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General Introduction

Pharmacy has evolved regarding the specific needs of the patient. In the last five decades, the
development of pharmaceutical carriers allowed the formulations to protect the fragile drugs
from degradation, reduce the side effects of drugs together with allowing controlled drug release
and targeted delivery °. Among all the drug delivery systems, “cage” particles recently drew
special attention since they could act as “drug containers” which potentially load large amount

of drugs, improve the stability of the drugs, and co-encapsulate synergetic drugs .

Cyclodextrins (CDs) are typical “cage” molecules due to their truncated cone shape with a
hydrophobic cavity and a hydrophilic outer surface °. These unique properties enable CDs to
form inclusion complexes with a variety of active molecules. They have been used as “molecule
containers” to improve the solubility and bioavailability of poorly soluble drugs, stabilize drugs
from light, thermal, and oxidative degradation, and mask the bitter taste of the drugs 02,
Therefore, self-assembled nanoparticles (NPs) composed of CDs are attractive formulations.
However, since the cavity of the CDs is small, their loadig capacity is reduced to a number of

drugs or portions of drugs.

Recently, a new type of porous CD-based metal organic frameworks (CD-MOFs) was
synthesized 3. They can be imagined as buildings built using CDs which act as hollow bricks.
CD-MOFs contain not only the cavities of CDs, but also the big pores built up by CDs self-
assemblies (Fig.1). Compared with CD-based NPs (CD-NPs), CD-MOFs have the possibility
to load more drug payloads. Unfortunately, these particles immediately disassemble in aqueous
media, which limits their application for oral or intravenous administration. Surface
modification is therefore necessary to improve their stability in water. However, the process of
surface modification leads to larger particles and reduced drug payloads.

Water-stable MOFs are a novel type of hybrid particles, showing a high potential as drug
carriers. Iron trimesate MOFs, namely, MIL-100 (Fe) (MIL stands for Material of Institute
Lavoisier) was among the first nanoscaled MOFs to be used for drug delivery!®. It is a “cage”
porous particle made of iron trimers connected by trimesic acid linkers. Because of their high
pore volumes and surface areas, MIL-100 (Fe) particles were shown to load a large variety of
drugs, such as antibiotics and anticancer drugs, which were able to efficiently penetrate within
the porous MOF structures.

Therefore, three types of particles were successfully synthesized and used for the incorporation

of active ingredients.



1. CD-NP was the first investigated system in this study. The advantages of these NPs lie on
their “green” and simple preparation procedure. They could be obtained in pure water just
by mixing two neutral polymers which instantaneously associate together. The host—guest
interactions leading to inclusion complexes between hydrophobic molecules and the apolar
concavities of CDs can be exploited for the formation of stable CD-NPs. A main objective
was to use microfluidics to automatically prepare NPs in water media. Our interest was also
focused on developing complementary techniques to well characterize the particles by in
situ size measurements, and individual particle tracking (chapter 2), however, the drug
loading capacity is not high (~ 5wt%).

2. Aiming at enhanced payload of drugs, CD-MOFs were synthesized because of their porous
structure. Firstly, the synthesis of CD-MOFs was optimized to shorten the synthesis process
and to obtain particles suitable as drug carriers (Chapter 3.1). Drugs of interest, such as
lansoprazole (LPZ) were then encapsulated. Of note, methods were developed to study the
morphology and chemical composition of individual particles (Chapter 3.2). In order to
improve the stability of the loaded CD-MOFs in agueous conditions and control the drug
release, surface modification was performed (Chapter 3.3).

3. Since the surface modification was normally complicated and could probably reduce the
drug payloads, MIL-100 (Fe) NPs were finally used as water-stable drug carrier in this
study. It has been shown that they interact efficiently with phosphated drugs/coatings with
high efficiencies. To gain new insights into the complex interactions taking place in the
MOF/drug/coating systems, we developed a method based on Raman microscopy to track
the morphology and chemical composition of individual particles (Chapter 4.1). Aiming at
a drug combination delivery, co-encapsulation of two synergic antibiotics (Amoxicillin and

potassium clavulanate) was successfully acheived (Chapter 4.2).
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Chapter 1: Introduction

1. “Cage” molecules: CDs

CDs were first isolated in 1891 by Villiers from the enzymatic degradation products of starch?.
They are a family of cyclic oligosaccharides composed glucopyranose units. CDs are cage-like
supramolecular with a hydrophilic outer surface and a hydrophobic central cavity. As a result
of this cavity, CDs are able to form inclusion complexes with a variety of hydrophobic guest
molecules, which can lead to advantageous changes in the chemical and physical properties of
the included guest molecules. Therefore, CDs are widely used as "molecular cages" in the
pharmaceutical to enhance the solubility, stability, and bioavailability of drug molecules?. They

have been recognized as pharmaceutical excipients for the past 20 years.

1.1 Structure and properties

The most common natural CDs are a, f and y-CDs, containing 6, 7 and 8 glucopyranose units
respectively, attached by a-1,4-linkages (Fig.1). Due to the chair formation of the
glucopyranose units, CDs are shaped like bottomless nest-shaped (truncated cone) molecules
with primary hydroxyl groups extending from the narrow edge and the secondary groups from
the wider edge. This makes the outer surface of CD molecules hydrophilic, whereas the

lipophilicity of their inner cavity is comparable to an aqueous ethanolic solution 3.
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Fig.1 Structure of o, § and y-CDs.

These unique molecular shape and structure allow CDs to act as a molecular container by
trapping guest molecules in their cavity. Once the guest molecules were included, their water
solubility, volatility, stability, bioavailability, and even the taste could be improved *.

The natural CDs, in particular B-CD, have limited water solubility (18.5 mg/mL, 25°C) 2, which
often results in precipitation of the inclusion complexes from the aqueous systems. Therefore,
functionalized CDs were synthesized, including CD derivatives, and cross-linked CD
polymers®. They are prepared by chemical or enzymatic reactions. The main objective of
functionalization for pharmaceutical interest are: 1) to improve the solubility of the CDs and
their inclusion complexes; 2) to reduce the toxicity of CDs, such as the nephrotoxicity of $-CD;

3) to improve the fitting and/or the association between the CD and its guest.
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CD derivatives. New derivatives of CDs for pharmaceutical application were synthesized and
currently used in pharmaceutical products, including hydroxypropyl derivatives of B-CD and -
CD (HP-B-CD and HP-y-CD), sulfobutylether B-CD (SBE-B-CD), and randomly methylated [3-
CD (RM-B-CD) &7. These CD derivatives are of very high water solubility (>500 mg/mL). The
main reason for this significant solubility enhancement is due to the transformation of the

crystalline forms of natural CDs into amorphous mixtures of isomeric derivatives &,

Moreover, hydrophilic derivatives of -CD could be used in parenteral formulations showing

reduced nephrotoxicity as compared to natural CDs °.

Cross-linked CD polymer. Recently, cross-linked CD polymers were synthesized and widely
used in polymeric systems, such as hydrogels, nano/microparticles, and micelles, etc. Cross-
linked CD polymers were generally synthesized with cross-linker agents at controlled
temperature >°, Epoxides (e.g. epichlorohydrine (EP) or glycidylethers), isocyanates,
aldehydes, and ketones are suitable cross-linking agents for CDs !, EP is considered as the
most investigated agent. It posseses two reactive groups that can react with the hydroxyl groups
of CDs or with other EP molecules under alkaline conditions. This reaction usually leads to
microgels, which are composed of a mixture of cross-linked CDs joined by repeating glyceryl
units of polymerized EP*2. Hydrosoluble CD polymers can also be obtained if the cross-linking
reaction is quenched at a certain stage 3. Poly-B-CD synthesized by this way draw special
attention in polymeric self-assembled systems because of its high solubility, and high capacity

to form inclusion complexes with guest molecules 1416,

1.2 Safety and biocompatibility of CDs

The a, p and y-CDs were well tolerated when administered orally only a small fraction absorbed
from the gastrointestinal tract >’. Some CD derivatives such as HP-CD could be used safely for
intravenous administration and were mainly excreted unchanged in the urine. However, -CD
showed nephrotoxicity when administered parenterally, in part, possibly due to its low aqueous
solubility 2. Lipophilic CD derivatives, such as RM-B-CD, were absorbed to a greater extent
from the gastrointestinal tract and induced a toxic effet after parenteral administration *’. Oral
administration of RM-B-CD is presently limited because of its potential toxicity.

However, it is worth mentioning that the first targeted, polymer-based nanoparticle system
carrying siRNA to be systemically administered to humans was based on polymeric cationic
CDs 18,
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1.3 Inclusion complex formation based on host-guest interactions
The inclusion complexes between CDs and guest molecules are formed mainly by hydrogen

bonding, and van der Waals interactions. The release of enthalpy-rich water molecules from the
CD cavity, and electrostatic interactions also contribute to the inclusion formation. As there are
no covalent bonds, guest molecules in the complex are in equilibrium with free molecules in

solution (Fig. 2).

<
¢ bt 4 & K.
¢ O(( * ¥ .,, v
LA gy v
) 4L ~ [ pop]
Drug (D) CD ¢ DIICD]

Fig. 2 The conventional inclusion complex formation when one guest molecule forms a

complex with one CD molecule.

The key factor for the inclusion complex formation is the thermodynamic interaction between
the chosen CDs and the drug molecules. As shown in Fig.2, the larger the Kc, the more the
equilibrium will shift towards complex formation. There are four energetically favorable
interactions that help increase Kc ° : (i) the displacement of polar water molecules from the
hydrophobic CD cavity; (ii) the increased number of hydrogen bonds formed as the displaced
water returns to the larger pool; (iii) a reduction in the repulsive interactions between the
hydrophobic guest and the aqueous environment; and (iv) an increase in van der Waals
interactions and/or hydrogen bonds formation as the guest molecule inserts itself into the
hydrophobic CD cavity. The first two interactions are similar in any case, but the last two
interactions are up to the affinity between the guest molecule and the CD, which is dependent
on the size, hydrophobicity and structure of both the guest molecules and the type of CDs.

Inclusion complexes could be formed at the molar ratios of 1:1 or 1:2 between the guest
molecule and CD (Fig.3). However, as shown in Fig. 3C, CDs are also known to form non-
inclusion complexes and complex aggregates capable of dissolving drugs through micelle-like

structures 3.
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Fig.3 Types of inclusion complexes formed at the molar ratio of 1:1 (A) and 1:2 (B) between

the guest molecule and CD; Non-conventional CD complexes (C).

1.4 CD-based drug-carriers

CDs are widely used in drug delivery system, including hydrogels, polymeric NPs, liposomes,
niosomes, micelles, millirods, nanosponges, and supramolecular vesicles, etc?®. They were
employed almost everywhere in the pharmaceutical field, but there are only few types of drug
carriers mainly composed of CDs. Herein, CD-based hydrogels and NPs driven by CD inclusion
complexes and CD-based metal organic frameworks (CD-MOFs) were introduced.

CD-based hydrogels and NPs driven by CD inclusion complexes.

Supramolecular structures could be formed by simply mixing poly-CDs or polymers grafted
with CDs and polymers bearing guest groups. Both hydrogels and NPs can be obtained
depending on the concentration of the polymers and their architecture 2! . The inclusion
complex formed between CDs in one polymer and the guest molecules in other polymer acted

as knots that link the lines into nets which could further assemble into NPs or hydrogels.

The combination between B-CD-bearing polymers and adamantane (Ada)-bearing polymers
were stable, due to their host—guest interaction (Ka ~ 10*—10° M) 81722, Some other guest

molecules were also used, such as alkyl chains, cholesterol, B-benzyl L-aspartate,
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benzimidazole, and even some hydrophobic drugs 19?22 | It was found that polymers grafted
with alkyl chains could also form stable supramolecular structures, despite the relatively low
CD-alkyl chain association constant 4. The cooperative effect of multiple complex formation
played a major role on ensuring the stability of the edifices.

Drugs could be loaded in different ways. As already described, some hydrophobic drugs could
be used directly as guest molecules®. In this case, the drugs could be conjugated in CD-bearing
polymer or in another polymer. Fig. 4 A and B show the NPs formation driven by CD-drug
inclusion. Alternatively, drugs could be loaded after the hydrogels/NPs formation by forming
inclusion complexes with free CDs remaining unoccupied after particle formation (Fig. 4C).
This strategy avoids the synthesis of drug-polymer conjugate, which can be deleterious for some
fragile drugs 2*. However, the disadvantage of this type of particles lies on the low drug loading
and the equilibrium between the free drug and included drug. When the particles were diluted,

the equilibrium would shift to the free drug formation which leads to drug leakage.

Fig. 4 Different models that represent how the drugs were loaded in the CD-based
hydrogels/NPs driven by CD inclusion complexes. A, the drugs were conjugated to CD-bearing
polymers; B, the drugs were conjugated on a different polymer; C, the drugs were loaded in
free CDs that were not occupied by the guest molecules.

“Cage” particles: CD-based metal organic frameworks (CD-MOFs).

Although CDs are “cage” molecules, the cavity of the cage is very limited because of the
dimension of the molecules. Therefore, porous “cage” particles, CD-MOFs, were recently
synthesized in the group of Dr. Fraser Stoddart 2°. CD-MOFs were formed by reacting y-CD
and potassium ions employing a vapor diffusion method. In the originally reported synthesis 2°,
“edible” CD-MOFs were prepared by dissolving commercially available food-grade KCI or
potassium benzoate and food-grade y-CD in distilled water. The aqueous solution was filtered
through cotton wool, following vapor diffusion of grain alcohol into the solution over around
one week. In this process, the y-CD molecules are linked by potassium ions to form a body-

15



centered cubic structure (Fig.5). They are porous particles built with cubic units which have a
pore of 1.7 nm. CD-MOFs greatly improved the capability of CDs to encapsulate drug

molecules?-28,

Fig.5 structure of CD-MOFs

To obtain monodispersed CD-MOFs for drug delivery, the synthesis was optimized?. It has
been discovered that addition of cetyl trimethylammonium bromide (CTAB) leads to the
preparation of smaller CD-MOFs (1-10 pwm). If methanol was also added together with CTAB,
nanoscale CD-MOF could be obtained (200-300 nm). All these syntheses employing vapor
diffusion methods took long time (26-32 h). It was recently reported that nano-CD-MOFs (100-
300 nm) were successfully obtained by a microwave-assisted method in shorter time (< 70 min)
% However, the formed CD-MOFs were polydispersed. Further optimization of CD-MOFs

synthesis is still needed for their biomedical applications.

CD-MOFs have shown their capability to encapsulate molecules of interest, including
ibuprofen 28, fenbufen 3!, doxorubicin 32, curcumin 27, sucralose 33, ferulic acid 2, 4-
phenylazophenol and rodamine B 2°. Impregnation and co-crystallization are two reported
approaches for the incorporation. A high payload of 23—26 wt % was reached in the case of
ibuprofen by impregnation 8. Payload of 18.5 wt % was reached for Rhodamine B by co-

crystallization 2.

However, applications of CD-MOFs as drug carriers are severely hampered since they can be
easily disassociated in aqueous environment. To address this issue, the first idea was to
crosslink CDs in the framework of CD-MOFs, producing CD-MOF hydrogels 2°. However, the
cross-linking reaction required long time incubation (over three days) at controlled temperature
(~ 65°C), which would be harmful for many of the drugs if they are already loaded. Recently,

a facile method to improve their stability has been developed via the incorporation of
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hydrophobic fullerene (Ceo) in their matrices 32. It has been shown that Ceo (0.7 nm in diameter)
can be partially trapped within the cavity of a y-CD, forming a CD-MOF/Cgo composite. Water-
resistance of CD-MOFs could be improved since the trapped Ceo endowed CD-MOFs with
enhanced hydrophobicity. When the CD-MOF/Cso composite was immersed in water, Ceo layer
could effectively repel water molecules from contacting MOF surface, therefore, the stability
of CD-MOFs in aqueous condition was significantly improved. This study was performed with
very large CD-MOFs (more than 400 pm) and the sytem still needs further investigations for

its medical application.

2. Hybrid metal-organic framework nanoparticles (MOFs)

MOFs are an intriguing class of hybrid materials obtained by the self-assembly of metallic ions
or clusters and bridging organic ligands, leading to the formation of three-dimensional networks
with high and regular porosities 34, Taking advantage of MOF important porous surface and
large pore size, versatility in terms of architecture, composition and physico-chemical
properties, they have been intensively used in the last several years for a number of different

applications such as catalysis, separation and gas storage and more recently, in nanomedecine.

The use of MOF materials for biomedical applications, and in particular as drug nanocarriers,
requires MOFs to be scaled-down to the nanometer sizes *° using essentially bottom-up
approaches, involving controlling the MOF nucleation rate and crystallization in order to limit

the MOF growth to submicronic sizes.

MOFs have high porosities together with important available BET (Brunauer, Emmett and
Teller) surface areas ranging generally from 1000 up to 7000 m? /g 38 4%-%° higher than BET
surface of mesoporous silica nanoparticles (MSNSs), which is up to around 1200 m? /g . The
large nanoMOFs surface areas together with their peculiar inner environments (both
hydrophilic and hydrophobic) make these materials particularly appealing for the entrapment
of drugs. The active molecules cross the MOF windows to get adsorbed onto the inner surfaces

and interact with metal sites and/or organic constituting ligands.

When scaling down the synthesis to the nanometer range, the outer surface properties play an
increasing role, as the external surface-area-to-volume ratio is increasing. Indeed, the outer
surface properties determine the nanoMOFs’ colloidal stability and interactions with biological

environments.
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2.1 Strategies to scale-down MOFs to the nano-regime.

A large variety of methods have been developed to produce MOFs with submicronic sizes
(Fig.6). They include solvothermal methods assisted or not by microwave irradiation */8,
solvent diffusion synthesis?®, dry-gel conversion methods*, mechanochemical 2 or
sonochemical synthesis 3, production by reverse-phase microemulsions 4, electrochemical
synthesis °’, preparation using a microfluidics device °%. Besides, step-by-step *° and high-
throughput synthesis methods  were developed. Whatever the process, a main challenge is to
control the crystallization process in order to achieve particles with uniform sizes less than one
micron. Main strategies to achieve this goal consisted in adding crystal growth inhibitors,
speeding the crystallization process, using nanoscale templates and downsizing the particles by

mechanical or mechano-chemical methods.

Solvothermal synthesis Microwave assistant Solvent diffusion synthesis Dry-gel conversion synthesis
with conventional heating solvothermal synthesis
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Fig.6. Overview of main synthesis methods for MOFs

Blocking or inhibiting crystal growth. Various blocking agent or acido-basic or inhibiting
additives such as acetic acid, hydroxybenzoic acid and pyridine were added in the MOF
synthesis to retard the nucleation growth process. For example, the size of the flexible porous
iron muconate MIL-89 (MIL stands for Materials from Institut Lavoisier) could be reduced

down to 30 nm by adding acetate ions in the reaction process . In another study, pyridine was
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used as inhibitor in the solvothermal synthesis of porous indium terephthalate particles 2. Both
the size and shape of the particles were affected by the inhibitor. In the absence of pyridine,
hexagonal rods of around 1.75 pm width and 16.3 um length were formed. Pyridine enables to

reduce both width and diameters to 0.97 um and 0.43 um, respectively.

Luminescent nanoparticles made of terbium benzenedicarboxylate with sizes of only 4-5 nm
were successfully obtained by adapting a previous method © using a poly(vinilpyrrolidone) as
inhibitor of crystal growth 54,

Accelerating the crystallization process. An alternative methods to the use of crystal growth
inhibitors, was to speed up the crystallization process. This strategy was applied to CD-MOFs
prepared by solvent diffusion (Fig.6).

The chiral y-CDs comprise eight a-1,4-linked D-glucopyranosyl residues disposed in a
symmetric configuration. This allows the y-CD building units to assemble with alkali metal
ions (K, Na*, Rb*, and Cs™) in aqueous media to form body-centered cubic CD-MOFs (Fig.
5). For example, K™ based CD-MOFs were obtained under the form of large particles of around
200400 pm by reacting y-CD with KOH in aqueous solution, followed by vapor diffusion of
methanol into the solution at room temperature during 2—7 days. The addition of cetyl
trimethylammonium bromide (CTAB) together with an optimization of the reaction conditions
enabled to reduce the reaction times and to obtain nano-scaled CD-MOF (200-300 nm) 3%, Of

note, cubic particles with homogeneous sizes were obtained by using CTAB.

The reaction time was found to dramatically influence the MOF size distribution. The diameters
of Zn3(BTC)2:12H20 MOFs were reduced from 700 - 900 nm to 50 - 100 nm by decreasing the

reaction time from 90 to around 10 min 6°.

Nanoscale templates. Another promising strategy to obtained nanoscaled MOFs was the
synthesis in confined spaces, using a template approach. For example, Gd-based MOF66
nanoparticles were obtained in reverse microemulsions prepared using mixtures of CTAB,
isooctane, 1-hexanol and water. The morphology and size of nanoscale templates were
dramatically altered by both the composition of the system and the presence of sodium

salicylate, a hydrotrope 6-7,

Downsizing. Nanosized MOFs were prepared mechanochemical synthesis, consisting in a
mechanical breakage of intramolecular bonds followed by a chemical transformation. First
examples of the synthesis of porous MOF by this method were reported in 2006 .

Advantageously, mechanochemical reactions can occur at room temperature under solvent-free
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conditions %8, Nanoparticles of HKUST-1 were successfully produced in solvent free conditions
% Mechanochemical synthesis of MOF nanoparticles were reviewed®®. More recently,
nanosized Gd-based porous MOF has been synthesized by mechanical downsizing by ball

milling the as-synthesized MOF with millimeter-scaled sizes.”®

All these synthesis method have led to the obtention of a large variety of materials with rigid

or flexible structures. Examples are compiled in Fig.7.

Flexible MOFs
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Fig.7 Overview of some representive examples of flexible and rigid of MOFs. The breathing
MOFs: MIL-53-It (It=low temperature), MIL-53-1bu (Ibu= Ibuprofen), and MIL-53-ht (ht=high
temperature) are from reference 87; The swelling MOFs are from reference 45. The series
of MIL-88 were prepared with iron trimer and different ligand: fumaric acid (MIL-88A),
terephthalic acid (MIL-88B), 2,6-naphthalenedicarboxylic acid (MIL-88C) and 4,4'-
biphenyldicarboxylic acid (MIL-88D).
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2.2 Drug entrapment and release

Active molecules, mainly anticancer drugs have been successfully incorporated in the

nanoMOFs using three main strategies schematized in Fig.8.

The first group of MOFs considered as potential drug delivery system is the MIL family. In
particular, MIL nanoMOFs build from trivalent metal centers and polycarboxylic acid bridging
ligands develop outstanding surface areas (1500-5900 m?/g) and large pore sizes (25-34 A)
making them particularly appealing for drug entrapment **. For example, rigid mesoporous
MIL-100 nanoMOFs, built up from trimers of iron(l1l) octahedra and trimesate anions, show
two types of mesoporous interconnected cages accessible through microporous windows: i)
large cages (~ 29 A) delimited by hexagonal (~ 8.6 A) and pentagonal (~ 4.8 x 5.8 A) windows
and ii) small cages (~ 25 A) accessible exclusively by pentagonal windows "*. MIL-100(Fe)
MOFs possessed the same architecture but with larger pore openings and adsorption surfaces.

They were obtained by using aminoterepthalic acid instead of trimesic acid *°.
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Fig.8 Drug association to hybrid MOF nanoparticles.

Drug loading by impregnation As shown in Table 1, a variety of active molecules have been
successfully loaded into MIL nanoMOFs, including anti-inflammatory (ibuprofen, aspirin),
antiviral (cidofovir, azidothimidine triphosphate (AZT-TP) and azidothimidine monophosphate
(AZT-MP)), anticancer (busulfan, doxorubicin, ethoxysuccinato-cisplatin  prodrug,

gemcitabine-monophosphate (Gem-MP) and topotecan) drugs, nitric oxide, metallodrugs and
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peptides. All these molecules were loaded by impregnation using preformed NPs.
Advantageously, hydrophilic molecules such as azidothimidine mono-and triphosphate and
gemcitabine monophosphate were entrapped simply by soaking from their aqueous solutions.
The nanoMOFs acted as molecular sponges and the rapid and simple loading procedure lead to
AZT-TP payloads of around 42 wt% and 21 wt% for MIL-101 and MIL-100 nanoMOFs,
respectively’2. Moreover, excellent loading efficiencies (> 95%) have been achieved, due to the
high affinity of the phosphated molecules for the iron-based nanoMOFs 374, It has been shown
by complementary techniques that coordination took place between the unsaturated Lewis acid

iron sites and the phosphate groups of the drug ™.
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Table 1. Drug encapsulation in MOFs by impregnation

MOF Metal lon  Organic Linker Drug Drug Loading (%, w/w)
CD-MOF (Cs) Cs B-CD 5-FU 151
CD-MOF (Cs) ™ Cs  pB-CD MTX 122
CD-MOF (K) 3t K y-CD fenbufen 20
CD-MOF (K) 3t K y-CD captopril 19
CD-MOF (K) 3t K y-CD flurbiprofen 12
CD-MOF (K) 32 K y-CD sucralose 28
CD-MOF (K) 28 K y-CD ibuprofen 26
CD-MOF (Na) Na  aCD 5-FU 9
CD-MOF (Na) Na  aCD MTX 38
CD-MOF (Na) "6 Na a-CD silybummarianum 13
CD-MOF (Na) 7 Na a-CD ferulic acid 11
CD-MOF (Na) 7 Na a-CD quercetin 32
Co-BBDA 7/ Co HsBBDA 5-FU 15
CNZTDH '8 Zn TATAT 5-FU 33
CPO-27-Ni ® Ni DHTPA NO 15
Cu-BTC ® Cu BTC 5-FU 45
Gd-pDBI & Gd pDBI Doxorubicin 12
HKUST-1 8 Cu BTC ibuprofen 34
HKUST-1 82 Cu BTC anethole 38
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HKUST-1 82 Cu BTC guaiacol 40

HKUST-1 8 Cu BTC Nimesulide 17
IFMC-1 8 Zn HsL 5-FU 30
Mg.(OLZ) & Mg Olsalazine Phenethylamine 11
MIL-53(Fe)®® Fe terephthalic acid vancomycin 20
MIL-53 (Cr) & Cr BDC ibuprofen 20
MIL-53 (Fe) & Fe BDC ibuprofen 20
MIL-53 (Al) 88 Al BDC peptides -

MIL-53 (Fe) &° Fe BDC busulfan 10
MIL-53 (Fe) % Fe BDC caffeine 29
MIL-53-NH; (Fe) % Fe 2-amino terephthalic acid 5-FU 28
MIL-88A (Fe) &° Fe Fumaric acid busulfan 8

MIL-88B (Fe) % Fe amino terephthalate caffeine -

MIL-89 (Fe) &° Fe Muconic acid busulfan 14
MIL-100 (Fe) % Fe BTC topotecan 33
MIL-100 (Fe) Fe BTC AZT-TP 36
MIL-100 (Fe) Fe BTC AZT-MP 24
MIL-100 (Fe) % Fe BTC doxorubicin 31
MIL-100 (Fe) % Fe  BTC Gem-MP 30
MIL-100(Fe) % Fe BTC aspirin 181
MIL-100 (Cr) ¥ Cr BTC ibuprofen 26
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MIL-100 (Cr) 88 Cr BTC peptides —

MIL-100 (Fe) &° Fe BTC busulfan 26
MIL-101 (Cr) 88 Cr BDC peptides -

MIL-101 (Cr) ¥ Cr BDC ibuprofen 138
MIL-100 (Fe) % Fe BTC caffeine 50
MIL-100(Fe) % Fe BTC RAPTA-C 42
MIL-101 (Fe) 1% Fe BDC ethoxysuccinato-cisplatin 13
MIL-101 (Cr) 10 Cr BDC naproxen —~

MIL-101-NH (Fe) % Fe amino terephthalate 5-FU 13
MOF-74-Fe (11) 192 Fe DOBDC ibuprofen 16
MOP-15 1% Cu 5-NH2-mBDC 5-FU 24
NU-1000 104 Zr HsTBAPyY calcein 37
NU-901 104 Zr HsTBAPy calcein 42
PCN-221 1% Zr H,TCPP MTX 40
Rho-ZMOF 108 In HslmDC Procainamide HCI 10
Th-mesoMOF 107 Th HsTATB Vitamins B12 33
UiO-NMOFs 108 Zr Amino-TPDC cisplatin 12
UiO-NMOFs 18 Zr Amino-TPDC pooled siRNAs 82
Ui0-66 (Zr) 10° Zr BDC Caffeine 22
UMCM-1 110 Zn BDC and H3BTB Ibuprofen 58
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ZJU-800 1 Zr F-H.PDA Diclofenac sodium 59

ZJU-101 112 Zr BPYDC Diclofenac sodium 55
ZIF-8 113 Zn 2-methylimidazole Doxorubicin 20
Zn-BDC 114 Zn BDC Ibuprofen 45
Zn-CDDB 1 Zn CDDB 5-FU 54
Zn-DDP 116 Zn H4sDDP 5-FU 49
Zn-TTA 7 Zn HsTTA 5-FU 21

Abbreviation: AZT-TP=Azidothymidine triphosphate; AZT-MP= Azidothymidine monophosphate; Gem-MP=Gemcitabin monophosphate
BTC=1,3,5-Benzene tricarboxylic acid; RAPTA-C=[Ru(p-cymene)Clx(pta)] ; BDC=1,4-Benzenedicarboxylic acid; DOBDC = 2,5-dioxido-1,4-
benzenedicarboxylate; OLZ=0lsalazine; amino-TPDC= Aminotriphenyldicarboxylic; UiO=Universitetet i Oslo; ZJU = Zhejiang University, ZIF=
zeolitic imidazolate framework; F-H,PDA=(2E,2E")-3,3’-(2-fluoro-1,4-phenylene)diacrylic acid; BPYDC=2,2"-bipyridine-5,5'-dicarboxylate; Zn-
CDDB=[Zng(0)2(CDDB)¢(DMF)4(H20)]; CDDB = 4,4’-(9-H carbazole- 3,6-diyl)dibenzoic acid; Zn-BDC=[Zn(BDC)(H20)2]»; 5-FU=5-
fluorouraci; HsL =4,5-di(1H-tetrazol-5-yl)-2H-1,2,3-triazole); CNZTDH=[(CHz3)2NH2]> [Zn(TATAT)23]-3DMF-H.0; TATAT=5,5",5"-(1,3,5-
triazine-2,4,6-triyl)tris(azanediyl)triisophthalate; HsBTB=1,3,5-Tris(4-carboxyphenyl)benzene; 5-NH>-mBDC= 5-NH,-m-Benzenedicarboxylate;
DHTPA=2,5-Dihydroxyterephthalic acid; pDBI=(1,4-bis(5-carboxy-1H-benzimidazole-2-yl)benzene); Hs3ImDC=4,5-imidazoledicarboxylic acid,
H>TCPP= 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin; MTX= Methotrexate; HsTTA = [1,1":3',1"-terphenyl]-3,3",5,5"- tetracarboxylic acid,;
H4sDDP= 2,6-di(3',5'-dicarboxylphenyl)pyridine; HsTATB=  triazine-1,3,5-tribenzoic  acid, H4sBIBDA= 5,5'-(biphenyl-4,4'-
diyl-is(methylene))bis(oxy)diisophthalic acid; HsBBDA= 5,5'-(biphenyl-4,4'-diyl-is (methylene)) bis(oxy)diisophthalic acid; PCN= porous
coordination network; HKUST= Hong Kong University of Science and Technology; MOP= Metal-organic polyhedral; UMCM= University of
Michigan Crystalline Material.
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In addition to MIL-family, a series of other MOFs were used as drug carriers, mainly Zn, Cu
and Zr-based MOFs (Table 1). Several MOFs based on Ni, Gd, and In were also studied for
drug encapsulation, with the advantages that some metal ions could confer also imaging
properties. However, it has been pointed out that the toxicity of some metals could be a

drawback for medical applications of some MOFs 18,

Drug release was found to be strongly dependent on the nanoMOF stability in the release media.
For instance, MIL-101 nanoMOFs with poor stabilities in aqueous media released AZT-TP in
a fast (“burst”) manner, in contrast with the more stable MIL-100 nanoMOFs which keep their
integrity over longer incubation times 2. As a general trend, it was found that the larger the
pore size, the lower the MOF stability. Drug release from highly porous nanoMOFs appeared
to be related to several factors: i) drug interaction with the metal sites and ligands; ii) drug
diffusion inside the open porosity of the materials; iii) nanoMOF degradation Kkinetics in the

release media.

Moreover, it was found that in some case, drug incorporation inside nanoMOFs enabled
stabilizing the matrix upon degradation. Topotecan (TPT), a hydrophilic cytotoxic drug was
efficiently encapsulated in MIL-100 nanoMOFs filling the available space inside their large
pores 9. The drug molecules formed aggregates inside the pores, which in turn strongly
stabilized the crystalline tridimensional networks towards degradation in physiological media.
Interestingly, TPT release could be triggered by two-photon light-irradiation, opening new
standpoints for further developments in stimuli-induced drug delivery. Further studies are on

the way to understand the release mechanism.

Drug loading during particle synthesis A few recent examples show the possibility to load
drugs in MOFs during their synthesis. Curcumin was successfully incorporated in CD-MOFs
without altering their crystallinity. Interestingly, when dissolving the curcumin-loaded CD-
MOFs in water, unique complexes between curcumin, CD and potassium cations were found.
The stability of curcumin in these complexes was enhanced by at least 3 orders of magnitude
compared to curcumin: CD complexes. It was suggested that the CD-MOFs could be useful to

store and stabilize curcumin for food applications 2’

In another study, ferulic acid (FA) was strongly associated to CD-MOFs during their
preparation by methanol vapor diffusion into an aqueous solution of y-CD, KOH and FA.
Differential scanning calorimetry studies indicated the formation of the stable association
between FA and y -CD in FA/CD-MOF 2,
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BioMOF nanoMOFs were synthesized using the drug as a ligand to be directly linked to metal
sites, thus building the tridimensional structures *1°. These so called bioMOFs could load up to
71.5 wt% of nicotinic acid. Disuccinatocisplatin was used as a linker to prepare NCP-1 *2° (NCP
stands for nanoscale coordination polymer). As most drug molecules possess metal complexing
groups such as carboxylates, phosphates or amines, this approach bears a high potential for the
development of biocompatible drug-delivery systems, maximizing the drug loading
capabilities. Of note, bioMOFs containing therapeutically active molecules as a part of the
structural framework are usually synthesized with a minimum number of synthetic steps for

attaining maximum drug payloads.

Some MOFs were composed of organic linkers which are not active molecules per se, but
transform in physio-biological conditions to release active molecules. For instance, 1,3,5-
tris(1H-1,2,3-triazol-5-yl)benzene 2! and 2,5-dihydroxyterephthalic acid %2 were used as

linkers releasing NO.

Moreover, bioMOFs synthesized with active molecules as linkers could also be further used to
encapsulate other drugs. Olsalazine-based porous MOF was successfully synthesized reaching
51% (w/w) drug loading. Then, phenethylamine could be impregnated into the MOFs reaching
a loading of 11% (w/w) &

Besides, the use of biologically active metal centers as a part of the MOF structure has lately
been investigated. Thus, MOFs can act as reservoirs of metal ions, providing their gradual
release to achieve a sustained antibacterial action. A variety of materials have been studied so

far, including as metal ions Ag 1212 Co 1%, Cu 1?7 and Zn 1%,

2.3 Surface modification

The application of nanoparticles for drug delivery is expected to make a difference in the field
of biotechnology and pharmaceutical industries in the near future, as it paves the way to achieve
targeted delivery in a cell- or tissue-specific manner, with the capability to bypass biological
barriers (blood-brain barriers, epithelial and endothelial barriers, etc) and to visualize the in vivo
fate of the nanocarriers by imaging modalities. Nanoparticle surface modification is a
prerequisite to achieve these goals, as the interactions between the particles and the living media
take place at their interface with the complex biological systems. However, the porous structure
of nanoMOFs required the development of specific coating methods which do not alter the
porosity and thus the loading capacity of the nanoMOFs.

Silica coatings have been extensively used to modify the surface of both inorganic and polymer
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nanoparticles 129130, A variety of nanoMOFs have been coated with silica shells in an attempt
to stabilize them, control their degradation, increase their biocompatibility and water
dispersibility and enable further functionalization with a variety of silyl-derived molecules.
Silica shells were synthesized on nanoMOFs made using a variety of metals, including Gd 3!,
Mn 132 Th 133 Fe 19 and Zr 134, It was found that the silica shell significantly slowed down the
nanoMOFs degradation. For example, the release of Gd®* ions depended on the silica shell
thickness. Silica-coated MIL-101 nanoparticles with the diameter of around 200 nm had a
stability of around 14 h in PBS, while the uncoated ones readily decomposed 1%, Moreover, the
silica shell also allowed to control drug release depending on its thickness. Furthermore, the
surface of these core—shell structures could be further modified by grafting silyl-derived
molecules through surface silanol groups to impart additional functionalities, such as targeting
ligands, optical contrast agents, and sensing agents. Interestingly, by grafting a cyclic arginine-
glycine-aspartate (targeting peptide), the anticancer efficacy against human colon cancer cells
of Tb-based nanoMOFs was significantly increased as compared to the non-targeted MOFs 3,

Reversible addition—fragmentation chain transfer (RAFT) polymerization was used to modify
the surface of Gd-based NMOFs. Polymer-coating on nanoMOFs were achieved using a
trithiocarbonate RAFT agent. The coatings were attached on the MOF surfaces through vacant
coordination sites on the Gd** ions. The resulting polymer-coated Gd-MOFs were demonstrated

to be biocompatible and had cancer cell targeting abilities and bimodal imaging properties 34
136

Recently, simple, fast, and ‘‘green’’ strategies for functionalization of nanoMOFs were
reported. MIL-100 (Fe) was “‘easily’’ coated by CD molecules bearing strong iron complexing
groups (phosphates) **" or by heparin **8, The heparin coating endowed the nanoMOFs with
improved biological properties, such as reduced cell recognition, lack of complement
activation, and reactive oxygen species production 1%.The stable CD-based coating was further
functionalized with: i) targeting moieties to increase the nanoMOF interaction with specific
receptors and ii) PEG chains to escape the immune system. These results pave the way towards
the design of surface-engineered nanoMOFs of interest for applications in the field of targeted
drug delivery. Polysaccharides like dextran and chitosan were studied to improve the solubility,

cellular adhesion and imaging properties of native MOFs °.

Lipid coatings have recently been used to modify the surfaces of MIL-100 (Fe)*°. Dye
molecules were entrapped in the resulting MOF@lIipid systems. It was shown that the lipid

bilayer could: I) prevent the premature release of the dye, 1) increase the colloidal stability of
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the nanoparticles and Il1) favored a higher uptake by cancer cells as compared to uncoated
particles. Amorphous MOFs or nanoscale coordination polymers, were also coated with lipid

coatings 41, The pH-responsive coatings have also been developed.

Doxorubicin loaded MIL-101 was functionalized with pH responsive benzoic imine bond and
a redox active disulfide system. Both in vitro and in vivo results demonstrated that this system
efficiently inhibited cancer cell growth while showing reduced side effects 1*°. Chitosan-
modified magnetic nanoMOFs loaded with doxorubicin showed pH-responsive drug release for
several days. Moreover, the particles could be modified with folic acid, a target molecule, which
allowed a more specific cellular internalization in folate-overexpressing cancer cells (HeLa) in

comparison to normal (L929) cells 146,

2.4 In vivo studies

For biomedical and pharmaceutical applications, MOFs are firstly required to have
toxicologically compatible features. Nine representative nanoMOFs were assessed to zebrafish
embryos, including barely cytotoxic (nanoUiO-66, nanoUiO-67, and nanoCo-MOF-74, and
nanoMg-MOF-74), moderately cytotoxic (nanoZIF-7, nanoMIL-100, and nanoMIL-101), and
highly cytotoxic (nanoZIF-8 and nanoHKUST-1). It is found that at 120 h post fertilization, the
viabilities of the embryos exposed to nanoCo-MOF-74, nanoMg-MOF-74, nanoUiO-66,
nanoUiO-67, nanoMIL-100, and nanoMIL-101 were not significantly different to those of the
control group (without nanoMOFs), even at highest concentration (200 uM). In contrast,
nanoZIF-7, nanoZIF-8, and nanoHKUST-1 provoked significant decreases in embryo survival.
NanoZIF-7 was slightly toxic at 200 uM (embryo viability 79.2%); nanoZIF-8 was more toxic
at the same concentration (embryo viability 33.3%); and nanoHKUST-1 was extremely toxic
even at 20 uM (viability: 0%). It was shown that the leaching of solubilized metal ions played

a main role on the levels of the MOF toxicity#'.

Toxicity of iron trimesic MIL-100 (Fe) and trimesic acid were performed through intravenous
administrating to rats. Around 220 mg/kg of MIL-100 and 78 mg/kg trimesic acid were
intravenously injected and the results showed that the animal behavior and weight evolution of
injected rats were totally normal in comparison with control group. It was concluded that this
material is acceptable for drug delivery 8. Biodistribution of MIL-100 nanoMOFs at early
times (up to 24 h) or long term (from 24 h to 1 month) after administration were evaluated. The
pharmacokinetic profile suggested that the nanoparticles act as a depot in the blood stream

during the first hours before being cleared. Accumulation took mainly place in the liver and, in
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some extent, in the spleen. Histological studies demonstrated the absence of morphological
alterations due to the presence of the particles in these organs. Liver function was however
slightly altered as reflected by the increased plasma aspartate aminotransferase concentrations.
Finally trimesate was progressively eliminated in urine. Nevertheless, it was demonstrated that
in the long-term study, these abnormalities in the iron levels were completely reversed after

seven days and were not related to any toxicity signs.

Despite the paramount importance of in vivo experiments, there are only scarce examples
showing in vivo data, certainly because of nanoMOFs’ novelty in the biomedicine domain.
Simon-Yarza et al. reported the first in vivo results with MIL-100 nanoMOFs loaded with the
antineoplastic drug busulfan. Drug-loaded nanoMOFs were administered to rats and compared
with the commercial Busilvex®. Large differences in serum concentration of both busulfan and
the constitutive ligand (trimesate) revealed the great impact of drug encapsulation both on the

drug and on nanoparticle pharmacokinetics during the first 24 h of administration*°.

Tumor targeting MOFs (TTMOFs) based on MIL-101 were successfully developed via surface
modification with polymers comporting pH responsive benzoic imine bonds and redox
responsive disulfide bonds. In vivo experiments showed that doxorubicin-loaded TTMOFs

could effectively inhibit tumor growth with minimal side effects 14°,
2.5 Imaging with MOF

Magnetic resonance imaging (MRI). MRI is a powerful and noninvasive diagnostic imaging
technique allowing the detection of nuclear spin reorientations with high spatial resolution.
Contrast agents are used to improve the image quality by reducing the proton relaxation times.
NanoMOFs have received attention as contrast agents because of their hybrid composition
consisting of metal centers and organic ligands. Moreover, as all other types of nanoparticles,
they can be engineered in order to accumulate in targeted organs or tissues of interest (such as
tumors) either by “passive targeting” via enhanced permeability and retention effect, or by
“active targeting” using various target-ligands *°. Firstly, Gd*" -containing nanoMOFs have
shown high relaxivities as Ti-weighted contrast agents. They possessed increased relaxivities
as compared to the clinically used Omniscan. Gd-based nanoMOFs endowed with multimodal
imaging properties were further developed. For instance, both a specific ligand and a
fluorophore were grafted onto the nanoMOF surfaces enabling to achieve a tumor-targeted MRI
effect 2. Multifunctional MOFs endowed with bimodal imaging properties via MRI and

fluorescence microscopy were synthesized for tumor targeting and diagnostic imaging **¢.A
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variety of MOFs endowed with imaging properties was synthesized, including as metal ions Cu
131 Ru B4 Eu 13, and Th 152, Although the relaxivities of Mn?*-based nanoMOFs were modest,
the possibility for site-specific imaging with the help of a silica shell at the surface of
nanoMOFs has been demonstrated®? . Fe3*-containing nanoMOFs possessed good T»-weighted
contrast enhancement. 2. MRI measurements on Wistar female rats shows that the treated liver
and spleen organs were darker than the normal ones, because of the preferential accumulation
of the nanoMOFs in these organs. 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 nanoMOFs in these organs. Recently, a multifunctional nanoplatform
based on isoreticular metal organic frameworks (IRMOF-3) was developed. Folic acid and the
fluorescent molecule rhodamine B isothiocyanate (RITC) were both conjugated to the
nanoMOF surface for cancer cell targeting and optical imaging. Paclitaxel was loaded into these
magnetic nanoMOFs. The targeted nanoMOFs showed stronger T2-weighted MRI contrast

towards cancer cells 3.

X-ray Computed Tomography (CT) Imaging. CT imaging is based on specimen attenuation of
X-rays and can provide 3D images with excellent spatial resolution. Typical contrast agents are
materials containing high Z number elements, including iodine, barium and bismuth. Currently,
barium sulfate and iodinated aromatic are used clinically for intravenous and gastrointestinal
tract imaging, respectively. The contrast agents for CT have the same drawbacks as for MR,
including a non-specific distribution and a fast clearance. Therefore, nanoMOFs have been
developed as carriers for iodinated aromatic molecules >4, They were prepared using tetra iodo
benzene dicarboxylic acids as bridging ligands and Cu?* or Zn?* as metal connecting points.

The efficacy of the resulting iodinated nanoMOFs for CT has been clearly demonstrated.

All the above presented studies highlight the potential of nanoscale MOFs as platforms for MRI
and X-ray CT.

Conclusion

Despite an enormous amount of research in the area of nanomedicine and advanced nano-
carriers drug targeting in cancer, the transition from laboratory to the market is usually very
slow and unpredictable. The majority of the problems arise from effective oversight in safety-
and efficacy-by-design approach for nanomedicines. “Cage” particles based on “CD” and
MOFs were shown to be biocompatible and versatile materials, adapted for drug incorporation.

Moreover, their “green” scalable preparation positions these materials as good candidates for
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biomedical application. They are promising carriers for various drugs, including antibiotics,

anticancer and anti-inflammatory drugs, etc.

CDs are recognized as “molecule containers” to form inclusion complexes with a variety of
active molecules. These inclusion could not only improve the solubility and bioavailability of
poorly soluble drugs, stabilize drugs from light, thermal and oxidative degradation, mask the
bitter taste of the drugs, but also can be used as the driving forces to form NPs. Remarkably,
the NPs spontaneously formed by CD inclusion complexes are easily formed by “green”
methods, in absence of organic solvents or surfactants. While self-assembled NPs composed of
CDs are attractive formulations, the stability of the formed NPs need to be studied in depth
upon dilution, since the supramolecular edifices are constructed solely on the basis of non-
covalent bonds. Indeed, in theory, the inclusion complexes are prone to dis-assemble upon

extreme dilution, leading to the destructuring of the NPs.

CD-MOFs are a new type of porous CD-based particles, which contain not only the cavities of
CDs, but also the big pores built up by CDs self-assemblies (Fig.1). Compared with CD based
NPs, CD-MOFs have the possibility to load drugs with higher payloads. Given the fact that the
particles disassemble in water, we foresee that a promising administration route could be
pulmonary inhalation. However, with appropriate surface modification, the stability of CD-
MOFs was significantly improved, which broadens their application also for potential oral and

intravenous administration.

MOFs, especially biodegradable MOFs stable in agueous media, have drawn a lot of attention
as drug delivery systems. MIL-100(Fe) was considered among the most efficient material as
drug carrier due to its large pore size, biocompatibility and biodegradability. A variety of drugs
have been efficiently encapsulated, including anti-inflammatory (ibuprofen, aspirin), antiviral
(cidofovir, AZT-TP and AZT-MP), anticancer (busulfan, doxorubicin, ethoxysuccinato-
cisplatin prodrug, Gem-MP and topotecan) drugs. There are two types of cages in the structure
of MIL-100(Fe), so it could be possible to load two drugs simultaneously in the same particles
in theory. To the best of our knowledge, studies so far report only the incorporation of one drug
in the same particles. In this context, it would be interesting try to entrap synergic drugs in the
same particles to treat complex pathologies such as cancer and severe viral or bacterial

infections.

By taking advantage of their specific characters such as green preparation procedure, high drug

payloads, and co-encapsulation of synergic drugs, these “cage” particles, these “cage” particles
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are very promising for drug delivery applications.
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Chapter 2

Spontaneous self-assembly of polymeric nanoparticles in aqueous media:
new insights from microfluidics, in situ size measurements, and individual

particle tracking
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General Objectives and Author Contributions
CD-based nanotechnology has drawn special attention since it combines the advantage of self-
assembled host-guest interactions and nanotechnology. Herein, polymeric nanoparticles driven
by CD inclusion complexes were spontaneously formed in aqueous media, in the absence of
organic solvents or surfactants. In order to prepare stable CD-based nanoparticles (CD-NPs), a
highly soluble B-CD polymer (poly-CD) was used as the source of CDs, which was prepared
by cross-linking B-CD with epichlorohydrin (EP). Benzophenone (Bz) was chosen as the guest
molecule, because of its strong affinity with the cavity of B-CD and because it was well-studied
in NPs made of poly-CD. Bz was grafted with dextran, forming a new polymer, namely, Dex-
Bz. Poly-CD and Dex-Bz were used in this study as the two polymers for CD-NPs preparation.
They are both neutral polymers, therefore, the interactions between the two polymers in water
are mostly due to the host-guest interactions between B-CD and Bz, without electrostatic

interactions.

