA: bovine serum albumin;
PB: Prussian blue; DPV: differential pulse voltammetry; SWV: square wave voltammetry; SIMFETSs: spiral interdigitated MXene-assisted field effect
transistor; CV: cycle voltammetry; ssDNA: single-stranded DNA; CRISPR-Cas12a: clustered regularly interspaced short palindromic repeats-CRISPR
associated protein 12a; Apt: aptamer; Ab: antibody; MIPs: molecularly imprinted polymers; HPV18: human papilloma virus 18; KRAS: Kirsten rat
sarcoma viral oncogene homolog; cTnl: cardiac troponin I; H5N1: influenza A virus subtype H5N1; IL-6: interleukin 6; and CRP: C-reactive protein.

sensing platform had a detection limit of 6.2 fM with a linear
range from 10 fM to 10 pM."*®

Yang et al. combined high-load hybridization probes target-
ing nucleocapsid phosphoprotein and OFR1la polyprotein
genes with Au NPs@MXene (Ta,C) modified gold-coated tilted
fiber Bragg grating (TFBG) sensors to enable direct nucleic
acid detection."”® Multiple activation sites of SARS-CoV-2 were
modified on the surface of a homogeneous array of AuNP-
S@Ta,C(MXene)/Au."”® The system demonstrates a limit of
detection of 0.2 pg mL™', with a rapid response time of
1.5 min for clinical samples without amplification.'”® Hung
et al. in situ hybridized Zr-based ultrathin metal-organic layers
(Zr-TCBPE-MOL, HATCBPE = 1,1,2,2-tetra(4-carboxylbiphenyl)
ethylene) with highly conductive Ti;C,T, MXene nanosheets to
obtain a unique 2D-2D hybrid nanocomposite (Zr-TCBPE-MOL/
MXene).'®® The resulting Zr-TCBPE-MOL/MXene nanocompo-
site permitted fast electron/ion transport across the whole
framework of Zr-TCBPE-MOL/MXene, which efficiently boosted
the electrochemical activation of TCBPE luminophores, result-
ing in a remarkable ECL emission.'®® This Zr-TCBPE-MOL/
MXene-based ECL microRNA-141 sensor exhibited a response
range from 100 aM to 1.0 nM and a detection limit of 16.2
aM."'®® In a signal amplification strategy, PtCo@Prussian blue
nanozyme was selected as a signal nanoprobe with high cata-
lytic activity and large specific surface area, while two dimen-
sional MXene/AuNPs as a surface modification material was
applied to improve the active sites of the electrode."*® This miR-
155 biosensor shows a low limit of detection of 1.2 fM and a
sensing range of 5 fM to 5 nM."*® Li et al. developed an ECL
biosensor based on bimetallic MXene derivative QDs (Mo,TiC,
QDs) and SnS, nanosheets/lipid bilayers to detect the gastric
cancer marker miRNA-27a-3p."®” The inter-band excitation of
Mo,TiC, QDs can inject additional carriers, which were less
suppressed by boundary effects making a significant contribu-
tion to the luminescence process.'®” SnS, nanosheets coated

This journal is © The Royal Society of Chemistry 2024

with a phospholipid bilayer were designed as the sensing
interface. SnS, nanosheets not only enhanced the luminous
intensity of Mo,TiC, QDs by virtue of their large surface area
and low dielectric constant, but also improved the stability of
the lipid bilayer."®” This biosensor displayed a good linear
correlation between the ECL intensity and the concentration
of miRNA-27a-3p over a wide range from 1 fM to 10 nM with a
detection limit as low as 1 fM."%”

