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Abstract

Background: Metal-organic framework nanoparticles (nanoMOFs) are biodegradable highly
porous materials with a remarkable ability to load therapeutic agents with a wide range of
physico-chemical properties. Engineering the nanoMOFs surface may provide nanoparticles
with higher stability, controlled release, and targeting abilities. Designing postsynthetic, non-
covalent self-assembling shells for nanoMOFs is especially appealing due to their simplicity,
versatility, absence of toxic byproducts and minimum impact on the original host-guest
ability.

Methods: In this study, several B-cyclodextrin-based monomers and polymers appended
with mannose or rhodamine were randomly phosphorylated, and tested as self-assembling
coating building blocks for iron trimesate MIL-100(Fe) nanoMOFs. The shell formation and
stability were studied by isothermal titration calorimetry (ITC), spectrofluorometry and
confocal imaging. The effect of the coating on tritium-labelled AZT-PT drug release was
estimated by scintillation counting.

Results: Shell formation was conveniently achieved by soaking the nanoparticles in self-
assembling agent aqueous solutions. The grafted phosphate moieties enabled a firm
anchorage of the coating to the nanoMOFs. Coating stability was directly related to the
density of grafted phosphate groups, and did not alter nanoMOFs morphology or drug
release kinetics.

Conclusion: An easy, fast and reproducible non-covalent functionalization of MIL-100(Fe)
nanoMOFs surface based on the interaction between phosphate groups appended to B-
cyclodextrin derivatives and iron(lll) atoms is presented.

General Significance: This study proved that discrete and polymeric phosphate f-
cyclodextrin derivatives can conform non-covalent shells on iron(lll)-based nanoMOFs. The
flexibility of the B-cyclodextrin to be decorated with different motifs open the way towards
nanoMOFs modifications for drug delivery, catalysis, separation, imaging and sensing.

Keywords
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Abbreviations

MOF: Metal-organic framework; B-CD: B-cyclodextrin; NMR: nuclear magnetic resonance;
DLC: dynamic light scattering; TEM: transmission electron microscopy; ITC: isothermal
titration calorimetry; CD-P: B-cyclodextrin phosphate sodium salt; CD-P-M: mannosylated B-
cyclodextrin phosphate sodium salt; CD-P-R: rhodamine-B-cyclodextrin phosphate sodium
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salt; EP: epichlorohydrin; polyCD: epichlorohydrin-crosslinked B-CD polymer; MIL-100(Fe):
Material from Institute Lavoisier, iron trimesate nanoMOFs; AZT-TP: 3’-azidothymidine
triphosphate.

1. Introduction

The use of nanotechnology for drug delivery applications is changing the landscape of
pharmaceutical and biotechnology industries opening new opportunities for more efficient
and personalized treatments. Among the large variety of nanomaterials explored for this
purpose, metal-organic frameworks (MOFs) [1] keep attracting a growing interest due to
their useful applications in gas storage, separation, catalysis, sensing, etc. [2,3,4] and, more
recently, in biomedicine. [3,4,5,6,7,8,9,10,11] Some of the key advantages of MOFs are their
easily tunable and versatile composition, as well as their large variety in terms of pore sizes
and shapes. In particular, nanosized MOFs (nanoMOFs) based on porous iron(lll)
polycarboxylates emerged as a new class of biodegradable and non-toxic nanomaterials [12].
Various challenging therapeutic molecules could be entrapped within the interconnected
porous structure reaching unprecedented loadings (within the 20-70 wt % range). In
addition, a controlled release in simulated body fluid was achieved, while the iron(lll)
nanoMOFs exhibited high relaxivities making these particles interesting candidates for
teranostics [5].

The use of nanomaterials in biomedicine has risen new challenging goals such as: (i) targeted
drug delivery; (ii) bypassing across biological barriers; (iii) delivery of drugs to intracellular
targets and (iv) imaging of sites of drug delivery. To address these challenges, the use of
nanoparticles with engineered shells is mandatory since the in vivo fate of nanoparticles
(biodistribution, pharmacokinetics and targeting abilities) is intimately related to their
surface physicochemical properties [13,14]. Engineered core-shell nanoparticles should be
able not only contain high drug payloads (preferably, > 20wt%) and release the drugs in a
controlled fashion, but they should be also easily coated through a “green” versatile process
without altering neither the drug payloads nor the drug integrity. Besides, the coating shell
should be stable enough in biological media to exert its therapeutic activity.

Coating preformed nanoparticles with a stable, covalent coating often involves several time
consuming reaction steps and generates side products difficult to be totally removed. Traces
of these side products and/or organic solvents might raise toxicological concerns in view of
clinical applications. Moreover, during the coating process drugs can leak out or lose their
activity. One trend for coating strategies relies on “click chemistry”, and more specifically on
the copper-catalyzed azide-alkyne cycloaddition reaction, in reason of its rapidity and
possibility of being carried out in agueous media [15,16,17,18]. However, yields are not
always high, especially in the case of bulky molecules due to the formation of alkyne
homocoupling side products, among other reasons.



As a strategy to overcome these drawbacks, we have recently reported a non-covalent
procedure enabling to coat, practically instantaneously, preformed MIL-100(Fe) (MIL
standing for Material from Institute Lavoisier) nanoMOFs, built up from iron(lll) octahedral
trimers and trimesate linkers (1,3,5-benzene tricarboxylate), with phosphate-decorated
cyclooligosaccharide B-cyclodextrin (B-CD) shell (Fig. 1) [19]. The coating was achieved
directly in water following a “green” method which does not involve organic solvents, nor
produces side products. This strategy took advantage of the ability of polar phosphate
groups to coordinatively bind the unsaturated metallic Lewis acid sites on the nanoMOFs
surface, forming a stable shell.

B-cyclodextrin nanoMOF windows

Fig. 1. Schematic representation of a porous nanoMOF particle entrapping a drug and coated
with a CD-based shell. Bulky CD molecules (pink) are too large to cross the pentagonal and
the hexagonal nanoMOF windows so they cannot get adsorbed within the nanoMOF porous
inner structure. On the contrary, drug molecules (yellow) penetrate within the open porous
structure filling the nanoMOFs pores.

B-CD is a naturally occurring cyclic oligosaccharide comprising seven p-glucopyranose units
linked by a-(1—4) bonds. This biocompatible macrocycle possesses a relatively rigid torus-
shaped structure, which defines an inner hydrophobic cavity rimmed by two hydrophilic
openings. B-CD is well-known to form inclusion complexes in aqueous solution with a large
variety of organic molecules of hydrophobic nature and suitable size and geometry
[20,21,22] and it is a suitable scaffold for introducing functional groups for targeting and
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imaging purposes [23]. Due to its ability to improve the physicochemical properties of drugs
(stability, solubility and bioavailability) [22] CDs are considered as “smart” components when
incorporated in drug delivery devices [24].

