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ABSTRACT:Theranostic applications have showed
considerable promise for metal-organic framework
(MOF) nanoparticles as carrier platforms. Different
tactics have been created to get around the
drawbacks of conventional pharmaceutical therapy.
The hydrophilicity of pharmaceuticals can be
changed by using nanoparticles as drug delivery
devices to impact drug absorption and efflux in
tissues. They promote medication accumulation at
the sites of the lesions and prevent pharmaceuticals
from non-specificallybinding with bio-
macromolecules, enhancing therapeutic efficacy and
minimizing unneeded side effects. MOFs' variable
porosity structure and adaptable chemical makeup
allow for the engineering and improvement of their
medical formulation and functionality as useful
carriers for either therapeutic or imaging agents. The
review provides the most recent updates for the
above-mentioned subjects as well as information on
the toxicity of MOFs for human usage. In relation to
translational medical research, the problems and
opportunities that NMOFs may face in the future are
also explored. To create clinically applicable
NMOFs for various nanomedicine applications,
further work needs to be done.

KEYWORDS: Metal organic  framework,
nanocarriers, drug delivery, bioMOFs, Advanced
therapies.

I. INTRODUCTION

The wide range of active ingredients (Als)
available today all have low therapeutic efficacy due
to related limitations as rapid biodegradation,
instability, low treatment specificity, systemic side
effects, and toxicities. Additionally, several Als
have a restricted solubility, which frequently causes
the emergence of multidrug resistance (MDR)
following a protracted course of therapy Due to
these restrictions, administering bioactive molecules
to patients necessitates the creation of new
techniques to ensure their precise transport, their
prolonged release over time, and at a controlled rate,
thereby lowering side effects and boosting

therapeutic efficacy. By preventing biological
compensation, limiting doses for each component,
or accessing context-specific multi-target
mechanisms, a combination of two or more
medicines can overcome the toxicity and other
adverse effects brought on by high doses of a single
treatment  [1-3].  Additionally,  simultaneous
diagnosis, therapy, and therapeutic response
monitoring are made possible by the integration of
diagnosis and therapy in one system [4]. In this
situation, the development of multivalent drug-
delivery systems (DDS) has been facilitated by the
design of combined treatments Basically, DDS
basically work around some of the shortcomings of
traditional treatments. DDS is a formulation that
regulates the dose, duration of release, and effect of
an active or imaging agent in a particular region of
the body.

A brand-new category of extremely
adaptable hybrid materials called metal-organic
frameworks (MOFs) is made up of metal bridging
ligands and organic bridging sites [5]. They are also
known as coordination polymers or coordination
networks, and they are normally synthesized under
benign conditions using coordination-directed self-
assembly processes (Figure 1) [6-10]. For various
applications, including nonlinear optics, gas storage,
catalysis, and chemical sensing, MOFs are well
explored by the scientific community due to their
enormous porosity and variable pore sizes, shapes,
and functionalities [5,6,9-16]. Due to their
exceptionally high surface areas and large pore sizes
for drug encapsulation, intrinsic biodegradability as
a result of their relatively labile metal-ligand bonds,
and versatile functionality for post-synthetic grafting
of drug molecules, MOFs exhibit many desired
characteristics as drug carriers. For use in the
loading and release of various pharmacological
compounds, MOFs have been researched over the
past three years. Several methods that have been
established for inorganic and organic polymeric
nanoparticles can be used to scale down MOFs to
the nano domain to create nanoscale metal-organic
frameworks (NMOFs). NMOFs are prospective
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nano vectors for the delivery of therapeutic
medicines to specific regions of the body because
they have large surface areas, high porosities, and
functional groups that can interact with loaded
moieties to control drug release. Recently, our team
revealed MOFs as significant contrast agent delivery
systems for optical, computed tomography, and
magnetic resonance imaging [17-21]; However, the
uses of MOFs and NMOFs as possible drug carriers
will be the main emphasis of this review. Although
they are still in their infancy, NMOFs show a
variety of desirable properties as nanocarriers; their
inherent tunability and biodegradability, as well as
their exceptionally high drug loading capacity,
should make them a promising candidate for further
research and development as nanotherapeutics.

Il. SYNTHESIS OF MOFS

For the purpose of producing MOFs with
the desired size, surface topology, chemical
composition, and application area, a variety of
synthetic methods have been proposed. The form
and surface morphology of MOFs are often tuned by
the MOFs, which in turn depends on a number of
other parameters. We'll talk about several MOF
synthesis techniques as well as alternate approaches
used to modulate and adjust MOF form. Fig. 2 gives
an overview of different types of MOFs along with
the synthesis methods.

2.1. Conventional synthesis methods:These
synthesis techniques rely on the use of heat to create
MOFs. The type of MOFs being made once
depended heavily on the temperature. These
processes were classified as solvothermal or non-

solvothermal  syntheses depending on the
environment in which they were carried out. While
non-solvothermal synthesis uses solvents with
boiling points higher than those of solvothermal
synthesis, solvothermal synthesis often uses water as
the solvent. The non-solvothermal approach requires
no complicated reaction setup and is simple to use.
This approach has been used to synthesis several
MOFs Specifically, simple solution mixingwithout
heating produced MOF-5, MOF-74, MOF-177,
HKUST-1, and ZIF-8. On the other hand,
solvothermal synthesis is advantageous for the
synthesis of crystalline MOFs. Higher yields are
produced, and the product has superior crystallinity.
A high yield and the creation of crystals with regular
spacing are the results of reaction conditions, such
as higher pressure, which warms the solvent and
increases the solubility of the precursors. The non-
solvothermal approach has also been utilized to
create MOF UiO-67 utilizing DMF as the solvent,
ZrCl, as the linker, and terephthalic acid as the
linker. It demonstrated the greatest MOF
degradation temperature of 540°C [22-26]. The
standard way of synthesis is pretty helpful, but in
the case of non-solvothermal methods, the choice of
solvents is extremely important since it affects not
only the shape and size of MOFs but also their
toxicity, which is covered in more detail later in the
article. Designing MOFs for catalysis can benefit
from the high yield and creation of uniformly
spaced crystals advantages. In a non-solvothermal
method, optimizing the solvent choice will aid in
maintaining a balance between the synthesis of
MOFs with the appropriate quality attributes and
their toxicity

