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1. “BIOFRIENDLY” METAL—ORGANIC FRAMEWORKS

1.1. Influence of the Composition

Coordination polymers or MOFs (metal—organic frameworks)
are the latest class of ordered porous solids." ~*Since their discovery
in 1989 by Robson,® many potential applications have been pro-
posed in strategic domains such as catalysis, separation, magnet-
ism or others.”® One of their key advantages compared to their
organic (carbons) or inorganic counterparts (zeolites, silica), is
the possibility to easily tune their composition through a change
of the metal and/or the organic linker. Possible linkers are almost
infinite, ranging from polycarboxylates, phosphonates, sulfo-
nates, imidazolates, amines, pyridyl, phenolates. Thus, thousands
of MOFs have been reported with at least a few hundreds of them
being porous to nitrogen gas. Compared to zeolites, in addition
to a wider chemical versatility, MOF structures exhibit a larger
panel of pore sizes and shapes (tunnels, cages, etc), with sometimes
a flexible porosity which allows to reversibly adapt the pore size
to the adsorbate.”'® Functionalization of the organic linker
represents another advantage of MOFs with the possibility of
grafting during or after the synthesis various organic functionalities
(polar, apolar), changing thus the physicochemical properties of
the solid."!

However, the use of porous solids for biomedical applications
requires a biologically friendly composition. So far, toxicity
results dealing with MOFs or coordination polymers are very
scarce. Data are mostly restricted to the toxicity evaluation of the
metals and linkers taken individually. It is obvious to consider
here only metals that exhibit an acceptable toxicity. One could
argue that the decision to exclude one composition for biome-
dical application might depend on several parameters such as the
application, the balance between risk and benefit, the kinetics of
degradation, biodistribution, accumulation in tissues and organs
and excretion from the body and so on. Thus, all metals and linkers
could be used for such applications but at different doses depend-
ing on the above criteria. At first glance, most appropriate metals
are Ca, Mg, Zn, Fe, Ti, or Zr whose toxicity, estimated by their
oral lethal dose 50 (LDs,), range from few ug/kg up to more
than 1 g/kg (calcium) (see Table 1). However, note that these
values depend on the chemical formulation (salts, metal,
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Table 1. Oral LDs, (Rats) and Daily Requirements
(Humans) of Selected Metals”

metal LDs, (g/kg) daily dose (mg)
Zr 4.1 0.05
Ti 25 0.8
Cu 0.025 2
Mn 1.5 S
Fe 0.45 15
Fe® 30
Zn 0.35 15
Mg 8.1 350
Ca 1 1000

#Oral LDso(in g/kg) for zirconyl acetate,"”*° titanium dloXJde,21

copper(II)sulfate, manganese(H) chloride, 1ron(H) chloride,** zinc
chloride,® magnesium chloride,* calcium chloride.”’

counteranion, oxidation state ...). Another criterion concerns the
metal daily dose, particularly if one considers the repetitive
administration of the MOFs. If there is a need for daily doses
of calcium, magnesium, and to a lesser extent zinc and iron, for
titanium (or zirconium), if a very low daily dose is required (0.8
mg/kg per day), this metal is poorly absorbed (either by oral or
dermal administration)'> and is usually not considered as being
toxic for specific applications, such as those related to cosmetics
(LDso > 25 g/kg). Concerning the linker itself, two possibilities
are offered. The most common one is the use of exogenous linkers,
synthetic or issued from natural compounds which do not inter-
vene in the body cycles. Relevant exogenous MOFs for bioapplica-
tions are those built up from magnesium coordination polymers
such as the magnesium 2, 5 dlhydroxoterephthalate CPO-27(Mg)
(CPO for Coordination Polymer from Oslo)," iron(IIl)polycar-
boxylates, such as MIL-100(Fe)"* (MIL for Material from Institut
Lavoisier) and zinc adeninate-4,4" biphenyldicarboxylate BioMOF-

1."® These solids exhibit large pore 51zes (4 29 A) and BET surface
areas ranging from 1200 to 2200 m”+ g™, and in some cases exhibit
accessible Lewis acid sites where blomolecules (NO, CO, H,S,
drugs,.. ) mlght coordinate strongly for a better control of the
release.'*”

Here, to avoid possible toxic side-effects, exogenous linkers
should be excreted from the body after in vivo administration of
the MOFs. Toxicity data for a few specific organic linkers are
available (LDso) and indicate that typical polycarboxylic or
imidazolate linkers are not very toxic at first sight, with rat oral
doses of 1.13, 5.5 and 8.4 g/kg for terephthalic, trimesic, 2,6
napthalenedicarboxylic acid and 1-methylimidazole, respectively,
because of their high polarity and a priori easy removal under
physiological conditions.

Another possibility for MOFs based on exogenous linkers, con-
cerns the use of functionalized linkers to tune their absorption—
distribution—metabolism —excretion (ADME). Moreover, for ad-
sorption and delivery of therapeutic molecules, the presence of
functional groups within the framework can modulate the host—
guest interactions allowing a better control of the release. The most
common functionalized systems concern porous metal terephtha-
lates based on iron or zinc whereas series of porous MOFs based on
modified linkers that bear polar or apolar functional groups such
as amino, nitro, chloro, bromo, carboxylate, methyl, perfluoro...
have been reported (Figure 2).""** *'One could also cite a
recent series of organically modified porous Zn imidazolate
solids.**® In the case of functionalized flexible MOFs, please

note that the functional group will not only modify the
host—guest interactions but will also drastically affect the flex-
ibility of the MOF during adsorption or delivery of the bio-

29,30
molecule.””?

1.2. MOFs Built up from Endogenous Linkers

The second possible choice of linker concerns the use of
endogenous organic spacers, that is, molecules that are consti-
tutive part of body composition. Ideally, this would be the best
case for the use of MOFs for bioapplications since the linker
might be reused once administered in the body, which would
strongly decrease the risk of adverse effects. A significant number
of MOFS based on endogenous linkers have been reported so
far.** For instance, the iron(III) gallate, fumarate or muconate
MOFs exhibit either a r1g1d small pores structure or a highly
flexible porous matrix.*'~* A porous zinc aminoacid based
MOF has also been reported that exhibit a flexible frame-
work capable of accommodating carbon dioxide.** Series of
cyclodextrin-based MOFs with rather large pore volumes have
also been reported recently using however monovalent cations,
which might restrict their practical use due to stability issues.*
Finally, only a few of them are really porous and/or stable, i.e.
capable of loading biological molecules of interest (Figure 3) and
there is still a need to further develop new synthetic methods to
produce endogenous porous and stable MOFs in a near future.

2. ADMINISTRATION: FORMULATION

The conditions required for a practical application of MOFs,
for instance in the biomedical field, include the large scale
production of suitable devices, adapted to each purpose. Scale-
up synthesis of MOFs is a recent issue, which has emerged as a
consequence of the increasing number of potential applications,
mainly related to storage, separation or catalysis. New synthesis
routes with appropriate space time yield (STY: kilograms of MOF
product per cubic meter of reaction mixture per day), avoiding the
use of expensive or dangerous reactants (toxic solvents, explosive
precursors, acids, etc), and favoring low pressure conditions, are
required.*’Although most MOFs are produced at the (milligram—
gram) laboratory scale, a few MOFs have been so far produced at
the ton scale by BASF and are commercially available, such as the
copper trimesate HKUST-1 (Basolite C300), the aluminum tere-
phthalate MIL-53(Al) (Basolite A100), the magnesium formate
(Basosiv M050), the zinc 2-methylimidazole (Basolite Z1200), or
the iron trimesate Basolite F300.>

As mentioned above, the preparation of specific, practical
and commercially marketable devices, suitable for each given
application, is also required. This is a crucial step because it is
well-known that shaping can sometimes reduce the perfor-
mances obtained from the bulk solid. Specific formulations
needed for bioapplication of MOFs include, between others,
liquid, packed columns, tablets, suspensions, creams or
nanoparticles.

2.1. Synthesis of Nanoparticles

Control of particle size is a key parameter because this dictates
the chemical and physical properties of partlcles (rheology,
reactivity, external surface, packing, etc) * to obtain well-
defined, reproducible and stable formulations. In addition,
particle size is a limiting factor for some administration routes
where very precise sizes are required. For instance, parenteral
route requires stable solutions/suspensions of nanoparticles
smaller than 200 nm to freely circulate through the smallest

1233 dx.doi.org/10.1021/cr200256v |Chem. Rev. 2012, 112, 1232-1268
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Figure 1. View of the structures of a few topical MOFs, here CPO-27(Mg, Zn)"? (left), MIL-100(Fe)"* (center)and Bio-MOF-1"° (right), based on
exogenous linkers for bioapplications. Metal Polyhedra and carbon atoms are in blue (Zn, Mg) or orange (Fe), and black, respectively.

BDC BDC-Cl BDC-Br BDC-NH,  BDC-CH,

BDC-(OH),  BDC-(CO,H),  BDC-(CF.),

Figure 2. Top, from left to right, structures of MOEF-5,> MIL-53(Fe),>” MIL-88B(Fe),” UiO-66(Zr),* and MIL-125(Ti).*® Bottom: selected modified
terephthalic acids (BDC: 1,4 benzenedicarboxylic acid). Metal polyhedra and carbon atoms are in gray and black, respectively.

capillaries. As a consequence, preparation of homogeneous,
monodispersed, and stable nanoparticles is an important issue
tackled up to now through the following methods:

(i) The conventional hydrosolvothermal route playing on
several parameters, such as the reaction time, temperature,
stoichiometry, dilution pH, additives, etc. The flexible porous
iron(IIT)dicarboxylates MIL-88A (150 nm),>> >* MIL-
88B_4CH; (40 nm),> or the porous zinc terephthalate
MOE-5 (100—200 nm)*’ are topical examples obtained
by decreasing reaction time or temperature, either using
low temperature or atmospheric pressure conditions.
Nanoparticles of the porous iron muconate MIL-89
(30 nm)® or the zinc imidazolate ZIF-8 (40 nm)® can
also be obtained at low temperature using alcohols.
Although particles diameters smaller than 100 nm are
often obtained, the absence of an homogeneous and
efficient heating usually leads to an important reduction
of the yield and a high degree of polydispersity as a
consequence of the lack of control of the nucleation and
growth steps.>® To tune the reaction kinetics or to slow
down the nucleation—growth process, acidobasic or in-
hibiting additives (acetic acid, hydroxybenzoic acid, pyr-
idine, ...)%"%* are typically employed. Cho et al.*’have
proposed pyridine as an inhibitor in the solvothermal
synthesis of porous indium terephthalate particles. Some
of us have also used acetate ions as growth inhibitors for
the preparation of small nanoparticles of the flexible
porous iron muconate MIL-89 (30 nm).* Similarly,

1234

(i)

(iii)

Tsuruoka et al.>® have obtained nanorods of a porous Cu,-
(naphthalene dicarboxylate),(1,4-diazabicyclo(2,2,2)octane).
Kerbellec et al. have also obtained very small nanoparticles
of a luminescent terbium terephthalate (around 4—$ nm)
by using a polyvinilpyrrolidone (PVP) polymer at ambient
pressure and room temperature.”* This method was further
extended to other luminescent micro and nanoparticles of
lanthanide (Tb, La, Tm, or Y) tereéahthalate MOFs.®
Reverse-phase microemulsions,”° %’ based on a metal
source, an organic linker and micelles of cationic cetyl-
trimethylammonium bromide surfactant (CTAB) in an
isooctane/1-hexanol/water mixture, led to nanometric
nonporous Ln®®~% or Mn® based polycarboxylates MOFs
with interesting imaging properties (see section 8). This
technique allows a control of particle size by tuning the
dimensions of the micelles. However, very bad yields have
been obtained because of the very large volumes of
solvent required. In addition, the use of toxic compounds
(CTAB LDg, (iiv. rats) = 44 mgkg ™ ",”>”" isooctane LDs
(oralrats) =3310 mgkg ™~ ! 7 and hexane LD, (oral rats) =
720 mg kg ')”® might strongly limit the biomedical
applications of this kind of nanoMOFs.
Sonochemical synthesis, which is a rapid, facile and
environmentally friendly method, which has recently
been applied to the synthesis of micro and nanoscale
MOFs. Ultrasonic irradiation leads to acoustic cavitation,
associated to a collapse of bubbles, with localized hot
spots and a very large gradient of temperature/pressure

dx.doi.org/10.1021/cr200256v |Chem. Rev. 2012, 112, 1232-1268
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Figure 3. View of the structures of a few MOFs based on endogenous linkers (Bi citrate,46 Mg formate,*’” Cu aspartate,48 Zn—dipepticle,44 Fe gallate,41 Fe
fumarate® and Fe muconate*?). Metal polyhedral are in pink, gray, gray, blue, or orange (for Bi, Mg, Zn, Cu and Fe, respectively) and carbon atoms in

black, respectively.

and a rapid mobility of the molecules. This favors
the formation of high energy microreactors leading to
the rapid crystallization of MOFs.”*”*Microcrystals have
been obtained for the microporous flexible iron(III)
terephthalate MIL-537° and a rigid copper trimesate,””-
while other porous crystalline structures have been suc-
cessfully prepared at the nanometric scale using ultra-
sonic conditions. Qiu’s research group has described the
ultrasonic synthesis at room temperature and ambient
pressure of very high yields (75—85 wt %) nanoparticles of the
porous copper trimesate HKUST-1 in DMF (10—200 nm)”®
and a zinc trimesate in ethanol (50— 100 nm) with a selective
sensing of organoamine.”” Finally, particle size of the flexible
porous iron fumarate MIL-88A can be modulated from 100 to
740 nm, the smallest particle sizes being obtained through the
use of inhibitors, very high dilutions (0.01—0.008 M) or low
temperatures (0 °C). As a consequence, only low yields are
obtained (<5 wt %).>®

(iv) Microwave assisted hydro/solvothermal synthesis,
which is an efficient, homogeneous and faster method
for the preparation of MOF nanoparticles. The high
dielectric absorptivity of polar solvents leads to a highly
efficient thermal conversion of the energy and thus to
local superheated spots, favoring a fast and homogeneous
nucleation over the crystal growth process.*”® The zinc
terephthalate IRMOF-1, 2, and 3 (~100 nm)** and the
mesoporous chromium terephthalate MIL-101 (~22 nm)
were obtained using such a method.**** More recently,
some of us have successfully applied this concept to
porous biocompatible MOF:s, such as the flexible micro-
porous iron terephthalate MIL-53 (350 X 1000 nm),*
the mesoporous iron trimesate MIL-100 (~200 nm),>®
the iron aminoterephthalate MIL-101_NH, (120 nm)>>*
and the iron fumarate MIL-88A (~20 nm; see Figure 4).°°

Recent studies have compared different synthetic routes
(hydro/solvothermal, ultrasonic, atmospheric pressure, mechano-
chemical, and microwave-assisted conditions) for the prepara-
tion of MOFs. The conclusion is that the best method to both

obtain rapidly high yields and control the particle size, is the
microwave irradiation solvothermal synthesis.**””

Proposition: Regardless the method used to prepare the
nanoparticles, the choice of the solvent is obviously crucial for
biomedical applications. Indeed, the common frequently used
solvents for the synthesis of MOFs are considered as toxic, with
LDsq (oral administration in rats) values of 2800, 891, and 5628
mg-kg " for DMF,* pyridine,"” and methanol,**respectively.
Thus, such solvents shall be avoided as much as possible and
hydrothermal synthesis routes should be preferred instead.