Zhou et al. designed a cyclic voltammetry (CV)/electroche-
miluminescence (ECL) dual-mode electrochemical biosensor
based on multi-functionalized 2D MXene@Fe;0,-APTs and
BPNS@CuNPs-APTs as the capture/signal unit, respectively,
for the detection of lung cancer (A549) circulating tumor cells
(CTCs)."”" The linear range and the detection limit of both CV
and ECL were 10-10° and 3 cells per mL, respectively."”" Shi
et al. synthesized an ultrasensitive TiO,/MXene/CdS QD (TiO,/
MXene/CdS) heterostructure as a photoelectrochemical immu-
nosensor, which favors energy level matching and fast electron
transfer from CdS to TiO, with the help of an ultrathin MXene
nanosheet.'® Dramatic photocurrent quenching can be
observed upon incubation of the TiO,/MXene/CdS electrode
in Cu®" solution in a 96-well microplate, which was caused by
the formation of CuS and subsequent cupric sulfates Cu,S (x =
1, 2), reducing the absorption of light and boosting electron-
hole recombination upon irradiation.*®* The biosensor demon-
strated linearly increasing photocurrent quenching with CEA
concentration ranging from 1 fg mL ™" to 10 ng mL™', along
with a low detection limit of 0.24 fg mL~"."® Yang et al. used a
highly sensitive and portable photothermal cytosensor for the
direct capture and quantification of breast cancer circulating
tumor cells (BC-CTCs)."** Ti;C,@Au@Pt nanocomposites were
selectively bound to the BC-CTC surface through multi-aptamer
recognition, which enhanced the specificity and facilitated
signal amplification."”® Zhou et al. used a sonochemical
method to grow Ag,S nanoparticles (NPs) on ZnO nanowire
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array-MXene nanocomposites (ZnO-MX) to form aphotosensi-
tive substrates, Fig. 7.'® Then, a taxonomically specific anti-
fibroin monoclonal antibody was prepared and employed in a
visible/near-infrared (vis/NIR) photoelectrochemical (PEC)
immunosensor."® The ZnO-MX/Ag,S-based sensor exhibited
6.8 times-larger PEC responses than a ZnO-MX-based sensor
under visible light illumination, and the PEC signal of the ZnO-
MX/Ag,S nanocomposites was 30 times as high as that of ZnO-
MX under 808 nm NIR light."®* This PEC immunosensor
exhibited a linear range of 0.005-50 ng mL ' and a low

—1 184

detection limit of 1.51 pg mL™ .

5.3. The Applications of MXenes in microorganism sensors

The unique surface chemistries with abundant functional
termini, excellent conductivity, tunable electric and optical
attributes and a high specific surface area have made MXenes
an ideal material for application in virus-diagnosing
biosensors."®* Two excellent reviews cover (1) MXene-based
virus-detecting biosensors, their limitations, potential solu-
tions, and advanced intelligent prospects with the integration
of internet-of-things, artificial intelligence, 5G communica-
tions, and cloud computing technologies;'®* and (2) the
advances in the development of sensors for the detection of
SARS-CoV-2, exploiting the exceptional properties of 2D
materials."” Electrochemical sensors for microorganisms
using MXene-based nanomaterials are summarized in Table 4.
Exosomes,'?®%° bacteria,?°* 2% viruses,'**?*°2% and even
cancer cells''*'7* can be measured through appropriate surface
modification of electrodes. The lowest sensing range is about
10 particles per pL.

Virus-detecting biosensors may detect virus-specific bio-
molecules, or sense whole microorganisms.'®* Chen et al. used
electrodes made of MXene-AuNP composites for improved
sensitivity and the CRISPR/Cas13a system for high specificity
in detecting the single-base L452R mutation (in the SARS-Cov-2
virus) in RNAs and clinical samples.**® Kim et al. developed a
field-ready cyanobacterial pretreatment device and an electro-
chemical clustered regularly interspaced short palindromic
repeats (EC-CRISPR) biosensor.>®® The biosensor was
composed of CRISPR/Cpf1 protein conjugated with MXene on
an Au microgap electrode (AuMGE) integrated into a printed
circuit board (PCB).?°° Using the extracted M. aeruginosa gene
with a pre-treatment filter, the CRISPR biosensor showed a
limit of detection of 89.0 pg mL ™" in fresh water.>*°

Chen et al. developed a novel nanozyme-mediated electro-
chemical aptasensor for tuberculosis diagnosis; hemin deco-
rated with multi-layered MXene enhanced the metal-support
interaction with nano-gold via charge transfer, resulting in
excellent peroxidase-like activity.?®® Mycobacterium tuberculosis
(MTB)-specific ESAT-6 antigen aptamers with MXene@hemin-
Au as probes for signal amplification and gold nanoparticles
supported on nitrogen-doped carbon nanotubes (N-CNTs-Au)
were used as a sensing platform.”® The sensor exhibited a wide
linear detection range for ESAT-6 antigens from 100 fg mL ™" to

