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1. Introduction

With the cracking growth of materials chemistry, a great deal of
efforts have been dedicated to build original micro or nano-
platforms for controlled and intelligent drug release systems in the
interest of maximizing therapeutic efficacy and minimizing side
effects. Metal-organic frameworks (MOFs), comprised of organic
ligands and metal ions/metal clusters via coordinative bonds into
two-dimensional or three-dimensional network are highly porous
and crystalline materials, offering structural control at the mo-
lecular level, and have appealed to widespread attention since they
were first reported in 1989 by Hoskins and Robson'. Nowadays,
there are more than 20,000 diverse frameworks of MOFs reported
in Cambridge database®. The publications tendency revealed an
exponential increase relevant to MOFs in the period 2006—2020
(Fig. 1A). This trend highlights that MOFs are appealing new
systems of great potential in drug delivery.

By choosing judicious linkers and metal clusters, a variety of
MOFs with tuned physicochemical properties (e.g., surface area,
pore diameter, morphology, hydrophilicity or hydrophobicity) can
be engineered for specific applications, such as gas storage’ and
separations™, imaging®, sensing’, catalysis®, energy’, analytical
chemistry'® and biomedicine''. Specially, the modulable porosity,
tunable size and structure, and facile surface functionalization of
MOFs make them become one of the most popular materials in
biomedical field, of which drug delivery is promising with fast
development.

Over the last decades, MOFs have found appliances in drug
delivery systems (DDSs) and some novel designs and remarkable
achievements using MOFs for drug delivery have been actualized.
Similarly, articles about MOFs-based DDSs portray prevalent
tendency over the past ten years (Fig. 1B). The well-defined
porous crystalline MOFs showed additional advantages as
compared to more conventional nanocarriers including lipo-
somes'?, polymers'?, quantum dots'®, inorganic nanoparticles'®,
allowing circumventing issues related to low drug loading, insta-
bility, systemic side effects and toxicities'® '®. First and most
importantly, as porous materials with large Brunauer—Emmett—
Teller (BET) surface'’, MOFs have remarkable cargo loading
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Figure 1
drug delivery”.

capacities, a variety of cargos with various physico-chemical
properties such as small drug molecules®, peptides”', and even
biomacromolecules®*, can be loaded with efficiencies sometimes
close to 100%>. Secondly, the porosities and compositions of
MOFs can be adjusted by appropriately selecting the building
blocks and metal ions to possess specific physical and chemical
properties such as biodegradability, efficient drug loading and
controlled release. In addition, MOFs can be conveniently surface-
modified by using predesigning or post-synthetic strategies to
achieve smart delivery using microrobots®* or surface function-
alities>*®. Moreover, it is noteworthy that the modification of
MOFs’ surfaces leads in most cases to no significant alteration of
their physicochemical properties. Indeed, coating materials can be
simply adsorbed from aqueous media onto the MOFs surface with
high yields and good stabilities due to cooperative interactions”’
or polymerized onto the surfaces”. Alternatively, MOFs can be
coated with lipid* or silica shells®”.

Thirdly, as the coordinative bonds in the structures of MOFs
are weak interactions, the MOFs are prone to readily degrade in
biological media, releasing their constitutive ligands. This leads to
excellent biodegradability and biocompatibility after accom-
plishment of the intended mission®'~*%. Last but not least, several
MOFs showed intrinsic properties favorable to combat cancer or
infections. For example, specific Fe-based nanoMOFs showed: 1)
antibacterial properties, contributing together with their drug
cargo, to fight intracellular infections™ and ii) participations in
improving radiation efficacy””. These studies lead the way for
designing engineered nanoparticles (NPs) wherein each constitu-
ent plays a part in tumor remedy by radiotherapy or in the treat-
ment of severe infections. In simple words, all these properties
endow MOFs with promising potential in the field of DDSs.

In light of the expanding number of studies about MOFs over
the past decades, several relevant reviews about the application of
MOFs in biomedicine have appeared in the last few years on
different aspects such as DDSs for cancer treatment’* and cancer
theranostics™. Owing to the tunability and facile functionalization
of MOFs, efforts have been dedicated to developing MOFs-based
stimuli-responsive systems and MOFs-composite materials for
biomedical applications. Wang et al.’® reviewed the growth of
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MOF families and members, then summarized the mechanisms of
drug release in accordance with the endogenous stimuli (e.g., pH,
glutathione, enzyme) and exogenous (e.g., temperature, light).
Similarly, Cai et al.”’ classified the MOFs-based stimuli-respon-
sive systems into single or multiple stimuli. Differently, Gilio-
poulos et al*® introduced various types of polymer/MOF
nanocomposites for drug delivery and imaging. What’s more,
MOF composites and surface functionalization for nanomedicine
in cancer therapy and diagnostics were summarized as well*”*°.
Specially, biological MOFs (BioMOFs) composed of metal ions
and biomolecular likers including nucleobases, cyclodextrin,
amino acids, polypeptides and others for bio-applications were
also summarized and discussed*'. On the other side, a comparison
between MOFs and other nanocarriers such as mesoporous silica
nanoparticles and dendrimers as drug delivery systems was
addressed'”.

By contrast, this review focuses on MOFs-based DDSs, instead
of the bio-applications of MOFs. Firstly, a classification of MOFs
for DDSs will be presented based on the type of both constitutive
metals and ligands. Then, the methods for synthesis and charac-
terizations of MOFs and MOFs-based DDSs are summarized.
Next, the applications of MOFs-based DDSs are catalogued from
three aspects. On the one hand, a perspective is given about the
functions of MOFs-based DDS in pharmaceutics, including solu-
bilization, increased stability, sustained release, etc. On the other
side, practical applications of MOFs-based DDSs in the field of
diseases are listed, including the treatment of infections, cancer,
pulmonary and ocular diseases, etc. At the same time, the func-
tionalization of MOFs-based DDSs for advanced applications is
illustrated as well. Furthermore, the biopharmaceutics of MOFs
and MOFs-based DDSs are stressed, which is rarely referred in
previous reviews. Finally, the quality control and biosafety of
MOFs-based DDS are presented, which are critical for clinical and
industrial applications (Fig. 2).

2. Classification of MOFs

MOFs are built using diverse linkers and metals, which determine
their polytropic structures and characteristics (Fig. 3). Besides, the
linker and the metal cluster are congregated by frail coordination
bonds, thereby enhancing biodegradability. However, a subtle
balance between degradability and sufficient stability in biological
media should be ensured. Specific applications can be reached by
appropriately selecting both the metal ion and the organic linker,
such as stimuli-responsiveness in drug delivery®*, toward pH-
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Drug loading

Characterizations

pressure-responsive MOFs*. In this review, MOFs researched
mostly for DDSs are classified based on the presence of specific
components and features in their formulation.

2.1.  Classification by metal ions

Since the choice of ligands and metal ions is practically infinite,
varieties of metal ions and organic linkers have been designed and
selected to synthesize thousands of MOFs. When MOFs are used
in the field of DDSs, they must comprehensively premeditate the
biocompatibility and toxicity properly, which are closely related to
their compositions*®. Both linkers and metals should be nontoxic.

The median lethal dose (LDsp) is usually used to assess the
toxicity of metals®’. Moreover, the recommended metals for DDSs
with MOFs are, potassium, zinc, zirconium and iron with oral
LDs, of 0.215, 0.35, 4.1 and 0.45 g/kg, respectively***’. Nowa-
days, iron°>>! zirconium>>>?, potassium2054 and zinc-based’>>°
MOFs remain the most employed for DDSs** and a variety of
anticancer”’ >°, antibiotics® and antiviral drugs®™®' have been
loaded in their porosities. Of note, drugs can be co-loaded in the
MOF cages affording synergies to fight diseases®>®>. Many other
examples of MOFs as drug carriers have been reported in the
pharmaceutical field, enabling reaching high drug payloads,
increased drug solubility, improved stability, targeting abilities
and better bioavailability. The MOFs for DDSs reported mostly so
far are classified here according to their metal ions composition, as
shown in Table 12(),5(),53,57,()278().

2.1.1. Cr-MOFs

The testification of drug loading into MOFs has been given in
2006, using two model systems, chromium-based MOFs (Cr-
MOFs), named MIL-100 (Cr) and MIL-101 (Cr) (MIL stands for
Materials of Institut Lavoisier), which made up of trimers of metal
octahedra and di- or tricarboxylic acids. MIL-100 (Cr) consisted
of Cr (II) ions and 1,3,5-benzenetricarboxylic acid (BTC) or
trimesic acid while MIL-101(Cr) consisted of 14-
benzenedicarboxylic acid (BDC) or terephthalic acid and
Cr (III)S"”. Ibuprofen (IBU), a common model drug, was loaded
in Cr-MOFs, showing high drug loading capacity, reaching up to
14 g IBU of per gram of dehydrated MIL-101 (Cr), while
MIL-100 (Cr) only adsorbed 0.35 g IBU.

2.1.2. Fe-MOFs
Due to the toxicity of Cr, the above-mentioned MOFs are not

compatible for biomedical uses. Iron-based MOFs (Fe-MOFs)
named MIL-53 (Fe) based on Fe (III) octahedra and terephthalate
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The graphical representation of MOFs in drug delivery.
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anions were synthesized soon after®. Because of low toxicity,
configuration flexibility and biodegradability, they appeared as
prospective candidates for drug delivery spontaneously. The first
nanosized Fe-MOFs”’ were successfully utilized for loading anti-
tumor or retroviral drugs and characterized in vitro and in vivo
proving their degradability, biosafety and imaging properties.
Owing to the flexibility of Fe-MOFs, Leng et al.”® chose the non-
toxic and biocompatible MIL-53 (Fe) to load anti-cancer drug
oridonin, and the drug loading capacity could reach up to 56.25%
(w/w), with a sustained release time more than 7 days. In addition,
Fe-MOFs were researched for drug loading and magnetic/fluo-
rescence imaging simultaneously’'. The hollow Fe-MOFs-5-NH,
with drug loading capacity as high as 35% (w/w) exhibited pH-
controlled drug release property. Due to the existence of Fe (III)
ions, the obtained MOFs displayed outstanding magnetic reso-
nance imaging (MRI) performance. And after modification with
folic acid (FA) and fluorescent reagent, targeted drug delivery and
fluorescence imaging were realized.

Besides, MIL-100 (Fe) were used to co-encapsulate two active
triphosphorylated nucleoside reverse transcriptase inhibitors,
azidothymidine triphosphate and lamivudine triphosphate
concomitantly for improving the efficacy of anti-human immu-
nodeficiency virus (HIV)®>. The azidothymidine triphosphate/
lamivudine triphosphate ratio in MIL-100 (Fe) was equal to that
among the currently commercialized triple therapy based on HIV
prodrugs the overall drug loading was 9.6% (w/w). After freeze-
drying, particles carried drugs could be preserved for 2 months,
retaining similar physico-chemical properties.

Representative MOFs crystal structures.

2.1.3.  Zn-MOFs
Zinc-based MOFs (Zn-MOFs) was developed by Rojas et al.** in
2016 as four zinc pyrazolate isoreticular MOFs ZnBDP_X
composed of Zn (II) and functionalized organic linkers 1,4-
bis(1H-pyrazol-4-yl)-2-X-benzene (H,BDP_X; X H, NO,,
NH,, OH) for intravenous and oral administrations (<200 nm).
This ZnBDP_X family presented tetragonal shape and square
channels with a free pore aperture 11 A. In vitro experiments
demonstrated favorable structural and sticky durability in relevant
biological conditions. Then, two kinds of antitumor drugs, namely,
mitoxantrone and Ru (p-cymene) Cl, (1,3,5-triaza-7-
phospaadamantane) (RAPTA-c) were enveloped within the pores
of the ZnBDP_X, for the sake of investigating the effects of the
different functional structure on the drug packaging and delivery.
For the purpose of increasing the aqueous stability and thera-
peutic activity of MOFs, Bag et al.®> fabricated a sturdy bi-
carboxylate ligand 4,4'-(9-H carbazole-3,6-diyl) dibenzoic acid
(H,CDDB) for constructing Zn-MOFs. Through the reaction of
Zn (NO3),-6H,0 and H,CDDB in dimethylformamide (DMF), a
porous MOF [Zng(O),(CDDB)s (DMF)4(H,0)] was fabricated,
with an excellent loading ability of 53.3% (w/w) for 5-fluorouracil
(5-FU). Furthermore, this MOF can keep stable up to three weeks
in water and MTT assay against human hepatoblatoma cell line
(HepG2) and human breast ductal carcinoma cell line (MDA-MB-
435S) for 12 h incubation suggested the biosafety of this MOF.
Another Zn-MOFs named Zn-cpon-1 with 3D topological
framework was prepared via employing ClO, anion as template
and 5-(4'-carboxyphenoxy) nicotinic acid (H,cpon) as organic



Table 1  Classification of MOFs by metal ions and their molecular pore size for drug loading.

