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ABSTRACT 

An effective approach for the immobilization and protection of biological entities is their 

encapsulation via the in-situ synthesis of metal-organic frameworks (MOFs). To ensure the 

preservation of the bio-entities, mild synthetic conditions, including aqueous media and 

ambient conditions (temperature, pressure) are preferred. In this study, we investigated the 

synthesis of various aluminum polycarboxylate-based MOFs, including the fumarate, 

terephthalate, amino-terephthalate, and muconate forms of MIL-53(Al), as well as MIL-110 

and MIL-160 MOF type. The potential as immobilization matrices was then assessed using 

bovine serum albumin (BSA). Finally, MIL-53(Al)-fum was selected for the encapsulation of a 

mixture of polysaccharides and more structurally complex bio-entities (viruses). 
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INTRODUCTION 

Over the past decade, metal-organic frameworks (MOFs) have emerged as promising 

immobilization matrices for biological entities.1,2 MOFs consist of the assembly of metal ions 

or oxoclusters with polydentate organic ligands via coordination bonds, forming highly porous 

crystalline structures.3,4 MOFs present some remarkable properties, including tuneable 

chemical compositions and porosities, and adjustable hydrophilic/hydrophobic 

microenvironment, favoring biomolecules stabilization and protection while promoting 

reactants diffusion.5–9 Among the immobilization strategies, the in-situ synthesis of the MOF 

in presence of the bio-entities, involving the growth of MOF particles around the targeted 

biomolecules, appears as a powerful strategy to encapsulate bio-entities independently of 

their size.10,11 Indeed, biomolecules ranging from proteins to viruses and cells have been 

successfully encapsulated.12–14 Nevertheless, this methodology restricts the range of synthetic 

conditions to a narrow window compatible with the requisite conditions for bio-entities (i.e., 

water, mild temperatures). Such conditions strongly limit the number of MOFs and were 

initially mostly reported for Zn-imidazolate-based frameworks.10–17 However, major efforts 

are currently being made to broaden the selection of MOF and other structures have been 

successfully used. For instance, the mesoporous MIL-100(Fe) (MIL = Matériaux Institut 

Lavoisier) was synthesized in presence of proteins or as a bacteria exoskeleton.18,19 Other 

types reported, for the in-situ immobilization of large enzymes under mild conditions, include 

MIL-53(Al)-NH2, MOF-74(Zn), Fe-fumarate and HKUST(Cu).20–23 All these studies demonstrated 

the relevance and interest of expanding the library of in-situ encapsulation.  

Inspired by a study that screened various metals (Al-, Zn-, Cu-, Ni-, Zr-) associated with 

benzene-1,4-dicarboxylate and biphenyl-4,4ʹ-dicarboxylate linkers,24 we hypothesized that 

investigating the effect of different ligands of MOFs while keeping the same metal might be 

relevant, especially for isoreticular MOFs. In this vein, aluminum was chosen as metal source, 

as it is abundant and inexpensive and a well-known immune-stimulant metal used in 

adjuvanted vaccines, and as it will enable to probe the MIL-53(Al) series.25-28 MIL-53(Al) 

structures consist of 1D AlO4(OH)2 chains of corner sharing Al(III) octahedra linked by linear 

dicarboxylates (terephthalate, fumarate, muconate, etc..).29–31 The ligand can also be 

substituted with functional groups (e.g. –NH2).32 A remarkable feature of most of the MIL-53 

series is their structural flexibility and their controlled modulation by external stimuli (e.g. host 
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in the pores, temperature, pressure, humidity, synthetic conditions, etc.). The framework can 

be subjected to different pore closing/opening constraints, ranging from a fully closed pore 

configuration to a fully open/large pore configurations, via intermediate situations, also 

described as the breathing effect, of high interest for many applications such as gas 

separation.33   

Herein, to expand the chemical composition and structural features of MOFs used for 

the in-situ bio-encapsulation, we have examined the green synthesis in aqueous 

medium at room temperature under atmospheric pressure of several types of MIL-53, 

namely MIL-53(Al)-fum,30 MIL-53(Al),29 MIL-53(Al)-NH2,32 and MIL-53(Al)-muc31 using 

fumarate (or trans-butenedioate), terephthalate (or 1,4-benzenedicarboxylate), 

amino-terephtalate (or 2-amino-1,4-benzenedicarboxylate), and muconate (or 

trans,trans-1,3-butadiene-1,4-dicarboxylate) as linker, respectively. We have extended 

the investigation to the tricarboxylate trimesate linker (1,3,5-benzene tricarboxylate) 

with which several Al-frameworks can be obtained, including MIL-96(Al),34,35 MIL-

