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Metal-organic frameworks (MOFs) as host
materials for the enhanced delivery of
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Biomacromolecular drugs have become an important class of therapeutic agents for the treatment of
human diseases. Considering their high propensity for being degraded in the human body, the choice of
an appropriate delivery system is key to ensure the therapeutic efficacy of biomacromolecular drugs
in vivo. As an emerging class of supramolecular “host” materials, metal-organic frameworks (MOFs)
exhibit advantages in terms of the tunability of pore size, encapsulation efficiency, controllable drug
release, simplicity in surface functionalization and good biocompatibility. As a result, MOF-based host—
guest systems have been extensively developed as a new class of flexible and powerful platform for the
delivery of therapeutic biomacromolecules. In this review, we summarize current research progress in
the synthesis of MOFs as delivery materials for a variety of biomacromolecules. Firstly, we briefly intro-
duce the advances made in the use of biomacromolecular drugs for disease therapy and the types of
commonly used clinical delivery systems. We then describe the advantages of using MOFs as delivery
materials. Secondly, the strategies for the construction of MOF-encapsulated biomacromolecules
(Biomacromolecules@MOFs) and the release mechanisms of the therapeutics are categorized. Thirdly,
the application of MOFs to deliver different types of biomacromolecules (e.g., antigens/antibodies,
enzymes, therapeutic proteins, DNA/RNA, polypeptides, and polysaccharides) for the treatment of
various human diseases based on immunotherapy, gene therapy, starvation therapy and oxidation
therapy is summarized. Finally, the remaining challenges and available opportunities for MOFs as drug
delivery systems are outlined, which we anticipate will encourage additional research efforts directed
towards developing Biomacromolecules@MOFs systems for biomedical applications.

therapeutic functions including proteins, peptides, plasmid
DNA, small-interfering RNA and polysaccharides have proven

With the rapid development of modern medical science and
technology, the effective treatment of fatal human diseases
such as cancer, neurodegenerative disorders and metabolic
diseases and their secondary complications remains a global
challenge. Over the past few decades, biomacromolecules with
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to be applicable in various clinical trials for disease therapy.">
Although biomacromolecular therapeutics have achieved remark-
able success in the treatment of diseases, numerous challenges
remain. For example, biomacromolecules are unstable during
circulation in the blood, are easily degraded by enzymes, display
short half-lives, exhibit immunogenicity, and can unselectively
interact with healthy cells, and most are unable to cross biologi-
cal barriers in vivo to reach target cells.’ As a result, researchers
have developed a diverse range of drug delivery systems to protect
biomacromolecules from being denatured and degraded in vivo.
In addition, these systems facilitate the controlled release of
biomacromolecular therapeutics in target tissues/cells.
Currently used clinical delivery systems can be divided into
viral and non-viral vectors. Compared with non-viral vectors,
viral vectors exhibit low target-specificity, are of high cost and
exhibit potential biosafety concerns. Non-viral vectors can be
sub-divided into organic (e.g., liposomes and hydrogels) and
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inorganic (e.g, silica, carbon materials, inorganic nanoparticles,
and organic polymers) carriers.® However, problems still exist
for non-viral vectors. For example, mesoporous silica displays low
encapsulation efficiency, and the loaded guest molecules easily
leak out. Inorganic nanoparticles can only adsorb biomacro-
molecules onto their surfaces through non-covalent bonding or
covalent bioconjugation, which leads to minimal protection of
biomacromolecules from in vivo degradation. In addition, lipo-
somes as a clinically approved delivery system suffer from some
drawbacks such as a low loading capacity for biomacromolecules,
ease of oxidation and hydrolysis of phospholipids, and a short
half-life.” As a consequence, it is necessary to develop new vector
systems for biomacromolecular therapeutics.

Metal-organic frameworks (MOFs) are porous materials
formed by the coordination of metal cations/clusters with organic
ligands.®® With the advancement of supramolecular host-guest
chemistry, several structurally well-defined functional MOFs have
been synthesized.'® In a mixed solution containing metal ions and
organic ligands, biomacromolecules can be encapsulated into the
interior space of a MOF material through self-assembly. Owing to
the flexibility of coordination chemistry, such biomacromolecular
(guests) can easily fit into the cavity of MOFs (hosts), producing
structurally stable host-guest ensembles (Biomacromolecules@-
MOFs). Alternatively, the pores of mesoporous MOFs that have
already been synthesized can be used to directly accommodate
biomacromolecules. Using these approaches, the activity of bio-
macromolecules can be retained with enhanced stability under
physiological conditions."" To date, host-guest systems for
biomacromolecules based on MOFs are much less explored
compared to those based on cyclodextrins, crown ethers and
calixarenes."?

The main advantages of MOFs as a carrier for biomacromo-
lecules are as follows.'*'* (1) An extensive variety of MOF-based
functional materials with different sizes, shapes and physical/
chemical properties can be designed and prepared using avail-
able metal ions and organic ligands. (2) MOFs exhibit ultra-
high porosity, large specific surface area and adjustable pore
size, making them an excellent host matrix for encapsulating
biomacromolecules. (3) The active sites that immobilize bio-
macromolecules are evenly distributed in the pores of MOFs,
resulting in reduced drug leakage prior to reaching target
tissues/cells. (4) The surface of MOFs is readily modifiable by
a diverse range of targeting agents facilitating target-specific
drug delivery. (5) MOFs exhibit good biocompatibility and low
cytotoxicity and can effectively penetrate the cell membranes of
different types of cells including liver cells, T cells, vascular
cells, lung cells, germ cells, pancreatic cells, etc.">>' This is
because MOFs exhibit high porosity and large specific surface area,
which facilitates enhanced contact with the cell membranes,
thereby increasing their uptake by cells. In addition, positively
charged MOF materials can bind to cell membranes through
electrostatic interactions and thus can enter cells by endocytosis.

In this review, we summarize recent advances in the treatment
of human diseases using Biomacromolecules@MOFs (Scheme 1).
The host-guest strategies developed for the construction of
Biomacromolecules@MOFs are summarized, and the application
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Scheme 1 Biomacromolecules used for the host—guest interaction with
metal-organic frameworks (MOFs) (Biomacromolecules@MOFs) and their
application for the controlled release of biomacromolecular therapeutics
achieving disease therapy via different therapeutic mechanisms.

of MOFs for the controlled delivery of a diverse range of different
biomacromolecules for disease therapy is introduced. Finally,
we outline the future opportunities available and remaining
challenges for Biomacromolecules@MOFs as delivery vectors.

