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Environmental implications of metal—organic
frameworks and MXenes in biomedical
applications: a perspective

Bahareh Farasati Far, 2 Navid Rabiee & **¢ and Siavash Iravani @ *d

Metal-organic frameworks (MOFs) and MXenes have demonstrated immense potential for biomedical
applications, offering a plethora of advantages. MXenes, in particular, exhibit robust mechanical strength,
hydrophilicity, large surface areas, significant light absorption potential, and tunable surface terminations,
among other remarkable characteristics. Meanwhile, MOFs possess high porosity and large surface area,
making them ideal for protecting active biomolecules and serving as carriers for drug delivery, hence
their extensive study in the field of biomedicine. However, akin to other (nano)materials, concerns
regarding their environmental implications persist. The number of studies investigating the toxicity and
biocompatibility of MXenes and MOFs is growing, albeit further systematic research is needed to
thoroughly understand their biosafety issues and biological effects prior to clinical trials. The synthesis of
MXenes often involves the use of strong acids and high temperatures, which, if not properly managed,
can have adverse effects on the environment. Efforts should be made to minimize the release of harmful
byproducts and ensure proper waste management during the production process. In addition, it is
crucial to assess the potential release of MXenes into the environment during their use in biomedical
applications. For the biomedical applications of MOFs, several challenges exist. These include high
fabrication costs, poor selectivity, low capacity, the quest for stable and water-resistant MOFs, as well as
difficulties in recycling/regeneration and maintaining chemical/thermal/mechanical stability. Thus, careful
consideration of the biosafety issues associated with their fabrication and utilization is vital. In addition to
the synthesis and manufacturing processes, the ultimate utilization and fate of MOFs and MXenes in
biomedical applications must be taken into account. While numerous reviews have been published
regarding the biomedical applications of MOFs and MXenes, this perspective aims to shed light on the
key environmental implications and biosafety issues, urging researchers to conduct further research in
this field. Thus, the crucial aspects of the environmental implications and biosafety of MOFs and MXenes
in biomedicine are thoroughly discussed, focusing on the main challenges and outlining future directions.

offer a range of advantages in the field of biomedicine,
including high surface area, biodegradability, electrical

Metal-organic frameworks (MOFs) and MXenes are two classes
of materials that have gained considerable attention in recent
years due to their exceptional properties and potential appli-
cations in various fields of biomedicine.* MOFs are porous
materials composed of metal ions or clusters coordinated to
organic ligands,” while MXenes are two-dimensional (2D)
transition metal carbides, nitrides, and carbonitrides.* MXenes
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conductivity, antibacterial properties, tunable surface chem-
istry, enhanced imaging capabilities, and stimuli-responsive
behavior.*® These characteristics make them promising
candidates for various biomedical applications, paving the way
for innovative and efficient therapeutic and diagnostic
approaches.”” These materials are highly attractive for a wide
range of biomedical applications, including drug delivery,'>*
tissue engineering,"™** (bio)sensing,*'**® and imaging.'”*®
MOFs can be designed to encapsulate and deliver therapeutic
agents, providing controlled release and targeted delivery to
specific sites in the body." Meanwhile, MXenes possess excel-
lent electrical conductivity and have been employed in biosen-
sors for sensitive and rapid detection of biomarkers.'**®
Notably, both MOFs and MXenes have shown great promises in
bioimaging applications, enabling enhanced contrast and
precise imaging of biological tissues.*
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Numerous promising nanomaterials with potential
biomedical uses have emerged in recent years, representing
a rapid development in the field of nanomaterials.®»** The
special characteristics and wide range of possible uses of MOFs
and MXenes have made them the focus of much interest.
Because of their high porosity and wide surface area, MOFs are
well-suited to serve as carriers for drug delivery and preserving
active biomolecules. However, MXenes are expected to rise due
to their impressive mechanical strength, hydrophilicity, wide
surface areas, strong light absorption potential, and variable
surface terminations.> The structural composition and prop-
erties of MOFs and MXenes are still very different, although they
are both finding applications in biomedical and environmental
application.

The expanding application of MOFs and MXenes in
biomedicine requires a comprehensive approach to addressing
their environmental effects, which is why they have been chosen
as the subject of this perspective.”® Despite their differences,
these materials are being investigated for uses such as drug
delivery, imaging, biosensing, and tissue engineering, all of
which highlight the need of understanding their similarities.
This strategy allows us to emphasize the vital significance of
identifying the environmental effects of the production, utili-
zation, and disposal of nanomaterials in the biomedical setting,
and developing strategies to minimize those impacts.>**

This viewpoint serves to highlight the unifying issue of
environmental responsibility and awareness across these
different materials, despite the fact that MOFs and MXenes may
differ greatly in their synthesis processes, physicochemical
features, and environmental effects. Therefore, our goal in
covering both MOFs and MXenes is to give the reader a more
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complete picture of the rapidly developing field of nano-
materials in biomedicine and to highlight the importance of
environmentally sustainable methods in this field.

