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Abstract:  25 

Nanoparticles made of metal-organic frameworks (nanoMOFs) are becoming of increasing interest 26 
as drug carriers. However, preventing nanoMOFs recognition and clearance by the innate immune 27 
system, a prerequisite for biomedical applications, presents an important challenge. In this study 28 
we provide a proof of concept that the outer surface of biocompatible iron-based nanoMOFs can be 29 
functionalized in a rapid, organic solvent-free and non-covalent manner using a novel family of 30 
comb-like copolymers made of dextran (DEX) grafted with both poly(ethylene glycol) (PEG) and 31 
alendronate (ALN) moieties. We describe the synthesis and full characterization of DEX-PEG-ALN 32 
copolymers by click chemistry, with control of both the amount of grafted PEG and ALN moieties. 33 
The copolymers, freely soluble in aqueous media, were used to directly coat the nanoMOFs in water 34 
by simple incubation at room temperature. The coating procedure did not affect the nanoMOFs’ 35 
morphology nor their crystalline structure. As strong iron complexing groups, the ALN moieties 36 
ensured multiple cooperative anchoring of the copolymers to the nanoMOFs surface, resulting in 37 
stable coatings that substantially decreased their internalization by macrophages in vitro, providing 38 
new perspectives for biomedical applications. 39 
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 42 

1. Introduction 43 

Metal-organic frameworks (MOFs) are one of the latest classes of ordered porous solids which 44 
have attracted growing interest since their discovery in 1989 [1], in reason of their remarkable 45 
versatility. Indeed, almost any metal could be associated to polycomplexing linkers such as 46 
carboxylates, phosphonates, sulfonates or imidazolates leading to the discovery of thousands of 47 
MOFs with a variety of pore sizes and shapes [2,3]. Among the MOF family, nanosized MOFs 48 
(nanoMOFs) based on porous iron(III) polycarboxylates have emerged as an important class of 49 
biodegradable and non-toxic [4,5] materials that can be loaded with exceptional quantities (within 50 
the 20–70 wt% range) of a large variety of therapeutic agents [4,6]. This paved the way to novel 51 
perspectives in terms of targeted delivery of drugs [7,8] and theranostics [4]. For biomedical 52 
applications, it is of utmost importance to engineer the surface of the nanoMOFs, since the in vivo fate 53 
of any nanoparticle in the living body (biodistribution, pharmacokinetics and targeting abilities) 54 
depends upon its surface physicochemical properties. For instance, it was shown that surface 55 
functionalization with hydrophilic polymers such as poly(ethylene glycol) (PEG) in a “brush” 56 
configuration could dramatically extend the blood circulation times of nanoparticles by mitigating 57 
their recognition by the reticuloendothelial system [9,10]. However, to date, Doxil® represents the 58 
only FDA-approved PEGylated liposome-based nanocarrier of anticancer drug (Doxorubicin) [11].  59 

Functionalization of nanoMOF surfaces will be critical to their success as potential nanocarriers 60 
in therapeutic contexts. However, thus far, only a limited number of cases have been reported that 61 
have aimed to modify the surface of nanoMOFs with PEG shells [12–16]. As compared to dense 62 
nanoparticles made of biodegradable polymers or liposomes, the porous surface of MOFs is a 63 
challenging surface to functionalize. Indeed, it was reported that PEG chains are able to penetrate 64 
within the pores, blocking them and/or decreasing the drug loading capacity [12]. To avoid PEG 65 
penetration into the highly porous MOFs, PEG-based shells were formed by GraftFast, a method 66 
involving polymerization of acryl PEGs [14]. By this way, PEG derivatives with initial molecular 67 
weights of 480, 2000 and 5000 Da were polymerized leading to stable coatings. However, the 68 
molecular weight of the resulting PEG-based copolymer could not be efficiently controlled. Another 69 
recent strategy employed cyclodextrin (CD) derivatives, which were first adsorbed onto the MOFs’ 70 
surfaces prior to complex formation with PEG grafted with adamantane moieties [14]. However, the 71 
two-step procedure required by this method resulted in a difficulty to control the quantity of grafted 72 
PEG. 73 

Moreover, no study has yet demonstrated that a PEG coating on nanoMOFs could effectively 74 
reduce their reticuloendothelial sequestration. In this context, there is still a clear demand to engineer 75 
versatile PEG-based coatings onto the nanoMOF surface, with proof of concept, by reducing uptake 76 
by macrophages. Here we address this challenge by using a novel family of copolymers, synthesized 77 
by grafting onto a dextran (DEX) backbone two types of moieties: i) PEG chains to avoid macrophage 78 
uptake and ii) alendronate (ALN) to spontaneously coordinate to the nanoMOFs surface. Iron 79 
trimesate MIL-100(Fe) (MIL stands for Material of the Institute Lavoisier) nanoMOFs were selected 80 
as core materials, in reason of their biodegradability, capacity to incorporate a series of drugs 81 
(antibiotics [17], anticancer drugs [18,19], anti-infective agents [6,20]) reaching unprecedented 82 
payloads together with controlled releases, versatility in terms of drug loadings and lack of in vivo 83 
toxicity [5,21]. 84 

Here we show the possibility to achieve stable coatings by a straightforward method, based on 85 
cooperative interactions between the ALN moieties and the external surface of MIL-100(Fe) 86 
nanoMOFs. Thus, we describe the synthetic strategies to control both PEG and ALN densities on the 87 
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DEX backbone, as well as the convenient one-step method to coat the nanoMOFs. The PEG “brush” 88 
efficiently reduced macrophage uptake as demonstrated by both microscopic investigations and 89 
quantitative ICP-MS determination of the amount of internalized nanoMOFs.  90 

 91 

2. Materials and Methods  92 

2.1 Chemicals and general methods 93 

Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 aluminum sheets 94 
and developed by UV–vis light, iodine, 5% v/v sulfuric acid in ethanol, 5% w/v phosphomolybdic 95 
acid in ethanol, and 1% w/v potassium permanganate in aqueous 0.1% w/v NaOH containing 7% w/v 96 
potassium carbonate, depending on the case. Flash column chromatography was performed on 97 
Merck silica gel (230–400 mesh, ASTM). Infrared spectra were recorded on a Bruker Alpha FTIR 98 
equipped with a Bruker universal ATR sampling accessory. 1H, 13C, 31P and 2D NMR spectra were 99 
recorded on a Bruker Avance III HD 600 MHz spectrometer equipped with a QCI 1H/13C/15N/31P 100 
proton-optimized quadrupole inverse cryoprobe with 1H and 13C cryochannels, or a Bruker Nanobay 101 
Avance III HD 300 MHz spectrometer equipped with a QNP 1H/13C/19F/31P probe, depending on the 102 
sample. Standard Bruker software was used for acquisition and processing routines. Chemical shifts 103 
(δ) are given in parts per million (ppm) and referenced to internal tetramethylsilane (TMS) signal (δH, 104 
δC 0.00). J values are given in hertz (Hz). ESI-TOF mass spectra were recorded on a Agilent LC/MSD-105 
TOF spectrometer in both positive and negative modes. Syringe filtering was conducted using nylon 106 
0.45 μm Milipore Millex® syringe-driven filter units. Dialysis was performed using Medicell 107 
Membranes Ltd 12000-14000 Da molecular weight cutoff (MWCO) Visking dialysis tubing. Elemental 108 
analyses were recorded on an Elementar Vario Micro CHNS analyzer. HR-ICP-MS results were 109 
obtained by using a Termo Finningan magnetic sector field ELEMENT 2 inductively coupled plasma 110 
mass spectrometer. A Hanna HI 98192 EC/TDS/NaCl/Resistivity meter was employed to monitor 111 
dialysate solutions conductivity during dialysis.  112 

6-Bromohexanoic acid (Aldrich, 97%), sodium azide (Panreac, 99%), N-hydroxysuccinimide 113 
(NHS, Aldrich, 98%), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Fluka, 114 
≥98%), alendronic acid monosodium salt trihydrate (CarboSynth, purum), poly(ethylene glycol) 115 
methyl ether (MeOPEG45OH, Aldrich, Mn ~2000), 4-dimethylaminopyridine (DMAP, Fluka, ≥98%), 116 
methanesulfonyl chloride (MsCl, Fluka, ≥99%), 1,1’-carbonyldiimidazole (CDI, Acros, 97%), 117 
propargylamine (Aldrich, 98%), anhydrous copper(II) sulfate (Fluka, 98%), (+)-sodium L-ascorbate 118 
(Sigma, BioXtra, ≥99%), and ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, Fluka, 119 
purum) were purchased from commercial sources and used without further purification otherwise 120 
indicated. Anhydrous LiCl (Sigma-Aldrich, 99%) and dextran T-40 (Pharmacosmos, purum, 121 
Nominative Mw 40000 Da) were purchased from commercial sources and dried at 80 °C under high 122 
vacuum for 48 h in the presence of P2O5 prior to use. Triethylamine (Sigma-Aldrich, >99%) and 123 
organic solvents were dried according to literature procedures [22]. Dry DMF (AcroSeal, 99.8%, over 124 
molecular sieves) was purchased from Acros. Iron (III) chloride hexahydrate (Alfa Aesar, 125 
Schiltigheim, France, 98%), 1,3,5-benzenetricarboxylic acid (BTC, Sigma-Aldrich, Saint-Quentin-126 
Fallavier, France, 95%) and absolute ethanol (Carlo Erba, Val-de-Reuil, France, 99%,) were used for 127 
the synthesis of nanoMOFs. Potassium chloride (Sigma-Aldrich, XX%) was used for nanoMOFs Zeta 128 
potential (ZP) measurements. Human serum albumin (HSA, Sigma-Aldrich) and bicinchoninic acid 129 
(BCA) protein assay kit (Pierce™ Thermo Fisher) was used for HSA adsorption test. Deionized Milli-130 
Q water was obtained from a Millipore apparatus with a 0.22 m filter.  131 

