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Abstract

Alginate hydrogels have been investigated for a broad variety of medical applications. The ability 

to assemble hydrogels at neutral pH and mild temperatures makes alginate a popular choice for the 

encapsulation and delivery of cells and proteins. Alginate has been studied extensively for the 

delivery of islets as a treatment for type 1 diabetes. However, poor stability of the encapsulation 

systems after implantation remains a challenge. In this paper, alginate was modified with 2-

aminoethyl methacrylate hydrochloride (AEMA) to introduce groups that can be photoactivated to 

generate covalent bonds. This enabled formation of dual crosslinked structure upon exposure to 

ultraviolet light following initial ionic crosslinking into bead structures. The degree of 

methacrylation was varied and in vitro stability, long term swelling, and cell viability examined. 

At low levels of the methacrylation, the beads could be formed by first ionic crosslinks followed 

by exposure to ultraviolet light to generate covalent bonds. The methacrylated alginate resulted in 

more stable beads and cells were viable following encapsulation. Alginate microbeads, ionic 

(unmodified) and dual crosslinked, were implanted into a rat omentum pouch model. Implantation 

was performed with a local injection of 100 μl of 50 μg/ml of Lipopolysaccharide (LPS) to 

stimulate a robust inflammatory challenge in vivo. Implants were retrieved at 1 and 3 weeks for 

analysis. The unmodified alginate microbeads had all failed by week 1, whereas the dual-

crosslinked alginate microbeads remained stable up through 3 weeks. The modified alginate 

microbeads may provide a more stable alternative to current alginate-based systems for cell 

encapsulation.
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1. Introduction

Alginate hydrogels have received considerable attention for use in medical applications, 

including drug delivery, stem cell culture, tissue engineering, and cell encapsulation [1–3]. 

The success of alginate-based hydrogels in biomedical applications results, in part, from the 

expected stability of the material. In drug delivery and cell encapsulation systems, the 

stability of the hydrogel contributes to the success of sustained delivery of functional cells or 

solutes. Therefore, the ability to design a successful alginate system is dependent on the 

stability of the hydrogel to resist degradation following implantation.

Alginate is a naturally occurring polysaccharide that is capable of undergoing ionic 

crosslinking in the presence of divalent cations [4]. Cells can be immobilized within the 

alginate when ionic bridges are formed between neighboring mannuronic and guluronic 

groups, trapping the cells within the crosslinked polymer mesh. Prior to gelation, the cells 

are suspended within the dissolved alginate, and upon exposure to the cation, a hydrogel 

network forms around the cells. Unlike many other gelation procedures, this crosslinking 

can occur at pH, temperature and salt conditions that maintain cell viability and/or protein 

activity. When combined with this straightforward technique for crosslinking, alginate has 

become a popular material for cell-based therapies [5].

Cell encapsulation within alginate microbeads is utilized to prevent graft rejection of non-

autologous cell transplants. Alginate has been studied extensively for the delivery of islets as 

a treatment for type 1 diabetes [2,6,7]. Microencapsulation has been shown to result in 

prolonged survival and function of islet grafts in chemically induced and autoimmune 

diabetic animal models [8–11]. In addition, clinical trials have shown some success with 

regards to decreased exogenous insulin requirements [12]. However, results with regard to 

the length of graft survival and overall metabolic benefits have varied. Differences in study 

outcomes are difficult to interpret as they might arise from the use of different capsule 

material/condition, islet source, implantation sites, and recipients [12].

A primary reason for graft failure is the breakdown of the microbead material rather than 

poor cell function. The material can fail in response to an inflammatory challenge or 

mechanical stress. Implantation of a foreign material induces an inflammatory response [13–

15]. This inflammatory response results in the growth and differentiation of immune cells 

and fibroblasts around the capsule which may disrupt the transport of nutrients, leading to 

death of the encapsulated cells. In addition, inflammatory cells may also contribute to 

breakdown down of the alginate due to increased cytokine production [16]. In addition to the 

implant-associated inflammatory response, depending on the location of implantation the 

stability of the alginate can be disrupted by local mechanical stresses [17]. For example, 

beads implanted within the peritoneal cavity experience different mechanical stresses 

compared to those implanted within the omentum. Increasing stability of alginate 
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microbeads upon exposure to an inflammatory challenge and mechanical stress could 

improve clinical outcomes.

Covalent crosslinks can be introduced to improve the stability of alginate. Carboxylate 

groups present on the monomer chains provide a region for relatively straight forward 

modification and has been used to attach fluorescence markers [18], adhesion peptides [19], 

acrylate groups [20], and other polymers [21]. Alginate hydrogels with modified chains that 

allow for photocrosslinking has received attention for various applications [22–24]. 

Solutions containing cells or bioactive molecules can delivered and crosslinking in 

physiological conditions following exposure to ultraviolet light in the presence of 

photoinitiators [25]. While there has been success in introducing acrylate groups to allow for 

photo polymerization, the studies have primarily investigated using large hydrogel structures 

as scaffolds often with only a single crosslinking mechanism. Very little research has been 

conducted on the formation of spherical alginate microbeads with dual crosslink systems. 

Spherical structures are primarily used for islet encapsulation due to the importance of 

uniform transport and low surface area to volume ratio.

In this paper, a technique for preparing alginate microbeads using both ionic and covalent 

crosslinks is described. Alginate was modified by functionalizing carboxylate moieties with 

2-aminoethyl methacrylate hydrochloride (AEMA), allowing for covalent attachment 

between the alginate chains [26]. The effect on AEMA-modification was investigated to 

determine which conditions allowed the alginate to form spherical gels first through ionic 

crosslinking followed by photocrosslinking. The methacrylation efficiency was varied and in 
vitro studies of mechanical stability, long term swelling, and cell viability were performed. 

