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Nanoparticles made of metal-organic frameworks (nanoMOFs) attract a growing interest in gas storage,
separation, catalysis, sensing and more recently, biomedicine. Achieving stable, versatile coatings on highly
porous nanoMOFs without altering their ability to adsorb molecules of interest represents today a major
challenge. Here we bring the proof of concept that the outer surface of porous nanoMOFs can be specifically
functionalized in a rapid, biofriendly and non-covalent manner, leading to stable and versatile coatings.
Cyclodextrin molecules bearing strong iron complexing groups (phosphates) were firmly anchored to the
nanoMOFs’ surface, within only a few minutes, simply by incubation with aqueous nanoMOF suspensions.
The coating procedure did not affect the nanoMOF porosity, crystallinity, adsorption and release abilities.
The stable cyclodextrin-based coating was further functionalized with: i) targeting moieties to increase the
nanoMOF interaction with specific receptors and ii) poly(ethylene glycol) 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, catalysis, separation and sensing.

discovery in 19897, MOFs have attracted growing interest due to their useful applications in gas storage,
8-12

M etal-organic frameworks (MOFs) are one of the latest classes of ordered porous solids'*°. Since their

separation, catalysis, sensing®'* and, more recently, in biomedicine'*™'°. One of the key advantages of the
MOFs lies in their easily tunable composition. As almost any metal can be associated to polycomplexing linkers
(carboxylates, phosphonates, sulfonates, imidazolates...), this has led so far to the discovery of thousands of
MOFs'*"~'8, Thus, in addition to a huge chemical versatility that can be further enlarged through functionalisa-
tion'"', these solids exhibit a large variety in terms of pore sizes and shapes, together with, in some cases, a
flexible character which allows to reversibly adapt the MOF pore size to an external stimulus™*.

Recently, nanosized MOFs (nanoMOFs) based on porous iron(III) polycarboxylates emerged as a new class of
biodegradable and non toxic** nanomaterials of high interest for biomedical applications". NanoMOFs were
shown to load unprecedented amounts (within the 20-70 wt% range) of a large variety of therapeutic molecules
able to penetrate within the porous MOF structures''>**"*’. The important loading abilities of nanoMOFs were
related to their high pore volumes and surfaces, the amphiphilic microenvironment inside the pores and the
presence of accessible Lewis acidic metal sites. The entrapped drugs were released in a controlled manner in
simulated body fluids, while the iron(III) nanoMOFs exhibited intrinsic properties as contrast agents'>**.

The use of nanotechnology for drug delivery applications is currently bringing a new opportunity to change the
landscape of pharmaceutical and biotechnology industries for the foreseeable future, in order to achieve: i)
targeted drug delivery; i) transcytosis of drugs across biological barriers; iii) delivery of drugs to intracellular
targets and iv) visualization of sites of drug delivery (theranostics). To reach such challenging goals, it is required
not only to achieve high payloads and controlled releases, appropriate sizes and shapes, but also to engineer the
shells of the nanoparticles, since the in vivo fate of the nanocarriers (biodistribution, pharmacokinetics and
targeting abilities) depends upon their surface physicochemical properties®.
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Whereas several covalent coating methods have been developed in
the case of nanocarriers made of mesoporous silica**~*’, so far, there
are only scarce examples of surface modified nanoMOFs">*'~.
Essentially, porous Tb(III)*' or Fe(II)** nanoMOFs were covalently
grafted with a silica shell, whereas non porous Gd-based materials
were covalently modified with a silica shell or with reactive poly-
mers®**. However, the complexity of the covalent coating proce-
dures is a drawback for medical applications. Moreover, when
degrading, nanoMOFs could release Gd or Tb species with potential
toxic side effects. In this context, biocompatible iron-based
nanoMOFs appear as better alternatives’>*, but their coating is a
challenge because they are: i) biodegradable, requiring soft grafting
methods which ensure the integrity of both the MOF and the drug,
and ii) highly porous, which can induce a non-specific adsorption
inside the pores'’ competing with encapsulated drugs.

Therefore, the “ideal” nanoMOFs coating should: i) be obtained
by a soft, non-covalent strategy; ii) not penetrate inside the porous
structure; iii) not interfere with the entrapped drugs; iv) confer
nanoMOF colloidal stability; v) be stable under physiological condi-
tions and vi) be obtained in aqueous media in a single step without
using any toxic additive.

