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Metal—organic frameworks (MOFs) hold great promise for widespread applications in biomedicine and nanomedi-
cine. MOFs are one of the most fascinating nanocarriers for drug delivery, benefiting from their high porosity and
facile modification. Furthermore, the tailored components of MOFs can be therapeutic agents for various treatments,
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including drugs as organic ligands of MOFs, active metal as central metal ions of MOFs, and their combinations as
carrier-free MOF-based nanodrug. In this review, the advances in delivery systems and applications as therapeutic
agents for nanoscale MOF-based materials are summarized. The challenges of MOFs in clinical translation and the
future directions in the field of MOFs therapy are also discussed. We hope that more researchers will focus their

DOI: 10.1039/d3tb00027¢

Published on 03 Mé&erz 2023. Downloaded on 13.02.26 16:55:27.

rsc.li/materials-b

1. Introduction

The recent decades have witnessed rapid developments and
multitudinous achievements in nanomedicine. Intensive
efforts have been devoted to exploiting biomaterials for pre-
clinical or clinical applications,"? such as diagnosis, therapy
and beyond.*>” To date, a variety of nanomaterials have been
developed as diagnostic agents, therapeutic agents, and even
theranostic agents and have made enormous progress in
the field of biomedicine due to their tunable size, unique
surface characterizations, and high cargo loadings. Notably,
nanomaterial-based agents have some intrinsic advantages
over their counterparts, such as controllable release, enhanced
accumulation, and augmented blood circulation, allowing for
boosting the therapeutic efficacy and alleviating adverse
reactions.® Nowadays, the vast majority of nanomaterials can
be categorized into either inorganic nanomaterials, including
metal-based nanomaterials, metal oxide-based nanomaterials,
and carbon-based nanomaterials, or organic nanomaterials
including polymer nanoparticles, liposomes, micelles, and
dendrimers.”® However, these nanomaterials suffer from some
inherent disadvantages, such as inorganic materials that are
difficult to degrade and organic materials with undesirable
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attention on advancing and translating MOF-based nanodrugs into pre-clinical and clinical applications.

cargo loadings. To tackle these challenges of purely inorganic
or organic materials in biomedical applications, hybrid nano-
materials have been constructed.

Nanoscale metal-organic frameworks (NMOFs) are emerging
hybrid materials assembled from metal ions and organic ligands
via coordination bonds. Importantly, they combined the benefits of
inorganic and organic materials, making them more applicable in
biomedicine. NMOFs possess several advantages in the field of
nanomedicine: (1) they are readily biodegradable due to the
relatively weak metal-ligand coordination bonds; (2) they are
conducive to favourable loading efficiency of cargoes because of
the high porosity and large pores; (3) they are easy to adjust,
allowing for encapsulating or modifying diverse cargoes. Therefore,
NMOFs have been widely explored for medical applications.

In this review, we focus on summarizing the nanomedical
applications of NMOFs in the last few years, ranging from drug
delivery to therapeutic agents (Fig. 1). Compared with the
published overview articles, we categorize the delivered drugs
according to their properties, highlight the advantages of MOFs
in the delivery of various drug components, and pay more
attention to the structural therapeutic components of MOFs
in terms of treatment. By incorporating MOFs, our article
covers a wider range of diseases, not limited to cancer. More-
over, we discuss the challenges and further development of
NMOFs, in order to provide new insights and comprehensive
understanding of NMOFs in nanomedical applications.

2. MOFs as delivery systems

MOFs, as an inorganic-organic hybrid nanocarrier, hold its
intrinsic advantages over inorganic and organic carriers, owing
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Fig. 1 Schematic diagram of the transportation and therapeutic effects of nanoscale MOFs-based materials.

to its high loading capacity and great biodegradability. There-
fore, MOFs could be regarded as a promising candidate for
further development of carriers to deliver therapeutic agents,
ranging from small molecule drugs to biomacromolecules,
such as chemical drugs, proteins, nucleic acids, saccharides,
antigens, adjuvants, and gasotransmitters.

2.1. Small molecule chemical drugs delivery

2.1.1. Delivery and sustained release. Materials of institut
lavoisier (MIL) family were the first to be investigated as drug
delivery systems by the seminal work from Férey and coworkers
as early as in 2006.° They synthesized two MIL-based (MIL-100
and MIL-101) nanocarriers for encapsulation of hydrophobic
drugs, which were built from Cr** ions and trimesic acid (MIL-
100) or terephthalic acid (MIL-101). Of note, the as-prepared
MILs with giant pores allowed the drugs entrance, the unpre-
cedented surface areas enabled high drug loadings, and the
good water stability avoided rapid drug release. Ibuprofen as a
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model drug has been successfully encapsulated into Cr-based
MIL via simple impregnation method and achieved drug load-
ings up to 1.4 g ibuprofen/g MIL-101 (Cr). Nevertheless, the
small dimensions of the pentagonal windows of MIL-100 (Cr)
were close to the size of ibuprofen. Thus limited to valuable
access, only 0.35 g ibuprofen was obtained per gram of MIL-100
(Cr). As shown in Fig. 2, the release kinetics of ibuprofen
demonstrated that the drug release rate was slow, taking as
long as 6 days for MIL-101 (Cr) and 3 days for MIL-100 (Cr) to
release ibuprofen completely. However, because of the high
toxicity of chromium, these MOFs were unsuitable for biome-
dicine applications, especially in the clinic. Consequently, less-
toxic analogs, such as MIL (Fe) and MIL (Al), were developed for
drug delivery and sustained release as biocompatible
alternatives.'®>'

Since then, many MOFs have been used as nanocarriers or
intelligent carriers for the sustained and controlled release of
drugs, as shown in Table 1. Up until now, MOFs have gained

B,
) MIL100 e
100 — S _
o.©
3 80 MIL10T 5 5
© Q@
2 60 BE
° ]
o oL
2 40 °F
] | °5
R 20 5=
o3
0 >
01 2 3 456
t/day
® 1; "
g
g 10 /V-MCMM
5 08 ~5—MIL101
206 2/1 —o—MIL100
5 04 —
>
S 0.2 ?ﬂ,—o
o 0_
01 2 3 4 5 6

t/ day

Fig. 2 MIL family materials as drug delivery systems that slowly released ibuprofen. (A) 3D representation of MIL-101 (Cr) and MIL-100 (Cr). (B) Ibuprofen

delivery from MIL-101 (Cr) and MIL-100 (Cr).° Copyright 2006, Angewandte
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Table 1 Summary of MOF-based nanocarriers for release behaviors

Loading capacity

MOF-based nanocarriers Drug [Wt%] Release behaviour Ref.

