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Recently, metal-organic frameworks (MOFs) have received a lot of interest for
application in many fields ranging from catalysis, energy storage, and gas sens-
ing to chemosensory and biomedicine owed to their flexible composition, tun-
able porosity, and easy functionalization ability. In particular, nanoscale
MOFs have been broadly investigated as carriers for the delivery of therapeu-
tics to cancerous organs owed to their high encapsulating capacity and con-
trolled cargo release, versatility, biodegradability, and good biocompatibility.
Several methods such as solvothermal, mechanochemical, electrochemical,
microwave, and ultrasound have been utilized to fabricate MOFs via custom-
made synthesis. Many efforts have been made to functionalize MOFs through
“post-synthetic modification,” by adjusting the nature, size, and charge of the
linkers or tuning its main components. Herein, a comprehensive literature
review on recent papers dealing with drug-loaded MOFs for the detection and
treatment of cancer as well as bacterial, fungal, and viral infections is pre-
sented. Different types of MOFs applied as carriers in drug delivery systems
and biosensing platforms are described. Furthermore, perspectives and chal-
lenges for future research in the field, particularly for cancer therapy, are dis-
cussed. Thus, very limited literature is available on in vitro and in vivo toxicity
of nanoscale MOFs. Besides, their biological stability and long-term safety are
crucial factors that should be further investigated. Based on the reviewed
papers, zeolite imidazolate framework (ZIF) and Materials of Institute Lavoi-
sier (MIL) families have been the main focus for drug delivery and diagnosis
applications, respectively, while many types of MOFs have exhibited antibac-
terial and antifungal properties regardless of their cargo.

KEYWORDS

metal-organic frameworks, nanotechnology, cancer treatment

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Applied Organometallic Chemistry published by John Wiley & Sons Ltd.

Appl Organomet Chem. 2023;37:€6982.
https://doi.org/10.1002/a0c.6982

wileyonlinelibrary.com/journal/aoc 1 of 26


https://orcid.org/0000-0002-8819-3649
https://orcid.org/0000-0003-3212-4668
https://orcid.org/0000-0003-1612-6989
https://orcid.org/0000-0002-9069-221X
https://orcid.org/0000-0003-1084-6555
https://orcid.org/0000-0001-7679-8344
https://orcid.org/0000-0003-4766-9214
https://orcid.org/0000-0001-7405-2354
mailto:a.rahdar@uoz.ac.ir
mailto:am.diez@uah.es
https://doi.org/10.1002/aoc.6982
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/aoc
https://doi.org/10.1002/aoc.6982
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faoc.6982&domain=pdf&date_stamp=2023-01-02

POURMADADI ET AL.

ﬂl_ Applied )
Wl _E Y —9rganometallic

Chemistry

1 | INTRODUCTION

Over the past years, the development of nanostructures is
of great interest for medical applications, and the combi-
nation of nanotechnology with molecular biology has
provided promising prospects. Nanotechnology applies
nanostructures or nanomaterials that have sizes in the
range of 10-100 nm. The nanostructures have been
widely used in both treatment approaches (such as novel
drug delivery systems, gene delivery systems, and tissue
engineering) and detection applications (such as bioima-
ging and biosensing), given that they can interact with
cells at the molecular and subcellular levels."~*! Further-
more, nanotechnology has been recently applied in per-
sonalized medicine and nanomedicine, which provides
more specific and more adapted disease treatment, moni-
toring, and diagnosis for each patient according to
his/her genetic profiles.**

The detection of cancer at the early stages is crucial to
attain an effective and controlled treatment. Therefore,
the development of novel approaches that can overcome
the deficiencies of conventional diagnostic methods has
attracted a lot of attention among researchers.!® Tradi-
tional methods like computed tomography (CT) scan, X-
rays, magnetic resonance imaging (MRI), biopsy, and lab-
oratory blood tests not only have low efficiency in detect-
ing cancer in the early stages due to the similitude in the
symptoms that arise from infection and inflammation,
but also they are expensive and time consuming.[6] Bio-
sensing systems comprising nanostructures, known as
nanobiosensors, could overcome these issues and provide
sensitive, selective, and rapid detection of various cancers
and bacterial, fungal, and viral infections.”! Nanostruc-
tures show superior features including large surface area,
high reactivity, tailorable physical properties, good stabil-
ity, and exceptional optical properties that facilitate their
use in bioimaging and biosensing,[* !

Furthermore, over recent years, nanostructures have
been used in drug delivery systems, known as nanocar-
riers, to improve cancer treatment.['*'?l Compared with
their bulk counterparts, they provide the host with more
specific, selective, and stimuli-responsive delivery of the
chemotherapeutic agents. Therefore, they can increase
the loading capacity, stability, and bioavailability of the
drugs as well as decrease the side effects in the passive or
active drug delivery systems due to stimuli-responsive
properties, biocompatibility, high surface to volume ratio,
and large number of functional groups.!**'*

Recently, metal-organic frameworks (MOFs) have
appealed a lot of interest for biomedical arenas like
bioimaging, biosensing, and drug delivery. MOFs are
organic-inorganic hybrid crystalline porous materials

comprising positively charged metal ions surrounded by
functional organic ligands (bridges). Different metal
centers such as alkaline earth metals, lanthanides
(Bu*", Gd*", or Tb*"), and transition metals, and sev-
eral organic linkers (carboxylates, polyamines, phospho-
nates) have been used to form one-, two-, or three-
dimensional MOF structures.'**®) MOFs have out-
standing physical and chemical properties that make
them suitable candidates in drug delivery systems for
cancer treatment, antibacterial treatment, cosmetic and
skin disorder therapy, and so forth.'>'°! Their unique
structure provides flexible composition, tunable pore
size, and easy functionalization ability, together with
biodegradability and versatility for surface modification,
targeting, and post-synthetic grafting of drug molecules,
which have made them suitable candidates for drug
delivery systems. On the other hand, their high porosity
and high specific surface area facilitate drug encapsula-
tion and release.”**! Furthermore, many MOF struc-
tures have excellent optical properties like inherent
luminescence that have been applied in imaging and
sensing applications such as luminescence-based biosen-
sors for the detection of biochemical agents
(i.e., bacterial endospores,®! HIV, ebola virus,!**! and
glucose[27]). In addition, MOFs are applied as contrast
agents in fluorescence microscopy and MRI?>?%2°! and
could be utilized for simultaneous cancer drug delivery
and imaging targets.***!! For example, Taylor-Pashow
and colleagues synthesized Fe(III)-carboxylate nanoscale
MOFs to load a fluorophore along with an anticancer
drug. The cargo-loaded iron-based MOFs showed high
uptake and good optical imaging combined with cancer
therapeutic properties.!*

Therefore, it is of great interest to investigate current
developments in drug-loaded nanocarriers and diagnostic
systems comprising MOFs and present their newest tech-
nologies. This review study has taken a step toward
exploring the most recent achievements on various types
of MOFs and their derivatives for medical applications
including bioimaging, cancer diagnosis, cancer therapy,
and antimicrobial infection treatment. Besides, perspec-
tives and challenges for future research in the field are
discussed. Our review can be considered a standout paper
in the arena of diagnosis because it reports studies on
nanocarriers, biosensors, and imaging systems that show
great potential as an alternative to those currently used
in clinical applications. Representative examples have
been discussed in each section, and the results have been
summarized in different tables. By examining these
tables, the reader can get insight about the most efficient
tactics for using MOFs in biomedicine and the most effec-
tive structures for each application.
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2 | DRUG-LOADED MOFs FOR
CANCER TREATMENT

2.1 | Drug delivery

MOFs are excellent materials for the loading and release
of various cargoes, in particular therapeutic agents
because they inherently have large specific surface areas,
extremely ordered pores, and well-defined struc-
tures.!**3* In 2006, Férey et al.**! used MOFs for the first
time for drug delivery. They synthesized hydrothermally
two Cr-based MOFs of the Materials of Institute Lavoisier
(MIL) family, named MIL-100 and MIL-101, that acted as
porous matrices for the delivery of ibuprofen as a model
substrate. High amounts of ibuprofen were loaded, up to
14 g per gram of porous solid, and the drug was
completely released under physiological conditions in
3 days.

Cancer drugs usually have many side effects and tar-
get healthy cells as well. Thus, one of the main chal-
lenges is to reduce these side effects through targeted
delivery of therapeutic agents to cancer cells via three
main approaches: (1) Passive targeting, which mainly
relies on the enhanced permeability and retention (EPR)
phenomenon, (2) active targeting, which uses antibody-
modified vectors with high affinity toward cancerous
cells or magnetic targeting, and (3) triggered release,
under certain external stimuli such as heat, light, or
ultrasounds.*®!

Moradi et al.*”! used hyaluronic acid (HA)-modified
NH,-MIL-101 (Fe) for the targeted delivery of platinum
and curcumin (CUR). HA has a high affinity to CD44
receptors; hence, HA-based nanoparticles are a good
strategy for anticancer therapeutic agent delivery into
CD44-overexpressing tumor cells. Cai et al.[*! designed
isoreticular MOFs for targeted drug delivery of oridonin,
a natural product with potent pharmacological activities
including anticancer efficacy. Polyethylene glycol (PEG)
modified with an M160 protein bound cell penetrating
peptide was coated to nanoparticles for targeting the
hepatic tumor cells. Also, the authors investigated the
relationship between pore size and loading and releasing
of the drug. Duman and coworkers*”! used MOF-808
functionalized with poly(acrylic acid-mannose acrylam-
ide) (PAAMAM) glycopolymer NPs for co-delivery of car-
boplatin and floxuridine. The MOF was found to induce
selective drug delivery and also increased the therapeutic
effect of chemotherapy (CT).

Khatibi et al.l*"! designed a folic acid (FA)-chitosan
(CS)-coated nanoscale MOF for targeted delivery of
methotrexate (MTX) for colon cancer treatment. In vitro
measurements revealed very high drug loading capacity
(78%), which is among the highest reported. Besides,
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MTX release was pH sensitive, and its discharge was
10-fold higher in acidic pH than in normal pH. Similarly,
Jalaladdiny et al.'*!! synthesized a Ni-Ta core-shell MOF
coated with FA-CS NPs for pH-sensitive co-delivery of
doxorubicin (DOX) and curcumin (CUR). In vitro results
at pH = 5 demonstrated an increase in the release rate of
the mentioned drugs by 13% and 9%, respectively, com-
pared with the uncoated system. Further cytotoxic results
showed a synergistic effect through the co-delivery of
both drugs. Synergistic effect of FA and Zn-IRMOF3, a
member of the isoreticular metallic organic framework
(IRMOF) family, has also been reported for the pH sensi-
tive delivery of disulfiram (DSF) for oral cancer ther-
apy.[*?! Trushina and coworkers!**! prepared a core-shell
nanocarrier that combined UiO-66 (UiO stands for Uni-
versity of Oslo), a zirconium-based MOF with excellent
thermal and chemical stability, and mesoporous silica as
core and pluronic F127 conjugated with FA as shell. The
nanocarrier was tested targeted delivery of DOX, leading
to an efficient loading of 5.8 wt%.