To achieve these goals, biodegradable nanoMOFs were synthesis here
by a “green” microwave assisted hydrothermal method. The non-toxic
mesoporous iron(Ill) carboxylate MIL-100(Fe) (MIL standing for
Material from Institute Lavoisier) nanoMOFs are built up from
iron(III) octahedra trimers and trimesate linkers (1,3,5 benzene tricar-

boxylate) that self-assemble to build a porous architecture delimiting
large (29 A) and small (24 A) mesoporous cages (Fig.1a). The two types
of cages are accessible through microporous pentagonal (5.6 A) or hexa-
gonal windows (8.6 A)””. Drug loading was typically achieved by soak-
ing the nanoMOFs in solutions of drugs, leading to rapid adsorption of
the active molecules within the pores (Fig. 1b). Drugs such as azidothy-
midine-triphosphate (AZT-TP), the active form of AZT, possessing
polar complexing groups, bind eventually the coordinatively unsaturated
iron Lewis acid sites (CUS), leading to almost perfect (>99%) encap-
sulation efficiencies, high payloads and controlled release™.

The existence of such strong drug/nanoMOF interactions inspired
us to propose an original strategy to coat the nanoMOFs based on the
use of aqueous solutions of bulky derivatives that bear strong com-
plexing groups (Fig. 1c). Biocompatible cyclodextrins (CDs)
emerged as materials of choice for nanoMOF coating™. CDs, well
known to improve the physicochemical properties of drugs (stability,
solubility and bioavailability)** are considered as “smart” parts of the
drug delivery devices*. Phosphated CDs (CD-P) were selected since:
i) they are bulkier with regard to the nanoMOF windows (15.4 X 7.9
vs.5.6and 8.6 A) (Fig. 1c,d) and ii) phosphates are prone to strongly
coordinate to the CUS at the nanoMOF surface, thus ensuring coat-
ing stability in biological media.

Results and Discussion

Physicochemical characterization and stability of the coating.
MIL-100(Fe) nanoparticles were incubated with aqueous CD-P

Figure 1 | Schematic representation of nanoMOFs “green” synthesis, drug loading and surface modification procedures. (a) NanoMOFs formed by
spontaneous coordination between Fe(III) trimers and trimesic acid into hybrid supertetrahedra which further assemble giving rise to a porous zeotypic
architecture. Two different types of mesoporous cages delimited by microporous windows are present in this structure: small cages (25 A) simplified as
dodecahedrons with 12 pentagonal faces (openings 5.6 A) and large cages (29 A) symbolized as polyhedra consisting of 12 pentagonal and 4 hexagonal
faces (openings 8.6 A). Drug loading can be achieved simply by soaking in aqueous solution. (b) Drug molecules provided with suitable size can be

absorbed within the porous core interacting with the nanoparticles matrix by non covalent links with the organic linkers or/and with the Lewis acid Fe(III)
sites. (c) Due to their phosphate groups, CD-P strongly interact with the nanoMOFs by coordination with the available Fe(III) sites at the surface, but
cannot penetrate inside the matrix because they are too bulky to cross the nanoparticles microporous windows. (d) Coating materials able to penetrate

within the MOF porosity can lead to uncontrolled drug release.
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Figure 2 | Reconstituted envelope of a MOF crystal coated with rhodamine-labelled CD-P and observed in a confocal microscope. Views from top (a)
bottom (b) left (c) and right (d). To enable visualizing inside MOF, signal from the first layer was removed. Bar represents 10 pum.

solutions and the corresponding rate of grafting CD-P was evaluated
by elemental analysis and spectrofluorimetry, using rhodamine-
labeled CD-P (CD-P-R; see SI). Remarkably, up to 13, 14 and
17 wt% of CD-P was associated to the nanoMOFs after only
15 min, 1 and 24 hours of incubation, respectively (SI, Tab SI).
This indicates a fast kinetic of grafting, with more than 75% of the
total coating achieved within less than 15 minutes.

The location of the coatings could be visualized in the particular
case of larger MOF particles (>10 pm) which were surface-modified

with CD-P-R. Optical sections were observed by confocal micro-
scopy (Fig. 2). The CD-P-R molecules were only detected at the
surface (depth compatible with the resolution of the confocal micro-
scope, i.e. around 200 nm) of the large crystalline particles. Other
examples are given in SI (IL.9).