| + &

Organic
linker

Metal ions
orclusters

>

MOF

Fig no.2.1 Conventional synthesis method

2.2. Microwave-assisted synthesis of MOFs

The conventional methods for the
synthesis of MOFs are frequently laborious and
involve lengthy reactions. This technique was
developed to address this difficulty and synthesize
MOFs in shorter time periods. The choice of

solvent is the one limitation of this process above
conventional techniques. In both solvothermal and
non-solvothermal processes, the boiling point of
MOFs was evaluated before selecting a solvent;
however, in microwave-assisted MOF synthesis,
the solvent is selected based on its microwave
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absorption ability (Fig No.2.2). The microwave
absorption ability of the solvent determines its
ability to transform electromagnetic energy into
heat to aid the reaction. The reaction vessel is the
second need for starting microwave aided synthesis
of MOFs because the penetration depth varies with
temperature. As a result, for efficient heating in a
microwave oven, either use a large enough
container or mix the cooked sample. In 2005, the
first MOFs were created via microwave radiation-
based synthesis. With the help of microwave
radiation, the reaction time of MOFs such as MIL-
100 was reduced from 96 hours to 4 hours using
H3BTC as the precursor and an aqueous solution of
hydrofluoric acid. While MIL-100 was totally
created in one hour, chromium took four hours to
completely disappear [27].

MIL-101  (CrsF(H20).0[CcH4(CO5),]5)
was also synthesized utilizing microwave radiation
and terephthalate as a linker. The contamination
was entirely eliminated after exposing the material
to radiation for at least 60 minutes. It has been
shown that the particle size of MIL-101 varies with
irradiation time. After 15 minutes of irradiation,

Water or
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MOFs with a size of 50 nm were produced. In a
comparable work, instead of terephthalate, amino-
terephthalic acid was used as a linker to
manufacture MIL-101 utilizing microwave energy.
Within 5 minutes of microwave irradiation, Fe-
MIL-101-NH, MOFs of 200 nm were formed.
According to the available literature, irradiation
period, linker type, and power may all play a role
in defining the particle size of synthesized MOFs.
[28-34]. HKUST-1 was synthesized using this
method. We can clearly conclude from the
foregoing discussion that the microwave synthesis
approach will help shorten the time needed for the
synthesis of MOFs, but at the same time, this
method might not be useful for MOFs that contain
proteins as either the core or the shell of their
composition. Depending on the intensity and
duration of the radiation, the particle size can be
changed. This can be utilized to create core-shell
MOFs, where the core serves as a surface on which
MOFs can seed their structure. Nevertheless, there
haven't been many reports on the synthesis of core-
shell MOFs with a unique, non-MOF core. You can
investigate this technique for the same.
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Fig no.2.2 Microwave-assisted synthesis of MOFs

2.3. Electrochemical synthesis

This method of MOF synthesis is based on
the supply of metal ions as the anode while the
linker molecule is dissolved in reaction mixture
along with electrolyte. This approach can be used
to produce MOFs indefinitely. The use of protic
solvents in the reaction mixture prevents metal ion
deposition from the anode onto the cathode (Fig.
4). In a similar study, it was established that the
hydrothermal approach, non-solvothermal method,
and electrochemical method of synthesis all yield
Cu(BTC), phases with nearly identical pore
volumes and surface area of HKUST-1 MOFs [35].

BASF reported an electrochemical synthesis
approach of MOFs to eliminate anions such as
chloride, perchlorate, and nitrate during large-scale
manufacture. This approach was used to synthesize
a variety of anode combinations including zinc,
copper, magnesium, and cobalt with linkers such as
1,3,5-H:BTC, 1,2,3-H;BTC, H,BDC, and H,BDC-
(OH),]. Copper and zinc-based compounds with
high porosity were produced from these
combinations [36]. Other MOFs structures have
been tried in addition to MOFs nanoparticles and
porous nanoparticles. Patterned coating and film
have been prepared using HKUST-1. The growth
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of film was mediated by controlling the reaction
conditions carefully [37]. For the synthesis of
MOFs, the galvanic replacement approach was
used as an alternative to the traditional
electrochemical method. Using metallic Cu placed
on a glass slide, a layer of tiny octahedral
crystallites with particle sizes ranging from 100 to
200 nm was created. Silver ions oxidized copper
during the spin-coating of H;BTC, DMSO, and
AgNO; on a copper-coated glass slide, resulting in
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the creation of octahedral HKUST-1 crystallites
[38]. Previously, electrochemical synthesis
methods were investigated for the creation of
porous metal nanoparticles such as platinum and
platinum base alloys. This method of synthesis of
MOFs can be paired with porous metal
nanoparticles to create a novel class of porous core-
shell MOFs that can be investigated further for
catalysis or drug delivery.
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Fig. No.2.3 Electrochemical synthesis

2.4. Sonochemical synthesis

Sonochemical synthesis is the application
of high-energy ultrasound to a reaction mixture.
The Sonochemical technique of synthesis is very
new, with only a few MOFs produced using it,
including MOF-5, MOF-177, and HKUST-1 [39-
40]. An aqueous solution of zinc acetate and metal,
as well as H3BTC as a linker, was combined and
ultrasonicated at room temperature to create
[Zny(BTC),] MOFs in a MOFs synthesis utilizing
Zn carboxylates [41]. When compared to the
solvothermal technique of synthesis, this procedure
was faster. Similarly, MOF-5 crystals were grown
in a horn-type reactor using NMP as a solvent [42].
The duration of the reaction was 30 min. MOF-5
crystals have also been reported to be made using
the same procedure but with DMF as the solvent
instead of NMP [43]. In the case of HKUST-1,