To determine the stability of methacrylated alginate microbeads in vivo, a modification of a 

current omentum pouch animal model was utilized [27]. Lipopolysaccharide (LPS) was 

injected locally onto the omentum during implantation of microbeads to induce increased 

inflammation as a challenge to the implanted microbeads.

2. Methods

2.1. Materials

Sodium Alginate (viscosity = 20–40 mPa s), 2-hydroxy-2-methylpropiophenone (Irgacure 

1173), 2-morpholinoethane-sulfonice acid (MES), N-hydroxysuccinimide (NHS), 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), lipopolysaccharide (LPS) 

from Escherichia coli 0111:B4, Dulbecco’s Modified Eagle’s medium (DMEM), Dulbecco’s 

phosphate-buffered saline (DPBS), and 2-mercaptoethanol were purchased from Sigma-

Aldrich (St. Louis, MO). Fetal Bovine Serum (FBS) and penicillin-streptomycin was 

purchased from Life Technologies (Waltham, MA). MIN6 cell line was purchased from 

AddexBio (San Diego, CA). 2-Aminoethyl methacrylate hydrochloride (AEMA) was 

purchased from Polysciences (Warminster, PA). Live-Dead kit was purchased from 

Invitrogen (Eugene, OR). Solutions for alginate microbead fabrications were made using the 

following chemicals: HEPES, NaCl, MgCl2 (Fisher Scientific); CaCl2 (Acros).
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2.2. Synthesis and characterization of methacrylated alginate

Methacrylated alginate was synthesized based on the modification of a previous protocol 

developed by Jeon et al. (Fig. 1) [28]. Briefly, sodium alginate was dissolved in a buffer 

solution (1% w/v) consisting of 0.5 M NaCl and 50 mM MES. NHS and EDC were added to 

the mixture sequentially and mixed for 5 min. AEMA was added to the mixture and the 

reaction maintained at room temperature for 24 h. The amount of AEMA added to the 

mixture was varied from 47.5 to 237.5 mg with EDC and NHS concentrations used at levels 

that maintained a molar ratio of NHS:EDC:AEMA equal to 1:2:1. After 24 h, the reaction 

was precipitated with excess acetone using a Buchner funnel through 5 μm filter paper. The 

product was recovered and dissolved in 50 mL of deionized (DI) water and precipitated 

again with acetone. The product was dissolved in 50 mL DI water and dialyzed (MWCO 

3500) against DI water for 3 days. The methacrylated alginate solution was filtered with a 

0.22 μm filter and lyophilized. Control, unmodified alginate was processed in the same 

manner in the absence of AEMA.

1H nuclear magnetic resonance (NMR) was performed to evaluate methacrylation. 

Methacrylated alginate (15 mg) was dissolved in 1 mL of deuterium oxide and placed in 

NMR tubes. The NMR spectrum of the methacrylated alginate was recorded on a Bruker 

300 Ultrashield NMR spectrometer. The methacrylation efficiency was calculated for all 

groups. The methacrylation efficiency (ME) was determined as the ratio of the integrals for 

the methylene protons of methacrylate (δ5.3–5.8 ppm) to alginate protons (δ3.5–4.0 ppm) 

[18].

FTIR spectra were recorded on a FTIR spectrometer (Nicolet iS 10 FT-IR Spectrometer, 

Thermo, USA) equipped with a Smart iTX Accessory with a germanium crystal. An average 

of 120 scans for each sample. Air was used as a background before each scan. Baseline 

correction was performed using OMNIC spectral analysis software.

2.3. Fabrication of alginate microbeads

Microbeads were prepared using a standard method of injection into a cationic crosslinking 

solution [5,29]. Methacrylated alginate was dissolved in alginate solution consisting of 25 

mM HEPES, 118 mM NaCl, 5.6 mM KCl, 2.5 mM MgCl2. The dissolved precursor was 

extruded through a 1 mL syringe with a blunt 25-gauge needle into 15 mL crosslinking 

solution bath. The crosslinking solution consisted of 100 mM CaCl2, 10 mM HEPES, and 

0.05% (w/v) Irgacure 1173 (photoinitiator). The beads were incubated in the crosslinking 

solution and exposed to UV light for 15 min. After 15 min the beads were washed twice 

with normal saline (0.9% NaCl). A schematic of the bead synthesis steps is shown in Fig. 2. 

The concentration of alginate was varied between 1.5 and 2.0%. Images of beads (n = 10) 

were taken to assess bead diameter and perimeter. The measurements were used to calculate 

the shape factor for the beads using the ratio of the radius obtained from the area over the 

radius obtained from the perimeter, Rarea/Rperimeter. A shape factor of one signifies a perfect 

circle and less than one denotes a more irregular shape.

Scanning electron microscopy (SEM) was used to evaluate the surfaces of the microbeads. 

Alginate microbeads were incubated in 2.5% glutaraldehyde at 4 ° C for 2 h. The 
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microbeads were washed 3 times with distilled water. Microtubes containing the microbeads 

and distilled water were frozen in liquid nitrogen and then lyophilized overnight. Randomly 

selected microbeads were deposited on carbon conductive tape adhered to SEM aluminum 

stubs. The beads were analyzed using a Phenom PRO Desktop SEM (Phenom-World, 

Netherlands) operated at 10 kV.

2.4. Stability and swelling in vitro

To assess the stability of alginate beads in vitro, a shaker flask test was utilized [30]. 