MIL-100 (Cr) Ibuprofen 25.8 Sustained release 3 days 9

MIL-101 (Cr) Ibuprofen 58 Sustained release 6 days

MIL-53(Cr) Ibuprofen 19.0 Sustained release 21 days 10

MIL-53(Fe) Ibuprofen 17.5 Sustained release 21 days

MIL-101 (Fe) Cisplatin prodrug 12.8 Sustained release 3 days 42
Cidofovir 42 — 14
Azidothymidine triphosphate 42 —
Azidothymidine triphosphate 21 Sustained release 3 days 12
Cidofovir 29 Sustained release 5 days
Doxorubicin 9 Sustained release 14 days
Flurbiprofen 37 Sustained release 72 hours 18
Indocyanine green 16.9 Sustained release 20

MIL-101 (Al) Indocyanine green 18.2 Sustained release

MIL-88 (Fe) Indocyanine green 10.6 Sustained release

MIL-88A Busulfan 8 Sustained release 13

MIL-89 Busulfan 10 Sustained release

MIL-100 Busulfan 26 Sustained release 24 hours

MIL-53 Busulfan 14 Sustained release 24 hours 13
Flurbiprofen 20 Sustained release 72 hours 18
Vancomycin 11.5 Sustained release 21

MIL-100 TPT 11.6 Photon-induced release 36
[Ru(pcymene)Cl,(pta)] — Sustained release 15
Caffeine 42 Sustained release 48 hours 16
Phosphated gemcitabin 30 Sustained release 24 hours 17
Flurbiprofen 46 Sustained release 72 hours 18
Gemcitabine monophosphate 30 pH-Responsive release 19

Ca-MOF Flurbiprofen 10 Sustained release 72 hours 18

MOF-5 5-FU 84.1 pH-Responsive release 43

Fe;0, nanorods@HKUST-1 NIM 16.7 Sustained release 11 days 29

HKUST-1 5-FU 40.2 Sustained release 96 hours 44

ZIF-8 5-FU 39.8 pH-Responsive release 32,45
Doxorubicin 4.67 Sustained release 30 days 46

20 pH-Responsive release 47

Curcumin 12.7 pH-Responsive release 48
Curcumin 3.4 pH-Responsive release 49
Verapamil hydrochloride 32.0 pH-Responsive release 50
Doxorubicin 8.9
3-Methyladenine 19.8 pH-Responsive release 51
Chloroquine diphosphate 18.0 pH-Responsive release 52
Cytarabine-IR820 39.8 pH-Responsive release 40
Tetracycline 59.7 pH-Responsive release 53

ZIF-90 Doxorubicin 13.5 Sustained release 18 hours 54
5-FU 36.4 Sustained release 25 hours

Zn-cpon-1 5-FU 44.7 pH and temperature dual-triggered release 55
6-Mercaptopurine 4.8

Zng(0),(CDDB)s(DMF),(H,0) 5-FU 53.3 Sustained release 72 hours 56

Cu-BTC MOF 5-FU 8.2 Sustained release 2 days 57

Cu,(CO0),(H,0), Ibuprofen 45 Sustained release 96 hours 58
Guaiacol 62 Sustained release 48 hours
Anethole 60 Sustained release 3.5 hours

mesoMOFs Doxorubicin 55 Sustained release 72 hours 59

MOF-74 (Fe) Ibuprofen 15.9 Anion-exchange controlled release 60

Gd-pDBI Doxorubicin 12 pH-Response release 61

Ui0-66 Cisplatin prodrug 12.3 Sustained release 8 hours 23
Alendronate 51.4 pH-Response release 24
5-FU — Zn** or thermal-triggered release 25
Taxol 14 Sustained release 300 hours 26
Cisplatin 4.8
Dichloroacetic acid 13.7 pH-Response release 27
Dichloroacetate 20.7 Sustained release 28

Ui0-67 Taxol 10 Sustained release 300 hours 26
Cisplatin 1

ZJU-800 Diclofenac sodium 58.8 Pressure-controlled release 62

ZJU-64 MTX 13.45 Sustained release 72 hours 63

ZJU-101 Diclofenac sodium 54.6 pH-Responsive release 64

NU-901 a-Cyano-4-hydroxycinnamic acid  79.0 Sustained release 30 days 65

NU-1000 a-Cyano-4 hydroxycinnamic acid 81.0

Bio-MOF-1 Procainamide 22 Cation-triggered release 11

Bio-MOF-Zn Diclofenac sodium 172 Sustained release 48 hours 66
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Table 1 (continued)
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Loading capacity

MOF-based nanocarriers Drug [Wt%] Release behaviour Ref.

ZFH-DGR Dox 5.4+ 0.1 pH-Responsive release 41
FITC-OVA 6.9 £ 0.1

UMCM-1 Doxorubicin — pH- or competitive binding agent-triggered release 67

IRMOF-74 Gemcitabine 113 Sustained release 68

IRMOF-3 5-FU 20.4 Sustained release 96 hours 69
Celecoxib 26.4 pH-Responsive release 70
Doxorubicin 46.8

MOF-In1 5-FU 34.3 Zn**-triggered release 71

vy-CD-MOF Captopril 19.3 Sustained release 72
Ibuprofen 26 Sustained release 73
Ibuprofen 12 Sustained release 48 hours 74
Lansoprazole 9.4

o-CD-MOF 5-FU 25.7 Sustained release 36 hours 75

great success in the delivery of active pharmaceutical ingredi-
ents (API) and prodrugs, including MIL, zeolitic imidazo-
late framework (ZIF), porous coordination network (PCN),
university of oslo (UiO), isoreticular metal-organic framework
(IRMOF), biomolecule-based MOFs (bio-MOFs) and cyclodex-
trin (CD)-based MOFs. These MOFs are superior to other
delivery materials in protecting drugs from degradation, pre-
cise delivery, and controllable release.

Among tens of thousands of known MOFs, UiO-66 con-
structed from zirconium(iv) oxoclusters and terephthalate
anions, possessed high stability and porosity as one of the most
promising nanocarriers for drug delivery. Furthermore, it is
more feasible to modify functional groups on UiO-66, so that
both hydrophilic and hydrophobic drugs can be encapsulated
through reasonable functionalization. For example, Serre and
coworkers explored the relationships between drug encapsula-
tion performances and the functionalized organic linker of
Ui0-66.>* It was first demonstrated that polar or apolar func-
tional groups on UiO-66 exhibited different drug payloads,
in which it appeared that the large octanol-water partition
coefficient and low hydrogen bond functional groups were
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conducive to loading amphiphilic cosmetic caffeine, whereas the
loading of the hydrophobic drug ibuprofen was enhanced with large
solvent surface and free volume functional groups. It highlighted that
the competition between the adsorption of the solvent and the drug
during the encapsulation process played a crucial role.

In 2014, Lin and his group first used UiO with hexagonal-plate
morphologies for the co-delivery of cisplatin prodrug and small
interfering RNAs (siRNAs) via encapsulation and surface coordina-
tion to enhance therapeutic efficacy in drug-resistant ovarian cancer
cells.* As shown in Fig. 3, UiO with high porosity allows the cisplatin
prodrugs to encapsulate into the channels and metal sites on the
surfaces to enable the phosphate group to coordinate binding with
SiRNA. UiO could effectively protect siRNA from degradation by
nuclease, exhibited multiple therapeutics for drug-resistant cancer
therapy, and represented a unique nanocarrier platform for co-
delivery. Afterwards, UiO-based platforms (i.e., UiO-66, UiO-67) were
also been utilized to deliver various chemical drugs, such as 5-FU,
taxol, cisplatin, and dichloroacetate, to defeat tumors.>*® On the
one hand, UIO kept the structure and efficacy of anticancer drugs
intact; on the other hand, the high porosity of UIO boosted drug
loading capacity and achieved better anticancer effects.
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Fig. 3 UIO as a unique co-delivery platform. (A) Schematic presentation of siRNA/UIO-Cis synthesis and drug loading; (B) CLSM images showing cell apoptosis
and siRNA (TAMRA-labelled, red) internalization in SKOV-3 cells after incubation with siRNA/UIO; and (C) siRNA/UiO-Cis for 24 h; (D) SKOV-3 cells were incubated
with free cisplatin, UiO-Cis, pooled siRNAs/UiO-Cis, free cisplatin plus free pooled siRNAs, and free cisplatin plus pooled siRNAs/UiO at different concentrations for
72 h, and then the cytotoxicity was determined by MTT assay.2® Copyright 2014, Journal of the American Chemical Society.
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Fig. 4 Fez04,@MOF for magnetic targeted drug delivery and controlled release. (A) The synthesis and action of FesO,4/Cuz(BTC), nanocomposites for
potential targeted drug release; (B) the NIM release process in physiological saline at 37 °C.2° Copyright 2011, Journal of Materials Chemistry.