Number average molecular weight analysis. The number average molecular weight (Mn) and 132 
the molar-mass dispersity values of dextran derivatives 5 and 7 were measured by using a SEC 133 
column (TSKgel G2500PW and G6000PW columns) coupled with a differential refractometer (RI, 134 
Optilab T-rEX, Wyatt Technology) with a laser at λ = 658 nm, thermostated at 25°C, and a multi-angle 135 
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laser light scattering instrument (MALLS, HELEOS II, Wyatt Technology) equipped with a laser 136 
operating at λ = 664 nm. Degassed and filtered (0.1 μm membrane) 0.15 M ammonium acetate/0.20 137 
M acetic acid buffer (pH = 4.5) was used as eluent at a flow rate of 0.5 mL/min (with a refractive index 138 
increment value, dn/dc of 0.147 ml/g for dextran).These eluents were also used as solvent of samples, 139 
and the resulting solutions were filtered on a 0.45 μm membrane before injection. Finally, 200 μL of 140 
each sample at 1 mg/mL were injected. The data have been exploited thanks to the ASTRA 6.1.7.17 141 
software (Wyatt Technology). 142 

Cell culture. Murine macrophage cell line J774A.1 (ATCC) were grown in Dulbecco’s Modified 143 
Eagle’s Medium (Thermo Fischer) supplemented with 10% v/v decomplemented fetal bovine serum 144 
(FBS) at 37 °C in humidified conditions with 5% CO2. Prussian blue iron staining kit (Sigma-Aldrich) 145 
containing potassium ferrocyanide, pararosaniline and hydrochloric acid was used for cell staining.. 146 

 147 

2.2 Synthesis and characterization of dextran-PEG 148 

2.2.1 Synthesis of 6-azidohexanoic acid (1): Compound 1 was prepared as described in literature 149 
[23,24]with small modifications. Specifically, NaN3 (1 g, 15.4 mmol) was added to a solution of 6-150 
bromohexanoic acid (1.5 g, 7.7 mmol) in dry DMF (10 mL) under N2 atmosphere and stirred at 85 °C 151 
overnight until TLC (2:1 hexane:EtOAc) showed complete disappearance of the starting material and 152 
the appearance of a spot at Rf = 0.59. The solvent was rotary evaporated under high vacuum and the 153 
residue was dissolved in H2O (20 mL) and extracted with EtOAc (3x30 mL). The organic layers were 154 
combined, dried (MgSO4), and rotary evaporated to give 6-azidohexanoic acid 1 (0.866 g, 5.5 mmol, 155 

70%) as slightly yellow oil. NMR data agreed with those previously reported [24]: 1H NMR (300 MHz, 156 
CDCl3) δ (ppm): 11.04 (s, 1H, COOH), 3.24 (t, 2H, 3J = 6.9 Hz, CH2N3), 2.32 (t, 2H, 3J = 7.3 Hz, 157 
CH2COOH), 1.70-1.50 (m, 4H, CH2CH2COOH, CH2CH2N3), 1.40 (m, 2H, CH2CH2CH2N3); 13C NMR (75 158 
MHz, CDCl3) δ (ppm): 179.1 (COOH), 51.2 (CH2N3), 34.0 (CH2COOH), 28.6 (CH2CH2N3), 26.2 159 
(CH2CH2CH2N3), 24.3 (CH2CH2COOH). 160 

2.2.2. Synthesis of 2,5-dioxopyrrolidin-1-yl 6-azidohexanoate (2): Compound 2 was prepared 161 
as described in literature [25] with small modifications. Specifically, N-hydroxysuccinimide (520 mg, 162 
4.5 mmol) was added to a solution of 6-azidohexanoic acid 1 (650 mg, 4.1 mmol) in dry CH2Cl2 (10 163 
mL) under N2 atmosphere at room temperature and the mixture was stirred until complete 164 
solubilisation. Then, EDC (860 mg, 4.5 mmol) was added and the solution was stirred at room 165 
temperature until TLC (2:1 hexane:EtOAc) showed complete disappearance of the starting material 166 
and the appearance of a spot at Rf = 0.41. After 16h, the mixture was washed with 1 N HCl (2x15 mL) 167 
and saturated aq. NaHCO3 (2x15 mL). The aqueous layer was extracted with CH2Cl2 (2x10 mL). All 168 
organic phases were combined, dried (MgSO4), and rotary evaporated. The residue was purified by 169 
column chromatography using 2:1 hexane:EtOAc as eluent to yield compound 2 (790 mg, 3.1 mmol, 170 
76%) as a colourless liquid. NMR data agreed with those previously reported [25]: 1H NMR (300 MHz, 171 
CDCl3) δ (ppm): 3.23 (t, 2H, 3J = 6.7 Hz, CH2N3), 2.75 (s, 4H, COCH2CH2CO), 2.56 (t, 2H, 3J = 7.3 Hz, 172 
CH2COO), 1.90-1.30 (m, 6H, CH2CH2CH2CH2N3); 13C NMR (75 MHz, CDCl3) δ (ppm): 169.1 173 
(NCOCH2), 168.4 (COO), 51.1 (CH2N3), 30.8 (CH2COO), 28.4 (CH2), 25.9 (CH2), 25.6 (COCH2CH2CO), 174 
24.1 (CH2). 175 

2.2.3. Synthesis of the sodium salt of [4-(6-azidohexanamido)-1-hydroxy-1 -(hydroxy-oxido-176 
phosphoryl)-butyl]phosphonic acid (3): Aqueous 0.1 M NaOH (~32 mL) was added dropwise to a 177 
suspension of alendronic acid monosodium salt trihydrate (0.83 g, 2.56 mmol) in MilliQ water (18 178 
mL) until pH ~8.5, forming a clear solution. A solution of 2,5-dioxopyrrolidin-1-yl 6-azidohexanoate 179 
2 (0.78 g, 3.1 mmol) in acetonitrile (18 mL) was added in four portions each 15 min. Before each 180 
portion, pH was measured and readjusted to ~8.5 with aqueous 0.1 M NaOH if needed. The reaction 181 
mixture was stirred overnight at room temperature and then the solvent was rotary evaporated. The 182 
residue was purified by a short column chromatography using 5:1→2:1 CH3CN:H2O as eluent to yield 183 
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compound 3 (0.84 g, 2.05 mmol, 80%) as a white solid after lyophilising: FT-IR (KBr) ν/cm-1: 3445, 184 
2938, 2867, 2100, 1632, 1558, 1105, 913, 620, 551;  1H NMR (600 MHz, D2O) δ (ppm): 3.34 (t, 2H, 3J = 185 
6.9 Hz, CH2N3), 3.22 (t, 2H, 3J = 6.8 Hz, CONHCH2) 2.28 (t, 2H, 3J = 7.5 Hz, CH2CONH), 2.01-1.93 (m, 186 
2H, CH2C), 1.86-1.81 (m, 2H, CH2CH2C), 1.66-1.61 (m, 4H, CH2CH2CONH, CH2CH2N3), 1.42-1.37 (m, 187 
2H, CH2CH2CH2N3); 13C NMR (150 MHz, D2O) δ (ppm): 176.9 (CONH), 73.9 (t, 1JCP = 134.2 Hz, 188 
C(PO3)2), 51.0 (CH2N3), 40.0 (NHCH2), 36.6 (CH2CONH), 31.1 (CH2C), 27.7 (CH2CH2N3), 25.4 189 
(CH2CH2CH2N3), 24.9 (CH2CH2CONH), 23.4 (t, 3JCP = 5.9 Hz, CH2CH2C); 31P (242.9 MHz, D2O) δ (ppm): 190 
18.2 (C(PO3)2); [ESI-TOF-MS]- m/z calcd for C10H21N4O8P2 387.0840, found 387.0839 [M – Na]-; m/z calcd 191 
for C10H20N4O8P2Na 409.0660, found 409.0657 [M – H]-; [ESI-TOF-MS]+ m/z calcd for C10H22N4O8P2Na 192 
411.0816 found 411.0818 [M + H]+; m/z calcd for C10H21N4O8P2Na2 433.0635, found 433.0643 [M + Na]+; 193 
m/z calcd for C10H20N4O8P2Na3 455.0455 found 455.0465 [M – H + 2Na]+; m/z calcd for C10H19N4O8P2Na4 194 
477.0274, found 477.0283 [M – 2H + 3Na]+. 195 