In view of these properties, the modification of nanoMOFs cores with B-CD-based shells
appears as particularly appealing. This association is feasible due to the fact that B-CD outer
diameter is 15.4 A, the average value for its radii of the hydrodynamic equivalent sphere
being 7.7 A [25]. In contrast, MIL-100(Fe) nanoMOFs shows a porous architecture delimiting
large (29 A) and small (24 A) mesoporous cages which are accessible through microporous
pentagonal (5.6 A) or hexagonal windows (8.6 A) [26]. Thus, bulkyer CD molecules cannot
penetrate the nanoMOF tridimensional core structures (Fig.1).

Water soluble B-CD polymers remarkably increase the solubility of hydrophobic drugs as
compared to their monomers (B-CDs) [27,28,29]. In addition, polymeric CD shells have some
advantages over the monomeric ones, such as the obtention of thicker coatings, which in
turn may lead to increased stability, better control of drug release and facilitated shell
functionalization with fluorescent dyes or targeting ligands. However, ensuring stable thick
polymeric shells on porous MOFs, without using any organic solvent or coupling agent, is not
a trivial issue. Indeed, shell stabilty is related to the density and accessibility of the anchoring
moieties. While a high effective concentration of interacting appendages is expected in the
case of persubstituted discrete B-CD derivatives resulting in a multivalent effect, additional
factors may be involved in the case of B-CD polymers, including higher steric hindrance,
different spatial distribution of the anchors depending on the derivatisation degree, induce-
fit effects or possitibility of cross-linking between several nanoparticles. As a result, it is
difficult to predict the behaviour of a given B-CD polymer as a coating shell on MOFs
nanoparticles.

Despite these interesting features, the use of CD polymers to coat nanoMOFs has not been
explored yet. In order to shed some light on this challenging goal, this work describes the
synthesis of several phosphorylated discrete and polymeric B-CD derivatives, some of them
containing functional moieties such as mannose and rhodamine. The surface
functionalization of MIL-100(Fe) nanoMOFs with these compounds, drug entrapment and
the characterization of the hybrid nanoassemblies are studied and compared using
complementary techniques.

2. Materials and methods
2.1. Materials

Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 aluminum
sheets and developed by UV-vis light and ethanolic sulfuric acid (5% v/v). Flash column
chromatography was performed on Merck silica gel (230-400 mesh, ASTM). Melting points



were measured on a Bilichi B-450 melting point apparatus and are uncorrected. Optical
rotations were recorded on a Jasco P-1030 polarimeter at room temperature. [a]p values are
given in 10" deg cm™ g™. Infrared spectra were recorded on a Bruker Alpha FTIR equipped
with a Bruker universal ATR sampling accessory. 'H, >C and *'P NMR spectra were recorded
on a Varian VXR-600 spectrometer, a Bruker Avance DPX300 spectrometer equipped with a
QNP *H/*C/™F/*'P probe, or a Bruker Avance 500 Ultrashield spectrometer equipped an
inverse TBI *H/3'P/BB probe, depending on the sample. Standard Varian and Bruker software
was used for acquisition and processing routines. Chemical shifts (8) are given in parts per
million (ppm) and referenced to internal tetramethylsilane (TMS) signal (6, 6¢ 0.00). J values
are given in hertz (Hz). MALDI-TOF mass spectra were recorded on a 4800 Plus AB SCIEX
spectrometer with 2,5-dihydroxybenzoic acid (DHB) as the matrix. ESI-TOF mass spectra
were measured on a Waters Xevo Qtof spectrometer. ICP-OES results were obtained by
using a Termo Scientific iCAP 6500 DUO inductively coupled plasma optical emission
spectrophotometer. All aqueous procedures used pure water (Milli-Q, 18.2 MQ cm)
obtained from a Millipore Milli-Q Plus system (Millipore SpA, Milan, Italy). Water, 0.01 M Tris
buffer at pH 7.4, or 9.5 mM phosphate buffer saline (Dulbecco’s phosphate buffer saline
without calcium and magnesium, Lonza) were used as solvents or dispersing media. Dialysis
was performed in Milli-Q water using 3.500 kDa molecular weight cutoff (MWCO)
membranes (Spectra/Por, regenerated cellulose). Dynamic light scattering (DLS)
measurements were performed on a Malvern Zetasizer Nano-ZS analyzer. Transmission
electron microscopy (TEM) analyses were carried out on a Darwin 208 Philips microscope
(60-80-100 KV; Camera AMT). Spectrofluorimetry measurements were recorded on a Perkin
Elmer Luminescence LS50B spectrometer.

Cooper (ll) sulfate anhydrous (298%, Fluka), sodium L-ascorbate (298%, Sigma-Aldrich), B-CD
(99%, Roquette), B-CD phosphate sodium salt (CD-P, Cyclolab, DS 2-6), iron(lll) chloride
hexahydrate (98%, Alfa Aesar), 1,3,5-benzenetricarboxylic acid (1,3,5-BTC, 95 %, Aldrich),
epichlorohydrin (EP, 99%, Aldrich), phosphorus pentoxide (99%, Aldrich), absolute ethanol
(99%, Carlo Erba), 3'-azidothymidine triphosphate (AZT-TP, 3'-azido-2',3'-dideoxythymidine-
5'-triphosphate lithium salt, TriLink) and radioactive AZT-TP-methyl[’H] (azido 3'-
deoxythymidine 5'-triphosphate, tetratriethylammonium salt [methyl-3H], Movarek) were
purchased from described commercial sources and used without further purification
otherwise indicated. B-CD was dried at 50 °C in vacuum in the presence of P,0s until a
constant weight was achieved. Organic solvents were dried according to literature
procedures [30].