Ultrasonic wave

Acoustic cavitation (bubblc)

generation and collapse
(~5000 K, ~1000 bar)

As-synthesized

copper acetate was combined with H3BTC in a
DMF, ethyl alcohol, and water solution. MOFs
with particle sizes ranging from 10 nm to 40 nm
were produced under the reaction conditions of
ultrasonication time and strength. With increasing
reaction time, MOF particle size increased,
resulting in the creation of MOFs ranging in size
from 50 nm to 200 nm. Aside from an increase in
particle size of MOFs, deterioration of MOFs was
detected with an increase in reaction duration, as
evidenced by hazy TEM images of HKUST-1 with
irregular form and morphology [43-45]. The
concentration of DMF influenced the particle size
and uniformity of MOFs. Instead of DMF, H;BTC
was combined with NMP in another MOF-177
synthesis. The reaction lasted 40 minutes and
produced MOF-177 crystals with particle sizes
ranging from 5 to 50 mm [46].

Solvent exchange

& washing
Heat/vacuum
treatment

MOF structures

Fig no.2.4 Sonochemical synthesis

DOI: 10.35629/7781-0804894912

| Impact Factor value 7.429 | 1SO 9001: 2008 Certified Journal Page 897



Volume 8, Issue 4 July-Aug 2023, pp: 894-912 www.ijprajournal.com

LJPRA Journal

@ International Journal of Pharmaceutical Research and Applications

2.5. Mechanochemical synthesis

The term "mechanochemical synthesis"
refers to the use of mechanical energy in the
reaction. Mechanical breaking of intramolecular
bonds occurs, followed by a chemical transition.
The benefits of mechanochemical synthesis include
the ability to perform it at room temperature and
without the use of a solvent [47]. Aside from the
advantages of a quick reaction time, low
temperature, and solvent-free synthesis, this
method allows you to use metal oxide salts as a
precursor instead of metal salts, which produce just
water as a by-product. Due to their low solubility in
solvents, metal oxide-based precursors are often
not employed; thus, only mechanochemical

synthesis methods are suitable in the case of metal
oxide salt precursors, such as in the instance of
pillared-layered MOFs and ZIFs involving zinc,
where zinc oxide was used as a precursor [48,49].
In a few circumstances, a little amount of solvent is
added to help speed up the mechanochemical
reaction, which is known as liquid aided grinding
(LAG) [50,51]. LAG has structure-directing
capabilities in addition to speeding up the reaction.
ILAG (ion and liquid assisted grinding), like LAG,
was discovered to be highly efficient for the
selective building of pillar Layered MOFs [52].
This approach has also been used to synthesis
many additional MOFs, including HKUST-1 and
Cu (INA),.
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Fig no. 2.5 Mechanochemical synthesis

111.BIODEGRADABILITY AND
STABILITY OF MOFS

The stability of MOFs is another heated
topic for their use in drug delivery system. A
certain degree of chemical instability of the
matrix's substance is regarded desirable for
medicinal applications since it can disintegrate in
situ and the degradation products can be dealt with
by the body's own systems, preventing endogenous
build-up. Furthermore, the degradability of MOFs
allows drugs to diffuse from matrix materials,
boosting drug release efficiency, albeit this
performance is also controlled by host-guest
interactions, pore size, and
hydrophobic/hydrophilic ~ characteristic ~ [53].
However, proper matrix material stability is still
necessary to ensure the solids' integrity before
completing their functions. For example, as an
anticancer medication carrier, the matrix's
substance is intended to retain its structure before
reaching the tumor tissue. So far, relatively little
information has been acquired regarding the
stability of MOFs in real body liquid, while the
stabilities of various MOFs, such as MIL-100(Cr),

MIL-101(Cr), MIL-53(Cr), and Zeolitic
Imidazolate Framework-8 (ZIF-8), have been
examined under simulated physiological settings.
MIL-100(Cr) is a 3D mesoporous material with a
trimeric metal octahedron and 1,3,5-
tricarboxybenzene (BTC) structure. The major
degradation of it was observed after three days
under simulated body fluid. MIL-101(Cr) was
synthesized utilizing the same Cr trimeric and
terephthalic acid, resulting in a zeotype cubic
structure that deteriorated after 7 days in simulated
bodily fluid (SBF) at 37°C [54]. MIL-53(Cr) is a
3D framework made of terephthalate (BDC) and Cr
octahedron trans-chains with a 1D pore channel
system. In SBF, the primary deterioration occurred
until 21 days [55]. ZIF-8, which is formed of ZnN4
tetrahedra linked by imidazolate anions, is highly
hydrothermally stable and retained its structure
after 7 days suspended in PBS (phosphate buffered
saline, pH 7.4) at 37°C [56]. However, it has
reduced stability in acetate buffer (pH is at 5.0,
approximated physiological conditions of tumor
tissue) and degrades quickly within a few minutes.
This is due in part to the fact that the imidazolate
linker is more easier to protonate in acetate buffer,
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which reduces the linker's complexing potency
toward metals. These findings reveal that the
stabilities of MOFs are substantially influenced by
their composition, crystalline structure, and
external circumstances. Thus, tweaking these
factors could result in acceptable MOF stability.
However, a rigorous investigation of MOF stability
in vivo is still required to better understand their
function in organisms.

1IV.COMBINED ADVANCED DRUG
DELIVERY THERAPIES

Research efforts are focused nowadays in
the development of nanotechnology-based delivery
systems for efficient treatment of several diseases.
As mentioned in the introduction, different
platforms have been used as drug host materials
(mesoporous silicas, liposomes, zeolites, MOFs),
taking advantage of different administration routes

and cell uptake mechanisms (endocytosis Vvs.