2.2. Shaping

Oral administration of MOFs can be also targeted, but requires
chemically and mechanically stable formulations under the
corresponding biological conditions (i.e., acidic stomach or basic
intestinal conditions, intestinal motility, enzymes, etc.). Powders,
pellets, tablets, or gels are some of the suitable formulations. To
date, only tablets of ibuprofen-containing iron carboxylates MIL-
53 and MIL-100, obtained using low pressures (0.5 Ton) without
any binder but a correct stability under simulated body fluid
conditions (SBF, 37 °C), have been proposed for controlled drug
release.”” However, several MOFs have been manufactured for
catalysis or separation applications. Most of these shaping pro-
cesses involve the use of binders to improve the stability. For
bioapplications, the choice of the right additives for shaping will
be restricted only to the biologically relevant excipients. How-
ever, several interesting concepts for the production of shaped
MOFs have been reported in the literature. For instance, the
chemical company BASF currently commercializes (through
Sigma Aldrich) pellets and extrudates of several MOFs (MIL-
33, iron trimesate, MOF-5 or HKUST-1)*"" using binders.
Because of the lower mechanical or chemical stability of MOF:s,
there is however still an effort to further optimize the shaping
processes.”’ ~*> Other interesting cases of shaped MOFs have
been described, such as (i) the millimetric alumina beads of the
zinc imidazolate MOF SIM-1,”* (ii) the polyvinylalcohol-MIL-
53(Al),”® and (iii) the rubbery polydimethylsiloxane or poly-
sulfone containing Cu-BTC MOFs.”*Monolithic structures of

1235 dx.doi.org/10.1021/cr200256v |Chem. Rev. 2012, 112, 1232-1268
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Figure 4. TEM images of nanoparticles made from microwave synthesis of MIL-88A at different temperatures (50 °C (A), 80 °C (B) and 100 °C (C))

and MIL-101_NH, (D).
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Figure S. (Left): Photograph of a NO-loaded CPO-27(Ni) hydrocolloid. (Right): NO release curves for the CPO-27(Ni) hydrocolloid shown against a

powder sample for comparison.

the copper trimesate HKUST-1 have also been obtained using
methyl hydroxylpropylcellulose and methoxy-functionalized si-
loxane as additives using a two-step process including a molding
batch in a lab-scale kneader followed by an extrusion process in a
ram-extruder (Figure 5).%7

Another novel approach for the synthesis of monolithic
manufactured MOFs without the use of any binder or pelletizing
processes is the sol—gel method.”® For instance, the aging of a
wet gel of the flexible microporous iron muconate MIL-89 in its
mother solution led to a perfect monolithic xerogel.” Lohe et al.
also obtained aero and xerogels of a quasi-amorphous porous
iron trimesate with micro and macroporosity by a sol—gel
method followed by supercritical CO, drying (Figure 6).” This
kind of shaping could be appropriate in the biomedical domain to
produce pellets, but also gels for oral, topical, or ocular admin-
istration, among others. Although the formation of such gels has
been observed for many MOF systems, such as iron muconate
MIL-89,% chromium terephthalate MIL-101,** copper or silver
MOFs based on cyclotriveratrylene-type and trimesate ligands,'*
iron isophthalates,'®"'%* and other manganese polycarboxy-
lates,'” the conditions required to obtain gelation over crystal-
lization are still not fully sorted out.

Formulations, such as cream/ointment or patch/membrane,
are needed for topical administration of MOFs. For instance, a
wound healing antibacterial dressing based on NO-loaded nickel
carboxylate CPO-27(Ni) particles (40%) and hydrocolloids
(10% cellulose, S0% poly isobutanol (PIB)), widely used dres-
sings in medicine,'** have been prepared for the delivery of NO
to the skin (FigureS). This composite patch is able to release NO
over almost 10 days, which is extremely significant.

Making thin films or membranes of MOFs could also repre-
sent a suitable alternative to produce patches or composites.
Homogeneous thin films of MOFs have been effectively pre-
pared by simple and rapid wet methods (dip or spin coating)
from stable colloidal solutions (Figure 6).6841% Thickness and
packing of the film are easily tunable by multilayer deposition,
control of the particle size and deposition conditions (extraction
rate and solution concentration). Moreover, dense and continuous
membranes of MOF-5,'°%""7 HKUST-1,""® Cu-(hfipbb)-
(Hhfipbb)os (hfipbb = 4,4'-(hexafluoroisopropylidene ) bis( benzoic
acid),'” ZIF-8 1012 17,3 ZIF-90,"" or MIL-S3(Al) NH,"'
have been recently reported for gas separation. MOF membranes
are prepared using a seeded surface by growing or deposing the
MOF, or by producing a composite materials mixing MOFs with
polymers such us polyimides (ZIF-90, MOF-S, Cu-4,40-bipyr-
idine hexafluorosilicate)''>*'”"'® poly(sulfone) (HKUST-1),'"®
poly(vinyl acetate) (Cu-terephthalate),'*® or polyethyleneimine
(ZIE-7)."'* However, for biomedical applications biologically
acceptable polymers must be employed (polyvinylpyrrolidone,
polyvinylalcohol, poly(lactic-co-glycolic acid), gelatin, etc.)

Finally, apart from composite devices made by mixing a MOF
and an excipient (binder, polymers, ...), other complex MOF
based materials have been prepared. The first method concerns
the direct integration of a MOF into a polymer matrix. For
instance, the copper trimesate HKUST-1 has been introduced
within the monolithic macroporous hydrophilic polymer poly-
HIPEs (Figure6)."”' Immobilization of MOF powders in easily
flexible sheets of paper is also a convenient shaping method.
Thus, from 6.5 to 14.6 wt % of the copper trimesate HKUST-1
has been unhomogeneously introduced in paper fibrous

1236 dx.doi.org/10.1021/cr200256v [Chem. Rev. 2012, 112, 1232-1268
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Figure 6. (Top left) FE-SEM images of the side view of a ZIF-8 thin film Reprinted with permission from Demessence et al.'"® Copyright 2010 Royal
Society of Chemistry. (Bottom left) SEM image of HKUST-1 particles entrapped into a macroporous polyHIPE. Reprinted with permission from
Schwab et al.'>' Copyright 2008 Wiley-VCH Verlag GmbH and Co. KGaA. (Top right) Monolith of HKUST-1. Reprinted with permission from
Kiisgens et al.”” Copyright 2010 Wiley-Blackwell. (Bottom right) Aerogel obtained from 0.2 M trimesic acid solution in comparison with an air-dried
xerogel of similar original size. Reprinted with permission from Aguado et al.”* Copyright 2010 Royal Society of Chemistry.

networks.'** A better method for the preparation of HKUST-1
containing sheets of paper has been obtained by direct growth of
the MOF on the surface of pulp fibers,'?® improving the MOF-
substrate adhesion by increasing the lignin content due to the
presence of carbonyl or carboxylate groups.

Homogenous layers of the copper trimesate HKUST-1 and
the iron trimesate MIL-100 have been obtained by electrospin-
ning with a polymer as binder (polystyrene in tetrahydrofuran,
polyvinylpyrrolidone in ethanol, or polyacrysonitrile in dimethyl-
formamide). MOFs particles, arranged like a pear] necklace, were
thus immobilized up to 80 wt % loading.'** This is a promising
shaping method for the production of MOF entrapped textiles
clothing.

2.3. Surface Modification

The use of nanotechnology for drug delivery applications is
widely expected to change the landscape of pharmaceutical and
biotechnology industries for the foreseeable future, as by this way
it might be possible to achieve: (i) targeted delivery in a cell- or
tissue-specific manner, (ii) transcytosis of drugs across tight
epithelial and endothelial barriers, (iii) delivery of drugs to
intracellular sites of action, and (iv) visualization of sites of drug
delivery by combining therapeutic agents with imaging modalities.

To achieve such challenging goals, an appropriate design of
nanoparticulate systems is necessary. Indeed, the biophysico-
chemical properties of the nanoparticles, such as size, charge,
surface hydrophilicity, as well as the nature and density of the
ligands at their surface, are key factors which impact the cir-
culating half-life of the particles as well as their biodistribution
and targeting abilities. For instance, it has been shown that the
ability of the nanoparticles to circulate in the bloodstream for a
prolonged period of time is often a prerequisite for successful
targeted delivery. To achieve this, hydrophilic “stealth” polymers,

such as poly(ethylene glycol) (PEG), have been used as
coating materials."*® Such polymers shield the surface of
the nanoparticle and thereby reduce opsonization by blood
proteins and uptake by macrophages of the mononuclear
phagocyte system.

Despite the tremendous interest in surface modification, there
are only scarce examples of modified MOFs nanoparticles (nano-
MOFs), certainly because of their novelty in the biomedicine
domain. Recently, Gd-based nanoMOFs were prepared for the-
ranostics and their surface was modified through the attachment
of multifunctional polymer chains such as isopropylacrylamide
and methacrylate derivatives."*® In particular, PEG copolymers
have also been coupled to these nanoMOFs."*” However, there is
a concern on the toxicity of the Gd-based materials and thus,
iron-based nanoMOFs are a better alternative for such applica-
tions.>> %’

In this case, a control of crystal growth has been achieved by
adding PEG chains with only one terminal reactive group (amino
or carboxyl) during the course of the nanoMOF synthesis, with a
resulting 17 wt % of PEG attached to the nanoMOFs. The PEG
chains have been assumed to form a superficial “brush” that
would sterically protect the nanoparticles. PEG can be then
removed only after nanoparticle degradation under serum con-
ditions, in agreement with its strong binding to the nanoparticles
through coordination of its amino or carboxyl end-group with the
metal centers. Indeed, when PEG with two nonreactive mono-
methoxy end-groups has been added to the reaction mixture, a
negligible incorporation has been observed. This method has
been applied to other polymers such as chitosan grafted with
alkyl side chains and dextran modified with biotin to modify the
surface of iron carboxylate nanoMOFs.>> 7 However, investiga-
tions are still underway to further characterize the nanoMOF
PEG shell and to check that it forms effective “brush”-like
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coatings able to prevent opsonin interaction, macrophage up-
take, and thus to ensure prolonged blood circulation times.

Other interesting composite formulations consist in core—
shell MOFs. For instance, PVP and silica were used to cover
MOFs to control their degradation and delivery. Rieter et al.*®
have covered MOF nanoparticles made of a cisplatin derivative
and Tb>" ions with a shell of silica of around 7 nm. This improved
the nanoparticle stability and allowed to control drug release by
appropriately choosing the shell thickness.

Taylor-Pashow et al.** have covered postsynthesis with a silica
coating nanoparticles made of iron terephthalate MIL-101 and
modified with 17 mol % of amino-terephthalate ligands. A
uniform layer of silica was obtained using Na,SiO3 as silica
source. Interestingly, the release of the entrapped molecules was
retarded presumably due to the slow diffusion through the shell.
Moreover, the silica coated particles had adequate stabilities for
biological applications, contrary to the uncoated ones, which
readily decompose to presumably form amorphous iron hydrox-
ide(oxide) phases.

3. BIOACTIVE MOFS

The most obvious use of a porous solid for bioapplications
consists in benefiting from its pore volume to encapsulate an
active molecule and deliver it through host—guest/diffusion/
degradation considerations. This requires first a sufficient pore
size and volume to optimize the cargo for a given biomolecule
and second one has to load the cargo through an encapsulation
step using a solution of the drug molecule followed by a cleaning
step. This makes encapsulation success uncertain, in terms of
loading, based on the size and the affinity of the molecule toward
the porous matrix. In addition to the delivery of the biomolecule
(see section 4), MOFs particles are likely to be degraded in the
body fluid followed by a release of not only the metal but also the
linker, often exogenous, raising additional toxicity concerns. If
MOFs based on endogenous linkers and metals represent an
acceptable alternative, only very few of them are really porous.
Thus, another method will consist in complexing directly the
active linker to a metal, which can also be active. So far, making
cocrystals or complexes of active pharmaceutical ingredient
(API) and low toxicity metals represents an easy method to
tailor the dissolution kinetics of the API in the solution, resulting
into improved administration conditions.'**"*° Modification of
linkers and their hydrophobic character can also lead to a
rationalization of the dissolution of the API-metal complex.'*'
Recently, endogenous aminoacid and Zn- based MOFs that
possess a therapeutic activity have been reported,.'*> Some
examples are peptides, adenine, exonacin or norfloxacin drug
based MOFs, but none of them was evaluated for a controlled
released of the active molecule.”*>"*” Recently, the proof of
concept of “bioactive MOFs” for drug delivery applications,

produced through the direct coupling of the biomolecule as
the linker with a non toxic metal to prepare a MOF (Figure?7),
was reported.'*® The small pores iron(II/III) nicotinate BioMIL-1,
based on nicotinic acid, also denoted niacin or vitamin B3, which
possess pellagra-curative, vasodilating and antilipemic properties,
is a rare example of bioactive MOF. Very high drug content, up to
71 wt %, was reached together with a fast release of the drug
achieved through the degradation of the MOF in phosphate
buffer solution (PBS) at 37 °C.

The rapid release of nicotinic acid from Bio-MIL-1 might be
an issue for its practical use. However, it has been demonstrated
that porous iron carboxylates based on the same trimeric
secondary building units possess very different degradable char-
acters. Indeed, the stability of a given MOF varies as a function of
its composition (metal, number of complexing functions, hydro-
phobicity, ...). Thus, for a given bioactive linker, one could choose
the right metal and structure for a suitable delivery. One could
also point out that 80% of API possesses one or several complex-
ing groups (carboxylates, phosphates, phosphates, amines or
heterocycles, ...) that could be considered to build up a bioactive
MOF with controlled degradation properties.

More recently, other iron or calcium based MOFs based on
endogenous active dicarboxylic linkers have also been reported
even if their degradabilitzr or their activity has not yet been
disclosed (Figure 8)."*”'**One could cite either metal gluta-
rates Bio-MIL-2 and —3, with glutaric acid as an experimental
drug or metal derivated of azobenzenetetracarboxylates Bio-
MIL-4 and Soc-MOF(Fe) or MIL-127 with an antimicrobial
activity reported previously for azobenzene compounds.'*>'**

Another possibility for bioactive MOFs is to use an active
metal. For instance, silver is well-known as an antibacterial agent,
currently used for bioapplications. One could cite for instance
the silver exchanged zeolites that are used in antibacterial
systems.'*> So far, several nonporous silver coordination
polymers have been intensively studied,'*® with antimicrobial
properties."*'** Silver-based isonicotinate derivatives of bis-
ethyleneglycol form a layered coordination polymer that, once
deposited on a dental restorative material, using a flow chamber
mimicking the oral cavity, kill bacteria upon contact with the
substrate (Figure 9).!* Authors mention that the activity is
related to the release of silver and formation of nanoparticles
from the coating,

The use of zinc as an antibacterial growth agent has also been
reported,'** and one can imagine that considering the huge
number of existing Zinc based MOFs, interesting MOFs en-
dowed with antibacterial activity might be found for adequate
biomedical applications. Other MOFs based on active metals
have also been reported, such as gadolinium, manganese, or iron
polycarboxylates MOFs for their imaging properties. This part
will be however detailed in section 8 of this article.
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4. DRUG DELIVERY

4.1. Encapsulation and Delivery

Clinical use of many otherwise interesting APIs is severely
limited if they suffer from important drawbacks such as low
stability in biological conditions, poor solubility and/or inade-
quate ability to bypass natural barriers."*" Since the 1970, the
biomedical development of drug nanocarriers has been pursued
to find improved methods to protect both the organism from
toxic side effects of the API from biological degradation, thus also
increasing drug’s efficiency and intracellular penetration.'*'%*
In addition, the development of nanotechnologies has allowed
specific talégeting of tissues, cells and even subcellular struc-
tures.'>>'>® Lipids or polymers are to date among the most
studied drug nanocarriers. "> '% Although therapeutic advan-
tages reached by the use of drug nanocarriers have led to the
commercialization of the first nanodrugs (Doxil, Abraxane, and
Ambisome), there are still many potent drugs which have not yet
been satisfactorily nanotransported, mainly because of the low
drugloadings (<5 wt %) achieved, the presence of a burst release,
poor biological barrier bypass and/or toxicity phenomena.
Inorganic or hybrid porous materials have emerged as potential
alternatives to organic nanocarriers. The high and regular
porosity associated to important pore volumes and surface areas
shall lead to an improvement of the drug loading capacities and
ability to control drug release. Although interesting results have
been obtained using purely inorganic zeolites,"*' ' they suffer
from low loading capacities and toxicity concerns."®® Other
promising candidates are the ordered mesoporous silica mater-
ials,16771 2 which have shown interesting features such as high
stability, important drug capacities and good biocompatibil-
ity."”' "7 In this context, MOFs which combine a highly regular
porous crystalline hybrid inorganic—organic framework have
been recently proposed as a new alternative.'® First evidence of
the high potential of porous MOFs for drug controlled delivery
was given by some of us in 2006 by using a model drug, the anti-
inflammatory and analgesic ibuprofen, and the model mesopor-
ous rigid chromium carboxylates MOFs (MIL-100(Cr)'”® and
MIL-101(Cr)™). Despite the well-known toxicity of chromium
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Figure 9. Schematic view of the use of an antibacterial silver based
coordination polymers coated device (courtesy of Pr. K. Fromm
(Friburg University, Switzerland)).

compounds, these MOFs have been chosen because of their (i)
mesoporosity (cages of o &~ 25—34 A) accessible from micro-
porous windows (o &~ 5S—16 A) to permit the drug access, (ii)
large pore volumes up to 2 cm®+g~ ' and specific surface areas
within the 2100—4400 m*g ™" range (BET values), to ensure
important drug loadings, and (iii) water stability, to avoid rapid
degradation phenomena and drug release.