2.2 Synthesis of mannosylated and rhodamine-containing B-CD phosphate sodium salts CD-
P-M 4 and CD-P-R 6.

Synthesis of 2'-0-[1-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosiloxyethyl)-1H-1,2,3-triazol-4-
ylmetyl]cyclomaltoheptaose (3): To a stirred solution of 2-azidoethyl 2,3,4,6-tetra-O-acetyl-
a-D-mannopyranoside 2 [31] (62 mg, 0.148 mmol) in THF (4 mL) was added 2'-O-propargy!



cyclomaltoheptaose 1 [32,33] (174 mg, 0.148 mmol), followed by CuSO, (4.3 mg, 0.029
mmol) and a solution of sodium L-ascorbate (15 mg, 0.074 mmol) in water (4 mL). The
reaction mixture was stirred at room temperature for 18 h and the solvent was evaporated
at reduced pressure. The crude product was purified by column chromatography using
CH3CN-H,0-(30% v/v ag NH3) 10:5:1 as eluent to yield compound 3 (142.2 mg, 76 %) as a
white solid. Mp 213°-215 °C (dec.); [a]p +112.3° (c 0.2, H,0); IR (KBr): 3390, 2941, 2117,
1750, 1646, 1156, 1081, 1029 cm™’; *H NMR (300 MHz, D,0): 6 8.10-8.20 (bs, 1H, triazol-H),
4.97-5.09 (m, 3H, H-2’,3",4’), 4.96 (s, 1H, H-1’), 4.60-4.84 (bs, 6H, H-1), 3.50-3.75 (m, 34H, H-
3,5,6), 3.30-3.50 (m, 18H, H-2,4), 1.80-2.01 (s, 12H, CH5CO); *C NMR (75 MHz, D,0): § 170.1,
169.7, 143.7, 102.0, 96.4, 81.7, 73.2, 72.8, 72,5, 72.1, 71.9, 68.6, 68.0, 65.8, 65.2, 60.0, 49.0,
22.7,20.6, 20.5, 20.4; ESI-TOF-MS m/z calcd for Cg1HgsN3045 1590.4, found 1590.4 [M + Na]".

Synthesis of 2'-O-[1-a-D-mannopyranosiloxyethyl)-1H-1,2,3-triazol-4-ylmetyl]cyclomaltohep-
taose phosphate sodium salt (CD-P-M, 4): P,0Os (200 mg, 1.4 mmol) was added to dried DMF
(3 mL) and the mixture was ultrasonicated in a tightly-closed flask until obtaining a clear
solution. Compound 3 (80 mg, 0.053 mmol) was added to the solution and the reaction
mixture was stirred for 18 h at 40 °C. Then, the pH was set to 12 using 1 M NaOH and the
mixture was stirred for 18 h at room temperature. The solution was neutralized (pH ~7) with
5 M HCI and stirred at room temperature for 1 h, dialyzed against water for 5 days and
freeze-dried to yield CD-P-M 4 as a white solid (143.3 mg, 71%). Mp 224-226 °C (dec.); [a]p
+118.6° (¢ 0.2, H,0); IR (KBr): 3150, 1653, 1504, 1437, 1348 (P=0), 921, 685, cm™’;'H NMR
(300 MHz, D,0): 6 8.01 (s, 1H, triazol-H), 5.25 (s, 1H), 4.92-4.98 (m, 10H), 4.73-4.76 (bs, 7H),
3.69-3.80 (m, 28H), 3.43-3.51 (m, 18H); B3C NMR (75 MHz, D,0): 6 170.9, 170.4, 144.5, 125.5,
102.8,96.7, 82.4,73.9, 73.5, 73.2, 72.9, 72.6, 71.9, 69.3, 68.7, 66.6, 66.0, 62.5, 60.8, 49.8; >'P
NMR (121.5 MHz, D,0): 6 1.7, 1.2, -8.1, -9.0, -9.7, -9.8, -10.0, -20.9. ICP-OES: Calc. for
Cs3Hg7N3Nag0101P20 (3441.3): P, 18.0%. Found: P 18.0%

Synthesis of 6-monodeoxy-6-mono[(5/6)-rhodaminylthioureido]-B-CD phosphate sodium salt
(CD-P-R, 6): P,05 (200 mg, 1.4 mmol) was added to dried DMF (3 mL) and the mixture was
ultrasonicated in a tightly-closed flask until obtaining a clear solution. Then, 6-monodeoxy-6-
mono[(5/6)-rhodaminylthioureido]-B-CD hydrochloride 5 (mixture of regioisomers) [34] (235
mg, 0.14 mmol) was added and the reaction mixture was stirred at 40 °C for 4 h.
Temperature was then allowed to cool down, water (20 mL) was added and the obtained
solution was dialyzed for 1 day. The solution was neutralized (pH ~7) with 1 M NaOH and
dialyzed for 1 day. The pH of the solution was adjusted to 7-8 with 1 M NaOH and then
washed with water-saturated ethyl acetate (4x30 mL). Water was removed under reduced
pressure at 60 °C till dryness, and the obtained solid was dissolved in water (20 mL), dialyzed
overnight and then freeze-dried to yield CD-P-R 6 as a violet powder (229 mg, 84%). Mp:
229-232 °C (dec.); IR (KBr): 3390, 1647, 1594, 1467, 1414, 1348 (P=0), 921, 685, 517 cm'l,'
31p NMR (121.50 MHz, D,0): 6 2.3-1.2,-2.8, -3.0,-10.8, -11.3, -21.5, -21.8.

2.3 Synthesis of phosphate B-CD polymers 9a-c and 10a,b.



Epicholorohydrin-crosslinked B-CD polymer (polyCD) 7 was synthesized by modifying a
previously published procedure [35,36]. Briefly, anhydrous B-CD (100 g) was dissolved in
33% w/w NaOH (160 mL) under mechanical stirring. Then, EP (81.52 g) was rapidly added
and the solution was heated to 30 °C. The reaction was stopped in the vicinity of the gelation
point by addition of acetone. The obtained reaction mixture phase was heated at 50 °C
overnight and neutralized with 6 N HC| to pH 7. PolyCD was finally recovered by freeze-
drying. The B-CD content, as determined by 'H NMR spectroscopy, was 60 % w/w and the
average molar mass was 2x10* g/mol, as determined by gel permeation chromatography.
The synthesis of rhodamine-labeled analogue polyCD-R 8 was achieved as previously
reported [37].

Synthesis of polyCD phosphate sodium salt polyCD-P;.10 9a (molar ratio phosphorus atom-CD
unit 1:10): P,0s (12 mg, 0.08 mmol) was added to dried DMF (5 mL) and the mixture was
ultrasonicated in a tightly-closed flask until obtaining a clear solution. PolyCD 7 (300 mg,
estimated CD content 0.18 g, ~0.16 mmol) was added to the solution and the reaction
mixture was stirred at 40 °C for 6 h. After cooling to room temperature, water (10 mL) was
added and the solution was neutralized (pH ~7) with 1 M NaOH and dialyzed against water
for 2 days (cut-off membrane 500-1000 Dalton). The solution was centrifuged, and the
supernatant was dialyzed again overnight and then freeze-dried to yield polyCD-P;.;0 9a (280
mg) as a white powder.