2.1.2. Targeted delivery. Targeted drug delivery systems
could not only reduce the side effects, but also improve the
therapeutic efficacy. Due to the rich physicochemical surface of
MOFs, it enabled targeting agents to decorate onto MOFs for
targeted delivery. Unfortunately, the architectures of some
MOFs may be prone to disintegration during the process of
drug delivery, making them ineffective for targeted or even non-
targeted delivery. Consequently, it is essential to develop and
select MOFs that are stable under physiological conditions, and
could be degraded at the site of lesions for drug delivery.

Zhang et al. firstly fabricated MOF-based nanocomposites
(named Fe;0, nanorods@HKUST-1) for magnetic targeted drug
delivery.® As shown in Fig. 4, the magnetic MOF nanocompo-
sites were obtained by incorporating Fe;O, nanorods into 3D
HKUST-1, conferring them excellent candidates for magnetic
targeted drug delivery and controlled release. Then, Nimesulide
(NIM), an anti-cancer drug for pancreatic cancer treatment,
was laden into Fe;0, nanorods@HKUST-1. There were up to
0.2 g NIM adsorbed per gram Fe;O, nanorods@HKUST-1
composite. Interestingly, it took as long as 11 days for NIM
release in physiological saline at 37 °C. Importantly, a variety of

(A) (8)

conjugation methods have been developed to attach functional
moieties to MOFs.*°

Therefore, covalent attachment targeting cargoes onto MOFs
is another important approach for targeted delivery. For exam-
ple, Dong and coworkers designed and developed a folic
acid (FA)-targeting bearing UiO-based drug delivery platform
(Fig. 5(A)). The doxorubicin (DOX)-loaded Mi-UiO-68 was
covalently modified with FA targeting agent (DOX@UiO-68-
FA) via thiol-maleimide Michael-type addition for highly effec-
tive hepatoma therapy. Compared with free DOX and DOX@Mi-
Ui0-68, DOX@Mi-UiO-68-FA possessed the best therapeutic
effect.>® As shown in Fig. 5(B), Forgan et al reported three
surface modification protocols, including coordination modu-
lation, postsynthetic exchange and covalent click modulation,
to attach biomolecules (i.e., FA, biotin, PEG) on the surface of
Ui0-66 for dichloroacetic acid (DCA) targeting delivery. They
not only demonstrated that biomolecule functionalization
could improve the properties of UiO-66, but also confirmed
that the therapeutic efficiency was drastically enhanced with a
300-fold increase in the selective cytotoxicity of DCA@UiO-66-
FA toward the overexpression of FR of cancer cells.*®
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Fig. 5 Covalent attachment of targeting agents to MOFs for targeted delivery. (A) Design and fabrication of FA targeting agent-decorated drug delivery
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Fig. 6 ZIF-8 as a pH-sensitive delivery vehicle for the controlled release of 5-fluorouracil (5-FU). (A) The scheme of pH-response of the encapsulated
5-Fu release from ZIF-8; (B) the NIM release process in physiological saline at 37 °C.3? Copyright 2014, Dalton Transactions.

2.1.3. Stimuli-triggered release. Nowadays, stimuli-respon-
sive cargo vehicles are popular for controllable drug release,
including tumor microenvironment (TME)-trigger and external-
trigger. In 2012, Wang and coworkers reported ZIF-8 as an
efficient pH-sensitive drug delivery vehicle for the controlled
release of 5-fluorouracil (5-FU).*> As shown in Fig. 6, the ZIF-8
degraded under acidic condition and thus released 5-FU for
therapy. The release profiles showed that 5-FU was released
much faster in mild acidic buffer solution (pH 5.0) than at a
neutral pH of 7.4. Since then, ZIF-based MOFs (ZIF-8, ZIF-90,
etc.) have been widely used for the incorporation of diverse
drugs and imaging agents for pH-responsive release.>*"*
Furthermore, external (i.e., light, temperature, ions)-triggered
drug release has also received much attention. As shown in
Fig. 7, the Gref team achieved light-triggered drug delivery by
encapsulating topotecan (TPT) in MIL-100.*® TPT monomers
aggregated within MIL-100 and stabilized the 3D structure as a
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“ship in a bottle”, avoiding the “burst” release. However, one-
and two-photon light irradiation could promote TPT release
from MIL-100. Sada and coworkers constructed a smart
MOF for thermal on-off controllable release by modification
with a thermoresponsive polymer (PNIPAM) on UiO-66 (UiO-66-
PNIPAM) via surface post-synthetic modification techniques.?”
Guest molecules, such as resorufin, caffeine and procainamide,
were rapidly released at a low temperature (25 °C) and sup-
pressed release at a high temperature (40 °C) through the
conformational change of PNIPAM. By modifying carboxylato-
pillar[5]arene (CP5)-based supramolecular switches onto the
surface of UiO-66, Yang et al. constructed a superior Zn** and
thermal dual stimuli-triggered drug release nanoplatform (UiO-
66-NH-Q-CP5).>> On the one hand, Zn>" has a higher binding
affinity toward CP5, and induced dethreading of the CP5 rings
from the Q stalks to release 5-FU from the pores of UiO-66. On
the other hand, the supramolecular interactions between the
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Fig. 7 MIL-100 as a light triggered delivery system for transporting topotecan (TPT). (A) Schematic representation of one- or two-photon photodelivery
of TPT from MIL-100.3¢ Copyright 2014, Journal of Medicinal Chemistry. (B) Schematic representation of the thermoresponsive controlled release from
UiO-66-PNIPAM.3” Copyright 2015, Chemical Communications (Camb). (C) Schematic representation of the stimuli-responsive mechanized UiO-66-
NH, MOFs equipped with positive charged quaternary ammonium salt (Q) encircled by pillarene[2]pseudorotaxanes. The mechanized nanoUiO-66-NH2
MOFs can be operated either by thermal heating or by Zn?* competitive binding in regulation of the release of cargo molecules.?> Copyright 2015, Small.
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CP5 rings and the Q stalks are weakened by increasing tem-
perature, which also led to the gradual release of 5-FU. In
follow-up work, they further designed a multi-stimulus (pH,
Ca**, thermal) responsive UiO-66-based nanocarrier with gated
scaffolds to control drug release for anticancer therapy.*®
2.1.4. Combination of targeted delivery and stimulus-
triggered release. The combination of targeted delivery and
stimulus-triggered release could be a desirable drug delivery
system for precise therapy. Due to the high drug loading and
available surface modification, MOFs have become a promising
candidate for precise drug delivery. Zhang and coworkers
developed a MIL-101-based tumor targeting and dual-
responsive multifunctional drug delivery system by two-step
surface modification.** As shown in Fig. 8, after loading dox-
orubicin hydrochloride (DOX-HCI), MIL-101-N; was modified
with bicyclononyne functionalized B-cyclodextrin derivative
(B-CD-SS-BCN) through strain-promoted [3+2] azide-alkyne
cycloaddition, and the disulfide bond was introduced for redox
responsiveness. Then, by taking advantage of the host-guest
interaction between B-CD and adamantane to modify the func-
tional polymer, this polymer was functionalized with o,f3;
integrin to target peptide (RGD) and PEG chains via pH
responsive benzoic imine bond. Therefore, the multifunctional
drug delivery system exhibited tumor targeting to improve
tumor accumulation and enhance cellular uptake by dissociat-
ing the benzoic-imine bond between PEG and RGD peptide in
an acidic environment. Intracellular GSH cleaved the disulfide
bond between B-CD and MIL-101 to open the channel, and
release drugs for effective inhibiting tumor growth with mini-
mal side effects. Luan et al. proposed a versatile strategy to load
drugs/prodrugs into ZIF-8, and functionalize hyaluronic acid
(HA) on the surface of ZIF-8 for tumor-targeted delivery and pH-
triggered release for chemo-photothermal therapy.” Since the
drug cytarabine (Ara) cannot be encapsulated into ZIF-8 satis-
factorily, indocyanine green (IR820) was utilized to bond with
Ara for the formation of prodrug (Ara-IR820) for efficient