Alginate beads were prepared as described above. Fifty alginate beads were placed in 50 mL 

of normal saline in an Erlenmeyer flask. The flask was placed on a stir plate set to 125 rpm 

for 18 h. After 18 h, the beads were collected over a 100 μm cell strainer and counted.

To determine long term swelling properties [4], microbeads were incubated in three different 

solutions in a 37 ° C humidified atmosphere over a period of 150 days. Fresh alginate beads 

were prepared and incubated in three different incubation media: 1) saline, 2) saline with 22 

mM CaCl2, and 3) saline with 2 mM CaCl2. These conditions were used to evaluate the 

influence of calcium concentration on bead stability [4]. Images of microbeads (n = 5) were 

taken and bead diameter quantified. The media was replaced after the beads were imaged.

2.5. Mesh size and permeability

Polymer mesh size in the microbeads was calculated from swelling studies using an 

approach described previously by Lee et al. [31]. Twenty-five microbeads were weighed in 

the swollen state and then dried in a vacuum oven over night. Following incubation, the 

mass of the dried beads was determined, and the volume fraction of microbeads calculated 

using the following equation:

v2 = mdry/ρalginate / (mdry/ρalginate) − ((mwet − mdry)/ρwater) ,

where mdry is the weight of the dried microbeads, mwet is the weight of the swollen 

microbeads, ρwater is the density of water (1 g/cm3) and ρalginate is the density of the alginate 

(1.6 g/cm3). The crosslink density n (mol/cm3) was calculated from the Flory-Rehner 

Equation:

n = − ln(1 − v2) + v2 + χ1v2
2]/[V1(v2

1/3 − 0.5v2) ,

where χ1 is the Flory-Huggins interaction parameter (0.5), and V1 is the molar volume of 

water (18 cm3). The molecular weight between crosslinks (g/mol) is given by: Mc = ρP=n.

The mesh size, ζ was then approximated by: ξ = v2
−1/3l ∗ (2Mc/Mr)

1/2Cn
1/2, where Mr is the 

molecular weight (390.1 g/mol) of the repeat unit, l is the carbon-carbon bond length of 

monomer unit (5.15 Å), and Cn is the characteristic ratio for alginate (21.1).

The permeability of dual crosslinked alginate microbeads was examined by incubation of 

individual beads in 250 μl of 2 mM CaCl2 solution with 10 μl FITC-BSA (rs = 3.6 nm) at a 
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concentration of 5 mg/ml. Confocal images of the beads were taken at 30 min, 5 h, 1 day, 

and 3 days. All images were obtained using a confocal laser scanning microscope with a low 

pass filter at 505 nm and excitation at 488 nm. One bead was picked as a representative for 

that specific group and intensity profiles were obtained using ImageJ software and plotted 

using MATLAB.

2.6. Cell viability and function

MIN6 cells (AddexBio) were encapsulated within beads to evaluate toxicity of the 

crosslinked alginate. 1 × 106 cells per 1 mL of the alginate precursor solution were mixed to 

obtain an alginate solution containing cells. The alginate and cell mixture was extruded 

through a 25-gauge needle into a crosslinking solution containing Irgacure 1173 

(photoinitiator). The beads were exposed to UV light for 15 min to allow covalent 

crosslinking. After 15 min the beads were washed twice with saline and cultured in DMEM 

containing 15% FBS, 1% antibiotic/antimycotic, and 0.05 mM 2-mercaptoethanol in a 

humidified incubator at 37 ° C with 5% CO2. Every two days, the media was changed. At 

days 1, 4, 7, and 10, the beads were washed twice with 1xDPBS and incubated in Live/Dead 

media for thirty minutes. Fluorescence images (Carl Zeiss AG, Germany) were taken of live 

(488 nm excitation, 505–530 nm bandpass filter, green) and dead cells (543 nm excitation, 

560 nm longpass filter, red) with a 5 × objective and the number of live cells quantified. 

Formulations tested was for concentrations of 1.5%, 1.8%, and 2.0% (w/v) for control, 

0.31%, 1.12%, 2.19%, and 3.9% ME alginate.

The media used for insulin secretion was Krebs Ringer bicarbonate solution, pH 7.2. Briefly, 

three different formulation of alginate microbeads were synthesized as described above at a 

concentration of 5 × 106 cells per 1 mL of alginate precursor. The groups were control 

alginate, 1.12 MethAlg, and 3.95 MethAlg all at 1.5%. The microbeads were cultured for 3 

days in DMEM containing 25 mM Glucose. After 3 days, the microbeads were subsequently 

washed in Krebs Ringer bicarbonate solution (2 mM glucose) and incubated for two hours at 

37 ° C with 5% CO2. Media was then replaced with Krebs Ringer containing 20 mM of 

glucose for two hours with 20 μl of media collected every 20 min. Insulin was measured by 

ELISA (Crystal Chem, Downers Grove, IL, USA).