Synthesis of polyCD phosphate sodium salt polyCD-P1.; 9b (molar ratio phosphorus atom-CD
unit 1:1): P,0s (120 mg, 0.8 mmol) was added to dried DMF (5 mL) and the mixture was
ultrasonicated in a tightly-closed flask until obtaining a clear solution. PolyCD 7 (300 mg,
estimated CD content 0.18 g, ~0.16 mmol) was added to the solution and the reaction
mixture was stirred at 40 °C for 6 h. After cooling to room temperature, water (10 mL) was
added and the solution was neutralized (pH ~7) with 1 M NaOH and dialyzed against water
for 2 days (cut-off membrane 500-1000 Dalton). The solution was centrifuged, and the
supernatant was dialyzed again overnight and then freeze-dried to yield polyCD-P;.; 9b (330
mg) as a white powder.

Synthesis of polyCD phosphate sodium salt polyCD-P1.5 9¢c (molar ratio phosphorus atom-CD
unit 1:5): P,0s (24 mg, 0.16 mmol) was added to dried DMF (5 mL) and the mixture was
ultrasonicated in a tightly-closed flask until obtaining a clear solution. PolyCD 7 (300 mg,
estimated CD content 0.18 g, ~0.16 mmol) was added to the solution and the reaction
mixture was stirred at 40 °C for 6 h. After cooling to room temperature, water (10 mL) was
added and the solution was neutralized (pH ~7) with 1 M NaOH and dialyzed against water
for 2 days (cut-off membrane 500-1000 Dalton). The solution was centrifuged, and the
supernatant was dialyzed again overnight and then freeze-dried to yield polyCD-P1.5s 9¢ (300
mg) as a white powder.

Synthesis of rhodamine-labeled polyCD phosphate sodium polyCD-P;.;0-R 10a (molar ratio
phosphorus atom-CD unit 1:10): P,Os (12 mg, 0.08 mmol) was added to dried DMF (5 mL)
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and the mixture was ultrasonicated in a tightly-closed flask until obtaining a clear solution.
PolyCD-R 8 (300 mg, estimated CD content 0.18 g, ~0.16 mmol) was added to the solution
and the reaction mixture was stirred at 40 °C for 6 h. After cooling to room temperature,
water (10 mL) was added and the solution was neutralized (pH ~7) with 1 M NaOH and
dialyzed against water for 2 days (cut-off membrane 500-1000 Dalton). The solution was
centrifuged, and the supernatant was dialyzed again overnight and then freeze-dried to yield
polyCD-P;.5 10a (250 mg) as a pink powder.

Synthesis of rhodamine-labeled polyCD phosphate sodium salt polyCD-P1.1-R 10b (molar
ratio phosphorus atom-CD unit 1:1): P,0Os (120 mg, 0.8 mmol) was added to dried DMF (5
mL) and the mixture was ultrasonicated in a tightly-closed flask until obtaining a clear
solution. PolyCD-R 8 (300 mg, estimated CD content 0.18 g, ~0.16 mmol) was added to the
solution and the reaction mixture was stirred at 40 °C for 6 h. After cooling to room
temperature, water (10 mL) was added and the solution was neutralized (pH ~7) with 1 M
NaOH and dialyzed against water for 2 days (cut-off membrane 500-1000 Dalton). The
solution was centrifuged, and the supernatant was dialyzed again overnight and then freeze-
dried to yield polyCD-P;.5 10c (290 mg) as a pink powder.

2.4 MIL-100(Fe) iron-carboxylate nanoMOFs synthesis and characterization

MIL-100(Fe) iron-carboxylate nanoMOFs was synthesized by microwave assisted
hydrothermal reaction as previously described [38]. Briefly, a mixture of iron(lll) chloride
hexahydrate (6.0 mmol) and 1,3,5-benzenetricarboxylic acid (4.02 mmol) in deionized water
(20 mL) was heated at 130 °C for 6 min under stirring. The power applied was 400 Watt
(Mars-5, CEM, US: Power maximum output 1600 + 240 Watts, frequency at full power 2450
MHz). The as-synthesized nanoparticles were recovered by centrifugation (10 min at 10000
g). Residual non reacted organic acid were removed by washing with absolute ethanol (50
mL) and centrifugation (10 min at 10000 g). This purification step was repeated 6 times.

Crystallinity and purity of MIL-100(Fe) nanoMOFs were assessed by X-ray powder diffraction
(XRPD). Patterns were collected in a high resolution D5000 Bruker diffractometer (Ac,
Ka,Ka,) from 3° to 20° (2 O) using a step size of 0.02° and 4° per step in continuous mode.
The nanoparticles porous surface was measured by nitrogen sorption experiments at 196°C
on an ASAP 2020 (Micromeritics) after sample’s outgassing at 100°C for 18 h under
secondary vacuum (< 10 Torr). The nanoMOF size and morphology were characterized by
dynamic light scattering (DLS) and TEM, respectively.

The nanoparticles were stored in ethanol at room temperature and further used for in vitro
assays.

2.5 MIL-100(Fe) nanoMOFs surface modification with different coating molecules

MIL-100(Fe) nanoMOFs (2 mg) were modified by impregnation with CD-P, CD-P-M 4, CD-P-R
6, polyCD-P;.19 9a, polyCD-P;.; 9b, polyCD-P;.10-R 104, or polyCD-P;.;-R 10b aqueous solutions



(2 mg mL?, 500 pL) under rotative agitation for 1 h at room temperature in the dark. After
incubation nanoMOFs were recovered by centrifugation (10 min at 10000 g) and washed
twice with water to remove the excess of coating molecules not associated to the
nanoparticles surface. For fluorescent rhodamine-containing coating molecules,
supernatants were collected, combined and analyzed by emission spectrofluorimetry (Aex =
556 nm, Aem = 576 nm) in order to assess the concentration of the free CD derivatives. The
amount of coating molecules associated (coating wt%) to the MIL-100(Fe) nanoMOFs surface
was defined by difference as indicated in equation 1:

CD derivative (mg) ( )

. 0L —
Coatlng (Wt /0) CD derivative (mg)+MIL-100(Fe) (mg)

2.6 Shell stability for MIL-100(Fe) nanoMOFs coated with rhodamine-containing B-CD
derivatives CD-P-R 6 and polyCD-P-Rs 10a,b.