This journal is © The Royal Society of Chemistry 2023

encapsulation, in which sulfonic groups of the prodrug
strengthen the interaction between Ara-IR820 and ZIF-8. The
obtained HA/Ara-IR820@ZIF-8 displayed excellent therapy with
HA-based targeted and ZIF-8-based pH-responsive release.
Moreover, Ara-IR820 endowed the delivery system with unique
fluorescence-imaging-guided chemo-photothermal therapy of
tumors.

2.1.5. Bio-MOFs. For the abovementioned MOFs, it is
possible to leach toxic metal ions or harmful constituents
during delivery. So, some green MOF-based carriers have been
developed, called bio-MOFs, which are constructed from bio-
molecular building blocks (i.e., amino acids, nucleobases) and
bimetallic ions (i.e., Zn**, Ca**). Rosi and his colleagues firstly
synthesized porous bio-MOF-1, which is composited by adenine
and Zn?*. Furthermore, they exploited bio-MOF-1 for storage of
the cationic drug procainamide and cation-triggered drug
release by cation-exchange.'' We also developed a facile one-
pot strategy to construct peptide-doped bio-MOF, denoted as
ZFH-DGR, which was built by Fmoc-His, targeting peptide
Fmoc-HDGR and Zn**, as shown in Fig. 9.*" The as-prepared
bio-MOF can encapsulate hydrophobic chemotherapy drugs,
hydrophilic proteins and nanomaterials (negatively charged
gold nanoparticles, positively charged gold nanorods) for tar-
geting delivery to the precise therapy of tumors.

2.2. Protein delivery

It is well known that proteins are prone to deactivation by
degradation, and most native proteins are membrane imperme-
able. So, it is crucial to develop carrier systems for the efficient
delivery of functional proteins. Nowadays, there are three main
approaches to fabricate MOF-based nanocarriers for protein
protection/delivery, including encapsulation, covalent conjuga-
tion and protein/peptide as organic linkers, as shown in
Table 2.

2.2.1. Encapsulation approaches. In 2006, Balkus and co-
workers firstly immobilized microperoxidase-11 (MP-11) in the
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Table 2 Summary of MOF-based nanocarriers for protein delivery methods

MOFs Proteins Methods Ref.
[Cu(OOC-CeH,-CeH,4~COO0)."? C¢H,,N,],, MOF MP-11 Immersed method 76
Tb-mesoMOF MP-11 Immersed method 77,95
Tb-mesoMOF Myoglobin Immersed method 96
Tb-mesoMOF Cyt ¢ Immersed method 97
PCN-333 HRP, Cyt ¢, MP-11 Immersed method 88
ZIF-8 Cyt ¢, HRP, lipose One-pot coprecipitation method 78
ZIF-10

Cyt ¢
ZIF-90 Catalase One-pot coprecipitation method 80
ZIF Catalase One-pot coprecipitation method 82
ZIF-8 GOx One-pot coprecipitation method 86
ZIF-8 GOx&HRP One-pot coprecipitation method 81
ZIF-8 BSA, B-Gal, HAS, caspase3, EGFP, RFP, One-pot coprecipitation method 84
ZIF-8 BSA, Cyt ¢, geloion One-pot coprecipitation method 85
ZIF-8 GOx&insulin One-pot coprecipitation method 87
ZIF-8, HKUST-1, MIL-88A, Eu/Tb-BDC BSA/HAS/OVA/lysozyme, HRP/ribonucleaseA/  Biomimetic mineralization 79

haemoglobin/trypsin/lipase/insulin/glucose-

dehydrogenase
PCN-224 GOx&catalase Immersed method 83
PCN-333 SOD&catalase Immersed method 98
[(Et,NH,)(In(pda),)]n, [Zn(bpydc)(H,0). (H,0)]n, EPGF, CAL-B Bioconjugation 89
IRMOF-3
MIL-88B-NH, Trypsin Bioconjugation 90
CYCU4 Trypsin-FITC Vortex-assisted host-guest 91

interaction

Zn-ferritin MOF Ferritin As modular component 93
Metal-ferritin MOFs Ferritin As modular component 94

3-dimensional (3D) [Cu(OOC-C¢H,~CsH,~COO),,C¢H1,N,],, MOF
by immersed method.”® The MOF-supported MP-11 exhibited
high catalytical activity and could be effectively resistant
to organic solvents. Then, they further immobilized MP-11
into mesoporous Tb-TATB (denoted MP-11@Tb-mesoMOF),
and evaluated the superior enzymatic catalysis performance
with the recyclability and solvent adaptability of MP-11@
Tb-mesoMOF.”” Compared to mesoporous silica material MCM-41
adsorbed MP-11 (MP-11@MCM-41), MP-11@Tb-mesoMOF

3280 | J Mater. Chem. B, 2023, 11, 3273-3294

presented higher catalytic activity due to the richness of the
MOF structures, which opened a window towards immobilizing
enzymes/proteins into MOFs. After that, researchers exploited
the ever-expanding MOFs to immobilize various proteins for
biomedical applications.

Taking advantage of the simple and friendly synthesis of
ZIF, the Liu group developed a facile and general method for
the one-pot synthesis of protein-embedded ZIF-8/10 by copre-
cipitation method.”® As shown in Fig. 10, it demonstrated that

This journal is © The Royal Society of Chemistry 2023
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Copyright 2014, Nano Letters.

the peroxidase activity of cytochrome ¢ (Cyt c)-embedded in
ZIF-8 increased 10-fold compared to free Cyt ¢ in solution.
Following up on this work, it was a rapid development of
ZIF-encapsulated enzymes and functional proteins for pH-
responsive delivery or co-delivery in imaging and therapy
applications.””™®” Afterwards, Zhou and coworkers rationally
designed ultra-large mesoporous cages of PCN-332/333 and
developed single-enzyme encapsulation (SEE).*® The size of
the cage could be larger than the enzyme, but cannot accom-
modate two enzymes due to size limitation, for the encapsula-
tion of a single-enzyme molecule in one cage. Thus, the SEE
could effectively prevent enzyme aggregation and denaturation.