2. Host—guest strategies for the
synthesis of Biomacromolecules@MOFs
and their application in disease therapy

Biomacromolecular drugs exhibit high therapeutic efficacy for
the treatment of a variety of human diseases including micro-
bial infections, autoimmune diseases, metabolic disorders,
neurodegenerative diseases and cancer.”*>” Compared with
traditional small-molecule based drugs, they possess certain
advantages over small-molecule based drugs in terms of better
target specificity, unique therapeutic function, low susceptibility
to multidrug resistance, and fewer side effects that can interfere
with normal biological processes; in addition, the research and
development cycle of biomacromolecular drugs is generally
faster than that of small-molecule based therapeutics.>® The
biomacromolecules used for disease therapy include DNA/RNA,
antigens/antibodies and peptides/polysaccharides. MOFs repre-
sent an emerging class of delivery systems with the potential to
substantially improve the efficacy of disease therapy.”® By using
MOFs as the host molecule, biomacromolecules as the guest
molecules can be more efficiently delivered to target tissues/cells
and achieve enhanced therapeutic effect. The currently reported
host-guest strategies to construct Biomacromolecules@MOFs can
be divided into two different paths (Fig. 1).

Path (a)

Pore encapsulation is a host-guest strategy for encapsulating
biomacromolecules using preformed MOFs.*® In recent
years, many mesoporous MOFs have been successively used
to accommodate biomacromolecular therapeutics based on pore
encapsulation.>"** Using this strategy, the pore shape and size
of the MOF based material must match the three-dimensional
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Fig. 1 Host—guest strategies to construct Biomacromolecules@MOFs.

structure of the biomacromolecules of interest to ensure the
successful encapsulation. The driving forces by which biomacro-
molecules are immobilized into the pores of MOFs include van
der Waals forces, hydrophobic/hydrophilic and electrostatic
interactions, n-n stacking and hydrogen bonding. Moreover, to
achieve pore encapsulation of biomacromolecules, the MOF
material used should be soluble and water stable. Although pore
encapsulation has been shown to be an effective method for
loading biomacromolecules, this strategy has limitations in
terms of the loading of large biomacromolecules.

Path (b)

In situ encapsulation is an alternative strategy to pore encapsulation,
which can accommodate a broader spectrum of biomacromolecules
irrespective of the size of biomacromolecules.>*** The principle of
this strategy is that the MOF precursor undergoes a self-assembly
process surrounding the biological macromolecules, and then the
biomolecules are uniformly encapsulated inside the MOF material
to obtain a host-guest supramolecular ensemble. However, only a
limited number of MOF based materials have been used for in situ
encapsulation of biomacromolecules (e.g:, ZIF-8 and ZIF-90). This is
because the conditions for synthesizing the MOF must be mild (e.g.,
low temperature, organic solvents) to ensure that the bioactivity of
biomacromolecules is not compromised during the encapsulation
process.”>® The above-mentioned conditions hamper the use of a
significant number of available MOFs. Furthermore, since
in situ generation results in the complete encapsulation of the
biomacromolecules within the MOFs, the loaded biomacro-
molecules can only be released when the MOFs are decomposed.

Table 1 The application of Proteins@MOFs in disease therapy?®
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As such, stimuli-responsive MOFs are the ideal choice for the
controlled release of biomacromolecules.*>*° When stimulus-
responsive MOFs are activated by specific intracellular triggers
(e.g., acidic pH, reactive biospecies, ATP, etc.), their host-guest
architecture will collapse, thereby releasing the biomacromolecules
in a controlled manner.

2.1 The host-guest materials of Proteins@MOFs

Therapeutic proteins have unique advantages in disease therapy.*!
Protein-based drugs can directly induce cancer cell apoptosis
through well-defined signaling pathways or indirectly inhibit tumor
growth by regulating the tumor microenvironment or by stimulating
an autoimmune response. In addition, the use of protein therapy
does not modify the genetic information. Table 1 presents
representative examples of currently established Proteins@MOFs
for human disease therapy.** >

2.1.1 Enzymes@MOFs. Enzymes have attracted significant
interest in the field of disease therapy because of their high
specificity and functional diversity.>* To date, therapeutic enzymes
approved by the FDA include caspase-3, RNase, granzyme, glucose
oxidase (GOx), asparaginase and CRISPR/Cas9.”>>° Since the ther-
apeutic targets of most anticancer enzymes are located within
cells, the effective delivery of these enzymes inside cancer cells is a
key factor for their therapeutic efficacy.

Enzymes@MOFs materials are mainly prepared by the pore
encapsulation strategy. For example, Ma et al. immobilized
microperoxidase-11 (MP-11) into the pores of a mesoporous
MOF.?” The selected Tb-TATB materials had pore sizes ranging
from 3.0 nm to 4.1 nm, which provided sufficient space to
accommodate MP-11 with a size of approximately 3.3 x 1.7 x
1.1 nm®. The host-guest MP-11@Tb-TATB material exhibited
an excellent enzymatic activity. In addition, they reported that
cytochrome ¢ (Cyt ¢) could also enter the cavity of mesoporous
MOFs, even though the size of the enzyme was larger than that
of the MOF pore.*® This suggests that the conformation of the
Cyt ¢ enzyme molecule changed after being loaded into the
MOFs, which might be caused by the surface contact of the
enzyme with the MOF crystal. It was proposed that the tertiary
structure of the protein undergoes partial unfolding to pass
through the small pores of the nanocage.

Host Guest Size of composite particle  Release mechanism Targeted cell lines Type of disease Ref.
ZIF-8 GOx, HRP ~72 nm pH HeLa/U14 cells Cervical cancer 42
NMIL-100 GOx ~203 nm GSH 4T1 cells Breast cancer 43
ZIF-90 RNase A-NBC, CRISPR/Cas9 429 4+ 27 nm, 583 + 18 nm ATP HelLa cells Cervical cancer 44
ZIF-8 RNase A ~425 nm pH A549 cells Lung cancer 45
Fe (SS) MOF GOx ~190 nm GSH 4T1 cells Breast cancer 46
ZIF-8 GOx, CPO ~150 nm pH 4T1 cells Breast cancer 47
ZIF-8 Klenow (exo-)fragment 162 + 25 nm pH HelLa cells, Cancer 48
polymerase MCF-7 cells
UiO-AM OVA ~437 nm n. a. L929 cells n. a. 49
ZIF-8 Cas9/sgRNA ~100 nm pH CHO cells n. a. 50
NU-1000, PCN-222 Insulin ~180 nm, ~210 nm Phosphate SKOV-3 cells n. a. 51
MIL-100 Anti-EpCAM antibody ~110 nm pH MCF-7 cells Cancer 52
ZIF-8 Insulin/GOx ~500 nm Glucose n. a. Diabetes 53

“n. a. = not available.
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Fig. 2 Comparison of the pore size in different zirconium-based MOFs.
Reprinted with permission.>® Copyright 2021 Elsevier.

