
Fast-Curing Injectable Microporous Hydrogel for in Situ 

Cell Encapsulation    

Seth D. Edwards,a Shujie Hou,a Jason M. Brown,a Ryann D. Boudreau,a Yuhan Lee,b Young Jo Kim,a 

Kyung Jae Jeonga* 

aDepartment of Chemical Engineering, University of New Hampshire, Durham, NH, 03824, United 

States. 

bEngineering in Medicine, Department of Medicine, Center for Regenerative Therapeutics, Brigham and 

Women’s Hospital, Harvard Medical School, Boston, MA, 02115, United States. 

Keywords: injectable hydrogels, mesenchymal stem cell delivery, gelatin, tissue adhesion, anti-

inflammatory, microporous 

ABSTRACT  

Injectable hydrogels have previously demonstrated potential as a temporary scaffold for tissue 

regeneration, or as a delivery vehicle for cells, growth factors, or drugs. However, most injectable 

hydrogel systems lack a microporous structure, preventing host cell migration into the hydrogel interior 

and limiting spreading and proliferation of encapsulated cells. Herein an injectable microporous hydrogel 

assembled from gelatin/gelatin methacryloyl (GelMA) composite microgels is described. Microgels are 

produced by a water-in-oil emulsion using a gelatin/GelMA aqueous mixture. These microgels show 

improved thermal stability compared to GelMA-only microgels, and benefit from combined 

photopolymerization using UV irradiation (365 nm) in the presence of photoinitiator (PI) and enzymatic 

reaction by microbial transglutaminase (mTG), which together enable fast curing and tissue adhesion of 



the hydrogel. The dual-crosslinking approach also allows for the reduction of PI concentration and 

minimizes cytotoxicity during photopolymerization. When applied for in situ cell encapsulation, 

encapsulated human dermal fibroblasts (hDFs) and human mesenchymal stem cells (hMSCs) are able to 

rapidly spread and proliferate in the pore space of the hydrogel. This hydrogel has the potential to enhance 

hMSC anti-inflammatory behavior through the demonstrated secretion of prostaglandin E2 (PGE2) and 

interleukin-6 (IL-6) by encapsulated cells. Altogether, this injectable formulation has the potential to be 

used as a cell delivery vehicle for various applications in regenerative medicine. 

INTRODUCTION: 

Injectable hydrogels are of high interest for use in regenerative medicine due to their high-water 

content and their ability to conform to the shape of surrounding tissue.1 They have been used as a 

temporary matrix for tissue regeneration,2,3 or as a delivery vehicle for therapeutic substances such as 

cells,4–6 growth factors,7–9 or small molecule drugs.10–12 However, most injectable hydrogels do not 

possess large enough pores to allow for host cell migration into the hydrogel interior, as the hydrogel 

mesh size is on the order of nanometers. When applied for in situ cell encapsulation, encapsulated cells 

are trapped by the polymer chains delaying cell spreading and proliferation. Lowering the polymer 

concentration of the injectable hydrogel (lower than 5% w/v) will increase the gel mesh size, and can 

improve its interaction with cells,13–15 but the mechanical stability of such gels can be significantly 

compromised.  

One strategy to create pores in an injectable hydrogel is through injection and subsequent 

annealing of microgels.16–23 Pores are formed by the interstitial space between adjacent microgels which 

allows for infiltration of host cells, and rapid spreading and proliferation of encapsulated cells. Such 

microporous hydrogels have applications in accelerated wound healing,24 bone regeneration,25 and in situ 

cell encapsulation for tissue engineering.26–30 An optimal cell delivery vehicle should be capable of 

supporting a high concentration of cells, and facilitate interactions with the host tissue. Due to the high 



internal growth area, and demonstrated improved retention of delivered cells in vivo,26 assembled 

microparticle scaffolds are a promising approach for delivery of therapeutic cells. 

 Previously, we reported an injectable microporous hydrogel composed of gelatin microgels 

enzymatically crosslinked by microbial transglutaminase (mTG).31 This novel formulation was injectable 

through a 26G needle, did not require any chemical modifications to the starting reagents, and the resulting 

microporous hydrogel facilitated the migration of surrounding cells to the hydrogel interior both in vitro 

and ex vivo, demonstrating its potential use in wound healing. This injectable formulation was also capable 

of in situ cell encapsulation, which resulted in rapid spreading and proliferation of encapsulated human 

dermal fibroblasts (hDFs) compared to the nonporous counterpart (Figure S1). However, the enzymatic 

crosslinking by mTG requires a long curing time (~ 30 min), which limits its suitability for clinical 

applications. 