2.7. In vivo stability model

Animal experiments were carried out using procedures approved by Chang Gung Hospital or 

Illinois Institute of Technology’s Institutional Animal Care and Use Committee. An 

omentum pouch model [27] was used to evaluate microbeads in vivo. Two alginate 

conditions were examined: control ionic-crosslinked alginate microspheres and dual 

crosslinked alginate microspheres (1.12 MethAlg) both at 1.5% concentration. A total of 16 

animals were used, 4 per group per time point (1 and 3 weeks). Male Sprague Dawley rats 

(300–400 g, n = 4; Taiwan) were anesthetized initially with 5% isoflurane. Body 

temperature was maintained at 37 ° C with a heating pad, and anesthesia was maintained 

with a 2% isoflurane/oxygen gas mixture during the procedure. Each animal had their 

abdomen shaved, and skin scrubbed with isopropyl alcohol followed by a povidoneiodine 

antiseptic solution. The omentum was surgically exposed by midline laparotomy. First, the 

skin was separated from muscle and a ~2 inch incision was made. Next, the underlying 
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muscle was cut to expose the organs and the greater omentum was carefully pulled from the 

abdomen. Using 4-0 Ethilon suture, a purse-string suture was positioned around the edges of 

the omentum to create a pouch for the beads. Fifty alginate beads were placed on the 

anterior surface of the exposed omentum. LPS (100 μl of 50 μg LPS dissolved in 1 mL 

saline) was directly injected onto the anterior surface of the omentum. Afterwards, the pouch 

was folded over and sutured to secure the beads inside. The underlying muscle and then skin 

were closed with 4-0 Ethilon suture. After surgery, the animals were allowed to recover and 

monitored closely.

At each time point (week 1 and week 3) the omenta were explanted, fixed in formalin, and 

prepared for histological characterization and imaging. The tissues were processed for 

histology using standard methods and tissues were paraffin embedded. Samples were 

sectioned at 5 μm thickness and stained with hematoxylin and eosin (H&E) and Massons 

Trichrome. Tissue sections were imaged using an Axiovert 200 inverted microscope (Carl 

Zeiss MicroImaging).

2.8. Microbead size and stability

To evaluate the influence of microbead size on the impact of dual crosslinking, shaker flask 

tests were performed as described in Section 2.4 on microbeads fabricated with a two-

channel air jacket microencapsulator (air jacket 15 psi and alginate jacket pressure of 10 

psi). A 25-gauge needle was used to create microbe-ads with a mean diameter of 1344 μm 

± 45 μm.

The in vivo stability tests described above were performed on the smaller microbeads 

synthesized with two-channel air jacket microencapsulator. Two alginate conditions were 

examined: control ionic-crosslinked microspheres and dual crosslinked micro-spheres 1.12 

MethAlg both at 1.5% w/v concentrations. Microbeads were autoclaved at 110° for 20 min 

in 0.9% saline solution supplemented with 2 mM CaCl2 to sterilized the beads. Male 

Sprague Dawley rats (300–400 g, n = 2; Envigo) were anesthetized initially with 5% 

isoflurane. Body temperature was maintained at 37 ° C with a heating pad, and anesthesia 

was maintained with a 2% isoflurane/oxygen gas mixture during the procedure. The surgical 

procedure was performed as described above. At 1 week time the omenta were explanted, 

fixed in formalin, and prepared for histological characterization and imaging.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism. All statistical data are expressed 

as mean ± standard deviation. In vitro data were analyzed using one-way ANOVA with a 

Tukey’s post test for normally distributed data. Values of p < .05 were considered 

statistically significant.

3. Results

3.1. Methacrylation efficiency

Methacrylated alginate was produced by reacting alginate (500 mg) with AEMA. Changes 

in the AEMA:alginate ratio resulted in varying methacrylation efficiency. 1H NMR of 
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alginate and methacrylated alginate was used to evaluate the product (Fig. 3G). From NMR 

data, peaks for the methylene (δ5.3–5.8 ppm), methyl (δ1.8), and alginate (δ3.5–4 ppm) 

were observed on the spectra. Lower degrees of methacrylation, had smaller value for area 

under the curves with some shift in the spectra. The ME increased with increasing AEMA, 

with 0.31% ± 0.11, 1.12% ± 0.14, 2.19% ± 0.54, 3.95% ± 0.35, and 5.55% ± 0.50 efficiency 

for 47.5 mg, 95 mg, 142.5 mg, 190 mg, and 237.5 mg AEMA, respectively. Acrylation 

results from modification of carboxyl groups in alginate that are also required for ionic 

crosslinking. Beads were formed using a standard ionic crosslinking mechanism to identify 

the ME limit at which bead formation was disrupted (Fig. 3). Spherical beads were formed 

with up to 190 mg of AEMA (19:50 AEMA:Alginate). Higher amounts of AEMA resulted 

in gel formation but the bead structure was altered (Fig. 3F). The shape factor, for groups 

that did form a spherical shape, was greater than 0.85. FTIR spectra further validated the 

modification of alginate with AEMA groups, Supplemental Fig. S1. The alginate samples 

exhibited a shift and broadening of the (1600 cm−1) peak after coupling with AEMA. The 

new center of the peak is 1603 cm−1 (FS1.B and FS1.C) as a result of the amide I bond 

between 1620 and 1640 cm−1. In addition, a visible shoulder peak centered at 1542 cm−1 

was observed for the amide II bond. SEM was used to examine the surface of control and 

dual cross-linked microbeads. Qualitatively, there were no differences in the surfaces of the 

beads, FS2.

3.2. Microbead stability in vitro

The stability of methacrylated alginate microbeads was assessed first in vitro with a shaker 

flask assay. Fifty alginate microbeads were placed in 50 mL 0.9% NaCl solution and placed 

on a stir plate set at 125 rpm at room temperature. After 18 h, the beads were counted. Under 

these conditions, all ionic cross-linked alginate microbeads were broken down regardless of 

alginate concentration (1.5%, 1.8%, and 2.0%). However, the dual crosslinked microbeads 

exhibited increased integrity compared with control without any breakdown even at the 

lowest ME (0.31% Fig. 4).