While the biomedical applications of MOFs and MXenes
hold great promise, it is essential to consider the potential
environmental implications associated with their synthesis,
utilization, and eventual disposal (Fig. 1). As with any new
technology or material, it is crucial to evaluate the environ-
mental impact to ensure sustainable development and mini-
mize any potential risks to human health and the ecosystem.
The synthesis and manufacturing processes of MOFs and
MXenes involve the use of various chemicals, solvents, and
energy-intensive procedures.”® For instance, the synthesis of
MOFs often requires the use of organic solvents, which can have
adverse effects on human health and the environment.* These
solvents may pose risks of toxicity, flammability, and the release
of volatile organic compounds (VOCs) into the atmosphere,
contributing to air pollution and potential harm to ecosys-
tems.*® Similarly, the production of MXenes may involve harsh
chemical treatments and energy-intensive processes to remove
the metallic layers from their parent compounds.** The use of
strong acids or etchants in the synthesis of MXenes raises
concerns regarding the release of hazardous chemicals and the
potential contamination of water sources if proper waste
management practices are not implemented.*** Furthermore,
the large-scale production of MOFs and MXenes necessitates
the use of significant amounts of resources, including metals
and organic ligands. The extraction and processing of these raw
materials may have negative environmental impacts, including
habitat  destruction, water pollution, and energy
consumption.**® It is crucial to assess the sustainability of
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Fig.1 MOFs and MXenes in biomedicine: important aspects and challenges.
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these processes and explore alternative methods that minimize
the environmental footprint. So far, many reviews have been
published regarding the biomedical applications of MOFs and
MXenes.*”*° Herein, important aspects regarding the environ-
mental implications and biosafety of MOFs and MXenes in
biomedicine are deliberated, focusing on main challenges and
future directions. In this perspective, it has been tried to express
the key issues in environmental implications of them to
encourage researchers for more research in this field.

2. Environmental implications in
manufacturing of MXenes and MOFs

Various biological applications, from biosensing and drug
transport to cancer theranostics and antibacterial treatments,
have incorporated MOFs and MXenes because of their excep-
tional features. However, it is equally important to consider the
environmental implications associated with their synthesis,
use, and eventual disposal as is their potential for improving
healthcare outcomes.

2.1. Synthesis methods and environmental impact

The synthesis process for MOFs and MXenes is a serious envi-
ronmental problem. Strong acids and high temperature treat-
ments are commonplace in MXene production. These processes
can have negative environmental effects and emit toxic
byproducts if not well controlled. Researchers must prioritize
cleaning up their synthesis processes to protect the environ-
ment. There needs to be a system in place to manage waste and
reduce the amount of toxic byproducts released during
production.*

Nature serves as a direct source of inspiration for rational
design strategies. The structural similarity between natural
active components has motivated researchers to explore bio-
inspired molecules for applications in biomedical sciences. By
leveraging the knowledge of the structural characteristics of
these natural components, specific nanomaterial preparation
techniques can be employed to create similar active sites within
nanostructures, resulting in more effective therapeutic
outcomes.*” However, recent advancements in understanding
MOF synthesis and growth principles have revealed the possi-
bility of effectively incorporating natural active components
into MOF backbones through diversification of metal nodes or
organic ligands.* For instance, porphyrin-based MOFs can be
modified with functional groups to optimize their optical and
electronic properties, as exemplified in the case of MnO,-coated
porphyrin MOFs created to facilitate the oxidation of GSH by
MnO,, resulting in improved PDT, activated magnetic reso-
nance imaging (MRI), and controlled release of doxorubicin for
guided MRI drug-PDT dual-therapy.** The incorporation of
active components stabilized by MOFs provides an alternative
approach to constructing versatile platforms for photodynamic
therapy (PDT), sonodynamic therapy (SDT), and -catalytic
therapy.*® For instance, Chen et al.*® introduced a porous Zr(wv)-
based porphyrinic MOF (PZM) nanosystem modified with a-
cyano-4-hydroxycinnamate (CHC) to inhibit the expression of
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lactate-proton symporter, monocarboxylate transporter 1
(MCT1), thereby reducing lactate uptake in tumor cells. This
alteration shifted the energy supply from lactate-fueled aerobic
respiration to anaerobic glycolysis, consequently facilitating
PDT in cancer treatment by decreasing oxygen consumption in
tumor cells. Notably, the PZM nanosystems were coated with
hyaluronic acid (HA) for CD44-targeting and hyaluronidase-
induced intracellular drug release. Both in vitro and in vivo
studies have demonstrated the favorable biocompatibility and
enhanced PDT efficacy of the HA-coated PZM nanosystems in
tumor cells.*® Researchers have developed a cancer-targeted
cascade bioreactor called mCGP by embedding glucose
oxidase and catalase in the cancer cell membrane-camouflaged
porphyrin MOF known as PCN-224.*” The surface functionali-
zation of mCGP mimics biological processes, enhancing its
ability to target and remain within cancer cells. Once inside the
cancer cells, mCGP promoted oxygenation of the microenvi-
ronment by catalyzing the conversion of endogenous H,0, into
O,. This process, combined with light irradiation, could
increase the breakdown of intracellular glucose and the
production of cytotoxic singlet oxygen (*O,). As a result, mCGP
exhibited significant synergistic effects in long-term cancer
starvation therapy and PDT, effectively inhibiting cancer growth
after a single administration. This cascade bioreactor holds
promise for the development of complementary approaches to
spatiotemporally controlled cancer treatment.*” Zhang et al.*®
introduced Cu(u)-nano-MOF that could be easily absorbed by
breast cancer cells, leading to the production of high levels of
ROS when exposed to light. Simultaneously, the presence of this
MOF resulted in a significant reduction in intracellular gluta-
thione levels. This combined effect could synergistically
increase ROS concentration and promote apoptosis, thereby
enhancing the effectiveness of PDT. Importantly, the prepared
MOF exhibited a similar impact to the commercial antitumor
drug camptothecin in a mouse model of breast cancer,
primarily through the direct adsorption of glutathione.*®
Furthermore, MOF-derived nitrogen-rich carbon nano-
structures, prepared through pyrolysis treatment, offer
substrate materials capable of realizing bioinspired design.
Abundant nitrogen sites within these structures can anchor
metal atoms, forming biomimetic M-N, sites.*” MOF-based
nanomaterials inspired by natural components create a suit-
able microenvironment for the optimal functioning of bio-
inspired active components, addressing concerns regarding the
low stability and deactivation of natural active components as
well as the environmental implications. Moreover, the ordered
and periodic arrangement of the porous framework structure in
MOFs provides attachment sites for introducing numerous
active components, while the well-defined active structure
forms the foundation for uncovering chemical reaction
mechanisms.***

