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Abstract: MXenes encompass attractive properties such as a large surface area, unique chemical
structures, stability, elastic mechanical strength, excellent electrical conductivity, hydrophilicity, and
ease of surface functionalization/modifications, which make them one of the broadly explored
two-dimensional materials in the world. MXene-based micro- and nanocomposites/systems with
special optical, mechanical, electronic, and excellent targeting/selectivity features have been explored
for cancer nanotheranostics. These materials exhibit great diagnostic and therapeutic potential and
offer opportunities for cancer photoacoustic imaging along with photodynamic and photothermal
therapy. They can be applied to targeted anticancer drug delivery while being deployed for the
imaging/diagnosis of tumors/cancers and malignancies. MXene-based systems functionalized with
suitable biocompatible or bioactive agents have suitable cellular uptake features with transferring
potential from vascular endothelial cells and specific localization, high stability, and auto-fluorescence
benefits at different emission—-excitation wavelengths, permitting post-transport examination and
tracking. The surface engineering of MXenes can improve their biocompatibility, targeting, bioavail-
ability, and biodegradability along with their optical, mechanical, and electrochemical features to
develop multifunctional systems with cancer theranostic applications. However, challenges still
persist in terms of their environmentally benign fabrication, up-scalability, functionality improve-
ment, optimization conditions, surface functionalization, biocompatibility, biodegradability, clinical
translational studies, and pharmacokinetics. This manuscript delineates the recent advancements,
opportunities, and important challenges pertaining to the cancer nanotheranostic potential of MXenes
and their derivatives.
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1. Introduction

Today, designing multifunctional systems with unique mechanical, photothermal,
and optical characteristics for simultaneous treatment and diagnosis is very helpful for
faster diagnosis and recovery as well as better monitoring of the therapeutic process of
the patient [1-3]. Typically, chemotherapy, hormonal therapy, surgery, radiotherapy, and
immunotherapy have been widely applied in the treatment of cancers or elimination
of tumors [4,5]. However, these routes may suffer from some limitations/challenges
such as low selectivity /sensitivity, poor drug bioavailability, low biocompatibility, high
toxicity, off-target effects, high dose necessities, multidrug resistance, etc., which has
prompted researchers to envision and explore effective alternative strategies or systems
with high efficiency and specific targeting properties to reduce possible off-target effects
and improve multifunctionality [6-9]. Designing two-dimensional (2D) nanostructures
from graphene and its derivatives, black phosphorus, graphitic carbon nitride, MXenes,
and transition metal dichalcogenides for simultaneous cancer therapy and diagnosis is
one of them [10-13]. Overall, 2D nanostructures have shown the appealing advantages
of more tumbling and rolling dynamics during flow in the blood compared to other
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nanomaterials, providing significant enhancement in the lateral accumulation via the
vessels in tumors [14-19]. The optical and thermodynamic properties of 2D nanostructures
can be organized by controlling the number of atomic layers, defect sites, dimensions, or
decoration of other plasma materials; these materials with a large specific surface area can
be applied to the loading and targeted delivery of chemotherapy drugs, photosensitizers,
and immune adjuvants, among others [20,21].

