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MXene-Based Nanomaterials for Biomedical Applications:
Healthier Substitute Materials for the Future

Samarjeet Singh Siwal, Harjot Kaur, Gunjan Chauhan, and Vijay Kumar Thakur*

MXene-based nanomaterial is a revolution 2D material achieving outstanding
scientific attention owing to its universal characteristics for different applications
(such as electronic appliances, power production, sensors, drug transfer, and
biomedical). Although, the cytotoxic consequences of MXene have a considerable
circumstance. Thus, rigorous investigation of the biocompatibility of MXene is a
crucial prerequisite, formerly the preface to the human biological approach.
Literature reveals functional outcomes wherever MXenes are used in vitro and
in vivo cancer representatives. It affects drug transfer methods, sensoring
electrodes, and assisting mechanisms for photothermal treatment and hyper-
thermy techniques. In this review, the synthesis process (such as top-down and
bottom-up approaches) and properties (such as mechanical, electrical, optical,
oxidative/thermal stability, and magnetic) of MXene-based nanomaterials (NMs)
are discussed. In addition, the different applications (such as tissue engineering,
cancer theranostic, and other biomedical [such as drug delivery biosensors and
surface-enhanced Raman spectroscopy substrates for biomedical applications],
antiviral, and immunomodulatory properties against SARS-CoV-2) of MXene-
based NMs are discussed in detail. Finally, the conclusion, existing challenges,
and future outlooks are highlighted for more scope in this field.

1. Introduction

The Gogotsi group discovered the first tita-
nium carbide MXene (Ti;C;) at Drexel
University in 2011.1" After that, MXenes
have persisted in obtaining growing attrac-
tion from investigators owing to their
graphene-like characteristics. It also has
better conduction, hydrophilicity, an ele-
vated superficial area, better mechanical
stability, and photothermal transformation
effects for different applications.”!’ The
remarkable results allowed MXenes to dis-
cover possible applications within energy
transformation, storage, catalysis, biocidal
films, and the biomedical domain.”!
MXene is a 2D material generally designed
through biochemical etching of a bulk
stage comprehended as a MAX segment.
“M” denotes an initial transition metallic,
“A” indicates an element of group 13 or
14, and X marks carbon or nitrogen.
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Their distinctive electronic networks and
high superficial areas create 2D substances
capable of numerous electric and energy

utilization. Therefore, the preparation, characteristics, and
implementations of unique 2D substances have developed into
one of the multiple stimulating fields of attention within science
and technology. Single coatings of graphene (Gr),*) boron nitride
(BN),! transition metal dichalcogenides (TMDs),® and phos-
phorene were effectively received from their substance van
der Waals-coated networks.”! Newly, it has been demonstrated
that through utilizing an assortment of chemical peeling and
sonication, the preparation and mass manufacture of 2D materi-
als from 3D-coated complexes by chemical bonding among the
coatings are also possible. In this respect, it has been shown that
using hydrofluoric acid (HF) media and sonication, a few com-
ponents of the MAX phase family may be exfoliated within 2D
transition metal carbide (TMC) and nitride coatings, named
MXenes.®!

Recently, MXenes, which have been investigated for numer-
ous chemically and biomedically utilizations, are restricted to
Ti,CT,, Ti;C,T,, tantalum carbide MXene (Ta,CsT,), and nio-
bium carbide MXene (Nb,CT,). Among these MXene brood
components, Ti3C,T, is the considerable thoroughly studied
MXene owing to the simple preparation methods. The appealing
characteristics of MXene are suitable near-infrared (NIR) preoc-
cupation that is useful for theranostics, photothermal treatment,
and synergetic cancer remedy.””) MXenes also have antimicrobic
effects and are used in mesh films."% In addition, MXenes have
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also been involved as biosensors!'!! and for bioimaging after
being transformed within quantum dots (QDs).""”

Here in this review article, we have tried to summarize all the
insight views on the synthesis process (such as top-down and
bottom-up approaches) and properties (such as mechanical, elec-
trical, optical, oxidative/thermal stability, and magnetic) of
MXene-based NMs. In addition, the different applications (such
as tissue engineering, cancer theranostic, and other biomedical
(such as drug delivery biosensors and surface-enhanced Raman
spectroscopy [SERS] substrates for biomedical applications, anti-
viral, and immunomodulatory properties against SARS-CoV-2)
of MXene-based NMs have been discussed in detail. Finally,
the conclusion, existing challenges, and future outlooks are
highlighted for more scope in this field.

2. The Synthesis Process of MXene-Based
Nanomaterials

The first synthesized MXene NMs is Ti3C,. This 2D substance is
synthesized by eliminating Al particles from titanium-
aluminum carbide (Ti3AlC,) powder using an exfoliation process
in an HF solution. Mostly there are two kinds of methods utilized
in the preparation of MXenes NMs:**! 1) top-down approach and
2) bottom-up approach.

Previously, MXene nanosheets were instantly exfoliated from
the bulk substantial within an HF as a solution. In contrast,
chemical vapor deposition (CVD) and wet chemical methods
are the broadly assumed processes in the latter. Usually, the
bottom-up approach is utilized for bulk constituents that are
not very calm to exfoliate.*

Yang et al.l™® developed a 2D Nb,C MXene titanium plate
(Nb,C@TP)-based clinical implant with functional multimodal
anti-infection processes. The incorporation procedure of ultra-
thin 2D Nb,C nanosheets (NSs) is shown within Figure 1a.
Transmission electron microscopy (TEM) pictures showed the
standard planar topology of Nb,C NSs with an average dimen-
sion of ~150 nm (Figure 1b,c). Selected-area electron diffraction
(SAED) designs delivered the maintained well-defined polycrys-
talline configuration, confirming the successful preparation of
Nb,C MXene (Figure 1d). In contrast, it determined the exact
arrangement of Nb,C NSs with an energy-dispersive spectrome-
ter (EDS) study that demonstrated consistent diffusion of Nb
and C elements within the 2D MXene planar configuration
(Figure 1le). The scanning electron microscope (SEM) pictures
revealed the soft cloud-like configuration of Nb,C@TP, and
higher-magnification photos showed a fish scale-shaped surface
(Figure 1f). Elemental mapping and EDS curve (Figure 1g) dem-
onstrated that Nb,C@TPs were beneath a surface range of Nb
and C components, leading to the booming binding of Nb,C
MXene to TP support. Also, Raman spectra show the standard
o1 and w4 vibration ways after incorporating Nb,C NSs onto
TP support (Figure 1h). X-ray photoelectron spectroscopy
(XPS) was utilized to define the arrangement and surface end-
ings of Nb,C@TP (Figure 1i). To assess the photothermal trans-
formation efficacy of Nb,C@TP, Nb,C@TP beneath NIR laser
radiation with a high-power density shows a steady heat ridge
up to 70 °C in 2 min (Figure 1j). Similarly, to additionally exam-
ine the laser-induced photothermal resilience of Nb,C@TP, they

Adv. NanoBiomed Res. 2022, 2200123 2200123 (2 of 26)

www.advnanobiomedres.com

detected the recycling temperature deviations of Nb,C@TP
beneath a NIR laser. The photothermal activity of Nb,C@TP
did not achieve evident degeneration during five laser on/off
processes (Figure 1k), emphasizing the incredible photothermal
execution of Nb,C@TP within the potential continued photo-
thermal removal of bacteria.

2.1. Top-Down Approach

The top-down approach depends upon the immediate flaking of
bulk crystals that uses different pouring strengths, such as auto-
matic and biochemical exfoliations. The broad emphasis of
MXenes’ incorporation is upon fluid-phase exfoliation, a simple
and better-outcome approach established to be highly effective in
producing ultrathin, nanorange MXenes (Figure 2a). The conver-
sion from parent MAX-phase ceramics (Figure 2b-d) to nano-
range 2D MXenes experiences the subsequent two stages:
1) in this stage, delamination through HF etching to get
multicoated-stacked MXenes (Figure 2e—g) and 2) here, the cor-
rosion through organic base molecules’ embolism or electrode
sonication cracking develops few-film or solitary-film MXenes
(Figure 2h—j). Benefitting from this process, almost all kinds
of MXenes would be acquired with expanded surfaces of few-
or single-film nanofilms, containing nanoscale-adjacent dimen-
sions and atomic-range consistency.!'®

2.1.1. Advantages and Disadvantages of MXene-Based NMs
Synthesized by Top-Down Approach!’”!

Advantages: 1) They can be synthesized at room temperature;
they can undergo. 2) large-scale production; and 3) utilize abun-
dant raw material

Disadvantages: 1) They have low production yield; and 2) gener-
ally, the sizes of the produced sheets are large that lead to various
issues in biomedical applications such as low therapeutic out-
come, biosafety issues, and are not suitable for intravenous
administration.

2.2. Bottom-Up Method

The bottom-up methods are the substitutive approach to con-
structing 2D NMs through the atomic range, managing their
arrangement and morphology. It would simulate 2D nanomate-
rials that were difficult to get through natural peeling from bulk.
CVD growth"® and wet chemical amalgamation"*’ are the main
synthetic methods based on the bottom-up approach to design
layered substances with an increased manufacturing rate.
Compared with the standard 2D constituents, the recent
advancements of a bottom-up process to manufacture MXenes
are still thriving, possibly due to the intricate particles and
arrangements of MXenes’ in-layer surface.

CVDE% and hydro- or solvothermal method***'* are the two
primary synthetic processes based upon the bottom-up strategy.
Lee et al.l"®! found that they would incorporate single-film Mo$S,
layers upon amorphous SiO, supports with MoO; and S precip-
itates as precursors through the CVD method at 650 °C.
Nevertheless, the CVD process cannot be suitable for tailoring
2D nanofilms with a small film dimension for oncologic

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 1. Synthesis and characterization of Nb,C@TP. a) Schematic description of the preparation techniques for Nb,C@TP. b) TEM picture of Nb,C
NSs. c) Bright-field TEM and d) SAED pictures. ) EDS linear-scanning curve of Nb,C NSs for Nb, C, O, and Al components of (c). f) SEM picture of TP,
Nb,AIC@TP, mNb,C@TP, and Nb,C@TP. g) SEM elemental mapping of Nb,C@TP. h) Raman spectrum of TP and Nb,C@TP. i) High-resolution XPS
curve of Nb component for Nb,C@TP. j) Photothermal arcs of Nb,C@TP under 808 nm laser radiation of distinct power density. k) Heating arcs of
Nb,C@TP for five laser on/off processes. Reproduced with permission.'® Copyright 2021, American Chemical Society.

utilization. Preparation in a high-temperature media with a man-  synthesizing 2D nanofilms with finely controlled size, surface,
ageable synthetic approach is a universal bottom-up method for  and arrangement.
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Figure 2. Synthetic ways of MXenes for biomedicine. a) The graphic display for the preparation of biocompatible MXenes, with HF etching (delamina-
tion), organic base particles embolism (breakdown), and exterior functionalization by organic particles or inorganic NPs (superficial transformation).
b) 2D ball-and-stick standards and SEM pictures of reactant MAX phase for M;X, e) SEM picture of multicoated M,X, and h) 3D ball-and-stick samples
and TEM picture single-film M,X-based MXenes. c) 2D ball-and-stick samples and SEM pictures of antecedent MAX stage for M3X,, f) SEM picture of
multilayer M3X,, and i) 3D ball-and-stick samples and TEM picture single-film M3;X,-based MXenes. d) 2D ball-and-stick models and SEM pictures of
precursor MAX phase for M4Xs, g) SEM picture of multilayer M4X3, and j) 3D ball-and-stick samples and TEM picture solitary-film M4X;-based MXenes.