To prepare and characterize these particles, complementary methods were used bringing new

insights on the formation and stability of the supramolecular systems:

1) Microfluidics was used to prepare the particles by mixing the two aqueous solutions
directly in the microfluidic chamber. CD-NPs with narrow size distributions were immediately

formed upon contact of the two polymeric solutions.

2) In situ size measurements during the particle formation showed that the CD-NPs were

spontaneously formed in aqueous media.

3) Individual particle tracking analysis was used to gain insights on their size distribution and
concentration. Since the CD-NPs were formed by non-covalent interaction, it is important to
check if the NPs disassemble upon dilution. Individual particle tracking analysis was an adapted
method to prove that the particles were stable even upon extreme dilution despite their non-

covalent nature.
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Supramolecular cyclodextrin-based nanoparticles (CD-NPs) mediated by host-guest interactions have
gained increased popularity because of their “green” and simple preparation procedure, as well as their
versatility in terms of inclusion of active molecules. Herein, we showed that original CD-NPs of around
100 nm are spontaneously formed in water, by mixing 2 aqueous solutions of (1) a CD polymer and
(2) dextran grafted with benzophenone moieties. For the first time, CD-NPs were instantaneously pro-
duced in a microfluidic interaction chamber by mixing 2 aqueous solutions of neutral polymers, in the
absence of organic solvents. Whatever the mixing conditions, CD-NPs with narrow size distributions
were immediately formed upon contact of the 2 polymeric solutions. In situ size measurements showed
that the CD-NPs were spontaneously formed. Nanoparticle tracking analysis was used to individually
follow the CD-NPs in their Brownian motions, to gain insights on their size distribution, concentration,
and stability on extreme dilution. Nanoparticle tracking analysis allowed to establish that despite their
non-covalent nature, and the CD-NPs were remarkably stable in terms of concentration and size dis-
tribution, even on extreme dilution (concentrations as low as 100 ng/mL).
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Introduction

Supramolecular nanostructures mediated by host-guest in-
teractions based on cyclodextrins (CDs) have gained increased
popularity for their potential biomedical applications, particularly in
drug delivery.'* Drug loadings were dramatically improved when
including CDs in the nanoparticles (NPs), due to complex formation
between CDs and drugs.” As an example, the loading of prednisolone
in poly(alkyl cyanoacrylate) NPs was improved 129-fold when
incorporated in CDs.”

More recently, CD-containing NPs (CD-NPs) were prepared by a
mild, solvent-free method, at room temperature and without using
surfactants.” CD-NPs were spontaneously formed by mixing 2
aqueous solutions of (1) dextran (Dex) grafted with alkyl side chains
(Dex-Cy2) and (2) a highly soluble CD polymer (poly-CD). The alkyl
side chains of Dex-Cy; formed inclusion complexes with the CDs in

* Correspondence to: Ruxandra Gref (Telephone: +33-1-69158234; Fax: +33-1-
69156777) and Jiwen Zhang (Telephone: +86-21-20231980; Fax: +86-21-20231980).
E-mail addresses: jwzhang@simm.ac.cn (J. Zhang) and ruxandra.gref@u-psud.fr

(R. Gref).

http://dx.doi.org/10.1016/j.xphs.2016.09.024

poly-CD, leaving most of the CDs free for the inclusion of other
molecules of interest, such as anticancer drugs, contrast agents,
nitric oxide donors, and cosmetic ingredients.” Based on a similar
“lock and key" concept, the first small interfering RNA delivery
system in humans using CDs was developed.” The self-assembly of
cationic poly-CDs with anionic nucleic acids gave rise to the for-
mation of NPs to which poly(ethylene glycol) and targeting agents
could be associated.”*

Benzophenone (Bz) was the most studied active ingredient in the
NPs made of poly-CD and Dex-Cy,.%7"' Attractive features of the Bz-
loaded NPs were their one step solvent-free preparation method, the
small sizes and the possibilities to be freeze-dried and reconstituted
in aqueous solutions.”'* Bz was incorporated in the polymeric so-
lution and it was retained in the NPs as inclusion complexes with the
CDs."” However, because of the competition between Bz and the
alkyl chains for the CD cavities, Bz loadings reached at best 2.9 wt%
and there was a significantamount of free Bz in the NP suspensions."

We propose here an original approach to prepare Bz-containing
CD-NPs, avoiding the presence of free Bz in the suspensions. Bz was
grafted to Dex, replacing the alkyl side chains. The interaction
of this novel conjugate (Dex-Bz) with poly-CD, leading to CD-NP
formation, was investigated by a set of complementary novel

0022-3549/© 2016 American Pharmacists Association”. Published by Elsevier Inc. All rights reserved.
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characterization techniques. For the first time, CD-NPs were
instantaneously produced in a microfluidic interaction chamber by
mixing 2 aqueous solutions of neutral polymers, in the absence of
any organic solvent.

Interestingly, an in situ method was developed to study the
CD-NP formation directly in the preparation vessel. Nanoparticle
tracking analysis (NTA) was used to individually follow the NPs in
their Brownian motion to gain insight into their size distribution,
concentration, and stability upon extreme dilution.

Experimental
Materials

Dex (40,000 g/mol) was purchased from Pharmacia (Uppsala,
Sweden). B-CD was kindly provided by Roquette (Vecquemont,
France). 1-Adamantyl chloride and 4-benzoylbenzoic acid were
obtained from Sigma Aldrich (Saint-Quentin-Fallavier, France).
MilliQ water was purified by reverse osmosis (Millipore®, Billerica,
MA) and filtered using a 0.22-pum membrane (Millipore). All organic
solvents were analytical grade and obtained from Thermo Fisher
(Illkirch, France).

Synthesis of Modified Dextran Polymers

To synthesize Dex bearing Bz side units (Dex-Bz), 4.0 g of Dex
was solubilized in 100 mL of anhydrous dimethylformamide con-
taining 1.0 g of lithium chloride. Then, 0.46 g of 4-benzoylbenzoic
acid and 31 pL of pyridine were added to the Dex solution. The
reaction was carried out at 80°C for 3 h. The obtained Dex-Bz
conjugate was isolated by precipitation in isopropyl alcohol. Then,
Dex-Bz conjugate was further solubilized in distilled water,
extensively purified by dialysis to remove unreacted Bz and finally
freeze-dried overnight.

Dex bearing adamantane (Ad) side units (Dex-Ad) was obtained
in a similar manner, by reacting Dex with 1-adamantanecarbonyl
chloride as previously reported.'"'® Briefly, 1.0 g of lithium chlo-
ride was dissolved in anhydrous N,N-Dimethylformamide by heat-
ing at 80°C. To this mixture, 4.0 g of Dex was added, followed by 0.5 g
of 4-(dimethylamino)pyridine, 0.42 g of 1-adamantanecarbonyl
chloride, and 30 pL of pyridine. The mixture was stirred for 3 h at
80°C followed by 15 h at room temperature. The polymer was then
isolated by precipitation in 2-propanol. It was purified by dialysis
and finally freeze-dried.

Dex-Ad and Dex-Bz were characterized by "H-NMR spectroscopy
in D20 using a Varian VXR-600 at 400 MHz and their average molar
mass was determined by size exclusion chromatography (SEC) using
pullulan standards. SEC studies were conducted using multiangle
light scattering and refractive index detectors (SEC/multiangle light
scattering/refractive index; Wyatt Technology, Santa Barbara, CA)
with TSK6000PW/TSK2500PW columns, and ammonium acetate-
acetic acid pH 4.5 as the eluent at a flow rate of 0.5 mL/min, using
dn/dc of Dex = 0.147 mL/g. After Bz grafting, the average molar mass
was shifted from 37,700 + 400 (native Dex) to 43,400 + 4300 g/mol
(Dex-Bz), indicating the successful grafting reaction. 'H NMR
enabled to determine the substitution yield, showing that 5% of the
Dex glucose units were effectively grafted with Bz or Ad.

Synthesis of Poly-3-CD Polymers (Poly-CD)

Poly-CD was prepared by poly-condensation of B-CD with
epichlorohydrin (EP) under alkaline conditions as previously
described.®'* Briefly, 100 g of anhydrous B-CD was dissolved in
160 mL sodium hydroxide, 33% wt/wt solution under magnetic
stirring overnight. Then EP (molar ratio p-CD/EP = 10) was

rapidly added to the solution heated at 30°C. The reaction
was stopped in the proximity of the gelation point by adding
acetone. The obtained aqueous phase was then heated at 50°C
overnight. The reaction mixture was neutralized with hydro-
chloric acid (6 N) and ultrafiltered using membranes with a cut-
off of 100,000 g/mol. The $-CD polymer was finally recovered by
freeze-drying.

The B-CD content was 77% (wt/wt) as determined by 'H-NMR
spectroscopy analysis. Polymer average molar mass was 2.1 x 10°
g/mol according to SEC measurements using pullulan standards.

Nanoparticle Preparation

The NPs of poly-CD and Dex-Bz polymers, namely poly-CD/
Dex-Bz NPs, were prepared by a microfluidic technique
(NanoAssemblr™ Benchtop Instrument; Precision NanoSystems,
Ltd., Vancouver, BC). The mixing chamber (Fig. 1) has channels of
around 100 pm. Aqueous solutions of poly-CD (5 pug/mL to 1 mg/
mL) and Dex-Bz (5 pg/mL to 1 mg/mL) were obtained by dissolving
the 2 polymers in MilliQ water at room temperature for 12 h.
Then, the poly-CD and Dex-Bz solutions were mixed in the
microfluidic mixing chamber at different volume ratios at a flow
rate of 1 mL/min. The start waste and end waste indicated in the
NanoAssemblr™ software were set at 0.25 and 0.05 mL, respec-
tively. These volumes correspond to the non-steady state regime of
NP formation. The NPs formed in these conditions were not further
recovered for characterization purposes.

As a control, poly-CD/Dex-Bz NPs were prepared by mixing the
2 polymer solutions using a pipette at room temperature using the
same experimental conditions (volume ratios and polymer
concentrations).

Nanoparticle Characterization

Size Distribution and Stability

The mean diameter and the size distribution of poly-CD/Dex-Bz
NPs were determined at 25°C by dynamic light scattering (DLS) at
90° angle using Zetasizer ZS 90 Instrument (Malvern Instruments
Ltd., Orsay, France). Experiments were performed in triplicate. DLS
enabled studying the stability of the NPs during storage at room
temperature.

In Situ Kinetic Study of NP Formation

The kinetics of NP formations were studied in situ by means of a
Cordouan Vasco Flex particle analyzer (Cordouan Technologies Ltd.,
Pessac, France) equipped with an in situ head detector. Samples
of 100 pL of Dex-Bz solution (0.5 mg/mL) were added to 1 mL of
poly-CD solution (0.5 mg/mL) every 2 min until a 1:1 volume ratio
between Dex-Bz and poly-CD was reached. Size analysis of the
forming NPs were performed immediately after each addition of
the Dex-Bz solution to the poly-CD one.

Vasco Flex allows non-intrusive measurements of NP size dis-
tribution in indicative size range of 0.5 nm to 10 um, and a con-
centration range of 107> to 5%-10% (volfvol). The in situ head
detects the scattered light at an angle of 170°. Size distributions
were determined using the NanoQ 2.5 software with Pade-Laplace,
Cumulant, and SBL inversion algorithms.

Individual Particle Tracking and NP Concentration Measurements by
NanoSight

The NP concentration and stability upon dilution were investi-
gated by NanoSight analysis (NanoSight LM 10 Instrument; Malvern
Instruments Ltd.), combining a conventional optical microscope
with a laser to illuminate the NPs in Brownian motion in a defined
volume.'® Of main interest here, NPs could be visualized one by one,
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Figure 1. Schematic representation of the formation of poly-CD/Dex-Bz NPs in a microfluidic chamber. Two aqueous solutions of poly-CD (left) and Dex-Bz (right) are injected in the
chamber at a defined flow rate (0.5-1 mL{min). Immediately after passage through the device, NPs are recovered and characterized.

in a concentration range between 10° and 10° particles/mL. The size
distribution and concentration could be determined simulta-
neously. Results are expressed as means of 5 independent
measurements.

Yield of NP Formation

The yield of poly-CD/Dex-Bz NP formation is defined as the ratio
between the amount of formed poly-CD/Dex-Bz NPs and the
amount of poly-CD and Dex-Bz polymers added in the preparation
procedure. Briefly, 10 mg/mL of poly-CD/Dex-Ad NPs were prepared
and kept at room temperature for 2 days until the size of NPs was
stable. NPs were then centrifuged at 10,000 x g for 10 min. The
supernatant was recovered and dried. The yield of NPs (Y) was
calculated using the following equation:

weight of non interacted polymer « 100
Total weight of polymers

Y (%) = (1
Results and Discussion
Preparation of Poly-CD/Dex-Bz NPs by Microfluidic Device

Dex grafted with Bz moieties was successfully synthetized.
After synthesis, Dex-Bz samples were extensively purified by
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dialysis and characterized by SEC and 'H NMR spectroscopy.
The average molar mass was shifted from 37,700 + 400 (native
Dex) to 43,400 + 4300 g/mol, after Bz grafting. The increase in
molar mass was a clear indication of the successful grafting re-
action. '"H NMR enabled to determine the substitution yield,
showing that 5% of the Dex glucose units were effectively
grafted with Bz. An identical substitution of 5% glucose units was
obtained with Dex-Ad.

Self-assembled NPs made of poly-CD and Dex grafted with
alkyl side chains were produced by mixing, using a pipette, the 2
polymer solutions.® It was shown by TH NMR and isothermal
titration microcalorimetry experiments, as well as by molecular
modeling that the hydrophobic moieties on Dex spontaneously
insert in the CD cavities on poly-CD, leading to the formation of
NPs in water.®'? Bz was also shown to form inclusion complexes
with CDs and was incorporated in the NPs."”> However, typically
only up to 5 mL of suspensions loaded or not with Bz were pro-
duced. In this study, microfluidics was investigated as an alter-
native method to prepare larger amounts of NPs from poly-CD and
Dex-Bz. These 2 polymers spontaneously associate in water,
leading to NP production, presumably because of the strong CD:Bz
interactions.”> As expected, when mixing poly-CD and Dex
without hydrophobic moieties, no particles were formed, proving
that these moieties play a crucial role in the formation of the su-
pramolecular structures.

The microfluidic device could allow a continuous NP production
at a rate of tens to hundreds of microliters per minute. Studies in



the literature'’ describe the utility of microfluidic devices to scale
up NP production.

Recently, it has been shown that NPs could be assembled
by mixing an organic phase containing the solubilized biode-
gradable polymer and an aqueous phase.'®?! These studies
highlighted the interest of microfluidics in producing NPs by
mixing 2 aqueous phases with narrow size distribution, showing
spontaneous NP formation even in the confined microfluidic
channels.

The microfluidic chambers were used to mix poly-CD and Dex-
Bz (Fig. 1). The NPs were formed in the mixing chamber which
allows for exquisite control over the mixing profile of the solutions
containing the NP forming agents. '’-*! Parameters, including ratio
between the different compounds, flow rate, as well as temperature
can be easily and accurately controlled, which make possible to
prepare libraries of NPs in a well-controlled, reproducible, and
high-throughput manner.””

To investigate NP stability, the mean hydrodynamic diameters
of the NPs are measured by DLS immediately after their formation
in the microfluidic device and during their storage at room tem-
perature up to 1 week (Fig. 2). In the first 3 h, the diameters in-
crease from 85 to 109 nm and then tend to stabilize during
storage. Indeed, there were little variations of the main hydro-
dynamic diameters (121 + 11 nm) from day 2 to day 6 after
formation.

As a reference, NPs were produced using the same polymer
solutions, but by mixing them using a pipette, as in previous
studies.”'“ The mean diameters were slightly larger (140 + 14 nm)
than those obtained by microfluidics (132 + 5 nm). The poly-
dispersity of all formulations was low (PdI < 0.1), showing that
monomodal NPs with narrow size distribution were formed. The
Dex-Bz:poly-CD volume ratios did not affect the mean diameters
of the resulting NPs (Fig. 2). This ratio could be increased up to 5:1,
corresponding to 4.2 wt% of Bz in the NP suspensions. The NP
formation yield was around 71%. Figure 2 shows that the NPs
prepared by both methods are stable (<6% size variation) over
storage.

This ratio could be increased up to 5:1.
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Figure 2. Mean hydrodynamic diameters of poly-CD/Dex-Bz NPs prepared using a
microfluidic device (continuous line) and by mixing the polymer solutions using a
pipette (dashed line). Polymer concentrations were 1 mg/mL and poly-CD:Dex-Bz
volume ratios were 1:1 (blue) and 2:1 (red). The error bars are from the standard
deviation values.

Hence, NPs were successfully produced by microfluidics irre-
spective of the experimental conditions (volume ratios of the 2
polymer solutions, flow rates). To the best of our knowledge, this is
the first example of NP formation in “green” conditions (no organic
solvent) using a microfluidic device. NPs can be prepared in a
continuous manner by pumping polymer solutions from reservoirs
into the microfluidic device.

Similar results were obtained with another polymer which
assembles with poly-CD, Dex grafted with Ad moieties (Fig. 3). NPs
produced using Dex-Ad by microfluidics and by direct mixing using
a pipette had similar mean diameters, lower than 180 nm. As Bz, Ad
is known to form strong inclusion complexes with B-CD (associa-
tion constants of around 30,000 and 2700 /M for Ad:B-CD** and
Bz:B-CD'? interactions, respectively). It has been previously shown
that CD-based nanoassemblies were formed by a lock and key
mechanism, where interactions between the hydrophobic side
chain on Dex and the hydrophobic CD cavities cooperatively
contribute to establish the cohesion of the NPs.®**

In Situ Study of NP Formation

To have a deeper insight into the formation of the NPs by self-
assembly between Dex-Bz conjugate and poly-CD, in situ size
analysis was performed during the gradual addition of Dex-Bz
solution to poly-CD solution, using a VASCO-Flex™ particle size
analyzer. This device offers the possibility to monitor in situ NP
formation without withdrawing samples for analysis, as it is the
case with conventional DLS (Fig. 4a). The in situ non-invasive
technique, outlined in Figure 4b, was used to characterize the NP
size distribution during the progressive addition of one polymeric
aqueous phase to the other.

It was found that the size measurements conducted by con-
ventional DLS and in situ VASCO-Flex provided consistent results.
Typical examples are shown in Figures 4c¢ and 4d in the case of
poly-CD/Dex-Bz NPs obtained by mixing equal volumes of polymer
solutions at concentration of 0.5 mg/mL. Less than 5% differences
were found between the 2 techniques. The NPs were monodisperse,
with PdI < 0.1 in both cases.

The NPs were prepared in a glass vial by progressively adding
Dex-Bz into a poly-CD solution (Fig. 4e). Results show that NPs of
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Figure 3. Mean hydrodynamic diameters of poly-CD/Dex-Ad NPs prepared using a
microfluidic device (continuous line) and by mixing the polymer solutions using a
pipette (dashed line). Polymer concentrations were 1 mg/mL and poly-CD:Dex-Ad
volume ratios were 1:1 (blue) and 2:1 (red). The error bars are from the standard
deviation values.
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around 50 nm were found since the addition of the first volume of
Dex-Bz. The sizes gradually increased from 50 + 8 to 102 + 11 nm.

Nanoparticle Stability Upon Dilution

NPs formed by microfluidics and by mixing aqueous polymer
solutions using a pipette were characterized by 2 DLS-based tech-
niques, showing narrow size distribution and diameters of around
100 nm. They were stable upon storage at room temperature.
However, DLS does not enable to determine the NP number per
milliliter which is of outmost interest for the study of NP stability
upon dilution. Indeed, due to the non-covalent nature of the poly-
CD/Dex-Bz NPs, they could disassemble upon dilution leading to a
diminution of the NP concentration. In this context, NTA was used
to individually detect the NPs in their Brownian motions, to
calculate their hydrodynamic diameters and their concentration
(NP number/mL).

The principle of NTA is schematized in Figure 5a. An incident
laser beam illuminates a small volume (20 pL) at the prism surface.
In this confined region, NPs appear as white spots (Fig. 5a) and their
Brownian motion was detected by means of a microscope. In the
case of the poly-CD/Dex-Bz NPs produced here, the NTA results
were in good agreement with the DLS ones. A typical example is
presented in Figure 5b in the case of poly-CD/Dex-Bz NPs obtained
by mixing equal volumes of polymer solutions at concentration
of 1.0 mg/mL. Less than 5% variation was found between the 2
techniques.

Interestingly, the poly-CD/Dex-Bz NPs prepared using poly-CD
and Dex-Bz solution at a concentration of 5 pg/mL were stable
upon storage. There were <5% size variation upon storage at room
temperature, whereas the NP concentration was (8.7 + 1.4) x 10°
NPs/mL with <6% variations during 2 h storage (Fig. 5¢).

Noticeably, NTA could be used to track the NPs up to very low
concentrations such as 50 ng/mL. NP suspensions were diluted to
reach final concentrations of 5 to 0.05 pg/mL. Interestingly, Figure 5d
shows that dilutions of poly-CD/Dex-Bz NPs up to 100 ng/mL did not
affect their mean diameters (115 + 14 nm, with <6% variation).
Remarkably, the NP concentrations (number/mL) determined by
NTA were proportional to the dilution factor. For example, the NP
concentrations were (8.7 + 1.4) x 10° NPs/mL at 5 pg/mL, and (9.1 +
1.2) x 10® NPs/mL at 500 ng/mL. Only at concentrations lower than
50 ng/mL, NPs with polydisperse size distributions were observed. In
addition, at these significantly low NP concentrations, the NP
numbers per milliliter, determined by NTA, were not proportional to
the dilution factor.

In a nutshell, these results show that the poly-CD/Dex-Bz
NPs did not disassemble upon dilution up to a concentration of
100 ng/mL, despite their non-covalent nature.

The stability of the NPs upon dilution plays an important role on
their potential applications. In the case of intravenous adminis-
tration, the NPs would be highly diluted in the bloodstream. The
stability of the poly-CD/Dex-Bz NP formulations paves the way for
possible in vivo studies. It will be interesting to investigate how
dilution in more complex biological media will influence NP
stability.

In addition, given the capacity of Bz to absorb and dissipate
ultraviolet radiations, Bz is widely used in a variety of personal care
products such as nail polish, sunscreen lotions or creams, lipcare
products, shampoo, and fragrances. However, Bz has been shown to
penetrate the skin and cause photosensitivity, eczema, and other
severe side effects."'*"!” Moreover, Bz has a poor water solubility
making its incorporation in cosmetic formulations challenging.'
Stable poly-CD/Dex-Bz NPs might offer a way to prevent Bz skin
penetration, together with efficiently incorporating this poorly
soluble compound.

Conclusion

NPs were spontaneously formed by mixing 2 aqueous polymer
solutions. A microfluidic device has been set up to produce NPs of
around 100 nm, with narrow size distributions. In situ size mea-
surements showed that the NPs were spontaneously formed. NTA
allowed to individually track each NP in its Brownian motion,
showing that despite dilution up to 100 ng/mL, the NPs were still
stable in terms of mean diameters. The NP number was propor-
tional to the dilution factor, showing that the NPs did not disas-
semble upon extreme dilution. With further studies, this stable
nanoplatform might be used in cosmetic applications, parenteral
therapies, and intravenous drug delivery.
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Chapter 3

Particles based on CD-MOFs and their biomedical applications
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General Objectives and Author Contributions

As previously described, CD-MOFs have gained increased popularity as drug carrier since it is
environment-friendly biocompatible and even “edible” MOFs. It is widely recognized that size

distribution and stability are crucial parameters for drug delivery system.

In the originally reported protocols for their synthesis, the size of CD-MOF crystals was around
200-400 pm. It was then discovered that addition of cetyltrimethyl ammonium bromide
(CTAB) in the preparation enabled the formation of smaller crystals (1-10 um). However, the
synthesized crystals had a large polydispersity. Moreover, the syntheses were carried out at

room temperature over long time periods of time (> 24 h).

Herein, we optimized the synthesis procedure by heating at 50 °C within 6 h with pre-addition
of the reaction solvent to obtain uniform cubic y-CD-MOF crystals. The factors that affect the
size of CD-MOFs were systematically investigated, including the reactant concentrations,
temperatures, time, y-CD ratios to KOH and surfactant concentrations. Subsequently, the
stability of CD-MOFs were studied under conditions of high temperature (100 °C), high
humidity (92.5%) and polar solvents (e.g., MeOH and DMF). Finally, drug absorption of CD-
MOF was evaluated with different kinds of drugs. It is discovered that most of the drug
molecules containing carboxyl groups showed relatively high adsorption (> 5%), while low
adsorption (< 5%) was found for drugs with nitrogen-containing heterocyclic rings. This study

pave the way towards the use of CD-MOFs for drug delivery purposes.

This study has been performed in collaboration with Dr. J. Zhang in Shanghai Institute of

Materia Medica in China. X. Li contributed to perform the experiments on CD-MOFs synthesis.

54



International Journal of Pharmaceutics 514 (2016) 212-219

International Journal of Pharmaceutics ©

journal homepage: www.elsevier.com/locate/ijpharm

Contents lists available at ScienceDirect ;
PHARMACEUTICS
D

Optimized synthesis and crystalline stability of y-cyclodextrin
metal-organic frameworks for drug adsorption

@ CrossMark

Botao Liu™”’, Haiyan Li*“", Xiaonan Xu®, Xue Li*, Nana Lv?, Vikramjeet Singh?,
J. Fraser Stoddart, Peter York?, Xu Xu"***, Ruxandra Gref"**, Jiwen Zhang""*

< Center for Drug Delivery System, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China

P School of Chemical and Environmental Engineering, Shanghai Institute of Technology, Shanghai 201418, China

< Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208, United States

9institut de Sciences Moléculaires d'Orsay, Universite’ Paris-Sud, Université Paris-Saclay, UMR CNRS 8214, 91405 Orsay Cedex, France

ARTICLE INFO

Article history:

Received 13 March 2016

Received in revised form 20 April 2016
Accepted 21 April 2016

Keywords:

Cyclodextrin-metal-organic frameworks
Synthesis

Crystalline stability

Drug adsorption

ABSTRACT

The biocompatible and renewable cyclodextrin metal-organic frameworks (CD-MOFs) have addressed a
range of opportunities in molecular storage and separation sciences. The reported protocols for their
synthesis, however, were carried out at room temperature over long time periods of time (24h),
producing crystals of relatively poor uniformity. In this investigation, micron sized y-CD-MOFs were
synthesized by an optimized vapor diffusion method at elevated temperature (50 °C) within 6 h, after
which the size control, crystalline stability and drug adsorption behavior were investigated in detail. In
this manner, uniform cubic y-CD-MOF crystals were obtained when the reaction temperature was raised
to 50°C with pre-addition of the reaction solvent. The size of y-CD-MOFs was adjusted efficiently by
changing the reactant concentrations, temperatures, time, y-CD ratios to KOH and surfactant
concentrations, without influencing the porosity and crystallinity of the material markedly. Varing
degrees of reduction in crystallinity and change in morphology were observed when the y-CD-MOF
crystals are treated under conditions of high temperature (100°C), high humidity (92.5%) and polar
solvents (e.g., MeOH and DMF). In relation to drug adsorption by y-CD-MOFs, most of the drug molecules
containing carboxyl groups showed relatively high adsorption (>5%), while low adsorption («<5%) was
found for drugs with nitrogen-containing heterocyclic rings. In addition, the adsorption kinetics of
captopril to standard <y-CD-MOFs matched a pseudo-second-order model rather well, whilst captopril
adsorption to the damaged y-CD-MOFs only partially matched the pseudo-second-order model. In
summary, based upon the optimized synthesis and size control of y-CD-MOFs, the crystalline stability
and drug adsorption characteristics of y-CD-MOF crystals have been evaluated as a fundamental
requirement of a potential vehicle for drug delivery.

@© 2016 Elsevier B.V. All rights reserved.

1. Introduction

materials for diverse applications such as molecular recognition
(Jiecheng et al., 2014; Kumar et al., 2014; Liao et al, 2014), gas

Metal-organic frameworks (MOFs), also known as porous
coordination polymers, have emerged as a new class of porous

* Corresponding author at: Center for Drug Delivery Systems, Shanghai Institute
of Materia Medica, Chinese Academy of Sciences, No. 501 of Haike Road, Shanghai
201203, China.

** Corresponding author at: Institut de Sciences Moléculaires d'Orsay, (UMR CNRS
8214), Universite’ Paris-Sud, Université Paris-Saclay, 91400 Orsay, France.
*** Corresponding author at: Shanghai Institute of Technology, No. 100, Haiquan
Road, Shanghai 201418, China.
E-mail addresses: xuxu3426@sina.com (X. Xu), ruxandra.gref@u-psud.fr
(R. Gref), jwzhang@simm.ac.cn (J. Zhang).
! These authors contributed equally to the manuscript.

http://dx.doi.org/10.1016/j.ijpharm.2016.09.029
0378-5173/© 2016 Elsevier B.V. All rights reserved.

storage (Ghose et al., 2015; Kumar et al., 2015; Wen et al., 2012),
separation science (Kili¢ et al,, 2015; Li et al., 2014; Manju et al,,
2014), catalysis (Li et al, 2012; Song and Lin, 2012) and drug
delivery (Miller et al., 2010; Yun et al, 2013). Usually, they are
highly tunable hybrid materials crafted from metal connecting
points and organic bridging ligands (Li et al, 1999) with
predictable extended structures.

Since the biocompatibility of materials is essential for most
potential biological applications, the metals and organic bridging
ligands of MOFs have to be bio-friendly. Estimated from the
toxicity parameter LDsp, some metals such as Ca, Fe, Zn, K, and Ti
are considered to be biologically acceptable (Horcajada et al., 2012)
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and therefore more attention has been paid to biomolecules as
linkers of biological active MOFs for biological applications. In
addition, natural linkers such as amino acids (Yang et al., 2015),
nucleobases (Thomas-Gipson et al., 2015), peptides (Ikezoe et al.,
2012), glutarates (Jhung et al., 2006), carbohydrates (Chen et al.,
2014), oxalates (Chih-Min and Kwang-Hwa, 2009) and succinates
(Cheng et al., 2010) have been reported as being suitable to bind
metal ions to form functional porous MOFs.

Recently, the environmental friendly and renewable cyclodex-
trin (CD) metal-organic frameworks (CD-MOFs) obtained from
v-CD and potassium ions employing a vapor diffusion method have
been reported (Forgan et al, 2012; Furukawa et al, 2012;
Gassensmith et al,, 2011; Smaldone et al., 2010). The y-CD-MOFs
are body-centered cubic structures with apertures of 7.8A and
have large spherical voids with diameters of 17A, linked by
coordination of the ~-OCCO- units located on the D-glucopyranosyl
residues of y-CD to the potassium cations. The extended
frameworks of CD-MOFs are connected by numerous channels
with a calculated pore volume of 54% (Smaldone et al.,, 2010).
Among the various MOFs reported to date, y-CD-MOFs are
potential materials for gas adsorption (N, H,, CO, and CH4) and
the sequestering of some small molecules (Rhodamine B by co-
crystallization and 4-phenylazophenol by adsorption) within their
pores (Smaldone et al., 2010). Taking advantage of the cavities of
diameter 1.7 nm and the high local concentrations of the OH™ ions,
a y-CD-MOF-based template strategy has been developed (Wei
et al,, 2012) for the synthesis of silver and gold nanoparticles. The
y-CD-MOFs have also been employed to address the challenging
separation and purification requirements of petrochemical feed-
stocks on account of the fact that their three dimensional
transverse channels exhibit superior separation features and high
resolutions in comparison with other extended framework
materials (Holcroft et al., 2015).

On account of the weak noncovalent bonding interactions
between the building blocks and metal centers, the parameters
employed in the synthesis, including solvent, metal source, molar
ratio of reactants, temperature and duration, have a major
influence on the physiochemical properties of CD-MOFs. The
preparation of pure, homogeneous and monodisperse crystals is
critically important in relation to the potential applications of
MOFs. Among the studies devoted to the preparation and
application of CD-MOFs (Joong et al., 2011; Khan and Kang,
2011; Stock and Biswas, 2012), the crystalline stability of the
materials also showed their effectiveness in the generation of
families of porous materials. Very few systematic studies, however,
have focused on the chemical, thermal and hydrothermal
stabilities of MOFs or y-CD-MOFs (Cychosz and Matzger, 2010).

In this investigation, y-CD-MOF crystals were obtained by an
optimized vapor diffusion method within a short production time,
and the characterization, stability and drug adsorption perfor-
mance were investigated. The -y-CD-MOF crystals prepared under
conditions with different reactant concentrations, temperatures,
time, molar ratios of y-CD to KOH, solvents and surfactants were
optimized with reference to their shape and size. The crystalline
stability of the y-CD-MOF crystals produced under different
processing conditions was probed primarily using PXRD and SEM.
Furthermore, preliminary studies were carried out on the
adsorption of 21 drugs to y-CD-MOFs as well as their adsorption
behavior.

2. Experimental
2.1. Materials and reagents

y-cyclodextrin was obtained from Maxdragon Biochem Ltd
(China). Potassium hydroxide (KOH), cetyl trimethyl ammonium
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bromide (CTAB), methanol (MeOH), absolute ethanol (EtOH),
isopropanol (‘PrOH), acetone (Me,CO), dichloromethane (DCM)
and N,N-dimethylformamide (DMF) were of analytical grade and
purchased from Sinopharm Chemical Reagent Co. Ltd (China). All
drugs (>99.5% purity) were purchased from Dalian Meilun Biotech
Co., Ltd (China). Pure H,O (18.4 M{) cm), used in all experiments
was purified by a Milli-Q system (Millipore, Milford, MA, USA). All
other chemicals were of analytical grade.

2.2, Synthesis of y-CD-MOFs

The y-CD-MOF crystals were obtained by a modified vapor
diffusion method. The crystals were prepared (Fig. S1) by reacting
v-CD (162 mg, 0.125 mmol) with 200 mM KOH in 5.0 mL aqueous
solution. The solution was filtered through a 0.45 p.m organic filter
membrane into a glass tube with the pre-addition of 0.5 mL EtOH/
MeOH/Me,CO followed by vapor diffusion of EtOH, MeOH or
Me,CO into the solution at 50 °C for 6 to 24 h. In order to create the
small sized y-CD-MOF crystals, the supernatant was transferred
into another glass tube and CTAB (8 mgmL ') was added quickly so
as to trigger the rapid precipitation of crystalline material. The
suspension was incubated at room temperature for 3 h. Finally, the
precipitate was harvested and washed three times with 'PrOH and
dried at 50°C overnight. In this manner, y-CD-MOF crystals of
about 5-10 wm in size were obtained. In parallel experiments, the
morphology and size of the y-CD-MOF crystals were modulated by
altering the different parameters particularly time (t), temper-
atures (T), the concentration of y-cyclodextrin (Ccp), molar ratio of
v-CD to KOH (R), solvents and the concentration of CTAB (Ccrag)-
The resulting samples were identified as F1-F13. The conditions
employed in the controlled preparation of these samples are
summarized in Table 1.

2.3. Characterization

Morphological characterization of y-CD-MOF crystals was
carried out by the scanning electron microscopy (SEM, S-3400N,
Hitachi). The specimens were immobilized on a metal stub with
double-sided adhesive tape and coated with a thin gold film, before
being observed under magnification. Considering the high
regularity of y-CD-MOF crystals and the sizes of y-CD-MOFs were
measured with the Image Pro Plus 6.0 software (Media Cybernet-
ics, USA) combined with the SEM images.

The crystallinity of the samples was characterized by powder X-
ray diffraction (PXRD) analysis. Diffraction patterns of the y-CD-
MOF crystals were detected with a Bruker D8 Advance diffractom-
eter (Bruker, Germany) at ambient temperature, with tube voltage
of 40kV and a tube current of 40mA in a stepwise scan mode
(82 min~"). Diffraction data for the thermal and the samples were
collected on an X/Pert Pro 3040/60 diffractometer (PANalytical,

Table 1
Summary of synthesis conditions.

Samples t(h) T(*C) Cep(mM) R Solvents  Cerag (mgmL ")
F1 6 50 25 1:8 MeOH 8
F2 6 50 12.5 1:8 MeOH 8
F3 6 50 50 1:8 MeOH 8
F4 6 40 25 1:8 MeOH 8
F5 6 60 25 1:8 MeOH 8
F6 12 50 25 1:8 MeOH 8
F7 24 50 25 1:8 MeOH 8
F8 6 50 25 1:6 MeOH 8
F9 6 50 25 1:10 MeOH 8
F10 6 50 25 1:8 Me,CO 8
F11 6 50 25 1:8 EtOH 8
F12 6 50 25 1:8 MeOH 4
F13 6 50 25 1:8 MeOH 16
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Holland). All the samples were irradiated with monochromatized
CuKe radiation and analyzed over a 20 angle range of 3-40°.

The N, adsorption-desorption isotherms of the crystal samples
were measured with a liquid N» bath (—196 °C) using a porosimeter
(TriStar 3000 V6.05 A, USA). In order to remove any interstitial
solvents, the samples were activated by immersing them in DCM
for three days and dried under vacuum at 50°C for 12 h. Known
amounts of samples (e.g. 150-200mg) were loaded into the BET
sample tubes and degassed under vacuum (10~ Torr) at 100 °C for
5h. The BET model was applied to measure the specific surface
areas of the samples.

FT-IR spectra of samples (y-CD and ©y-CD-MOFs) were obtained
using an FT-IR spectrometer (Nicolet Continuum XL, Thermo Fisher
Scientific). Briefly, the sample and potassium bromide were mixed
well with a ratio of 1:10 followed by being compressed into a disk.
128 scans were carried out in wavenumber 400-4000cm ' at a
resolution of 4cm ™,

Thermogravimetric analysis (TGA) of y-CD-MOF crystals was
performed using a thermal analysis system (NETZSCH 209F3 240-
20-382-L, USA) at a heating rate of 10°Cmin ! under nitrogen.
Samples were weighed (approx. 5 mg) in a hanging aluminum pan
and the weight loss percentage of the samples was monitored from
30 to 400°C.

2.4. Stability tests

For thermal stability investigations, y-CD-MOF crystals (pre-
pared with the condition of F1, 200 mg) were placed in a sealed
glass vial for predefined time periods (2, 4, 6, 18, 24 h) at 60, 80 and
100°C. The stabilities in different solvents were assessed by
immersing 200 mg of the y-CD-MOF powders (F1) in DCM, 'PrOH,
absolute EtOH, Me,CO, MeOH and DMF of 10 mL at 70°C for 24 h.
The stability of y-CD-MOF crystals (F1) at different humidities was
measured under relative humidities (RH) of 75% and 92.5% over a
period of 1, 3, 5 and 10 d. Subsequently, the crystalline stabilities of
all samples were characterized by SEM and PXRD.

2.5. Drug adsorptions

The adsorption profiles of captopril (CAP) as well as those of
20 other drugs exhibited by y-CD-MOF crystals (prepared using
condition of F1) using the impregnation approach were investi-
gated. Impregnation was performed by shaking (150rpm) a
suspension (2 mL) of y-CD-MOFs (30 mg) and drugs (10mgmL ")
in EtOH for 72 h at 25 °C. The drug-loaded ~y-CD-MOF crystals were
collected by centrifugation, washed with an equivalent volume of
incubation solvent three times and dried at 35°C overnight under
vacuum. The adsorption behavior of CAP by v-CD-MOF crystals
were further investigated systematically.

The remained CAP and other 20 drugs in the supernatant were
separately determined by HPLC with suitable chromatography
conditions. All details are provided in the Supporting information
(S1).

3. Results and discussions
3.1. Optimized synthesis of micron sized y-CD-MOFs

A vapor diffusion method has been reported (Smaldone et al.,
2010) for the synthesis of y-CD-MOFs, prepared by dissolving y-CD
(1.30g, 1mmol) along with KOH (0.45g, 8 mmol) in aqueous
solution (20mL), followed by vapor diffusion with MeOH at
ambient temperature over the period of a week to produce ~y-CD-
MOFs as cubic crystals of 40-500 pum in size. A modified method
with the addition of CTAB and a controlled incubation time about
26-32 h has been reported (Furukawa et al., 2012) to produce the

micron- and nano-meter size crystals, yet it does not provide MOFs
of sufficient quality in relation to the particle size and size
distributions in a controlled manner.

In our research, we found that the nucleation could be
accelerated and uniform cubic y-CD-MOF crystals were obtained
by raising the reaction system temperature appropriately and pre-
adding the reaction solvent. In general, the preparation period was
shortened from over 26 h to 6 h, while the crystals retained their
porous and crystalline properties. The N, adsorption-desorption
isotherms measured on activated y-CD-MOFs (F1) defined a BET
surface area of 495 m? g~ The crystalline phase and the functional
groups of y-CD-MOFs (F1) were identified by PXRD (Fig. S2) and
FT-IR (Fig. S3), the profiles were consistent with those reported in
the literature (Furukawa et al., 2012). SEM (Fig. S2) indicated
clearly that y-CD-MOF crystals are uniform cubic crystals with a
size of approximately 7 um. It is important to note that, by using
the modified method with alternative values of t, T, Ccp, R, solvents
and Ccrap, Y-CD-MOF crystals with different sizes and shapes could
be obtained.

3.1.1. Syntheses with different reactant concentrations

The size and shape of y-CD-MOF crystals prepared under
different concentrations have been investigated. On changing the
total concentrations of y-CD and KOH while keeping the molar
ratio at 1:8 (Ccp of 25 mM for F1,12.5 mM for F2 and 50 mM for F3),
+-CD-MOF crystals with identical crystallinity could be prepared
as verified by PXRD (Fig. 1). The SEM images (Fig. 1) show that the
size of y-CD-MOF crystals increases with dilution of crystallization
solution. With the increase of concentration of y-CD from 12.5 mM
(F2) to 25 mM (F1) and then to 50 mM (F3), the size of y-CD-MOF
crystals decreases from 7.1 £3.0 wm to 6.9+ 1.2 wm and then to
4.3 +1.2 wm. Apparently, lower concentration of the crystallization
solution results in larger cubic crystals of y-CD-MOFs, a finding
which is consistent with some conventional methods for (Brar
etal., 2001) tuning the crystal size, and is most likely a result of the
efficient suppression of the framework extension (Leff et al., 1995).
We hypothesize that the control of the nucleation and crystal
growth rates is the key factor in modifying the size of the y-CD-
MOF crystals, although higher reactant concentrations usually lead
to increments in crystal growth rates in the case of other MOF
materials (Diring et al, 2010; Gascon et al, 2008; Ramos-
Fernandez et al., 2011).

Cep=50mM
2
71}
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£
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1 1 1
2 10 18 26 34
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Fig. 1. PXRD crystallinity patterns and SEM morphology images of v-CD-MOF
crystals prepared with different concentrations of y-CD: 12.5mM (F2), 25 mM (F1)
and 50mM (F3). Higher concentrations of y-CD showed no influence on the
crystalline structure and resulted in a smaller size of y-CD-MOFs,
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3.1.2. Syntheses under different temperatures

The temperature had a distinct influence on the size and
morphology of y-CD-MOF crystals, whilst as shown in Fig. 2, the
crystal structure of the vy-CD-MOFs did not change. With an
increase of the temperatures from 40 °C (F4) to 50°C (F1) and then
to 60°C (F5), the size of y-CD-MOF crystals decreased from
10.5+5.1 pm to 6.9+ 1.2 wm and then to 5.3 + 1.2 pum. It is clear
that a higher temperature would promote the vapor diffusion of
MeOH into the reactant solution, contributing to the rapid over-
saturation of the precursors. Meanwhile, raising the temperature
led to the y-CD-MOF crystals being smaller and more uniform
without affecting the crystallinity. These results suggested that by
raising temperatures could be employed to prepare y-CD-MOFs in
a shorter period of time.

3.1.3. Syntheses with different periods of reaction time

Fig. 3 shows the PXRD patterns and SEM images of y-CD-MOF
crystals obtained at different time (6, 12 and 24 h). The results
indicated that crystallinity varies with time. When the duration of
the preparation was prolonged for 24h, distinct crystalline
structural changes at 16.7° in PXRD patterns were observed for
sample F7, while for a long time heating resulted in distorting the
crystal integrity of y-CD-MOFs. From the morphologies revealed
by the SEM images, the size of the y-CD-MOFs gradually decreased
from 6.9 £1.2 umto 4.1 =1.1 wm when the crystallization time was
increased from 6 to 24 h. Thus, longer time results in smaller y-CD-
MOF crystals. In the case of crystalline materials, smaller crystals
are usually obtained when the nucleation rate is larger than the
rate of crystal growth (Jhung et al., 2008; Lethbridge et al., 2005;
Renzo, 1998). Our results suggested that the nuclei concentration
of yv-CD-MOFs was sufficiently higher than the concentration
required for rapid crystal growth and so led to the formation of
small and homogeneous crystals.

3.14. Syntheses with different ratios of y-CD to KOH

The «y-CD-MOFs are a prototypical mixed-ligand compound
among MOFs, with the composition of potassium cations bridging
by the hydroxyl groups of y-CD. In this investigation, it was found
that an increase of the molar proportion of KOH from 0.75 mol (F8)
to 1 mol (F1) and then to 1.25 mol (F9) led to an increase in the size
of y-CD-MOFs from 53+11 to 6.9+12pum and then to
8.1 +3.1 pm (Fig. 4). For the formation of CD-MOFs, the K" ions

Intensity
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20 (degree)

Fig. 2. PXRD crystallinity patterns and SEM morphology images of vy-CD-MOF
crystals obtained at different temperatures: 40 (F4), 50 (F1) and 60°C (F5). Higher
temperatures showed no influence on the crystalline morphology and resulted in a
smaller size of y-CD-MOFs.
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Fig. 3. PXRD crystallinity patterns and SEM morphology images of y-CD-MOF
crystals obtained after different reaction times of 6h (F1), 12 h (F6) and 24 h (F7).
The longer reaction time of 24 h showed the destruction of the crystalline structure
of y-CD-MOFs and resulted in a smaller size.

Intensity

Fig. 4. PXRD crystallinity patterns and SEM morphology images of y-CD-MOF
crystals obtained with different ratios of y-CD to KOH as 1:6 (F8),1:8 (F1) and 1:10
(F9). Higher ratios of y-CD to KOH showed no influence on the crystalline structure
of y-CD-MOFs and resulted in a smaller size.

were employed as the structure directing reagent, and at the same
time, it was reported that KOH could produce sufficient basicity in
aqueous solution to deprotonate the ~-CD hydroxyl group
(Michida et al., 2015). As concluded by our results, increased
concentration of K* and OH™ ions in the solution would facilitate
the crystal growth rate in comparison to the nucleation rate and
lead to larger crystals with higher polydispersity.

3.1.5. Syntheses with different solvents

The crystal structure (Fig. 5) of y-CD-MOFs does not change
when employing different solvents, while morphological changes
are observed in SEM images. EtOH promoted the transformation of
v-CD and KOH solution into y-CD-MOF crystals with the formation
of hexagon-shaped and larger sized crystals. The cubic y-CD-MOF
crystals obtained from vapor diffusion of Me;CO were much
smaller in size. This observation is attributed to the faster vapor
diffusion of Me,CO because of its lowest boiling point, enabling the



216 B. Liu et al./International Journal of Pharmaceutics 514 (2016) 212-219

Intensity

Fig. 5. PXRD crystallinity patterns and SEM morphology images of y-CD-MOF
crystals obtained with different solvents e.g., MeOH (F1), Me,CO (F10) and EtOH
(F11). Different solvents did not influence on the crystalline structure and the
solvent with higher boiling point resulted in smaller size of y-CD-MOF crystals.

formation of a large number of nuclei and hence rapid growth
resulting in smaller crystals when compared with the other two
solvents studied.

3.1.6. Syntheses with different amounts of the surfactant

CTAB is a cationic surfactant used as a capping agent for
controlling the size and morphology of MOF crystals in aqueous
systems. Increasing amounts of CTAB did not result (Fig. G) in
changes in the crystallinity of the -y-CD-MOF crystals as evidenced
by PXRD. From the morphology shown by the SEM images, it is
noteworthy that the average size of y-CD-MOF crystals decrease
from 8.0+1.1 pwm to 6.9+ 1.2 pm and then to 4.1 +1.3 wm when
the amount of CTAB is increased from 4 to 8 and then to
16mgmL~", respectively. During the incubation with CTAB
employed as a capping agent (Pan et al, 2011), the long
hydrocarbon chains of CTAB can also play a crucial role in
controlling the size of the y-CD-MOF crystals. When CTAB is added
to the crystallization medium, the CTAB molecules cover the

Intensity

Fig. 6. PXRD crystallinity patterns and SEM morphology images of y-CD-MOF
crystals synthesized with different concentrations of CTAB as 4mgmL~" (F12),
8mgmL ' (F1) and 16 mgmL ' (F13). Higher concentration of CTAB showed no
influence on the crystalline structure and resulted in a smaller size of y-CD-MOF
crystals.

surface of y-CD-MOF crystals, and thus slow down the growth rate
and reduce the final crystal size. Though CTAB is toxic, considering
the good solubility of CTAB in 'PrOH, 'PrOH was used to wash and
remove the residual CTAB thoroughly.