Cai et all* loaded an antitumor drug, triptolide
(TP), into Fe-MIL-101 and then modified this nanocarrier
with FA and 5-carboxylic acid fluorescein (5-FAM) to tar-
get cancer tumors. The designed nanoplatform (5-FAM/
FA/TP@Fe-MIL-101), in addition to optimal targeted
drug delivery, also had the possibility of fluorescence
imaging both in vitro and in vivo, due to the presence of
5-FAM, as depicted in Figure 1. The fluorescence inten-
sity of rat tumors in 5-FAM/FA/TP@Fe-MIL-101 was
considerably higher than that in 5-FAM/TP@Fe-MIL-101
(Figure 1a), ascribed to the EPR effect and presence of
FA that boosts the accumulation of NPs at the tumor.
However, the functionalized NP group displayed reduced
fluorescence intensity in normal tissues such as the liver
and kidney (Figure 1b). The functionalized nanoparticles
displayed improved targeted therapy efficacy and lower
systemic toxicity of TP than Fe-MIL-101, which is of great
interest for the potential clinical applications.

FA is one of the most important receptors in drug
delivery, and its good features have been proven by
recent clinical studies. Cancer cells require a lot of FA to
divide; hence, they overexpress FA-receptors on their sur-
face with the aim of growing fast. Therefore, FA-
functionalized nanoscale MOFs are among the best struc-
tures for the delivery of cancer drugsi*““*! and show
great potential from a practical viewpoint.

2.1.1 | pH-responsive

A pH-responsive nanocarrier allows limited transport
and release of the entrapped payload to the intended tis-
sues with different pH. The pH of the tumor
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FIGURE 1

rats (b) Fluorescence imaging of rat organs and tumors after 12 h of injection

microenvironment is lower than that of normal tissues
and blood (pH = 5.7-7.8). As a result, pH-sensitive drug
delivery is considered a suitable method for cancer treat-
ment, as has been discussed in many articles.!*"!
Acid-sensitive materials degrade under low pH and
thereby release their cargo. pH-triggered MOFs, like
MIL-n and ZIF-n are composed of acid-sensitive linkages
such as amide and oxime or pH-responsive agents such
as CS.1*>*! 71F-8, a member of the zeolite imidazolate
framework (ZIF) family with a sodalite-type structure,
has pH-sensitive properties and can enter tumor cells and
release the cargoes under acidic conditions. For instance,
it turned out to be a suitable nanoplatform for the deliv-
ery of As(IIl), a promising therapeutic agent for solid
tumors. ZIF-8 showed a high As,0; loading capacity
(98 pg/mg) due to its high porosity combined with a pH-
triggered release due to the rupture of the Zn-N coordi-
nate bond in an acidic environment. ZIF-8 encapsulated
gold nanoclusters (AuNCs) have also been synthesized[‘”]
and subsequently loaded with DOX to obtain pH-
responsive  nanoprobes (AuNCs@MOF-DOX) for
improved photodynamic therapy (PDT)/CT. Under laser
irradiation, a controlled drug release was attained, and
the release rate increased up to 77% at pH 5.5. Besides, in
the presence of liposomes, drugs loaded in MOFs can be

(a) Fluorescence imaging of 5-FAM/FA/TP@Fe-MIL-101and 5-FAM/TP@Fe-MIL-101at different periods after injection in

[44]

released due to drug-liposome electrostatic interac-
tions.**! Thus, DOX-loaded ZIFs have been developed
for the liposome-responsive release of this drug, leading
to a loading capacity in the range of 40-52%. In addition,
DOX controlled release was attained by changing the pH
from 7.4 to 4.0. Thus, it has been demonstrated that drug
release can be tailored by combining liposomes and ZIFs
at different pH values.

Li et al.*! incorporated DOX into an MOF-based
platform containing iron and tannic acid (TA). This plat-
form is destroyed in the acidic environment of the tumor
and simultaneously releases iron ions and DOX. In addi-
tion to CT effects, iron ions generate hydroxyl radicals
via Fenton reaction, as shown in Figure 2, and conse-
quently has antitumor effects. On the other hand, Mosavi
et al.l*! coated nanoscale MOF-5 with CS and developed
pH-sensitive NPs for drug delivery of 6-mercaptopurine
to breast cancer cells.

2.1.2 | Redox-responsive

Tumors have a redox potential because they have both a
reducing intracellular and an oxidizing extracellular envi-
ronment. This potential stimulates the generation of
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redox-responsive carriers. The redox-responsive drug
delivery method is based on the fact that the drug is
released when a redox reaction occurs. The concentration
of glutathione (GSH), a strong reducing agent, in cancer
tissues is very high compared with normal tissues, and it
is approximately 100-1000 times higher than in the extra-
cellular medium and blood (20-20 pM).!**! Thus, GSH-
responsive MOFs can be developed that respond to signif-
icantly higher concentrations of GSH in the nucleus and
cytosol, which can induce the loss of their structural
integrity. In this regard, Gong et al.l°! designed a GSH-
responsive nanoscale MOF comprising zirconium ion
(Zr*"), benzoic acid, and 2,5-disulfanylterephthalic acid
(BDC-(SH),, which was loaded with 6-mercaptopurine.
In the presence of GSH, the disulfide links of the MOF
broke down, leading to the release of the drug. Zhang
et al.>?! fabricated a novel smart MOF-based complex
comprising Chlorin e6 (Ce6) an as anticancer drug. In
the acidic tumor environment, highly toxic hydroxyl radi-
cals are generated via Fenton reaction. Besides, the intra-
cellular oxidative stress is reduced through the effective
consumption of GSH. In addition to Ce6 pH-responsive
delivery, this complex has dynamic therapy and immuno-
therapy effect.

Hypoxia-activated prodrugs (HAPs) represent a
novel approach for tumor treatment with less side
effects. However, the lack of tumor tissue enrichment
and tumor hypoxia strongly condition their therapeutic
efficiency. To overcome these issues, Wang et al.l>*! fab-
ricated a complex containing Fe-based MOF modified
with aptamer AS1411 and loaded with a HAP
(Tirapazamine, TPZ). This MOF is driven by GSH to

Fe¥ o —

Organometalllc_Wl LEYJS—Om

Chemistry

o
L —— &

3’:;— \ Activation Soy_ %,
3’4, - 0 v X
\:-. LY = :
_\“ o, NOXs 0 Chemothelgy |
m jsoo &

Fe* + HzOz et OH

Fenton Reaction:
FQ"’H:O:—‘ Fe**+OH+OH"

(a) Schematic representation of the preparation of MOF/TA-DOX. (b) Chemotherapy and dynamic chemistry mechanism of

degrade within the tumor, generating Fe*" and dischar-
ging the cargo. The Fe*" ions cause Fenton reactions
that take the intracellular oxygen and increase the pro-
duction of toxic superoxide anions in cancer cells, thus
boosting the therapeutic effect of TPZ.

2.1.3 | Enzyme-responsive

In cancer tumor sites, the expression of some enzymes is
excessive, thus increasing their concentration. Therefore,
it is possible to design enzyme-responsive materials that
break down upon interaction with special enzymes by
redox reactions and release their encapsulated drugs.[46]
Enzyme-responsive substances such as hyaluronidase
(HAase),>* pectinase,>™ and cathepsin B (CaB)!** have
been used for the design of enzyme-responsive MOFs for
drug delivery applications.*”!

Wang et al.l”! designed a nanostructure loaded with
IPI549, a phosphoinositide-3-kinase-gamma inhibitor,
and CpG, a Toll-like receptor 9 agonist. An MOF shell
layer was used to coat CpG, leading to very high drug
loadings of about 44%. In vivo tests revealed that such
nanosystem could intracellularly deliver the payloads
without any cytotoxicity, thus showing outstanding bio-
compatibility. Besides, the MOFs were used to reactivate
macrophages in order to restore their antitumor activi-
ties. Recently, Dahri et al.l’®! used ZIF, UIO-66, and
HKUST-1 MOFs with a cathepsin B-sensitive peptide for
DOX delivery. It was reported that the MOFs
increased the drug resistance to breakdown in the
bloodstream used.
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214 | Light-responsive

Among the most popular response mechanisms is light
responsiveness because of its noninvasive behavior. The
main benefit of light-responsive drug delivery systems is
the ability to control the time and place of drug release.
So far, systems activated by ultraviolet (UV), visible, and
near infrared (NIR) light!**! have been designed, and the

drug delivery takes place via three main mechanisms:
isomerization induced by light, disaggregation of carriers,
and bond cleavage.[**%!

Cornell et all®! fabricated an MOF-based light-
responsive drug delivery system for colorectal cancer.
The MOF comprised a 4,4'-(diazene-1,2-diyl)bis
(3,5-difluorobenzoic acid) ligand (UiO-AZB-F) that
responded to green light. 4,4'-azobenzenedicarboxylic

TABLE 1

MOF
Nanoscale MOF-5

MOF
NH,-MIL-101 (Fe)

IRMOF-1, IRMOF-8
IRMOF-10, IRMOF-16

Ui0-66, UiO-66-NH,

Ni-Ta core-shell MOF
MOF-808

MOF

(IRMOF3)-Zn*"

Zn-H,BDP-X (X = H, NO,,
NH,, OH)

Zng(0),(CDDB)(DMF)4(H,0)

ZIF-8
ZIF-8

ZIF-90

ZIF-8
IRMOF-3
TTMOF
M-NMOF

MOF-3
Gd-NCP
Fe-MIL-53

ZIF-8

Mn-MOF

“EE: entrapment efficiency.

Coating ligands
CS

FA-CS

HA

M160 protein-
modified PEG

Sio,

FA- pluronic F127
FA-CS

PAAMAM

IP1549, CpG Toll-
like receptor

FA

FA-CS

FA

PD

Fe;0,4

NH,-FA-5FAM

CHI-FA-5FAM

Co-Fe, O4

Summary of MOF applications for drug delivery

Drug loading

Drug Drug release (%) capacity (%) Ref.

6-mercaptopurine  96.8 (pH 5) - [50]
20.5 (pH 7.4)

MTX 10-fold higher in acid pH 78 [40]

thanpH 7in 5 h

Pt 60 (pH 7, 36 h) 30-35 (271

CUR 80 (acid pH, 18 h)

Oridonin 37.8 (pH 7.4,10 h) 57.9 (Wt%) [38]
66.7 (pH 5.5, 10 h)

DOX - 5.6 (Wt%) [43]

DOX-CUR 13% increment (pH 5) S 411

Carboplatin/ - - (391

Floxuridine

B } 44 [57]

DSF - - [42]

Mitroxantrone, 20 (24 h) = [62]

PAPTA_C

5-FU 64.9 (in PBS) 53.3 (Wt%) [63]
81.9 (in DI water)

DOX 95 (pH 5-6, 7-9 days) 20 [64]

DOX-VER 27.4 (DOX); 76.5 (VER) 8.9 (DOX) [es]
(pH 5,24 h) 32 (VER)

5-FU-DOX 95 (5-FU, pH 5, 15 h) 36.3(5-FU) [e6]
91 (DOX, pH 5, 25 h) 13.5 (DOX)

DOX 72 (pH 5, 50 h) 350 drug/mol 671

5-FU 68 (96 h) 20.4 [o8]

DOX 78 (pH 7.4, 140 h) 14.3 691

DOX 95 0.69 (DOX) [70]

4.3 (MB)

PTX 65 (pH 7.4, 100 h) 12.3 (711

MTX 100 (pH 7.4, 192 h) 79.1 [72]

5-FU 100 (pH 7.4, 25 h) 23 731
100 (pH 5, 20 h)

5-FU 100 (pH 7.4, 45 h) 51 [74]
100 (pH 5, 21 h)

- 55 (pH 7.4, 20 h) 75 (EE)? 7]
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acid (AZB) possesses a photoswitchable azobenzene
ligand. After exposure to light, this compound experi-
enced photoisomerization, which led to the decomposi-
tion of the network and the release of the encapsulated
cargo.