Reproduced with permission.'® Copyright 2018, John Wiley and Sons.

A large portion of 2D inorganic NMs has been prepared via
this process and utilized in cancer theranostics. It achieves an
exemplary bottom-up method of biocompatible polyethylene gly-
ated (PEGylated) MoS, nanofilms via solvothermal processing
for admiringly effective photothermal degeneration of tumors
(Figure 3a). Besides the conventional up-down process for
manufacturing 2D MoS, nanofilms by liquid exfoliation from
bulk MoS,, the efficient and universal bottom-up single-pot syn-
thesis technique gives the nanosheets intrinsic colloidal resil-
ience in biological circumstances able to manage critical
mechanical and structural constraints. Particulate dimensions
variation and consistency of PEGylation can considerably
improve the photothermal transformation efficacy of nanofilms
for more promising cancer treatment. Based on the worth of syn-
thetic methodologies using the bottom-up process and their
novel synthetic chemistry, a simple single-pot synthesis method
for simulating a 2D MoS,/Bi,S3; compound theranostic nanosys-
tem for multimodal tumor imaging-guided photothermal and
synergistic radio treatment (Figure 3b) is suggested.[*"

2.2.1. Advantages and Disadvantages of MXene-Based NMs
Synthesized by Bottom-Up Approach!’’”!

Advantages Include: 1) morphology control; 2) easier functional-
ization; and 3) adequate atomic utilization.

Disadvantages Include: 1) efficient and low-toxicity precursors that
still need to be considered; 2) mild reaction conditions and
monodispersity; and 3) need of large-scale production.

Adv. NanoBiomed Res. 2022, 2200123 2200123 (4 of 26)

3. Properties of MXene-Based Nanomaterials

MXene has two-layered carbon or nitrogen units, V,C, Ti,C,
Nb,C;, and 32 layered carbon-nitrogen factions, as Ti;C, and
Ti;CN, and 43 layered networks as Nb,Cs, Ta,C; etc. This layered
design suggests unusual effects; they may exhibit metallic, semi-
metallic, and conducting shielding characteristics. Simultaneously,
it may be stretchy, rigid, and heat resilient as ceramic substances.
MXenes exhibit increased surface activity, hydrophilic character,
and adsorption capability owing to their enormous surface area.
MXene-based NMs generally are utilized in different areas such
as energy storage, triboelectric nanogenerators, optoelectronic
appliances, wastewater processing, gas sensors, electromagnetic
interference (EMI) shielding, medicine, etc.'2*22

Yet, because of their moderately lower extermination constants
and photothermal modification efficacies within the NIR bio win-
dow, their photothermal effectiveness is not elevated sufficiently to
accomplish expected therapeutic results. Hence, developing new
2D nanofilms with promising photothermal execution is necessary.

Among the eminent characteristics of MXene, the utmost
scope of Young’s modulus, tunable bandwidth, and improved
electric and thermal conductions is considered exceptional and
valuable. Remarkably, the hydrophilic character integrated with
improved thermal conductions of MXenes distinguishes them
from other 2D substances with graphene.?®! Finally, it may
adjust the related characteristics and expulsive executions
through 1) arrangement, 2) morphology functionality, and
3) surface/geometric design connections.

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 3. Synthesis of 2D inorganic nanofilms through bottom-up methods. a) Preparation of PEGylated MoS, nanofilms by bottom-up approach for
extremely effective photothermal deterioration of the tumor. a;) Graphic explanation of the solvothermal preparation process of MoS,-PEG nanofilms. a;)
Shows the field-emission SEM (FESEM) picture of MoS,—polyethylene glycol (MoS,—PEG). Insets show the related elemental mappings of Mo, S, C, and
O. a3) Time-reliant tumor-advancement arcs after different therapies, as noted within the sculpture. b) Simple single-step preparation of a 2D MoS,/Bi,S;
compound theranostic hanosystem or multimodal cancer theranostics. by) Graphic representation of the solvothermal preparation of MoS,/Bi,S;—PEG
material nanofilms and corresponding photothermal and radio synergetic treatment. b, and b;) TEM pictures of MoS,/Bi,S;—PEG-synthesized nano-
sheets at lower (by) and increased (b3) amplifications. b,) High-resolution TEM (HRTEM) picture of MoS,/Bi,S3;—PEG hybrid nanofilms. bs) Time-reliant
tumor-advancement arcs after different remedies as noted within the figure (n=#6). bg) H&E discoloration for compulsive modifications into tumor

tissues from per assembly. Reproduced with permission.”'! Copyright 2018, Elsevier Ltd.

3.1. Mechanical Properties

Due to more powerful M—N and M—C interactions, the mechanical
characteristics of MXenes are considerably more curious. The pre-
vious investigation completed upon simulation has suggested flex-
ible limits to be two times higher than MAX designs and 2D
segments like CdS,. The elastic effects are 2-3 times more inferior
than Gr; their bending feature (1050 GPa) is the highest, ensuring
their use as mixed-support composites. MXenes have an incredi-
ble interaction capability with polymeric matrix than graphene for
compound utilities due to the active functionalities.*

Thus, new practical findings should improve the preparation
process to define its deficiency arrangement and differentiate dif-
ferent active groups of new segments.”) Maybe, an entire assess-
ment of mechanical characteristics and prominent efficient groups
established upon theory and investigations is still to be found.

MXenes are seductive drug deliverers because of their high
exterior area. Absorption and functionalization with hydrogel
support MXenes with enhanced doxorubicin (DOX)-supporting

Adv. NanoBiomed Res. 2022, 2200123 2200123 (5 of 26)

capacity for a blend with chemotherapy and photothermal exci-
sion of cancer.l'%*2% Likewise, the mechanical characteristics of
Ti;C,/polyacrylamide nanocomposite (PAM NC) hydrogels use
Ti3C, as a crosslinker toward in situ free-radical polymerization,
which can be enhanced by enhancing the concentration of Ti;C,,
that is essential for a strong and durable system.””) Despite
stretching and extreme condensation, Ti;C,/PAM NC hydrogels
did not show ruptures and healed without a contraction force.
Similarly, utilizing chloramphenicol as a standard drug, the
honeycomb-type design and superior swelling capability of
Ti;C,/PAM NC hydrogels demonstrated assurance as transpor-
tation, with percentage liberation matters and drug loadings that
were more elevated compared with conventional organic cross-
linked BIS/PAM hydrogels.”*®!

3.2. Electrical Properties

Two essential characteristics beneath the main problem to
MZXenes are the electronic and electric effects. It can adjust these

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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by changing its operating groups, material corrective, or solid-
solution construction.”” The electrical conductivities related to
packed sheets of MXenes coincided with graphene multilayers.
They were more significant than carbon nanotubes (CNTs)>”
and reduced graphene oxide (rGO) materials.?! Further,
resistivity increments with different coatings and restrictions
of active molecules are shown. Owing to this, the conductivities
of pretending positions have utmost significance over practical
observances."*?!

Meanwhile, some practical outcomes demonstrate that
MXenes shift within semiconductors by exterior functionaliza-
tion. For instance, Figure 4 illustrates the projected density of
states (PDOS) and the possible band configurations of Ti,CT,
with distinct stops. Additionally, it is shown that —F and
—OH have equivalent consequences on the electronic effects
of MXenes. Subsequently, they take a single electron in the sym-
metry condition. At the same time, O terminations exhibit vari-
ous outcomes later. Their oxidation conditions allow the approval
of two electrons.**

It is also shown that the electronic effects of MXenes are par-
ticularly affected by M and X elements."*” For example, MXenes
with elevated atomic numbers are expected to be topologic heat
proofing*"  while plain Ti;C, shows metal -effects.*
Meanwhile, nitrogen contains more electrons, and carbonitride
and nitride MXenes show much more powerful metallic charac-
teristics than carbide MXenes.

3.3. Optical Characteristics

The UV-vis rays spectrum absorption is critical for photovoltaic,
photocatalytic, translucent, and optically instructing electrode
devices. Films of Ti;C,T, may fascinate light energy into the
UV-vis part from a wavelength between 300 and 500 nm.
The complete experimentation procedure is illustrated in
Figure 5a. Figure 5b exhibits the microstructure of multicoated
MXene, which is already gone through ultrasonic processing.
Figure 5c¢,d illustrates the microstructure of the multilayer

Energy (eV)

-12
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MXene fragments after ultrasonic cure. The microscopic
surface of the flower-type NiCo layered double oxide
(NiCo-LDH) is depicted in Figure 5e; the flower-type arrange-
ment of NiCo-LDH comprises a few display networks.
Figure 5f-i shows the configuration of NiCo-LDH/MXene
mixtures with various incorporations of MXene. The external
surface of NiCo-LDH/MXene-1 is depicted in Figure 5e. The
MXene flake is secured through the extensive NiCo-LDH while
the doped MXene in this mixture is 50 wt%. Figure 5g shows
the NiCo-LDH/MXene-2 representative, and the incorporation
of MXene within this specimen is 66 wt%. Though the ratio of
NiCo-LDH upon the exterior of the specimen is at an elevated
level, it may also follow the MXene flakes beneath NiCo-LDH.
As the doped of MXene persists rising, when it reaches 75 wt%,
NiCo-LDH flowers squeeze in between the MXene coatings into
the NiCo-LDH/MZXene-3 trial (Figure 5h). The network like this
is additionally facilitative to the contemplation and distribution
of electromagnetic waves (EMW), and it may facilitate the
absorption and excess of EMW. While the load of MXene rises
to 80 wt%, the flower-type arrangement of NiCo-LDH is not
apparent, and the display system manages to be affixed to
the MXene films (Figure 5i).1*”

Actual 10nm sheet consistency registered transmission of
91%. Further, it may get a broad and robust absorption band
of about 700-800 nm, which depends on sheet viscosity, showing
the appearance of light green films, which allow it to be entirely
helpful in photothermal treatment uses.®! Remarkably, it would
improve the transmission proportion by varying its width and ion
intercalation.

