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Abstract

Injectable hydrogels can be useful tools for facilitating wound healing since they conform to the 

irregular shapes of wounds, serving as a temporary matrix during the healing process. However, 

the lack of inherent pore structures of most injectable hydrogels prohibits desired interactions with 

the cells of the surrounding tissues limiting their clinical efficacy. Here, we introduce a simple, 

cost-effective and highly biofunctional injectable macroporous hydrogel made of gelatin microgels 

crosslinked by microbial transglutaminase (mTG). Pores are created by the interstitial space 

among the microgels. A water-in-oil emulsion technique was used to create gelatin microgels of an 

average size of 250μm in diameter. When crosslinked with mTG, the microgels adhered to each 

other to form a bulk hydrogel with inherent pores large enough for cell migration. The viscoelastic 

properties of the porous hydrogel were similar to those of nonporous gelatin hydrogel made by 

adding mTG to a homogeneous gelatin solution. The porous hydrogel supported higher cellular 

proliferation of human dermal fibroblasts (hDFs) than the nonporous hydrogel over two weeks, 

and allowed the migration of hDFs into the pores. Conversely, the hDFs were unable to permeate 

the surface of the nonporous hydrogel. To demonstrate its potential use in wound healing, the 

gelatin microgels were injected with mTG into a cut out section of an excised porcine cornea. Due 

to the action of mTG, the porous hydrogel stably adhered to the cornea tissue for two weeks. 

Confocal images showed that a large number of cells from the cornea tissue migrated into the 

interstitial space of the porous hydrogel. The porous hydrogel was also used for the controlled 

release of platelet-derived growth factor (PDGF), increasing the proliferation of hDFs compared to 

the nonporous hydrogel. This gelatin microgel-based porous hydrogel will be a useful tool for 

wound healing and tissue engineering.
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1. Introduction

Due to their hydrophilic nature, hydrogels generally absorb a large quantity of water1, which 

makes them ideal materials to interface human tissues, such as in wound dressings2–5, 

contact lens6–10, drug delivery11–14, and tissue engineering15–19. Hydrogels can be made 

injectable through various in situ crosslinking mechanisms and conform to the irregular 

topography of the applied site20. This makes hydrogels an attractive option for use in wound 

healing applications.

Wound healing is a complex cellular and biochemical process, typically involving 

inflammation, new tissue formation, and remodeling phases21. When the wound size 

exceeds a critical value, or when the patient has compromised health conditions such as 

diabetes, proper wound healing process is seriously impeded. Biodegradable hydrogels 

applied to wounds can serve as a temporary matrix to facilitate the wound healing process. 

One of the major challenges regarding injectable hydrogels for such applications is the lack 

of inherent macropores to allow the migration of cells from neighboring tissue since the gel 

is formed on the wound site directly from a continuous liquid phase. The typical mesh size 

of hydrogels is a few nanometers to a few tens of nanometers22–23, which is orders of 

magnitude smaller than the dimension of cells (~10μm).

A number of methods have been developed to make macroporous injectable hydrogels in 

order to enhance the hydrogels’ ability to interact with surrounding cells. Hydrogels that are 

crosslinked in a frozen state can be thawed and made into a highly porous scaffold which 

can be injected through a needle and regain its original shape24–26. However, the shape of 

the hydrogel must be pre-determined and it is a challenge to tailor the shape of the hydrogel 

to the wound site. Injectable hydrogels that are formed by crosslinking biocompatible 

polymers with enzyme-sensitive peptides can also enable the migration of cells within the 
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hydrogel through the cleavage of peptides by the cell-secreted enzymes, such as matrix 

metalloproteinases (MMPs)27–30. Pores for cell migration are formed as the cells secrete 