A summary of the most representative MOFs
designed for drug-delivery applications is provided in
Table 1.

Over 20 papers on the design of MOFs for drug deliv-
ery applications have been discussed in this section. Dif-
ferent families of MOFs including ZIF, MIL, and UiO
have been explored in the past for cancer therapy. The
presence of both cationic elements and organic bridges in
their structure boosts a wide range of interactions
between the MOF and the target drug including electro-
static, covalent, and hydrogen bonds, leading to a suc-
cessful drug entrapment within the MOF network.!”®~7%!
For instance, effective encapsulation of 5-FU within the
structure of ZIF-8 and IRMOF-3 has been reported in the
literature.!®”* The fluorine atoms of 5-FU and the
hydrogen atoms of the organic ligands can form H-bonds
that stabilize the drug-MOF complex. Also, at pH > 8,
5-FU molecules have negative surface charge, and this
enables electrostatic interactions between the drug and
the deprotonated nitrogen atoms of the MOF. Based on
the reported literature, several MOFs have been shown to
be pH-sensitive and their structure disintegrates in acidic
conditions similar to the tumor microenvironment.!”*5"!
Hence, the loaded drug can be released in the target site
with minimal side effects. It is worth mentioning that
such formulations cannot be administered for patients
using GI tract as the stomach environment itself is highly
acidic (pH = 1.2).18"

Overall, stimuli-responsive nanoscale MOFs, a novel
type of stimuli-responsive materials, show high potential
in overcoming the restrictions and shortcomings of tradi-
tional drug delivery systems for tailorable spatiotemporal
drug release in order to attain good therapeutic effi-
ciency. However, many issues need to be addressed prior
to their use in clinical applications. For instance, to attain
improved therapeutic effect, effort should be placed on
the design of MOF-based multiple stimuli-responsive sys-
tems. Besides, biocompatible MOF-based stimuli-
responsive systems (bioMOFs) should be synthesized via
“green” synthesis routes and choosing endogenous com-
ponents as organic linker. Furthermore, the colloidal sta-
bility of stimuli-responsive MOFs is still a key matter that
restricts their biomedical applications and needs to be
addressed via surface functionalization. Also, their per-
formance should be optimized via carrying out in vivo
studies on their stability, degradation mechanics, and
side effects on normal organs. Thus, very few studies on
the in vivo toxicity of nanoscale MOFs have been
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performed.[*®! Additional in vivo studies on MOF-based
stimulus-responsive systems for drug delivery should be
performed for preclinical assessment.

2.2 | Immunotherapy
Tumors have a microenvironment that includes trans-
formed cells, blood vessels, fibroblasts, and immune
cells.*®! These complex aggregates produce cytokines,
which promote the growth of tumor cells and inhibit the
immunogenicity and antitumor activity. Inmunotherapy
is a type of cancer treatment that activates the immune
system to change the tumor microenvironment, thus rap-
idly killing dividing tumor cells.® The use of
immunotherapy-targeted nanoscale MOFs is based on
the generation of ROS, which are produced using energy
triggers or by means of endogenous chemical stimuli.
Inflammatory reactions induced by the production of
these reactive compounds activate the immune system
and transform the tumor immunosuppressive microenvi-
ronment into the antitumor immune microenvironment.
Besides, they extend the on-site therapeutic impact of
MOF-based ROS to other tumors through abscopal phe-
nomenon.®>*3! Among cancer immunotherapies, check-
point blockade immunotherapy (CBI) has received
significant interest owed to its ability to elicit durable
therapeutic responses with manageable side effects. It
relies on the reactivation of host antitumor immunity
with controllable toxicity and long-lasting response.
However, many cancer patients do not respond to CBI
because they lack of tumor antigens and tumor microen-
vironments with an immunosuppressive effect.!®?!
Immunoadjuvant treatments such as chemodynamic
therapy (CDT), PDT, and radiotherapy-radiodynamic
therapy (RT-RDT) stimulate adjuvant immunity by
increasing the number of antigens and priming T cells,
an eliminate tumors through an immunogenic approach
that in situ releases tumor antigens. Nevertheless, if these
treatments are combined with CBI, they can reactivate
and maintain systemic antitumor immunity.'**!

22.1 | Computed tomography (CT) and
Chemodynamic therapy (CDT)

CT is the most well-known cancer treatment. However,
conventional CT agents have many disadvantages includ-
ing toxic side effects and drug resistance. For this reason,
choosing an appropriate nanocarrier for reducing the side
effects of CT agents is in high demand.!*¥

CDT is an approach that generates abundant ROS in
tumor sites using endogenous chemical triggers like
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H,0,, GSH, or hormonal metabolites via the Fenton reac-
tion or Fenton-like reactions. Thus, in the classical Fen-
ton reaction, the catalysts are ferrous ions produced
under the acidic condition of tumor microenvironment
and the ROS agent is the excessive H,0, in cancer cells.
Besides iron ions, many other metal ions, including
Mn?*t, Cu?t, and Co®>" have been used as redox-sensitive
agents to reduce concentration of H,O, within tumor
environment during Fenton-like reactions.!®! Compared
with other treatment strategies displaying non-negligible
dark toxicity, CDT has lower systemic toxicity in addition
to high selectivity and specificity.l>***! Gong and cowor-
ker'®®! fabricated Co-doped Zn-MOF-5 NPs with a high
doping rate for chemo-chemodynamic synergistic therapy
of tumor. The designed nanocarrier (Co-Zn-MOF-5/PEG/
DOX) had a strong killing effect on cancerous cell
because Co ions can mediate CDT through Fenton-like
reaction and regulate the tumor microenvironment by
consuming the reduced GSH.

2.2.2 | Photodynamic therapy (PDT)

PDT is based on the absorption of visible light by photo-
sensitizers (PSs) that are activated to initially form the
excited singlet state, followed by transition to the long-
lived excited triplet state. They can efficiently produce
ROS and induce cell death via apoptosis and necro-
sis.®7%8] PSs are not targeted, low soluble, hydrophobic
and instable, easily affected by the internal environment.
Conventional PSs are chlorophylls, porphyrins, or
organic dyes.!*”!

A novel approach is to use nanocarriers for selective
delivery of PSs to cancerous tissues through the EPR phe-
nomenon. Another strategy is the active targeted delivery
via binding ligands to receptors that are overexpressed in
tumors.”’! Although several nanocarriers have been pro-
posed for the effective and safe distribution of PSs to can-
cerous cells, most of them have disadvantages such as
low drug loading, poor biocompatibility, low stability,
and no repeatability. Among the proposed nanocarriers,
MOFs seem to be the most suitable materials because
they show enhanced stability, are able to reduce the tox-
icity of PSs, to effectively target then to cancer cells, to
attain a delayed-release,!® and to optimize the genera-
tion and transport of ROS to intracellular organelles.[gl]

The design of porphyrin-based MOFs by introducing
porphyrin molecules into MOFs or using porphyrins as
organic linkers to form MOFs can result in compounds
with unique properties due to synergistic effects. In this
regard, Lu and coworkers!*® used a Hf-porphyrinic MOF
as a PS. In particular, they incorporated 5,15-di(p-ben-
zoato) porphyrin (DBP) ligand into the pores of a UiO

MOF and developed a robust and porous structure that
acted as a potent PS for PDT of neck and head cancer,
with a loading efficiency as high as 77%. For comparative
purposes, the same authors!®"! reduced DBP ligands in
DBP-UiO to the DBC ligands and synthase DBC-UiO.
Both components showed high stability and good poros-
ity, but DBC-UiO generated ROS more efficiently and
enhanced the efficacy of PDT, particularly for colon can-
cer treatment. Also, DBC-UiO had better photophysical
properties than DBP-UiO. Lan et al.’?! developed a novel
MOF, comprising titanium-oxo clusters as secondary
building blocks and 5,10,15,20-tetra(p-benzoato) porphy-
rin (TBP) ligands as PS.

Chlorins and bacteriochlorins are reduced porphyrin-
type derivatives displaying similar characteristics and
structure. Thus, Luo et al.%! designed bacteriochlorin-
based MOFs for PDT. Meng et al.® conjugated
phosphate-terminated aptamers to the surface of Zr-
based MOF for targeted PDT. They used TMPyP4 and
chlorin e6 (Ce6) as PS through the G-quadruplex DNA
structure. Furthermore, Sun et al.l! used ZIF-8 as a car-
rier of Ce6 that acted as PS. Then they coated Ce6-ZIF-8
with bovine serum albumin-MnO, NPs that relieved hyp-
oxia in cancer cells, thereby increasing the PDT effi-
ciency. Wang et al.l® designed Mn;[Co (CN)s], MOFs
coated with mesoporous silica and modified with polydo-
pamine and PEG for increasing the biocompatibility,
which were subsequently loaded with Ce6.

Based on the reviewed papers, it can be concluded
that PDT using MOFs as carriers of photo sensitizing
agents is an efficient method from the aspect of eliminat-
ing cancerous cells and suppressing tumor growth. Some
of the studied MOFs such as PCN-222 exhibited inherent
photodynamic properties as well. Also, multiple studies
on Hf-based MOFs have proven their high efficiency in
terms of loading capacity.””*®! In particular, Hf-based
UiO-66 incorporating DPB or DBC ligands have shown
the highest efficiencies (in the range of 64-77 wt%).[*>]
The most relevant examples of MOF applications for PDT
are presented in Table 2.