3.2. Crystalline stability of y-CD-MOFs

3.2.1. Crystalline stability of y-CD-MOFs at different temperatures

The crystalline stability of y-CD-MOFs (F1) was investigated
using SEM and PXRD techniques. Although the TGA profile of y-CD-
MOFs shows that the thermal decomposition of y-CD-MOFs occurs
at (Fig. S4) approximately 200°C, the results do not establish the
stability of y-CD-MOFs under different conditions at elevated
temperature.

Fig. 7 shows the PXRD diffractograms of y-CD-MOFs after
thermal stability test (compare Fig. S5). In Fig. 7a, although the
characteristic and most intensive peaks of y-CD-MOFs at 4.0° and
16.7¢ are still evident, major disturbances to the patterns at 5.7°,
7.0° and 16.7° were noted. Compared to the PXRD profiles of y-CD-
MOF crystals treated at 60, 80 and 100°C for different periods of
time, some minor disturbances of the profiles near 16.7° were
identified, followed by those at 5.7° and 7.0°, which changed from
two independent sharp peaks into four separate peaks. Therefore,
it is concluded that the crystallinity of y-CD-MOF crystals is
susceptible to high temperature and decomposes on overheating.
Nevertheless, y-CD-MOFs can remain the cubic shape and
appearance even at 100°C after 24 h (Fig. S6).

3.2.2. Crystalline stability of y-CD-MOFs in solvents

As evidenced by PXRD profiles (Fig. 7b), the y-CD-MOF crystals
are stable after soaking in DCM at 70°C for 1day. The crystalline
stability exhibits a decreasing order for DCM, 'PrOH, EtOH and
Me,CO. Major changes were noticed for crystalline stability in the
case of MeOH and DMF solvents at 70°C after 1 d, with marked
changes in peak intensities at 16.7°. Thus, it can thus be inferred
that the crystalline structure of y-CD-MOF is more stable in DCM
than in 'PrOH, EtOH and Me»CO. More substantial degradation was
observed in MeOH and DMEFE These results illustrate that the
degradation in y-CD-MOF crystals increases in parallel with
solvent polarity. Based on the y-CD content in the supernatant, it
was demonstrated (Fig. S7) that the total release of y-CD from
y-CD-MOF crystals in DMF is about 5% (70°C, 1d). In addition, the
morphology of y-CD-MOFs is relatively stable even though the
crystallinity of the crystals changes (Fig. S8) dramatically in some
polar solvents.

3.2.3. Crystalline stability of y-CD-MOFs at different humidities
From analysis of the PXRD profiles in Fig. 7c and d, it is clear that
humidities play a crucial role in determining the crystalline
stability of y-CD-MOFs. Only minor changes were observed at 4.1°,
5.7° and 7.0° for the crystals treated at 75% RH for 10 d (Fig. 7c).
Storage of y-CD-MOFs at higher humidities of 92.5% RH, however,
impacted the crystalline structure dramatically (Fig. 7d), and PXRD
profiles indicated distorted crystal structure. For the y-CD-MOF
crystals stored at 92.5% RH for 1 d, the cubic crystals collapsed
completely (Fig. S9). This observation can be explained by the fact
that y-CD-MOFs are principally composed of y-CD and KOH, both
of which are highly hydrophilic and are readily dissolved in water.

3.3. Adsorption of drugs to standard -CD-MOFs

The adsorption percentage of the 21 drugs to standard y-CD-
MOF crystals (F1) has been divided into three levels (seven drugs,
including CAP, large than 5%, nine drugs 0.3% to 5%, and five drugs
less than 0.3%) based on the adsorbed amount (Table S1).
Considering the physiochemical properties of the seven drugs,
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Fig. 7. PXRD crystallinity patterns of y-CD-MOFs after different periods of time in comparison to the initial state (as: as-synthesized): (a) at 100°C; (b) at different solvents

after 1d; (c) 75% RH; (d) 92.5% RH.

apart from piroxicam, with one or more carboxyl function groups
and a small pK, value showed relatively high adsorption
percentage, an observation which is believed to arise from the
strong electrostatic interaction between the carboxyl groups in
drug molecules and potassium ions in y-CD-MOFs. Drugs with
nitrogen or other heterocyclic rings showed relatively low
adsorption percentage due to the steric hindrance of these rings
for the interaction of drugs with y-CD-MOFs.

An understanding of the y-CD-MOFs adsorption behavior in
organic solvent systems is helpful for the application of these
porous materials. In our preliminary drug adsorption experi-
ments, CAP exhibited the highest adsorption to y-CD-MOFs
compared with the other 20 drugs (Table S1). Considering the
high stability of CAP in EtOH (Qu et al., 2006), we decided to
investigate the ~y-CD-MOFs adsorption capability to CAP in
further detail. CAP was also selected for further study taking
into consideration of its molecular size (9.0x5.7 x3.3A),
particularly the dimensions of the aperture windows (7.8A)
and the internal pores (17 A) of y-CD-MOFs, both of which are
sufficiently large to accommodate the CAP molecules. Addition-
ally, the interaction of CAP and y-CD-MOFs relies mainly on Van
der Waals' forces when CAP is in the non-ionizing form, while the
-COOH, -SH as well as =0 groups of CAP can form hydrogen
bonds with the hydroxyl group of y-CD-MOFs.

The adsorption isotherms of +y-CD-MOFs for CAP were
measured at three different concentrations (400, 1000 and
2000mgL~") of CAP. The adsorption capacity of y-CD-MOFs
toward CAP was found to be related to the CAP solution
concentration. A qualitative analysis of the adsorption curves
(Fig. 8a) showed that the y-CD-MOFs had a high efficiency towards
CAP in EtOH solution, and the amount of adsorbed CAP on vy-CD-
MOFs synthesized by vapor diffusion of MeOH (F1) and Me,CO
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(F10) was recorded to be higher than that of EtOH (F11) under the
experimental conditions investigated.

The CAP uptake rate and the contact time of the adsorption
were described with adsorption kinetics at 25°C at the initial
concentration of 400mgL~". As shown in Fig. 8c, the apparent
adsorption equilibrium was usually established within 24 h. The
pseudo-first-order model did not fit with our experimental data
(Walker et al., 2011). However, the pseudo-second-order kinetic
model provided the best correlation of the data (detailed methods
could be found in S2) (Crini and Peindy, 2006; Qiu et al., 2015). This
finding can be interpreted as chemisorption involving valency
forces sharing or exchanging electrons between sorbent and
sorbate. The coefficients for the linear plots of t/q; against time for
pseudo-second-order kinetics were greater than 0.99 for all
systems (Fig. 8d). The adsorption behavior of CAP further
illustrated the fact that some drugs could be chemisorbed by
y-CD-MOFs.

3.4. Adsorption of drugs to y-CD-MOFs with damaged crystallinity

The adsorption of y-CD-MOFs with damaged crystallinity (after
testing stability in different solvents) was investigated. Samples of
CAP in EtOH (Fig. 8b) showed that the crystals retained remarkably
large adsorption capacities, although our previous PXRD studies of
«y-CD-MOFs illustrated that the crystals were not stable under
those extreme conditions. In addition, at lower concentrations of
CAP towards some <y-CD-MOFs with damaged crystallinity
(Figs. 8b and S$10), some damaged y-CD-MOFs (after immersing
in MeOH and DCM at 70°C for 24h) exhibited a higher CAP
adsorption behavior than standard y-CD-MOFs. The pseudo-
second-order kinetic model did not fit with the damaged y-CD-
MOFs (after soaking in 'PrOH and DMF at 70°C for 24 h, R> < 0.9,
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Fig. 8. The adsorption capacity of y-CD-MOF crystals to CAP with different initial concentrations at 25 °C of (a) standard -y-CD-MOFs synthesized via vapor diffusion of MeOH
(F1), Me,CO (F10) and EtOH (F11); (b) y-CD-MOFs with damaged crystallinity (after soaking in DCM, 'PrOH, EtOH, Me,CO, MeOH and DMF at 70°C for 24 h); (c) Effects of
contacted time on the adsorption of CAP (400 mg mL ') onto y-CD-MOFs (n=2); (d)The fitting results of the pseudo-second-order kinetics fit the experimental data well.

Fig. S11). To some extent, the above results illustrate the fact that
the damaged ~vy-CD-MOFs would influence drug adsorption
kinetics. Moreover, for CAP, adsorption onto the damaged y-CD-
MOFs was reduced compared to the standard y-CD-MOF crystals at
higher concentrations.

4. Conclusions

In this investigation, a fast solvent evaporation approach was
developed to synthesize and tailor the y-CD-MOFs to a controlled
size, with the synthesis period shortened from that reported in the
literature of over 26 to 6h. The size of y-CD-MOF crystals was
adjusted by altering the reactant concentrations, reaction temper-
atures, reaction time, ratios of y-CD to KOH and surfactant
concentrations, without any marked changes in particle crystal-
linity and porosity. And the y-CD-MOF crystals of hexagonal shape
were obtained with the reaction solvent of EtOH. For the stability of
standard y-CD-MOFs, varying degrees of reduction in crystallinity
or morphology were observed in y-CD-MOF crystals at high
temperature (100°C), high humidity (92.5%) and with polar
solvents (MeOH and DMF). More importantly, it was found that
v-CD was released and characteristic crystalline peaks in PXRD
profiles disappeared when immersing the y-CD-MOFs in polar
solvent whilst the morphology remained unchanged. For drug
adsorption, most of the molecules containing a carboxyl group
showed relatively high adsorption to y-CD-MOFs (>5%), while
relative low adsorption (<5%) was found for drugs with nitrogen
heterocyclic rings. From CAP adsorption experiment at higher
concentration, y-CD-MOFs showed an equilibrium CAP adsorption
capacity of 19.3% (w/w), with a molar ratio between CAP and y-CD
as 1.6:1. Adsorption kinetics of CAP at lower concentration towards

standard y-CD-MOFs matched well with the pseudo-second-order
model. Interestingly, some damaged y-CD-MOFs being soaked in
MeOH and DCM at 70°C for 24 h exhibited higher CAP adsorption
percentage than standard y-CD-MOFs.

In summary, facile synthesis and size control approaches,
together with crystalline stability information of ~y-CD-MOF
crystals are provided to support their application in drug delivery.
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S1. HPLC methods for determination of drugs

The analysis was carried out with an Agilent C18 column (4.6 mmx150 mm, 3.6
um i.d.) and a flow rate of 1.0 mL-min"' with different mobile phases depending upon
the types of drugs. Namely, the captopril (CAP) was analyzed with injection volume
of 10 uL, the column temperature was maintained at 40 °C and the mobile phase
consisted of methanol, acetonitrile and 0.017 M sodium dihydrogen phosphate buffer
(pH 3.2) (25:5:70, v/v). Silymarin and budesonide were determined with the mobile
phase composed of acetonitrile and water (65:35, v/v) with the column temperature of
30 °C. The other drugs were detected with the column temperature of 25 °C, the
injection volume of 20 pL and the mobile phase composed of 10% acetonitrile in 0.1%
acetic acid aqueous solution, changing linearly over 10 min to 90% acetonitrile then
maintained for 3 min, and then decreasing to 10% in 1 min and then maintained for 6
min. The detection wavelengths of the drugs and the drug adsorptions were listed in
Table S1.

The percentage of drug adsorbed onto standard y-CD-MOF crystals was
measured by dissolving 5 mg of dried samples in a certain volume of water and
analyzed by HPLC. The drug adsorption percentage (Y) was calculated according to

the following equation.

) __ Amount of drug in y-CD-MOFs
" Total amount of y-CD-MOFs

Y (% x 100% (1)

50 mg of y-CD-MOFs (F1, F10, F11) were added into hermetically sealed
conical flasks containing 25 mL of CAP ethanol solution (400, 1000, 2000 mg-L‘l),
and shaken at 25 °C for 24 h. Meanwhile, y-CD-MOF crystals with damaged
crystallinity (pre-dispersed in 10 ml DCM, isopropanol, EtOH, acetone, MeOH and
DMF at 70 °C for 24 h, then adsorbed onto CAP in ethanol solution) were also

processed in the same way. The CAP value of the solution was determined by the



above HPLC method. The adsorption capacity (q) of y-CD-MOFs towards CAP was

calculated as follows:

_ V(Co=Co)
t w

(2)
where q; (ug-mg™") is the adsorption capacity at contact time t, V is the volume of

CAP solution (mL), Co is the initial concentration of CAP (ug-mL™), C; is the

concentration of CAP at contact time t (ug-mL™"), and W is the weight of CD-MOFs

(mg).

Table S1. Summary of chromatographic detection wavelengths of drugs and
drug adsorptions determined by HPL.C

Detection Adsorption percentage
NO Drug wavelength(nm) (£SD%, n=2)
1 Captopril 215 12.5940.11
2 Flurbiprofen 247 12.10+0.11
3 Salicylic acid 230 9.83+1.07
4 Piroxicam? 350 8.44+0.20
5 Fenbufen 281 7.97+0.16
6 Ketoprofen® 260 7.40+0.03
7 Pseudolaric Acid BP 252 5.32+0.09
8 Prednisolone 246 4.54+0.21
9 Silymarin 276 4.53+0.11
10 Indapamide 240 4.27+0.21
11 Tolbutamide® 228 3.92+0.27
12 Theophylline 270 3.49+0.04
13 Meloxicam® 353 3.22+0.00
14 Nifedipine 235 1.00£0.01
15 Budesonide 240 0.38+0.24
16 Paracetamol 257 0.30£0.03
17 Fluconazole 260 0.17£0.00
18 Ethionamide? 291 0.04+0.01
19 Metronidazole 320 0.02+0.02
20 Diazepam 240 0.02+0.00
21 Caffeine® 273 0.01+0.00

Note: a represented the loading solvent as acetone; b represented the loading solvent
as methanol; ¢ represented the loading solvent as chloroform; d represented the
loading solvent as ethanol (2 mL) and methanol (1 mL); e represented the loading
solvent as ethanol (2 mL) and chloroform (1 mL); the other loadings used ethanol.
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Figure S1. Schematic presentation for the synthesis of micron sized y-CD-MOF
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Figure S2. SEM images and XRPD pattern of Y-CD-MOFs.
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Figure S3. FT-IR patterns of y-CD and y-CD-MOFs.
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Figure S4. Thermogravimetric analysis of y-CD-MOFs
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Figure S6. SEM image of y-CD-MOFs at 100 °C after 24 h
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Figure S7. The release profiles of y-CD from y-CD-MOFs at DMF (70 °C)

Figure S8. SEM image of y-CD-MOFs at 100 °C after 24 h



Figure S9. SEM image of y-CD-MOFs at 92.5% RH after 1 d
S2. Adsorption kinetics
The Lagergren pseudo-first-order rate expression is one of the most widely used
sorption rate equations for the sorption of a solute from a liquid solution. It may be

represented as:

2=k (de — a0 3)

In(ge — o) = Inge — kit 4)
where qis the amount of CAP sorbed at time t (mg- g'), qecis the amount of CAP
sorbed at equilibrium (mg- g') and k; is the pseudo-first-order rate constant (min™').
Equation (4) is derived from equation (3) by integrating for the boundary conditions t
=(0tot=tand q =0 to gi= Q.

The Ho-Mckay pseudo-second-order rate expression is (Qiu et al., 2015):

= ky(de — 0)* (5)

t 1 1

+—t (6)

qt kaGe® Qe

where ko is the pseudo-second-order rate constant (g mg™' min'). Equation (6) is
derive from equation (5) by integrating for the boundary conditions t =0 to t =t and q.

=0to q=q
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Subchapter 3.2

Cyclodextrin-based metal-organic frameworks particles as efficient carriers for

lansoprazole: study of morphology and chemical composition of individual particles
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General Objectives and Author Contributions

In this subchapter, CD-MOFs around 6 pum with monodispersed size distribution were used as
drug carrier for Lansoprazole (LPZ). The molecular dimensions of LPZ is about 4 x 17 A,
which fits to the dimensions of y-CD cavity (7.8 A) and the internal spherical cavities (17 A)
of CD-MOF.

In addition to drug absorption by impregnation shown in subchapter 3.1, a new approach was
used in this subchapter for drug encapsulation, namely, co-crystallization. By impregnation
approach, the obtained payloads were not as high as expected, at best around 12.6% (wt) in the
case of captopril, possibly because the small pore windows of the CD-MOFs limit the
penetration of drugs. Therefore, co-crystallization was used for LPZ, where the drug was added
during particle synthesis. Remarkably, LPZ payloads reached 23.2+2.1% (wt) which

corresponds to a molar ratio of 1:1 between LPZ and y-CD.

To well characterize the LPZ loaded CD-MOFs, the study of morphology and chemical
composition of individual particles was performed with Raman microscopy. It was
demonstrated that there were no significant differences on Raman spectra of individual
particles, indicating that each individual particle had identical chemical composition. Molecular
modelling was performed for deeper insight into the interaction between the LPZ and CD-
MOFs. Moreover, it was demonstrated that even after two years storage, the incorporated drug
inside the CD-MOFs maintained its spectroscopic characteristics. This study lay the

foundations for further application of CD-MOFs as LPZ carriers for drug delivery.
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Cyclodextrin-based metal-organic frameworks (CD-MOFs) represent an environment-friendly and
biocompatible class of MOFs drawing increasing attention in drug delivery. Lansoprazole (LPZ) is a
proton-pump inhibitor used to reduce the production of acid in the stomach and recently identified as an
antitubercular prodrug. Herein, LPZ loaded CD-MOFs were successfully synthesized upon the assembly
with y-CD in the presence of K* ions using an optimized co-crystallization method. They were
characterized in terms of morphology, size and crystallinity, showing almost perfect cubic morphologies
with monodispersed size distributions. The crystalline particles, loaded or not with LPZ, have mean
diameters of around 6 pum. The payloads reached 23.2 + 2.1% (wt) which corresponds to a molar ratio of
1:1 between LPZ and ~y-CD. It was demonstrated that even after two years storage, the incorporated drug
inside the CD-MOFs maintained its spectroscopic characteristics. Molecular modelling provided a deeper
insight into the interaction between the LPZ and CD-MOFs. Raman spectra of individual particles were
recorded, confirming the formation of inclusion complexes within the tridimensional CD-MOF
structures. Of note, it was found that each individual particle had the same chemical composition.
The LPZ-loaded particles had remarkable homogeneity in terms of both drug loading and size. These
results pave the way towards the use of CD-MOFs for drug delivery purposes.

© 2017 Published by Elsevier B.V.

1. Introduction

Rocca et al., 2011; Horcajada et al., 2012; Li and Huo, 2015). Many
efforts have been carried out to synthesize biocompatible MOFs

Metal Organic Frameworks (MOFs) have recently emerged as
crystalline porous materials of interest for biomedical applications,
with potential applications in drug delivery and imaging. Their
high porosity, large surface areas, and versatility in terms of
composition and functionalities make the MOFs particularly
appealing for the incorporation of high drug payloads (Della

* Corresponding authors at: Center for Drug Delivery Systems, Shanghai Institute
of Materia Medica, Chinese Academy of Sciences, No. 501 of Haike Road, Shanghai
201203, China.

** Corresponding author at: Institut Sciences Moléculaires Sciences d'Orsay, (UMR
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(R. Gref).

http://dx.doi.org/10.1016/j.ijpharm.2017.05.056
0378-5173/© 2017 Published by Elsevier B.V.

using endogenous linkers or pharmaceutical acceptable excipients
(McKinlay et al., 2010; Sontz et al., 2015; Su et al., 2015).

In particular, ~y-cyclodextrin (y-CD), a naturally available
oligosaccharide enzymatically produced from starch, was used
as a ligand to synthesize environment-friendly and biocompatible
MOFs (Li et al, 2007). Advantageously, y-CDs form inclusion
complexes with a variety of drugs (Challa et al., 2005; Davis and
Brewster, 2004). The ~y-CD based metal-organic frameworks
(CD-MOFs) were synthesized from y-CD and K* ions employing
a vapor diffusion method (Smaldone et al., 2010; Forgan et al.,
2012; Furukawa et al., 2012;). It is widely recognized that size and
polydispersity are crucial parameters in the design of drug delivery
systems. In the originally reported synthesis (Smaldone et al.,
2010), the size of CD-MOF crystals was around 200-400 pum. It was
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then discovered that the addition of cetyltrimethyl ammonium
bromide (CTAB) in the preparation enabled the formation of
smaller  crystals  (1-10 um). Eventually, nanocrystals
(200-300nm) could be obtained by the addition of both CTAB
and methanol during the synthesis procedure (Furukawa et al.,
2012).

CD-MOFs with controlled sizes have shown their usefulness to
incorporate molecules of interest (Michida et al., 2015; Moussa
et al,, 2016; Liu et al., 2016; Smaldone et al., 2010; Liu et al., 2017),
including anti-inflammatory drugs (e.g., furbiprofen, fenbufen,
ketoprofen and piroxicam), angiotensin converting enzyme
inhibitors (e.g., captopril), food additives (e.g., curcumin, and
sucralose), dyes (e.g., 4-phenylazophenol and rodamine B), and
various pharmaceutical ingredients (e.g., salicylic acid, ferulic acid,
and pseudolaric acid B). Drugs were loaded by impregnation in
CD-MOFs (Moussa et al., 2016; Liu et al,, 2016; Smaldone et al.,
2010), but the obtained payloads were at best around 12.6% (wt) in
the case of captopril (Liu et al., 2016), possibly because the small
pore windows of the CD-MOFs limits drug penetration. The
co-crystallization approach, where the drug was added during
particle synthesis, enabled reaching higher payloads of 18.5% (wt)
and 12.7% (wt) in the case of rhodamine B and ferulic acid,
respectively (Smaldone et al., 2010).

Our aim here was to design CD-MOFs containing high payloads
of lansoprazole (LPZ), a proton-pump inhibitor used to reduce the
production of acid in the stomach and recently identified as an
antitubercular prodrug targeting cytochrome bc1 (Rybniker et al,,
2015). The administration of this drug is challenging because of its
instability and strong tendency to crystallize. CD-MOFs were
propose as carriers able to avoid drug degradation and crystalliza-
tion over long-term storage. Crystalline LPZ-loaded CD-MOF with
homogeneous sizes of around 6 um were successfully synthesized
via co-crystallization, showing cubic morphologies. The sizes are
compatible with an oral or pulmonary administration as dry
powder. LPZ payloads determined by both elemental analysis and
HPLC, reached 23.2% (wt). To the best of our knowledge, these are
the highest loadings reported so far with CD-MOFs.

Characterization studies on drug-loaded particles are currently
performed on batches, but not on individual particles. By this way,
no information can be drawn on the homogeneity of the particles
in terms of drug incorporation. Indeed, each particle is unique in
size, morphology and composition. For biomedical applications it
is of outmost importance to gain insights on the quality of
preparations, by analyzing individual particles to determine their
size, morphology, crystallinity and chemical composition. To
address this goal, Raman microscopy, which takes the advantages
of both Raman spectroscopy and optical microscopy, was used here
as a versatile powerful tool to record the morphologies and Raman
spectra of individual MOF crystals.

2. Experimental
2.1. Materials and reagents

The chemical compounds, y-CD, potassium hydroxide (KOH),
cetyltrimethyl ammonium bromide (CTAB), isopropanol, trimethyl-
amine, phosphoric acid, ethanol and methanol were purchased from
Sinopharm Chemical Reagent Co. Ltd (France). Lansoprazole (LPZ)
was provided by Zhuhai Rundu Co. Ltd (China). All chemicals were of
analytical grade. Pure water used in all experiments was filtered
(18.4 M£) cm) by a Milli-Q system (Millipore, Milford, MA, USA).

2.2. Synthesis of CD-MOFs

CD-MOF crystals were synthesized by a modified methanol
diffusion method as previously reported (Liu et al., 2016). The
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crystals were prepared by reacting y-CD (0.125 mM) with 200 mM
KOH in aqueous solution. The solution was then filtered through a
0.45 pm membrane into a glass vial followed by methanol
diffusion at room temperature for several days until first crystals
formed. CD-MOF obtained in this stage were named CD-MOF-1. To
obtain monodispersed CD-MOF crystals, the supernatant was
transferred into another glass tube with the addition of CTAB
(8 mgmL~"), which could trigger the rapid precipitation of
CD-MOF crystals and then the suspension was incubated at room
temperature for 3 h. The precipitate was harvested, washed thrice
with isopropanol and finally dried at 50°C overnight under
vacuum to collect the CD-MOF crystals of about 5-10 wm, namely
CD-MOF-2.

2.3. Synthesis of LPZ loaded CD-MOFs

LPZ-loaded CD-MOF crystals were synthesized in a similar way
as empty CD-MOF. Briefly, the crystals were prepared by mixing
LPZ (81.3 mM), y-CD (0.125mM) and KOH (200mM) in 5.0 mL
aqueous solution. The solution was filtered through a 0.45 pm
organic filter membrane into a glass tube followed by methanol
vapor diffusion for 24 h. The synthesized LPZ-loaded CD-MOF
crystals were harvested by filtering through a 1.0 wm membrane
and then washed with ethanol three times to remove the free
drugs on the surface of the particles. After that, the drug loaded
particles were dried at 50°C under vacuum overnight. The LPZ
loaded CD-MOF particles obtained in this stage were named
LPZ/CD-MOF-1.

The supernatant was transferred into a new tube with the
addition of CTAB (8 mg/mL) and incubated at room temperature for
3 h. The formed LPZ loaded CD-MOF crystals, namely LPZ/CD-MOF-
2, were washed thrice with ethanol and dried at 50°C overnight
under vacuum.

The CD-MOFs loaded or not with LPZ were stored at room
temperature in closed vials up to two years.

2.4, Characterization of CD-MOF crystals with or without LPZ

Morphological characterization of CD-MOF crystals with or
without LPZ was conducted by SEM (5-3400N, Hitachi) and Raman
microscopy (Morphologi G3-ID, Malvern™, Orsay). For SEM
investigations, the particles were immobilized with an adhesive
tape on a metal stub and then coated with gold. For Raman
microscopy, the particles were spread on a slide and optical images
of more than 2500 individual particles were captured automati-
cally. Statistical analysis of sizes and morphologies was carried out
using Morphologi software.

Crystallinity of the samples was characterized by X-ray
powder diffraction (XRPD) analysis. Diffraction patterns of the
samples were detected on an advance diffractometer (Bruker D8,
Bruker, Germany). The detection was performed at ambient
temperature, with tube current of 40 mA. Monochromatized
CuKa radiation was used to irradiate the samples. The diffraction
data was collected at a 20 angle range of 3-40° with the stepwise
scan mode of 8°/min on a diffractometer (X/Pert Pro 3040/60,
PANalytical, Holland).

Chemical composition of individual CD-MOF crystals with or
without LPZ were characterized by Raman microscopy. Raman
spectra were obtained from 100 to 1900 cm ™. As control, Raman
spectrum of LPZ powder was also performed.

Drug payload is defined as the weight percentage of drug in the
drug-loaded CD-MOF and was calculated using Eq. (1):

Encapsulated Drug (mg)

Payload (%) = Drug loaded CD — MOF (mg)

100 1)
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Elemental analysis allowed obtaining the drug payload of
CD-MOF particles, which was further confirmed by HPLC-UV-vis
method.

To analyze the amounts of the drugs by HPLC, 6.0 mg of the
samples were dissolved in water (3mL) and filtered using a
0.22 wm membrane. The analysis was carried out by HPLC (Agilent
1290, USA) using a Phenomenex C18 column (4.6 mm x 150 mm,
5 um) with a flow rate of 1.0 mLmin~" and an injection volume of
20 pL. LPZ was detected at 284 nm with the column temperature of
40°C. The mobile phase was composed of methanol, water,
triethylamine and phosphoric acid (640:360:5:1.5, pH was
adjusted to 7.3 with phosphoric acid).

2.5. Molecular simulation

Molecular simulation of LPZ loaded CD-MOF was carried on to
gain insights into the interaction between LPZ and CD-MOFs. The
crystal structure of empty CD-MOF was extracted from the single
crystal structure of MOF-1 in literature (Forgan et al., 2012).

In the docking model, an expanded non-periodic structure was
used, in which the OH™ ion was replaced by H,0 and the K" ion was
deleted since it doesn't affect the rigid docking results. The
structure of LPZ molecule was built using the Materials Visualizer
module in Materials Studio (MS, Accelrys Inc.) 7.0. The Forcite
module in MS was employed to perform minimization and
molecular dynamics (MD) simulation. The docking program
AutoDock Vina 1.1.2 was used for automated molecular docking
calculation (Trott and Olson, 2010).

In order to have a deep insight of the interaction between LPZ
and vy-CD in different forms, docking protocol was separately
executed for LPZ and y-CD in four models:

1) one LPZ molecule and dual-y-CD unit (D-y-CD) which was
extracted from MOF model, namely 1:2 (LPZ: D-y-CD) complex; 2)
two LPZ molecules and D-y-CD from CD-MOF model, namely 2:2
(LPZ: D-y-CD) complex; 3) two LPZ molecules and two ~y-CD
model, namely 2:2 (LPZ: y-CD) complex; and 4) one LPZ molecule

A v-CD +K*

and a single y-CD model, namely 1:1 (LPZ: y-CD) complex. The
docking results with relatively low energy were used for the energy
optimization and MD simulation. In MD protocols, C and O in
CD-MOF model were fixed and the COMPASS 1I force field was
adopted. NVT ensemble and Berendsen temperature control
methods were employed for a total period of 50 ps. All the models
were performed in vacuum. The non-bond cutoff distance of 18.5 A,
spline width of 1.0A, and buffer width of 0.5A were applied
respectively. For minimization, an algorithm was employed to
converge the total energy of the system to less than 2.0 x 10~°
kcal mol ", the residual force to less than 0.001 kcal mol ' A7, the
displacement of atoms to less than 1 x10 > A. In the auto dock
protocol, a Lamarckian Genetic Algorithm (LGA) in combination
with a grid-based energy evaluation method was used for pre-
calculating grid maps according to the interatomic potentials of all
atom types presenting in the host and guest molecules, including
the Lennard-Jones potentials for Van der Waals interactions and
Coulomb potentials for electrostatic interactions. A grid map with
dimensions of 35 A x 35A x 35 A and a grid spacing of 0.375 A, was
placed to cover CD-MOF for the first LPZ modelling. In order to
perform the modelling with two LPZ molecules (the case of 2:2
(LPZ: D-y-CD) complex and 2:2 (LPZ: y-CD) complex), a second
grid map of 21 A x 21 A x 21 A, with a grid spacing of 0.375 A, was
placed to cover the D-y-CD and CD-MOF structure. Thanks to
AutoDockTools, the atomic partial charges were calculated by the
Gasteiger-Marsili method. The parameters used for global search
were an initial population of 50 individuals, with a maximal energy
evaluations number of 1,500,000 and a maximal number
generations of 50,000 as an end criterion. Other docking
parameters were set as default. The final optimized model was
used for presentation.

2.6. Spectroscopic study

Ultraviolet absorption spectra were recorded on Perkin-Elmer
Lambda 950 spectrophotometer using an integrating sphere. 1 cm

Methanol vapour diffusion @

Fig. 1. Schematic representation of CD-MOF synthesis and structure (A). SEM micrographs of CD-MOF-2 (B) and LPZ/CD-MOF-2 (C).
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cuvettes were used and water or alcohol solutions were used a
reference. Fluorescence spectra were measured on an Edinburgh
FLSP920 spectrofluorometer with excitation at 280 nm register-
ing spectra with 1 nm steps and 0.5 or 1s dwell time. Slits were
kept narrow to 2 or 4 nm band width in excitation and emission.

Right angle detection was wused. All the fluorescence
measurements were carried out at 295K in 1 cm quartz cuvettes.
Steady-state fluorescence spectra were registered in air-
equilibrated solutions. The measurements were performed on
freshly prepared solutions.
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Fig. 2. Typical images of CD-MOF-2 (A) and LPZ/CD-MOF-2 (B) with an LPZ payload of 23% (wt) obtained with a Raman microscope by analyzing more than 2500 particles.
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Fluorescence lifetimes were measured in air-equilibrated
solutions with a time correlated single photon counting system
(IBH Consultants Ltd.). A nanosecond LED source of 278 nm was
used for excitation and the emission was collected at right angle at
320 nm (bandwidth 8 nm). The software package for the analysis of
the emission decays was provided by IBH Consultants Ltd.
Fluorescence intensity decay profiles I(t) were fitted using a
monoexponential function and deconvolution of the instrumental
response function. Fitting yields the lifetime T; and pre-exponen-
tial factor a; of the emitting species were calculated:

I(t)=>"i apxexp(-t/7i) (2)

3. Results and discussions

3.1. Synthesis and morphological characterization of LPZ loaded CD-
MOFs

CD-MOF crystals were successfully obtained by adapting a
vapor diffusion method (Smaldone et al., 2010). As shown in
Fig. 1A, the spontaneous coordination of alkali metal cations and
v-CD generates (y-CD)g units which further assemble, by regular
repetition, into a body-centered cubic packing architecture with
mesoporous pores (Fig. 1A, yellow) having a diameter of 17 A
delimited by the y-CDs cavities of 7.8 A in diameter.

The synthesized CD-MOFs are cubic crystals (Fig. 1B) in
agreement with previously published data (Liu et al, 2016;
Smaldone et al., 2010; Smith et al., 2015). The addition of CTAB
during the synthesis produced CD-MOF cubes (namely, CD-MOF-2)
with homogeneous sizes of around 6 pm (Fig. 1B). On the contrary,
the CD-MOF-1 synthesized in the absence of CTAB had a broad size
distribution, ranging from 1 to 200 wm (Fig.S1A). Remarkably, LPZ-
loaded CD-MOFs (LPZ/CD-MOF-2) synthesized with CTAB pre-
sented both the same size (~ 6 um) and cubic morphology as their
non-loaded analogues (Fig. 1C).

To gain a deep understanding on the structural patterns of the
synthesized CD-MOFs, a morphological characterization of indi-
vidual particles was performed by Raman microscopy. More than
2500 individual empty particles (CD-MOF-2) and drug loaded ones
(LPZ/CD-MOF-2) were observed.

The morphology of the particles obtained by Raman microscopy
(Fig. 2A and B) was in agreement with that observed by SEM
(Fig. 1B and C). Regular cubic structures were observed in all cases.
Moreover, from the statistical analysis of all the particles observed,
it was determined that the average size of CD-MOF-2 cubes was
6.5+1.8 um (Fig. 2C). Similar sizes (6.7 + 2.3 um) were obtained in

the case of LPZ/CD-MOF-2 cubes (Fig. 2C). These data confirm the
previous SEM studies, showing that LPZ incorporation in the
CD-MOFs did not significantly affect their morphology.

Quantification of S and N content in the LPZ/CD-MOF-1 and LPZ/
CD-MOF-2 crystals by elemental analysis enabled determining
their payload which reached 21.4 £2.3% (wt) and 23.2 £2.1% (wt),
respectively. The payloads of 20.8 wt% correspond to a 1:1 molar
ratio between the incorporated LPZ molecules and the CDs in
CD-MOFs. These results clearly show the excellent affinities of LPZ
for the CD-MOFs. Of interest, the presence of CTAB during the
synthesis of the particles did not affect their LPZ loadings. To the
best of our knowledge, the obtained loadings are the highest
reported so far with CD-MOFs.

Complementary HPLC analysis were performed, enabling
determining LPZ payloads in CD-MOFs of 22.3 +1.9% (wt) which
are in good agreement with the results of elemental analysis.

The crystallinity of the particles was investigated by XRPD
(Fig. 3B). The diffraction patterns of CD-MOFs were in good
agreement with previously reported data (Smaldone et al., 2010)
and there was no significant difference in the drug loaded
particles (LPZ/CD-MOF-2) and empty particles (CD-MOF-2)
(Fig. 3B). The peaks corresponding to the crystalline LPZ were
not observed in the LPZ/CD-MOFs showing that the drug was
incorporated in amorphous state. It was previously shown that
incorporation of drugs with high tendency to crystallize is very
challenging as the drugs might form crystals difficult to be
separated from the drug-loaded particles (Layre et al, 2005;
Nikolakakis et al., 2000).

The study was completed with a spectroscopic approach to
investigate the stability of the incorporated LPZ. Indeed, it was
reported that LPZ rapidly degrades in water or in the presence of
moisture (Della Greca et al., 2006). The LPZ/CD-MOF-2 particles
stored up to two years were dissolved in large volumes of ethanol
or water and absorption and fluorescence spectra were recorded
and compared to the ones of free LPZ. CD-MOF did not emit at all in
the studied regions. The extracted drug had similar spectra as the
free drug (Fig. 4) except for a small red shift of 3 nm in the MOFs
(Fig. 4A). On the contrary, solutions of LPZ in water protected from
light degraded after 48 h storage at room temperature (Fig. 4A) as
already reported (Shin et al., 2004).

The fluorescence lifetimes in ethanol, for excitation at 278 nm,
were 3.88 ns for free LPZ and 3.87 ns for the drug extracted from
the LPZ/CD-MOF-2 particles. The identical spectra and lifetimes
tend to indicate that the drug was not degraded upon incorpo-
ration and storage in CD-MOFs. However, further studies would be
needed to support this hypothesis.

A" B
10 Empty. CD-MOF [
A LPZ
—~ 08 AR l
< II \ £ ULJ\N,-PMIL
& 06 | LPZloaded CD-MOF [ .} Z m
= N s
§ f = CD-MOF-2
E 04 f \
f \ LPZ-CD-MOF-2
02
0.0
0.1 1 10 100 N 10 16 22 28 1
CE Diameter (um) 20 ()

Fig. 3. Size distributions (A) and crystallinity (B) of empty CD-MOF, and LPZ/CD-MOF with 23% (wt) drug loading. Size distributions were obtained after statistical analysis of

2500 particles by Raman microscopy.
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Fig. 4. A. Absorption spectra of LPZ in EtOH (squares) and LPZ/CD-MOFs in EtOH (black line) and water, fresh solution (circles) and after 48 h (triangles); B. fluorescence
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3.2. Molecular simulation

Previous data showed a high interaction between LPZ and
CD-MOFs and the loadings correspond to a molar ratio of 1:1
between the drug and the CDs in CD-MOFs. For a deeper insight
into the interaction between LPZ and CD-MOFs, molecular
simulations were performed with a molar ratio between LPZ
and y-CD of 1:1. The crystal structure of CD-MOF was simulated
using the method previously reported (Forgan et al,, 2012). In
the crystal structure of CD-MOF (Fig. 1A), K" ions coordinated
with single a-1,4-linked p-gluco-pyranosyl! residues in y-CD and
formed (y-CD)g units which constituted the sides of the cubic
chamber, where the primary faces of the unit pointed inwards
and the secondary faces outwards. All the y-CD in this structure
faced with another y-CD which is from its adjacent (y-CD)g
units, forming a dual y-CD channel (D-y-CD). The simulation
showed that the hydrophilic large CD-MOF pores (Fig. 1A,
yellow) were not suitable to host the LPZ molecules, which
preferred to insert in the y-CD cavities of the CD-MOFs (Fig. 5)
(for further details see SI Section 1.2).

The interaction between LPZ and the D-y-CD unit in CD-MOF
was further investigated by extracting the D-y-CD unit structure
from that of CD-MOF (Forgan et al., 2012). Since the y-CD in CD-
MOF was coordinated with K+ ions, the D-y-CD unit was more
compacted inside CD-MOF crystals than in solution (Fig. 6A). When
one LPZ molecule was loaded in this compacted as D-y-CD unit,
molecular simulations showed that the drug molecule located in

the channel formed between the two y-CDs interacting with both
cavities (Fig. 6A) and the calculated binding energy was —24.09
kcal mol-1. When two LPZ molecules were inserted in the same
compacted D-y-CD unit (corresponding to the molar ratio of 2:2
between y-CD and LPZ), it was found that each drug molecule
located in one «y-CD cavity (Fig. 6B).

The binding energy in this case was —71.40 kcal mol-1. It is
interesting to point out that this binding energy of 2:2 (LPZ:
D-y-CD) complexes was more than twice higher than the energy
for of 1:2 (LPZ: D-y-CD) complexes. This suggests that the 2:2
structure is more stable than the 1:2 one structure.

The single LPZ molecule inside the D-y-CD unit was bended,
with the benzo imidazole and pyridine moieties interacting with
the CDs. Similar interactions took place when molecular simu-
lations were performed with two LPZ molecules interacting with
two y-CDs (Fig. 6C). In all studies studied cases, LPZ interacted with
the y-CD cavities and adopted a bended conformation.

3.3. Raman spectra of individual CD-MOF crystals

Raman microscopy is a versatile technique combining both the
advantages of Raman spectroscopy and microscopy. It enables
investigating thousands of individual particles to gain insights on
their morphology and composition. Typical Raman spectra of
CD-MOF crystals containing or not LPZ were recorded and
compared to the spectra of LPZ and CD (Fig. 7A).

Fig. 5. Molecular model of LPZ loaded CD-MOF at the proportion of y-CD and LPZ as 1:1 after docking and optimization.
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A)

(B)

D)

Fig. 6. Final configuration after optimization. (A):1:2 (LPZ: D-y-CD) complex; (B):2:2 (LPZ: D-y-CD) complex; (C): 2:2 (LPZ: y-CD) complex (D):1:1 (LPZ: y-CD) complex with

other atoms deleted.

The Raman spectrum of CD-MOF crystals is very similar to the
~v-CD one, presenting a main peak at 480cm™" corresponding to
skeletal vibrations of - 1,4 glyosidic bonds. The peaks corresponding
to the CDs were well detected in the CD-MOFs loaded with LPZ,
together with the peaks corresponding to the LPZ. This is another
evidence of the effective drug entrapment. Moreover, it was
observed that some of the LPZ peaks were shifted uponincorporation
inthe CD-MOFs suggesting thatinteractionstook placein the studied
system (Fig. 7A), There were no significant shifts in the 1200cm !
region (peaks highlighted in blue in Fig. 7A). However, all the LPZ
peaksin the region of 1600 to 1400 cm ™! corresponding to C—C cycle
ring stretching (benzo imidazole and pyridine moieties) were
shifted. This was also the case with the LPZ C—N stretching bands
from 1328 to1266cm . These peaks were shifted very probably
because of the interactions taking place between CD and LPZ. This
assumptionwas further confirmed by the decrease in intensity of the

specific ring stretches of the pyridine moiety under 1200cm ™,

including the band at 600 cm ! (in plane ring mode) and the peak at
1000 cm ! (symmetric ring breathing shifting and broadening). In a
nutshell, the Raman investigations confirmed the effective LPZ
incorporation in CD-MOFs and suggested an interaction between
¥-CD and LPZ, more specifically between the CDs and the benzo
imidazole and pyridine moieties of LPZ. These experimental findings
corroborate well the simulation experiments which showed that
upon the spontaneous formation of inclusion complexes between
LPZ and CDs, the drug molecules were bended interacting with the
CD cavities mainly through their benzo imidazole and pyridine
moieties.

In addition to the confirmation of the interactions between the
drug and its carrier, it was of particular interest to investigate the
composition of individual particles. Fig. 7B presents typical Raman
spectra of several randomly chosen individual LPZ/CD-MOF-2
particles. Remarkably, the spectra perfectly superimposed, con-
firming the high homogeneity in terms of drug loading of the
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Fig. 7. A. Raman spectra of y-CD, empty CD-MOF, LPZ loaded CD-MOF, LPZ powder; B. Raman spectra of three different individual LPZ loaded CD-MOF cubes: cube 1 (dotted

line); cube 2 (black line); cube 3 (crosses).

synthesized LPZ/CD-MOF-2 particles through the co-crystalliza-
tion method.

It is worth pointing out that currently, investigations of drug
loading are carried on using batches of particles, but not on
individual ones. For example, chromatographic, spectroscopic and
elemental analysis methods are quantitative and precise, but they
provide average information on the global drug payloads. Herein,
the Raman spectra on individual particles gave new insights of the
CD-MOF composition.

80

4. Conclusion

LPZ-loaded CD-MOFs were successfully synthesized, obtaining
cubic crystals with an uniform size of around 6 um. Drug payloads
as high as 23.2 wt% were obtained and results indicated that each
CD in the CD-MOFs was able to host one drug molecule. Structural
and chemical characterizations of individual particles were
performed by Raman microscopy. Remarkably, each particle had
the same composition corresponding to a molar ratio LPZ: y-CD of
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1:1. This study paves the way for the applications of CD-MOFs as
LPZ carriers for drug delivery.
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S1. Images of CD-MOF-1 and LPZ-CD-MOF-1

200_pm

Fig. S1. Images of CD-MOF-1 (A) and LPZ-CD-MOF-1 (B)

S2. Molecular Simulation

CD-MOF are porous crystalline materials represented by the formula K2(CssHgoO40)(OH)a,
composed of y-CD, K* and OH" ions giving rise to electrostatic interactions. The crystal
structure of CD-MOF was extracted from the single crystal structure of MOF-1 as reported

(Forgan et al., 2012). The crystal cell parameters are a=b=c=31.006 A, a=B=y=90.00° (Fig.S2)
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Fig. S2. Crystal structure of CD-MOF. Gray: Carbon; Red: Oxygen; Purple: Kalium; Hydrogen

atoms were deleted.

The modelling is performed with the molar ratio between LPZ and y-CD of 1:1. To reach
this ratio, 2 LPZ molecules were needed for a D-y-CD unit. The modelling was performed in
two steps by adding 2 LPZ molecules in CD-MOF one by one. LPZ could access the structures
through 7.8 A windows, and interacted with the D-y-CD units inside CD-MOF structure. When
the first LPZ was loaded (before optimization) the docking free energy was about -7.7 kcal/mol,
and the second was about -5.5 kcal'mol™!. The hydrophilic chamber of CD-MOF was not
suitable for LPZ molecule to stay due to the low docking free energy (only about -5.1 kcal/mol).
Therefore, the two LPZ molecules preferred to huddle up in the cavities of the D-y-CD unit in
CD-MOF, and every y-CD contains one LPZ molecule. (Shin et al., 2004)
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General Objectives and Author Contributions

CD-MOFs have shown their high drug loading capacity up to 23% (wt) in subchapter 3.2,
however, their applications in the biomedical field are severely hampered by their physical
frailness and their high solubility in aqueous media. Therefore, surface modification is needed
in order to improve the stability of CD-MOFs in aqueous media and also to control the drug
release. Herein, CD-MOFs were embedded in a biocompatible polyacrylic acid (PAA) polymer
matrices by a solid in oil-in-oil (s/o/0) emulsifying solvent evaporation method. Briefly, several

steps were included:

1) Nano-scaled CD-MOFs were firstly synthesized to obtain a good dispersion inside PAA

matrices.

2) Drugs of interest, Ibuprofen (IBU) and Lansoprazole (LPZ), were loaded in CD-MOFs by

co-crystallisation.

3) Morphology, size distribution, and crystallinity of CD-MOFs, loaded or not with drugs were

well characterized.

4) CD-MOF nanocrystals-containing microspheres, namely drug-CD-MOF/PAA composite
microspheres, were prepared by a solid in oil-in-oil emulsifying solvent evaporation method.

As controls, microspheres containing only drug, or drug-CD complex were prepared in parallel.
5) Morphology, size, and drug release of the prepared microspheres were investigated.

6) The cellular toxicities of CD-MOF nanocrystals, blank PAA microspheres, pure IBU, IBU-
CD-MOF nanocrystals and the IBU-CD-MOF/PAA composite microspheres were evaluated in
J774 macrophages using MTT assay.

As a result, the composite microspheres exhibit not only spherical shapes and sustained drug

release over a prolonged period of time, but they also demonstrate reduced cell toxicity.

This work has been performed in collaboration with Dr. J. Zhang in Shanghai Institute of
Materia Medica (China) and Dr. J. F. Stoddart in Northwestern University (USA). X. Li
conducted the experiments with LPZ. N. Lv focused on IBU related experiments, and Dr. H. Li

contributed to data analysis and manuscript writing.
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Composite CD-MOF nanocrystals-containing
microspheres for sustained drug deliveryt

Haiyan Li,3*® Nana Lv,1*< Xue Li,3*® Botao Liu,>® Jing Feng,? Xiaohaong Ren,?
Tao Guo,? Dawei Chen,© J. Fraser Stoddart, @ *° Ruxandra Gref* and
Jiwen Zhang*®*

Metal-organic frameworks (MOFs), which are typically embedded in polymer matrices as composites, are
emerging as a new class of carriers for sustained drug delivery. Most of the MOFs and the polymers used
so far in these composites, however, are not pharmaceutically acceptable. In the investigation reported
herein, composites of y-cyclodextrin (y-CD)-based MOFs (CD-MOFs) and polyacrylic acid (PAA) were pre-
pared by a solid in oil-in-oil (s/o/o) emulsifying solvent evaporation method. A modified hydrothermal
protocol has been established which produces efficiently at 50 °C in 6 h micron (5-10 pm) and nano-
meter (500-700 nm) diameter CD-MOF particles of uniform size with smooth surfaces and powder X-ray
diffraction patterns that are identical with those reported in the literature. lbuprofen (IBU) and
Lansoprazole (LPZ), both insoluble in water and lacking in stability, were entrapped with high drug loading
in nanometer-sized CD-MOFs by co-crystallisation (that is more effective than impregnation) without
causing MOF crystal degradation during the loading process. On account of the good dispersion of drug-
loaded CD-MOF nanocrystals inside polyacrylic acid (PAA) matrices and the homogeneous distribution of
the drug molecules within these crystals, the composite microspheres exhibit not only spherical shapes
and sustained drug release over a prolonged period of time, but they also demonstrate reduced cell
toxicity. The cumulative release rate for IBU (and LPZ) follows the trend: IBU-y-CD complex microspheres
(ca. 80% in 2 h) > IBU microspheres > IBU-CD-MOF/PAA composite microspheres (ca. 50% in 24 h).
Importantly, no burst release of IBU (and LPZ) was observed from the CD-MOF/PAA composite micro-
spheres, suggesting an even distribution of the drug as well as strong drug carrier interactions inside the
CD-MOF. In summary, these composite microspheres, composed of CD-MOF nanocrystals embedded in
a biocompatible polymer (PAA) matrix, constitute an efficient and pharmaceutically acceptable MOF-
based carrier for sustained drug release.