MMPs and cleave the peptide crosslinkers. However, one drawback of this approach is that 

the mechanical integrity of the hydrogel can be compromised as its enzymatic degradation 

by the infiltrating cells progresses. Photocuring of gelatin-derived injectable hydrogels has 

been shown to result in inherent pore structures and to enhance wound healing31, but the 

pore size of such hydrogels is not large enough for rapid cell migration as can be 

demonstrated by the prolonged round morphologies of the cells when the cells are 

encapsulated in the hydrogel31–32. Another approach of forming macropores within the 

hydrogels is by assembling microgels. This idea has been explored for regenerative 

medicine33–36 and tissue engineering37–40. Recently, a novel injectable macroporous 

hydrogel using a microgel-assembly for accelerated wound healing was reported41. In this 

case, monodisperse polyethylene glycol (PEG) microgels were enzymatically crosslinked 

through cell adhesive peptides, creating macropores through the interstitial space among 

microgels. When applied to a rat skin wound model in vivo, this porous hydrogel induced 

more rapid cell migration and wound healing compared to the nonporous counterpart. Due 

to the inherent macropores, this formulation could also encapsulate cells in the pores and 

induce rapid cell spreading and proliferation within the hydrogel. However, this method 

requires a series of chemical modifications of synthetic materials to make the hydrogel 

bioactive and enzymatically curable.

In this research, we introduce an injectable macroporous hydrogel by annealing physically 

crosslinked gelatin microgels by an enzyme - microbial transglutaminase (mTG) (Fig 1). 

Gelatin is a natural protein derived from collagen, and various forms of gelatin hydrogels 

have been made for applications in wound healing in skin5, 42–44 or ocular tissues31, 45 due 

to its low cost and well-known bioactivity and biocompatibility. mTG creates covalent bonds 

between glutamine and lysine residues of gelatin, and forms covalent crosslinks between and 

within the gelatin microgels46. Similar to annealed PEG microgels, pores for cell migration 

are created by the interstitial space among the gelatin microgels. However, unlike the PEG-

based macroporous hydrogel, the gelatin-based macroporous hydrogel introduced herein 

displays inherent bioactivity for cell adhesion and proliferation without any chemical 

modifications of the raw materials, such as the use of cell adhesive peptides. We also 

demonstrate the macroporous hydrogel’s capability of controlled release of growth factors, 

which makes this novel formulation even more promising for the applications in wound 

healing.

2. Materials and methods

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

Microbial transglutaminase (mTG) was purchased from Ajinomoto (Fort Lee, NJ). Sterile 

phosphate buffer saline (PBS, pH 7.4) was purchased from Gibco (Carlsbad, CA). 

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin/

streptomycin, alamarBlue, actinRed 555, albumin–fluorescein isothiocyanate conjugate 

(FITC-BSA), and betadine were purchased from Invitrogen (Frederick, MD). The four-arm 

polyethylene glycol maleimide (20k) (PEG-MAL) was purchased from JenKem technology 

(Plano, TX). Human dermal fibroblasts (hDFs) were purchased from Lonza (Portsmouth, 
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NH). Platelet-derived growth factor BB (PDGF-BB) was purchased from Boster Bio 

(Pleasanton, CA). The fresh pig eyeballs were obtained from Frist Visiontech (Sunnyvale, 

Texas).

2.1. Microgel synthesis and mTG crosslinking

Gelatin microgel was prepared by the water-in-oil emulsion method described by Li et al.47. 

Briefly, gelatin (Type 1, from bovine and porcine bones) was dissolved in 20 mL deionized 

water at 50−55 °C to make 10% (w/v) solution. The gelatin solution then was added 

dropwise to 200 mL 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 additional 30 min with stirring to solidify the microgels 

by inducing physical crosslinking. 100 mL of precooled acetone (4 °C) was added into the 

mixture to precipitate the microgels with stirring for 30 min in the ice−water bath. The 

microgels were separated from the olive oil and acetone through vacuum filtration and 

further washed twice with 60 mL of precooled acetone. The microgels were lyophilized and 

kept dry until use. mTG at 20% (w/v) concentration in PBS was mixed with 10% (w/v) 

gelatin microgel in PBS at 1:5 ratio to form a porous hydrogel, or mixed with 10% (w/v) 

gelatin solution in PBS at 1:5 ratio to form a non-porous hydrogel. The final concentration 

of mTG and gelatin was 3.3% and 8.3%, respectively.

2.2. Rheological characterization

The viscoelastic properties of the porous hydrogel and non-porous hydrogel were 

characterized with a rheometer (TA Instruments AR 550, New Castle, DE). Either gelatin 

microgel solution or plain gelatin solution was mixed with mTG and placed under a plane 

stainless steel geometry (diameter = 2cm). The linear viscoelastic regime was first 

determined by a stress sweep. The gelation kinetics was observed by the time sweep, with an 

oscillatory stress of 1 Pa at 10 rad/s and 37°C. Once the gelation was completed, the 

frequency sweep was performed between 0.1 and 100 rad/s with an oscillatory stress of 1 Pa 

at 37°C. For the temperature sweep, temperature was changed from 4°C to 45°C with an 

oscillatory stress of 1 Pa at 10 rad/s.