Metal-Organic

Framewnrikc

membrane diffusion) to provide more targeted
systems,  improving  their  stability and
pharmacokinetics. In this paper, we review the key
techniques and integrated advanced therapies that
have been reported in the literature using MOFs as
DDS in conjunction with: bioMOFs, other
pharmaceuticals, biomolecules (proteins,
ribonucleic acid (RNA)), metals, and therapeutic
gases. Taking into account all of the available
options, this section proposes categorizing MOFs
for combined advanced therapies based on the
nature of the active components, beginning with a
bioactive framework with an incorporated drug and
progressing to MOFs with two drugs, drug and
biomolecule, drug and active metal, and drug and
bioactive gas. Although co-encapsulation of two or
more Als in the same MOF has been proposed as a
platform in theragnosis, this will be covered in a
later section, leaving this section to explore
integrated advanced therapeutics.

Bacterial
Infections

¥ - g P
Vital
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Fig. No. 4 Combined advanced drug delivery therapies

4.1. Drug-bioactive MOF therapy: following
synthetic modification Some of the main intrinsic
properties of MOFs, such as compositional
versatility, exceptional porosity, tunable crystal
size, and surface chemistry [57], have led
researchers to use them in biological applications
such as the delivery of Als such as drugs,
biomacromolecules, metals, and gases, among
others. Als can be incorporated into MOFs in
several ways: i) as a constitutive part of the hybrid
network (BioMOF), ii) inclusion of Als in the
MOF porosity (via diffusion methods or direct in
situ synthesis, pursuing the AlIsS@MOF core@shell
formation, and iii) interaction of the Als with the
MOF external surface due to different forces (e.g.,
covalent bond, hydrogen bond) [58,59].

4.1.1. Combined therapy based on BioMOFs

Als might be directly included into the
MOF network as building units (BUs), ligands,
and/or metallic clusters, allowing Als to be
delivered using the MOF breakdown process in
physiological ~ fluids. BioMIL-1  (Fe,"'Fe'',.,
Fe,"O(OH)y[0,C-CsH4N]s[0,CCH;], x  =0.15;
crystal size: 0.2 x0.2 x0.1 mm) prepared with
nontoxic Fe** and nicotinic acid (vasodilating and
antilipemic drug) is released within one hour under
physiological simulated conditions (pH = 7.4,
37°C) [60], BioMIL-5 (Zn(CqO,4H.4), crystal size:
5-10 mm), a combined DDS based on azelaic acid
(antimicrobial and anti-inflammatory properties)
and Zn*" (endogenous transition metal, commonly
used in dermatology) with antimicrobial activity
against Gram (+) Staphylococcus epidermis and S.
aureus [61]. While these bioMOFs provide a
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significant chance for combination therapies as
hosts for other Als, there are few examples in the

MOF structural unit

literature so far.

MOF uptake and targeting
intracellufar bacteria

B melal clusters (A3, Co

b=t Yo ', MOF

4 4 4 4 nanoparticle

G, etc) \
< oeganic Inkers (antibiotic, ¢ c°"‘b'“¢f’ ( B
photasensiizer) /" antibacterial - " f

cargo {antiblatic, photosersitizer, effect | % >
photothermal agent) ~— 5

Fig.No.4.1 Drug-bioactive MOF therapy

4.1.2. Drug loaded into a BioMOF

Lin et al. investigated the application of
the biocompatible mesoporous iron  (Fe*")
terephthalate MOF-53 (Fe (OH)[BDC], SBET =84
m? g', particle size: 500 nm) as DDS for the
antibiotic glycopeptide vancomycin (Van) in 2017
[62]. The loaded Van (20 wt%) exhibited a pH-
dependent release profile: slower delivery at acidic
conditions (pH = 5 vs. pH = 7.4) is associated with
higher MOF-53 stability (released Fe®" assessed
using inductively coupled plasma atomic emission
spectroscopy, ICP-AES). Antimicrobial testing
against Gram (+) S. aureus revealed that the DDS
was efficient, as MOF-53 alone inhibited 30% of
the colony forming units (CFU), whereas
Van@MOF-53 inhibited 80% (at 100 mg/ml).
Bhardwaj, Pandey, and colleagues used
physisorption to integrate ampicillin or kanamycin
into previously synthesized Zn-based MOFs,
IRMOF-3, MOF-5 ([Zn,0 (BDC)3], hydrodynamic
size: 2x 0.5 mm), and Zn-BTC (crystal needles
length: 1-2 mm) [63]. This strategy aimed to
combine  Zn®**  bactericide  action  with
chemotherapy medicines The characterization of
the drug-MOF loaded materials was confined to
variations in IRMOF-3@ampicillin particle size
measured by dynamic light scattering (DLS), which
were most likely caused by the presence of the drug
on the MOF's outer surface. Finally, antibacterial
testing against Gram (+ve) S. aureus, S. lentus,
Listeria monocytogenes, and Gram Escherichia coli
demonstrated that the bioMOF/drug system
outperformed pristine bioMOFs. For all bacteria,
the IRMOF;@ampicillin combination resulted in
the lowest minimum inhibitory concentration

(MIC) (100, 50, 50, and 50 mg/ml, respectively).
Nonetheless, kinetic tests of the time kill assay
revealed that it had equivalent or slightly slower
bactericidal effects as the free drug over 24 hours.

Suet al. reported medi-MOF-1
(Zn3(CUR),7(DMA);(ethanol)], a bioMOF DDS.
CUR: curcumin: 1,7-bis(4-hydroxy-3-
methoxyphenyl) BUs are both Als: Zn?* and CUR
(anti-inflammatory, inhibitor of secreted MDR
proteins from cancer cells) [65]. As a model
medicine, the anti-inflammatory and analgesic
ibuprofen (Ibu) was successfully introduced into
the porosity (0.24 gm of drug per g of material).
Ibu demonstrated a burst release (40%) in PBS (pH
= 7.4, 37°C; measured by UV-vis spectroscopy)
within the first hour and then steadily increased to
97% after 80 hours. CUR release and therefore,
medi-MOF-1  degradation, exhibited slower
kinetics (30% in 1 h) and reached a plateau with
55% of drug release after 24 h, setting the potential
use of medi-MOF-1 as co-delivery system of three
Als. In another study, the combination of
photodynamic therapy (PDT) of new chlorin-based
MOF NPs TBC-Hf and TBP-Hf with the same
topology [Hfe(13-0)4(I3 OH)4(OH)4(H20)4(L)2] (L
= TBC or TBP, H4TBC = 5,10,15,20-tetra(p-
benzoate) chlorin, MedTBP [66].Creating a
crystalline porosity structure based on one or more
Als is a significant difficulty, and the number of
bioactive MOFs employed in combination therapy
may be limited as a result. novel work on this will
most likely be presented in the near future by
pushing the limitations of conventional MOF
synthesis approaches while also developing novel
bioactive chemicals.
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4.2. Co-drug delivery from a single MOF