3.4. Thermal Steadiness

The critical parameter to be comprehensively observed is the
strength that affects the existence of water/oxygen in the
preparation of MXenes. Concerning DFTs’ compact binding
estimates, the earlier results showed that carbohydrates’
hydroxylated ingredients and uneven dispersals of C/N were

~wm ® - I M K I'~wo ® ~

M K I~ o~ T M K r

Figure 4. Density functional theory (DFT) forecasts of electronic effects of Ti,CT, with distinct endings: PDOS and band arrangements. Reproduced

with permission.?* Copyright 2020, American Chemical Society.
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. HMTA

Etching

Ultrasonic treatment

NiCo-LDH/MXene

NCoIT,‘DH

Seny P il P

Figure 5. a) The key synthesis procedure of NiCo-LDH/MXene amalgams. SEM pictures of MXene (a—c), NiCo-LDH d), NiCo-LDH/MXene
(NiCo-LDH/MXene-1 e), NiCo-LDH/MXene-2 f), NiCo-LDH/MXene-3 g), NiCo-LDH/MXene-4 h). Reproduced with permission.?*! Copyright 2021, Elsevier Ltd.

susceptible to possessing the highest steadiness and being
thermodynamically favorable. During experimental investiga-
tion, new MXenes decay through oxidation under extended
maintenance to oxygen content beneath the impact of water solu-
tion at more high heat or UV radiation orientation to air.*”!

Furthermore, it can also reduce the oxidation rate kept
by MXenes’ colloidal media by preserving it in a shady
atmosphere-supported fridge or beneath the consequence of a
whole vacuum repository.

3.5. Magnetic Properties

However, numerous 2D substances have been discovered; most
are nonmagnetic, limiting their utilization in spintronics. Hence,
the purpose of steady magnetism in 2D has been a long-desired
objective. Remarkably, some new MXenes, such as Ti,C, Ti,N,
Cr,C, Cr,N, and Mn,C, are estimated to be inherent magnetic
ingredients. Among them, Ti,C,2® Ti,N,B% and Cr,CB* are
ferromagnetic, whereas Mn,C*% is antiferromagnetic. A newly

Adv. NanoBiomed Res. 2022, 2200123 2200123 (7 of 26)

growing concentration has been expanded to magnetic MXenes
with half-metallicity. In contrast, the additional spin channel is
semiconducting, resulting in entirely spin-polarized electrons on
the Fermi level.l*!! Surface spaces are essential in estimating the
magnetic effects revealed through MXene-based NMs. It shows
that rigid covalent connections occur between M and X, and the
superficial functionalities that generate considerably MXene fea-
tures are nonmagnetic.

Similarly, MXene substances show magnetic character due to
the addition within the electron density around the Fermi area
related to d-group orbitals shown in transition components.
Surface in-plane space is adequate to ascribe potential covalent
links like M—A and M—M bonds. It has also been noted that
2D chromic carbide and chromic nitride exhibit ferromagnetism,
while 2D titanium nitride/carbide is identified as antiferromag-
netic. The lower electron density around the Fermi area resulted
from superficial spaces due to surface functionalization
that could ultimately direct the disappearance of magnetic
features.

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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4. Applications of MXene-Based Nanomaterials in
the Biomedical Field

The timeline illustrating the development of MXene from 2011
to the incorporation of MXene-based aptasensor toward cancer
diagnosis and therapeutics is described in Figure 6. The graphic
for the vision of IoT-aided smartphone-based electrochemical
aptasensors using MXene is depicted in Figure 6. Biomarkers
and the aptamer using electrochemical identification methods
can be a boon for early cancer diagnosis.*

4.1. MXene-Based Nanomaterials for Tissue Engineering and
Reforming Medication

Compared with other biomedical implementations, for example,
bioimaging, tumor therapy, antibacterial, etc., MXenes have
more infrequent applications within tissue engineering. The
application of MXene within tissue engineering contains
bone,*3! skin,** nerve,*! and myocardial tissue engineeringml
principally.

MXenes have exhibited profitable prospects within material
disciplines and stem cell-based tissue treatments. Thus, it can
envision prospective multitasked biomedical treatments based
on the remarkable benefits of MXene.[*”! One study fabricated
innovative biomaterials such as Ti;C, MXene nanofibers for tis-
sue engineering and cell culture. Due to the quantity of hydro-
philic functional groups, the subsequent hydrophilic compound
nanofibers would be designed through electrospinning and dop-
ing.*®! Therefore, the functional groups at the covers of MXene
nanofiber compounds would deliver appropriate bionetworks for
cellular development. The biochemical specimen features have
been investigated through positioning bone marrow-resultant
mesenchymal stem cells (BMSCs); the subsequent MXene mate-
rial nanofibers showed acceptable biocompatibility and

> sy e

SPEs MXene/SPEs
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significantly enhanced cellular movement, excluding growing
the BMSCs’ variation to bone-forming cells.

Surgical negligence and bone tumor reproduction are acute
problems, given the remaining malicious tumor cells and the
deficit of bone-tissue combination. Therefore, the reproduction
and bone defect in the surgical therapy of malicious bone tumors
has caused a need to produce multifunctional therapeutic stages
for effectual tumor treatment and bone rejuvenation.*”) The sub-
sequent hybrid scaffolds had perfect features for effective photo-
thermal modification of integrated 2D Ti;C, MXene for eliciting
bone-tumor removal through NIR-caused photothermal hyper-
thermy, executing complete tumor reduction from invivo
bone-tumor heterograft. Ti;C, MXene-integrated hybrid plat-
forms would enhance the invivo development of developing
bone tissues of the compound bioactive glass platforms; such
intrinsic benefits of bone-tumor slaying and bone-tissue renewal
can be perfect options for feasting bone tumors together with
additional tissue engineering devices.

2D Ti;C, MXenes, a unique photothermal nanoagent with
special photothermal modification effects and better biocompat-
ibility, were combined with 3D-printed bioactive gas (BG) plat-
forms to destroy bone cancer cells and restore enormous bone
deficiencies. These 2D ultrathin Ti3;C, NSs were incorporated
via HF etching succeeding tetra propylammonium hydroxide
(TPAOH) peeling of the novel bulk MAX-phase Ti;AlC, ceramics
(Figure 7a). The as-synthesized 2D Ti3C, NSs would be finely
disseminated in aqueous media as confirmed through the notice-
able Tyndall consequence (Figure 7b), allowing the additional
facile combination with 3D printing supports.

To assess the photothermal capability of Ti;C,-BG scaffold
(TBGS), we further considered a contained in vivo photothermal
tumor removal using female BALB/c bared mice carrying
Saos-2 bone tumor (Figure 7c). Photonic tumor hyperthermy
functioned within the BGS 4 NIR and 1.0 TBGS + NIR groups,

Aptamer _{ i AGEE: r '\"\\\CT G
) N . ~
— g N
+ Aptamer/MXene/SPEs ,

Sensing electrode

S
=

Iy
)
13
c

Sene,
ase, "o

ap,

Figure 6. Timeline of MXene for the preparation and implementation into the biomedical area. Reproduced with permission.*? Copyright 2022, Springer

Nature Switzerland AG.
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subsequently investigating the platforms within the tumor. It
showed the related IR thermal pictures at tumor areas into
groups of BGS+laser and TBGS +laser (Figure 7d).
Figure 7e shows that it quickly promoted the exterior

www.advnanobiomedres.com

temperature of tumors embedded with 1.0 TBGSs to the equilib-
rium temperature of 63 °C beneath NIR laser radiation within
2min. In remarkable distinction, the temperature of tumors
rooted with BGSs in the absence of the incorporated Ti;C,

TPAOH
—_—
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Figure 7. Synthesis and description of 2D Ti;C, MXene NSs. a) Graphic depiction of the construction method of 2D Ti;C, NSs, such as HF etching and
TPAOH embolism of the actual bulk Ti;AlC;, ceramic. b) Digital pictures of Ti;C, NSs distributed within an aqueous media. In vivo photothermal enactment
assessment of TBGSs. ¢) Graphic description of TBGSs for in vivo photothermal cancer removal. d) The related IR thermal pictures at tumor locations of
Saos-2 tumor-carrying mice within groups of BGS + laser (upper) and TBGS + laser (base). ) Temperature ridges at tumor spots of Saos-2 tumor-carrying
mice within classes of BGS + laser and TBGS + laser. f) Pictures of Saos-2 tumor-carrying mice on 14th day after various therapies, and the tumor tissues
impaired through H&E, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) (apoptosis), and Ki-67 (expansion) on one
day after multiple remedies (scale bars: 10 ym). g) Time-reliant tumor-transition curves after various therapies. h) Time-dependent body mass arcs of mice
after various therapies. Inset: tumor poundage of mice at the 14th day behind various therapies. N =5. i) H&E discoloration of primary organs of Saos-2
tumor-bearing mice upon the 14th day after various therapies (scale bars: 100 ym). Reproduced with permission.®® Copyright 2019, John Wiley and Sons.
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MXene scarcely grew to ~37 °C. As indicated from the related
tumor pictures Figure 7f), the tumors in ministered groups
(TBGS + NIR) were removed entirely by photonic tumor hyper-
thermia deprived of reoccurrence. The tumor volumes of the
medicinal group illustrated prominent conquest with the whole
absolute abolition. In contrast, the tumor volume of the com-
mand groups proliferated (Figure 7g). In the meantime, all
groups’ body weights (Figure 7h) showed no substantial distinc-
tion, indicating that either pure BGSs or TBGSs caused no appat-
ent toxicity. After that, it is necessary to demonstrate hybrid
platforms’ possible critical and enduring poisonousness.
Further, the histocompatibility of the compound platforms is
considered by H&E staining of the primary organs of mice at
the 1st, 14th, and 28th days after photothermal excision
(Figure 7i).[5 ol

Anchun et al.’" focused on ultralong hydroxyapatite nano-
wires (UHAPNWSs) that were fabricated with Ti;C,T, NSs
effectively via solution coblending self-decorated process and vac-
uum-aided percolation. The UHAPNWSs/MXene nanomaterial
films showed a layer-by-layer loading with ultralong NWs struck,
wound, and overlaid homogenously between flakes that are
briefly described in Figure 8a. One investigation presented
Ti3C, T, NSs within a polylactic acid medium to demonstrate their
fantastic possibility for suggested bone rejuvenation in vitro tri-
als.’? According to their analysis, it was the first report to include
UHAPNWs as support within MXene to improve the mechanical
and biological characteristics. Numerous NSs may be combined
with ultralong NWs by constructing hydrogen bonds to assemble
a more immediate connection between the two inorganic stages
(Figure 8b). Accordingly, the UHAPNWs/MXene nanomaterial
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membranes have good mechanical features, desirable biocompat-
ibility, and superior osteoinductivity.