223 |
therapy

Radiotherapy (RT) and Radiodynamic

RT is a clinical method for cancer treatment based on the
use of ionizing radiation such as X-rays to destruct can-
cerous cells. RT can be employed for the initial treatment
of localized solid tumors or as an adjuvant and palliative
treatment for symptomatic relief of advanced cancers.!'*"!
Useful approaches to increase the effectiveness of RT and
minimize its side effects in healthy cells are to concen-
trate nanoparticles containing elements with high atomic
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TABLE 2

Summary of MOF applications for photodynamic therapy

Organometalllc_Wl LEYJ9_0f26

Chemistry

Nanoscale MOF PS; loading capacity (%) Cell lines Cell viability (%) Ref.
DBP-UiO - SQ20B - [89]
Mnj;[Co (CN)g],/PEG-polydopamine-silica Ce6; 13.8 4T1 90 [56]
ZIF-8/BSA-MnO, Ce6; 28.3 HeLa ~21 9]
Zr-BDC/G4-aptamer TMPyP4 and Ce6 HelLa 40 [94]
Ti-TBP TBP - - (021
DBP-Hf-UiO DBP; 77 (Wt%) SQ20B ~20 [90]
DBC-H{-UiO DBC; 64 (Wt%) CT26 and HT29 ~20 (1]
MPyP/HKUST-1 TMPyP; 32.8 (Wt%) HeLa ~30 [99]
IDOi/TBC- Chlorin (TBC); 62 (wt%) CT26 and MC38 ~15 [100]
Hf-TCPP-PEG TCPP; 55 (wt%) 4T1 ~20 fro1]
PCN-224 TCPP HelLa ~20 [202]
TCPP-BCDTE/UiO-66 TCPP B16 melanoma cells ~20 (203]
UiO-PDT BODIPY (I,-BDP); 31.4 wt% B16F10, C26, CT26 <20 [104]
UiO-AM/POP Porphyrin (H2P); ~8 HepG2 and HeLa ~15 105
UCNPs/PCN-224 TCPP MDA-MB-468 ~20 [100]
Ce6-Peptide/MIL-101 Ce6; 3.3 (Wt%) HeLa <10 [107]
Hexagonal PCN-222/MOF-545 NPs TCPP HeLa <5 [108]
UCNPs-MB/ZIF-8/catalase Methylene blue; 1.97 (Wt%) PL 45 40 1]

number such as Au"'" and Bi!''? in cancer cells. These
elements are able to interact with ionizing radiation that
causes the generation of auger electrons and thus pro-
duce reactive free radicals for cancer cell destruction."'"!
PDT is limited in the treatment of deep tumors as a
result of restricted permeation capability of the photons.
Therefore, approaches were directed toward the use of
ionizing rays like X-rays and y-rays, which permeate to
deeper tissues. However, these methods are less effective
in creating radiolysis and DNA damage.®?! In the RT-
RDT treatment, MOFs incorporating metals with high
atomic number show high energy uptake that increases
the radiolysis of water by X- or y-rays and simultaneously
transfers energy to PSs to produce 'O, for RDT effects.!®!

2.24 | Photothermal therapy (PTT)

PTT is another approach for cancer treatment suitable for
solid tumors based on killing tumor cells by disruption of
their membrane, through destruction of the cytoskeleton
and inhibiting DNA replication by straight thermal abla-
tion.[**!13114 Nanomaterials accumulate in tumors and
cause localized heat (i.e., around 42°C) through the con-
version of laser energy into heat. This heat causes tumor
ablation through the vibrational relaxation of the excited
photothermal agents, resulting in apoptosis, necroptosis
and necrosis of the tumor tissue.'’® A schematic

representation of the mechanism of NP action in the
tumor site for PPT effects is illustrated in Figure 3.

Deng et al.l'*® used zeolite-based MOFs for combined
photodynamic-photothermal therapy. For such purpose,
iridium dioxide (IrO,) nanoparticles were deposited on
ZIF-8 to better absorb Ce6 and subsequently decorated
with FA and BSA to target cancer cells. This nanoplat-
form induces cell apoptosis under near-infrared laser
irradiation through a reactive oxygen species-mediated
mechanism due to the presence of Ce6 and showed a
photothermal heating conversion efficiency of 62.1% in
laser radiation, which is a very promising result. It also
showed catalytic properties and converted endogenous
hydrogen peroxide into oxygen, which subsequently
enhances the cell killing process. In addition to good
anticancer properties, in vitro and in vivo experimental
results demonstrated the good biocompatibility of this
nanomaterial. Zn>* can cause dysfunction and damage to
cell mitochondria through autophagy signaling and dis-
ruption of intracellular environmental homeostasis.
ZIF-8 nanoscale MOFs were also used by Lv et al.'7! for
PTT. They fabricated a multifunctional nanoplatform
based on ZIF-8, which was developed on the surface of
graphene oxide by in situ growth method, and also incor-
porated BSA in its structure.

Ge and colleagues!''® combined CT and PTT treat-
ment; they loaded 5-fluorouracil and indocyanine green
drugs in ZIF-90-based nanocarriers. In vitro and in vivo
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investigations in mouse organs revealed that these nano-
carriers have a very good performance for inhibiting bone
metastasis. Combining phototherapy agents (PTAs) with
MOFs is another mean to use MOFs in cancer treatment.
For instance, Li et al.l'*! incorporated cyanine, a NIR
dye widely used as PTA, into the structure of ZIF-8. By
using this approach, the main issues of the application of
cyanine alone such as poor solubility, low selectivity, and

rapid purification were addressed.

2.2.5 | Combined synergic treatments

Also, as mentioned earlier, MOFs have shown good capa-
bilities for RT, PDT, and PTT due to features such as
functional metal nodes and organic ligands that induce
the intrinsic activities of MOFs as well as their porous
structure that makes them efficient nanocarriers for the
delivery of CT agents, immunotherapy drugs and genes,
and so forth.?>** Therefore, efforts have been recently
directed toward the integration of traditional cancer
treatments and catalytic therapy within MOFs-based
nanoplatform, and changing the method from monother-
apy to combination therapy (or polytherapy) is a growing
trend in clinical research. Combination therapy has
many advantages: One is the synergistic effect, in which
the benefits of the combination of drugs are greater than
the sum of the therapeutic effects of each single drug.
Also, synergism can minimize toxicity and other side
effects related to high doses of individual drugs, reduce
dosages of any combination, and result in mechanisms of
context-specific multitarget.[84] Another important prob-
lem of monotherapy is the acquired resistance caused by
prolonged frequent treatment with a single drug, which
can be effectively solved via combination therapy. How-
ever, combined treatment approaches also have some dis-
advantages; hence, more research on this topic is
required. For example, each drug has a unique releasing
action, pharmacokinetics and course of action, so

Representation of the mechanism of NP action in a tumor microenvironment for PTT effects.

>

[115]

simultaneous delivery of two or more drugs may not
cause synergy.®* Besides, the use of MOFs as radio-
sensitizers may cause toxicity due to their low biodegrad-
ability and long-term retention time.

On the other hand, combining RT with other thera-
peutic modalities based on multifunctional MOF nano-
platforms has attracted much attention for the
development of novel strategies with enhanced efficiency.
For instance, Liu et al."% fabricated a nanoscale MOF
based on hafnium (Hf) cluster and porphyrin ligand
coated with PEG as a high-performance multifunctional
theranostic agent. The designed nanoplatform was used
for combined RT and PDT therapy, leading to a superior
antitumor effect.

Regulating hormones related to cancers is one of the
ways to treat and prevent this illness. Estradiol (E2) is
one of the hormones that increases cancer risk; its
expression levels affect cell proliferation immediately,
inhibiting cell cycle progression, and inducing tumori-
genesis. Ni et al!l'® designed an MOF made of
5,10,15,20-tetrabenzoatoporphyrin (TBP) and copper
coated with an anti-PDL1 antibody for hormone-
stimulated CDT and light-stimulated PDT. Cu®*" was
used to catalyze E2-induced CDT and for PDT effect. In
addition, CBI was used for the synergistic treatment of
melanoma mouse model.

Yao et al.l'?!! designed a PA@PdCO-MOF nanogen-
erator made of a photothermal Pd nanosheet as core and
a porphyrin-Pd MOF as shell, which was able to load a
high amount of CO in a single Pd atom. This novel nano-
material could release CO (an anticancer agent) on
demand, in a precise and controllable way, after NIR
photoactivation, which increased the sensitivity of can-
cerous cells to PTT. This behavior was ascribed to a
reduction in the intracellular energy level via decreasing
the ATP level, thus reducing the expression of heat shock
protein, enhancing cytochrome C expression, and conse-
quently activating the apoptosis pathway. This nanogen-
erator showed improved therapeutic efficacy both in vitro
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and in vivo through the synergistic effect of
photothermal-CO combination therapy, thus offering a
new potent strategy for cancer theranostics.

Achmad et al."??! synthesized a combined CDT and
PTT-based nanotherapeutic system to stimulate ferropto-
sis/pyroptosis, which consisted of an MOF modified with
polydopamine (PDA) and IR820 dye to load piperlonga-
mine (PL),"'%! a natural small molecule recently recog-
nized as selectively toxic to cancer cells in vitro and
in vivo. This compound was found to raise cellular levels
of ROS selectively in cancer cell lines. Thus, the modified
MOF and PL acted as iron source and H,0O, source,
respectively, and performed CDT by inducing ferroptosis.
Meanwhile, PDA induced pH-responsive PL release,
which also had CDT-related effects due to the usage of
GHS to reduce GSH peroxide expression, and the iron
source induced pyroptosis in tumor cells. In this regard,
Ni et al.!®¥ discussed novel advances in the design of
MOFs as nanocarriers for delivering cancer vaccine and
simultaneously as PDT, CDT, RT and RT-RDT nano sen-
sitizers. Chen et al.'?*! used ZIF-67 nanozymes for
enhanced microwave thermodynamic therapy. In vivo
studies in acidic tumor condition showed inhibition of
tumor angiogenesis because of the synergistic release of
Co and apatinib, a tyrosine kinase inhibitor used for the
treatment of advanced or metastatic gastric cancer.

Different types of enzymes are associated with cancer
therapy such as the oxidoreductase family containing
catalase,** oxidase (OXD), peroxidase (POD), and super-
oxide dismutase (SOD). The application of nanozymes
based on MOFs is a new trend in bioassays and cancer
treatment!'?*'2°! because of their unique properties such
as the flexible combination of metal and organic ligands,
which enables to mimic enzyme activity, and their tun-
able level of porosity and surface functionalization,
which improve catalytic performance and generate novel
functions.!*2°!

One of the main issues of combined drug delivery is
drug resistance. Common methods to reduce this resis-
tance are coupling drugs and P-glycoprotein inhibitors,
although this solution also has limitations. For instance,
its mechanism of action is independent of the pathologi-
cal framework of cancerous cells, which significantly
reduces the drug therapeutic effect.'?”! Gua et al.'*”)
proposed a new solution to address this challenge by
reversing multidrug resistance in cells with abnormal
cholesterol expression. A Zr-based MOF was used as a
nanoenzyme and the cholesterol oxidase as a natural
enzyme to convert cholesterol to hydroxyl radicals and
subsequently loaded DOX. As a result, the cholesterol
level of tumor cells was significantly reduced, which less-
ened the resistance of cancer cell membranes to drugs.

Organometalllc_Wl LEYJH—Om

Chemistry

Also, a 94.4% suppression of tumor growth was observed
without systemic toxicity.

