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Surface functionalization of metal—organic
framework nanoparticle for overcoming biological
barrier in cancer therapy

Jun Yong Oh, 1 Youjung Sim,? Gyeongseok Yang,+® Myoung-Hwan Park, (2 *°
Kibeom Kim*® and Ja-Hyoung Ryu () *@

Nanomedicine, which merges the realms of nanotechnology and medicine, presents transformative strat-
egies for advancing healthcare through nanoscale manipulation of materials. Among these, metal—
organic frameworks (MOFs), with a unique hybrid structure of metal ions interconnected by organic
ligands, have emerged as a novel class of inorganic nanoparticles with significant potential in drug delivery
systems (DDS). This review explores the innovative applications of MOFs in DDS, emphasizing their distinc-
tive porous architectures that facilitate the adsorption and controlled release of therapeutic agents. The
versatility of MOFs is further enhanced by surface functionalization, which not only augments their disper-
sibility and targeting efficiency but also addresses the biological barriers that traditionally impede nano-
particle-based drug delivery. These barriers include the adsorption of bioproteins, which can mask the
nanoparticles and prompt immune recognition, and the complex interplay within the tumor microenvi-
ronment (TME), which affects nanoparticle penetration and efficacy. Additionally, the cell membrane pre-
vents nanoparticles from being internalized into the cell, and drugs released within the cell are removed
by efflux pumps, impeding their therapeutic effect. Through a comprehensive analysis, we highlighted the
strategies employed to overcome these obstacles, leveraging the multifunctional capabilities of MOFs to
enhance their therapeutic payload delivery and targeting precision.

terms of pore size, geometry, and chemical functionality.'®™*
The unprecedented diversity in MOF design and synthesis has

Nanomedicine, a ground-breaking field at the crossroads of
nanotechnology and medicine, has ushered in a new era of
possibilities for diagnosing, treating, and understanding dis-
eases at the nanoscale." Inorganic nanoparticles are a key to
the progress of nanomedicine. They exhibit unique properties
and versatile functionalities that hold immense promise in
various scientific and technological domains, offering unique
properties and capabilities that hold immense potential for
revolutionizing healthcare.”® In this context, a prominent
class of inorganic nanoparticles has garnered significant atten-
tion as a framework for drug delivery systems (DDS), such as
metal-organic frameworks (MOFs).

MOFs represent a captivating class of crystalline materials
composed of metal ions or clusters linked by organic
ligands.®® This unique hybrid composition led to the for-
mation of porous structures with remarkable tunability in
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opened up avenues for applications spanning gas storage and
separation, catalysis, drug delivery, and even electronic
devices."”™"” The large internal surface area of MOFs provides
ample space for guest molecules to adsorb, making them ideal
for gas storage and cargo loading.'®"’

The promising possibilities of MOF particles are maximized
through surface functionalization.?** Surface chemistry
delves into the interactions between molecules to create larger
organized structures held together by various conjugation
pathways. This dynamic approach exploits the reversible and
highly specific nature of these interactions, allowing the
design of complex architectures and functional systems. This
process involves the controlled assembly of nanoparticles with
complementary molecules (targeted ligands)'®'°
molecules (proteins and polymers)**>* through various
interactions.>>>° Nanoparticles with improved dispersibility
and targeting capabilities can be engineered by selecting
appropriate functional materials.

Nonetheless, the incorporation of MOF-based drug delivery
systems within biological environment necessitates a compre-
hensive comprehension, as delineated in the review by Wang
et al.*® Upon introduction into the environment, nanoparticles

or macro-
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undergo systemic circulation within the bloodstream, interact-
ing with a myriad of bioproteins. The adherence of these bio-
proteins to the nanoparticle surface can compromise their
diverse functionalities.*" Specifically, if attachment occurs
with immune-related proteins, the nanoparticles become sus-
ceptible to immunological recognition, leading to their sub-
sequent elimination or filtration by specific organs.*?
Consequently, it is imperative to develop methodologies aimed
at minimizing the adsorption of bioproteins onto nanoparticle
surfaces to facilitate prolonged circulation within the biologi-
cal milieu. Next, the tumor microenvironment (TME) plays a
pivotal role, orchestrating a dynamic interplay of cellular,
molecular, and structural components that collectively influ-
ence the fate and behavior of tumors.*® This complex ecosys-
tem extends beyond cancer cells, encompassing stromal cells,
immune cells, blood vessels, and extracellular matrix com-
ponents, and decisively regulates key aspects of tumorigenesis,
progression, and response to therapy.>* The understanding of
intricate crosstalk within the TME has paved the way for tar-
geted therapeutic interventions. The dynamic nature of TME
components, including a low pH, high GSH level, and hypoxia,
offers a rich landscape for potential therapeutic strategies,
ranging from immunomodulation to targeting angiogenesis
and disrupting stromal interactions.** In addition, for nano-
particles to ingress into cellular interiors, they must traverse
the cell membrane, wherein the physicochemical attributes of
the cell membrane dictate the permeability of said nano-
particles.*® Specifically, the internal transport of nanoparticles
can be facilitated through interaction with specific receptors
situated on the cell membrane.>” However, incongruities in
size, shape, charge, and polarity, as well as the exocytosis and
push-back mechanisms inherent to the cell membrane, pose
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impediments that may hinder particle delivery.*®?°
Consequently, the reciprocal interplay between the character-
istics of nanoparticles and properties of the cell membrane
intricately governs the efficiency of nanoparticle delivery and
exerts influence over specific biological responses. This com-
prehensive understanding will contribute to the optimization
of nanoparticle technology utilization across diverse appli-
cations, notably within the realms of medicine and drug deliv-
ery. In this review, we explore drug delivery systems based on
MOF nanoparticles via various surface functionalization
methods to overcome these biological barriers (Scheme 1).
Their tailored properties and multifunctional capabilities offer
unprecedented opportunities for enhancing diagnostics, drug
delivery, and therapy. Specifically, the diverse configurations of
MOF nanoparticles offer a spectrum of potentialities, enhan-
cing the versatility of platforms to encompass not only two-
dimensional but also three-dimensional therapeutic modal-
ities.*® This investigation aimed to recognize the bioenviron-
mental challenges encountered in drug delivery systems incor-
porating MOF nanoparticles to provide insights into effica-
cious strategies for mitigating these challenges. Such endea-
vors serve as pivotal indicators in shaping the trajectory of the
prospective development of drug delivery systems that leverage
MOF nanoparticles.

Clearance and biodistribution

When MOF nanoparticles are injected intravenously into the
body for cancer therapy, the body clearance system is the first
biological barrier encountered. Body clearance occurs through
phagocytosis based on the immune system as well as filtration
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Scheme 1 Surface functionalization of MOF nanoparticle for overcoming biological environment, tumor microenvironment, and cellular

internalization.