MXenes with the general formula of M;,,1 X, Tx and abundance of functionalities (such
as O, -OH, —Cl, and —F) are ideally suited for surface functionalization or modification,
thus paving the way for designing smart micro- and nanosystems with multifunctional-
ity. In general, several strategies have been introduced for surface functionalization of
MXenes based on covalent and noncovalent modification processes [22-24]. The nonco-
valent surface modification can be achieved via the combination of van der Waals forces,
hydrogen bonding, and electrostatic attraction [25]. On the other hand, covalent surface
functionalization techniques are based on the application of small molecules (e.g., epoxy
compounds, organic amines, acid anhydrides, alkali metal hydroxides, and acid halides)
and surface-initiated polymerization by macromolecules as well as single heteroatom
methods [26]. MXenes have shown excellent capabilities for synergistic treatment, encom-
passing chemotherapeutic drugs, photosensitizers, and immune adjuvants [27]. Compared
to other 2D structures such as graphene, transition metal dichalcogenides, black phos-
phorus nanosheets, metal-organic framework nanosheets, and hexagonal boron nitride,
MXenes have a low density, excellent electrical conductivity, hydrophilicity, unique op-
tical/thermal properties, and biocompatibility. They exhibit the advantages of magnetic
properties and tunable electric features, making them promising candidates for cancer
nanotheranostics [28]. Although graphene displays high electrical conductivity, it has low
grade magnetic properties. Therefore, it cannot be applied to electromagnetic interference
shielding applications as adequate magnetic dipoles where conductivity for interacting
with electromagnetic waves is essential. However, several hydrogels combined with con-
ductive functional materials were introduced with unique mechanical flexibility, fatigue
durability, and suitable stretchability, which can be further utilized in designing flexible
functional devices [29,30]. In addition, tunable conductivity by MXenes ranges from metal-
lic to semiconductor; these structures can be fabricated using cost-effective and simple
techniques. However, designing multifunctional MXene-based systems with controllable
properties and high stability is an important challenging issue [31,32]. In this context, the
long-term toxicity of pristine and surface-modified MXenes ought to be systematically
evaluated on humans and the environment [23].

Recently, MXenes and their composites have garnered much attention in cancer
nanotheranostics due to their fascinating mechanical, optical, electronic, and thermal
features [27,33-38]; their hydrophilicity and high surface area for functionalization/modification
make them promising candidates for targeted cancer nanotherapy along with specific
imaging/diagnosis of cancer cells/tumor sites (Figure 1 and Table 1) [12,39-42]. Advanced
MXene-based systems with the benefits of improved solubility, high targeting/selectivity
properties, multifunctionality, biocompatibility, and low toxicity have shown suitability for
targeted anticancer drug delivery, and photothermal, photodynamic, and chemodynamic
therapy along with magnetic resonance and computed tomography imaging [27,43-46].
Zhu et al. [47] demonstrated that when MXenes (Ti3C;) nanosheets with superb near-
infrared (NIR) responsiveness were combined with gold nanorods, nanohybrids with
excellent photothermal conversion efficiency could be obtained for cancer therapy owing
to the notable photothermal synergy between the gold nanorods and MXenes. Addition-
ally, MXenes can be applied to load anticancer drugs (doxorubicin) with distinct pH/NIR
responsive drug release behaviors upon NIR irradiation, owing to the strong 7-7t stacking
interaction between the MXene-based composites and doxorubicin [47]. In addition, MX-
enes with a high drug-loading capacity and photothermal conversion capability exhibited
pH-responsive and NIR laser-stimulated on-demand drug release behaviors, thus opening
a new window for synergistic photothermal tumor ablation and chemotherapy (in vitro
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and in vivo) [48,49]. These materials can be employed as contrast agents for photoacoustic
imaging, offering excellent potential for diagnostic imaging guidance and monitoring
during the therapeutic process [50,51]. Herein, the most recent developments in cancer
nanotheranostic applications of MXenes and their composites are deliberated.
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Figure 1. MXenes with cancer nanotheranostic applications.
Table 1. Some selected examples of MXenes for cancer nanotheranostics.
MXenes Applications Advantages/Benefits Refs.
Dual-mode photoacoustic/computed . Excellent photothermal conversion efficiency
TauC tomography (CT) imaging along with M = ~44.7%) 152]
43 . .
effective photothe?r me}l ablation of - Targeted photothermal ablation of tumors
tumors (in vivo) (in vitro and in vivo)
Ce}nc'er theranostics; photothermal - Significant T2 relaxivity (~394.2 mM~! s~1)
TisC, eh.mmatlon of cancerous cells and with efficient contrast-enhanced MRI [53]
ablatlor} of t1:1mors; magnetic resonance  _ Excellent photothermal conversion efficiency
imaging (MRI) of tumors (~48.6%) with high biocompatibility
- High biocompatibility (in vivo)
Photothermal cancer nanotherapy with ~ ~ Deep Penetration and high spatial resolution
MR/CT imaging capabilities towards of CT images o ) )
TizC, tumor cells or xenografts; applications - effective accumulation in tumor tissues; high [54]
of GdW1(@Ti3C, nanocomposites as photothermal ablation efficacy (in vivo)
CT contrast agents - High stability (in vivo) with suitable
photothermal conversion efficiency
m=~21.9%)
- High biocompatibility (in vivo)
MR and photoacoustic dual-modality . Good photothermal conversion
TizC, imaging-guided photothermal performance (~22.9%) [55]
cancer therapy - Efficient tumor ablation and tumor