Noteworthy, the CD-P coating on nanoMOFs was stable in aque-
ous solution, as three extensive washings of the nanoMOFs did not
lead to any CD-P leaching (SI, Tab S1). Similarly, three washings
with phosphate buffer saline (PBS) lead to only 7% CD-P detach-
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Figure 3 | Physico-chemical characterization of the nanoMOFs supramolecular structure and porous surface after modification with CD-P. (a) TEM
images of uncoated (upper panel) and coated nanoMOFs (bottom panel) show that the nanoparticles keep the same facetted-type morphology before and
after incubation with CD-P aqueous solutions. (b) XRPD patterns of nanoMOFs before (black) and after impregnation with CD-P (red)

show that the nanoparticles crystalline structure is not affected by the modification procedure. XRPD patterns correspond to crystalline MIL-100*
(c) Nitrogen physisorption isotherms of nanoMOFs (black) and CD-P-modified nanoMOFs (red) were measured by nitrogen absorption at —196°C. The
two curves are almost perfectly overlapping, demonstrating that the nanoparticles porous surface is not perturbed after impregnation with CD-P. On the
contrary, after incubation with linear PEG chains (green), the nitrogen absorption dramatically decreases, as a consequence of the partial pores occupancy

by the polymer chains.
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ment. In addition, despite the high CD-P content, the surface area of
the nanoMOFs was maintained at 1350 * 100 m’>.g™' (Langmuir)
before and after CD-P association (Fig. 3c). In contrast, although
similar coating amounts (17 wt%) were achieved when nanoMOFs
were incubated with poly(ethylene glycol) (PEG) aqueous solutions
instead of CD-P ones', the surface area dramatically decreased to
350 m*.g~', in agreement with a partial filling and/or blocking of the
pores by PEG chains. Presumably, PEG chains can penetrate into
the pores by reptation (Fig. 1d), their section (~3.1 A?) being smaller
compared to the size of the windows*"*?. These studies clearly dem-
onstrate the interest to use coating species with larger rigid sections
larger than the windows of the nanoMOFs to avoid pore filling.

The physicochemical characterization of the MIL-100(Fe)
nanoMOFs, coated or not, was investigated using a set of comple-
mentary techniques (Fig. 3, S1, S2, S3 and S6). First, X-ray powder
diffraction (XRPD) and transmission electron microscopy (TEM)
studies showed that the nanoMOFs maintained its crystalline struc-
ture, size (~200 nm) and morphology (Fig. 3a,b; see also Fig. S3, SI).
Dynamic light scattering confirmed that the mean diameters were
not affected by incubation with CD-P (224 = 16 nm and 216 *
11 nm, respectively).

X ray photoelectron spectroscopy (XPS) was used to ascertain the
presence of CD-P within the nanoMOF top layers (~5-10 nm
depth) and to determine the quantitative % atomic surface composi-
tion. After coating with CD-P, both carbon C1s “fingerprints” of the
carbon skeleton of MIL-100(Fe) (284.8 and 289 eV: C-C or C-OOH,
respectively) and CD-P “fingerprint” (main contribution at
286.3 eV*’) were observed (Fig. 4a and Fig S1). The decrease of the
% of Fe in the top layers (the C/Fe atomic ratios increased from 7.4 to
12.1 before and after coating, SI, table S2) was indicative of the
presence of CD-P in this region. Chemical composition of the top
layers corresponds to around one phosphate group per two iron
atoms (SI, table S2).

Interestingly, despite the use of a Na salt of CD-P (Na/P ~ 1) to
coat the nanoMOFs, their outer surface contained undetectable
amounts of Na (S, table S2). This indicates that the Na*/phosphate
pair has been replaced by stronger phosphate-iron(III) coordination.
Presumably, most of the 3-4 P-O groups per CD-P interacted with
iron sites, providing thus a cooperative anchoring effect of the CD-P
coating. Interestingly, the use of CD without phosphate groups did
not lead to any effective grafting (Table S2, Fig. S1).

Isothermal titration calorimetry (ITC) confirmed that the phos-
phate-iron coordination is the principal binding mechanism. ITC
evidenced the absence of interaction between non-phosphated CD
and nanoMOFs (Fig. 4b). On the contrary, the binding isotherm for
the CD-P/MIL-100 nanoMOF interaction revealed a strong interplay
(Fig. 4b) characterized by a AG ~ —5.2 kcalmol™" and AH ~
7.2 kcal.mol™" associated with a prevailing entropic contribution
(—=TAS ~ —12.6 kcal.mol ™).