In vivo investigations were taken out to demonstrate the
osteogenic ability of the UHAPNWs/MXene nanomaterial films.
As displayed in Figure 8c, the MXene sheet and its nanomaterial
membrane contained equivalent verges with bone tissue. It can
observe unique bone construction from the internal perspective
of the 3D reconstruction pictures of calvarial bone imperfections.
Meanwhile, the superficial view can see the therapeutic proce-
dure’s physical combination of the used films. Figure 8d shows
a surgical approach to make rat calvarial imperfection standard
and cover the bone imperfection with appropriate membranes.
The MXene group showed a mass of recently developed bone
extending from boundaries and a few bone islands fibbing within
the defect zone. It filled imperfections in the UHAPNWs/MXene
group with the utmost restored bone. To quantitatively examine
the renewed bone tissue, bone volume segment (BV/TV), trabec-
ular width (Tb.Th) and trabecular segment (Tb.Sp) are estimated
in Figure 8e.

As a component of the MXene family, the Ti;C, nanofilms
with a 2D network have been prepared based on the facile
HF-etched approach. This possesses better photothermal alter-
ation activity for NIR-II-persuaded mild hyperthermia and per-
fect PAI capability. Similarly, the MXene texture was adorned
with platinum NPs based on a straightforward and insitu
sol-gel chemistry (Figure 9a). Boosted with the ideal activity
of Ti3C,T,-Pt-PEG nanomaterials, additionally,the in vitro thera-
peutic effectiveness utilizing the murine 4T1 breast cancer cells
Figure 9b) is assessed. At an absorption of 200 pgmL ™", both
delivered lower poisonousness to the normal cells at 12 and
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Figure 8. a) Graphic description of the incorporation of the UHAPNWSs/MXene nanomaterial film. b) Visual chart of the relations among UHAPNWs and
MXene, concerning the hydrogen bonds constructed through completed exterior groups of MXene (—F, =O or —OH) and hydroxyl in UHAPNWs. Bone
revival activity within the managing group, MXene group, and UHAPNWSs/MXene group at 4 and 8 weeks after surgery: c) 3D rebuilding pictures of the
bone deficiency, as well as interior and external ideas related to micro-computed tomography (CT) pictures such as coronal and sagittal beliefs.
d) A surgical procedure to construct a rat calvarial imperfection prototype and protect the bone imperfection with appropriate films.
e) Radiographic investigation of bone morphometric constraints, including BV/TV, %, Tb. Th, mm, and Tb. Sp, mm, *p < 0.05, **p < 0.01 corresponding
with distinguished groups. Reproduced with permission.'! Copyright 2021, Elsevier Ltd.

Adv. NanoBiomed Res. 2022, 2200123 2200123 (10 of 26) © 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

851901 SUOLILLIOD BAIERID 3|cedl[dde a1 AQ pauLeA0B e Sao1e YO 98N JO 3N 10} AfeiqiT 8UIIUO A8]IM UO (SUORIPUCO-PUE-SWLBILD"AS | IM A Iq U1 U0/ STNIY) SUONIPUOD PUe SULB | 3Y1 39S *[2202/2T/50] U0 ARIgITaUIUO AB]IA ‘92140 AUSD YBINgUIPS 'SIN PUBJI0IS 10} UOEINPS SHIN AQ 21002202 1GUB/Z00T 0T/10p/W00 A3 ALeIq 1 RU1IUO//STIY WO POPeo|umMoa ‘0 ‘L0E66692


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED RANOBIONED

SCIENCE NEWS RESEARCH
www.advancedsciencenews.com www.advnanobiomedres.com
(@)
C {
HCI + LiF “ Sonication — ©© @ A b W
Etching S5 Exfoliaon ——  © PtNPs PEGylated '\ 00017 )
Multilayered Few-layer .
T|3A|C2 TingTx'Pt TlJCsz'Pt‘PEG
TisCyTx TisC,oTx
(b) () = - (d)
< 1 ) Control TiyC.T,-Pt-PEG
Laser > o 24N ER12Zh € 150 @Laseronly @TuCT -PEG + Laser
= 100 . 2 TisC.T,-PEG ThCaT,-PL-PEG + Laser
N = 2 120{ T T
R 3 80/ 2 z
PR }“; Temperature“ % 601 % 90
Gy, HO - 5] O 60
- (0] 401 g
= 2 201 g 30
L ©
) o 0 +
Cancer cell e 0 25 50 100 200 400 100 200
) Concentration (ug mL") Concentratlon (ug mLT)
e

() “)

—
w
~

(9) Control Laser only TisC.T-PEG TisC2T-PEG TisC.T.-Pt-PEG TisC.T-Pt-PEG
+Laser +Laser
s o 3| e area] 2l T4 2| 2% T5| &% N 2. Te| &
= 4 "3 ’ o N 12
ER ; 7 &
Q4 Q3 o Q3 Q4 Q3 4 ? Q3 Q4 Q3 Q4 ‘. Q3
L2 L2 e Jazes] olo2 27263| L leas L 323 olmy 1.y Zlas 1 Jo o
- API g N Overla
Annexin V-FITC D aggregate monomer y

Figure 9. a) Diagram of the artificial process of Ti;C,T,-Pt-PEG. Assessment of photothermal-improved tumor nanocatalytic healing efficacy. b) Graphic
design for synergetic treatment upon 4T1 cells, including Ti;C,T,-Pt-PEG. c) Comparative cell feasibilities of L929 cells raised by Ti;C,T,-PEG and Ti;C, T,
Pt-PEG at dissimilar absorptions for 12 and 24 h. d) Cytotoxicity outlines of 4T1 cells after existence preserved with diverse designs. Information was
accessible as mean £+ SD (n = 3). Arithmetic implication is assessed through a two-tailed student’s ¢ test, **p < 0.01, ***p < 0.001. e) Confocal laser
scanning microscopy (CLSM) pictures of intracellular reactive oxygen species (ROS) equal to 4T1 cells with dissimilar processing. f) JC-1 discoloration of
4T1 cells within diverse groups. g) Calcein-AM/PI discoloration and h) stream cytometry investigation of 4T1 cells nurtured with diverse preparations.
Reproduced with permission.*] Copyright 2022, American Chemical Society.

24N, and all the cell feasibilities were beyond 80% (Figure 9¢c).  diacetate (DCFH-DA) to assemble 2,7-dichlorofluorescein (DCF)
These outcomes demonstrate that the Ti;C,T,-Pt-PEG nanoma-  with green fluorescence. As shown in Figure e, the 4T1 cells
terials have suitable biocompatibility and would be used for in  hatched with Ti;C,T,-Pt-PEG nanomaterials showed better green
vivo therapeutic implementations. The cytotoxicity assessment  fluorescence than the other groups (reign, laser solely, and
of 4T1 murine breast cancer cells improved with a more elevated  Ti;C,T,-PEG), suggesting that the Ti;C,T,-Pt-PEG nanomateri-
absorption of Ti;C,T,-Pt-PEG NMs in all medicinal classes. As  als would catalyze intracellular H,O, to outcome ‘OH. As dis-
displayed in Figure 9d, the cells feted with a laser exclusively and  played in Figure 9f, the red fluorescence would be noticed
Ti3C,T,-PEG at different concentrations demonstrated no appar-  within the reign, 1064 nm laser radiation, and Ti;C,T,-PEG
ent differences in their viabilities, comparable with the managing  classes. This could ignore the differences in mitochondrial mem-
group. The "OH would respond with the 2,7-dichlorofluorescein  brane possibility. The calcein-AM (green) and propidium iodide
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(red) double-stain assessment was brought out to additionally
assure the adequate removal of Ti3C,T,-Pt-PEG nanomaterials
to 4T1 cells, including laser radiation (Figure 9g). The apoptotic
proportion caused through Ti;C,T,-Pt-PEG beneath 1064 nm
radiation, 52.52% (Q2 + Q3), is more significant compared with
Ti;C,T,-Pt-PEG (20.86%) and Ti;C,T,-PEG under 1064 nm radi-
ation (35.52%) beneath the identical circumstances that com-
prise early apoptosis and late apoptosis (Figure 9h).1**!

4.2. MXene-Based Nanomaterials for Cancer Theranostic

In photothermal therapy (PTT)/photodynamic/chemotherapy,
the materials capable of absorbing light are supplied to cancer
tissues, where the energy of captivated light is transformed into
heat to inhibit the growth of tumor cells. Therefore, the material
needs to be efficient in converting light into heat energy, highly
capable of harvesting the light in the NIR region, biocompatible,
and have facile functionalization of the surface.’* NIR radiations
need efficient light penetration to minimize the tissue’s self-
heating and maximize the material’s photothermal conversion
activity.’®) MXene-based NMs possess the characteristics men-
tioned earlier and are extensively considered efficient materials
in cancer theranostic applications. Cancer ablation of MXene-
based NMs via phototherapy utilizing NIR radiations is a tech-
nique where tumor ablation is carried out by exploiting the local
heating effect with a weakly vascularized microenvironment. "’

www.advnanobiomedres.com

For PTT, MXene QDs consisting of Ti;C, and Ti,C have been
designed as a safe, facile, and useful fluorine-free biocompatible
agent and MXene QDs exhibit a high extermination constant of
528 Lg 'cm™! and photothermal translation proficiency of
52.2% at 808 nm. Further, they are biocompatible without con-
siderable toxicity invivo and in vitro.?® Ti;C, nanosheets with
nearly 100nm pore size are also used for cancer therapy.
These nanosheets are prepared by supplying additional Al
(III) to avoid loss of Al and display a noteworthy mass extermi-
nation constant of 28.6 Lg™' cm ™", photothermal translation effi-
cacy (58.3%), and efficient singlet-oxygen production at 808 nm
laser irradiation.”® These multifunctional nanoplatforms were
fabricated via layer-by-layer surface alteration with hyaluronic
acid and doxorubicin (DOX), as shown in Figure 10a. They
showed improved tumor explicit accretion, better biocompatibil-
ity, and stimuli-receptive drug release performance, and effec-
tively hindered and killed carcinogenic cells and tumor tissues
by PTT/photodynamic/chemosynergistic therapy. MXene-
Ti3C,T, QDs synthesized using the microexplosion method
demonstrated killing and obstructive impacts on cancer cells
and outstanding biocompatibility. Furthermore, it could reach
the rate of suppressed synthesized material on heterograft tumor
models at 91.9% without any detrimental effects and damage to
normal tissues.