Presented herein is a rapidly curing microporous hydrogel composed of composite microgels that are 

made of gelatin and gelatin methacryloyl (GelMA). A microporous hydrogel can be formed within 2.5 

minutes post injection by dual-crosslinking mechanisms – photopolymerization of GelMA and enzymatic 

crosslinking of unmodified gelatin by mTG (Figure 1). Photopolymerization of GelMA allows for rapid 

formation of bulk gel from microgel building blocks, while enzymatic crosslinking by mTG further 

stabilizes the hydrogel by forming additional covalent bonds between glutamine and lysine residues of 

gelatin and allows for tissue adhesion of the resulting hydrogel.32 We demonstrate that this system enables 

the encapsulation of human primary cells, such as hDFs and human mesenchymal stem cells (hMSCs), 

with high viability and cell spreading. In addition, we examined the use of this hydrogel system for 

encapsulating MSCs primed by IFN-γ, demonstrating improved secretion of anti-inflammatory factors, 

which points to the potential use of this system for cell delivery to treat inflammatory diseases. 



 

Figure 1. Schematic of the dual-crosslinking mechanisms of gelatin/GelMA microgels used to form a 

bulk hydrogel. A dual crosslinking approach is employed to rapidly cure microgels. 

 

MATERIALS AND METHODS 

Materials 

All materials were purchased from Sigma-Aldrich (St. Louis, MO) unless specified. mTG was 

purchased from Ajinomoto (Fort Lee, NJ). Sterile phosphate buffer saline (PBS, pH 7.4), Dulbecco’s 

Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and 10,000 U/ml penicillin/streptomycin 

(pen/strep) were purchased from Gibco (Carlsbad, CA). Human dermal fibroblasts (hDFs) were purchased 

from Lonza (Portsmouth, NH). Live/Dead Assay, Lactate Dehydrogenase (LDH) assay, and ActinRed 

555 were purchased from Thermo Fisher Scientific (Waltham, MA). Fresh pig eyeballs were obtained 

from Visiontech (Sunnyvale, TX). Bone marrow derived hMSCs and media were purchased from Cell 

Applications (San Diego, CA). PGE2 and IL-6 ELISA kits were purchased from Abcam (Cambridge, 

MA). 

Synthesis of Gelatin/GelMA Composite Microgels 

The gelatin/GelMA composite microgels were prepared using a method similar to one previously 

described.31  Due to the photoactive nature of GelMA, all procedures involving GelMA were performed 



in the dark. A 2:1 mixture (by weight) of gelatin (type A, from bovine and porcine bones, bloom 300 g) 

and gelatin methacryloyl (bloom 300 g, 80% degree of substitution) was dissolved in 20 mL of deionized 

water at 50−55 °C to make a total 10% (w/v) aqueous solution. This solution was added dropwise to 200 

mL of olive oil at 50−55 °C and stirred for 1 hour. The temperature of the mixture was lowered to reach 

room temperature for 30 min with stirring. Then the mixture was placed in an ice−water bath for an 

additional 30 min with stirring to solidify the microgels by inducing physical crosslinking. To precipitate 

the microgels, 100 mL of pre-cooled acetone (4 °C) were added to the mixture with stirring for 30 min in 

the ice−water bath. The microgels were separated from the olive oil and acetone by vacuum filtration and 

further washed with two 60 mL aliquots of precooled (4 °C) acetone. The microgels were immediately 

frozen at -80 °C, lyophilized, and kept dry until used. As a result of the separation of microgels using 

acetone, microgels have a very low water content when lyophilized, and microgel porosity was not seen 

to increase due to lyophilization. 

Characterization of Microgels 

Microgels were visualized by scanning electron microscopy (SEM) (Tescan Lyra3 GMU FIB 

SEM, Brno, Czech Republic) and optical microscopy (EVOS XL, Life Technologies, Carlsbad, CA). 

Prior to the SEM imaging, lyophilized microgels were coated with gold/palladium to avoid charging. For 

quantification of hydrated microgel size distribution, 20 µL of a dilute microgel suspension in PBS was 

observed using an optical microscope. Size distribution of microgels was obtained from SEM and optical 

microscope images using ImageJ. 