3120 | /inorg. Chem. Front, 2024, 1, 3119-3135

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00523f

Open Access Article. Published on 24 April 2024. Downloaded on 7/11/2025 11:21:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

at certain organs while circulating in the bloodstream.*' This
leads to the elimination of external substances such as MOF
nanoparticles by the reticuloendothelial (RES) system.*?
Therefore, one of the objectives of achieving adequate cancer
therapeutic effects is maintaining appropriate biodistribution
to reach the target cancer without being detected by the clear-
ance system (Fig. 1A).

The RES system operates in filtration and immune organs
such as the liver and lymph nodes. The mononuclear phagocy-
tic system (MPS) induces clearance by certain immune cells
such as monocytes and macrophages in these organs.”* One
way of avoiding biological conditions is to “camouflage”. A cell
membrane coating was adopted for the surface modification
of the MOF nanoparticles to enhance blood circulation in the
in vivo phase.

First, Cheng et al. reported a system that could evade the
immune system using zeolitic imidazolate framework (ZIF-8)
MOF nanoparticles decorated with an extracellular vesicle (EV)
membrane (Fig. 1B).** The extracellular vesicle could involve
integrin-associated transmembrane protein CD 47, which
shows “do not eat me” signals to evade phagocytosis.*” EVs
were collected with ultracentrifugation, only the extracellular
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vesicle membrane (EVM) was extracted by hypotonic treatment,
and over 97% of the MOF nanoparticles were decorated. The
reduced opsonization and phagocytosis-based clearance were
confirmed by incubation with fluorescent immunoglobulin G,
achieving reduced fluorescent 6-fold for the bare MOF and
4-fold for the liposome-enveloped MOF. In addition, after
encapsulation with fluorescent proteins, the EVM-coated MOF
showed a significant decrease in the fluorescence of
RAW264.7 macrophage cell internalization, as confirmed by
confocal laser scanning microscopy (CLSM), flow cytometry,
and quantification of mean fluorescence intensity. Hence, the
results demonstrate EVM with the functions of biomimetic
camouflage, phagocytosis evasion, and prolonged circulation
of MOF nanoparticles.

In a different study, Zhang et al. reported biomimetic and
glucose oxidase-loaded MOF systems that can enhance clear-
ance stability and circulation, using ZIF-8 MOF nanoparticles
and modification with erythrocyte membrane (eM) (Fig. 1C).*®
The authors intended to use nature’s erythrocyte membrane
for camouflage of the MOF nanoparticles, using characteristics
of RBC, which can be survived approximately 115 days under
blood circulation.”” The eM-coated MOF nanopatrticle loading
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(A) Schematic of MOF NPs overcoming biological environment. (B) Schematic of EMF (Extracellular vesicle-MOF-protein) nanoparticles

preparation. 1: MOF-protein (MP) nanoparticle preparation by self-assembling of organic ligand, metal ions, and caging protein cargo. 2: Extraction
of extracellular vesicle membrane (EVM). 3: EMF nanoparticle EVM modification on the MP nanoparticle surface. Reproduced with permission.**
Copyright (2018): American Chemical Society. (C) Schematic of TGZ@eM nanoreactor preparation; TGZ@eM is an erythrocyte membrane cloaked
MOF-based biomimetic nanoreactor. For the synthesis of the MOF, Zn?* and 2-methylimidazole were chosen as the metal ion and organic ligand,
respectively. Reproduced with permission.*® Copyright (2018): American Chemical Society.
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with rhodamine B was observed with only dim red fluo-
rescence treated to RAW 264.7 cell; however, eM uncoated
MOF was detected under bright red fluorescence. Moreover,
in vivo pharmacokinetic curves confirmed the enhanced blood
circulation half-life of the eM-MOF, which was two times
longer than that of the bare MOF. Hence, the results also
demonstrated that erythrocytes function as a biomimetic
camouflage and enhance blood circulation to MOF
nanoparticles.

In nanomedicine, the protein corona phenomenon is the
formation of a layer onto the surface of nanomedicine when
injected into the biological system, which has abundant
protein types.*® This phenomenon changes the characteristics
of nanomedicine, such as size and charge, leading to a
decrease in blood circulation time and opsonization to be
cleared.*® Attempts to modify nanomedicine interfaces have
been made to enhance stability against protein adsorption and
increase efficiency as a drug delivery system.

First, Zhang et al. reported a system that presents highly
stable and long-circulating in vivo properties, using a UiO-66
MOF that is surface-functionalized with a 1,2-dioleoyl-sn-
glycero-3-phosphate (DOPA) lipid bilayer (LB).”° Facile one-step
sonication induces covalent linkage between the terminal of
DOPA and the UiO-66 surface, forming a Zr-O-P coordination
bond between the metal and phosphate. In addition to the use
of conventional polyethylene glycol (PEG) on MOF nano-
particles, the stealth effect of evading mononuclear phagocytic
clearance can be achieved by introducing LBs. Regarding the
long-circulation property, the half-life was observed to be 4 h
for UiO-66@DOPA-LB, whereas it was 0.5 h for UiO-66-PEG.
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Hence, the results demonstrated an enhanced biodistribution
property, achieving facile functionalization of the MOF nano-
particle system by the DOPA lipid bilayer.

Zimpel et al. investigated the behavior of zirconium-fuma-
rate (Zr-fum) MOF nanoparticles while controlling the coordi-
native binding between the polymer and MOF interfaces.*®
The different types of polymers confirmed their capacity for
protein binding and cellular association under biological con-
ditions. The cellular association and uptake profile were
observed by CLSM and flow cytometry. Zr-fum@PGlu-PSar (zir-
conium-fumarate@polyglutamate-b-polysarcosine) was
selected to demonstrate the serum stability for cellular associ-
ation. The polysarcosine (PSar) copolymer with PGlu could
achieve a shielding effect and colloidal stabilization properties
similar to those of PEG by multiple hydrogen bonding. PSar is
considered to be a less immunogenic alternative and a shield-
ing agent that enhances circulation lifetimes. In addition, the
fluorescence intensity was observed as a biodistribution in the
liver after 24 h in mice injected with Zr-fum@Cy5.5-PGlu-PSar.
This result demonstrates that polymer functionalization differs
between the MOF interfaces and their biological fates.