growth suppression
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Table 1. Cont.

MXenes Applications Advantages/Benefits Refs.

- Efficient T2-weighted MRI
- High photothermal conversion efficiency

TisCy Dual-modal NIR-II/MRI-guided (~43.62% at 808 nm irradiation) 56]
tumor hyperthermia - High photothermal stability and effects
- Efficient tumor ablation (the inhibition ratio
was ~92.9%)
- Suitable photothermal effects upon NIR-II
light irradiation with a low power density
TiaC Photothermal cancer therapy; (0.75 W cm~2) (57]
32 photoacoustic imaging capabilities - Efficient nanosystems for
hyperthermia-amplified nanozyme
catalytic therapy
Mo,C Phot.otherapy of tumor / cancer using . High biocompatibility 58]
multi-modal imaging-guided strategy . Minimal toxicity and hematotoxicity
- Targeted chemotherapy with reduced toxicity
- Improved photothermal hyperthermia
NboC Chemo/photothermal cancer therapy; of cancer [59]
2 diagnostic potential - Low /noncytotoxicity (at 300 pg mL 1)
- The photothermal conversion efficiency
was ~28.6%
- Excellent growth suppression of tumor
Photothermal therapy and - No not%ceable tQXiCitY ) o
TasCs photoacoustic imaging of cancers with - No noticeable histological defects or lesions in [60]
contrast-enhanced properties the organs
- The efficiency of photothermal conversion
was ~34.9%
- Excellent photothermal ablation of breast
) . ) tumors
TasCs MRI/CT imaging guided photothermal  _ No noticeable toxicity with good [61]
breast cancer therapy biocompatibility
- The efficiency of photothermal conversion
was ~32.5%
) ) ) - No noticeable cell necrosis
TisC, MRI/CT imaging guided photothermal  _ Low toxicity with good biocompatibility [62]
cancer therapy - The efficiency of photothermal conversion
was ~21.9%
- No noticeable adverse side effects with good
VoC MR /photoacoustic guided biocompatibili’Fy [63]
2 photothermal cancer treatment - Excellent ablation of tumors
- The efficiency of photothermal conversion
was ~45.05%
vac MR /photoacoustic guided - Low to'xi'city with good biodistribution' [64]
photothermal cancer treatment - The efficiency of photothermal conversion
was ~48 %
] ] - High stability with good biocompatibility;
TisC, Photoacoustic/CT guided - Low long-term toxicity [65]
photothermal cancer treatment - Core-shell nanocomposites with efficient

cancer therapeutic potential
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2. MXenes with Cancer Nanotheranostic Potential