Indeed, this is in agreement with the replacement of coordinated
water molecules (one per iron trimer) inducing a dehydration pro-
cess characterized by an entropic contribution. Further support of P-
O-Fe bonds was given by 'H solid-state magic-angle spinning (MAS)
nuclear magnetic resonance (NMR) analysis: the'H NMR spectrum
of the nanoMOF after incubation with CD-P still contains the main
features of the empty MIL-100(Fe), indicating that the structure of
the MOF was not modified by the incubation (Fig. S3).

The stability of the coating under physiological simulated condi-
tions was investigated. Indeed, serum is a slightly basic medium (pH
~ 7.4) and contains phosphates that promote the biodegradation of
metal carboxylates nanoMOFs'. However, whatever the incubation
media (phosphate buffer solution (PBS) or cell culture media), less
than 10% of the total CD-P coating was detached after 24 hours of
incubation (Fig. 5a and S4). It can be concluded that the CD-P-based
coating provides a sufficient stability under physiological conditions
to play a biological role, knowing that nanoMOFs typically release
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Figure 4 | Evaluation of the nanoMOFs-CD-P interaction. (a) Cls
binding energy spectra obtained by XPS for nanoMOFs (black), CD-P
(blue) and CDP-modified nanoMOFs (red). (b) Thermograms obtained
by ITC as the result of the nanoMOF interaction with CD (red) or CD-P
aqueous solutions (black).

their drug cargo in less than 24 hours and that nanoparticles gen-
erally circulate in the blood stream in shorter time frames®. The
cooperative effect of the phosphate units of CD-P enables a firm
anchorage of the coating, even in media containing competing phos-
phates. In contrast, in the absence of strong iron complexing groups,
as in the case of the previously described dextran-coated nanoMOF
(dextran possesses exclusively hydroxyl groups)", a fast and substan-
tial coating detachment was observed in PBS (52 and 81% loss after 4
and 24 h, respectively) (Fig. 5a). In conclusion, not only bulky coat-
ing agents, but also strong complexing units are required for stable
coatings.

Interestingly, the coating approach could be successfully used for
other types of nanoMOFs. For instance, aluminium-trimesate
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Figure 5| NanoMOFs shell stability under physiological conditions and its effect on the nanoparticles colloidal stability and drug release. a) Kinetics of
coating detachment under physiological simulated conditions (PBS 9.5 mM, pH 7.4, 37°C) of rhodamine-labeled BCDP (red) or dextran-biotin-FITC
(blue) molecules adsorbed on the nanoMOF surface, measured by fluorescence spectroscopy. b) Water stability of nanoMOFs (black) and CDP-

modified nanoMOFs, measured by DLS. ¢) AZT-TP release from nanoMOFs (black), BCDP-modified nanoMOFs (red) and PEG-modified nanoMOFs

(green) in PBS pH 7.4 at 37°C.

nanoMOFs could be coated by the same way and the resulting CD-P
coating was stable (see SI, Fig. S5). Furthermore, 2D NMR investi-
gations confirmed the presence of preferential interactions between
the phosphate moieties of CD-P and the Al trimers in the nanoMOFs
(Fig S6).

Effect of the coating on the nanoMOF stability, drug release and
cell interaction. As it is the case with other types of uncoated
nanoparticles, one of the main drawbacks of uncoated nanoMOFs
for their use as drug delivery systems is their poor colloidal stability in
aqueous media depending on pH, ions presence and nanoMOF
concentration. Fig. 5b clearly shows that uncoated diluted
nanoMOFs (200 pg.mL™") underwent a fast aggregation process in
water, with mean diameters rising to more than 500 nm within only
30 min. In contrast, CD-P coated nanoMOFs at the same
concentration were perfectly stable in water for more than three
days, with less than 4% diameter variations. This improved
stability could be related to the highly negative surface charge
gained by the nanoparticles after their modification with CD-P
(€ ~ —17 = 3 mV against —35 * 3.5 mV for uncoated and CD-
P-modified MIL-100 nanoMOFs, respectively), providing electrostatic
stabilization and thus avoiding aggregation. The C-potential values
were also kept constant over the same incubation period, in
agreement with the coating stability.