Bulk Hydrogel Formation 

Microporous hydrogels were made by mixing gelatin/GelMA composite microgels (10% w/v) 

with photoinitiator (PI) (Irgacure 2959) in PBS (0.5% or 0.05% w/v). Ascorbic acid was added to a final 

concentration of 0.005% (w/v) to minimize cytotoxicity during the UV irradiation.33 This mixture was 

mixed with 20% (w/v) mTG in PBS in a 4:1 ratio. The final concentration of gelatin/GelMA polymer and 

mTG was 8% and 4%, respectively. UV light (365nm, ~35 mW/cm2) was applied for 2.5 mins to induce 



photoinitiated crosslinking. Nonporous hydrogels were made using the same methods except that a 

gelatin/GelMA solution was used instead of gelatin/GelMA microgels.  

Characterization of Hydrogels 

After the hydrogels were formed, their detailed structures were visualized with SEM. Prior to SEM 

imaging, the hydrogels were dehydrated through an ethanol series (30%, 50%, 60%, 70%, 80% and 90% 

once each, and then 100% twice) before being dried by critical point drying and coated with 

gold/palladium. 

The viscoelastic properties of the hydrogels were characterized by rheometry (TA Instruments AR 

550, New Castle, DE). A gelatin/GelMA microgel suspension was made in PBS containing PI and 

ascorbic acid as previously described. Crosslinking was initiated by mixing of mTG, and/or introduction 

of UV source. The gelation kinetics were observed at 37 °C, with an oscillatory stress of 1 Pa at 10 rad/s. 

Once gelation was completed, a frequency sweep was performed, increasing angular frequency from 0.1 

to 100 rad/s with an oscillatory stress of 1 Pa at 37 °C. Then, temperature sweep was performed. 

Temperature was gradually increased from 5 to 45 °C with an oscillatory stress of 1 Pa at 10 rad/s. 

The enzymatic degradation of microporous gelatin/GelMA hydrogels and gelatin/GelMA 

microgels was examined by incubating in collagenase type II solution (concentration = 0.5 U/mL) at 37 

°C. At different time points (0h, 4h, 24 h), the hydrogels and microgels were collected, lyophilized, and 

weighed to calculate the fraction of remaining solids content.   

Tissue Adhesion of the Hydrogels  

Porcine corneas were used to examine the tissue adhesion capability of the hydrogels. Corneas 

were collected from freshly obtained pig eyeballs using surgical scissors. A hole was created in the middle 

of the cornea using a biopsy punch (diameter = 8 mm) and was filled by injecting microgel solution 

prepared as previously described. After 2.5 min of crosslinking under different conditions, the 

tissue/hydrogel construct was immersed in a 45 °C warm water bath, to test for gelation and tissue 

adhesion. 

Cell Encapsulation and Characterization 



hDFs and hMSCs were cultured in T75 flasks using DMEM, supplemented with FBS and pen/strep 

or MSC growth medium, respectively. Cells of passage 3 were used for all experiments.  

Prior to cell encapsulation, the gelatin/GelMA microgels were sterilized by incubation in 70% 

ethanol overnight, at 4 °C, then lyophilized before use. Gelatin, GelMA, mTG, Irgacure 2959, and 

ascorbic acid solutions were sterilized by syringe/vacuum filtration. For encapsulation, cells were mixed 

with microgel suspension or gelatin/GelMA solution in media, containing mTG, PI, and ascorbic acid, 

followed by 2.5 mins of UV irradiation. Hydrogels were then incubated at 37 °C for 1 hour. The 

encapsulated cells were cultured in the media described above.  

The three-dimensional distribution of hDFs and hMSCs in hydrogel was visualized by confocal 

microscopy (Nikon A1R HD, Tokyo, Japan) on days 1 and 7 post-encapsulation using a live/dead cell 

viability kit, which stains living cells green (by calcein-AM) and dead cells red (by ethidium homodimer). 

To visualize the details of cell spreading and morphology inside the hydrogel, hDF samples were fixed in 

4% paraformaldehyde (in PBS) overnight and stained with ActinRed 555. Z-stacked images were then 

obtained using the confocal microscope, and 2D projections were generated from Z-stacks using ImageJ. 

Sphericity, viability and proliferation were calculated using the plug-ins provided by ImageJ. 