2.2.4. Synthesis of 1-azido-1-deoxy-ω-O-methoxypentatetracontaethylene glycol (4): A 196 
solution of MeOPEG45OH (35 g, 17.375 mmol), DMAP (428 mg, 3.5 mmol) and distilled Et3N (5.6 mL, 197 
40.250 mmol) in CH2Cl2 (40 mL) was cooled to 0 °C under inert atmosphere. MsCl (2.7 mL, 35 mmol) 198 
was added dropwise over 15 min and the mixture was stirred at 0 °C during 30 min and then kept 199 
overnight at room temperature. The reaction mixture was then diluted with CH2Cl2 (50 mL), and 200 
washed with 5 % v/v aqueous HCl solution (3x50 mL) and brine (50 mL). The organic phase was 201 
dried over MgSO4, filtered and concentrated under reduced pressure to dryness. The solid was 202 
subsequently dissolved in dry DMF (40 mL) and NaN3 (2.276 g, 35 mmol) was added. The mixture 203 
was stirred at 60 ºC for 24 h before the solvent was rotary evaporated under high vacuum. The residue 204 
was suspended in THF (20 mL) and sonicated (5 min), and filtered off. The clear organic filtrate was 205 
rotary evaporated, and the resulting solid was suspended in Et2O (50 mL), sonicated (5 min) and 206 
filtered. The solid was dissolved in H2O (100 mL) and extracted with CH2Cl2 (3x100 mL). The organic 207 
phases were combined, dried (MgSO4) and rotary evaporated, and the residue dried under vacuum 208 
to give compound 4 (26.225 g, 12.858 mmol, 74 %) as a slightly yellow powder: FT-IR (KBr) ν/cm-1: 209 
2868, 2105, 1093, 948, 842, 729; 1H NMR (300 MHz, D2O) δ: 3.96-3.93 (m, 1JH,C = 143.4 Hz, 13C satellite 210 
peak), 3.75-3.68 (m, 176H, OCH2CH2O), 3.65-3.61 (m, 2H, CH2CH2N3), 3.53-3.49 (m, 2H, CH2N3), 3.49-211 
3.46 (m, 1JH,C = 71.7 Hz, 13C satellite peak), 3.38 (s, CH3O); 13C NMR (75 MHz, D2O) δ: 71.7 (MeOCH2), 212 
70.3 (OCH2CH2O), 70.2 (MeOCH2CH2O), 70.0 (OCH2CH2N3), 58.8 (OMe), 50.9 (CH2N3). 213 

2.2.5. Synthesis of dextran propargylcarbamate (DEX-PC, 5): LiCl (1 g) and dextran T-40 (4 g) 214 
were pre-dried at 80°C in a high vacuum oven for 2 days in the presence of P2O5. The mixture was 215 
further dried by suspension in dry toluene (50 mL) and subsequent vacuum distillation at 50 ºC. This 216 
azeotropic drying process with toluene was repeated twice, and then with anhydrous DMF (1x50 217 
mL) followed by evaporation of the solvent through a rotary evaporator at 60 °C under high vacuum. 218 
The dry mixture was finally dissolved in anhydrous DMF (80 mL) and stirred at 80 °C for 1.5 h. The 219 
solution was cooled down to room temperature before carbonyldiimidazole (0.972 g, 0.006 mmol) 220 
was added, and stirred for 2.5 h. Propargylamine (3.85 mL, 0.06 mmol) was then added and the 221 
mixture stirred at room temperature for 24 h. The solvent volume was reduced to 60 mL by rotary 222 
evaporation and the solution was poured into isopropanol (0.9 L). The resulting pale yellow solid 223 
was collected by filtration and dissolved in H2O (100 mL), syringe filtered (0.45 µm) and dialyzed 224 
(12000-14000 Da MWCO) against distilled water, changing dialysate solution each 3 hours until its 225 
conductivity was stable and below 1 μS/cm (3 days for final value of 0.90 μS/cm) to yield DEX-PC 5 226 
(3.6 g) as a white solid after lyophilization: FT-IR (KBr) ν/cm-1: 3420, 2930, 1709, 1639, 1530, 1461, 1419, 227 
1346, 1264, 1156, 1041, 1014, 766, 549, 527; 1H NMR (600 MHz, D2O) δ (ppm): 5.36 (d, 3J1,2 = 3.8 Hz, 228 
α(1→3,4) H-1), 5.21 (app bd, Japp = 2.8 Hz, α reducing end H-1, CH-OCONH), 5.06 (d, 3J1,2 = 2.6 Hz, H-229 
1S), 5.01 (d, 3J1,2 = 3.0 Hz, α(1→6) H-1), 4.98 (bs, H-1S), 4.63 (d, 3J1,2 = 7.2 Hz, β reducing end H-1), 4.02-230 
3.93 (m, H-3,6a, CH2C≡), 3.78-3.73 (m, H-5,6b), 3.60 (dd, 3J1,2 = 3.0 Hz, 3J2,3 = 9.7 Hz, H-2), 3.55 (t, 3J = 9.4 231 
Hz, H-4), 3.51 (t, 3J = 9.9 Hz, H-4S), 3.44 (t, 3J = 9.5 Hz, H-4S), 3.03 (bs, ≡CH), 2.95 (bs, ≡CH), 2.69 (app 232 
bd, Japp = 8.7 Hz, ≡CH); 13C NMR (150 MHz, D2O) δ (ppm): 157.9 (CO), 157.0 (CO), 99.3, 98.2, 97.7 233 
(α(1→6) C-1), 95.6 (C-1S), 80.4-78.8 (C≡), 76.7, 73.4 (C-3), 73.2-73.1 (≡CH), 72.0, 71.4 (C-2), 71.0, 70.2 (C-234 
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5), 69.9, 69.5 (C-4), 67.7, 65.5 (C-6), 65.2, 60.5, 30.1 (CH2C≡); Anal. found C 40.90%, H 6.536%, N 1.42%. 235 
The number average molecular weight and the molar-mass dispersity were measured to be Mn = 236 
35,240 g/mol and Đ = 1.14, respectively. 237 

2.2.6. Synthesis of DEX-ALN75-PEG25 (6): Pre-dried LiCl (90 mg, 2.123 mmol) and DEX-PC 5 (350 238 

mg, 0.0079 mmol containing 0.397 mmol of propargyl groups) were dissolved in H2O (5 mL) and 239 
heated at 60°C. A solution of sodium alendronate derivative 3 (127 mg, 0.298 mmol) in H2O (2 mL) 240 

was added, followed by a suspension of CuSO4 (29 mg, 0.179 mmol) and sodium ascorbate (118 mg, 241 
0.596 mmol) in H2O (1 mL), and the mixture was stirred at 90°C overnight. After cooling down to 242 
room temperature, azide 4 (809 mg, 0.397 mmol) and a suspension of CuSO4 (38 mg, 0.238 mmol) and 243 

sodium ascorbate (157 mg, 0.794 mmol) in H2O (0.8 mL) were subsequently added. The mixture was 244 
stirred for 22 h at 90 ºC, then diluted with H2O (10 mL), filtered through filtering paper and then 245 
through a 0.45 µm syringe filter. Aqueous 0.1 M NaOH was added until pH ~7.0, followed by a 246 
solution of 10 mM EDTA at pH 7.0 (20 mL). The pH was then monitored and kept at ~7.0 with 0.1 M 247 
NaOH for 24 h. The mixture was again filtered through 0.45 µm syringe filter, lyophilized, re-248 
dissolved in the minimum amount of water and dialyzed (12000-14000 Da MWCO) against distilled 249 
water, changing dialysate solution each 3 hours until its conductivity was stable and below 1 μS/cm 250 
(3 days for final value of 0.60 μS/cm) to yield DEX-ALN75-PEG25 7 (881 mg) as a brownish solid after 251 
lyophilization: FT-IR (KBr) ν/cm-1: 3423, 2913, 2880, 1645, 1457, 1352, 1298, 1252, 1104, 1041, 952, 845, 252 
548; 1H NMR (600 MHz, D2O) δ (ppm): 8.03 (bs, H-5-C2HN3), 5.35 (bs, α(1→3,4) H-1), 5.27 (bs, α 253 
reducing end H-1), 5.18 (app t, Japp = 5.0 Hz, CH-OCONH), 5.04 (bs, H-1S), 5.00 (bs, α(1→6) H-1), 4.64 254 
(bs, β reducing end H-1), 4.51-4.44 (m, OCH2CH2-C2HN3), 4.40-4.38 (m, CH2-C2HN3), 4.31-4.28 (m, 255 
NHCH2-C2HN3), 4.02-3.93 (m, H-5,6a), 3.87-3.84 (m, 1JH,C = 140.2 Hz, 13C satellite peak), 3.73 (bs, H-3,6b, 256 
OCH2CH2O), 3.67-3.64 (m, OCH2CH2-C2HN3), 3.61-3.60 (m, H-2), 3.56-3.52 (m, H-4), 3.45 (app t, Japp = 257 
9.3 Hz, H-4S), 3.40 (s, CH3O), 3.34-3.19 (CH2NH), 2.88 (bs, ≡CH), 2.78 (bs, ≡CH), 2.64 (bs, ≡CH), 2.23 258 
(bs, CH2CO), 1.93 (bs, CH2C), 1.77 (bs, CH2CH2C), 1.61 (CH2CH2CO, CH2CH2-C2HN3), 1.30-1.16 (bs, 259 
CH2CH2CH2CO); 31P NMR (242.9 MHz, D2O) δ (ppm): -1.4-(-2.6) (C(PO3)2); Anal.: found C 46.24%, H 260 
7.582%, N 2.46%. HR-ICP-MS: found P 0.81%, Na 0.103%, Cu 1.05%, Li 0.042%. 261 