Despite the fact that there are numerous
examples of MOF-based DDS [67], they always
offer a single loaded medication within the
porosity. Nonetheless, the availability of free
volume within some MOFs even after
encapsulation of a single medication, as well as the
advent of one-pot synthetic techniques that allow
the encapsulation of bigger molecules surrounded
by an outer MOF shell, pave the way for the co-
encapsulation of multiple pharmaceuticals. The
combination of numerous medications in a single
DDS provides significant benefits such as: i)
Overcoming various medication pharmacokinetics
and cell distribution by coordinating their delivery
with a unique DDS, ii) adverse effect reduction
resulting from ratiometric drug administration and
therapeutic effect enhancement via an additive or
synergistic impact, iii) multi-target treatment with a
single DDS when the nature of the medicines
provides distinct chemotherapy, iv) avoidance and
postponement of MDR development by the
presence of a medication "cocktail” at the same
time, and v) sequential administration via the
porosity of the MOF, which is regulated by
differences in size and the physicochemical
interactions of pharmaceuticals and the MOFs.

The reported study on simultaneous drug
loading is quite new, coming only from 2017. For
example, llles et al. MIL-88A, a biocompatible
flexible microporous iron (I11) fumarate, was
proposed for the co-encapsulation of irinotecan
(Iri) and floxuridine (Floxu) for the creation of a
cancer resistant combination therapy [69]. UV-vis

analysis revealed that the drug capacity was 10.3
wit% Iri (0.103 ggl) and 3.61 wt% Floxu (0.03
ggl). The drugs-loaded material was coated with a
lipid seal coating (based on 1,2-dioleoyl-sn-
glycero-3-phosphocholine) to avoid premature
leaking. Furthermore, cytotoxicity (as measured by
the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, MTT tests) was
assessed on HelLa cells, with the lowest cell
viability (30.6%) when relatively modest dosages
(140 mg/ml) were used. Despite this, the IC50 of
DDS with a 1:1 Iri:Floxu ratio was higher than that
of MIL-88A with just Irri (80 vs. 40 mg/mL To
improve the intracellular uptake of nucleoside
reverse transcriptase inhibitors (NRTIs), which are
routinely used in anti-HIV (human
immunodeficiency virus) therapy, Marcos-Almaraz
et al. co-encapsulated two triphosphorylated
NRTIs, azidothymidine triphosphate (AZTTp) and
lamivudine triphosphate  (3TC-Tp), in the
biocompatible MIL-100 NPs (SBET = 1500 m? ¢,
hydrodynamic size 140 %= 40 nm) [70].
Simultaneous impregnation in water resulted in
successful co-loading (6.2 and 3.4 wt% AZT-Tp
and 3TCTp, respectively, as measured by HPLC).
At 37 °C, in vitro drug co-delivery was examined in
PBS supplemented with 10% (w/v) fetal bovine
serum (FBS), as well as MOF breakdown by
tracking ligand release. 3TC-Tp released quickly
(80% in 8 hours), whereas AZT-Tp released
gradually over 3 days, which could be attributed to
their distinct interactions with the MOF or their
size (13x8x 4 vs. 12x 9 x7 A respectively).

Fig no. 4.2. Co-drug delivery from a single MOF
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4.3. Co-encapsulation of a drug and a
biomolecule within a single MOF

Other types of active biomolecules could
be simultaneously loaded in addition to
pharmaceuticals into MOFs for an enhanced
bioactive impact and the achievement of a potent
and effective combined therapy, in addition to the
co-encapsulation of two separate drugs. For
instance, He et al. co-encapsulated a cis-platin
(CIS) prodrug (proCIS: (cis, cis, trans-
[Pt(NH3),Cly(OEt)(OCOCH,-CH,COOH)])  with
small interfering RNA (siRNA) to overcome MDR
and re-sensitize ovarian cancer cells towards CIS
treatment in the beginning of 2014 [75]. By
impregnation, SsiRNA/UiO-proCIS was created
with a proCIS loading of 12 wt%. Confocal
fluorescence and the increase in particle size in
DLS from 98 to 128 nm from UiO-68-NH, to
SiIRNA/UIO-CIS, which is compatible with the
presence of some siRNA on the surface, were used
to validate the presence of siRNA. Due to the
endocytosis intake pathway, cellular absorption of
SiRNA in ovarian cancer cells (SKOV-3) was
enhanced when utilizing MOF as opposed to free
siRNA. Additionally, siRNA was gradually
administered in PBS (2 mM), producing a 70%
content release after 9 h, most likely as a result of
the MOF's subsequent decomposition and
zirconium's affinity for phosphate. As a result of
the synergistic effect of siRNA and CIS co-

delivery, in vitro transfection studies in SKOV-3
revealed that the ICsy of siRNa/UiO-proCIS was
11-fold times lower compared to free proCIS and
UiO-proCIS. The down-regulation of MDR
expressions and proCIS treatment revealed DNA
fragmentation in cells treated with siRNa/UiO-
proClS, indicating that apoptosis was the
mechanism of action. The
UiO66@AgNCs@Apt@DOX platform described
by Su et al. is another illustration of an UiO drug +
biomolecule loaded platform [76] Previously
created silver nanoclusters (AgNCs) with an
AS1411 antigen for an aptamer (Apt) template
were ingested simultaneously with DOX inside
UiO-66 via one-pot impregnation. DOX release at
simulated acidic cancer cell environment (pH = 5)
was analysed via UV-vis, obtaining a 60% DOX
delivery after 96 h. The potential of the
UiO66@AgNCs@Apt@DOX as combined DDS is
indicated by the quicker MOF breakdown at pH =
5. A wide concentration range (5-50 gm®) of the
UiO-66 @AgNCs@Apt nanocomposite  showed
poor cytotoxicity against the MCF-7 cell line, and
the improved cytotoxicity of Uio-
66@AgGNCs@Apt@DOX (80%) was attained by
the synergistic therapeutic effects of DOX and
AS1411 antigen. But it's crucial to note that this
combination showed a comparatively high level of
cytotoxicity (54%) toward L929 non-carcinogen
cells, indicating potential adverse side effects.