MIL-100(Fe) nanoMOFs coated with CD-P-R 6 or polyCD-P-Rs 10a,b. (1 mg) were incubated
in 9.5 mM PBS (1 mL) at pH 7.4 under rotative agitation in the dark at 37 °C. After different
time lapses (0.5, 2.5, 5 and 24 h) the mixture was centrifugated (10 min at 9500 g), and 0.5
mL of supernatant was removed and subsequently replaced with the same volume of fresh
buffer. Concentration of released CD-P-R or polyCD-P-Rs in the supernatant was quantified
by spectrofluorimetry (Aex = 556 nm, Aemy = 576 nm).

MIL-100(Fe) nanoMOFs coated with CD-P-R 6 were incubated in RPMI supplemented with
10% fetal bovine serum FBS for 24 h at 37 °C in the dark. Confocal images before and after
incubation were recorded on an inverted confocal laser scanning microscope LSM 510-Meta
(Carl Zeiss, Germany) using a Plan-Apochromat 63X/1.4 objective lens, equipped with an
argon (488 nm excitation wavelength) and a helium neon laser (543 nm excitation
wavelength). Rhodamine fluorescence was collected with a 560 nm long pass emission filter
under a sequential mode. The pinhole was set at 1.0 Airy unit. 12 bit numerical images were
acquired with LSM 510 software version 3.2.

2.7 ITC experiments

An isothermal calorimeter (VP-ITC, MicroCal, GE Healthcare Life Sciences) was used to
evaluate the interactions between MIL-100(Fe) nanoMOFs and the different CD derivatives
under investigation. The ITC instrument was calibrated electrically using an internal electric
heater, and chemically by measuring the dilution enthalpy of methanol in water. This
standard reaction was in excellent agreement (1-2 %) with MicroCal constructor data. In a
typical experiment, aliquots of 10 uL of CD derivatives (2 to 5 mM) aqueous solutions (283
pL) were injected into a suspension of MIL-100(Fe) (1 or 2 mM; these concentrations are
referred to the iron trimers defined by the previously calculated molecular formula [5,39]) in
the calorimetric cell (1.441 mL) accurately thermostated at 25 °C. Intervals between
injections were 500 s and agitation speed was 268 rpm. For CD-P-M 4, a slightly different
procedure was used to visualize the heat flow: the 10 first injections of 2 pL were followed
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by 10 injections of 5 pL and the last ones of 10 uL. In addition, the stirring speed was
increased to 806 rpm. Background of titration consisted on injecting the CD derivatives
aqueous solutions in solely MilliQ water placed in the sample cell. The corresponding heat
flow recorded as a function of time accounts for dilution effect.

2.8 AZT-TP release from modified MIL-100(Fe) nanoMOF

MIL-100(Fe) nanoMOFs were loaded with a tritium-labelled azidothymidine triphosphate
(AZT-TP) aqueous solution, as previously described [5,39]. Nanoparticles (2.5 mg) were
incubated with 400 pg/mL AZT-TP aqueous solution (500 pL) marked with 1% of AZT-TP[*H]
(50 pL/3mL, 3.8 Ci/mmol) for 24 h under rotative agitation at room temperature.
Subsequently nanoparticles were recovered by centrifugation (10 min at 10000 g). The
radioactivity present in the supernatant was determined by scintillation counting using a
Beckman Coulter apparatus (LS 6500 multi-purpose scintillation counter) and the drug
payload was determined by difference. The drug payloads (AZT-TP wt%) were calculated
according to equation 2:

AZT-TP (mg)
MIL-100(Fe) (mg)

AZT — TP payload wt% = % (2)

As-prepared AZT-TP loaded MIL-100 nanoMOFs (2.5 mg) were incubated for 1 h under
rotative stirring at room temperature with 2.5 mg mL™ CD-P aqueous solution (500 uL), 2.5
mg mL™? polyCD-P1.10 9a or polyCD-P1.5s 9¢ aqueous solution (500 uL), or water (500puL) as
control. After incubation the nanoparticles were recovered by centrifugation (10 min at
10000 g). The supernatant was analyzed by scintillation counting to determine the drug
released during surface modification. Finally, the nanoparticles were incubated in PBS (1 mL)
at 37 °C under rotative stirring. After different incubation times (0.5, 2.5, 5, 8, 24 h), the
mixture was centrifugated (10 min at 10000g), 500 uL of supernatant were removed 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
polyCD-P modified MIL100(Fe) nanoMOFs.

3. Results and discussion
3.1 Synthesis of CD phosphate derivatives.

Recently we have demonstrated that phosphorylated B-CD (CD-P) can firmly anchor on iron-
based MOFs surface forming a non-covalent shell that makes the nanoparticles
biocompatible and enhances their stability in water [19]. Interestingly, B-CD is a very flexible
scaffold that can be decorated with different appendages, even simultaneously. In this
regard, mono-2-0O-propargyl-B-CD 1 (Scheme 1) is a very convenient building block for the
synthesis of B-CD derivatives functionalized on the secondary face. It contains a terminal
alkyne group linked to the macrocycle at only one of the seven O-2 positions, which offers
the possibility of coupling functional structures by using Cu(l)-catalyzed alkyne—azide
cycloaddition while the rest of OH groups remain available [32,33]. Such feature would allow
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us to design B-CD-based coating building blocks for iron MOF nanoparticles containing
different motifs linked to the secondary face of the cyclooligosaccharide. In order to proof
this concept, we designed a randomly phosphorylated B-CD derivative (4) containing a
mannose moiety that potentially may serve as site-specific delivery vector. Indeed, mono-
and disaccharides are very often used to provide nanostructures with bio-specificity [18,23].
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OR RO
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CD-P-R 4

Scheme 1. Syntesis of mannosylated B-CD phosphate sodium salt CD-P-M 4. Phosphorylation
is a random process that can take place at any hydroxylated position and may introduce
both phosphate and oligophosphate groups.