2.3. Characterization of the gelatin microgels and porous hydrogel

The microgels were visualized with an optical microscope (EVOS XL, Life Technologies, 

Carlsbad, CA), and scanning electron microscope (SEM) (Tescan Lyra3 GMU FIB SEM, 

Brno, Czech Republic). For SEM, the microgels were lyophilized and coated with gold/

palladium to avoid charging. Size distribution of the microgels was obtained from the optical 

microscope and SEM images using ImageJ. After the porous hydrogel was formed, the 

detailed structure of the hydrogel was visualized with optical microscope, SEM, and 

confocal microscope (Nikon A1R HD, Melville, NY). For the SEM imaging, the hydrogel 

was dried by critical point drying. For the confocal microscopy, the porous hydrogel was 

formed from the microgels mixed with fluorescein isothiocyanate-labelled bovine serum 

albumin (FTIC-BSA) (0.1%).
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2.4. Enzymatic degradation of hydrogels

The kinetics of the enzymatic degradation of porous and nonporous gelatin hydrogels was 

obtained by incubating the hydrogels in collagenase type II solution (concentration = 0.5 

U/mL)48. At different time points (0h, 4h, 24 h), the hydrogels were collected, lyophilized 

and weighed to calculate the amount of degraded gelatin.

2.5. Human dermal fibroblast (hDF) culture on the hydrogels

Human dermal fibroblasts (hDFs) were cultured in T75 flasks using Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (pen/strep). The culture was performed in a humidified chamber 

with 5% CO2 at 37°C. Cells under passage 4 were used for all the experiments.

To test cellular proliferation on the hydrogels, the porous and non-porous hydrogels (600 

μL) were formed in 24-well plates, followed by sterilization in 70% ethanol overnight. 

Human dermal fibroblasts (hDFs) were seeded on the hydrogel surface with the seeding 

density of 1×104 cells/cm2. The media was changed twice a day. The proliferation of hDFs 

was measured by almarBlue on day 7 and 14 by measuring the fluorescence at 595 nm 

(excitation at 555 nm).

The three-dimensional distribution of hDFs in the hydrogels was visualized by confocal 

microscopy. After 14 days from the initial seeding, the samples were fixed in 4% 

formaldehyde in PBS overnight, and stained with actinRed 555 to stain the actin 

cytoskeleton of hDFs. The Z-section images were obtained using confocal microscope 

(Nikon A1R HD, Melville, NY) and 2D-projection, 3D images and cross-sectional images 

were obtained using ImageJ.

2.6. Application of the hydrogel to the porcine cornea tissues

Fresh pig eyeballs were sterilized by immersion in povidone-iodine and rinsing several times 

with sterile PBS. Cornea tissues were collected from the eyeballs using surgical scissors. A 

hole was created in the middle of the cornea using a biopsy punch (8 mm in diameter). The 

hole in the cornea was filled by injecting either gelatin microgel solution or plain gelatin 

solution with mTG to create porous or non-porous hydrogel, respectively. The assembly was 

incubated for 1 hour at 37°C for curing, after which DMEM supplemented with FBS and 

pen/strep was added. The tissue-hydrogel assembly was fed daily for 14 days before fixation 

in formaldehyde. The corneas were stained with actinRed555 and DAPI and imaged by 

confocal microscope.

2.7. Controlled release of FITC-BSA and platelet-derived growth factor (PDGF)

In order to understand the nature of protein loading in the porous hydrogel, the microgels 

were incubated in a FITC-BSA solution (100 μg/mL) for 48 hours at room temperature. 

After the supernatant was removed, the distribution of FITC-BSA within the microgels was 

visualized with a confocal microscope.

PDGF loading into the microgels was achieved using the same method except that the 

concentration of PDGF was reduced to 20 μg/mL. A PDGF-loaded porous hydrogel was 
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formed by mixing these microgels with unloaded gelatin microgels at 1:9 ratio (v:v) and 

crosslinking it using mTG. PDGF-loaded non-porous hydrogel was created by adding PDGF 

to a gelatin solution, which was crosslinked by mTG. After the hydrogels were formed, the 

release of PDGF was measured at day 1, 2, 3, 7 and 14 by enzyme-linked immunosorbent 

assay (ELISA).