100(Al)36 and MIL-110(Al),37 as well as to 2,5-furandicarboxylate leading to MIL-

160(Al).38 We then explored their potential for the encapsulation of bovine serum 

albumin (BSA), a widely studied protein (Scheme 1). Among the different MOFs, MIL-

53(Al)-fum was chosen as the most promising, based on its crystallinity, purity and 

immobilization efficiency (> 98%), and was further used as a platform for immobilizing 

a mixture of polysaccharides and viruses.  

 



4 
 

Scheme 1. Schematic representation of the screening of various Al-based polycarboxylates MOF 
structures. 

RESULTS AND DISCUSSION 

Screening of Al-polycarboxylate MOFs  

Among the dicarboxylate linkers leading to MIL-53(Al) structures (Table S1, in the ESI), 

we selected fumaric acid (trans-butenedioic acid), terephtalic acid (1,4-

benzenedicarboxylic acid), amino-terephtalic acid (2-amino-1,4-benzenedicarboxylic 

acid), muconic acid (trans, trans-1,3-butadiene-1,4-dicarboxylic acid) based on their 

relative higher water solubility compared to other ligands. The crystallographic 

parameters of each corresponding structure, i.e. MIL-53(Al)-fum, MIL-53(Al), MIL-

53(Al)-NH2, and MIL-53(Al)-muc, respectively, are summarized in Table S1. As shown 

in Figure 1a-e, all of the linkers led to the formation of a crystalline phase in water at 

room temperature. MIL-53(Al)-fum exhibited powder X-ray diffraction (PXRD) pattern 

close to the calculated one,30 suggesting its successful formation in aqueous media 

under ambient conditions (Figure 1a). The PXRD pattern of MIL-53(Al) aligned well with 

the calculated one of MIL-53(Al) with unreacted ligand within the pores,29 indicating 

the washing steps were not sufficient to remove the unreacted ligand (Figure 1b). This 

can be explained by the low aqueous solubility of the linker as washing steps were 

performed in H2O to preserve the bio-entities’ integrity once incorporated. MIL-53(Al)-

NH2 displayed PXRD pattern in agreement with the calculated one of the hydrated form 

of the MOF (Figure 1c).32 Both MIL-53(Al) and MIL-53(Al)-NH2 displayed broad Bragg 

peaks suggesting a moderate crystallinity or structural heterogeneity maybe resulting 

from a mixture of different microdomains with various pore openings. MIL-53(Al)-muc 

also exhibited a PXRD pattern in agreement with the calculated one (Figure 1d).31 When 

using the tricarboxylate trimesate linker a mixture of two phases, MIL-96(Al) and MIL-

110(Al) were obtained (Figure 1e). The synthesis using 2,5-furandicarboxylate yielded 

MIL-160(Al) (Figure S1), however, some extra Bragg Peak can be observed on the PXRD 

pattern, suggesting the presence of an impurity. Moreover, the reaction time needed 

for the formation of this MOF was 72 hours. This duration is not recommended for the 

preservation of bio-entity activity, so MIL-160(Al) was not selected for further studies 

with bio-entities.  
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Figure 1. PXRD patterns of a) MIL-53(Al)-fum, b) MIL-53(Al) (as = as synthesized with unreacted ligand 
in the pores), c) MIL-53(Al)-NH2, d) MIL-53(Al)-muc and e) MIL-110(Al) in the absence or presence of 
BSA. f) BSA immobilization efficiency quantified by the amount of BSA detected in the supernatant (not 
adsorbed BSA), using the µBCA protein determination assay. 

