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The development of multifunctional encapsulation biomaterials could help the translation of cell-based therapies into standard medical care. One of the 

major hurdles in the field of encapsulated cell transplantation is the current lack of materials presenting optimal properties, including long term stability, 

mechanical durability and non-immunogenic character. Modification of sodium alginate (Na-alg) with polyethylene glycol (PEG) derivatives, without 

restricting its gelling abilities, appeared as an efficient strategy to produce dual ionic-covalent spherical hydrogels with enhanced mechanical performance 

as well as drug-eluting microspheres (MS) for the mitigation of inflammatory response after transplantation. In this study, the combination of PEGylated 

alginates equipped with cross-reactive functionalities and the anti-inflammatory drug ketoprofen (KET) resulted in the assembly of multifunctional (MF) 

hybrid MS, merging the advantages of ionic-covalent hydrogels with the ability for controlled drug delivery. Physical characterization confirmed their 

improved mechanical resistance, their higher shape recovery performance and increased stability toward non-gelling ions, as compared to pure Ca-alg 

hydrogels. In vitro release kinetics revealed the controlled and sustained delivery of KET for over two weeks.  
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Introduction 

Cell-based therapies recently emerged as a promising alternative to treat many disorders, where the replacement or substitution of dysfunctional or 

damaged cells with functional substitutes can treat or even cure the diseases.[1] A variety of medical fields could profit from cell-based therapies, including 

diabetes treatment, liver regeneration, hematology, cancer treatment, and vascular diseases, amongst others.[2] Several FDA approved cell-therapy 

products indicate the real potential of this approach, such as Provenge for the treatment of prostate cancer,[3] or the two CAR (chimeric antigen receptors) 

T-cell products Kymriah and Yescarta.[4] Encapsulation of the therapeutic cells within a 3D membrane prior to transplantation not only provides a protection 

from the host immune system, but further broadens the cell sources from only allogeneic to xenogeneic derived donors, offering the perspective for an 

inexhaustible cell supply. In addition, the necessity of immunosuppressive treatment, which comes along with many undesirable side effects, for both the 

patient and the transplanted cells, could be reduced or completely avoided. Since the introduction of the term “artificial cell” by Chang in 1964,[5] many 

efforts have been put toward developing encapsulation materials with adequate properties for high cell survival and long-term graft functionality.[6–8] The 

encapsulating matrix should ensure fast bidirectional diffusion of oxygen, nutrients, therapeutic compounds and metabolic products, while not inducing a 

severe immune response. High mechanical durability and elasticity of the cell-surrounding environment is also a prerequisite for a successful 

encapsulation.[6] 

Hydrogels, due to their large water content, are highly biocompatible and have the potential of mimicking extracellular matrix like properties.[9] The natural 

polysaccharide alginate (alg) is the most widely used biomaterial for cell immobilization owing to its ability for fast hydrogel microsphere (MS) formation 

through ionic gelation in the presence of divalent cations (Ca2+, Mg2+, etc) and its high cell compatibility.[10] The presence, on the alg backbone, of hydroxyl 

and carboxyl groups amenable for chemical functionalization makes it a versatile material for human and xenogeneic cell transplantation applications.[11] A 

few clinical trials addressed the transplantation of cells enveloped in alg-based materials, with limited success.[12–14] Despite great promise, the translation 

to a common clinical use is still awaited. In spite of the relative simplicity of the cell encapsulation concept, the complexity of the practical implementation 

poses numerous challenges. Two of the main limitations for a safe and efficient therapy based on encapsulated cells include the poor mechanical properties 

of alg-based materials due to the instability of the ionic network and adverse immune reaction of the host system in the form of pericapsular fibrotic 

overgrowth (PFO). 