2.8. hDF proliferation with the controlled release of PDGF from the hydrogels

hDFs were seeded on the 24 well plates with the seeding density of 1500 cells/cm2. On day 

2, PDGF-loaded porous and nonporous hydrogels were added to the cell culture through the 

transwell inserts with semi-permeable membranes. The proliferation of hDFs was measured 

by almarBlue assay on day 7.

2.9. Statistics

The data are presented as means ± standard deviation unless stated otherwise. The statistical 

significance of the difference among multiple sample groups was tested by ANOVA 

followed by Tukey’s post hoc test using Origin 8.1.

3. Results and Discussion

3.1. Characterization of gelatin microgels

The microgels were synthesized by the water-in-oil emulsion method. The size distribution 

of the dry microgels were measured by SEM images after lyophilization. The microgels 

were spherical in shape (Fig 2a) and polydisperse with the average diameter of 63 μm (Fig 

2b). When the microgels were dispersed in water, they swelled significantly (Fig 2c) to an 

average diameter of 253 μm (Fig 2d). The swelling ratio was 14.7. At 10% (w/v) 

concentration and at 37°C, gelatin microgels formed a viscous solution, making them 

injectable through a gauge 26 needle (Fig S1).

3.2. Formation and characterization of the macroporous hydrogel.

A bulk macroporous hydrogel was formed by annealing the gelatin microgels with mTG. 

When mixed with mTG, the microgel solution became more viscous over time (< 5 min) and 

eventually became a bulk gel. When viewed under the optical microscope, the assembly of 

spherical microgels within the hydrogel was evident (Fig S2). The SEM image clearly 

demonstrates a three-dimensional network of spherical microgels with void space between 

microgels (Fig 3a). Confocal microscope images of the hydrogel further confirmed these 

findings (Fig 3b). The pore size was mostly in the range of tens of microns, which is large 

enough for cell migration49. The porosity of the hydrogel was estimated to be 0.43 by the 

confocal microscope images. This value is in good agreement with the void fraction of 

random packing of spheres, which is around ~0.4 for various sphere size distributions and 

materials50.

Viscoelastic properties of the hydrogels were characterized to understand the nature of the 

crosslinks created by mTG (Fig 4, Fig S3). The time-sweep measurements show the kinetics 

of the covalent crosslinking by mTG. Both G’ and G’’ of the porous hydrogel (gelatin 

microgel + mTG) at t = 0 were higher than the nonporous hydrogel (gelatin solution + mTG) 
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because of the following two reasons: (i) Data collection for the porous hydrogel was more 

delayed than for the nonporous hydrogel (~3 min) due to the longer sample preparation time. 

(ii) In addition, gelatin concentration in the microgels was higher than that of the bulk 

gelatin solution because there was void space within the microgel solution even though its 

weight per volume concentration was the same (10%) as the bulk gelatin solution. In another 

recent study, the inclusion of gelatin microgels in a covalently crosslinked PEG hydrogel 

also resulted in a much higher initial G’ and G’’ in a time sweep47, although direct 

comparisons are difficult to be made due to the differences in the overall hydrogel structures. 

However, the final G’ values after 1 hour were comparable to each other (Fig 4a). G’ of the 

microgels without mTG remained unchanged due to the lack of chemical crosslinking, 

indicating the microgels alone without crosslinking by mTG do not form a bulk hydrogel.

Once the gelation was completed, G’ was measured as a function of temperature (Fig 4b). 

The temperature-sweep measurements provide more information about the nature of 

crosslinks. As temperature decreased, G’ increased for both porous and nonporous hydrogels 

due to the formation of physical crosslinks by hydrogen bonding. G’ of gelatin microgels 

without mTG also increased for the same reason. As the temperature increased, the physical 

crosslinks were weakened resulting in a continuous decrease in G’ for both the porous and 

nonporous hydrogels. This trend continued until ~30°C at which G’ reached a plateau at 

~3000 Pa. This is attributed to the presence of the covalent bonds created by the actions of 

mTG because covalent crosslinks by amide bonds in this temperature regime are stable. The 

fact that G’ of the porous hydrogel is comparable to that of the nonporous hydrogel indicates 

that the chemical crosslinking by mTG occurred within the microgels as well as between 

microgels. In comparison, G’ of microgels without mTG decreased until the microgels 

completely melted. The frequency sweep further confirmed that the viscoelastic properties 

of the porous hydrogel are similar to the nonporous hydrogel (Fig S3). The slight increase of 

G’ as a function of frequency is a characteristic of the hydrogels that are crosslinked both 

physically and chemically51.