Li et al. further developed a series of mesoporous Zr-based
MOFs (NU-100x, x = 3, 4, 5, 6, 7) with pore sizes of 3.3 nm to
6.7 nm by precisely controlling the torsion angle associated
with the organic ligand (Fig. 2).>° The extended NU-100x MOF
structure was used to encapsulate lactate dehydrogenase
(LDH), in which the larger channels were used to immobilize
LDH, and the smaller channels and cavities facilitated the free
diffusion of substrates and coenzymes. As such, the cascade-
reaction activity of LDH@Nu-100x was demonstrated to be
higher than that of free enzymes.

Effective delivery and lysosomal release of enzymes in living
cells remains a big challenge for protein therapeutics. As such,
Chu et al. reported Caspase-3@MOFs as a universal strategy for the
lysosomal delivery of enzymes (Fig. 3).°® Caspase-3, an important

ST+ @

2-MIM Protein

Protein@ZIF-8

PVP Coating

Fig. 3 The construction of CRISPR/Cas9@ZIF-8 and its pH-controlled
drug delivery in cells. Reprinted with permission.®® Copyright 2018 Amer-
ican Chemical Society.
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enzyme implicated in cell apoptosis,”* and 2-methylimidazole were
pre-mixed, followed by slow addition of a Zn®" solution. Then,
polyvinylpyrrolidone (PVP) was added to modify the surface of the
resulting caspase 3@ZIF-8, enhancing the stability of the carrier.
Cellular experiments indicated that the ZIF-8 could release the
encapsulated caspase-3 molecules under acidic conditions, indu-
cing cell apoptosis. In order to further improve the targeted
delivery of enzymes, Zhang et al. designed lysosomal-responsive
nanoparticles (LYS-NPs) loaded with anti-cancer enzymes. With
this research, perforin and granzyme B were co-loaded into the
interior of ZIF-8 by in situ encapsulation, and then calcium ions
were adsorbed onto the surface of ZIF-8 (Ca>" is known to enhance
the efficacy of perforin and granzyme B).®* Finally, a CD63 aptamer
was coated onto the surface of the carrier as a targeting agent for
the lysosomes of T cells. LYS-NPs were internalized by T cells,
releasing the therapeutic agents in a pH-controlled manner within
the lysosomes. Subsequently, when the major histocompatibility
complex (MHC) of cancer cells activated the T cells, perforin,
granzyme B, and Ca®" were released from the lysosomes to kill
the cancer cells. In vivo tests using breast cancer tumor-bearing
mice indicated that treatment with T cells preloaded with LYS-NPs
significantly suppressed the tumor growth with an inhibition of
70%. In contrast, the inhibition of T cells without the MOF
pretreatment was only 27%.

In recent years, biomimetic nanoparticles based on the
surface coating of natural cell membranes have emerged as a
promising strategy for disease therapeutics and vaccination.®®
By introducing cell membranes to the surface of MOFs, the
resulting delivery system can be used for homotypic targeting
exhibiting low immunogenicity, which is a key requirement for
personalized medicine.®* Zheng et al. designed a biomimetic
host-guest nanosystem, in which gelonin (a plant toxin) was
loaded into the interior of the ZIF-8 material using in situ
encapsulation. Then, the membrane of MDA-MB-231 (human
breast adenocarcinoma) cells was coated onto the surface of
Gelonin@ZIF-8 to target breast cancer.®® The ZIF-8 exhibited an
encapsulation efficiency of ~94% and a loading efficiency of
~41% for gelonin. In vitro and in vivo studies indicated that the
Gelonin@ZIF-8/MDA-MB-231 cell membrane system protected the
therapeutic proteins from protease digestion, evaded immune
clearance, and promoted gelonin uptake by tumor cells. The
internalized gelonin induced cell apoptosis by hydrolysis of rRNAs
to disrupt protein synthesis. With the help of the biomimetic host—
guest nanosystem, the therapeutic effect was increased 11-fold
when compared to gelonin alone.

Similarly, Khashab et al used the Michigan Cancer
Foundation-7 (MCF-7) cell membrane of human breast cancer
to functionalize a MOF delivery system (Fig. 4).°® A CRISPR/
Cas9 genome editing system was loaded into the interior of ZIF-8
using in situ encapsulation to obtain the CRISPR/Cas9@ZIF-8
material (CC-ZIF). Then CC-ZIF was coated with the MCF-7 cell
membrane resulting in a particle size of ~150 nm. Amongst
different cancer cells including MCF-7, the human cervical cancer
Henrietta Lacks (HeLa) cell line, Human Dermal Fibroblast
(HDFn) cells and activated Jurkat cells (ATC), the C*-ZIFycp
materials exhibited the highest uptake efficiency in MCF-7 cells.

Chem. Commun., 2021, 57,12098-12110 | 12101
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Fig. 4 The preparation of C*-ZIF and its targeted entry into cells. Rep-
rinted with permission.®® Copyright 2020 American Chemical Society.

Subsequently, the authors demonstrated that the C*-ZIFy;cp system
significantly suppressed a model transfected gene (enhanced green
fluorescent protein) exhibiting a 3-fold improved efficiency when
compared with C*-ZIFyr.. This biomimetic method enabled the
specific targeting of cancer cells which should facilitate the clinical
transformation of such gene-editing technology in the future.

In addition to enzymes that directly kill cancer cells, those that
play a complementary role with therapeutic agents have been used
for MOF-based delivery systems.®”®® Tyrosinase (TYR) can activate
the prodrug paracetamol in cancer cells. This process is accompa-
nied by the production of reactive oxygen species (ROS) and the
consumption of glutathione, while the enzymatically cleaved pro-
duct (4-acetamido-o-benzoquinone) has a good therapeutic effect on
drug-resistant cancer cells. Zhou et al. chose PCN-333(Al) as a carrier
for TYR, which has the advantage of good enzyme loading capacity,
simplicity of modification with fluorophores, and good chemical
stability under a cellular environment.®® In addition, the MOF
has two mesoporous cavities with diameters of 4.2 and 5.5 nm,
respectively (Fig. 5). The host-guest materials TYR@PPCN-333
(Al) were obtained by encapsulating TYR within the larger
mesopores (5.5 nm) of PPCN-333 (Al). The combined use of

(a)

(b)

Tyrosinase (TYR), 43 kDa
5.5x5.5x5.6nm?