Fig No. 4.3. Co-encapsulation of a drug and a biomolecule within a single MOF

4.4. Co-encapsulation of a drug and an active
metal within a single MOF: Chemo- and
phototherapy

Sometimes chemotherapy is useless for
treating diseases because cells have evolved MDR
and co-encapsulating many medications s
insufficient. As a result, a synergistic treatment

may be made possible by simultaneously loading
other Als with medications. This strategy has
recently been proposed to combat cancer by
combining  chemotherapy  with  additional
therapeutic modalities, including PTT and PDT
[68]. The NIR (which demonstrate low absorption
and deep tissue penetration) is converted into heat
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(induced hyperthermia) by the excitation of
photosensitizers (PS) in KPTT, which causes
cellular damage and tumor mitigation. PDT
similarly uses PS, but it relies on the production of
ROS following radiation to Kkill cancer cells.
Nevertheless, most PS easily aggregate in aqueous
solutions. In light of this, their co-encapsulation
with pharmaceuticals in MOFs will not only
improve their delivery efficacy while increasing PS
stability, but also provide a DDS for a combination
or synergic therapy. ZIF-8 has been widely utilized
as a platform for PTT and chemotherapy. Wang et
al. produced a CuS@ZIF-8 core@shell in situ
using CuS NPs as PS [65]. By impregnation, DOX
was post-synthetically loaded (96 wt%). At pH =7,
no discernible release was seen in PBS, whereas at
pH = 5, around 80% of DOX was released after 60
hours. 60% of the DOX in suspensions at pH = 5
was released after just 5 minutes of exposure to
NIR. The acceleration in the release kinetics was
attributed to the NIR increased ZIF-8 degradation.
The CuS@ZIF-8 composite's biocompatibility was
demonstrated by cytotoxicity using MCF-7 cells
(80% of cell viability at 250 mgmL1). Less than
20% of the cancer cells were viable with 25
mgmL1 of CuS + DOX@ZIF-8 (equal to 1 mgmL*
of loaded DOX) and after NIR irradiation for 6
min, according to an in vitro examination of the
synergistic impact. Using photothermal imaging to
track the surface temperature following NIR
irradiation, the combination of chemo- and PTT
was also tested in vivo. A combined chemo-and
PTT using ZIF-8 and DOX was similarly proposed
by Tian et al., however this time the PS was
graphene quantum dots (GQD). The NPs' colloidal
stability was verified in PBS for 12 hours with
particles ranging in size from 50 to 100 nm [78].
This project is less ambitious than the one before it
because the authors looked at the release of DOX at
different pH levels (4.55, 6.8, and 7.4) as well as
the induction of hyperthermia under NIR radiation
of a PBS suspension independently. Additionally,
4T1 cells (mammary cancer) were used only in
vitro to investigate the combination of chemo- and
PTT. Only 20% of the cells were still alive after
posterior irradiation for 3 minutes at 2.5 Wcm? and
an 8-hour cell incubation. Cells were examined
under a microscope using DOX intrinsic
fluorescence, indicating cell amortization and
apoptosis following DOX-ZIF-8/GQD therapy.
Other recently proposed combined chemo- and
PTT DDS uses single Au nanorods (AuNR) inside
ZIF-8 (one-pot synthesis) along with DOX (loading
0.358 gg") [79]. In physiologically mimicked

settings (PBS, 37°C, pH = 5 and 7.4), analysis of
the DOX release and NIR photothermal effect
revealed that a greater release was attained at pH =
5 after NIR irradiation, with about 100% of drug
delivery after 12 h. Parallel to this, writers argued
that the released DOX is explained by the ZnO
bond breaking with an increase in temperature,
taking into account a release of 50% of the total Zn.
Although the cancer 4T1 cell line is biocompatible
with AUNR@ZIF-8, the synergistic effect of DOX
and NIR therapy only produced 10% viability (100
mgmLY). When 4T1 cells were implanted into
mice, in vivo testing showed the ineffectiveness of
simply chemotherapy because only 30% of
inhibition could be accomplished  using
AUNR@ZIF-8-DOX. In contrast, the combination
of chemo- and PTT induced a 90% tumor
suppression. The histology of the heart, liver,
spleen, lung, and other major organs of mice
subjected to the co-therapy did not alter, indicating
no adverse consequences from the treatment. Jiang
et al. suggested CuS@ZIF-8-QT (QT: quercetin) as
a combination therapy, also based in ZIF-8 and
CuS NPs as PS [80]. After analysing the QT
delivery following a one-pot synthesis process to
produce CuS@ZIF-8-QT, the authors came to the
conclusion that adding a protective layer of FA and
bovine serum albumin was crucial. CuS@ZIF-8-
QT may be used as a combination chemo- and
PTT, according to several in vitro investigations
(drug release, NIR irradiation, cytotoxicity, and
haemolysis). The best efficacy for the combined
chemo- and PTT was shown in in vivo antitumor
experiments utilizing mice injected with BgFyo as
measured by reduction of tumor weight and
volume.