2.2.2. Covalent conjugation approaches. The functional
groups of the organic linkers on the surface of MOFs are
available for post-synthetic modification, which allowed pro-
teins to decorate onto MOFs via bioconjugation. As shown in
Fig. 11, by using carboxylate or amino groups on the surface of
MOFs, the team of Park and Lin successfully achieved
enhanced green fluorescent protein (EGFP)-, candida antarctica
lipase B (CAL-B) and trypsin-functionalized MOFs with differ-
ent structural architectures by covalent conjugation of -NH,

(A)
1. EDC

or DCC

(8)

Step 1

and -COOH.*>*° Lin and coworkers developed a “green” tech-
nique of protein-immobilized MOFs bioreactor (trypsin-
FITC@CYCU-4) via vortex-assisted host-guest interaction.”'
They found that CYCU-4 with large channels (larger than
1.4 nm) could capture FITC dye to their pores through strong
n-m interaction and hydrogen bonding between the organic
linker and FITC. Thus, the orientation of FITC-tagged trypsin
was immobilized on CYCU-4 by a very efficient host-guest
interaction, which exhibited commendable biocatalytic
performance.

2.2.3. Proteins as organic linkers. The construction of
metal-peptide/protein frameworks is a robust approach for
delivering peptides or proteins. Rosseinsky et al. firstly reported
MOFs that consist of dipeptides or multiple-peptide coordi-
nated to Zn** ions, and found that the exchange of amino acids
can radically alter the structure and function of MOF.”*> As
shown in Fig. 12, Tezcan and colleagues constructed a 3D
metal-protein framework that was formed by ferritin with Zn
coordination via a ditopic benzene-dihydroxamate linker.”?
Furthermore, they established a large library of metal-ferritin
MOFs through 3 different metallo-ferritin nodes and 5 organic

e )
o 1D O
U o T.4n o-c

N b SN,
0 ¥ O
pce Activated MIL88B-NH,(Cr) Trypsin-MIL88B-NH,(Cr)

Fig. 11 The bioconjugation of proteins onto the surface of MOFs via functional groups of the organic linkers. (A) The bioconjugation of the 1D-MOFs,
I(EtaNH2)(In(pda)y)], with EGFP.8° Copyright 2011, Chemical Communications (Camb). (B) Trypsin immobilization onto DCC-activated MIL-88B-NH2.°

Copyright 2012, ChemPlusChem.
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linkers with hydroxamate head groups.” These demonstrated
that the self-assembly of ferritin-MOFs is highly robust and
displays dynamic behavior.

2.3. Nucleic acid delivery

It is crucial to develop non-viral vectors for nucleic acid
delivery, which can promote applications in the field of gene
therapy and gene editing. MOFs, as novel carriers, play vital
roles in nucleotide delivery. Nucleic acid with some intrinsic
advantages, such as excellent biocompatibility, high electrone-
gativity, multiple functional groups, etc., which enabled MOFs
to load nucleic acid with various methods, ranging from
adsorption, encapsulation and covalent attachment to as build-
ing blocks.”

Nucleic acids with rich structure and multiple functional
groups could sever as organic linkers to coordinate with metal
ions, forming supramolecular networks. Kimizuka et al
reported on the supramolecular networks self-assembled from
nucleotide (5-AMP, 5'-GMP, 5’-UMP, 5’-CMP) and lanthanide
ions, which can even encapsulate fluorescent dyes, proteins,
drugs or nanoparticles for biomedical applications.'*

Later, Zhou and colleagues synthesized two nucleobase-
incorporated MOFs (PCN-530 and TMOP-1) by introducing
adenine as co-ligand.’® Gref and coworkers explored the
impact of phosphate groups on nucleoside analogue drugs
(i.e., azidothymidine and its phosphorylated derivatives) of
loading capacity, and demonstrated that the interaction
between drugs’ phosphate groups and the Lewis iron(m) acid
site from MIL-100(Fe) increased encapsulation efficiency.'®>
Inspired by this, Liu et al. synthesized Se/Ru@MIL-101 compo-
site to load siRNAs via surface coordination between the
unsaturated Fe(mr) sites of MIL-101 and phosphate residues

3282 | J Mater. Chem. B, 2023, 1, 3273-3294

on the backbone of siRNA, for delivery of siRNAs to reverse
multidrug resistance therapy.'®

The research team of Mirkin constructed UiO-66-nucleic acid
conjugates through click reaction, which exhibited increased sta-
bility and enhanced cellular uptake.'** UiO-66-N; were synthesized
by 2-azidoterephthalic acid and ZrOCl,.8H,O via solvothermal
reaction, and then dibenzylcyclooctyne-functionalized DNA reacted
with the -N; group of UiO-66 to obtain DNA-UiO-66. Wang et al.
developed a versatile nanosystem (Ce6-DNAzyme@ZIF-8) by encap-
sulating a therapeutic DNAzyme agent into ZIF-8 for self-sufficient
gene therapy and photodynamic therapy (PDT).'* The as-prepared
Ce6-DNAzyme@ZIF-8 exhibited efficient intracellular delivery and
pH-responsive release of Ce6-DNAzyme, and Zn>" ions as co-factor
concomitantly supplied to boost gene therapy, along with Ce6-
based PDT. Zhou et al tuned the pore size of IRMOF-74 with
different organic linkers to precisely include different lengths of
ssDNA.'% IRMOF-74 can protect ssSDNA excellently, because the
entire nucleic acid completely confining inside the pores, and
exhibited high transfection efficiency in immune cells.

2.4. Antigens/adjuvant delivery

Tumor vaccines, consisting of antigen and adjuvant, have been
considered as a promising therapy. Therefore, nanocarrier
delivery systems afford benefits for promoting the development
of vaccines. As a well-known class of porous hybrids, MOFs
have been used as carriers to stimulate the development of
vaccines for tumor therapy.

As shown in Fig. 13, Qu et al. developed a ZIF-8-based vaccine
by in situ encapsulating ovalbumin (OVA) antigens and absorbing
unmethylated cytosine-phosphate-guanine oligodexynucleotides
(CpG ODNs) adjuvants, donated as OVA@ZIF-8-CpG.'”” The
obtained vaccines have good biocompatibility and are pH-
responsive to the delivery of OVA and CpG ODNs into the same

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 MOFs used for co-delivery of antigens and adjuvants to construct tumor vaccines. (A) The preparation of the OVA@ZIF-8-CpG vaccine. (B) The
use of the OVA@ZIF-8-CpG vaccine to induce a humoral and cellular immunity response.*®” Copyright 2016, Advanced Functional Materials.

antigen presenting cells (APCs) efficiently, which induced a
strong systemic immune and potent immune memory response.
Zhang’s research group also fabricated OVA and CpG codelivery
based on pH-responsive MOFs nanocarrier for enhanced cancer
immunotherapy.'® Similar with proteins and nucleic acids deliv-
ery, MOFs could be applyed to the delivery of antigens/adjuvants for
enhanced immune and synergistic therapy.'* "

2.5. Gasotransmitter delivery

Recently, gasotransmitter-based therapy has attracted tremen-
dous attention, such as nitric oxide (NO), carbon monoxide
(CO), hydrogen sulfide (H,S), and hydrogen (H,). It is vital to
develop gas releasing systems because of their short half-life.
MOFs, a “‘star” hybrid, hold great promise for gas storage and
delivery in biological applications.