 

Immobilization of BSA  

To verify the efficiency of these MOFs as platforms for encapsulation of bio-entities, the 

protein, bovine serum albumin (BSA) was chosen as a model. BSA (molecular weight of 66.5 

kDa) is made up of a single chain of amino acids and is one of the most abundant proteins in 

blood.39 The PXRD patterns of MOFs obtained in presence of BSA confirmed the preservation 

of their crystalline structures (Figure 1 a-e). For all the MIL-53 types, BSA@MIL-53(Al)-fum, 

BSA@MIL-53(Al), BSA@MIL-53(Al)-NH2, BSA@MIL-53(Al)-muc, the presence of BSA during 

the synthesis did not influence the crystallinity of the obtained material.  Interestingly, the 

presence of BSA in the Al-trimesates synthesis mixture not only improves the 

crystallinity of BSA@MIL-110(Al), but also prevents the formation of MIL-96. This 

observation suggests a biomimetic mineralization process may be occurring, similar to 

what has previously been reported with ZIF-8.11 The surface of the BSA protein could 

concentrate the Al3+ cation favoring the formation of MIL-110’s building unit over MIL-

96’s one.40  

To determine whether BSA had been immobilized during synthesis, the amount of BSA 

remaining in the synthesis supernatant was assessed, via µBCA assay (Figure S2). As 
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shown in Figure 1f the detected protein in the supernatants for BSA@MIL-53(Al)-fum 

and BSA@MIL-53(Al)-NH2 was negligible (immobilization efficiency ~ 98 and 95 % 

respectively). In the case of BSA@MIL-53(Al) the efficiency was lower, but still very 

satisfactory (~ 85 %), while BSA@MIL-53(Al)-muc presented the lowest value of all 

MOFs (~ 55 %). Thus, the MIL-53(Al)-muc was not selected for the immobilization of 

other biomolecules.  

Based on the crystallinity, phase purity and excellence BSA immobilization performance 

MIL-53(Al)-fum was the MOF of choice for further investigations, and similar 

experiments were performed by increasing the amount of BSA introduced in the 

synthesis reaction. BSA solution (3 mg/mL) was added to the reaction as aliquots, 

corresponding to protein amounts of 0.15 mg, 0.225 mg and 0.45 mg. After protein’s 

immobilization, the dried powder was characterized by PXRD and the supernatants by 

µBCA protein determination assay (Figure 2).  

 

Figure 2. PXRD patterns of a) MIL-53(Al)-fum synthesized in presence of BSA protein at different 
concentrations, b) Determination of immobilization efficiency of the BSA at different concentrations, 
using the µBCA protein determination assay. 
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The structural integrity of the encapsulated protein was evaluated by SDS-PAGE 

electrophoresis. To do so, BSA was released from BSA@MIL-53(Al)-fum after 

incubating the solid in a solution containing EDTA and PBS (phosphate buffer saline) 

overnight, leading to the degradation of the solid. The resulting solution was analyzed 

as well as the synthesis supernatant. As seen in Figure 3, the released BSA (lane 2) 

migrated similarly as the BSA band of the non-encapsulated Biorad kaleidoscope® 

molecular weight ladder (lane 1), indicating a similar molecular weight and (lane 1), 

indicating a similar molecular weight and the absence of degradation of the structure. 

The synthesis supernatant did not contain any BSA (lane 3), in agreement with the 

µBCA assay. 

The obtained PXRD patterns consistently indicated the formation of BSA@MIL-53(Al)-fum, 

regardless of the varying BSA concentrations (Figure 2a). Very importantly, almost no protein 

was detected in the supernatant (immobilization efficiency ~ 98), even when the highest 

amount of BSA was introduced during the synthetic procedure (0.45 mg) (Figure 2b). 

Overall, these results highlight the high potential of MIL-53(Al)-fum for the 

immobilization of proteins.  

 

Figure 3. SDS-PAGE gel, BSA is highlighted by a square, lane 1: molecular weight ladder (BSA is stained 
in green, black arrow), lane 2: BSA released from BSA@MIL-(53)Al-fum powder (purple arrow), lane 3: 
synthesis supernatant of BSA@MIL-(53)Al-fum, lane devoid of BSA. 