3.3. Enzymatic degradation of the porous hydrogel.

It is essential that a hydrogel added to a wound is able to degrade over the course of the 

wound healing process. Gelatin can be degraded by many cell-secreted enzymes, such as 

collagenases and gelatinases52–53. When incubated in collagenase type II solution, the 

porous gelatin hydrogel degraded slightly slower than the nonporous hydrogel than the 

nonporous hydrogel (82% degradation for porous hydrogel vs 93% degradation for 

nonporous hydrogel at 24 hour) (Fig S4). However, there was no statistical significance of 

the difference (p = 0.198 at 4 hours and 0.086 at 24 hours). This result indicates that the 

porous gelatin hydrogel can serve as a temporary matrix during the wound healing process.

3.4. In vitro culture of human dermal fibroblasts (hDFs) on the hydrogels.

Bioactivity of the macroporous hydrogel was compared to the nonporous hydrogel by 

seeding hDFs on the surface of the hydrogels and monitoring cell proliferation over two 

weeks using alamarBlue assay (Fig 5). Proliferation of hDFs on the porous hydrogel was 

higher than on the nonporous hydrogel over the two-week period, and there was no 

statistical significance between the two groups at week 2. Various studies have shown that 
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mTG-crosslinked nonporous gelatin hydrogel supports cell adhesion and proliferation54–55. 

The fact that the macroporous gelatin hydrogel resulted in a higher cellular proliferation than 

the nonporous gelatin hydrogel proves its excellent bioactivity properties and its potential 

use in biological systems such as for wound healing. The excellent hDF proliferation on the 

gelatin macroporous hydrogel is comparable to the PEG-based macroporous hydrogel, 

which also supported robust proliferation of hDFs encapsulated in the hydrogel41. The 

advantage of using gelatin as a base material for the injectable macroporous hydrogel as 

opposed to other synthetic polymers is highlighted by comparing the proliferation of hDF on 

nonporous PEG hydrogel created by crosslinking maleimide functionalized 4-arm 

polyethylene glycol (20kDa) by dithiothreitol. Hydrogels made of synthetic polymers 

typically do not support cell adhesion or proliferation without chemical modifications with 

bioactive moieties, such as cell adhesive RGD peptides56–58. In contrast, the gelatin-based 

injectable porous hydrogel does not require any chemical modifications to promote cell 

adhesion and proliferation because of innate cell adhesive ligands, such as RGD, present in 

gelatin. The live/dead assay showed that the cells in both porous and nonporous hydrogels 

were viable (Fig S5).

When the hDFs were stained for actin cytoskeleton and visualized by confocal microscopy, 

some hDFs were found to grow beyond the first layer of the microgels despite the fact that 

all cells were initially added on the hydrogel surface (Fig 6a). This shows that the gelatin 

macroporous hydrogel not only supports cell adhesion and proliferation, but also allows cell 

migration through the pores. This is an important feature of the macroporous hydrogel 

because cell migration is an essential phenomenon during the wound healing process. In 

contrast, the cells on the nonporous gelatin hydrogel grew exclusively on the surface of the 

hydrogel (Fig 6b). Due to the small polymer mesh size, the hydrogel must be degraded first 

for the cell migration into the nonporous hydrogel47, which was not observed during the 

time frame of our study.

3.5. Application of the macroporous hydrogel to the porcine cornea ex vivo.

To test the feasibility of using this injectable porous hydrogel in facilitating cell migration 

and wound healing in a damaged tissue, we applied the hydrogel (without cells) to a freshly 

cut porcine cornea tissue. A small hole (8mm in diameter) was punctured in the middle of 

the cornea and the gelatin microgel solution or gelatin solution was injected into the hole 

with mTG to form a porous or nonporous hydrogel. The hydrogel stably adhered to the 

tissue through the action of mTG during the two weeks’ span of tissue culture (Fig 7a, b). 