Introduction

In addition to ensuring prolonged drug concentrations above
therapeutically active levels, achieving sustained release is an
important prerequisite’ for efficient micro- and nanoparticu-
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late drug carriers employed to improve drug efficacy and
safety. In an attempt to avoid initial rapid and uncontrolled
drug release, strategies based on organic polymers® or in-
organic porous materials® have been advanced. While organic-
inorganic hybrid materials have also received some attention,”
metal-organic frameworks (MOFs) composed of metal clusters
and organic linkers are an emerging new class of porous
materials.” On account of their large surface areas, together
with our ability to tune their porous structures for improved
drug interactions and high drug loadings, MOFs are well
suited to serve as efficient carriers for drug delivery.® In recent
years, there has been a growing interest in encapsulating
drugs in MOFs. See Table S1.1 Although the anti-inflammatory
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Fig. 1 Schematic representation (bottom) of the procedure for preparing the CD-MOF/PAA composite microspheres. The box (top) shows the
structural formulae for lbuprofen (IBU), Lansoprazole (LPZ) and y-cyclodextrin (y-CD). CD-MOF is represented by the (y-CD)g cube which illustrates
the spherical cavity (diam 1.7 nm) and y-CD orifices (diam 0.8 nm) that define channels running orthogonally throughout the CD-MOF crystals.

drug Ibuprofen’ (IBU) has been the most investigated to date,
antiviral® (e.g., Azidothymidine-triphosphate and Edofovir),
anti-cancer (e.g., Busulfan,’ 19 5-Fluorouracil,'*
and a Cisplatin'® prodrug), and cationic antiarrythmic (e.g.,
Procainamide) drugs'® have also attracted considerable atten-
tion of late.

Biocompatible materials are required for the application of
porous solids to drug delivery. MOFs based on transition
metals, such as Co/Ni/Cr/Gd etc. and/or non-pharmaceutical
grade organic linkers which are considered to be toxic, are not
acceptable for healthcare applications.® It follows that some
efforts have been made to synthesise biocompatible MOFs
with endogenous linkers and employing pharmaceutically
acceptable excipients.'* In particular, y-cyclodextrin (y-CD), a
cyclic oligosaccharide, which can be produced'® microbiologi-
cally from starch on the kilogram scale, has been employed'*”
together with Group IA (K/Rb/Cs) metal salts to synthesise the
environmentally friendly cyclodextrin metal-organic frame-
works we call CD-MOFs. They are all body-centred cubic
extended structures containing large spherical pores of 17 A in
diameter with apertures of 7.8 A across. CD-MOF crystals are
defined by a porous, body-centred cubic array of (y-CD), cubic
units, which are linked by coordination of the secondary face
hydroxyl groups on alternating p-glucopyranosyl residues to
one of the alkali metal cations. Following activation (removal
of aqueous methanol), these materials are permanently
porous with surface areas of up to 1200 m* g~ and are
capable'® of storing gases (N,/H,/CO,/CH,) as well as small
molecules such as Rhodamine B and 4-phenylazophenol
within their porous frameworks. The robust crystallinity and
high porosity of the CD-MOF prepared using RbOH and y-CD

Doxorubicin,
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renders it a good candidate for MOF-based sensors'” and mem-
ristors."® This CD-MOF has also been employed as a template
for the synthesis of silver and gold nanoparticles'® starting from
AgNO; and HAuCl,, respectively, as precursors. Recently,
CD-MOFs have been used to address some of the most challen-
ging separations and purifications surrounding petroleum feed-
stocks,”® showing separation factors and resolutions superior to
those reported for other MOF-based materials.

Applications of CD-MOFs in the biomedical field, however,
are severely hampered by their physical frailness and their
high solubility in aqueous media, such that they cannot main-
tain their extended frameworks intact prior to reaching the
target tissues or organs. In this investigation, CD-MOF vesicles
with monodisperse submicron sizes have been produced as
pharmaceutically acceptable composite microspheres, which
are composed (Fig. 1) of CD-MOFs and polyacrylic acid (PAA),
obtained by a solid in oil-in-oil (s/o/o) emulsifying solvent
evaporation technique. These composite microspheres have
been demonstrated to encapsulate two drugs-namely,
Ibuprofen (IBU) and Lansoprazole (LPZ) - (i) by impregnation
and (ii) by co-crystallisation protocols and shown to exhibit
sustained in vitro drug release. The composite microspheres,
which were co-crystallised in the presence of IBU, exhibit
improved cytocompatibility.

Results and discussion
Synthesis and characterisation of CD-MOFs

The preparation of crystalline, homogeneous, monodispersed
and stable MOFs is of utmost importance® for their
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applications in drug delivery systems. Amongst the various syn-
thetic routes - such as hydrothermal/solvothermal,*> mechano-
chemical,® microwave-assisted,”* ultrasonic®® ete. - reported
in the literature, it is generally recognised® that the hydro-
thermal/solvothermal method is one of the best for controlling
particle size while also obtaining high yields. In the originally
reported'”  synthesis, CD-MOF crystals of around
200-400 microns in diameter were prepared by reacting y-CD
with 8 equiv. of KOH in aqueous solution, followed by vapour
diffusion of MeOH into the solution at ambient temperature
during one week. Subsequently, a modified procedure has
been reported®® to produce CD-MOF crystals with micron and
nanometer sizes that involves incubating y-CD and 8 equiv. of
KOH in H,0 under MeOH vapor for about 24 h. Addition of
cetyl trimethylammonium bromide (CTAB) to the supernatant
leads®® to the preparation of CD-MOF crystals with smaller dia-
meters (1-10 pm). It was also found® that addition of both
CTAB and MeOH were required in order to obtain crystals in
the micron to submicron region (200-300 nm). Thus, for the
synthesis of CD-MOFs smaller than 40 pm, long incubation
times (26-32 h) are needed, and several steps are required.
More importantly, these procedures always lead to the pro-
duction of polydisperse CD-MOF crystals which are difficult to
separate and not so suitable for drug loading applications. The
size distribution of MOF crystals is a key parameter - since it
dictates the chemical and physical properties (packing, exter-
nal surface features, rheology, reactivity, etc.) of the particles —
in establishing well-defined, reproducible, and stable drug
delivery formulations.

In the present investigation, a modified hydrothermal
method was developed in order to shorten the reaction time
for the preparation of CD-MOF crystals with narrow size distri-
butions, both in the micron and nanometer regimes. The
influences of the incubation parameters - e.g., reactant con-
centrations, molar ratios of y-CD to KOH, the nature of the sol-
vents, the amounts of CTAB, temperature and time - on the
size and crystallinity of the CD-MOF crystals went in tandem
with PXRD and SEM characterisations. In the final analysis, a
hydrothermal route with an incubation temperature of 50 °C
and pre-addition of MeOH to the aqueous solution of y-CD
and KOH was developed that led to the production of micron-
and nanometer-sized CD-MOF crystals within 6 h. In this
manner, high yields (80% for CD-MOF microcrystals and 90%
for CD-MOF nanocrystals) were obtained. The size distri-
butions of CD-MOF nanocrystals were characterised employing
both SEM and DLS techniques. As indicated by the SEM
images (Fig. 2a and b), micron (5-10 pm) and nanometer
(500-700 nm) CD-MOF crystals were produced. In situ
measurements of the CD-MOF nanocrystals by optical fiber
dynamic light scattering also revealed a mean diameter of
650 nm with a very narrow size distribution and a polydisper-
sity index of 0.22 (Fig. S31). These crystals displayed cubic mor-
phologies with smooth surfaces and uniform size distri-
butions. The PXRD patterns (Fig. 2¢) confirmed the crystalline
morphologies of CD-MOF, and, consistent with those
reported™*° in the literature, the microcrystals display a little
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Fig. 2 SEM Images. (a) Micron-sized CD-MOF crystals. (b) Nanometer-
sized CD-MOF crystals. (c) PXRD patterns of activated CD-MOF micro-
crystals and CD-MOF nanocrystals.

larger intensity and smaller peak broadening than their
counterpart nanocrystals. The N, adsorption-desorption iso-
therms (Fig. S81) revealed that the Brunauer-Emmett-Teller
(BET) surface areas for the activated CD-MOF microcrystals
and nanocrystals were 786 and 668 m” g, respectively.

Encapsulation of drugs into CD-MOF crystals

The use of porous MOFs has been reported,***” not only in
the encapsulation of unprecedented capacities of the analgesic
and anti-inflammatory drug Ibuprofen - from 0.2 to 1.4 g per g
of MOF - and its progressive release over 2 to 21 days depend-
ing on the solid. The encapsulation of IBU and LPZ - with
molecular dimensions of about 5 x 10 and 4 x 17 A, respect-
ively - inside CD-MOFs was carried out using both an impreg-
nation approach” and a co-crystallisation method."”® These
particular drugs were selected for investigation, taking into
consideration their molecular structures in relation particu-
larly to the dimensions of the cylindrical channel apertures
(diameter 7.8 A) between the (y-CD), cubes and the internal
spherical cavities (diameter 17 A) of the (y-CD), cubes,
suggesting that they might stand a chance of accommodating
drug molecules with average diameters of 8 A or less. In
addition, the carboxyl group present in IBU should be prone to

89



Paper

forming hydrogen bonds with the y-CD linkers, as well as
strong electrostatic interactions with the K' cations, favouring
its loading inside the CD-MOF architecture. The solvents used
in the impregnation approach were assessed by loading IBU or
LPZ into micron-sized CD-MOF crystals and those solvents
with higher drug loading were employed to incorporate drugs
into nanometer-sized CD-MOF crystals. After activation”'>® of
the CD-MOF microcrystals to remove residual organic solvents
and H,0, IBU or LPZ was loaded (Fig. 3) by impregnation in a
range of solvents, including EtOH, MeOH, Me,CO, CH,Cl, and
DMF. A systematic study revealed that the maximum IBU load-
ings were achieved after three days of incubation, whereas only
20 h was needed in the case of LPZ. The best impregnation
results (about 12% w/w) for IBU, which were obtained with
CD-MOF microcrystals in EtOH, MeOH and CH,Cl,, corre-
sponded to a molar ratio of CD-MOFs to IBU of 1:1. In the
case of LPZ, a maximum drug loading (DL) of 9.4% (w/w) was
achieved by soaking the CD-MOF microerystals in EtOH, result-
ing in a molar ratio of CD-MOF to LPZ of 2.7. The lowest load-
ings (about 6% w/w) were recorded in Me,CO for IBU, and
DMF for LPZ (about 0.4% w/w). Next, EtOH was employed to
encapsulate IBU and LPZ into CD-MOF nanocrystals by using
the impregnation approach (Table S27). In the case of both
IBU and LPZ loadings, by impregnation, however, the crystalli-
nity of the CD-MOF is impaired (Fig. 4a and b) as a conse-
quence of the progressive degradation of the extended struc-
tures in the solvents employed to load the drugs (Fig. S21).

A convenient co-crystallisation method was also developed
to encapsulate the drugs directly during the particle synthesis
(Table S2, Fig. S41) by taking advantage of the relatively mild
reaction conditions'>” for preparing CD-MOFs, at a tempera-
ture which can maintain the integrity of the drug molecules
during the loading process. The PXRD traces shown in Fig. 4
reveal that IBU/LPZ loading by co-crystallisation does not influ-
ence the crystallinity of the CD-MOF nanocrystals. IBU and
LPZ are crystalline drugs with characteristic PXRD peaks quite
different from those of CD-MOF: these peaks are not present
(Fig. 4a) in IBU/LPZ-loaded CD-MOF nanocrystals, indicating

DL/ % | wrw

DMF

EtOH

MeOH MezCO CHzClz

Fig. 3 Drug loading percentages (%, w/w) of IBU and LPZ in CD-MOF
microcrystals with a range of impregnation solvents. Drug loading
values are based on repeating experiments on three batches of crystals.
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Fig. 4 PXRD Images of drug-loaded CD-MOF nanocrystals. (a) IBU. (b)
LPZ. IBU/LPZ-CD-MOF-nanoc.cy and CD-MOF-nanoimpreq indicate the
drug-loaded CD-MOF nanocrystals prepared by co-crystallisation and
impregnation. The drug loading values are 12.7% for IBU-CD-MOF-
NaNOcocry, 13.0% for IBU-CD-MOF-nanOimpreq. 4.5% for LPZ-CD-MOF-
NaNOcocry and 1.6% for LPZ-CD-MOF-nanOimpreg-

the IBU/LPZ is entrapped in a molecular state. In the IR spec-
trum of IBU/LPZ-loaded CD-MOF nanocrystals (Fig. S67), the
characteristic vibrational band of drug (the carboxylic group in
IBU at 1722 cm™ ' and the aromatic ring in LPZ at 1580 cm™ ')
disappear. In the TGA curves (Fig. S71), the decomposition
temperature of IBU-loaded CD-MOF nanocrystals increases sig-
nificantly to 200 °C, compared with that of the individual com-
ponents (IBU at 150 °C and CD-MOF at 175 °C), indicating IBU
has been incorporated into the CD-MOF pores and experi-
ences a relatively strong interaction with the framework.
Additionally, the BET surface area of the CD-MOF nanocrystals
decreases dramatically after drug incorporation (Fig. S87), indi-
cating that the drug fills completely and/or blocks the pores of
the material leaving little to no accessible pore volume for
nitrogen.”® All of these results confirm the incorporation of
drug molecules into CD-MOF pores, which is in agreement
with the recently reportedm’ grand canonical Monte Carlo
(GCMC) simulations of TBU adsorption inside several different
MOFs including CD-MOF. In these simulations, strong electro-
static interactions were identified between IBU and CD-MOFs
on account of the existence of charge-compensating OH™
anions present in CD-MOFs which enhance the adsorbate-
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adsorbent interactions and induce the adsorption of IBU at
lower fugacities than in other MOFs with smaller pores. IBU
molecules were shown to locate themselves in the cylindrical
channels of diameters 7.8 A between the (y-CD), cubes, fol-
lowed by saturation of the spherical cavities with diameters of
17 A inside CD-MOF. In these confined regions, complex
electrostatic interactions occur between the IBU carbonyl
oxygen atoms and the alkali metal cations in the CD-MOFs in
addition to hydrophobic interactions with surfaces of the CD
cavities. In a nutshell, these considerations support the encap-
sulation of IBU in a molecular state in confined microdomains
inside CD-MOFs. Similar results have been observed'*" for
other organic molecules, such as Rhodamine B and 4-phenyla-
zophenol trapped inside CD-MOFs. In particular, simulations
suggest that the high energy for IBU adsorption in CD-MOFs is
potentially beneficial when it comes ultimately controlling the
release of IBU.

In summary, the co-crystallisation method appears to be
the more convenient and efficient way to load drugs into
CD-MOFs, while still preserving their framework’s crystallinity
and allowing for significantly higher DL values in the case of
LPZ (Table S2%). The co-crystallisation method was therefore
chosen in preference to the impregnation approach for all
subsequent preparations of microspheres from CD-MOF
nanocrystals. These materials exhibit equivalent or higher DL
values (12.7% for IBU and 4.5% for LPZ) than those (13.0%
for IBU and 1.6% for LPZ) obtained by the impregnation
approach.

Preparation and characterisation of CD-MOF/PAA composite
microspheres

Given the instability of MOF crystals in aqueous media and
even in hydroxylic solvents, their incorporation into larger bio-
compatible microspheres presents itself as an attractive strat-
egy to circumvent these inconveniences.”® An s/o/o emulsifying
solvent evaporation technique®” has been employed to prepare
CD-MOF/PAA composite microspheres. Since the size of the
solid dispersed in the internal phase when preparing micro-
spheres needs to be as small as possible, drug-loaded nano-
meter-sized CD-MOFs (diameter 500-700 nm, Fig. S5f),
obtained by the co-crystallisation method were selected in
order to prepare PAA composite microspheres (Fig. 1). For con-
trols, microspheres were also prepared from (i) only PAA
(blank PAA microspheres), (ii) only the drug itself (drug micro-
spheres) and (iii) the drug-y-CD complex (drug-y-CD micro-
spheres) by incorporating equivalent amounts of the drugs or
drug-y-CD complexes in the preparation of the microspheres.
An extensive optimisation procedure has been carried out in
order to select parameters that favour the production of spheri-
cal microspheres with narrow size distributions, while preser-
ving the integrity of the drugs during the preparation pro-
cedures. It was discovered, however, that the PAA copolymer
bearing carboxyl groups degrades LPZ. Thus, a modified PAA
copolymer (Eudragit RS$100) without carboxyl groups was used
to prepare microspheres containing LPZ. Electron microscopy
images (Fig. 5) of the optimised formulations show that the
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size of the microspheres containing IBU is within a range of
20-50 pm, whereas the size of microspheres containing LPZ is
around 50-100 um. It is worth pointing out that the composite
microspheres have much better sphericities than those pre-
pared using the pure drug or drug-y-CD complexes. This obser-
vation can be attributed to a more efficient dispersion of the
IBU/LPZ-CD-MOF nanocrystals in the microspheres. In the
case of the CD-MOF/PAA composite microspheres, the drug-
loaded CD-MOFs are crystals with uniform nanometer sizes
and can be well dispersed in the internal Me,CO when prepar-
ing microspheres, hence providing a good chance to be
blended into PAA polymer matrices so as to result in the
uniform dispersion of drugs in microspheres. On the contrary,
the size of the drug-y-CD complexes was larger and not as
uniform when compared with that of the drug-loaded CD-MOF
nanocrystals, even after sieving. Particle aggregation in the
viscous internal oil phase (PAA Me,CO solutions) occurred
during microsphere preparation with drug-y-CD complexes. In
summary, nanometer-sized CD-MOF crystals disperse well in
Me,CO droplets, leading to their uniform distribution in the
microspheres after coacervation of the oil droplets.

a Blank microspheres IBU-y-CD microspheres
y
IBU microspheres )
Blank microspheres
b =

<&

Fig. 5 SEM Images of blank microspheres and microspheres prepared
using the drug alone (IBU/LPZ microspheres), the drug-y-CD complex
(IBU/LPZ-y-CD microspheres) and drug-loaded CD-MOF nanocrystals
(IBU/LPZ-CD-MOF microspheres). (a) IBU series, (b) LPZ series. The scale
bars for all of the images are the same.
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Sustained drug release

Achieving sustained drug release is an important requirement’
for drug formulations. Burst release is considered" to be one
of the main drawbacks hampering important applications of
the drug-loaded carriers in the fields of viral infection and
anti-cancer treatments.®® In vitro cumulative drug release pro-
files of IBU- and LPZ-loaded CD-MOF/PAA microspheres were
examined (Fig. 6) under simulated physiological conditions.
Microspheres containing the IBU-y-CD and LPZ-y-CD com-
plexes both showed (Fig. 6a and b, respectively) a very fast
burst and uncontrolled release - i.e., 70% in 30 min and 80%
in 2 h for the microspheres prepared from both the IBU-y-CD
and LPZ-y-CD complexes. Also, the cumulative release percen-
tages of IBU/LPZ-y-CD microspheres are higher than 100%,
which might be a consequence of the uneven distribution of
drugs in the IBU/LPZ-y-CD microspheres with poor sphericities
(Fig. 5). In fact, better sustained drug release was achieved
(Fig. 6a and b) with free drug entrapment! By far the best
results were obtained (Fig. 6a and b), however, when the drug-
loaded CD-MOF nanocrystals were incorporated into PAA com-
posite microspheres (about 60% in 24 h). IBU is released

a

E ¢ -8~ |BU+-CD microspheres

= { ~# IBU microspheres

a - |BU-CD-MOF microspheres

n s 1 I
0 20 40 60
Time/h

b

Cumulative release percentage | %

o’ —® LPZ«-CD microspheres
o - LPZ microspheres
.0‘ ~#- LPZ-CD-MOF microspheres
0 L |
0 20 40 60
Time / h

Fig. 6 The release profiles for the drug-loaded CD-MOF/PAA compo-
site microspheres (IBU/LPZ-CD-MOF microspheres), the drug-y-CD
complex microspheres (IBU/LPZ-y-CD microspheres) and microspheres
containing the pure drug (IBU/LPZ microspheres) within 48 h. The
release percentage values are based on repeating experiments on three
batches of microspheres. The release medium for (a) IBU was PBS with a
pH of 7.4 and that for (b) LPZ was a carbonate buffer solution with a pH
of 9.7 on account of the instability of LPZ at pH 7.4.
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slowly over 48 h, whereas LPZ enables a sustained release also
during 48 h with an almost linear profile. This observation no
doubt reflects (i) the excellent dispersion of nanometer-sized
drug-CD-MOFs in the internal Me,CO when preparing micro-
spheres and finally their uniform encapsulation in PAA micro-
spheres as well as (ii) the homogeneous distribution of drug
molecules within CD-MOF nanocrystals, resulting from the co-
crystallisation-loading process.

In addition, the slow release of the drugs from CD-MOF/
PAA composite microspheres also suggests that most of the
drugs remain in the CD-MOF nanocrystals during their incor-
poration into the microspheres: it follows that the small size of
the cavities and pores in the microporous CD-MOF restricts
the diffusion of the drugs incorporated within them into the
outer oil phase during the microsphere preparation process.
Taking into account the bio-adhesive properties of PAA and its
excellent biocompatibility, the composite microspheres appear
to be promising for biomedical applications and, in particular,
oral drug delivery.

We have made a comparison between our work and
another CD-MOF-based composite,’® in which hydrophobic
Cgo Was incorporated into the CD-MOF crystals and the result-
ing hybrid materials have been exploited for drug delivery
applications. A drug loaded CD-MOF/Cqy composite was
formed by trapping the anticancer drug doxorubicin (DOX)
within CD-MOFs, followed by Cg, incorporation. By compari-
son, 78.5% of the drug (DOX) is released from the composite
within 6 h, i.e., much faster than that for the composite micro-
spheres (<30% of the drug (IBU/LPZ) released within 6 h),
demonstrating the significant sustained release advantageous
of the composite microspheres in our study.

In view of the higher drug-loading of CD-MOF nanocrystals
prepared by co-crystallisation (Table S2t), together with the
maintenance of the original crystallinity of CD-MOF nanocrys-
tals and the shorter time needed for loading (6 h) in compari-
son with the impregnation method, drug-loaded CD-MOF
nanocrystals resulting from co-crystallisation were used to
prepare microspheres in this study. In future research, the
release behaviour of microspheres prepared from CD-MOFs
impregnated with drug molecules will be investigated in order
to elucidate the effect of the crystallinity of the CD-MOFs on
drug releasing ability and, we suspect, illustrate the advantage
of CD-MOFs prepared by co-crystallisation.

Cytotoxicity

The cellular toxicities of CD-MOF nanocrystals, blank PAA
microspheres, pure IBU, IBU-CD-MOF nanocrystals and the
IBU-CD-MOF/PAA composite microspheres were evaluated by
determining the cell viability values (Fig. 7) using an MTT
assay.”’ For the CD-MOF nanocrystals, the cell viability
decreases with the concentration of CD-MOF nanocrystals. At
relatively high concentrations (up to 1.4 mg mL™"), the cell via-
bility was still high, >75%. Similar to pure IBU, high cell viabi-
lity (>90%) was observed at relatively high TBU concentrations
(up to 0.2 mg mL™"). Some of the cell viability values for IBU
group (Fig. 7) are higher than 100%, which might be a result
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Fig. 7 Cytotoxicity of CD-MOF nanocrystals, blank PAA microspheres,
IBU, IBU-CD-MOF nanocrystals and IBU-CD-MOF/PAA composite
microspheres (IBU-CD-MOF microspheres) in a J774 macrophage cell
line at various concentrations. The concentrations for IBU-CD-MOF
nanocrystals and IBU-CD-MOF microspheres were selected according
to the IBU loading values (see Tables S2 and S41), corresponding to 1BU
concentrations of 0.008, 0.04, 0.2 and 1.0 mg mL™%, equivalent to that
for pure IBU. The cell viability values are based on repeating experiments
on five batches of cells.

of the fact that IBU can promote the growth of some normal
cells.?” The IBU-loaded CD-MOF nanocrystals were found to be
more toxic towards J774 macrophages® compared with
CD-MOF nanocrystals and pure IBU: the cell viability value was
67% at the concentration of 1.6 mg mL™", corresponding to a
CD-MOF nanocrystal concentration of 1.4 mg mL™' and an
IBU concentration of 0.2 mg mL™'. The toxicity of
IBU-CD-MOF/PAA composite microspheres, however, was
reduced dramatically when including IBU-CD-MOF nanocrys-
tals into composite microspheres. Even for samples at high
concentrations of 17.5 mg mL™", corresponding to a CD-MOF
nanocrystal concentration of 1.4 mg mL™"' and IBU concen-
tration of 0.2 mg mL™", the cell viability was ~90%. For the
blank PAA microspheres, the cell viability was <30% at a con-
centration of 17.5 mg mL~'. This finding suggests that
IBU-CD-MOF/PAA composite microspheres have a better cyto-
compatibility than either of the two individual components. In
summary, the results (Fig. 7) confirm that the composite of
CD-MOF nanocrystals in PAA microspheres improves the cyto-
compatibility of each separate component, allowing them to
be used as safe carriers for sustained drug delivery.

A limitation of the s/o/o technique is that the drug loading
of the CD-MOF/PAA microspheres is relatively low (about 1%,
w/w) and would be better employed to deliver drugs requiring
lower doses (<10 mg), such as anti-tumor drugs. Although the
system should be as simple as possible for drug delivery, the
low water resistance of CD-MOF, however, limits its appli-
cation. CD-MOF dissolves in water rapidly: consequently, the
drugs are released extremely fast, limiting our ability to
measure their prolonged release.”” In order to improve the
water resistance of CD-MOF materials, composite micro-
spheres containing CD-MOF nanocrystals have been investi-
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gated. They exhibit not only sustained drug release over a pro-
longed period of time, but also demonstrate reduced cell
toxicity, compared with the microspheres containing pure
drug and the drug-y-CD complex. The one-pot polymer coat-
ings on the surface of CD-MOF nanocrystals, based on a mole-
cular anchoring strategy, will be the subject of further investi-
gations in order to simplify the synthesis procedure and
improve the drug loading of the microspheres.

Conclusions

A modified hydrothermal method has been established that
produces CD-MOF particles of well-defined sizes. The in-
soluble and not so stable drugs, Ibuprofen and Lansoprazole,
can be trapped inside CD-MOFs by a co-crystallisation method
that is more effective than an impregnation approach and
leads to increased drug loadings as well as no reduction in
CD-MOF crystal degradation during the loading process.
Incorporation of CD-MOF nanocrystals inside composite PAA
microspheres, not only allows drug release to be controlled
over a prolonged period of time, but it also brings about a
reduction in the cell toxicity of CD-MOF-based drug carriers.
The CD-MOF/PAA composite microspheres have spherical
shapes on account of the good dispersion of the CD-MOF
nanocrystals that can be achieved inside the PAA matrices. Our
findings constitute a rare example of MOF nanoparticles
embedded into a biocompatible polymer matrix. These compo-
site microspheres incorporating CD-MOF nanocrystals could
find useful applications in the biomedical field.
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1. Materials / General Methods / Instrumentation

v-Cyclodextrin (y-CD) was purchased from MaxDragon Biochem Ltd (China), ibuprofen (IBU)
was obtained from Melonepharma Co Ltd and lansoprazole (LPZ) was provided by Zhuhai
Rundu Co Ltd (China). Polyacrylic acid polymer (Eudragit RS 100) was provided by Evonik
(Rohm Pharma GMBH, Darmstadt, Germany). Aluminum tristearate was purchased from Alfa
Aesar (China). RPMI-1640 Medium was purchased from Corning Incorporated (Corning, NY,
USA). Penicillin, streptomycin, acetic acid, polysorbate 80 (Tween 80) and dimethyl sulphoxide
(Me,SO) were obtained from Sigma-Aldrich (St Louis, MO, USA). Methanol (MeOH),
potassium hydroxide (KOH), cetyl trimethyl ammonium bromide (CTAB), isopropanol (‘PrOH),
ethanol (EtOH), acetone (Me,CO), dichloromethane (CH,Cl,), acetic acid (HOAc) and other
reagents of analytical grade were all purchased from Sinopharm Chemical Reagent Co Ltd
(Shanghai, China) and used without further purification. Water was purified by Milli-Q system
(Millipore). Morphological and size characterization of samples was conducted using a scanning
electron microscope (83400, Hitachi). The specimens were immobilised on a metal stub with
double-sided adhesive tape and coated with gold, then observed under definite magnification.
The size distributions of CD-MOF nanocrystals were also characterised by in sifu measurements
using Vasco Flex (Cordouan-tech, France) equipped with an in situ head, which is a flexible
nanoparticle size analyser based on optical fiber dynamic light scattering. The crystallinity of the
samples was characterized by powder X-ray diffractometric (PXRD) analysis. Diffraction
patterns were detected with a Bruker D8 Advance diffractometer (Bruker, USA) of the locked
coupled scan type. Samples were irradiated with monochromatised CuKo. radiation and analysed
over a 26 angle range 3-40°. The PXRD pattern was collected with the tube voltage of 40 kV,

and tube current of 40 mA and a scan speed of 0.1 s per step. Fourier-Transform Infrared
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spectroscopy (FT-IR) spectra of samples were obtained using an FT-IR spectrometer (Nicolet
Continuum XL, Thermo Fisher Scientific, USA). Briefly, the sample and KBr were mixed well
in a ratio of 1:10, followed by compression to form a disk. 128 scans were carried out in
wavenumber range 400—4000 cm! at a resolution of 4 cm!. Thermogravimetric analyses (TGA)
were performed using a TGA/SDTAS851 thermal analysis system (Mettler Toledo, Switzerland)
at a heating rate of 10 °C'min’! under an atmosphere of nitrogen. 'H Nuclear magnetic resonance
('"H NMR) spectra were recorded at ambient temperature on a Bruker Avance 500 spectrometer,
with a working frequency of 500 MHz for 'H nuclei. A N, adsorption-desorption isotherm was
measured using a liquid N; bath (—196 °C) and a porosimeter (TriStar 3000 V6.05 A,
Micromeritics, USA). In order to remove interstitial solvents before measurement, the CD-MOF
samples were activated by immersing them in CH,Cl, for three days, dried under vacuum at 50
°C for 12 h and then at 50 °C for 6 h for outgassing. The drug loaded samples were dried under

vacuum at 50 °C for 12 h and then at 50 °C for 6 h for outgassing without activation.
2. Synthetic Protocols

2.1 Preparation of Micron and Nanometer-Sized CD-MOFs

CD-MOFs were synthesised by solvent evaporation by employing an adaption of a published
procedure.S! Compared with the published procedure at room temperature, higher temperature
(50 °C) of MeOH diffusion was employed in this investigation. Noticeably, it was found that
pre-addition of MeOH to the aqueous solution of y-CD and KOH can shorten the synthesis time
and improve the efficiency. Micron-sized CD-MOFs were prepared from a mixture of y-CD (162
mg, 0.125 mmol) with 8 molar equiv of KOH (56 mg, | mmol) in H,O (5 mL). The aqueous
solution was filtered through a 0.45 pm filter membrane into a glass tube, and MeOH (0.5 mL)

was added, followed by vapour diffusion of MeOH into the aqueous solution at 50 °C. After 6 h,
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the supernatant was transferred into another glass tube with addition of CTAB (8 mgmL™').
After thoroughly dissolving CTAB, the aqueous solution was incubated overnight at room
temperature. The precipitate was then harvested and washed with 'PrOH three times, and dried
(37 °C) overnight to produce CD-MOFs ca. 5-10 pm cubes (CD-MOF microcrystals). The
synthetic procedure to produce nanometer-sized CD-MOFs (CD-MOF nanocrystals) was
identical to that employed in the preparation of CD-MOF microcrystals, except that MeOH with
the same volume of supernatant was added before CTAB was dissolved.

The stability of CD-MOF microcrystals was investigated by suspending CD-MOF microcrystals
(500 mg) in different solvents (10 mL) at 70 °C, including EtOH, MeOH, Me,CO, CH,Cl,, DMF
and 'PrOH. After 1 day, the crystallinity of CD-MOF crystals was characterised by PXRD. In
addition, the release profile of CD molecules from CD-MOF microcrystals incubated in DMF
was also measured. CD-MOF microcrystals (500 mg) were suspended in DMF (10 mL) at 70 °C.
An aliquot (0.5 mL) of supernatant was subjected to analytical HPLC in order to quantify the
released organic linker, y-CD. The concentration of the released y-CD in the supernatant was
determined using the HPLC (Agilent 1290, USA) equipped with an evaporative light-scattering
detector (ELSD). The analysis was carried out with the Diamonsil C18 column (4.6 mmx150
mm, 5 pm i.d.), under a flow rate of 1.0 mL-min! and an injection volume of 20 pL. The column
temperature was kept at 25 °C. The mobile phase was composed of MeCN and H,0 (60:40). The
ELSD detection was carried out with the drift tube temperature of 70 °C, the nebulizer gas
pressure of 3.0 bar, and the photomultiplier of 1.0. The retention time for y-CD occurred at about

2.5 min.

2.2 Encapsulation of Drugs in CD-MOFs

IBU and LPZ were used as model drugs. IBU- and LPZ-loaded CD-MOFs were prepared by
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both impregnation and co-crystallisation techniques.

Impregnation Method. Impregnation was performed by soaking the dried CD-MOF
powders in ethanolic solutions of the drugs. CD-MOFs (100 mg) soaked in an EtOH solution of
IBU (40 mg-mL, 2.5 mL) and CD-MOFs (200 mg) soaked in an EtOH solution of LPZ (14
mg-mL-!, 3.6 mL) were incubated at 37 °C with a shaking speed of 100 rpm for an appropriate
period of time. The drug-loaded CD-MOFs were collected by centrifugation and washed with the
same incubation solvent three times (3%x14 mL) until no drug molecules could be detected in the
washing solution, ensuring any surface adsorbed free drug molecules were completely removed.
After that, the sample was dried under vacuum overnight at 37 °C. In order to investigate the
effect of solvents on drug loading, five solvents were selected as the incubation solvents namely
EtOH, DMF, Me,0, MeOH, and CH;Cl,. The drug concentrations were the same as those
described above.

Co-crystallisation Method. The preparation of drug-loaded CD-MOFs by means of co-
crystallisation was similar to that employed in the synthesis of CD-MOF nanocrystals, except
that LPZ (30 mg'mL!) was added to the y-CD-KOH solution initially, while IBU was dissolved
in MeOH (20 mg-mL-!) before CTAB was added. The effect of the drug concentration (20/30/40

mg-mL! for IBU and 10/20/30 mg-mL! for LPZ) on the drug loading was investigated.

2.3 Fabrication of CD-MOF/PAA Composite Microspheres

The CD-MOF/PAA composite microspheres were prepared by the solid in oil-in-oil (s/0/0)
emulsifying solvent evaporation technique. Briefly, drug-loaded CD-MOF nanocrystals (50 mg)
were uniformly dispersed in PAA Me,CO solution (150 mg-mL-!, 3 mL). A dispersion agent,
aluminum tristearate (120 mg) was added to this solution and dispersed by sonication. The PAA

solution containing aluminum tristearate and CD-MOF nanocrystals was poured into liquid
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paraffin (20 mL) previously cooled at 10 °C. Then, the mixture was emulsified by Ultra-Turrax
(IKA®, Germany) with a speed of 10,000 rpm for 5 min at 10 °C. The emulsion was heated to 35
°C gradually (heating rate of 1 °C-min’') and maintained at 35 °C for 3 h under stirring at 500
rpm to remove Me,CO. The microspheres were collected by centrifugation, washed two times
with n-hexane (25 mL each time) and dried under vacuum overnight.

For comparison, blank microspheres, IBU/LPZ microspheres and IBU/LPZ-y-CD microspheres
were also synthesised according to the emulsifying solvent evaporation procedure described
above. The blank microspheres were prepared from PAA polymer. IBU/LPZ microspheres are
obtained from drug raw materials and IBU/LPZ-y-CD microspheres were synthesised from drug-
v-CD complexes (sieved with 200-mesh sieve). The drug-y-CD complex was synthesised as
follows. y-CD (770 mg) was dissolved in the NaHCO;-NaOH-buffered solution, NaHCOj; (90
mg) was dissolved in H,O (30 mL) and the pH was adjusted to 11 with 0.1 M NaOH solution
while the temperature was maintained as 40 °C. The drug (220 mg for LPZ and 122 mg for IBU)
was dissolved in EtOH (15 mL) so as to result in a molar ratio of drug to y-CD of 1:1. The drug
solution was added to y-CD solution drop-by-drop while stirring for 2 h. EtOH in the resulting
clear solution was removed by rotary evaporation at 45 °C for 40 min and the remaining liquid
was dried under N, purging. The resulting residue was dried under vacuum at 35 °C overnight.
The drug loadings of IBU-y-CD and LPZ-y-CD complexes were 11.2+0.44 and 19.6+0.31%,
respectively.

In order to verify the presence of drug-loaded CD-MOF crystals in the microspheres, they were
dissolved and CD-MOF crystals were isolated as follows. The microspheres (100 mg) were
placed in a 10-mL Eppendorf tube and EtOH (8 mL) was added under sonication (10 min) to
dissolve the PAA polymer. The suspension was centrifuged (12,000 rpm, 5min) and precipitates,

which were composed of CD-MOF and aluminum tristearate crystals with different densities,
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were isolated. They were further separated after being dispersed in CH,Cl, (8 mL) and
centrifuged (12,000 rpm, 5 min), resulting in CD-MOF crystals in the precipitate and aluminum
stearate floating in the upper layer. The CD-MOF crystals in the precipitate were harvested and
dried for observation by SEM.

Drug loading (DL) is defined as the percent of drug measured in the drug-loaded CD-MOF or
CD-MOF/PAA microsphere samples and was calculated according to the following equation:

Amount of drug in CD -MOFs or microspheres

DL (%)= %100 (S1)

Total amount of drug-loaded CD-MOFs or microspheres

The DL values of encapsulated drugs in CD-MOFs were measured by dissolving the sample (10
mg) in H,O (6 mL). The amounts of the drugs were analysed by HPLC (Agilent 1290, USA). For
CD-MOF/PAA composite microspheres, the drug loading was determined by dissolving the
microspheres (5 mg) in 67% MeOH (v/v, 3 mL) under sonication for 10 min and analysing the
solution by HPLC, equipped with a diode array detector. The analysis was carried out using a
Phenomenex C18 column (4.6 mmx150 mm, 5 pm) with a flow rate of 1.0 mL-min"' and an
injection volume of 20 pL. IBU was detected at 263 nm and the column temperature was set at
35 °C. The mobile phase was composed of NaOAc buffer solution and MeCN (40:60, v/v). The
NaOAc buffer solution was obtained by dissolving NaOAc (6.13 g) in pure H,O (750 mL) and
adjusting the pH to 2.5 with glacial HOAc. For LPZ, the detection wavelength was set at 284 nm.
The mobile phase was composed of MeOH, H;O, TEA and H;PO, (640:360:5:1.5, pH was

adjusted to 7.3 with H;POy4). The column temperature was maintained at 40 °C.

2.4 In vitro Release of Drugs from Microspheres
Microspheres equivalent to 1 mg of IBU or LPZ were suspended in the release medium (50 mL)
containing polysorbate 80 (0.02%, w/v) and the suspension was maintained at 37 °C with a

stirring rate of 100 rpm. The release medium for IBU was PBS with pH 7.4, and that for LPZ
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was a carbonate buffer solution with pH 9.7 because of the instability of LPZ at pH of 7.4. These
release mediums were prepared according to Chinese Pharmacopeia 2010. Samples (1.0 mL)
were withdrawn at regular time intervals (0.5, 1, 2, 4, 6, 8, 12, 24 and 48 h) and the same volume
of fresh medium was added. The concentration of the drug in each sample was determined by the

HPLC and the release percentage was calculated. Experiments were performed in triplicate.

2.5 Cytotoxicity Assays

The cytotoxicity of CD-MOF and CD-MOF/PAA composite microspheres was evaluated on
J774 macrophage cells using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) method. J774A.1 Cells (mouse macrophages, ATCC® TIB-67™) were grown in RMPI
1640 medium supplemented with 10% (v/v) fetal bovine serum (Gibco, USA), penicillin (100
U-mL") and streptomycin (100 ug-mL"). Cells were maintained in a humidified incubator with
95% air and 5% CO; at 37 °C and seeded into 96-well microtiter plates at a density of 2000
cells-well!. After incubating overnight, samples (20 pL) at concentrations equivalent to the IBU
concentrations, ranging from 0.008 to 1.0 mg:mL-! (with a five-fold dilution gradient) were
added to the medium and incubated for 24 h. Then, MTT (15 uL, 5 mg-mL-") was added to the
cell culture medium and incubated for 4 h. Subsequently, the medium was replaced by Me,SO
(150 uL) to dissolve the insoluble crystals of formazan formed by living cells. The absorbance at
490 nm was read using a microplate reader (Multiskan GO, Thermo Fisher). Non-treated cells
were used as a control and the cell viability (%) was calculated using Eq. S2. Results were

expressed as mean + standard deviation.

. e _ A490.samplc
Cell viability (%) = ————— x 100 (S2)

490, control
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1 3. Data on Drug Encapsulation in MOF ParticlesS2-539

Table S1 Overview of Drug Encapsulation in Metal-Organic Frameworks Particles

Metal Lo Inner Pore . Drug
MOF Organic Linker . Drug Loading Method Loading Ref
Ion Size (A) o
(%, w/w)
MIL-100 (Cr) Cr BTC 25-29 Ibuprofen Impregnation 259 S2
MIL-101 (Cr) Cr BDC 29-34 Ibuprofen Impregnation 58 S2
MIL-53 (Cr) and .
MIL-53 (Fe) Cr,Fe BDC 8.6 Ibuprofen Impregnation 20 S3
Bio-MOF-1 Zn BPDC 52 Procainamide HCl Cation exchange 18 S4
MIL-101 (Fe) Fe BDC 2934  Ethoxysuccinato- Postsynthetic 12.8 2, S5
cisplatin prodrug modification
MIL-101 (Cr) Cr BDC 2934 Ibuprofen Computational 52.6 2,56
prediction
UMCM-1 Zn  BDCand HiBTB 2432 Ibuprofen Computational 57.6 S6
prediction
BioMIL-1 Fe  Nicotinic acid - Nicotinic acid Active 71.5 s7
molecules as
M-CPO-27 €o 5 5-Dihydroxyterephthalic acid 11-12  NO Active 17.4 S8
and Ni molecules as
NCP-1 Tb Disuccinatocisplatin - Disuccinatocisplatin Active 75 S9
molecules as
L . . Active
Ags(1) Ag 3-Phosphonobenzoic acid = Silver ions molecules as 64.4 S10
[(CH;),NH;], 5,5',5"-(1,3,5-Triazine-2,4,6- B )
[Zn(TATAT)z1] Zn triyl)tris (azanediyl)triisophthalate 145513 = S-FU Impregnation g .
HKUST-1 Cu BTC 6-12 Nimesulide Impregnation 16.7 S12
S9
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Metal

Inner Pore

Drug

MOF lon Organic Linker Size (A) Drug Loading Method I;oadmg Ref
(%o, W/w)
MIL-100 (Cr) Cr BTC 25-29 Peptides Incubation 9-15 S13
MIL-101 (Cr) Cr BDC 29-34 Peptides Incubation 20-39 S13
MIL-53 (Al) Al BDC 8.6 Peptides Incubation 19-35 S13
MIL-100 (Fe) Fe BTC 25-29 Busulfan Impregnation 26+£3 S14
MIL-53 (Fe) Fe BDC 8.6 Busulfan Impregnation 10+2 S14
MIL-88A (Fe) Fe Fumaric acid 6 Busulfan Impregnation 8+1 S14
MIL-89 (Fe) Fe Muconic acid 11 Busulfan Impregnation 1442 S14
MOP-15 Cu 5-NH,-m-Benzenedicarboxylate 16 5-FU Impregnation 23.76 S15
Rho-ZMOF In 4,5-Imidazoledicarboxylic acid 18.2 Procainamide HCI Impregnation 9.9 S16
Terephthalate organic linkers . .
MIL-88B (Fe) Fe bearing different functional groups 8 Caffeine Impregnation 9.8-22.8 S17
[Zn(BDC)(H;0);], Zn BDC 7 Ibuprofen Impregnation 44.5 S18
IFMC-1 zn  4>-Di(lH-tetrazol-3-yl)-2H-1,2,3- 116 5FU Impregnation 30.48 S19
triazole
Cu-BTC Cu BTC 9 5-FU Impregnation 45.0 S20
CPO-27-Ni Ni 2,5-Dihydroxyterephthalic acid 11-12 NO Impregnation 153 S21
MIL-100 (Fe) Fe BTC 25-29 Caffeine Impregnation 49.5+£1.9 S22
S10



Metal

Inner Pore

Drug

MOF lon Organic Linker Size (A) Drug Loading Method Loading Ref
(%, w/w)
MIL-53 (Fe) Fe BDC 8.6 Caffeine Impregnation 29.2+1.5 S22
Ui0O-66 (Zr) Zr BDC 8-11 Caffeine Impregnation 22.443.4 S22
MIL-101 (Cr) Cr BDC 29-34 Naproxen Incubation — S23
2,5-Dioxido-1,4- Ion exchange
MOF-74-Fe (1) Fe benzenedicarboxylate 10.8 Ibuprofen and salt 15.5 S24
. Caffeine and . 20.4 and S22,
Ui0-66 (Zr) Zr BDC 8-11 Tbuprofen Impregnation 207 925
Gd-pDBI Ga  LA-Bis(S-carboxy-1H- 12-19  Doxorubicin Sonication and 12 $26
benzimidazole-2-yl)benzene stirring
. . . L B Cisplatin prodrug; Post-synthetic 12.3+1.2;
UiO-NMOFs Zr Aminotriphenyldicarboxylic acid Pooled SiRNAs encapsulation: 81 620.6 S27
MIL-100 (Fe) Fe BTC 25-29 Topotecan Impregnation 33 S28
CD-MOF-2 Rb y-CD 17 Rhodamine B Co- - 529
crystallization
MIL-100 (Al) Al BTC 2529 Pd nanoparticles Chemical 10 S30
wetting
Azidothymidine- .
MIL-100 (Fe) Fe BTC 25-29 triphosphate Impregnation 36.0 S31
Phosphorylated .
MIL-100 (Fe) Fe BTC 25-29 Azidothymidine Impregnation 24.4+0.9 S32
MIL-100 (Fe) Fe BTC 25-29 Doxorubicin Impregnation 30.74+0.8 S33
MIL-100 (Fe) Fe BTC 25-29 Phosphat?d Impregnation 9.0 S34
gemcitabin
Ibuprofen - 12.7 This
CD-MOF-1 K v-CD 17 Lansoprazole Cocrystallsiation 45 study

BTC: 1,3,5-Benzene tricarboxylic acid; BDC: 1,4-Benzenedicarboxylic acid; BPDC: Adenine and biphenyldicarboxylate;
H;BTB: 1,3,5-Tris(4-carboxyphenyl)benzene
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1 4. Residual of CTAB, Stability and Size Distribution of CD-MOFs

2 As described in the Section 2.1 on the “Preparation of Micron and Nanometer-Sized CD-
3 MOFs”, the freshly obtained CD-MOF microcrystals and nanocrystals were washed with
4 'PrOH three times, and dried (37 °C) overnight for further use. The 'H NMR spectrum
5 (Fig. S1) shows that there is no CTAB trapped in the CD-MOF nanocrystal after washing
6 the CD-MOF nanocrystals with 'PrOH three times. In addition, MeOH (8 = 3.34 ppm)

7 was completely removed after the CD-MOF nanocrystals had been dried (37 °C)

8 overnight.
da
X D0
CH;-(CH;)41~(CH,),-CH,-CH,-N-(CH;),Brr
a b c d e f
b
e £ dc- a
| 5 Sk
I il ! S U
60 55 50 45 40 35 30 25 20 15 1.0 05 0.
5/ ppm
b

XDb0

y-CD protons
y-CD by
anomeric protons
[y

e
wn
|

JlLﬁJk LJ:J'

6.0 55 50 45 40 35 30 25 20 15 1.0 05 0
9 &/ ppm

10 Fig. S1 '"H NMR spectrum (500 MHz) in D,O of a) CTAB (5 mg'-mL-") and b) redissolved
11 CD-MOF nanocrystals prepared from potassium hydroxide and y-CD (10 mg-mL"),
12 referenced to the H,O peak (& = 4.79 ppm).
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The crystallinity of CD-MOFs decreases (Fig. S2) after one day of incubation with DMF,
MeOH, Me,CO and EtOH at 70 °C. In the case of DMF and MeOH, the intensity for all
of the peaks decreased significantly and peaks at 16.7° disappeared, indicating the
instability of CD-MOF microcrystals in DMF and MeOH. This observation might be a
result of the relatively higher solubility of y-CD in these two solvents. Fig. S2 also
illustrates the CD release profile for the CD-MOF microcrystals incubated in DMF at 70
°C for three days. It should be noted that about 4% of the total amount of the organic

linker in the CD-MOF microcrystals was released after one day of incubation and 6%

after three days of incubation.
a b .