Ibuprofen has been encapsulated by a simple impregnation
process into the porous MOFs. Exceptionally high drug loadings,
up to 1.4 g of ibuprofen per gram of MIL-101(Cr), have been
achieved, corresponding to ~56 ibuprofen molecules in each
smaller cage and ~92 molecules in the larger cage. A comparison
of the ibuprofen loading related with the pore size and volume of
different porous solids, including MOFs, zeolites, and mesopor-
ous silica, is given in Table 2. Ibuprofen loading in MIL-101 solid
exhibits a loading capacity almost four and nine times higher than
in mesoporous silica materials'”" and zeolites,"** respectively.
For zeolites, this is due to their smaller pore size and pore volumes.
However, ordered mesoporous silica MCM-41 possesses a larger
pore size and an important pore volume. Thus, the higher drug
loading capacity of MIL-101 is probably the consequence of its
higher surface area and the formation of specific interactions
between the deprotonated ibuprofen molecules and the Lewis
acid metal sites and the oréganic moieties of MOF, as supported
by solid state '"H NMR.'® The much lower capacity of MIL-
100(Cr) (0.35 g/g) in comparison with MIL-101(Cr) (1.38 g/g)
is due to the non accessibility of Ibuprofen molecules (~10 x
5 A) to the smaller mesoporous cages, which are accessible only
through narrow pentagonal windows (~S A).

This approach has been extended in 2008 to the flexible
microporous metal terephthalate MIL-53(Cr, Fe) solids,>”'””
which are able to reversibly modulate their pore size upon the
application of an external stimuli (i.e., adsorption of gases,'”>'”
liquids'*°or vapors,'®! as well as drug molecules'®*)."® These
solids adsorbed around 20 wt % of ibuprofen leading to an inter-
mediate pore opening, consistent with the ibuprofen-containing
MIL-53 form, as confirmed by X-ray powder diffraction (XRPD)
characterization and computer modeling (see also section 4.2
below; Figurel0). The lower capacity of MIL-53 solids in com-
parison with mesoporous MIL-100 and MIL-101 solids is due
to its smaller pore volume (Table2). Interestingly, drug loading
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Table 2. Pore Size and Pore Volume of Different Porous Solids, As Well As the Encapsulation/Release Results of Ibuprofen”

porous solid pore size (A) I’A (em®*g ")
MIL-101(Cr) 29-34" 2.0
MIL-100(Cr) 25-29° 12
MIL-100(Fe) 25-29° 11
MIL-53(Cr) 8 0.5
MIL-53(Fe) 8 0.5
Zeolite(Fau) 11 0.3
mesoporous silica (MCM-41) 36 1.0
MCM-41_NH, 28 04

Sper (m” g ") ibuprofen loading (g/g) time release (days)

4500 1.38 6
2100 0.35 3
2100 0.35 3
1500 022 21

021 21

630 0.16 7

1160 0.34 2

780 0.22 S

“ The release was achieved in SBF at 37°C. Table was reproduced with the permission of Wiley. ® Accessible by microporous pentagonal (~12 A) and
hexagonal (~16 A) windows. Smaller cages only accessible through pentagonal windows. ¢ Accessible by microporous pentagonal (~5 A) and hexagonal

(~8.5 A) windows. Smaller cages only accessible by pentagonal windows.

capacity does not depend on the nature of the metal (Fe or Cr), as
similar capacities were found for the non toxic iron MIL-53 and
MIL-100 analogues (for toxicity details see section 7; Table 1). This
was an important result since similar exceptionally high loadings
could be expected for the iron analogue of MIL-101.

In addition to the important drug loading capacities obtained
using both rigid and flexible porous metal carboxylate MOFs,
progressive release of ibuprofen has been achieved under biolo-
gical simulated conditions (Figure 10). Pellets of the ibuprofen
loaded MIL-100(Fe, Cr), MIL-101(Cr), and MIL-53(Fe, Cr)
solids immersed at 37 °C in a simulated body fluid (SBF, pH 7.4),
which possesses the same inorganic composition than human
plasma, have fully released the drug cargo after 3, 6, or 21 days,
respectively. In the case of rigid MIL-100 and MIL-101 materials,
three different stages have been distinguished in the drug delivery
profile according with the different adsorption sites of ibuprofen
within the pores. Besides, the high stability of chromium solids in
SBF enables us to conclude that the release of ibuprofen was
mainly governed by diffusion processes combined with drug-
matrix interactions.

On the other hand, the very long delivery of ibuprofen from
flexible MIL-S3(Fe, Cr) solids (3 weeks) is explained by the
stronger drug confinement into the smaller one-dimensional
pores and the specific hydrogen bonds between the carboxylic group
of ibuprofen and the hydroxyl group of the solid, as confirmed by
solid state '"H NMR and DFT calculations (see more details in
section 4.2)."”” Slow release profile of ibuprofen corresponded to a
predictable and concentration independent zero order kinetic. This
unexpected result makes the flexibility of MOFs an interesting
property for the better control of the drug release by both the
optimization of the drug-MOF interactions and the drug diftusion
through the pores.

Later on, An et al.'® reported an important encapsulation of
the cationic antiarrythmic drug, procainamide, into the mono-
dimensional pore system of the anionic zinc adeninate frame-
work Zng(adeninate),(biphenyldicarboxylate)sO,Me,NH,.
8DME.11H,0, so-called BioMOF-1. Noteworthy, the short
in vivo half-life of procainamide necessitate to administer this
compound every 3—4 h, making thus interesting the possibility
of a controlled release of this drug.183 Therefore, the loading of
procainamide has been performed via a slow ionic exchange by
single suspension of the solid into a drug solution, leading to a
loading up to 22 wt % after 15 days (Table 2). This corresponds
to approximatively 2.5 and 1 procainamide molecules per
formula unit within the pores or at the outer surface, respectively.
Note that the 8 toxic DMF molecules remaining in each cage of

the as-synthesized solid have been substituted after the drug
loading, leading to Zng(adeninate)(biphenyldicarboxylate)sOs 5
(procainamide)-H")1.5Cl™ - 16.5SH,O formula. Release of the
procainamide has been achieved after 3 days in a phosphate
buffer pH 7.4 (PBS). The stability of the Zn framework after
release tests proves that procainamide delivery is governed by a
cationic exchange. However, only 20% of the loaded procain-
amide was released using pure water, confirming the strong ionic
interaction between procainamide and the anionic network.
Ionic drugs can then be successfully entrapped and delivered
from ionic MOFs.

Highly challenging drugs, such as the antitumoral busulfan
(Bu) or doxorubicin (Doxo) and the antiviral azidothimidine
triphosphate (AZT-Tp) or cidofovir (CDV), have also been
recently entrapped into nanoparticles of different porous iron
carboxylate MOFs.>® These drugs suffer from important draw-
backs such as poor solubility and/or stability in the biological
aqueous media, often resulting in short half-lives, low bioavail-
abilities, and limited bypassing of biological barriers. Nontoxic
porous iron(Il) carboxylates MOFs nanoparticles have been
recently proposed to circumvent these drawbacks.

The amphiphilic bifunctional alkylating agent busulfan, widely
used in combination high-dose chemotherapy regimens in
leukemias,"**'* possesses a poor stability in aqueous solution
and an important hepatic toxicity because of its microcrystallization
in the hepatic microvenous system.'*® Although many drug nano-
carriers have been attempted for entrapping busulfan, the low
affinity of this amphiphilic molecule toward the nanocarriers has
led to loading capacities lower than 5—6 wt %"®” and relatively fast
release patterns188 using polymeric nanocarriers. Using porous iron
carboxylates MOFs, encapsulation of this challenging antitumoral
molecule has been successfully performed with unprecedented
loadings exceeding 25 wt %, which would allow the administration
of high drug doses using low amounts of MOFs nanocarriers
(Table 3).° 57" Moreover, entrapping busulfan into porous
nanoparticles not only protects this drug from biodegradation (as
confirmed by liquid state "H NMR), but also from the microcrys-
tallization likely responsible of hepatotoxic phenomena. Finally,
although the release of busulfan seemed better controlled compared
to polymeric systems,'® it still needs to be improved (Figure 11).
Thus, computer simulation has predicted that busulfan release
might be further slowed down by the introduction of amino
functionalized linkers (see section 4.2).

Nucleoside analogues such as AZT-Tp, used in the treatment
of AIDS and HIV infection, or CDV, an antismallpox agent,
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Table 3. Drug Loading Capacities of Different Drugs on
Several Porous MOFs

drug loading (wt%)

drug BioMOF-1 MIL-100 MIL-101_NH, MIL-53
ethoxysuccinato-cisplatin 12.8
procainamide 22
busulfan 25.5 14.3
azidothimidine triphosphate 212 42.0 0.24
azidothimidine 6.1
cidofovir 16.1 419
doxorubicin 9.1
ibuprofen 33 22
caffeine 242 23.1
urea 69.2 63.5
benzophenone 4 152 S
benzophenone 3 1.5

exhibit similar challenges as Busulfan. Clinical use of nucleotide
analogues is, indeed, limited by their poor stability in biological
medium'®® and their limited intracellular penetration as conse-
quence of their important hydrophilic character.'”"'** One of the
main limitations in the use of nucleoside reverse transcriptase
inhibitors (NRTTIs) lies in their poor intracellular activation by
cellular kinases into their active triphosphorylated form. Although
the direct administration of triphosphate NRTIs has been con-
sidered for bypassing this metabolic bottleneck, these phos-
phorylated molecules do not diffuse intracellularly, due to their
still more hydrophilic character than the parent NRTL'"'*>
Thus, nanocarriers have been developed to circumvent these
inconveniences, but poor efficiencies together with “burst
effects” have been observed.'”?

Once more, encapsulation of these highly hydrophilic nucleo-
side analogues (CDV and AZT-Tp) has been successful with
encapsulation rates up to 42 wt % or 21 wt % using the iron
aminoterephthalate MIL-101(Fe) NH, or the iron trimesate
MIL-100 nanoparticles (Table 3).>* >"'** Remarkably, these
unprecedented values exceeded by a forty or twenty factor the
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Figure 11. Kinetics of delivery of busulfan from MIL-100 (blue) and
MIL-53 (pink) nanoparticles (PBS, 37 °C). Busulfan chemical structure:
sulfur, oxygen, carbon and hydrogen atoms are in yellow, red, gray, and
blue, respectively. Reproduced with the permission from Chalati et al."*’
Copyright 2011 Pan Standford Publishing Pte. Ltd.

encapsulation rate in other systems.'**'**Also, very high loading
efficiencies (up to 90%), were achieved, explainable by the very
high affinity of the drug with these hybrid nanoparticles. This
could be due to the presence of free Lewis acid metal sites that
can strongly interact with the phosphate groups of CDV and
AZT-TP, as evidenced by solid state *'P NMR.'*

As expected, encapsulation of AZT-TP in flexible MOF
nanoparticles (MIL-89, MIL-88A, and MIL-53) with pore sizes
smaller than the drug dimensions have led to very poor loadings,
not exceeding 2 wt % (Table 3)."* This fact, together with the
absence of any accessible (N, 77 K) porosity, is in agreement with
the presence of the drug into the larger pores MOFs. Moreover,
while a clear burst effect has been observed using the flexible
nanoparticles of MIL-89, MIL-88A, and MIL-53 solids contain-
ing AZT-TP (only at the outer surface), the drug has been
progressively released after S days from MIL-100 nanoparticles in
PBS or in culture medium (RPMI 1640 supplemented with
serum). This is related to the diffusion of the drug through the
pores (Figure 11 and 12).°>'** Drug release does not depend
only on the diffusion rate, but also on the kinetics of material
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Figure 12. Kinetics of drug delivery in PBS, 37 °C of cidofovir (CDV;
black), azidothimidin triphosphate (AZT-Tp; green) and Doxorubicin
(Doxo; red) from nanoparticles of MIL-100(Fe). Reproduced with permis-
sion from Horcajada et al.** Copyright 2010 Nature Publishing Group.

degradation and on the drug-matrix interactions. Thus, the very
large amount of AZT-TP entrapped into the MIL-101_NH,
nanoparticles has been rapidly released in the PBS medium
because of the lower stability of this solid. On the contrary,
degradation of the MIL-100 nanoparticles did not significantly
affect the release of the cargo since only 10% of MIL-100 solid
was degraded under similar release conditions.> Finally, native
non phosphorilated azidothimidine (AZT) has been encapsu-
lated in the MIL-100 nanoparticles, showing a much lower
loading capacity (6 wt %) and a faster release (more than 80%
release in the first hour) than the phosphorilated AZT-TP
(Figure 12)."*° Such differences in kinetics of release might be
due to the presence of stronger interactions, as a consequence of
the coordination of the polyphosphate groups of AZT-TP to the
iron Lewis acid iron sites. In conclusion, the drug release can be
modulated by controlling: (i) drug interaction with the matrix
though the functionalization of the MOF, (ii) drug diffusion
throughout the pores, by modulating pore size, connectivity, or
morphology, and (iii) kinetics of degradation of the MOF.
Taylor-Pashow et al.** have reported the encapsulation of the
hydrophobic ethoxysuccinato-cisplatin, a prodrug of the hydro-
philic antitumoral drug cisplatin, with loadings up to 13 wt % into
the silica covered iron terephthalate MIL-101 modified with 17 mol
% of amino-terephthalate ligands (Table 3). Amino-terephthalate
linker has allowed the grafting of the contrast imaging agent
Br-BODIPY (1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-
4-bora-3a,4a-diaza-s-indacene). Silica has been used to cover and
protect the nanoparticles from fast degradation in presence of
phosphate buffer which slowed down the drug delivery rate from
14 h in the pristine MIL-101 to 72 h in the silica coated nanoparticles.
Other interesting hydrophobic antitumoral drug, considered
as one of the most effective drug in the breast cancer treatment, is
the doxorubicin (doxo). This molecule suffers however from
common resistance drawbacks.'” Entrapment into nanocarriers
has been found to overcome cancer multidrug resistance.'™®
Thus, a similar approach has been developed with MIL-100
nanoparticles and a very high loading of doxo (up to 9wt %) has been
achieved.*® Furthermore, doxo has been totally and progressively
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Figure 13. Kinetics of drug delivery in PBS, 37 °C of (i, top)
azidothimidin triphosphate from MIL-100 (blue) and MIL-101_NH,
(pink) nanoparticles; (i, middle) azidothimidin triphosphate from MIL-
53 (blue), MIL-88A (pink) and MIL-89 nanoparticles (green); and (iii,
bottom) azidothimidin triphosphate (AZT-Tp; blue) and azidothimidin
(AZT; pink) from MIL-100 nanoparticles.

released in PBS from these nanoparticles after 2 weeks without
any ‘burst effect” (Figure 12).

Ke et al."”” has recently reported the encapsulation and delivery
of the hydrophobic anticancer drug, nimesulide, from a magnetic
nanocomposite material made from the cupper trimesate HKUST-1
and Fe;O, nanorods. The total amount of the loaded drug (0.2
g/g) was released after 11 days in physiological saline medium
(0.9% w/v NaCl). This release time is however not comparable
to other published values. Indeed, the choice of the release
medium is essential, since the presence of highly complexant
phosphates in the release medium (PBS) can compete for the
metal sites and/or degrade the MOF, leading to a faster release.