Genre Naming Organic linker Pore size (A) Drug loading Ref.
Fe-MOFs MIL-89 (Fe) Muconic acid 11 Ibuprofen, azidothymidine triphosphate 57
MIL-88A (Fe) Fumaric acid 6 Ibuprofen, cidofovir 57
MIL-100 (Fe) 1,3,5-Benzenetricarboxylic acid 25, 29 Gemcitabine-monophosphate, topotecan, 57,62,68,70-72
isoniazid, doxycycline, tetracycline,
docetaxel, azidothymidine triphosphate,
lamivudine triphosphate
MIL-101_NH, (Fe) Amino 1,4-benzenedicarboxylic acid 29, 34 Azidothymidine triphosphate, cidofovir, 57,73
ethoxysuccinato-cisplatin
MIL-53 (Fe) 1,4-Benzenedicarboxylic acid 8.6 Ibuprofen, oridonin 50,63
MIL-101 (Fe) 2-Amino 1,4-benzenedicarboxylic acid 25—-30 Ibuprofen, azidothymidine triphosphate 57
MIL-127 3,3',5,5"-Azobenzenetetracarboxylate 4 Caffeine 74
Zn-MOFs Zn (TATAT),;; -3DMEF-H,0 TATAT = 5,5',5"-(1,3,5-Triazine-2,4,6-triyl) 17, 21 5-Fluorouracil 75
Tris (azanediyl)triisophthalate
ZnBDP_X 1,4-Bis(1 H-pyrazol-4-yl)-2-X-benzene 11 Mitoxantrone 64
(H,BDP_X; X = H, NO,, NH,, OH)
Bio-MOFs Azobenzene-4,4"-dicarboxylic acid and 8.3—26 Etilefrine hydrochloride 76
biphenyl-4,4'-dicarboxylic acid
Zng(0),(CDDB)g (DMF)4(H,0) 4,4'-(9-H-Carbazole-3,6-diyl) dibenzoic acid ~ 28.1 x 23.17 5-Fluorouracil 65
ZIF-8 2-Methylimidazolate 11.6 5-Fluorouracil, doxorubicin 77,78
Zr-MOFs UiO-66 1,4-Benzenedicarboxylic acid 8 Caffeine, dichloroacetate 53,74
UiO NMOFs Amino-triphenyldicarboxylic acid = Cisplatin prodrug, siRNAs 79
UiO-66-NH,/NO, 1,4-Benzenedicarboxylic acid = Ketoprofen 66
K-MOFs CD-MOF-1 Cyclodextrins 4—17 Lansoprazole, azilsartan, budesonide, 20,67,68,80
valsartan
Cu-MOFs HKUST-1 1,3,5-Benzenetricarboxylic acid 14.67 Ibuprofen 69
MOF-2/MOF-3 1,3,5-Benzenetricarboxylic acid and 21.2/20.9 Ibuprofen, doxorubicin hydrochloride 69

isophthalic acid

—, not applicable.
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linker®. This Zn-cpon-1 presenting a pH-responsive double

stimulation behavior was an admirable drug delivery vessel, and
the loading capacity of 5-FU in Zn-cpon-1 could reach 44.75%
(w/w). Specially, the drug release behavior fitted well with the
Weibull distribution model, which could be dual-irritated by pH
and heating.

Zeolitic imidazolate frameworks (ZIFs), a sub-family of
Zn-MOFs, connected by Zn(Il) and imidazolate or its derivatives
are widely used in DDSs** . Sun et al.*® exploited ZIF-8 to pack
the volatile and hydrophobic p-a-tocopherol succinate by one-pot
process, and the drug loading ratio reached to 43.03% (w/w). The
obtained Dp-a-tocopherol succinate @ZIF-8 would swiftly degrade
in acidic environment on account of the pH-responsiveness of

ZIF-8, resulting in on-demand drug release for tumor
chemotherapy.
2.14. Zr-MOFs

Since the discovery of Zrg (u3-0)4 (u3-OH)4(BDC)g (UiO-66, UiO
stands for the University of Oslo) with Zrg(us-O),
(u3-OH)4(COy) ;5 clusters and 1,4-benzene-dicarboxylate (BDC)
by Cavka et al.®” in 2008, zirconium-based MOFs (Zr-MOFs),
mostly Zr(IV) carboxylates, have received increasing attentions.
Owing to the exorbitant oxidation status of Zr(IV) in Zr-MOFs
and intense coordination bonds between Zr(IV) and carboxylate
ligands in the great majority of carboxylate-based Zr-MOFs, they
own unparalleled stability, particularly hydrothermal stability>>.
Hence, a great many Zr-MOFs maintain stability in organic
solvents and in water, even in acidic media. Moreover, Zr is
considered suitable for biomedicine given its wide distribution in
nature and low toxicity in vivo (oral lethal dose LDsy ~4.1 g/kg)xx.

Zr-MOFs are proverbially used in the realm of biomedicine.
For example, Abanades et al.”” found that synergistical delivery of
dichloroacetate and 5-FU from Zr-MOFs to cancer cells can
strengthen cytotoxicity in vitro. Adjusting the particle size, and
most importantly, the surface chemistry can improve cytotoxicity
by accelerating pit-mediated endocytosis and cytoplasmic drug
delivery. In addition, Li et al.** introduced UiO-66 with —NH, and
—NO, functional groups to study the difference of drug loading
capacity and release behavior between them. Interestingly, results
revealed that UiO-66—NH, had the maximal loading of ketoprofen
and exhibited lowest release rate on account of the strong
hydrogen bond ability and alkaline characteristics of —NH,.

Another type of Zr-MOF, called Zr-fum, consists of an
endogenous fumarate linker, and its structure is similar to UiO-66.
Zr-fum could keep stable in aqueous solutions, with great poten-
tial as a DDS*’. An anticancer molecule dichloroacetate was
introduced into Zr-fum as a size-controlled modulator during
fabrication process, with payloads of 20% (w/w)’". Contrast with
Ui0O-66, Zr-fum shown enhanced biocompatibility in virtue of the
endogenous fumarate linker, and transported the drug imitator
calcein into HeLa cells more efficiently.

2.1.5. K-MOFs

Smaldone et al.”' firstly reported a renewable, highly symmetric
and porous, ultrahigh surface area, edible MOF, which was pre-
pared only with edible ingredients: potassium (K) ions, alcohol
(ethanol), and cyclodextrin, termed cyclodextrin-based metal-
organic frameworks (CD-MOFs). Due to their inherently porous
characteristics except for their water-soluble and non-toxic nature

of CD-MOFs, it has extensive usages in the biomedical field**>*,

making this hotspot attracting a great deal of attentions and
developing very rapidly. To date, by utilizing impregnation,
grinding and co-crystallization, drugs have been successfully
loaded into CD-MOFs’>. For example, lansoprazole imbedded
CD-MOFs were synthesized using an optimized co-crystallization
method by the assemblage with v-CD in the existence of K(I) ions
with the drug loading up to 23.2% (w/w)°’. Moreover, CD-MOFs
can dramatically ameliorate the bioavailability and solubility of
insoluble drugs. He et al.?° reported that azilsartan (AZL) was
loaded into CD-MOFs, and the bioavailability of AZL in
Sprague—Dawley (SD) rats was increased by 9.7 times. Besides,
compared with pure drugs, the apparent solubility of AZL/CD-
MOF was increased by 340 times. Moreover, it is noteworthy
that CD-MOFs have been proverbially used in oral, intravenous
and even pulmonary DDSs®*%%%%,

2.1.6. Cu-MOFs

Copper-based MOFs (Cu-MOFs) have been explored as viable
hosts for bio-oriented guest@MOF composite systems owing to
the high accessibility of their coordinatively unsaturated metal
sites in the structures, creating strong binding sites for guest
cargos”™ °”. Sun et al.*” devised mixed ligands Cu-MOFs, MOF-2
and MOF-3 for the delivery of IBU and doxorubicin hydrochloride
(DOX), which were prepared by hydro-thermal method with
reasonable alteration in the ratio of two ligands (BTC and iso-
phthalic acid). They were nontoxic towards human normal cells,
human embryonic kidney 293A cells (HEK 293A) and could load
drug. Drug loading test showed that mixed ligand MOFs displayed
better capacity in DDSs than single ligand MOFs, and MOF-2 with
40% BTC and 60% isophthalic acid had the best performance in
drug delivery capability. By using the characteristics of amino-
functionalized Cu-MOFs, a smartphone-based strategy for visual
detection of alkaline phosphatase was designed by Hou et al.”®
which possessed oxidase mimic and fluorescence virtue. This
fluorescent-based technique could be used for detecting alkaline
phosphatase in serum samples, which opened up a wild prospect
for the diagnosis of other biomarkers in clinical serum samples on
the basis of alkaline phosphatase mediated enzyme-linked immu-
nosorbent assay. Moreover, Cu-MOFs could be utilized for anti-
bacterial therapy. For example, Cu-MOFs composed of glutaric
acid and pyridine derivative performed superb antibacterial activ-
ities against different kinds of bacteria with very low minimal
bactericidal concentration””,

2.2.  Classification by organic ligands

One of the primary merits of the MOFs is their variability in terms of
compositions of both constitutive metals and organic linkers. In
particular, the organic linkers perform a main part in the 3D su-
pramolecular organization of the MOFs as well as their physico-
chemical properties. Carboxylates and other organic anions,
including phosphonate, sulfonate, and heterocyclic compounds are
the most common organic linkers. Actually, it has been highlighted
that the choice of possible linkers is extremely wide'*>'°'. Among
them, MOFs composed of carboxylate ligands account for nearly
half of all synthesized materials. In the case of MOFs for DDSs, the
choice of the linker not only has a determinant part in the physical
and chemical natures of the resulting MOFs, but also on their sta-
bility in biological media, degradability, bioavailability and toxicity.
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Linker choice results in unique properties and MOF applica-
tions. For example, polycarboxylic acid or imidazole-based
linkers are widely considered for MOFs preparation in reason of
their relatively low toxicities, mainly on account of their strong
polarity and metabolic clearance in physiological conditions™.
Homologous iron carboxylates can be synthesized bio-safely'.
Similarly, the drug payloads in MOFs and release patterns are
affected by different organic linkers and functional groups*®>"'%%,
Interestingly, active molecules were used as linkers to synthesize
so-called BioMOFs. This strategy not only confers high drug
payloads due to intrinsic self-assembly of active molecules, but
also allows good biocompatibilities.

Indeed, a variety of biomolecules, including amino acid,
nucleobases or sugars readily or naturally available can be used as
building blocks'®*. As far as we know, Gramaccioli et al.'”
synthesized the first amino acid-based biocompatible 3D MOFs
in 1966, by mixing Zn(Il) and glutamate, an important neuro-
transmitter. However, the biomedical applications of BioMOFs
have not been fully explored mainly because of the lack of studies
to the stabilities in biological media of these systems. Only few
examples report BioMOFs that can adsorb and release drugs'®’.
Considering that many therapeutic molecules have multiple
complex groups in their structures, there are many reports on the
use of active ingredients to construct BioMOF. The first example of
a drug-based BioMOF study was reported in 2,010,'"?, which was
composed of endogenous iron and therapeutically active vitamin
B;, with pellagra treatment, vasodilation and anti-lipid properties.
Similarly, olsalazine, a generally employed agent in the therapy of
ulcerative colitis and other gastrointestinal disorders, could be
used as a ligand for fabrication of a series of new mesoporous
MOFs, and exhibited the same coordinating functionality as the
dihydroxyterephthalic acid used in the composite of the CPO-27/
MOEFE-74 family'%®. Here, MOFs are catalogued according to
their organic linkers, as shown in Table 2%37:67:09.7477.82.107.109

3. Synthesis of MOFs
3.1.  Synthesis methods

Several methods have been exploited to synthesize all kinds of
MOFs' %! (Fig. 4) for drug delivery, such as non-solvothermal
synthesis, including direct precipitation and vapor diffusion
synthesis’’, and solvothermal methods, microwave-assisted

. . 114—116€ . s 17
microemulsions ’, electrochemical synthesis ', dry-gel

conversion methods''®, preparation using a microfluidics de-

- 119 s a1120—122 : - 123
vice’ ~, mechanochemical or sonochemical synthesis ~—,
step-by-step  synthesis'>* and  high-throughput  synthesis
methods'>. The advantages and disadvantages of various syn-
thesis methods are summarized in Table 3.

3.1.1.  Conventional synthesis

Conventional synthesis of MOF usually refers to reactions per-
formed by heating at different temperatures, which is one of the
most important parameters in MOFs synthesis. According to the
temperature used, conventional synthesis is normally distin-
guished as nonsolvothermal synthesis (temperature below or at the
boiling point was used) and solvothermal (where reactions taking
place above the boiling point).

3.1.1.1.  Nonsolvothermal synthesis. It can be further catego-
rized as the ones taking place at room temperature or elevated
temperatures. For example, precipitation reactions followed by
recrystallization or vapor diffusion synthesis were reported. Some
MOFs have been synthesized via direct precipitation method by
simply mixing the starting materials at room temperature, such as
HKUST-1 (HKUST stands for Hong Kong University of Science
and Technology), MOF-5, MOF-177, MOF-74, or ZIF-8'**'%,
Some of these MOFs, such as ZIF-8, exhibited fine chemical and
thermal stabilities.

The vapor diffusion method is the earliest synthetic method for
CD-MOFs synthesis’'. A variety of y-CD-MOFs were synthesized
combining y-CD and K*, Rb™, Cs*, Na® or Sr* by Stoddart’s
group’""'?®, Higher reaction temperature is also required in some
CD-MOF synthesis to obtain good crystallinity and high yields. It
was reported that the reaction time of y-CD-MOFs synthesis was
significantly reduced from days to 6 h'?® by raising the temper-
ature from room temperature to 50 °C.

3.1.1.2.  Solvothermal synthesis. A (-CD-MOF was synthe-
sized by heating a mixture of methanol and water containing (-
CD and sodium oxalate (Na,C,0,) at 160 °C for 3 days””. Sha
et al."*' obtained a novel a-CD-MOF with a mixture of -CD and
KOH after heating at 160 °C for 4 days. MOF-5 was synthesized
at 105 °C to have much higher yield than the ones obtained at
room temperature' >,

Nonsolvothermal and solvothermal syntheses are limited to

solvothermal synthesis”z’m , synthesis by reverse-phase obtain MOFs in the laboratory. It is important to develop new
Table 2  Classification of MOFs by organic linkers.

Family of linkers Organic linker Drug loading Ref.

Carboxylate ligands 1,3,5-Benzenetricarboxylate acid Doxorubicin 69
4,4' 4"-Benzene-1,3,5-triyl-tribenzoate Ibuprofen 82
5,5',5"-(1,3,5-Triazine-2,4,6-triyl) tris(azanediyl)triisophthalate 5-Fluorouracil 75
Biphenyl-4,4'-dicarboxylic acid Hydrochloride 76
Azobenzene-4,4"-dicarboxylic acid Etilefrine 76

Pyrazolate ligands Bis (pyrazolate) ligand (1,4-bis(1H-pyrazol-4-yl)-2-X-benzene Mitoxantrone 74

(H,BDP_X; X = H, NO,, NH,, OH)

Imidazolate 2-Methylimidazolate 5-Fluorouracil 77

Polysaccharide Cyclodextrin Lansoprazole 67
Other polysaccharides (agar, dextran) Procainamide 43

BioMOFs Nicotinic acid Vitamin B3 107
Succinic acid Cisplatin 109
Fumarate ligands Doxorubicin 57
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Figure 4  Overview of MOFs synthesis methods.
Table 3  Synthesis methods of MOFs.
Method Advantage Disadvantage
Nonsolvothermal o Under ambient pressure e Long reaction time
synthesis o Simplifier synthetic requirements e Low yield

Solvothermal synthesis

Microwave assisted
solvothermal synthesis

Sonochemical synthesis

Mechanochemical
synthesis

Electrochemical synthesis

o Higher yield than nonsolvothermal synthesis

o Smaller and more homogeneous crystals than non-
solvothermal synthesis

e Environment-friendly rapid synthesis

e Morphology and size control

e High yield

e Good monodispersity

o Easy and environment-friendly rapid synthesis

e Good monodispersity

o Solvent-free
e Low-cost and high-throughput production
e Prepare a higher solids content

e Large particle size
o Long reaction time

e Specific device

o Further sonication led to decomposition
of the crystals

e Low yield

e Energy and materials consumption

e Potential structure change

e Specific device
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synthetic routes towards MOFs production at industrial scale. For
CD-MOFs, Ding et al.'*? reported a novel production strategy
based on crystal transformation to industrialization, which helped
the productivity yield increase dozen times in comparison of re-
ported synthesis methods.