The synthesis of such building block is outlined in Scheme 1. The reaction of alkynylated -
CD 1 with peracetylated 2-azidoethyl a-D-mannopyranoside 2 in the presence of sodium
ascorbate and CuSO, afforded mannosylated B-CD 3 in 76% vyields after column
chromatography purification. The molecular weight of 3 was verified by MALDI-TOF mass
spectrometry. We used NMR spectroscopic techniques with COSY, HMQC, and HMBC
experiments for its characterization. '"H NMR spectrum showed the absence of a signal at
3.52 ppm, corresponding to the alkyne proton in compound 1, and the appearance of a
signal at 8.15 ppm corresponding to the triazol proton. In the *C NMR spectrum a series of
peaks between 170.4 and 170.0 ppm appeared indicating the presence of acetyl groups, as
well as one set of signals at 102.3 ppm and a peak at 96.7 ppm assigned to the anomeric
carbons of the B-CD and the mannoside moieties, respectively. Likewise, alkyne carbons
signals observed at 79.9 and 77.8 ppm on the spectrum of 1 did not appear on the spectrum
of 3. Instead, the latter showed peaks at 144.1 and 125.0 ppm corresponding to triazol C-4
and C-5 carbons, respectively. Random phosphorylation of compound 3 was carried out by
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treatment with a DMF solution containing an excess of P,Os for 18 h at 40 °C [40,41].
Subsequently, pH of the resulting mixture was increased to 12 by adding an aqueous
solution of NaOH in order to remove the acetyl groups. Thereafter, the reaction mixture was
neutralized with aqueous HCl and dialyzed for 5 days giving rise to CD-P-M 4 after removing
the solvent by lyophilization. Both 'H NMR and *C NMR spectra of CD-P-M 4 did not show
signals assignable to acetyl groups, confirming their removal from the mannoside moiety. *'P
NMR spectra showed several peaks in the range from 1.7 to -20.9 ppm attributable to the
resonance of the phosphorous nucleii present on the macrocycle. The estimated value for
the content of phosphorous in CD-P-M 4 was 18% of the weight according to ICP-OES
experiments, which is in agreement with the presence of 20 POszNa, groups per molecule
suggesting either full phosphorylation or partial oligophosphorylation of the B-CD moiety.
Several attempts to obtain an estimated molecular weight by MS techniques failed.

For endowing imaging properties to MIL-100(Fe) nanoMOFs, we decided to derivatize them
with 6-monorhodaminylthioureido-labeled B-CD 5 (Scheme 2), a recently reported mixture
of regioisomers [34]. Rhodamine B is widely used as fluorescent probe for imaging in living
cells due to its desirable photophysical properties such as high molar extinction coeffcients,
excellent quantum vyields, and tolerance to photobleaching [31,42,43,44]. Rhodamine-
containing B-CD 5 was treated with P,0s in DMF at 40 °C. After neutralization and dialysis,
the solvent removal gave the phosphate derivative CD-P-R 6. The phosphate groups were
randomly substituted onto the hydroxyl groups of the CD. The presence of phosphate groups
in CD-P-R 6 was also confirmed by *'P-NMR, which showed several resonances in the range
from 2.3 to -21.8 ppm.

P,0s anh. DMF

40 °C, 6h

5 CD-P-R 6

Scheme 2. Synthesis of rhodamine B-CD phosphate sodium salt CD-P-R 6. Phosphorylation is
a random process that can take place at any hydroxylated position and may introduce both
phosphate and oligophosphate groups.

In order to test the applicability of our method to more complex structures, we also partly a
phosphorylated epichlorohydrin-crosslinked B-CD polymer polyCD 7 [27,35] as well as its
rhodamine-labeled analogue polyCD-R 8 (Scheme 3). The use of CD-based polymers as
coating materials for MOFs is expected to offer several advantages towards the monomeric
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analogues such as improved shell stability and stronger interaction with the drug molecules.
These benefits should allow slowing down the kinetics of drug release, the active molecules
being retained longer by the coating networks, and creating a dual delivery system where
different therapeutics can be loaded either within the inner or outer compartment.
Posphorylation conditions described above for the preparation of CD-P-M 4 and CD-P-R 6
were also used for the preparation of phosphorylated polymers polyCD-P 9a-c and polyCD-P-
R 10a,b starting from polyCD 7 [27,35] and its rhodamine-labeled analogue polyCD-R 8,
respectively. Varying the amount of P,0Os used in the reactions, different number of
phosphate groups grafted on the polyCDs could be obtained. Three phosphorylated
derivatives 9a-c¢ from polyCD 7 were prepared using the molar ratio 1:10, 1:1 and 1:5
phosphorus atom-CD unit 1:1, respectively, for the synthesis. In the case of polyCD-P-R 8
only 1:10 and 1:1 ratios were used to achieve 10a,b, respectively. >’P-NMR measurements
confirmed the presence of phosphate groups in polymers 9a-c and 10a,b since several
resonances in the range from 4.3 to -18.8 ppm were observed on their spectra

PolyCD 7 (X = OH)
PolyCD-R 8 (X = NHCSNH-Rho)

1]
R=Na, —PCOR
OR

P2051 anh. DMF RO~
40°C,6 h Ro’

Phosphorus/CD ratio %
9a 1:10 0]
9b 1:1 ( O\|\3/OR
9c 1:5 X \\
10a 1:10 O
10b 1:1 PolyCD-P 9a-c (X = OH)

PolyCD-P-R 10a,b (X = NHCSNH-Rho)
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Scheme 3. Synthesis of polyCD phosphate sodium salts 9a-c and 10a,b. Epichlorohydrin
cross-linking can involve both primary and secondary faces of B-CD in a random fashion. In
polyCD-R 8 only a number of B-CD moieties contain rhodamine (Rho) appendages [37].
Phosphorylation is a random process that can take place at any hydroxylated position,
including polymer linkers, and may introduce both phosphate and oligophosphate groups.

3.2 nanoMOF coating

MIL-100(Fe) nanoMOF were successfully obtained by microwave-assisted hydrothermal
reaction. Their mean diameter was 19040 nm according to DLS measurements and the BET
surfaces were 1650 m’g™ as characterized by N, adsorption measurements. The features of
the nanoMOFs (specific surfaces, sizes, crystallinity) were similar to those of previously
described MIL-100(Fe) nanoMOF particles [38,39,45].

NanoMOFs were modified with a CD-based shell in a simple one-step method by
impregnation with aqueous solution containing the corresponding phosphorylated B-CD
derivative (CD-P, CD-P-M 4, CD-P-R 6, or polyCD-Ps 9a-c or 10a,b). At the end of the
incubation the nanoparticles were recovered by centrifugation, washed with water in order
to remove the excess of non-attached coating molecules, and characterized by DLS, N,
adsorption, XRPD and TEM. The diameters of the nanoMOFs increased after the coating (10-
25% variation) with the highest increase in the case of polymeric CDs. Only in the case of CD
polymers with the highest phosphate density (1:1) aggregation occurred. The aggregates
were possibly formed by a bridging effect between nanoMOFs bearing iron sites at the
surface able to coordinate with a large number of phosphates on CD polymers.