5
(1]

2 % l
= [X]
£ 3
©
o
®
CD-MOQF-Micro 8

K i ] 0 1 1 1
2 10 18 26 34 0 1 2 3 4

20/ degrees Timeikg

Fig. 82 a) PXRD Pattern of CD-MOF microcrystals incubated in different solvents at 70
°C for one day. b) The CD release profile for the incubation in DMF at 70 °C for three
days. Error bars are based on repeating experiments on three batches of crystals.

The crystal size distributions of CD-MOF nanocrystals were characterised employing
both SEM and DLS techniques. The SEM images (Fig. 2b) show the CD-MOF
nanocrystals with diameters of 500-700 nm. The DLS result (Fig. S3) also reveals a

mean diameter of 650 nm, with a polydispersity index of 0.22.
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Fig. S3 Intensity particle size distribution of CD-MOF nanocrystals

5. Characterisation of Drug-Loaded CD-MOF Nanocrystals

The amount of drug-loaded into CD-MOFs of micron and nanometer sizes by
impregnation and co-crystallisation methods are listed in Table S2. It is evident that IBU
loading into CD-MOF microcrystals decreased from 12.0 to 6.6% compared with that
obtained by the impregnation method. The LPZ loading in CD-MOF microcrystals
however, increased from 9.4 to 16.6%, when the impregnation method was replaced by
the co-crystallisation technique. In the case of the CD-MOF nanocrystals used to prepare
microspheres, drug loading by the co-crystallisation was equivalent to or higher than that

by the impregnation method.

Table S2 Drug loading by the impregnation (in EtOH) and the co-crystallisation method
for micron and nanometer-sized CD-MOFs

DL (%, wiw) ¢

Drug CD-MOFs . Y
Impregnation Co-crystallization
Micro® 12.0+0.7 6.6+0.4
IBU
Nano® 13.0+0.2 12.7+0.6
Micro® 9.4+0.3 16.6+0.4
LPZ
Nano® 1.6+0.1 4.5+0.3

2 Micro indicates CD-MOF microcrystals with the size of 5-10 um; ® Nano indicates CD-MOF
nanocrystals with the size of 500-700 nm; ¢ DL values are based on repeating experiments on three
batches of crystals.
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Combined with HPLC analysis, "H NMR spectroscopy was also employed to estimate the
amount of the drug within the CD-MOF nanocrystals prepared by co-crystallisation (Fig.
S4). When the integral for the anomeric protons (3 ~ 5 ppm) of the y-CD units is set to 8,
representing one y-CD torus, the aromatic proton signals of IBU (§ ~ 7 ppm) have a
combined integral of 4.66 (Fig. S4a, four aromatic protons in each IBU molecule). This
integral represents a molar ratio of 4:4.66 between y-CD and IBU, corresponding to the
IBU loading percentage of 14.6% (w/w) in IBU-loaded CD-MOF nanocrystals, a result
which is similar with that of 12.6% (w/w) measured by HPLC. For LPZ (Fig. S4b), when
integrating anomeric protons (6 ~ 5 ppm) of the y-CD units and the pyridine-proton signal
of LPZ (6 ~ 8 ppm), a molar ratio of 1:0.18 between y-CD and LPZ is obtained,
corresponding to the LPZ loading percentage of 4.5% (w/w) in LPZ-loaded CD-MOF

nanocrystals, which is similar to that of 4.5% (w/w) measured by HPLC.
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Fig. S4 'H NMR spectrum (500 MHz) in D,O of drug-loaded CD-MOF nanocrystals
3 prepared by co-crystallisation (10 mg-mL-!). a) IBU and b) LPZ.

4 From the SEM images (Fig. S5) of the drug-loaded CD-MOFs, it can be concluded that
5 the size of the drug-loaded CD-MOF nanoparticles is about 500-700 nm. The
6 crystallinity of the drug-loaded CD-MOFs, produced by the co-crystallisation technique,
7 was retained as shown by the identical PXRD features mentioned in the main text. In the
8 case of IBU/LPZ loading by impregnation, however the crystallinity of the CD-MOFs

9 was altered as a consequence of the progressive degradation of the MOFs in the solvents.

IBU-CD-MOF-nano ., LPZ-CD-MOF-nano.,,

LPZ-CD-MOF-nanoinpreg

s

v oS e N, s
10 i & S8
11 Fig. S5 SEM images of drug-loaded CD-MOF nanocrystals prepared by co-crystallisation
12 and impregnation techniques.
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Fig. S6 displays the IR spectra of the drug-loaded CD-MOFs. The characteristic
vibrational band of the carboxylic group (v(C=0)) in IBU, located at 1722 c¢m!, cannot
be identified in the IBU-loaded CD-MOF nanocrystals. The v(C=0) band is present,
however, in a physical mixture with equivalent composition at 1722 cm’!, indicating that
the IR spectrum of IBU-loaded CD-MOF nanocrystals is different from that of the
corresponding physical mixture. For LPZ, the characteristic vibrational band for the
aromatic ring located at 1580 cm!' also disappeared in the LPZ-loaded CD-MOF
nanocrystals. In a physical mixture with an equivalent composition (LPZ loading of
4.5%), the characteristic vibrational band of the aromatic ring in LPZ at 1580 cm™' was

not detected as a consequence of the relative low loading of the drug (< 5%).

a W b [€B-MGF-nano
. e B mw\fﬂw
5= | IBU-CD-MOF-nano,qq,, 2 |LPZ-CD-MOF-nano,,,

3 i
§ 163 k: e

SE IBU-CD-MOF-Nanop e % |LPZ-COMOF a0y 1586
2 2
o 1636 [ 1587
F [1BU CO-MOF-NaN031 sl mistre = ILPZ CD-MOF-nano,, 4cai e

IBU LPZ 1600
4000 3000 2000 1000 4000 3000 2000 1000

Wavenumber / cm-1 Wavenumber / cm-1 Fi

g. S6 IR Spectra of drug-loaded CD-MOF nanocrystals prepared by the co-crystallisation
and impregnation techniques. a) IBU. b) LPZ.

TGA analysis was also used to confirm the incorporation of IBU into CD-MOF
framework together with IR analysis (Fig. S7). After solvent loss below 100 °C, the
decomposition temperature is approximately 150 °C for pure IBU and 175 °C for CD-
MOF. For the physical mixture of IBU and CD-MOF (87:13, w/w), the weight loss of
about 14% (w/w) is found at 150-275 °C, which can be identified as the IBU content. For
[BU-loaded CD-MOF nanocrystals, however, weight loss does not appear until 200 °C.
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For LPZ, decomposition is observed at approximately 170 °C, and the weight loss curve
of LPZ-loaded CD-MOF nanocrystals almost overlaps with that of pure CD-MOF
nanocrystals, an observation which is most likely a result of the relatively low drug

loading percentage (4.5%).

a b
100 100
2 £
]
5 g
5 50 E o
2 3
= — IBU-CD-MOF nano = — LPZ-CD-MOF nano
— IBU — LPZ
— Physical mixture — Physical mixture
— CD-MOF nano = CD-MOF nano
0 i I N 0 ; : :
100 200 300 400 100 200 300 400
Temperature | °C Temperature / °C

Fig. 87 TGA traces of drug-loaded CD-MOF nanocrystals prepared by the co-
crystallisation. a) IBU. b) LPZ.

The BET surface area of CD-MOF materials was determined by N; adsorption using BET
method. Fig. S8 shows the nitrogen isotherms for CD-MOF microcrystals, CD-MOF
nanocrystals and the drug-containing samples. The isotherms for CD-MOF crystals show
the characteristic of the microporosities with a steep N, uptake in the low-pressure
regions (P/Py<0.05). The BET surface areas are 1002, 786, 668, 96 and 158 m?g! for
CD-MOF (100-micron meter), CD-MOF microcrystals, CD-MOF nanocrystals, IBU-
loaded and LPZ-loaded CD-MOF nanocrystals, respectively (Table S3). The surface
areas of CD-MOF micron and nanocrystals are decreased compared with that of the CD-
MOF (100-micron meter). This observation might be as a result of the size reductionS®,
and the trace amount of CTAB residue in the sample, which is under the detection limit
of "H NMR spectroscopy and might block partially the pores of CD-MOF. After drug
incorporation, the BET surface area of the CD-MOF nanocrystals decreases dramatically,
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indicating the drug fills completely and/or blocks the pores of the material leaving little to
no accessible pore volume for nitrogen.S?
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Fig. S8 N, Adsorption-desorption isotherms measured at 77 K for activated samples of
CD-MOF microcrystals, CD-MOF nanocrystals and drug-loaded CD-MOF nanocrystals
prepared by co-crystallisation. Filled and open symbols represent adsorption and
desorption curves, respectively.

Table S3 The surface area of CD-MOFs and drug-loaded CD-MOF nanocrystals
Surface area (m*-g'!)

SBET Smicro Sextcmal
CD-MOF (100-micron meter) 1002 950 52
CD-MOF microcrystals 786 754 32
CD-MOF nanocrystals 668 625 43
IBU-CD-MOF nanocrystals 96 88 8
LPZ-CD-MOF nanocrystals 158 133 24

Sger: BET surface area; Syco: micropore surface area; Seyema: €xternal surface area; The
micropore surface area and the external surface area are calculated by the -plot method.

6. Characterisation and Drug Release of the Composite Microspheres
In order to verify the presence of the drug-loaded CD-MOF crystals in the microspheres,
samples were treated with EtOH and CH,Cl, so as to remove and separate PAA and

aluminum tristearate crystals from the CD-MOFs. The SEM images (Fig. S9) of the
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retrieved CD-MOFs verify the intact morphology of the drug-loaded CD-MOFs crystals

in the microspheres.

, N _ L M el
Fig. S9 SEM Images of the drug-loaded CD-MOF nanocrystals encapsulated in PAA

composite microspheres after dissolving the microspheres with EtOH and removal of
aluminum stearate.

For the drug loading of microspheres shown in Table S4, most of the values were
consistent with the theoretical values, except for the microspheres prepared by IBU raw
materials. The measured DL values were relatively higher than the theoretically
calculated ones, an observation which might result from the adhesion of PAA on the side

of the beaker and loss of PAA during microsphere preparation.

Table S4 Drug loading of microspheres prepared by drug raw material, drug-y-CD
complex and drug-loaded CD-MOF nanocrystals

DL (%, w/w)?

Drug - -
Drug microspheres  Drug-y-CD microspheres Drug-loaded CD-MOF

microspheres
IBU 1634001 (8.06) 0.82+0.00 (0.90) 1.18+0.02 (1.02)
LPZ  9.85%0.21 (8.06) 1.52+0.03 (1.58) 0.59+0.00 (0.36)

a Values are based on repeating experiments on three batches of crystals and values in the
parentheses represent the theoretical drug loading percentages. The components for all of the
microspheres are drug or drug-y-CD complex or drug-loaded CD-MOF (8.06%, w/w), PAA
(72.58%, w/w) and aluminum tristearate (19.35%, w/w).

In the FT-IR spectrum (Fig. S10) of blank PAA microspheres , the sharp peaks at

2800-3000, 1600—1800 and 800—900 cm™! can be assigned to the characteristic stretching
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vibrations of C—H, C=0 and C-O bonds in PAA. Compared with blank microspheres, the
changes in these three characteristic peaks are observed in LPZ-CD-MOF/PAA
composite microspheres and also in the LPZ and LPZ-CD microspheres. Especially in the
case of the LPZ-CD-MOF/PAA composite microspheres, these peaks disappear or are
broadened, indicating the strong interactions between the two components — namely, CD-
MOFs and PAA — in the composite microspheres. In the case of the microspheres loaded
with IBU, there is no significant change in the main characteristic peaks compared with

those of the blank microspheres.

a Blank PAA microspheres b Blank PAA microspheres

bl /Ty
{
LPZ mi h
/ﬂif;_,/k\'\r"NJ\
|
LPZ-y-CD microspheres

IBU microspheres

IBU-y-CD microspheres

Transmittance (%)
Transmittance (%)

W LPZ-CD-MOF microspheres

4000 3000 2000 1000 4000 3000 2000 1000

Wavenumber (cm™') Wavenumber (cm-)

Fig. S10 IR Spectra of blank PAA microspheres, drug microspheres, drug-y-CD
microspheres and drug-loaded CD-MOF microspheres. a) IBU. b) LPZ.

Fig. S11 shows the release profiles of microspheres within the first 6 h, exhibiting the
drug release behaviour in the initial stages. Microspheres containing drug-y-CD
complexes showed a very fast “burst” and uncontrolled release, i.e., 70% in 30 min, 80%
in 2 h for both of the microspheres prepared from IBU and LPZ-y-CD complexes. When
drug-loaded CD-MOF nanocrystals were incorporated into the composite microspheres,

steady and slow drug release was achieved, with release percentages being not more than
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1 20% at 6 h: no burst release was observed.
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Fig. S11 The release profiles drug microspheres, drug-y-CD microspheres and drug-CD-
MOF microspheres. a) IBU. b) LPZ. Error bars are based on repeating experiments on
three batches of microspheres.
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Particles based on Iron-trimesate MOFs and their biomedical applications

Subchapter 4.1
New insights into the degradation mechanism of metal-organic frameworks
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General Objectives and Author Contributions

"Cage" porous particles based on MOFs have emerged as a new class of ordered porous
materials for drug delivery. Iron trimesate MOFs: MIL-100 (Fe) are considered among the most
efficient materials because of their biodegradability, biocompatibility, and unprecedented drug
loading capability. Among all the investigated molecules, MIL-100 (Fe) interacted most
efficiently with phosphated ones which could be efficiently soaked from their aqueous
solutions. However, MIL-100 (Fe) rapidly degraded in phosphate buffers. It is important to
understand the complex interactions taking place between MIL-100 (Fe) and different phosphated
molecules. Therefore, in this subchapter, we developed a method based on Raman microscopy

to track the morphology and chemical composition of individual particles.

Briefly, the degradation of nanoMOFs and microMOFs were firstly studied in phosphate buffer
saline (PBS). In particular, the degradation behavior of individual particles in PBS was tracked
by Raman microscopy. Of upmost interest, it was possible to detect modifications of the
chemical composition on different regions on the same particle during degradation. A formation
of an erosion front during MOF degradation was clearly observed with obvious modification

on Raman spectra.

To understand if the phosphated molecules would lead to degradation, Gemcitabine-
monophosphate (Gem-MP) and 3-CD-phosphates (CD-P) were chosen as model molecules.
Gem-MP is a small molecule could be penetrated within the porous MOF structures, in contrast,
CD-P is larger than the cage of MOF and could stay only on the surface of the particles as
coating material. In both cases, phosphated drugs/coating materials did not contribute to particle

degradation.

All the authors have contributed in this work. X. Li contributed to experiments on the
nanoMOFs synthesis, characterization, surface coating, and drug loading, and wrote the main

manuscript.
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Abstract

A versatile method based on Raman microscopy was developed to follow the degradation of
iron carboxylate Metal Organic Framework (MOF) nano- or micro-particles in simulated body
fluid (phosphate buffer). The analysis of both the morphology and chemical composition of
individual particles, including observation at different regions on the same particle, evidenced
the formation of a sharp erosion front during particle degradation. Interestingly, this front
separated an intact non eroded crystalline core from an amorphous shell made of an inorganic
network. According to Mdssbauer spectrometry investigations, the shell consists essentially of
iron phosphates. Noteworthy, neither drug loading nor surface modification affected the
integrity of the tridimensional MOF network. These findings could be of interest in the further

development of next generations of MOF drug carriers.
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Introduction

Metal-organic frameworks (MOFs) are a recent class of ordered porous materials formed by
the coordination of metal clusters and organic ligands. Due to their versatile chemistry, high
pore volumes and large surface areas, MOFs attracted growing interest in various areas,
including gas storage’?, catalysis®®, separation science®, sensing”®, ionic conduction® and
more recently, biomedicine!®!3 Lately, biodegradable micro- or meso-porous iron
polycarboxylate MOFs were employed as drug carriers'®114-18 More particularly, iron
trimesate MIL-100 and iron terephthalate MIL-101 (MIL stands for Materials of Institute
Lavoisier) were considered among the most efficient materials to load drugs because of their
large pore sizes (24-29 and 27-34 A for MIL-100 and MIL-101, respectively)'®. Asanexample,
ibuprofen payloads reached up to 35 wt% and 140 wt% for MIL-100 and MIL-101,
respectively'!. However, nano-scaled MOFs (nanoMOFs) made of biocompatible MIL-101(Fe)
suffer from a very fast degradation in phosphate buffer saline (PBS) hampering their
applications for controlled drug delivery?. In contrast, MIL-100(Fe) nanoMOFs degraded in a
more progressive manner compatible with biomedical applications and were well tolerated in
vivo?l, A variety of drugs have been successfully incorporated into MIL-100(Fe) nanoMOFs,
including antiviral drugs (cidofovir’®, azidothimidine triphosphate (AZT-TP) and
azidothimidine monophosphate (AZT-MP))*?? anticancer drugs (busulfan®®, topotecan®®,
doxorubicin? and gemcitabine-monophosphate (Gem-MP)?%), biological gases (nitric oxide)?®,

caffeine?, aspirin?’ and metallodrugs?.

The highest loading efficiencies were reported in the case of phosphated drugs, including AZT-
TP, AZT-MP and Gem-MP*>2224 MIL-100 were able to soak the drugs within minutes from
their aqueous solution, reaching elevated drug loadings (around 30, 25 and 36 wt% for Gem-
MP, AZT-TP and AZT-MP, respectively) and encapsulation efficiencies higher than 98%. It
was demonstrated that coordination of the drug’s phosphate groups on the iron(l11) Lewis acid
sites in MIL-100 nanoMOFs played a main role, leading to an efficient encapsulation??24,

Indeed, the same drugs without phosphate groups were poorly incorporated?,

Phosphate molecules are essential components in every living organism. When non-controlled,
strong interactions between phosphates and MOFs can lead to a fast degradation and thus to
“burst” drug release. Therefore, it is of outmost importance in the development of MOFs drug
carriers to gain deep understanding on their degradation in the presence of phosphates. It was
shown that MIL-100(Fe) particles exhibit good colloidal stability and biodegradability in a
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series of simulated physiological fluids?® and the degradation of nanoMOF has been studied in
different cell culture medium as reported?®. There was around 10wt% of trimesate released in
Dulbecco's Modified Eagle's medium (DMEM), but only around 5% released in Minimum
Essential Medium Eagle (MEM). Trimesate release was dependent on the composition of the
cell culture medium, especially on its content in phosphates. Intravenously administered
nanoMOFs in rats were rapidly sequestered by the liver and spleen, then further biodegraded
and directly eliminated in urine or feces®. The trimesate linkers were progressively eliminated
in urine?. All these studies have shown the biodegradability of nanoMOFs for potential
biomedical applications, but their degradation mechanism is not fully understood yet. .
Recently, Bezverkhyy et al.® demonstrated that MIL-100(Fe) nanoMOFs maintained their
crystalline structures while heated in water at 100 °C for 48 h, but partially degraded. On the
contrary, at neutral pH the particles degraded within one hour yielding poorly crystallized iron
oxide (ferrihydrite). These experiments were however conducted in media without phosphate
groups, not mimicking the biological conditions. In other studies, it was shown that the MIL-
100(Fe) nanoMOFs progressively disintegrated in PBS because of the strong interactions

between phosphates and iron and that this degradation was well correlated to drug release!>*:23,

One can also tailor the MOF particle size according to the targeted application and route of
administration even leading to micron-sized MOF (microMOF) particles®®, NanoMOFs had
been reported to exhibit a narrower particle size distributions than microMOFs but were more
prone to faster degradation because of larger surface areas®®. However, no study dealt yet with
the influence of the MOF particle size on the degradation mechanism. Moreover, the
investigations on MIL-100(Fe) MOF degradation were conducted so far using batches of
particles, but never on individual particles. In addition it has not been assessed yet at the particle
level if drug loading or surface modification impacts the stability of the nanoMOF. It is

therefore of main interest to study the degradation of individual MOFs.

To address this goal we have used here Raman microscopy to monitor in situ the degradation
in phosphate-containing media of individual MIL-100(Fe) MOF particles of different sizes.
This versatile method combines the advantages of both Raman spectroscopy and optical
microscopy. The utility of Raman microscopy as a rapid, label-free, and non-destructive method
was proven in many applications where chemical analysis and imaging are simultaneously
required. This technique allows to qualitatively or quantitatively characterize the chemical
composition and structure of a sample. In the pharmaceutical field, Raman microscopy is used

mainly to characterize the distribution of molecules of interest in tablets, to determine the
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crystallinity of the materials, to investigate purity and chemical composition of complex

devices.

In this study, MOF batches were analyzed in terms of particle size distribution and shape.
Raman spectra of individual particles were recorded, enabling to assess the homogeneity of the
MOF population in terms of chemical composition and morphology. Of note, the degradation
of each particle in PBS was monitored up to 8 days, enabling to detect eroded and intact zones
in the same particle. Finally, we showed that the integrity of the MIL-100(Fe) MOFs was

maintained after drug loading and surface modification.
Results and discussion

Synthesis and characterization of nanoMOFs. Nano-scaled MIL-100(Fe) particles were
successfully prepared as reported by a solvent-free and fluoride-free “green” hydrothermal
microwave assisted method using as reactants iron chloride and trimesic acid®*. As schematized
in Fig.1A, the spontaneous coordination of Fe(lll) trimers and trimesic acid generates hybrid
supertetrahedra which further assemble into a zeotypic architecture consisting of: i) small
mesoporous cages (@ =25 A), delimited by pentagonal openings (5.6 A) and ii) large
mesoporous cages (@ =29 A) accessible through both pentagonal and larger hexagonal
windows (8.6 A)!'. The nanoMOFs’ Powder X-Ray Diffraction (PXRD) patterns and nitrogen
porosimetry BET surface areas (Sgetr = 1690 + 50 m?/g) are in agreement with previously
published data'>?°,

As illustrated in Fig.1B, the nanoMOFs appear as small crystals with a faceted morphology and
rhombic structures. The Transmission Electron Microscopy (TEM) analysis of more than 8000
nanoMOFs particles allowed estimating their average diameter of 187 £ 55 nm and a mean
circularity of around 0.89 (Fig, 1C) in agreement with the sharp-edged shapes observed by TEM
(Fig 1B). The mean diameter of the nanoMOFs measured by Differential Light Scattering
(DLS, number values) is 216 + 21 nm with a polydispersity index (Pdl) of 0.131.

In a complementary approach, the size of individual nanoMOFs was determined by
nanoparticle tracking analysis (NTA), a method which combines an optical microscope and a
laser illumination unit®. The mean diameter of each particle was calculated from its trajectory
in Brownian motion, using the Stokes—Einstein equation. The obtained mean diameter of 196 +
59 nm (Fig.1D) was in agreement with those obtained by both DLS and TEM studies. These

findings support the fact that the nanoMOFs have a relatively narrow particle size distribution.
Synthesis and characterization of MIL-100(Fe) microMOFs
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MicroMOFs were synthesized by a similar method as nanoMOFs, but with longer reaction
times to allow the crystals to grow larger. The microMOFs displayed a crystalline structure
according to PXRD patterns and nitrogen porosimetry BET surfaces of around 1700 + 60 m?/g.
More than 2000 individual particles were observed by Raman microscopy. Typically, the
microMOFs appeared as crystals with irregular shapes (Fig. 1E). Statistical analysis showed
that microMOFs possess a mean circularity (0.84) slightly lower than the nanoMOFs (Fig. 1F).
MicroMOF samples contained: i) a main population with an average diameter of around 3 pum
and ii) a smaller population of much larger particles of size around 60 um (Fig. 1G). Contrary
to nanoMOFs which had a narrow size distribution, microMOFs possess thus a bimodal size
distribution, possibly because of the difficulty to control crystal nucleation and growth, a
process dependent on many experimental parameters. These findings highlight the importance
to perform individual particle analysis to gain insights into the degradation of MIL-100(Fe)

particles of different sizes.
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Fig.1. Schematic representation of the “green” hydrothermal synthesis of MOFs (A) and their
morphological characterization, including TEM images of nanoMOFs (B) and optical images
of microMOFs (E); circularity for nanoMOFs (C) and microMOFs (F) calculated from more
than 8000 particles for nanoMOFs and 2000 particles for microMOFs, respectively, as well as
size distributions for nanoMOFs (D) and microMOFs (G). Iron polyhedra, oxygen, carbon
atoms are in orange, red and black, respectively.

Degradation of nanoMOFs

To study the effect of phosphates on nanoMOF degradation, the crystalline particles were
incubated in PBS with different phosphate concentrations and in water, as a control. NanoMOFs
incubated in PBS (1.19 mM) at 37°C experienced a rapid degradation, releasing large amounts
(34 + 3 wt %) of their constituting ligand, trimesate, after only 6 h. These data are in agreement
with previously reported studies, where 29.9 £+ 2.1 wt% trimesate was released under similar
conditions 28, Comparable amounts of ligands (31 * 3 wt %) were released but after two days
of incubation in PBS when diluted ten times (0.12 mM)(for details see Sl section). In both cases,
the concentration of nanoMOFs was 0.5 mg/mL, corresponding to 0.1 mM Fe. This highlights
the influence of the concentration of phosphates on the degradation mechanism: the higher the

concentration of phosphates, the faster the degradation of nanoMOFs in PBS.

In contrast, nanoMOFs released negligible amounts (less than 2 wt %) of their trimesate
constituting ligand within two days incubation in pure water at 37°C, in agreement with
previous investigations *>22, where less than 1 wt% trimesate was released after incubation for
three days. This is in agreement with the nanoMOFs’ diameter that remained practically

unchanged over two days incubation in water (224 + 25 nm).

Note that nanoMOFs lost their crystallinity in PBS within only 4 h, whereas they maintained
an intact crystallinity in water, as indicated by PXRD results (Fig. S1).

These observations were well corroborated by TEM investigations, evidencing the nanoMOF
morphological aspects before (Fig. 2A) and after (Fig. 2B) degradation in PBS. Noteworthy,
degradation in PBS leads to a progressive rounding (Fig. 2B) of the nanoMOF sharp initial
edges (Fig. 2A), in agreement with a progressive disorganization of the crystalline 3D structure.
Interestingly, DLS measurements showed that despite the degradation, the nanoMOFs
maintained practically the same mean diameter (Fig. 2C), with a moderate decrease in size from
221 + 24 nm to 187 £ 22 nm after two days incubation in PBS, despite the fact more than 30 %

of their constitutive ligand has left the particles, as shown above.
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In a nutshell, it confirms that these iron carboxylate based nanoMOFs are remarkably stable in
water, but degrade in PBS with a progressive departure of the constitutive organic linkers
associated with an amorphization. However, it is remarkable that despite their dramatic
morphological and structural changes in PBS, nanoMOFs maintain practically unchanged
diameters over two days. Based on these findings, it was interesting to further investigate the
degradation of larger particles (microMOFs) in PBS.

Degradation of MIL-100(Fe) microMOFs

As shown in Fig.2D, MIL-100(Fe) microMOFs are red-orange crystals with irregular shapes.
The red color is attributed to Fe®" species in the [FesO(OH)(H20)2]%" clusters linked by
carboxylate anions?’. Contrary to nanoMOFs, microMOFs degrade very slowly and therefore
concentrated PBS (11.9 mM) was used to accelerate the process. After 8 days of incubation in
this medium, the particles changed color (Fig. 2E). However, surprisingly, the size of the
particles monitored by Raman microscopy remained unchanged (less than 0.5 % variation in
all dimensions) (Fig. 2F) as it was previously shown in the case of nanoMOFs. Grey regions
(arrows in Fig. 2E) were clearly observed, whereas the core of the particles maintained its initial

red color.

In anutshell, MOF particles degraded with the formation of a grey shell delimiting a red-colored
core. Raman microscopy was further used to study the composition of these different regions

in the same particle.
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Fig.2 Morphology of MIL-100(Fe) nano-and microMOFs and size variations after incubation
in water or PBS. TEM images of nanoMOFs before (A) and after (B) degradation in PBS (1.19
mM) for 6 hours. Size variation (C) of nanoMOFs (100 pg/mL) in MilliQ water (orange) and
PBS (0.12 mM, blue) for 2 days. Images of microMOFs observed by Raman-microscopy before
(D) and after (E) degradation in PBS (11.9 mM) for 8 days; size distribution (F) of microMOFs
before (green) and after (red) degradation.

Individual MIL-100(Fe) particle degradation

Typical Raman spectra of microMOFs show the specific MIL-100(Fe) peaks in the 100-1900
cmt region (Fig. 3). The peak A at 210 cm™ is attributed to the ordered crystalline iron-based
structure, whereas the B bands from 450 cm™ to 600 cm™ are related to lattice vibrations and
network binding modes. The principal peaks in Fig. 3 correspond to the fingerprints of the
trimesate linker, the aromatic ring peaks at 800 cm™ (peak C) and 1000 cm™ (peak D). The E
peaks around 1200 cm™ can be assigned to the C—O—Fe stretching of Fe-trimesate, whereas F
bands ranging from 1400 cm™ to 1600 cm™ are related to the H-O—H bonding vibrations, which

indicate that the Fe-trimesate network contains coordinated water.

Figure 3 presents a typical image of a microMOF particle before (left) and after 8 days
degradation in PBS (right). The morphology was dramatically changed with the appearance of
a sharp transition delimiting a red-colored core (region 1) from a grey shell (region I1). Of note,
Raman microscopy enabled monitoring Raman spectra in both | and Il regions. The spectrum
of region | consisted of peaks very similar to those characteristic of non-degraded MOFs, with
the exception of peak D which was broadened at its base. On the contrary, in region 11, all peaks
disappeared and only a large peak D could be detected. The disappearance of band A indicates
an amorphous phase formation. Peaks B shifted to lower wavelengths, become much broader,
and less resolved, suggesting a change in coordination environment. The disappearance of the
well resolved peaks C could be interpreted as a proof of trimesate release. The band D which
was broadened but did not disappear could be ascribed to symmetric and asymmetric stretching
vibrations of Fe—O-P bonds, strongly indicating the formation of phosphate complexes by
coordination with phosphate ions 2. This is also in agreement with the disappearance of peak

F in the eroded region 11, indicating that coordinated water faded away.
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Fig.3 Raman spectra of a single microMOFs particle of around 50 microns before (brown) and
after (red and blue) degradation for 8 days in PBS (11.9 mM). Raman spectra were recorded on

the same particle, both in the red core (region 1) and in the degraded grey shell (region I1).

In conclusion, Raman spectra gave useful insights regarding MOF degradation in PBS,
suggesting that the most probable degradation mechanism is the competitive replacement of
trimesate by phosphate ions in PBS solution. Advantageously, Raman microscopy enabled
obtaining spectra in different regions on the same particle. To gain further insights on the
degradation mechanism, single particles were tracked over their degradation in PBS during 8
days.

Automated imaging was used to gain a deeper understanding of the kinetics of the degradation
process of each selected particle, since it can provide a direct measurement of the size, shape,
color, surface area, and circularity of each particle. Images were captured every half an hour
during 8 days to track the degradation process. Selected images illustrate the typical
morphologies of one single particle during degradation (Fig. 4). Although shells (eroded zones)
with a grey color were clearly formed and progressively penetrated into the particles, no
significant variation in size could be detected.

Additionally, the variation of mean intensity and surface area was also investigated. Mean
intensity is a precise parameter to evaluate the color of a particle, based on the amount of light
reflected by a particle. The darker the particle, the less is the reflected light, resulting in lower
intensities. Figure 4 shows a sharp increase in the intensity of a MOF particle in the first 6
hours, indicating a rapid color change, which was too subtle to be observed by the naked eye.
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This fast phase was followed by a slower increase in mean intensity, accompanied by no

detectable surface area variation (Fig. 4, progressive phase).
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Fig.4 Kinetic study of the degradation of a microMOFs (size around 50 um in length) in PBS
(11.9 mM) at room temperature. Particle surface area and mean intensity were recorded each
30 min up to 8 days. A fast degradation phase was observed in the first 6 hours with a rapid
increase in mean intensity. A second phase occurred in the following 8 days with the formation

of an eroded zone with a clear color change (progressive phase).

It can be speculated that in the first hours after incubation, a fast coordination reaction occurred
between phosphates in the incubation medium and accessible iron sites at the MOF surface.
This phase was followed by a slower diffusion of phosphates in the eroded region. The
advancement of the degradation front was presumably limited by the diffusion of the reacting
species (phosphates) from the media into the MOFs and by the diffusion of released trimesate

out of the matrix.
Mdossbauer spectrometry

5"Fe Mossbauer spectrometry was applied to MIL-100(Fe) particles to probe several chemical
features of interest, such as the Fe oxidation state, the type of Fe species, the possible presence
of Fe-containing phases different from of MIL-100(Fe) and any Fe oxide resulting from
degradation. Mdssbauer spectra were recorded at 300 and 77K with different velocities and
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only typical Mdssbauer ones are illustrated in Fig. 5. The hyperfine structures result essentially
from the presence of quadrupolar components. The refined values of the isomer shift indicate
unambiguously the presence of only high supersaturation (HS) Fe* species whatever the
sample (nano-and microMOFs) and their degradation state. It could be concluded that no Fe

reduction phenomenon occurred in PBS.

At 300K, the hyperfine structures of the nano-and microMOF samples after degradation was
modified (Fig. 5). Before degradation, the spectrum was well described by means of 3
quadrupolar components (Fig. 5), in agreement with the crystallographic MIL-100(Fe)
structure, while after degradation, quadrupolar doublets with broadened lines were observed.
The best physical description requires a discrete distribution of quadrupolar doublets suggesting
a structure close to that of a typical amorphous structure. The Mdssbauer spectra recorded at
77K are similar to those obtained at 300K at low velocity scale and their corresponding
hyperfine structures confirm previous conclusions (Fig.S2). A deep analysis of the 12 mm/s
spectra at 77K allows a small magnetic component (estimated at about 2% in at Fe) to be
observed, as displayed on the insets of Fig.S2, where relative transmission scale has been
strongly extended. It corresponds clearly to hematite in the case of the degraded microMOFs
while it could be attributed to poorly crystallized hematite (including traces of ultra-fine grains
of goethite). Taking into account the presence of phosphates in the media surrounding the
microMOF, it is plausible that a highly disordered FeP based skeleton phase was formed,

corroborating our previous hypothesis.
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Fig. 5. Mdssbauer spectra of nano-and microMOF obtained at 77 K and at 300K. Spectra of
degraded nanoMOF (Dnano) and microMOF (Dmicro) obtained at 300K.

Energy dispersive X-ray analysis (EDX) was performed in order to obtain the Fe/P ratios of the
intact MOFs, half degraded microMOFs, and totally degraded microMOFs. The results showed
that there is a significant reduction of Fe/P ratios from 1000 (intact MOFs) to 7.6 (half degraded
microMOFs) and 0.9 (totally degraded microMOFs), confirming that P was coordinated inside

the porous MOF structures.

To demonstrate the progressive coordination of phosphates during the degradation process,
Infra-Red (IR) spectroscopy was performed out on micro-MOFs at different degradation times
(see Fig. S3). In addition to the decrease in intensity of the carboxylate stretching bands at ca.
1390 and 1580 cm, one could observe the progressive increase of intensity of the phosphate
bands centered at 1050 cm™. Although one cannot exclude that amorphous Fe oxide is also
formed during the degradation process, this confirms the progressive incorporation of
phosphates throughout of the particles when dispersed into PBS. The broadness of the

phosphate bands is also in agreement with the amorphous character of the degradation product.
MOF stability during drug loading

Gem-MP has been successfully loaded in MIL-100(Fe) MOFs, following the previous

methodology, which acted as efficient “nanosponges”, soaking the drugs from their aqueous

135



solutions to reach within minutes unprecedented amounts (up to 30 wt%) of drug with loading
efficiencies higher than 98%?2*. This is due to the coordination of the phosphate group of the
drug on the Fe metal sites. In this study, the results from Gem-MP quantification by HPLC
showed a high payload of 25 wt%. It is therefore important to investigate if drug loading induces
a degradation of the MOF structure as it was the case when the MOFs were incubated in the

presence of phosphates in PBS.

The drug loaded particles were studied by Raman microscopy. Gem-MP did not present
characteristic Raman peaks in the studied region, facilitating the studies. Fig. 6 does not reveal
any significant differences in the MIL-100(Fe) microMOFs Raman spectra before and after
drug loading. These studies are in agreement with HPLC investigations, showing less than 2%
of loss of the constitutive trimesate. Of note, the microMOFs maintained their crystalline
structure after Gem-MP loading®*. In a nutshell, the MOF 3D structure was maintained after

drug loading with no impact of the drug on the MOF long-range or local structure.
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Fig.6 Effect of loading of Gem-MP in MIL-100(Fe) on the Raman spectra of the particles.
MOFs particles before (red) and after (purple) Gem-MP loading.

Previously we showed that MOFs immersed in PBS degraded with kinetics dependent upon the
phosphates concentration. When Gem-MP was loaded in MOFs at the maximum payload of 30
wt%, the equivalent amount of phosphates was 0.038 mM, whereas the molar ratio P/Fe was

only 0.38, which could explain why MOFs did not degrade during drug entrapment.
MOF stability during coating

Cyclodextrins (CDs) bearing several phosphate anchoring groups (CD-P) were successfully
used to functionalize the surface of MOF particles®. Taking advantage of the fact that the size
of CD-P is larger than the MIL-100(Fe) windows (Fig. 7) the coating could be achieved by a
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simple way consisting in incubating the MOFs with CD-P in water. This “green” method
allowed the formation of CD-P shells within minutes and the coating was stable, even in
biological media®, due to the cooperative coordination between phosphates on CD-P and Fe
sites at the MOF’s surface.

In this study, CD-P coatings were produced on microMOFs following the previous protocol®3.
As reported in the previous work®, elemental analysis was used to evaluate the coating efficacy
of grafting CD-P, showing that around 17 wt% of CD-P was associated to the MOFs. The
particles, before and after coating, were studied by Raman microscopy. Of note, CD-P did not
present any specific peak in the observed region. It was found that after coating, the particles
maintained same morphology, color and Raman spectra, indicating that CD-P surface
modification did not induce particle degradation. Similarly as in the case of drug loading, the
P/Fe ratio in CD-P coated microMOFs was lower than 1 (only 0.6), which could explain why
the microMOFs did not degrade after coating. The good stability of the particles after CD
coating offer thus promising possibilities to load drugs of interest and graft ligands for targeting

purposes.
@ ©
A OO0,
{~ e )
-
EIRER
&% g
B
— Uncoated microMOFs
—CD-P coated microMOFs
% 20 ym
- /\
E f‘\ \
M\JA’M\

200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig.7 Raman spectra of individual MIL-100(Fe) MOF particles, coated or not with P-CD.
Schematic representation of the coating procedure (A) and experimental results (B) for MOF

particles before and after CD-P coating.
Conclusion

Whatever their size, MIL-100(Fe) MOFs degrade in PBS losing their constitutive trimesate
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linkers and eventually became amorphous with a clear impact of the phosphate concentration
and the particle size: the higher the phosphate concentration and the lower the particle the faster
the degradation of the MOF particles. Interestingly, nano-and microMOFs both kept their initial
sizes during degradation but transformed into inorganic edifices. Raman microscopy enabled
gaining insights on the degradation mechanism and showed that intact cores were separated
from the eroded regions by clearly visible erosion fronts. Iron phosphates were identified by
Madossbauer spectrometry (and IR spectroscopy) as main components in the eroded regions. In
contrast, neither drug entrapment and nor particle coating did affect the integrity of the
tridimensional MOF network due to the more diluted conditions. These findings are of interest
in the development of stable drug-loaded MOF particles. Further studies will be focused on the

degradation of other engineered MOF materials of interest in biomedicine.

Materials and Methods

Chemicals. Iron (111) chloride hexahydrate (98%, Alfa Aesar, Schiltigheim, France), 1,3,5-
benzenetricarboxylic acid (BTC, 95%, Sigma-Aldrich, Saint-Quentin-Fallavier, France) and
absolute ethanol (99%, Carlo Erba, Val-de-Reuil, France) were used for MOF synthesis. PBS
(11.9 mM, pH 7.4 = 0.1) was purchased from Life Technology Co., Ltd. (Saint Aubin, France).
It contains 11.9 mM phosphates, 137 mM NaCl and 2.7 mM KCI. Gem-MP (CH12F2N3OP) was
purchased from Toronto Research Chemicals, Canada. Phosphated B-cyclodextrin sodium salt
(CD-P, Cyclolab, CY-2017.1, molecular formula: C42H70047PsNas) was used for coating. Milli-
Q water was obtained from a Millipore apparatus equipped with a 0.22um filter. Reagents and

solvents were used without further purification.

Nano-and micro-MOFs synthesis. MIL-100(Fe) iron trimesate nanoMOFs were synthesized
by adapting a previously described method?. Briefly, nanoMOFs were obtained by microwave-
assisted hydrothermal synthesis from a mixture of iron chloride (8.97 mmol) and BTC (4.02
mmol) in 20 mL of deionized water. The mixture was heated for 6 min at 130°C under stirring.
The power applied was 800 Watts (Mars-5, CEM, US) with a power maximum output 1,600 +
240 Watts and frequency at full power 2,450 mHz. The resulting nanoMOFs, recovered by
centrifugation, were washed with absolute ethanol 6 times to remove the residual non reacted
organic acid. A last centrifugation at 5500 xg was performed during 1 min in absolute ethanol
to sediment the largest particles and recover the supernatants as a suspension of monodisperse

nanoparticles. Nanoparticles were stored wet in ethanol until final use.

To prepare microMOFs, a reaction mixture composed of 2.7 g iron (I11) chloride hexahydrate
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(10.00 mmol) and 2.1 g trimesic acid (10.00 mmol) in 50 mL of water, was placed in a large
Teflon bomb under magnetic stirring for 15 minutes. The Teflon reactor was encased in a metal
bomb with controlled pressure, before being placed in an autoclave with a 1 hour heating ramp
to 130 °C, and held at this temperature for 72 hours. The product was then cooled before being
filtered and was then washed by heating under reflux, first in 700 mL of ethanol at 75 °C for 2
hours and finally in 700 mL of water at 90 °C for 2 hours. The product was then collected by

filtration under vacuum and stored as powder after being dried in air.

MOFs characterization. The crystallinity and purity of MIL-100(Fe) particles were assessed
by PXRD patterns which were collected in a conventional high resolution (6-26) D5000 Bruker
diffractometer (Acu Ko, Ka2) from 1° to 20° (20) using a step size of 0.02° and 4° per step in
continuous mode. The morphologies of microMOFs were investigated by Raman microscopy
(Malvern® Morphologi G3-1D). Briefly, optical images of more than 2000 particles were
captured and statistical analysis of size and circularity were carried out.

Dynamic light scattering (DLS) and Nanoparticle tracking analysis (NTA) were performed by
a Zetasizer (Malvern® Nano-ZS90) and Nanosight (Malvern® LM10), to characterize the size
distribution of nanoMOFs. Zeta potential of nanoMOFs was characterized by a Zetasizer
(Malvern® Nano-ZS90). Nanosight analysis is a combination of a conventional optical
microscope and a laser to illuminate the nanoparticles introduced into the visualizing unit with
a 1.0 mL syringe system. Individual particles could be visualized as point-scatter moving under
Brownian motion. Measurements were performed for 5 times over a period of 60 s at 25°C. The
particle size and concentration were analyzed using the NTA software. Transmission electron
microscopy (TEM) images for nanoMOFs were collected using a JEOL® JEM-2200FS
microscope. The circularity of nanoMOFs was obtained from TEM images and analyzed by

Origin 9.0 software.

Statistical analysis of MIL-100(Fe) degradation. The size distribution and morphology of
MOFs after degradation in PBS were characterized. Briefly, Raman microscopy was applied
for microMOFs to investigate their size and circularity before and after incubation in PBS (11.9
mM) for 8 days. TEM was used for nanoMOFs to observe the morphological variation after
incubation in PBS (1.19 mM) for 6 hours. DLS was used to characterize the mean diameter
variation during degradation of nanoMOFs in PBS with different concentrations (11.9 mM,
1.19 mM and 0.12 mM).
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HPLC determination of the Gem-MP loading and trimesate release. The detection of Gem-
MP and trimesate was carried out in HPLC (Agilent 1100, USA) connected to a Phenomenex
C18 column (4.6 x 250 mm, 5 um) at a flow rate of 1.0 mL/min. For the analysis of Gem-MP,
a mobile phase consisting of 84% buffer (0.2M TEAA):16% MeOH was used. It was detected
at 254 nm with an injection volume of 20 pl. Analysis of trimesate was performed with a mobile
phase containing 90% buffer (5.75 g/L of NHsH2PO4): 10% Acetonitrile (5 mM TBAP). The

injection volume was 5 pl and the detection wavelength was set at 220 nm.

Individual analysis of MIL-100(Fe) degradation. Individual particles were observed by
Raman microscopy and Raman spectra were obtained for degraded and non-degraded particles.
Microparticles were kept in PBS (11.9 mM) for 8 days under the monitor of Raman microscopy.
Images were captured every 30 min to track the degradation process using automated imaging.
Surface areas and intensity mean were extracted from the software and kinetic analysis was
carried out in function of surface areas and intensity mean. Raman spectra were recorded at the

laser wavelength of 785 nm. The laser spot was 3 um in diameter with power output as 15 mW,

Transmission °'Fe Madssbauer spectrometry was performed using a conventional
electromagnetic transducer with a constant acceleration and a >’Co/Rh y-ray source. Mdssbauer
spectra were recorded at 300 K and 77 K using a bath cryostat on samples which consist in a
powdered layer containing about 5 mg of Fe/cm?. The hyperfine structure was modeled by a
least-square fitting procedure involving quadrupolar doublets and/or Zeeman sextets composed
of lorentzian lines using unpublished program ‘MOSFIT’. The isomer shift values (IS) are

referred to that of a-Fe at 300 K, used as a standard to calibrate the spectrometer.

EDX analysis. The chemical compositions of the samples were determined by EDX performed
on a FEI Magellan 400 Scanning Electron Microscope. Three samples were analyzed: i) intact
MOFs; ii) half degraded microMOFs; iii) totally degraded microMOFs. Twelve spectra were
obtained for each sample and the content of P, Fe, and Cl was calculated by getting the average

of the 12 spectra. Finally, Fe/P ratios were calculated for each sample.

PXRD analysis. PXRD patterns were collected in reflection mode using a PANalytical
Empyrean Series 2 diffractometer with an average wavelength of 1.541 A Cu Ka (45 kV and
40 mA). Measurements were performed at room temperature between 3° and 100° in 20, using

a step size of 0.026° step, and a counting time per step of 200 s.

Investigation of drug loaded MIL-100(Fe). Gem-MP was loaded in microMOFs by adapting
a previously described method . Briefly, MOFs in ethanol were re-dispersed in water under
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gentle magnetic stirring overnight. Then Gem-MP loaded MOFs were prepared by soaking for
one week microMOFs in Gem-MP aqueous solution (0.5 mg/mL) using a weight ratio 1:2
(Gem-MP: microMOFs) to reach maximal loadings of 30 wt%. Afterwards, Raman spectra of

Gem-MP loaded MOFs were obtained by Raman microscopy.

Investigation of CD-P coated MIL-100(Fe). MIL-100(Fe) MOFs were coated with CD-P as
previously described®. Briefly, MOFs were suspended in a CD-P aqueous solution under gentle
stirring at room temperature for 24 hours. The initial MOFs/CD-P weight ratio was 1:0.5, and
the final MOFs concentration was 4 mg/mL. The coated MOFs were recovered by
centrifugation (5000 g for 5 min) and were washed with deionized water in order to remove the
excess CD-P which was not associated to the MOFs surface. Finally, Raman spectra and images

of CD-P coated MOFs were recorded by Raman microscopy.
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Supplementary Methods

Trimesate release from nanoMOFs in PBS. NanoMOFs were incubated in PBS (11.9 mM,
1.19 mM and 0.12 mM) at 37°C. The samples were centifugated and the amount of trimesate
in the supernatant was assessed by HPLC. Analysis of trimesate was performed with a mobile
phase containing 90% buffer (5.75 g/L of NH4H2PO4): 10% Acetonitrile (5 mM TBAP). The
injection volume was 5 ul and the detection wavelength was set at 220 nm. As controls, MOFs
were incubated in water instead of PBS under the same conditions and trimesate release was

monitored.

PXRD analysis. The crystallinity and purity of MIL-100 (Fe) nanoMOFs before and after
degradation were assessed by PXRD. PXRD patterns were collected using a high resolution (6-
20) D5000 Bruker diffractometer (Acu Ko, Ka2) from 1° to 90° (26) using a step size of 0.02°
and 4° per step in continuous mode. Four samples were used for the analysis: i) intact
nanoMOFs; i) totally degraded nanoMOFs after incubation in PBS (11.9 mM) for 4 h; iii) half-
degraded microMOFs after incubation in PBS (11.9 mM) for 3 days, and iv) totally degraded
microMOFs after incubation in PBS (11.9 mM) for 1 month.