4.5. Co-delivery of a drug and a bioactive gas
from a single MOF

The combination of medications with
physiologically active gases (NO, CO, or H,S)
inside MOF porosity for the treatment of cancer,
cardiovascular disorders, and infections is another
example of synergic therapy. For instance, CO has
been shown to help with wound healing,
inflammation, and pro-apoptosis (>250 ppm) in
cancer cells in modest doses (100-250 ppm)
[88,89]. Its difficult administration at the right
concentrations might be overcome with the use of
MOFs. Additionally, NO is recognized to be
tumor-curing, antimicrobial, and vasodilator. There
is a lot of interest in medicinal applications as a
result of its encapsulation in various zeolites
andMOFs. Increasing immunocompetence,
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preventing procarcinogen activation by oxidases,
protecting and repairing DNA, and eliminating
chronic inflammation are a few other positive
benefits of H,S [81]. Despite the fact that many
research have been done on the processes involved
in gas storage and delivery in MOFs, as well as the
adsorption of gas-releasing molecules as precursors
and subsequent gas delivery after an external
stimulus [82-84], to the best of our knowledge
there are just two works about the simultaneous
encapsulation of gas with drugs. The antimetastatic
medication Ru(p-cymene) Cl2(pta) (RAPTA-C,
pta: 1,3,5-triaz a-7-phosphaadamantane) was first
loaded onto Ni-CPO-27 and released from it as a
proof of concept [85]. While RAPTA-C was
included by physisorption, NO was chemisorbed.
NiCPO-27@RAPTA-C and Ni-CPO-27@RAPTA-
C@NO drug release experiments were performed
in SBF at 37°C and revealed no discernible
difference between NO loaded samples (25% of
RAPTA-C was released in 2 h), while NO
displayed a burst release wunder the same

circumstances. To further their understanding,
McKinlay et al. combined NO and metronidazole,
an antibiotic used to treat a number of parasitic
diseases, in Ni-CPO-27 and HKUST-1 in order to
examine the impact of MOFs on selectivity,
loading capacity, and release [86]. Although Ni-
CPO-27 showed a faster release kinetics (100% of
the metronidazole was given in 6 h), it had a higher
NO loading capacity. The findings showed that
there is potential not only for the sequential
distribution of Als but also for regulating the rate
of supply by choosing various frameworks. In
addition, the antimicrobial activity of both MOFs
against P. aeruginosa and S. aureus was evaluated.
Different controls showed that a single dose of
metronidazole did not significantly reduce bacterial
growth when compared to pristine MOF, most
likely due to the restricted release of MOF ions
through the closed pores. The effectiveness of the
synergistic therapy was demonstrated by the quick
bactericidal activity of both MOF platforms when
metronidazole and NO were co-encapsulated.

@/_

.
¥ Synthesize

2 g

Fig No. 4.5. Co-delivery of a drug and a bioactive gas from a single MOF.

V. TOXICITY ASPECTS OF MOFS

The toxicity issue with this adaptable
carrier is receiving a lot of attention along with the
increased interest in research on MOFs and nano
MOFs. The toxicity of this substance is still a
major concern even though it has distinct features,
a large surface area, and can be altered in terms of
size, shape, and composition. MOFs with metal
counterparts, such as those with iron and zirconium
bases, have already been investigated for potential
toxicity, and the same has been determined in these
cases [87]. However, because they influence the
rate of breakdown, the manufacturing technique,
elemental content, and size of MOFs may also
affect their toxicity. There have been research on
the toxicity of MOFs, despite the fact that they are

rare in number. Other factors that can affect
toxicity besides MOF size and form are the type of
linker used, the surface-modifying agent used, and
the type of metal used. The literature published on
the toxicity aspects of MOFs gives contradictory
inferences [96]. NanoZIF-8, which has a size of
about 200 nm, was tested against malignant cell
lines in a study, including promyelocytic leukaemia
[HL-60], colorectal adenocarcinoma [HT-29], and
mucoepidermoid carcinoma of the lung [NCI-H,g,].
The results demonstrated the absence of any
toxicity even at a concentration of 109 M) [88].
Similar research on the effects of nanoZIF-8's
toxicity on HelLa and J774 cells found that the
cytotoxicity I1Csy values were 436 and 109 M,
respectively [89]. Additionally, HepG2 and MCF7
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cells were used to test the toxicity of nano MOFs.
The findings showed that toxicity varied with MOF
solubility. These results were also supported by in
vivo against zebrafish embryos [90]. As was
previously mentioned, although a number of
factors, including size, shape, morphology, and
solvent type, affect how toxic MOFs are, the main
variables that have a significant impact on how
toxic MOFs are are the metal ions used, the kinds
of organic linkers used, and the kinds of solvents
used to synthesize MOFs.

The type of metal used in MOFs is an area
of concern when it comes to toxicity. Iron, zinc,
copper-cobalt, zirconium, cadmium, nickel, and
other transition metals are the most widely
employed metal ions in MOFs [91]. Although other
metal ions are being studied, such as gallium and
titanium, this research is still in its early stages.
Due to their biological usage in the body, iron and
copper among these metals have the lowest
toxicity, whereas cadmium has the highest toxicity
risk. While iron ions induce short-term oxidative
damage in the liver and spleen and the remaining
iron is metabolized and expelled in urine and feces,
carboxylate linker is immediately eliminated from
animals through their urine and feces [92]. There is
a potential that the metal ions will oxidize, which
could harm the cells. The safer metals that can be
used in MOFs include Mg?* (LDs, MgSO, = 5000),
Ca’* (LDs, CaCl, = 1940), Fe** (LDs, FeCl; =
450), Fe?* (LDs FeCl, = 984), and Zn** (LDs, Zn
(OAc), = 100-600), which have lower lethal doses
upon oral administration [93]. In addition to the
metals described above, biologically inert cations
such as gold, silver, zirconium, and titanium could
be used to synthesize biocompatible MOFs [94].