50 ng mL~ " with a limit of detection of 2.36 fg mL~'.2%
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Fig. 7 The synthesis process of ZnO-MX/Ag,S composites and the fabrication process for the PEC immunosensor. Reprinted with permission from
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Table 4 MXene-based electrochemical biosensors for microorganisms

Surface
Electrode modification Signal enhancer =~ Method Receptor  Analyte Sensing range Detection limit Ref.
GCE MXenes-Au NPs MCH DPV  Apt Exosome sur- 100-5 x 10° particles per uL 10" particles per uL 196
face proteins

GCE Au NPs/Ti;C,Ty DPV Apt Exosomes 100-5 x 10° exosomes per pl, 20 exosomes per UL 197
GCE Fe;0,-NH, TizC, DPV  Aptl/Apt2 Exosomes 100-107 particles per pL 43 particles per L. 198
PU/2- Mxene-GO Au NPs DPV  Apt Exosomes 50-10° particles per pL 42 particles per pL. 199
FPBA

AUMGE  Mxene cv EC-CRISPR Cyanobacteria 0.1 ng mL '-1 ug mL ™" 89.0 pg mL " 200
ITO Mxenes Phage-Apo@CuO, SWV  AMP E. coli 10-10° CFU mL ™! 6 CFU mL " 201
GCE MXene@Au MB-PEI-Van DPV MRSA 38-3.8 x 107 CFU mL™* 38 CFU mL ™! 202
GCE Au@BP@Ti;C, Au@ZnFe,0,@COF DPV  Peptide/Apt NoV 10-10° copies per pL 3 copies per pL 206
GCE HFGNs/MXene/PPY MB DPV SSDNA Rotavirus 1.0 aM-100 nM 0.8 aM 209
GCE CG@MXene DPV  E-CRISPR/ S. Typhimurium 160-1.6 x 10” CFU mL " 160 CFU mL ™" 204

SSDNA
GCE MZXene/Pt/C MB-RNA DPV SSDNA SARS-CoV-2 1.0 aM-100 nM 0.4 aM 149
SPE FL-Ti;C,T,-NS DPV Ab SARS-CoV-2 0.91 nM 207
AuE MXene-AuNP DPV CRISPR/ SARS-CoV-2 1.0 nM-10 fM 1.72 pM 208
Cas13a variants

GCE AuNPSs/Ti;C,Ty DPV  CIPs Yeast cells 10%-1.0 x 10° cells per mL, 20 cells per mL 205
GCE N-CNTs-Au MXene@hemin-Au CA Apt Tuberculosis 100 fg mL™'-50 ng mL ™" 2.36 fg mL ™" 203
MGCE MXene@Fe;0,4 FSCV  Apt A549 10-10° cells per mL 3 cells per mL 171
ITO PB-MXene DPV anti-CEA  CTCs 13-1.3 x 10° cells per mL 9 cells per mL 114

Abbreviations: GCE: glassy carbon electrodes; PU: polyurethane; 2-FPBA: 2-formylphenylboronic acid; AuMGE: Au microgap electrode; ITO: indium
tin oxide; SPE: screen-printed electrode; AuE: gold electrode; Au NPs: gold nanoparticles; GO: graphene oxide; BP: black phosphorous; HFGNs:
hierarchical flower-like gold nanostructures; PPY: polypyrrole; CG: colloidal gold; FL: few layer; NS: nanosheet; N-CNTs: N-doped carbon
nanotubes; PB: prussian blue; MCH: 6-mercaptohexanol; phage-Apo: phage-apoferritin; MB: methylene blue; PEI: polyethyleneimine; Van:
vancomycin; COF: covalent organic framework; DPV: differential pulse voltammetry; CV: cycle voltammetry; SWV: square wave voltammetry;
CA: chronoamperometry; FSCV: fast-scan cyclic voltammetry; Apt: aptamer; EC-CRISPR: electrochemical biosensor based on CRISPR/Cas12a; AMP:
antimicrobial peptide; ssDNA: single-stranded DNA; CRISPR/Cas13a: clustered regularly interspaced short palindromic repeats/CRISPR associated
protein 13a; CIPs: cell-imprinted polymers; anti-CEA: carcinoembryonic antigen antibody; MRSA: methicillin-resistant Staphylococcus aureus; NoV:
norovirus; A549: human lung carcinoma; and CTCs: circulating tumor cells.