As demonstrated in Figure 10b,c, the temperature of
Ti;C,-DOX-amassed tumor increased from 34 to 53.1°C in
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Figure 10. a) Schematic diagram showing the fabrication of Ti;C, MXene nanoplatforms for potential PTT/photodynamic therapy (PDT) or chemotherapy
of tumors. b) The IR thermal pictures of rats 6 h postinjection of PBS or Ti;C,-DOX below various radiation times and c) temperature shape of tumor.
d) Tumor elaboration curves during therapy. e) Digital pictures of tumors after therapy. f) Ex vivo fluorescence pictures of tumor and prominent organ
tissues of DOX or Ti;C,-DOX-insinuated mice. g) Body weight transition curves of naked mice during therapy. h) Histologic microscopy pictures of
tumors after remedies: (1) reign, (2) laser solely, (3) DOX, and (4) Ti;C,-DOX. Reproduced with permission.?®! Copyright 2017, American Chemical Society.
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5 min, adequate for tumor removal. At the same time, the phos-
phate buffer saline (PBS) insinuated that mice solely revealed a
small temperature growth. Therapy with complimentary DOX or
Ti3C,-DOX in the absence of laser radiation only partly impeded
tumor development. Comparatively, it eliminates synergetic pho-
todynamic PTT/chemotherapy of Ti;C,-DOX activated through
laser radiation tumor without reoccurrence (Figure 10d.e).
Figure 10f shows ex vivo fluorescence pictures of tumor and pri-
mary organ tissues of DOX or Ti;C,-DOX-insinuated mice. Over
16 d of therapy, excluding the free DOX processing group with a
negligible weight loss, the body poundage of all mice groups
stayed constant (Figure 10g). All rats of all groups prevailed after
16d of therapy. After synergistic treatment, we examined the
tumor and primary organ tissues. For histopathological investi-
gation, the tissue portions were shaded with H&E (Figure 10h).

The authors found that Ti*" of MXene-Ti;C,T, QDs reached
the tumor microenvironment with hydrogen peroxide and effec-
tively produced enormously poisonous hydroxyl radicals, which
surge tumor microvascular penetrability for synergistic annihila-
tion of cancer cells.”” Heterostructure Ti;C,-based MXene NWs
(Ti3C,-Co NWs) were synthesized for supportive anticancer with
magnetic-controlling potential, chemo-PTT having dual stimuli—
responsive drug release.’® This nanocarrier heterojunction
established outstanding photothermal translation efficiency
within 808 nm laser radiation and a high drug packing capacity
of 225.05%. It could generate the discharge behavior of DOX via
NIR radiation within the acidic medium (pH ranges from 4 to 6).
Compared with individual chemotherapy or PTT, it had

(a) (c)

HF/HCI etching

Sonication

Multilayer Ti,C, Ti,C, nanosheets

<

4T1 cell
(d) 120

www.advnanobiomedres.com

significant lethality for cancer cells. The synthesis process of
Ti3C,—Co nanowires, along with stimuli-responses to drug dis-
charge, is showcased in Figure 11a,b. Figure 11c illustrates the
Ti3C,—~CoNW nanocarrier heterojunction effectively entering the
cancer cells through endocytosis and then killing the cancer cells
on NIR radiation via chemophotothermal treatment. As per the
correlated benchmark, the cytotoxicity groups of these models
were grade 1 that can be used for biomedical substances.

Hence, the accumulation of magnetic fields did not affect cyto-
toxicity. As displayed in Figure 11d, 92, 73, 74, and 67% of 4T1
cells are possible for 24h after being preserved with
DOX@Ti;C,-CoNWs at different absorptions of 25, 50, 100,
and 200 ugmL™" concurrently. NIR radiation was used for
20min after a gestation of 4T1 cells with free DOX, Ti;C,-
CoNWs, and DOX@Ti;C,-CoNWs for 24h, correspondingly.
As displayed in Figure 11e, no substantial difference in the cell
feasibility after NIR radiation exists for the control group, show-
ing that the NIR laser independently does not wind the cells. At
the same time, the calcein-AM hydrolyzes to green fluorescent
calcein within living cells, and propidium iodide (PI) stains
the DNA of cells killed as red. As displayed in Figure 11f,
DOX@Ti;C,-CoNWs lead to a comparable cell-killing conse-
quence to the free DOX assembly.

Dia et al.??” constructed MnO,/Ti;C, initiated via a simple
redox reaction for the facile growth of tiny MnO,, nanosheets
on the superficial Ti;C,. The prepared composite can be
considered a versatile cancer theranostic agent for potential
magnetic resonance (MR) and photoacoustic dual-modality
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Figure 11. a,b) Fabrication of Ti;C, NSs and their amalgamation with Co NWs for dual stimuli-receptive DOX drug discharge. c) Graphic description of
Ti3C,-CoNWs nanocarrier heterojunction for chemophotothermal synergetic treatment against cancer cells. d) Cell feasibility of 4T1 cells after being
preserved with DOX@Ti;C,-CoNWs at distinct absorptions for 24 and 48 h (n = 3). Numerical examination was completed through the student’s t-
test (Yp < 0.05) e) Cell feasibilities of 4T1 cells after dissimilar therapies with an absorption of 50 pg/mL of all tasters (n = 3). Numerical investigation
was completed through the student’s t-test (*p < 0.05) f) Fluorescence pictures of 4T1 cells after being treated by uncontaminated DOX, Ti;Cy, Ti;C,-
CoNWs, and DOX@Ti;C,-CoNWs. Reproduced with permission.”® Copyright 2020, Elsevier Ltd.
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imaging-shown PTT. The role of the decoration of the MnO,, con-
stituent on MnO, /Ti;C, was explained by the authors that it pro-
vides exclusive tumor microenvironment-receptive T1-biased
MR imaging of tumors. The enhanced photothermal translation
proficiency provides attractive contrast-enhanced photoacoustic
imaging to MnO,/Ti;C,, suppresses tumor growth cells, and
effectively ablates tumor. Table 1 displays the synthesis methods
and different functions of MXene-based NMs.

4.3. MXene-Based NMs for Antiviral and Immunomodulatory
Properties against SARS-CoV-2

From the starting of the coronavirus disease 2019 (COVID-19)
pandemic, induced through the novel SARS-CoV-2, researchers
with various experiences have collaborated to handle these prob-
lems.”®! Additionally, extensive preclinical and clinical tests have
been carried out to configure drugs and vaccines. Various analy-
sis measures are being executed to execute better viral inactiva-
tion techniques beyond the patients, for example, developing
self-disinfecting exteriors or personal protective equipment
(PPE).’!

www.advnanobiomedres.com

Numerous studies emphasized how nanotechnology and 2D
NMs may suggest new strategies to manage the COVID-19
pandemic and communicable diseases in general, including
near-days pandemics.”? 2D NMs have been studied for various
biomedical utilizations, such as cancer theranostics, biosensors,
and antimicrobial scaffolds."”*!

Unal et al.”* followed material preparation and characteriza-
tion. They performed a thorough antiviral and deep-immune pro-
filing investigation (Figure 12a). To quantify viral reproduction
numeral, culture supernatants after analyzing viral infection
through qRT-PCR are shown. As shown in Figure 12b, while sig-
nificantly reduced infected cells with SARS-CoV-2 within
Ti;C,T,, the viral copy numeral of GR clade on each dilution
experimented, as corresponded to the cells feted with the virus
solitary; additionally, 99% inhibition was acquired already on
1:3,125 dilution. Another side observed no substantial conse-
quence for the additional genotypes (Figure 12c—e). To confirm
the inhibition spectacle honored in the GR clade, they evaluated
the feasibility of Vero E6 cells following disease. Remarkably
enhanced feasibility of Vero E6 cells with the material corre-
sponded to the cells feasted with the virus sole (Figure 12f).

Table 1. Preparation methods and different functions of MXene-based NMs.

MXene-based NMs Preparation Region  Wavelength Power Photothermal Extinction Mode of References
method [nm] density [Wcm ™% conversion coefficient therapy
efficiency [%] [Lg 'em ]
Ti;C,-IONPs In situ NIR-I 808 1.5 48.6 7.9 MRI + PTT [59]
GdW;0@Ti3C, Top-down exfoliation NIR-I 808 1.5 21.9 22.5 MRI/CT + PTT [60]
Ti;sC, QDs Sonication technique NIR-I 808 1.0 52.2 52.8 PTT [56]
Ti;C; nanosheets Modified chemical NIR-I 808 1.5 30.6 25.2 PTT [9b]
exfoliation method
MnO,/Ta,Cs In situ facile redox reaction ~ NIR-I 808 1.5 and 2.0 34.9 8.67 PTT 4+ CT + [61]
PA + MRI
Ti,C-PEG - NIR-I 808 - 87.1 7.39 PTT [22¢]
NPD@M - NIR-I 1064 0.5 51 - PTT [62]
NIR-II 808
TizC, MXene modified HF etching NIR-I 808 2 45.1 - PTT [63]
with GOX, sodium ascorbate,
and dopamine
Ti;C,-PVP@DOXjade HF etching NIR-I 808 1and 1.5 40 - Chemo-PTT [64]
Ti;C,-Co Sonication NIR-I 808 1.5 34.42 - PTT [58]
Ti;C,T,-Pt-PEG - NIR-II 1064 0.75 31.78 4.81 PTT [53]
2D-Nb,C MXene Sol-gel technique NIR-II 1064 1.5 28.6 - PTT and chemotherapy [65]
Ti;CG;@Au Seed growth method NIR-I 808 0.75 343 - PA 4+ CT + PTT [66]
NIR-II 1064 39.6
Titanium nitride QDs Delamination process NIR-I 808 - 48.62 - PA + PTT [67]
NIR-II 1064 45.51
Niobium carbide- MXene Modified chemical NIR-I 808 - 36.4 37.6 [68]
exfoliation process NIR-1I 1064 45.65 35.4
Ta,C3-MXene HF etching NIR-I 808 15 325 - PTT 4+ MR [9d]
Mo,C-MXene/polyvinyl Acid etching NIR-I 808 1.0 245 18.0 PTT [69]
alcohol NIR-II 1064 433 12.3

MRI: Magnetic resonance imaging; CT: Computed tomography; PA: Photoacoustic imaging; IONPs: Iron-oxide NPs; NPD@M: Nb,C plasmon, Pt nanozymes, DOX@MXene;

GOX: Glucose oxidase.
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Furthermore, no toxicity was marked while the cells were
preserved with only the NM (Figure 12g).