LDH assay was performed to assess cytotoxic effects related to the encapsulation process. hDFs 

seeded on well plates were used for maximum LDH controls, and hydrogels formed without encapsulated 

cells were used as negative controls. The culture media was removed on day 1 and 7 for analysis.  

hMSCs were exposed to growth medium with IFN-γ (50 ng/mL) for 24 hours before cell 

encapsulation. After encapsulation, cells were supplemented with growth medium, which was collected 

and frozen at -20 °C until use. The media was tested for secreted factors PGE2 and IL-6, using ELISA 

kits. 

Statistical Analysis 

All data is represented as means, and all error bars represent standard deviations. All experiments 

were run with at least n = 3 samples. Statistical significance was determined using a student’s t-test when 



comparing two groups, or Tukey’s HSD post hoc test for experiments comparing more than two groups. 

P < 0.05 was considered statistically significant. 

 

 

 

Figure 2. Composite microgel characterization. (a) SEM image of dry gelatin/GelMA microspheres. 

Scale bar = 200 µm (b) Size distribution of dry microspheres. The average diameter = 61 ± 60 µm. (c) 

Optical micrograph of gelatin/GelMA microgels in PBS. Scale bar = 200 µm. (d) Size distribution of 

swelled microgels. The average diameter = 139 ± 90 µm. 

 

RESULTS AND DISCUSSION 

Gelatin/GelMA microgels were produced using a 10% (w/v) aqueous mixture of unmodified 

gelatin and GelMA (80% substitution) at a 2:1 ratio by weight, in order to facilitate both enzymatic 

crosslinking by mTG and photocrosslinking by UV irradiation. A higher amount of gelatin than GelMA 

was used to make microgels in order to improve the thermal stability. A water-in-oil emulsion was created 

using this solution, which generated physically crosslinked polydisperse microspheres (Figure 2). The 

freeze-dried microgels were spherical in shape (Figure 2a) with an average diameter of 61 (± 60) µm 

(Figure 2b). When equilibrated in an aqueous environment (Figure 2c), the average diameter increased to 

139 (± 90) µm due to swelling (Figure 2d). Based on this, the space between assembled microgels is on 

the order of tens of microns in size, which allows adequate space for encapsulation of human cells. 



Microgel polydispersity is a result of batch manufacture of microgels; monodisperse microgels of 

gelatin/GelMA can be produced by the use of microfluidic devices.16,17 Photo-curable microgels from a 

mixture of unmodified gelatin and GelMA have advantages over GelMA-only microgels, as the mixture 

can be cured also by enzymatic crosslinking, and thermal stability of microgels can be fine-tuned by 

adjusting the gelatin/GelMA ratio. For example, previously described microgels that are made by GelMA 

only (80% substitution) are unstable at room temperature and the curing has to be done using chilled 

solutions,17 which is not an ideal condition for in situ cell encapsulation. High-substitution GelMA 

microgels can be partially UV cured to improve stability,34 but this solution creates a tradeoff between 

stability and hydrogel gelation that is not necessary when using composite microgels. Composite 

microgels are stable in an aqueous solution at room temperature (Figure S2), allowing for cell 

encapsulation under ambient conditions. Physically crosslinked microgels dissociate rapidly at 37 °C and 

thus require rapid curing. 

 The gelatin/GelMA microgels are cured to form a bulk hydrogel by photopolymerization in the 

presence of photoinitiator (PI) and the addition of mTG. Rapid curing of the gelatin/GelMA microgels 

and the stability of the resulting bulk hydrogel were tested by thermal challenge in a water bath (45 C) 

after 2.5 min of crosslinking at room temperature (Figure 3a-d). Immersion in a warm water bath removes 

the physical crosslinks formed by gelatin chains, so a bulk hydrogel would remain intact only if held 

together through sufficient covalent crosslinks. Experiments were performed using either high PI 

concentration (0.5%) or low PI concentration (0.05%). PI-induced radicals during photopolymerization 

are known to be cytotoxic,35,36 thus minimizing the PI concentration is important for applications in 

biological systems.  



 

Figure 3. Dual-crosslinking approach promotes rapid gelation. Stability of the microgel assembly after 

curing the microgels only with UV irradiation using (a) 0.5% PI and (b) 0.05% PI, or mTG + UV 

irradiation using (c) 0.5% PI and (d) 0.05% PI. Scale bar = 5 mm. Arrows indicate the bulk hydrogels. (e-

f) SEM images of microgels crosslinked by mTG and UV irradiation using (e) 0.5% PI and (f) 0.05% PI. 