To improve long-term MS integrity, mechanical durability and chemical stability, polyelectrolyte complexation of the polyanionic alg core with polycations 

such as poly-L-lysine (PLL), poly-L-ornithine (PLO), poly-L-arginine (PLA) or chitosan, was proposed. Human islet containing Alg-PLO-alg MS improved 

mean daily blood glucose levels and decreased exogenous insulin necessity following transplantation into diabetic patients. However, long-term graft 

functionality could not be achieved.[15,16] A 30% reduction in the insulin necessity of a diabetic patient was achieved with transplantation of fetal porcine 

islets in alg-PLL-alg MS, but only for a period less than a year-long.[17] Besides, the biocompatibility issues related to the use of polycation layers require 
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alternative approaches.[18,19] The reinforcement of alg hydrogel ionic network was achieved by combination with poly(ethylene glycol) (PEG)[20,21] or UV-

induced photo-cross-linking in the presence of methacrylate residues.[22-24] However, depending on the application, the exposure to UV light might be 

detrimental to cells. A more cell-friendly approach is the use of click chemistry for the covalent cross-linking of alg derivatives containing cross-reactive 

functionalities such as furan-maleimide,[20,21] tetrazine-norbornene,[22] azide-alkyne,[23] or thiol-thiol.[24–26] Most of these derivatives were produced by the 

functionalization of the alg carboxyl moieties, thus reducing the density of available sites for ionic gelation.   

Many parameters can trigger a foreign body response (including size, morphology and purity of materials) by launching a series of complex inflammatory 

responses and leading to a fibrotic tissue development around the microcapsules that blocks the diffusion of essential small molecules.[27] Many parameters 

can trigger a foreign body response (including size, morphology and purity of materials) by inducing a series of complex inflammatory events and leading 

to the development of fibrotic tissue around the MS that blocks the diffusion of essential small molecules and invariably leads to cell necrosis.[27] One of the 

numerous strategies that have been proposed to mitigate fibrotic reactions targets the surface of alg-MS by reducing its adhesive properties to prevent the 

adsorption of macrophages and proteins. Coating of alg MS with chitosan[33] or PEG[28,29] showed reduction in the PFO and decrease of protein surface 

adsorption. More recently, surface modification of alg MS with polymer brushes was proposed to mitigate the formation of fibrotic tissues.[30,31] Another 

approach aimed at reducing the severity of inflammatory responses by the co-encapsulation of mesenchymal stem cells[32,33] or regulatory T cells[34,35] with 

islets, which delayed graft rejection due to reduced fibrosis in both allo- and xenotransplantation models. Alternatively, the incorporation of small anti-

inflammatory or anti-fibrotic drugs within the hydrogel matrix was investigated for further delivery at the transplantation site. However, due to the porous 

structure of alg-based hydrogels, premature burst release of the drug was often reported.[36] Co-encapsulation of curcumin,[37] pentoxifylline[38] and KET[39] 

were explored in the context of alg-based islet transplantation, and led to decreased PFO. Though the drug release was not maintained for a prolonged 

time. Using the inclusion ability of cyclodextrin (CD), Omtvedt et al. proposed the combination of native alg with CD-conjugated oxidized alg for the 

prolonged delivery of methyl orange, as drug model.[40] However, the stability of the resulting MS was highly compromised by the presence of CD units and 

the oxidation of the alg backbone.  

We previously presented the development of dual ionic-covalent alg-derived hydrogels based on the covalent conjugation of the alg hydroxyl groups with 

cross-reactive heterobifunctional PEG derivatives. The resulting MS were formed by fast ionic gelation, following extrusion into a Ca2+-containing bath, and 

reinforced by slower spontaneous formation of a covalent network, without the need for external chemical cross-linker.[41] This strategy resulted in 

significant stabilization of the hydrogel MS in conditions which lead to complete liquefaction of purely ionic Ca-alg MS, as well as improved shape recovery 

performance and high potential for the microencapsulation of endocrine cells. Following a similar strategy, PEGylated ketoprofen was conjugated to the 

matrix of alg MS, allowing sustained release of the anti-inflammatory drug, in vitro and in vivo.[42] The slow release of ketoprofen, controlled by the 

hydrolysis rate of the conjugation linkage, resulted in the clear mitigation of PFO following the transplantation of encapsulated insulin producing MIN6 

cells in immune competent mice. 