Surface-engineering of drug-loaded nanoMOFs was further inves-
tigated. Highly hydrophilic anticancer and antiviral drugs such as the
phosphate forms of gemcitabin (Gem) or AZT have low affinity for

Figure 6 | Interaction between J774 macrophages and CD-P coated
MOFs studied by confocal microscopy. Cells were stained in green with
calcein, whereas the red signal comes from rhodamin-labelled CD-P-
coated nanoMOFs. Images represent three distinct optical sections inside
cells at different heights above the glass slide: a) 2.3 pm; b) 4.9 um and ¢)
7.6 pm. Cell nucleus appears in black. Bar represents 5 pm.

biodegradable polymers and are thus difficult to encapsulate in nano-
particles made using these materials". However, this challenge has
been addressed by using MIL-100(Fe) nanoMOFs which could
rapidly adsorb AZT-TP by impregnation in aqueous drug solutions
(Fig. 1)**. AZT-TP has been used as a model drug in this study and
has been impregnated in nanoMOFs reaching a loading of 8 wt%.
Given its molecular dimensions, AZT-TP is able to cross the hexa-
gonal microporous MIL-100 windows, to strongly interact with CUS
located within large mesoporous cages'***. After drug loading,
nanoMOFs were coated with CD-P by additional one hour incuba-
tion with a CD-P aqueous solution. At the end of the incubation, the
drug payload was practically unchanged. Indeed, only 2.9 (=1.3)% of
the encapsulated drug molecules was lost after surface modification,
presumably the drug fraction located near or on the outer surface and
which could be displaced by competition with CD-P. Drug release in
PBS was progressive and practically the same for coated and
uncoated nanoMOFs (Fig. 5¢). On the contrary, the AZT-TP loaded
nanoMOFs modified with PEG released much faster the drug, with
more than 80% after 5 h of incubation (Fig. 5¢). This “burst” release
could be related to the presence of mobile and hydrated PEG chains
inside the interconnected porous structure, which lead to drug expul-
sion out of the matrix. Therefore, it can be concluded that CD-P
coatings do not interfere with drug entrapment and release, in con-
trast with the deleterious effect of a direct PEG coating of nanoMOFs.
In line with these observations, AZT-TP could be loaded into CD-
coated nanoMOFs reaching exactly the same loadings (8 wt%) as
when first loading the drug and then coating the nanoMOFs. It
was concluded that he CD coating does not act as a diffusion barrier
for AZT-TP.

Noteworthy, CD-P coated MIL-100 nanoMOFs were devoid of
toxicity, as the uncoated ones (S, Fig. S7). No significant toxic effects
were detected up to high concentrations regardless the type of cells
(ICso = 280 pg.mL™" for J774 cell line and >500 pug.mL™" for MCF7
and LP-1 cell lines; SI, Fig. S7). It was previously shown that the CD-
P-R coating was stable in the cell culture media (Fig. S4). Confocal
microscopy investigations (Fig. 6, particles appear in red) show
MOFs particles having penetrated within J774 macrophages with
their rhodaminylated coating.

In a nutshell, the one step “green” coating method developed here
allows achieving stable coatings even in biological media. It opens up
perspectives for a non-covalent functionalization of the MOF sur-
faces using CD derivatives or CD-based polymers known for their
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ability to encapsulate drugs*’. It should be theoretically possible to
encapsulate different drugs, in the MOF cores and in the CD shells.

In another approach, a strategy to functionalize the surface of
nanoMOFs with PEG has been set up, based on the formation of
inclusion complexes between an adamantyl (Ad) endgroup grafted
on PEG (PEG-Ad) and B-CD-P cage molecules, shown previously to
firmly adhere to the nanoMOF surfaces. Indeed, Ad groups are
known to be included and held strongly in B-CD, resulting in high
association constants of their derivatives, reaching 10° M™' and
excellent stabilities in various media. It is worth pointing out that
the first nucleic acid delivery device studied in humans is based on
CD-based assemblies coated with PEG-Ad*.

In a similar approach, we have used here preformed B-CD-P: Ad-
PEG inclusion complexes to coat the nanoMOFs (for details see SI,
Fig. S9-S11). These complexes bound strongly to the nanoMOFs,
and were firmly anchored, in contrast with PEG chains alone which
poorly interacted with the nanoMOFs.