Tian et al. reported a system that achieves extended blood
circulation time by inhibiting the accelerated blood clearance
(ABC) phenomenon. They used ZIF-8 MOF-based nano-
particles, which are crosslinked by 8-arm-PEG-TNB (8-arm-
PEG-2-nitro-5-thiobenzoate) and further modified with hya-
luronic acid (Fig. 2A).>" The PEG NPs were synthesized by com-
bining zinc nitrate solution, 2-methylimidazole (2-MIM) as an
organic linker, sequential disulfide crosslinking with 8-arm-
PEG-TNB, 8-arm-PEG-SH via thiol-disulfide exchange, and
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(A) Schematic of PEG NPs based on ZIF-8 NPs, mixing zinc nitrate, 2-methylimidazole, 8-arm-PEG-SH, thiolated HA, and crosslinking with 8-arm-

PEG-2-nitro-5-thiobenzoate and template removal. (B) Schematic pharmacokinetics examination of PEGylated liposomes and PEG. Circulation times from

PEGylated liposomes and PEG in the absence and presence of anti-PEG antibodies Reproduced with permission.>*

Copyright (2022): American Chemical

Society. (C) Gel electrophoresis for evaluation of protein corona inhibition property of bare PCN-224, GST-Afb precoated PCN-224. Resulting intensities of
protein band quantification decreased 7.5-fold for GST-H-PCN and 6.7-fold for GST-E-PCN compared with PCN. (D) Fluorescence imaging of tumor and

organs for intravenously injected dye-related materials. (E) Tumor volume

change and weight measurement for inhibition experiment by drug-loaded

nanoparticle with therapeutic application. Reproduced with permission.>2 Copyright (2023): John Wiley and Sons.
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finally, template removal under acidic condition to construct
stealth nanoparticles for enhanced biodistribution. In this
study, rapid clearance via the ABC phenomenon was prevented
by decreasing protein adsorption and immune cell inter-
actions. The 8-arm-PEG could achieve low protein adsorption
owing to its highly hydrated properties under serum protein
conditions. Immunogenicity due to the secretion of anti-PEG
antibodies is one of the main factors in ABC. The authors
observed that anti-PEG antibodies were not produced in the
nanoparticle, whereas other PEGylated groups were detected.
Considering these results, a pharmacokinetic study for biodis-
tribution evaluated the effect of immunogenic antibodies on
circulation time. The PEGylated liposomes significantly
cleared in the presence of anti-PEG antibodies. In contrast, the
synthesized nanoparticles demonstrated minimal clearance
and achieved a prolonged circulation half-life of 12 h (Fig. 2B).

Oh et al. developed a system that could inhibit the protein
corona phenomenon using a precoating of glutathione
S-transferase-fused targetable affibody (GST-Afb) onto a Zr6-
based MOF (PCN-224).>* Protein corona inhibition was con-
firmed by gel electrophoresis, exhibiting a minimized serum
protein signal approximately 7-fold lower than that of the bare
MOF (Fig. 2C). Moreover, the composition of serum proteins
adsorbed onto GST-Afb-PCNs was quantified by liquid chrom-
atography-tandem mass spectrometry (LC-MS/MS). Immune
response-related proteins, such as complement proteins, were
detected at significantly lower levels, demonstrating that
GST-Afb enables MPS evasion against the immune system and
longer biodistribution of MOF nanoparticles. GST-Afb proteins
were stably functionalized onto the surface of the MOF, as con-
firmed by molecular dynamics simulations between GST-Afb
and the MOF surface, maintaining a certain orientation for
cell-targeting Afb to be exposed outward. Moreover, a targeting
effect was observed in both in vitro and in vivo systems. The
GST-Afb MOF loaded with a fluorescent dye selectively targeted
tumor accumulation in xenografted tumors by in vivo imaging.
Moreover, the tumor inhibition experiment confirmed 71%
tumor suppression by the photodynamic therapy-associated
GST-Afb MOF system (Fig. 2D and E). These results demon-
strate that the system can simultaneously target cells and
prevent protein corona formation.

Tumor microenvironment

As previously delineated, comprehension of the TME is
imperative for the efficacious delivery of therapeutic agents. In
this section, we elucidate the intricacies of the TME concern-
ing platforms designed to either respond to or surmount its
challenges. Furthermore, we explore pertinent research endea-
vors aimed at exploiting and overcoming these challenges.
This complex ecosystem extends beyond cancer cells, encom-
passing stromal cells, immune cells, blood vessels, and extra-
cellular matrix components, and decisively regulates key
aspects of tumorigenesis, progression, and response to
therapy.”® The understanding of intricate crosstalk within the

This journal is © the Partner Organisations 2024
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TME has paved the way for targeted therapeutic interventions.
The dynamic nature of the TME components, such as low pH,
high glutathione (GSH) levels, hypoxic conditions, and dense
extracellular matrix (ECM), offers a rich landscape for potential
therapeutic strategies, ranging from immunomodulation to
targeting angiogenesis and disrupting stromal interactions.>*

An increasingly recognized factor within this multifaceted
milieu is the pH of the TME. Marked by its acidic nature,
characterized by a lower extracellular pH compared to the sur-
rounding normal tissues, it stands out as a distinctive feature
with profound implications for tumorigenesis, metastasis, and
treatment outcomes.> This acidity results from altered meta-
bolic processes in cancer cells, leading to the accumulation of
acidic byproducts, such as lactate and protons. Beyond reflect-
ing the metabolic adaptations of cancer cells, this acidic
microenvironment plays a pivotal role in shaping the behavior
of both malignant and stromal cells within the TME.>®

GSH has emerged as a key contributor influencing redox
balance, cellular signaling, and therapeutic responses within
the TME. GSH, a tripeptide composed of glutamate, cysteine,
and glycine, is the principal antioxidant that maintains cellu-
lar redox homeostasis. In the TME, alterations in GSH levels
and redox status shape the fate of cancer cells, regulate intra-
cellular signaling pathways, and modulate responses to oxi-
dative stress, DNA damage, and apoptotic signals.®”

The ECM plays a critical role in providing structural and
biochemical support to the cellular components.
Understanding and surmounting the challenges posed by the
ECM in the TME are paramount for advancing cancer research
and therapeutic strategies.>® The ECM in the TME is character-
ized by alterations in composition, organization, and mechani-
cal properties, creating a unique niche that influences cellular
behavior, angiogenesis, and immune responses. These modifi-
cations not only contribute to tumor growth and invasion but
also affect the efficacy of anticancer treatments. Conventional
therapies often encounter limitations in penetrating dense
and heterogeneous ECM, diminishing their effectiveness and
fostering treatment resistance.”®

Finally, the heightened cancer cell proliferation within solid
tumors leads to aberrant vascularization, culminating in the
development of incomplete neovascular structures in contrast to
the well-organized vasculature observed in normal tissues. As the
tumor expands, its vascularity increases rapidly, resulting in
regions with substantially reduced oxygen levels compared to the
adjacent healthy tissues. Oxygen, an indispensable element in
dynamic cancer therapies, orchestrates cell death via reactive
oxygen species and plays a pivotal role in various established
cancer treatment modalities. However, these therapeutic interven-
tions experience a discernible decline in hypoxic environments,
which imposes significant constraints on their clinical applica-
bility.®® Consequently, low pH, high GSH concentration, ECM,
and hypoxia of the TME have been identified as key modulators
of crucial cellular processes, including proliferation, invasion,
and immune surveillance (Fig. 3A).