The adoption of circular economy principles in the synthesis
of these materials offers a promising avenue for mitigating
these environmental challenges. The circular economy
approach aims to reduce waste, promote resource efficiency,
and minimize environmental harm by prioritizing the reuse,
recycling, and recovery of materials.’®** In conventional

© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesis routes, significant amounts of precursors, solvents,
and by-products are often wasted, resulting in environmental
pollution and resource depletion. By embracing -circular
economy principles, waste generation can be minimized
through various strategies.” One approach is the development
of greener and more efficient synthesis processes that optimize
the use of raw materials and minimize waste generation. In
addition, the recycling and reuse of precursors, solvents, and
by-products can further reduce waste and conserve
resources.’®*” For instance, the utilization of waste streams
from other industrial processes as feedstocks for MOF or
MXene synthesis can contribute to waste reduction and
promote resource circularity.

The circular economy emphasizes the efficient use of
resources to minimize the extraction and consumption of virgin
materials. In the context of MOFs and MXenes, circular
economy principles can be applied to enhance resource effi-
ciency in several ways. Firstly, the selection of sustainable and
abundant raw materials for MOF and MXene synthesis reduces
reliance on scarce resources. For instance, the use of bio-based
or renewable precursors as alternatives to conventional
synthetic precursors can contribute to resource efficiency and
reduce the environmental footprint. Secondly, the recycling and
recovery of MOFs and MXenes at the end of their life cycle can
further optimize resource utilization. By implementing effective
separation and recovery techniques, valuable components can
be extracted from spent MOFs and MXenes, reducing the need
for new material production. Circular economy principles play
a crucial role in minimizing the environmental impact of MOF
and MXene synthesis by promoting the use of less hazardous
materials and reducing the release of pollutants.”® The substi-
tution of toxic solvents or reagents with safer alternatives can
significantly improve the environmental profile of the synthesis
processes. In addition, the implementation of closed-loop
systems, where waste streams are treated and recycled within
the manufacturing process, prevents the discharge of harmful
substances into the environment. By minimizing environ-
mental pollution and reducing the overall ecological footprint,
the circular economy approach contributes to the sustainable
development of MOFs and MXenes. In an impressive study, to
assess the cumulative energy demand (CED) and environmental
impacts of lab-scale synthesis of MXene (Ti;C,T,), a “cradle to
gate” life cycle assessment (LCA) was conducted.” The appli-
cation of electromagnetic interface shielding was selected, and
the LCA of MXene synthesis was compared to aluminum and
copper foils. The investigation of MXene synthesis focused on
various aspects including precursor fabrication, selective
etching, delamination processes, laboratory location, energy
mix, and raw material type. The findings revealed that more
than 70% of the environmental impacts originated from the
electricity consumption during the synthesis processes in the
laboratory. In comparison, the production of 1.0 kg of
industrial-scale aluminum and copper foil emitted 23.0 kg and
8.75 kg of CO,, respectively, while the synthesis of 1.0 kg of lab-
scale MXene released 428.10 kg of CO,. The study indicates that
electricity usage has a greater impact than chemical usage,
suggesting that incorporating recycled resources and renewable
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energy can enhance the sustainability of MXene synthesis.
Understanding the LCA of MXenes contributes to the industri-
alization of this material, enabling informed decisions for its
production.>

2.2. Biocompatibility and toxicity

Biocompatibility and toxicity are crucial considerations in the
context of MOFs and MXenes, as these materials are intended
for use within living organisms. Understanding the impact of
these nanomaterials on human health and the environment is
essential. While MOFs and MXenes hold great promise, there is
still ongoing research to thoroughly assess their biocompati-
bility and potential toxicity. It is imperative to conduct
comprehensive studies to determine any potential risks and to
develop strategies for safe and sustainable applications.®

2.3. Application and disposal considerations

Environmental concerns extend beyond the synthesis process to
the application and eventual disposal of MOFs and MXenes in
biomedical settings. For instance, the fate of these materials in
the human body and their potential release into the environ-
ment post-use requires careful examination. Therefore,
researchers should consider strategies for ensuring the safe
utilization and disposal of these materials to minimize any
adverse effects on the environment and public health.*

3. Environmental implications in
biomedical applications of MXenes and
MOFs

While the employment of MOFs and MXenes in biomedicine
holds great promise, several challenges need to be addressed to
ensure their safe and sustainable implementation. In addition,
exploring future perspectives in this field can guide researchers
toward overcoming these challenges and maximizing the
potential benefits of these materials. In this section, we will
discuss some of the key challenges and provide insights into the
future perspectives of MOFs and MXenes in biomedical appli-
cations. From our perspective, some of the important chal-
lenges that need to be addressed in this field are (i)
biocompatibility and toxicity, (ii) stability, (iii) degradation, (iv)
scalability, (v) controlled release and drug loading efficiency,
and (vi) manufacturing processes.