2.2.7. Synthesis of DEX-ALN50-PEG50 (7): Pre-dried LiCl (90 mg, 2.123 mmol) and DEX-PC 5 (350 262 

mg, 0.0079 mmol containing 0.397 mmol of propargyl groups) were dissolved in H2O (5 mL) and 263 
heated at 60°C. A solution of sodium alendronate derivative 3 (85 mg, 0.198 mmol) in H2O (1.5 mL) 264 

was added, followed by a suspension of CuSO4 (19 mg, 0.119 mmol) and sodium ascorbate (79 mg, 265 
0.397 mmol) in H2O (1 mL), and the mixture was stirred at 90°C overnight. After cooling down to 266 
room temperature, azide 4 (809 mg, 0.397 mmol) and a suspension of CuSO4 (38 mg, 0.238 mmol) and 267 
sodium ascorbate (157 mg, 0.794 mmol) in H2O (0.8 mL) were subsequently added. The mixture was 268 
stirred for 22 h at 90 ºC, then diluted with H2O (10 mL), filtered through filtering paper and then 269 
through a 0.45 µm syringe filter. Aqueous 0.1 M NaOH was added until pH ~7.0, followed by a 270 
solution of 10 mM EDTA at pH 7.0 (20 mL). The pH was then monitored and kept at ~7.0 with 0.1 M 271 
NaOH for 24 h. The mixture was again filtered through 0.45 µm syringe filter, lyophilized, re-272 
dissolved in the minimum amount of water and dialyzed (12000-14000 Da MWCO) against distilled 273 
water, changing dialysate solution each 3 hours until its conductivity was stable and below 1 μS/cm 274 
(3 days for final value of 0.74 μS/cm) to yield DEX-ALN50-PEG50 6 (928 mg) as a brownish solid after 275 
lyophilization: FT-IR (KBr) ν/cm-1: 3429, 2917, 2881, 1645, 1457, 1352, 1253, 1103, 952, 558; 1H NMR 276 
(600 MHz, D2O) δ (ppm): 8.03 (bs, H-5-C2HN3), 5.35 (bs, α(1→3,4) H-1), 5.26 (bs, α reducing end H-277 
1), 5.18 (app t, Japp = 5.0 Hz, CH-OCONH), 5.04 (bs, H-1S), 5.00 (bs, α(1→6) H-1), 4.64 (bs, β reducing 278 
end H-1), 4.47-4.43 (m, OCH2CH2-C2HN3), 4.40-4.38 (m, CH2-C2HN3), 4.31-4.29 (m, NHCH2-C2HN3), 279 
4.02-3.93 (m, H-5,6a), 3.87-3.84 (m, 1JH,C = 140.4 Hz, 13C satellite peak), 3.73 (bs, H-3,6b, OCH2CH2O), 280 
3.67-3.64 (m, OCH2CH2-C2HN3), 3.61-3.59 (m, H-2), 3.56-3.52 (m, H-4), 3.43 (app t, Japp = 10.0 Hz, H-281 
4S), 3.41 (s, CH3O), 3.32-3.18 (CH2NH), 2.88 (bs, ≡CH), 2.70 (bs, ≡CH), 2.25 (bs, CH2CO), 1.93 (bs, 282 
CH2C), 1.78 (bs, CH2CH2C), 1.61 (CH2CH2CO, CH2CH2-C2HN3), 1.26 (bs, CH2CH2CH2CO); 31P NMR 283 
(242.9 MHz, D2O) δ (ppm): -1.8-(-2.9) (C(PO3)2); Anal.: found C 46.85%, H 7.769%, N 2.27%. HR-ICP-284 
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MS: found P 0.57%, Na 0.060%, Cu 0.74%, Li 0.027%. The number average molecular weight and the 285 
molar-mass dispersity were measured to be Mn = 83,120 g/mol and Đ = 1.36, respectively. 286 

2.2.8. Synthesis of DEX-ALN25-PEG75 (8): Pre-dried LiCl (90 mg, 2.123 mmol) and DEX-PC 5 (350 287 
mg, 0.0079 mmol containing 0.397 mmol of propargyl groups) were dissolved in H2O (5 mL) and 288 
heated at 60°C. A solution of sodium alendronate derivative 3 (43 mg, 0.100 mmol) in H2O (1 mL) 289 
was added, followed by a suspension of CuSO4 (10 mg, 0.060 mmol) and sodium ascorbate (40 mg, 290 
0.200 mmol) in H2O (1 mL), and the mixture was stirred at 90°C overnight. After cooling down to 291 
room temperature, azide 4 (809 mg, 0.397 mmol) and a suspension of CuSO4 (38 mg, 0.238 mmol) and 292 
sodium ascorbate (157 mg, 0.794 mmol) in H2O (0.8 mL) were subsequently added. The mixture was 293 
stirred for 22 h at 90 ºC, then diluted with H2O (10 mL), filtered through filtering paper and then 294 
through a 0.45 µm syringe filter. Aqueous 0.1 M NaOH was added until pH ~7.0, followed by a 295 
solution of 10 mM EDTA at pH 7.0 (20 mL). pH was then monitored and kept at ~7.0 with 0.1 M 296 
NaOH for 24 h. The mixture was again filtered through 0.45 µm syringe filter, lyophilized, re-297 
dissolved in the minimum amount of water and dialyzed (12000-14000 Da MWCO) against distilled 298 
water, changing dialysate solution each 3 hours until its conductivity was stable and below 1 μS/cm 299 
(2 days for final value of 0.63 μS/cm) to yield DEX-ALN25-PEG75 8 (978 mg) as a brownish solid after 300 

lyophilization: FT-IR (KBr) ν/cm-1: 3423, 2912, 2880, 1645, 1457, 1352, 1299, 1253, 1104, 1042, 1019, 951, 301 
845, 550; 1H NMR (600 MHz, D2O) δ (ppm): 8.03 (bs, H-5-C2HN3), 5.35 (bs, α(1→3,4) H-1), 5.27 (bs, α 302 
reducing end H-1), 5.19 (app t, Japp = 5.0 Hz, CH-OCONH), 5.05 (bs, H-1S), 5.00 (bs, α(1→6) H-1), 4.90 303 
(bs, H-1S), 4.64 (bs, β reducing end H-1), 4.64 (bs, OCH2CH2-C2HN3), 4.40-4.38 (m, CH2-C2HN3), 4.31-304 
4.28 (m, NHCH2-C2HN3), 4.02-3.93 (m, H-5,6a), 3.85-3.84 (m, 1JH,C = 140.4 Hz, 13C satellite peak), 3.73 305 
(bs, H-3,6b, OCH2CH2O), 3.68-3.64 (m, OCH2CH2-C2HN3), 3.61-3.59 (m, H-2), 3.56-3.52 (m, H-4), 3.45 306 
(app t, Japp = 9.6 Hz, H-4S), 3.41 (s, CH3O), 3.32-3.19 (CH2NH), 3.02 (bs, ≡CH), 2.95 (bs, ≡CH), 2.23 (bs, 307 
CH2CO), 1.93 (bs, CH2C), 1.78 (bs, CH2CH2C), 1.61 (CH2CH2CO, CH2CH2-C2HN3), 1.31-1.22 (bs, 308 
CH2CH2CH2CO); 31P NMR (242.9 MHz, D2O) δ (ppm): 0.5-0.1, -1.5-(-2.4) (C(PO3)2); Anal.: found C 309 
47.86%, H 7.842%, N 2.05%. HR-ICP-MS: found P 0.26%, Na 0.092%, Cu 0.42%, Li 0.048%. 310 

2.3 Synthesis and characterization of MIL-100(Fe) nanoMOFs 311 

Iron trimesate nanoMOFs were synthesized using a microwave-assisted hydrothermal method 312 
as previously described [6]. Briefly, 30 mL of an aqueous mixture containing 6.0 mM iron chloride 313 
hexahydrate and 4.0 mM of 1,3,5-benzenetricarboxylic acid was heated at 130 °C under stirring prior 314 
to microwave irradiation at 1600 W (Mars-5, CEM, USA). The synthesized nanoMOFs were recovered 315 
by centrifugation at 10000 g for 15 min and purified by washing six times with absolute ethanol. Their 316 
morphology was observed with a transmission electron microscope (TEM, JEOL 1400 (120 kV), 317 
Japan). Mean hydrodynamic diameters and size distributions were determined by dynamic light 318 
scattering (DLS, Malvern Nano-ZS, Zetasizer Nano series, France). NanoMOFs’ Zeta potential (ZP) 319 
was measured at 25 °C using a Zetasizer Nano-ZS instrument in a pH range of 1 to 10. For this, 320 
nanoMOFs were diluted to a final concentration of 100 µg/mL using a 1 mM KCl solution. The 321 
nanoMOF specific surface area was measured by nitrogen sorption experiments at -196 °C on an 322 
ASAP 2020 (Micromeritics, USA) after sample degassing at 100 °C for 15 h under high vacuum. X-323 
ray powder diffraction patterns (XRPD) were recorded for crystallinity characterization. NanoMOFs 324 
were stored in ethanol at room temperature and re-suspended in aqueous media whenever needed.  325 