Zhou et al. have presented an approach for the specific effect of Ti;C,T, MXene on exosomes via the formation of Ti-O-P
identification and analysis of exosomal programmed cell death complexation, and the selective capture of peptide-function-
protein-ligand 1 (ExoPD-L1) through the non-selective trapping alized Au@MPBA (4-mercaptophenylboronic acid)@SiO, surface
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enhanced Raman scattering (SERS) tags on ExoPD-L1."*® The
biosensor delivered both a hypersensitive and reliable perfor-
mance in exosome detection with a low limit of detection (21
particles per mL) in the linear range of 10> to 5 x 10° particles per
mL."®® Xiao et al. developed a phage-apoferritin@CuO, (phage-
Apo@CP) probe on an antimicrobial peptide (AMP)/MXenes-
modified detection platform.*®* With the specific recognition of
AMP and phage-Apo@CP, the biosensor for the target Escherichia
coli 0157:H7 (E. coli O157:H7) presented multi-mode (biolumi-
nescent, colorimetric, and electrochemical) signals to simulta-
neously measure live and dead bacteria.”®* The bioluminescent
signal generated by the adenosine triphosphate (ATP) from the
bacteria was used to quantify live bacteria. The colorimetric and
voltammetric signals triggered by *OH and Cu®" from the probe
with the assistance of acid could rapidly screen and quantitatively
determine the total concentration of E. coli 0157:H7.>°" The
biosensor was successfully used for on-site measurement of live
and dead E. coli 0157:H7 in food samples with a limit of detection
of 30 colony-forming unit CFU mL ™" for live ones and 6 CFU
mL " for total bacteria within 50 min.>*" Li et al introduced a
magnetic separation-based electrochemical biosensor for the
detection of methicillin-resistant  Staphylococcus — aureus
(MRSA).>**> Vancomycin (Van) was used to modify the surface of
polyethyleneimine (PEI) mediated MBs (MBs-PEI-Van) for the

R L e i b
3 Lipid metabolism MXene Filter
g
5 ,_/\‘\._/\
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8
e Run Diet
<

Time (hour)
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separation and enrichment of MRSA.>*> MXene@Au with a con-
trollable size of AuNPs was synthesized by a self-reduction method
and employed to modify the glassy carbon electrode (GCE).>*>
Immunoglobulin G (IgG) was loaded onto the modified electrode
to immobilize MRSA, and ferroceneboronic acid (Fc-BA) was used
as a probe for quantitative determination.”®> The differential
pulse voltammetry (DPV) current was plotted against the concen-
tration of MRSA from 3.8 x 10" to 3.8 x 10’ CFU mL ™' with a
limit of detection (LOD) of 3.8 x 10" CFU mL™"** In addition,
MRSA was successfully detected in spiked cerebrospinal fluid
(CSF) samples with satisfactory recoveries (94-107%) and valida-
tion results (RSD < 11%).””

5.4. Applications of MXenes in wearable and in situ sensors

MXenes have emerged as a unique class of layered-structured
metallic materials with attractive features, such as good con-
ductivity comparable to metals, enhanced ionic conductivity,
hydrophilicity from their hydroxyl or oxygen-terminated sur-
faces, and mechanical flexibility.>'® Monolayer titanium car-
bide (Ti;C,) MXenes are widely used for sensing applications;
these MXenes have a 330 &+ 30 GPa modulus, 2.31 4+ 0.57 pfQ m
electrical resistivity, and 2.6 + 0.7 cm®> V™' s field-electron
mobility. Grabowski reviewed the sensing capabilities of
MXene nanomaterials for structural health monitoring (SHM)
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Fig. 8 Hierarchical design of the MXene-based facemask platform for wearable breath acetone detection and metabolic monitoring of lipids.?*? (a) The

influence of diet and exercise upon breath acetone levels.?!? (

b) The inner side of the facemask is functionalized by the filter while the flexible detection