For the synthesis of MOFs, a variety of
linkers including carboxylates, phosphonates,
sulfonates, imidazolates, phenolates, and amines
have been investigated. There aren't many reports
on toxicity investigations on these linkers, and
there isn't much toxicity profiling. Several
publications claim that exposure to these linkers is
directly linked to a number of health problems. A
few linkers, such terephthalic acid, might produce
minor respiratory tract irritation as well as irritation
of the lips, eyes, nose, and skin when exposed [95].
Similarly, long term exposure to trimesic acid
irritates the eyes and skin.

The toxicity of the solvents utilized in the
synthesis of MOFs has also been investigated. The
presence of chloroform in MOFs after synthesis has
negative consequences on human health, producing
hepatic and renal toxicity in numerous species,

according to published literature. Oral ingestion of
chloroform  solution results in immediate
hypoventilation, transitory hypotension, and
instantaneous unconsciousness in addition to
hepatic and renal damage. Similar to this, when
MOFs are produced using dimethylformamide
(DMF), short-term exposure may cause rashes,
alcohol intolerance, nausea, vomiting, jaundice,
and abdominal pain, while long-term exposure may
cause liver damage and other negative health
effects. In the instance of acetone-mediated MOF
production, acetone's presence in MOFs can cause
cutaneous and ocular irritation at modest doses,
while a severe exposure can also cause
neurotoxicity or irritation of the respiratory tract.
Recent research has shown that the surface
properties of MOFs also affect their toxicity. It is
generally known that the surface characteristics
influence how nanoparticles interact with different
body parts. Similar to this, the MOF's interaction
with biological molecules and fluids depends
heavily on its surface characteristics. In comparison
to uncoated MIL-100(Fe), research employing
heparin-coated MIL-100(Fe) that was produced
using [FesOH(H,0),(BTC),], H:BTC, and trimesic
acid showed reduced cell recognition, complement
activation, and reactive oxygen generation.

VI. CHALLENGES AND PROSPECTS
FOR TRANSLATIONAL MEDICAL
APPLICATIONS OF NMOFS

6.1. Considerable Advances
The development of NMOFs as drug
nanocarriers, molecular imaging probes, and
theranostic systems has garnered much attention
for biomedical applications due to their large
surface area, tunable pore size and shape,
adjustable composition and structure, inherent
biodegradability, versatile functionality, and mild
synthetic conditions. First, a number of preparation
methods have been created to mildly synthesize
NMOFs with a variety of sizes and morphologies,
high yields, and high purity. Secondly, NMOFs
have exhibited high loading capacity for
therapeutic molecules. NMOFs have been
effectively used to encapsulate a variety of
medicinal substances, including neutral and ionic
medicines, proteins, and genes. In most cases, the
controlled release of loaded therapeutic agents was
demonstrated. Third, a lot of NMOFs have been
researched as molecular imaging probes for MR
and optical imaging in biomedicine. Personalized
patient care is now available thanks to NMOFs'
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high loading capacities and promising theranostic
nanoplatform capabilities.

6.2. Challenges and Prospects

Despite the previous ten years' substantial
advancements in NMOFs, there are still certain
obstacles before these materials can be used in
clinical settings. First and foremost, the toxicity
and biocompatibility of NMOFs require much
more research. The finest organic linkages would
be those that are endogenous organic spacers and
constituent parts of the body since they may lower
the likelihood of negative effects. In addition, the
direct introduction of therapeutic molecules as
organic links is also a good choice. The translation
of the vast number of NMOFs that are now being
produced into the clinic will be facilitated by a
thorough understanding of molecular
characteristics,  biodistribution, and targeting
mechanisms. Secondly, much effort should be
devoted to the stability and surface modification of
NMOFs. A certain level of chemical instability is
required for NMOFs to function as nanocarriers of
therapeutic compounds, not only because drug
release efficiency is affected by drug degradation,
but also because the body's own mechanisms may
be able to deal with the degradation products to
prevent endogenous build up. However, the
degradation mechanism of currently available
NMOFs requires further study. However, because
NMOFs must be stable and soluble in water for
biological application, surface modification of
NMOFs with ligands is also a significant issue.
Such modification can extend the blood circulation
half-life, improve drug delivery effectiveness, and
provide targeting capabilities. However, to date,
studies on the surface modification of NMOFs have
been very limited. Thirdly, research on theranostic
and molecular imaging applications of NMOFs is
still far from clinical testing and must address a
number of difficulties, such as the discrepancy
between the optimum doses of therapeutic and
imaging agents in such applications. Prior to
clinical translation, improved NMOF performance
requires more systematic in vivo research,
including studies of the best administration
methods.

VII.CONCLUSION
Significant progress has been made in
adapting MOFs and NMOFs for drug delivery.
These hybrid systems allow for the precise
assembly and customization of a huge number of
metal centers and organic building blocks to create

novel materials with desirable properties as drug
carriers.  NMOFs are an infinitely adjustable
material platform, so in the near future, a lot more
pharmaceuticals will be put into them. The efficacy
investigations of this potential class of
nanotherapeutics should be substantially facilitated
by the capacity to transport both imaging and
therapeutic chemicals in NMOFs. MOFs and
NMOFs have a promising future in drug delivery,
but significant advancements must be made before
they can be used in clinical settings.

Given that MOF safety must be taken into account
in biomedical and pharmaceutical applications,
particular attention must be paid to certain factors
like composition, particle size, and stability under
particular biorelevant conditions. Despite the
growing body of in vitro and in vivo research on
MOF biocompatibility, there is still a dearth of
toxicological data regarding MOFs that must be
systematically and thoroughly addressed while
taking into account the target application (e.g.,
relevantcircumstances, biodistribution,
accumulation, metabolism, bioelimination,
administration route).

It is anticipated that MOFs will be crucial
in the future development of multifunctional
tailored medicines and/or diagnosis due to their
incredibly adaptable nature. On the other hand,
significant progress is now developing fast in
conferring targeting abilities to MOFs. Theragnosis
and targeting are further combined within a MOF
structure, outlining the promising future of these
materials in the biomedical industry. The
diversification on MOFs bio applications will
continue and other combined treatments will be
probably explored soon.
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