2.2.6 | Theranostic
One of the best approaches to synergize cancer treatment
effects is to integrate diagnosis with treatment
(Theranostic), and its optimization has been the main
focus of many researchers.!'*®! A suitable method for
early detection and treatment of cancer is phototheranos-
tics, which is based on deep tissue imaging in combina-
tion with PTT and PDT.'*°! In this regard, Dong
et al.l"*! developed emission driven aggregation active
luminogens (AIEgens) for cancer phototheranostic appli-
cation. In particular, a core consisting of AIEgen-loaded
UiO-66 and a shell including ZIF-Cu were synthesized.
The hydrophobic core caused tumor cumulative of AIE-
gens after decomposition of the shell that enhanced fluo-
rescence imaging and improved PDT efficacy. Also, the
released Cu®" was reduced to Cu' via reaction with
GSH, which generated CDT through Fenton-like reac-
tions and ROS therapy by reducing GSH. Yu and
coworkers!"*!! loaded DOX into Mn-PBC MOF that have
a theranostic effect including CDT effect and
T1-weighted magnetic resonance. Besides, it showed pH
and temperature dual-responsive behavior, hence prom-
ising application for controllable release of anticancer
drugs under different conditions. Similarly, Yang
et al.l'*?! synthesized a biodegradable MOF-based com-
plex for synergic drug delivery and theranostic effect. The
nanoplatform was composed of PDA as the shell and an
MOF with CUR coated with HA as the core, and could
effectively deliver CUR and doxorubicin hydrochloride
(DOX-HCI) to overcome drug resistance in cancer cells.
PDA acted as a protective shell that prevented the prema-
ture degradation of CUR under physiological conditions,
thus allowing an effective therapy. The developed nano-
platform could effectively target CD44 receptors on can-
cer cells. In vitro experiments revealed that hydrophobic/
hydrophilic drugs co-loaded with DOX-HCI could pene-
trate cancer cells via endocytosis, reaching an inhibition
rate of 79% under laser irradiation. These safe nanoma-
terials did not induce any damage to normal organs dur-
ing long-term use, which is of great interest from a
practical viewpoint.

Pandit et al."**! synthesized a dual MOF (ZIF-67-ZIF-
8) encapsulating iron oxide (I0) and coated with FA as
receptor, which was subsequently loaded with Quercetin
(Q) as a model drug. Owed to the presence of 10, a super-
paramagnetic material, the complex had the potential to
be used for MRIL. Zhang et al.'** combined MRI and
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photothermal technique to develop a multimodal plat-
form for imaging and therapy. For this purpose, a hybrid
porphyrin linker (Mn-TCPP) was placed within the MOF
framework, resulting in a multimodal structure that
exhibited fluorescence, PDT and PTT properties, com-
bined with T1-weighted MRI and photothermal imaging
properties. The complex was further modified with HA
and loaded with hydroxycamptocin as a model drug. HA
modification, in addition to the previously mentioned
properties, increased PDT efficacy and provided redox-
sensitive release due to the -S-S- bond. Also for theranos-
tic purposes, Liu et al.'**! designed a pH-sensitive drug
delivery system in which the drug release was monitored
in real-time. The nanoplatform was designed by encapsu-
lating CuS as a photothermal agent and DOX as a thera-
peutic drug in ZIF-8 modified with FA and PEG. Zou
et al.*®! designed a carbonized nanoscale MOF (Mil-100
(Fe)) coated with tuftsin (CMT NPs), which had dual-
mode imaging ability of photoacoustic and MRI as well
as enhanced immunotherapy-PTT properties. The pres-
ence of the iron ion in the MOF caused magnetism that
improved targeted transfer of tuftsin as immune polypep-
tide and MRI-related property.

3 | DRUG-LOADED MOFs FOR
DIAGNOSIS OF CANCERS

Early cancer detection is an urgent need for public health
and safety and can make the treatment of this disease
more feasible.*1*®! Imaging technologies are among the
emerging tools in the field of cancer diagnosis because
they provide a visual means for doctors and scientists.
Biological markers (biomarkers) serve as indicators to
quantitatively describe the state of the biological micro-
environment for diagnostic purposes.'*”! Also, making
sensors to detect cancer biomarkers is another way to use
them for cancer diagnosis.!**13!

In recent years, many efforts have been focused on
the electrochemiluminescence (ECL) assay of cancer bio-
markers. Among the different groups of nanoparticles,
MOFs provide an excellent platform for ECL sensing,
and due to their capabilities and tunable structure, they
are attracting a lot of attention as biosensors for cancer
biomarkers."*®! In this regard, Ortega et al.'*°! coated
MOF-based NPs with anti-claudin7 mABs for electro-
chemical sensing of claudin7, a protein associated with
colorectal cancer. Wei et al.l'*! synthesized a novel two-
dimensional MOF (MOF sheet) which showed ECL activ-
ity to detect ORAQOV 1 (oral cancer overexpressed 1). The
MOF comprised Ti;C,Ty MXene as the metallic node and
meso-tetra(4-carboxyl-phenyl) porphyrin (H,TCPP) as

the organic bridge. This detection system demonstrated
very low LOD and relatively wide range of detection com-
pared with most of the investigated systems in this sec-
tion. Tan et all'*? fabricated cyclodextrin-MOFs
nanosheets (CD-MOF) that showed enzymatic activities
of both peroxidase and oxidase for H,O, and glucose
detection. Their label-free visible detector exhibited good
features such as moisture resistance and improved
biocompatibility.

Chen et al.'*! designed other 2D MOF-based nano-
sensors for tumor-associated miRNAs biomarkers. Sun
et al.l'** ysed miR-92a-3p biomarkers for colorectal can-
cer diagnosis. For such purpose, a fluorescent Zr-based
MOF (MOF-525) that acted both as a fluorescent refer-
ence and as fluorescent quencher of single-stranded
reporter by adsorption. The high miR-92a-3p concentra-
tion in the exosome caused amplification of the periodic
rolling circle. Consequently, receptors did not adsorbed
onto MOF-525; hence, the concentration of miR-92a-3p
could be determined from the reporter/MOF-525 fluores-
cence intensity ratio. The biosensor exhibited a detection
range of 0.1-10 pM, allowing for very sensitive detection
of exosomal miRNA.

Yao et all'*! fabricated ZIF-8 coated with DNA
hairpin molecules for miRNA-21 imaging. The
designed DNA nanomachine was pH-sensitive, which
made it suitable for the targeted imagining of cancer
cells. Rowe and coworkers!'*®! synthesized ZIF-based
nanohybrid as an electrochemical liquid biopsy plat-
form that can directly detect cancer exosomes from
blood.

The accuracy of electrochemical biosensors has
shortcomings that mainly occur due to interference and
inactive absorption of biomolecules. To solve these
problems, Lian and colleagues!**”! proposed the direct
use of native cell membranes instead of replicating
complex biological interface properties to impart anti-
fouling and biocompatible properties to electrochemical
surfaces. For such goal, a complex containing methy-
lene blue and NH,-Fe-Zn-MOF as a probe of electro-
chemical signals and platelet membranes and AuNPs
loaded with delaminated V2C nanosheets as the sensing
substrate was developed. The most relevant examples of
MOF applications for cancer diagnosis are collected in
Table 3. As can be observed, very low LODs have been
attained."*"'**! One of the most sensitive nanosystems
is PANPs@Fe-MOFs,'*! which was synthesized by
assembling Pd-NPs on the surface of Fe-MIL-88NH,
MOFs, and applied for the detection of microRNA-122
(a biomarker of drug-induced liver injury). Thus, an
extremely low LOD of 0.003 fM and a linear range from
0.01 fM to 10 pM was reported.
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TABLE 3

Sensor material

Ag NPs/Ti,C,Ty-PMOF
MIL-125-NH,/anti-CLD7 mAB
CD-MOF nanosheet

DMFC nanosheet

MB-NH,-Fe-MOF-Zn/PM/AuNPs/d-
Vv2C

MOF-525/reporter
ZIF-8/DNA hairpin
Tb/Zn-MOFs
Pd/Fe-MIL-88NH,
MB- DNA/UiO-66-NH,

Zr-Ui0-66-2NH

Summary of MOF applications for cancer diagnosis

Biomarker (or
enzyme)
ORAOV 1
Claudin7
POD/OXD
DNA probes

V2C nanosheets

miR-92a-3p

miRNA

Alkaline phosphatase
miR-122

Carcino-embryonic
antigen

Breast cancer

,/PO4-Apt

c¢DNA/CoNi-MOFs miRNA-126
Cu-MOF-199 Thiamine
MIL-53(Fe) Glucose

MIL-53(Fe) Alkaline phosphatase
ssDNA/ZIF-8/Ag nanoclusters miRNA
NH,-Cu-MOF Hypoxanthine
Cu-BDC Pyrophosphate

MIL-100 (Fe)/Apt
Hemin/HKUST-1
NH,-MIL-101(Al) F

Ru-MOFs/CNT-Ferrocene m6A-RNA

a-fetoprotein

Glucose

4 | ANTIMICROBIAL ACTIVITY
OF DRUG-LOADED MOFS

MOFs are gaining increasing popularity as candidates for
antimicrobial applications. The three-dimensional struc-
ture of these materials is composed of metal nodes/clus-
ters, which are connected to each other by means of
organic bridges. The free space between the metal ions
and organic ligands shows up as channels that yield the
high surface area and porosity of the structure. Based on
the different components and their applicability as drug
carriers, different approaches for using MOFs as antimi-
crobial agents have been reported.l'®*~1% Their metallic
sites or organic bridges can display antimicrobial activity.
Also, they can be loaded with antimicrobial agents and
release their cargo on site. Almost all of the metal ele-
ments from the periodic table have been used for the
design of MOFs. Among the most common elements are
silver, potassium, nickel, cobalt, and =zirconium.
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Linear concentration Limit of detection

range (LOD) Ref.
10 fM-1 nM 33fM (4]
2-1000 pg/ml 0.1 pg/ml [140]
~ _ [142]
. . [143]
0.5-500 ng/ml - (1471
0.1-10 pM - [144]
- 27 pM [145]
0.05 mU/ml 0.1-70 mU/ml [150]
0.003 fM 0.01 fM-10 pM [149]
16 fg/ml 50 fg/ml-10 ng/ml [148]
31 cell/ml 102-104 cell/ml (1s1]
0.14 fM - (252]
1M 4-700 pM [153]
<7.54 1M 0.5-24 pM [154]
07UL 2-80 U/L [155]
- 0.175-500 pM [156]
3.93 M 10-2000 uM (1571
0.6 mU-ml 1-50 mU/ml [258]
7.7 x 10~ mg/L 1x1077-3 x 10 2mg/L. 15
50 uM 75-1000 pM L1e0]
0.05 uM 0.5-80 uM f1e1]
0.0003 nM 0.001-10 nM (1621

Considering the hard/soft acid/base principle, if an MOF
is developed from hard acids and hard bases, the hard
acids (cationic nodes/clusters) will have electrostatic
interaction with the negatively charged membrane of
bacteria cells. This interaction leads to the disintegration
of the cell membrane and destruction of the cell struc-
ture. On the other hand, if an MOF is synthesized from
soft acids and hard bases or vice versa, the MOF network
will fall apart in water due to the interaction with H"
and OH™ ions. Then, the metal ions will permeate the
bacteria membrane and disrupt the respiratory chain,
resulting in deactivation of cells. Organic ligands can
demonstrate antimicrobial activity through different
mechanisms. While some of them are released into the
cytoplasm upon degradation of MOF network and dis-
turb metabolic pathways of target microbe cells, others
are attached to cell membrane and destroy it. A third
mechanism consists in the generation of ROS upon expo-
sure to light with a specific wavelength. ROS can damage
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DNA and RNA strands. Moreover, the porous structure
of MOFs allows for loading with antimicrobial agents
such as antibiotics and nanoparticles. In this approach,
MOFs are used as delivery systems. Three main
approaches have been reported for loading drugs and
antimicrobial agents on MOFs, namely, encapsulation,
postsynthesis modification, and direct assembly. During
encapsulation, the cargo is loaded into the MOF pores,
whereas the drug or its inactive form acts as a ligand for
MOFs in the direct assembly method. In postsynthesis
method, the MOF is prepared first, followed by attaching
the cargo molecules to the ligands or metal nodes
through covalent or noncovalent bonds. MOFs may
release their payload through two main mechanisms. In
some cases, MOFs release their cargo spontaneously and
without any control. Diffusion and the concentration dif-
ference of cargo molecules between the internal space of
the porous structure and the surrounding media is the
driving force of this mechanism. Release through diffu-
sion can take a lot of time and is not targeted. In the sec-
ond mechanism, the release of the cargo from the MOF is
triggered by external stimuli such as pH, temperature,
light, and magnetism. It is noteworthy that the coordina-
tion bond responsible for loading of drugs on MOFs is
often pH-responsive,[163-168!