Morris et al. found that NO and H, have relatively weak
interaction with metals in HKUST-1, which is an advantage for
gas delivery.'"® In particular, the adsorption capacity of NO on
HKUST-1 is significantly high, and is enough to be biologically
active and inhibit platelet aggregation. Based on gas-metal
interaction, they further developed CPO-27, MIL-88(Fe), Ca-
MOF, etc. to store and deliver NO or H,S for potential biome-
dical applications."**"'” Metzler-Nolte and coworkers prepared
high-quality MIL-88B-Fe and NH,-MIL-88B-Fe with a large
number of unsaturated metal sites for loading and delivery
CO."® CO was captured by the iron unsaturated coordination
site of MIL-88, and released during the decomposition.

Gas-releasing molecules were recently developed for con-
trollable release, such as NO donors and CO donors. Diaze-
niumdiolate is attractive for NO release and can be facilitated to
modify nanomaterials through the reaction of the amine with
NO/NO,™ to form N-nitrosamine. Based on this, NO donor-
modified MOFs were developed by covalent modification for
controlled release of NO.'"™*' A few research groups con-
structed stimulus-responsive CO-releasing MOFs by using
the open 2,2'-bipyridine (bpy) centers in MOFs (UiO-67-bpy,

This journal is © The Royal Society of Chemistry 2023

UiO-66-BDP, Ti-MOFs) to coordinate with CO donors (MnBr(CO)s),
leading to the formation of MnBr(bpydc)(CO);@MOFs.'**"** They
achieved efficient and controllable CO release by light-/H,0,-
triggered therapy. Additionally, Furukawa and coworkers used
2-nitroimidazole and 5-methyl-4-nitroimidazole as organic ligands
to construct NO-based ZIFs, and achieved precisely controlled NO
release via two-photo laser activation.'*>

2.6. Saccharide delivery

Heparin, a linear glycosaminoglycan, has been extensively used
as an anticoagulant. Pidko and coworkers synthesized a de novo
heparin-MIL-101(Fe) composite with excellent biocompatibility
and pronounced anticoagulant activity. Furthermore, they used
the as-prepared heparin-MIL-101(Fe) as a drug-releasing depot
to coat on the structure of streptokinase (SK)-entrapped alu-
mina, named as Hep-MIL-101(Fe) + SK@alumina, which was
applied on polytetrafluoroethylene vein implants.'*®

3. MOFs as therapeutic agents

Some therapeutic drugs with several functional groups make
them possible to directly construct MOFs as bridging ligands,
or biologically active cations as central metal ions or even their
combinations could build therapeutic MOFs for biomedical
applications.

3.1. Therapeutic ligands

Therapeutic ligands, as linkers to construct nanoscale coordi-
nation polymers (NCPs) or MOFs, afford high atomic economy
to generate high drug capacity and avoid the toxicity of exotic
organic ligands. Therefore, it is a judicious approach to develop
therapeutic MOFs for broadening applications.

As early as 2005, Li et al. synthesized a 2D coordination
polymer, which was self-assembled from enoxacin and Mn>*
ions through covalent coordination and hydrogen bonds under
hydrothermal conditions.”®” However, a majority of drugs or

J. Mater. Chem. B, 2023, 11, 3273-3294 | 3283
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prodrugs lacked molecular rigidity and were unstable in high
temperatures/pressures conditions. Thus, some facile, simple
and general methods were developed to construct drug/
prodrug-based amorphous NCPs for therapy. In 2008, Lin and
coworkers first reported a NCPs forming from Tb** and plati-
num prodrug by poor solvent precipitation method for drug
delivery."”® As shown in Fig. 14, NCP-1 was built from cisplatin-
based prodrug with two carboxyl groups and lanthanide metal
ions (Tb*"), then NCP-1’ obtained by coating a silica shell on
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(C) cytotoxicity assay for HT-29 cells against Pt concentration of NCPs.128 Copyright 2008, Journal of the American Chemical Society.

NCP-1 to improve the water stability (NCP-1"-a with a silica shell
thickness of ~2 nm, NCP-1’-b with ~7 nm silica shell). Further-
more, a targeted peptide ¢(RGDfK) was modified on silica shell via
covalent conjugation. They demonstrated that the thickness of the
silica shell could improve the stability, and also efficiently control
the release of Pt species for targeted drug delivery.

In their follow up work, Lin and his team refined the
synthetic strategy and formulated a series of NCPs for anti-
cancer therapy. As shown in Fig. 15, drugs with double carboxyl
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Fig. 15 The synthesis of NCPs via hydrothermal reaction and functionalization with a lipid bilayer for targeted delivery and controlled release. (A) MTX-
based NCPs for targeted delivery to cancer cells;*?® Copyright 2012, Chemical science. (B) H4-Pam/H,-Zol-based NCPs and their targeted delivery to

cancer cells.?*® Copyright 2012, Chemical Communications (Camb).
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Fig. 16 The construction of lipid-coated NCPs via reverse microemulsion for delivery. (A) General procedure for self-assembly of NCPs with lipid and
PEG coatings; (B) schematic showing endocytosis of NCPs and subsequent reduction of prodrug ligands by intracellular reducing agents, such as
glutathione, to release cytotoxic cisplatin and oxaliplatin.**2 Copyright 2014, Nature Communications.

(methotrexate, folic acid) or bisphosphonates (pamidronate,
zoledronate) as building blocks coordinate with metal connect-
ing (zn**, Zr"*, Gd*", Ca®") to form different morphology NCPs
by hydrothermal reaction. Encapsulation of the NCPs within a
functionalized lipid bilayer could achieve targeted delivery
and controlled release to cancer cells.'**"**' Subsequently, they
further developed reverse microemulsion and pegylated
method to obtain multifunctional NCPs for in vivo therapy.
They constructed lipid-coated NCPs via reverse microemulsion,
and then modified PEG-functionalized lipid or even siRNA-
functionalized lipid (Fig. 16). The as-prepared NCPs exhibited
excellent blood circulation, superior potency and efficacy for
chemotherapy, gene silencing, immunotherapy or their com-
bined therapy.’**'*° Importantly, they have made significant
progress and promoted clinical translation of some NCPs.
Inspired by these, Liu’s group fabricated nanoscale metal-
organic particles (NMOPs) composed of Mn** ions and a NIR
dye, IR825 photothermal agents via coordinated self-assembly,
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obtaining Mn-IR825 NMOPS as the core. Then, a shell of
polydopamine (PDA) was also coated along with PEG functio-
nalization, achieving Mn-IR825@PDA-PEG NMOPs.'*' Among
them, IR825 exhibited strong photothermal conversion and
high photostability for efficient photothermal therapy (PTT),
and Mn>" jons were endowed with T1-weighted MR imaging.
Thus, Mn-IR825@PDA-PEG NMOPs can be applied for MRI-
guided PTT. Furthermore, the Mn-IR825 core was mixed with
Hf'" ions via post-synthesis cation exchange, and then they
obtained co-doped Mn/Hf-IR825@PDA-PEG NMOPs. Due to
Hf*" with its excellent computed tomography (CT) enhance-
ment ability and radio-sensitization (RT) capability, Mn/Hf-
IR825@PDA-PEG NMOPs can be utilized for MR&CT&PA multi-
mode imaging and PTT&RT synergistic treatment of tumors
with high therapeutic efficacy."”

Recently, we designed and constructed novel NCPs, integrat-
ing two prodrugs (Pt(iv) prodrug and NO donor) as organic
ligands and Fe®" as coordinative centers.'*> As shown in Fig. 17,

we_..

Nucleus

NH;
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>é”“

e
s

cisplatin

X

depropargylation s

TNBC cells

Fig. 17 The construction of integrated bio-orthogonal NCPs and their therapeutic mechanism of tumor-specific initiating cascade reactions.**?