Several studies have focused on the design of MXenes and their composites with
diagnostic and therapeutic potential [65-71]. However, compared to other evaluated 2D
structures such as graphene and its derivatives, limited studies have been devoted to the
simultaneous therapeutic and diagnostic use of these structures thus far [59,72,73]. MXenes
with their unique architectures and surface chemistry specifically for the in situ growth of
superparamagnetic Fe;O4 nanocrystals were applied in the design of superparamagnetic 2D
MXene (Ti3Cy)-based structures for precise cancer theranostic applications [53]. These bio-
compatible composites exhibited a high photothermal conversion efficiency (~48.6%) for the
photothermal elimination of cancer cells and ablation of tumor tissues with high efficiency
(in vitro and in vivo) along with excellent T, relaxivity (~394.2 mM~! s71) and efficient
contrast-enhanced MRI of tumors, paving a new pathway for cancer theranostics [53]. Sim-
ilarly, ultrathin TayC3z MXene nanosheets were synthesized and utilized for in situ growth
of superparamagnetic iron oxide nanomaterials onto their surfaces [61]. These biocompati-
ble composites were further functionalized with soybean phospholipid to improve their
stability in physiological conditions. They can be employed for photothermal therapy (with
the photothermal conversion efficiency of ~32.5%) as well as contrast-enhanced CT and
T,-weighted MRI of breast tumors with a high performance, offering promising platforms
for cancer theranostics [61].

The salient advantages of hydrophilicity and low cytotoxicity make MXene-based
structures promising candidates for cancer therapy and diagnosis with biosafety and clini-
cal translation potential [74-76]. In addition, these materials, with their broad and strong
absorbance in the NIR region, along with their significant light-to-heat conversion efficiency,
should be further explored for photoacoustic imaging and photothermal therapy [77,78].
Notably, MXenes exhibited great surface-engineering capabilities due to the abundant
oxygen-containing groups on their surfaces, thus enhancing their colloidal stability and
prolonging in vivo blood circulation [36]. Despite all these advantages, a large number of
them have not been investigated for their biomedical applicability, and most explorations
have centered around a few examples such as Ti3Cp, Nb,C, Mo,C, V,C, and TazCq4 [52,79].
Designing novel MXene-based structures with multiple theranostic applicability, high bio-
compatibility, and rapid biodegradation can almost guarantee their multipurpose biomedi-
cal application and clinical translation [80]. In addition, hyperthermia-amplified nanozyme
catalytic therapy using MXenes can be considered as an alternative strategy for the treat-
ment of cancers [57]. In this context, MXene nanosheets could be employed as substrates to
anchor functional components such as nanozymes and nanodrugs. For instance, platinum
(Pt) artificial nanozymes were decorated on the surface of MXene (Ti3C;) nanosheets to
obtain nanocomposites with peroxidase-like performance, which could, in situ, catalyze
hydrogen peroxide to form hydroxyl radicals (*OH) to stimulate cell apoptosis and necrosis.
These composites exhibited suitable photothermal effects upon NIR-II light irradiation with
a low power density, offering new opportunities for synergistic photothermal/enzyme can-
cer along with photoacoustic imaging capabilities to guide the therapeutic procedure [57].