Fourier transform infrared spectroscopy (FTIR) analysis. 100 mg of microMOFs were
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incubated in 50 mL of PBS (11.9 mM) at 37 °C with stirring speed at 100 rpm. The samples
were collected by centrifugation after incubation for 1 h, 2 h, 4 h, 6 h, 12 h, 24 h, 3d, 5d, and
7 d. The samples were dried at 100°C overnight. IR spectra were recorded in KBr disk on a
Nicolet 205 FTIR.

Supplementary Results

NanoMOFs degraded quickly in concentrated PBS (11.9 mM), with their crystallinity lost (Fig.
S1) and 32 £ 3.0 wt % of trimesate released after 4 hours incubation (Table S1). When PBS
was diluted to 1.19 mM, it took 6 hours to get totally degraded, releasing 34 + 2.6 wt % of
trimesate. NanoMOF can also be degraded even in extremely diluted PBS (0.12 mM), releasing
31 + 2.8 wt % after two days incubation. Whereas, there was no degradation observed in water
after 2 days incubation, with less than 2 wt % of their trimesate released and the crystallinity

well preserved.

Table S1. Trimesate release of nanoMOF in PBS (11.9 mM, 1.19 mM, and 0.12 mM) and in

water during incubation at 37°C.

PBS concentration (mM) Incubation time (h) Trimesate release (wWt%)
11.9 4 32+3.0
1.19 6 34+26
0.12 48 31+238
0 (water) 48 <2+02
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Fig. S1. PXRD pattern of intact nanoMOFs (black), totally degraded nanoMOFs (green), half-
degraded microMOFs (red), and totally degraded microMOFs (blue).

The Mdssbauer spectra at 77K of degraded nanoMOF and microMOF are illustrated in Fig. S2.
Experiments were performed at 2 and 12 mm/s. The low velocity scale spectra are similar to
those obtained at 300K and their corresponding hyperfine structures confirm previous
conclusions. A deep analysis of the 12 mm/s spectra at 77K allows a small magnetic component
(estimated at about 2% in at Fe) to be observed, as displayed on the insets of Fig.S2, where
relative transmission scale has been strongly extended. It corresponds clearly to hematite in the
case of the degraded microMOFs while it could be attributed to poorly crystallized hematite

(including traces of ultra-fine grains of goethite).
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Fig. S2 Mdssbauer spectra at 77K of degraded nanoMOF and microMOF

Energy dispersive X-ray analysis (EDX) was performed in order to obtain the Fe/P ratios of the
intact MOFs, half degraded microMOFs, and totally degraded microMOFs. The results showed
that there is significant reduce of Fe/P ratios from 1000 (intact MOFs) to 7.6 (half degraded
microMOFs) and 0.9 (totally degraded microMOFs), confirming that P was coordinated inside

the amorphous matrices of MOF structure during the degradation process.

Table S2. Fe/P ratios of the intact MOFs, half degraded microMOFs, and totally degraded
microMOFs.

Type of MOFs Fe (%) P Fe/P
intact 92.55+1.43 0.09+0.41 ~ 1000

Half-degraded 74.94 +£3.10 9.89 + 3.64 ~76

Totally degraded 42.60 £ 11.98 44,57 £ 13.26 ~0.9
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Fig. S3 FTIR spectra of microMOFs during their degradation in PBS
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Subchapter 4.2

Two drugs in two different mesoporous cages inside the same nanoparticle:

design and applications

In preparation
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General Objectives and Author Contributions

Because of their high pore volumes and surface areas, MIL-100 (Fe) was shown to load a series
of drugs, such as antibiotics and anticancer drugs, which are able to efficiently penetrate within
the porous MOF structures. However, to the best of our knowledge, there is no report on
synergic drugs co-encapsulation in MOF particles yet. Combinatorial drug therapies emerge
among the most promising strategies to treat complex pathologies such as cancer and severe
infections. Herein, Amoxicillin (AMOX) and Potassium Clavulanate (CL), the typical synergic

antibiotics, were chosen for drug co-encapsulation in MIL-100 (Fe).

As described before, MIL-100 (Fe) contains two types of cages: small cages (24 A) with
pentagonal (5.6 A) window and large cages (29 A) with hexagonal windows (8.6 A). The
dimension of AMOX (12x9x4 A) allows it penetrate only within the large cages. CL, with a
significant smaller dimension (8x5x4 A) than AMOX, is expected to travel through both the
large and small cages. Interestingly, AMOX has larger affinity than CL, making it occupy the
large cages and CL in the small cages.

Briefly, this study included four parts:

1) AMOX or CL was encapsulated as single component by by a simple “green” methods, where
the as-synthesized nanoMOFs were impregnated the in aqueous drug solutions. The
encapsulated AMOX and CL loadings plateaued at 13 and 27 wt%, respectively.

2) Co-encapsulation of AMOX and CL was achieved by impregnating the as-synthesized
nanoMOFs in aqueous drug combination solutions. High payloads for both drugs were
obtained: 13 wt% for AMOX and 22 wt% for CL, which is quite similar to the individual drug
loadings.

3) Molecular simulations showed that each drug located in a separate compartment within the
interconnected 3D structure of nanoMOFs.

4) In vitro study on infected macrophages indicated that the drug loaded nanoMOFs were
efficiently internalized in the cells, and surprisingly, could co-localize with the bacteria and act
synergistically with the entrapped drugs to kill intracellular bacteria.

All the authors have contributed in this work. X. Li performed the experiments on the
nanoMOFs synthesis, characterization and drug loading, and also contributed to the analysis of

the data and writing of the main manuscript.
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Abstract

Combinatorial drug therapies emerge among the most promising strategies to treat complex
pathologies such as cancer and severe infections. Metal-organic frameworks nanoparticles
(nanoMOFs) were used here to address the challenging aspects related to the co-incorporation
of a drug combination. Amoxicillin (AMOX) and potassium clavulanate (CL), a typical
example of drugs used in tandem, were efficiently co-incorporated with payloads up to 36 wt%.
Each drug adopted a different penetration pathway to eventually locate in a separate
compartment within the porous interconnected frameworks. Molecular simulations predicted
drug loadings and locations and corroborated well the experimental findings. Furthermore,
nanoMOFs were efficiently internalized in macrophages infected with S. aureus, were found in
high amounts nearby the pathogen and contributed together with the entrapped drugs to
eradicate it. These results pave the way towards the design of engineered nanocarriers in which
both the loaded drugs and their carrier play a role in fighting intracellular infections.
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The treatment of complex pathologies such as cancer and severe viral or bacterial infections
involves taking into consideration multiple molecular and genomic pathways. In this context,
combinatorial drug therapies are considered among the most effective strategies 1 and a recent
trend is to co-incorporate synergic drugs in nanoparticles (NPs) able to target them to the
diseased sites. Indeed, nanotechnology revolutionizes drug delivery by achieving: i) drug
targeting; ii) transcytosis of drugs across biological barriers; iii) delivery of drugs to

intracellular targets and iv) visualization of sites of drug delivery (theranostics).

The treatment of intracellular infections is particularly challenging, requiring the drugs to
bypass cellular membranes to reach their target, the pathogens located in intracellular niches.
Unfortunately, many drugs poorly penetrate inside cells, necessitating to increase the
administered doses with might lead to side effects and drug resistance. Ideally, drugs could be
loaded in NPs, which would act as “Trojan horses” to co-localize with the pathogens and release
their drug cargo. Amoxicillin (AMOX) and potassium clavulanate (CL) are typical examples
of drugs used in tandem to treat a variety of bacterial infections, mainly rhinosinusitis, ear
infections, pharyngolaryngitis, tonsillitis, bronchitis and urinary tract infections®. However,
these polar drugs are poorly permeable across the cell membranes and lack efficacy in

intracellular infections.®8

There are still few examples of NPs with different compartments engineered for drug co-
incorporation. Anisotropic Janus NPs ®*2, nanocapsules® and polymersomes'#®are composed
of several macroscopic compartments, each one being adapted to accommodate a specific drug.
Nevertheless, the preparation methods of anisotropic NPs are relatively complex and require
the use of organic solvents and surfactants. Another example is porous NPs in which drug
combinations were physically adsorbed®®”. However, as a general trend, when drugs were co-
encapsulated, they impeded each other leading to dramatically reduced loadings. For example,
the loading of gemcitabine monophosphate in NPs made of coordination polymers was

drastically reduced from 57 + 2 wt% to 12 + 2 wt% when oxaliplatin was co-encapsulated®.

NanoMOFs based on porous iron (I11) trimesate were used here to address the challenge of co-
incorporating drugs with high loadings. NanoMOFs have emerged as a new class of versatile,
biodegradable and non-toxic drug nanocarriers °2%. Because of their high pore volumes and
surface areas, nanoMOFs were shown to load unprecedented amounts (within the 20-150 wt %

range) of a series of drugs able to efficiently penetrate within the porous MOF structures 1%2022-
25

154



Here we show that AMOX and CL can be efficiently co-incorporated in nanoMOFs following
a solvent-free “green” procedure. Each drug was located in a specific compartment inside the
porous nanoMOF structure, following a distinct incorporation mechanism. Remarkably,
molecular simulations predicted the location of each drug as well as the maximal loadings, in
good agreement with the experimental results. Advantageously, a high number of cell-
internalized nanoMOFs were found to co-localize with bacteria and to degrade within hours.
Contrary to free drugs, drug-loaded nanoMOFs efficiently reduced the intracellular bacterial

loads, in vitro in a model of macrophages infected with Staphylococcus aureus (S. aureus).

Results and discussion

NanoMOFs synthesis and drug incorporation

NanoMOFs made of non-toxic mesoporous iron (I11) trimesate MIL-100(Fe) (MIL standing for
Material from Institute Lavoisier) are of particular interest for drug encapsulation. MIL-100(Fe)
nanoMOFs are built up from iron (111) octahedra trimers and trimesate linkers (1,3,5-benzene
tricarboxylate) that self-assemble to build a porous architecture delimiting two types of
compartments: large (29 A) and small (24 A) mesoporous cages (Fig.1). The two types of cages
are accessible for drug adsorption inside the crystalline MOF structure through microporous
pentagonal (~5 A) and hexagonal windows (~9 A) 2.

Large cage
Amoxicillin Q
(~12x9x4A)
NH |, ' ’
HO 04 N%CHa & =3A 4!
07 0H > "‘?%
Potassium clavulanate N
(~8x5x4A) g
H ey
-0 OH ('\ o
;NJJ o~ A
! N
(e} P e
coxk* ¢ i

MIL-100 (Fe)

Figure 1. Schematic representation of drug incorporation in nanoMOFs. AMOX, bulkier
than CL, can only cross the large hexagonal windows, whereas CL can penetrate through both
pentagonal and hexagonal windows. Therefore, AMOX and CL are prone to locate in large or

in large and small cages, respectively
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MIL-100(Fe) nanoMOFs with mean diameters of 273 + 23 nm and BET surface areas of 1490
+ 100 m2.g* were successfully prepared by a solvent-free “green” hydrothermal method. They
displayed a crystallized structure in agreement with previously reported data?*?’ and a facetted

morphology (Fig. 2a).

Figure 2. Microscopic investigation of nanoMOFs before and after their internalisation in
J774 macrophages. TEM images of nanoMOFs: empty (a), loaded with AMOX and CL (b)
and after 4 h degradation in PBS (c). J774 cells before (d, insert) and after (d, black arrows)

nanoMOF uptake (optical microscopy). TEM images of cellular compartments containing

nanoMOFs after 1 h (e) and 6 h (f) incubation with cells.

In a first step, AMOX and CL were encapsulated as single components by impregnating the as-
synthesized nanoMOFs in aqueous solutions of each drug. The molecular dimensions of
AMOX (12x9x4 A) (Fig. 1) are very similar to the ones of azidothimidine-triphosphate (AZT-
TP) which was previously shown to exclusively access the large cages of MIL-100(Fe) through
the hexagonal windows 2°. Given its dimensions, AMOX is expected to cross only the large
hexagonal MOF windows to access the large cages. In contrast, CL, with significant smaller
dimensions (8x5x4 A) than AMOX (Fig. 1), is able to cross both the pentagonal and the
hexagonal windows of the interconnected 3D structure allowing the occupancy of both small
and large mesoporous cages.

In drug loading experiments, nanoMOFs suspensions were incubated with aqueous drug
solutions with increasing concentrations to estimate the maximal loadings for each drug (Fig.
3a). At weight ratios nanoMOF: drug of 32:1, the encapsulation efficiencies (EE) were higher
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than 98%, showing that the drugs were efficiently soaked by the MOF “nanosponges” from
their aqueous solutions (for EE calculations see methods 1.3). This clearly shows the excellent
affinity of nanoMOFs for the studied antibiotics and is in line with recent findings showing that

MOFs can be used to remove trace antibiotics as pollutants in wastewater.

Maximal AMOX and CL loadings were 13 and 27 wt%, respectively. Even at these maximal
loadings, the morphology and crystalline structure of the nanoMOFs were unaffected, as
revealed by: i) identical powder X-ray diffraction patterns before and after encapsulation (Fig.
S1) and ii) similar shape and facetted morphologies of the pristine and the drug-loaded
nanoMOFs (Fig. 2b).
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Figure 3. (Co)-incorporation of drugs as a function of the NanoMOF: drug ratio used in
the preparation procedure (green: AMOX; red: CL). (a) Incorporation of individual
drugs; (b, ¢) Co-incorporation of AMOX and CL

The nanoMOFs loaded with maximal amounts of AMOX (13 wt%) had similar mean diameters
(284 £ 18 nm) as the unloaded ones (273 + 23 nm). However, an aggregation was observed
with CL-loaded nanoMOFs at their maximal loading (27 wt%). In this case, the mean diameters
reached 457+46 nm after CL incorporation. Possibly, a fraction of CL located in the nanoMOF

top layers induced a bridging effect, leading to their aggregation.

The proof that the drugs were mainly located inside the nanoMOF cages and not at the external
surface came from BET experiments. After encapsulation of maximal amounts of AMOX and
CL, BET surfaces decreased from 1490 m?.g™* to 994 and 643 m?.g* for AMOX and CL at
maximal loadings, respectively. These findings are consistent with an efficient pore filling by
the encapsulated molecules, without altering their tridimensional crystalline structure, as

previously reported with other drugs 192223,
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Molecular simulations of drug incorporation

Molecular simulations were performed to gain further understanding on the possible location
of AMOX and CL and their interactions with the host MOF matrices. Grand Canonical Monte
Carlo (GCMC) simulations were conducted first to predict the optimal uptake for both drugs as
single components in MIL-100(Fe), taking into account the NP available porous volume (for

details see methods 1.4).

The simulated AMOX uptake in the nanoMOFs of 15.5 wt% was in good agreement with the
experimental data (13 wt%). This is in good agreement with the experimental N2 adsorption
data which showed that the BET surface area evolved from 1490 m2.g™ (empty nanoMOF) to
994 m2.g (nanoMOF loaded with AMOX at their maximal capacity). These data support the
assumption that AMOX was exclusively incorporated in the large cages of MIL-100(Fe) since

the volume ratio between large cages and small cages is 1:2.

Contrary to AMOX (12x9x4 A), CL, with significant smaller dimensions (8x5x4 A) (Fig. 1),
is expected to penetrate through the entire MOF 3D structure, allowing the occupancy of both
small and large mesoporous cages. Indeed, this assumption was confirmed experimentally by a
drastic reduction of the BET surface after CL incorporation (643 m2.gl), as compared to
AMOX-loaded nanoMOFs (994 m?.g™) and empty ones (1490 m?.g™t). Moreover, the simulated
CL uptake of 30.6 wt% was in good agreement with the experimental loading of 27 wt%.
Altogether, these data unambiguously demonstrate that when adsorbed as a single component,
CL accommodates in both types of MIL-100(Fe) cages.

Co-incorporation of AMOX and CL

Furthermore, AMOX and CL were co-incorporated in the nanoMOFs by the same “green”
strategy used for single drugs and consisting in incubating the nanoMOFs with aqueous
solutions of both drugs. Extensive studies were carried on, by varying the molar ratio AMOX:
CL in an attempt to gain insights on the competition between the two drugs for the nanoMOF
cages. Fig. 3b shows that when AMOX was loaded at 13 wt%, i.e. the maximal nanoMOF
capacity previously determined for this drug, it was still possible to load additional 22 wt% CL
in the MOFs. More precisely, Fig. 3b shows that whatever the AMOX content in the nanoMOFs
(from 2 to 13 wt%), the amount of CL which could additionally be loaded was practically
constant (20 + 2 wt%). This overrules the possibility that AMOX impedes CL incorporation in
the nanoMOFs. Moreover, the AMOX loadings were unaffected by CL loading (13 + 0.9%, 13
+ 0.8% for AMOX with or without CL). In conclusion, AMOX and CL could be simultaneously
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loaded without impeding each other. The combinational payload reached at maximum 35 wt%,
including 22 wt% of CL and 13 wt% of AMOX.

As in the case of single drugs, co-incorporation of AMOX and CL did not alter the nanoMOF
crystalline structure (identical X-ray diffraction patterns, Fig. S1) nor their morphology (Fig.
2b). Interestingly, after co-incorporation of both drugs at their maximal loadings (13 wt% and
22 wt% for AMOX and CL, respectively) there was less than 10% variation of the mean
diameters (273 + 23 nm and 298 + 9 nm, before and after drug loading, respectively). The

nanoMOFs loaded with both drugs were stable upon storage and in cell culture media.

As previously, GCMC simulations were performed to gain insights into the possible locations
of co-incorporated AMOX and CL. A careful analysis of the GCMC runs evidenced that each
drugs followed a distinct pore filling mechanism. The AMOX molecules were almost
exclusively incorporated in the large cages with an uptake of 15.5 wt%, identical to the one
simulated above in the case of AMOX adsorption as single component. In contrast, CL was
able to accommodate both small and large cages. Interestingly, almost all the entire fraction of
the encapsulated CL molecules occupied the small cages with less than 5% CL located in the
large cages near the windows. The simulated CL uptake in these compartments was 20 wt%, in
excellent agreement with the experimental results (22 wt%). In conclusion, GCMC simulations
were a powerful tool to predict the competitive adsorption of AMOX and CL in MIL-100(Fe)
nanoMOFs.

Furthermore, the density probability plot reported in Fig. 4 clearly showed that the drugs were
characterized by totally different distributions inside the MOF. The two distinct preferential
adsorption regions (AMOX, green and CL, red) suggest independent incorporation

mechanisms.
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Figure 4. Density probability plots for AMOX (green) and CL (red) in the cages of MIL-
100(Fe). Data were extracted from the GCMC simulations conducted for the co-encapsulation
of the two drugs (uptakes of 15.5 wt% and 20 wt% for AMOX and CL, respectively).

The preferential arrangements of AMOX and CL in the large and small cages, respectively,
were determined by Monte Carlo simulations (see methods 1.4). Figure 5a shows that in the
large cage, AMOX adapted its conformation to establish relatively strong interactions with the
cage walls, displaying several interacting pairs characterized by distances below 3.0 A. More
precisely, the carbonyl and the hydroxyl functions of AMOX interacted with the Fe metal sites
and the carbonyl groups of the MIL-100(Fe) framework, respectively. As illustrated in Fig.5b,
CL showed similar interactions as AMOX with the small cage walls, although this molecule
contains a lower number of active sites as compared to AMOX. The calculated interacting
distances were significantly longer, suggesting a weaker host/drug interaction. These results
were confirmed by simulated adsorption enthalpies, which were in the rage of -224 kJ/mol and
-150 kJ/mol for AMOX and CL, respectively. In a nutshell, simulation studies clearly
demonstrated that AMOX has a stronger affinity than CL for the MIL-100(Fe) framework. This
supports the previous experimental findings, which showed that once incorporated in the large
cages, AMOX couldn’t be displaced by CL, a drug with lower affinity than AMOX for the
nanoMOFs.
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Figure 5. Preferential geometries of AMOX (a) and CL (b) in the large and the
small mesoporous cages of MIL-100(Fe), respectively. Calculations were issued from Monte
Carlo simulations performed with one drug molecule per cage. For clarity reasons, the
hydrogen atoms of the framework are not represented. The characteristic drug/MOF interacting

distances are reported in A.

Given the capacity of MIL-100(Fe) nanoMOFs to incorporate high amounts of both AMOX
and CL (total loading 35 wt%), these nanocarriers were further studied in vitro on infected cells

to test their antibacterial properties.
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Uptake of nanoMOFs by macrophages and effects on intracellular S. aureus

S. aureus possesses several virulence mechanisms to accommodate a diversity of niches. On
one side, S. aureus can be the production of toxins that favor cell lysis and tissue destruction in
acute infections. On the other side, it can invade and survive in host cells such as epithelial
cells, osteoblasts, neutrophils or macrophages and be responsible for chronic infections. Indeed,
several main antibiotics such as p-lactams and aminoglycosides lack of efficacy to eradicate
intracellular pathogens 25282 as they can poorly bypass cell membranes and/or are rapidly
cleared off by efflux pumps (Fig. 6a). Contrary to free drugs, nanoMOFs are able to efficiently
penetrate inside infected macrophages and to release their drug cargo near pathogens could be
powerful alternatives to treat intracellular infections 262°3!, The ability of nanoMOFs loaded
with AMOX and CL to address this important goal was tested here. Firstly, the cytotoxicity of
nanoMOFs at various concentration was tested (data not shown). The nanoMOFs were found
to be non-cytotoxic in J774 macrophages at concentrations up to 50 pg/mL. Indeed, after 24 h
of contact with nanoMOFs, cell viability was higher than 90%. The internalization of

nanoMOFs by macrophages was studies at concentration of 25 pg/mL.

Efficient internalization of nanoMOFs is crucial to eliminate intracellular pathogens. The
presence of nanoMOFs was first confirmed by optical microscopy investigations (Fig. 2d). It
was found that nanoMOFs were efficiently taken up by J774 cells, mainly by phagocytosis and
in a lesser extent by a clathrin-dependent pathway (Fig. S2). In agreement with these findings,
a large number of nanoMOFs were found in endosomal or/and phagolysosomal compartments
of non-infected cells (Fig. 2e). After 6 h incubation, the nanoMOFs degraded inside these
compartments, showing a blurry transparent structure (Fig. 2f) similar to the previous one

reported in in vitro degradation studies in PBS®2,
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Figure 6. The internalization of drug loaded nanoMOFs in infected macrophages and
their antibacterial effects. Schematic representation (a); TEM images of J774 macrophages
showing nanoMOFs co-localized with S. aureus after 1 h incubation (b, red arrows) and
partially degraded after 6 h (c, red arrows); Antibacterial effects of free AMOX, empty and
drug-loaded nanoMOFs on S. aureus (ATCC55585) (d) and of AMOX and CL on a clinical
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penicillin-resistant S. aureus (e).

Finally, we investigated the effect of nanoMOFs on intracellular S. aureus in in vitro cell
infection models using J774 murine macrophages. Cells were first pre-incubated with
nanoMOFs, loaded or not with drugs, during 2 h. Then, cells were washed and infected with S.
aureus for 2 h. At the end of the infection time, extracellular bacteria were eliminated and cells
were incubated with gentamicin for 1 h or 6 h. This experimental protocol allowed us to focus
on killing of intracellular staphylococci by internalized nanoMOFs without dealing with what
happens in the extracellular environment. First, we evaluated the effect of empty nanoMOFs
and AMOX-loaded nanoMOFs on penicillin-susceptible S. aureus ATCC 55585. As we
observed on TEM images, several nanoMOFs were found to co-localize with intracellular S.
aureus in the phagosomes of infected cells, even after 1h post incubation (Fig. 6b). After 6 h
incubation, intracellular nanoMOFs structure became blurred indicating their degradation as it
was observed in non-infected cells (Fig. 2f, Fig. 6b). Quantification of intracellular
staphylococci reported a decrease of 80% after 6h incubation with AMOX-loaded nanoMOFs.
As expected, free AMOX known to poorly penetrate inside the cells**** had no effect on
intracellular bacteria. Interestingly, a decrease of intracellular bacteria number was also
reported with empty nanoMOFs (Fig. 6d). The bactericidal effect of this cell-internalized free
nanoMOFs was reported proportional both to the amount of nanoMOFs initially in contact with
the cells and the incubation time (Fig.S3). A significant bactericidal effect of empty nanoMOFs
was observed when the amount of nanoMOFs initially in contact with the cells was higher than

12.5 pg/mL and after 6 h of incubation.

To confirm our results and test the co-encapsulation biologic activities, we evaluated the
intracellular efficacy of nanoMOFs loaded with AMOX and CL on a clinical penicillin-resistant
S. aureus. We still observed a decrease of the number of intracellular staphylococci with empty
nanoMOFs, but this effect was not significantly enhanced by the incorporation of AMOX or of
AMOX and CL (Fig. 6e). Experiments with longer incubation times (up to 24 h) gave similar
results. The antibacterial effect of empty nanoMOFs on intracellular bacteria overwhelmed that
of the incorporated drugs. Of note, nanoMOFs had no direct effect on S. aureus (MIC > 250
pg/mL). Further studies will be needed to decipher the bactericidal effect of nanoMOFs which
could be related to reactive oxygen species (ROS) production 3526, without toxic effects of the

J774 macrophages.
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Conclusion

Here we showed for the first time that two drugs can be efficiently incorporated in MOFs, each
one being preferentially adsorbed in the large or small mesoporous cages. The drugs followed
individual incorporation mechanisms without impeding each other, resulting in total loadings
as high as 35 wt%. Molecular modelling corroborated well the experimental findings and
predicted the preferential location of each molecule. It was discovered that, nanoMOFs were
prone to co-localize with intracellular pathogens and had an intrinsic bactericidal action,
contributing, together with the incorporated drugs, to reduce the bacterial loads. These results
pave the way towards the design of engineered NPs in which each component (drugs and

nanocarrier) plays a role in fighting intracellular infections.
Methods

Methods, including statements of data availability and any associated accession codes and

references, are available.
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Materials and Methods

1.1 Materials

Chemical materials. Iron (111) chloride hexahydrate (98%, Alfa Aesar, Schiltigheim, France),
1,3,5-benzenetricarboxylic acid (BTC, 95%, Sigma-Aldrich, Saint-Quentin-Fallavier, France)
and absolute ethanol (99%, Carlo Erba, Val-de-Reuil, france) were used for the synthesis of
nanoMOFs. AMOX and CL were purchased from Sigma-Aldrich. All the chemicals were used

without further purification.

Cell culture. Murine macrophages J774 were grown in RPMI-1640 medium (BioWhittaker,
Walkerville, MD, USA) supplemented with 10% v/v decomplemented fetal bovine serum
(FBS) (Cambrex BioSciences, Verviers, Belgium) at 37°C in humidified air containing 5%
COo.. Lactate dehydrogenase leakage (LDH, Sigma-Aldrich) were used for toxicity evaluation
of nanoMOFs.

NanoMOFs internalization assay. Cytochalasin D 5upg/mL, Latrunculine A 400 nM,
Wortmannin 300 nM, Chlorpromazine 20 uM, Ikarugamycin 4 uM, methyl-f-cyclodextrin
(MB-CD 1 mM, Genistein 100 pM, Fillipin 11l 1 pM (Sigma-Aldrich) were used as
pharmacological inhibitors to investigate the nanoMOF mechanisms of cell internalisation.
Tiron (Sigma-Aldrich) was used to inhibit the ROS effect. Prussian blue staining (Sigma-

Aldrich) was used as Iron staining kit to visualise the intracellular nanoMOFs.

Bacterial culture. The beta-lactam sensitive S. aureus (ATCC55585) stock strains were
maintained in 20% glycerol at -80°C. Before experiments, the bacteria were transferred onto
fresh Brain Heart Infusion (BHI)/ agar (Difco, Invitrogen, Cergy-Pontoise, France) and
incubated at 37°C for 24 h. For each experiment, bacteria were subcultured in BHI (medium)
at 37°C for 18 h. The day of the experiment, the bacteria were washed twice with sterile PBS,
counted in a Salumbini chamber, and adjusted to 5x10° bacteria/mL in RPMI-1640 medium

supplemented with 10% v/v FBS.
1.2 MIL100 (Fe) nanoMOFs synthesis and characterization

NanoMOFs synthesis. MIL100 (Fe) iron trimesate nanoMOFs were synthesized by adapting a
previously described method?. Briefly, nanoMOFs were obtained by microwave-assisted
hydrothermal synthesis from a mixture of iron chloride (8.97 mmol) and BTC (4.02 mmol) in
20 mL of deionized water. The mixture was heated 6 min at 130°C under stirring. The power
applied was 400 Watt (Mars-5, CEM, US) with a power maximum output 1,600 £ 240 Watts
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and frequency at full power 2,450 mHz. The resulting nanoMOFs were recovered by
centrifuging 10 min at 10,000 xg and washed with absolute ethanol 6 times to remove the
residual non reacted organic acid. A last centrifugation at 5500 xg was performed during 1 min
in absolute ethanol to sediment the largest particles and recover the supernatants as a suspension

of monodisperse nanoparticles. NanoMOFs were stored wet in ethanol until final use.

NanoMOFs characterization. The cristallinity and purity of MIL-100 (Fe) nanoMOFs were
assessed by X ray powder diffraction (XRPD) patterns which were collected in a conventional
high resolution (6-20) D5000 Bruker diffractometer (Acu Ko, Ka2) from 1° to 20° (26) using a
step size of 0.02° and 4° per step in continuous mode. The size distribution and Zeta potential
of nanoMOFs were characterized by dynamic light scattering (DLS; Malvern® Nano-ZS)
nanosight (NTA, LM10 Nanosight), and using a Zetasizer (Malvern® ZSP, UK) respectively.

Nanosight analyses combines a conventional optical microscope with a laser to illuminate
nanoparticles in Brownian motion. Particles could be visualised one by one as moving point-
scatters. Each measurement was repeated 5 times, at room temperature. The particle size

distribution was determined using the NTA software.

Transmission electron microscopy (TEM) images were collected in a Darwin 208 Philips
microscope (60-80-100 KV; Camera AMT). The nanoparticles porous surface was measured
by nitrogen sorption experiments at -77 K on a ASAP 2020 (Micromeritics) after sample’s

outgassing at 150°C for 18 h under secondary vacuum.
1.3 Drug incorporation

Drugs were loaded within MIL-100 (Fe) nanoMOFs simply by impregnation of well defined
amounts of nanoMOFs and drug(s) solutions in water. Practically, 1 or 4 mg of nanoMOFs
were centrifuged for 10 min at 10,000 g and re-suspended in 1 mL of aqueous drug solutions
(concentrations from 0.125 to 1 mg/mL) or water as a control. After incubation for 12 h under
gentle stirring, the nanoMOFs were recovered by centrifugation (10,000xg, 10 min) and the
non-encapsulated drug in the supernatant was quantified by adapting a previously described
HPLC method®’. Specifically, HPLC analysis was performed on a Waters™ system using a
Waters™ 486 tunable UV absorbance detector. Eluant flowed at a rate of 0.5 mL/min through
a C18 Silica 150 x 3.0 mm column (Interchim, Montlucon France) maintained at 30°C. The
injection volume was 20 pL which ran for 8 min after each injection. The mobile phase
consisted of 5.2 g/L of sodium dihydrogene phosphate monohydrate in 30% (v/v) methanol.
The pH was adjusted to 5 using dilute ortho-phosphoric acid solution. CL and AMOX were
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detected at 247 nm and retention times were 2.1 and 4.6 minutes, respectively.
The encapsulation efficiency (EE) was calculated as Equation (1):

Encapsulated Drug (mg)

EE (%)=
(%) Initial Drug (mg)

x100 (1)

where “encapsulated Drug” represents the amount (mg) of drug incorporated in nanoMOFs and

“Initial drug” represents the amount (mg) of drug initially added in the experiment.
The drug payload was calculated as Equation (2):

Encapsulated Drug (mg)
nanoMOFs (mg)

Payload (%)= %100 (2)

Drug release was studied in different media (water, cell culture media). After incubation at
37°C during different lapses of time, nanoMOFs were recovered by centrifugation (10 min,
10000xg) and supernatants were assessed by HPLC to determine the amounts of released

drug(s).
1.4 Molecular simulations
Simulation of the accessible surface area and free volume.

The accessible surface area and free volume were calculated using a geometric computational
approach. Two cases were considered with the accessibility of (i) both small and large spherical
mesoporous cages and (ii) only the large cages, the accessibility of the small cages being
prohibited by the presence of a dummy atom with a van der walls radius which fits with the

diameter of the small cage.

The theoretical accessible surface area of nanoMOFs powder was estimated using the method
previously reported by Diiren et al®. This surface was calculated from the center of a nitrogen
probe molecule rolling across the surface. The diameters of each atom constituting the
nanoMOFs were taken from the Universal Force Field (UFF)*® whereas the diameter of the
nitrogen probe molecule was considered to be 3.60 A.%° The calculations were performed using
the crystal structure of MIL-100(Fe)*! with 2 iron centers per trimer unsaturated and the third
one coordinated by an -OH group with a corresponding bond length of 0.97 A. Two cases were
considered with the accessibility of (i) both small and large spherical mesoporous cages and (ii)
only the large cages, the accessibility of the small cages being prohibited by the presence of a
dummy atom with a van der walls radius which fits with the diameter of the small cage. These

predicted accessible surface areas were then compared with the BET experimental values

172



obtained before and after encapsulation of AMOX and CL.

The free volume corresponding to the volume not occupied by the atoms of the MIL-100(Fe)
nanoMOFs was also calculated using a similar method of trial insertions within the entire
volume of the unit cell considering a probe size of 0 A*. The experimental pore volume (0.66
cm?®/g) was lower than the theoretical free volume (0.99 cm?®/g) calculated using a perfect and
infinite crystal. Indeed, small sized nanoMOF crystals are far from being perfect and the void
space of the nanoMOFs is only partially available for the drugs. Therefore, a scaling factor of
1.5 was applied for the GCMC simulations, corresponding to the ratio (free

volume/experimental pore volume).

Structural features were calculated using Materials Studio software. The predictions of the
optimal encapsulation uptake for AMOX and CL as single component and binary encapsulation
in the MIL-100(Fe) were performed using Grand Canonical Monte Carlo (GCMC) simulations
at 303 K. The MIL-100(Fe)/drugs and drugs/drugs interactions were treated as a sum of a
Lennard-Jones (LJ) and a coulombic contribution. The microscopic models selected for both
the drugs and the MIL-100(Fe), the associated LJ parameters and partial charges are described
in Sl section 1.4. Additional Monte Carlo simulations were conducted to reveal the preferential
arrangements of both drugs in the pores of the MOFs. All the computational details are provided
in Sl section 1.4.

Prediction of AMOX and CL loadings and energetic considerations. The predictions of the
optimal encapsulation uptake for AMOX/CL in the MIL-100(Fe) were performed using Grand
Canonical Monte Carlo (GCMC) simulations at 303 K with the CADSS software (Complex
Adsorption and Diffusion Simulation Suite)*. The crystal structure of MIL-100(Fe) was
considered with one iron metal per trimer coordinated by an —OH group while the two other
metal sites are coordinated by water molecules, to mimic the fact that encapsulation is achieved
in aqueous media. The partial charges carried by each atom of the frameworks were extracted
as a first approximation using the qEq charge equilibration approach**. This protocol has been
revealed to be sufficiently accurate for screening the properties of a series of MOFs for carbon
dioxide capture®. The partial charges of AMOX and CL were extracted by DFT calculations
using the B3LYP functional associated with the 6/311++G (d,p) basis set*® as implemented in
GAMESS*. The Lennard-Jones (LJ) parameters for all atoms of the MIL-100(Fe) frameworks
and the drug molecules were taken from UFF* and the general Amber Force Field (GAFF)*8
respectively. The MIL-100(Fe)/drugs and drugs/drugs were treated as a sum of a LJ and a

coulombic contribution. The Lorentz-Berthelot mixing rule was employed for all cross LJ terms

173



and a cut-off radius of 14 A was used. The long-range electrostatic interactions were handled
by the Ewald summation technique. The GCMC simulations were performed for a series of
fugacity for the drug up to 5000 kPa in order to first estimate the saturation capacity for each
single drug. The simulations consisted of 10° steps to ensure the equilibration, followed by 2 x
107 steps to calculate the ensemble averages. Additional GCMC calculations were performed
to probe the co-encapsulation of the two drugs as well as their sequential uptakes. The predicted
loadings were then converted into weight/weight encapsulation percentages for direct
comparison with experimental DL values. The adsorption enthalpy for each drug was further

calculated using the revised Widom’s test particle insertion method. *°

Further, additional Monte Carlo simulations were performed with a crystal structure of MIL-
100(Fe) containing one iron metal per trimer coordinated by an —OH group while the two others
are unsaturated to probe the preferential sitting sites of 1 molecule of AMOX and CL acid in

the large and small cages respectively.
1.5 NanoMOFs toxicity assays

Cytotoxic effects of nanoMOFs were investigated using LDH assay. Following exposure to
various concentrations of nanoMOFs as previously described, cells were washed and lysed. The
activity of LDH was determined using a commercially available kit from Sigma. LDH reduces
nicotinamide adenine dinucleotide (NAD), a coenzyme found in all living cells, to NADH,
which is specifically detected by colorimetric (450 nm) assay. The absorbance was recorded

using a microplate spectrophotometer reader system.
1.6 Internalization of nanoMOFs

Quantification of NanoMOFs internalized in the cells. J774 cells were seeded in 24-well-
plates (3x10° cells/wheel) and then incubated with nanoMOFs at a final concentration of 100
pg/mL for 4 h in RPMI 1640 supplemented with 10% of FBS at 37°C, 5% CO,. They were
washed thrice with cell culture medium, dried at 60°C for 2 h. Subsequently, 300 pL of
hydrochloric acid (5M) was added and then incubated for 2 h at 60°C. Afterwards, 100 pL of
each well were withdrawn and mixed with 100 pL of 4% potassium ferrocyanide in a 96-well-
plate and incubated at room temperature in the dark for 30 min. The absorbance was read at

690 nm to quantify the amounts of internalized nanoMOFs.

The absorbance was read at 690 nm to quatify the amounts of internalized nanoMOFs.
NanoMOFs within cells were visualized by optical microscopy and TEM. Different

pharmacological inhibitors (Cytochalasin D, Latrunculine, Wortmannin, Chlorpromazine,
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Ikarugamycin, methyl-B-cyclodextrin) were used to investigate the nanoMOF cell
internalisation mechanism (phagocytotic/endocytotic pathways). Practically, the cells were pre-

incubated 1 h with the above mentioned inhibitors before further incubation with nanoMOFs.

Intracellular visualisation of nanoMOFs. NanoMOFs within cells were visualised by optical
microscopy and TEM. Prussian blue staining (Sigma Iron staining kit) was applied for optical
microscopy. After different incubation times with or without nanoMOFs, J774 cells were
washed with complete medium and two times with PBS. Cells were fixed with 4%
paraformaldehyde, washed and incubated for 10 minutes with 2% potassium ferrocyanide in
0.6 mM hydrochloric acid. Cells were washed again, counterstained with pararosaniline
hydrochloride (0.02%) and evaluated for iron staining using light microscopy.

1.7 Intracellular antimicrobial activity of nanoMOFs.

Intracellular antimicrobial activity of nanoMOFs. The antimicrobial activity of nanoMOFs was
investigated against S. aureus ATCC55585 and against a clinical penicillin-resistant S. aureus.
It was carried out in a quantitative assay based on dilution method, using the Mueller-Hinton
medium and the Minimum Inhibitory Concentration (MIC) was determined. Briefly, 2.5x10°
J774 cells were seeded in 24 well plates and incubated overnight (37°C, 5% CO,). The cells
were washed with cell culture medium (RPMI 1640 containing 10% v/v decomplemented FBS)
and then incubated for 2 h with or without different amounts of nanoMOFs, loaded or not with
drugs. The cells were washed twice with complete cell culture media, to eliminate extracellular
nanoMOFs and drugs. Then, they were infected with 500 pl of S. aureus suspension
(ATCC55585) at 5x108 bacteria/mL (multiplicity of infection, MOI=10) and incubated for 2h.
After washing the cells, gentamicin was added to kill extracellular bacteria. The ROS effect
was inhibited at this moment with Tiron 10 mM. After 1, 6 and 24 h of incubation, cells were
washed again with cell culture media and lysed by treatment with ice-cold water during 1 h.
The lysates were plated at serial dilutions in sterile phosphate buffered saline (PBS, pH=7.4)
on agar plates. The plates were incubated at 37°C overnight and the number of formed colonies
(CFU) was evaluated™.
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1.1 X-ray powder diffraction (XRPD) characterization

XRPD experiments were performed to investigate the effect of drug loading and nanoMOF

incubation in various media on their crystalline structures.
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Fig. S1. X-ray powder diffraction (XRPD) patterns of empty and drug loaded nanoMOFs.
Drug entrapment didn’t modify the XRPD patterns of nanoMOFs (Brown: empty nanoMOFs
in ethanol; Dark blue: empty nanoMOFs in water; Dark red: nanoMOFs loaded with 13 wt%
AMOX and 22 wt% CL). Degradation was only observed when the nanoMOFs, loaded (purple)
or not (orange) with drugs, were incubated in the cell culture media (RPMI, 2 h, 37 °C).

As shown in Fig. S1, the XRPD patterns of the drug loaded MOFs were very similar to the ones
of empty nanoMOFs, suggesting that the incorporation of AMOX and CL didn’t affect the
crystallinity of the nanoMOFs. However, the incubation of nanoMOFs, containing or not drugs,
in cell culture medium (RPMI) for 2 h lead to a diminution of the intensity of the peaks in the

region 3°- 4°, showing nanoMOF degradation.

1.2 Effect of different pharmaceutical inhibitors on the internalisation of nanoMOFs in

J774 cells

The cell viabilities were higher than 90% when the nanoMOFs concentration was lower than

50 pg/mL. A concentration of 12.5 pg/mL was chosen for the cell internalization studies.
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Cytochalasin D, Latrunculine A Wortmannin, Chlorpromazine, lkarugamycin, methyl-p-
cyclodextrin (MB-CD), Genistein, and Fillipin 111 were used as pharmacological inhibitors to
investigate the mechanisms of internalisation of nanoMOFs inside J774 cells. The inhibitors
were incubated with the cells for 1 h, previously to adding the nanoMOF suspensions. Results

are gathered in Fig. S2.

The internalization of nanoMOFs was reduced by 35% in the presence of Cytochalasin D* and
Latrunculin A2, which block actin polymerization and hence disrupt microfilament-mediated
internalization, manifesting the role of phagocytosis. Wortmannin?, lkarugamycin®, and
Chlorpromazine?, used as inhibitors of clathrin-dependent endocytosis, didn’t significantly
lessen the uptake of nanoMOFs, indicating that clathrin-pathway hardly played a part in the
internalization. Genistein* and Filipin 111°, which block caveolin-mediated endocytosis, didn’t
significantly affect the internalisation. MB-CD, used in previous studies* to induce cholesterol
depletion of cellular membrane, had no influence on the nanoMOF internalisation, neither.
Furthermore, it was found that the nanoMOF incubation temperature plays a major role. The
uptake of nanoMOFs was reduced by 60% when the temperature was decreased to 4°C,
suggesting an energy-dependent internalization mechanism. As a conclusion, nanoMOFs were

mainly internalised in J774 macrophages by phagocytosis.
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Fig. S2. Effect of different pharmaceutical inhibitors on the internalisation of nanoMOFs

in J774 macrophages. The cells were pre-incubated for 1 h at 37°C with different inhibitors
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(B: Cytochalasin D; C: Latrunculine A; D: Wortmannin; E: Chlorpromazine; F: Ikarugamycin;
G: methyl-B-cyclodextrin; H: Genistein; 1. Fillipin Ill) before further incubation with
nanoMOFs. A: the cells were incubated with the nanoMOFs at 4°C instead of 37°C. All data

are normalized as compared to the uptake of nanoMOFs at 37°C in the absence of any inhibitor.
1.3 Bactericidal effect of empty nanoMOFs

Interestingly, cell internalized empty nanoMOFs exhibited a bactericidal effect which was
proportional both to the amount of nanoMOFs initially in contact with the cells and the
incubation time (Fig.S4). A significant bactericidal effect of empty nanoMOFs was observed

when the amount of nanoMOFs initially in contact with the cells was higher than 12.5 pg/mL
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Fig. S3. Effect of nanoMOFs concentration on their bactericidal effect. (light blue: 1 h after
infection; dark blue: 6 h after infection). There is a significant difference when the concentration
of nanoMOFs is higher than 12.5 ug/mL (P< 0.05, *).
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General Discussion and Perspectives

Although people have already been using medicinal substances as far as there have been people,
the history of pharmacy as an independent science dates back to the 19th century when chemical
companies established their research labs for medical applications of their products. The last
two centuries witnessed the outstanding progress of pharmaceutical science. In 1970s,
microparticles (MPs) and NPs were applied as drug carriers, which are recognized as the first
pioneering works for the further development of functionalized formulations. Recently,
formulations for targeting * and personalized treatment 2 are attracting increasing attentions
aiming to deliver the drug directly to the diseased cells and tissues of the body, and therefore
enhance the drug’s efficacies, decrease the treatment’s side effects, and improve the patient’s

life quality.

The use of nanotechnologies for the treatment of diseases has led to new therapeutic strategies.
Many functionalized NPs developed in the lab allow the efficient targeting, as well as the
controlled drug release in these specific biological targets. However, the journey of a
nanomedicine from lab to shelf is quite costly and time consuming 3. Statistically, the research
and development of a new drug to the market takes around 12 years and costs around £1.15
billion, while tens of thousands of candidate drugs fail. One of the main reasons that limits drug
commercialization is the fact that their preparation needs to employ large amounts of potentially
toxic organic solvents and surfactants, which is often not acceptable, at least for parenteral
administration. For instance, a variety of polymer NPs were prepared by the well-known solvent
evaporation method using volatile organic solvents to solubilize the polymer. Traces of solvents
are very difficult to remove even using very complicated and time consuming methods such as

ultradialysis, ultrafiltration or ultracentrifugation.

Therefore, there is an urgent need to develop particle preparation procedures avoiding the use
of organic solvents and surfactants. Herein, CD-based NPs were prepared in pure water just by
mixing two neutral polymers which instantaneously associate together by a “lock and key”
mechanism (Chapter 2). In this chapter, we show not only the concept that host—guest
interactions between hydrophobic molecules (Bz moieties) and the apolar cavities of CDs can
be exploited for the formation of stable NPs, but also that this preparation can be successfully
scaled up by microfluidics, an automatic technique. Briefly, two polymers for NPs preparation
were firstly synthesized: i) a poly-CD polymer and ii) Dex-Bz polymer where Bz moieties were
grafted with dextran. Bz acts as both the hydrophobic moiety that interacted with CDs and also
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the active ingredient. By mixing the aqueous solutions of these two polymers with
microfluidics, CD-NPs of around 100 nm were spontaneously formed with narrow size
distribution. Although CD-NPs could also be prepared manually with pipette, it is very difficult
to well control the procedure for NPs preparation, whereas the microfluidic chamber allows for
exquisite control over the mixing profile of the solutions containing the NPs forming agents*®.
Parameters, including ratio between the different compounds, flow rate as well as temperature
can be easily and accurately controlled, which make possible to prepare NPs in a well-
controlled, reproducible and high-throughput manner. Moreover, the microfluidic device could
allow a continuous NP production at a rate of tens to hundreds of microliters per minute. Studies
in the literature ® describe the utility of microfluidic devices to scale up the NP production.

The other novelty in this study is the use of NTA to evaluate the NPs’ stability in terms of size
distribution and concentration upon extremely dilution. As the inclusion complexes were
formed by host-guest interaction, instead of covalent bonds, an equilibrium exists all the time
between the components in the system, as described in introduction (section 1.3). When the
system is extremely diluted, the equilibrium will shift to the disassociation of the inclusion
complexes, which would induce the disassembly of the CD-NPs. NTA allows to measure the
size distribution and concentration at extremely diluted condition by individually following the
CD-NPs in their Brownian motions. Remarkably, CD-NPs were very stable even when their

concentration was as low as 100 ng/mL.

The solvent-free “green” procedure and the remarkable stability of CD-NPs make them
promising as drug carrier for hydrophobic drugs which fits with the cavity of CDs. However,
considering the payload of active ingredient, which is normally less than 5 wt%, their
application for many drugs is limited, especially when large doses are needed for the diseases,
as it is the case with antibiotics. But they are still good candidates for drugs with small dosages

such as anticancer drugs.

To improve the drug payload, the next strategy that we explored is to use ‘“cage” porous
particles. CD-MOFs were the first particles tried in this study since it is built with the “cage”
molecules (CDs). The use of CD-MOF materials for biomedical applications requires them to
have very homogeneous sizes. Before their applications as drug carriers, the optimization of the
synthesis and the evaluation of their crystalline structure were performed. (Chapter 3.1). In this
subchapter, a fast solvent evaporation approach was developed to synthesize and tailor the CD-

MOFs to a controlled size, with the synthesis time shortened from the reported 26 h ’ to only 6
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h. The size of CD-MOFs were well controlled by adjusting the reactant concentrations and
molar ratios, temperature and reaction time, without any significant changes in crystallinity and
porosity. A modified hydrothermal protocol has been established which produces efficiently at
50 °C in 6 h micron (5-10 um) and nanometer (500-700 nm) diameter CD-MOF particles of
uniform size with smooth surfaces and powder X-ray diffraction patterns that are identical with
those reported in the literature ’.