Copyright 2022, JACS Au.
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Fig. 18 MOFs constructing with porphyrin derivative-based linkers for
highly efficient PDT. (A) Synthesis of Hf-DBP NMOF and the schematic
description of the 'O, generation process. (B) Tumor growth inhibition
curve after PDT treatment. Black and red arrows refer to injection and
irradiation time points, respectively. (C) Tumor weight after PDT
treatment.*** Copyright 2014, Journal of the American Chemical Society.

this unique NCPs contained two prodrugs of bio-orthogonal
chemistry, the masked trigger of the Pt(iv) prodrug and the
caged active group of the NO donor. In a tumor microenviron-
ment, the Pt(iv) prodrug can be reduced to catalytically active
Pt(u) cisplatin, which triggers depropargylation of the NO donor
to release high levels of NO. Thus, the DNA crosslinking effect
of Pt(u) cisplatin and the anticancer activity of NO achieved
synergistic therapy for triple-negative breast cancer.
Compared to the above-mentioned small molecular thera-
peutic agents as building blocks, porphyrins and porphyrin
derivatives are macromolecular heterocyclic compounds with
molecular rigidity, which have been widely used as photosensi-
tizers (PSs) for photodynamic therapy (PDT). Therefore, the
development of porphyrinic MOFs for PDT has attracted

(A)

(open form)
BPDTE

DBTCB M-TCPP

uv
N ™ e N=
ND’(S Q;%(JN visible N\; W S)\(

View Article Online

Journal of Materials Chemistry B

tremendous attention. For instance, Lin and coworkers were
the first to construct MOFs with porphyrin derivative-based
linkers for highly effective PDT.'** As shown in Fig. 18, the
porphyrinic MOFs (DBP-UiO) were built from a porphyrin
derivative, 5,15-di(p-benzoato)porphyrin (H,DBP) linkers and
Hf;5(13-0)g(13-OH)g(12-OH)g by a solvothermal reaction. The as-
prepared DBP-UiO MOFs were highly stable in physiological
media, and efficiently generated singlet oxygen (*O,) upon
640 nm irradiation. They demonstrated high anticancer efficacy
of DBP-UiO-enabled PDT in vitro cytotoxicity and human head
and neck cancer models in vivo. Furthermore, they optimized
the design of the chlorin-based MOFs by reducing the ligands
of 5,15-di(p-benzoato)chlorin (H,DBC) in DBC-UiO."** Com-
pared with DBP-UiO, DBC-UiO was redshifted by 13 nm to
provide improved tissue penetration, and the extinction coeffi-
cient at the lowest energy Q-band was increased 11-fold to
generate more efficient 'O, for PDT. The combination of Hf-
porphyrin or Hf-porphyrinic derivate MOF-mediated PDT with
immunotherapy has been explored.'*>*4¢

Subsequently, several other research groups have developed
more porphyrinic MOFs (PCN-224, PCN-222, MOF-545 etc.) for
PDT or PDT-based combination therapy.'*’'®> For example,
Zhou and colleagues reported a size-controlled synthesis of
Zr-TCPP MOF (named PCN-224) ranging from 30 nm to 190 nm
and functionalized with folic acid (FA) onto Zr, cluster in PCN-
224 for targeted PDT."*® They demonstrated that PCN-224 of
90 nm has preferential cellular uptake and remarkable PDT
efficacy over other sizes. By using PCN-224, Zhang and co-
workers constructed a cancer cell membrane-camouflaged cas-
cade bioreactor by loading glucose oxidase (GOx) and catalase
on the surface of PNC-224 for targeted starvation therapy-PDT
synergistic antitumor therapy.'*’

Noteworthily, the controlled generation of ROS in PDT has
attracted considerable attention. Zhou and coworkers devel-
oped photochromic porphyrin-based MOFs for reversible con-
trol of 'O, generation.'*” As shown in Fig. 19, using 1,2-bis
(2-methyl-5-(pyridin-4-yl)thiophen-3-yl)cyclopent-1-ene (BPDTE)

(@ 5.

=
N —t
g
i EnT(lez) T
RO -, closed —< EnTiPftn 1)
BPDTE \

Zn- TCPP

10, Generation ON
(open switch)

0, Generation OFF
(closed switch)

Fig. 19 Photochromic porphyrin-based MOFs used to reversibly control 1O, generation. (A) Photoisomerization of BPDTE under UV and visible light.
(B) Structures of ligands consist of two-dimensional layers in PC-PCN and SO-PCN, respectively. (C) Proposed mechanism of energy transfer (EnT) in
SO-PCN. (D) Illustration of switching operation in SO-PCN.*” Copyright 2015, Angew. Chem.-Int. Edit.
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Fig. 20 Schematic illustration of an endocytosis Mn(i)-TCPP MOF nanosystem for MRI- and Ol-guided PDT by controlled ROS generation and GSH
depletion after being unlocked by overexpressed GSH in tumor cells.®® Copyright 2019, ACS Nano.

as a photochromic switch, they designed two MOFs by sol-
vothermal reaction of BPDTE, TCPP or tetratopic carboxylate
linker DBTCB and Zn>* to obtained SO-PCN and PC-PCN.
Meanwhile, SO-PCN has been demonstrated to regulate 'O,
generation under UV/visible irradiation. Recently, Zhang et al.
utilized Mn(ur) as a sealer to quench the fluorescence of TCPP
and inhibit ROS generation, designing an “inert” Mn(u)-TCPP
MOFs."*® The as-prepared MOFs could be activated by the
overexpression of GSH in tumor cells, and consumed GSH to
release Mn(u) ions and free TCPP. So, the unlocking MOFs
exhibited Mn(n)-based MRI and TCPP-based OI. On the other
hand, the consumption of GSH could effectively control ROS
production and enhance the efficacy of TCPP-based PDT
(Fig. 20).

3.2. Active metals

Some active metal centers have also been explored for therapy
in recent years, such as Ag*, Cu*, Co®", and Zn*" ions are known
for their antibacterial activities. Therefore, these active metal
ions in MOFs/NCPs exhibited corresponding therapeutic
effects.

Due to the excellent antibacterial activity of Ag" ions, Ag-
based MOFs/NCPs have been synthesized to deliver Ag" ions for
antibacterial therapy. Fromm and coworkers formulated a
nanostructured silver coordination polymer compounds, and
deposited the as-prepared compounds onto the surface of a
gold-titanium alloy as an antimicrobial agent for dental
implant and restorative materials."®® They further demon-
strated the biochemical and molecular mechanisms of the
bactericidal activity of Ag" ions, which could be attributed to
the ability of Ag" ions to inactivate enzymes by binding thiol
groups in amino acids, and promote iron release with *OH
production and subsequent DNA damage.'®* Jaffrés et al

This journal is © The Royal Society of Chemistry 2023

synthesized Ag;(3-phosphonobenzoate) MOF for the sustain-
able release of Ag" with high bactericidal activity against 6
bacterial strains.'®® Afterwards, several new silver MOFs were
constructed for antimicrobial therapy.'®>'%”

Recently, transition metal ions (Cu*, Co™*, Fe?*, etc.) as metal
centers in coordination polymers (CPs) presented good bacter-
icidal action and anticancer activities.'®® The Zamaro group
synthesized a Cu-based MOF, named HKUST-1, and success-
fully applied HKUST-1 to inhibit the growth of S. cerevisiae and
G. candidum because of the release of Cu' ions during the
progressive degradation.’®® Liu et al. designed a novel Co-
based MOF (Co-TDM) with high bactericidal activity, which
was constructed from Co>" ions and octa-topic carboxylate
ligand, tetrakis [(3,5-dicarboxyphenyl)-oxamethyl] methane
(TDM®7)."7° As shown in Fig. 21, the mechanism of the bacter-
icidal activities could be observed in six steps: (1) diffusion-
directed lipid-oxidation, (2) direct interaction, (3) reaction-
oxygen species generation, (4) cation transport interruption,
(5) chelation effects, and (6) membrane depolarization. Co*"
ions served as active sites to catalyze lipid peroxidation. Thus,
the bacterial membrane ruptured and the bacteria were inacti-
vated. A few Co-based MOFs also have been developed to
combat bacteria."”"'7?