Zong et al. [54] reported the utilization of GAW1g nanoclusters (as the contrast agents)
for the surface engineering of MXene (Ti3Cy) nanosheets with tumor photothermal therapy
and dual MR/CT imaging capabilities (in vivo). These composites with high biocompatibil-
ity ought to be further explored for multipurpose nanotheranostics, especially for targeted
cancer therapy and diagnosis [54]. In addition, biocompatible MXene (TizC;)-based com-
posites (MnOy /TizC;) were introduced for cancer theranostics, providing efficient nanoplat-
forms for photothermal cancer/tumor nanotherapy with significant tumor ablation and
tumor growth suppression effects guided by MR and photoacoustic imaging [55]. In this
context, photoacoustic imaging with its advantages of high resolution and contrast in real
time and at long penetration depths ought to be further explored using MXenes and their
composites owing to their unique optical properties and their excellent potential in photoa-
coustic imaging for tissue visualization [81]. Dai et al. [60] modified the surface of MXenes
(TagC3) utilizing manganese oxide nanoparticles (MnOy) for imaging-guided photothermal
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tumor ablation (Figure 2). Accordingly, the tantalum components of these composites
could act as contrast agents with high performance or contrast-enhanced CT, while the
incorporated MnOx component performed as the tumor microenvironment-responsive
contrast agent for the T;-weighted MRI. These composites with high photothermal con-
version efficiency could be employed for contrast-enhanced photoacoustic imaging along
with the superb growth suppression of tumors via photothermal hyperthermia, providing
a biocompatible MXene-based platform for cancer nanotheranostics [60].
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Figure 2. (A,B) The preparative process of MXene nanosheets including hydrogen fluoride (HF)
etching and sonication and their surface functionalization/modification using MnOy and soybean
phospholipid (SP). (C) MXene-based nanocomposites with photoacoustic (PA), MR, and CT imaging
capabilities combined with photothermal effects for tumor ablation. Adapted from Reference [60]
with permission. Copyright: 2017, American Chemical Society.
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A distinct Wy.33C i-MXene was developed for theranostic applications with the ad-
vantages of rapid biodegradation (in normal tissue rather than in tumors) and improved
biocompatibility (Figure 3) [77]. These MXene nanosheets exhibited an excellent predomi-
nance of NIR absorbance along with high photothermal conversion effectiveness (~32.5% at
NIR-I and ~49.3% at NIR-II); they could be applied as suitable platforms with multimodal-
imaging features (suitable for CT and photoacoustic imaging) and photothermal-ablation
effects against tumors (in vitro and in vivo). The underlying mechanisms ought to be
comprehensively explored using genomics and proteomics [77]. In addition, functionalized
MXene-based structures were constructed to obtain distinct tumor microenvironment-
responsive T and T, MRI-guided photothermal breast cancer hyperthermia in the NIR-II
bio-window, providing nanoplatforms for the imaging-guided photonic hyperthermia
of breast cancers [82]. Accordingly, superparamagnetic Fe30, and paramagnetic MnOx
nanomaterials were grown onto the large surface of ultrathin MXene (Nb,C) nanosheets.
These composites with significant photothermal conversion efficiency in the NIR-II bio-
window and suitable biocompatibility could be applied for photothermal tumor suppres-
sion [82]. Several MXene-based systems were introduced for synergistic cancer therapy,
and their capabilities can be extended with the addition of imaging/diagnostic ability.
Liu et al. [83] introduced ultrathin MXene (TizCy) nanosheets (~100 nm) for targeted pho-
tothermal/photodynamic/chemo synergistic tumor therapy. These nanomaterials with
good in vitro/in vivo biocompatibility demonstrated a superb mass extinction coefficient
(~28.6 Lg~! cm™! at 808 nm), high photothermal conversion efficiency (~58.3%), and ef-
fective singlet oxygen generation (10,) upon 808 nm laser irradiation. In addition, after
layer-by-layer surface modification, these multifunctional nanoplatforms could be de-
ployed for targeted delivery of the doxorubicin anticancer drug [83]. It appears that the
next step ought to focus on improving their biocompatibility and theranostic application.
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Figure 3. The preparative process of bovine serum albumin (BSA)-modified Wy.33C i-MXene with
high photothermal conversion efficacy for theranostic applications (multimodal imaging and pho-
tothermal therapy). CT: computed tomography; PTT: photothermal therapy; and PAI: photoacoustic
imaging. Adapted from Reference [77] with permission (CC BY). Copyright: 2021, Wiley-VCH GmbH.
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Mo, C MXene nanospheres (~50 nm) were fabricated as theranostic agents, wherein
their light harvesting covered the total NIR region. In addition, hyperthermia and reactive
oxygen species (ROS) generation can be simultaneously triggered by NIR irradiation [58].
These nanospheres with excellent biocompatibility could be deployed for synergistic pho-
tothermal and photodynamic cancer therapy, thus eliminating cancer cells and removing
solid tumors (by the typical liquefactive necrosis procedure). They additionally demon-
strated suitable photoacoustic and CT imaging applicability (in vivo) [58]. In another study,
nanosheets of MXene (Ti3C;) were functionalized with NaErF4 nanoparticles to develop
multifunctional platforms for NIR-IIb (1530 nm) and MRI-guided photothermal cancer
nanotherapy under 808 nm excitation, providing tumor ablation with an inhibition ratio
of ~92.9% (Figure 4) [56]. These nanocomposites, with excellent photothermal conversion
potential (43.62% at 808 nm irradiation) and photothermal stability, could be efficiently
applied to To-weighted MRI due to the inherent magnetic features of Er>* ions; interest-
ingly, no noticeable toxicity could be detected at the injected dose [56]. Zhang et al. [24]
reported the construction of photo/sono-responsive antitumor theranostic nanoplatforms
via the decoration of the TiO,_, nanoparticle (~10 nm) on the surface of MXenes (Ti3Cy)
for photoacoustic/photothermal bimodal imaging-guided NIR-II photothermal enhanced
sonodynamic therapy of tumors. These nanocomposites unveiled enhanced sonodynamic
ROS formation along with induced extensive localized hyperthermia, showing excellent
tumor eradication (in vivo), with no tumor recurrence and systemic toxicity [24].
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Figure 4. (A) The preparative process of NaErF;@TizC, MXene-based nanosystems for cancer
theranostic applications. (B) Photothermal therapy and MR/NIR-II b imaging of cancer/tumor
using the MXene nanocomposites. Adapted from Reference [56] with permission. Copyright: 2022,
American Chemical Society.
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MXene-based quantum dots exhibited unique optical features including light absorp-
tion, photoluminescence, and electrochemiluminescence, which need to be systematically
studied in the field of biomedical engineering, optoelectronic catalysis, and optoelectron-
ics [84]. Among reported MXene-based quantum dots, Ti;N quantum dots (~5 nm) with
unique photophysical properties displayed high photothermal conversion efficiency under
laser irradiation in NIR-I, 808 nm (~48.62%) and NIR-II, 1064 nm (~45.51%) [85]. These
quantum dots with high biocompatibility, sufficient stability in circulation, appropriate
excretion rate from the body, photoacoustic effects, and photothermal therapy efficiency
showed detectable aggregations in tumors after 4 h post-injection and could be deployed
for photoacoustic imaging-guided photothermal therapy in NIR-I/1I bio-windows with
no noticeable toxic effects (in vitro/in vivo) [85]. Such quantum dots can be considered for
cancer theranostic applications; future explorations ought to focus on their degradability,
biocompatibility, and multifunctionality.