Scale bar = 200 µm.  

 

Microgels cured only by mTG dissociated completely after immersion in 45 °C water bath, 

indicating that the mTG-based crosslinking was not fast enough to cure the microgels in 2.5 min. When 

the same microgels were cured by UV irradiation for 2.5 min, a stable bulk hydrogel was formed (Figure 

3a) in the presence of high PI concentration (0.5%), due to the rapid formation of covalent crosslinks 

within and between microgels by photopolymerization among GelMA chains. However, the microgel 

assembly completely dissociated when cured in the presence of low PI concentration (Figure 3b) because 

photopolymerization alone was insufficient to cure the microgels.  For both PI concentrations, a more 

stable hydrogel was formed when microgels were cured by both mTG and UV irradiation (Figure 3c, d). 

The additive effects of UV photopolymerization and mTG facilitates rapid curing of the gelatin/GelMA 

microgels even with a low PI concentration. When viewed by SEM (Figure 3e, f), hydrogels were clearly 

made of microspheres, with pores created by the interstitial space.  

 



 

Figure 4. Rheological analysis of microporous hydrogel crosslinking. (a, b) Gelation kinetics measured 

by time sweep of storage moduli (G') for (a) high PI concentration (0.5%) and (b) low PI concentration 

(0.05%). The dotted lines indicate the time at which UV irradiation began (for 2.5 min). Note that for 

mTG-only and mTG + UV crosslinking, the crosslinking began as soon as mTG was mixed with 

microgels, and the moduli before mixing could not be measured. (c, d) Temperature sweep of hydrogels 

after curing using high PI concentration (c) and low PI concentration (d). For the simplicity of the data 

presentation, only the storage moduli (G’) are presented in this figure. The plots of loss moduli, and 

frequency sweep can be found in Figure S3. The shown curves are representative of 3 independent 

experiments. 

 

 Gelation kinetics and viscoelastic properties of the hydrogels were quantified by rheology (Figure 

4, Figure S3). UV irradiation for 2.5 min with a high PI concentration (0.5%) rapidly increased the storage 

modulus (G’) (Figure 4a), compared to the mTG-only crosslinking until removal of the UV source. The 

combination of both curing methods (mTG + UV) resulted in a rapid initial increase of G’ due to 

photocrosslinking, and a continual increase of G’ due to the action of mTG. When a low PI concentration 

(0.05%) was used (Figure 4b), UV irradiation alone did not result in a significant increase in G’, which is 

consistent with the macroscopic observation (Figure 3b). When both curing methods were combined 

(mTG + UV), the microgels were cured at a more rapid rate than by mTG alone, demonstrating that the 



efficiency of photocrosslinking is improved when used in conjunction with mTG. Temperature sweep 

after the completion of curing provides further information about the nature of crosslinks within 

hydrogels.37 For both PI concentrations, G’ decreased for all curing methods as temperature increased, 

which is characteristic of physically crosslinked gelatin hydrogels (Figure 4c, d). For the case of mTG + 

UV, G’ settled at 3500~4000 Pa above 30 °C, which verifies the presence of covalent crosslinks within 

the hydrogels which do not dissociate at or above physiological temperature. When the microgels were 

cured by UV irradiation only, G’ settled at much lower values. A higher PI concentration resulted in 

higher G’ at 45 °C (284 +/- 214 Pa vs 0.70 +/- 2.5 Pa for the low PI concentration), indicating increased 

crosslinking as the PI concentration increased. Theoretically, the stiffness of the bulk hydrogel can be 

tuned by controlling the stiffness of the microgels either by changing the crosslinking density or by 

incorporating various nanomaterials.38  

 In addition to rapid curing, adhesion of the resulting hydrogel to the applied tissue serves to 

improve clinical viability of the injectable formulation,39–41 by improving the hydrogel retention at the 

intended target site.42 Previously, we demonstrated that the microporous hydrogel made by assembly of 

gelatin microgels adhered to porcine corneal tissue within 1 hour by the action of mTG.31 mTG has been 

used as a tissue adhesive and is considered biocompatible.43,44 Porcine cornea was used as a model tissue 

for simple visualization. mTG-catalyzed tissue adhesion was examined when used in conjunction with 

photopolymerization (Figure 5). The microgels were injected into an 8 mm hole in a porcine cornea and 

allowed to crosslink by UV irradiation alone or by both mTG crosslinking and UV irradiation (mTG + 

UV). After curing, the cornea-hydrogel construct underwent thermal challenge in a water bath (45 C).  