Herein, we present the development of alg-based multifunctional (MF)-MS which combine a dual ionic-covalent matrix with drug-eluting properties, with 

the aim to address severe issues in the field of encapsulated cell transplantation, which are the lack of durability of the hydrogel network and the incidence 

of PFO. First, we synthesized PEGylated alg derivatives, that contain functionalities for covalent cross-linking via 1,4-addition or ketoprofen conjugated 

through a hydrolysable ester linkage. These alg derivatives were then combined to produce hydrogel MF-MS, which were characterized for their mechanical 

performance and drug eluting ability.  

   

Results and Discussion 

Preparation of Alg-PEG derivatives 

For the formation of MF-MS, we envisaged the combination of alg-derivatives that are able to: i) produce spherical hydrogels assembled by a dual network 

of ionic interactions and covalent bonds resulting from 1,4-addition of thiol to carbon electrophiles; and ii) release anti-inflammatory drugs via controlled 

hydrolytic reaction. To achieve the formation of such systems, Alg-SH, Alg-ACR, Alg-ACA and Alg-KET polymers (Figure 1) were synthesized according to 

functionalization protocols previously established in our group.[26,41,42] Na-alg was first converted into the corresponding tetrabutylammonium (TBA) salt, 

allowing further selective activation of the hydroxyl groups and condensation with heterobifunctional PEG derivatives (for detailed synthesis protocols, see 

Supplementary Material S-3-S-6). Alg functionalization with cross-reactive PEG chains was targeted at a grafting degree that does not interfere with the 

ionic gelation properties of alg, and allows the formation of spherical hydrogel MS by simple extrusion of solutions of complementary Alg-PEG polymers 

into a gelation bath containing divalent cations (Ca2+). We found that a grafting degree between 13 and 30% for the cross-reactive functionalities aligned 

with these expectations. Based on 1H-NMR analysis (800 MHz), the grafting degree of Alg-PEG derivatives was assessed by comparison of integration of 1H 

resonances of alginate unit and characteristic PEG moieties. In case of overlapping signals, separation was achieved by deconvolution with Lorentzian 

functions (for detailed protocol, see Supplementary Material S-10).[41,42]    
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Figure 1. Structures of Na-alg and synthesized Alg-PEG derivatives for the formation of MF-MS. aDetermination of the grafting degree was achieved by deconvolution with 

Lorentzian functions (Supplementary Material, Figure S9). bDetermination of the grafting degree was achieved by direct comparison of integration of 1H resonances.  

The purity and chemical structure of Alg-PEG polymers were confirmed by analysis of their 1H-NMR spectra. The characteristic peaks related to the specific 

cross-reactive end functionalities confirmed the successful conjugation of PEG derivatives to the alg backbone. Figure 2 represents sections of the 1H-NMR 

spectra with the characteristic signals of the PEG end-functionalities: 3.23 (t) ppm for the CH2-SH (Alg-SH); 6.33-6.19 (m) and 5.79 (dd) for the olefinic 

protons of acrylamide (Alg-ACA); 6.47 (dd), 6.24 (dd) and 6.02 (dd) ppm for the olefinic protons of acrylate (Alg-ACR); and 7.85-7.58 (m) for the aromatic 

protons and 1.53 (d) ppm for the methyl protons of ketoprofen (Alg-KET). Further evidence for the covalent attachment to the alg backbone was established 

by diffusion ordered spectroscopy (DOSY) (for representative DOSY spectrum, see Supplementary Materials S-9, Figure S8).   

 

Figure 2. 1H-NMR spectra with the characteristic peaks belonging to Alg-SH, Alg-ACA, Alg-ACR and Alg-KET. 