 

Immobilization of polysaccharides in MIL-53(Al)-fumarate   

The relevance of the synthesis for immobilizing a mixture of polysaccharide molecules 

was also assessed. To demonstrate a proof of concept for potential vaccine application, 

pneumococcal polysaccharides presented in the commercialized vaccine 

PNEUMOVAX® were selected. PNEUMOVAX® is a 23-valent vaccine designed to prevent 

Pneumococcal disease and each vaccine dose (0.5 mL) contains 25 µg of each 23 
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pneumococcal polysaccharide serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 

14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, 33F) and its recommended storage 

temperature is between 2-8°C due to the thermal instability of the formulation.41  

The addition of the polysaccharide mixture within the synthesis did not impede the 

formation of MIL-53(Al)-fum as demonstrated by the PXRD pattern displayed in Figure 

4, but some low intensity extra Bragg peaks could be observed at 22.7°, 23.9°, 23.8°, 

25.6°, which may suggest traces of impurities.  

 

Figure 4. PXRD patterns of MIL-53(Al)-fum synthesized in aqueous medium at room temperature in the 
presence and absence of polysaccharides. 

 

To further investigate the obtained structure, solid-state NMR spectroscopy was 

performed (Figure 5a,b and S3-S5). 1H, 13C and 27Al NMR spectra displayed significant 

differences between MIL-53(Al)-fum and polysaccharides@MIL-53(Al)-fum. 1H NMR 

spectra revealed a higher content of adsorbed water molecules in 

polysaccharides@MIL-53(Al)-fum in comparison to MIL-53(Al)-fum (Figure S3).30 This 

difference in hydration rate could be due to a difference in drying conditions, but may 

also be attributed to the high hydrophilic nature of polysaccharides, and could explain 

the collapse of the structural Al-OH-Al hydroxyl group signal at 1.9 ppm, involved in the 

dynamic exchange with adsorbed water.  

13C{1H} CPMAS NMR spectrum of MIL-53(Al)-fum displayed two main peaks at 170.8 

and 137.5 ppm attributed to the Csp2 of the carboxyl and ethylene functions, 

respectively of the fumarate ligand (Figure 5a). In the spectrum of 
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polysaccharides@MIL-53(Al)-fum, both these two peaks are doubled, representative 

of two types of fumarate due to hydrated form and dehydrated form of MIL-53(Al)-

fum, as previously reported,30 and in agreement with 1H NMR spectra. Peaks of low 

intensity were also observed at 166.9 and 134.2 ppm indicative of unreacted fumarate. 

High-power decoupling (HPDec) 13C{1H} MAS NMR spectrum was recorded and allowed 

to quantify the proportion of each compound: 50 % dehydrated form, 42 % hydrated 

form and 8 % unreacted fumarate (Figure S4). Due to the low sensitivity of the direct 

polarization technique, it was not possible to detect the embedded polysaccharides in 

the HPDec spectrum. However, close inspection of the 13C{1H} CPMAS spectrum of 

polysaccharides@MIL-53(Al)-fum reveals characteristic Csp3 peaks due to the sugar 

units at 71.7 ppm, confirming the presence of polysaccharides in the 

polysaccharides@MIL-53(Al)-fum sample and their successful immobilization (Figure 

5a). Using the multi-CP technique (contact time = 5 x 0.5 ms), quantification can 

become possible,42 and an estimation of polysaccharide loading can be derived from 

this spectrum providing a glucose unit/fumarate ligand of ca. 1/150. 