3. Toxicity and Biosafety Issues

Although numerous studies have focused on the applications and synthesis of MX-
enes and their composites, limited studies have comprehensively explored their toxicity
and biosafety aspects, especially in biomedical sciences [86]. Notably, clinical translation
studies, along with the industrialization of assigned synthesis techniques, are very impor-
tant challenges. The crucial factors affecting the toxicity of MXenes ought to be focused
on by researchers, including their chemical nature, solubility, size, surface, morphology,
aggregation, and their structure [86]. One of most important challenging issues in the
translation of theranostic nanomedicines from in vitro to in vivo and then to clinical studies
is finding the association between the physicochemical nature of the designed micro- and
nanosystems along with their interactions with biological systems [87]. Thus, clinical
translational studies are warranted to evaluate the efficiency, off-target toxic effects, and
their physicochemical features while they are in circulation. Comprehensive preclinical
studies as well as the evaluation of the nanobiological interactions of MXenes and their
composites in in vivo systems can help to better identify the limitations and challenges that
lie ahead [87]. Another parameter is biodegradability, which is a very important index for
analyzing the biosafety of MXenes before their practical application. For instance, it was
revealed that MXenes (Nb,C) underwent rapid decomposition within 24 h in the presence
of human myeloperoxidase and hydrogen peroxide [88]. In addition, ultrathin MXenes
(Ti3Cy) exhibited enzymatic and ROS-stimulated biodegradability [89], and MXenes (Mo0,C)
displayed pH-dependent degradation behavior [49]. In contrast, MXenes demonstrated
suitable stability in tumor tissues with relatively longer degradation times, offering oppor-
tunities for the photothermal ablation of tumors. As the underlying mechanisms of the
biodegradability of MXenes have rarely been evaluated, future explorations need to focus
on this critical aspect [33,90]. By optimizing the synthesis/reaction and functionalization
conditions and avoiding harsh etching/delamination processes, MXenes with good stability
can be obtained; ultrathin MXenes with poor chemical stability underwent decomposition
through the oxidation reactions. On the other hand, the biodegradation and in vivo bio-
clearance of MXene-based structures can be accelerated due to the presence of high-strength
ionic conditions and abundant enzymes in the physiological environments [33,77].