tag can be amounted at the outlet of the breath valve.?*? (c) The integrated detection tag for breath acetone sensing: photograph of the detection tag
(25 x 35 mm) and cross-sectional illustration of the assembled tag.?*? (d) Block diagram of the sensing system. VCC, powering voltage. Vref, reference
voltage. Omp, operational amplifier. Imeasure, measuring current. MCU, microcontroller. ADC, analog-digital converter. (e) Schematic illustration of
acetone sensing using a light-calibrated MXene sensor.?'? Reprinted with permission from Elsevier, copyright 2023.212
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of engineering structures (including measurements of strain,
pressure, impact, or temperature)." With appropriate design,
MXene (or MXene composite) sensors show enhanced mechan-
ical flexibility and stretchability, enabling their wide applica-
tion in the fields of wearable sensors, energy storage, and
electromagnetic shielding.*'® Xin et al. summarized applica-
tions in wearable sensors including pressure/strain sensing,
biochemical sensing, temperature, and gas sensing; sources of
uncertainties in both physical sensors and computational
models were discussed along with the effect of MXene material
properties on measurement concepts like repeatability, relia-
bility, and error estimation, etc., of the sensors."

Zhao and co-workers developed a hybrid MXene-laden cel-
lulose fabric and showed its potential for humidity-responsive
applications for drug delivery. In their study, a commercial
cellulose substrate was immersed in a high-concentration
MXene aqueous solution (5 mg mL™"). After a vacuum drying
process at 60 °C, the MXene nanosheets can be coated on the
cellulose fibers to form a flexible MXene-laden fabric, and
the MXene nanosheets present on cellulose fibers conferrede-
lectrical conductivity properties to the commercial cellulose
fabrics through their design. In addition to enhancing con-
ductivity, MXene nanosheets contain abundant hydrophilic
bioactive sites and possess a large specific surface area, which
provide a moisture-capturing capability to MXene-laden cellu-
lose fabrics.”'" The MXene-laden cellulose fabrics exhibit an
electro-thermal transition behavior, making the fabrics
humidity-responsive and offering a potential application where
the fabrics can exhibit H,O-induce swelling/contraction beha-
viors driven by the electro-thermal transition properties. Such
swelling/contraction can be used to control drug release. Li
et al. reported a Ti;C,T, MXene-based wireless facemask for on-
body breath acetone (BrAC) detection and real-time tracking of
lipid metabolism, where Ti;C,T, MXene serves as a versatile
nanoplatform for not only acetone detection but also breath
filtration, Fig. 8.%'> The incorporation of in situ grown TiO, and
short peptides with Ti;C,T, MXene further improves the acet-
one sensitivity and selectivity.>'> Through a hierarchically
designed filtration-detection—calibration-transmission system,
the BrAC detection can be quantified down to 0.31 ppm in
breath.”’? Zhang et al. developed a wearable self-powered
toroidal triboelectric sensor (STTS) with a pyramidal structure
for self-powered interactions.*'* The pyramidal structure of the
nanocomposite and flexible conductive fabric electrodes
assembled with 3D-printed gloves based on the flexible TPU
material maintained the wearability of the sensing system.>"?
The high peak-to-peak voltage (19.91 V), high sensitivity (0.088
Vk Pa™'), and wide pressure detection range (0-120 kPa) enable
the generation of high-quality output signals for the accurate
detection of various finger movements.*?