Preparation of MF-MS and their characterization. 

MF-MS of two different compositions were produced from the combination of cross-reactive Alg-PEG derivatives with Alg-KET, which contains an ester 

bond for slow hydrolysis under physiological conditions. We previously established the efficient reinforcement of alg-based MS by combination of cross-

reactive PEGylated alginate derivatives, giving rise to fast ionic interactions with calcium ions and slower covalent sulfur-carbon bond formation.[41] In the 

present study, we proposed to investigate the effect of the linkage to the PEG chain (ester in Alg-ACR vs amide in Alg-ACA) on the physical properties and 

drug eluting profile of the resulting MF-MS. Preliminary assays demonstrated the need to add Na-alg to the multicomponent system in order to ensure 

sphericity of the produced hydrogels. MF-MS (ACR) were thus produced by mixing Alg-ACR, Alg-SH, Alg-KET and Na-alg, while MF-MS (ACA) resulted 

from the combination of Alg-ACA, Alg-SH, Alg-KET and Na-alg in a 1:1:1:1 weight ratio. First, Alg-PEG polymers were dissolved separately (2 to 3 wt%) in 

MOPS buffer (10 mM, pH=7.4) containing 0.4% NaCl. Upon complete dissolution, the four polymer components were mixed together until homogenization. 

The resulting mix-polymers solution was extruded into a gelation bath containing Ca2+ ions, using a co-axial airflow droplet generator, for concomitant 

formation of ionic interactions and covalent sulfur-carbon bonds (Figure 3).   
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Figure 3. Bright-field microscopy images of a) Ca-alg MS b) MF-MS (ACR) and c) MF-MS (ACA). Images were taken on the day of MS formation (scale bar 1.0 mm).  

MF-MS were characterized for their diameter, mechanical resistance to uniaxial compression, shape recovery performance upon multiple successive 

compressions, stability towards non-gelling ions, permeability to different sizes of dextran molecules and for their ketoprofen release profile. Pure Ca-alg 

MS (2 wt%) were prepared under the same conditions for comparison. The diameter and resistance of the beads were assessed after their production (day 

o), and followed at day 3 and day 7 after preparation to figure the evolution of the hydrogel network (Table 1). A gradual decrease of the size of the MS was 

observed over one week, more noticeably for the MF-MS. While the size and mechanical resistance of Ca-alg MS did not show much variation over time, 

both MF-MS underwent significant shrinking, in agreement with the increase of chemical cross-linking density as the covalent network is slowly forming   

(from 1.21 mm at day 0 to 0.94 mm at day 7 for MF-MS (ACR) and from 1.11 mm at day o to 0.99 mm at day 7 for MF-MS (ACA)). This observation was 

accompanied by a remarkable increase in the resistance to 90% compression of their initial diameter. While Ca-alg MS displayed almost no change in 

resistance to compression from day 0 (1.68 N/mm3) to day 7 (1.70 N/mm3), MF-MS increased their resistance to compression by a factor of 4.15 for MF-MS 

(ACR) (from 0.72 at day 0 to 2.99 N/mm3 at day 7) and of 1.95 for MF-MS (ACA) (1.14 at day 0 to 2.22 N/mm3 at day 7). This increasing mechanical resistance 

is attributed to the slow formation of covalent cross-links over time, and correlates with the decreasing MS diameter. MS were assessed for their mechanical 

properties at day 11 and 14 after bead formation, but no more enhancement was observed at these time points (data not shown). Therefore, we concluded 

that formation of the dual cross-linked hydrogel network was completed within one week, and further characterization of MF-MS was thus performed after 

one week. 

 

Table 1. Main diameter and mechanical resistance to uniaxial compression of MS over one week.  