4.1 | Antibacterial activity

In this section, a number of reports on the use of MOFs
as antibacterial delivery systems are discussed. Nabipour
and coworkers!'®”! loaded an antibiotic drug, ciprofloxa-
cin, on ZIF-8 NPs to assess their antibacterial activity.
ZIF-8 structure is composed of zirconium ions as metal
nodes and 2-MIM as the organic linker. In vitro drug
release studies revealed the pH responsiveness of the
developed system. The bonds between the nodes and the
organic linkers were dissociated in an acidic environment
(pH = 5.0); hence, higher amount of the antibiotic was
released compared with neutral medium (pH = 7.4). At
an acid pH, 33% of the antibiotic was released within
120 min. A diffusion disk assay was used to assess the
antimicrobial efficacy of these MOF NPs. Ciprofloxacin-
loaded ZIF-8 NPs had a 46-mm inhibition zone for
Escherichia coli, which corroborated their good antibac-
terial activity.

Li and colleagues[ incorporated both amoxicillin
and potassium clavulanate antibiotics within the struc-
ture of MIL-100 NPs and evaluated the antibacterial
activity of the system. MIL-100 structure contains Fe>"
ions as metal nodes and H;BTC as organic ligands. Both
drugs had entrapment efficiencies above 98%. In order to
assess antibacterial performance of the drug-loaded MIL-

170]

100 NPs, they were incubated with J774 macrophages
and Staphylococcus aureus bacteria. While the unloaded
nanoscale MOFs killed about 50% of bacteria cells, those
loaded with both antibiotics hardly improved this per-
centage. Therefore, it was concluded that the therapeutic
effect of ROS generation induced by MOF NPs suppresses
the effect of amoxicillin and potassium clavulanate.

Mohanta et al.'”!! synthesized pH-sensitive core-shell
nanoparticles of ZnO@ZIF-8 and loaded them with
ampicillin. The loading capacity of this antibiotic in the
porous structure of NPs was 1.55 wt%. This low loading
capacity was attributed to the fact that only a portion of
the NP shell was available for drug loading. In vitro drug
release studies were performed in neutral and acidic
media. Due to the dissociation of ZIF-8 network in acidic
media, the core-shell NPs showed pH-responsiveness.
While within the first 24 h only 60% of ampicillin was
released at neutral pH, almost all the drug was released
in acidic medium. An agar-well diffusion assay was used
to assess the antibacterial activity of ampicillin-loaded
ZnO@ZIF-8 on E. coli and S. aureus species, leading to
minimum inhibitory concentration (MIC) values of 12.5
and 48 pg ml ™, respectively. The improved antibacterial
activity was ascribed to the synergistic effect of ZnO and
MOF on the antibacterial performance of the system as it
disintegrates the cell membrane by producing ROS. This
phenomenon facilitates the cellular uptake of the anti-
bacterial drug. Furthermore, the release of metal nodes
(Zn*" ions) from ZIF-8 also contributed to the enhance-
ment in the antibacterial activity.

Karimzadeh and coworkers prepared a pH-
responsive nanocomposite consisting of carboxymethyl
cellulose (CMC), MOF-5, and graphene oxide
(CMC/MOF-5/GO) as nanocarrier for tetracycline
(TC) delivery. MOF-5 has Zn*" as metal nodes and ben-
zene dicarboxylic acid (H,BDC) as organic ligand. The
loading capacity of the antimicrobial agent on the nano-
carriers was 6.85 wt%. The drug release efficiency of pure
GO and CMC/MOF-5-modified GO were studied by sim-
ulating the drug pathway after oral administration. For
this purpose, the TC-loaded nanocarrier was placed in
solutions with pH levels that first mimicked the gastric
fluid environment and then that of the intestinal fluid.
The amount of TC released was improved upon using
modified graphene oxide, as can be observed in Figure 4.

Nabipour and colleagues!'”*! designed a pH-sensitive
Zn,(bdc),(dabco) MOF as nanocarrier and loaded it with
gentamicin for targeted drug delivery. The MOF frame-
work has Zn®" jons as metal nodes and H,BDC and
1,4-diazabicyclo as organic bridges. Gentamicin can be
entrapped in the MOF network via formation of hydro-
gen bonds between the amide and alcohol groups of the
antibacterial agent and the acid groups of organic linkers.

[172]
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FIGURE 4 Release profile of tetracycline (TC) from
CMC/MOF-5/GO and pure GO.1*”? http://creativecommons.org/
licenses/by-nc/4.0/

Obviously, these bonds are weakened in acidic environ-
ment, which makes the delivery system pH-responsive.
In vitro drug release studies revealed that 65% of the pay-
load was released within 140 h at a pH value of 5.0. This
percentage was reduced by 32% in a neutral environment.
The disk diffusion test was used to assess the antibacter-
ial activity of the developed MOF against S. aureus and
E. coli strains, and inhibition zones of 16 and 9 mm were
obtained, respectively. The noticeable difference between
the inhibition zones of drug-loaded MOFs toward the
two strains was attributed to the different composition of
their cell membranes, which makes it easier for the nano-
carriers to penetrate S. aureus cells.

Song et al.'”* prepared an o-NBA@ZIF-8 nanocom-
posite by incorporating orto-nitro benzoic acid (0-NBA)
NPs within the structure of ZIF-8 framework. ZIF-8
shows pH-sensitivity for drug release, and the presence of
o-NBA makes the system light responsive as well. Hence,
a double stimuli-responsive system was prepared and
loaded with rifampicin antibiotic. The light responsive-
ness of the developed nanosystem was tested by compar-
ing the amount of rifampicin released from neat ZIF-8
and o-NBA-modified ZIF-8 NPs. Upon exposure to UV
light, almost no drug was released from bare ZIF-8,
whereas about 80% of the payload was removed from o-
NBA-modified ZIF-8. Also, an insignificant amount of
rifampicin was released in dark conditions, thus corrobo-
rating the light-sensitivity of the nanocomposite. Rifam-
picin can easily permeate the bacteria membrane, which
accounts for its high effectiveness as therapeutic agent
against intracellular infections. A growth-inhibition assay
along with a spread plate technique were applied to
assess the antimicrobial performance of the loaded nano-
composite against ampicillin-resistant E. coli and MRSA
cells. Optical density values were about 0.075 for both

Chemistry

strains. Given that no growth inhibition was observed in
the absence of light, it was concluded that o-NBA is
responsible for pH regulation when irradiated by UV
light. The pH control leads to the disintegration of the
MOF structure and enables a controlled release of higher
amount of rifampicin, which in turn results in stronger
bactericidal effect.

Claes and coworkers!'”®! synthesized MIL-88B
(Fe) NPs loaded with 5-(4-chlorophenyl)-N-(2-isobutyl)-
2-aminoimidazole antibacterial agent and coated with
polystyrene. MIL-88B(Fe) contains Fe’" ions as metal
nodes and trimesic acid (H;BTC) as ligand. The smart
release of the antimicrobial agent was tested by using
iron-chelating compounds that mimic the role of the
siderophores secreted by bacteria. These compounds
show affinity toward Fe** ions and try to bind them com-
petitively, thus inducing disintegration of the MOF struc-
ture and in turn, the release of antimicrobial molecules.
Antibacterial studies showed that antimicrobial-loaded
MIL-88B(Fe) coated with polystyrene inhibited Salmo-
nella biofilm growth by 61%. On the other hand, an alter-
native hydrophobic formulation of the MOF comprising
Fe-terephthalate coating did not demonstrate significant
bactericidal activity.

Huang and colleagues fabricated nanocarriers
made of carboxymethyl chitosan (CMCS) and HKUST-1
(MOF-199) for delivery of dimethyl fumarate. HKUST-1
has Cu”*" as metal nodes and H;BTC as organic bridges.
The release profile of the nanocarriers was investigated
both in water and in phosphate buffered saline (PBS).
Even though the structure of the nanocarrier was pre-
served in water, XRD test revealed the disintegration of
the MOF structure and the subsequent release of the anti-
bacterial molecules. TGA and FT-IR tests showed that in
PBS medium, PO,> competitively bonded with Cu®*"
ions!**); hence, the links between the organic ligands and
the metal nodes were compromised. S. aureus and E. coli
were chosen to get insight about the antibacterial perfor-
mance of the nanocarriers. Sustained release of the anti-
microbial agent was observed from HKUST-1@CMC
NPs, which led to prolonged antibacterial activity com-
pared with free dimethyl fumarate. Furthermore, the
addition of phosphate to the test medium can increase
the inhibition zone diameter. In particular, the inhibition
zone for E. coli increased from 8.6 to 12.8 nm.

Lashkari et al.l'’”! entrapped allyl isothiocyanate
within MOF-74 network and carried out release experi-
ments to test gaseous water as a potential stimulus for
the smart release of the payload. MOF-74 consists of
Zn>" as metal nodes and 2,5-dihydroxyterephthalate as
organic linkers. The release profile of the antibacterial
agent was analyzed at room temperature and relative
humidity of 30% and 95%. Unloaded allyl isothiocyanate

[176]
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showed a severe burst release, and most of the cargo was
released within the first few hours. In contrast, allyl iso-
thiocyanate loaded on MOF-74 led to a sustained release
pattern. Under low RH conditions (30%), MOF-74 NPs
retained most of the payload for several hours and no
effective release was observed. However, in a high
humidity environment (95%), about 70% of the drug was
released within 10 h and 96% was released after three
days. Hence, it was concluded that vapor water can be a
triggering mechanism for the release of allyl isothiocya-
nate. The same experiments were performed for
HKUST-1 and RPM6-Zn, and the overall results were
similar to those of MOF-74. Figure 5 shows the release
profile of the antibacterial drug from different MOF-
based formulations under high humidity conditions.