The cytotoxicity of MOFs and MXene depends on several
factors, including their composition, size, surface properties,
and degradation behavior.>**>*** Numerous studies have inves-
tigated the cytotoxicity of various MOFs and some of the
MXenes using different cell lines and experimental
conditions.®**® MOFs have shown relatively low cytotoxicity in
many cases.'>*%**% However, it is important to note that some
MOFs have exhibited cytotoxic effects, particularly at higher
concentrations or prolonged exposure times. The cytotoxicity
mechanisms associated with MOFs can be attributed to several
factors.” One factor is the release of metal ions or organic
ligands from the MOF structure, which can induce toxicity or
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interfere with cellular processes.” In addition, the size and
surface charge of MOFs can influence their cellular uptake and
interactions with intracellular components, potentially leading
to cytotoxic effects.”> Moreover, the potential presence of
impurities or residual reactants from the synthesis process can
contribute to the observed cytotoxicity.”»”* The cytotoxicity
mechanisms of MXenes are still not fully understood and
require further investigation. Some studies have suggested that
MXenes can induce oxidative stress in cells, leading to cytotoxic
effects.” The surface chemistry and functional groups of
MXenes can play a role in modulating their cytotoxicity by
affecting their interactions with cells and cellular components.
In addition, the lateral size and morphology of MXenes can
influence their cellular uptake and subsequent intracellular
responses.®®’® To enhance the biocompatibility of MOFs and
MXenes and mitigate potential cytotoxicity and eliminate the
potential environmental problems, several strategies can be
explored, including (i) using green and sustainable precursors,
(ii) surface modifications with natural and biocompatible
components like polymers and leaf extracts, (iii) reducing the
size of the material, (iv) using natural ligands/linkers on the
surface, and (v) using green solvents.

After the employment of MOFs and MXenes for biomedical
purposes, these materials may be excreted from the body or
disposed of through waste streams. If not properly managed,
the release of MOFs and MXenes into the environment could
pose potential risks. Their persistence and potential for bio-
accumulation raise concerns about their long-term impacts on
ecosystems and organisms.””””® To address the environmental
implications associated with MOFs and MXenes, researchers
and industries must work together to develop sustainable
strategies. These strategies include the adoption of green
chemistry principles such as using benign solvents, using green
and sustainable precursors, reducing energy consumption, and
implementing efficient waste management practices. Moreover,
the exploration of recycling and reusing MOFs and MXenes can
contribute to a circular economy approach, minimizing waste
and resource consumption.®**

3.1. Biosensing

In biosensing, MXene-based materials have emerged as prom-
ising candidates because of their unique properties such as
high electrical conductivity, large surface area, unique
mechanical properties, biocompatibility, and tunable surface
properties.*** MXenes possess a high surface area, which
allows for efficient immobilization of biomolecules such as
enzymes, antibodies, or DNA probes. This enhanced surface
area facilitates a higher loading capacity of biomolecules,
leading to improved sensitivity and detection limits in bio-
sensing.*>*® In addition, MXenes exhibit excellent electrical
conductivity, which enables direct electron transfer between the
immobilized biomolecules and the electrode surface, elimi-
nating the need for additional redox mediators. This direct
electron transfer enhances the efficiency and speed of the bio-
sensing process, resulting in rapid and real-time detection of
target analytes.*”®® Notably, MXenes have exceptional
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mechanical and chemical stability, making them highly resis-
tant to degradation and providing long-term stability for bio-
sensing applications. This stability ensures the reliability and
reproducibility of biosensor performance, even under harsh
conditions. MXenes can be also easily functionalized or modi-
fied with various functional groups, allowing for the specific
recognition and binding of target analytes. This functionaliza-
tion enhances the selectivity and specificity of biosensors,
reducing the chances of false-positive or false-negative results.
Lastly, MXenes are compatible with different transduction
methods, including optical, electrochemical, and mass-based
techniques. This versatility enables the development of
diverse biosensing platforms, catering to different analytical
needs and applications.**** MXene-based and MOF-based
materials offer desirable properties such as high surface area,
tunable pore sizes, and excellent chemical stability, which can
enhance the sensitivity and selectivity of biosensors. This, in
turn, enables improved detection and analysis of biological
molecules, leading to advancements in medical diagnostics and
research. While MXenes and MOFs do have unique relevance
for their biological applications in biosensing, it is crucial to
consider the environmental implications associated with their
manufacturing. By addressing these concerns and adopting
sustainable practices, researchers can ensure the responsible
use of these materials in biomedicine while minimizing their
impact on the environment.