Time Properties Ca-alg MF-MS (ACR) MF-MS (ACA) 

Day 0 d0
a (µm) 959 ± 80 1212 ± 133 1111 ± 199 

Resistanceb (N/mm3) 1.68 ± 0.18 0.72 ± 0.33 1.14 ± 0.18 

Day 3 d3
a (µm) 931 ± 115 1039 ± 133 1052 ± 189 

Resistanceb (N/mm3) 1.45 ± 0.15 1.70 ± 0.29 1.76 ± 0.18 

Day 7 d7
a (µm) 923 ± 103 943 ± 129 989 ± 92 

Resistanceb (N/mm3) 1.70 ± 0.18 2.99 ± 0.27 2.22 ± 0.14 

aMeasured on a Leica DM 5500 microscope, 30 MS/condition. bMeasured on a Texture Analyzer, using 10 MS/condition. 

 

In view of the future targeted application of the MS in cell-based therapy, a good shape recovery ability is a prerequisite for withstanding the whole process 

of transplantation and subsequent potential mechanical impacts in vivo over a prolonged time. We assessed the shape recovery performance of Ca-alg and 

MF-MS at day 0, 3 and 7 post bead generation, by compressing the MS to 90% of their initial diameter and repeating the compression 10 consecutive times. 

While unmodified Ca-alg MS has been shown to suffer from poor elastic properties,[26,43] PEGylation and the presence of covalent cross-links prompted an 

enhanced shape recovery ability of MF-MS. As a consequence of the slowly evolving covalent network over one week, the elastic properties were gradually 

increasing at each time point of the measurement, reaching around 50% shape recovery by day 7. Under the same conditions, Ca-alg MS recovered only 

30% of their initial shape by day 7.    
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Figure 4. Shape recovery performance after 10 consecutive compressions to 90% of the initial diameter of Ca-alg MS, MF-MS (ACR) and MF-MS (ACA) at A) day 0; B) day 3; and 

C) day 7 after MS formation. Error bars represent the standard deviation from n = 10 measurements.  

Ca-alg MS are known to swell under physiological conditions,[44] due to the presence of non-gelling ions. This is one of the main factors which triggers the 

decrease of MS integrity in vivo, and eventually leads to the complete liquefaction of the beads, discontinuing the protection of the enveloped cells. We 

tested the stability of MF-MS towards increasing concentrations of Na-citrate solutions, which functions as a chelating agent and provides a non-gelling 

ion environment. Table 2 summarizes the effect of increasing concentrations of Na-citrate on the integrity of Ca-alg MS and MF-MS (Supplementary 

Material S-12, Figure S11). MF-MS of both compositions showed enhanced stability compared to Ca-alg MS. While we experienced a negligible extent of 

swelling when increasing the concentration of chelator, due to the exchange of Ca2+ to Na+, the presence of covalent cross-linkings contributed to maintain 

the stability and sphericity of MF-MS. MF-MS (ACA) displayed complete integrity, and minimal swelling up to 20 mM Na-citrate concentration. MF-MS 

(ACR) were stable up to 30 mM concentrations, ensuring integrity and sphericity of the MS. Surprisingly, the presence of acrylamide did not result in 

increased stability compared to acrylate functionality, indicating that the length of grafted PEG unit has a larger influence on the swelling behavior of the 

MS than the chemical functionality itself (PEG-ACR MM=2000 g mol-1, PEG-ACA MM=1000 g mol-1). Nonetheless, both MF-MS maintained a spherical shape 

up to the limit of dissolution, unlike Ca-alg which suffered from partial MS breakage from low concentration of Na-citrate. This emphasizes the important 

contribution of the covalent cross-linkings in enhancing MS stability in the presence of non-gelling ions and chelating agents. 