The time-dependent swelling of alginate microbeads was evaluated under various calcium 

conditions (0, 2, and 22 mM CaCl2). Calcium concentration influences the rate of 

breakdown of alginate microbeads with concentrations typical of physiological levels 

providing outcomes that reproduce in vivo degradation via an ion substitution [4]. Fig. 5 

shows the swelling characteristics of methacrylated alginate beads in saline solution with 0 

mM CaCl2. Ionic-crosslinked alginate microbeads exhibit significant swelling within one 

day followed by complete failure within two days, regardless of alginate concentration. 

Covalent crosslinking substantially increased stability in culture. The 0.31% ME groups 

exhibited significant swelling for all concentrations compared with other methacrylation 

levels. The microbeads for the 0.31% ME took 63, 105, and 151 days to break down for the 

1.5%, 1.8%, and 2.0% concentrations. All remaining groups remained in saline and 

exhibited very little swelling as seen from Fig. 5. Microbeads incubated in 2 mM and 22 

mM CaCl2 still remained in solution up to 150 days with varying degrees of swelling 

including groups without covalent crosslinking due to the presence of calcium ions in the 

incubation media.
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3.3. Mesh size and permeability

Mesh size, molecular weight between crosslinks and crosslink density were calculated based 

on microbead swelling experiments. The crosslink density of the polymer chains increased 

and the molecular weight between crosslinks decreased with increasing methacrylation (Fig. 

S3B). Consistent with these results, the mesh size decreased with both higher methacrylation 

efficiency and increased alginate concentrations (Fig. 6). The mesh size varied between 67 

and 96 nm for all conditions.

Permeability of the microbeads was examined experimentally to provide insight into if the 

increased crosslinked density/decreased mesh size dramatically alters transport. The 

microbeads were incubated with FITC-BSA and intensity profiles obtained at various time 

points (Fig. 7). By 5 h FITC-BSA could be observed within the core of all groups (Alg, 1.12 

MethAlg, 3.95 MethAlg). Control alginate appeared to allow more rapid diffusion of the 

protein into the core. At 5 h, the center of the microbeads had nearly 40% of the intensity of 

FITC-BSA in the incubation media for the 2% concentration. When compared with 1.12 

MethAlg and 3.95 MethAlg these values were at 11% and 5%, respectively. By day 3 all 

groups had similar levels of FITC-BSA in the core relative to the incubation media.

3.4. Cell viability

MIN6 cells were encapsulated in alginate microbeads and cell viability examined by 

fluorescence staining using a commercially available cell assay (Fig. 8). Twenty-four hours 

after formation, the majority of the cells were alive and a few dead cells were observed 

within the microbeads under all crosslinking conditions. Further culture of microbeads 

showed live cells up to day 10. The total number of cells appeared to be lower by day 10 for 

all conditions, but the percentage of dead cells was low. Quantitative analysis of cell 

viability showed greater than ~95% viability for all groups at all time points (Fig. 9).

Insulin secretion of MIN6 cells encapsulated within Alg, 1.12 MethAlg, and 3.95 MethAlg 

at 1.5% is shown in Fig. 10. The cells displayed increased in insulin secretion when 

stimulated with 20 mM glucose. There was a four-fold increase in insulin secretion (p ≤.05) 

for Alg, 1.12 MethAlg, and 3.95 MethAlg between time 0 and 100 min. The baseline level 

of insulin secretion was higher for the Alg 1.12 group compared with the modified group 

however the data was not statistically significant between the groups.

3.5. In vivo stability model

Two different alginate conditions, Alg 1.5% (w/v unmodified alginate) and 1.12 MethAlg 

1.5% (w/v 1.12% ME alginate), were evaluated in a rat omental pouch model. The MethAlg 

conditions were selected as the level where spherical beads were formed and showed 

increase stability testing in vitro with viable cells following encapsulation. During 

microbead implantation 5 μg LPS was injected to stimulate a robust inflammatory response 

in order to challenge that stability of the alginate microbeads. Preliminary studies 

determined that at this level LPS was able to result in levels of inflammation that have been 

shown to result in microbead breakdown in other models [27] without signs of systemic 

toxicity.
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At weeks 1 and 3, the microbeads were harvested (Fig. 11) and processed for histological 

analysis. During harvest, it was observed that there was significant inflammation at week 1 

with breakdown of the ionic crosslinked alginate microbeads (Fig. 11A), whereas the dual 

crosslinked microbeads were still intact (Fig. 11B). By week 3, both groups exhibited 

decreased inflammation and the dual cross-linked microbeads remained stable (Fig. 11D).

Hematoxylin and eosin and Masson’s trichome stains were performed on the samples 

harvested at 1 and 3 weeks to evaluate microbead structure and inflammatory response. The 

dual cross-linked alginate microbeads were seen within the tissue even in the presence of a 

robust inflammatory response at week 1 (Fig. 12C, D). Bead fragments were observed 

within the omenta containing ionically crosslinked alginate microbeads (Fig. 12A, E). The 

fragments were encapsulated by fibrotic tissue with multinucleated foreign body giant cells 

observed near the biomaterial surface. Mason’s Trichrome stains further confirmed the 

robust inflammatory response seen by week 1 in both groups due to the LPS (Fig. 13). 

However, at 3 weeks a high level of inflammation was maintained around ionic crosslinked 

microbeads particularly around the alginate fragments with very little collagen deposition 

(Fig. 13F). However, samples with dual crosslinked alginate microbeads had less 

inflammation with collagen deposition near the surface of the microbeads, suggesting 

progression to granulation tissue and encapsulation of the implants (Fig. 13H).