6. Conclusions and future prospects

In this review, recent applications of MXenes in biomedicine
and sensing have been surveyed, showing the great potential of
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these materials. Compared to the high-pressure- or high-
temperature-based manufacturing process of other 2D
materials, such as MoS, or black phosphorus, MXenes can be
synthesized in a relatively gentle environment at room tem-
perature. MXene efficacy in a wide variety of applications
consistently hinges upon the elemental composition and struc-
tural disposition of the atoms in them.”"* This underscores that
the synthetic pathways constitute pivotal factors in crafting
MXenes endowed with the desired properties. In addition,
because of the well-defined general structural features and
composition of MXenes, several high-throughput theoretical
methods for screening MXene properties and compositions
have been reported recently. Mixed composition surface func-
tionalization has been investigated for various MXenes, includ-
ing Ti,CTy, Ti3C,Ty, Nb,CT,, and Nb,C;T, (T = O, F, and OH).
The O-terminated MXenes are identified as the most stable,
while OH-terminated MXenes show a tendency to decompose. A
computational screening of M,.;X,T, MXenes in an H,SO,
electrolyte revealed 24 MXene candidates suitable for electrode
utilization. Nitride-based MXenes generally exhibit superior
capacitive performance compared to carbides.*'® In addition,
the surface functional groups also affect the electronic and
thermal transport in MXenes. By introduction of functional
groups, the synthesized MXene can be dissolved in water-based
aqueous solutions, making it suitable for cell culture and
various biomedical applications. However, numerous chal-
lenges still persist at present. For example, the negative ion-
rich MXene surface may result in a lower uptake as well as a
non-homogenous internalization on the cell surface, thus
decreasing the therapeutic effects on cancer cells.®® The same
study also showed that cells cultured with high MXene concen-
tration can maintain high cell viability when treated with
photothermal therapy. It is possible that aggregation at high
Mxene concentration adversely affects the uptake into cells and
the photothermal therapy effect. Nanoparticle shape is another
factor that may affect biomedical applications. For example,
previous studies indicated that spherical nanoparticles
are more readily taken up by cells than rod-shaped
nanomaterials.'®® Finally, the need for large-scale clinical pro-
duction with cost-effectiveness remains a hurdle, along with
ensuring the stability of nanoparticles. Structural defects lead
to instability of MXene nanomaterials in an oxygen-rich
environment and may lead to degradation of MXene structures
when exposed to biological fluids.>"**'” Furthermore, these
changes alter the performance of MXene-based materials and
result in safety issues in biomedical applications. MXene
modification or multiple material hybridization may offer a
strategy to create more stable nanoparticles. Improving the
stability holds great potential for the applications of MXene-
based stimuli-responsive materials in the design of kinetic soft
robotics and smart bioactuators in different environments.
MXene provides superior biocompatibility and hydrophili-
city compared to other 2D materials. MXene’s highly negative
zeta potential ensures stable colloidal dispersions in diverse
solvents, preventing aggregation. Its expanded specific surface
area facilitates effective drug loading, and its intrinsic

This journal is © The Royal Society of Chemistry 2024
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antimicrobial properties support biological implantation. How-
ever, the concentration-dependent safety impact on normal
cells necessitates careful consideration. Strategic surface func-
tionalization/modification may enhance MXene’s dispersibil-
ity, fortify its loading capacity, decrease cytotoxicity, and
increase biocompatibility, closely aligning it with the require-
ments of biomedical applications. In addition, ensuring long-
term stability and understanding their potential environmental
impacts are vital concerns. So, before widespread clinical
adoption, rigorous testing for their biosafety and biocompat-
ibility is necessary. Importantly, it is required to comprehen-
sively study the interaction of MXenes with biological systems
and their long-term effects. To address these stability chal-
lenges, researchers must further optimize the structure of
MXene, develop more stable derivatives, or design protective
coatings or encapsulation strategies to safeguard MXene from
detrimental influences within the biological environment. In
addition, further refinement of MXene synthesis conditions
and surface modifications to reduce toxicity and extend its
stability within the circulatory system should contribute to its
biomedical advancements. Understanding the cellular uptake
behavior of MXene-based materials and the influence of surface
functionalization on biocompatibility is crucial for advancing
biomedical research. Further investigations are imperative to
thoroughly explore the pharmacokinetics, long-term toxicity,
and biodistribution of MXene, encompassing diverse animal
models for comprehensive insights. In recent research on the
applications of MXene in electrochemical biosensors, there is a
notable trend towards targeting larger entities like proteins or
microorganisms, and there is an increased use of optical
sensors employing ECL, SPR, PEC or SERS methods.

In conclusion, while MXenes offer exciting prospects in
biomedicine, addressing these challenges will be crucial to
unlock their full potential for improving human health and
healthcare practices. As ongoing research overcomes the cur-
rent challenges and extends our understanding of the proper-
ties and potential applications of MXene and its derivatives,
MXene is poised to play a significant role in advancing biome-
dical technologies and improving healthcare outcomes.
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