Finally, other active molecules, either drugs or cosmetics, with
different structures and physicochemical properties have been
successfully encapsulated into different iron carboxylates MIL-53
and MIL-100 (Table 3), suggesting that the internal amphiphilic
microenvironment is well adapted for the adsorption of a large
number of guests.>>>"'%®

4.2. Computer Modeling
Molecular simulations are valuable tools to complement a
large variety of experimental techniques (infrared, NMR, X-ray
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diffraction) for not only probing the drug/porous host interac-
tions but also exploring the dynamic properties of the drugs
within the porosity. In addition, statistical approaches conducted
from accurate sets of experimental data, are potentially very
promising for rationalizing and further predicting several proper-
ties of porous materials including their drug uptake/release or
their degradability. Up to now, semiempirical molecular orbital
methods were first employed to elucidate the preferential geo-
metries and conformations of a series of drug molecules confined
in zeolite materials, further providing an estimation of the in-
teraction energy in play.'”” "

Density Functional Theory (DFT) calculations were also used
for characterizing the structure of an antidepressant drug, the
sertraline, within the interlayer of clay mineral and in the porosity
of the MCM-41 mesoporous materials.**> Beyond the quantum
calculations, Molecular Dynamics simulations based on generic
forcefields for representing the drug/porous host interactions
have been further conducted to characterize the behavior of some
drugs intercalated within the galleries of anionic clays.”*® Such a
computational approach allowed to define the most stable ar-
rangements and conformations of the confined biological mol-
ecules that have been further compared to those observed in the
gas/liquid state. While the literature reporting modeling studies
on the drug/porous solid systems is rather scarce, it is even more
crying when one looks specifically at the family of the hybrid
porous MOF type materials. Apart from our studies that will be
summarized in this section, the only investigation reported so far
was performed by Babarao et al.’** who have explored the
structural and dynamic behavior of ibuprofen in two MOF type
materials, MIL-101 and UMCM-1. While the host/drug binding
energy was estimated by means of DFT calculations, Monte
Carlo simulations were able to both predict the drug uptake and
further bring some insight into the microscopic adsorption
mechanism in play. Molecular Dynamics simulations were also
employed to follow the mobility of ibuprofen within the MOF
cavities, with the crude approximation of neglecting the role of
the physiological body fluid, which is expected to drastically
underestimate the mobility of the drugs in play during the real
in vivo release process.

4.2.1. Density Functional Theory Calculations. Our
computational effort was first concentrated on probing the
drug/MOF interactions by means of DFT calculations in con-
junction with several experimental techniques. Such a joint
experimental-computational approach is a powerful tool to
elucidate the geometric and energetic behavior of the drugs
confined within the porosity of MOFs that can further bring
some insight into not only the adsorption mechanism but also
the first step of the release kinetics. One challenge was to tackle
the encapsulation of both amphiphilic (caffeine, busulfan) and
hydrophobic (ibuprofen) drug molecules in the highly flexible
iron terephthalate MIL-53(Fe)*” that is known to adapt its pore
size to the nature of the guest as already discussed above.

As a first step, a computational assisted structure determina-
tion approach has been employed to solve the structure of the
hybrid porous framework in presence of ibuprofen'®* and
busulfan.'® Such a strategy that has been successfully used
for solving the complex hybrid structures including flexible
MOFs,*??%52% consisted of starting with the atomic coordinates
of the empty MIL-53(Fe) form and imposing the lattice param-
eters obtained in presence of each drug from the refinement of
the experimental ex situ X-ray powder diffraction patterns. The
structures were then energy-minimized using generic forcefield

for describing the intra- and intermolecular interactions, with fixed
lattice parameters. DFT calculations were further performed to
optimize only the geometries of the drug molecules.

It has been shown that the most likely interaction for the
ibuprofen molecule involves a strong hydrogen bonding between
the oxygen of its carboxylic group and the ¢,-OH groups present
at the surface of the MIL-53(Fe) material, consistent with
Infrared spectroscopy measurements.'® In addition, weaker
van der Walls or CH— interactions were found between the
hydroxyl and the methyl groups of the drug molecule and the
inorganic/organic part of the matrix (Figure 14a). It has been
further evidenced that the structure of the confined ibuprofen is
only slightly perturbed compared to the bulk phase, with only a
tiny reorientation of its carboxylic group resulting from the
interactions with the pore wall. Such a behavior, which has been
confirmed by ">C NMR measurements, is consistent with those
reported for the same molecule within the Eorosity of different
microporous and mesoporous materials.***

The interactions between the busulfan and the host matrix
were found to be also governed by the formation of strong
hydrogen bonding between the u,-OH groups and the oxygen
atoms of the sulfonate functions present in the drug molecule
(Figure 14b).'®° Here, the two sulfonate functions can interact
simultaneously via hydrogen bonds with the opposite pore wall
of the MIL-53(Fe) that leads to a binding energy of —69.6
kJ-mol " slightly higher than those observed for ibuprofen (—57.4
kJ-mol")*" where only one carboxylate group is involved. It was
thus possible to emphasize that the pore contraction of the MIL-
53(Fe) results from a critical interplay between energetic and steric
considerations. Indeed, although the dimension of busulfan is larger
(134 x 3.5 A) than those of ibuprofen (10 x S A), the stronger
interactions with the pore wall evidenced by the DFT calculations
tend to favor a larger contraction of the unit cell volume (1339 A’vs
1406 A?) as experimentally determined by ex situ X-ray diffraction.

In absence of ex situ X-ray diffraction data, a full relaxation of
the system, including both the optimization of the pore opening
for the host and the geometry within the porosity for the drug
molecule, needs to be addressed. While, the highly flexible
behavior of this family of MOFs, has been tackled from classical
simulations based on specific derived forcefield,”*”**® only one
attempt has been reported recently in the literature to look at this
phenomenon using DFT calculations,*” emphasizing the com-
plexity of such problem when treated at the quantum level. In
that context, the encapsulation of caffeine in the same MIL-
53(Fe) material was investigated starting from scratch. The full
energy optimization of this system has predicted a slightly larger
contraction of the unit cell volume (1289 A®) than observed for
the two above-mentioned drug molecules associated to a strong
hydrogen bonding between the 1,-OH groups and the oxygen of
the carbonyl group of the caffeine (Figure 14c). The arrangement
of the molecule within the pore significantly differs from busulfan
and ibuprofen. While these latter molecules are aligned along the
direction of the tunnel as shown in Figures 14a and 14b, caffeine
because of its smaller dimension (6.1 x 7.6 A) adopts an
orientation at a slight angle to the channel axis (Figure 14c).
The resulting geometry leads to a binding energy of —62.6 kJ-mol '
significantly higher than for ibuprofen (—57.4 kJ-mol ') which
involves the interactions between the same functions. This energetic
difference is explained by the fact that the additional interactions
between the atoms of the caffeine and both organic and inorganic
parts of the MIL-53(Fe) correspond to short distances as the
confinement is more pronounced than for ibuprofen. These
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Figure 14. DFT optimized geometries of ibuprofen (a), busulfan (b), and caffeine (c) within the pores of the non modified MIL-53(Fe), and of caffeine
in the functionalized MIL-53(Fe)-NH, (d). The different interactions between the drug and the host matrix are distinguished by colors (green, blue light
and pink for the interactions with the 42-OH groups, the inorganic nodes and the organic linkers respectively) and the distances are reported in A.

predictions have been recently validated by experimental ex situ
X-ray diffraction data.'*

Indeed, it was clearly shown for each of the three investigated
drugs, that the presence of the 12-OH groups at the MIL-53(Fe)
surface mainly governs the encapsulation mechanism, allowing a
strong linking of the drug molecules to the pore wall, associated
to high binding energies that would suggest a slow first step of the
release in this material. A complementary exploration consisted
of probing the influence of amine-functionalized organic linker
on the structural and energetic features of the confined caffeine
and busulfan molecules as it was widely reported in the literature
that grafting such amino groups allows either to enhance the drug
uptake or to slow down the release process.”'®”*'> It was thus
observed that the -NH, functional group grafted on the organic
linker serve as an additional anchoring points for both investi-
gated drugs, leading to rather strong interaction with the oxygen
atoms of the sulfonate and the carbonyl groups respectively with
characteristic H(NH,)-O distances ranging from 2.20 to 2.40 A.
In the meantime, the main hydrogen bonding interactions bet-
ween the drugs and the u,-OH groups of the pore wall remain
almost unchanged compared to the nonmodified MIL-53(Fe)
form. An illustration of such geometry is provided in Figure 14
for the encapsulation of busulfan in this MOF type material.
Further, while it has been shown that the pore size remains only
slightly modified, the resulting interaction energies for both
drugs were found to be between 5 and 7 kJ-mol ™" higher than
in absence of functionalized linkers."*”"** Such an enhancement
of the drug/matrix interactions is expected to lead to an increase
of the energy barrier required to be overpassed prior to triggering
the delivery process, thus leading to a slower initial step of the
drug release.

4.2.2. Quantitative Structure Activity Relationship Ap-
proach. The quantitative structure activity relationship (QSAR)

approach can be seen as a “soft” computational method that aims
at establishing a correlation between a property and some relevant
descriptors that characterize the physicochemical features of the
structure. While the previous DFT calculations would be too time-
consuming for screening a wide range of structures, this method is
based on a fast calculation of a large number of molecular descriptors
that are further correlated to the property of interest. Although
such a strategy has been mtenswely used in pharmaceutical drug
design,*"* biology”'**'* and catalysis, 1% ts application in the field of
nanomaterials is relatively recent and remains relatively scarce.
Recently, Leflaive et al. have employed such a method based on
different statistical tools to predict the adsorption enthalpies of
various alkanes on zeolites.”'”*'® Regarding MOFs, the only
investigation that was reported so far, comes from Kim et al*"
who have built QSAR models by using linear regression analysis to
predict the hydrogen uptake in a series of ten MOFs, which differ by
their topologies.

Following the conclusions drawn from our DFT calculations
which clearly stated that the drug/MOF interactions can be
tuned by grafting amino functions, a QSAR approach has been
conducted to rationalize the caffeine uptake measured experi-
mentally by high performance liquid chromatography (HPLC)
in a series of flexible iron terephthalate MIL-88B(Fe) materials
wherein functional groups of various polarity, hydrophilicity and
acidity (—Br, —F, —CH3, —NH,, —NO,, —OH, —CF;) have
been introduced through the aromatic linker.”*® Indeed, the
corresponding set of experimental data was an ideal starting point
for performing such statistical strategy since it covers a broad
chemical space and it is obtained from a rigorous chemical
analysis based on the same methodology applied for all samples.
A large variety of molecular descriptors has been first calculated
to describe the topological, chemical and electronic features of
each functionalized organic linker. A forward selection was then
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Figure 15. Predicted versus observed caffeine uptake rate for the set of
functionalized MIL-88B(Fe) materials (n = 10) based on a validated
QSAR model.**°

applied to identify the most correlated descriptors to the caffeine
uptake. The QSAR model constructed using a multiple linear
regression method, consists of a linear combination of three
descriptors that represents the predicted drug uptake. Figure 15
ompares the so-predicted caffeine encapsulation rate with the
experimental value for each functionalized MIL-88B(Fe). The
resulting cross-validation correlation coefficient Q of 0.84 ensured a
reasonable quality of the model, considering the limited set of data.
Further, it was possible to identify the main variables that
impact the caffeine uptake in this series of MIL-88B(Fe) from a
careful analysis of the three considered descriptors. It came that
the polarity, polarizability and the H-donor capacity of the
organic ligand are the key factors that boost the caffeine uptake
in this material. Indeed, the highly polar and hydrogen donor
—20H, —NH, grafting functions lead to the highest perfor-
mance of this material, that can be related to their abilities to form
hydrogen bonds with the carbonyl group of the caffeine molecule
as evidenced by DFT calculations for the amino-modified MIL-
53(Fe) system. In contrast, the functionalization with monosub-
stituted apolar groups such as —CHj tends to lower the caffeine
loading as these groups cannot form additional strong interac-
tions with the drug molecules. In a same way, the derivation of
QSAR models is in progress to predict the influence of the
functionalization on the release of various drugs in MOFs.

4.3. In Vitro Activity Tests

Once MOFs have demonstrated to possess interesting fea-
tures for biomedical applications, in vitro assays are required to
confirm the activity and to determine possible limitations in the
use of these nanocarriers. In vitro tests provide precious informa-
tion related with cytotoxicity, cell uptake, intracellular distribu-
tion and/or degradation, bypassing of biological barriers and
understanding of possible cell — nanoparticles interactions.
However, one must remind that the study of isolated cells must
be completed with in vivo studies (see section 7), which take into
account the complexity of the whole organism.

Using an angiogenic human colon carninoma cell line (HT-29),
Rieter et al. have assessed the cytotoxicity of silica-polyvinilpyr-
rolidone (PVP) covered terbium(III) disuccinatocisplatin(IV)
(DSCP; prodrug with an antitumoral activity) nanoparticles
(Tb,(DSCP)3(H,0)1,).®® The delivery of the prodrug was
modulated by controlling the degradation of the silica cover,
from 1 h without coverage to 5.5 and 9 h for nanoparticles with

respectively 2 or 7 nm silica layer thickness. These nanoparticles
have, however, not shown any antitumoral activity since pre-
sumably DSCP released from the silica-coated Tb-DSCP nano-
particles was not able to enter into the cells and because the
activation of the prodrug into the active cisplatin is only feasible
in intracellular conditions. As HT-29 cells overexpress o.,[3sinte-
grins on their cell membrane, the nanoparticles’ surface have
been grafted with a c(RGDfK) peptide, which target these
a,fsintegrins. The 50% inhibitory concentration (ICso~10
UM) was slightly lower than the free cisplatin (13 M), suggest-
ing that the c(RGDfK)-silica-PVP-coated Tb nanoparticles were
probably internalized into the cells, where the prodrug is released
and further reduced into active Pt(II) species. In contrast, surface
modification for targeting purposes was not necessary when
cytotoxicity was evaluated using other carcinoma cell lines, such
as human breast carcinoma MCF-7 cells, in which silica-PVP-
coated Tb-DSCP nanoparticles showed similar activities as free
cisplatin. Similar tests were performed on the silica-PVP-covered
MIL-101 nanoparticles containing the prodrug ethoxisuccinate
cisplatin.** In vitro cytotoxicity was slightly lower than free
cisplatin (ICso = 29 and 20 #M, respectively). By functionalizing
the surface of nanoparticles with the c(RGDfK) peptide, similar
cytotoxicity values were found, confirming that cisplatin prodrug
was released and reduced into its active form with no loss of activity.

Apart from the previously mentioned exceptional capacities of
the challenging antitumoral busulfan to loaded into the porous
iron trimesate MIL-100 nanoparticles and their ability to release
this compound in its intact form, MTT cytotoxicity assays were
carried out on three different cells lines (human leukemia CCRF-
CEM, human multiple myeloma RPMI-8226 and human macro-
phages J774) to confirm the preservation of the busulfan
pharmacological activity (Figure 16).>>'®” Thus, the nanoparti-
cles loaded with busulfan have found to possess a pharmacolo-
gical activity comparable to the free drug in the three tested cell
lines. Moreover, the empty MIL-100 nanoparticles were very
well tolerated with ICgp> 5000 ug/mL for J774 and RPMI-
8226 cells, and ICgp ~ 1000 ug/mL for CCRE-CEM cells,
corroborating their previously reported lack of in vivo toxicity
(see results below).

The promising results obtained with the antiretroviral AZT-
TP drug entrapped in mesoporous iron trimesate MIL-100
nanoparticles incited some of us to study their in vitro anti-
HIV activity on HIV-1-LAI infected peripheral blood mono-
nuclear cells (PBMC; Figure 17).>>'*% Here, one has to consider
that (i) the high hydrophilicity of the triphosphorylated active
form AZT-TP makes difficult the penetration of this compound
into the cells and (ii) although non phosphorylated AZT can
enter within the cell, the phosphorylation by intracellular kinases
into its active form is a rate limiting step . Thus, cell uptake of the
AZT-TP nanocarriers requires a specific formulation. The sig-
nificant anti-HIV activity, observed only for the drug loaded
nanoparticles (ICgo = 200 nM of AZT-TP into MIL-100), not
only proves that AZT-TP was released in its active phosphory-
lated form, but also that the uptake of the AZT-TP loaded
nanoMOFs effectively occurred inside the HIV-infected cells.
Furthermore, the very low measured AZT-TP intracellular
concentrations in PBMC cells clearly show that free AZT-TP
can hardly penetrate the cell membranes (<3% after 24 h)
because of its high hydrophilic character, as already explained
before. In contrast, when AZT-Tp-containing MIL-100 nano-
particles were incubated with PBMC cells, much larger amounts
of AZT-Tp were detected inside the cells (15,23, and 26% at 2, 6,
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and 24 h, respectively), confirming the nanoparticles uptake by
these phagocyte cells.

Finally, several silver-based MOFs have been developed
during the last two decades,”' showing antimicrobial properties
because of the silver release.”*>*** Therefore, Slenters et al.***
have evaluated the antibacterial activity of dental restorative
materials coated with a silver isonicotinate derivate of bis-
ethyleneglycol by using a flow chamber mimicking the oral
cavity. Although bacteria still adhered onto the coated surface
they were killed upon contact with the substrate.