4.4. Biosafety of MXenes-Based NMs for Biomedical
Application

Biocompatibility and toxicity are essential factors that should be
systematically examined for thriving clinical translation of
MXene-based NMs with the biomedical application.’”*”>! The
possible cytotoxic consequences of these NMs upon human cells
are mainly related to their physicochemical effects, cellular
exchanges, and assemblies within the targeted organs/tissues.”®!
Therefore, these NMs’ cellular/molecular relations and toxicologi-
cal characteristics should be intensely studied, including penetra-
tion/branch, endocytosis, potential DNA harms, inflammatory
reactions, apoptosis, etc.'®%! In a few investigations, physical
harm, changes within the subcellular internalization tools, and

www.advnanobiomedres.com

the oxidative stress induced by the generation of dynamic, respon-
sive oxygen species have been reported as potential poisonousness
tools of MXene-based NMs."”) It seems that complete and detailed
invitro/in vivo investigations are yet needed to illustrate toxicity
mechanisms and long-term biosafety inspections. Few experi-
ments showed that MXenes could have deadly consequences
on zebrafish embryo standards (an in vivo analysis).”®!

In this regard, Nasrallah et al.”®! developed and executed a
method to assess the toxicological impact of Ti;C,T, utilizing
a zebrafish model to investigate possible negative consequences
of Ti3C,T, in vivo and especially on marine biota. The investiga-
tion focused on the ecotoxicological examination of Ti;C,T,,
which can create a scaffold for prospective toxicological analyses
on other practical representatives.

In addition, these materials can enhance biocompatibility,
pharmacokinetics, and biodegradability by hybridizing eco-
friendly preparation methods with natural polymers and exterior
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Figure 12. Analysis technique and material description. a) Outline of the investigation procedure. Antiviral performance of Ti;C,T, upon the disease of
chosen genotypes and transformations of SARS-CoV-2. Analyzed infected Vero E6 cells with SARS-CoV-2 with Ti;C,T, at different dilutions and after 48 h,
viral compositions within cell culture supernatant through qRT-PCR. The four distinct viral genotypes were chosen and illustrated: b) GR, ¢) GH, d) S, and
e) other. f) Assessed infected Vero E6 cells with SARS-CoV-2 with Ti;C,T, at various dilutions, and after 48 h, the feasibility of cells and rate of viability are
connived. g) It determined and assessed the toxicity of Ti;C,T, within Vero E6 cells following material orientation around 4 h. Rate of viability via LDH
assay. Statistical distinctions: *p < 0.05; ***p < 0.001 resembled to just virus group. Three specimen models for every sampling group were analyzed.
Reproduced with permission.”*l Copyright 2021, Elsevier Ltd.
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functionalization/transformation with bioactive/biocompatible
agents.[??#22>8% Eor example, Pu et al® used an ecofriendly
approach to use chitosan with renewability and nontoxicity ben-
efits for manufacturing nitrogen-doped MXene-based NMs.
These factors mentioned above may also enhance their targeting
characteristics (selectivity and particularity) and decrease possi-
ble off-target consequences and undesired circumstances like
accretion or assemblage, which may restrict their future biomed-
ical and clinical potentials and facilitate their functionality.!*”*5%

Furthermore, studies of hematology parameters, biochemical
blood directories, and histopathological analysis of rats for
28 days showed that circulatory Nb,C-PVP did not cause many
rashes, disease, and renal and hepatic poisonousness in vivo.**!
Additionally, the establishment of an MXene sheet within intra-
venous tissues into rats resulted in mild rash and granulation in
the tissue covering the smashed MXenes and multiple fibroblasts
and capillary containers. Macrophages were connected to
MXenes, while apparent inflammatory cell infiltration and necro-
sis were not followed. MXenes were captivated and biodegraded
through phagocytosis in vivo.®*! MXene films cause oxidative
pressure that is poisonous to cancer cells but has excessively
low-sensitive cytotoxicity and results in mild inflammatory reac-
tions from normal cells and tissues. Within the secure amount
range, MXenes are approvingly biocompatible with an innocuous
biodegradation shape both in vitro and in vivo, representing the
basis for designing bioapplications. Keeping a safe dosage and
optimal activity could be a significant obstacle to advancing
the biomedical consequence of MXenes.

4.5. Other Biomedical Applications of MXene-Based NMs

Figure 13 shows the other biomedical applications of
MXene-based NMs in different fields.

4.5.1. Biosensors

The discriminating and responsive recognition of particular sub-
stances in the living being’s biosensors are utilized. Biosensors

Bio-sensors
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Figure 13. The biomedical applications of MXene-based NMs.

Adv. NanoBiomed Res. 2022, 2200123 2200123 (16 of 26)

www.advnanobiomedres.com

comprise mainly three parts, named as 1) a sensing element for
the identification of the corresponding analyte, 2) a transducer
for transforming biochemical signals into electrical or optical sig-
nals, and 3) a data interpretation unit. MXene-based nanomate-
rials are suitable for biosensors due to good hydrophilicity, high
surface area, high conductivity, outstanding electrical and optical
characteristics, and good biocompatibility and nontoxicity.®*

H,0, is active oxygen, the main medium for phagocytic cells
and the byproduct of several oxidases in the human body.
Nevertheless, extreme dynamic oxygen generation under patho-
logical circumstances severely affects the cell membrane and can
even damage protein, cells, etc., in organisms. Thus, the poten-
tial determination of H,O, at early stages is crucial for diagnos-
ing these illnesses. To effectively detect H,0,, Nagarajan et al.®®
fabricated Ti3C,T,—Fe,O3 composite via ultrasonication. This
composite has a surface area of 0.18 cm” and has high selectivity
and sensitivity of 0.32 pA nM ™" cm? with a linear array of recog-
nition from 10 to 1000 nM. 7.46 was the limit of detection for the
as-prepared composite.

Another researcher®  synthesized MXene/La*"-doped
ZnO/hemoglobin (Hb) NC for voltammetric detection of
H,0, by the hydrothermal method. At pH 7.0, the authors
observed a linear range of 0.2-400.0 pM with a lower recognition
limit of 0.08 uM and a correlation coefficient of 0.9995. The
recovery rate was found to be nearly 100%. Furthermore,
Flavin adenine dinucleotide/Ti3C,T, were prepared for an elec-
trocatalytic diagnosis of H,0, in a neutral medium and showed a
linear range of detection for H,0, from 5 nM to 2 uM and had a
surface area of 0.13 cm” with a limit of detection of 0.7 nM. The
composite maintained a selectivity of ~98% and demonstrated
high sensitivity of 0.125 pAnM cm ™2 compared with nonenzy-
matic sensors.®”) To monitor H,0, in biological samples,
Ti3C,T,/chitosan/Prussian blue-based sensor was developed,
which shows good selectivity with a lower limit of detection of
4nM with a broad linear range between 50nM and 667 pM
and showed 100.3% recovery rate.®®

Au/Ti;C, NC has been synthesized for the sensitive detection
of glucose. In this biosensor, glucose oxidase was immobilized to

Cancer cells

Cancer treatment
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a suitable electrochemical transducer, which was further func-
tionalized with Au. Glucose was oxidized to gluconolactone
and H,0, by glucose oxidase, while the electron transfer process
was enhanced between glucose oxidase and Au-coated glassy
carbon electrode (GCE) by Au. The authors observed that the pre-
pared NC exhibits a high sensitivity of 4.2 pAmM ™' cm™? and a
wide linear range (0.1-18 mM) with a lower limit of detection
(5.9 uM) and outstanding reproducibility.’”!

Figure 14a illustrates the facile appliance incorporation proce-
dure. An explicit slice network is kept within the TEM picture
(Figure 14b). The consistency of the fragment is around
4.2 nm, conferring the atomic force microscopy (AFM) measure
(Figure 14c) that is in better accordance with prior information.
By approximating the SEM pictures of the tissue composition,
the homogenous layer of MXene upon degradable porous tissue
paper may be followed in Figure 14d,e, which illustrates SEM
pictures of the MXene/tissue paper. Figure 14f,g shows the opti-
cal images of the accumulated appliance with outstanding
elasticity.

The specimens were connected to the skin using medicinal
adhesive tape for all human body interchanges. The MXene/
tissue paper-based strain sensor was fastened to arm muscles.
It was utilized to catch the circular muscle compaction by revers-
ibly causing a fist (Figure 14h). It is precious for physical activity
and even possibly for healing muscle deterioration. After
constructing a fist, the current gesture improved along with
the condensation of the sensor. Figure 14i displays that a sensor
was attached to a nerve for real-time monitoring of constriction,
one of the physical gestures of humans.

Moreover, the pressure device involved a collar for real-time
recognition of consumption and communication, showing
wide-ranging current peaks Dbeneath the outside pressure
(Figure 14j). The MXene/tissue paper-based pressure sensor
would be utilized for the convenient intensive care of the physical
strength of the wrist pulse for possible infection analysis
(Figure 14k,]). As demonstrated in Figure 14m, a sugar pellet
(2.3 mg) with a base area of 1.5 mm x 1.5 mm was incorporated
into the exterior of the pressure sensor to get practical recogni-
tion boundary, which was initiated to be 10.2 Pa. Knocking on the
pressure sensor at a relevant feature frequency would lead to
early-phase Parkinson’s disease (PDs) with inert temblors
(Figure 14n). The magnified views of the emulated colliding
upon the pressure sensor with the stationary temblor frequency
at 5 Hz are shown in Figure 140, indicating its possible applica-
tion for early-stage PD healthcare projection. As demonstrated in
Figure 14p, Morse code was introduced with the adjoining pres-
sure sensor, exhibiting the result of the sensing arcs of the cur-
rent reactions with five related types, for example, “MXene”.