The integration of MXene nanosheets with other compo-
nents can be applied for developing highly sensitive and
selective biosensors for the detection of various analytes. These
biosensors offer rapid response times, excellent stability, and
wide detection ranges, making them suitable for applications in
clinical diagnostics and environmental monitoring. In one
study, dual-signal electrochemical biosensor was developed for
the detection of neutrophil gelatinase-associated lipocalin
(NGAL) through the fabrication of MXene-loaded polyaniline
nanocomposites as the sensing platform to anchor gold (Au)
nanoparticles and immobile primary antibodies.*® Thus, a novel
approach was introduced for the early diagnosis of acute kidney
injury (AKI) by designing a sensitive dual-signal sandwich-type
electrochemical immunosensor for detecting NGAL. After the
preparation of an Au NP-loaded copper MOF decorated with
a single-walled carbon nanohorn nanocomposite, they bound
the NGAL affinity peptide (Pep) to form a Pep/Au/Cu-MOF/
SWNH nanocomposite probe. The probe demonstrated two
distinct signals for NGAL detection: a square wave voltammetry
(SWV) signal and a current-time curve signal; the SWV signal
represented electron transfer between Cu®* and Cu" of the Cu-
MOF, while the current-time curve signal resulted from the
reduction of H,0, by the Au/Cu-MOF/SWNH nanocomposite,
exhibiting high electrocatalytic activity. The developed immu-
nosensor exhibited excellent analytical performance, with
a linear detection range of 0.00001-10 ng mL ™" for NGAL and
detection limits of 0.0074 pg mL ™" (SWV) and 0.0405 pg mL .
The researchers further validated the immunosensor by
detecting NGAL in a sample, highlighting its potential appli-
cations in the diagnosis of acute kidney injury. This study
offering a sensitive and reliable method based on MXene and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MOF for early AKI diagnosis, which could ultimately contribute
to improved patient outcomes and treatment strategies.*

3.2. Cancer therapy and drug delivery

MXene- and MOF-based nanosystems have been studied for
targeted cancer therapy and drug delivery (Fig. 2).°*° The
incorporation of therapeutic agents within MXene nanosheets
can enable the controlled release and targeted delivery of drugs/
therapeutic agents to specific tissues or cells. This approach
enhances drug efficacy while minimizing side effects. The
evolution of n values is important which represent the loading
and release efficiencies of the drugs, providing crucial insights
into the performance of MXene-based drug delivery systems.
MZXene nanosheets have been also explored for photothermal
tumor ablation as a promising strategy for cancer therapy.
These materials exhibited remarkable photothermal conversion
efficiency; they can generate localized hyperthermia upon
exposure to near-infrared (NIR) light, resulting in the selective
destruction of tumor cells while sparing healthy tissues. In this
context, efficient tumor tissue penetration is vital in effective
cancer therapy. MXene-based nanosystems can penetrate deep
into tumor tissues, ensuring efficient delivery of therapeutic
agents and enhancing treatment outcomes. Several optimiza-
tion processes have been explored to enhance the penetration of
MXene nanosheets such as surface modification and size
control, providing enhanced tumor targeting and improved
therapeutic efficacy.”**®

Cancer Therapy &

Drug Delivery
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¢ Synthesis Complexity
¢ Stability Issues
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¢ Scalability

Advantages

¢ Versatility

¢ Enhanced Performance
¢ Customizability
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MOFs can serve as effective drug -carriers, providing
controlled and targeted delivery of therapeutic agents.*>'*° They
can encapsulate a wide range of drugs, such as chemothera-
peutic agents, immunotherapeutic agents, and nucleic acids.
They can be employed in PDT, a minimally invasive treatment
that utilizes light to activate photosensitizers and generate
reactive oxygen species to destroy cancer cells. In this context,
MOFs can serve as carriers for photosensitizers, providing
protection and controlled release of these agents at the tumor
site, enhancing the efficacy of PDT.'”* The porous structure of
MOFs allows for high drug loading capacity, ensuring efficient
delivery to the target site.'> In addition, MOFs enable the co-
delivery of multiple drugs or therapeutic agents. This
approach allows for combination therapy, where different drugs
with complementary mechanisms of action can be delivered
simultaneously.’**'** Combination therapy can enhance treat-
ment efficacy, overcome drug resistance, and target multiple
pathways involved in cancer progression.'® MOF-based mate-
rials can be engineered to exhibit tunable drug release profiles.
By modifying the structure or incorporating stimuli-responsive
components, the release of drugs can be controlled based on
specific triggers such as changes in pH, temperature, or external
stimuli. This controlled release mechanism enhances thera-
peutic efficacy and reduces side effects.'*®'”” MOFs can be
functionalized with targeting ligands or antibodies to selectively
bind to cancer cells or specific tissues. This targeted delivery
approach improves the specificity of drug delivery, reducing off-

Fig.2 Schematic illustration of MXene- and MOF-based materials for targeted cancer therapy and drug delivery, with advantages and important

challenges.
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target effects and enhancing the accumulation of therapeutic
agents at the desired site. Zhao et al'*® developed the
lanthanide-doped upconversion nanoparticles (DUCNP)@Mn-
MOF nanocarrier, which effectively loaded and delivered
a cytotoxic antitumor agent called 3-F-10-OH-evodiamine (FOE).
By combining the pH-responsive and peroxidase-like properties
of Mn-MOF with the unique optical features of DUCNPs, the
prepared system displayed synergistic chemodynamic and
chemotherapeutic effects. This nanocarrier successfully
addressed the limitations of FOE, including unfavorable phys-
icochemical features and limited in vivo potency. It also
exhibited excellent tumor targeting capability by responding to
the tumor microenvironment. Consequently, this MOF-based
nanosystem exhibited selective and bioavailable drug delivery
features, holding promise for cancer therapy. In a mouse breast
cancer model, DUCNP@Mn-MOF/FOE could effectively inhibit
tumor growth without causing noticeable toxicity."*®