2.4 Surface modification of MIL-100(Fe) nanoMOFs and their characterization 326 

2.4.1 Preparation and characterization of DEX-ALN-PEG coated nanoMOF  327 

NanoMOFs were centrifuged at 10000 g for 10 min to remove the storage solvent (ethanol) and 328 
then re-dispersed in water by vortex. For coating, they were incubated overnight at room temperature 329 
with DEX-ALN-PEG solutions at mass ratios DEX-ALN-PEG: nanoMOFs of 1:4, 1:2 and 1:1. The non-330 
attached DEX-ALN-PEG fraction was removed by centrifugation (10000 g, 10 min). The pellets were 331 
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dried and the adsorbed DEX-ALN-PEG was quantified by inductively coupled plasma mass 332 
spectrometry (ICP-MS). Briefly, nanoMOFs before and after modification with DEX-ALN-PEG were 333 
digested using aqua regia (15 minutes under ultrasonic bath), and phosphorous (P) quantification was 334 
performed using an ICP-MS equipped with a triple quadrupole (Agilent 8800, Agilent Technologies, 335 
Japan). Operation conditions were daily optimized using a tuning solution. P isotope was detected 336 
using “mass shift mode” (47PO+) after reaction with oxygen in the cell. Conversely, scandium (Sc) 337 
(added as internal standard on samples and calibration standards solutions at a concentration of 10 338 
µg/L-) was detected on “mass mode” (45Sc+). Oxygen was introduced into the collision/reaction cell at 339 
a flow rate of 0.35 mL/min. Dwell time for each of the targeted isotopes was 1 s. P was quantified 340 
using external calibration using certified 1000 mg/L P standard solution (Merck, Germany). 341 

The amount A of DEX-ALN-PEG associated to nanoMOFs was calculated on the basis of their P 342 
content by the following formula: 343 

𝐴 =
𝑃1

𝑃2
100% 344 

where (P1 wt%) is the phosphorous content in the coated nanoMOFs and (P2 wt%)%) is the 345 
phosphorous content in the synthesized DEX-ALN-PEG copolymers. 346 

DEX-ALN-PEG coated nanoMOF were characterized in the same fashion as the uncoated 347 
samples to determine their size distribution, morphology and surface charge. The crystallinity of 348 
DEX-ALN-PEG coated nanoMOF was characterized by XRPD. 349 

2.4.2 Colloidal stability investigation  350 

Colloidal stabilities of DEX-ALN-PEG coated nanoMOFs were estimated by DLS after 351 
incubation in both MilliQ water and cell culture medium (DMEM complemented with 10% FBS, 1% 352 
penicillin/streptomycin (100 mg/mL) and 1% L-glutamine). Mean hydrodynamic diameters were 353 
measured at 6 h, 1, 2, 4, 7, 9, 14, 18 and 21 d storage at 4 °C in water, and at 0, 2, 4, 6, and 8 h after 354 
incubation at 37 °C in cell culture media. 355 

2.4.3 Human albumin adsorption studies 356 

NanoMOFs coated or not with DEX-ALN-PEG (300 µg/mL) were incubated with HSA solutions 357 
at 100 µg/mL in 10 mM phosphate buffer (PB) at 37 °C. The samples were centrifuged at 10000 g for 358 
5 min to recover the nanoMOF pellets after 1, 2, 3, 4, 6, 8 and 12 h incubation. The excessive HSA in 359 
the supernatant was quantified using a bicinchoninic acid (BCA) assay. 360 

2.4.4 “Stealth” effect of the DEX-ALN-PEG shell   361 

Visualization by optical microscopy. A direct visualization of the MIL-100(Fe) nanoMOFs 362 
inside J774A.1 macrophages was achieved based on iron staining using a Prussian blue staining kit. 363 
In a 24-well plate (with cover slips) 1x105 J774A.1 macrophages were placed with RPMI complete 364 
medium and 10% FBS. Each well of macrophages was treated with 50 μg of nanoMOFs, either coated 365 
or not with DEX-ALN-PEG. The macrophages were subsequently incubated for 2 and 4 h in an 366 
incubator at 37 °C with a CO2 concentration of 5%. Afterwards the wells were washed with complete 367 
medium and then further washed twice with PBS. Cells were fixed with 4% paraformaldehyde, 368 
washed and incubated for 10 minutes with 2% potassium ferrocyanide in 0.6 mM hydrochloric acid. 369 
Cells were washed again with PBS, counterstained with pararosaniline hydrochloride (0.02%) and 370 
placed on a glass slide. A drop of emersion oil was applied to each coverslip and evaluated for iron 371 
staining using light microscopy. 372 

Fe quantification by ICP-MS. Macrophage cells (J774A.1) were seeded overnight at a density of 373 
3.0×105 cells per well in 24-well plates in cell culture medium at 37°C in 5% CO2. Cells were then 374 
incubated with 1 mL cell culture media containing nanoMOFs coated or not with DEX-ALN-PEG for 375 
2, 4 and 6 h (nanoMOFs concentration = 50 µg/mL). At the end of the incubation, the cells were 376 
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washed with PBS for three times to eliminate the nanoMOFs which did not interact with the cells. 377 
Cells were finally dried and digested using aqua regia (15 minutes under ultrasonic bath). Fe 378 
quantification was performed using an ICP-MS equipped with a triple quadrupole (Agilent 8800). 379 
Operation conditions were daily optimized using a tuning solution. Fe and Co (added as internal 380 
standard on samples and calibration standards solution at a concentration of 10 µg/L) isotopes were 381 
detected using “on-mass mode” (54Fe+, 56Fe+, 59Co+). Helium was introduced into the collision/reaction 382 
cell at a flow rate of 3 mL min–1. Dwell time for each of the targeted isotopes was 1 s. Fe was quantified 383 
using external calibration prepared using certified 1000 mg/L Fe standard solution (Merck, 384 
Germany). 385 

3. Results and discussion 386 

3.1. Synthesis and characterization of DEX-ALN-PEG copolymers 387 

For the post-synthetic modification of the surface of MIL-100(Fe) MOF nanoparticles we planned to 388 
prepare DEX derivatives appended with alendronate (ALN) moieties and PEG chains. For this 389 
strategy, we first prepared alendronate and PEG azide derivatives 3 and 4, respectively (Scheme 1). 390 

We then appended them on dextran T-40 grafted with a controlled number of therminal alkyne 391 
residues in the form of propargyl carbamate groups (DEX-PC 5) (Scheme 2) through a Cu(I)-catalyzed 392 
azide-alkyne cycloaddition (CuAAC) reaction to yield DEX-ALN-PEG conjugates 6-8.  393 

 394 

 395 

Scheme 1. Synthesis of azide derivatives 3 and 4. 396 

First, we synthesized azide alendronate derivative 3 (Scheme 1). The reaction between NHS-ester 2 397 

and alendronic acid monosodium salt was performed in a MeCN:H2O mixture keeping the pH at ~8.5 398 
in order both to ensure the solubility of the alendronate salt and to guarantee the nucleophilic 399 
properties of the primary amine. However, precipitation of the crude after solvent evaporation with 400 
EtOH afforded product 3 with N-hydroxysuccinimide (NHS) byproduct, as confirmed by 1H NMR 401 
spectra. Attempts to remove NHS by solid-liquid extraction using organic solvents, including EtOAc 402 
and CH3CN, failed. Thus, compound 3 was finally isolated by column chromatography using 5:1 403 
CH3CN:H2O as initial eluent until NHS was washed out of the column, and 2:1 CH3CN:H2O for 404 
eluting pure 3 in 80% yield after lyophilization. In the initial alkaline pH ~8.5 environment, product 405 
3 should be most likely in a trisodium salt form [26]. However, flash column chromatography 406 
probably changed the distribution curves of the species in equilibrium by partial acidification of the 407 
mixture. Indeed, negative ESI-TOF mass spectrum depicted the species [M – Na]- and [M – H]- 408 
considering M as the monosodium salt. Similarly, positive ESI-TOF mass spectrum showed [M + H]+, 409 
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[M + Na]+, [M – H + 2Na]+ and [M – 2H + 3Na]+, suggesting that the alendronate derivative was 410 
obtained mainly as the monosodium salt species. 411 

Synthesis of azido PEG chain 4 was performed in two sequential steps. First, commercial 412 
MeOPEG45OH, having a methoxy group at one end of the chain, was mesylated and used without 413 
any further purification for the reaction with sodium azide in DMF. Azido PEG 4 was isolated by two 414 
subsequent filtration processes with THF and Et2O that yielded 4 pure enough, as confirmed by NMR 415 

analysis. It is important to remark that the broad signal observed at δ 3.65-3.61 ppm corresponding 416 
to the main chain methylene groups appeared along with 13C satellites due to the 13C-1H coupling 417 
typically observed in high molecular weight PEG derivatives [27]. 418 

 419 

Scheme 2. Synthesis of DEX-PC 5 and DEX-ALN-PEG 6-8. Structures of coplymers 5-8 are intended 420 
to simply depict different modes of carbamate attachment to the DEX chain and do not reflect either 421 
the actual spatial distribution of the appendages or the degree of substitution along the chain. 422 