3.1.2.  Microwave assisted solvothermal synthesis

It has been widely applied for MOFs synthesis under microwave
assisted hydrothermal conditions, due to many potential advan-
tages such as environment-friendly rapid synthesis, high yield'*,
and morphology'® and size control'*®. The first reported MOFs
obtained by microwave assisted solvothermal synthesis was MIL-
100", MIL-100 (Cr) synthesized at 220 °C in 4 h by microwave
was reported to have similar physicochemical properties to the
ones synthesized at 220 °C for 4 days using conventional heating.
MIL-100 (Fe) synthesized at 130 °C for 6 min was shown to be
well crystalized nanoparticles (NPs) with narrow particle size
distribution, faceted morphology, and high porosity'*®.

Among different MOF preparation methods, microwave
assisted synthesis allowed to achieve the best results in terms of
high yields, small sizes (<100 nm) and monodispersed NPs'*.
“Green” synthesis allowed produced fluorine-free MIL-100 (Fe)
within minutes opening the way to synthesize large-scale nano-
MOFs for biomedical applications'*®. Microwave assisted sol-
vothermal synthesis were also applied recently to synthesize Hf,
Zr, Zn and Ca based nanoMOFs for drug delivery'** %3,

Liu et al.'"** obtained y-CD-MOFs within 10 min using the
microwave-assisted method. By optimizing the reaction temper-
ature, time, and solvent ratios, both micro- and nanometer-sized
crystals were prepared. In addition, it was found to be a method
of choice for fast crystallization of HKUST—I”S, MIL-53 (Fe)”,
MIL-101-NH2 (Fe)'*®, ZIF-8'® and MIL-100"*".

3.1.3.  Sonochemical synthesis

Sonochemical method is an easy and environmentally friendly
pathway for rapid synthesis of MOFs. When high-energy ultra-
sound interacts with liquids, bubbles form and collapse in the
solution, which is the so-called acoustic cavitation, leading to the
production of very high local temperatures up to 5000 K and the
pressures could reach 1000 bar'*®, This contributes to terrifically
fast heating and cooling rates (>1010 K/s), favorable to fine
crystal growth''®. HKUST-1 was obtained using a mixture of
DMF/ethanol/water in an ultrasonic bath'*’. The nanocrystalline
NPs (10—40 nm) formed after only 5 min sonication. Increasing
the sonication time resulted in larger crystals (50—200 nm), but
further sonication led to the decomposition of the crystals.
Sonochemical method was also employed to prepare well crys-
tallized MOF-5 (5—25 pm)'”’, MOF-74 (Mn) (0.6 pm)">', PCN-6
(4.5—6.0 pm), IRMOF-9 (5—20 pm), PCN-6 (1.5—2.0 pm) and
IRMOF-10 (5—20 pm)'*?. Ultrasound led to very tiny mono-
disperse MIL 88A nanoMOFs'*’, however, the yields were low.

3.1.4.  Mechanochemical synthesis

Mechanochemistry, known as using mechanical force to induce
and conduct chemical transformations, demonstrates the most
evident benefit of providing a solvent-free or very small amounts
of solvents synthetic path compared to conventional synthesis
based on solution or microwave. Additionally, mechanochemical
method has been affirmed to be a practical and environmentally
friendly way to achieve high-throughput and low-cost production