The 27Al MAS NMR of the polysaccharides@MIL-53(Al)-fum sample, given in Figure 5b, 

shows a complex spectrum in the approximate range +5 to -100 ppm, which 

corresponds to the superposition of several signals. To identify and verify the signals 

present, an MQMAS spectrum was recorded and is shown in Figure S5. This spectrum 

confirms after deconvolution that three different aluminum types are present in the 

sample, and allows the quadrupolar parameters of their resonances to be extracted 

accurately. A first signal at 1.5 ± 01 ppm with a quadrupole constant Cq of 4.7 ± 02 MHz 

corresponds to unreacted aluminum. The other two signals at 1-3 ppm with much 

higher Cq in the 9-11 MHz range are characteristic of MOF-type aluminum carboxylate 

with corner-sharing Al-chains.43 They correspond to the dehydrated and the hydrated 

forms of MIL-53(Al)-fum, given their respective Cq values of 9 and 11 MHz, in 

accordance with previous work.30 These signals represent 10, 39 and 51 % respectively, 

and the ratio between hydrated and dehydrated form is close to 1:1 in line with the 13C 

NMR results (within ± 20 %). These data suggest that the presence of the 

polysaccharides may favor the hydrated form of MIL-53(Al)-fum, possibly due to their 

hydrophilic nature.  
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Figure 5. Solid-state NMR spectra at 20 kHz MAS of polysaccharides@MIL-53(Al)-fum: a) 13C{1H} 
CPMAS and b) 27Al MAS. The spectral decomposition is based on the MQMAS spectrum shown in the 
ESI. 

 

Immobilization of inactivated poliovirus in MIL-53(Al)-fum 

The relevance of the process to encapsulate structurally more complex bio-entities was 

evaluated toward a virus. Poliomyelitis virus was selected to also serve as a proof of 

concept for vaccine application. Poliovirus is a typical picornavirus with a small non-

lipid-containing virion approximately 27 nm in diameter. The icosahedral particle 

consists of sixty copies of each of the capsid proteins VP1, VP2, VP3 and VP4, encasing 

a single strand of messenger RNA. Polioviruses occur as serotypes 1, 2 and 3. IMOVAX® 

POLIO vaccine served as the source of inactivated poliomyelitis virus. One dose (0.5 mL) 

contains inactivated Poliomyelitis virus: type 1 (Mahoney strain produced on VERO 

cells) 40 D-antigen Unit (DU), type 2 (MEF-1 strain produced on VERO cells) 8 DU, and 

type 3 (Saukett strain produced on VERO cells) 32 DU. 
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PXRD patterns confirmed the formation of polio@MIL-53(Al)-fum (Figure 6a). When 

the vaccine formulation was directly added to the synthesis mixture, the 

immobilization capacity was around 50 % (Figure 6b). Vaccine formulations, such as in 

the case of IMOVAX®, contain many additives that could interfere with the synthesis. 

To solve this issue, the vaccine formulation was transferred to a NaCl solution using a 

desalting column with a molecular weight cut-off of 7 000 Da. The amount of virus 

immobilized within polio@MIL-53(Al)-fum was 63 % (Figure 6b). The increase in the 

total amount immobilized suggests that the presence of additives in the initial vaccine 

formulation can influence the immobilization process. Finally, TEM images provided 

additional evidence for the successful immobilization of the virus. Specifically, the 

microscopic images show a MOF coating around individual poliovirus (Figure 6c-d). 

These data suggest that MIL-53(Al)-fum can be suitable not only for the immobilization of 

proteins but also for polysaccharides and viruses. 

 

Figure 6. a) PXRD patterns of MIL-53(Al)-fum synthesized in aqueous medium at room temperature in 
the presence and absence of poliovirus b) Immobilization efficiency of MIL-53(Al)-fum with polio 
vaccinal formulation and with desalinated polio vaccinal formulation, as determined by µBCA protein 
determination assay, c,d) TEM images of polio@MIL-53(Al)-fum at two different magnifications. 

 

CONCLUSION 

Al-based polycarboxylate MOFs, and more precisely, a MIL-53(Al) series based on 

dicarboxylate ligands (MIL-53(Al)-fum, MIL-53(Al), MIL-53(Al)-NH2, and MIL-53(Al)-muc) as 

well as MIL-110(Al) and MIL-160(Al) were prepared via “green” routes (aqueous media, room 

temperature). The efficiency of the synthetic process to immobilized bio-entities was 
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evaluated towards the model protein BSA for MIL-53(Al)-fum, MIL-53(Al) MIL-53(Al)-NH2, 