While MOF- and MXene-based materials show promising
potential in the field of bio- and nanomedicine, it is important

o

UV Irradiation ‘:&

Bacteria Attachment to MXene

Living Bacteria

Optical Properties

)

Aggregated MXene Solution

View Article Online

Review

to consider their impact on the environment. Conducting a LCA
can provide valuable insights into the environmental impacts of
MXenes and MOFs throughout their entire life cycle, including
synthesis, usage, and disposal.*® This analysis can help identify
areas where improvements can be made to reduce their envi-
ronmental footprint. The toxicity and biocompatibility of
MXenes and MOFs need to be thoroughly investigated for their
clinical applications in drug delivery and cancer therapy.*>*****
While these materials may offer advantages in drug delivery and
therapy, any potential adverse effects on the environment and
human health should be carefully evaluated. Long-term studies
are necessary to understand their behavior and potential risks.*
In addition, the synthesis of MOF- and MXene-based systems
may involve the use of various chemicals and energy-intensive
processes.> These processes can potentially generate waste
and emissions, contributing to environmental pollution. It is
crucial to develop sustainable and eco-friendly synthesis
methods to minimize the environmental impact.>®3>*>-114

Bacteria Death Under Interaction
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“...0ne of the problems of MXenes dispersion is
the gradual oxidation by the dissolved oxygen in
water resulting in the transforming of the mor-
phology of MXenes from flakes to particles.”

Fig. 3 The impact of (a) optical characteristics, (b) distribution, and (c) endurance of MXenes on their antimicrobial features. The substantial
photothermal conversion efficacy of MXenes could intensify the antibacterial effect through NIR-induced processes, thereby impeding bacterial
cells via photothermal therapy. Enhanced dispersion of nanomaterials in water would amplify the available surface area for engaging with
bacteria, leading to elevated biocidal rates. Nonetheless, the oxidation of MXene could exert a detrimental influence on this aspect. Reproduced

from ref. 125 with permission from Wiley-VCH GmbH, copyright 2023.
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3.3. Antibacterial applications

MXene-based composites have demonstrated excellent poten-
tial as antibacterial agents, showing great promises in photo-
thermal antibacterial therapy.>''® MXene-based nanosystems
are able to disrupt bacterial cell membranes and inhibit
bacterial growth. Mechanism studies revealed several antibac-
terial strategies, including MXene's inherent antibacterial
properties with the photothermal effects as well as the release of
reactive oxygen species (ROS), leading to synergistic antibacte-
rial effects. These findings pave the way for the development of
effective antibacterial systems to combat drug-resistant
bacteria.”>'*¢ Indeed, the mechanism by which MXene
destroys bacterial cell membranes and inhibits bacterial growth
is not fully understood. However, it is believed that antimicro-
bial properties of MXenes are attributed to its ability to disrupt
the integrity of bacterial cell membranes. This disruption can
lead to leakage of cellular contents, loss of membrane potential,
and ultimately cell death. In addition, high surface area and
unique physicochemical properties of MXenes may contribute
to their antimicrobial activity by promoting interactions with
bacterial cells and interfering with essential cellular
processes."”**° Further research is needed to fully elucidate the
specific mechanisms involved. On the other hand, the anti-
bacterial performance of MOFs is typically associated with
physical damage to bacterial cells; MOFs can act as a reservoir of
metal ions, which are released to inhibit the growth of
bacteria.”" In this context, there are some strategies to enhance
the antibacterial effects of MOF-based systems, which include
size modulation, pore size modulation, and adjustment of
coordination environment of active sites as well as the design of
MOF-based composites by combining MOFs with other mate-
rials such as nanoparticles, antibiotics, phytochemicals, and
polymers.””>*** The surface modification of MOFs can be
accomplished by applying photosensitizers with antibacterial
purposes; MOF-based systems can also be employed as carriers
to transport the agents into the pathogenic bacteria. In addi-
tion, the release of antibacterial metal ions or organic ligands
from MOF-based systems has shown efficient synergistic anti-
bacterial effects.”* Overall, MOFs have great potential for use in
antibacterial materials, and it is hoped that their antibacterial
qualities will garner more interest in the fields of water and
environmental treatment, biomedical science, and materials
science, leading to more research and practical applications of
MOFs.*™ Fig. 3 indicates the effects of MXene's optical proper-
ties, distribution, and persistence on its antimicrobial attri-
butes. The efficacy of MXenes in photothermal conversion is
emphasized, suggesting that they may enhance antibacterial
effects via NIR-induced mechanisms and impede bacterial cell
growth via photothermal therapy. In addition, the figure illus-
trates how enhanced dispersion in water can elevate biocidal
rates, though the oxidation of MXene may exert a detrimental
influence on this aspect.'” Fig. 4 provides a diagrammatic
representation of the structural components comprising
a Gram-negative bacterial cell (Fig. 4a). Insights into probable
scenarios deriving from these interactions are provided by the
interaction results between the outer membrane of the bacterial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cell and a bacteriophage, Ti;C,T, MXene, and Ti;C,T, MXene
loaded with bacteriophage, as illustrated in Fig. 4b.">>*2¢

4. Challenges and future perspectives

To facilitate the development of effective biosafety materials
and solve biosafety-related problems, the integration of
biosafety and materials science ought to be considered. Despite
great potential of MXenes and MOFs in biomedicine, their
implications in the environment should be systematically
evaluated.