5. STORAGE AND DELIVERY OF GASOTRANSMITTER
GASES

5.1. Gasotransmitter Gas Molecules

Gasotransmitter is a term coined to distinguish those biolo-
gical signaling molecules which are freely permeable to cell mem-
branes, and as such do not rely on the traditional cognate
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Figure 16. In vitro cytotoxicity activity of empty MIL-100 nanoparticles
(green), free busulfan (pink), and busulfan-loaded in MIL-100 nano-
particles (blue) on (top) CCREF-CEM and (bottom) RPMI-8226.
Reproduced with the permission from Chalati et al."*® Copyright
2011 Pan Standford Publishing Pte. Ltd.

membrane receptor signaling mechanisms.”** Ironically, consid-
ering this biological role, the three most important gases cur-
rently encompassed by this term are those that each have bad
public images, nitric oxide, an atmospheric pollutant with a
worldwide industry dedicated to its removal from exhaust fumes,
carbon monoxide, dubbed the “silent killer”, and hydrogen
sulfide, a deadly gas characterized by its stench of “rotten eggs”.
Despite these bad reputations all three gases have been shown to
be not only vital for life, but to be produced endogenously by the
body in biologically active concentrations.

As well as their now relatively well-known endogenous func-
tion the three gases are of great interest for their use, and
exogenous delivery of the gases from outside the body with a
biological/medical target is a growing field of research.

5.2. Nitric Oxide

Nitric oxide (NO) is a colorless, diatomic molecule was the
first small molecule gas to be termed a gasotransmitter, and the
discovery of its endogeneous production in 1987 led to an
explosion of NO research.”** NO is a radical species, meaning
it is extremely reactive; it can both lose and gain electrons easily
to form [NO]" and [NO] ™ respectively. Hence, it is lifetime in air
(it is rapidly oxidized to NO,) and in vivo is very small, at most a few
seconds.””’ NO diffuses easily through the body, and the effect on
the body is highly dependent on the concentration and location of
the gas. Too high a concentration can lead to hypotension, excessive
bleeding and inflammation, while too low a concentration can lead
to hypertension or fibrosis and reduced ability to fight bacteria.

With nitric oxide being such an active biological molecule,
much research is directed at exploiting the properties of NO for
medicinal purposes. Exogenous sources of NO have unwittingly
been used for over a century in such drugs as nitroprusside,
[Fe(CN) 5(NO)]27, and since its discovery as a gasotransmitter,
NO delivering agents has become an expanding area of research.
Systemic release from soluble donors such as from glyceryltri-
nitrate often show unwanted side-effects”*® and simple gaseous
inhalation using cylinders is only practical with such a toxic gas in
very controlled situations. The short in vivo lifetime means that
localized delivery of NO is only easily achieved by placing the NO
donor near to the desired recipient organ and so NO gas delivery
from materials is an expanding area of biological research.

Most work on such NO storage materials has concentrated
on the use of polymers. Perhaps the chemically most advanced
are those based on polymers functionalized with secondary
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Figure 19. NO adsorption (closed symbols) and desorption (open
symbols) isotherms into several MOFs at 298 K. The Ni-MOF
(Ni-CPO-27 structure),239 Co-MOF (Co-MOF-27 structure),240and
HKUST-1 (Cu-BTC)*" all have open metal sites which interact strongly
with the gas, leading to high uptake and hysteretic desorption. The two
MIL-53(AI** or Cr’8) materials have no open metal sites and therefore
have lower NO uptakes under the same conditions.***

amines, which on reaction with NO form ionic diazeniumdiolates
(Figureli%).?‘?‘g’230

Of more relevance to this particular review is the use of
nanoporous zeolites to store nitric oxide. Such materials use the
second storage mechanism from Figure 5, where the extraframe-
work metal ions in a dehydrated zeolite coordinate the NO gas.
As in the NONOate case the release of NO is triggered by ex-
posure to moisture (or any other nucleophile of sufficient
strength). NO-releasing zeolites show the expected biological
activity.”>"*** Wheatley et al.****** demonstrated antithrombo-
sis activity on human platelet-rich plasma and Mowbray and co-
workers have completed studies on human skin that show no
significant inflammation on application of NO-releasing zeolites,
in contrast to chemically produced NO (from acidified nitrite
creams), which is a competitor to gas storage materials for topical
delivery.”>> NO-loaded zeolites also showed excellent bifunc-
tional antibacterial activity, consistent with the expected behavior
of NO.>*

5.2.1. Adsorption and Storage of NO on MOFs. As
porous materials, MOFs clearly show some similarity to zeolites.
However, the different chemistry of the framework structures
means that the storage mechanism for NO is quite different to
that shown by zeolites.”>” In fact, the versatility of MOFs has
been exploited to adsorb and store NO using both mechanisms
from Figurel8, but this time the open metal sites in the MOF
framework are utilized rather any extraframework sites as in
zeolites. The importance of the open metal sites*** for MOF
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Figure 20. Interaction with NO monitored by IR spectroscopy. Red
curve HKUST-1 outgassed at 180 °C. Blue curve: effect of 30 Torr of
NO. black curves: effect of increasing pumping, residual pressure 10>
Torr. The inset reports the background-subtracted spectra in the region
of NO stretching (same color code). In the upper part of the inset (blue
dashed curve), the spectrum of NO adsorbed at room temperature on a
Cu-ZSM-S$ zeolite is reported for comparison.

adsorption is clear from Figure19, where there are such sites (e.g.,
in HKUST-1%* or M-CPO-27"**3%%%%) ' there is a large adsorp-
tion capacity and a hysteresis, which is indicative of strong
binding to a metal. This can be proven both structurally using
X-ray diffraction or by infrared spectroscopy (Figure 20). Given
the very large porosity of MOFs and their extremely well-known
potential applications in gas handling it is not surprising that
MOFs show very large adsorption capacities for NO,**" with the
CPO-27 structures'” adsorbing upward of 8 mmol NO per gram
of MOF, considerably more than other similar nanoporous
solids, such as the zeolites. Other materials, such as the Fe-
MIL-88,” Fe-MIL-100,"* and Fe-MIL-101 also show good
uptake of NO.""" These materials are particularly interesting
because of the redox chemistry that occurs on activation of the
solids, with changes in activation energy that strongly affect the
interaction of the NO with the open metal sites in the struc-
ture.”**

In general, every single MOF that has open metal sites seems
to bind NO to a significant degree. However, the versatility of
MOFs means that there are alternative methods of storing NO
on these fascinating materials. Rosseinsky and co-workers®*
cleverly used postsynthetic functionalization techniques to en-
gineer secondary amines inside the pores of the MOF HKUST-1,
and then exposed the resulting compound to NO to form the
NONOate compound, which was then characterized by IR
spectroscopy. The key to the success of the method was the
presence of enough proximal amine species in the cavities of the
MOF, as a proton transfer reaction is required to successfully
prepare the NONOate species, and this is turn requires a basic
site relatively close to the amine that is interacting with the NO.
Lower loadings of the 4-methylaminopyridine did not form any
NONOate. Cohen and co-workers®*® used a similar strategy to
form NONOates inside two other MOFs, IRMOEF-3 and
UMCM-1-NH,.>*® However, rather than functionalize the open
metal sites with an amine moiety here the organic linkers are
functionalized with amines, but the overall effect of NONOQate
production is similar.
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NO, being a gas that interacts relatively strongly with atoms in
the MOF framework, is a prime candidate for extremely selective
adsorption. It is becoming more and more apparent that gases
that interact relatively strongly with a MOF can, in the right
circumstances with the right material, stimulate flexibility that
can be termed ultraselective. In the case of the MOF Cu-SIP-
3,24772% the activation process that removes the solvent water
from the pores of the material causes a phase transition to an
essentially nonporous MOF. This material does not adsorb any
of the common gases tried. However, NO can interact strongly
enough with the framework to reverse the phase transition, but
only above a certain gating pressure of NO. Thus the material is
effectively is ultraselective toward NO. In a similar vein, a zinc-
TCNQ MOF structure prepared by Kitagawa and co-workers™*
is rendered flexible through an electron transfer reaction between
the organic linker and the guest NO molecules.

Adsorption of NO, because of the strong interaction with open
metal sites, can also be used as a good probe molecule for
investigating the nature of pore surfaces in unusual MOFs. A
prime example of this is in STAM-1, a MOF with two different
channels that are lined by different chemistry, one pore is
essentially hydrophobic and lined only by organic groups while
the other is hydrophilic and lined by potential open metal
sites.”>""*! Which channel is accessible can actually be controlled
by changing the activation conditions and the adsorption be-
tween the two channels can be switched. Nitric oxide is an
excellent probe for such switchable adsorption as its chemistry
means it interacts relatively strongly with both types of surface,
this is one reason why NO is such a good choice as a biological
molecule as it can be effective in both aqueous and fatty tissue.
Activation at low temperatures leaves the hydrophilic channel,
which contains water in the as-made material, blocked. Activation
at higher temperature then leads to loss of water from the
hydrophilic channel to open this one up, but this is accompanied
by a change in the framework structure that effectively closes the
hydrophobic channel. This framework flexibility is reversible on
re-exposure to water or methanol. The open channel is therefore
switchable between the hydrophobic and hydrophilic pores: NO

adsorption can be used to probe which pore is open as the strong
interaction in the open metal sites that are available on leads to a
steep increase in uptake at low pressure compared to that in the
hydrophobic channel, which has no open metal sites (Figure 22)

5.2.2. Delivery of NO from MOFs. Of course, adsorption of
a gas is all very well, but like any technology where the gas needs
to be used after it has been adsorbed it is the delivery of the gas
that is the most important aspect. The important questions
regarding the delivery of potentially toxic gases in a biomedical
context are how to control the rate and dosage of the delivery to
match that required for beneficial actions of the gas, and how to
ensure that such delivery consistent, both between batches of
MOF and when the NO-loaded MOF has been stored for various
lengths of time.

The first question to be answered is how to trigger the delivery
of the gas. There are various options; one might use a reduction
in pressure or an increase the temperature to desorb the NO, to
photolytically release the gas or to use a chemical trigger. The
rather strong binding of NO to metals in the systems, which leads
to the large hysteresis on the desorption arm of the isotherm
suggests that pressure reduction is not the most suitable method
where MOFs have open metal sites, but might work well where
physisorption is dominant mode of interaction in the NO-
adsorbed material. An increase in temperature and light-induced
breaking of the NO—metal interactions to desorb the gas would
both likely work rather well in certain situations, although not
practical in many others. Photolytic release of NO from metal-
containing polymers has been shown to be a perfectly valid
method of inducing NO delivery but this has not been applied to
MOFs as yet. However, the method of choice in almost all NO-
delivery systems using polymers, zeolites and MOFs is exposure
to water, which acts to displace the NO from whatever species is
present in the material. This is by far the simplest method as it
needs no other external energy source, and works extremely well.
The major criteria for such a method to be successful is that the
NO-MOF must of course be susceptible to interaction with
water, and that the NO-MOF must be stored under dry condi-
tions until it is required for use. The second of these criteria is
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Figure 22. (left) Switchable adsorption in STAM-1.>*" A chemical
switch can be used to open the central hydrophobic channel, while a
thermal switch can be used to open the hydrophilic, open metal site-
containing channels (right) NO adsorption into STAM-1 after different
activation treatments. After room temperature activation, only guests in
the organic-lined hydrophobic channels are removed, and NO is only
adsorbed in this channel. After activation at high temperature, the water
is lost from the hydrophilic channel, leaving open copper metal sites that
interact more strongly with the NO, which can be seen in the steeper
uptake at low pressure.

actually not all that much of an issue, as for medical applications
that norm is that the materials have to be stored in sterile
packages, which invariably prevent ingress of water from the
outside environment. The first criterion is the key to a successful
technology: how can we control the delivery of NO from a MOF
using water as a triggering agent?

As stated above, the best MOFs for NO adsorption and
storage are those containing open metal sites. Even within this
subfamily of MOFs there is quite a range of chemistry available,
and several of these have been tested for NO release. The first
open metal site MOF to be characterized was HKUST-1, a
copper benzene tricarboxylate MOF with a large porosity and
open copper sites after dehydration/activation. As can be seen in
Figurel9 HKUST-15" adsorbs significant quantities of NO at
room temperature, with the expected hysteresis on removing the
NO pressure. However, this NO-loaded material is not very
susceptible to water, and delivers only a very small fraction of the
loaded NO in laboratory tests when contacted with moist gas
over several hours (Figure23). This is not altogether surprising,
there are after all many known stable metal nitrosyl complexes.
However, other MOFs show very different behavior. The
M-CPO-27 (M = Ni**’or C0240) structure, for instance, shows
exceptional reversibility of the NO-adsorption, taking up ~8
mmol of NO per gram of MOF and delivering it all back again
under the same laboratory conditions used to test the HKUST-1
structure. Between these two extremes there are materials that
deliver intermediate amounts of NO. Other MOF materials
with open metal sites have been tested, including nontoxic
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Figure 23. Wide range of deliverable NO capacity can be recovered
from MOFs of different structures containing different metals. Ni-MOF
and Co-MOF are the Ni-CPO-27 and Co-CPO-27 structures,
respectively.

iron-containing materials such as Fe-MIL-88, Fe-MIL-100, and
Fe-MIL101."*" None of these materials show the extremes of
delivery properties of the CPO-27 or HKUST-1 structures, but
lie somewhere in the intermediate region. Even within the same
isotructural family, such as the M-CPO-27 structures, where M
can be Mg,13 Zn,”>* Co,*** Ni,**° and Mn,>> there is a relatively
wide range of delivery. As described above, the Co and Ni
materials show almost perfect performance in terms of delivering
the entire store of NO, while Zn and Mg materials deliver only
about 10% of their capacity under the same conditions.

This deliverable NO actually correlates somewhat with the ease of
dehydration/activation of the solids in the first instance, suggesting
that the stability of the framework containing the open metal site is
important in the mechanism of the NO delivery, but it is too early at
the present time to make concrete conclusions surrounding the actual
mechanism of this process and such work is currently still underway.
However, what is true is the wide variety of MOF structures give an
extremely wide range of deliverable capacities that we can tailor
toward the potential biological applications (see section 5.2.3).

As well as tailorable delivery capacities, another important
point is the stability and reproducibility of the delivery. The
available adsorption capacity of MOFs is notoriously difficult to
reproduce laboratory to laboratory, with some MOF materials
being particularly bad. However, it seems that tightly defined
protocols for the synthesis and activation procedures do indeed
lead to very reproducible results. Like zeolites, the work to date
shows that MOFs can have tight quality control parameters,
which is a prerequisite for any commercial application. Similarly,
the storage stability of the NO-MOF material has to be tightly
controlled. The materials must have a suitable shelf-lifetime during
which the deliverable capacity must not vary too much. Early
indications are that MOFs have good stability for storage approach-
ing that shown by NO-loaded zeolites which show little or no loss of
NO capacity after storage for up to 5 years. In addition, it is also
important that the material is “shaped” into a form that can be stored
and applied successfully. Such work is forming an important part of
current MOF research in many fields.”**

5.2.3. Biological Activity of MOF-Delivered NO. The
proof of the pudding, as the old English proverb goes, is in the
eating. The overall target for these MOFs is application in
biology, and in the longer term medicine, and so the obvious
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Figure 24. Biological effects of MOF-delivered NO. (a) The antiplate-
let activity of NO delivered from HKUST-1 is demonstrated by
complete inhibition of platelet aggregation when platelet rich human
plasma is exposed to an activating agent (collagen). The response of the
blue line is from the NO-free MNOF, while the pink line shows the
response from the NO-loaded MOF (b) a representative trace of the
relaxation of precontracted pig arteries when exposed to NO delivered
from Ni-CPO-27 (c) the antibacterial effect of NO delivered from a
MOF as a bactericidal agent inhibition of S. aureus DSMZ11729. MOF-
delivered NO showed improved bactericidal effects against MRSA,
which was significantly better than the vancomycin standard, which is
itself significantly improved over the growth control. The bacterial
colonization was measured using a fluorescence technique.

question is what sort of biological activity do the NO-loaded
MOFs have? At the beginning of section 5.2, we discussed the
potential biological applications of exogenous NO. To date the
NO delivery from MOFs has concentrated on three in vitro
experiments designed to test the antithrombosis (or rather more
accurately the antiplatelet activation) action of NO-loaded

MOFs, the vasodilatory (blood vessel relaxation) properties of
NO-loaded MOFs and the antibacterial activity of NO-loaded
MOFs. An important comparative feature of these three different
biological tests is that they probably require different amounts of
NO. Antiplatelet action requires relatively low concentrations of
the gas, in the nanomole or picomole concentration range, while
antibacterial activity requires a higher concentration. In human
biology, the antiplatelet activity of NO arises from slow produc-
tion of NO at low levels from the endothelial cells that line blood
vessels, while antibacterial action occurs when NO production is
induced by changing circumstances (such as wounding of the
skin). This makes these tests extremely good for looking at the
biological activity of the relatively wide-ranging NO delivery
capacities shown by MOFs. Antiplatelet aggregation experiments
using NO-loaded HKUST-1 showed that even the very low
concentrations delivered by this particular MOF were biologi-
cally active, completely inhibiting the aggregation of platelets in
human platelet rich plasma (PRP) after aggregation has been
initiated using an exogenous agent. In contrast, the MOF itself
had no effect on the platelets (Figure24a).