Tuning the surface ends of MXenes may also be helpful for
different sensing implementations. MXene-based gas sensors
use the transitions within MXene conduction during gas—particle
extension. Founded on DFT computations, Ti,CT, single layer
with oxygen ends was incredibly particular for ammonia
(NH3) comparative to additional gas molecules. The outcomes
demonstrated that NH; molecules would be extremely adsorbed
upon the oxygen-ends M,CT, family of MXenes, directed to
charge transference. Succeeding NH; desorption may alter the
system’s charge state by tuning the electrons insinuated within
M,CT,.

Adv. NanoBiomed Res. 2022, 2200123 2200123 (17 of 26)

www.advnanobiomedres.com

MXene was also employed for sensitively detecting phenols

based upon the direct electron transfer among tyrosinase and
MXene-modified electrode via a surface-controlled electrochem-
ical method.?® Alkali-inserted Ti;C,T, MXene was employed to
detect trail heavy metal ions. The alk-Ti;C,T,-incorporated GCE
suggestively improved the electrochemical reaction compared to
the new Ti;C,T,-doped electrode. Beneath the optimum circum-
stances, the extended sensor demonstrated excellent sharpness
and good unbent correlations, with a detection boundary of
0.041, 0.098, 0.032, and 0.130 pM for Pb*", Cd**, Cu**, and
Hg”", correspondingly (Figure 15a-d).°"’ Another Ti;C,T,-
incorporated GCE has been utilized for the electrocatalytic
sensing of BrO;~ into water with a reasonable recognition
limitation.*?
Surface-Enhanced Raman Spectroscopy Substrates for Biomedical
Applications: Cancer has evolved into a significant assassin
endangering human health in today’s civilization. SERS can
deliver a challenging option for sensitively detecting cancer-
related miRNAs. Thus, one of the most critical investigations
in SERS was examining novel and high-performance nonmetal-
lic supports. Recently, it proved that 2D substances like graphene
have SERS performance. Its wide assortment and chemical
arrangement produced the great interest of investigators.”*
For example, Ti;C, was connected with analyte molecules
through hydrogen bonds, coordination bonds, and van der
Waals interaction to acquire remarkable and steady Raman fea-
ture peaks for exact quantitative recognition used for Ochratoxin
A implementation.*

Liu et al.®® proposed a synergistic calibrated SERS method
based upon MXene/molybdenum disulfide (MoS,)@Au NPs
(MMA) with the controllable surface recommended for the ultra-
sensitive recognition of miRNA-182 via determining the interme-
diate intensity of its three own expected Raman peaks (at 382 and
402cm™" corresponding to MoS, and 611cm™" equivalent to
MXene) as a model rather than other beacon molecules. The rec-
ognition of miRNA-182 based on MMA’s synergistic calibrated
SERS technique shows a sensitive detection scope from 10~° to
10~ m (Figure 16a). Comparatively articulating, for easy support,
the restricted range from 1072 to 101 m toward MoS,@AuNPs
and from 1072 to 107 ° m for MXene@AuNPs indicates that
MMA has tremendous benefits within ultrasensitive recognition
that can be due to the fact that accessible supports may not absorb
sufficiently AuNPs to build compelling local surface plasmon res-
onance (Figure 16b,c). As miRNA-182 concentration declines, the
start of hairpin investigation DNA with the stem-loop design
reduces, resulting in the intensity growth of the peak at
1362 cm™! for MMA, while the peak intensities at 382, 402,
and 611cm™? are unchanged. The change of L is considerably
less compared with each peak (Figure 16d). Likewise, the peak
potency performance is also reflected within MoS,@AuNPs
and MXene@ AuNPs. However, the oscillations of single and dou-
ble peaks for specific supports utilized for calibration are better
enunciated compared with the same heights of MMA, suggesting
that the self-standard calibration of MMA is more durable and
precise (Figure 16e,f). The linear integrity of fit of the synergistic
calibrated system, R?, is as high as 0.9995, which is relatively more
elevated than that of the single- or double-peak calibrated point
(Figure 16g). Although the linear recognition range of specific sup-
ports for miRNA-182 is from 10~ '* to 10~ '® m, and its recognition
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Figure 14. a) Graphic description of the fabrication process of stretchy wear fleeting pressure detectors by MXene NSs. b) TEM picture of the MXene NSs.
c) AFM picture of MXene nanofilms dropped upon a mica sheet. d) SEM picture of MXene/tissue paper. e) The widened SEM picture of an MXene/tissue
paper fiber. f,g) Photos of the stretchy wear fleeting pressure sensor. h) The sensing arrangement of the pressure detector is connected to the arm strength
for dependable recognition of circular muscle compaction resulting from reversibly creating a fist. Inset: lllustration of the sensor fastened to the arm muscle
during convertibly creating a bunch. i) Sensing act of the pressure sensor ascended on the nerve for real-time monitoring of constriction. Inset: Picture of the
sensor adhered to the cheek. j) The sensing act of the pressure sensor attached to a human gorge for the punctual sensing of consumption. Inset shows a
picture of the sensor connected to a human throat. k) The sensing arrangement of the pressure sensor is covered upon the wrist for perceiving wrist pulsing.
Inset: Picture of the sensor adhered to the wrist and palm. |) The magnified waveform of blood pulsing. m) The current reaction of the sensor on doping a
sugar grain (2.3 mg). Inset shows a picture of a sugar grain (2.3 mg) incorporated into the sensor. n) The sensing recital of the sensor imitation the colliding
of early-phase PDs containing a static temblor frequency of 5 Hz. Inset: The emulated colliding of the sensor. o) The magnified sensing activity of imitative
knocking. p) The sensing activity of Morse code for “MXene” delivered through adjoining the sensors. Reproduced with permission.’” Copyright 2019,
American Chemical Society.
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Figure 15. Squarewave voltammetry (SWV) reaction of the alk-Ti;C,T,-incorporated GCE for distinct investigation of a) Pb*" as of 0.10-0.55 mM; b) Cd*"
as of 0.1-1.0 mM; ¢) Cu®* as of 0.1-1.4 mM; d) Hg?" as of 1.0-1.9 mM. Insets within board (a—d) are the conforming linear standardization schemes of
peak current against Pb*", Cd**, Cu®*, and Hg?" absorptions, correspondingly. Reproduced with permission.’! Copyright 2017, Elsevier Ltd.

limit and exactness are more vulnerable than MMA (Figure 16h).
Additionally, it may represent the linear connection for MMA
within the capacity from 10~ nm via y=—10.36 — 1.3 log C.
The calculated recognition limit is 6.61am, a valuable comple-
ment and development for other ultrasensitive detection techni-
ques (Figure 16i).

The essential edge of MXene for SERS implementations is the
possibility to thrill hot locations within the visible and NIR spec-
tra. Similarly, to noble metals, both physical and chemical
enhancements occur. The method of assembling hot places
due to interband change to the vacant energy forms of the func-
tional group and charge transfer to the probe molecule offers a
synergetic improvement of both electric field and chemical
improvement.”®

4.5.2. Drug Delivery

Conventional drug administration requires high drug dosages to
achieve therapeutic levels, resulting in resistance to various med-
icines or drugs and poisonousness to normal cells and tissues.””’
Therefore, nanomaterials that act as delivery agents in particular
tissues through capturing specific drugs are required.'””’
MXene-based NMs have emerged as drug carriers for precision

Adv. NanoBiomed Res. 2022, 2200123 2200123 (19 of 26)

treatment as they possess negatively charged surfaces, rich sur-
face functional groups, and planar structures. Very thin modified
Ti;C, nanosheets can be easily transported throughout blood
vessels,® while the large surface area facilitates the potential
coating of DOX and effectively eradicates tumor cells by high
drug-releasing ability in an acidic medium.!"”"

Sandwich-like Ti;C,@Au nanorods (GNRs)/polydopamine
(PDA)/Ti5C, NC were designed® via an in situ growth method
which displayed high drug loading efficiency and improved
photothermal conversion proficiency. For further evaluation,
as-synthesized NC DOX was taken as a representative drug to
evaluate the drug-loaded capacity and pH/NIR responsive perfor-
mance of Ti;C,@Au nanorods/PDA/Ti;C, NC. The drug load-
ing capacity touched 95.88%. The reason behind such enhanced
drug doping ability was the high surface area. In addition, strong
electrostatic interactions between negatively charged NC and
positively charged DOX also improve the drug loading ability
of the NMs.

Beibei et al.®! found a type of sandwich-similar Ti;C,
MXene-based nanoplatform Ti;C,@ GNRs/PDA/Ti;C, with ele-
vated drug-incorporating efficiency, superior photothermal mod-
ification effectiveness, and pH /NIR sensitivity included by facile
growth process, electrostatic, and physical adsorption relations
(Figure 17a). The structure of the Ti;C, nanofilms also would
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Figure 16. a) SERS spectra of MMA in detecting miRNA-182 with distinct absorptions, b) SERS spectra of MoS2@AuNPs in seeing miRNA-182 with
typical absorptions, and c) SERS spectra of MXene@AuNPs within the recognition of miRNA-182 with diverse absorptions. The scopes of the Y axis in
(a—c) are identical from 0 to 45 000. d) Illustration of the SERS intensities of MMA at 382, 402, 611, and 1362 cm™, e) MoS,@AuNPs at 382, 402, and
1362cm ™', and f) MXene@AuNPs at 611 and 1362 cm ™. g) Scatters and fit arcs of ratio metric value developed from MMA within detecting miRNA-182
with distinct absorptions. The inset shows scattered plots of fit coefficient R? of particular ratio metric matters. h) Scatters and fit arcs of ratio metric value
developed from MoS,@AuNPs and 11362/1611 yielded from MXene@AuNPs in detecting miRNA-182 with distinct absorptions. i) The acquired out-
comes and other consequences reported for microRNA-182 recognition. Reproduced with permission.®! Copyright 2020, John Wiley and Sons.

be monitored from TEM pictures, as shown in Figure 17b. A
single-layer nanofilm would be kept in the heightened TEM pic-
ture of Ti3C, nanofilms (Insert view of Figure 17b). Figure 17c
shows TEM pictures of Ti;C,@GNRs after the facile growth
strategy. We could find it from the connected elaborated TEM
pictures of Ti;C,@GNRs (inset view of Figure 17c) where
GNRs are arranged in conditions on Ti;C, nanofilms showing
the profitable growth of GNRs on the consistency of Ti;C, nano-
films. Moreover, Figure 17d shows that there were Ti;C, nano-
films upon the exterior of Ti;C,@GNRs. As shown in
Figure 17e, the lateral extent of Ti;C,@GNRs was around

Adv. NanoBiomed Res. 2022, 2200123 2200123 (20 of 26)

120 nm, and the width of Ti;C,@GNRs was typically dispersed
between 15.2 and 23.4 nm. Figure 17f shows the adjacent area of
Ti;C,@GNRs/PDA/Ti;C, enlarged to around 250 nm, and the
elevation widened from 17.4 to 25.3 nm.