of MOFs. Different research groups recently reported that mech-
anochemical synthesis by planetary mill possessed substantial
improvements in energy efficiency'>*'**. For MOFs mechano-
synthesis, the oxide-based chemistry at room temperature with

~~~~~ 1154

could avoid large energy and materials expenses. This facile
method was also reported to the irreversible ball milling-'>%,

pressure-'"® and thermal-induced'”’ amorphous ZIFs synthesis.

3.1.5.  Other methods

Other than the methods mentioned above, electrochemical syn-
thesis was first reported in 2005 using metal ions continuously
supplied through anodic dissolution, which reacted with the dis-
solved linker molecules'*®. This route is possible to prepare a
higher solids content compared with batch reactions''?. A variety
of MOFs were synthesized by this method, including HKUST-1"38,
MIL-53 (Al), MIL-100 (Al), ZIF-8, and MIL-53-NH2 (Al)'*’. In
addition, dry-gel conversion methods''®, and preparation using a
microfluidics device''? were also reported.

3.2.  Particle size and shape control

Control of particle size and shape is of importance for biomedical
applications, because the particle size dictates the interactions of
the particles with cells, organs and biomolecules. It also plays a
major role in several chemical and physical properties including
rheology, surface reactivity towards biomolecules, external sur-
face properties, packing, stability, etc.*®'°""'**  which are
essential for drug loading capacity, surface modification for tar-
geting and the administration routes. Consequently, it is very
important to prepare homogeneous, monodispersed, and stable
NPs. Whatever the synthesis method is, it remains challenging to
control the crystallization process with controlled shapes and
monodispersed size distribution. Primary strategies to actualize
this goal composed of controlling composition and process pa-
rameters, adding additives, applying nanoscale templates, and
downsizing the particles employing mechanical or mechano-
chemical methods.

3.2.1.  Compositional and process parameters

Compositional parameters include the nature of solvents, pH,
metal source, reactant concentration and molar ratios. As an
example, the fabrication of aluminium-based MOFs utilizing tri-
mesic acid as an organic liker is dependent on the pH (Fig. 5A)1%,
The pH of the reactant [AI(NO3);-9H,0, BTC and cetyltrimethyl
ammonium bromide (CTAB)] was reported as 2.1, where MIL-
100 formed after heating at 120 °C for 12 h using a mixture of
ethanol and water as solvent. While keeping the reactant
composition, MIL-100 started to form at higher pH values
(2.3—2.5). At pH 2.6, a mixture of both MIL-96 and MIL-100 was
produced, with the relative amount of the former growing when
the pH was 2.7. When water alone was used as solvent, MOFs
were obtained at different pH values: MIL-110 at acidic pH (both
the range of 0—0.3, and 4), MIL-100 in a narrow acidic pH range
(0.5—0.7), MIL-96 at pH 1—3. The topologies of the particles
were significantly different with or without ethanol.

Process parameters consist of temperature, heating source,
reaction time, and pressure. Generally, both microwave-assisted
and sonochemical synthesis produce smaller and more homoge-
neous crystals than conventional synthesis. For instance, various
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Figure 5 SEM images of MOFs with different sizes and morphologies synthesized by synthetic parameters optimization (A) pH (B) reaction
temperature and time (C) role of modulators (D) compositional and process parameters (A) Different aluminium trimesate MOFs synthesized at
different pH: the particles obtained were MIL-110 (at pH of 2.1), MIL-100 (pH 2.2), MIL-100 (pH 2.4), mixture of MIL-100 and MIL-110 (pH
2.5) and mixture of MIL-100 and MIL-96 (pH of 2.6 and 2.7). Inset: TEM image acquired for the MIL-100 sample obtained at pH 2.6. Reprinted
with permission from Ref. 165. Copyright © 2015, The Royal Society of Chemistry (B) Synthesis of MIL-88 by microwave assisted hydrothermal
methods at different heating temperature and time. Reprinted with permission from Ref. 139. Copyright © 2011, The Royal Society of Chemistry
(C) Role of modulators on the UiO-66 synthesis (AA: acetic acid; FA: formic acid; DCA: dichloroacetic acid. Reprinted with permission from
Ref. 167. Copyright © 2017, American Chemical Society (D) Synthesis of CD-MOFs at different CD concentrations, using different solvents, and
at different temperature. Reprinted with permission from Ref. 129. Copyright © 2016 Elsevier.
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methods ~~ were used to synthesize nano-MIL-88A, including
conventional synthesis, microwave-assisted hydrothermal synthe-
sis, and sonochemical method. Optimized reaction conditions
yielded crystals with varied size using different methods: around
250 nm by conventional hydrothermal synthesis; 100 nm by
sonochemical synthesis; smaller than 100 nm with good mono-
dispersity for microwave assisted synthesis. Even using the same
synthesis methods, the reaction temperature and time played
important roles on both the crystal size and shape (Fig. 5B)'*.
Similarly, the size of Zn3(BTC),-12H,O MOFs decreased from
900 nm to less than 100 nm by reducing the reaction time from 90

to 10 min'®®. Among many influencing factors, solvents, pH,

temperature and reaction time are four crucial parameters mostly
reported in terms of crystal size and shape.

3.2.2. Additives

Modulators are the linkers that can coordinate with the metal ions,
therefore competing with the organic linkers during crystal growth.
Therefore, the diameters and morphology of the crystals are highly
affected by modulators. Modulators, e.g., acetic acid, formic acid,
dichloroacetic acid, and trifluoroacetic acid, were systematically
investigated in the synthesis of UiO-66 MOFs (Fig. 5C)'%’, showing
a size difference from 20 nm to 1 pm with various modulators.
In addition, other molecules such as amino acid'®,
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polyoxometalates'®, benzoic acid'’’, polyacids'”' and water'”
have been used. Recently, multivariate modulation of the UiO-66
for defect-controlled combination anticancer drug delivery was
reported'”, which was developed as a new strategy to incorporate
up to three drugs in UiO-66 nanoMOFs by defect-loading.

Blocking agents or inhibiting additives, such as acetic acid,
hydroxybenzoic acid and pyridine, have been shown to reduce the
crystal growth. For example, the diameter of MIL-89 (Fe) was
decreased to 30 nm by adding acetate ions in the synthesis pro-
cess'’*. Luminescent terbium benzenedicarboxylate nanoMOFs
with sizes of only 4—5 nm formed by adaption of a previous
method'”® utilizing a poly (vinylpyrrolidone) as inhibitors'”®.
Besides, pyridine was used as inhibitors for synthetizing indium
terephthalate MOF particles'”’, which was hexagonal rods of
around 16.3 pm length and 1.75 pm width. After adding pyridine,
the width and length were reduced to 0.43 and 0.97 pm, respec-
tively. Not only the size but the morphology of the particles would
be influenced by the inhibitor.

3.2.3.  Nanoscale templates

The template approach is also a promising strategy to synthesize
MOFs with controlled size distribution. For instance, MOF-66
(Gd) NPs formed in reverse microemulsions obtained from a
mixture of 1-hexanol, isooctane, CTAB, and water. The size and
shape of nanoscale templates were easily controlled by altering
the constituents of the system'’™'”°.

3.2.4. Downsizing

The size of nano-MOFs could also be controlled by mechano-
chemical synthesis as reported in 2006'*". It induced a mechanical
disruption of intramolecular bonds leading to a chemical trans-
formation. Advantageously, this reaction occurred at room tem-
perature'go under solvent-free conditions'*” in the case of
HKUST-1 NPs. Mechanochemical synthesis of nano-MOFs was
also reviewed'®'.

In some cases, strategies can be combined to synthesize MOFs
with controlled size distribution and morphologies. For instance,
intense efforts have been made to prepare y-CD-MOFs with
narrow size distributions. Using conventional vapor diffusion
method, only large crystals of y-CD-MOFs were obtained in the
range of 200—400 pm. After addition of CTAB'®* to decrease the
crystal growth, CD-MOFs were formed with uniform size of
around 1—10 pm. Interestingly, Furukawa et al.'®® successfully
achieved to obtain nano y-CD-MOFs (200—300 nm) by adding
both CTAB and methanol. However, it still took more than one
day for the synthesis. Liu et al.'*’ shortened the reaction time to
6 h using increased reaction temperature of 50 °C. The size of the
resulting CD-MOFs was well controlled by addition of CTAB and/
or methanol (about 6 um with CTAB and around 600 nm with
CTAB and methanol, Fig. 5D)'*’. However, the disadvantage of
CTAB lies in its potential toxicity and it is difficult to be removed
from the MOF particles. Recently, a seed-mediated method was
employed to produce this CD-MOF using short-chain starch NPs
instead of CTAB to have crystals with monodispersed size about
2 pm'®’. However, this method was not able to scale-down the
particles to the nano-regime. Finally, the most efficient method
was reported as microwave assisted method'**. CD-MOF particles
were obtained in 10 min, with monodispersed size distribution for
different sizes (200 nm—300 pm) by adjusting the compositional
and process parameters.

3.3. Physicochemical characterizations of MOFs

The synthesized MOFs need to be fully characterized with a set of
complementary techniques to determine their physicochemical
properties, including MOFs’ crystallinity, morphology, porosity,
size distribution, colloidal stability, degradation patterns, drug
loading capacity and drug release patterns. Various characteriza-
tion techniques of MOFs are summarized in Table 4.

4. Drug loading and characterizations

4.1.  Methods for drug loading

MOFs possess the unique characteristics of highly ordered structure
and large surface area. Drugs can be embedded on the outer surface,
or encapsulated into inter pores via diverse loading methods. Two
kinds of widely applied loading strategies, namely, one-step method
and two-step method are summarized here (Fig. 6).

4.1.1.  One-step

One-step method is the most convenient loading strategy to
incorporate drugs into MOFs, which is achieved either during the
MOFs synthesis or by directly using drug molecules as MOF
linkers.

4.1.1.1.  Co-crystallization. It is widely used for drug loading
in laboratory research or manufacturing. Under mild reaction
conditions, drug could co-crystallize with MOFs and form a 3D
supramolecular structure integrating the active molecules. More
importantly, co-crystallization does not alter the physicochemical
properties of the drug, which can be advantageously exploited to
improve the loading efficiency and enhance the drugs solubility.
As an example, poorly soluble drugs, such as IBU'®*, lansopra-
zole®, leflunomide’® and methotrexate (MTX)185 were success-
fully embedded in ~y-CD-MOFs using the co-crystallization
method and the drug loading was equal to or higher than that by an
impregnation method.

4.1.1.2.  One-pot method. It is an economic method for loading
drug during MOFs synthesis, which not only shortens reaction time
and reduces the waste, but also overcomes the limitations of MOFs’
small pore window. In this method, drug molecules could be loaded
in MOFs matrix by insertion inside MOFs crystal or coating onto
the surface. In addition, the pore sizes of some MOFs are too small
for the drugs to penetrate inside the crystalline matrix. For example,
the diameter of the pore cavity of ZIF-8 is 11.6 A, many bulky
molecules including high-molecular weight drugs, nucleic acid or
proteins cannot diffuse into the MOFs’ porosity. Nevertheless,
successful encapsulations had been achieved for drugs as DOX®,
camptothecin'®®, and 3-methyladenine'®” via mixing with reactants
through one-pot method. Similarly, 5-FU'®® also could be loaded on
zinc glutamate MOF coated cotton fabric using one-pot synthesis
method. Besides, enzymes embedded in MOFs by this method were
prevented from degradation. As a in situ loading strategy, organic
linkers and inorganic metal ions simultaneously contributed to the
efficient incorporation of the enzyme in one-pot method. The pro-
tein molecules induced the formation of MOFs and facilitated their
crystallization. Cytochrome ¢ (Cyt ¢) was directly immobilized in
ZIF-8 utilizing one-pot method'®’. The peroxidase activity of
Cyt c@ZIF-8 was 10-fold better than free enzyme. Similarly, Wu
et al.'”" also designed a ZIF-8 based multi-enzymatic system
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Table 4 MOF characterization techniques.

Technique

Property

Powder/single-crystal X-ray diffraction (XRD)
Small- and wide-angle scattering (SAXS/WAXS)
X-ray photoelectron spectroscopy (XPS)

X-ray absorption spectroscopy (XAS)

Energy dispersive X-ray spectroscopy/spectroscopy
(EDX/EDS)
Porosimetry

Scanning electron microscopy (SEM)
Transmission electron microscopy (TEM)
Scanning transmission electron microscope (STEM)

Raman microscopy
Atomic force microscope (AFM)

Dynamic light scattering (DLS)

Nanoparticle tracking analysis (NTA)

Zeta potential

Fourier-transform infrared spectroscopy (FT-IR)
Ultrafast 2D IR spectroscopy

Nuclear magnetic resonance spectroscopy (NMR)

Mossbauer spectroscopy

Ultraviolet—visible spectroscopy (UV—Vis)

Inductively coupled plasma mass spectrometry (ICP-MS)

Thermogravimetric analysis (TGA)

Crystallinity: crystal structure, crystalline parameters

Monitor the crystallization of MOFs

Surface characterization: electronic structure, oxidation states, elemental
composition, coating material binding

Element-specifical investigation of chemical state and interatomic distances of
species

Quantitatively determine elemental composition of MOFs

Porosity: BET surface area and deep insight of pore size, volume and
distribution of MOFs

Size and morphology

Size and morphology

Combined with high-angle annular dark field (HAADF) detector and EDX for
investigation of morphology, elemental composition, and crystal structure

Homogeneity on composition and morphology

Size and shape in 3D mode, evaluate surface modification, localization of MOFs
in cells or other matrices

Hydrodynamic diameter

Hydrodynamic diameter, particle concentration, individual particle tracking

Surface charge

MOF degradation, drug loading, surface modification, structural defects

Structural dynamics inside a functionalized MOF

Interaction between the drug and MOF crystals, the precise drug localization, as
well as catechizing the metal center and probing the linker molecules

Investigation of chemical environment of Mdssbauer nuclei (such as Fe atoms)
in the sample, including the oxidation state, surface spins, and symmetry, etc.

Optical properties, size, concentration

Elemental composition, intracellular MOFs quantification

Thermal decomposition of MOFs

Drugs

One-step

Two-step _
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utilizing the same approach. Glucose oxidase (GOx) and horse-
radish peroxidase (HRP) were mixed with the zinc nitrate solution
to prepare GOx&HRP@ZIF-8. Catalytic tests demonstrated that
GOx&HRP@ZIF-8 composite displayed better catalytic efficiency
than GOx@ZIF-8 or HRP@ZIF-8.

4.1.1.3. Drugs as organic linkers for MOFs. In addition to
MOFs as reservoirs, drug or their prodrug can be as organic
linkers to form MOFs, by coordination between the available
coordinated functions of drugs and specific metal nodes.
Employing biologically-acceptable ions Ca (II) and Mg (II) as
metal ions and anti-osteoporosis bisphosphonate model drugs
(e.g., etidronate, pamidronate, alendronate and neridronate)
as organic linkers, a phosphonate MOF-based DDS was prepared

that exhibited variable release rate pattern'”".

4.1.2.  Two-step
The two-step strategy immerses loading drugs with the MOFs in a
drug-solution or in grinding MOFs together with the drugs.

4.1.2.1. Impregnation. The MOFs were immersed in drug
solution to allow drug molecules to diffuse into MOFs through the
porosity. Usually, interactions between drugs and MOFs include
van der Waals interaction, 7t-7t interaction and hydrogen bonding.
The pore size, window dimension, chemical composition and
flexibility of MOFs were key parameters to ensure a successful
drug incorporation®’. MOFs were applied for caffeine loading via
impregnation'®”. Similarly, Javanbakht et al.'”® immersed porous
Cu-MOFs into an IBU solution to embed the drug into the 2D
channels. The supercritical carbon dioxide (scCO,) assisted
impregnation method could introduce poor-soluble drug honokiol
into the CD-MOFs cavity with a high drug loading around 40.78%
(wiw)'**. In addition, this strategy reached almost 100% efficiency
in the case of phosphate drug owing to the intense coordination
between phosphates groups and Fe ions. Gemcitabine mono-
phosphate (GEM) was encapsulated into MIL-100(Fe) with
satisfied drug loading capacity of 30% (w/w) and exceptional

encapsulation efficacy rates of >98%'".

4.1.2.2.  Mechanochemical method. It is a solvent-free, green,
and economical drug loading technique, mechanically mixing