   

Table 2. Stability of MS upon exposure to increasing concentration of Na-citrate solution.a  

 5 mM 10 mM 20 mM 30 mM 40 mM 

Ca-alg MS Stable Stable Partially dissolved Dissolved Dissolved 

MF-MS (ACR) Stable Stable Stable Stable Dissolved 

MF-MS (ACA) Stable Stable Stable Dissolved Dissolved 

aMS were immersed in aqueous solutions of Na-citrate for 24 h. Stability was assessed by observation of the MS under a Leica DM 5500 microscope.    

   

The permeability profile of MF-MS, in comparison with Ca-alg MS, was established by incubation under gentle stirring in solutions of fluorescein 

isothiocyanate (FITC)-dextran standards of increasing molecular weights (40 to 500 kDa) in buffered solutions (MOPS, 10 mM, pH = 7.4). After 36 hours, the 

percentage of infiltration was quantified on cross-sectional confocal images (Supplementary Material S-11, Figure S10) and expressed as the ratio of 

fluorescence intensity (pixel quantification with ImageJ) within and outside the MS, using glass beads as a reference (Figure 5). The observed permeability 

values were similar to previously published data for Ca-alg MS,[45,46] and confirmed that the density of PEG chains did not significantly alter the diffusion 

profile of the resulting hydrogels, especially in the case of MF-MS (ACA). Hence, we concluded that grafting of PEG derivatives and subsequent covalent 

cross-linking can be added as a reinforcement of alg-based MS network while maintaining the favorable permeability profile of native Ca-alg hydrogels.  
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Figure 5. Permeability of Ca-alg, MF-MS (ACR) and MF-MS (ACA) towards solutions of FITC-labeled dextran of 40, 150, 250 and 500 kDa molecular weight. Quantification was 

performed using ImageJ after 36 h of incubation. Error bars represent the standard deviation from n = 3 measurements, using glass beads as reference.  

Drug eluting properties of MF-MS. 

The release of KET was monitored over two weeks in MOPS solution (3 mL, 10 mM, pH = 7.4) containing CaCl2 (100 mM). The cumulative release profile 

was established from LC-MS quantification in aliquots collected from the supernatant at regular time points (Figure 6). MF-MS of both compositions 

displayed a controlled pattern, with no sign of burst release, allowing sustained delivery of KET up to 408 h after MS formation. These results suggest that 

the nature of the electrophilic Alg-PEG partner implied in the covalent cross-linking (acrylate vs acrylamide) does not impact the drug eluting properties of 

the multicomponent hydrogels. As MF-MS are simply assembled by combination of cross-reactive and drug-functionalized Alg-PEG derivatives, the 

methodology herein presented offers a versatile approach to the production of encapsulation materials with tunable physical properties and equipped for 

mitigation of PFO by slow release of anti-inflammatory compounds at the site of transplantation.   

 

Figure 6. In vitro cumulative release of ketoprofen from MF-MS (ACR) and MF-MS (ACA). MS were stored in MOPS solution (3 mL, 10 mM, pH = 7.4) containing CaCl2 (100 mM), 

under gentle agitation. Aliquots of the supernatant were withdrawn at regular time points and analyzed by LC-MS (Supplementary Material S-13). At each sampling time, fresh 

medium was added to compensate for the withdrawn volume.    

 

Conclusions 

Despite the immense promise of encapsulated cell based-therapies, translation to clinical applications is still hampered by the lack of proper encapsulation 

biomaterials fulfilling the many requirements for long-term in vivo graft functionality. The outcome of cell transplantation highly depends on the stability 

and durability of the material, as well as on the extent of PFO induced. We herein described the development of a polymeric matrix that outperform some 

of the limitations of alg hydrogels, which still represent the most valuable leads for clinical transplantation of encapsulated endocrine cells. PEGylated alg 

polymers were prepared and their grafting degrees were adjusted to the need of spherical hydrogel production.  Combination of these derivatives, equipped 

with cross-reactive end functionalities and the anti-inflammatory drug KET, resulted in the formation of dual ionic-covalent and drug-eluting MF-MS by 
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simple extrusion into a gelation bath containing Ca2+ ions. Mechanical properties of MF-MS, in particular their resistance to uniaxial compression and their 

elasticity under repeated stress, showed remarkable improvement compared to pure Ca-alg MS, due to the presence of covalent cross-linking. Additionally, 