Several studies have concentrated on the toxicity and biocompatibility of MXenes
and their derivatives. In one study, the acute toxicity and histocompatibility evaluations
of intravenously administered Ti3Cp-soybean phospholipid nanocomposites exhibited
no evidence of pathologies and histomorphological alterations in the examined organs
compared to control samples, showing no acute toxicity and adverse effects of these MXenes.
In addition, the excretion with urine and feces was ~18.70% and 10.35%, respectively,
after 48 h [50]. Furthermore, the biocompatibility and biosafety analyses (in vivo) of the
nanocomposites of MnOy / Ti3C,-soybean phospholipid after a single-dose intravenous
administration demonstrated that all the major vital signs were normal, indicating no
signs of toxic action [55]. Lin et al. [88] studied the toxicity of polyvinyl pyrrolidone-
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modified MXene (Nb,C) nanocomposites with biodegradability attributes as they exhibited
no adverse effects on the blood chemistry values. The histological assessments of the heart,
liver, spleen, lung and kidney illustrated no pathological alterations in the tissues; the
excretion from the body rate and clearance routes indicated that 20% of the niobium was
excreted with urine and feces within 48 h, exposing their high biocompatibility [88].

4. Conclusions and Perspectives

Although the emergence of MXenes has significantly expanded the family of 2D mate-
rials and their versatile applications, the rational design of MXenes and their composites
for cancer nanotheranostics with photothermal/photodynamic therapy, radiotherapy, cat-
alytic therapy, and imaging features still remains an important challenge in biomedicine.
Hybridization and surface functionalization/modification can help to improve the me-
chanical, electronic, thermal, and optical properties of these materials for application in
cancer therapy and diagnosis. Since clinical translation studies on MXenes and their appli-
cations in bio- and nanomedicine are still in their infancy, additional explorations need to
focus on the main aspects including optimization conditions, facile and environmentally
benign synthesis techniques, clinical translational studies, long-term toxicity /biosafety
issues, pharmacokinetics, targeting properties, and their stimuli-responsive manner. Future
biosafety investigations are required to comprehensively address the critical issues, includ-
ing biocompatibility, biodegradability (the degradation rate and degree), blood circulation,
and excretion behaviors; the long-term existence of nanomaterials is a serious problem, as
it may lead to inflammation, oxidative damage, and fibrosis. On the other hand, limited
types of MXenes (mostly TizC;) have recently garnered major interest in biomedical ap-
plications owing to their remarkable chemical and physical features. Thus, future cancer
theranostic explorations ought to explore other types of MXenes in addition to TizC, with
the careful consideration of optimal conditions/synthesis and functionalization techniques.
Notably, MXenes have been applied to photothermal cancer nanotherapy, but their cellular
internalization needs to be improved by coating their surfaces with ligands with high
specificity towards cancer cells. MXene-based structures with responsiveness to biological
triggers (such as pH value, temperature, and enzymes) ought to be innovatively designed
for superior therapeutic outcomes.
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