4.1. MXenes

There is a vital need for further systematic analysis of the bio-
logical effects of MXenes, given their great potential for
biomedical and environmental applications."* MXenes with
their unique mechanical properties, large surface area, and
substantial light absorption potential have been widely
explored for biomedical applications. However, there is still
a long way to their clinical uses, which is due to the lack of
accurate and pre-clinical tests as well as clinical translation
studies and systematic toxicological analyses. Designing next-
generation systems with biomedical applications requires
comprehensive in vitro and in vivo assessments, which for
MXenes is still in their early stages and requires more elabo-
rative studies.'”

Biodegradability is one of the crucial factor in biosafety
evaluation of MXenes before their biomedical and clinical
applications.™*'” Since the toxicity and biocompatibility of
MXenes are dependent on size, dose, and surface coating, the
employment of optimization techniques can help to improve
their biosafety."”® With employment of surface modification/
functionalization strategies such as the adjustment of surface
terminations, surface-initiated polymerization, the utilization
of small or macromolecules, and single heteroatom techniques,
their biosafety as well as their electronic, magnetic, optical,
mechanical, and thermal properties can be significantly
improved.**®

4.1.1. Oxidative degradation of MXenes and its implica-
tions in biomedicine. Transformation to metal MXenes, espe-
cially Ti;C,Ty, have garnered considerable attention because to
their exceptional characteristics and adaptability as nano-
materials—qualitative prospects for a wide range of applica-
tions, including biomedicine. Nevertheless, a thorough
investigation is justified regarding the fundamental weakness
of MXenes, which is their vulnerability to oxidative deteriora-
tion upon exposure to air and/or water.”*® This characteristic
has important implication for the characteristics of the mate-
rials and biological applications. In this sense, Ti;C,T, MXene
functions as a sample example. Its exposure to ambient condi-
tions typically results in rapid oxidative breakdown. As a result
of this degradation, its layered, two-dimensional structure
decomposes, giving rise to carbon byproducts and titanium
dioxide. The degradation in question has substantial conse-
quences, including modifications to the structural and physi-
cochemical characteristics of the material.***
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Fig. 4 (a) Diagram representing the structural components of a Gram-negative bacterial cell. (b) Depiction of three possible outcomes resulting
from the interaction between the outer membrane of the bacterial cell and a bacteriophage, TizC,T, MXene, and TizC,T, MXene loaded with
bacteriophage. Reproduced from ref. 125 with permission from Wiley-VCH GmbH, copyright 2023; reproduced from ref. 126 with permission

from Elsevier, copyright 2021.
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The controlled deterioration of materials such as Tiz;C,T,
MXene presents promising prospects in particular domains of
biomedicine. Significantly, the regulation of therapeutic agent
release is an essential stipulation in drug delivery systems. The
degradation of MXene, which is initiated by environmental
conditions such changes in pH or the presence of particular
enzymes, can be applied to accomplish regulated and exact drug
release." Therefore, the utilization of oxidative degradation of
MXenes in the development of intelligent drug delivery systems
that adapt to certain biochemical or physiological circum-
stances in a biological system may serve as an advantage. It is
important to understand the mechanisms and kinetics by
which MXene degrades in various biomedical settings. These
insights enable the optimization of material degradation rates
to correspond with the temporal demands of various applica-
tions, therefore increasing their efficacy.**

The environmental ramifications and biosafety of MXenes
in biomedical applications are significant concerns that are
prompted by their oxidative breakdown. Carbon and titanium
dioxide, which are byproducts of disintegration, have the
ability to enter the environment and exert an impact on
ecosystems.*®* Furthermore, a thorough evaluation is neces-
sary to determine the toxicity of these results, whether they
constitute byproducts of material degradation or are produced
after their discharge. It is imperative that stakeholders and
researchers assess the prospective advantages and disadvan-
tages linked to the regulated degradation of MXenes in the
field of biomedicine, ensuring that their assessment is
consistent with wider environmental and biosafety
3% By adopting this comprehensive strategy, it
provides that the beneficial application of MXenes does not
jeopardize the environment, human health, or the intended
therapeutic objectives.

concerns.