MF-MS (ACR) presented higher stability towards a non-gelling environment than only physically cross-linked Ca-alg MS, maintaining spherical shape and 

integrity under conditions which led to complete liquefaction of purely ionic MS. Finally, the excellent drug eluting properties of MF-MS via slow ester 

hydrolysis suggests that this polymeric assembly could be an attractive candidate for cell encapsulation applications, where there is a need for combined 

durability and mitigation of adverse PFO. 

 

Experimental Section 

Materials and Methods 

Na-alg Kelton HV (lot no. 61650A, [η] = 813 mL g−1 in 0.1 M NaCl, T = 25 °C, G/M = 0.6) was obtained from Kelco (San Diego, USA, CA). Linear PEG starting 

materials were purchased from Biochempeg (PEG-ACR, MM = 2000 g.mol-1, PEG-ACA, MM = 1000 g.mol-1), Sigma (PEG-SH, MM = 2000 g.mol-1) and 

Jenkem Technology (BocNH-PEG-OH, MM = 2000 g.mol-1). Other reagent-grade solvents (Fluka, Riedel-de-Haën) and chemicals (Aldrich, Acros, Fluka, 

Sigma, Maybridge, TCI Chemicals, Apollo and Fluorochem) were used without further purification. NMR spectra were recorded on Bruker Avance III-400, 

Bruker Avance-400 or Bruker DRX-400 spectrometers (Bruker, Billerica, MA, USA) at room temperature (rt), unless otherwise stated. 1H frequency is at 

400.13 MHz, 13C frequency is at 100.62 MHz. Chemical shifts are reported downfield from tetramethylsilane. 1H and 13C signals are reported in ppm and the 

resonance multiplicity is described as s (singlet), d (doublet), t (triplet), m (multiplet). Coupling constants (J) are given in hertz (Hz). Solvent used for NMR 

spectroscopy was deuterated water (D2O, Sigma-Aldrich).  

Synthesis and characterization protocols 

Functionalization of Na-alg with PEG derivatives. PEGylated alg polymers were prepared according to previously reported protocols.[41,42] Detailed 

procedure is given in the Supplementary Material S-3-S-6. Alg-SH 1H-NMR (400 MHz, Deuterium oxide): 4.19 – 3.52 (m, CH-Alg + CH2-CH2-O), 3.23 (t, J = 

5.0 Hz, 2H, CH2-SH), 2.97 (t, J = 6.1 Hz, 2H, CH2-NH-C(O)O). Alg-ACR 1H-NMR (400 MHz, Deuterium oxide): 6.47 (dd, J = 17.3, 1.0 Hz, 1H, CH2=CH-O), 6.24 

(dd, J = 17.3, 10.5 Hz, 1H, CH2=CH-O), 6.02 (dd, J = 10.7, 0.9 Hz, 1H, CH2=CH-O), 4.35 – 4.34 (m, 2H, CH2-O-C(O)), 3.88 – 3.52 (m, CH-Alg + CH2-CH2-O), 2.94 

(t, J = 4.9 Hz, 2H, CH2-NH). Alg-ACA 1H-NMR (400 MHz, Deuterium oxide): 6.33 – 6.19 (m, 2H, CH2-CH-C(O) + CH2-CH-C(O)) 5.79 (dd, J = 9.9, 1.6 Hz, 1H, 

CH2=CH-(O)), 4.22 – 3.67  (m, CH-Alg + CH2-CH2-O), 3.49 (t, J = 5.2 Hz, 2H, CH2-NH-C(O)-O), 3.23 (m, CH2-PEG). Alg-KET 1H-NMR (400 MHz, Deuterium 

oxide): 7.85 – 7.58 (m, Ar-H), 4.26 – 3.50 (m, CH-Alg + CH2-CH2-O), 3.23 (m, CH2-NH-C(O)), 1.53 (d, J = 7.2 Hz, CH3). For 1H-NMR spectra, see Supplementary 

Material, S-7-S-8.  