 



 

Figure 5. Tissue adhesion test. Microgels were injected into 8 mm holes made in porcine cornea and 

crosslinked for 2.5 min by UV irradiation only using (a) 0.5% PI, and (b) 0.05% PI, or by mTG + UV 

irradiation using (c) 0.5% PI and (d) 0.05% PI. Scale bar = 10 mm. Hydrogels are denoted by arrows. 

 

 For the high PI concentration, UV irradiation created a stable hydrogel, but it readily detached 

from the tissue when immersed in the warm water bath (Figure 5a). When the low PI concentration was 

used, the UV irradiation alone did not form a bulk hydrogel, precluding tissue adhesion (Figure 5b). When 

mTG was added in addition to UV irradiation, not only did a stable hydrogel form (Figure 3c, d), but the 

resulting hydrogel also adhered to the cornea tissue with both PI concentrations (Figure 5c, d). These 

results clearly show that the dual-crosslinking achieves rapid curing of the gelatin/GelMA microgels and 

enables stable adhesion of the hydrogel to tissue even at low PI concentration (0.05%). Stable tissue 

adhesion of gelatin-based hydrogels by mTG is consistent with our previous results.44 Our results also 

show that photopolymerization alone does not allow the tissue adhesion of the microgel-based hydrogel 

even at a high PI concentration (0.5%). 

Two independent factors contribute to stable adhesion of a hydrogel to a wet tissue surface – 

interfacial adhesion (i.e. crosslinking between the hydrogel and tissue) and cohesion (i.e. mechanical 

strength of the hydrogel). We attribute the rapid and stable tissue adhesion of the microgel-based hydrogel 

to the simultaneous enhancement of both interfacial adhesion (by mTG) and cohesion (by UV) enabled 

by the dual-crosslinking approach.  



Enzymatic degradation of gelatin/GelMA microgels and the annealed hydrogel was measured 

using collagenase type II (Figure S4) as previously described.45 Both microgels and the bulk hydrogel 

degraded completely within 24 hours, demonstrating the biodegradability of this formulation. This result 

is consistent with the fact that gelatin and GelMA have been shown to be degraded both in vitro and in 

vivo by various enzymes.31,46 

In situ cell encapsulation in a hydrogel is an important technology for the delivery of viable cells 

for wound healing and regenerative medicine.26,47,48 The feasibility of using the microgel-based injectable 

hydrogel for cell delivery was investigated using human dermal fibroblasts (hDFs) (Figure 6, Figure S5-

6). Unlike most injectable hydrogel systems in which cells are homogeneously distributed within the 

hydrogel, cells are encapsulated in the interstitial space between microgels. 

 

Figure 6. Cell encapsulation in the interstitial space between annealed microgels. (a-f) 2D projections of 

confocal microscope images of live/dead assay. (a-c) Day 1 and (d-f) day 7 post-encapsulation. The 

microgels were cured with mTG and UV irradiation using (a, d) 0.5% or (b, e) 0.05% PI concentration.  

Nonporous hydrogel was formed with mTG and UV irradiation using 0.05% PI concentration. Scale bar 



= 100 µm, green = living, red = dead. (g-h) Sphericity of encapsulated cells (g) day 1 and (h) day 7 post 

encapsulation. (i) Cell proliferation in the microporous hydrogels relative to the nonporous control (n=3).  

(*) = p < 0.05 and (**) = p < 0.001 

 

Cell-encapsulating constructs were formed by curing the microgels by both mTG and UV 

irradiation using either 0.5% PI or 0.05% PI. For a comparison, cells were also encapsulated in a 

nonporous hydrogel, which was formed by crosslinking a homogeneous solution of gelatin and GelMA 

using mTG and UV irradiation (with 0.05% PI). At all time points (day 1 and day 7 post encapsulation), 

cell viability was high for all groups (Figure 6a-f, Figure S6a), although the porous hydrogel with 0.5% 