Finally, the CD-Ps on the surface can be chemically modified with
ligands. A first proof of concept of ligand grafting has been given here
by coating the nanoMOFs’ surface with a mannose-bearing CD-P
derivative (CD-P-man, for details see SI). Human retinoblastoma cell
line Y79, known to overexpress the mannose receptor®, has been
incubated with uncoated or CD-P-man modified nanoMOF and the
nanoparticles uptake has been evaluated by intracellular iron quan-
tification (for details see SI). After exposure to the uncoated nano-
particles, the intracellular iron levels were only slightly higher as
compared to those of the untreated cells (Fe ratio = 0.7, for details
see SI), indicating the low interactions between nanoMOFs and the
Y79 cell line. On the contrary, once functionalized with the CD-P-
man, the amounts of nanoparticles able to penetrate inside the cells
were more than twice higher (Fe ratio = 1.6 * 0.4) suggesting an
improved nanoMOF uptake likely mediated by the mannose-bearing
coating interaction with the mannose receptors on the cellular
membrane.

Conclusion

Our study demonstrates that nanoMOF can be coated with CD
derivatives in aqueous media, using a fast, one-step and completely
“green” procedure, which do not alter their supramolecular structure
and porosity. The coatings, stable in body fluids, can be further
functionalized with targeting ligands. These results pave the way
for a versatile surface modification of nanoMOFs for targeted multi-
functional drug delivery and other applications.

Methods

NanoMOF synthesis and characterization. MIL100 iron-trimesate nanoMOFs were
synthesized by microwave assisted hydrothermal reaction, heating a mixture
containing the iron source (iron(III) chloride hexahydrate) (6.0 mmol) and the
organic bridging ligand (1,3,5-benzenetricarboxylic acid) (4.02 mmol), as previously
described and detailed in SI section 1.1**. MIL-100 aluminium nanoMOFs with mean
diameters of 120 nm were obtained by microwave-assisted hydrothermal synthesis
by heating a mixture of aluminium nitrate nonahydrate (7.0 mmol), 1,3,5-
benzenetricarboxylic acid (50 mmol) (for details see SI section 1.11). MIL-100
particles of more than 1 pm were synthesized as previously described*.

The structure, composition, size and morphology of the resulting nanoparticles
were analyzed by X ray powder diffraction (XRPD) and Fourier transform infrared
spectroscopy (FT-IR), dynamic light scattering (DLS) and transmission electron
microscopy (TEM).

Synthesis of CD derivatives. CD-P derivatives were synthesized as detailed in SI
sections 1-3. Briefly, 6-monoamino-6-monodeoxy-BCD (free base) was obtained by
adding 6-monoazido-6-monodeoxy-BCD (11.60 g, 0.01 mol) to a cooled, stirred
mixture of 4: 1 H,O-MeOH (100 mL). Then, a Pd/C suspension (0.58 g, 5% Pd
content in 3 mL H,0) and hydrazine monohydrate (5 g, 0.1 mol) (5 mL) were
sequentially added and the resulting slurry was stirred for 20 min under reflux. The
product was purified as white crystals (10.2 g, 90%).

To a stirred solution of 2-azidoethyl 2,3,4,6-tetra-O-acetyl-o-D-mannopyranoside
(62 mg, 0.148 mmol) in THF (4 mL) was added 2'-O-propargyl cyclomalto heptaose
(174 mg, 0.148 mmol), followed by CuSO, (4.3 mg, 0.029 mmol) and a solution of
sodium ascorbate (15 mg, 0.074 mmol) in water (4 mL). The reaction mixture was
stirred at room temperature for 18 h and then the solvent was evaporated at reduced

pressure. The crude product was purified by column chromatography. 80 mg of this
compound (0.053 mmol) were added to a solution of P,Os (200 mg, 1.4 mmol) in
dried DMF (3 mL). After stirring for 18 h at 40°C, the pH was fixed at 12 with 1 M
NaOH and the solution was stirred for 18 h at room temperature. After neutralization
(pH ~ 7) with 5% HCI, the CD-P-mannose product was purified by dialysis against
water for 5 days and freeze-dried to yield a white solid (143.3 mg, 71%).