The rather larger flux of NO from materials such as Ni-CPO-
27 offer a wider range of materials that can be used in applica-
tions. To this end, we investigated the impact of a pressed pellet
of Ni-MOF (S mg) on precontracted pig coronary arteries in
vitro (Figure24b). Placement of pellets a distance of 2 mm from
the vessel in the 10 mL organ bath resulted in rapid 100%
relaxation of the vessel. The pellet could be seen to generate
bubbles of gas for ~10 min of submersion, although the
relaxation remained maximal for >1 h. In some experiments
(Figure24b), the pellet was removed from the bath after 10 min
and the relaxation was seen to gradually recover. Parallel control
experiments with NO-free Ni-MOFs failed to cause relaxation
and did not generate bubbles on exposure to the moisture and
showed no relaxation effects. NO is one of the body’s own
signaling molecules for the control of blood pressure through
relaxation of the muscles that surround arteries and veins, and
this experiment shows that MOF-delivered NO is very much
suitable for use in such a field. In fact, the formation of bubbles
from the MOF indicates that the flux of NO is probably too great
from the CPO-27 materials for optimum application.

The final biological experiment that has been carried out using
MOF-delivered NO is antibacterial. The induced production of
NO by the skin on wounding is one of the body’s own defense
mechanisms against bacterial infection, and it is known that NO
is a strong antibacterial agent, especially so when it combines
with superoxide species to form peroxynitrite, which is extremely
toxic to invading pathogens. Investigation of NO-loaded MOFs
against methicillin resistant Staphylococcus aureus, Pseudomonas
aeruginosa, and Clostridium difficile all showed significant bacte-
ricidal effects (Figure 24c), indicating that NO delivered in this
way is very much a potential method of developing new techno-
logies in this increasingly important field.'*'

5.3. Hydrogen Sulfide

H,S is now implicated in many biological processes and there
is growing evidence of its importance in human physiology,
stimulating great interest in understanding the endogenous
actions of H,S and in developing exogenous H,S as a potential
therapy. H,S has been implicated in vasodilatation®>® and neuro-
transmission and also plays a role in neuroprotection.”****’ In ad-
dition, a 2005 paper in Science reported the amazing progerty that
H,S induces a suspended animation-like state in mice®>® and has
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Figure 25. Hydrogen sulfide gravimetric isotherm adsorption measurements were carried out on MIL-53(A1** Cr,% Fe¥’), MIL-47(V),**® MIL-
100(Cr),* and MIL-101(Cr)*" metal—organic frameworks (MOFs). A two-step adsorption mechanism related to a breathing effect was observed for

MIL-53 terephthalate-based MOFs.

been hypothesized as a treatment to create a beneficial hypother-
mia/hypometabolic state in surgical situations, to benefit condi-
tions such as ischemia/reperfusion injury, pyrexia and trauma,”>”
and for the improvement of organ preservation.*® It is suggested
that as H,S plays an important role in several other clinical con-
ditions,”! making delivery of it in biologically relevant amounts
an attractive therapeutic target,%2 especially as an anti-inflam-
matory agent.”*® Recent work has indicated that it is important in
the inflammation and remodelling stages in asthma, and that it
could be a very exciting target for prevention and treatment.>** In
this report levels of endogenous H,S were found to be decreased
in pulmonary tissue in ovalbumin-treated rats. Exogenous deliv-
ery of NaHS as an H,S donor reduced the inflammation and
remodelling in the airways with several other positive markers
(increase in peak expiratory flow, decrease in collagen deposition
score etc). The conclusions were that NaHS treatment signifi-
cantly reduced pulmonary iNOS activation in the asthma model,
that H,S plays a significant role in asthma pathogenesis and that
H,S is a very exciting potential therapy to prevent/reduce airway
inflammation in asthmatic patients

The mechanism by which H,S imparts vasodilator activity is
seemingly different from NO, with possible contributions from
Karp channels, activation of endothelial NO, voltage-gated Ca**
channels, inhibition of respiration and central nervous system
effects have all been suggested in the literature.>® Moreover, the
chemistry of the gases is quite different: NO is a free radical with a
relatively short half-life (seconds) in the biological environment,
HS,S partially dissociates at physiological pH to yield hydrosulfide
and sulfide and interacts with Zn>" in particular.” It is also more
than likely that different mechanisms are evoked in different
vascular beds and in different species, rat coronary arteries, for
example, do not appear to be sensitive to H,S.2% Nevertheless,
this study and others suggest that H,S is protective against
ischemia reperfusion injury.

The delivery of exogenous H,S is dominated by NaHS, which
rapidly equilibrates with the gas in aqueous and biological
solutions. However, there are other organic compounds that
can be employed, such as cysteine. The chemistry of these donors
is not as easy to control as those of, the NONOates described
above for NO, and are primarily systemic in nature. Recently,
MOFs have become an interesting target for this area of research.

5.3.1. Adsorption of H,S on MOFs. The field of H,S
adsorption is by no means as well developed in MOF terms as
many of the other gases of interest for the many different gas
handling applications that are of interest. Partly, this is because of
the particular aggressive properties of this gas, especially when in

contact with ferrous components of adsorption apparatus. How-
ever, given its toxicity and highly unpleasant odor there has been
significant interest in removal of such sulfur-based contaminants
from fuels and chemical feedstocks. Metal—organic frameworks
have only recently been studied in this context, but not surpris-
ingly MOFs do show good adsorption capacities. As one might
expect, the interaction of H,S with metal—organic frameworks
can lead to invocation of flexibility in materials such as MIL-53°8
with pronounced steps in the adsorption isotherms, while rigid
structures such as MIL-101>" show more typical adsorption
behavior (Figure 25).10:267,268

Even more recently, studies also aimed at removal of H,S
under ambient conditions using copger—based MOFs were
carried out by Bandosz and co-workers.””® Again, relatively good
adsorption uptake was seen for the MOFs, which could even be
improved by making composites of the MOFs with grapheme
oxide. The CPO-27 materials that show such excellent behavior
in NO adsorption/delivery systems have also been studied in this
context, again showing good uptake behavior.

One striking feature of the H,S adsorption isotherms that have
been done to date is that the reversibility of the isotherms is not
as good as it is for other gases. Again, this is not unexpected for a
gas that can interact strongly with the frameworks. However,
X-ray diffraction, further adsorption experiments (for example
using methane) to test the effect of H,S preadsorption on uptake
capacities and other investigations indicate that for certain MOFs
the adsorption of H,S is so aggressive as to destroy the MOF
framework completely. Clearly, this behavior is less than ideal if the
MOFs are really to be used as the delivery agents in a biological
context. Adsorption into the MIL-100 and MIL-101 structures was
only partially reversible, and adsorption into copper based materials
resulted in completed destruction of the MOF network. However,
other materials including the CPO-27 and most of the MIL-53 did
not show the same issues and these can be described as the more
likely candidates for H,S delivery materials. Adsorption onto the
M-CPO-27 structures gave ~10 mmol H,S per g of MOF. The
structure of the H,S-loaded could be determined from powder
X-ray diffraction, and the interaction of the sulfur of the H,S with the
open metal sites in the framework confirmed using X-ray pair
distribution functional analysis (Figure 26).2!

5.3.2. Delivery of H,S from MOFs. Given the discussion in
the last section regarding the irreversibility of H,S adsorption,
delivery experiments to ascertain the amount of gas that is
deliverable both from freshly made and from stored samples
are required as a matter of urgency. As far as we are aware only one
such set of experiments has been carried out to date. These

1251 dx.doi.org/10.1021/cr200256v |Chem. Rev. 2012, 112, 1232-1268



Chemical Reviews

-==-Dehydrated Ni-CPO-27
——H2S loaded Ni-CPO-27

— Differential POF
(Gasloaded - Dehydrated)
— Calcul orkes
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open nickel site in the structure, with the atoms pointing into the channel. This is confirmed by the X-ray pair distribution functional analysis (right)
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Figure 27. Delivery of H,S from gas-loaded Ni-CPO-27 materials im-
mediately after preparation and after six months storage. There is a loss in
capacity on storage, but the delivery is still significantly above 1 mmol/g.

experiments were carried out on the Ni-CPO-27 and Co-CPO-27
structures that show such exceptional behavior for NO delivery experi-
ments. This experiment used approximately the same conditions as
those used for the NO delivery mechanism, using water as a trigger for
the release of the gas. The releasable capacity under these conditions
was good, but there was not the exceptional performance of the CPO-
27 solids that was seen in the NO experiments, but there was still a
significant delivery of >1 mmol H,S per g of solid over the first 30 min
or so. This certainly seems promising, and led directly to the
preliminary biological activity tests described below. However, storage
of the H,S-loaded CPO-27 material for six months showed a slight loss
in deliverable capacity, indicating a limited shelf life for this material
(Figure 27).

5.3.3. Biological Activity of MOF-Delivered H,S. In
biological testing, we expect that H,S can be used in many
similar ways to NO, although as a much less active signaling
molecule. The only biological activity test for MOF-delivered gas
so far known is a similar vasodilation test to that described for
NO in section 5.2.3, using myography to measure the relaxation
of porcine arteries (Figure 28). As expected, the relaxation
induced by the H,S was less than that seen in the NO experi-
ments, but whether this is entirely because of the lower activity of
H,S compared to NO, or whether it is simply because less H,S is
delivered is as yet unknown.
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Figure 28. Exposure of precontracted porcine artery to a H,S-loaded
MOF (Zn-CPO-27) showed ~39% relaxation after about 15 min, which
was reversed after the MOF was reversed using a washout procedure.

5.4. Carbon Monoxide

The final gasotransmitter molecule that could be stored in
MOFs in carbon monoxide. Its actions mirror those of NO
relatively well the mechanism by which they impart their vascular
activity are not necessarily via the same routes although NO and
CO both activate soluble guanylatecyclase (sGC) to generate
c¢GMP. The chemistry of the two gases is similar in many ways,
but while CO is relatively unreactive, except in the presence of
Fe’*, for which it has a very high affinity and binds irreversibly.
Carbon monoxide is an odorless, colorless gas. Often dubbed as
“the silent killer”, the toxicity of carbon monoxide has been
extensively studied. In 1857, Claude Bernard reported carbon
monoxide could bind to hemoglobin (Hb), the oxygen carrier in
blood.*”> The binding affinity of carbon monoxide and iron is
approximately 220 times larger than that of iron and oxygen.*”>
Consequently, the presence of carbon monoxide in the blood-
stream can lead to competitive binding of carbon monoxide to
the haem moiety to form carboxy-hemoglobin (HbCO) instead
of the oxy-hemoglobin (OxHb) required to transport oxygen.”’*
Further to this, binding of one molecule of carbon monoxide
reduces the capacity of the other three sites of hemoglobin to
bind to oxygen leading to a significant reduction in the oxygen
carrying capability of the blood, interrupting oxygen delivery to
organs ultimately leading to tissue hypoxia and poisoning.””>

1252 dx.doi.org/10.1021/cr200256v |Chem. Rev. 2012, 112, 1232-1268



Chemical Reviews

Research has shown that the body itself produces carbon
monoxide, with as basal production rate of approximately 1—6
mmol/ day.z76 The main source, accounting for 86% of carbon
monoxide produced endogeneously is the oxidation of haem by
the enzyme hemoxygenase (HO).””” Hemoxygenase is the
body’s haem degrading enzyme, which breaks down the por-
phyrin ring at the alpha-methane bridge via oxidation. This
oxidation requires three equivalents of oxygen and NADPH as
cofactors,””® and produces Fe(II), carbon monoxide and biliver-
din, a green pigment. Biliverdin is then quickly broken down to
the yellow bilarubin by biliverdinreductase, and then removed
from the bloodstream.

Current research centers upon delivering carbon monoxide
though the inhalation of between 20 and 400 ppm gaseous CO,
using orally dosed methylene chloride (MC) which releases CO
when metabolized in the liver, or in soluble form through the use
of so-called carbon monoxide-releasing molecules (CORMs).>””
A summary of delivery methods and experimental results can be
found in the literature.”® Porous materials could represent a
good alternative delivery mechanism for gasesous CO, necessary
due to the precautions needed with gas cylinders due to the toxic
nature of the gas.

However, while it is a good and well-used IR probe for several
different MOFs (see, for example, ref 281), at the time of writing
this review there has been no report on the biological activity of
MOF-stored CO, and even very little regarding adsorption of
MOFs using NO. There is clear scope in this area to make further
impact in MOF-delivered gasotransmitters.

6. BIODEGRADABILITY AND STABILITY OF MOFS

The use of MOFs for bioapplications will depend on its toxicity,
host—guest interactions, pore size, hydrophobic/hydrophilic
balance, and so on. However, the performances will also strongly
rely on its (bio)degradable character. MOFs are indeed based on
ionocovalent metal—ligand bonds and one expects, in solution, a
continuous ligand exchange process between the complexing
group and the water molecule from the metal centers. Thus,
particularly in body fluid where pH and composition drastically
change, one has to address the question of the stability of the
MOF that will strongly affect MOFs bioerosion and drug release
performances. Very little information has been gathered so far
concerning this critical issue. It is currently well-known that
microporous zinc terephthalate such as MOEF-5, are highly
unstable in the presence of water.’>** Other porous MOFs have
been proven to be hydrothermally stable such as Zn imidazolate
ZIF-8,”® the zirconium terephthalate UiO-66>° and the iron
trimesate MIL-100(Fe).”**> However, systematic study of their
liquid phase stability is still required. A first tentative rationaliza-
tion of the hydrothermal stability of MOFs has been described by
Low et al.*® The main conclusions are that the most important
parameters are the charge and coordination number of the
cations, the chemical functionality of the organic linker, the
framework dimensionality, and the degree of interpenetration.
MOFs based on metal—oxygen bonds are more stable when the
coordination and the charge increase, leading to reasonable
stabilities for metal(III) polycarboxylates such as MIL-100(Cr),
while Zn-imidazolate MOFs seem highly stable.'** For bioap-
plications, if one could point out that the tunable character of the
MOF composition and structure might offer quasi infinite
possibilities in terms of kinetics of biodegradation, there is still
a need to establish the real stability of MOFs in body fluids.

So far, it was shown that the iron(II) mono or dicarboxylates
Bio-MIL-1,"** and MIL-101(Fe),* degraded rapidly in phos-
phate buffer (pH = 7.4). Similarly, some of us have shown that
nanoparticles of iron fumarate MIL-88A and iron trimesate MIL-
100(Fe) totally degraded in phosphate buffer at pH 7.4 over a few
days.>® On the contrary, first stability tests of metal(Il) hydroxotere-
phthalate M-CPO-27 (Ni,>** C0>*°) resulted into a rather
stable character in ghosphate buffer supplemented with bovine
serum, at 37 °C.** Interestingly, some MOFs have been
observed previously as hydrothermally stable, such as UiO-
66(Zr) or MIL-100(Fe). However, if these MOFs are rather
stable in deionized water or even under slightly acidic conditions,
they degrade within few hours (UiO-66) > or a few days (MIL-
100(Fe)), or even weeks for the iron(III) tetracarboxylate Soc-
MOE(Fe) or MIL-127 solid,"** once dispersed in phosphate
buffer solutions (Figure29). This is partially related to the pH
value (PBS is at pH 7.4) regarding the pK, of the carboxylic
linkers (pK, < S.5), making easier a deprotonation of the linker
and thus reducing the complexing power of the linker toward the
metal. However, the presence of phosphate groups, which exhibit
a strong affinity toward high valence metals such as Zr, probably
rapidly displace the complexation equilibrium toward a forma-
tion of metal phosphate. Thus, one cannot predict the body fluid
stability of MOFs relying only on their hydrothermal stability.
Further studies are thus urgently required to rationalize this issue
for future biomedical applications.