On day 0, cells were found only in the cornea tissue as no cells were present in the hydrogels 

(Fig 7c, d). On day 14, the hydrogel phase was densely populated by the cells, mainly the 

corneal epithelial cells, that migrated from the cornea tissue (Fig 7e, f, Fig S6, Fig S7). As in 

the in vitro culture of hDFs, cells were found not only on the hydrogel surface but also 

inside the void space of the porous hydrogel, whereas migrated cells were found exclusively 

on the surface of the nonporous hydrogel (Fig S8). The live/dead assay showed that the 

majority of the cells in the cornea tissue and the hydrogels (both porous and nonporous) 

were viable (Fig S9).
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It should be noted that the current form of porous gelatin hydrogel can only be used for 

small-sized peripheral corneal wounds due to its low transmittance in the visible range (~ 

30 %). In this study, porcine cornea was chosen as a model tissue for their ready 

accessibility and ease of tissue culture59–60. Considering the necessity of porous structure 

for the facilitated cell migration and wound healing41, our results point to the potential of 

this porous hydrogel formulation being used to facilitate the wound healing process in non-

ocular tissues (e.g. skin) as well by allowing cell migration and proliferation within the 

hydrogel.

Another limitation of the current formulation for the clinical applications is a relatively slow 

curing time by mTG (~ 30 min). Potential solutions to address this issue are (i) the use of a 

composite material between gelatin and alginate61for microgels, which can be rapidly 

crosslinked by calcium, followed by the covalent crosslinking by mTG, and (ii) the 

incorporation of photocurable gelatin (e.g. methacrylated gelatin62) in the microgels 

followed by UV crosslinking.

3.6. Controlled release of platelet-derived growth factor (PDGF) from the macroporous 
hydrogel.

Various growth factors play essential roles during the wound healing process. For example, 

platelet-derived growth factor (PDGF) is released during wound healing and induces the 

proliferation of fibroblasts for the secretion of a new extracellular matrix (ECM)63–65. An 

ideal hydrogel formulation to facilitate wound healing, therefore, should have the capability 

of controlled release of growth factors.

Hydrogels are ideal materials for the controlled release of protein drugs11, 66–67 because the 

hydrated environment of the hydrogels allows the proteins to maintain their native 3D 

structures and functions68. For the characterization of the nature of protein loading in the 

gelatin microgels, the gelatin microgels were incubated with FITC-labeled bovine serum 

albumin (FITC-BSA) for 48 hours to induce diffusion-driven loading of the protein in the 

microgels. The proteins were found mainly on the surface of the microgels as the diffusion 

of the protein occurred through the surface (Fig S10).

Human PDGF was loaded in the microgels in the same way as FITC-BSA. The PDGF-

loaded microgels were crosslinked by mTG to form a PDGF-loaded macroporous hydrogel. 

PDGF was loaded in the nonporous hydrogel by mixing PDGF with the gelatin solution 

before crosslinking with mTG. For both hydrogels, the overall release of PDGF was 

inefficient over two weeks (13% and 9% release of the initial loading from the porous and 

nonporous hydrogel, respectively) (Fig 8). The reason for such inefficient release is likely 

due to covalent immobilization of PDGF to the hydrogels by the action of mTG during the 

crosslinking process. Covalent attachment of proteins within the hydrogel during the 

crosslinking process is common for the covalently crosslinked injectable hydrogels69. It is 

also known that the positively charged growth factors are strongly bound to the negatively 

charged gelatin hydrogels, making the growth factor release inefficient even if the loading is 

performed after the covalent crosslinking of the hydrogel70. Nonetheless, the porous 

hydrogel released a higher amount of PDGF at a steadier rate than the nonporous hydrogel. 

Considering that the gelatin hydrogels degrade in the presence of collagenases and there 
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exist various kinds of collagenases and gelatinases in vivo71, we expect that the growth 

factor release from the gelatin hydrogels will be more efficient in vivo with the degradation 

of the hydrogel72.