Fig. 5 The structure of NPCN-333 with two kinds of mesoporous cavities.
Reprinted with permission.®® Copyright 2018 John Wiley and sons.
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TYR@PCN-333 and paracetamol was more efficient at inducing
cancer cell apoptosis and tumor ablation in vivo than using just
paracetamol.

2.1.2 Antigen/antibody@MOFs. The principle of immuno-
therapy is to stimulate the auto-immune system of humans in
order to kill cancer cells.”>”" Ovalbumin (OVA) is a common
antigen used for antigen-induced immunotherapy.”” Zhang
et al. developed a pH-responsive Eu-MOF as an antigen delivery
system for cancer immunotherapy (Fig. 6).”> OVA was encapsulated
in situ within the Eu-MOF; then cytosine phosphate guanine (CpG)
oligodeoxynucleotide was modified on the surface of the OVA@Eu
MOF by Watson-Crick base pairing. The particle size of the
composite material was measured to be ~30 nm, and the encap-
sulation efficiency towards OVA was ~55%. In the acidic environ-
ment of the lysosome, the coordination bond between Eu®* and
guanine monophosphate (GMP) became unstable, thereby releasing
the OVA antigen. Moreover, CpG, as an immunostimulant, stimu-
lated the activity of cytotoxic T lymphocytes. In vivo experiments
indicated that the OVA@Eu MOF/CpG material had a 7-fold
enhanced therapeutic effect on B16/OVA tumors with a survival
rate of mice close to 100% when compared to the use of OVA/CpG.

In immunotherapy, aluminum salts are the most common
adjuvants because of good biocompatibility and the ability
to stimulate immune responses to various antigens.”* Sung
et al. developed an aluminum-based metal-organic framework
(Al-MOF) as an antigen-delivery carrier as well as an adjuvant to
effectively induce a durable immune response.”” The synthetic
strategy was to use aluminum isopropoxide as the metal source,
2-aminoterephthalic acid as the organic ligand and the OVA
antigen as the guest molecule, producing the OVA@AI-MOFs
under mild ultrasonic conditions. The encapsulation efficiency
of the OVA antigen was measured to be ~95%, and the particle
size of OVA@AI-MOFs was ~ 70 nm. In addition, to overcome
the mucosal barrier of oral antigens, OVA@AI-MOFs (positively
charged) were loaded into yeast-derived capsules (negatively
charged) via electrostatic interactions to obtain OVA@AI-MOFs/
YCs composites. In vivo experiments indicated that the OVA@
Al-MOFs/YCs delivery system targeted intestinal M cells and
were subsequently endocytosed by macrophages to accumulate
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Fig. 6 The construction of the OVA@Eu MOF/CpG material and its anti-
tumor mechanism. Reprinted with permission.”® Copyright 2021 Elsevier.
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in mesenteric lymph nodes. In the presence of phosphate ions,
Al-MOFs slowly released OVA antigens intracellularly, which
induced the continuous production of high levels of mucosal
S-IgA and serum IgG antibodies, realizing long-lasting immuno-
therapy in vivo.

Tumors can evade immune destruction and block antigen-
activated immune responses through endogenous “immune
checkpoints”,”® such as the immunosuppressive receptors
expressed on T cells.”” As such, the immune response can be
restored using immune checkpoint inhibitors (e.g., anti-PD-L1
and anti-PD-1 antibodies).”® Antibodies@MOFs based on the
host-guest strategy can protect antibodies from being degraded
under various environmental conditions. Chen et al. used two
zeolitic imidazolate frameworks (ZIF-8 and ZIF-90) as carriers
for the immobilization of human immunoglobulin G (IgG)
polyclonal antibodies (H-IgG) and adalimumab (Ada).”® They
demonstrated that the encapsulated antibodies exhibited good
thermal, chemical and mechanical stability. This study insti-
gated the concept of protecting antibody-based drugs using
host-guest chemistry.

Nivolumab (NV) is a monoclonal antibody-based checkpoint
inhibitor approved by the U.S. Food and Drug Administration
in 2014.%° Alsaiari et al. proposed the use of a biomimetic ZIF-8
material as a biocompatible carrier for delivery of NV (Fig. 7).%*
NV was encapsulated within ZIF-8 by self-assembly to obtain
NV@ZIF-8. Then, the cell membrane of MCF-7 cells was coated
onto the surface of the NV@ZIF-8 to improve its tumor targeting
ability. The average particle size of NV@ZIF-8/CC was determined
to be ~166 nm and the crystal shape was octahedral. Using
in vivo experiments, compared with control materials, NV@ZIF-8/
CC significantly improved the activation of CD8" T cells in
hematological malignancies, resulting in higher levels of inter-
feron-y (IFN-y) and tumor necrosis factor-o (TNF-o) being
generated. The lifespan of mice was also significantly pro-
longed. NV@ZIF-8/CC can specifically recognize tumors, reduce
off-target delivery of therapeutic agents reducing side effects

 PD-1 PD-1 inhibitor

T cell 24 ‘,
(inactive) ¢ v
¢ . Tumor >
. » -
. &
i < 5 AARL \x
s ; Low pH
T cell ¢

(active)

2IF

< Nivolumab

Fig. 7 MOF targeted delivery of NV to activate T cells in a slightly acidic
tumor microenvironment. Reprinted with permission.8 Copyright 2021
American Association for the Advancement of Science.
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associated with immunotherapy, improve the sensitivity of the
tumor microenvironment to NV, prolong the residence time of
NV-ZIF in the tumor, and induce tumor-specific immunity.

2.1.3 Therapeutic proteins@MOFs. In addition to the two
types of proteins mentioned above, there are several other
therapeutic proteins that are used to treat diseases.®*®* For
example, cytochrome ¢ (Cyt ¢) is a mitochondrial intermem-
brane protein. When Cyt ¢ is released from mitochondria, a
series of biochemical reactions can be initiated, leading to the
activation of caspase and cell apoptosis.®® Zeng et al. used ZIF-8
to simultaneously encapsulate Cyt ¢ and Chlorin e6 (Ce6) to
construct a novel host-guest material with synergistic photo-
dynamic and protein-based therapeutic effects.*® Hyaluronic
acid (HA) was used to modify the surface of Ce6/Cyt c@ZIF-8,
thus improving the ability to target cancer cells. The encapsula-
tion efficiency of Cyt ¢ by ZIF-8 was determined to be 74.68%,
and Cyt ¢ was released in response to the acidic endosomal
environment inducing programmed cell death. Interestingly, Cyt ¢
was shown to function under hypoxic conditions and decompose
H,0, into O,, thereby enhancing the therapeutic efficacy.