CD-MOFs experienced degradation at high temperature (100 °C), high humidity (92.5%) and
with polar solvents (methanol and DMF). More importantly, it was found that y-CD was
released and characteristic peaks in PXRD patterns disappeared when immersing the CD-MOFs
in polar solvent whilst the morphology remained unchanged. After the stability study, the
preliminary experiments on drug adsorption were performed with more than 20 drugs, the
results shows that CAP has high affinity with CD-MOFs reaching payloads as high as 19.3
wt%, which corresponding to a molar ratio between CAP and y-CD close to 1.6:1. These results

confirm the high drug loading capacity of CD-MOFs.

LPZ was then used as drug of especial interest, as it is a proton-pump inhibitor used to reduce
the production of acid in the stomach and recently identified as an antitubercular prodrug . CD-
MOFs of around 6 um in diameter were used for LPZ encapsulation. LPZ-loaded CD-MOFs
were successfully synthesized by a co-crystallization method, obtaining cubic crystals with the
uniform size of around 6 um. High drug payloads of 23.2 wt% were obtained, and calculations
indicated that each CD in the CD-MOFs was able to host one LPZ molecule. Moreover, it was
demonstrated that even after two years storage, the incorporated drug inside the CD-MOFs
maintained its spectroscopic characteristics. Compared to other CD-based drug carriers, CD-

MOF appears as one of the best systems in term of drug payload.

The CD-MOFs loaded or not with LPZ were fully characterized to gain a deep insight of the
system. XRPD patterns of LPZ loaded CD-MOFs show that the peaks corresponding to the
LPZ were not observed, indicating that LPZ was incorporated in CD-MOFs in amorphous state.
As a crystalline drug, incorporation of LPZ is very challenging since the drug might form
crystals which are not well encapsulated and difficult to be separated from the drug-loaded
particles, hampering the medical applications. However, we demonstrated that in CD-MOF
crystals, all the LPZ molecules located in each cavity of CDs, which possibly prevented the
LPZ crystallization. Molecular modelling gave deeper insight into the interactions between LPZ

and CD-MOFs showing that LPZ molecules preferred to insert in the y-CD cavities of the CD-
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MOFs instead of locating in the hydrophilic large pores. LPZ molecules were bended
interacting strongly with the CD cavities mainly through their benzo imidazole and pyridine
moieties. This result surprisingly indicated that the inclusion complexes formed between LPZ

and CDs could self-assemble with coordinated K* ions into the cubic CD-MOF crystals.

Furthermore, we set up a novel characterization method based on Raman microscopy allowing
to gain information on the structure and chemical composition of individual particles.
Thistechnique combines the advantages of Raman spectroscopy and optical microscopy.
Individual CD-MOF crystals could be analyzed in terms of morphology (particle size, shape)
and chemical composition, enabling to confirm the homogeneity of the CD-MOF population.
Morphologies of more than 2500 particles were analyzed, showing almost perfect cubes with
diameters around 6 pm, before or after drug loading. Raman investigations confirmed the
effective LPZ incorporation in CD-MOFs and suggested an interaction between y-CD and LPZ,
more specifically between the CDs and the benzo imidazole and pyridine moieties of LPZ,
which agrees with the theoretical molecular modelling results. Of note, it was found that Raman
spectra of different individual particles were the same, showing a remarkable homogeneity in

terms of drug loading.

These results pave the way towards the use of CD-MOFs for drug delivery purposes, especially
for pulmonary administration. Considering the size of CD-MOFs and the antitubercular effect
of LPZ, the LPZ loaded CD-MOF crystals are quite promising as inhalation for tuberculosis,
an infectious disease that occurs the lungs. Compared with other diseases caused by a single
infectious agent, tuberculosis is the second biggest Killer, globally. Pulmonary administration
has recently gain more attention as it enables to deliver the drugs directly to lung both for local
and systemic treatment °. For further study, the interactions between pulmonary surfactant and
CD-MOFs would be interesting to investigate. Afterwards, in vitro evaluation of the drug

loaded particles to kill tuberculosis could be performed in macrophage.

For other routes of administration except pulmonary inhalation, the drawback of CD-MOFs lies
on the fact that they disassemble immediately in water, leading to burst release before the
particles reach the target tissues or organs. In order to enlarge the scope of their application for
more routes of administration, surface modification was designed to prepare CD-MOF/polymer
composites, which are emerging as a new class of carriers for sustained drug delivery. In the
literature, most of the MOFs and the polymers used so far in these composites are not

pharmaceutically acceptable. Herein, biocompatible CD-MOFs were embedded inside
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polyacrylic acid (PAA) polymer matrices by a solid in oil-in-oil emulsifying solvent
evaporation method. Since the size of the solid dispersed in the internal phase needs to be as
small as possible, hence, nanometer-sized CD-MOFs (around 650 nm in diameter) were
selected in order to prepare CD-MOFs/PAA composite microspheres. Ibuprofen (IBU) and
LPZ, both insoluble in water and lacking in stability, were entrapped with high drug loading in
nano-scaled CD-MOFs by co-crystallization without causing MOF crystal degradation during
the loading process. Nano-scaled CD-MOF crystals dispersed well inside PAA matrices leading
to their uniform distribution in the microspheres, which further allowed the obtention of
composite microspheres with spherical shapes. On the contrary, microspheres prepared with
drug-y-CD complexes have non spherical shapes since the size of the drug-y-CD complexes
was larger and not uniform when compared with the drug-loaded CD-MOF nanocrystals, even
after sieving. Particle aggregation occurred during microsphere preparation with drug-y-CD

complexes.

Burst release is considered to be one of the main drawbacks hampering the NP applications.
Achieving sustained drug release is important for drug formulations. In vitro cumulative drug
release profiles showed sustained drug release from CD-MOF/PAA microspheres. IBU was
released slowly over 48 h, whereas LPZ enabled a sustained release also during 48 h with an
almost linear profile. However, microspheres containing IBU-y-CD and LPZ-y-CD complexes
both showed a very fast burst and uncontrolled release —i.e., 70% in 30 min for IBU and 80%
in 2 h LPZ. With no doubt, this observation reflected the good dispersion of drug-loaded CD-
MOF nanocrystals in the microspheres and the homogeneous distribution of the drug molecules

within these crystals, resulting from the efficient co-crystallization loading process.

Cytotoxicity is one of the most crucial parameters to evaluate the drug carrier. The cellular
toxicity study showed that CD-MOFs were not toxic (cell viability > 90%) even at
concentrations as high as 300 pg'mL™. At concentrations up to 1.4 mg-mL?, the cellular
viability was still high (~ 80%). Interestingly, the toxicity of IBU loaded CD-MOF/PAA
composite microspheres was reduced dramatically. The cell viability was around 90% even for
samples at high concentrations of 17.5 mg-mL™, corresponding to a CD-MOF nanocrystal
concentration of 1.4 mg-mL™ and IBU concentration of 0.2 mg-mL. These results showed that
composite of CD-MOF nanocrystals in PAA microspheres could to be used as safe carriers for

sustained drug delivery.

Taking into account the bio-adhesive properties of PAA and its excellent biocompatibility, the
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composite microspheres have potential applications for biomedical applications and, in
particular, for oral drug delivery. However, a limitation of the CD-MOF/PAA microspheres is
that their drug loading is relatively low (about 1%, w/w) and so this system would be better

adapted for the delivery of drugs requiring lower doses, such as anti-tumor drugs.

While CD-MOFs seem very promising for pulmonary administration, their applications for
other routes of administration are limited by their physical frailness and their high solubility in
aqueous media before surface modification or the low drug payloads after modification.In this
context, our alternative strategy was to use stable porous particles to obtain both high payloads
and high stability in water. However, although stability is very important, drug carriers need to
be degraded inside the body for excretion. MIL-100 (Fe) MOFs are stable in water and could
be degraded in a series of simulated physiological fluids. They are also considered among the
most efficient materials for biomedical applications because of their unprecedented drug
loading capability and biocompatibility . In this view, MIL-100 (Fe) was chosen as the third

drug delivery system.

Firstly, the degradation mechanism of MIL-100 (Fe) was investigated. As reported, MIL-100
(Fe) interacted efficiently with phosphate groups. Phosphated drugs, such as Gem-MP, were
soaked from their aqueous solutions with high payloads (> 25wt%) and efficiencies (> 98%),
and phosphated coatings, such as CD-P, were attached to the outer surfaces by incubation just
in water. Unfortunately, MIL-100 (Fe) readily degraded in phosphate buffers leading
sometimes to uncontrolled drug release. It is therefore necessary to have a deep understanding
of the MIL-100 (Fe) degradation mechanism in complex media containing phosphates to be

able to control it.

To better understand their degradation mechanism in PBS and the complex interactions taking
place in the MOF/drug/coating systems, we developed a method based on Raman microscopy
to track the morphology and chemical composition of individual particles. It was shown that
MIL-100 (Fe) MOFs degraded in PBS releasing their constitutive trimesate linkers and leading
to the formation of amorphous material, whereas the particle sizes remained unchanged. It was
extremely interesting and fascinating to observe that despite the fact that more than 80% of the

connective linkers were released, the particles perfectly maintained their initial morphology.

Remarkably, Raman spectra of different regions on the same particle could be recorded,
evidencing the formation of an erosion front during MOF degradation. This front clearly

separated an intact non eroded crystalline core from an amorphous shell made essentially of an
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inorganic network. To gain a deeper understanding of the kinetics of the degradation process
of single particles, automated imaging was used track the degradation process by capturing

MOFs’ images every half an hour during 8 days degradation.

Of interest, the method provided a direct measurement of the size, shape, color, surface area,
and circularity of each particle. A fast degradation phase was observed in the first 6 hours with
a rapid color change and increase of surface areas, which were too subtle to be observed by the
naked eye. A second phase occurred in the following 8 days with the formation of an eroded
zone with a clear color change (progressive phase). It can be speculated that in the first hours
after incubation, a fast coordination reaction occurred between phosphates in the incubation
medium and accessible iron sites at the MOF surface. This phase was followed by a slower
diffusion of phosphates in the eroded region. The advancement of the degradation front was
presumably limited by the diffusion of the reacting species (phosphates) from the media into
the MOFs and by the diffusion of released trimesate out of the matrix.

To investigate the chemical composition of the eroded zone, °’Fe Mdssbauer spectrometry was
applied to MIL-100 (Fe) particles before and after degradation. Before degradation, the
spectrum was well described by means of 3 quadrupolar components, in agreement with the
crystallographic MIL-100 (Fe) structure, while after degradation, quadrupolar doublets with
broadened lines were observed. The best physical description requires a discrete distribution of
quadrupolar doublets suggesting a structure close to that of a typical amorphous structure.
Although the hyperfine structures of the nano-and microMOF samples after degradation was
modified, the refined values of the isomer shift indicate unambiguously the presence of only
Fe3* species whatever the sample (nano-and microMOFs) and their degradation state. It could
be concluded that no Fe reduction occurred during degradation. Taking into account the
presence of phosphates in the media surrounding the MOF, it is plausible that a highly

disordered Fe-P based skeleton phase was formed.

In contrast, neither drug entrapment nor particle coating did affected the integrity of the
tridimensional MOF network. As descripted, MOFs degraded in PBS with kinetics dependent
upon the amount of phosphates in the suspension media. When Gem-MP was loaded in MOFs,
the equivalent amount of phosphates was up to 100 times lower than that in diluted PBS (1.19
mM), which could explain the reason why MOFs did not degrade during drug entrapment.
When MOF particles were coated with CD-P, which could not penetrate inside the

tridimensional MOF network, no degradation was induced. The good stability of the particles
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after Gem-MP loading and CD-P coating offer promising possibilities to load drugs of interest
and graft ligands for targeting purposes. These findings are of interest in the development of

stable drug-loaded iron trimesate particles.

Combinatorial drug therapies are considered among the most effective strategies for the
treatment of complex pathologies such as cancer and severe viral or bacterial infections
involving multiple molecular and genomic pathways. However, co-administration of synergic
drugs is challenging because of the differences in pharmacokinetics and biodistribution of each
individual drug. Nanotechnology revolutionizes drug delivery in many aspects, but there are
still few examples of NPs for drug co-encapsulation, such as Janus NPs, nanocapsules and
polymersomes which are composed of several macroscopic compartments, each one being
adapted to accommodate a specific drug. However, the preparation of anisotropic NPs are

relatively complex and require the use of organic solvents and surfactants.

Taking advantage of the two types of “cages” present in MIL-100 (Fe) nanoMOFs, synergic
antibiotics AMOX and CL were co-entrapped inside the porous “cage” nanoMOFs. AMOX
and CL are typical drugs used in tandem to treat a variety of bacterial infections, mainly
rhinosinusitis, ear infections, pharyngolaryngitis, tonsillitis, bronchitis and urinary tract
infections. By using a simple “green” strategy consisting of incubating the nanoMOFs with
aqueous solutions of both drugs, AMOX and CL were easily co-encapsulated. As a general
trend, when drugs are co-encapsulated, one drug in the combination reduces the entrapment of
another. Interestingly, the AMOX and CL were co-incorporated inside nanoMOFs without
impeding each other. The combinational payload reached at maximum 35 wt%, including 22
wit% of CL and 13 wt% of AMOX. Molecular modelling gave a clear picture of location for the
two drugs, showing that AMOX occupied mainly the large cages and CL the small cages.

Considering their excellent drug encapsulation properties, nanoMOFs were further studied in
vitro on S. aureus infected cells. NanoMOFs were able to penetrate inside infected
macrophages, whereas free drugs could poorly bypass cell membranes and/or are rapidly
cleared off mainly because of efflux pumps. NanoMOFs, loaded or not with drugs, were non-
toxic tested by MTT assays. Surprisingly, empty nanoMOFs co-localized with bacteria in
macrophages and had bactericidal effect, proportional to the amount of nanoMOFs initially in
contact with the cells. AMOX-loaded nanoMOFs were successful to show synergic effect with
empty nanoMOFs, whereas no bactericidal effect was found with free AMOX, which is

reasonable due to its poor intracellular penetration. When using a resistant S. aureus strain, the
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bactericidal effect due to internalized nanoMOFs was so strong (85% bacteria were destroyed),
that it was comparable to that of (co)encapsulated drugs. (Need to be adapted according to the
ongoing study). In conclusion, intracellular nanoMOFs synergistically contribute with
encapsulated drugs to eradicate intracellular bacteria. They are efficiently taken up inside
macrophages essentially by phagocytosis and advantageously co-localize with bacteria, to
eventually deliver their drug cargo. These results pave the way towards the design of engineered

nanocarriers in which each component synergistically plays a role in fighting the disease.

For future study, it would be very interesting to deeply investigate the mechanism of
antimicrobial effect of empty MIL-100 (Fe) nanoMOFs. The growing resistance of pathogens
has become a public health problem. New effective antimicrobial materials are necessary and
urgent for resistant pathogen treatment. It was discovered that nanoMOFs, entirely different to
antibiotics, played a role as antibacterial materials providing promising novel solution to the
problem of drug resistance. There are already some reports on antimicrobial MOFs based on
Cu, Co, Zn, and Ag, but no reports on MOF based on Fe yet, to the best of our knowledge.
Understanding their bactericidal mechanisms could help not only to explain the obtained

results, but would be also beneficial to design new antimicrobial materials.

The current antibacterial mechanisms of reported MOFs involves *: 1) release of metal ions,
such as Ag*'?; 2) reactive oxygen species (ROS) formed by metal oxides, especially ZnO, NiO,
Co0, CuO, and Cu,0 *3; 3) antibacterial autophagy *. It would be very interesting to understand
the main antibacterial mechanisms for MIL-100 (Fe) nanoMOFs.

MOFs are an emerging class of materials suitable for infection treatment by encapsulation of
antibiotics and their intrinsic antimicrobial properties. The two types of MOFs used in this study
were able to efficiently load large amount of drugs for infection treatments. LPZ loaded CD-
MOFs are very promising particles as pulmonary inhalation for tuberculosis treatment, whereas
AMOX and CL loaded nanoMOFs could be used for many infections using different routes of

administration.
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General Conclusion

In this study, three different types of “cage” particles were prepared in view of possible

biomedical application.

1. CD-NPs of around 100 nm were prepared by a “green” and simple preparation procedure
consisting in mixing poly-CD aqueous solution and Dex-Bz aqueous solution using
microfluidics or just pipettes. The host—guest interactions between B-CD in poly-CD
polymer and Bz in Dex-Bz contributed to the spontaneous formation of stable CD-NPs.
CD-NPs were instantaneously produced by mixing 2 aqueous solutions of neutral
polymers. Despite their non-covalent nature, the CD-NPs were extraordinarily stable in
terms of concentration and size distribution, even on extreme dilution (concentrations

as low as 100 ng/mL).

2. In order to improve the drug loading in CD-based drug delivery systems, uniform cubic
CD-MOFs were successfully synthesized. An optimized vapor diffusion method was
developed at elevated temperature (50 °C) within 6 h, which is much shorter than the
reported time (>24 h). Both microcrystals (~ 6 um) and nanocrystals (~ 650 nm) were
obtained by adjusting the amount of the pre-added methanol to the aqueous solution of
v-CD and KOH.

3. LPZ is a proton-pump inhibitor used to reduce the production of acid in the stomach and
recently identified as an antitubercular prodrug. It was encapsulated in CD-MOF
microcrystals (~ 6 um) with payload up to 23.2 +2.1% (wt) by co-crystallization
method, where the drug was added during particle synthesis. The crystalline particles,
loaded or not with LPZ, have almost perfect cubic morphologies with monodispersed
size distributions. The interactions between LPZ and CD-MOF were revealed by
molecular modelling. The formation of inclusion complexes within the tridimensional
CD-MOF structures was confirmed by Raman spectra of individual particles, which also
demonstrated that each individual particle had identical chemical composition,
indicating a remarkable homogeneity in terms of drug loading. Moreover, the
incorporated LPZ inside the CD-MOFs maintained its spectroscopic characteristics
even after two years storage.

4. The drug loaded CD-MOF nanocrystals (~ 650 nm) were successfully embedded in
polyacrylic acid (PAA) polymer matrices by a solid in oil-in-oil emulsifying solvent

evaporation method. The composite microspheres exhibited spherical shapes and
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sustained drug release over a prolonged period of time (over 48 h). No burst release of
IBU (and LPZ) was observed from the CD-MOF/PAA composite microspheres,
suggesting the homogeneous distribution of CD-MOF nanocrystals inside PAA
matrices as well as strong drug carrier interactions inside the CD-MOF. Sustained
release was achieved for IBU (and LPZ)-CD-MOF/PAA composite microspheres (ca.
50% in 24 h). The cellular toxicity study shows that IBU loaded MOF/PAA composite
microspheres are not toxic (cell viability ~ 90%) even at very high concentrations of
17.5 mg'-mL™. In conclusion, MOF/PAA composite microspheres constitute an efficient
and pharmaceutically acceptable MOF-based carrier for sustained drug release.

5. Biodegradable iron trimesate MOFs, MIL-100 (Fe), degraded in PBS losing their
crystallinity and constitutive trimesate linkers, whereas, they kept their morphology
intact. The degradation mechanism was revealed by Raman microscopy via recording
spectra in different regions on the same particle, showing that intact cores were
separated from the eroded regions by clearly visible erosion fronts. Mdssbauer
spectroscopy supported the hypothesis that Iron phosphates were formed in the eroded
regions. In contrast, the integrity of the tridimensional MOF network was not affected

by drug entrapment nor by particle coating.

6. Co-encapsulation of two synergic antibiotics (AMOX and CL) in MIL-100 (Fe)
nanoMOFs was achieved following a simple and ‘“green” procedure consisting of
incubating the nanoMOFs with aqueous solutions of both drugs. Molecular modelling
showed that each drug preferentially located in a separate compartment (large or small
mesoporous cage) of nanoMOFs. Surprisingly, nanoMOFs were prone to co-localize
with bacteria once internalized in infected macrophages. NanoMOFs acted
synergistically with the entrapped drugs to kill intracellular S. aureus, in vitro. These
results pave the way towards the design of engineered nanocarriers in which each

component synergistically plays a role in fighting the disease.

These studies unravel the potential of “cage” nanoparticles for efficient drug entrapment and
release. They open new routes of investigation especially in the field of the treatment of severe
intracellular infections. Moreover, it was shown that “cage” particles are not just simple

“carriers” but could play a role in killing bacteria.
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Conclusion Générale

Les systemes a délivrance de médicaments sont des technologies congues pour administrer des
molécules actives de fagon optimisée afin d’améliorer leurs effets thérapeutiques tout en
minimisant les effets secondaires. En effet, ces systemes permettent une libération au niveau
d’une cible thérapeutique. Les particules de type "cage" ont récemment attiré une attention
particuliére en raison de leur capacité accrue a (co)incorporer et a protéger des molécules

actives vis-a-vis de dégradations in vivo.

Les cyclodextrines (CDs) sont des exemples type de molécules “cage", possédant une cavité
hydrophobe et une surface extérieure hydrophile. Nous avons élaboré tout d’abord des
assembages supramoléculaires a base de CDs d'environ 100 nm par une méthode douce
consistant a mélanger deux solutions aqueuses de polymeéres neutres: 1) polymere de p-CD et
2) dextrane greffé avec la benzophénone (Bz), molécule invitée formant des complexes
d’inclusion avec les CDs. La procédure de préparation "verte” en une seule étape rend la
formulation attractive, malgré sa relativement faible capacité d’encapsulation (5% pds). Afin
d'améliorer cete charge, nous avons élaboré des particules hybrides organiques-inorganiques
(MOFs) a base de CDs (CD-MOFs). Avantageusement, les CD-MOF comportent non
seulement des cavités de CD, mais aussi de larges pores engendrés lors 1’auto-assemblage de
CDs. Le lansoprazole (LPZ) a été incorporé avec suces (23% pds) dans les CD-MOFs et nous
avons montré que chaque CDs était capable d’accueillir une molécule de principe actif.
Cependant, I’inconvénient majeur des CD-MOFs est leur faible stabilité en milieu aqueux,

limitant leur domaine d’aplication.

Une modification de surface est apparue donc nécessaire pour améliorer leur stabilité. Notre
statégie a été d’incorporer les CD-MOFs dans des matrices d'acide polyacrylique (PAA). Des
microspheres composites d’environ 650 nm ont été ¢élaborées avec succes et ont permis une
bone stabilité et une libération prolongée sur plus de 48 h. Avantageusement, ces particules

composites n’étaient pas toxiques in vitro méme a des concentrations élevées.

Ces microspheres apparaissent comme des systemes efficaces pour assurer une bonne stabilité
dans de milieux biologiques et une libération prolongée, mais leur synthese est laborieuse et

leur taille ne peut pas étre réduite en dessus de 50 nm.

Ainsi, nous nous sommes orientés vers 1’étude comparative de MOFs plus stables dans I’eau, a
base de trimesate de fer. Les MIL-100 (Fe) (MIL signifie Matériel of Institute Lavoisier)

figurent parmi les premiers MOF étudiés en tant que nanomedicaments (nanoMOFs). Ces
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particules, parfaitement stables dans Il'eau, se dégradent dans des milieux contenant des
phosphates (PBS) en perdant rapidement leur caractere cristallin et leurs ligands constitutifs.
De facon étonnante, nous avons constaté que malgré leur dégradation, ces MOFs conservent
leur taille intacte. Une analyse approfondie basée sur la microscopie de Raman a permis
d’obtenir des informations pertinentes sur la morphologie et la composition chimique de
particules individuelles. Ainsi, il a ét¢ montré qu’un front d'érosion délimitait nettement un
ceeur intact et une coquillé inorganique érodée. Cependant, ni I’encapsulation ni la modification
de surface des MOFs n’altérait leur intégrité. Enfin, nous avons étudié la co-encapsulation de
deux molécules actives utilisées en combinaison (Amoxicilline et Clavulanate de potassium)
dans les nanoMOFs stables a base de MIL-100 (Fe). Les antibiotiques ont été incorporés par
imprégnation et chaque molécule s’est localisée préférentiellement dans un compartiment
(large ou petite cage) corroborant parfaitement les simulations par modélisation moléculaire.
De plus, il a été découvert, de maniére surprenante, qu’un grand nombre de nanoMOFs se
localisait au voisinage des bactéries (Staphylococcus aureus) dans des cellules infectées. En se
dégradant dans ces cellules, les nanoMOFs contenant les antibiotiques ont réduit de maniere

importante la charge bactérienne intracellulaire.

Ces études révelent le potentiel des particules de type "cage" pour une incorporation efficace
de molécules actives et leur libération contrélée et ouvrent de nombreuses possibilités

d’application.
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Annex |: Evaluation of drug loading capabilities of y-cyclodextrin-metal

organic frameworks by high performance liquid chromatography
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Drug loading into ~y-cyclodextrin-metal organic frameworks (y-CD-MOFs) using the impregnation
approach is a laborious process. In this study, a y-CD-MOF construct (2-5 wm particle diameter) was
used as the stationary phase under HPLC conditions with the aim to correlate retention properties and
drug loading capability of the CD-based structure. Ketoprofen, fenbufen and diazepam were chosen as
model drugs with m-xylene as a control analyte to investigate the correlation of drug loading and their
chromatographic behaviour in the y-CD-MOF column. Furthermore, y-CD itself was also prepared as the

ﬁggﬁﬁ;mc frameworks stationary phase by coupling with silica in the column to illustrate the enhanced interaction between
y-CD-MOFs drugs and y-CD-MOF as a reference. The retention and loading efficiency of the drugs were determined
Retention with different ratios of hexane and ethanol (10:90, 20:80, 50:50, 80:20, 90:10, v/v) at temperatures of

20, 25, 30 and 37°C. With the increment in hexane content, the loading efficiency of ketoprofen and
fenbufen increased from 2.39 + 0.06% to 4.38 &= 0.04% and from 5.82 £ 0.94% to 6.37 & 0.29%, respectively.
The retention time and loading efficiency of ketoprofen and diazepam were the lowest at 30°C while
those of fenbufen had the different tendency. The excellent relation between the retention and loading
efficiency onto «y-CD-MOF could be clearly observed through mobile phase and temperature investiga-
tion. In conclusion, a highly efficient chromatographic method has been established to evaluate the drug
loading capability of y-CD-MOF.

Drug loading efficiency
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1. Introduction

Metal-organic frameworks (MOFs), with the advantages of
diverse structures, highly porous topologies, accessible cages and
tunnels [1,2] have been applied in gas storage [3-5], separa-
tion [6,7] and drug delivery [89]. They are synthesized with
organic and inorganic components under mild conditions via
coordination-directed self-assembly processes to generate excep-
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tional properties that exceed what would be expected for a
simple mixture of the components [10,11]. Recently, environment-
friendly y-cyclodextrin metal-organic frameworks (y-CD-MOFs)
synthesized through coordination of y-cyclodextrins (y-CD) and
potassium ions have been reported [12-16]. The y-CD-MOFs are
body-centered cubic extended structures with molecular apertures
of 0.78 nm in the structure of y-CD and have larger spherical voids
of 1.7 nm formed by regular arrangements of CDs [13].

The y-CD-MOFs had been demonstrated as potential carriers of
Rhodamine B4-Phenylazophenol and N5, H,, CO, and CH4 gases by
adsorption within their pores. The intrinsic nature of y-CD-MOFs
is able to provide excellent biodegradability, biocompatibility, and
high loading capability to the drugs [17]. Though efforts on other
MOF carriers have been made to pave the way for medical appli-
cations [18,19], few papers have been devoted to drug loading into
v-CD-MOFs systems. In an MOF-based drug delivery system, the
drug loading and releasing can be controlled by adjusting the lig-
and length or the connectivity and functionality [19-21]. However,
it is challenging to achieve high loading efficiency through com-



38 X Xu et al. /]. Chromatogr. A 1488 (2017) 37-44

mon methods such as time-consuming impregnation approaches
that the mixture solution of the drug and y-CD-MOF was shaken
for 24-72 h to achieve maximum payload. Therefore, an efficient
alternative is of interest to facilitate the evaluation of drug loading
into y-CD-MOF.

Information retrieved from the chromatographic data can indi-

cate the interaction between the analytes and the solid phase
materials. Therefore, measures of chromatographic retention have
been employed as an approach to investigate the uptake of the
analytes and the activity of drugs. Vanatta and Coleman [22]
determined the role of HF, H3PO4, HNOs3 in their mixture equilib-
rium reaction by evaluating their retention in ion chromatography.
Detroyer et al. [23] analyzed the contribution of different chro-
matography systems to obtain the pharmacological activities of
83 drugs, with the method of the combination of chromato-
graphic behaviour and chemometrics. The y-CD is well known
to exhibit chiral recognition ability, a per(3-chloro-4-methyl)
phenylcarbamate-(3-CD clicked chiral stationary phase (CSP) in
high-performance liquid chromatography has been explored for
the enantioseparation of 39 model racemic pairs including aromatic
alcohols, flavonoids, B-blockers and amino acids [24]. Addition-
ally, the chromatographic retention behaviour of the solute also
could be used to evaluate the thermodynamic and kinetic inter-
action between the solute and the stationary phase. Since the
1980s, Hage’s group has employed chromatographic techniques
based on High Performance Affinity Chromatography (HPAC) to
study the drug-human serum albumin and antibody-antigen inter-
actions [25-28]. Furthermore, our previous work also investigated
the interaction kinetics between the drug and B-CD by HPAC
with B-CD bonded silica as solid phase materials [29]. On the
other hand, the y-CD-MOFs showed the advantage of the extended
framework to separate a widely various mixtures, such as alkylaro-
matic compounds, saturated and unsaturated alicyclic compounds,
as well as chiral compounds, which is different from the -y-
CD column [16,30]. Because y-CD-MOFs represent an emergent
class of materials to encapsulate drug molecules, it is essen-
tial to investigate the relationship between drug loading ability
and the chromatographic retention characters on y-CD-MOF col-
umn.
In this paper, we reported a novel high-efficiency chromato-
graphic evaluation strategy for drug loading into y-CD-MOF by
measurement of drug retention on y-CD-MOF columns, with y-CD
columns as comparators. Acidic and basic compounds were inves-
tigated to obtain the mechanism of interaction between drugs and
y-CD-MOF to result in complex interactions. In order to explain
the mechanism, nonsteroidal anti-inflammatory drugs with similar
structure were employed while some of them (such as ibupro-
fen, naproxen and indomethacin) possessed poor chromatographic
peak shape on the y-CD-MOF column. Therefore, ketoprofen, fen-
bufen, and diazepam were chosen as the model drugs to investigate
chromatographic behaviours under different solvents and temper-
atures in the y-CD-MOF and «y-CD columns and their efficiency for
drug loadings. For the drugs, ketoprofen and fenbufen are structural
isomers with the similar molecular sizes and functional groups,
which are compared to explain the interaction between the MOF
cavities and drugs. As for diazepam, with the larger molecular size
(0.81 nm) to hardly pass through the cavities in the MOF (0.78 nm),
it could be employed to analyze the interaction mechanism on
the y-CD-MOF surface. And the retentions of drugs under varied
chromatographic conditions were evaluated as indication of the
interaction between drugs and y-CD-MOF or y-CD in the columns.
The drug loading conditions were also optimized to obtain the max-
imal drug loading efficiency. In summary, a new strategy for quick
evaluation of drug loading into y-CD-MOF using chromatography
is demonstrated (Fig. 1).

2. Experimental
2.1. Materials

All chemicals and reagents were of high purity (analytical grades
or higher). The ketoprofen, fenbufen and diazepam (>99.5% purity)
were purchased from the Dalian Meilun Biotech Co.Ltd. The o-
xylene (>98.0% purity), m-xylene (>99.0% purity), p-xylene (>98.5%
purity) were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Ethanol (EtOH), n-hexane, and dichloromethane
(DCM) used as mobile phase solvents were of chromatographic
grade and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China).

2.2. Apparatus

The chromatographic system consisted of a binary pump
(G1311C), an autosampler (G1329B), a temperature controller
(G1316A) and a diode-array detector (G4212B, Agilent, Palo Alto,
USA). Chromatographic data were acquired using the workstation
of Chemstation Rev.B.04.03 (Agilent, Palo Alto, USA). An SB-5200DT
ultrasonic cleaner (Ningbo Scientific Biotechnology Co., Ltd, Zhe-
jiang, China) was used.

2.3. Synthesis of y-CD-MOF

The y-CD-MOF was synthesized using a modified solvent evap-
oration method [15]. Briefly, the y-CD (4.86 g, 3.75 mol) and KOH
(1.68 g, 30 mol) were mixed in 150 mL aqueous solution. The solu-
tion was filtered through a 0.45 um filter membrane into a glass
tube, and 15mL of methanol (MeOH) was added, followed by
vapor diffusion of MeOH into the solution at 50°C for 12h. The
supernatant was then transferred into another glass tube and cetyl
trimethyl ammonium bromide (CTAB, 8 mg/mL) was added. After
the dissolution of CTAB, the solution was incubated overnight at
room temperature. The precipitates were collected by centrifuging
and washing with isopropanol for three times, and dried at 37°C
overnight to produce y-CD-MOF particles with the size of 2-5 pm.

2.4. Preparation of y-CD-MOF packed column

The +y-CD-MOF HPLC column (100mm x 4.6 mm id.) was
prepared by a high-pressure slurry packing procedure [31].
Namely, the y-CD-MOF powder (1.5 g) was suspended in 20 mL of
methanol then the suspension was loaded into an empty column
(100 mm x 4.6 mm i.d.) under 35 MPa using 80 mL of methanol as
the slurry solvent. Performance evaluation of the prepared y-CD-
MOF column was necessary and the detailed method and results
were elaborated in the Supporting Information. The mechanical
stability and the separation ability were proved to be excellent.
Furthermore, we also evaluated the column performance before
and after the experiment.

The y-CD column (4.6 x 100 mm, 5 wm) and silica gel column
(4.6 x 100mm, 5pm) were kindly gifted by Professor Xinmiao
Liang at the Key Lab of Separation Science for Analytical Chemistry,
Dalian Institute of Chemical Physics, Chinese Academy of Sciences,
China. A native y-CD stationary phase was prepared by covalently
coupling y-CD onssilica particles via Huisgen [3 + 2] dipolar cycload-
dition between the organic azide and terminal alkyne, which was
characterized by FT-IR, 13C NMR and elemental analysis. The pore
size and surface area of the y-CD bonding silica were 10nm and
300m?/g, respectively. And the content of y-CD on the silica was
0.12 wmol/m2. Then the y-CD columns (4.6 x 100 mm, 5 pm) were
fabricated using a similar procedure to that for the y-CD-MOF col-
umn [32]. As for the evaluation of the column performance, the
separation efficiency was about 75 000 plates per meter and the
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Fig. 1. The 2D and 3D images of the drug analytes. (A) 2D structure of diazepam, (B) 2D structure of ketoprofen, (C) 2D structure of fenbufen, (D) 3D structure of diazepam,

(E) 3D structure of ketoprofen, (F) 3D structure of fenbufen.

asymmetry of peaks was 1.03 calculated from orotic acid on this
column, the high column efficiency and good peak shape proved
that the column was packed successfully.

2.5. Retentions of drugs in the y-CD-MOF column and y-CD
column

The retention behaviours of drugs under different chromato-
graphic conditions were studied on both y-CD-MOF column and the
v-CD column in parallel. All drugs were dissolved by methanol to
10 mg/mLand diluted by isopropanol to 1 mg/mL, and 1,3,5-tri-tert-
butylbenzene (TTBB, dissolved to 1 mg/mL by hexane) was used to
determine the dead time. The determination was performed using
hexane and ethanol as mobile phase. All the experiments were
performed in duplicate for each set of test conditions.

2.6. The effects of mobile phase compositions

To study the impact of the mobile phase compositions, the
retention profiles of the drugs on the y-CD-MOF column and y-
CD column were characterized by retention factor (k) with mobile
phase in different ratios of hexane and ethanol (10:90, 20:80, 50:50,
80:20, 90:10, v/v) at 30°C. The sample concentration was set as
1 mg/mL with the injection volume of 10 wL at the flow rate of
0.8 mL/min.

2.7. The effects of the temperature

To investigate the temperature effects on the retention of the
ketoprofen, fenbufen and diazepam in the y-CD-MOF column and
y-CD column, the solutions of the drugs were injected to the column
and eluted at temperatures of 20, 25, 30 and 37 °C with hexane and
ethanol (80:20, v/v) as mobile phase at a flow rate of 0.8 mL/min.
The sample concentration and injection volume were 1 mg/mL and
10 pL, respectively.

2.8. The determination of drug loading

The loading efficiency of drug with y-CD-MOF and y-CD was
determined to compare the retention observed in +y-CD-MOF

column and y-CD column. Thus, the ketoprofen, fenbufen and
diazepam were loaded in y-CD-MOF and y-CD by impregnation
approach, which was carried out by soaking the dried y-CD-MOF
powder or y-CD powder (30 mg) into 10.0 mL solution of drugs
(2mg/mL, with the specific solvents). The suspension was incu-
bated at the defined temperature at least 24h and shaken at
150rpm. The drug loaded y-CD-MOF deposits were collected by
filtration and washed with equivalent volume of ethanol then the
samples were dried under vacuum at 35°C overnight. Impregna-
tion conditions were further optimized by the chromatographic
behaviour of drugs on the y-CD-MOF column and y-CD column
under predefined chromatographic conditions.

The loading efficiency of drug adsorbed y-CD-MOF was mea-
sured by dissolving 5mg of dried samples in a certain amount of
water and ethanol to solute all the samples and the drug content
was determined by HPLC method with the Agilent C18 column (4.6
mm x 150 mm, 3.6 um i.d.) at a flow rate of 0.6 mL/min on 25°C
column temperature, The mobile phase composed of 10% acetoni-
trile in 0.1% formic acid aqueous solution with gradient elution,
changing linearly over 10 min to 90% acetonitrile then maintained
for 3 min with the injection volume of 10 L.

The drug loading (DL) was calculated according to Eq. (1), where
mrepresented the amount of drug in y-CD-MOF, M represented the
total amount of the y-CD-MOF.

DL(%):% x 100% (1)

3. Results and discussion
3.1. Characterization of y-CD-MOF

The synthesized y-CD-MOF particles were characterized by
SEM, powder-XRD and the particle size distribution (Fig. 2). The
shapes of y-CD-MOF crystals were recorded as cubic and uniform
by SEM with an average size of 3 pum. The crystalline character-
istics of synthesized y-CD-MOF particles were in agreement with
that reported in literature [15] with the 2-5 pm particle size dis-
tribution.

As for the stability of the vy-CD-MOF, we have investi-
gated the crystalline transformation of y-CD-MOF in solvents
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Fig. 2. The characterization of y-CD-MOF showing (A) particle size distribution graph, (B) powder-XRD image and (C) the SEM image.

of dichloromethane, isopropanol, ethanol, acetone, methanol
and N,N-dimethylformamide (DMF). The characterization of SEM
and PXRD demonstrated the degradation in y-CD-MOF crystals
increases in parallel with solvent polarity. For example, major
changes were noticed for crystalline stability in the case of
methanol and DMF solvents at 70 °Cafter 1 d and there was no obvi-
ous change in other solvent during the whole stability experiment
[33]

3.2. The mobile phase effects on the retentions of drugs in the
y-CD-MOF and y-CD columns

The retention factors of the m-xylene, ketoprofen, fenbufen
and diazepam on y-CD-MOF column and y-CD column presented
significant diversity under different mobile phase compositions
(Fig. 3). In the y-CD column, with the increment of hexane in
the mobile phase, the retention strength of the ketoprofen, fen-
bufen and diazepam increased. It may be due to the interaction
between the hydroxyl groups in the yv-CD ring and the polar groups
of the analytes, such as the carboxyl group of ketoprofen and the
carbonyl group of diazepam. Thus, a slight change was observed
in the m-xylene retention time (tg =1.58 min) which was simi-
lar to the non-retained material 1,3,5-tri-tert-butylbenzene (TTBB)
(tg=1.45min), due to the weak interaction between the nonpo-
lar compound and the y-CD. Furthermore, we also determined
the retention factors of compounds in the silica column under the
hexane/ethanol (90:10, v/v) in which the retention of drugs was
stronger to clarify the influence of silica gel in the y-CD column.
The k values of fenbufen, ketoprofen (0.78 and 0.58, respectively)
in silica gel column were much less than that in the y-CD column
(13.96 and 9.91, respectively), which indicated that the interac-
tion between the fenbufen, ketoprofen and the silica gel of y-CD
was almost ignorable, However, the k values of diazepam (0.72 and
2.59in the silica gel column and y-CD column respectively) showed
that the interaction of the polar groups with silica might also partly
contribute to the retention in the y-CD column.

For the y-CD-MOF column, the retention of the analytes was
more complicated. The retention factor of m-xylene in the y-CD-
MOF column decreased with the increment in hexane content.
This might be due to that the nonpolar m-xylene can flow into
y-CD-MOF channels easily and was more likely soluble in the hex-
ane, which lead to the downward trend of the retention with the
increase of the hexane [30]. The retention factors of the ketoprofen
(0.70nm) and fenbufen (0.67 nm) increased with the increase in
hexane content as shown in Fig. 3 which were different with that

of m-xylene. The reasons might be that ketoprofen and fenbufen
could both be absorbed into the pores due to the relative small
kinetic diameter and the strong solubility in the ethanol. As for
diazepam, the retention factor changed slightly in different mobile
phase compositions owing to the size of the diazepam molecule
(0.81 nm) which was too large to access the y-CD-MOF cavities
(0.78 nm). Specifically, the hydroxyl groups in the y-CD ring took
part in the coordination of potassium ion to construct the cubic
space. The molecular apertures of 0.78 nm in the structure of CD
and the larger spherical voids of 1.7 nm formed by regular arrange-
ments of CDs provide more opportunities for compounds to pass
through the cavities of the y-CD-MOF.

3.3. Temperature effects on drug retention in y-CD-MOF column
and y-CD column

The effect of the temperature on the interaction of the model
drugs with y-CD-MOF and y-CD column was investigated by mea-
suring the k at temperatures of 20, 25, 30 and 37 °C (Fig. 4). The
retention factors of the analytes reduced except for m-xylene with
the increment in column temperature of y-CD column, suggesting
an exothermic interaction in column. Whilst in the case of y-CD-
MOF column, the retention factors of analytes except for diazepam
decreased with temperature increments suggesting exothermic
interactions. However, the diazepam retention decreased with
temperature reduction from 20 to 30°C, then increased at 37 °C.
Due to exothermic nature of the reaction, the affinity of y-CD-MOF
and y-CD with drugs became significantly lower with the increase
in temperature, leading to a decline in retention factors. The reten-
tion time of diazepam showed no correlation with temperature
possibly due to its weak interaction with both y-CD-MOF and y-CD.

3.4, Correlation of drug loadings and chromatographic
characteristics

The loading efficiencies of the y-CD-MOF and y-CD were
determined under the same conditions mentioned in the chromato-
graphic tests. Ketoprofen, fenbufen and diazepam were chosen as
the model drugs to determine the loading efficiency. The different
ratios of the hexane/ethanol (20:80, 50:50, 80:20, v/v) were used
to verify the solvent effect on drug loadings. The results showed
that the solvents significantly affected the retention and loading
efficiencies of y-CD-MOF and y-CD (Fig. 5). The loading efficiency
of y-CD-MOF for ketoprofen and fenbufen were both higher than
2.39+0.06%, suggesting a stronger interaction with y-CD-MOF,
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Fig. 3. The retention factors of the m-xylene, ketoprofen, fenbufen and diazepam at different mobile phase compositions in (A) y-CD-MOF column and (B) the y-CD column.
(O: ketoprofen, A: fenbufen, O: diazepam, ¢: m-xylene, error bars in these plots represented a range of +SD for duplicate injection); effect of the mobile phase on the
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Fig. 4. The retention factors (k) of m-xylene, ketoprofen, fenbufen, and diazepam at different column temperature: (A) The y-CD-MOF column, (B) The y-CD column. (O:
ketoprofen, A: fenbufen, O: diazepam, ¢: m-xylene, error bars in these plots represent a range of +SD for duplicate injection); effect of the temperature on the HPLC
chromatograms of ketoprofen is shown in (C) the y-CD-MOF column and (D) the y-CD column, from top to bottom, at column temperatures of 37 °C, 30°C, 25°C, 20°C.

while it showed weaker interaction of diazepam with the loading
efficiency of only 0.05 + 0.00%. Additionally, the loading efficiency
of ketoprofen and fenbufen gradually increased with the increase of
hexane content, in good agreement with the tendency of retention
factors in HPLC columns. However, the diazepam exhibited a differ-
ent tendency that a high content of hexane reducing the polarity of

the solvent resulted in stronger interaction between drug and func-
tional groups of CDs in-y-CD-MOF. For diazepam, its large molecular
size (0.81 nm) might make it difficult to enter into the cavities of y-
CD-MOF (0.78 nm) leading to weak interactions between diazepam
and «y-CD-MOF column.
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The temperature was also one of the most important factors to
the loading efficiency. Therefore, experiments were performed at
20, 30 and 40°C with hexane/ethanol (80:20, v/v) as the loading
solvent except for fenbufen, for which the ratio of hexane/ethanol

was 20:80 (v/v)due to its poor solubility at other ratios. The loading
efficiencies obtained over the range from 20 to 40 °C showed a good
correlation between the retention and loading efficiency on y-CD-
MOF (Fig. 6). The loading efficiencies for ketoprofen and diazepam
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were recorded to be lowest at 30°C, whilst the loading efficiency
for fenbufen rapidly increased from 20 to 30 °C and then remained
almost unchanged at 40 °C. Overall, the loading efficiencies of y-CD
for all drugs were recorded very low (<0.42 £ 0.07%). The loading
efficiencies for ketoprofen and diazepam of y-CD were higher at
30°C than those at 20 and 40°C, whilst the loading efficiency of
fenbufen decreased from 20 to 30°C. The exothermic interaction
between ketoprofen and y-CD-MOF resulted in the decline of load-
ing efficiency with the increment in temperature from 20 to 30°C.
According to the Irene equation [34], although the temperature had
little effect on the energy barrier of y-CD-MOF inclusion decompo-
sition, the concentration of the activated reactants increased which
could make the k and loading efficiency large at 40°C. However,
this equation can't be applied to the drug loading for fenbufen with
higher polarity of loading media.

The good consistency between the retention and loading effi-
ciency was observed in y-CD-MOF for solvent and temperature
effects investigations. However, the fluctuation of retention and
loading efficiency of drugs in y-CD had no linear correlation. This
might be due to the chemical bonding of y-CD to silica gel which
possibly changed the nature of y-CD and generated additional
interactions between the y-CD and drugs. Thus, the retention was
unable to reflect the real interactions between guest and host
molecules for the y-CD column. In this paper, y-CD-MOF with its
fine particle size distribution was used directly as the stationary
phase for measurement of the host-guest interactions. Meanwhile,
the drug loading characteristics of y-CD-MOF were successfully
evaluated due to consistency in retention behaviour and loading
efficiency.

4. Conclusions

In this research, a high efficient chromatography evaluation
methodology for drug loading to y-CD-MOF was successfully estab-
lished. For its uniformed size and shape, y-CD-MOF had been
directly used as stationary phase without conventional chemical
modification on the silica. The novel strategy was proved to be effi-
cient in the rapid evaluation of interactions between y-CD-MOF
and drugs. The solvent and temperature were identified as key fac-
tors to the correlation between retention and loading efficiency.
The consistency of retention behaviour and drug loading efficiency
further strengthened the utility of chromatographic evaluation as
anew approach for drug loading optimization.
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S1. Methods of y-CD-MOF column evaluation

The performance of y-CD-MOF column was evaluated on an Agilent 1260
HPLC system with hexane-dichloride methylene (DCM) as mobile phase at 30 °C. In
order to investigate the mechanical stability of the y-CD-MOF composites packed
column, the column pressure was measured at the flow rates of 0.2, 0.4, 0.6, 0.8 and
1.0 mL/min using different mobile phases of hexane/DCM (10:90, 30:70, 50:50,
70:30, 90:10, v/v). Precision was validated by the relative standard deviations (RSDs)
of retention time, peak area, and half peak width of o-xylene, m-xylene, p-xylene and
their mixture in five replicates with the hexane/DCM (95:5, v/v) as mobile phase at
0.4 mL/min. The mixture of xylene isomers was also employed to determine the
resolution capability of y-CD-MOF column with the mobile phase of the
hexane/DCM (70:30, 80:20, 90:10, 95:5, v/v) and the flow rate of 0.4, 0.6, 0.8 and 1.0
mL/min. The detection wavelength and injection volume were 254 nm and 0.1 pL,
respectively.
S2. Results of y-CD-MOF column evaluation

The effects of flow rate and mobile phase on the column back pressure are
shown in Fig. S1. The back pressure of the y-CD-MOF packed column increased with
the increment of flow rate and DCM content in the mobile phase. The maximum
pressure of the column was only 48.55 bar using n-hexane/DCM (10:90, v/v) as the
mobile phase at a flow rate of 1.0 mL/min. The precision was validated by the
o-xylene, m-xylene, p-xylene and their mixture respectively in five replicates with the

mobile phase of hexane/DCM (95:5, v/v) at 0.4 mL/min. The relative standard
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deviations (RSDs) of m-xylene, p-xylene and o-xylene were 0.27%, 0.13%, 0.27% for
the retention time, 2.51%, 4.23%, 3.94% for peak area, and 0.87%, 0.15%, 1.30% for
half peak width, respectively. In addition, the resolutions of the m-xylene, p-xylene
and o-xylene were 1.24 and 2.44, respectively. The results demonstrated that
v-CD-MOF as stationary phase could overcome the problem of high column pressure

and with a satisfactory mechanical stability and reproducibility.
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Fig. S1 Dependence of y-CD-MOF packed column pressure on the flow rate and mobile phase

composition. (A) The different flow rate. (x: 0.2 mL/min, ®: 0.4 mL/min, A: 0.6 mL/min, m: 0.8
mL/min, 4: 1.0 mL/min) , (B) The contents of DCM in the mobile phase. (x: 10%, ®: 30%, A:
50%, m: 70%, @:90%).