In addition to overcoming the barriers posed by the TME,
MOF-based drug delivery systems that use the TME as a trigger
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mission.>® Copyright (2022): John Wiley and Sons. (C) The schematic of construction and the anti-inflammation response of pH responsive MOF
nanoparticles. Reproduced with permission.®* Copyright (2023): Springer Nature.

have been developed. The low pH of the TMe can be exploited
as a trigger. Considering this, Cheng et al. synthesized a pH-
responsive linker (L) by covalently modifying oleylamine with
3-(bromomethyl)-4-methyl-2,5-furandione (MMfu) and poly
(ethylene glycol) (PEG) (Fig. 3B).”® Subsequently, the linker (L)
was incorporated into a solid lipid nanoshell to encapsulate
apilimod (Ap)-loaded ZIF(Ap-ZIF), resulting in the formation of
Ap-ZIF@SLN#AL. Within the TME, the hydrophilic PEG and
MMfu moieties undergo removal, exposing the hydrophobic
oleylamine on Ap-ZIF@SLN#L. This modification enhances the
uptake of nanoparticles by cancer cells and their subsequent
accumulation within the tumors. Ap-ZIF@SLN#L nano-
particles induced the generation of reactive oxygen species
(ROS). The Ap released from Ap-ZIF@SLN#L significantly pro-
moted the production of intracellular ROS and lactate dehydro-
genase. Overall, this pH-responsive targeting strategy improved
nanoparticle accumulation in tumors, leading to enhanced
therapeutic effects. In addition, Zhang et al. presented a com-
prehensive investigation involving a pH-responsive MOF,
specifically denoted as MIL-101-NH, (MIL standing for
Material of Institute Lavoisier), designed for the simultaneous
co-delivery of the anti-inflammatory agent curcumin (CCM)
and small interfering RNA (siRNA) targeted toward hypoxia-

3124 | /norg. Chem. Front., 2024, 1, 3119-3135

inducible factor-2 alpha (HIF-2a) (Fig. 3C).°" The loading of
both CCM and siRNA onto MIL-101-NH, was accomplished
through a combination of encapsulation mechanisms and the
surface coordination capabilities inherent to MIL-101-NH,.
These in vitro experiments revealed that MIL-101-NH,, exhibits
a pronounced protective effect against siRNA, shielding it from
nuclease degradation via lysosomal escape. The inherent pH-
responsive attributes of MIL-101-NH, facilitated a gradual
structural collapse within the acidic osteoarthritis microenvi-
ronment. This orchestrated collapse leads to the controlled
release of CCM payloads, resulting in the downregulation of
pro-inflammatory cytokine levels. Simultaneously, MIL-101-
NH, released siRNA payloads, enabling the cleavage of the
target HIF-20 mRNA for gene-silencing therapy. Consequently,
the collective therapeutic action of silencing HIF-2a genes was
observed, demonstrating a synergistic effect in conjunction
with the inhibition of the inflammatory response and mitiga-
tion of cartilage degeneration in osteoarthritis.

In addition to the low pH, high GSH levels in the TME can
also be used as a trigger. Liu et al. developed a core-shell MOF
nanoplatform for intelligent GSH imaging and simultaneous
GSH reduction, aiming for synergetic photodynamic therapy
(PDT) and gene therapy.>® The nanoplatform, composed of a

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi00523f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 April 2024. Downloaded on 7/11/2025 11:21:59 PM.

(cc)

Inorganic Chemistry Frontiers

porous coordination network (PCN)-typed MOF core and a
Cu"-centered ZIF-67 (ZIF-67(Cu)) shell, was designed to release
cyanine 3 (Cy3)-labeled siRNA upon internalization by cells.
The GSH-responsive collapse of the ZIF67(Cu) shell led to
intracellular GSH consumption, activating the photosensitized
PCN and enabling synergistic therapeutic approaches, includ-
ing GSH imaging, siRNA-mediated gene therapy, and
enhanced PDT with GSH depletion. The abundant generation
of ROS further improved gene silencing efficiency by assisting
siRNA endosomal escape. This GSH-responsive nanoagent
shows promise for maximizing the therapeutic efficacy of PDT
with gene therapy, suggesting potential advancements in MOF
hybrids for intracellular stimulus-activated theranostics. Du
et al. synthesized a nanodrug (designated BMS-SNAP-MOF) uti-
lizing a GSH-responsive MOF for the encapsulation of the
immunosuppressive enzyme indoleamine 2,3-dioxygenase
(IDO) inhibitor BMS-986205, along with nitric oxide (NO)
donor moieties in the form of s-nitrosothiol groups (Fig. 4A).°>
This nanodrug exhibited high T1 relaxivity, enabling its visual-
ization through magnetic resonance imaging for in vivo distri-
bution monitoring. Following accumulation in the tumor
tissue via the enhanced permeability and retention effect and
subsequent internalization into tumor cells, the elevated GSH
levels therein initiate sequential reactions with the MOF,
leading to nanodrug disassembly and rapid release of the IDO-
inhibitory BMS-986205, accompanied by substantial NO pro-
duction. Consequently, the synergistic action of the IDO
inhibitor and NO effectively modulated the immunosuppres-
sive tumor microenvironment, resulting in an increased
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number of CD8+ T cells and a decrease in regulatory T cells,
thus promoting highly efficacious immunotherapy.

Hao et al. employed click chemistry to incorporate a TME-
responsive PD-1 inhibitory polypeptide, AUNP12, featuring a
disulfide bond, onto the surface of the MOF.** Simultaneously,
the photothermal agent indocyanine green (ICG) was encapsu-
lated within the AUNP12-modified nanodrug
(ICG-MOF-SSAUNP12) to treat melanoma, as illustrated in
Fig. 4B. The utilization of the MOF nanocarrier not only
enhanced the stability of ICG but also facilitated effective
photothermal therapy for eradicating melanoma cells.
Furthermore, high GSH levels in tumor tissues responsively
cleave the disulfide bond, resulting in the localized release of
AUNP12 at tumor sites. This orchestrated a synergistic
approach combining photothermal and immunotherapeutic
effects in melanoma (Fig. 4B). Thus, this study highlights the
promising prospects of MOF nanocarriers for tumor therapy.