4.2. MOFs

MOF-based systems have been designed with unique properties
to address major contemporary challenges in the environ-
mental and biomedical fields. Various MOFs have been intro-
duced with drug delivery, imaging, photodynamic therapy,
antibacterial, and targeted cancer therapy applications, which
can improve fundamental issues in drug development and
therapeutic processes. However, it is necessary to analyze the
biosafety of MOFs before their clinical applications, as it was
indicated in the in vitro and in vivo toxicity of micron/nanoscale
Mg-MOF74. As a result, nanoscale Mg-MOF74 exhibited good
biocompatibility with lower cardiotoxicity, demonstrating that
the reduction in particle size can be considered as a valuable
tactic to improve and expand medical applications of
MOFs.**13¢ Besides, studies revealed that MOFs had a dose-
dependent response against cell lines; but, the prepared
MOFs have no significant toxicity (in vitro)."*”

Beyond the synthesis step, it is important to consider the
destiny of MOFs and MXenes when they are applied within
biological systems and when they are released into the envi-
ronment after use. Accordingly, it is crucial to carefully assess
methods for safe and environmentally friendly use and disposal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of these materials in biomedical systems. The full environ-
mental impact of these materials, from processing to final
disposal, will be considered in the analysis.™**

Given their proposed use within living organisms, biosafety
of MOFs and MXenes in biomedical applications becomes of
critical importance. To ensure patient safety and identify any
potential downsides, a thorough investigation into their
biosafety profile is required. In addition, studies will be con-
ducted in vitro and in vivo to identify if MOFs and MXenes are
biocompatible.* Moreover, a full evaluation of current studies
on probable toxicity profiles, comprising known toxicological
parameters, will be done. Moreover, case studies or real-world
examples can be used to highlight the complexities of envi-
ronmental issues and suggest possible solutions.

The fascinating properties of MOFs such as high surface
area/porosity, adjustable pore sizes, and micro-porous struc-
tures can enhance the loading of biomolecules and the encap-
sulation of different pharmaceuticals/therapeutic agents. But,
these features also may raise concerns about the potential
toxicity of MOFs.™° The toxicity of MOFs is mostly due to the
degradation and the materials released from them. The toxic
effects of MOFs are likely due to the presence of metal ions and
functional groups in the organic ligands. In this context, some
parameters such as the particle size, functionalized groups, and
ligands as well as the solvent system applied for fabricating
MOFs and the types of cross-linkers/metals should be consid-
ered since they may promote toxicity in MOFs."*' In addition,
the selection of solvents for manufacturing MOFs is an impor-
tant criterion, which can also have toxic effects. Solvents could
be confined in the porous MOFs, leading to short- and long-
term health effects.® It appears that toxicological studies of
MOFs are still in their early stages, and more studies are needed
to evaluate their environmental implications, particularly the
biosafety issues.

5. Conclusion

This review on the environmental implications of MOFs and
MXenes in biomedical applications presents several novel
insights compared to previous works. It goes beyond the tradi-
tional focus on synthesis and applications by emphasizing the
environmental fate of MOFs and MXenes, their impact on
ecological systems, and the evaluation of their biodegradability
and biocompatibility. In addition, the review incorporates life
cycle assessments to analyze their overall environmental
sustainability and identifies strategies for environmental miti-
gation. By providing a comprehensive understanding of these
materials’ environmental implications, the review contributes
to advancing sustainable and environmentally friendly appli-
cations of MOFs and MXenes in the biomedical field. The
employment of MOFs and MXenes in biomedical applications
holds tremendous potential for revolutionizing disease treat-
ment, drug delivery, and diagnostics. However, to fully realize
their benefits, it is crucial to consider the environmental
implications associated with their synthesis and use. This
perspective article discussed the role of different green and
sustainable approaches in the synthesis of MOFs and MXenes,
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highlighting their positive impact on environmental aspects. By
embracing the green and sustainable strategies including
circular economy principles, waste generation in MOF and
MXene synthesis can be significantly reduced. Strategies such
as the development of greener synthesis processes, recycling
and reuse of precursors and by-products, and the utilization of
waste streams contribute to waste reduction and resource
circularity. Moreover, these strategies promote resource effi-
ciency by selecting sustainable and abundant raw materials and
enabling the recycling and recovery of MOFs and MXenes at the
end of their life cycle. Circular economy principles also play
a vital role in conserving energy during MOF and MXene
synthesis. Optimizing synthesis routes, adopting energy-
efficient technologies, and integrating renewable energy sour-
ces minimize the environmental impact associated with energy
consumption. Furthermore, the use of less hazardous materials
and the implementation of closed-loop systems prevent the
release of pollutants, thus reducing the overall environmental
footprint.

Overall, considering the environmental impact is crucial
when evaluating the overall suitability of MXenes and MOFs for
biomedical applications.

5.1. Sustainability

The manufacturing processes of MXenes and MOFs can
involve the use of various chemicals and energy-intensive
procedures. It is important to assess and minimize the envi-
ronmental footprint of these processes to ensure sustainable
production. By adopting greener manufacturing methods,
researchers can reduce the carbon footprint and potential
ecological damage associated with the production of these
materials.

5.2. Toxicity, biocompatibility, and biodegradability

While MXenes and MOFs hold great potential in biomedicine, it
is imperative to understand their potential toxicity, biocom-
patibility, and biodegradability. The environmental implica-
tions arise when these materials are released into the
environment, either during production or after use. If not
properly managed, these materials could potentially accumu-
late in ecosystems and impact biodiversity. Thus, it is pivotal to
study and mitigate any potential adverse effects on the
environment.

5.3. Life cycle assessment (LCA)

A comprehensive LCA is essential to evaluate the environ-
mental impact of MXenes and MOFs throughout their entire
life cycle, from raw material extraction to manufacturing, use,
and disposal. This assessment helps identify areas for
improvement and enables the development of more sustain-
able processes.
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