MIL-53(Al)-muc and MIL-110(Al). The selected MOFs could form in presence of BSA, and even 

with a higher crystallinity in the case of MIL-110. All candidates presented a high 

immobilization efficiency, reaching the value of 98 % with BSA@MIL-53(Al)-fum. The 

crystallinity and immobilization efficiency were maintained independently of the amount of 

BSA introduced in the synthesis. Thus, this MOF was selected as the most promising candidate 

for the immobilization of more complex bio-entities, and in particular, a mixture of 

pneumococcal polysaccharides and a second made up of inactivated polioviruses. We 

demonstrated that none of the bio-entities hampered the formation of MIL-53(Al)-fum. Solid-

state NMR spectroscopy allowed to highlight that the presence of polysaccharides favored the 

formation of the hydrated form of MIL-53(Al)-fum, attributed to the hydrophilic nature of the 

polysaccharides.  

These results are very promising, revealing the ability of this series of MOFs for the 

immobilization of complex bio-entities, opening new pathways in the biomedical field, and 

especially in vaccinal applications.  

 

EXPERIMENTAL SECTION 

Materials and methods 

Aluminum sulfate, fumaric acid (trans-butenedioic acid), trimesic acid (1,3,5-

benzenetricarboxylic acid), amino-terephtalic acid (2-amino-1,4-benzenedicarboxylic 

acid), 2,5-furandicarboxylic acid, sodium hydroxide, QuantiPro™ BCA Assay Kit, 

Phosphate buffered saline (PBS) tablet, and ethylenediaminetetraacetic acid (EDTA) 

were purchased from Sigma-Aldrich. Aluminum acetate, basic, 90% was obtained from 

Acros Organics. Terepthalic acid (1,4-benzenedicarboxylic acid) and muconic acid 

(trans, trans-1,3-butadiene-1,4-dicarboxylic acid) were purchased from Alfa Aesar. 

Bovine serum albumin, Zeba™ spin desalting column (7k MWCO, 2 mL), were 

purchased from Thermo Fisher Scientific. IMOVAX® POLIO vaccine from Sanofi Pasteur 

was used as a source of inactivated poliomyelitis virus. One dose (0.5 mL) contains 

inactivated Poliomyelitis virus: type 1 (Mahoney strain produced on VERO cells) 40 D-

antigen Unit (DU), type 2 (MEF-1 strain produced on VERO cells) 8 DU, and type 3 



13 
 

(Saukett strain produced on VERO cells) 32 DU. PNEUMOVAX® vaccine from MSD was 

used as a source of pneumococcal capsular polyoside. One dose (0.5 mL) contains 25 

µg of each 23 pneumococcal polysaccharide serotypes (1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 

10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F, 33F).  

Powder X-Ray diffractograms (PXRD) were measured on a Siemens D5000 

Diffractometer working in Bragg-Brentano geometry [(θ-2θ) mode] by using CuKα 

radiation (λKα = 1.5406 Å). Solid-state NMR spectra were registered on a Bruker 

AVANCE NEO 500WB spectrometer using a 2.5 mm Bruker H/X double-channel MAS 

WVT probe and operating at 500.2 MHz frequency for 1H, 125.8 MHz for 13C, and 130.3 

MHz for 27Al. The spinning rates were 20 kHz. The 1H and 13C HPDec MAS (20 kHz) NMR 

spectra were recorded using a 90°-180°-90° Hahn-echo sequence, with inter-pulse 

delay synchronized with one rotor period. The 90º pulse lengths were set to 1.9 and 

3.0 µs for 1H and 13C, respectively. The 1H-13C cross-polarization (CPMAS) NMR spectra 

were recorded using a Multi-CP sequence with 2.5 (5 x 0.5) ms contact time, and radio-

frequency (rf) fields of 55 kHz on 13C and 75 kHz on 1H channel. 1H SPINAL-64 decoupling 

(rf of 100 kHz) was used during acquisition of the 13C HPDec and CPMAS NMR spectra. 