In addition to serving as a stimulus for the TME, hypoxia
and a dense ECM pose challenges to several established treat-
ments. Studies have been conducted to overcome these
obstacles. Zhang et al. presented a versatile nanoplatform for
enhanced PDT in cancer treatment by incorporating platinum
(Pt) nanozymes into photosensitizer-integrated MOFs.®* Pt
undergoes in situ growth on the MOF surface, resulting in the
formation of a MOF decorated with Pt nanoparticles (Fig. 5A).
The Pt component served as a catalase mimic, engaging in the
decomposition of hydrogen peroxide (H,0,) within the biologi-
cal milieu to generate oxygen (O,). The resulting PCN-224-Pt
nanocomposite demonstrated significant PDT efficacy through
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Fig. 4 (A) Schematic of GSH responsive metal—organic framework (BMS-SNAP-MOF). Reproduced with permission.®?> Copyright (2022): John Wiley
and Sons. (B) Schematic of construction and anti-tumor activity of ICG-MOF-SS-AUNP12 nanoparticles for synergistic photothermal and immu-
notherapy. Reproduced with permission.®? Copyright (2023): Frontiers Media SA.
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the activation of O, evolution and light-induced production of
cytotoxic singlet oxygen (*0,). This study explored the intratu-
moral and intravenous administration of PCN-224-Pt in mouse
models and demonstrated its ability to alleviate tumor
hypoxia, induce cancer cell damage, and effectively inhibit
tumor growth (Fig. 5B). The combination of Pt nanozymes and
MOFs is a promising strategy for enhancing the efficiency of
PDT with potential applications in modern oncology.

Cheng et al. proposed a non-pharmacological platform for
cancer treatment that integrates chemodynamic therapy
(CDT), PDT, and photothermal therapy (PTT). This strategy
aimed to achieve an efficacious and low-toxicity strategy® and
focused on mitigating tumor hypoxia, a challenge associated
with treatment resistance and metastasis. MOFs, specifically
Cu/Zn-MOFs, serve as the foundation for constructing a thera-
nostic platform. This platform demonstrated the ability to cat-
alyze H,0, to O, and consume GSH, thereby enhancing treat-
ment efficacy. The integration of Cu®>" ions and MnO, further
augments therapeutic effects. The proposed mixed-metal MOF
strategy is emphasized for its simplicity and effectiveness in
creating a hollow structure with integrated multifunctionality,
ultimately enhancing theranostic performance. The capability
of this platform to convert intracellular H,O, into O, has been
highlighted as an effective approach for alleviating hypoxia
and enhancing PDT. This approach circumvents chemo-
therapy-related toxicity and drug resistance and offers a prom-
ising avenue for cancer treatment.

Sim et al. explored an innovative strategy to address tumor
hypoxia in PDT for cancer treatment by employing MOF nano-
particles for the targeted delivery of the enzyme catalase (CAT)
(Fig. 5C).°° In this study, Zr-based MOF (MOF-808) nano-
particles were employed utilizing supramolecular techniques
to facilitate the direct binding of CAT to the MOF surface. This
binding occurred through supramolecular chemical inter-
actions, specifically through the coordination bonds formed

3126 | /norg. Chem. Front.,, 2024, 11, 3119-3135

between the unsaturated sites of Zr and the carboxylic acid
groups of the protein. Notably, this was achieved without
additional chemical intervention. Consequently, MOF nano-
particles loaded with CAT demonstrated exceptional oxygen
production capabilities under hypoxic conditions, particularly
in scenarios where H,0, was decomposed by CAT in the pres-
ence of H,O,. The introduction of a photosensitizer (IR780)
augments ROS production during PDT. Cellular uptake investi-
gations substantiated the efficient delivery of MOF-CAT to
cancer cells, effectively mitigating hypoxia and amplifying ROS
production. In vitro cytotoxicity assays underscored the thera-
peutic efficacy of MOF-based delivery systems, particularly in
hypoxic environments, indicating that they are a promising
avenue for enhancing PDT effectiveness and refining outcomes
in cancer therapeutics.

In addition, Liu et al proposed a collagenase scaffold
named PMOCol by combining metal-organic ligands with pro-
teins, utilizing host-guest interactions (Fig. 6A).°” The complex
structure was designed to specifically regulate the ECM in
deep tumor regions aiming to enhance immunotherapeutic
approaches. To validate its effectiveness, a pancreatic adeno-
carcinoma model was utilized to take advantage of the abun-
dant ECM and cold immune microenvironments of such
tumors. Proteins played a key role in constructing the PMO
scaffold, achieving an impressive collagenase encapsulation
rate of 80.3% (w/w), surpassing that of previous protein-carry-
ing MOFs. PMOCol exhibited heightened sensitivity to the
acidic conditions of the tumor microenvironment, leading to
the release of active collagenase. This facilitates the decompo-
sition of collagen, promotes the penetration of therapeutic
agents into the avascular regions, and induces deep-tissue
Immunogenic Cell Death (ICD), thereby enhancing immuno-
genic exposure (Fig. 6B).

Qiao et al. introduced a biomimetic nanoplatform aimed at
regulating transforming growth factor-beta to normalize the

This journal is © the Partner Organisations 2024
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(A) Schematic of enzyme-loaded metal—organic framework for deep tissue penetration and (B) enhanced penetration of enzyme-loaded

metal-organic framework. Reproduced with permission.®” Copyright (2023): John Wiley and Sons.

ECM.®® The nanoplatform utilizes ZIF-8 as a nanocarrier for
efficient loading of the chemotherapeutic agent doxorubicin
(DOX) and TGFBR1 inhibitor LY364947 (LY). The resulting
ZIF-8-DOX-LY nanoparticles were coated with a red blood cell
membrane (RM) to form ZIF-8-DOX-LY-RM nanoparticles.
These biomimetic nanoparticles demonstrated -effective
accumulation in tumor tissues, immune escape, and pro-
longed circulation. In the TME, LY induces structural modifi-
cations in the ECM, enhancing nanodrug penetration, and
alleviating hypoxia-induced chemoresistance. In vivo studies
on 4T1 tumor models have highlighted the outstanding per-
formance of the ZIF-8-DOX-LY-RM nanoparticles.