The most used medicine for treating diabetes is insulin, and
the effective delivery of insulin in vivo is key to controlling
the patient’s blood sugar levels.®” Farha et al. synthesized a
zirconium-based porous MOF material denoted as NU-1000 for
the encapsulation of insulin with a 40 wt% loading efficiency.®®
The MOF “capsule” protected insulin from being degraded by
gastric acid and digestive enzymes, and enabled the controlled
release of insulin into the bloodstream (Fig. 8). The coordination
bonds formed between the zirconium cluster and carboxylic acid-
based ligands facilitated the stability of the MOF material at an
environmental pH of 1.5-3.5. Since the size of folded insulin was
about 13 A x 34 A, it could be encapsulated by the 34 A pore of
NU-1000. Once the insulin@NU-1000 nanocapsules entered
blood circulation, phosphate ions triggered a slow decomposition
of NU-1000, thereby enabling the buffered release of insulin.
Zhao et al. constructed a glucose-responsive MOF composite as a
nano-delivery system for insulin.®® The release rate of the system
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Fig. 8 The pore encapsulation principle and release mechanism of Insu-
lin@NU-1000. Reprinted with permission.®® Copyright 2018 American
Chemical Society.
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Table 2 The application of Nucleic acid@MOFs in disease treatment®
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Size of composite Release
Host Guest particle mechanism  Targeted cell lines Type of disease Ref.
MIL-101 siRNA 170 + 10 nm Phosphate MCF-7/T cells Breast cancer 94
Zn-NMOF LNA-antisense miR-224 ~200 nm pH HCT116 cells Colon cancer 95
MIL-100, MIL-101_NH, SiRNA ~390 nm, ~277 nm Phosphate Sw480 cell Colorectal cancer 96
ZIF-8 DNAzymes ~140 nm pH T cells, Huh-7 cells  Liver cancer 97
ZIF-8 Fe-DNA ~132 nm pH 4T1 cells Breast cancer 98
ZIF-8 siRNA ~475 nm pH HUVEC cells Lymphoma 99
MAF-7 DNAzymes ~150 nm ATP K562/D cells Leukemia 100
MIL-100 (Fe) pDNA 795 + 26 nm Phosphate H1299 cells Lung cancer 101
ZIF-C siRNAs or CRISPR/ ~200 nm pH PC-3 cells Prostate cancer 102
Cas9 plasmid
ZIF-8 pDNA ~275 nm pH MCF-7 cells n. a. 103

% n. a. = not available.

was dependent on the concentration of glucose. The host-guest
material insulin-GOx@ZIF-8 was prepared by self-assembly.
When the blood glucose concentration was high, glucose mole-
cules could enter ZIF-8 and be oxidized by GOx, producing
gluconic acid and H,0,. The ensuing decrease in microenviron-
mental pH resulted in decomposition of the MOFs and triggered
the release of insulin.

Free hemoglobin (Hb), as a “carrier” of oxygen, exhibits
poor stability and short blood circulation. For this reason,
Yu et al. used ZIF-8 as a hard shell to protect Hb, which
significantly enhanced its stability under alkaline, oxidative,
high-temperature or enzymatic conditions.”® The Hb@ZIF-8
material with a particle size of 180 nm and a zeta potential of
—2.1 mV prolonged the blood circulation time of Hb and
reduced the non-specific distribution in organs. Hb@ZIF-8
was demonstrated to significantly increase the survival time
of mice with hemorrhagic shock disease. This study provided
an oxygen-carrying platform with good stability and extended
circulation time.

2.2 Therapeutic Nucleic acid@MOFs

The development of DNAs and RNAs as therapeutic agents has
attracted much interest in the field of disease therapy.’*
Currently, small-interfering RNA (siRNA) and plasmid DNA
(pDNA) are the most widely investigated therapeutic agents.
However, it has been difficult to effectively deliver these genetic
materials to target tissues. These negatively charged biomacro-
molecules also have difficulty in passing through the cell
membrane, which is also negatively charged. In gene therapy,
more than 70% of delivery systems are based on viral vectors,
and only 11% are non-viral vectors.”>® Due to their high
loading capacity, ability for controlled drug release and good
biodegradability, MOFs have been developed for enhanced
delivery of DNAs and RNAs. Table 2 lists the representative
and recently developed Nucleic acid@MOFs materials.”* "%
2.2.1 DNAs@MOFs. Zhou et al. developed four types of
isoreticular MOFs (Ni-IRMOF-74-11-V).'%* As the length of the
organic ligands increased, the pore size of the MOF increased
from 2.2 nm to 4.2 nm. The precise encapsulation of single-
stranded DNA (ssDNA, 11-53 nt) was achieved by using these
MOFs with ssDNA completely filling the pore areas, thereby
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protecting ssDNAs from degradation. The presence of comple-
mentary cDNA sequences in the target cell induced the release
of ssDNAs from MOFs without the need for any other external
stimuli (Fig. 9). Cellular experiments indicated that the MOFs
could effectively deliver DNAzyme (ssDNA with 33 nucleotides)
to MCF-7 human breast cancer cells with a transfection effi-
ciency of about 80% for inhibition of early growth response-1
(EGR-1) gene expression. This research demonstrated that
MOFs with properly tuned pore sizes could be used as non-
viral vectors for the delivery of ssDNAs to cancer cells.