The xylene isomers were used to evaluate the HPLC separation ability of y-CD-MOF
composite packed column. As shown in Fig. S2, the xylene isomers were successfully
eluted as the overlapped peak by y-CD-MOF column. The retention of the xylene
isomers became weak with the increment of DCM content in mobile phase and the
flow rate increased. The xylene mixtures exhibited base-lined separation with the

retention order ortho > meta > para in this study, which was consistent with that
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reported in the literature [1]. At the flow rate of 0.4 mL/min, the excellent baseline
separation of the xylene isomers could be achieved at the hexane/DCM (95:5, v/v).
Thus, it was concluded that the basic separation could be achieved using y-CD-MOF
column for the xylene isomers. Furthermore, as for the column efficiency of the
v-CD-MOF column, the theoretical plate number is about 12 000 plates/m

calculated from p-xylene in this column.
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Fig. S2 The typical HPLC chromatograms of xylene isomers separation, (A) The different ratios
of the mobile phase, from bottom to up, 70:30, 80:20, 90:10, 95:5, hexane/DCM, v/v at a constant
flow rate of 0.4 mL/min, (B) The different flow rate, from bottom to up, 0.4, 0.6, 0.8 and 1.0

mL/min with the hexane/DCM (95:5, v/v) as the mobile phase.

S3. Crystallinity stability of the y-CD-MOF column

We also ensure the crystallinity of the y-CD-MOF during column preparation by
simulating the preparation procedure, which was carried out by immersing the
y-CD-MOF powder in the methane for 72h, according to the amount needed in the
packed method. The precipitates were collected by centrifuging and dried at 37 °C

overnight to obtain y-CD-MOF particles, and the powder-XRD and the SEM also
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were characterized to demonstrate the excellent crystallinity (Fig.S3). The SEM and
the powder-XRD both indicated that the y-CD-MOF retain its crystallinity well. On
the other hand, the packed y-CD-MOF column still possessed excellent HPLC
performance after 400 samples were injected into the column under the determination
condition. The column pressure still behaved well showing linearity with flow rate
and increasing DCM content, and the relative standard deviations (RSDs) of m-xylene
for retention time and peak area were 0.43% and 3.55%, respectively. Furthermore,
the ability of separating xylene isomers mixture still can achieve baseline resolution
(resolution were 1.34 and 3.21, respectively), which represented the tolerant

mechanical stability and column efficiency.
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Fig. S3 The characterization of y-CD-MOF during the column preparation, (A) the SEM image.

and (B) the powder-XRD image.
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ABSTRACT

Purpose To explain thermal stability enhancement of an or-
ganic compound, sucralose, with cyclodextrin based metal
organic frameworks.

Methods Micron and nanometer sized basic CD-MOFs
were successfully synthesized by a modified vapor diffusion
method and further neutralized with glacial acetic acid.
Sucralose was loaded into CD-MOJFs by incubating CD-
MOFs with sucralose ethanol solutions. Thermal stabilities
of sucralose-loaded basic CD-MOFs and neutralized CD-
MOFs were investigated using thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and high per-
formance liquid chromatography with evaporative light-
scattering detection (HPLC-ELSD).

Results Scanning clectron microscopy (SEM) and powder X-
ray diffraction (PXRD) results showed that basic CD-MOFs
were cubic crystals with smooth surface and uniform sizes.

Equally contributing authors (N.L. for drug loading, experiments other than
HPLC and preparation of the manuscript; T.G. for molecular simulation; B.L.
for CD-MOFs preparation; CW. for HPLC method establishment and
validation).

The basic CD-MOFs maintained their crystalline structure
after neutralization. HPLC-ELSD analysis indicated that the
CD-MOF crystal size had significant influence on sucralose
loading (SL). The maximal SL of micron CD-MOFs (CD-
MOF-Micro) was 17.5 +0.9% (w/w). In contrast, 27.9
+ 1.4% of sucralose could be loaded in nanometer-sized basic
CD-MOFs (CD-MOF-Nano). Molecular docking modeling
showed that sucralose molecules preferentially located inside
the cavities of y-CDs pairs in CD-MOTFs. Raw sucralose
decomposed fast at 90°C, with 86.2 = 0.2% of the compound
degraded within only 1 h. Remarkably, sucralose stability was
dramatically improved after loading in neutralized CD-
MOTFs, with only 13.7 £0.7% degradation at 90°C within
24 h.

Conclusions CD-MOFs efficiently incorporated sucralose
and maintained its integrity upon heating at elevated
temperatures.
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ABBREVIATIONS

CD- Cyclodextrin metal organic frameworks
MOFs

CTAB Cetyl trimethyl ammonium bromide
DsC Differential scanning calorimetry

EtOH Ethanol

HPLC- High performance liquid chromatography with
ELSD evaporative light-scattering detection

MeOH Methanol

PXRD Powder X-ray diffraction

TGA Thermogravimetric analysis

y-CD y-cyclodextrin

INTRODUCTION

In recent years, inorganic—organic hybrid materials, especially
metal-organic frameworks (MOFs) composed of metals and or-
ganic linkers, emerged as a new class of highly versatile porous
materials (1). Due to their large surface areas, the possibility to
tune their structure and porosity, as well as their high loading
capacities, MOZFs are well suited to serve as carriers for a variety
of guest molecules. In particular, their use for drug delivery pur-
poses attracted a great interest (2—10). However, the use of bio-
compatible materials is a prerequisite for biomedical applica-
tons. MOFs based on toxic metals (eg, Co, Ni, Cr,...) and/or
non-pharmaceutical grade organic linkers are not suitable for
healthcare applications (3). Many efforts have been carried on
to synthesize biocompatible MOFs with endogenous linkers or
pharmaceutical acceptable excipients (11-15). For instance, en-
vironmentally friendly and renewable MOFs were synthesized
using y-CD, a symmetrical cyclic oligosaccharide, as a ligand and
potassium ion as the metal source (16-18). The resulting CD-
MOFs are body-centered cubic structures with apertures of 7.8 A
and large spherical voids of 17 Alinked by coordination between
the D-glucopyranosyl residues of y-CDs and potassium cations.
These cubic CD-MOFs with large surface areas of up to
1200 m*g ™" were capable of storing gases (Ny, Hy, COy and
CH,) and some small molecules (rhodamine B and 4-
phenylazophenol) within their pores (19,20).

To the best of our knowledge, there are only few studies on
MOFs applications as carriers or micro-containers to improve
the stability of guest molecules (15,21). Moussa ef al. have success-
fully encapsulated curcumin in the cavities of CD-MOFs, to
better stabilize it for food applications (21). Sucralose is another
example of compound unstable at elevated temperatures with
formation of hazardous polychlorinated compounds. In this
study, sucralose was selected as a model molecule to investigate
its stability enhancement by confinement inside CD-MOFs.

@ Springer

Sucralose, an artificial sweetener which was firstly synthesized
by selectively substituting three hydroxyl groups of sucrose with
chlorine atoms in 1976, has shown an increasing trend of con-
sumption since its commercial development (22). Sucralose is a
relatively new, non-nutritive sweetener with a 600 times higher
sweetness than sucrose without bitter nor metallic taste (23).
Because of these properties, sucralose is widely used in food
products and pharmaceuticals (24). Although sucralose was ni-
tially considered safe, recently published data suggested that this
molecule could be degraded even at mild temperatures with the
generation of hazardous polychlorinated aromatic hydrocarbons
(25). Various techniques were applied to improve the thermal
stability of sucralose under hot and dry conditions, such as mi-
croencapsulation and the formation of co-crystallized complexes
with y-CDs (26). However, none of the above mentioned
methods has been proven satisfactory and the resulting sucralose
products continued to exhibit undesirable instability under hot
and dry conditions,

We show here that CD-MOFs prepared from edible nat-
ural products can be used as carriers or containers to improve
the stability of sucralose. The as-synthesized CD-MOFs were
alkaline with a pH of about 12 when dissolved in water, and
they were termed as basic CD-MOFs. Taking into consider-
ation the weak acidity of sucralose with a pK, of 2.52 £ 0.70
and its tendency to be hydrolyzed in the alkaline environment
of basic CD-MOFs, neutralized CD-MOFs were obtained by
treating basic CD-MOFs with glacial acetic acid. SEM,
PXRD and gas adsorption were employed to characterize
basic and the neutralized CD-MOFs. Sucralose was conve-
nienty loaded into all the CD-MOFs by simply incubating
them with sucralose solutions. The thermal stability of sucra-
lose under the free and encapsulated form was investigated by
a set of complementary techniques including TGA, DSC and
HPLC-ELSD. In addition, molecular docking studies were
performed to determine the sucralose location inside CD-
MOFs and the mechanism by which these particles improve
sucralose stability.

MATERIALS AND METHODS
Materials

Sucralose was purchased from Tate & Lyle Singapore Pte.
Ltd. (batch number: JU1419427). y-CD was purchased from
MaxDragon Biochem Ltd (Guangzhou, China). Methanol
(MeOH), potassium hydroxide (KOH), cetyl trimethyl ammo-
nium bromide (CTAB), isopropanol, ethanol (EtOH), dichlo-
romethane (DCM), acetone and other reagents of analytical
grade were all purchased from Sinopharm Chemical Reagent
Clo., Ltd. (Shanghai, China) and used without further purifi-
cation. Water was purified by Milli-Q system (Millipore).
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Sucralose stability protected by CD-MOFs

Synthesis of Micron and Nanometer Sized Basic
CD-MOFs

Basic CD-MOFs were synthesized according to a published
procedure with the only difference that the temperature of
MeOH diffusion was changed from 25°C to 50°C: to improve
the synthesis efficiency. In brief, y-CD (162 mg, 0.125 mmol)
was mixed with 8 equivalent moles of KOH (56 mg, 1 mmol)
in 5 mL aqueous solution. The solution was filtered through a
0.45 pm filter membrane into a glass tube, and 0.5 mL of
MeOH was added, followed by vapor diffusion of MeOH into
the solution at 50°C. After 6 h, the supernatants (about 7 mL)
were recovered and were transferred into another glass tube
followed by addition of 56 mg CTAB and the solution was
incubated at room temperature overnight. The precipitates
were then harvested and washed with isopropanol three times,
and dried at 37°C overnight to produce basic CD-MOFs with
the size of about 5-10 pm (CD-MOVF-Micro). The synthesis
procedure of nanometer-sized CD-MOFs (CD-MOF-Nano)
was the same as that for CD-MOF-Micro, except that 7 mL of
MeOH was added into the supernatants previously to the
addition of 56 mg of CTAB.

The basic CD-MOFs were neutralized with glacial acetic
acid. In brief, 600 mg basic CD-MOFs in 20 mL EtOH and
2 mL glacial acetic acid, then CD-MOFs and acetic acid were
well mixed under shaking (150 rpm) for 0.5 h. The precipitates
were harvested by centrifugation, followed by washing with
EtOH for three times, and vacuum dried at 50°C overnight.

Loading of Sucralose into Basic CD-MOFs

Sucralose was loaded into basic CD-MOFs by incubating
CD-MOTFs with sucralose solution. For this, 200 mg of dried
basic CD-MOFs powders (micron or nanometer sized) were
dispersed under ultrasonic bath into 4 mL EtOH solution of
sucralose with a concentration of 41 mg'mL™" (molar ratio of
constitutive y-CD 1n basic CD-MOFs to sucralose was 1:3)
and impregnated at 37°C in an incubator with a speed of
50 rpm for 20 h. The precipitates were dried under vacuum
overnight to obtain sucralose-loaded basic CD-MOFs.
Sucralose-loaded neutralized CD-MOFs were obtained simi-
larly. Two other concentrations of sucralose solutions, 69 and
96 mg'ml.~" were investigated on sucralose loading (ST, cor-
responding to molar ratios of y-CD in basic or neutralized
CD-MOFs to sucralose of 1:5 and 1:7, respectively.

Characterization of CD-MOFs and Sucralose Loaded
CD-MOFs

Morphological characterizations of basic, neutralized CD-
MOFs, and sucralose loaded CD-MOFs were conducted
using an SEM (53400, Hitachi). Specimens were immobilized

on metal stubs with double-sided adhesive tape and coated
with gold, then observed under definite magnification.

Crystallinity of the samples (basic or neutralized CD-
MOFs and that loaded with sucralose) was characterized by
PXRD. Diffraction patterns were detected with a Bruker D8
Advance diffractometer (Bruker, USA). Samples were irradi-
ated with monochromatized CuKa radiation (A = 1.54 A) and
analyzed over a 26 angle range of 3-40° with a tube voltage of
40 kV, a tube current of 40 mA at a scan speed of 0.1 s/step.

Fourier-transform infrared spectroscopy (FT-IR) spectra of
samples (basic or neutralized CD-MOFs and that loaded with
sucralose) were obtained using an FT-IR spectrometer
(Thermo Nicolet iS5, Thermo Scientific, USA). Briefly, sam-
ple was thoroughly mixed with potassium bromide at a ratio
of 1:10 and compressed into a tablet. Each specimen was
recorded with 16 scans at a resolution of 4 cm ™' in a wave-
number range of 400-4000 em ™.

Nitrogen adsorption-desorption isotherm of samples (basic
or neutralized CD-MOFs and that loaded with sucralose) was
measured at —196°C using a porosimeter (Micromeritics
ASAP 2020, USA). In order to remove the interstitial solvents,
the samples were activated by immersing in DCM for 3 days
and dried under vacuum at 50°C: for 12 h. Known amounts of
CD-MOFs (e. g. 150-200 mg) were loaded into the sample
tubes and degassed under vacuum (107> Torr) at 50°C for 6 h.
BET and Langmuir models were applied to measure the spe-
cific surface areas of the prepared samples.

Sucralose loading was measured by dissolving 5 mg of a
sample in 2 mL of water under sonication for 5 min and the
solution was analyzed by HPLC-ELSD, as described in S1 of
Supporting Information (SI). The SL was calculated accord-
ing to the following equation (27).

Sucralose determined in CD-MOFs
Neight of sucralose loaded CD-MOFs

SL(%) = v x 100 (1)

Release of sucralose from sucralose loaded neutralized CD-
MOF-Nano in EtOH was also performed. Sucralose loaded
neutralized CD-MOF-Nano (wash or without wash with
EtOH after sucralose loading) equivalent to 1 mg of sucralose
(calculated on the basis of sucralose loading) were suspended
in 5 mL EtOH and maintained at 25°C with a speed of
100 rpm. Samples of 200 pL were withdrawn at predefined
time intervals (0, 0.1, 0.2, 0.3, 0.5, 1, 2, 4, 6, 20 and 24 h) and
the same volume of fresh EtOH was added. The concentra-
tion of sucralose in each sample was determined and cumula-
tive release percentage was calculated. More detailed methods
and results were described in S4.

Thermal Analysis

TGA was performed using a thermal analysis system
(NETZSCH 209 F3 240-20-382-L, USA) at a heating rate
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of 10°C - min"" under nitrogen. Samples were weighed (ap-
proximately 5 mg) in an aluminum crucible and the percent-
age weight loss of the samples was monitored from 30 to
400°C.

DSC was performed by differential scanning calorimeter
(PerkinElmer DSC8500, USA) in the temperature range from
45°C to 230°C with a heating rate of 10°C - min~ " under
constant mitrogen purging of 30 mL- min~". Samples were
weighed (approximately 5 mg) in an aluminum crucible.
The temperature and melting calibrations were performed
with indium (mp = 156.6°C: and AHm = 28.5 ] - min" ).

Thermal Stability Measured by HPLC-ELSD

Thermal stability of sucralose, sucralose loaded basic and neu-
tralized CD-MOF's were investigated at elevated temperature.
Briefly, samples of 300 mg were mounted in glass dishes, and
then exposed to 90°C in an oven. Samples of 5 mg were
withdrawn at predefined time intervals (0, 1, 2, 4, 8, 16,
24 h) and then dissolved in 2 mL of water. The concentration
of sucralose in each sample was determined by HPLC-ELSD
in triplicate. The methodology validation of HPLC-ELSD
can be found in S1. The content of sucralose in the samples
exposed at 90°C was calculated according to the following
formula.

Sucralose content (%)

Content of sucralose after heating

% 100 (2)

"~ Content of sucralose before heating

Molecular Docking of Sucralose and CD-MOFs

Crystal structures of basic CD-MOFs were extracted from the
reported single crystal structure of CD-MOFs (20). In the
docking, an expanded non-periodic structure of CD-MOFs
was used, in which the K ion was deleted and the OH™ ion
was replaced by HyO. The structure of sucralose molecule was
built in Materials Studio 5.0 (MS, Accelrys Inc.). The Forcite
module in MS was employed for minimization and molecular
dynamics (MD) simulation. The docking program AutoDock
Vina 1.1.2 was used to perform the automated molecular
docking calculation (28). Details were described in S6.

RESULTS AND DISCUSSION

Synthesis and Characterization of CD-MOFs

Basic CD-MOFs crystals with micron and nanometer sizes
were obtained by reacting y-CD with 8.0 equivalents of

KOH in aqueous solutions, followed by vapor diffusion of
MeOH into the solution at ambient temperature (29).

@ Springer

However, this method required more than 24 h for the reac-
tion to be completed.

Therefore, in this study, a hydrothermal method was set up
to reduce the reaction time to only 6 h, by using a higher
temperature (50°C). Basic CD-MOFs with micron sizes (5—
10 pm, CD-MOF-Micro) and nanometer sizes (200-500 nm,
CD-MOF-Nano) were successfully synthesized. They were
cubic crystals with smooth surfaces and uniform sizes
(Fig. 1). The PXRD patterns of basic CD-MOF-Micro and
CD-MOF-Nano were consistent with the previously reported
ones (29). The SEM images showed that the neutralized CD-
MOFs and basic CD-MOTFSs shared similar cubic structures,
but a small fraction of CD-MOFs disintegrated into fine par-
ticles after neutralization. In contrast, basic CD-MOFs and
neutralized CD-MOFs had very similar PXRD patterns,
which showed that the crystallinity of basic CD-MOFs was
unaffected by neutralization with glacial acetic acid. The Ny
adsorption-desorption isotherms were measured on activated
basic CD-MOFs and neutralized CD-MOFs (Fig. 2). The
typical isotherms exhibited steep Ny uptake in the low-
pressure areas, hence validating the micro-porosity of these
materials. The BET (Langmuir) surface areas of basic CD-
MOF-Micro and CD-MOF-Nano were 786 and
668 m*g!, respectively. The surface areas of neutralized
CD-MOF-Micro and neutralized CD-MOF-Nano were 745
and 543 m*g ", respectively. The slight decreases in surface
areas after neutralization could be attributed to possible local
structure collapses or to the adsorption of acetic acid mole-
cules in the cavities of the y-CD-MOFs, leading to a partial
pore filling and thus eventually to a decrease of the surface
area.

In conclusion, there were no significant differences in terms
of structure, crystallinity and porosity between basic CD-
MOFs and neutralized ones.

Characterization of Sucralose Loaded CD-MOFs

The encapsulation of sucralose (molecular size of about
10.2% 7.1 A) into CD-MOFs was carried out by impregna-
tion. Indeed, the dimensions of the windows (7.8 A) of y-CD
and the internal pores (17 A) in CD-MOFs are compatible
with the molecular dimensions of sucralose molecules. After
sucralose loading, the particles maintained their cubic struc-
ture and did not collapse (Fig. 3). Maximal payloads were
obtained after 20 h incubation in sucralose solutions, The
basic CD-MOF-Micro could maximally adsorb around
17.5£ 0.9% (w/w) sucralose, whereas basic CD-MOF-Nano
could adsorb 27.9 + 1.4% (w/w) sucralose in the same exper-
imental conditions. Noteworthy, maximal SL was obtamed
when increasing the molar ratio of y-CD in basic CD-MOFs
to sucralose to 1:7 in the incubation experiments (Fig. 4).
However, the PXRD patterns of sucralose-loaded basic or
neutralized CD-MOFs showed the disappearance of the
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Basic CD-MOF-Micro |
1 \

Basic CD-MOF-Micro

Basic CD-MOF-Nano

Neutralized CD-MOF-Micro

Intensity

Neutralized CD-MOF-Nano

2 10 18 26 34
20 (degree)

Fig. I SEMimages and PXRD patterns of basic CD-MOFs and neutralized CD-MOFs.

characteristic peaks at 5.7° and 7.0° together with significant
decrease of the intensity of the peaks at 16.7° (Fig. 5). This is
an indication of the leakage of y-CD from basic and neutral-
ized CD-MOFs in EtOH. FT-IR investigations support this
hypothesis. The characteristic wide band at 2926 cm™'
assigned to -CH- (vgyy) vibrations in CD-MOFs was signifi-
cantly reduced after impregnation (Fig. 6). In the solid state,
sucralose presents a strong band at 891 cm ™" assigned to the
vibration of O-C-C bonds (30). Interestingly, the intensity of
this band strongly decreased when sucralose was incorporated

inside CD-MOF-Nano, as compared to free sucralose and to
a physical mixture of sucralose and basic CD-MOF-Nano
(Fig. 6). This is an indication that sucralose was loaded in a
molecular state strongly interacting with the CD-MOFs.

The adsorption of sucralose led to a significant decrease in
N, uptake (Fig. 2), which was a further proof of the interaction
taking place between sucralose and the CD-MOFs, with su-
cralose occupying the empty interconnected pores. There was
almost no residual porosity in the basic CD-MOF-Micro and
basic CD-MOF-Nano samples after the inclusion of sucralose

Fig. 2 N, adsorption isotherms of a c
CD-MOFs (blue circles: filled 300 300
adsorption, empty desorption) and
sucralose loaded CD-MOFs (red
triangles: filled adsorption, empty = 00 1 £ 200 |
desorption) for basic CD-MOF- .Z’ ,Z’
Micro (a), neutralized CD-MOF- S S
Micro (b), basic CD-MOF-Nano 2 £
(¢)and neutralized CD-MOF-Nano & 440 T 100
(d). where sucralose loaded CD- = =
MOFs were obtained by
impregnation (molar ratio of
constitutive y-CD in CD-MOFs to 0 " 0 =
sucralose was |:7 in the initial 0.0 0.2 04 0.6 08 1.0 0.0 02 0.4 0.6 0.8 1.0
impregnation system). Relative Pressure (P/Pg) Relative Pressure (P/P)
b d
300 300
% 200 o o200 |
£ £
g £
5 100 S 100 r
2 2
odd A e s
0 - - (] r
0.0 0.2 04 0.6 08 1.0 0.0 02 04 0.6 0.8 10
Relative Pressure (P/Pg) Relative Pressure (P/P,)
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Fig. 3 SEM images of sucralose
loaded basic CD-MOF-Micro (a),
sucralose loaded neutralized CD-
MOF-Micro (b), sucralose loaded
basic CD-MOF-Nano (€) and
sucralose loaded neutralized CD-
MOF-Nano (d).

molecules in their pores. For neutralized CD-MOF-Micro
and neutralized CD-MOF-Nano, the decrease in BET surface
areas was 88.6% and 77.3%, respectively.

Thermal Analysis

The thermal behaviors of sucralose, neutralized CD-MOF-
Nano and sucralose loaded neutralized CD-MOF-Nano were
studied by TGA and DSC (Fig. 7). Free sucralose typically
presents a significant weight loss starting at 123°C.. The inclu-
sion complexes with y-CDs allowed to shift the sucralose de-
composition to higher temperatures (173°C) as compared to
free drug. This clearly indicates a stabilization of the drug by

30
mBasic CD-MOF-Micro
mNeutralized CD-MOF-Micro
Basic CD-MOF-Nano

20 - mNeutralized CD-MOF-Nano

10

Loading efficiency (%)

A\

%

0
1:3 1:5 1:7
Fig. 4 Loading effidency of sucralose in basic or neutralized CD-MOFs in
sized of micron or nanometers, where the molar ratio of y-CD in CD-MOFs
to sucralose were |:3, 1:5and 1:7 in the initial impregnation system
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v-CDs. More interestingly, when sucralose was loaded in neu-
tralized CD-MOF-Nano, decomposition started at 205°C.
These results were consistent with DSC investigations
(Fig. 7h). Sucralose presents an endothermic peak at 124°C
in agreement with previously reported data (31). This transi-
tion corresponds to sucralose fusion followed by its decompo-

sition, releasing water and hydrogen chloride. This peak
completely disappeared when sucralose was incorporated in
neutralized CD-MOF-Nano. In this case, the drug was stable
up to 200°C.. Only the oxidative degradation of y-CD led to
the decomposition of the framework from 200 to 400°C.
However, an endothermic peak was detected at 212°C in
the case of sucralose-loaded neutralized CD-MOF-Nano,
which clearly indicated that decomposition of sucralose was
delayed of about 88°C as compared to the free form. In con-
trast, only about 49°C delay in sucralose decomposition was
observed in the case of sucralose inclusion complexes with
y-CD. As control samples, the physical mixture of sucralose
with neutralized CD-MOF-Nano and y-CD were also ana-
lyzed under identical conditions, but no delay in decomposi-
tion temperature of sucralose was observed (Figure S2). This
clearly shows that sucralose needs to be incorporated inside a
device to protect it from decomposition.

In conclusion, neutralized CD-MOFs were the most effec-
tive systems to stabilize sucralose against degradation upon
heating.

Thermal Stability Measured by HPLC-ELSD

The thermal stabilities of free sucralose and sucralose in basic
or neutralized CD-MOFs were investigated at 90°C, for
which discoloration of sucralose could be observed after only
10 min. Remarkably, after being loaded in the CD-MOFs,
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Fig. 5 PXRD patterns of
sucralose, basic or neutralized CD-
MOFs and sucralose loaded basic or
neutralized CD-MOFs.
Sucralose
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there were no obvious color changes for all samples of sucra-
lose loaded basic or neutralized CD-MOFs, even after 8 h
exposure at 90°C (Table S1). Decomposition of sucralose dur-
ing the heating process was quantitatively analyzed by HPLC-
ELSD. A fast degradation was observed at 90°C,, with 86.2
+0.2% of sucralose degraded within 1 h. However, sucralose
loaded in CD-MOFs was significantly more stable in compar-
ison with free sucralose (Fig. 8). SL dependent degradations
were observed for sucralose loaded basic or neutralized CD-

Basic CD-MOF-Nano

. ~ 2026

N ralose Toaded basic CD-MOF-]

©

1]

c

]

= | Physical mixture

E

(2]

c

© U

= 105 2926 Lol

891

4000 3000 2000 1000

Wavenumber (cm-)

Fig. 6 FT-IR spectra of sucralose, basic CD-MOF-Nano, sucralose loaded
basic CD-MOF-Nano and the physical mixture of sucralose with basic CD-
MOF-Nano.

20 (degree)

MOFs. Sucralose-loaded basic CD-MOJFs with SL of 27.9
+1.4% degraded much slower than free sucralose.
However, still 39.9 + 4.4% of sucralose decomposed within
1 h. Then, degradation was slower with 52.7 & 3.1% of sucra-
lose losing its integrity within 24 h. As a control, the thermal
stabilities of the physical mixtures of sucralose and basic or
neutralized CD-MOTs were also investigated. As expected,
no delay of degradation was observed. The different degrada-
tion profiles may be ascribed to the existence of two states of
sucralose in CD-MOFs, namely, (i) sucralose adsorbed on the
surface of CD-MOFs and (ii) sucralose molecules included in
the cavities of CD-MOFs. In the latter case, CD-MOFs play a
role as drug delivery systems possibly protecting sucralose
against degradation at elevated temperatures. Since there
was no sucralose-carrier interaction in the physical mixtures,
no delay in degradation or protection was recorded.

It was very interesting to note that the neutralized form of
CD-MOFs was much effective for the stability improvement
compared to the ones without neutralization. As shown in
Fig. 8b and d, there were only 26.7 £ 0.5% and 13.7 £ 0.7%
of sucralose degraded under 90°C within 24 h from sucralose
loaded neutralized CD-MOF-Micro (SL, 14.7 £ 1.2%) and
neutralized CD-MOF-Nano (SL, 23.4 + 1.6%), respectively.
Sucralose is a weak acid with a pK, value 0of 12.52 = 0.70 and
can be easily hydrolyzed in alkaline environment. This could
explain its fast degradation in basic CD-MOFs and its protec-
tion inside neutralized CD-MOTFs.
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Fig. 7 TGA and DSC characteristics (A and B, respectively) of sucralose,
neutralized CD-MOF-Nano, sucralose loaded neutralized CD-MOF-Nano
and sucralose-y-CD indusion complex.

Molecular Docking of Sucralose and CD-MOFs

From a thermodynamic point of view, the stable conforma-
tions have the lowest free energy. Therefore, docking with
relatively low energy was used for energy optimization and
molecular dynamics (MD). Molecular docking results showed
that sucralose molecule preferentially located in the cavities
formed by y-CD pairs inside basic CD-MOFs (docking free
energy of —7.1 keal'mol™") than in the hydrophilic chamber
surrounded by y-CDs in CD-MOFs (Fig. 9). The detailed
molecular docking results were described in S6.

Presumably, the highly porous CD-MOFs crystals pro-
vide a confined microenvironment for sucralose, offering
numerous interactions with this drug. The resulting stabi-
lizing effect delayed sucralose decomposition and signifi-
cantly improved its thermal stability at elevated tempera-
tures. The high efficacy of CD-MOFs to improve the ther-
mal stability of sucralose is derived mainly from the special
architectures of these particles, allowing to confine sucralose
and offering numerous steric hindrances. It has been shown
previously that the confinement of sucralose in y-CDs,
when forming inclusion complexes, protects this compound
from oxidation. Noticeably, the crystalline CD-MOFs stud-
ied here allowed even a higher protecdon. The simulation
result in Fig. 9 showed that the sucralose mainly located in
the cavities of y-CD pairs. These cavities of y-CD pairs are
also the channels for the destructive molecules (such as
oxygen gas) into the CD-MOFs. The special complex struc-
ture of CD-MOFs could impede the entry of the oxidizing

molecules.

Fig. 8 Sucralose content profiles a c
during stability test at 90°C of 120 120
sucralose (0), sucralose loaded basic < 100 ~ 100
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with different concentration of 0 1 . - 0
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(A), 1:5(@yand 117 ([J) in the b d
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Fig. 9 The molecular model after
docking and optimization of
sucralose with CD-MOFs in
sucralose loaded CD-MOFs (a and
b), in comparison with sucralose in
complex one molecule of y-CD or
two molecules of y-CD in aqueous
solution (c and d, respectively).

CONCLUSIONS

Micron and nanometer sized basic CD-MOFs were successfully
synthesized by a modified hydrothermal method, exhibiting
good purity and high production yield. Neutralized CD-MOFs
were obtained by treating basic CD-MOFs with glacial acetic
acid. Sucralose was successfully loaded in basic or neutralized
CD-MOFs by impregnation and showed significant improve-
ment in thermal stability at elevated temperatures. Neutralized
CD-MOTFs were more effective than basic CD-MOFs to protect
sucralose, possibly because of the fast hydrolyzation of sucralose
in alkaline environment. Molecular docking showed that sucra-
lose molecules preferentially locate in the cavities of y-CDs inside
CD-MOFs. Presumably, the highly porous CD-MOFs crystals
provide a confined microenvironment for sucralose, offering nu-
merous interactions with this drug. The resulting stabilizing effect
delayed sucralose decomposition and significantly improved its
thermal stability at elevated temperatures. Industrial uses of su-
cralose face problems related to sucralose oxidation and corro-
sive effects upon heating. In this study, biodegradable CD-MOFs
were shown to decrease the amounts of toxic side products of
sucralose, which potentially opens a field of applications in food
industry. Besides, it would be of great mterest to further investi-
gate the potential application of CD-MOFs for loading and im-
proving thermal stability of other unstable compounds.
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S1. Determination of the sucralose by HPLC-ELSD

The amount of sucralose was determined by high performance liquid
chromatography with evaporative light-scattering detection (HPLC-ELSD). Analysis
was carried out with the Phenomenex C18 column (4.6 mm»150 mm, 5 um i.d.),
under the flow rate of 1.0 mL-min’}, the injection volume of 20 L, and the column
temperature of 35°C. The mobile phase was composed of acetonitrile and water
(20:80, v/v). Sucralose were detected with an evaporative light-scattering detector, the
temperature of drift tube was set as 70°C, the pressure of carrier gas (high purity
nitrogen) was 3.3 bar and the gain was 6.

The results showed that reasonable linearity was achieved for all of the analytes
over the range of 50-1000 pgemL-! with the correlation coefficients (R) greater than
0.998. The precision for sucralose were 5.39% and the recoveries of sucralose ranged
from 94.6 to 101.8% at three spiked concentrations with the relative standard
deviations (RSDs) lower than 4.9%. This method was fast, simple, sensitive and low
cost, and has been successfully used to determine sucralose in our study. Sucralose
and y-CD released in the water solution while sucralose loaded CD-MOFs were
dissolved, and they were completely separated using the HPLC-ELSD described

above (Figure S1).
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Figure S1. HPLC chromatograms of sucralose (A), y-CD (B) and sucralose loaded

CD-MOFs (C).

S2. Preparation of sucralose-y-CD inclusion complex

Sucralose of 397 mg was dissolved in 15 mL of ethanol and then added to the
stirred y-CD aqueous solution (y-CD of 1297 mg dissolved in pure water) drop by
drop, with the temperature being maintained at 40 °C, wherein the molar ratio of
sucralose to y-CD was 1.0. The drug solution was then stirred continuously for 4 h.
Ethanol in the resulting clear solution was removed by rotary evaporation at 45 °C for
1 h, the remaining liquid was pre-frozen under -80 °C for 4 h and then lyophilized to
obtain sucralose-y-CD inclusion complex. The loading efficiency of sucralose in

S-CD was21.8+1.3 %.

S3. DSC curves of physical mixtures
Differential scanning calorimetry (DSC) was detected for physical mixtures of
sucralose and neutralized CD-MOF-Nano or y-CD, in which the sucralose content

were the same as that for sucralose loaded neutralized CD-MOF-Nano or
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sucralose-y-CD inclusion complex. The decomposition temperature for sucralose in
physical mixtures was observed around 124°C, no delay of decomposition

temperature was detected (Figure S2).
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Figure S2. DSC curves of sucralose, y-CD and physical mixtures of sucralose with
neutralized CD-MOF-Nano or y-CD.

Table S1. Color changes of sucralose, CD-MOFs and sucralose loaded CD-MOFs

when exposed at 90°C for different time

Sample/Time 0 min 10 min 8h
Sucralose White Dark brown Dark brown
CD-MOFs White White Light yellow
Sucralose loaded CD-MOFs White White Light yellow

S4. Release of sucralose from sucralose loaded neutralized CD-MOF-Nano in

ethanol

Sucralose loaded neutralized CD-MOF-Nano (wash or without wash) equivalent

to 1 mg of sucralose were suspended in 5 mL of ethanol and maintained at 25 °C with



a shaking rate of 100 rpm. Samples of 200 pL were withdrawn at predefined time
intervals (0, 0.1, 0.2, 0.3, 0.5, 1, 2, 4, 6, 20 and 24 h) and the same volume of fresh
EtOH was added. The concentration of sucralose in each sample was determined by
HPLC-ELSD method described in section 2.5.4 and cumulative release percentage
was calculated. Experiments were performed in triplicate.

For sucralose loaded neutralized CD-MOF-Nano without wash, about 65% of
sucralose released within 1 h, for sucralose loaded neutralized CD-MOF-Nano
washed with ethanol, only 30% of sucralose released under the same condition. The
release kinetics of sucralose loaded neutralized CD-MOF-Nano (wash or without
wash) satisfied the pseudo-second order model. Pseudo-second order kinetic
equation(1) is as follows:

t 1 1
—=——t+—t

qt kzqe qe

Wherein, t represents time, q: represents the release amount at time t, qge
represents equilibrium release amount, k, represents kinetic constant of
pseudo-second order release.

The linear fitting equation and kinetic constant for sucralose loaded neutralized
CD-MOF-Nano without wash and the samples washed with ethanol were t/q =
0.0014t + 0.0001 (R? = 0.9989), k2= 0.0196 and t/q;= 0.0022t + 0.0007 (R? = 0.996),
k2 = 0.0069, respectively. The fast release of the sucralose from sucralose loaded
neutralized CD-MOF-Nano without wash might be due to the large fraction of
sucralose adsorption on the surface of CD-MOFs. However, for sucralose loaded

neutralized CD-MOF-Nano washed with ethanol, the majority of sucralose located in
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the interior of CD-MOFs, which may account for its relatively slow release in ethanol.
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Figure S3. Cumulative release curves (A) of sucralose loaded neutralized
CD-MOF-Nano (wash, without wash) in EtOH, and pseudo-second order kinetic
fitting of the release parameters (B).

S5. Solid-state nuclear magnetic resonance (SSNMR)

Solid-state 1*C cross-polarization/magic angle spinning (CP/MAS) spectra were
collected on Agilent 600 MHz DD2 solid system, equipped with a 3.2 mm
double-resonance MAS probe. The Hartmann-Hahn conditions of the CP experiment
for acquiring >C spectra were optimized by using adamantane. *C NMR spectra
were obtained at 6 kHz MAS spinning speed with a contact time of 1.0 ms. Recycle
delay time for sucralose and y-CD are 2 and 120 s, respectively. The '*C chemical
shifts were externally referenced to tetramethylsilane (6 = 0.0 ppm).

No signal of sucralose was observed in sucralose loaded neutralized
CD-MOF-Nano wash (surface located sucralose were removed, sucralose weight
content was 4.6%) and the NMR spectra of which was almost similar to the
neutralized CD-MOF-Nano (Figure S4). Whereas, the chemical shift of sucralose at

chemical shifts (8) of 93.3 was detected in physical mixture sample, wherein the



weight content was also 4.6% (same as loaded one). The NMR spectra of sucralose
loaded neutralized CD-MOF-Nano without wash was similar to that of neutralized
CD-MOF-Nano, however, the characteristic chemical shifts (3) of sucralose at 91.4

ppm and 43.6 ppm were detected in loaded neutralized CD-MOF-Nano without wash.
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Figure S4. BC MAS NMR spectra of sucralose, neutralized CD-MOF-Nano,
sucralose loaded CD-MOF-Nano with wash, sucralose loaded neutralized
CD-MOF-Nano without wash and physical mixture of sucralose with
neutralized CD-MOF-Nano.

S56. Molecular docking of sucralose and CD-MOFs

Docking protocol was executed to the prepared sucralose model and CD-MOFs
model. Then the docking with relatively low energy was used for energy optimization
and molecular dynamics (MD), in which CD-MOFs model was fixed and all models
were put in vacuum. In the MD protocol, the COMPASSII force field was adopted,
and the NVT ensemble and the Berendsen temperature control method was employed

for a total time of 50 ps. The nonbond cut-off distance of 18.5 A, spline width of 1.0
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A and buffer width of 0.5 A were used. In the task of minimization, a smart algorithm
was employed with the total energy of the system converged to less than 2.0x107
kcal'mol™!, the residual force to less than 0.001 kcal'mol-A"!, the displacement of
atoms to less than 1x10™ A. In the Vina, a Lamarckian genetic algorithm (LGA) in
combination with a grid-based energy evaluation method were used for
pre-calculating grid maps according to the interatomic potentials of all atom types
present in the host and guest molecules, including the Lennard-Jones potentials for
van der Waals interactions and Coulomb potentials for electrostatic interactions. A
grid map of dimensions 70x70x70 A, with a grid spacing of 0.375 A, was placed to
cover the CD-MOFs structure. With the help of AutoDockTools(2), the atomic partial
charges were calculated by the Gasteiger—Marsili method(3). The parameters used for
the global search were an initial population of 50 individuals, with a maximal number
of energy evaluations of 1,500,000 and a maximal number of generations of 50,000 as
an end criterion and other docking parameters were set as default.

For the docking of sucralose to one mole of y-CD, the sucralose molecule was
almost entirely included in y-CD (docking free energy of -5.3 kcal'mol!), based on
which, the second CD was docked (docking energy of -5.9 kcal'mol!) in the same
pattern as that for sucralose in CD-MOFs. However, the distance between two y-CDs
were closer than that in CD-MOFs due to the stagger of y-CDs in aqueous solution.
The sucralose molecule still stayed in the first y-CD, and hardly entered the second
v-CD, the docking interaction mainly derived from the electrostatic effect between the

hydroxyls in y-CDs. It can be estimated that sucralose was generally included in one



v-CD in diluted solution, and more y-CDs would be required for sucralose to be

enclosed by two y-CDs.
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Abstract Drug delivery systems are
engineered  technologies to  administer
pharmaceutical ingredients to improve their
therapeutic effects, aiming at minimizing their
side effects by means of targeted delivery and/or
controlled release. “Cage” particles recently
drew special attention since they could act as
“drug containers” which potentially load large
amount of drugs, improve their stability and

offer the possibilities to co-encapsulate
synergetic drugs.
Cyclodextrins (CDs) are typical “cage”

molecules with a hydrophobic cavity and a
hydrophilic outer surface. Taking advantage of
the host-guest interactions between p-CD and
benzophenone (Bz), CD based nanoparticles
(CD-NPs)  were the first formulation
investigated. CD-NPs of around 100 nm were
instantaneously produced by mixing two
aqueous solutions of neutral polymers : 1) poly-
CD containing B-CDs, and 2) Bz grafted Dex
(Dex-Bz). The “green” and facile preparation
procedure makes it attractive formulation,
whereas its limitation lies on the low drug
payloads (~ 5 wt%).

In order to improve the drug loading capacity of
CDs, porous CD based metal orgainc
frameworks (CD-MOFs) were synthesiezed,
which contain not only CD cavities, but also
large pores built up by CDs self-assembly.
Lansoprazole (LPZ) was incorporated in CD-
MOF microcrystals (~ 6 um) reaching payloads
as high as 23.2 £ 2.1% (wt). Remarkably, each
CD cavity was able to host a drug molecule,
offering new opportunities for the use of CD-
MOFs for drug delivery purposes. However,
these particles disassembled in aqueous media,
which limits their application for oral and
intravenous administration.

Surface modification is therefore necessary to
improve their stability in water. The drug loaded
CD-MOF nanocrystals (~ 650 nm) were
successfully embedded in polyacrylic acid
(PAA) polymer matrices. The composite
microspheres exhibited spherical shapes and
sustained drug release over a prolonged period
of time (over 48 h). Drug loaded MOF/PAA

composite microspheres were not toxic in vitro
(cell viability ~ 90%) even at very high
concentrations up to 17.5 mg/mL. MOF/PAA
composite microspheres constitute an efficient
and pharmaceutically acceptable MOF-based
carrier for sustained drug release. However, the
process of surface modification  was
complicated and lead to larger particles and
reduced drug payloads.

Water-stable MOFs are a novel type of hybrid
particles, showing a high potential as drug
carriers. Iron trimesate MOFs, namely, MIL-
100 (Fe) (MIL stands for Material of Institute
Lavoisier) was among the first nano-scaled
MOFs used for drug delivery. These particles
were stable in water but degraded in phosphate
buffer saline (PBS) losing their crystallinity and
constitutive trimesate linkers. However, it was
discovered that they kept their morphology
intact. A thorough analysis based on Raman
microscopy was carried on to gain insights on
both the morphology and chemical composition
of individual particles. It was evidenced the
formation of a sharp erosion front during
particle degradation. Noteworthy, the MOFs did
not degrade during drug loading nor surface
modification.

Co-encapsulation of two synergic antibiotics
(amoxicillin and potassium clavulanate) in MIL-
100 (Fe) nanoMOFs was achieved following a
“green” procedure by soaking nanoMOFs in
aqueous solutions of both drugs. Molecular
modelling showed that each drug preferentially
located in a separate hanoMOF compartment.
Surprisingly, nanoMOFs were prone to co-
localize with bacteria once internalized in
infected macrophages. NanoMOFs acted
synergistically with the entrapped drugs to Kill
intracellular S. aureus, in vitro. These results
pave the way towards the design of engineered
nanocarriers in  which each component
synergistically plays a role in fighting the
disease.

These studies unravel the potential of “cage”
particles for efficient drug entrapment and
controlled release and open numerous
possibilities for applications.
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Résumé: Les systtmes a délivrance de
médicaments sont des technologies congues
pour administrer des molécules actives de fagon
optimisée afin d’améliorer leurs effets
thérapeutiques tout en minimisant les effets
secondaires. En effet, ces systémes permettent
une libération au niveau d’une cible
thérapeutique. Les particules de type «cage» ont
récemment attiré une attention particuliere en
raison de leur capacité accrue a (co)incorporer
et a protéger des molécules actives vis-a-vis de
dégradations in vivo.

Les cyclodextrines (CDs) sont des exemples
type de molécules "cage", possédant une cavité
hydrophobe et une surface extérieure
hydrophile. Nous avons élaboreé tout d’abord des
assembages supramoléculaires a base de CDs
denviron 100 nm par une méthode douce
consistant a mélanger deux solutions aqueuses
de polymeres neutres: 1) polymére de B-CD et
2) dextrane greffé avec la benzophénone,
molécule invitée formant des complexes
d’inclusion avec les CDs. La procédure de
préparation «verte» en une seule étape rend la
formulation attractive, malgré sa relativement
faible capacité d’encapsulation (5%pds). Afin
d'améliorer cete charge, nous avons élaboré des
particules hybrides organiques-inorganiques
(MOFs) a base de CDs. Avantageusement, les
CD-MOF comportent non seulement des cavités
de CD, mais aussi de larges pores engendrés lors
I’auto-assemblage de CDs. Le lansoprazole a été
incorporé avec suces (23%pds) dans les CD-
MOFs et nous avons montré que chaque CDs
était capable d’accueillir une molécule de
principe actif. Cependant, I’inconvénient majeur
des CD-MOFs est leur faible stabilité en milieu
aqueux, limitant leur domaine d’aplication.

Une modification de surface est apparue donc
nécessaire pour améliorer leur stabilité. Notre
statégie a été d’incorporer les CD-MOFs dans
des matrices d'acide polyacrylique (PAA). Des
microsphéres composites d’environ 650 nm ont
été élaborées avec succes et ont permis une bone
stabilité et une libération prolongée sur plus de
48 h. Avantageusement, ces particules
composites n’étaient pas toxiques in vitro méme
a des concentrations élevées.

Ces microsphéres apparaissent comme des
systemes efficaces pour assurer une bonne
stabilité dans de milieux biologiques et une
libération prolongée, mais leur synthése est
laborieuse et leur taille ne peut pas étre réduite
en dessus de 50nm.

Ainsi, nous nous sommes orientés vers 1’étude
comparative de MOFs plus stables dans 1’eau, a
base de trimesate de fer. Les MIL-100 (Fe)
(Material of Institute Lavoisier) figurent parmi
les premiers MOF étudiés en tant que
nanomédicaments (nanoMOFs). Ces particules,
pafaitement stables dans I'eau, se dégradent dans
des milieux contenant des phosphates (PBS) en
perdant rapidement leur caractére cristallin et
leurs ligands constitutifs. De fagon étonnante,
nous avons constaté que malgré leur
dégradation, ces MOFs conservent leur taille
intacte. Une analyse approfondie basée sur la
microscopie de Raman a permis d’obtenir des
informations pertinentes sur la morphologie et la
composition chimique de particules
individuelles. Ainsi, il a été montré qu’un front
d'érosion délimitait nettement un coeur intact et
une coquillé inorganique érodée. Cependant, ni
I’encapsulation ni la modification de surface des
MOFs n’altérait leur intégrité. Enfin, nous avons
étudié la co-encapsulation de deux molécules
actives utilisées en combinaison (amoxicilline et
clavulanate de potassium) dans les nanoMOFs
stables a base de MIL-100 (Fe). Les
antibiotiques ont été incorporées par
imprégnation et chaque molécule s’est localisée
preferentiellement dans un compartiment (large
ou petite cage) corroborant parfaitement les
simulations par modélisation moléculaire. De
plus, il a été découvert, de maniére surprenante,
qu’un grand nombre de nanoMOFs se localisait
au voisinage des bactéries (S.aureus) dans des
cellules infectées. En se dégradant dans ces
cellules, les nanoMOFs contenant les
antibiotiques ont réduit de maniére importante la
charge bactérienne intracellulaire.

Ces études révelent le potentiel des particules de
type «cage» pour une incorporation efficace de
molécules actives et leur libération contrélée et
ouvrent de nombreuses possibilités
d’application.
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