3.6. Effect of bead size on stability

Dual crosslinking with methacrylated alginate also resulted in improved stability for smaller 

(~1300 μm) microbeads formed with an encapsulator system. Ionic crosslinked groups broke 

down rapidly in in vitro stability tests independent of concentration. Unlike larger beads 

used in the previous studies in vitro breakdown was observed at the lowest ME (0.31%) 

(Fig. 14A). However, at higher ME the beads exhibit 100% stability in the shaker flask test.

Two different alginate conditions, Alg 1.5% (w/v unmodified alginate) and 1.12 MethAlg 

1.5% (w/v 1.12% ME alginate), were evaluated in a rat omental pouch model. Similar to the 

larger microbeads, 1.12 MethAlg microbeads remain intact after exposure to LPS at 1 week 

(Fig. 14C). Individual alginate microbeads are observed with inflammatory tissue 

surrounding the surface of the microbeads. The ionically crosslinked group had complete 

breakdown of microbeads with small fragments surrounded by dense inflammatory tissue 

(Fig. 14B).

4. Discussion

In this research, alginate microbeads with both ionic and covalent crosslinks were developed 

as a method to increase microbead stability. Alginate was modified with AEMA to introduce 

methacrylate side chains that enabled the introduction of covalent crosslinks via photo 

crosslinking. Improvement in alginate microbead stability could address a challenge of 

current encapsulation processes where implanted materials break down following 

implantation resulting in loss of functional cells. The results of this study demonstrate that 

dual crosslinking of alginate results in increased stability.
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Alginate microbeads have been investigated extensively for cell encapsulation. However, 

there are concerns in regards to the stability of implanted alginate microbeads. Literature 

results vary but it is clear in both clinical and pre-clinical studies that there is a subset of 

patients where the graft fails and evidence suggests that breakdown of the alginate can be a 

factor [12]. The mechanisms that lead to alginate breakdown are not fully established due, in 

part, to inconsistent data in pre-clinical models. Transplantation site, graft biocompatibility, 

and properties of the alginate microbe-ads may all contribute to overall success of the 

system [32]. These factors can be interdependent, as the biomaterial properties can drive the 

local inflammatory response which, in turn, leads to failure of the system [33]. In addition, 

microbead breakdown may exacerbate the inflammatory response leading to complete 

failure. Stabilizing the alginate microbeads may prevent breakdown, allowing the local 

inflammatory response to resolve, circumventing further complications.

Several attempts have been made to produce alginate microbe-ads with improved 

mechanical stability to overcome the observed failure in clinical applications. One method is 

incorporation of poly (ethylene glycol) (PEG) with alginate chains. Covalent crosslinking of 

PEG with alginate was accomplished by linking phosphine-terminated PEG to azide-

functionalized alginate through Staudinger ligation, followed by ionotropic gelation of the 

alginate using barium ions. The dual crosslinked alginate-PEG microspheres were less prone 

to swelling and exhibited increased stability upon exposure to chelating agents than alginate 

spheres alone [9,34]. An alternative to crosslinking with PEG involves direct introduction of 

crosslinking through photoactivatable groups, as performed in these studies. Spheres with 

increased mechanical stability have been obtained by linking methacrylate groups and N-5-

azido-2-n itrobenzoylsuccinimide to the alginate molecule, as well as with the addition of 

acrylate and N-vinylpyrrolidone into the calcium bath [35–37]. The concept of increasing 

mechanical stability of alginate microbeads as a means to increase long-term success of 

alginate cell encapsulation systems has been extensively tested in vitro. However, none of 

these studies addressed stability in vivo. Pre-clinical animal studies are required to advance 

these findings to the clinical testing stage.

The difference between this method and previous methods is both the degree of 

methacrylation studied and the use of the alginate for microbead applications. The lower 

level of methacrylation allows the carboxylic acid groups to interact with divalent cations to 

form that ionic interactions that provide the initial microbead shape. These unmodified 

chains could also be targeted for introduction of cell adhesion peptides for enhanced cell 

function. While the other methods have been investigated for increasing stability, to our 

knowledge, increased stability has not been shown with these systems. In this work, we have 

been able to successfully increase the stability in vitro but also showed the integrity of 

microbeads in vivo under the presence of a robust inflammatory response induced by LPS in 

a small animal model.

In this work alginate microbeads were stabilized via attachment of AEMA to the alginate 

chains. The attached AEMA groups form covalent crosslinks via a free radical process. The 

degree of methacrylation was proportional to AEMA:alginate ratio utilized in the reaction 

(Fig. 3). Interestingly, a threshold existed for the amount of AEMA included, beyond the 

beads could not gel via the initial ionic crosslinking step. In ionic crosslinking the negatively 
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charged carboxylate group interact with the divalent cations allowing the initial spherical 

shape to be maintained following injection into the crosslinking solution. With high 

methacrylation efficiencies, an insufficient amount of free carboxylate groups were available 

for bead formation. Stability testing of alginate microbe-ads showed that unlike ionic 

crosslinked microbeads, dual cross-linked alginate microbeads remained intact regardless of 

modification level. Long term swelling of microbeads in static incubation presented to be 

more complex. Unmodified alginate microbeads broke down within two days for 1.5%, 

1.8%, and 2.0% concentrations. One group of methacrylated alginate microbeads, the 0.31 

MethAlg 2.0%, remained in solution for 151 days. The group exhibited osmotic swelling to 

three times the initial size and subsequently dissolved. The likely reason for long term 

swelling is the slow hydrolysis of the ester linkages of the AEMA groups, which promotes 

dissolution of alginate microbeads. This was not observed with other methacrylated alginate 

microbeads likely due to the higher ME. Alginate microbeads with higher ME exhibited 

very minimal swelling, no appreciable change in size, and remained intact after 150 days.