Cellular internalization

The cell membrane, which consists of a lipid bilayer, separates
and protects the interior of a cell from the outside environ-
ment.> Nanoparticles struggle to penetrate this barrier
through simple diffusion. Therefore, nanoparticles are
inserted into cells depending on cell endocytosis.*”’
Modification of the nanoparticle surface leads to specific inter-
actions with the cell membrane, which can not only induce
cellular endocytosis but also inhibit nonspecific cellular
internalization of drugs and facilitate selective targeting of
cancer.®® Even if the drug is inserted through the membrane,
the drug is expelled out of the cell by the efflux pump in the
membrane, which may reduce its efficacy. This phenomenon
has led to the development of multidrug resistance (MDR) in
cancer cells.”®’" This chapter describes functionalized
materials on the MOF surface and a modification method to
overcome cellular internalization, which is a biological barrier

(Fig. 7).
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The functional groups present in the MOF organic linkers
were used for modification. Wang et al. developed a system
that effectively penetrates the cancer cell membrane using iron
(ur)-based MOF MIL-101-N; and a polymer functionalized with
RGDS and adamantane.”” MIL-101 (Fe) is widely used as a ver-
satile platform in biomedical applications because it is water-
soluble, biocompatible, and degradable. MIL-101-N; (Fe) was
synthesized from MIL-101-NH, (Fe), which contained 2-amino-
benzene-1,4-dicarboxylic acid as the organic linker. The amine
group of MIL-101-NH, (Fe) was converted to an azide by reac-
tion with tert-butyl nitrite ((BuONO) and trimethylsilane azide
(TMSN3). The MIL-101-N; (Fe) was further modified through
strain-promoted azide-alkyne cycloaddition (SPAAC) reaction
of bicyclononyne functionalized p-cyclodextrin (B-CD) with the
azide group of MIL-101-N; (Fe). Polymers consisting of RGDS
and adamantane can be easily modified to wB-CD functiona-
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lized MOF by the host-guest interaction between B-CD and
adamantane. RGDS interacts with avp3 integrin, which overex-
presses cancer cells, allowing MOF to effectively penetrate the
cancer cell membrane. To confirm the cancer cell internaliz-
ation effect, DOX was loaded onto the functionalized MOF and
then incubated with avf3 integrin expression HeLa (human
adenocarcinoma) cells34 and avp3 integrin negative non-can-
cerous COS7 (African green monkey kidney) cells, respectively.
After incubation, HeLa cells exhibited a 2.5-fold higher fluo-
rescence intensity than COS7 cells, as confirmed by CLSM and
flow cytometry.

Gao et al. developed a system using MIL-53-NH, (Fe) and
folic acid.”® MIL-53-NH, (Fe) has intense magnetic properties,
which make it an effective magnetic resonance imaging con-
trast agent. Furthermore, the amino groups on the surface of
MIL-53-NH, (Fe) formed an amide bond with folic acid, which
has a carboxylic acid functional group, facilitating MOF
functionalization. The modified folic acid interacts with the
folate receptor overexpressed on the cancer cell membrane and
induces MOF to penetrate the cancer cell membrane. The
functionalized MOFs were incubated with folate receptor-posi-
tive MGC-803 cells and folate receptor-negative human aortic
smooth muscle cells (HASMC) to confirm cancer cell internal-
ization. After incubation, MGC-803 cells showed higher fluo-
rescence intensity than HASMC.

In addition, Abazari et al. developed a folic acid-functiona-
lized MOF system through an amide bond on an amine-func-
tionalized MOF (NH,-Eu:TMU-62), (TMU standing for Tarbiat
Modares University).”* Folic acid modified NH,-Eu:TMU-62
was incubated with MCF-7 breast cancer cells and MCF-10A
normal breast cells after loading with 5-fluorouracil as an anti-
cancer drug. Folic acid-modified NH2-Eu:TMU-62 showed
higher cytotoxicity toward MCF-7 cells than MCF-10A cells
These cytotoxicity data suggest that the interaction between
the folate receptor and folic acid increases the cancer cell
internalization of drug-loaded MOF.
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The coordination bond between the metal active site and
the lone pair of electrons was used to modify folic acid on the
MOF surface. Zeng et al. proposed a facile strategy for the fab-
rication of a hollow and monodisperse MOF (hMIL-88B(Fe)
@ZIF-8).”> Hollow MIL-88B (hMIL-88B) is created by partial
etching of MIL-88B MOF by 2-methylimidazole and Zn** ions
adsorbed on the surface of MIL-88B(Fe) coordinate with the
2-MeIm ligand to synthesize another MOF (ZIF-8). ZIF-8 is
present on the surface, protects the nanoparticles, and main-
tains their morphology. hMIL-88B endows its cavity with
various materials. Folic acid, which has a carboxylic acid func-
tional group, is modified on hMIL-88B(Fe)@ZIF-8 through
coordination bonding. To confirm the effect of folic acid on
cancer cell internalization, folic acid-functionalized hMIL-88B
(Fe)@ZIF-8 (hMIL-88B (Fe)@ZIF-8@FA), and hMIL-88B (Fe)
@ZIF-8 cells were incubated with MCF-7 cells. MCF-7 cells
incubated with hMIL-88B (Fe)@ZIF-8@FA showed a stronger
intensity than those incubated with hMIL-88B (Fe)@ZIF-8.

Other materials with lone-pair electrons can be modified
on the MOF surface via coordination bonds. For example,
Wang et al. developed a system that targets cancer cells and
effectively penetrates the cell membrane using ZIF-8 and apo-
ferritin (AFt) (Fig. 8A).”® ZIF-8 was degraded under acidic con-
ditions. Thus, this property facilitates controlled drug release
from the tumor tissue. Aft, which is modified on the surface of
the MOF, can selectively react with transferrin receptor 1
(TfR1) overexpressed in MDA-MB-231 triple-negative breast
cancer (TNBC) cells and has its own cage inside the protein,
which can serve as another nanocarrier for loading cancer
drugs. In addition, it promoted coordination bonding between
the N-terminus of the protein and the Zn active site, thereby
facilitating protein modification of the MOF surface. The
fluorophores were loaded into the synthesized system and
incubated with Tfr1-positive MDA-MB-231 cells, Tfr1-negative
Mx-1 cancer cells, and normal cells. Their cancer cell internal-
ization effects were confirmed using CLSM imaging and flow

(A) Schematic of design and assembly process of the proposed corona-BioMOF nanovehicle and its programmed therapy against breast

cancer. Reproduced with permission.”® Copyright (2023): Elsevier. (B) Schematic of Ce6/Cyt c@ZIF-8/HA synthesis and their applications in cancer
cells targeted therapy. Reproduced with permission.”” Copyright (2020): American Chemical Society.
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cytometry. After incubation with the AFT-modified MOF,
MDA-MB-231 cells presented an 8-fold higher fluorescence
intensity than MX-1 and MCF-10A cells.