PI resulted in the lowest viability on day 1 (p > 0.05). Strikingly, the cells encapsulated in the microporous 

hydrogels exhibited fully spread morphologies as early as day 1 post encapsulation (Figure 6a-b, g).  Rapid 

spreading of encapsulated cells, which is attributed to the large available void space within the porous 

hydrogels, is distinct from most nonporous hydrogels in which the encapsulated cells are trapped by the 

polymer chains and cannot spread immediately (Figure 6c). Although it is not the focus of this report, the 

current injectable formulation, which induces rapid spreading of the encapsulated cells, will be useful 

when the differentiation into a specific lineage is facilitated by cell spreading  (e.g. osteogenic 

differentiation of MSCs).49 

 The advantage of encapsulating cells in the pores of the microgel-assembly was further proven by 

the live/dead assay performed on day 7 post encapsulation (Figure 6d-f). As on day 1, the cells were well-

spread around the microgels within the interstitial space, resulting in decreased sphericities compared to 

day 1 (Figure 6h). The cells encapsulated in the nonporous hydrogel still exhibited higher sphericity likely 

due to prevention of spreading by the polymer mesh. The detailed structures of actin cytoskeleton on day 

7 confirmed these results (Figure S7). 

The benefit of lowering the PI concentration is highlighted by the assessment of cell proliferation. 

At both time points, the samples with 0.05% PI concentration resulted in higher proliferation than the 

samples with 0.5% PI concentration (Figure 6i), presumably due to decreased exposure of cells to free 

radicals during encapsulation. This result is supported by the significant increase in cytotoxicity on day 1 



for the 0.5% PI group measured by lactate dehydrogenase (LDH) release (Figure S6b). By day 7, LDH 

release was substantially lower for both groups, indicating that the lower proliferation of the 0.5% PI 

group resulted from the initial cytotoxicity during the photopolymerization. For both PI concentrations, 

proliferation on day 7 was higher than the cells encapsulated in the nonporous hydrogels, which is 

consistent with the recent report that MSCs encapsulated in a microporous hydrogel exhibited 

significantly higher proliferation than the cells encapsulated in nonporous hydrogel in vivo.26 

 

Next, hMSC encapsulation was performed to demonstrate high hMSC viability in this fast-curing 

microporous hydrogel and its potential use in MSC-based therapies, such as immunomodulation (Figure 

7). MSC delivery has been explored to reduce autoimmune responses to organ transplants or biomaterial 

implants,50,51 and treat chronic inflammatory diseases,52 whereby MSCs are primed by pro-inflammatory 

signals, such as IFN-γ before delivery to improve their immunosuppressive properties.53 A major limiting 

factor of MSC-based therapy is the limited residence time of MSCs at the site of injection, and thus 

encapsulation in biomaterials is being explored to address this limitation.54,55  The microporous hydrogel 

platform described here is advantageous for this application due to having high internal surface area and 

the ability to promote cell growth. 

Similar to the encapsulated hDFs, hMSCs rapidly spread around the microgels as early as day 1 

(Figure S8), and showed improved cell spreading and proliferation over 7 days in comparison to the 

nonporous counterpart (Figure 7a-d).  



 

Figure 7. Gelatin/GelMA composite microgels enhance hMSC growth and promote secretion of anti-

inflammatory cytokines. (a-d) 2D projections of confocal microscopy images for cells encapsulated in the 

(a, b) microporous and (c, d) nonporous hydrogels. Images were taken on (a, c) day 1 and (b, d) day 7. (e, 

f) Scale bar: 100 µm. (e, f) Secretion of (e) prostaglandin E2 and (f) interleukin-6 after encapsulation of 

MSCs primed by IFN-γ.  

 

When hMSCs were primed with IFN-γ (50 ng/mL) for 24 hours immediately prior to 

encapsulation, the secretion of factors involved in MSC-mediated immunosuppression (PGE2, IL-6)56 

was improved by encapsulation in the microporous hydrogel  (Figure 7e, f). These results show that this 

injectable microporous hydrogel can be used to deliver hMSCs with high viability and alleviate local 

inflammation by the release of anti-inflammatory factors when the hMSCs are primed by IFN-γ. This 

study provides context and demonstrates the potential to deliver MSCs via microporous hydrogel as an 

anti-inflammatory treatment. 