The partial alkynylation of the dextran T-40 was achieved upon treatment with carbonyldiimidazole 423 
(CDI) and propargylamine forming propargyl carbamate groups on some of the free OH groups of 424 
the polysaccharide [28]. DEX T-40 was extensively dried to minimize unwanted side reactions with 425 
water. Reaction was performed in dry DMF in the presence of anhydrous LiCl to help solubilizing 426 
the polysaccharide by interfering with its high crystallinity. DEX T-40 was then subsequently treated 427 
with 60 equivalents of CDI and an excess of propargylamine to give DEX-PC 5 (Scheme 2). Taking 428 
into account that the number of propargyl carbamate appendages directly depends on the CDI ratio, 429 
we expected these amounts to yield a maximum of 60 alkynes per DEX T-40 molecule. After dialysis 430 
and lyophilization, the composition of the obtained material was determined by elemental analysis. 431 
A mathematical model (see supplementary material) was developed to estimate the number of 432 
propargyl groups grafted on the polymer from those data. The model consistently estimated ~50 433 
propargyl carbamate groups each time the reaction was repeated. The functionalization of the 434 
polysaccharide can be observed by 1H NMR through the appearance of broad signals at δ 3.03, 2.95 435 
and 2.69 ppm that correspond to the ethynyl proton of propargyl carbamate groups located at 436 
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different positions on the glucose moieties. In addition, a set of new signals arose from the substituted 437 
glucose units, namely a doublet at δ 5.06 ppm and broad singlet δ 4.98 ppm corresponding to 438 
anomeric protons, along with two triplets at δ 3.51 and 3.44 ppm assigned to the H-4 protons. In 13C 439 
NMR spectrum, signals at δ 157.9-157.0 ppm indicated the presence of carbonyl groups on the 440 
structure, while the quaternary and ternary carbons of the ethynyl group gave peaks in the range of 441 
δ 80.4-78.8 and δ 73.2-73.1 ppm, respectively.  442 

Once DEX-PC 5 was prepared, azides 3 and 4 were conjugated using CuSO4 and sodium ascorbate 443 
as catalyst system at 90 ºC in water (Scheme 2). Three dextran derivatives with different ratios of ALN 444 
and PEG branches were prepared, namely DEX-ALN75-PEG25 6, DEX-ALN50-PEG50 7 and DEX-ALN25-445 
PEG75 8, in order to study the effect of such ratio on both the stability of the coating and the “stealth” 446 
abilities of the resulting surface-modified nanoMOFs. To prevent that different diffusion coefficients 447 
and reactivity kinetics of structurally so different azides as 3 and 4 might condition the actual ratio 448 
on 6-8, conjugations were performed sequentially starting with the required amount of alendronate 449 
derivative 3, followed after 8 hours by addition of an excess of PEG azide 4. It was expected that the 450 

conjugation of the short chain of alendronate in the first place would not hinder the subsequent 451 
approach of the much bulkier PEG chain in the second step, which might occur if performed in the 452 
opposite order. Purification of 6-8 was carried out by washing with a solution of EDTA at pH ~7 in 453 
order to chelate the excess of copper, followed by dialysis against water using 12-14 KDa MWCO 454 
membranes until stable conductivity (<1 μS/cm) was obtained in the dialysate solution. The analysis 455 
of number average molecular weights (Mn) of polymers before (DEX-PC 5) and after (DEX-ALN50-456 
PEG50 7) chemical modification by PEG chains was achieved by SEC-MALLS. The starting material, 457 

DEX had a Mn value of 31,150 g/mol. It was further shown that grafting ALN and PEG resulted in an 458 
expected increase of number average molecular weight with the grafting of PEG chains on the main 459 
DEX chain (from 35,240 for DEX-PC 5 to 83,120 g/mol for DEX-ALN50-PEG50 7). This difference of 460 
around 50,000 g/mol could correspond to a ratio of 25% of PEG grafted chains of 2000 g/mol (since 461 
50% x 2000 g/mol x 100 units = 100,000 g/mol). Nevertheless, note that this determination presents a 462 
high uncertainly notably due to the hypothesis that the refractive index increment value of DEX-463 
ALN50-PEG50 was equal to the one of unmodified dextran (dn/dc = 0.147 ml/g). Consequently, 464 
elemental analysis and HR-ICP-MS of the obtained copolymers was carried out in order to obtain a 465 
more accurate compositional profile for DEX-ALN-PEG derivatives 6-8. The mathematical model 466 

constructed to analyze these data (see supplementary material) indicated that only 66-74% of 467 
propargyl carbamates underwent cycloaddition (Table 1). Interestingly, the average number of ALN 468 
branches appended to the polysaccharide consistently changed depending on the initial ratio of 469 
reagents although in lesser extension than foreseen, varying from ~15 in the case of DEX-ALN75-PEG25 470 
6 to ~5 for DEX-ALN25-PEG75 8. In sharp contrast, the average number of PEG branches only varies 471 
from ~26 in the case of PEG-ALN75-PEG25 6 and ~32 for DEX-ALN25-PEG75 8. This fact suggests that 472 
cycloaddition of PEG azide derivative 4 onto DEX-PC 5 is mainly limited by steric hindrance of the 473 

resulting product more than the reagent amount added to the reaction. The robustness of the model 474 
is evidenced by the fact that the sum of free propargyl carbamate (n), ALN (x) and PEG (z) branches 475 
keeps around 50 (±12%), which matches the estimated number of propargyl carbamate groups 476 
originally present in DEX-PC 5 starting material. It should be underlined that the model predicts the 477 
presence of at least one Cu atom per alendronate branch, along with an extra cation of Na and/or Li, 478 
even after extraction with EDTA prior dialysis. This result is not surprising since it is known that 479 
alendronate can chelate Cu(II) in a wide range of pH [29,30], and indeed may explain the reduced 480 
cycloaddition efficiency for alendronate branches since copper cations could have been sequestered 481 
during the reaction. Although free, unbound Cu(II) has been demonstrated to be toxic for living cells 482 
[31], it requires concentrations as high as 78.5 μmol/L (5 mg/L) in serum for systemic toxicity in 483 
humans [32]. Furthermore, the toxicity of chelated copper is remarkably lower, allowing its use to 484 
perform CuAAC reactions within living systems [33,34]. We observed that copper present in DEX-485 
ALN-PEG 6-8 did not hinder MIL-100(Fe) coating (see below) which took place through their 486 
alendronate branches, and most likely, it was displaced by iron(III) atoms from nanoMOFs surface 487 
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and washed out during centrifugation isolation. The proposed structures for 6-8 were demonstrated 488 
by 1H NMR spectra, where the formation of 1,2,3-triazole residues caused the appearance of a broad 489 
signal at δ 8.03 ppm in the three cases. In addition, methylene protons of PEG residues gave an intense 490 
peak at δ 3.73 ppm, while weak and broad singlets observed between δ 2.25 and 1.26 ppm evidenced 491 
the presence of alendronate branches. Furthermore, signals from non-reacted ethynyl protons were 492 
still notorious between δ 3.02 and 2.64 ppm, as the compositional model had predicted (Table 1). 13C 493 
NMR experiments were strongly dominated by the high signals arising from PEG methylenes, which 494 
hindered both their acquisition and assignation. Finally, 31P NMR confirmed the presence of 495 
phosphorus nuclei in the molecules with signals at δ 0.5-(-2.6) ppm. 496 

Table 1. Calculated (see supplementary material) number of free propargyl carbamate (n), 497 
alendronate (x) and PEG (z) branches from compositional profiles obtained by elemental analyses 498 
and HR-ICP-MS data.a 499 

Derivative n 

Nb of propargyl groups 

x 

Nb of alendronate 

z 

Nb of PEG chains 

n+x+z 

DEX-PC 5 50.1 0 -0.1 50.1 

DEX-ALN75-PEG25 6 16.1 14.3 26.0 56.4 

DEX-ALN50-PEG50 7 13.7 10.8 30.5 55.0 

DEX-ALN25-PEG75 8 17.6 4.9 32.3 54.8 

aAn error of ±12% was estimated. 500 

 501 

3.2. MIL-100(Fe) nanoMOFs synthesis and surface modification  502 

3.2.1 DEX-ALN-PEG coating and physicochemical characterization 503 

MIL-100(Fe) nanoMOFs with a mean hydrodynamic diameter of 191 ± 23 nm and BET (Brunauer, 504 
Emmett and Teller) surface area of 1690 ± 80 m2 g-1 were successfully synthesized by an organic 505 
solvent-free microwave-assisted hydrothermal method. They exhibited a facetted morphology 506 
(Figure 1C), crystalline structure (Figure 1B) and composition in agreement with previously reported 507 
data [6,12].  508 

Surface modification of MIL-100(Fe) nanoMOFs with DEX-ALN-PEG was carried out through a 509 
simple, “green” (meaning organic solvent-free) method consisting on simple impregnation of 510 
nanoMOFs in aqueous solutions of the synthesized copolymers (Figure 1A). The three copolymers 511 
with increased PEG contents, namely DEX-ALN75-PEG25 6, DEX-ALN50-PEG50 7, and DEX-ALN25-512 
PEG75 8 were used for the surface modification. 513 

 514 
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 515 

 516 

Figure 1. Preparation and characterization of nanoMOFs coated or not with DEX-PEG. A: 517 

schematic representation of the «green» preparation of DEX-ALN-PEG coated nanoMOFs in water; 518 
B: XRPD patterns of nanoMOFs coated or not with DEX-PEG (orange: nanoMOFs; blue: DEX-ALN50-519 
PEG50 coated nanoMOFs; green: DEX-ALN25-PEG75 coated nanoMOFs; purple: DEX-ALN75-PEG25 520 
coated nanoMOFs); C-E: TEM images of uncoated nanoMOFs (C), DEX-ALN50-PEG50 7 coated 521 
nanoMOFs (D) and DEX-ALN25-PEG75 8 coated nanoMOFs (E); scale bar (200 nm). The mass ratios 522 