When the PDGF was released into the culture medium of hDFs for two weeks through semi-

permeable membranes (Fig 9a,b), the cellular proliferation increased by 1.3 times for the 

porous hydrogel when compared to the culture without PDGF (Fig 9c) (p = 0.039). No 

significant differences were observed at earlier time points. PDGF release from the 

nonporous hydrogel also increased the proliferation of hDFs, but there was no statistical 

significance compared to the culture without PDGF (p = 0.900).

4. Conclusion

Addition of mTG to gelatin microgels induced covalent crosslinks within and between 

microgels, forming a bulk network of macroporous hydrogel. This injectable hydrogel did 

not require any chemical modification before the gelation. The hydrogel was noncytotoxic to 

hDFs and allowed adhesion and proliferation of hDFs on the hydrogel surface and cell 

migration into the hydrogel pores. Upon injection into a hole in porcine corneal tissue, a 

large number of cells from the surrounding cornea tissue migrated to the porous hydrogel 

and proliferated both on the surface and in the pores of the hydrogel. Controlled release of 

PDGF over two weeks was achieved using this hydrogel, which enhanced the proliferation 

of hDFs. Although we did not show the facilitated wound healing in vivo, the fact that this 

simple and low-cost hydrogel allows the cellular adhesion and migration into the porous 

structure indicates its potential applications in wound healing and tissue engineering.
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Figure 1: 
Schematic diagram of the microgel synthesis and the formation of porous hydrogel by 

crosslinking gelatin microgels with mTG. mTG crosslinks gelatins within the microgels and 

between microgels by creating amide bonds between glutamine (Glu) and lysine (Lys) 

residues.
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Figure 2: 
Gelatin microgels. a) SEM image of lyophilized (dry) microgels. b) Size distribution of the 

dry microgels. The average diameter of the dry microgels was 63μm (± 34μm). c) Optical 

microscope image of the gelatin microgels after swelling in PBS. d) Size distribution of the 

microgels after swelling. The average diameter was 253μm (± 155μm).
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Figure 3: 
3D structure of the porous hydrogel made of the crosslinked gelatin microgels. a) SEM 

image of the porous hydrogel after critical point drying. b) 3D rendition of the confocal 

microscope images of the porous hydrogel. Green fluorescence was obtained by the 

inclusion of FITC-BSA in the microgels.
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Figure 4: 
Rheological characterization of the hydrogels. a) Time sweep. b) Temperature sweep. Data 

are means with standard deviation (n = 3). Red: gelatin microgels + mTG (= macroporous 

hydrogel). Blue: gelatin solution + mTG (nonporous hydrogel). Green: gelatin microgels.
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Figure 5: 
hDF proliferation on the hydrogels. Proliferation measured by alamarBlue assay was 

normalized to the proliferation on tissue culture polystyrene (TCPS). The data are means 

and standard deviation (n = 4, *p<0.05).
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Figure 6: 
Maximum intensity projection of confocal microscope images a) porous hydrogel b) 

nonporous hydrogel. Actin cytoskeleton of hDFs was stained with actinRed555. The insets 

on the right and at the bottom of each image are the cross-sectional images corresponding to 

the vertical and horizontal dotted lines, respectively. The white arrows in the insets indicate 

the cells that grew underneath the microgels through the interstitial space.
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Figure 7: 
Tissue adhesion of the porous and nonporous gelatin hydrogels and cell migration. Porous 

(a) and nonporous (b) hydrogels were injected into a hole in an excised porcine cornea and 

were cultured for 14 days. The hydrogels stably adhered to the cornea tissues during that 

period. The cornea tissues turned opaque during the culture. (c, d) Confocal microscope 

images of the cornea-hydrogel interface of the porous (c) and nonporous (d) hydrogels on 

day 0. (e, f) day 14. Actin cytoskeleton was stained red using actinRed555. Dotted lines 

indicate the cornea-hydrogel interface with the arrows indicating the direction from cornea 

to hydrogel. The scale bar for (a, b) is 5 mm and for (c-f) is 200 μm.
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Figure 8: 
Cumulative release profile of PDGF from the hydrogels. The initial loading was 1.6 μg in 

250 μL hydrogel. (n = 4)
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Figure 9: 
hDF proliferation with the controlled release of PDGF from the hydrogels. a) Schematic of 

the experimental design for (a) porous and (b) nonporous hydrogels. c) Relative proliferation 

at day 14. The proliferation was normalized to that of porous hydrogel without PDGF (n =4, 

*p<0.05)
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