In addition to pore encapsulation, the in situ encapsulation
strategy was also used to construct DNAs@MOFs. Single-stranded
DNAzymes are effective for gene silencing. However, due to the
lack of DNAzyme cofactors such as special ions, the activity of
DNAzymes is insufficient in cells.'®® To solve this problem,
Wang et al. constructed a self-sufficient system by encapsulating
a Ce6-modified DNAzyme into ZIF-8 nanoparticles.'*® ZIF-8 acted
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Fig. 9 Precise control of the pore size of the MOF and the encapsulation
and release mechanism of ssDNA. Reprinted with permission.2°* Copyright
2018 Springer Nature.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cc05157a

Open Access Article. Published on 27 Septemba 2021. Downloaded on 23/07/2025 17:07:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

as a pH-responsive nanocarrier as well as a supplier of an
adequate amount of DNAzyme cofactors (the Zn>* ions). The
particle size of DNAzyme@ZIF-8 was determined to be 167 nm,
and the loading capacity for DNAzyme was 10 wt%. The material
spontaneously decomposed to release DNAzymes and Zn>" ions
under acidic conditions, and the released species acted as messenger
RNA-targeting agents to activate DNAzyme cofactors required for
gene therapy. In addition, the auxiliaty photosensitizer Ce6 could be
used both as a fluorescence imaging agent and in PDT. Similarly, Qu
et al. designed a bimetallic MOF material loaded with DNAzymes to
develop a host-guest platform for combined chemotherapy and
gene therapy.'®” MCF-7 tumor-bearing mice were intravenously
injected with DNAzyme@Cu/ZIF-8. Then, the mice were
treated with a prodrug combination (5-azidobenzene-1,3-diol
and 4-ethynylphenol) and sodium ascorbate. The Cu®" ions enriched
in the tumor were reduced to Cu" by sodium ascorbate to catalyze
the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
in situ between 5-azidobenzene-1,3-diol and 4-ethynylphenol, produ-
cing a resveratrol derivative toxic to cancer cells. Moreover, the
released DNAzymes could be activated by Zn>*, which inhibited
the proliferation and metastasis of cancer cells.

DNA plasmids are closed-loop DNA with the ability to self-
replicate for DNA recombination. Shukla et al. used the in situ
encapsulation method to encapsulate DNA plasmids into the
interior of ZIF-8.'°® The synthesis was achieved by the addition of
the DNA plasmid to an aqueous solution of 2-methylimidazole,
followed by the slow addition of an aqueous solution of zinc
acetate at room temperature. A green fluorescent protein particle
(pIGFP) was used as a model genetic macromolecule to validate
the transfection efficiency of ZIF-8 materials. Cell transfection
experiments indicated that human prostate cancer epithelial cells
(PC-3) were transfected with plGFP, and the transfection lasted
for up to 4 days.

Ovarian cancer is one of the most malignant gynecological
cancers with a high mortality rate. Gene therapy has proven to
be an effective way to combat ovarian cancer. As such, Wang
et al. constructed a new gene delivery system composed of MIL-
88A nanoparticles and a microcircular DNA (MC) encoding the
anti-CD3/anti-EpCAM bispecific T-cell engager (BiTE).'*® The
expressed products of MC induced T cell-mediated cytotoxicity
to human ovarian cancer cells (SKOV3). The MC@MOF system
was shown to have a high gene transfection efficiency in a
mouse xenograft model for human peritoneal ovarian cancer.
To further improve the transfection efficiency of DNA plasmids,
cell-penetrating peptides (CPPs) are good capping systems and
provide specific intracellular compartments without macrophage
recognition and subsequent phagocytosis, cross the endothelial
barrier and enter the cytoplasm of targeted cells.*

Langel et al. modified CPPs on the surface of ZIF-8 by
electrostatic adsorption to improve the transfection efficiency of
the plasmid (pGL3). HeLa cells were transfected with pGL3@
ZIF-8/CPPs and pGL3@ZIF-8, respectively, and the results indicated
that ZIF-8/CPPs increased the transfection efficiency of pGL3 by
5-fold.'"" Conventional gene therapy relies on the introduction
of therapeutically effective DNA fragments into target cells to
correct disease-related genes. In contrast, Leong et al. developed
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a nanoparticle that can clear circulating free DNA (cfDNA) for
the treatment of sepsis."*® The cationic metal-organic “nano-
trap”’ (PEI-g-ZIF) was prepared in one pot to encapsulate cfDNA
(Fig. 10). The particle size of PEI-g-ZIF was determined to be
100 nm. The PEI-g-ZIF captured cfDNA through electrostatic
interactions, thereby suppressing cfDNA-induced activation of
toll-like receptor (TLR) and the release of inflammatory cyto-
kines. The biological evaluation indicated that PEI-g-ZIF NPs, as
“nano traps”, exhibited good therapeutic efficiency for the
clearance of cfDNA. The host-guest material effectively reduced
inflammation and reversed the progress of sepsis.

2.2.2 RNAs@MOFs. RNA interference (RNAi) is a naturally
occurring gene down-regulation mechanism that has been widely
used as a tool for biological research."*® MicroRNA (miRNA), a
small endogenous non-coding RNA, is a promising class of nucleic
acid-based therapeutics. miRNAs can simultaneously regulate a
M43 yang et al.
used ZIF-8 as a delivery system achieving the effective delivery of
miRNA into cells."’® As a gene carrier and chemodynamic ther-
apeutic inducer, ZIF-8 exhibited a high loading capacity for miRNA
(miR-34a-m) of B-cell lymphoma-2 (Bcl-2). Once internalized by
cells, the ZIF-8 was decomposed to release the miRNA into the
cytoplasm, leading to a significant decrease in the expression of
Bcl-2 at both the mRNA and protein levels, resulting in enhanced
cancer cell apoptosis. Interestingly, Zn>* could induce the
production of ROS to further promote tumor cell apoptosis.
The combined genetic/chemodynamic therapy enabled by the
miR-34a-m@ZIF-8 host-guest material effectively inhibited
tumor growth in a triple-negative breast cancer mouse model.

SiRNAs are short double-stranded RNA molecules that can
be designed and synthesized for use in the RNAi pathway.
siRNAs have evolved as an important tool for identifying the

wide range of target genes for tumor inhibition.
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Fig. 10 Schematic illustration of the preparation of PEl-g-ZIF and its
capture of cfDNA. Reprinted with permission.*? Copyright 2021 American
Chemical Society.
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function of genes and are widely used in the treatment of human
diseases.""” In 2014, Lin et al. developed a nanoscale MOF material
(siRNA@University of Oslo/Cisplatin [UiO-Cis]) to deliver a combi-
nation of MDR gene-silencing siRNAs (Bcl-2, P-glycoprotein, and
survivin) to cancer cells. The presence of the UiO-Cis host material
facilitated the escape of the siRNAs from endosomes intracellularly
to silence MDR genes in drug-resistant ovarian cancer cells. The
host-guest composite reduced the expression of the three target
proteins by 50%.""®

Jimenez et al. used NU-1000 nanoparticles to enhance the
delivery of siRNA. NU-1000 has a hexagonal mesoporous channel
with a pore size of 3 nm, which is suitable for loading siRNAs.""
Computational simulations indicated that the binding energy of
nNU-1000 with siRNA was —878 k] mol '. In addition, the
SiRNA@MOFs host-guest material was combined with various
cofactors (proton sponge, KALA peptide and NH,Cl) to diminish
endosomal retention and thus increase the gene-knockout
efficiency.