drug powder and MOFs together in solid status. Drugs such as 5-
FU, caffeine, p-aminobenzoic acid and benzocaine were caged
into MOFs by grinding method, reaching high drug loading

- 196
amount and sustained release .

4.1.2.3.  Covalent binding. Although the appeal method in-
corporates various drugs into MOFs, the relatively weak interac-
tion force between the cargos and MOFs usually leads to slow
leaching problems of the drugs. Thus, it is necessary to adopt a
solution of covalent bonding and immobilization. Generally, the
surface of MOFs presents various active groups (e.g., carboxyl,
amino, and hydroxyl) which can be used to mold covalent bond
with reactive groups of active drugs'®’. Morris et al.'”® exhibited
the DNA-MOF conjugate, which was formed by a click reaction
between azide-functionalized UiO-66 and dibenzylcyclooctyne-
functionalized DNA. The DNA@UiO-66 conjugate was reported
to have increased colloidal stability and improved cellular trans-
fection capabilities in comparison to nonfunctionalized UiO-66.
Additionally, enzymes also can be successfully immobilized

onto MOFs by covalent binding. Cao et al.'” reported efficiently

immobilization of soybean epoxide hydrolase onto the prepared
surface of UiO-66-NH, MOF via cross-linking approach.
Compared with free soybean epoxide hydrolase, the synthesized
soybean epoxide hydrolase @UiO-66-NH, conjugates manifested
high loading capacity, excellent enzyme—substrate binding affin-
ity and enhanced catalytic efficiency.

4.2.  Characterizations of drug-loaded MOFs

Drug loading efficiency following in Eq. (1) and encapsulation
efficiency following in Eq. (2) are significant factors that are
closely related to the pore size and surface property of MOFs. The
drug can be physically adsorbed on the surface of the MOFs by
the impregnation method when the size of the loaded drug is
larger than the pore diameter of the MOFs. Typically, applying the
one-step strategy can effectively encapsulate the large sized drugs
to the inside of the MOFs for improving the drug loading and
encapsulation efficiency®. In addition, changing the structure of
MOFs may favor a higher drug loading level via improving the
interactions (hydrogen bonding or van der Waals) between drugs
and MOFs® . The determination of drug loading and encapsulation
efficiency mostly adopts direct or indirect methods, that is, dis-
solving drug loaded MOFs in a solvent to determine the drug
content, and calculating the loaded drug content by measuring the
content of unloaded drugs supernatant. Moreover, the determina-
tion of the content of adsorbed drugs in MOFs also can be indi-
rectly analyzed by TGA, since a mass loss step within a certain

5
temperature range'oo.

. .. Mass of loaded drug
Loading efficiency (%) = Mass of drug loaded MOFs x 100

(1)

Mass of loaded drug

Encapsulation efficiency (%) = x 100 (2)

Mass of total drug

Various strategies were developed to characterize drug@MOFs
particle. The morphology of drug@MOFs was usually studied by
SEM and TEM. Zeta potential might indicate the drug location in
MOF, while the crystalline structure of drug@MOFs can be
identified by Powder XRD for the crystallinity might be altered by
drug loading. The reduced nitrogen adsorption of drug@MOFs
was used to verify the occupation by drug in the pore and cavity of
the MOFs. Lastly, adsorption isotherm was employed to evaluate
loading capabilities of MOFs, and TGA to give information of
drug loading and stability in the MOF matrix.

In addition, the state and interaction between drugs and MOFs
may help to deepen knowledge of drug loading mechanism. DSC
measurement for the melting point of the binary system of MOFs
and drug was applied to explore the form of the cargo in MOFs
and evaluate the interaction between them. FTIR spectroscopy
was applied to investigate the interaction between host and guest.
Differences in absorption frequency and chemical bond type were
strong evidence to prove the relationship between drug and MOFs.
The host/drug interactions were indicated by ultrafast magic-angle
spinning (MAS) and NMR. Dielectric relaxation spectroscopy
(DRS) was used to understand the molecular mobility of MOFs
skeleton caused by the presence of drugs. Molecular simulation
was helpful to analyze the interaction between drug and carrier,
and the drug loading mechanism. For example, molecular
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simulation was applied to investigate how y-CD-MOFs enhanced
the solubility of insoluble drugs and a dual-molecule loading
mechanism of complexation and clusterization was established’.

5. Applications of MOFs in therapy and drug delivery

5.1.  MOF systems for disease therapies

On account of their advantageous features in drug delivery, MOFs
have been explored as favorable DDSs for plenty of diseases,
including infections, lung disease, diabetes mellitus, ocular dis-
ease and tumors, which have made prominent advance in the past
few years.

5.1.1.  Anti-bacterial applications

Smart delivery of antibacterial agent is of great interest in light of
the bacteria resistance and bacterial infection in injury and sur-
gical process. Inorganic carriers’”’ and organic polymer car-
riers””” have been proposed for targeting antibacterial DDSs, but
their instability, poor biocompatibility and uncontrolled release
behaviors limit their applications in anti-bacteria. Recently, MOFs
combining the hybrid organic and inorganic framework have been
studied for anti-bacteria therapy. Owing to good chemical stability
in acidic environment, MOF-53(Fe) constituted of iron ions and
BDC was explored as a carrier for antibacterial agents by Lin
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et al.”>® (Fig. 7A). The glycopeptide macromolecule antibiotics,

vancomycin was incorporated into MOF-53(Fe) NPs by physical
absorption. And the drug loading of vancomycin could reach up to
20% (w/w). Moreover, MOF-53(Fe) showed a slower and
controllable drug release profile with 99.3% antibacterial effi-
ciency against Staphylococcus aureus under bacterial infection
condition (pH = 5.5). Meanwhile, MOF-53 (Fe)@vancomycin
exhibited an ideal chemical stability with excellent biocompati-
bility in vitro.

Intracellularly bacterial infections are hard to treat in partic-
ular, as pathogens can hide inside the cell components, thereby
avoiding the surveillance of the immune system. Gallis et al.”"*
utilized ZIF-8 to load ceftazidime, a third-generation broad-
spectrum cephalosporin (Fig. 7D). And successful loading of
ceftazidime in ZIF-8 was probed by high resolution STEM-EDS
elemental mapping. Drug release test in PBS revealed that about
70% of the ceftazidime released at pH 5.0, while 50% for pH 7.0
during the first day. Antibacterial capabilities of pristine ZIF-8 and
ceftazidime @ZIF-8 particles were measured against Gram-
negative E. coli. Interestingly, no difference was noted between
them after 24 h, but ceftazidime @ZIF-8 displayed nearly entire
growth inhibition of E. coli at 50 ng/mL while the pristine ZIF-8
didn’t present any antibacterial effect after 72 h incubation, sug-
gesting the antibacterial effectiveness was relied on the degrada-
tion of ceftazidime @ZIF-8. In addition, cell internalization of
particles was visualized directly by confocal microscopy, which
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Applications of MOFs in anti-bacteria (A) MOF-53 (Fe) structure and the process of MOF packing vancomycin for killing bacteria.

Reprinted with permission from Ref. 203. Copyright © 2017, American Chemical Society (B) MOF/Ag-derived nanocomposite with forceful
photothermal conversion capability and metal-ion-releasing ability for synergistic sterilization. Reprinted with permission from Ref. 211.
Copyright © 2020, American Chemical Society (C) Elimination of intracellular bacteria by TZH particles. Reprinted with permission from
Ref. 205. Copyright © 2019, The Royal Society of Chemistry (D) The antibacterial properties and internalization of ceftazidime @ZIF-8 particles.
Reprinted with permission from Ref. 204. Copyright © 2019, American Chemical Society (E) Schematic diagram of CD-MOF template guided
synthesis of Ag NPs for anti-bacteria and hemostasis. Reprinted with permission from Ref. 210. Copyright © 2019, WILEY-VCH (F) Naringin-
loaded MOF NPs for coating mineralized collagen to promote osseointegration and prevent bacterial infection. Reprinted with permission from

Ref. 207. Copyright © 2017, American Chemical Society.
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qualified that this system can be applied for intracellular bacterial
killing.

Another ZIF-8 application for anti-bacteria was reported by
Zhang et al’”. During the synthesis of ZIF-8, tetracycline was
encapsulated in MOF through one-step. Moreover, hyaluronic acid
(HA) was decorated on tetracycline @ZIF-8 via coordination for
active-targeting of bacteria within the cell (Fig. 7C)°*°. This
tetracycline@ZIF-8 @HA nanocomposite (TZH) could realize a
pH-responsive antibiotic release. More importantly, Zn(II) and
antibacterials released from ZIF-8 could reach a synergistic anti-
bacterial effect. In addition, with the help of HA, TZH could
eliminate intracellular bacteria more efficiently and decrease the
antibiotic dosage remarkably. Finally, clearance rate of intracel-
lular bacteria by TZH was over 98%.

Hitherto, the mainly investigated MOFs in anti-bacterial field
as drug carriers, few studies discussed that diameter, shape and
surface modification of MOFs affected their cellular internaliza-
tion. Guo et al.>*° explores MIL-88 (A) and MIL-100 (Fe) parti-
cles both incorporated with mannose for active targeting, which
were designed with rod-like and spherical shapes respectively, as a
promising bacteria-mimicking delivery strategy for intra-
macrophagic-based infections. The shape of MIL-88 (Fe) was
rod with a long-axis size of 3628 + 573 nm and the aspect ratio
was 1:5, while the diameter of spherical MIL-100 (Fe) was
103.9 £ 7.2 nm. Cell internalization test displayed that MIL-100
(Fe) NPs were internalized quicker, however, the mannosylation
did not enhance the uptake of MIL-100 (Fe), because its rate and
extent of uptake were high enough, whereas cellular uptake of
MIL-88A (Fe) were highly increased. Moreover, micro-
pinocytosis/phagocytosis proved to be the primary internalized
pathway in MOF particle uptake.

Prevention of infection and promotion of osseointegration are
two important goals in orthopedics. Yu et al.”"” designed naringin-
loaded MOF NPs for coating mineralized collagen. With the help
of MOF NPs, the release kinetics of naringin could be controlled
to boost osseointegration and avoid bacterial infection
(Fig. 7F)*"7. Results showed an outstanding performance of the
coating for mesenchymal stem cells including the attachment,
proliferation, osteogenic differentiation, and mineralization.
Meanwhile, the antibacterial effectiveness against S. aureus was
also enhanced which confirmed the potential application of this
orthopedic coating for implants.

Numerous studies have revealed that ultrafine silver (Ag) NPs
are promising antimicrobial agent because the release of Ag(I)
jons and generation of reactive oxygen species (ROS)**®. How-
ever, ultrafine Ag NPs are usually unstable and easily to aggre-
gate””’. Shakya et al.>'® reported a template-assisted synthesis of
ultrafine Ag NPs with size about 2 nm by utilizing the meso-
porosity of y-CD-MOFs in one pot, achieving stability enhance-
ment of Ag NPs. Further, the Ag@CD-MOFs were cross-linked
and surface modified with GRGDS peptide for improvement of
hemostasis in the wound area. The anti-bacteria test as well as the
hemostasis test proved that the obtained GS5-CL-Ag@CD-MOFs
were a fine strategy to combine hemostasis with antibiosis
(Fig. 7E)*'°.

Owing to the limited antibacterial efficiency, high-dose use and
slow sterilization rate of single-model bactericidal method are
usually used, and it’s urgent to develop a dual bactericidal system.
Yang et al.”'' synthesized an MOF/Ag-derived nanocomposite
consisting of metallic Zn and a cgraphitic-like carbon framework
with preeminent metal-ion-releasing ability and forceful photo-
thermal conversion capability for synergistic sterilization

(Fig. 7B)*''. When exposed to near-infrared irradiation, massive
heat was generated to destroy bacterial membranes, at the same
time, bacterial intracellular substances would be damaged by
abundant released Zn(I) and Ag(I) ions from MOF-derived
nanocarbon. Moreover, the nanocomposite exhibited less cyto-
toxicity with an excellent antibacterial effect in systematic anti-
bacterial experiments.

5.1.2.  Lung disease therapy

Pulmonary delivery of drugs can achieve high efficiently targeted
drug therapy for lung disease, like asthma, respiratory tract in-
fections, chronic obstructive pulmonary disease and lung cancer.
Owing to the tunable structure and porosity, inhalable size, MOFs
can be used as carriers for pulmonary drug delivery. Recently, Hu
et al.®® utilized y-CD-MOF to load budesonide which were
modified with cholesterol (CHO) and leucine poloxamer for dry
power inhaler (Fig. 8A)%. Particle size distribution showed that
more than 90% particles were within the suitable diameter of
1—5 pm for the inhalation administration. Moreover, modification
with CHO could successfully improve the flowability and aero-
dynamic properties of CD-MOF in vitro. Most importantly,
in vivo animal experiments demonstrated that the CHO-CD-MOF
based dry power inhaler may be a promising pulmonary delivery
carrier.

Another research reported by Mohamed et al.>'? utilized MIL-
89 and PEGylated MIL-89 (MIL-89 PEG) as carriers for pulmo-
nary arterial hypertension delivery. Both of them had particulate
sizes, within 50—150 nm, with a majority particle size of
100 £+ 38 nm. After PEGylation, MIL-89 PEG expressed
enhanced homogeneity of shape and improved stability. Cell ex-
periments demonstrated that both MIL-89 and MIL-89 PEG was
nontoxic to endothelial cells. Moreover, both of them showed anti-
inflammatory effect in macrophages. Besides, in vivo experiments
revealed that MIL-89 was well-tolerated in short period and
accumulated in lungs, which may be suitable carriers for pulmo-
nary arterial hypertension drugs.

The treatment of tuberculosis needs the combination of drug
delivery and imaging to achieve a better control and personalized
therapy. For preventing massive systemic exposure and side ef-
fects, pulmonary delivery of anti-tuberculosis drug is an ideal
strategy to maintain local therapeutically effective concentrations.
Thus, Fe—MIL-101—NH, NPs were used as carriers for control-
ling release of isoniazid (INH) and MRI contrast agent by Wys-
zogrodzka et al.>'*?'* (Fig. 8B). In vitro cytotoxicity experiments
confirmed the safety of Fe-MIL-101-NH, and cell internalized
studies supported the potential application in tuberculosis treat-
ment. For improving the aerodynamic properties of INH-loaded
MOF (INH-MOF), hydrophobic poly (lactide-co-glycolide)
(PLGA) microparticles were utilized to load INH-MOF via spray-
drying, then mixed with spray-dried INH-MOF-loaded p-leucine
(LC) microparticles. Finally, the obtained INH-MOF-loaded
PLGA/LC expressed excellent aerodynamic  properties,
controlled release of INH and good internalization into the mac-
rophages. Moreover, the Fe ions in INH-MOF could be MRI
contrast agent for tracking particles after inhalation.

In addition, Simon-Yarza et al.'” discovered that Fe(IIl) pol-
ycarboxylate based nanoMOFs were capable of targeting lung
tissue, due to their unique pH- sensitiveness and reversible ag-
gregation properties (Fig. 8C)'*°. After intravenous administra-
tion, under the neutral pH in blood, the nanoMOFs formed micro-
aggregates which were detained in the lung capillaries. During
24 h, the agglomerates disaggregated and started to degrade,
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leading to drug release with improved therapeutic effect as
compared to free drug and metastasis reduction. Particularly, the
appropriate timing of reversible aggregation/disaggregation was
compatible with tissue physiology, avoiding of toxicity issues.

5.1.3.  Diabetes therapy
Diabetes mellitus still remains a serious health problem around the
world. The management of type 1 diabetes needs continual insulin
injection to maintain euglycemia. Developing an efficacious and
advanced insulin delivery system is of great significance. The most
studied insulin delivery systems are based on GOx for realizing
glucose responsiveness, which are usually modified with pH-
responsive materials. Duan et al.>'> investigated a simple one-pot
approach for construction an advanced glucose-responsive insulin
delivery system, where insulin-GOx/ZIF-8 was self-assembled by
the mixture of Zn(ll), 2-methylimidazole, GOx and insulin
(Fig. 9A)*'°. When the blood glucose level was higher than normal,
GOx catalyzed glucose to gluconic acid, then the local pH change
led ZIF-8 decompose and thus caused insulin release. Moreover,
when glycemic level reached to normoglycemic conditions, insulin
release from the ZIF-8 decreased, avoiding hypoglycemia.
Recently, a novel strategy was designed by Yang et al.*'®, using