Remarkably, in all cases, the amount of CD-based materials attached to the nanoMOFs
reached 20-26 wt%, in agreement with previously reported data [19], and monomers or
polymers were adsorbed onto the NanoMOF surfaces within less than one hour incubation.
This clearly shows the strong affinity of nanoMOFs for phosphated (macro)molecules.
Moreover, whatever the coating material, nanoMOF particles preserved their facetted type
morphology as assessed by TEM before and after modification (Fig. 2). The crystalline porous
structure was not disrupted upon CD-based material attachment, as the BET surfaces were
similar before (1650 + 150 m?g™) and after (1570 + 350 m%g™) coating.
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Fig. 2. Typical TEM images for unmodified nanoMOFs (A), B-CD-P coated nanoMOFs (B) and
polyCD-P;.5 9¢c modified nanoMOFs (C).

The synthesized fluorescent CD monomers and polymers were useful to study the stability of
the shells formed on the nanoMOFs under simulated biological conditions. The coating
stability was investigated by spectrofluorimetry (Fig. 3). NanoMOFs were impregnated with
CD-P-R 6 and polymers 10a,b in PBS. Within the first 6 hours incubation, around 20 up to
40% of the amount of coating material was detached from the nanoMOFs, meaning that in
call cases studied here, the coating represented still more than 10 % of the nanoparticles’s
weight.

The less phosphorylated polymer 10a (1:10 phosphorous atom/CD unit) underwent a more
substantial detachment than CD-P-R 6 bearing an average of 4 phosphate groups per CD
unit, showing 62+4 % and 3613 % release at 24h, respectively. On the contrary, the more
substituted 10b (1:1 phosphorus atom-CD unit) showed a better stability, comparable to
that for CD-P-R 6. It is noteworthy that when a polymeric structure is used the number of
anchoring groups per CD moiety required for similar coating decreases by four times. These
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results highlight the concurrence of factors others than simple cooperative effect of
phosphates in the case of the CD polymers, related to the substitution degree, the spatial
distribution, and the accessibility of the anchoring moieties. Both in the cases of 6 and 10b,
less than 30 % of the coating is detached in PBS after 24 hours incubation at 37°C which can
be considered as satisfactory for biological applications taking into account that
nanoparticles generally circulate in the blood stream in shorter time frames [19]. The
stability of the shells formed on the nanoMOFs was further assessed by confocal
fluorescence microscopy (Fig. 1 SI). When incubation the particles in cell culture media in the
presence of 10% fetal bovine serum (FBS) for 24 h at 37 °C, the particles were still
fluorescent.

70

60 +

50 +

30 +

Release (%)

20 +

1 il L 1
I Ll I I

0 6 12 18 24
Time (h)

Fig. 3. Detachment of CD-P-R 6 (red) and polyCD-P-R 10a,b (green for 1:10 and blue for 1:1)
coatings during incubation in PBS at 37 °C.

3.3 Thermodynamics of interaction

The binding processes of the phosphorylated B-CD derivatives CD-P and CD-P-M 4 to the
nanoMOFs surface in aqueous media were thermodynamically studied by ITC (Fig. 4).
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Interestingly, this technique showed strong interactions but different thermodynamic
behavior for each coating molecule. In the case of CD-P, an exothermic event was followed
by an endothermic phenomenon, indicating that two different events take place during the
interaction. A first hypothesis takes into consideration the possible interactions with the two
types of nanoMOFs cages, the large and the small ones, since both of them might have
different reactivities towards CD-P. However, taking into account that the chemical
composition is the same whatever the type of cage, it seems more reasonable to presume
that the observed events are due to very fast and specific interactions between the grafted
phosphate groups and the iron trimers. Indeed, native B-CD without phosphate groups does
not interact with the nanoMOFs (Fig. 4). It has been previously demonstrated that the
phosphate-iron coordination is the principal binding mechanism of CD-P to the nanoMOFs
surface [19]. Phosphate-iron coordination induces a dehydration of the cages structure,
signature of the observed endothermic events. Each interacting phosphate group is able to
replace one coordinated water molecule. There is one water molecule per each iron trimer,
which constitutes together with trimesic acid the MOF structure. The binding isotherm for
the CD-P/nanoMOF interaction was characterized by a AG ~ -37.6 ki mol™ and AH ~ -62.8 kJ
mol™ associated with an unfavorable entropic contribution (-TAS ~25.1 kJ mol'l) [19]. This
event is followed by the entropy driven dehydration (AH ~ 17.6 kJ mol™ and -TAS ~ -48.2 kJ
mol™).
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Fig. 4. ITC experiments for CD-P (2.3 mM) (black), CD-P-M 4 (5.06 mM) (red) and B-CD (5.06
mM) (grey) with MIL-100(Fe) nanoMOF (0.93 mM for CD-P; 1.9mM for 4 and B-CD). The top
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panel shows raw data denoting the amount of generated heat following each injection of
phosphate derivative. For CD-P-M 4, the 10 first injections of 2 uL were followed by 10
injections of 5 uL (see *) and the last ones of 10uL (see **). The area under each peak
represents the amount of heat released/absorbed upon binding of CD-P, CD-P-M 4 to
nanoMOFs. The bottom panel shows the enthalpogram, where the area was integrated and
plotted against the molar ratio of CD-P or CD-P-M 4 to iron trimers.

In contrast, in the case of the interaction between CD-P-M 4 and nanoMOFs only the
exothermic phenomenon was detected under the considered experimental conditions (Fig.
4). Such interaction was characterized by a prevailing favourable enthalpic contribution (AH
~ -55.7 k) mol™) that overcomes the negative entropic contribution of -TAS ~ 25.2 kJ.mol™.

Despite of the different behavior, in both cases it seems clear that the complexation of the
phosphate groups with the iron trimers is an exothermic driven mechanism where the
favourable enthalpic terms compensate the unfavourable entropic contributions. CD-P-M 4
bears around 20 phosphate groups, whereas CD-P has only 3 to 4 phosphate groups. These
chemical composition differences could explain why in the first case, prevailing exothermic
events were observed, corresponding to a plethora of possibilities of interaction between
the phosphate groups and the iron trimers.