4.2 | Antifungal activity

A few literature studies on drug-loaded MOFs with
antifungal properties have been reported.'”*%2! Su and
coworkers!”®! encapsulated voriconazole antifungal agent
within the network of ZIF-8 via binding with Zn*" ions.
ZIF MOFs pH-sensitive given that their organic linkers get
protonated in acidic medium. Hence, the pH-sensitivity of
the developed system was investigated in phosphate buffer
media at pH values of 5.0 and 7.4. TEM images revealed
that the average NP size in acidic medium decreased
substantially compared with that in neutral medium.
Moreover, according to the release profiles, about 90% of
voriconazole was released at an acid pH after 12 h. This
percentage was almost three times lower at a neutral pH;
hence, the pH-sensitivity of the delivery system was con-
firmed. This characteristic can be very useful for antifungal
applications, particularly against Candida albicans, which
has an acidic environment. The fungicidal activity of the

free antifungal agent and the encapsulated counterpart
was compared at both pH values. In an acidic environ-
ment, the minimal fungicidal concentration (MFC) of
voriconazole-loaded ZIF-8 was smaller than that of the
free agent, whereas this parameter was similar for both
formulations in neutral medium. This result was attributed
to the affinity of the electrostatic double-layer toward fun-
gus cells. Furthermore, it was concluded that growth inhi-
bition depends on the antifungal agent dose, and at doses
above 0.1 pg/ml, the cellular growth is completely hin-
dered. Also, the study of the effect of voriconazole-loaded
ZIF-8 on the biofilm of C. albicans through staining the
NPs with RhB dye revealed that the NPs can cause cell
membrane damage at deeper layers compared with the
free voriconazole.

Tella and colleagues prepared a biocompatible
MIL-53(Fe) and loaded it with Ag NPs using a solvother-
mal method. MIL-53(Fe) was composed of FeO,(OH), as
metal nodes and H,BDC as organic linker. The antifun-
gal activity of the nanocomposite was assessed against
Aspergillus flavus fungus through poison plate method.
Depending on the nanoformulation dose, growth inhibi-
tion was observed up to 64%, which confirmed the anti-
fungal property of the developed nanosystem. Also, the
minimum lethal dose for the unloaded and loaded nano-
composite were 40 and 15 pg/ml, respectively. This result
demonstrated the strong effectiveness of silver nanoparti-
cles on hindering the fungal activity of A. flavus.

Chiericatti et al.'*°! used HKUST-1 as an antifungal
agent and evaluated its fungicidal activity against Saccha-
romyces cerevisiae fungus. Microorganism growth assay
revealed that the release of copper ions from the MOF
NPs in the cell culture induced significant antifungal
effects. While at the beginning of the experiment the log-
arithm of colony forming units per volume unit
(CFU/ml) was approximately 5, it dropped to almost zero

[179]
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after 20 h and cell growth was completely inhibited. It
was concluded that copper-containing MOFs can be used
for their antifungal properties.

Jaros and coworkers!'®!! prepared a novel bio-metal-
organic framework with AgO as metal node with
1,3,5-triaza-7-phosphaadamantane and pyromellitic acid
as organic bridges. Figure 6 shows the structure and syn-
thesis procedure of this MOF, named as [Ag,(p-PTA),(ps-
PTA),(p4-pma)(H,0),],-6nH,0. The antifungal perfor-
mance of the MOF was assessed against C. albicans fun-
gus. A culture containing AgNO; was used as control
group. MIC values were determined to compare the effect
of the synthesized MOF and AgNO; on pathogenic cells.
MIC for the AgO-modified MOF was 30 pg/ml, about
10 pg/ml lower than that of the control group, which
demonstrates the optimal fungicidal activity of this novel
MOF. The relatively high MIC value attained can be asso-
ciated with the thick cellular walls of fungus cells.

Siwayaprahm and colleagues''®?! examined the anti-
fungal performance of Cu-based benzene-tricarboxylate
MOF (Cu-BTC) against C. albicans yeast. For such pur-
pose, the dilution plate count method was applied, and the
fungus cells were incubated with different concentration
of the MOF for 1h. It was concluded that this MOF
induces cell damage in a dose-dependent manner. Almost
the entire population of colonies was cleaned at a dose of
500 ppm. Furthermore, SEM images were analyzed to con-
firm the growth assay results. The rough surface of the cell
walls confirmed the damage caused by the MOF NPs.

4.3 | Antiviral Activity

In this section, a few papers on drug-loaded MOF NPs
with antiviral effects will be discussed. Jaros et al.'*! used
AgO, 1,3,5-triaza-7-phosphaadamantane, and pyromellitic

N~TN PTA
L-NJ
e
Ag,0
+
HO OH
(o} o}
.pma
FIGURE 6 Structure and synthesis
procedure for [Ag,(p-PTA),(ps- o o
PTA);(j14-pma) HO OH

(H,0),],-6nH,0. Reproduced with

permission from Jaros et al.®!!
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acid to fabricate a novel and biocompatible MOF named
[Agy(n-PTA)(p3-PTA)(4s-pma)(H,0), ] 6nH,0. The anti-
viral activity of this MOF was evaluated against HAdv-36,
a DNA virus that attacks the respiratory system. The syn-
thesized MOF was incubated with dermal fibroblast cells
for 0.5 h at a nonlethal dose of 50 pM. Subsequently, the
titer decreased by more than four orders of magnitude;
hence, the effective antiviral impact of the MOF was
confirmed.

Agostoni and coworkers!"®*! loaded the nucleoside
reverse transcriptase inhibitor (NRTI), azidothymidine
triphosphate, on MIL-100 NPs and achieved almost 100%
encapsulation efficacy. Based on NMR and spectropho-
tometry analysis, the successful loading of the drug on
the MOF NPs was associated with interactions between
the phosphate groups and the Fe>™ nodes. Furthermore,
the analysis of the release profile of the drug in different
media revealed that rather than the degradation of the
MOF network, the replacement of drug molecules with
free phosphate molecules within the MOF structure was
the driving force behind the release of the NRTI agent.
Moreover, an antiviral assay was performed by contami-
nating peripheral blood mononuclear cells using HIV
cells. Comparative studies indicated that drug loaded
MIL-100 requires a significantly lower dose to eliminate
90% of the virus compared with the free NRTI drug. Also,
the percentage of cellular uptake for drug loaded NPs
was more than five times higher than that of the free
drug, which demonstrated the effectiveness of MIL-100
NPs for delivering the drug to HIV cells.

Jodlowski and colleagues!*®*! developed a modified
protocol to synthesize UiO-66 with large pore volume.
Ui0-66 has ZrsOg as metallic node and BDC as ligand.
The MOF was loaded with chloroquine, which is knows
as a promising antiviral agent against SARS-CoV-2. Chlo-
roquine was released from UiO-66 in a sustained manner,
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thus improving its therapeutic impact. Also, in vivo
experiment on a zebra fish model revealed reduced side
effects and toxicity of chloroquine released from MOF
particles compared with the free drug, which was a result
of the controlled drug release.

Jodlowski et al.'®*! loaded acriflavine on different
MOFs: UiO-66, UiO-67, MOF-808, and NU-1000. Acrifla-
vine has been proposed as an antiviral agent for dealing
with SARS-CoV-2. A high loading of acriflavine on NU-
1000 and UiO-67 was achieved. Upon encapsulation of
the drug within all the indicated MOFs, a prolonged
release of the antiviral agent was observed. The success-
ful drug loading and release from the MOFs was associ-
ated with electrostatic and n-n interactions between
acriflavine molecules and several sites of the MOF struc-
ture. Molecular simulation studies revealed that antiviral
effects of acriflavine are related to its capability to inhibit
bond formation between ACE2 receptor and spike pro-
teins of viral cells by interacting with these proteins.

According to the reviewed papers, MOFs can be
used in their native form or as nanocomposites with

other structures to deliver antimicrobial drugs to their
action site. Several studies on using core-shell struc-
tures and MOF/polymer nanocomposites as drug deliv-
ery systems for antimicrobial applications have been
reported. Core-shell technique can be applied to add
an extra agent with antimicrobial properties to the
nanostructure."'®®! Also, using biopolymers like carbox-
ymethyl cellulose in the nanocomposite structure
enhances biocompatibility and water solubility and
provides pH-sensitivity. This is beneficial because the
pH value at the site of microbial infection often
changes compared with the normal state of the tis-
sue.'871881 Moreover, some MOFs have exhibited
inherent therapeutic properties due to the presence of
heavy metal elements in their metallic nodes. Overall,
MOFs with Zr, Zn, Ag, and Cu in their structure
have shown promising results for antimicrobial
applications."® A summary of the applications of
MOFs and their composites as nanoplatforms for
the delivery of antimicrobial agents is collected in
Table 4.

Summary of applications of MOFs and their composites as nanoplatforms for delivering antimicrobial agents

TABLE 4

Delivery platform Drug/antimicrobial agent

ZIF-8 Ciprofloxacin

MIL-100 Amoxicillin and potassium
clavulanate

ZnO@ZIF-8 Ampicillin

CMC/MOF-5/GO Tetracycline

Zn,(bdc),(dabco) Gentamicin

o-NBA@ZIF-8 Rifampicin

MILL-88B(Fe)

CMCS/HKUST-1

5-(4-Chlorophenyl)-N-
(2-isobutyl)-2-aminoimidazole

Dimethyl fumarate

MOF-74 Allyl isothiocyanate
ZIF-8 Voriconazole
MIL-53(Fe) Ag

HKUST-1 Cu
[Aga(u-PTA)(p3-PTA)(y- Ag

pma)(H,0),],-6nH,0

Cu-BTC Cu
[Aga(u-PTA)(p3-PTA)(pis- Ag

pma)(H,0),],-6nH,0

MIL-100 Azidothymidine triphosphate
Ui0-66 Chloroquine
Ui0-66, UiO-67, MOF-808, Acriflavine

NU-1000

Targeted bacteria/ MOF structure (metal ions/

fungi/virus ligand) Ref
E. coli Zr/2-MIM [169]
S. aureus Fe/H;BTC 7ol
E. coliand S. aureus  Zr/2-MIM a7l
. Zn/H,BTC iz
E. coli and S. aureus ~ Zn/H,BTC (173l
E. coli and MRSA Zr/2-MIM [274]
Salmonella Fe/H;BTC (73]
E. coli and S. aureus  Cu/H;BTC ez

C. albicans
A. flavus
S. cerevisiae

C. albicans

C. albicans

HAdv-36

HIV
SARS-CoV-2
SARS-CoV-2

Zn/2,5-Dihydroxyterephthalate

Zr/2-MIM

FeO4(OH),/H,BDC

Cu/H;BTC

Ag/1,3,5-triaza-
7-phosphaadamantane and
pyromellitic acid

Cu/BTC

Ag/1,3,5-triaza-
7-phosphaadamantane and
pyromellitic acid

Fe/H;BTC

Zr/BDC

[177]
[178]
[179]
[180]

[181]

[182]

[181]

[183]
[184]

[185]
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5 | CHALLENGES AND
OPPORTUNITIES

As mentioned above, MOFs have an enormous potential
as effective drug carriers in cancer therapy. Very low
cytotoxicity, good biodegradability, and adequate
mucoadhesive feature make MOFs appropriate for bio-
medical applications. They can be effective with a low
dose of drugs, which minimizes undesired side impacts.
Thus, the use of MOFs in drug release can overcome
issues such as the high drug toxicity and its poor solubil-
ity. Nevertheless, there are still some challenges that can-
not be neglected and require further investigation. One of
the main issues is quality control, because it is essential
to scale up from the synthesis in the lab to large-scale
manufacture for commercialization. It is evident that
MOFs are unique delivery vehicles for pharmaceuticals.
However, current research on these compounds is still at
the lab-scale level. Once MOFs are fabricated in larger
quantities, their quality would be difficult to control,
which may cause alterations in their structure and level
of porosity. Besides, cargo encapsulation capacity and dis-
charge kinetics would likely be influenced. Hence, con-
trolled production of MOFs is one of the most difficult
challenges that need to be addressed.!*

Despite their exceptional properties, more research is
required regarding the behavior of MOFs once inside the
body, including biocompatibility, toxicity, degradability,
and stability. Because of their biodegradable feature,
information on their mechanisms of degradation and
metabolic processes within the body is essential. A lot of
research papers have focused on the in vitro long term
toxic effects of MOFs toward cells.>'**"1%3] Although
most of the studies suggest that MOFs are not cytotoxic
up to a certain concentration, these in vitro evidences are
not enough to reach concrete conclusions because
in vitro models do not completely mimic the conditions
in humans. In vivo studies on their metabolism and toxic
features are very scarce!*®!; hence, more research should
focus in this direction.