7. TOXICITY

The large range of chemical compositions might allow finding
many toxicologically acceptable MOF candidates for their use in
healthcare. Indeed, MOFs based on endogenous linkers and
metals are still quite scarce in comparison with general MOFs
(see section 3). Of course, the entire MOF composition has to be
taken into consideration in toxicological assays since some of
these MOFs may also possess various toxic molecules (ligands or
solvents) within their structures. Therefore, the use of porous
MOFs in biomedicine is conditioned to the toxicity of each of the
MOF components. However, to the best of our knowledge, apart
from our in vitro and in vivo toxicological studies that will be
summarized here, there are no more investigations reported
so far.

In vitro toxicity of two iron carboxylates nanoparticles, the iron
trimesate MIL-100 and the iron fumarateMIL-88A, were assessed
through MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide). Even at very high doses, no cytotoxic effects
were observed for both types of nanoparticles in contact with mouse
macrophages J774. A1, human leukemia (CCRF-CEM) or human
multiple myeloma (RPMI-8226) cells.*>"*® Moreover, half
maximal inhibitory concentrations (ICs,) are comparable with
those of other currently available nanocarrier systems.”**

Biomedical application of MOFs requires understanding their
administration, distribution, metabolization (including biode-
gradation) and excretion (ADME), parameters strongly related
with nanoMOFs toxicity. The most direct administration way is
the intravenous (i.v.) route, where the total of the administered
dose is in blood. Thus, acute in vivo toxicological studies were
performed intravenously in rats, using very high doses (up to 220
mg-kg ') of three different iron carboxylate nanoMOFs, with
different structures and organic compositions, based on either
endogenous or exogenous, hydrophilic or hydrophobic and
aliphatic or aromatic linkers (MIL-88A,58 MIL-100,"* and
MIL-88B_4CH,).*° It has to be noted that in rats, the injected
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Figure 29. Percent degradation of MIL-100(Fe) (left) and Soc-MOF(Fe) or MIL-127 (right) under different simulated physiological conditions at
37 °C (estimated by % release of linker deduced from HPLC experiments).
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suspension volumes are limited and therefore, for stability after nanoMOFs administration, has confirmed the lack of toxi-
reasons, it is impossible to concentrate more the suspensions city of iron nanoMOFs.>>'#
and thus to administer higher nanoMOF quantities. Biodistribution depends on the molecule/material properties
The toxicological investigation has been assessed during three such as composition (metal, linker, polarity, etc), surface char-
months after the intravenous injection through the evaluation of acteristics (charge, accessible surface, porosity, reactivity, etc),
different parameters such as animal behavior, body and organ particle size and shape,*®* which can affect the particle interac-
weigshts, histology, enzymatic activity, and serum biochemis- tions with biological media (serum proteins-ogpsonization, lipids,
try.”"Except for a slight increase in the spleen and liver weight, sugars, etc), as reported for other materials.” ¢
attributed to the fast sequestration by the reticulo-endothelial The first biodistribution studies on iron carboxylate nanoMOFs
(RES) organs of the non surface engineered-nanoMOFs (see have been assessed by quantifying both iron and linker concentra-
below), comparison with control groups did not show any signifi- tion in different tissues by atomic absorption spectroscopy (AAS)
cant difference. Normal organs weight was restored one to three and high performance liquid chromatography (HPLC), respec-
months after the injection, confirming the reversibility of the tively."* Serum iron concentration significantly decreased in com-
phenomenon. On the other hand, the lack of inflammatory parison with control group the day following the intravenous
reaction, highlighted by the dosage of interleukine-6 levels (IL-6) administration of iron nanoMOFs, coming back to normal values
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Figure 30. Iron levels in different tissues after 1, 7, and 30 days of the i.v.administration of nanoparticles of MIL-88A, MIL-100 and MIL-88B_4CHs.

Data are presented as mean (n = 6, * p < 0.05).

after 7 days (Scheme 1).>>'** Noteworthy, in pathological situations,
high serum iron concentration leads to a hyperferritinemia com-
pensation effect in order to avoid toxic effects,”*which induces a
decrease in serum iron levels. However, this compensation process is
usually longer than the iron overload, leading to a serum iron
concentration even lower than the normal one.”*®

Concerning the iron concentration in other organs, no significant
changes have been observed in heart and kidneys (Figure 30)."*
The slight increase in the iron concentration in lungs has been
related to the accumulation of nanoparticles within the smallest
capillaries of this highly irrigated organ, coming back to normal
concentrations after 7 days, without any tissue damage as confirmed
by histopathology. No significant changes in the brain iron levels
have been observed after the administration of nanoparticles, with
exception of a slight increase in the brain iron concentration after
one day of the administration of nanoMIL-88B_4CHj. Thus, the
nanoparticles were not able to cross the blood brain barrier (BBB),
probably because of their larger size (100—200 nm) and the
hydrophilic character of the ligands. However, the presence of a
small fraction of MIL-88B_4CHj; within the brain was totally
unexpected and, although the cross of the BBB could be related
to the more hydrophobic character of the tetramethyterephtalate
linker and to the smaller size of these particles (40—50 nm), the
BBB crossing mechanism has not been investigated yet. This lack of
behavioral changes in treated animals during the whole experiment

as well as the normal activity of the biochemical marker for brain
function, creatine phosphokinase (CPK), support that nanoMIL-
88B_4CH; does not induce any brain toxicity but additional studies
are required to understand in depth this phenomenon.

Iron concentration did remarkably increase in liver and spleen
one day after nanoMOFs administration; then, progressively de-
creased up to normal levels after 7 days (Scheme 1). This may be
explained by the well-known “opsonization” process, resulting from
the adsorption of seric opsonins (which are immunologic proteins)
at the surface of foreign particles. Blood is dispersed into the liver via
a dense network of vessels (sinusoids), surrounded by a mixed layer
of fenestrated endothelial cells and Kupffer cells.”® These latter
recognize opsonins-decorated nanoparticles and phagocyte them,
removing them from the blood.””® Rapid opsonization and phago-
cytosis by macrophages of many nanoparticles is well-known.”" If
the surface functionalization with polymers such as polyethylene-
glycol may hinder the opsonins adhesion, promoting “stealth”
properties, the rapid uptake by the liver upon iv. administration
of nanoMOFs is thus a consequence of fast opsonization because of
the absence of surface modification and also to the rather large size
of these particles (50—200 nm).

The highest level of hepatic iron concentration (1750 ug.g ),
resulting from nanoMIL-88B_4CHj treatment, was however sig-
nificantly lower than the values reported to induce hepatocel-
lular damages (>4000 ugg 'wet liver).?**”In addition, iron
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Figure 31. Excreted iron in urine and feces after administration of MIL-88A, MIL-100, and MIL-88 4CHj; nanoparticles.

biodistribution analysis showed that about 26, 27 and 43% of the
injected doses was localized in the liver after 24 h of the adminis-
tration of MIL-88A, MIL-100, and MIL-88B-4CH; nanoparticles,
respectively. Iron concentration in both liver and spleen then
progressively decreased after 7 days down to 2%, 1%, and 4% in
liver for nanoMIL88A, nanoMIL100 and nanoMIL88—4CH;,
respectively, and down to 3 wt % in spleen (Figure 30). This
decrease in iron concentration reflects the process of degradation
and removal of the nanoparticles from tissues, thus demonstrating
that the organism was able to excrete both nanoparticles compo-
nents (iron and ligand) via urine and feces, as also confirmed by the
iron and ligand quantification in these media (Scheme 1).* Indeed,
the amount of iron excreted by urine and feces after 15 days
corresponds to about 40% of the administered dose (Figure 31).
Interestingly, the kinetics profile of excretion strongly depends on
the polarity of the ligands, related with their aqueous solubility. It
was found that after nanoMOFs administration, iron regulatory
systems needed around 3 weeks to achieve normal cells iron
homeostasis,*”* which is faster compared to iron oxide nanoparticles
(~20% of total administered iron removed after 7 weeks in different
animal species).”*

Furthermore, the histopathological examination of the liver
revealed a normal parenchymal architecture without any inflam-
matory or fibrosis aspect with no apparent change in the cellular
structures following the administration of nanoMOFs (Figure 32)
or of their ligands, except MIL88-4CHj3 and its corresponding
ligand (tetramethylterephthalic acid)."** These latter exhibited a
slight clarification of hepatocytes probably because the hydrophobic
character of the linker, which probably possesses a higher affinity for
the lipidic components of the liver. This clarification is, however,
completely reversible after 7 days of the administration. Moreover,
although nanoparticles can be detected inside the Kupfter cells by
Pearls Prussian Blue staining, which colors specifically the iron in blue
(Figure 32), microscopic observation of liver shows that nanoMOFs
did not induce any hypertrophy or hyperplasia of peri-sinusoidal cells.

Regarding the spleen, a slight hypertrophy not associated with an
important macrophagic activity has been revealed by microscopic
examination, together with the presence of nanoMOFs-containing
macrophages (Figure 32). Noteworthy, the amount of nanoparticles
in liver and spleen decreased progressively at 7 days to completely
disappear at 30 days, suggesting the total degradation and removal
of nanoMOFs particles inside splenic and hepatic macrophages.

In parallel, the linker has been quantified by HPLC in liver,
spleen and urine. The development on new extraction and
HPLC procedures has allowed the determination of the organic
linkers in different biological complex matrices.”*>**® The pre-
sence of ligand in liver, spleen and urine after the nanoMOFs

injection suggests a degradation/excretion process, as reported for
some iron oxide particles.”®” A progressive increase in ligand
concentration in urine has, indeed, been observed up to 15 days
following the nanoMOFs injection. Noteworthy, the excretion
profile depends on the polarity of the ligand. At blood pH (7.4),
all carboxylate linkers are deprotonated, favoring their removal
from urine. More hydrophobic tetramethylterephthalate ligand
led to a slower degradation of nanoMIL-88B_4CH3 compared to
MIL-100 and MIL-88A nanoparticles, probably because of its
lower solubility in the biological medium. Note that fumaric acid
is an endogenous molecule which can be reused in the Krebs
cycle. Thus, only few traces of this linker have been detected in
urine after the MIL-88A administration, in agreement with its
biological reuse.*>'** The dosage of the linkers in liver, spleen
and urine after the administration of the organic ligand alone
have shown that, in all cases, the linker is directly removed by
urine without accumulation in the RES. In fact, while 90% of the
injected trimesate has been rapidly removed by urine on the day
following the injection, tetramethylterephthalate excretion oc-
curred in more than 4 days. Interestingly, the absence of activa-
tion of cytochrome P-450 (Cyp3A4 and Cyp2El isoenzymes),
an hepatic enzyme related to the metabolization of exogenous
substance, rules out the metabolization of the organic linker and
suggests a direct excretion of the polyacids, in agreement with the
presence of the intact linker form in urine.

Serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and alkaline phosphatase (AP) are
frequently used as biochemical markers of the liver function.
AST, ALT, and PA activity increased 24 h after administration of
nanoMOFs, and were back to normal values after 7 days."*’ This
probably results from the accumulation of iron issued from the
biodegradation of the nanoMOFs, as previously deduced from
iron quantification, since enzymatic activity remained totally
normal after the administration of organic ligands alone. It is
well-known that iron hepatic overload leads to a compensation
phenomenon, characterized by a more or less longer overload
depending on the intrahepatocytic overload, followed by either a
reestablishing or a decompensate phase with cell dama§e and
tissue necrosis (inflammation and fibroblast activation).>** This
suggests a latency time for the regulation of iron hepatic homeo-
stasis, as observed experimentally.

Finally, the hepatic superoxide dismutase activity (SOD) and
the glutathione levels (GSSG/GSH), commonly used as bio-
chemical markers for oxidative stress, were evaluated after the
nanoMOFs administration.'** While the injected organic linker
did not cause any modification on the antioxidant level, intro-
duction of nanoMOFs produced a reversible increase in both the
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Figure 32. Histological sections of liver (A, B, C) and spleen (D) samples collected the day following injection of different nanoMOFs. (A,B)
hematoxiline/eosin staining (Gx10(A) and Gx40 (B)); (C,D) Perls Prussian Blue staining (Gx100 (C) Gx40 (D)) of control, MIL-88A, MIL-100, and

MIL-88B_4CHj; groups.

activity of SOD and the GSSG/GSH ratio. This time depending
effect (values increase up to 7 d and were back to normal values at
30 d) may be related with the high level of iron concentrations in
the liver. If under physiological conditions, iron is present in the
body, mostly associated with hemoglobin,**® a high level of free
iron has been Ereviously associated with an increase in the
oxidative stress.”””*°° Most of the iron might be incorporated
to ferritin in Kupfler cells, as reported for other iron nano-
particles.””” However, the rather good stability of iron carbox-
ylates under acidic conditions could lead to a relatively slow
degradation in the endosome.'*® Besides, in agreement with this,
the neutral or negative surface charge of these nanoparticles in
Kupfler cells might prevent their rapid clearance from the liver, as
reported for some dextran-coated nanoparticles.”®> Iron result-
ing from a slight degradation in the endosome could be then
transported from the endosome to the cytoplasm primarily by
the iron transporter DMT1.>*'However, the endosomial degra-
dation and the intracellular traffic studies are now required to
clarify the biodegradation and biodistribution processes. Then,
iron shall be reduced into Fe(II) by the Fenton reaction and
incorporated to ferritin thought a ferroxidase center, which
allows the iron oxidation and deposition in its cavity. Ferritin
expression is regulated by iron homeostasis and by oxidative
damage. Hence, this antioxidant reaction consumes Fe(II) and
peroxides, producing toxic free radicals in the Fenton reaction,>
which can consequently disturb the antioxidant balance.
Noteworthy, increase in SOD activity and GSSG/GSH levels
did not significantly vary with the nature of the nanoMOFs tested

and seem well correlated with the iron concentration. Hence,
since one of the main roles of the liver is detoxification, hepatic
cells are highly exposed to oxidative stress causes. However,
histopathological examination of liver did not show any severe
hepatic damage. Also, normal serum iron levels indirectly sug-
gests that the total iron biding capacity of transferrin, parameter
used as an indirect marker for the liver function,*®%is unchanged,
explaining the preservation of the liver functions.

In a nutshell, these investigations have highlighted the lack of
severe toxicity after intravenous administration of very high doses of
iron carboxylate nanoMOFs. However, additional studies con-
cerning biodistribution, cellular mechanism, subacute or chronic
toxicity... are still needed. In this view, preliminary subacute
in vivo toxicity assays have already been carried out by intrave-
nous administration up to 150 mg of MIL-88A per kg and per day
during four consecutive days and have revealed no sign of toxicity
up to ten days after administration.>®

8. DIAGNOSTICS

Magnetic resonance imaging (MRI) is a noninvasive diagnos-
tic technique with high spatial resolution. The contrast in a MR
image is the result of a complex interplay between instrument
parameters and intrinsic differences in the relaxation rates of
tissue water protons. Generally, the contrast can be improved by
using a contrast agent (CA), such as a Gd"" chelate, which locally
reduces the proton relaxation times. The magnitude of this effect
on the longitudinal relaxation time T1 (or transverse relaxation
time T2) is measured as the relaxivity r' (or r’, respectively)
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normalized to 1 mM CA concentration at a given magnetic field
strength. The relaxivity is used to evaluate the efficacy of the CAs.