ITC measurements also indicated strong binding phenomena between the phosphorylated
polymers polyCD-P1.190 9a and polyCD-P15 9¢ and the nanoMOFs (Fig. 5). Interestingly, the
similarity of the obtained enthalpograms for these two polymers containing different
phosphate/CD ratios (1:10 and 1:5, respectively) indicates that the number of grafted
phosphate groups on polyCD has little influence on the interaction with nanoMOFs. In both
cases, favourable entropic major contributions as well as exothermic enthalpic terms are
found. These behaviour contrasts with the previously described thermodynamics for the
interaction between the monomeric form CD-P and the nanoMOFs, which exhibits a
negative enthalpic contribution followed by an unfavourable entropic component. It seems
clear that Interactions between polyCD bearing phosphate groups and nanoMOF surfaces
are more complex than the interaction involving CD-P. Due to the crosslinked bulky structure
of the water soluble CD polymers, it seems plausible that only some of the CD-grafted
phosphate groups are accessible to interact with the nanoMOFs. Indeed, it has been
previously shown that some CDs in the cross-linked CD polymers are not accessible because
of steric hindrance [27,28,29], and this might also be the case for the grafted phosphate
groups. Besides, polymers undergo conformational changes when adsorbing at interfaces
and this results in additional events detected by ITC. As a consequence of polymers needing
to adapt their conformation to get adsorbed after each injection in contrast to monomers,
the time frame of the interactions might be longer for polymers 9a,c than monomers CD-P
and CD-P-M 4. Thus, the observed entropic signature with polymers 9a,c can be attributed
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to the dehydration of the cages as previously discussed in the case of monomers but also
from changes in polymer conformation.

Time (min)
0 120 240

3,0 1 .

2,0 1 .

ucal/sec

0:0_- ,w‘ LU “MMMKMLLLLL |

.1y0_- ‘M“‘”“

-2,0 T T T T T T T
n u

5 20 - . 4
@ .
3 .
Y— [ ]
o '-'.'...
S 00+ . I
E Jugnmn®®
@ m L
o 1]
= e L

-2,0 T T T T T T T

0,00 025 0,50 0,75

Molar Ratio (BCD-P / trimers)

Fig. 5. ITC experiments for CD-P (2.3mM) (black), and polyCD-P;.;0 9a (3.4 mM) (green) and
polyCD-P1.5 9¢ (3.4 mM) (pink) with MIL-100(Fe) nanoMOF (0.93 mM). The top panel shows
raw data denoting the amount of generated heat following each injection of phosphate
derivative. The area under each peak represents the amount of heat released/absorbed
upon binding of phosphate derivatives to nanoMOFs. The bottom panel shows the
enthalpogram: The area was integrated and plotted against the molar ratio of CD-P or
polyCD-Ps 9a,c to iron trimers.

In a nutshell, the ITC results show a strong interaction between both phosphate monomeric
and polymeric CDs with the NanoMOF, corroborating the in vitro shell stability results.
However, significant differences in the thermodynamic profiles were observed when
compared, suggesting a more complex behavior in the case of CD polymers. The presence of
favourable entropic major contributions for the latter might be related with conformational
changes due to an induce-fit effect which is not expected for the monomeric phosphate CD
derivatives. In addition, the similarity between the interaction of the nanoMOFs with the
polyCD-P,.5 and polyCD-P1.1¢ confirms that the functionalization degree influence is affected
by the accessibility of the anchoring groups due to the steric hindrance.
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For drug entrapment and release studies, the effect of monomeric CD-P shells was
compared with that of polymeric CD-P shells.

3.4. Drug loading and release

The effect of CD-P, polyCD-P1.19 9@ and polyCD-P15 9¢ on the stability of nanoMOFs-drug
loading complexes was investigated. One of the most challenging drug candidates for
encapsulation is the antiretroviral drug AZT-TP [39]. MIL-100(Fe) nanoMOFs were loaded
with 8 wt% of AZT-TP by impregnation in aqueous drug solutions as previously described.
Then, nanoMOFs were coated with CD-P or polyCDs 9a,b by additional one hour
impregnation in corresponding aqueous solutions. At the end of the incubation, the drug
payload was practically unchanged since less than 1% of drug was lost after surface
modification (Table 1).

Tablel. Amount of CD-P or polyCD-Ps 9a,c associated to the nanoparticles after 1 h of
impregnation and amount of AZT-TP released during the coating process.

Sample Amount of AZT-TP release after impregnation
coating (wt%) (%)

CD-pP 20 (£3) 0.4 (+0.05)

PolyCD-P1.10 92 25.4 (+0.3) 0.1 (+0.03)

PolyCD-P;.5 9¢ 26.4(0.5) 0.8 (+0.5)

Drug release in PBS was progressive from all the studied nanoMOFs (Fig. 6). At the beginning
of the release process, there were little differences between uncoated and polyCD coated
nanoMOFs, however, after one day release, significant differences were observed.

After one day, it appears that the polymeric CD coating slows the release of the entrapped
AZT-TP. For example, 82 and 83 % of the drug is released from uncoated and CD-P coated
particles, respectively. This result is not surprising considering that AZT has been reported to
interact with native B-CD and B-CD modified at the primary face [46,47], while CD-P is
randomly phosphorylated on both sides of the macrocycle. In contrast, only 72% of the drug
is released from the polyCD-coated ones after the same lapse of time, increasing drug
retention in 13 %. This is possibly because the presence of a number of unmodified CD
moieties in the polymeric coating that interact with the drug, slowing down its release. As
demonstrated here, polymeric CD coatings are thicker than monomeric ones, offering
numerous opportunities for interaction with drugs.
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Fig. 6. AZT-TP release from uncoated and CD-P or polyCD-P;.5 coated nanoMOFs in PBS at 37
°oC,

Taking into account these findings, it could be expected that polymeric CD shells would exert
an even better control upon drug release in the case of drugs with higher affinities for CDs
such as doxorubicin, camptothecin, methotrexate, 5-fluorouracil, etc [48,49]. Besides, the
polymeric shells could be used as scaffolds for further grafting fluorescent dyes and/or
targeting ligands.

4, Conclusion

We have synthesized a series of randomly phosphorylated B-CD derivatives bearing or not
mannosylated moieties, rhodamine-containing B-CD as well as epichlorohydrin-crosslinked
B-CD polymers and their rhodamine labeled analogues. Such phosphate derivatives along
with commercially available B-CD phosphate sodium salt were used to coat, in a non-
covalent manner, the surface of MIL-100(Fe) nanoMOFs. Surface functionalization of
nanoMOFs was achieved by an easy, fast and reproducible method, assimilated to a non-
covalent, efficient and convenient “click chemistry” strategy without byproducts. Results in
this study show that the number of phosphate grafting moieties is not the only element
involved in the anchoring event. Instead, factors such as accessibility due to steric hindrance,
spatial distribution, induce-fit effects or possitibility of cross-linking between several
nanoparticles seem to operate simultaneously in the case of CD polymeric coatings, making
difficult to predict the stability of a given B-CD polymer as a coating shell on MOFs
nanoparticles as compared to monomeric analogues. Polymeric CD coatings, however, afford
a better control of drug release over monomeric ones probably due to the presence of non-
modified CD moieties in the structure. This study opens the way towards the preparation of
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versatile drug-loaded core-shell nanoMOF particles in water, by simple self-assembling
procedures.
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