Hyaluronic acid (HA), a well-known cancer-targeting
material, can be modified into MOF to increase the cancer cell
membrane penetration of the MOF. Kim et al. developed a
cancer membrane-penetrating system using PCN-224 and hya-
luronic acid (HA).'® The Zr-based porphyrinic MOF PCN-224 is
robust, biodegradable, has a large surface area, is stable over a
wide pH range, and can generate 'O,, an essential feature for
PDT. HA a natural biocompatible polysaccharide, interacts
with CD44, which is overexpressed in numerous cancer cells.
Furthermore, the carboxylic acid group in HA forms multiple
coordination bonds with the MOF and facilitates the pene-
tration of the MOF into the cancer membrane. To confirm the
cancer cell internalization, DOX-loaded HA-modified PCN-224
(HA-DOX-PCN) was incubated with CD44 negative normal cell
(HEK 293T) and CD44 overexpressed carcinoma cell
(MDA-MB-231 and SCC-7). After incubation, the cellular
uptake ability of HA-DOX-PCNs was observed by confocal
microscopy and flow cytometry. The MDAMB231 and SCC-7
cell lines showed a higher intensity of DOX compared to that
of the HEK 293T cell line.

Ding et al. developed an HA-modified ZIF-8 system.”’
Chlorin e6 (Ce6, a potent PS) and cytochrome c (Cyt ¢, an
apoptosis inducer) were co-encapsulated in ZIF-8 for cancer
therapy. HA was functionalized on the ZIF-8 surface by a
coordination bond and electrostatic interactions to induce the
cancer cell internalization effect of the MOF (Fig. 8B). HA-func-
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tionalized MOF loaded with a fluorophore were incubated with
CD44 negative L929 cells and CD44 positive HeLa cell to
confirm cancer cell internalization. After incubation, HeLa
cells exhibited higher fluorescence intensity than L929 cells.
To further demonstrate the targeting ability of HA, HeLa cells
were incubated with free HA to block CD44 receptors. After
blocking, fluorescence intensity decreased. This result
suggests that the interaction between HA and CD44 receptors
increases the cellular internalization of the nanoparticles.
P-glycoprotein (P-gp) plays an important role in MDR by
actively transporting structurally diverse compounds out of the
cells. Their main function is to excrete cytotoxic drugs, thereby
reducing their intracellular concentration and efficacy.
Through this mechanism, cancer cells become resistant to
chemotherapy.”® Huang et al. developed a P-gp inhibition
system to treat MDR cells using a MOF composed of iron ions
and 4,4'-azobisbenzoic acid (AMOF) (Fig. 9A).”° Azobenzenes
within the AMOF framework can be reduced to amines by
highly expressed azoreductases under oxygen-deficient
environments, leading to the release of the encapsulated drug
under hypoxic conditions. Additionally, a cancer drug (Dox) is
internalized during the MOF synthesis stage, and a double-
stranded DNA/RNA hybridization complex (DRHC) composed
of HIF-1a against small interfering RNA (siRNA, RX-0047) is
loaded into the AMOF through electrostatic interaction and
coordination bonds. HIF-la enhances the expression of
P-glycoprotein (P-gp), a membrane efflux pump that can trans-
port cancer drugs out of cells, thereby contributing to chemo-
therapy resistance and reducing the efficacy of the drugs.
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(A) Synthesis process and response mechanism for functional metal-organic framework-based nanodrug (DOX@AMOFs@DRHC/CPPs). (B)

Cellular functions of DOX@AMOFs@DRHC/CPPs, including azoreducatse-responsive DOX and DRHC releasing, downregulation of predictive
markers (HIF-1a, MDR1, and P-gp), inhibited DOX export, and then enhanced chemoresistance for hypoxic tumor. Reproduced with permission.”®
Copyright (2019): American Chemical Society. (C) Schematic of multitargeted nanodrug delivery system Tf-Mn-MOF@Nira@CDDP (MNCT) to co-
deliver cisplatin and niraparib on cisplatin-resistant ovarian cancer. Reproduced with permission.®* Copyright (2023): American Chemical Society.
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Thus, HIF-1a against RX-0047 suppresses this process, over-
coming drug resistance and facilitating the MDR cell treat-
ment. The AMOF had a rod-like morphology and was approxi-
mately 150 nm in size. By modification with cell-penetrating
peptides (CPPs) through electrostatic interactions, a system
(DOX@AMOFs@DRHC/CPP) that releases the drug in response
to azoreductases and treats MDR cells was synthesized by
encapsulating Dox and DRHC in AMOF (Fig. 9B).
DOX@AMOFs@DRHC/CPP effectively inhibited the expression
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of HIF-a and P-gp. To confirm the therapeutic effects, PBS,
DOX@AMOFs@random DNA/CPP, AMOFs@DRHC/CPP, and
DOX@AMOFs@DRHC/CPP were injected into tumor-bearing
mice. The group treated with DOX@AMOF @DRHC/CPP
exhibited the most effective inhibition of cancer cell growth.

Drug efflux pumps export substrates in the form of GSH
conjugates or co-transport reduced GSH. Therefore, high levels
of GSH in the body reduce the effectiveness of cancer
therapy.®® Liu et al. developed a system that decreased GSH
levels in the cell to treat drug-resistant cells using a Mn-MOF
composed of 1H-1,2,4-triazole-3-thiol and manganese (Mn)
(Fig. 9C).*' Mn-MOF reacts with GSH present in cancer cells,
leading to its degradation. This reaction reduces the intracellu-
lar GSH levels, inhibiting detoxification and efflux pump-
mediated drug outflow. The Mn-MOF was loaded with the
cancer drug cisplatin (CDDP) and the poly ADP-ribose poly-
merase (PARPD) inhibitor niraparib (Nira). CDDP creates
lesions in DNA, ultimately leading to apoptosis. Nira inhibits
the DNA repair enzyme, PARPD, thereby preventing DNA recov-
ery and enhancing the therapeutic effects of CDDP. The stabi-
lity and biocompatibility of Mn-MOF were enhanced by
coating it with bovine serum albumin (BSA). Finally, transfer-
rin (Tf) was modified onto the surface via an amide bond with
BSA to create a cancer-targeting system (MNCT). To confirm
therapeutic effectiveness, saline, CDDP, Nira, Nira-loaded Mn-
MOF, CDDP-loaded Mn-MOF, and CMNCT were injected into
tumor-bearing mice. The group injected with CMNCT exhibi-
ted the most effective suppression of cancer growth.