All conditions exhibited >95% cell viability following encapsulation. However, the total 

number of cells appeared to decrease from day 1 to day 10. Several aspects of the synthesis 

of chemically modified alginate microbeads has the potential to negatively affect cell 

viability, including the encapsulation process, the exposure to free radicals during 

crosslinking, and the presence of AEMA. One possible reason for this observed cell loss is 

due to the properties of alginate, being a relatively inert material that does not support cell 

adhesion [26]. Alternatively, the density of encapsulated insulinoma cells may not be high 

enough to allow intercellular interactions and release of trophic factors that promote survival 

and proliferation [38]. The purpose of the assay was to determine if the encapsulation 

processes, the exposure to free radicals, or the AEMA had any immediate effect on cell 

viability, which was not observed. Insulin secretion assay showed the MIN6 cells exhibited 

glucose response regardless of alginate conditions. Future studies will address the alginate 

and cell conditions optimal for functional outcomes.

The in vivo stability of alginate microbeads was tested by implanting fifty beads into the 

omentum of non-diabetic rats. When implanted in this way, microbeads can easily be 

retrieved for post-transplant analysis. In the absence of a sustained inflammatory challenge, 

we have previously shown unmodified beads remain intact when implanted into the 

omentum [39]. However, many pre-clinical studies have shown that some implantation 

conditions can result in increased inflammation and bead failure [27]. It is not clear if this is 

due to alginate composition, shape, size [15] or surgical conditions. In addition, many crude 

alginates contain components that can elicit inflammatory responses, including endotoxins 

[40,41]. In this study, we developed a method that introduced an increased inflammatory 

challenge to the microbeads following implantation. Lipopolysaccharide (LPS) was applied 

directly onto the omentum at the time of implantation to promote inflammation. The local 

application of LPS provides a method for controlling the inflammatory challenge regardless 

of alginate conditions that serves as a test the stability of alginate systems.

The integrity of modified and non-modified microbeads was evaluated one and three weeks 

post-implantation. After 1 week, the unmodified alginate microbeads exhibited complete 

breakdown, as demonstrated in the representative histological images. By comparison, dual 
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crosslinked modified (1.12 MethAlg 1.5%) microbeads remained intact (Figs. 12C, D and 

13C, D). Breakdown of unmodified microbeads persisted through three weeks (Figs. 12E, F 

and 13E, F), and modified microbeads remained intact through the same period (Figs. 12G, 

H and 13G, H). Inflammatory tissue surrounds the remaining fragments of broken down 

alginate beads and includes foreign body giant cells. Masson’s trichrome staining reveals a 

thin layer of collagen surrounding the intact beads (Fig. 13H). The overall inflammatory 

tissue appears to be qualitatively less for modified microbeads compared with unmodified 

alginate microbeads suggesting that as beads break down inflammation is increased.

It is likely that the implantation of crude alginate microspheres, along with the exogenous 

LPS challenge, initiates an acute inflammatory response which includes arrival of 

neutrophils to the implant site, activation of macrophages, degranulation of mast cells, and 

release of pro-inflammatory mediators [14]. We hypothesize that unmodified alginate 

microbeads undergo initial breakdown due to acute inflammation by week 1 (Fig. 12A, B), 

and that the increased stability of the crosslinked alginate prevents this microbead 

fragmentation (Fig. 12C, D). The breakdown of control microbeads may further exacerbate 

the local inflammatory response to a more persistent state of inflammation as observed by 

Week 3 in the case of unmodified microbeads. This is supported by previous studies 

demonstrating that implantation of large (>1500 μm) microbeads composed of a variety of 

different biocompatible materials elicited attenuated foreign body reactions as compared to 

smaller (<500 μm) microbeads [15]. In our study, the mean diameter of microbeads used 

was 2362 μm and 2560 μm, respectively for unmodified and modified groups. Once they 

begin to break apart (by week 1), the smaller fragments may exacerbate inflammation to a 

chronic state due to their size. By week 3, these smaller fragments of alginate microbeads 

promote an upregulation of inflammatory tissue and infiltration of mononuclear cells. The 

covalent crosslinking of modified alginate microbeads prevents the initial break down, 

circumventing chronic inflammation. The tissue surrounding these methacrylated alginate 

microbeads is a normal healing response where a layer of collagen surrounds the implant 

(Fig. 9H) and promotes neovascularization [33]. Similar observations were seen when 

smaller beads (~1350 μm) were implanted into the omenta with LPS. The ionically cross-

linked microbeads had complete failure whereas the dual cross-linked, 1.12 MethAlg 1.5% 

had intact microbeads (Fig. 14). These studies show that the dual crosslinking could be used 

to enhance the stability of microbeads formulated at different sizes. However, the optimal 

conditions may vary with bead size and alginate composition. Future studies will 

characterize the phenotype of macrophages and other immune cells during the observed 

chronic inflammation in the presence of modified and unmodified alginate microbeads. Our 

data here suggest that mononuclear cells present at the implant site surrounding modified 

alginate microbeads may promote an anti-inflammatory, pro-healing phenotype. This can be 

confirmed by the presence of IL-10, TGF-β, and CD163+ [42].