Nanoscale materials are widely used in fluorescent
imaging of the body. Researchers have observed fluores-
cent locations within the liver and lymph hubs,

TABLE 5 LDy, values of typical
metallic and organic building blocks of

MOFs Fe

Zn
Zr
Mn
Mg
Cu

Metal building blocks
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illustrating that nanoscale compounds travel through the
blood and lymphatic system. Hence, cancerous tissues
showed the brightest fluorescence intensity."**! In about
a week, NPs are removed from the body by feces.['*! In
this regard, Baati and coworkers!'*®! assessed the in vivo
toxicity of Fe>*-based MOFs in rats by assessing their dis-
tribution, metabolism, and excretion. All the parameters
studied (serum, enzymatic, histological, etc.) indicated a
low acute toxicity. It was reported that nanoMOFs were
promptly sequestered by the liver and spleen, and subse-
quently biodegraded and directly eliminated in urine or
feces without metabolization. Thus, these MOFs can be
regarded as biodegradable and safe. Chen et al."*”! also
assessed the cytotoxicity of nanoMOFs to most organs,
tissues, and blood, and it was demonstrated that their
framework is safe enough. Similarly, Ma and col-
leagues'®®! showed the nontoxicity of quercetin-loaded
Zr-MOFs in organs and blood. Wang et al.'*’! examined
the long-term toxicity of porphyrinic MOF nanodots
in vivo. Their research revealed that the NDs had low sys-
temic toxicity and were completely removed through the
kidneys.

In order to use MOFs in cancer treatment, it is also
necessary to check the toxicity of their metal and organic
building blocks. Common metals present within their
framework are Fe, Zn, Zr, Cu, Mg, and Mn, and each of
them has a specific effect on the body (see Table 5; Wu
and Wang, #112°°l) in another words, a specific toxicity
that is expressed by their average lethal dose (LDsg). This
value indicates the dose required to kill half the members
of a tested population (i.e., rats).

Some methods have been reported to reduce the
toxicity and side effects of MOFs. For example,
heparing-coated MIL100 is more stable and shows less
immune response due to the endogenous organic bond-
ing. Besides, the stability and degradability of MOF-
based nanoplatforms must be examined in the target
organ, along with a systematic investigation of the
mechanism of degradation, because MOFs show differ-
ent stability under different environments. For instance,
MIL-100 is stable in water for several days, while it

shows considerably lower stability in phosphate
buffer.[°!!

LDs, (g/kg) Organic building blocks LDs, (g/kg)

30 Terephthalic acid 5

350 Trimesic acid 84

4.1 Methylimidazole 1.13

1.5 2-Methylimidazole 1.4

8.1

25
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Zhang et al.l**?! injected magnetic porphyrin-MOFs
into rats to study their toxicity and metabolism. After
8 days, the MOFs were removed from the animals, and
no toxicity was observed. The organic ligands and iron,
after decomposition, were completely excreted through
the urine and feces of the animals. Han et al.***! investi-
gated the in vitro biocompatibility and anticancer proper-
ties of Cu-, Co-, and Zn-based MOFs, as shown in
Figure 7. Cu-based MOF showed the best anticancer
properties; hence, it can be used as a platform for cancer
treatment.

Despite the abovementioned works have corroborated
the nontoxicity of MOFs within the examined dosages,
the metabolism and toxicity of MOFs within the body
need to be investigated in more detail.***?°! Hence, the
development of more biocompatible and biodegradable
MOFs is essential. Another challenge for biomedical
applications is the behavior of MOFs out of the body
environment.[*°®! Despite the degradation of MOFs is
expected to lead to nontoxic nanomaterials, the bio-
soundness and biodegradation of MOF components has
to be carefully examined.[*°”!

Chemotherapeutic drugs cause native antagonistic
responses to the body. In this regard, it is crucial to move
forward with the focus on the drug release from MOFs to
ensure controlled and targeted releases and prevention of
side effects. Moreover, preventing nanocarrier removal
through the resistant framework prior to reaching the
intended site is necessary. In this regard, biomimetic
materials have been proposed to overcome this problem.
For example, covering MOF-based carriers with biocom-
patible materials that cannot be recognized by the
immune system, such as films and cell membranes, is a
suitable solution. However this approach requires fur-
ther material prerequlsltes Quahty control during the
fabrication of MOFs at a large scale shows also strong
challenges. The lack of quality control will cause hetero-
geneous morphology, and consequently, the cargo will be

Co-MOF
SKOVS @2n-MOF
160 8Cu-MOF
140
2 120
S 100 72=0 7=0 72=0 7% Z é Z
o WENRERER N R R
s MEEEREERELE K K
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FIGURE 7

In vitro anticancer properties of MOFs against SKOV3 (an ovarian cancer cell line) and HDF (human dermal fibroblasts

released in an uncontrolled manner, which prevents the
safe use of MOFs within the human body.[*! Overall, to
develop a suitable MOF as a drug carrier for clinical
applications, significant progress from the fabrication to
quality monitoring and in vivo long-term studies are
needed, which are expected to be achieved in the near
future.!**

MOFs possess highly porous biocompatible networks
with antineoplastic activity due to their capacity to typify
payloads. The utilization of MOFs for tumor treatment is
still in its infancy because their effective in vivo antitu-
mor activity has not been demonstrated yet. Despite mul-
tifunctional MOFs hold great promise as drug delivery
vehicles, the application of these systems for on demand
delivery requires a prior analysis of different scenarios.
The multiple components of an MOF increase the com-
plexity of these assessments; thus, recent research has
focused on novel pharmaceutical agents with more com-
plex behaviors, such as PROTACs and siRNA
therapeutics.[2°%2%°!

Differentiation between normal and cancer cells is a
key challenge in biomedicine. Conventional treatment
approaches like RT and CT frequently have the short-
coming of uncontrolled attack to tumors. In contrast,
phototherapeutics are focused on tumor-bearing tissues.
PTT and PDT strategies are broadly utilized in tumor
treatment, whereas CT, RT, and coupled strategies need
to be updated to attain effective antineoplastic activity,
primarily on bone, breast, and colon tumors. The use of
nanoMOFs can solve this limitation, because they can
selectively deliver pharmaceutical agents to cancerous
tissues.

On the other hand, most of the current nanocarriers
suffer from burst release of the cargo and poor encapsula-
tion efficiency. In contrast, MOFs an effectively encapsu-
late and release molecules in a controlled manner. Thus,
due to these properties, MOFs can be utilized in beauty
care products as well such as fragrances. Occasionally,
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they can be utilized in skin problem medications, con-
trolled discharge of scents, capacity and discharge of caf-
feine, and assurance of parabens in corrective
Cr_eanls'[33,2107213]

In addition, the standardization of the physicochemi-
cal characterizations of MOFs in terms of estimated dis-
persion, morphology, colloidal soundness, and surface
properties, and how to get the viable synergistic impact
in coupled treatment techniques is of great interest.
Besides, the seek for more cost effective and nontoxic
MOFs, such as Mg-based'**! and Ca-based'**! MOFs, is an
imperative problem.?'**'*! In addition, to investigate
whether MOFs have any potential advantage in anticipat-
ing metastasis and overcoming immunity of tumors to
therapeutic agents, which are the two driving reasons of
cancer passing, can be exceptionally crucial. Simulta-
neously, MOF-based nanomaterials demonstrate poten-
tial to offer a stage for coordinates conclusion and
therapy, particularly Fe-based MOFs, as the Fe is MRI
dynamic.[*1°!

The development of multifunctional and more effec-
tive MOF nanoparticles is not an obstacle but a promis-
ing chance to cure cancer. However, despite the
mentioned issues, there is no doubt that MOFs still
remain one of the most promising materials for cancer
therapy due to their unique features including huge sur-
face area, adjustable pore size, biocompatibility, biode-
gradability, and tunable composition. 17!

6 | CONCLUSION

MOFs are porous organic-inorganic hybrid materials
with therapeutic effects on cancerous cells as a result of
their ability to encapsulate drugs, antibiotics, genes, and
so forth. Their controllable pore size, high loading capac-
ity, biodegradability, and biocompatibility turn them into
perfect carrier frameworks. In the present study, recent
research reports on MOFs as targeted drug delivery sys-
tems for the treatment and diagnosis of cancer have been
discussed. Besides, the antimicrobial activity of drug-
loaded MOFs as well as challenges and opportunities in
the use of MOFs for cancer therapy have been reviewed.
Different types of MOFs, including IRMOFs, MILs, ZIFs,
UiOs, and MOFs-based core-shell structures have been
covered. MOFs can be precisely tailored at the nanoscale
to attain passive targeting. However, conventional drug-
loaded MOFs often cannot attain prolonged bioavailabil-
ity, because they are metabolized too fast by the body or
eliminated by the immune system, thereby leading to
decreased efficiency. More importantly, when the drug-
loaded MOFs are within the blood system, the premature

Organometalllc_Wl LEYJH—OM
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discharge of the payloads could induce damage to healthy
cells and tissues. Interestingly, the network of MOFs
enables surface modification by different ligands for on
demand delivery, which can maximize efficiency and
reduce drug side effects. Frequently, a method is not
enough to liberate cargos effectively. In this regard, mul-
tifunctional MOFs have recently emerged to address the
drawbacks of a single therapy. In particular, multitar-
geted MOF NPs have turned out to be the most common
and effective approach. Despite there are still numerous
problems for MOFs to be used in clinical practice such as
lack of large scale production, poor reproducibility, and
unclear drug metabolism, it is expected that these issue
will be tackled in the next future, and MOFs will be
widely used in the biomedical field.
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