Formation of MF-MS 

Alg-PEG polymers were dissolved in 10 mM MOPS buffer, pH 7.4, containing 0.4% NaCl, at the indicated concentration. The polymer solutions were mixed 

in equivalent weight ratios and the resulting solutions were gently agitated for 5 to 15 minutes to ensure homogeneous distribution. The solution of mixed 

polymers was extruded into a gelation bath (100 mM CaCl2 in 10 mM MOPS buffer, pH 7.4) containing tween 80 (1/10 000). MS were produced employing a 

coaxial air-flow droplet generator. MS were recovered by filtration (70 µm), and rinsed with the gelation solution without tween 80. MS were kept in the 

gelation bath (100 mM CaCl2 in 10 mM MOPS buffer, pH 7.4), until further characterization or drug release quantification.  

 

Physical characterization of MF-MS 

The average diameter (thirty MS of each polymer were included in the analysis) of the MS was measured on a Leica DM 5500 microscope equipped with a 

DMC 2900 color camera. The mechanical resistance to 90% uniaxial compression of the initial MS diameter was analyzed using a texture analyzer (TA-XT2i, 

software Texture Exponent 32, Stable Micro Systems, Godalming, UK) equipped with a force transducer (1 mN resolution). A single MS was placed below 

the probe, for which a constant speed was set at 0.5 mm s-1. To obtain the shape recovery (elasticity) profile, the same compression to 90% of the initial 

diameter was repeated 10 consecutive times on one MS. Ten MS of each polymer were included in the analysis. 

Permeability measurements 

Ca-alg, MF-MS (ACR), MF-MS (ACA) and control glass beads were incubated for 36 h with fluorescein isothiocyanate (FITC)-labeled dextran solution (0.033 

mg/mL, in MOPS buffer, pH 7.4) of 40, 150, 250 and 500 kDa molecular weights. The MS were then imaged with a confocal microscope (LSM 700, Zeiss). 

Permeability of FITC-dextrans within the MS was quantified using ImageJ software, on 3 hydrogel MS/condition and 3 glass beads/condition. The infiltration 
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ratio is given as a percentage, considering the glass beads 0% as a reference. For representative confocal images, see Supplementary Material S-11, Figure 

S10. 

Stability towards Na-citrate solution 

Ca-alg, MF-MS (ACR) and MF-MS (ACA) stored in MOPS solution (10 mM MOPS buffer, pH=7.4, containing 100 mM CaCl2) were collected by filtration, dried 

and placed in 1 mL of Na-citrate solutions (prepared in MOPS buffer, pH=7.4) of 5, 10, 20, 30 and 40 mM, for 24 h. The MS were then imaged using an 

Olympus AX70 microscope equipped with an Olympus DP70 color digital camera. For microscope images, see Supplementary Material S-12, Figure S11. 

Quantification of ketoprofen release 

MF-MS (ACR) and MF-MS (ACA) prepared from 1 mL of mixed polymers solution were placed in 3 mL of MOPS medium (10 mM, containing 100 mM CaCl2) 

at pH=7.4. Aliquots of 1 mL were taken at the indicated time points (0.5, 1, 3, 6, 24, 48, 72, 96, 144, 168, 240, 312, 408 hours after bead formation) over 17 

days, and replaced with 1 mL of fresh medium. Quantification of the amount of ketoprofen in the aliquots was performed by UHPLC-ESI-HRMS analysis, 

following a protocol adapted from previous work.[42]  For detailed procedure, see Supplementary Material S-13. 

 

Supplementary Material  

Supporting information for this article is available on the WWW under http: 
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