DEX-ALN-PEG: nanoMOFs were 1:1. 523 

The amount of DEX-ALN-PEG associated to the nanoMOFs was determined by ICP-MS by 524 
direct quantification of the P content in the coated samples. Indeed, P is the only element present in 525 
the DEX-ALN-PEG copolymers, but not in the nanoMOFs, offering a straightforward and precise 526 
quantification method. It was found that after overnight incubation, amounts of DEX-ALN75-PEG25 527 
6, DEX-ALN50-PEG50 7, and DEX-ALN25-PEG75 8 associated to the nanoMOFs reached 29 ± 2 wt%, 27 528 

± 2 wt% and 32 ± 3 wt%, respectively. Interestingly, these amounts of coating material attached to the 529 
nanoMOFs were among the highest reported so far. This efficient association could be possibly 530 
attributed to: i) the strong affinity of ALN for iron site at the surface and ii) the cooperative effects of 531 
ALN moieties as schematized in Figure 1A. As comparison, cyclodextrin (CD)-phosphate coatings 532 
on same MIL-100(Fe) nanoMOFs reached ~ 17 wt%. In that case, only 3-4 phosphate moieties were 533 
attached to each CD [35]. Indeed, alendronate, used mainly for osteoporosis treatment, is known to 534 
have a strong affinity for metals. It was incorporated in nanoMOFs made of Zr-based UiO-66 NPs 535 
[36]. It was highlighted that this amino-bisphosphonate was probably strongly anchored to the Zr-O 536 
clusters of the UiO NPs, thus promoting both high loading efficiencies (close to 100 %) and controlled 537 
release.   538 

These studies suggest that the amount of DEX-ALN-PEG associated to the nanoMOFs was not 539 
significantly affected by the ratio of ALN used in the experiments. This suggest that a large number 540 
of ALN moieties are not required for an efficient coating of the nanoMOFs, and that DXT-ALN25-541 
PEG75 already shows enough ALN appendages (~5) to perform the most efficient coating we could 542 
observed. 543 

The MIL-100(Fe) nanoMOFs coated or not with DEX-ALN-PEG were characterized by a set of 544 
complementary techniques. First, XRPD studies indicated that the crystalline structure of MIL-545 
100(Fe) nanoMOFs was preserved after surface modification (Figure 1B) in spite of the high amounts 546 
of DEX-ALN-PEG associated to the nanoparticles. Second, TEM experiments showed that the 547 
nanoMOFs maintained their facetted morphology, regardless of the type of DEX-ALN-PEG adsorbed 548 
(Figures 1C-E).  549 
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The hydrodynamic diameters of MIL-100(Fe) nanoMOFs were determined by dynamic light 550 
scattering (DLS) in water before and after surface modification. The mean hydrodynamic diameter 551 
of nanoMOFs before coating was 191 ± 23 nm. Whatever the amount and type of DEX-ALN-PEG 552 
coating material, there were no significant mean size and polydispersity variations after the coating 553 
process. Final mean diameters were in the range of 193 ± 21 nm to 209 ± 31 nm, indicating that the 554 
coating thickness was less than 10 nm and that no aggregation occurred. 555 

Uncoated nanoMOFs had a tendency to aggregate upon storage in water (Figure 2A), in 556 
agreement with previous studies [12]. In contrast, nanoMOFs coated with all the DEX-ALN-PEG 557 
samples (mass ratio DEX-ALN-PEG:nanoMOFs 1:1) were stable in water up to three weeks storage, 558 
showing that their coating efficiently prevented their aggregation. However, the mass ratios DEX-559 
ALN-PEG:nanoMOFs play an important role on the colloid stability of the nanoMOFs. For example, 560 
when reducing 4 fold the amount of DEX-ALN50-PEG50 7 at the nanoMOF surface (mass ratio DEX-561 

ALN-PEG:nanoMOFs 1:4), aggregation was observed during storage in water, as shown by a 562 
diameter increase from 193 nm to more than 400 nm in 24 h (Figure 2A), possibly due to DEX-ALN-563 
PEG at the surface of nanoMOFs inducing a bridging effect. Therefore this sample was excluded in 564 
the following experiments. All the nanoMOF formulations were stable in the biological medium used 565 
in this study (DMEM complemented with 10% FBS) (Figure 2B). No aggregation was found and the 566 
mean diameters remained constant over more than 6 h incubation at 37 °C, allowing for further 567 
biological investigations of interactions with macrophages. 568 

 569 

Figure 2. Stability of nanoMOFs coated or not with DEX-ALN-PEG in water (A) and in DMEM 570 
cell culture medium (B). Blue: uncoated nanoMOF; purple: nanoMOF coated with DEX-ALN75-PEG25 571 
6 (mass ratio DEX-ALN-PEG:nanoMOFs 1:1); orange: nanoMOF coated with DEX-ALN50-PEG50 7 572 
(mass ratio DEX-ALN-PEG:nanoMOFs 1:1); gray: nanoMOF coated with DEX-ALN25-PEG75 8 (mass 573 
ratio DEX-ALN-PEG:nanoMOFs 1:1); green: nanoMOF coated with DEX-ALN50-PEG50 7 (mass ratio 574 
DEX-ALN-PEG:nanoMOFs 1:4); red: nanoMOF coated with DEX-ALN50-PEG50 7 (mass ratio DEX-575 
ALN-PEG: nanoMOFs 1:2). 576 

3.2.2 Surface properties of nanoMOFs before and after functionalization 577 

ZP measurements were performed to gain insights on the influence of the coatings on the global 578 
charge of the NPs. The ZP of the nanoMOFs, coated or not, was found to be strongly dependent upon 579 
the pH of the suspension medium, in a range of 1 to 10 (Figure 3A). Typically, the ZP of uncoated 580 
nanoMOFs was positive (+23 ± 3 mV) at pH 5, whereas it shifted to negative values (-15 ± 3 mV) at 581 
pH 7. This was attributed to the presence at the nanoMOFs external surface of both uncoordinated 582 
iron sites and terminal COOH groups from the nanoMOF linker (trimesic acid, pKa’s = 3.16, 3.98, and 583 
4.85). The ZP values varied after coating with DEX-ALN-PEG copolymers (Figure 3A). At acidic pH 584 
(<4), the ZP was close to zero (-3 to 3 mV) indicating that the surface groups on the nanoMOFs were 585 
shielded by the coating material. At basic pH (>7) the ZP values of -15± 5 mV were similar to the ones 586 
previously reported for DEX coatings [37]. Of note, there was no significant variation for ZP values 587 
obtained with the different DEX-ALN-PEG copolymers, except in the case of the copolymer with the 588 
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highest PEG content (8) whose ZP values were the closest to zero. This is in line with the protective 589 
effect of PEG shells on NPs, as previously reported [38]. However, when the amount of DEX-ALN-590 
PEG copolymers in the nanoMOFs was reduced, the ZP values at pH >7 tended to approach those of 591 
uncoated nanoMOFs (Figure 3A).  592 

 593 

Figure 3. Effect of surface modification of nanoMOFs by DEX-ALN-PEG copolymers on their 594 
ZP (A) and amounts of HSA adsorbed (B). Green: uncoated nanoMOF; purple: nanoMOF coated with 595 
DEX-ALN75-PEG25 6 (mass ratio DEX-ALN-PEG: nanoMOFs 1:1); orange: nanoMOF coated with 596 
DEX-ALN50-PEG50 7 (mass ratio DEX-ALN-PEG: nanoMOFs 1:1); gray: nanoMOF coated with DEX-597 
ALN25-PEG75 8 (mass ratio DEX-ALN-PEG: nanoMOFs 1:1); red: nanoMOF coated with DEX-ALN50-598 
PEG50 7 (mass ratio DEX-ALN-PEG: nanoMOFs 1:2). 599 

 600 

It is well known that surface functionalization strongly influences the biodistribution of the 601 
nanocarriers [10]. Indeed, after intravenous administration of NPs, plasma proteins readily adsorb 602 
on the external surface of the NPs, creating the so-called “protein corona”, which considerably affects 603 
the NPs’ physicochemical properties and in vivo fate [39]. To gain further understanding on protein 604 
adsorption, the interaction of nanoMOFs coated or not with DEX-ALN-PEG with HSA, the most 605 
abundant protein in human blood plasma, was studied here. Indeed, for many other types of NPs, 606 
HSA was used as model protein to investigate the capacity of PEG coatings to reduce protein 607 
adsorption [39]. NanoMOFs coated or not with DEX-ALN-PEG copolymers were incubated with 608 
HSA aqueous solutions and the adsorbed HSA amounts, expressed as µg/mg of nanoMOFs, were 609 
determined (Figure 3B). The experiments were carried out with fixed concentrations of nanoMOFs 610 
(300 µg/mL) and HSA (100 µg/mL) aqueous solutions. Non-adsorbed HSA was recovered in the 611 
supernatant after centrifugation, followed by quantification using a BCA assay. In the case of 612 
uncoated nanoMOFs, the amount of adsorbed HSA reached a plateau within 6 h, with around 50 µg 613 
HSA/mg nanoMOFs (Figure 3B). Surface modification with DEX-ALN-PEG significantly reduced 614 
HSA adsorption, with ~35 µg HSA/mg nanoMOFs for the case of DEX-ALN50-PEG50 7 (mass ratio 615 