NanoMOF surface modification. The nanoMOFs were surface-modified by
impregnation with CD, CD-P, CD-P-R, PEG-amine or dextran-fluorescein-biotin
aqueous solutions, under rotative agitation, at room temperature for 15 min up to
24 h. At the end of the incubation the nanoparticles were recovered by centrifugation
(10 min at 10000 g) and washed three times with deionized water in order to remove
the excess of coating molecules not associated to the surface. Both the pellet,
represented by the modified nanoparticles, and the supernatant, containing free
coating molecules were collected and analyzed.

The MIL-100 nanoMOF structure and composition before and after modification
were evaluated by XRPD, FT-IR, '"H MAS Hahn-echo NMR and elemental analysis.
The coating localisation was investigated by determining the nanoparticles surface
elemental composition using X ray photon spectroscopy (XPS). The porous surface
before and after modification with CD-P and PEG-amine was measured by nitrogen
sorption experiments at —196°C after samples outgassing at 100°C for 18 h under
secondary vacuum.

The thermodynamics of the interaction between CD-P or CD and MIL-100
nanoMOFs was evaluated by isothermal titration calorimetry. Aliquots of 10 puL of
CD-P or CD aqueous solutions (13.2 mM) filled into 283 pL syringe were used to
titrate an aqueous suspension of MIL-100 nanoMOFs (1.9 mM) into the calorimetric
sample cell accurately thermostated at 25°C (SI section 1.9). Background of titration
consisted on injecting the CD-P or CD aqueous solutions in MilliQ® water.

The stability under physiological simulated conditions (PBS or RPMI supple-
mented with 10% fetal bovine serum at 37°C) of the fluorescent coatings (CD-P-R
and dextran-fluorescein-biotin) was analyzed. After different lapses of time (0.5, 2.5,
5,24 h) 0.5 mL of supernatant was recovered by centrifugation (10000 X g)/10 min
and replaced with the same volume of fresh medium. Released CD-P-R or dextran-
fluorescein-biotin was quantified by spectrofluorimetry (SI section I. 10).

The colloidal stability and surface charge of uncoated and CD-P modified MIL-100
nanoMOFs were monitored over 72 h of incubation in water by dynamic light
scattering and {-potential analysis (SI section 1.12).

MIL-100 nanoMOFs were loaded with tritium-labelled azidothymidine tripho-
sphate (AZT-TP). Briefly, 2.5 mg of nanoMOFs were incubated with 500 pL of an
AZT-TP aqueous solution 400 prg/mL marked with 1% of AZT-TP[*H] (50 puL/3 mL,
3.8 Ci/mmol), 24 h, under rotative agitation, at room temperature. At the end of the
impregnation, the nanoparticles were recovered by centrifugation (10000 X g)/

10 min. The radioactivity present in the supernatant was determined by scintillation
counting and the drug payload (AZT-TP wt%) was calculated according to the
formula [1]:

AZT—TP(‘Wto/o): MOA) (l)

MIL—100(mg)
where AZT-TP (mg) is the amount of the entrapped drug in 100 mg of MIL-100
nanoMOFs.

The drug-loaded nanoparticles were coated with CD-P without further purifica-
tion. For this, 2.5 mg of AZT-TP loaded MIL-100 nanoMOF were incubated with
500 pl of a CD-P aqueous solution 2,5 mg/ml, 500 pl of a PEG-amine aqueous
solution 1,67 mg/ml or 500 pl of water as control, 3 h, under stirring at room tem-
perature. At the end of the incubation the nanoMOFs were recovered by centrifu-
gation (10000 X g)/10 min. The supernatant was analyzed by scintillation counting
to determine the drug release after surface modification. Finally, the nanoparticles
were incubated in PBS at 37°C under rotative agitation. After different incubation
times (0.5, 2.5, 5, 8, 24 h) 500 pl of supernatant was recovered after centrifugation
(10000 X g)/10 min and replaced with the same amount of fresh medium. The
collected supernatants were analyzed by scintillation counting in order to evaluate the
AZT-TP release from unmodified, CD-P- or PEG-amine-modified MIL100
nanoMOFs.

The toxicity of the various formulations, coated or not, was assessed by MTT on
J774 macrophages, lymphoid (LP1) and breast cancer (MCF-7) cell lines after 48 h of
incubation. In addition, the interaction of the nanoMOFs functionalized with CD-P
bearing mannose residues was studied on Y79 cell line (human retinoblastoma)
overexpressing mannose receptors. The amount of nanoMOFs associated to the cells
was determined from the amount of iron associated to the cells. (SI sections I. 14-15).
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