Zhang et al. constructed a biomimetic nanoparticle for
targeted delivery of siRNA in vivo (Fig. 11)."*° First, the siRNA
was loaded into the interior of the ZIF-8 through a one-pot
method, and then the surface of the material was coated with a
naturally derived platelet membrane. In vitro experiments indicated
that the P-MOF-siRNA materials coated with platelet membranes
had the capacity for tumor targeting, achieving efficient gene
silencing of multiple target genes. The host-guest system also
exhibited a good therapeutic effect in tumor-bearing breast cancer
mice models. Similarly, Zhang et al. used HeLa cell membranes
(CMyera) to camouflage ZIF-8 for targeted delivery of siRNA inhibit-
ing the Polo-like kinase 1 (PLK1) gene of lung cancer cells."*"
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Fig. 11 The construction of P-MOF-siRNA and its application in gene
silencing. Reprinted with permission.12° Copyright 2020 American Asso-
ciation for the Advancement of Science.
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PLK1 belongs to a highly conserved protein family, PLKs, which
regulate the cell cycle through different signaling pathways
including triggering cell mitosis, facilitating spindle assembly
and promoting centrosome maturation.*> siRNA@ZIF-8/CMgzera
resulted in a 72% reduction of PIK1 expression in tumor-bearing
models. In contrast, siRNA alone exhibited a minimal effect on
PLK1 suppression. This MOF biomimetic delivery system exhibited
enhanced synergistic effects of homotopic targeting and gene
silencing.

siSOX9 is a siRNA that down-regulates the expression of
SOX9, which is an important transcription factor for glial cells.
Qu et al. designed a cerium dioxide-doped MIL-100 material as
a carrier to deliver siSOX9 and retinoic acid (RA) to neural stem
cells (NSC)."** MIL-100 is a H,O,-responsive material that can
release siSOX9 and RA in the lesion area, thereby modulating
the differentiation of NSC into neurons. Furthermore, cerium
dioxide acted as an antioxidant nanoenzyme that protected
newborn neurons from oxidative damage in an inflammatory
environment, thus enabling a longer survival rate of newborn
neurons. The MIL-100 host-guest material systems exhibited
excellent drug loading efficiency and promoted the directed
differentiation of neural stem cells, improving the cognitive function
in a triple-transgenic mouse model of Alzheimer’s disease.

2.3 Host-guest materials of other Biomacromolecules@MOFs

In recent years, peptide-based therapeutics have played an
important role in the treatment of diseases. Compared to
therapeutic proteins, peptides can be more easily produced at a
lower cost. However, peptides can also be easily degraded
in vivo."** Liang et al. synthesized a ZIF-8 material to encapsulate
a therapeutic peptide (peptide 46), which can upregulate the
expression of the tumor suppressor gene p53 in cancer cells."”>
The hydrophobic cavities in ZIF-8 effectively eliminated polar
solvents to prevent hydrolysis of peptides. The resulting Peptide
46@ZIF-8 significantly inhibited the proliferation of MCF-7 cells.
Similarly, Liu et al. used ZIF-8 materials to encapsulate melittin
in situ (Fig. 12)."*° Melittin (MLT) is an amphiphilic cationic
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Fig. 12 Preparation of MLT@ZIF-8 NPs and its application in anti-cancer
therapy. Reprinted with permission. 2% Copyright 2018 American Chemical
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peptide, which can insert into the cell membrane producing
transmembrane “holes” that lead to cell apoptosis. When melittin
is delivered into cells, it interacts with the membrane of sub-
cellular organelles to activate transcriptional regulation. In a
series of transcriptome analyses, it was shown that MLT@ZIF-8
could regulate the expression of 3383 genes. For example, the
phosphoinositide 3-kinase/serine-threonine kinase-regulated
p53 pathway was activated in MLT@ZIF-8 treated A549 cells.
This research represents the first example where the anti-cancer
mechanism of MLT@ZIF-8 through transcriptomics analysis
was elucidated.

Osteogenic growth peptide (OGP) has been widely used to
improve the proliferation and differentiation of osteoblast-
related cells.’®” Chen et al. prepared OGP@ZIF-67 nanoparticles
using an in situ encapsulation approach and then deposited
OGP@ZIF-67 onto the surface of titanium dioxide nanotubes
(TNTs) using a cathodic electrophoretic deposition method to
obtain TNT-ZIF-67@OGP."*® The composite material enhanced
the proliferation and differentiation of mesenchymal stromal
cells (MSCs) whilst inhibiting the inflammatory response of
M1 macrophages. Using an infected femur animal model, TNT-
ZIF-67@OGP materials exhibited excellent anti-inflammatory
effects at the early stage of implantation and enhanced osseo-
integration of the bone-implant at a later stage. A comparison of
the osseointegration capacities of TNT and TNT-ZIF-67@OGP
in vivo indicated that the new-bone formation capacity around
TNT-ZIF-67@OGP was 2-fold higher than that of TNT.

Positively charged peptides, such as the dodechistidine
peptide (H12), can enhance the cellular uptake of MOF materials
and/or facilitate their transport across cell membranes. Tang et al.
prepared a 5-carboxyfluorescein (FAM)-labeled H12 (fH12)@ZIF-8
material as an efficient pH-responsive delivery system.'*® Human
hepatocellular carcinoma cells (HepG2) were incubated with
5-FAM/ZIF-8 (without the peptide) or fH12/ZIF-8 for 2 hours. The
fluorescence of fH12/ZIF-8 was determined to be much stronger
than that of 5-FAM/ZIF-8, suggesting that the cellular uptake of
ZIF-8 was enhanced by doping with H12.