Table 1 Summary of the utilized MOF type, modified material to overcome the biological barrier, and molecular interaction between MOF and

modified material

No.  Biological barrier =~ MOF type Modified material Molecular interaction Ref.
1 Immune system ZIF-8 Extracellular vesicle membrane (EVM)  Coordination interaction 44
Electrostatic/hydrophilic interaction
2 Immune system ZIF-8 Erythrocyte membrane (eM) Electrostatic/hydrophilic interaction 46
3 Clearance Ui0-66 1,2-Dioleoyl-sn-glycero-3-phosphate Coordination interaction 50
(DOPA) lipid bilayer (LB)
4 Clearance Zr-fum Polymer (BPEI, PAMAM, PGlu, Coordination interaction 29
PAA, PEG, Tween, PGlu-PSar)
5 Clearance ZIF-8 8-arm-PEG-TNB, HA-SH Disulfide bond 51
6 Protein corona PCN-224 Glutathione S-transferase fused Coordination interaction 52
targetable affibody (GST-Afb)
7 pH-responsive ZIF-14 Responsive polymer Coordination bond, electrostatic interaction 59
8 pH-responsive MIL-101 siRNA, HA Coordination bond, electrostatic interaction 61
9 GSH-responsive PCN/ZIF-67 siRNA Coordination bond, electrostatic interaction 56
10 GSH-responsive Cu-BTC MOF Drug, polymer Covalent bond, electrostatic interaction 61
11 GSH-responsive Zr-TPDC Drug, agonist (AUNP12) Bioorthogonal chemistry 64
12 Hypoxia PCN-224 Pt nanoparticle in situ reduction 64
13 Hypoxia ZIF-90 Cu**, MnO, Dissolution-regrowth process 65
14 Hypoxia MOF-808 Catalase Coordination interaction 66
15 ECM PMO (Protein-MOF)  Collagenase Coordination bond 67
16 ECM ZIF-8 Red blood cell membrane Self-assembly 68
17 Cell membrane MIL-101-N3(Fe) RGDS SPAAC, host-guest interaction 71
18 Cell membrane MIL-53-N3(Fe) Folic acid Amide bond 73
19 Cell membrane NH2-Eu:TMU-62 Folic acid Amide bond 74
20 Cell membrane MIL-88B, ZIF-8 Folic acid Coordination bond 75
21 Cell membrane ZIF-8 Aft Coordination bond 76
22 Cell membrane PCN-224 Hyaluronic acid Coordination bond 18
23 Cell membrane ZIF-8 Hyaluronic acid Coordination bond, electrostatic interaction 77
24 Efflux pump AMOF siRNA, CPPs Coordination bond, electrostatic interaction 79
25 Efflux pump Mn-MOF Nira, Tf Physical adsorption, amide bond 81
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Multifunctionality of MOF based
system

In the preceding discourse, we introduced many models deli-
neating strategies to surmount biological barriers via diverse
modifications. In this section, we aim to delve deeper into
investigations employing multiple functionalities concurrently.
Given our ultimate objective of overcoming biological barriers
and eradicating target disease cells, we posit that a more com-
prehensive discussion encompassing both barrier overcoming
and therapeutic interventions could yield additional insights
compared to addressing singular functions.*® For example, in
the study by Oh et al, a specifically structured recombinant
protein (GST-Afb) was employed to establish a protective
shield inducing a stealth effect on the surface while ensuring
target functionality. This circumvented the protein corona
phenomenon, facilitating targeting, while the pore structure of
MOFs and porphyrin linker were utilized for complex thera-
peutic interventions.>” In addition, Sim et al. successfully navi-
gated hypoxic environments by surface-modifying enzymes
(catalase) on MOF nanoparticles to optimize the efficacy of
photosensitizers present within the particles’ pores.®®
Subsequently, in Kim et al.’s investigation, they harnessed a
material enabling concurrent gatekeeping and targeting
through the utilization of defect sites on particle surfaces,
embedding the drug within nanoparticle pore structures to
effectuate simultaneous delivery and therapeutic efficacy.'®
This versatility enables the incorporation of multiple function-
alities within a single particle through various permutations,
thereby significantly contributing to the development of more
sophisticated delivery systems.

Conclusion and outlook

In the preceding discourse, a comprehensive examination was
undertaken to elucidate diverse investigations involving MOF
nanoparticles and their prospective applications. In summary,
the large surface area inherent in MOFs facilitates the adsorp-
tion of diverse guest molecules, thereby enhancing drug deliv-
ery efficacy. Moreover, the distinctive properties of MOFs facili-
tate the development of stimuli-responsive systems and inte-
grated cancer therapies. Noteworthy biological barriers, includ-
ing bio-clearance, TME, and cellular internalization, pose sig-
nificant challenges not only in traditional cancer treatments
utilizing other nanomedicines but also in MOF-based systems,
thereby influencing the effectiveness of cancer therapy. The
bioclearance system actively eliminates therapeutically injected
nanoparticles via organs, the immune system, and the protein
corona. Addressing this challenge involves leveraging materials
evading clearance systems such as cell membrane polymers
and proteins. The TME, a complex ecosystem surrounding
tumors, presents specific properties, such as pH and GSH,
which can serve as triggers in cancer treatment. Overcoming
challenges such as hypoxia and dense ECM involves modifi-
cations utilizing catalase, nanoparticles, and folic acid. Cell
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membranes play a crucial role in protecting the cells from
external stimuli and preventing indiscriminate nanoparticle
penetration. Successful therapeutic intervention requires the
insertion of drugs into the cells for effective cancer therapy.
This obstacle to cellular internalization is overcome through
ligand modification, which selectively interacts with receptors
overexpressed on cancer cells on the MOF surface. Scheme 2
and Table 1 summarizes MOF-based nanomedicines, high-
lighting their functionalization to overcome biological bar-
riers. Additionally, as indicated in this review, enhancing the
therapeutic effects of nanomedicine involves escaping various
biological barriers through relatively straightforward surface
functionalization. In conclusion, this manuscript provides an
insightful exploration into the manifold capabilities of MOF
nanoparticle systems. However, the transition of these systems
into successful clinical trials hinges upon overcoming several
challenges. Foremost among these is ensuring the stability
and sustained functionality of MOF-based drug delivery plat-
forms within biological environments, a task fraught with
complexity. Ongoing research endeavors are directed towards
fortifying MOF stability against degradation, employing strat-
egies encompassing rational linker and node chemistry
design, encapsulation within protective matrices, and optimiz-
ation of synthesis methodologies. Furthermore, achieving
precise in vivo targeting poses a significant obstacle, necessi-
tating advancements in ligand specificity, optimization of
pharmacokinetic profiles, and circumvention of biological bar-
riers impeding tissue penetration. Additionally, the critical
evaluation of immunogenicity and biocompatibility under-
scores the imperative to ensure the safety and seamless inte-
gration of MOF-based drug delivery systems with biological
matrices. Rigorous preclinical assessments encompassing
immune responses, biocompatibility profiles, and long-term
biodegradation kinetics are essential to mitigate potential
adverse effects and facilitate regulatory approval for clinical
translation. Addressing these challenges demands interdisci-
plinary collaboration among researchers, clinicians, and
engineers to harness the full potential of MOF-based drug
delivery systems and realize their clinical utility. Despite the
hurdles ahead, the future prospects for MOF-based drug deliv-
ery systems remain promising, poised to revolutionize drug
delivery and enhance patient outcomes across diverse thera-
peutic domains.
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