multi-enzyme Co-ZIF-8 embodied insulin and GOx as repertories
to integrate with microneedles for transdermal insulin delivery
(Fig. 9B)?!°. Co(I) ions in ZIF-8 MOFs were designed as a bio-
mimetic catalase to decompose the excessive H,O, for avoiding
the conceivable damage to normal tissue. Meanwhile, free Co(I)

ions can be chelated by ethylene diamine tetraacetic acid modified
SiO, NPs in microneedles, then removed by peeling microneedles
off. Results showed that the obtained MOF-based microneedles
exhibited good insulin release performance depending on glucose
concentration without leakage of H,O, and Co(l).

Diabetic foot ulcers are a serious problem for people with
diabetes, and there are no effective therapies. Xiao et al.”’
developed FA modified Cu-MOFs (F-HKUST-1) for the therapy
of chronic nonhealing wounds (Fig. 9C)°’. FA was added when
synthesizing HKUST-1 to slow the release of Cu(Il) ions, resulting
in improved wound healing rates and reduced toxicity. In vivo
experiments revealed that F-HKUST-1 could induce angiogenesis,
promote collagen deposition and re-epithelialization and increase
wound healing speed.

5.1.4.  Ocular disease therapy

The ophthalmic drugs formulated as eye drops are usually
removed fast from the eyes, thus limiting their ocular bioavail-
ability, which to usually less than 5%. Therefore, Kim et al.>'’
utilized NH,—MIL-88 (Fe) for sustained release of brimonidine
to enhance its ocular bioavailability (Fig. 10A)*"7. Brimonidine
was incorporated via physical absorption into the large internal
pores of NH,—MIL-88 (Fe). Besides, due to the amino groups and
hydrogen-rich organic ligands in this MOF, hydrogen bonds were
formed with the hydroxyl groups and intrinsic carboxyl of mucin
chains, then generating mucoadhesive properties and thus
increasing the retention of drugs in preocular. In vitro test showed
a sustained release manner of encapsulated drug in NH,—MIL-88
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Applications of MOFs in diabetes therapy (A) glucose-responsive insulin release from the MOF-based nanosystem. Reprinted with

permission from Ref. 215. Copyright © 2018, The Royal Society of Chemistry (B) Microneedles containing Co-ZIF-8 embodied insulin and GOx
for transdermal insulin delivery. Reprinted with permission from Ref. 216. Copyright © 2020, American Chemical Society (C) FA modified Cu-
MOFs (F-HKUST-1) for the therapy of chronic nonhealing wounds. Reprinted with permission from Ref. 97. Copyright © 2018, American

Chemical Society.

(Fe). Moreover, in comparison with the marketed product of bri-
monidine (Alphagan-P), the bioavailability of brimonidine was
enhanced in NH,—MIL-88 (Fe) in the in vivo test. Worthily,
although this MOF can be fully degraded into Fe(III) and 2-amino
BDC in physiological fluid during half a day, the long-term ex-
istence of Fe(III) may be threat for eye safety.

Another research utilizing Zr-based UiO-67 loaded brimoni-
dine tartrate and polyurethane nanocomposite films as novel
ocular therapeutics was developed by Gandara-Loe et al*'®. This
functional MOFs-based ocular polymeric device exhibited excel-
lent adsorption and release performance for brimonidine tartrate
owing to large tetrahedral and octahedral cages of UiO-67 and
realized a controllable and extended drug release in glaucoma
therapy (Fig. 10B)*'®.

5.1.5.  Anti-tumor applications

Developing novel DDSs to improve the effectiveness of chemo-
therapy and diminish the adverse reactions is of significant sense
for the treatment of tumors. As nanocarriers with high drug
loadings and easy modification, MOFs have been exploited to
enhance the accumulation of drugs into tumors. In order to
conquer the multidrug resistance effect, Zhang et al.”'’ utilized
ZIF-8 to co-deliver chemotherapeutic drugs DOX and P-glyco-
protein (P-gp) inhibitor verapamil hydrochloride (VER), realizing
increased drug concentrations in multidrug resistance tumor cells
(Fig. 11A)*". DOX and VER were co-incorporated into ZIF-8
through one-pot strategy, then (DOX + VER)@ZIF-8 was

functionalized with poly (ethylene glycol)-folate (PEG-FA) by
coordination for realizing prolong circulations and active target-
ing, which displayed increased therapeutic efficiencies and much
safer properties than free DOX.

GOx-based cancer starving therapy has been regarded as a
promising strategy for tumor therapy. However, the low GOx
delivery efficacy and self-limiting curative effect have restricted
its application. Therefore, Zhang et al.”*" exploited ZIF-8 as the
carriers to embody GOx and prodrug tirapazamine, then packaged
with an erythrocyte membrane to develop biomimetic nano-
reactor tirapazamine-GOx-ZIF-8 @erythrocyte membrane
(Fig. 11B)**°. The large cavities of ZIF-8 would reach to a high
loading efficacy of GOx, protecting GOx from leaching, aggre-
gation and loss of catalytic activity. Erythrocyte membrane could
help escape immunity and prolong blood circulation, then assist-
ing the delivery of GOx to tumor cells for exhausting intracellular
glucose and O,. The resulting tumor hypoxia further initiated the
activation of tirapazamine for strengthened colon tumor therapy.
In another study reported by Jiang et al.”', ZIF-8 was used to co-
deliver quercetin as an antitumor drug and CuS NPs as a photo-
thermal therapy (PTT) agent for enhanced synergistic tumor
treatment (Fig. 11C)**'. Using ZIF-8 to incorporate quercetin
which is a promising anticancer agent with poor water solubility
and chemical instability could greatly overcome the drawback of
quercetin.

Owing to its minimal invasiveness and high selectivity, PTT
has attracted tremendous attention. In this field, Huang et al.***
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explored in situ fabrication of nanocomposites made of MIL-53
(Fe) taking advantage of the oxidation of the pyrrole monomer
in the cage to generate polypyrrole NPs (Fig. 11D)***. After
polymerization, the large surface area, porosities and initial
structure of MIL-53 were unchanged, which allowed it to load
DOX for chemotherapy. Meanwhile, the Fe ions in MIL-53 would
act as a T2 MRI contrast agent for tracking the distribution of the
composites. Results showed that the obtained PPy @ MIL-53/DOX
with high drug loading capability and photothermal effect
exhibited good therapeutic synergism.

In addition to chemotherapy and PTT, photodynamic therapy
(PDT) with the ability to generating cytotoxic singlet oxygen
('0,) by photosensitizers (PS) is also a promising strategy for
management of malignant tumor. However, oxygen consumption
induced by PDT treatment would lead to irreversible tumor
metastasis and drug resistance. Therefore, developing novel O,-
generating materials to supply O, in tumor microenvironment
would greatly enhance the efficiency of PDT against hypoxia
tumor. The tunable MOFs pore sizes, high distinctive surface area
and porous framework endow them with good capacity for gas
storage. Inspired by these, Gao et al.”** developed a biomimetic
O,-evolving PDT nanoplatform (O,@UiO-66@ICG@RBC),
using UiO-66 as a depot for O, storage, then conjugating with
indocyanine green (ICG) (Fig. 11F)***. Finally, a coating with red
blood cell (RBC) membranes was achieved to allow immunologic
escape. When exposed to 808 nm laser irradiation, 'O, generated
from ICG degraded the RBC membrane and facilitated O, release
from UiO-66, and thus improved the PDT effects. In response to
the intracellular damage induced by 'O,, the concentration of
GSH, a vital intracellular antioxidant, was decreased for

maintaining the redox homeostasis. It was noteworthy that GSH
consumption was relevant to ferroptosis which is an Fe-dependent
cell death, generally different from other cell death. In another
study, Meng et al.*** designed an MOF-based nanocarrier for
integrating PDT with ferroptosis, by using disulfide-containing
imidazole as organic ligand and Zn(II) as corresponding coordi-
nation metal ions, then encapsulating a photosensitizer chlorin e6
(Fig. 11E)***. Upon light irradiation, GSH depletion caused by
chlorin e6-loaded MOF through the disulfide-thiol reaction
resulted in the inactivation of glutathione peroxide 4 which was
attributed to ferroptosis, finally, obtaining an enhancement of
antitumor PDT by the MOF nanocarrier.

Another study combining PDT with anti-angiogenesis therapy,
utilizing porphyrinic MOF nanostructure as antiangiogenic drug
delivery carrier and PDT agent was reported by Min et al.”*,
which was decorated with MnO, layer to neutralize excessive
GSH in tumor for enhancement of PDT therapy, then endowed by
mouse breast cancer cells (4T1) membrane to achieve tumor-
targeting ability (Fig. 11G)**°. After intravenous administration,
the multi-functionalized porphyrin Zr-MOF would selectively
accumulate in tumor through homologous targeting mediated by
tumor cell membrane camouflage, then, enhanced PDT by GSH
consumption and release of antiangiogenic drug apatinib cooper-
atively improved tumor therapy. Besides, the released Mn(II) from
MnO, could be used for in vivo tumor imaging as its MRI contrast
property.

Very recently, Haddad et al.**® developed a mitochondria tar-
geting DDS based on MOF for cancer therapy, using UiO-66 as
carriers to load anti-cancer drug dichloroacetate, then, conjugating
with triphenylphosphonium for mitochondria targeting. Super-
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Applications of MOFs in anti-tumor therapy (A) pH-responsive ZIF-8 as codelivery vehicles of DOX/VER for efficient anticancer

effect. Reprinted with permission from Ref. 219. Copyright © 2017, American Chemical Society (B) Preparation of erythrocyte membrane
cloaked MOF biomimetic nanoreactor for starvation therapy. Reprinted with permission from Ref. 220. Copyright © 2018, American Chemical
Society (C) Illustration of ZIF-8 to co-deliver quercetin as an anticancer agent and CuS NPs as a photothermal therapy agent for enhanced
synergistic tumor treatment. Reprinted with permission from Ref. 221. Copyright © 2018, American Chemical Society (D) Fabrication of
nanocomposites made of MIL-53 (Fe) for chemotherapy-photothermal and MRI of tumors. Reprinted with permission from Ref. 222. Copyright
© 2018, American Chemical Society (E) Illustration of MOF based nanocarriers for integrating PDT with ferroptosis. Reprinted with permission
from Ref. 224. Copyright © 2019, American Chemical Society (F) Illustration of a biomimetic O2-evolving PDT nanoplatform O2@UiO-
66@ICG@RBC using UiO-66 for NIR-triggered O2 releasing and improved PDT therapy. Reprinted with permission from Ref. 223. Copy-
right © 2018, Elsevier (G) Preparation of aMMTm for combination therapy of antiangiogenesis and PDT. Reprinted with permission from
Ref. 225. Copyright © 2019, WILEY-VCH (H) Illustration of nano MOF preparation and Gem-MP encapsulation for enhanced radiotherapy.
Reprinted with permission from Ref. 23. Copyright © 2019, WILEY-VCH (I) Preparation of Mn carbonyl modified PEGylated Fe (III)-based
nanoMOFs for NIR-responded DOX-CO combination therapy. Reprinted with permission from Ref. 227. Copyright © 2019, Elsevier.

resolution microscopy experiments directly displayed that human
breast carcinoma cell lines MCF-7 cells treated with the obtained
MOF revealed mitochondrial morphological transformation fol-
lowed with autophagy and cell death. Moreover, whole tran-
scriptome analysis showed that cellular gene expression was
widely changed when treated with the targeted MOF, indicating
the valuable strategy of this targeting MOFs towards
mitochondria.

As it is well known, carbon monoxide (CO) is harmful to
people because of its greater affinity towards hemoglobin than
oxygen, which can be used for malignant tumor treatment in
combination with chemotherapy and PTT. It is noteworthy that
intracellular delivery of CO and on-demand release are vital
owing to its toxicity. For realizing near infrared spectroscopy
light-responded CO gas therapy and chemotherapy combination, a
novel protocol was proposed by Yao et al.**’ by utilizing Mn
carbonyl modified PEGylated Fe(Ill)-based nanoMOFs (MIL-
100) enwrapped magnetic carbon NPs (MCM@PEG-CO)
(Fig. 111)227. In this strategy, Mn(CO)sBr was selected as the CO

source whereas MIL-100 nano MOFs allowed high drug loading
capacity of DOX. In the meantime, MIL-100 modified with 4,4'-
diamino-2,2'-bipyridine (DABPY) would immobilize Mn(CO)sBr
firmly for controlled release of CO. Moreover, the appearance of
magnetic carbon core not only could execute PTT therapy by near
infrared spectroscopy irradiation, but also enhanced T, MRI
which endued MCM@PEG-CO with capability of tumor dual-
mode imaging, including photoacoustic imaging and MRI.

More recently, a study showed the first application of radio-
enhancers made of MIL-100 carried with a radiosensitizing anti-
cancer drug, GEM”’. The MIL-100 regular porous framework
with oxocentered Fe trimers detached by around 5 A (trimesate
linkers) was able to disperse the electrons emitted from nano-
MOFs owing to activation of vy radiation. In turn, this provoked
water radiolysis and emergence of hydroxyl radicals, creating
harm to cancer cells. Moreover, MIL-100 carried their GEM in-
side cancer cells. By exhibiting different mechanisms of action,
both MIL-100 and GEM contributed to enhance radiation effect
synergistically (Fig. 11H)**. This study opened new avenues
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toward the project of engineered NPs wherein each constituent
played a part in tumor therapy by radiotherapy.

5.2.  Applications in pharmaceutics

5.2.1. Enhancement of drug solubility and bioavailability

In drug discovery, almost 70% of new drug candidates show poor
water solubility, which may limit their clinical applications for
poor absorption”>®. In virtue of the highly porous structure, MOFs
have boundlessly potential loading capacity to poorly soluble
drugs, proving to be effective carriers for aqueous solubility and
bioavailability improvement of certain hydrophobic drugs. A drug
might immediately release if the particles quickly collapse in
aqueous environment. Compared with leflunomide, the use of
porous y-CD-MOFs as a drug container to load leflunomide could
significantly increase the solubility of leflunomide by 80 times’”.
The y-CD-MOFs could load poorly soluble drugs including AZL
(Fig. 12A)*, valsartan®’, and FA**, increasing the solubility up to
340, 39.5 and 1453 times respectively, and for bioavailability 9.7,
1.9 and 1.5 times were reached, respectively. Similarly, the
pharmacokinetics results exhibited that the IBU@CD-MOF can
increase the uptake rate of IBU with a maximal plasma concen-
tration within 20 min, and had a longer half-life in blood when
compared to potassium salt of IBU.

5.2.2.  Improvements of drug stability

Poor stability restricts the development, storage, and application
of drugs. Many drugs are sensitive to acids, alkalis, heat, light,
oxygen, and moisture, and cause oxidation, polymerization,
degradation and crystallization. A number of studies have shown
that MOFs can be used to improve the stability of drugs.

It is well known that curcumin is unstable under neutral and
alkaline conditions. In order to solve this problem, curcumin was
incorporated into the cavity of y-CD-MOFs. Contrast to free
curcumin and curcumin/y-CD inclusion complex, the stability of
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C

curcumin at pH 11.5 was significantly improved by y-CD-MOFs
at least 3 times>’'. On the other hand, y-CD-MOFs could also be
used as vehicles to prevent drug degradation and crystallization
during long-term storage. Lansoprazole degrades rapidly in humid
environments and has a strong tendency to crystallize. Li et al.”’
encapsulated lansoprazole during the synthesis of y-CD-MOFs,
which could be stored for up to two years and retained its spectral
characteristics. y-CD-MOFs also could be employed as carrier for
the unstable vitamin A palmitate. Stability tests showed that vy-
CD-MOFs improved the stability of encapsulated vitamin A
palmitate without any antioxidant, the stability was better than the
commercially available BASF vitamin A powder, and the half-life
of vitamin A palmitate was extended up to 1.6 times”**.

The pharmaceutical applications of enzymes are hampered
because of their poor stability at high temperature and extreme pH
conditions. Recently, MOFs for immobilization of enzymes have
great attention that extremely improve chemical/thermal stability
of enzymes. He et al.”>® had encapsulated thermophilic lipase
within ZIF-8 by a self-assembly approach which improved the
chemical stability and preserve catalytic activity of lipase
(Fig. 12C)***. Compared to lipase@ZIF-8 with no trypsin treat-
ment, lipase @ZIF-8 could still preserve 91% of catalytic activity
after trypsin treatment. Higher stability of lipase also be detected
in the pH tolerance test, wherein lipase @ZIF-8 could maintain
90% of catalytic activity after incubation at 5.0, 7.0 and 9.0 for
200 min. Liang et al.>** studied the stability of urease embedded
in ZIF-8 by one-pot strategy. Results showed that over a range of
23—80 °C, urease @ZIF-8 offered significant improvement of the
initial reaction rate by comparing free enzyme.