MXene-based NMs were incorporated with hydrogels to con-
trol the drug release rate effectively. Chronic wound healing is a
significant issue in healthcare fields. Yang et al.”® fabricated
MXene-based hydrogel structure that acts as a magnetic- and
photo-sensitive drug delivery agent for repairing deep chronic
wounds using a modified Stober process. The NC comprises
poly(N-isopropyl acrylamide)-alginate dual-system hydrogels

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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Figure 17. a) Graphic illustration for the synthesis of Ti;C;@GNRs/PDA/Ti3C,. b) Ti;C, nanofilms, c) Ti;C;@GNRs, and d) Ti;C;@GNRs/PDA/Ti3C,.
(inset descriptions of b and c: the exaggerated TEM pictures of Ti3C, nanofilms and Ti;C;@GNRs, correspondingly). AFM pictures and height shapes of
€) TisC,@GNRs and f) TisC,@GNRs/PDA/TisC,. Reproduced with permission.l®® Copyright 2021, Elsevier Ltd.

and MXene-wrapped magnetic colloids. It exhibits controllable
drug delivery capacity, less poisonous side effects of drugs,
minimizes bacterial infection, and supports wound healing pro-
cedures. It applied the practical application of the as-synthesized
MZXene-based hydrogel system to the rat’s full-width cutaneal and
hypodermic wound. In vivo assessed the hydrogel system with
open and epidermal skin wounds of diabetic mice. Infection
is the most general risk to the healing of chronic wounds.
The MXene-based hydrogel system showed a potential damage
closer rate in rats without transferring bacterial infections.

Mycobacterium tuberculosis is considered one of the most haz-
ardous pathogenic bacteria, which causes a severe illness called
tuberculosis. A nanobiosensor was developed by Zhang et al.l'*”!
to effectively detect M. tuberculosis using Ti;C, MXene to amplify
the signals that act as transduction material, a probe of nucleic
acid, particularly 16s rDNA portion of M. tuberculosis H37Ra that
acts as a target biomarker. There were strong interactions
between Zr crosslinked Ti3C, MXene and phosphate groups
of the target fragments, which resulted in a direct linkage of
Ti;C, MXene and target segments Table 2. This biosensor pro-
vides potential detection of M. tuberculosis.'*"

5. Advantages of 2D MXenes for Biomedical
Application over Other Types of Nanomaterials

1) MXenes are usually fabricated by inert metals combined with
carbonitrides which makes their functioning ecofriendly during
cell proliferation and differentiation processes.*’! 2) MXene-based
NMs possesses large active surface area and hydrophilicity which
enhance drug-loading capacity and adsorption of biomolecules.
Therefore, they can be used as effective material for biosens-
ing.""? 3) MXene-based NMs are nontoxic and biocompatible,
so, they have less side effects without any requirement of surface
coating biocompatible materials.!''*! 4) Although graphene!"'* and
black phosphorous!'*® are successfully utilized as biomedical

Adv. NanoBiomed Res. 2022, 2200123 2200123 (21 of 26)

agents; however, these still remains as academic interested mate-
rials, and only few practical applications have been studied.*!
5) Ferromagnetism makes MXenes suitable for MRI while light
absorption capacity of MXenes in NIR regions makes them suit-
able materials for PTT and PA imaging.

6. Conclusion, Challenges, and Future Outlook

In conclusion, MXene-based NMs, as a recent component of 2D
NMs, were initially found by Gogotsi and co-workers in 2011.
Dissimilar from conventional 2D NMs, the initial configurations
of MXenes, like transition metal carbides, nitrides, and carboni-
trides, only require in situ synthesis strategies with etching coat-
ings of MAX at ambient temperature. Similarly, it has been
broadly noted that MXene-based NMs have numerous remarkable
features, like sizeable exact surface area, excessively low cytotoxic-
ity, affluent surface functional groups, and unique electronic,
mechanical, and physicochemical effects. Nonetheless, even with
an in-depth analysis of MXene-based NMs, these remarkable char-
acteristics cannot fulfil the essentials for different utilizations.
Thus, surface transformation and functionalization are essential
to improve MXene-based nanomaterials’ effects. Behind surface
incorporation, MXene-based nanomaterials have drawn much
concentration. These have been broadly involved in multiple
implementations, like biomedicine, energy, and the atmosphere.
The biomedical utilization of MXene-based NMs for biosensing,
drug delivery design, theragnostic nanoplatform, and sterile
agents has been outlined and examined in detail.

Undoubtedly, multiple distinctive challenges occur in using 2D
MXenes for conversion utilizations like commercial purposes,
design control, proposed superficial engineering, and long-term
biocompatibility assessment. In addition, 2D MXene NMs have
biomedical applications like stem cell engineering, regenerative
treatment, gene medicine, tissue engineering, and perhaps other
new cancer therapies. It is positively predicted that the significant
and multidisciplinary-joint actions will enable a mechanistic
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Table 2. Various types of MXene-based NMs in biosensing, drug delivery, and other biomedical applications along with their synthesis methods.

MXene-based NMs Linear range Limit of Preparation Application Detailed References
detection method application
Ti;C;—MXene 0.0001-2000 ngmL’1 - Minimally intensive layer Biosensor Detection of [102]
delamination carcinoembryonic
antigen
Poly-I-lysine/glucose oxidase/ 4.0-20 yM 2.6 uM LiF + HCl etching Biosensor Detection of H,0, [103]
Ti;C,
Ti;Cy/polyacrylamide - - In situ free radical Drug delivery ~ 97.5-127.7mgg ' drug [27]
polymerization loading ability and
percentage releases
62.1-81.4%
Cellulose/DOX/Ti;C, 235.2-313.6 ppm - HF etching Drug delivery Chemotherapeutic [10a]
MXene agent, synergistic
chemotherapy and
PTT with power
density of .0W cm 2
Glucose oxidase /Au/MXene/ 0.1-18 mM 5.9 uM - Biosensor Detection of glucose [89]
Nafion
TiO,-Ti3C,/Hemoglobin/ 0.1-380 yM 14 nM Hydrothermal method Biosensor Detection of H,0, [104]
Nafion
Ti;Co—graphene oxide 2 yM-1mM 1.95 M LiF/HCl-etching Biosensor Detection of H,0, [105]
Ti3C,T,/Pt NPs - 448 nM Etching of aluminum layer Biosensor Detection of H,0, [106]
Ti;C,T,/Prussian blue 200X 107°~4.8x10*M 67 x10°M Minimally intensive layer Biosensor Detection of glucose [107]
delamination
ZnO tetrapods/MXene 0.05-0.7 mM 17 uM LiF + HCl etching Biosensor Detection of glucose [108]
Ti;C,T, MXene - - Ultrasonication Antibacterial Inhibits the growth of [22a]
activity E. coli and B. subtilis
Ti;C,T,/polyvinylidene - - Vacuum-assisted filtration Antibacterial Inhibits the growth of [10b]
fluoride activity E. coli and B. subtilis
Ti;C,—~MXene - - HF etching Biosensor Detection of dopamine [109]
Ti;C,~MXene/Hb 0.1-260 yM 20nM HF etching Biosensor Detection of H,0, [110]
Ti;C;~MXene/Hb 0.5-11 800 uyM 0.12uM - Biosensor Detection of NaNO, [117]

interpretation of MXene-based strategies for nanomedicine. This
will allow advanced paradigms to be more quickly and broadly uti-
lized in adaptable biomedicine.

Although MXenes possess unique properties and have
demonstrated significant potential for biomedical applications,
there are still numerous challenges to their clinical translation.
The persistent biosafety of MXenes has not been systematically
evaluated. However, various investigations have exhibited that
presently known MXenes for biomedical utilization are typically
biocompatible, and few are biodegradable in vivo.**® Most of
these investigations were based on cell experimentations or
short-term hematological assays. Further biomedical applica-
tions will require methodological studies on the biosafety of
MXenes.

The biomedical utilization of 2D MXenes has been restricted
through their comfortable accumulation, complex surface engi-
neering, inadequate strength, and possible toxicity. The sideways
size, the number of layers, and the extent of oxidation affect the
degradation and stability during in vivo circulation. The interac-
tions between the physiological atmosphere and nanofilms, the
metabolic pathway analysis, and the side effects of MXene nano-
films have not been described yet. There is a tremendous

Adv. NanoBiomed Res. 2022, 2200123 2200123 (22 of 26)

contradiction that quick degradation can affect the expected ther-
apeutic results. In comparison, the degradation meets the neces-
sities of biological protection. Thus, a suitable degradation rate
should be considered during the configuration and preparation
of MXenes to seek ideal therapeutic results and low toxicity.

Although numerous investigations have shown the great
possibility of MXenes in oncological implementations, their
clinical translation is yet in its infancy. Thus, in subsequent
basic research, we should systematically study the interaction
between MXenes and biological microenvironments. Further
clarification needs further explanation on the impact of surface
functionalization on the natural behavior of MXenes. The
scale-up incorporation of 2D MXenes is significant due to their
structure and engineering. A different and more in-depth
investigation of material science and clinical translation needs
association with investigators of interdisciplinary and indus-
trial areas. It is appreciatively expected that the development
of nanotechnology and bioscience could achieve more funda-
mental and technological breakthroughs to afford the infinite
application of MXenes in various biomedical areas soon, deliv-
ering the main challenges and critical issues satisfactorily
solved.

© 2022 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH
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2D MXenes have been broadly explored in biomedical appli-
cations, and these outcomes preliminarily indicate that they have
low poisonousness, while the poisonousness of 2D MXenes and
active 2D MXenes in the atmosphere and human beings has still
not been systematically investigated. Thus, it is essential to clarify
the toxicity performance of 2D MXenes and the functioning of
2D MXenes in atmospheric applications. These consequences
propose an anti-inflammatory impact produced through
Ti3C,T,. However, additional investigations are required to illu-
minate whether the smaller level of distinct cytokines followed in
Th cells and monocytes (e.g., TNF-a) would be due to direct
impact of Ti;C,T, upon cells.
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