High atomic (Z) number elements, such as Au and HfO,,
with high X-ray absorption coefficients, have been deemed as
promising radioenhancers for anticancer therapy. Inspired by
this, Lin and coworkers synthesized Hf-based MOFs as highly
effective radioenhancers for radiotherapy (RT). Importantly,
when combined with the anti-programmed death-ligand 1
(anti-PD-L1) antibody, the Hf-based MOF-mediated low-dose
RT with immunotherapy achieved local therapeutic effects of
RT and distant tumor therapy via immunity."”> As shown in
Fig. 22, Hf;,-DBA could efficiently generate *OH upon X-ray
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Fig. 21 The mechanism of bactericidal activities using Co-TDM single crystals as disinfectants: six steps synergistically contribute to the bactericidal

efficacy.’® Copyright 2012, Advanced Healthcare Materials.

irradiation to enhance RT for local tumor therapy. The immu-
nogenic cell death of RT led to tumor antigen release, and when
used in combination with the anti-PD-L1 antibody, caused
regression in distant tumors via systemic antitumor immunity.

3.3. The combination of active metals and ligands

Nowadays, combination/synergistic therapy is widely used to
boost the therapeutic effect. In this regard, MOFs combining
bioactive cations with therapeutic ligands could achieve a
highly effective synergistic treatment.

(A)

Spencer et al. synthesized a series of bismuth-dicarboxylate-
deferiprone coordination networks, wherein both the ligand
(deferiprone) and metal center (Bi*" ions) in the coordination
networks played their therapy roles for the inhibition of H.
pylori growth.'”* Blanco-Prieto and colleagues constructed a
novel BioMIL-5 based on Zn*" ions and azelaic acid via hydro-
thermal method, and both components of BioMIL-5 exhibited
high antibacterial activity and interesting dermatological
property.’”® The progressive simultaneous release of active
Zn*" and azelaic acid from BioMIL-5, in both water and culture

(8)
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Fig. 22 Hf-based MOFs served as highly efficient radiation enhancers for radiotherapy (RT). (A) Illustration of efficient hydroxyl radical generation upon
X-ray irradiation and diffusion through porous Hf;,-DBA nanoplates; (B) Abscopal effect of NMOF-mediated RT and immune checkpoint blockade using

fractionated X-rays.}”®> Copyright 2018, Nature Communications.
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Chemodynamic
therapy (CDT)

media, not only have continuous antibacterial properties for
as long as 7 days to inhibit the growth of Gram-positive
S. epidermidis, but also provide complementary beneficials for
skin disorders treatment.

Besides the combined antimicrobial therapy, the synergistic
and combined therapy of cancer has also been developed using
MOFs/NCPs built up from active metal and therapeutic ligands.
For example, we constructed NCPs based on NO donor and iron
ions for synergistic NO and chemodynamic therapy (CDT) of
liver cancer.'”® As shown in Fig. 23, a GSH-sensitive NO donor
with two carboxyl groups coordinated with iron ions to form

distant tumor 6) T cell actlvatnon

7) checkpoint blockade
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1) pH-triggered decomposition

()
% |
02
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NCP via simple precipitation and partial ion exchange. The NO
donors in Fe(i)-BNCP released NO and the Fe** ions exerted
Fenton activity to generate ROS in tumor microenvironments
triggered by GSH and induced by H,0,, respectively. In addi-
tion, the synergistic NO-CDT effect of Fe(u)-BNCP has been
applied to retard the tumor growth in Heps xenograft ICR
mouse models. Liu et al synthesized a carrier-free MOFs
system based on Hf'' and TCPP that was used for TCPP-
mediated PDT and Hf**-enabled radiotherapy (RT)."”” Lin and
colleagues engineered a Cu-porphyrin MOF for synergistic
hormone-triggered CDT and light-triggered PDT."”® As shown
in Fig. 24, pH-triggered MOF decomposed to release Cu®* ions
and porphyrins for estradiol-induced CDT and light-driven
PDT, respectively. Furthermore, with the combination of
MOF-mediated CDT/PDT with anti-PD-L1 immunotherapy, the
local and distant tumors effectively regressed. In addition, the
combination of porphyrinic MOF-based PDT and active metal
ions for synergistic therapy have been described in the part of
porphyrinic MOFs.

4. Conclusion and outlooks

We have summarized the main applications of nanoscale MOFs
or NCPs in the field of therapy, which has achieved growing
development. In the early state, MOF-based porous materials
were extensively used as carriers to deliver a variety of drugs,
including small molecule chemical drugs, proteins, nucleic
acids, saccharides, antigens, adjuvants, and gasotransmitters.
Compared with other nanocarriers, MOF-based delivery sys-
tems have shown some intrinsic advantages of biodegradabil-
ity, high porosity, adjustability of components, the flexibility of
modification and controlled release. Although MOF-based
nanocarriers have made enormous progress in the field of drug
delivery, their therapeutic applications are still in their infancy.

3) light-driven PDT
'02
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‘OH + 0, +H,0,
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(> activated T cell
* dendiritic cell
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v arou
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Fig. 24 Synergy of checkpoint blockade immunotherapy and MOF-mediated CDT/PDT triggered by both hormone and light stimulation.*”® Copyright

2019, Chemistry.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. B, 2023, 11, 3273-3294 | 3289


https://doi.org/10.1039/d3tb00027c

Published on 03 Mé&erz 2023. Downloaded on 13.02.26 16:55:27.

Review

MOFs or NCPs were then derived from therapeutic ligands,
active metal ions or their combination, developing as thera-
peutic agents, which greatly facilitated the therapy of various
diseases.

In recent years, MOFs have achieved tremendous advances
and indicated great prospects in the field of biomedicine.
However, there still remain critical challenges: (1) the biological
safety of MOFs is worrying. (2) The stability of MOFs in
biological systems is not satisfactory. (3) The synthesis condi-
tions are not friendly. (4) The metabolic pathway is ambiguous.
(5) The structure and druggability of MOFs need to be
improved. (6) The strategies for large-scale fabrication of MOFs
are rare. (7) Most targeting modification approaches are
tedious and complicated. These existing problems greatly
hinder the clinical transformation of MOFs.

Taken together, the challenges of MOFs need to be overcome
urgently before realizing their clinical applications. We still
have much to do to achieve the safe and efficient application of
MOF-based therapy. To achieve this, we call for more research-
ers to devote attention toward advancing and translating MOF-
based nanodrugs into clinic. We also hope this review will help
readers understand the current development of MOF-based
therapy, including their advantages and challenges, and will
drive chemists, materials scientists, biologists, pharmacists
and clinicians to participate in this research and to benefit
patients for achieving clinical application of MOF-based ther-
apy as soon as possible.
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