 

CONCLUSIONS 

Overall, the injectable hydrogel formulation described here has several major advantages 

compared to previously reported injectable hydrogels: (1) enhanced thermal stability of microgels allows 

for more favorable conditions during cell encapsulation than GelMA-only microgels; (2) rapid gelation 

(2.5 min) under UV irradiation even at a low PI concentration (0.05%) was achieved due to the synergistic 



actions of UV photopolymerization and mTG-based enzymatic crosslinking; (3) the use of low PI 

concentration results in high viability, proliferation and low cytotoxicity of the encapsulated cells; (4) due 

to the action of mTG in conjunction with UV photopolymerization, the hydrogel can adhere to the target 

tissue stably within 2.5 min; (5) the presence of pores allows rapid adhesion, spreading, and proliferation 

of the encapsulated cells. We demonstrated the applicability of this platform for priming MSCs for 

immunomodulation, and we anticipate that this formulation will find many applications related to cell 

delivery-based therapeutics. 
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FIGURES 

 

Figure 1. Schematic of the dual-crosslinking mechanisms of gelatin/GelMA microgels used to 

form a bulk hydrogel. A dual crosslinking approach is employed to rapidly cure microgels.  
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Figure 2. Composite microgel characterization. (a) SEM image of dry gelatin/GelMA 

microspheres. Scale bar = 200 µm (b) Size distribution of dry microspheres. The average diameter 

= 61 ± 60 µm. (c) Optical micrograph of gelatin/GelMA microgels in PBS. Scale bar = 200 µm. 

(d) Size distribution of swelled microgels. The average diameter = 139 ± 90 µm. 
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Figure 3. Dual-crosslinking approach promotes rapid gelation. Stability of the microgel assembly 

after curing the microgels only with UV irradiation using (a) 0.5% PI and (b) 0.05% PI, or mTG 

+ UV irradiation using (c) 0.5% PI and (d) 0.05% PI. Scale bar = 5 mm. Arrows indicate the bulk 

hydrogels. (e-f) SEM images of microgels crosslinked by mTG and UV irradiation using (e) 0.5% 

PI and (f) 0.05% PI. Scale bar = 200 µm.  
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Figure 4. Rheological analysis of microporous hydrogel crosslinking. (a, b) Gelation kinetics 

measured by time sweep of storage moduli (G') for (a) high PI concentration (0.5%) and (b) low 

PI concentration (0.05%). The dotted lines indicate the time at which UV irradiation began (for 

2.5 min). Note that for mTG-only and mTG + UV crosslinking, the crosslinking began as soon as 

mTG was mixed with microgels, and the moduli before mixing could not be measured. (c, d) 

Temperature sweep of hydrogels after curing using high PI concentration (c) and low PI 

concentration (d). For the simplicity of the data presentation, only the storage moduli (G’) are 

presented in this figure. The plots of loss moduli, and frequency sweep can be found in Figure S3. 

The shown curves are representative of 3 independent experiments. 
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Figure 5. Tissue adhesion test. Microgels were injected into 8 mm holes made in porcine cornea 

and crosslinked for 2.5 min by UV irradiation only using (a) 0.5% PI, and (b) 0.05% PI, or by 

mTG + UV irradiation using (c) 0.5% PI and (d) 0.05% PI. Scale bar = 10 mm. Hydrogels are 

denoted by arrows. 
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Figure 6. Cell encapsulation in the interstitial space between annealed microgels. (a-f) 2D 

projections of confocal microscope images of live/dead assay. (a-c) Day 1 and (d-f) day 7 post-

encapsulation. The microgels were cured with mTG and UV irradiation using (a, d) 0.5% or (b, e) 

0.05% PI concentration.  Nonporous hydrogel was formed with mTG and UV irradiation using 

0.05% PI concentration. Scale bar = 100 µm, green = living, red = dead. (g-h) Sphericity of 

encapsulated cells (g) day 1 and (h) day 7 post encapsulation. (i) Cell proliferation in the 

microporous hydrogels relative to the nonporous control (n=3).  (*) = p < 0.05 and (**) = p < 0.001 
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Figure 7. Gelatin/GelMA composite microgels enhance hMSC growth and promote secretion of 

anti-inflammatory cytokines. (a-d) 2D projections of confocal microscopy images for cells 

encapsulated in the (a, b) microporous and (c, d) nonporous hydrogels. Images were taken on (a, 

c) day 1 and (b, d) day 7. (e, f) Scale bar: 100 µm. (e, f) Secretion of (e) prostaglandin E2 and (f) 

interleukin-6 after encapsulation of MSCs primed by IFN-γ.  
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