DEX-ALN-PEG:nanoMOFs 1:2) coatings. This amount was further reduced to less than 20 µg 616 
HSA/mg nanoMOFs for the coatings with DEX-ALN75-PEG25 6, DEX-ALN50-PEG50 7, and DEX-ALN25-617 
PEG75 8 (mass ratio DEX-ALN-PEG:nanoMOFs 1:1). There results clearly show that the DEX-ALN-618 

PEG coatings are able to reduce the adsorption of the model protein HSA. 619 

3.2.3 Macrophage uptake of DEX-ALN-PEG surface modified nanoMOFs 620 

The capacity of DEX-ALN-PEG coated nanoMOFs to escape macrophage uptake was evaluated 621 
on the murine macrophage cell line J774. NanoMOFs were colored using an iron staining procedure 622 
(see material and methods), allowing their identification inside cells by optical microscopy. To 623 
complete these qualitative studies, quantitative data on the amounts of nanoMOFs internalized in 624 
cells were obtained by ICP-MS, after extensive washing to remove the non-associated particles. 625 
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According to an lactic acid dehydrogenase (LDH) test previously used to study nanoMOF 626 
toxicity [17], it was shown that the particles used here coated or not with DEX-ALN-PEG shells were 627 
nontoxic for the J774 cells up to 100 mg/mL, with more than 80% cell viability. This is in agreement 628 
with previously reported data showing the lack of toxicity of MIL-100(Fe) nanoMOFs [4,5,14,17,40]. 629 
Internalization kinetics of nanoMOFs in J774 macrophages were studied and a typical example is 630 
presented in Figure S14 (supplementary material). The amount of internalized uncoated nanoMOFs 631 
was quantified by ICP-MS, showing that after 2 h incubation ~14 µg of uncoated nanoMOFs were 632 
taken up in 3×105 J774 macrophages, corresponding to around 1×107 uncoated nanoMOFs/cell and to 633 
47% of the initial uncoated nanoMOFs (Figure S14). Moreover, this amount almost doubled after 4 h 634 
incubation, reaching 23 µg uncoated nanoMOFs/3×105 cells (77% of the nanoMOFs), thus 635 
demonstrating that macrophages avidly take up uncoated nanoMOFs. Remarkably, the presence of 636 
the DEX-ALN-PEG coating significantly reduced the nanoMOFs internalization, whatever the 637 
incubation time. For example, there was only less than 3 µg of coated nanoMOFs in 3×105 J774 638 
macrophages (corresponding to 10% of the initial coated nanoMOFs) after 2 h incubation. Even after 639 
4h incubation, the internalized amount of coated nanoMOFs was still less than 25%.  640 

These direct quantification data obtained by ICP MS were supported by optical investigations 641 
of the cells after incubation with the nanoMOFs (Figure 4). Before contact with nanoMOFs, J774 642 
presented a homogeneous morphology with round shapes (Figure 4A). A typical image showing the 643 
massive uptake of uncoated nanoMOFs is presented in Figure 4B. After 2h incubation, the nanoMOFs 644 
appeared clustered inside the macrophages, mostly at their periphery. In contrast, after the same 645 
incubation time, the uptake of DEX-ALN75-PEG25 6 coated nanoMOFs was dramatically reduced 646 

(Figure 4C).  647 

 648 

 649 

Figure 4. Optical microscopy images showing the effect of DEX-ALN-PEG coatings on J774 650 
macrophage uptake. A: Control J774 macrophages with no treatment; B: J774 macrophages after 2 h 651 
incubation with 50 µg/mL uncoated nanoMOFs; C: J774 macrophages after 2 h incubation with 50 652 
µg/mL DEX-ALN75-PEG25 6 coated nanoMOFs (mass ratio DEX-ALN-PEG:nanoMOFs 1:1). Red 653 
arrows point out nanoMOFs stained using Prussian blue. Scale bar represents 20 m. 654 

The higher uptake of DEX-ALN75-PEG25 6 coated nanoMOFs after 4 h as compared to 2 h (Figure 655 

S14) could be possibly due to a progressive saturation of the cells and/or a detachment of the coating 656 
in the complex biological media containing proteins or by contact with cell membranes. To further 657 
compare the different DEX-ALN-PEG coatings, an incubation time of 4 h was chosen as it 658 
corresponds to the blood circulation time of PEG-coated nanoparticles [9]. Figure 5 shows the effect 659 
of the DEX-ALN-PEG coatings upon macrophage uptake. The nanoMOFs amounts associated to the 660 
cells were 39, 32 and 24% for DEX-ALN75-PEG25 6, DEX-ALN50-PEG50 7, and DEX-ALN25-PEG75 8, 661 
respectively. This shows that the higher the PEG contents in the coating material, the lower the 662 
nanoMOF uptake.   663 
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  664 

Figure 5. In vitro interaction of nanoMOFs, coated or not with with a J774 macrophage cell line. 665 
Purple: nanoMOFs coated with DEX-ALN75-PEG25 6 (mass ratio DEX-ALN-PEG:nanoMOFs 1:1); 666 
Orange: nanoMOFs coated with DEX-ALN50-PEG50 7 (mass ratio DEX-ALN-PEG:nanoMOFs 1:1); red: 667 
nanoMOFs coated with DEX-ALN50-PEG50 7 (mass ratio DEX-ALN-PEG:nanoMOFs 1:2); gray: 668 
nanoMOFs coated with DEX-ALN25-PEG75 8 (mass ratio DEX-ALN-PEG:nanoMOFs 1:1). 50 µg/mL 669 
nanoMOFs were incubated with 3×105 J774 cells for 4 h, then washed to remove the loosely adhering 670 
particles. After cell lysis, the amount of internalized nanoMOFs was determined by ICP-MS and was 671 
expressed as a % of the initial amount put in contact with the cells.  672 

To the best of our knowledge, these are the first quantitative data on PEG-coated nanoMOF 673 
uptake by macrophages based on a direct quantification and visualization of the Fe content in the 674 
cells. In comparison, another recent study dealt with nanoMOF interaction with Raw 246.7 675 
macrophages [14]. In that case, the MIL-100(Fe) nanoMOFs were coated with PEG by GraftFast, 676 
whereas a radiolabeled drug, tritiated gemcitabine monophosphate, was incorporated into the 677 
particles. In the presence of coated particles, the detected amount of drug in the cells was reduced, as 678 
opposed to uncoated ones. However, this study did not take into account drug release during 679 
incubation with the cells, which may have influenced the quantity of drug detected as permeated into 680 
the cells [19].   681 

5. Conclusions 682 

DEX-ALN-PEG copolymers were successfully synthesized, controlling both the PEG and ALN 683 
grafting densities ranging from 75:25 to 25:75 ratios. They spontaneously adhered onto the external 684 
surface of nanoMOFs in aqueous media, forming a stable coating. In turn, the coating ensured the 685 
stability of the nanoMOFs upon storage and enabled to reduce by a 3 fold the in vitro uptake by 686 
macrophages. Further studies will deal with the further engineering of the coating by grafting specific 687 
ligands and/or fluorescent molecules. The in vivo fate of DEX-ALN-PEG functionalized nanoMOFs 688 
will be investigated.   689 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 1H NMR 690 
spectrum (600 MHz, D2O, 25 ºC) for compound 3, Figure S2: 1H NMR spectrum (300 MHz, D2O, 25 ºC) for 691 
compound 4, Figure S3: 1H NMR spectrum (600 MHz, D2O, 25 ºC) for DEX-PC 5, Figure S4: 1H NMR spectrum 692 
(600 MHz, D2O, 25 ºC) for DEX-ALN75-PEG25 6, Figure S5: 1H NMR spectrum (600 MHz, D2O, 25 ºC) for DEX-693 
ALN50-PEG50 7, Figure S6: 1H NMR spectrum (600 MHz, D2O, 25 ºC) for DEX-ALN25-PEG75 8, Figure S7: 13C NMR 694 
spectrum (150 MHz, D2O, 25 ºC) for compound 3, Figure S8: 13C NMR spectrum (75 MHz, D2O, 25 ºC) for 695 
compound 4, Figure S9: 13C NMR spectrum (150 MHz, D2O, 25 ºC) for DEX-PC 5, Figure S10: 31P NMR spectrum 696 
(242.9 MHz, D2O, 25 ºC) for compound 3, Figure S11: 31P NMR spectrum (242.9 MHz, D2O, 25 ºC) for DEX-ALN75-697 
PEG25 6, Figure S12: 31P NMR spectrum (242.9 MHz, D2O, 25 ºC) for DEX-ALN50-PEG50 7, Figure S13: 31P NMR 698 
spectrum (242.9 MHz, D2O, 25 ºC) for DEX-ALN25-PEG75 8, Figure S14: Interaction of nanoMOFs, coated or not 699 
with DEX-ALN25-PEG75 8, with J774 macrophages. 50 µg/mL nanoMOFs were incubated with 3×105 J774 cells for 700 
2 h and 4 h, respectively. 701 
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