However, most of the currently used CAs are nonspecific and far
less efficient than predicted by theory.>® Thus, a very active and
challenging research is underway for targeting CAs, i.e. designing
nanoparticulate systems able to delineate lesions in a given pathol-
ogy. Reaching high concentrations of CAs enabling high relaxivity at
the site of interest may be achieved mainly by: (i) using polymers
with covalently bound CA units,***** (i) using noncovalent
interactions between functionalized CA chelates and macromole-
cular substrates,*****”’and (iii) using colloidal systems, such as
liposomes and nanoparticles loaded with CAs.>** 3"

In particular, nanoparticles have received considerable atten-
tion because of their good entrapment properties offering the
possibility to accumulate high amounts of the CAs in organs and
tissues of interest (such as tumors) either by “passive targeting”
taking advantage of enhanced permeability and retention (EPR)
effect, or by “active targeting” using various target-specific
ligands, such as monoclonal antibodies.>"

The complexes of gadolinium (Gd*") are by far the most
widely used CAs for MRI in clinic, because of their highest elec-
tronic spin value (S = 7/2) and slow electronic relaxation rate.’"?
In the field of nanoMOFs for MRI>'* first, a Gd™-based
nanoscale MOF has been reported.®*~® High relaxivities have
been obtained and were claimed to be of several orders of
magnitude higher than those of other Gd""-based MRI contrast
agents. More recently, nanoMOFs for theranostics were prepared
through the attachment of multifunctional polymer chains such as
copolymers of poly(N-isopropylacrylamide)-co-poly(N-acryloxysucc-
inimide)-co-poly(fluorescein O-methacrylate) to the Gd Il nanoMOF
surfaces.>*The succinimide functionality was utilized to attach both
methotrexate, an active molecule, and a peptide for targeting purposes.
Thus, the nanoparticles were endowed with bimodal imaging capabil-
ities through both magnetic resonance and fluorescence microscopy.
Besides, other polymers such as poly[ N-(2-hydroxypropyl)metha-
crylamide], poly(IN-isopropylacrylamide), polystyrene, poly(2-(di-
methylamino )ethyl acrylate), poly(((poly)ethylene glycol) methyl
ether acrylate), or poly(acrylic acid) could also be successfully
coupled to these nanosystems.>'® The relaxivity rates of the sur-
face-modified MOF nanoparticles were related to the molecular
weight and chemical structures of the polymers and were significantly
higher than both the unmodified Gd-nanoMOFs and the clini-
cally employed contrast agents, Magnevist and Multihance.

However, although the Gd** ions are highly paramagnetic,
their in vivo toxicity might be a concern.*” To overcome this
drawback, Mn(Il)-based nano-MOFs have been developed
based on the fact that Mn(II) is considered as much less toxic
than its Gd(IIT) counterpart.69 Although the relaxivities observed
were modest, these studies have shown that site-specific imaging
would be possible with the help of a silica-based coating at the
nanoMOFs’ surface to delay the leaching of metal ions until the
nanoparticles reach their target site.

Other attempts to synthesize MOF materials endowed with
imaging properties consisted in forming single crystalline mate-
rials by the reaction of the anhydrous chlorides of rare earth
elements (Sm (1), Gd (2), Tb (3)) with a melt of 1,4-benzodi-
nitrile in the absence of solvents. The dinitrile ligand was strongly
coordinated substituting parts of the chlorine coordination.
However, the largest cavities within the MOF structures had
diameters of only 3.9—8.0 A.*'® NanoMOFs consisting of Tb>*
ions and a cisplatin prodrug were surrounded by a silica shell
and conjugated to a targeting peptide.”® They showed good

cytotoxicity against the colon adenocarcinoma cell line HT-29,
comparable with that of cisplatin free in solution, whereas the
untargeted nanoparticles did not exhibit significant cell death.

Relatively large crystals (400 nm to 1 #m) of Ln-MOFs were
reported.®’” The values of r' were very small and varied only
slightly with the effective magnetic moment of the lanthanide
ions, while r* values were larger. The relaxivities of the nano-
MOFs with smallest sizes were the most important. However,
their relatively large size (>400 nm) is not optimal for intrave-
nous administration.>*°

One of the most challenging objectives in drug therapy is
“theranostics” or following both drug delivery within the body
through the intrinsic imaging properties of the MOF and efficacy
of the therapy. To reach this goal, the surface of the iron
terephthalate MIL-101 nanoparticles has been modified post-
synthetically through the use of amino terephthalate groups.
Besides, an anticancer drug (12.8 wt %) and a fluorophore
(5.6—11.6%) were then loaded onto the MOF in order to
combine in the same nanoparticulate system the possibilities of
optical imaging and anticancer therapy.*> However, the nano-
particles had to be covered with a silica layer to increase their
stability and control the drug and fluorophore release. The
fluorophore agent is active only when it is free in solution, as a
result of the quenching effect of Fe'".*®

In this context, a promising approach for theranostics is the
use of non toxic porous iron(III) carboxylates,>> >’ able to load
exceptionally high amounts of drugs with various physicochem-
ical properties (hydrophobic, amphiphilic or hydrophilic) and
have relaxivities adapted for in vivo applications.

Thus, MRI measurements have been performed on Wistar
female rats 30 min after injection of suspensions of MIL-88A and
MIL-100 nanoparticles. Both gradient echo and spin echo sequences
clearly showed that the treated liver and spleen organs were darker
than the normal ones, because of the preferential accumulation of the
nanoMOFs in these RES organs.>® The resulting aspects of the liver
and the spleen are indeed different between control and treated rats
(Figure 33A and B). However, three months after injection, the liver
and spleen returned to a similar appearance to that of the untreated
rats, in accordance with the temporary accumulation of the nano-
MOFs in these organs. Moreover, it has been shown by Mossbauer
spectroscopy that the contrast effect was because of the iron
carboxylate matrix and not to the eventual presence of iron oxide and/
or hydroxide degradation ?roducts which could act also as CAs.

Recently, Imaz et al.**' have reported the synthesis of colloidal
amorphous MOFs by coordination polymerization of Zn" metal
ions and 1,4-bis (imidazol-1-yl methyl) benzene. The size of the
resulting spherical particles could be varied in a wide range (100—
1500 nm) depending on the concentration of the reactants. Iron
oxide nanoparticles (10 nm in diameter) could be successfully
entrapped inside these spheres during their fabrication grocedure, as
demonstrated by electron microscopy investigations.> Ke et al.'””
has prepared a magnetic MOF nanocomposite, fabricated by incor-
porating Fe;04 nanorods in nanocrystals of the porous cupper
trimesate HKUST-1. Magnetic behavior of the nanocomposites,
evaluated at 10 T, showed the saturation magnetization values
between 1.54 and 0.92 emu.g_1 depending on the Fe;O, content.
Moreover, luminescent quantum dots and fluorescent dyes such as
fluorescein and rhodamin could be encapsulated by the same
procedure. These studies open up possibilities to confer multi-
functional capabilities to nanoMOFs.

Optical imaging has emerged over the last years as a powerful
imaging modality widely employed mainly for oncological
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Figure 33. MRI investigations 30 min after injection of isotonic solution (A, control) or MIL-88A nanoparticles (B) in Wistar female rats. Imaging was
performed at 300 MHz on a 7T horizontal-bore magnet. Rats were killed (isoflurane over dosage) [adapted from ref SS]. (C) Fluorescent images of
tissue samples (liver, spleen, kidney and lung) isolated from mice after intravenous injection of dye doped Gd** nanoMOFs [adapted from ref 324].

applications, owing to its ability to noninvasively differentiate
between diseased (e.g., tumor) and healthy tissues on the basis of
differential dye accumulations. Recently, nanoMOFs have been
synthesized by using a phosphorescent ruthenium comgplex as
bridging ligand and zinc or zirconium connecting points.”>> The
dye loadings reached 78.7% and 57.4%, respectively. The zirco-
nium nanoMOFs were further stabilized with a silica coating and
then functionalized with poly(ethylene glycol) (PEG) and a
targeting molecule for in vitro optical imaging of cancer cells.

Recently, nanoparticles made of supramolecular coordination
polymer networks were obtained from the self-assembly of
nucleotides and lanthanide ions in water and could include other
functional molecules such as fluorescent dyes, metal nanoparti-
cles, quantum dots, enzymes, and proteins.37'47326 Fluorescence
reflectance imaging (Figure 33C) showed that after intravenous
administration in mice, fluorescent dye-loaded Gd** based nano-
MOFs were rapidly taken up by liver and were thus not detected
in other organs such as lung or kidneys. This was attributed to the
recognition of the nanoparticles by RES. As only a negligible
effect of the nanoMOFs was observed on the blood levels of
aspartate aminotransferase and alanine aminotransferase (enzymes
that assess liver function), it was claimed that the nanoparticles
were non toxic and could find potential application as imaging
agents for liver.>** Interestingly, the self-assembly of nucleotide
monophosphates and lanthanide ions on the surface of the
semiconductor nanocrystals (quantum dots) lead to the forma-
tion of a supramolecular shell (4—8 nm in thickness) of
coordination networks.>?® However, all these studies use lantha-
nide (essentially Gd®>" based nanoMOFs) arising the same
toxicity concern as previously discussed.

X-ray computed tomography is a powerful diagnostic tool
capable of providing three-dimensional images with excellent spatial
resolution to investigate various bodily structures based on their

ability to block the X-ray beam. Typical CAs are materials containing
elements with a high Z number such as iodine, barium and bismuth.
In clinics, iodinated aromatic molecules and barium sulfate have
been approved for intravenous and gastrointestinal tract imaging,
respectively. The CAs for computer tomography have the same
drawbacks as the CAs for MRI, such as a non specific distribution
and a fast clearance. For this reason, nanoparticulate nanoMOFs
have been developed as carriers for iodinated aromatic molecules.*”’
The bridging ligands were tetraiodobenzenedicarboxylic acids and
the metal connecting points were Cu" or Zn". The potential of the
resulting iodinated nanoMOFs for computed tomography has been
clearly demonstrated in phantom studies.

All the above presented studies highlight the potential of
nanoscale coordination polymers as a novel platform for MRI,
optical imaging or X-ray computed tomography.

9. CONCLUSION/OUTLOOKS

MOFs or coordination polymers through their tunable composi-
tion, structure, pore size, and volume, easy functionalization, flexible
network and/or accessible metal sites, possess many advantages for the
adsorption and release of biomolecules compared to other carriers
such as inorganic porous solids (zeolites or mesoporous silica) or
organic polymers. Their biodegradable character can also be modified
through an adequate choice of the metal, linker and structure which
results in a degradation in body fluid from a few minutes up to weeks.
Among them, MOFs based on endogenous linkers are of great interest
even if real porous “BioMOFs” are still scarce. An alternative method of
releasing high amounts of drugs consists in making a bioactive MOF
based on the drug itself as the linker and release it through the
degradation of the MOF itself, or use a bioactive metal (Ag, Zn, Ca,
Mn, Gd, Fe, ..) as the inorganic cation, to introduce additional
properties such as antibacterial activity or imaging properties.
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The formulation of MOFs particles is a crucial step for their
administration. The synthesis at the nanometric scale of MOFs
through various techniques such as microwave assisted hydro or
solvothermal conditions, sonothermal methods, reverse emulsion
techniques, ..., allows numerous administration routes (intravenous,
ocular, etc.), as well as facilitates other formulations. Indeed, many
other potentially interesting dispositives have been developed, in-
cluding pellets, thin films, gels, composites and more. Although the
surface modification of MOFs nanoparticles is still at its infancy, this is
particularly interesting since it can easily modulate MOFs biodistribu-
tion (bioadhesion, stealth, targeting, etc) together with improving
their stability. Toxicity studies of MOFs, still very scarce, have shown
at the preclinical level using rats that several porous iron carboxylates
nanoMOFs are non toxic after i.v. administration at very high doses.

MOFs have shown so far the highest loading capacities of thera-
peutic molecules (drugs, cosmetics, or biological gases) associated,
in most cases, to the possibility of controlling the release of their
cargo. Record amounts of highly challenging drug or biogas mole-
cules have therefore been successfully entrapped and in vitro
released from non toxic porous MOFs in a controlled manner.
The presence of crystalline frameworks also makes easier the anal-
ysis of the host—guest interactions and systematic encapsulation/
release studies of model drugs combined to modeling techniques
represents a promising method to develop predicting models.

However, despite important advantages, there is still a lot to do
prior to the practical use of MOFs in biomedecine. First, several
critical issues need to be addressed, such as the understanding of
the mechanism of degradation of the MOF (or the drug loaded
MOF) and the kinetics of delivery for a given pair of drug
molecule—MOF structure. Indeed, very large differences in
terms of kinetics of release have been observed so far either
when changing the drug for a given MOF or using different MOFs
for the same biomolecule. It is currently admitted that delivery is
controlled mainly by host—guest interactions and diffusion but in
the case of MOFs, their degradation in the body fluid leads to an
acceleration of the release of the drug molecule. Second, partially
because of their degradable character, the synthesis of stable and
monodisperse formulations of MOFs nanoparticles represents still a
major issue. The same problem occurs for the surface modification
of MOFs nanoparticles. If first results seem promising, one has still
to evaluate the stability of the surface modification as well as the final
stealth, addressing or bioadhesive properties of the resulting surface-
engineered nanoparticles. Similar issues are important in the design
of MOFs for the controlled-release of medical gases such as NO. If
no sign of toxicity at the preclinical level has been demonstrated for a
few selected iron carboxylate MOFs, it will be required both to
assess the toxicity of other MOFs as well as pursuing the analysis up
to the biodistribution of the material, including the cellular transit,
degradation, excretion mechanisms, physiological barrier penetra-
tion, chronic toxicity, ..., once administered in the body through the
different routes. In vivo studies of the pharmacokinetics and
efficiency of the drug nanoMOF will be the major next steps to
evaluate the real performances of the MOFs in biomedicine.

Finally, the remarkable intrinsic properties of the nanoMOFs
as contrast agents either in MRI, optical imaging or X-ray
computed tomography allows following both detection of the
drug-loaded nanoparticles and efficacy of a given therapy.
This multifunctionality opens up challenging perspectives for
“theranostics” or the personalized therapy.

In conclusion, MOFs for biomedical applications are of a great
interest with many very promising results, indicating that these

porous solids exhibit several advantages over existing systems.
Despite many issues still to be addressed, considering the huge
number of remaining existing encapsulation problems such as the
controlled release of the drug molecules that have not been
commercialized because of their poor bioavailability (solubility,
stability, ...), this strengthens the interest in further developing
bioapplications using MOFs.
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MOF metal—organic framework

nanoMOFs  nanoparticles of metal—organic framework

PEG poly(ethylene glycol)

LDs, lethal dose 50

CPO coordination polymer from Oslo

MIL material from Institut Lavoisier

BioMIL bioactive material from Institut Lavoisier

Uio University of Oslo

ZIF zeolite imidazolate framework

HKUST Hong Kong University of Science and Technol-
ogy

UMCM Université de Moncton

STAM Saint Andrews University

IRMOF isoreticular metal—organic framework

STY space time yields

TCNQ tetracyanoquinodimethane

PVP polyvinilpyrrolidone

CTAB cetyltrimettylammonium bromide surfactant

DMF dimethylformamide

PBI poly isobutanol

polyHIPE monolithic macroporous hydrophilic polymer

SBF simulated body fluid

PBS phosphate buffer solution

ADME absorption—distribution —metabolism —excre-
tion

iv. intravenous

API active pharmaceutical ingredient

BET Brunauer—Emmett—Teller

NMR nuclear magnetic resonance

XRPD X-ray powder diffraction

DET density functional theory

Bu busulfan

Doxo doxorubicin

AZT-Tp azidothimidine triphosphate

CDhV cidofovir

AZT azidothimidine

DSCP disuccinatocisplatin

AIDS acquired immune deficiency syndrome

HIV human immunodeficiency virus

NRTIs nucleoside reverse transcriptase inhibitors

Br-BODIPY  1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-
4-bora-3a,4a-diaza-s-indacene

QSAR quantitative structure—activity relationship

HPLC high performance liquid chromatography

AAS atomic absorption spectroscopy

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide

PBMC peripheral blood mononuclear cells

ICy inhibitory concentration 90

PRP human platelet rich plasma

MRSA methicillin-resistant Staphylococcus aureus

iNOS inducible nitric oxide synthases
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sGC soluble guanylatecyclase

cGMP cyclic guanosine monophosphate
Hb orhaem  hemoglobin

HbCO carboxy-hemoglobin

OxHb oxy-hemoglobin

HO enzyme hemoxygenase

NADPH nicotinamide adenine dinucleotide phosphate
MC methylene chloride

CORMs carbon monoxide-releasing molecules
RES reticulo-endothelial system

IL-6 interleukine-6

BBB brain blood barrier

CPK creatine phosphokinase

AST aspartate aminotransferase

ALT alanine aminotransferase

AP alkaline phosphatase

SOD superoxide dismutase activity

GSSG oxidized glutathione

GSH reduced glutathione

DMT1 divalent metal transporter 1

MRI magnetic resonance imaging

CA contrast agent

T1 longitudinal relaxation time

T2 transverse relaxation time

EPR enhanced permeability and retention
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