The 27Al MAS (20 kHz) NMR spectra were recorded using a single 15° pulse sequence, 

accumulating ca 8000 scans. The 3QMAS experiment was recorded using a z-filter 

sequence. Chemical shifts were reported in parts per million and were referenced to 

TMS for 1H and 13C, while the 27Al chemical shifts were referenced to an 0.1 M solution 

of Al(NO3)3 at 0 ppm. The spectra were analyzed using the DMfit software.44 

Synthesis of MIL-53 type MOFs 

The MOFs (MIL-53(Al)-fum, MIL-53(Al), MIL-53(Al)-NH2 and MIL-53(Al)-muc) were 

synthesized by mixing an aqueous solution of Al2(SO4)3 with an aqueous solution of the 

corresponding carboxylate ligand with a molar ratio Metal:Ligand:H2O of 1:2:555. The 

mixture was left under stirring at room temperature for 8 h, at atmospheric pressure. 

Synthesis of Al-trimesate MOF (MIL-110)  

The MOF was synthesized by mixing an aqueous solution of Al2(SO4)3 with an aqueous 

solution of trimesate with a molar ratio Metal:Ligand:H2O of 1:2:1111. The mixture was 

left under stirring at room temperature for 24 h, at atmospheric pressure. 
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Synthesis of MIL-160(Al) 

Al(OH)(CH3COO)2, 2,5-furandicarboxylic acid and H2O were mixed with a molar ratio of 

1:1:111. The mixture was left under stirring at room temperature for 72 h.   

All products were recovered by centrifugation, washed 3 times with water and dried at 

100 °C overnight. 

Immobilization of BSA within Al-polycarboxylate MOFs 

The same synthesis procedure was followed than for the pristine MOFs, except that a 

solution of BSA solution (3 mg/mL) was added to the reaction a few seconds after 

mixing the metal and the ligand solutions together. At the end of the respective 

reaction time, the mixture was centrifuged and the synthesis supernatant was collected 

to quantify the amount of BSA remaining (not adsorbed by the MOFs), via µBCA protein 

determination assays.  

SDS-PAGE of released BSA 

BSA@MIL-53(Al)-fum was incubated overnight under stirring in 100 mM EDTA, 10 mM 

PBS pH 7.4, resulting in the degradation of the MIL-53(Al)-fum solid and released of 

the entrapped protein. The resulting solution was analyzed by electrophoresis in SDS 

PAGE gel.  

Immobilization of polysaccharides in MIL-53(Al)-fum    

Prior to use, the PNEUMOVAX® vaccine solution was lyophilized and redispersed in 50 

µL MilliQ H2O, and was then added to the reaction mixture a few seconds after mixing 

together the metal and ligand solutions. The final mixture was left under stirring at 

room temperature for 8 h. The product (polysaccharides@MIL-53(Al)-fum) was 

recovered by centrifugation. The same procedure was also performed with the addition 

50 μL H2O instead of polysaccharides solution, as a control experiment (MIL-53(Al)-

fum). The final products were dried at 100 °C overnight and analysed.  

Immobilization of inactivated polioviruses in MIL-53(Al)-fum   

Prior to immobilization, IMOVAX® POLIO solution was desalted using a 2 mL Zeba Spin column 

(7k MWCO) to a NaCl 0.9 % solution. The presence of poliovirus was verified by the UV-Vis 

spectroscopy at 269 nm (Figure S6). The passed-through solution was used for the 

immobilization process. The same synthetic procedure was followed than for the pristine MIL-
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53(Al)-fum, except that after mixing the metal and ligand solutions together, IMOVAX® POLIO 

solution was added to the reaction. The final mixture was left under stirring at room 

temperature for 8 h. The product (polio@MIL-53(Al)-fum) was recovered by centrifugation. 

The same procedure was also performed with the addition of H2O instead of IMOVAX® POLIO 

solution, as a control experiment (MIL-53(Al)-fum). The final products were dried at 100 °C 

overnight and analyzed. The supernatants were collected to quantify the amount of virus 

remaining in solution, via µBCA protein determination assays, using IMOVAX® POLIO solution 

as a control.   

Supporting Information:  

Description of MOF structures and principal crystallographic parameters, MIL-160 PXRD, BCA 

calibration curves, solid-state NMR 1H, 13C, 27Al (PDF) 
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