Polysaccharides play important functional roles in the bio-
logical system, and polysaccharide-based therapeutic agents
have been increasingly developed."* In order to achieve effective
encapsulation and controllable release of polysaccharides, Falcaro
et al. proposed the use of ZIF-8 encapsulated polysaccharides
in situ.®" The authors demonstrated that an increase in the
number of carboxyl groups in the polysaccharide structure led to
a more effective coordination with metal cations, thus facilitating
the self-assembly process of the host-guest materials. Hyaluronic
acid (HA) is a therapeutic agent used for the treatment of
osteoarthritis (OA). HA reduces inflammation in OA patients,
protects chondrocytes from free-radical damage, and promotes
cartilage regeneration.'*” Kai et al. used MIL-100 (Fe) to simulta-
neously load HA and an anti-inflammatory protocatechuic acid
(PCA) to obtain the MIL-100@HA@PCA composite for the
treatment of OA."** MIL-100@HA@PCA released HA and PCA
slowly under acidic conditions, thereby reducing synovial
inflammation in OA joints. Falcaro et al. used three types of
pH-responsive MOF materials (ZIF-8, ZIF-90 and MAF-7) for the
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in situ encapsulation of a variety of glycosaminoglycans (GAG)
for disease treatment (Fig. 13)."**

The GAG family consists of hyaluronic acids, chondroitin
sulfates, dermatan sulfates, keratin sulfates and heparan sulfates.
GAGs play an important role in modulating cell development,
repair, and replacement. For example, GAGs containing chondroi-
tin sulfates are indispensable for the development of the brain,
cartilage, and other tissues, and for maintaining the stability of
neuronal synapses. Heparan sulfates are involved in the develop-
ment of cells and angiogenesis, and in the regulation of blood
clotting properties. GAGs are therefore important commercial
therapeutics used for the treatment of human diseases including
osteoarthritis, thrombosis, inflammation, and wound healing. The
above strategy was successful in loading clinically approved GAG
therapeutics (heparin, hyaluronic acid, chondroitin sulfate, der-
matan sulfate, GM-1111, and HepSYL proteoglycan) into the MOF.
Different GAG@MOF materials displayed varied loading efficien-
cies, guest space distribution and release dynamics. For example,
GAG@ZIF-8 or GAG@MAF-7 host-guest materials were the best
choices for treating osteomyelitis and infected wounds since they
exhibited rapid release. However, GAG@ZIF-90 was the material of
choice for controlling the drug release rate and reducing side
effects. This research was the first to prepare GAGs@MOFs
composites with tunable functions (e.g;, encapsulation efficiency,
protection mechanism, drug release rate).

The resistance of bacteria to antibiotics continues to
increase, and to date it has been difficult to develop targeted
vaccines for pathogenic bacteria. The difficulty mainly lies in
the choice of suitable bacterial antigens for eliciting immune
responses. Gassensmith et al. have used the in situ encapsulation
method to load uropathogenic Escherichia coli (UPEC) to ZIF-8. The
host-guest assembly was achieved through the weak interaction
between Zn>* and the peptide backbones on the membrane of the
bacteria."*® The self-assembly did not change the conformation of
proteins and saccharides on the membrane surface. However, the
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bacteria were deactivated. The protective layer of ZIF-8 was decom-
posed in vivo, and the re-exposed proteins and oligosaccharides
were released to trigger immune responses. The UPEC@ZIF-8
host-guest material significantly increased the concentration of
lgG in the serum, induced a strong humoral response, and
prolonged the survival time of mice infected with fatal sepsis.

3. Conclusions and outlook

As an emerging class of delivery systems, MOFs have contributed
substantially to the enhanced delivery of therapeutic biomacro-
molecules. Based on structurally well-defined pore networks and
the mild host—guest chemistry used in their construction, different
types of biomacromolecules (including antigens/antibodies,
enzymes, therapeutic proteins, nucleic acids, polypeptides and
polysaccharides) are efficiently encapsulated in a variety of nano-
scale MOFs and exhibit sufficient retained bioactivity upon reach-
ing the targeted cells. The two most popular host-guest strategies
to construct Biomacromolecules@MOFs are the pore encapsula-
tion and in situ encapsulation strategy. The internal/external
stimuli in cells that activate the biomacromolecular release from
MOFs include pH, ions, competitive binding agents, and redox-
active species. In addition, by combining therapeutic biomolecules
with other therapeutic agents and/or adjuvants, multimodal dis-
ease therapy has been achieved in vivo.

Although significant progress has been made in the develop-
ment of Biomacromolecules@MOFs host-guest delivery systems
for disease treatment, several challenges remain that hamper the
transformation of this emerging technique into clinical practice.

(1) Potential side effects and biosafety of the MOF delivery
system should be systematically studied. These are important
factors that determine whether MOFs can enter clinical trials.
In the process of constructing MOFs, low-toxicity organic
ligands and metal ions should be selected, and the tolerance
of these materials by the human body should be considered.
How each MOF is degraded and distributed in the human body
should be carefully assessed by standard pharmacological and
pharmacokinetic assays.

(2) Currently, only a limited number of MOF materials have
been used for enhanced delivery of biomacromolecules. Structurally
more diverse MOF systems for biomacromolecules with exquisitely
tunable porous structure, chemical structure and morphology need
to be developed. In particular, the size of Biomacromolecules@
MOFs needs to be finely controlled to achieve good internal
circulation in vivo. Another question is how to ensure the structural
uniformity and repeatability of MOF materials when they are
synthesized in bulk. In addition, to overcome the relatively harsh
synthetic conditions of MOFs materials (e.g:, high temperature, high
pressure and the use of organic solvents), recently, a novel and
generalizable approach to the encapsulation of small-molecule
drugs in MOFs, known as the mechanochemical “SMART” strategy,
has been developed.”**"*® This method just requires a single
mechanochemical process for drug loading, minimizing the harsh
conditions required for the traditional solvothermal MOFs
syntheses. We envision that the mechanochemical strategy
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can be used for Biomacromolecules@MOFs to help retain the
structural and functional integrity of biomacromolecular ther-
apeutics of interest.

(3) The mechanisms by which biomacromolecules bind
MOFs remain largely unexplained. In-depth mechanistic studies
can offer an important theoretical basis for the efficiency-
enhanced loading and release of therapeutic biomacromolecules.

(4) The targeting specificity of MOF materials still needs to
be improved using the surface functionalization of MOFs with
appropriate targeting molecules, thereby improving the accumu-
lation of the therapeutic agents at the targeted cells (reducing off-
targeting).

(5) Due to the complexity and diversity of most human diseases,
it is necessary to develop multifunctional Biomacromolecules@
MOFs to achieve multi-target and multi-modal treatment of
diseases. Significantly, the therapeutic results obtained in
animal-based disease models may differ from those in humans.
To enable clinical practice, several pre-clinical evaluations are
required.

In conclusion, we anticipate that, once the problems outlined
above have been addressed, Biomacromolecules@MOFs delivery
systems will become one of the most promising materials for
biomedical applications. Although big challenges remain, the
rapid development of MOFs due to advancements in chemistry,
materials science, and biotechnology will result in Biomacro-
molecules@MOFs suitable for the clinical translation of MOF
material-based therapeutics in the near future.
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