5. Conclusion

Alginate microbeads have been investigated for several therapeutic interventions including 

cell delivery and cell encapsulation. In the context of current protocols, implantation of 

alginate microbeads can fail due to the inflammatory response or mechanical stresses. In this 

study microbeads were fabricated from methacrylated alginate which allowed for covalent 
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crosslinking in addition to ionic interactions with divalent cations. Microbeads were tested in 
vivo using an omentum pouch model with local LPS injection. Methacrylated alginate 

microbeads were stable under an inflammatory challenge. Covalent crosslinking may be an 

important addition to cell encapsulation protocols to enhance long-term survival and 

function.
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Statement of Significance

Alginate, a naturally occurring polysaccharide, has been used for cell encapsulation to 

prevent graft rejection of cell transplants for people with type I diabetes. Although some 

success has been observed in clinical trials, the lack of reproducibility and failure to reach 

insulin dependence for longer periods of time indicates the need for improvements in the 

procedure. A major requirement for the long-term function of alginate encapsulated cells 

is the mechanical stability of microcapsules. Insufficient mechanical integrity of the 

capsules can lead to immunological reactions in the recipients. In this work, alginate was 

modified to allow photoactivatable groups in order to allow formation of covalent 

crosslinks in addition to ionic crosslinking. The dual crosslinking design prevents capsule 

breakdown following implantation in vivo.
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Fig. 1. 
Schematic illustration of alginate methacrylation and photocrosslinking of methacrylated 

alginate.
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Fig. 2. 
Illustration of the procedure for fabrication of alginate microbeads with both ionic and 

covalent crosslinks. Ionic crosslinks are formed by incubation in a CaCl2 bath followed by 

exposure to UV to initiate covalent crosslinking.
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Fig. 3. 
Microbead formation depends on methacrylation efficiency which varies with AEMA mass. 

Alginate microbeads (1.5% w/v) formed from A) 0 (control), B) 47.5, C) 95, D) 142.5, E) 

190, and F) 237.5 mg AEMA G) Methacrylation efficiency determined from hNMR plotted 

versus mass of AEMA. *p ≤.05, **p ≤ .01, ****p ≤ .0001. Scale bar represents 500 μm.
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Fig. 4. 
Covalent crosslinks increases alginate microbead stability. Number of microbeads 

remaining, out of 50, following exposure to mechanical forces as a function of 

methacrylation efficiency and alginate concentration.
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Fig. 5. 
Dual crosslinked microbeads maintain their diameter for over 2 months. Diameter versus 

time for a) 1.5% (w/v), b) 1.8%, and c) 2.0% alginate microbeads in normal saline (0.9% 

NaCl) at various methacrylation levels.
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Fig. 6. 
Calculated mesh size (ζ) of dual crosslinked alginate microbeads as a function of 

methacrylation efficiency. Mesh size decreases with increasing concentration of alginate and 

methacrylation efficiency. *,#,+Denotes statistical significance (p ≤.05) between specific 

group and control for 1.5%, 1.8%, and 2.0% concentrations respectively.
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Fig. 7. 
Intensity profiles of a cross section of alginate microbeads incubated fluorescently labeled 

BSA at 5 h, 1 day, and 3 days. The BSA was present within the core of the microbeads at 5 h 

for all groups with varying levels of intensity. The dashed line represents the margins of the 

beads. Data from a representative microbead is shown for each condition.
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Fig. 8. 
Live/Dead imaging of encapsulated MIN6 cells in dual crosslinked alginate hydrogels in 
vitro. Total number of cells appear to decrease from day 1 to day 10 for all groups tested. 

Dashed lines represents margins of the beads. Scale bar represents 200 μm.
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Fig. 9. 
Quantitative live dead values for A) 1.5%, B) 1.8%, and C) 2.0% concentrations as a 

function of methacrylation efficiency for day 1, 4, 7, and 10. Cells within microbeads 

remained viable (>90%) up to 10 days for all formulations.
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Fig. 10. 
Insulin secretion of MIN6 cells encapsulated within ionically and covalently crosslinked 

alginate microbeads plotted both as A) fold change per time and B) concentration (ng/ml) 

per time. Insulin secretion increased with time for all formulations. *Denotes statistical 

difference (p ≤ .05) for Alg when compared to time 0. #Denotes statistical difference (p ≤.

05) for 1.12 MethAlg when compared to time 0. +Denotes statistical difference (p ≤ .05) for 

3.95 MethAlg when compared to time 0.
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Fig. 11. 
Representative images of bisected omentum harvested from animals receiving control (a, c) 

or methacrylated (1.12%; b, d) alginate microbeads. Pouches were harvested 1 week (a, b) or 

3 weeks (c, d) after implantation.
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Fig. 12. 
Hematoxylin and Eosin staining for control (A, B, E, F) and 1.12% ME (C, D, G, H) at 1 

week (A, B, C, D) and 3 weeks (E, F, G, H). Low (5×) (A, C, E, G) and high (20×) (B, D, F, 

H) magnification are shown. Intact microbeads are observed in the dual crosslinked group at 

1 and 3 weeks, whereas fragments of beads are seen in ionically crosslinked microbeads.
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Fig. 13. 
Masson’s Trichrome staining for control (A, B, E, F) and 1.12% ME (C, D, G, H) at 1 week 

(A, B, C, D) and 3 weeks (E, F, G, H). Low (5×) (A, C, E, G) and high (20×) (B, D, F, H) 

magnification are shown. Inflammation surrounding the implants is observed for both 

ionically and dual crosslinked groups.
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Fig. 14. 
A) Number of microbeads remaining, out of 50, following exposure to mechanical forces for 

small beads (1344 μm). Hematoxylin and Eosin staining for B) control and C) 1.12 MethAlg 

at 1 week for small beads. Intact microbeads are observed in the dual crosslinked group at 1 

week, whereas no beads are observed in the ionically crosslinked microbeads.
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