5.2.3.  Control of drug release

MOFs control drug release by avoiding the “burst effect” and
prolong drug retention time. Diclofenac sodium (DS) encapsu-
lated in MOFs allowed a sustained release behavior. DS@ZJU-
800 compacted with different pressures were suitable candidates
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Applications of MOFs in pharmaceutics (A) CD-MOFs significantly improve the solubility and bioavailability of Azilsartan.

Reprinted with permission from Ref. 20. Copyright © 2019, Elsevier (B) Fe,0;@MIL-53(Al) exhibits excellent controlled release behavior of
IBU. Reprinted with permission from Ref. 236. Copyright © 2014, WILEY-VCH (C) PH tolerance of lipase @ZIF-8 (red) and free lipase QLM
(black) at pH 5.0, 7.0, and 9.0 for different time. Reprinted with permission from Ref. 233. Copyright © 2016, American Chemical Society.
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for drug delivery. Compared with the release kinetics of
DS@ZJU-800 lasting 2 days in PBS (pH = 7.4), the drug release
could be extended to 5 and 8 days when the pressure was
increased to 10 and 30 MPa, respectively””. What’s more, y-CD-
MOFs can also control DS release under simulated physiological
conditions of the gastrointestinal tract (pH = 1.2). DS@~y-CD-
MOF released about 20% of DS in the first 2 h. In contrast, free
DS showed burst release, with more than 70% of the drug released
within the first 0.5 h**.

In addition, MOFs were also excellent carriers for controlled
release of IBU (Fig. 12B)**. After Fe,0;@MIL-53(Al) encap-
sulated IBU, the release behavior in saline was divided into three
stages: first, around 30% of IBU was released fast in the first 3 h;
then, 50% of IBU was released within 2 days; last, the remainder
20% of drug was released slowly over 5 days. MIL-100, MIL-101
and MIL-53 also presented better controlled release to IBU**.
The release kinetics indicated that an entire release of IBU from
MIL-100 happened after 3 days, from MIL-101 after 6 days™, and
from MIL-53 after 21 days®’.

The Fe(Ill) based non-toxic MOFs have the potential for
controlled drug release’'>. The phosphorylated drug, azidothy-
midine triphosphate, was encapsulated into the biocompatible
MIL-100. The gradual release of azidothymidine triphosphate
from MIL-100(Fe) NPs was mainly triggered by the phosphate ion
in the incubation medium. The release kinetics showed three
different steps: a few percent of drug was released in 4 h; then,
about 90% azidothymidine triphosphate was released to the PBS
(pH = 7.4) with 10% FBS within 3 days; last, the remaining 10%
of drug was slowly released in 3 days®”. Interestingly, topotecan
can aggregate into the cages of MIL-100 by stacking interactions
following a “ship in a bottle” strategy, the drug was not released

until the system was submitted to a two-photon excitation®”. Be-
sides, porous MIL-100 was utilized as a nanocarrier of DOX, with

payload of 9% (w/w) and entire release within 14 days®”.

5.3.  Functionalization of MOFs and design of advanced systems
using MOF's

5.3.1.  Surface functionalization of MOF's

Some MOFs are excellent drug carriers without any surface
modification, whilst some MOFs need to be modified to perform
special functions. Surface or interior functionalization of MOFs
can doubtlessly promote the applications of MOFs in biomedicine.
Herein, the functionalizations of MOFs were summarized as tar-
geted therapy of cancer, preparation of stimulus-responsive car-
riers, hemostatic systems, antibacterial systems and improvement
of the encapsulation capability (Fig. 13).

5.3.1.1.  Targeted therapy of cancer. FA is often used for tumor
targeting because of the ability to specifically recognize tumor
cells. Hollow Fe—MOFs (MIL-53(Fe)-5—NH,) was grafted with
FA to increase drug loading and confer targeting abilities for
specific drug delivery”'. Meanwhile, NH,—MIL-101(Fe) modified
with pegylated folate significantly enhanced the validity of drug
delivery to tumor cells>>’. By PEGulation on the appearance of the
NH,—MIL-101(Fe), the circulation time of the carrier in vivo was
prolonged, meanwhile the phagocytosis of the carrier by the cells
was reduced. Furthermore, RGD-grafted camptothecin@zeolitic
imidazolate framework-8 (RGD@CPT@ZIF-8) was constructed
as a neoteric particle on the basis of hydrophobic DDS for targeted
and improved cancer treatment®". In addition to linear peptides,
cyclic peptides were also frequently used in the functionalization

Figure 13

Overview the functionalization of MOFs and design of advanced systems using MOFs.
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of MOFs. NMOF@SiO, nanoparticles conjugated with a tumor-
targeting peptide ¢ (RGDyK) was prepared with a high binding
affinity toward integrin av33. Therefore, targeted therapy of tumor
was achieved”’.

5.3.1.2.  Stimulus-responsive carriers. Stimulus-responsive
carriers realize the thermal, optical and pH responsiveness via
modification of functional groups to MOFs. Azobenzene is a
typical photosensitive material, which could couple with the sur-
face of MOFs to form a supramolecular complex with 3-CD
named UiO-68-azo. The UiO-68-azo compound showed favorable
stimuli-responsive without any premature drug release>*’. Based
on the low pH of micro-environment in tumor, the pH responsive
poly dimethacrylate was grafted by surface reaction to manufac-
ture the PEGMA @GQDs@y-CD-MOF which provided a plat-
form for valid DOX delivery and neoplasm growth suppression
both in vitro and in vivo®*'. Furthermore, high temperatures
facilitate drug released®*>. However, it’s unrealistic to release
drugs in the body at a high temperature, which will cause tissue
burns. A thermal sensitive drug carrier (ZIF-8, EuxTby)@ AuNP,
was synthesized successfully to control the drug release at tem-
peratures close to 37 °C**.

5.3.1.3.  Hemostatic or antibacterial systems. In addition,
MOFs coupled with polypeptide GRGDS have been shown to be
effective in hematischesis and angiogenesis. CD-MOF by cross-
linking and surface decoration with GRGDS became a particle
with hemostatic function which realized the clustering of activated
platelets and highly targeting to impaired vessels’*. Furthermore,
crosslinking CD-MOF grafted with GRGDs and loaded with Ag
NPs possessed hemostatic and antibacterial functions”'”.

5.3.1.4.  Improvement of  the encapsulation capa-
bility. Modification of MOFs can enhance their encapsulation
ability. The hydrophilic—lipophilic balance value of organic linker
had a huge influence on drug loading. For example, caffeine
loading in UiO-66 was increased because the organic ligand had a
high octanol-water partition coefficient and possessed limited
hydrogen bond acceptors. Nevertheless, the IBU entrapment was
improved while the organic ligand contained active groups with a
bulky solvent surface and free volume, and lesser degree hydrogen
bond acceptor capabilities™"’.

5.3.2.  Advanced systems made of MOFs

In addition to functional modification, MOFs can be combined
with other carriers and materials to prepare nanoparticles-MOF,
polymer-MOF, non-biological-MOF composites and biomolecule-
MOF composites’’, greatly expanding the application space of
MOF as composites. Herein, the nanoparticles-MOF and polymer-
MOF composites are discussed.

5.3.2.1. Nanoparticles-MOF composites. There were
numerous combinations of NPs and MOFs*****>, Fe-MOFs and
nanofibrous polycaprolactone were used to fabricate nanofiber
composites by electrospinning technique. Polycaprolactone-MIL-
53(Fe) offered proper surface and mechanical performance such
as cellular biocompatibility, high porosity, stability, cell viability,
and proliferation®**. Bimetallic organic framework NP was pre-
pared via parceling the inner MOFs with an outer MIL-100(Fe)
via a layer-by-layer approach. The d-MOFs NPs regarded as a
T;—T, dual-modal MRI contrast and fluorescence imaging agent

as a result of the being of inner MOFs and outer MIL-100(Fe)
MOFs, which showed a great potential in the treatment of tu-
mors>+. Furthermore, the magnetic Fe;0,@silica@MIL-100Fe/
B-CD as a drug nanocarrier was studied for the drug loading and
controlled release of cefalexin. It was found that the carrier could
achieve zero-order release on specific locations®*°.

5.3.2.2.  Polymer-MOF composites. Polymers modified with
MOFs were engineered for applications as antibacterial gels, mi-
crospheres dry powder inhalers and so on. As a semisolid dosage
form, medical gel is of great significance in antibacterial activities.
Cu-MOFs embedded hydrogels were fabricated by UV light-
mediated thiolene photopolymerization. The activities of hydro-
gels were tested against the gram-negative bacterium E. coli and
the gram-positive bacterium S. aureus showing good antibacterial
activities®’. The niflumic acid and 2-methylimidazole were
incorporated to the sodium alginate composite material as a ligand
for Zn(II) which had strong antibacterial property and processed
sustained release behavior of Zn(Il) and high drug loading ef-
fect’*®. Furthermore, the mixture of CD-MOFs and polyacrylic
acid (PAA) were fabricated by a solid in oil-in-oil (s/o/0) emul-
sifying solvent evaporation method, which presented a favorable
dispersion of drug loaded CD-MOF nanocrystals (IBU and lan-
soprazole) mixed with PAA matrices and the uniform distribution
of the drug molecules within these crystals. Meanwhile, the
composite microspheres could significantly reduce the cytotox-
icity and prolong the drug release time'®*.

Polymer@MOFs were also employed in pulmonary inhaled
DDS. CHO and leucine were applied to embellish CD-MOF
particles with loading of budesonide for pulmonary inhalation. To
have enhanced the fluidity and optimize aerodynamics deposition
by the modifications to the carrier using cholesterol, the distri-
bution abundance in the lungs was significantly improved in rats
compared with that of CD-MOF®®,

6. Biopharmaceutics of MOFs and MOFs-based DDSs

It is of great significance for the pharmacokinetics investigation of
MOFs for the sake of design and development of MOFs as
pharmaceutical excipients. The pore sizes (micro- or mesopores),
pore shapes (cages, channels, etc.), rigid or flexible frameworks,
and the functional groups allow MOFs carriers to carry drugs with
high capacities, controlled release kinetics, enhanced amphiphilic
internal microenvironment, modulated biological interactions and
penetration to overcome the gastrointestinal or the blood—brain
barrier in a controllable manner’™'’'. MOFs carriers exhibited
various merits such as increasing drug concentration at a local
position, minimizing drug degradation and clearance, targeting
specific cell, and creating drug-delivery formulation**’. These all
converge towards goals to improve the efficacy and decrease the
toxicity of the therapy*>’.

Currently, improving the pharmacokinetic profile of MOFs
carriers is a primary drug delivery strategy to optimize drug tar-
geting toward diseased tissues or cells. A great number of
studies””'®> focused on the capability to improve drug bioavail-
ability and biodistribution. The absorption, distribution, meta-
bolism and excretion (ADME) processes differ in MOFs and then
have consequences on the pharmacokinetic profile of the loaded
drugs”*'">>* An understanding of these pharmacokinetic
characteristics is elemental to ensure effective therapy in MOF
nanomedicine as an integral step to clinical application. However,
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very little is known about the pharmacokinetics of MOFs as
relatively new drug carriers. The purpose of this part is to sum-
marize what we can learn from the available data so far on the
ADME of MOFs and the pharmacokinetic characteristics of drugs
loaded in MOFs in vivo or in cells.

6.1.  Pharmacokinetic characteristics of MOFs as drug carriers

In consideration of the hybrid nature of MOFs as drug carriers,
their pharmacokinetic profiles were assessed by quantifying the
components, the organic ligand and the ion cation of the MOFs in
simulated physiological conditions, in cells and in vivo.

6.1.1.  Studies in simulated physiological conditions

The physicochemical properties such as colloidal and chemical
stability of nanomaterials strongly impact their efficacy and bio-
distribution®”*. Some researchers explored the biodegradability of
MOFs under physiological conditions***>*°°. For instance,
nanoMOFs of the MIL family progressively degraded in PBS after
incubation at 37 °C°"**7 as well as in cell culture media®'. In all
these studies, it was highlighted that the specific interaction be-
tween the MOFs and the phosphate groups in PBS that governed
the progressive degradation of the NPs. Interestingly, it was
discovered that degradation led to an amorphous material without
significant changes of the initial size of the crystals®®. In
particular, the biodegradability of MIL-100(Fe) potentially relied
on their physicochemical surface and the media composition.
Furthermore, the excess phosphate ions in buffer decomposed the
Zr-MOFs quickly leading to a rapid drug release’*. In contrast, the
NU-1000 degraded slowly and released its cargo gradually when
exposed to simulated blood solution with a high concentration of
phosphate ions®*. Differently, the procainamide HCI released
from the bio-MOF-1 in PBS showing a steady profile over 20 h
while completed release within 72 h*?,

6.1.2. In vitro experiments

Recently, studies have focused on the interaction between MOF
particles and cells, which were assessed by cell viability, meta-
bolism, penetration, and excretion’>>32% " For instance, the
cytotoxicity of MIL-100(Fe), MIL-101(Cr), and Zr-fum MOF NPs
of different sizes on primary gingiva fibroblasts as effector cells
for dental implants were accessed”*’. Additionally, the cell uptake
of the MIL-100(Fe) was pivotal to deliver cargos®®'. NanoMOFs
like other drug carriers efficiently internalized in macrophages and
degraded in their inner compartments™. Orellana-Tavra et al.**>
revealed the internalization processes of UiO-66 MOF particles
by the caveolae-mediated pathway, which could avoid to deliver
the cargo in other intracellular location without the lysosomal
acidic degradation. Besides, cellular internalization of UiO-66 into
HeLa cells was depended on the particle size of the solids, and the
uptake of larger UiO-66 (260 nm) particles were more efficient
compared with smaller UiO-66 (150 nm). This difference is crit-
ical when lysosome activity may prevent the MOF action from
pre-degradation for MOFs-based DDSs.

6.1.3. Invivo evaluations

One of the major issues with administration of the MOFs as drug
carriers in vivo is their pharmacokinetic properties. The efficient
drug delivery of MOFs is mainly depended on host—guest in-
teractions, diffusion and their degradation in the body fluid. As an
example, nano MIL-100(Fe) degraded to be compatible with
biomedical applications in vivo’'*?. In this study, the

pharmacokinetics of MIL-100 were evaluated by intravenous
administration in mice in short term (up to 24 h) (Fig. 14B)*.
When MIL-100 arrived into the blood, phosphates replaced the
carboxylate linkers, releasing the metal ions and the organic
linker. Another criterion is closely related to their solubility, the
release of solubilized metal ions, crystal parameters such as par-
ticle size and subsequent cellular uptake.

Besides, the biocompatible MIL-127 was used for oral drugs
detoxification in vivo. Except for slight absorption in the intestine,
the intact MIL-127 was remained along the gastrointestinal (GI)
tract and then excreted in the feces after oral administration in rats
(Fig. 14A)*%. The large particle size, high structural and chemical
stability, and low intestinal permeation of both MIL-127 and its
constitutive ligand potentially led to the lack of intestinal ab-
sorption. Moreover, the multimodal cancer therapy nano-
composite, Fe;04/ZIF-8-Au25°°* and Fe;0,@PAA/AuNCs/ZIF-8
NPs*®> were administrated by injection into the tumor-bearing
mice for accessing the biocompatibility and synergistic thera-
peutic effect. More efforts should be made to fabricate good
biocompatible MOFs to ensure the biosafety of MOFs in vivo. The
accumulation took place mainly in the liver and spleen and then
degraded into their constituent of ions and ligands, and excreted
through urine and feces without any metabolization.

6.2.  Pharmacokinetic characteristics of drug-loaded MOFs

Bioavailability is a combinative result of physicochemical prop-
erties, mucosal penetration, gastric pH, drug-metabolizing en-
zymes, and drug transporters, whilst the extensive first pass
metabolism is a major impediment to clinical application of a
therapeutic agent”*®*>’. Plenty of efforts have been dedicated to
the improvement of drug solubility using CD-MOF**". Kritskiy
et al.'"® reported enhanced bioavailability of MTX loaded in 7-
CD-MOF with increased dissolution of MTX and the decreased
drug permeability through the lipophilic membrane. At the same
time, the y-CD-MOF was suitable for long-term administration
due to its elimination with a longer time (7, = 4.5 h) than that of
MTX (Ti,=1.5 h). However, the unknown biodistribution and
aqueous instability might limit their practical use. Hence, it is of
sense to understand the mechanism of bioavailability enhance-
ment to the insoluble drug in CD-MOFs. He et al.”” fabricated
CD-MOF with molecular cages confined with nano cluster of AZL
and its CD complexation. The AZL/CD-MOF and raw AZL were
orally administrated to SD rats at a dose of 1 mg/kg. The plasma
drug level of AZL in CD-MOF increased quickly and achieved
maximal concentration at 1.5 h after oral administration, and the
AUCy_p4p, 0of 30.65 £ 14.24 pg/mL-h was almost nearly 9.7 times
higher than that of free AZL, which intensively displayed that
AZL/CD-MOF enhanced the absorption and bioavailability of
AZL (Fig. 14C)*°. The mechanism of the AZL distribution inside
the CD-MOF by molecular docking suggested that the drug
nanoclusters with uniform and tiny size immediately released
from CD-MOF could temporarily improve the apparent solubility
of AZL in water. Additionally, further studies should be paid to
the mechanism of distribution, metabolism and excretion.
Overcoming the barriers of the GI system to provide sufficient
bioavailability following oral administration is vital for MOFs
potential clinical usages. A number of research groups have
explored the bioavailability with controlled and pH specific
release behaviors without burst effects®"!?*29%2%°  For instance,
PCN-221 with MTX loading demonstrated that about 40% of
MTX was released at the pH of stomach after 3 days, whereas
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Fluorescent Intensity

Pharmacokinetic characteristic of MOFs (A/B) and drugs loaded in MOFs(C/D) (A) Assessment of salicylate elimination (black)

and MIL-127 matrix degradation (red) under simulated GI environment. Different acetylsalicylic acid: MIL-127 ratios were studied: 3:1 (tri-
angles) and 1.5:1 (circles). Reprinted with permission from Ref. 263. Copyright © 2018, American Chemical Society (B) Biodistribution. (a)
Levels of BTC in major organs and urine (b) mg of BTC per g of major organ. Reprinted with permission from Ref. 32. Copyright © 2016,
Elsevier (C) Plasma concentration—time curves of AZL in rats after oral administration. Reprinted with permission from Ref. 20. Copyright ©
2019, Elsevier (D) Biodistribution of RhoB-labeled insulin in the bodies of the mice (a), livers (b), kidneys (c) after the oral administration at
different time points. Reprinted with permission from Ref. 273. Copyright © 2020, American Chemical Society.

100% was released at the intestinal®’’. Besides, the challenges to
protect MOFs from enzymatic degradation in the GI condition and
low permeation across the intestinal epithelium remain to be
solved. Hidalgo et al.>’' showed an increased penetration of chi-
tosan coated MIL-100(Fe) NPs across the intestinal barrier as
compared to uncoated NPs. Chen et al.”’? found that acid stable
MOF capsules named NU-1000 could effectively prevent insulin
from degrading under simulated physiological conditions.

What’s more, Zhou et al.>”® studied insulin loaded micro-
spheres named Ins@MIL100/SDS@MS, which showed resistance
to the stomach acid environment while absorption and trans-
portation at intestinal after oral administration in vivo. The dis-
tribution of insulin in major organs suggested that the microsphere
potentially circulated through the portal veins to the liver then into
the heart, finally metabolized via the kidneys (Fig. 14D)*"*. From
pharmacokinetic parameter analysis, the peak level of BALB/c
nude mice plasma insulin was emerged at 4 h and remained over
8 h. Moreover, contrast to the subcutaneous insulin injection, the
relatively lagged absorption of oral system was likely due to the
absorption process of GI tract.

Until now, the intravenous injection is the most preferred
administration route for MOF nanomedicines to prevent the
nanomedicines from being degraded in advance™. Intravenously
administered the porous Fe(III) nanoMOFs in rats were quickly
captured by the liver and spleen, then further biodegraded and
directly removed in urine or feces. The BTC ligands were grad-
ually eliminated in urine’'. Pan et al.>’* explored relatively
comprehensive pharmacokinetic characteristics of 5-FU envel-
oped in Mn-ZIF-8. The Mn-ZIF-8 (30 mg/kg) was injected
intravenously into U87-MG tumor bearing mice were, which
indicated the accumulation of Mn-ZIF-8 from peaking at 12 h to

slightly decrease at 24 h. For in vivo biodistribution and meta-
bolism, the tumor bearing mice were administered intravenously
with Mn-ZIF-8 (30 mg/kg) solution, the biological distribution of
the NPs in the major organs and tumor were observed. The
amount of Mn(II) ions exhibited high levels of accumulation in the
liver and spleen. And the retained Mn(Il) ions in major organs
reduced quickly over time, suggesting that Mn-ZIF-8 may effi-
ciently be removed from mice after gradual decomposition into
small molecules and ions in a relatively rapid way, to have minor
side effects on the functions of vital organs.

The bone targeting immunostimulatory MOF (BT-is MOF)
NPs can effectively target tumor bone tissues through blood cir-
culation and enhanced tumor penetration®’”. The specific depo-
sition and accumulation of BT-is MOF on bone tissues were
detected after sequential injection to C57BL/6 mice. Also, the
in vivo distribution was largely deposited in bone and liver tissues
but not in the kidney after vein injection.

Moreover, latest study show that the bioavailability and ther-
apeutic efficacy of GEM encapsulated in the MIL-100(Fe) were
improved in comparation to the GEM”’®. In this study, the Wistar
rats were given i.v. dose as 40 mg/kg of GEM for MIL100-GEM
and GEM solution. The plasma drug level of MIL100-GEM was 5
times higher than the GEM, while the GEM had a wider
distribution in major organs, which indicated that encapsulating of
GEM into MIL-100 restricted drug distribution in systemic cir-
culation  while elongating its  distribution half-life.
Further, MIL100-GEM exhibited a much slower removal
(ti2 = 173.25 min) compared to GEM (¢, = 11.17 min).
Namely, MIL-100-GEM showed enhanced stability and durable
release profile, leading to improved therapeutic effect at target
site.
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Zn is an essential trace element in human body, which was
revealed to gather the highest content in brain compared with
other organs®’’. Du et al.>’’ constructed a coordination strategy by
ion-exchange for controlling release of drug molecules, and the
topological types of MOF-Inl and MOF-In2 were selected to
illustrate the strategy. With the increase of node connectivity and
the capture of guest OH anions, 5-Fu is preferentially loaded into
MOF-Inl. Meanwhile, the Zn(II) concentration was also elevated
along with the enhanced controlled release of 5-FU.

6.3.  Future prospects

The complex in vivo fate of MOFs as well as their passengers
loaded inside should be clarified. Currently, MOFs biodistribution
(bio-adhesion, stealth, targeting, etc.) and their stability can be
both improved by surface modification and functionalization.
However, plenty of challenges remain to be exploited before these
materials can reach to the market as drug carriers. First of all, very
little data of the MOFs in vivo are available. The degradation
mechanism of the MOF particles is difficult to be mimicked
in vitro, as body fluids contain huge number of different ions,
proteins, and cells which all potentially interact with MOF parti-
cles. Optimizing the route and dosage of administration is
necessary to identify the appropriate animal model such as
orthotopic tumor models, syngeneic mouse tumor models for the
in vivo test or the utilization of 3D in vitro preclinical evalua-
tion'%". Indeed, potentially interesting pharmaceutical prepara-
tions such as pellets, thin films, gels, ocular, etc. have been
developed using MOFs. Nevertheless, most studies mainly
focused on bioavailability and biodistribution of drugs after
intravenous/oral administration and there is a lack of a compre-
hensive MOFs pharmacokinetics mechanism as the whole ADME
process. For the case of bioavailability, it is indispensable to pay
more attention to enzymatic degradation (e.g., CYP450) and the
efflux transporters (e.g., P-gp), which hinder the absorption and

permeation of therapeutics from the body>’®.

7. Quality control of MOFs-based DDSs

For pharmaceutical applications, not only the toxicological
compatibility but also the quality, especially the purity of MOFs
should be well controlled by established methodologies. Powder
XRD is the most commonly used technique to measure the crys-
talline purity of MOFs, such as the crystallinity, phase purity and
crystal phases inside materials’***". Pure-phase crystalline or
multiphase MOFs materials could be identified by powder XRD.
However, this technique is limited to analyze detect weakly
crystalline and even amorphous impurities. Through the elements
of MOFs by EDS, nanosized MOF-5 was confirmed to be ho-
mogeneous and highly pure”®'. But for the starting materials as
impurities in MOFs which share the same elements as MOFs, they
could not be distinguished by techniques like EDS. The surface
area analysis was also used to the phase purity confirmation of
MOFs. The expected surface area will not be reached if MOFs
have not been thoroughly made free of solvent, starting materials
or by-products from the synthesis. In more specific cases, other
technique like photoluminescence spectroscopy can complement
these characterizations”®”. Nevertheless, the above measurements
are limited to the qualitative evaluation on MOFs, lack of quan-
titative analysis. As the starting materials and structural compo-
sitions of MOFs, quantitative determination of the free or residual

uncoordinated organic linkers as impurities is of difficulty, such as
v-CD and free ions in CD-MOFs. It is estimated that quantitative
quality control strategies for contents of MOF and limit of starting
materials as impurities are the primary concerns in the aspect of
developing MOFs as pharmaceutical excipients or drug delivery
carriers.

8. Conclusions and perspectives

Combining molecular functional building blocks into an advanced
porous multifunctional system, it is expected that the MOFs will
find increasing conceivable utilizations in drug delivery. In last
decades, significant advance has been realized in MOF-based
DDSs, though most of the researches remain in the proof-of-
concept phase, partially due to the difficulty to achieve the con-
sistency of the drug release under in vitro and in vivo conditions
spatiotemporally. Moreover, developing MOFs with optimized
pore/channel size, surface properties (charge, hydrophilicity and
presence of grafted ligands for targeting purposes) for therapeutic
cargos delivery without disrupting their activity still has a long
way to go. Furthermore, the underlying mechanisms of drug
release in vivo in MOFs-based DDSs are still to be fully unraveled
whilst extremely vital, and most of the studies contain hypothesis
to be confirmed”®* **°, In addition, the majority of MOFs-based
DDSs were administrated intravenously, the design of MOFs-
based DDSs given by other administration routes should be
more thoroughly investigated. Similarly, the applications of
MOFs-based DDSs are expected to be broadened, close attention
should be paid to other diseases except for cancer to fully take
advantages of the MOFs.

In simple words, an overall perspective of MOFs-based DDSs
has been reviewed, from the classification, synthesis, character-
ization to application. In particular, the biopharmaceutical char-
acteristics and biosafety of MOFs-based DDSs were highlighted.
To develop an efficient DDSs using MOFs, toxicity is the first and
most important consideration in exploring their applications. Be-
sides, the quality control of MOFs-based DDSs was put forward as
well. The requirements of MOFs for DDSs are much stricter than
non-biomedical applications, and biomedical applications of
MOFs are still confronted with many challenges. Thus, the par-
ticle size, morphology, drug loading efficacy, stability and toxi-
cology of the MOFs must be comprehensively characterized.
Future continuative efforts should be endeavored to the bio-
stability, biosafety, biopharmaceutics and manufacture to achieve
the application of MOFs-based DDSs in clinic (Table 5).

8.1.  Balance between degradability and stability of MOF's
in vivo

Some MOFs are unstable in physiological conditions, which may
cause serious issues, such as decomposition of MOFs, short cir-
culation time and premature drug release, limiting their biomed-
ical application significantly. The stability of MOFs depends on
the intensity of the coordination bond between the metal ions and
the ligands, which is a significant factor to be taken into consid-
eration during the fabrication of MOFs for application in aqueous
environments. The main reason why some MOFs are unstable in
biological media is that water molecules, ions and other molecules
in the environment compete with the linkers for the interaction
with metal ions or clusters, resulting in the collapse or the
degradation of the framework. Other factors such as high
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Table 5

Current challenges and potential suggestions for MOFs-based DDS.

Challenge

Suggestion

In vivo fates of MOFs and drugs loaded inside are unclear

Current researches are limited to qualitative
evaluation of MOFs

Some MOFs are unstable in physiological conditions

Lack of systematic biosafety evaluation to MOFs

e Choosing the appropriate animal model as preclinical evaluation

e Optimizing the preparations and administration routes

e Paying attention to quantitative quality control strategies for

contents of MOFs

e Limiting starting materials for impurities control

e Surface functionalization of MOFs

o Combination with other more stable materials

e Selecting metal ions and organic linkers with favorable biocompatibility
e Highlighting the pharmacokinetics mechanism as the whole ADME
process

No established standard for MOFs classification and
nomenclature

e Unifying the naming rules of MOFs

hydrophobicity and poor crystallinity can affect the stability of
MOFs in water as well. In addition, the pH and temperature of the
environment are also key factors. Surface functionalization of the
MOFs or their combination with other more stable materials may
improve the colloidal stability for biomedical applications. On one
hand, the stability and biodegradability of MOFs are vital factors
that should be emphasized. One the other hand, the collapse of
MOFs at a targeted organ or tissue is preferable to avoid endog-
enous accumulation and toxicity.

8.2.  Systematic biosafety evaluation to MOF's

The biosafety of MOFs carriers is pivotal to determine whether an
MOF carrier can enter clinical studies or not. However, the eval-
uation of the in vivo long-term toxicity for MOFs-based DDSs
needs further studies. Currently, while numerous studies deal with
the in vitro toxicity of MOFs, there is still a lack on in vivo studies.
Moreover, it is well known that in vitro cell experiments can
hardly simulate the in vivo environments. Only very few re-
searches have reported the in vivo toxicity of MOFs. Thus far,
MOFs-based DDSs for in vivo therapy have emerged, but far away
to clinical studies. Hence, selecting metal ions and organic linkers
with favorable biocompatibility needs careful deliberation and
more efforts should be made to evaluate the acute and chronic
toxicities of MOFs. Nevertheless, toxicity is a complex topic to
deal with, as not only the MOF composition, but their size dis-
tribution, degradation behaviors, aggregation, interaction with
biomolecules etc. can make a great difference to their biosafety.

8.3.  Comprehension of the biopharmaceutics of MOFs in vivo

To unveil the in vivo fate of MOFs which is essential to reach the
clinical stage, further efforts should be dedicated to exploring the
metabolic mechanisms and metabolites of MOFs in vivo. What’s
more, a comprehensive investigation of the mechanism of ADME
is indispensable. Although most of the synthesized MOFs for drug
delivery have been tested via in vitro experiments for their
biosafety, the ADME mechanism of MOFs-based DDSs has not
been well-established. Particle size and polydispersity strongly
influences the ADME of MOFs-based DDSs, as NPs with sizes
less than 30 nm tend to be eliminated by renal excretion while
larger ones are prone to accumulate in liver, spleen and lungs.
Therefore, the kinetics of MOFs-based DDSs in vivo is of great

importance to deeply understand their biopharmaceutics in vivo
and promote clinical translation of MOFs-based DDSs.

8.4.  Nomenclature

Series of MOFs have been reported, but there is no established
standard for MOFs classification and nomenclature until now.
MOFs are named based on the following four sides: (1) material
composition; (2) structure; (3) laboratory/institution; (4) function.
In most cases, the members in the same MOF families are named
with identical letters in the front, while disparate in the last
numbers for distinguishing diverse individuals. Hence, it’s of ur-
gency to unify the naming rules of MOFs.
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