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ABSTRACT 

INJECTABLE MACROPOROUS HYDROGEL FOR WOUND HEALING AND TISSUE 

ENGINEERING 

BY 

SHUJIE HOU 

University of New Hampshire, May, 2019 

Injectable hydrogels can be useful for facilitating wound healing and tissue engineering 

since they can serve as a temporary matrix during wound healing or tissue engineering processes. 

However, lack of pore structures in most injectable hydrogels limits cell infiltration and 

spreading. Here, an injectable macroporous hydrogel system was developed by crosslinking 

preformed microgels. By this approach, pores were created in the interstitial spaces between 

microgels, allowing cell infiltration and spreading.  

Gelatin macroporous hydrogel was first tested for wound healing. The average size of the 

gelatin microgel was 250 µm in diameter. When mixed with microbial transglutaminase (mTG), 

the microgels adhered to each other forming macroporous hydrogel. 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. In contrast, hDFs were unable to permeate the 

surface of the nonporous hydrogel. Next, to demonstrate potential use in wound healing, 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 corneal tissue for two weeks. Confocal 

microscope images showed that a large number of cells from the corneal tissue migrated into the 
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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. Thus, this gelatin macroporous hydrogel has much potential as a 

useful tool in wound healing applications. 

The gelatin macroporous hydrogel system was also tested for use in tissue engineering 

applications. Multiple cell types were encapsulated and tested for viability in this hydrogel 

system including hDFs, adipose-derived stem cells (ADSCs), human umbilical vein endothelial 

cells (HUVECs), and HL-1 cardiac muscle cell line (HL-1). In all cases, encapsulated cells were 

shown to be viable. With ADSCs, the macroporous hydrogel was shown to enhance osteogenic 

differentiation; with HUVECs, the macroporous hydrogel promoted cell connections important 

for neovascular formation; and with HL-1, macroporous hydrogel enhanced gap junction 

formation, important for proper heart muscle function. Considerable potential, therefore, also 

exists for this gelatin macroporous hydrogel system to be applied in tissue engineering 

applications.  

However, gelatin macroporous hydrogel has a disadvantage of slow curing which would 

tend to make it unsuitable in clinical applications. To obviate this problem, the system was 

optimized by inducing photocrosslinking of gelatin methacryloyl (GelMA) in conjunction with 

the enzymatic crosslinking of gelatin by mTG. The gelatin and GelMA composite 

(Gelatin/GelMa) microgels with mTG, photoinitiator, and hDFs, can be crosslinked in 2.5 mins 

with ultraviolet (UV) irradiation. The photoinitiator concentration was also optimized to 

maintain rapid curing while minimizing cytotoxicity. In conclusion, this injectable biodegradable 

Gelatin/GelMA macroporous hydrogel system exhibited rapid gelation, maximal bioactivity for 
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encapsulated cells, and capability for tissue adhesion, making it appropriate for use in tissue 

engineering applications.
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Chapter 1: 

Introduction 
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Hydrogel is a highly versatile material which has found numerous applications in medicine and 

biotechnology. Hydrogels can be made of many different materials and formed by different 

crosslinking mechanisms depending on the application. The scope of hydrogel-based research is 

vast and is still expanding. The main focus of this thesis is injectable macroporous hydrogels and 

their potential applications in wound healing and tissue engineering.  

Here is an overview of this thesis. 

In Chapter 2, a literature review on the latest advancements in hydrogel research is provided. I 

start with a general discussion of the materials and crosslinking mechanisms of hydrogels. The 

focus is then narrowed to injectable hydrogels, and the major limitations of the current injectable 

hydrogels for medical and biotechnological applications are discussed. As a conclusion to the 

chapter, the motivation of my research is provided. 

In Chapter 3, a novel injectable macroporous hydrogel for wound healing is introduced.  A 

highly porous bulk hydrogel was formed by assembling and curing spherical microscale gelatin 

hydrogels, called gelatin microgels. The curing process was achieved by enzymatic actions by 

microbial transglutaminase (mTG). Macropores were formed from the interstitial space between 

microgels. I demonstrate that this simple and cost-effective method can significantly enhance the 

interactions between human cells and the hydrogel. A potential application of this formulation 

for wound healing is demonstrated using an ex vivo model.   

In Chapter 4, I demonstrate that this novel injectable hydrogel can be used to encapsulate various 

mammalian cells for tissue engineering and cell delivery applications. Examples include the 

encapsulation of human dermal fibroblasts (hDFs), human adipose-derived stem cells (ADSCs), 

and a mouse cardiomyocyte cell line (HL-1). Differences in cellular responses between culture in 
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the macroporous hydrogel and that in traditional nonporous hydrogels are highlighted in the 

context of tissue engineering applications.  

In Chapter 5, composite microgels made of gelatin and gelatin methacryloyl (GelMA) are 

introduced. These microgels were developed to overcome the slow curing speed (~1 hour) of the 

gelatin-based microgels. By employing a dual crosslinking mechanism – UV 

photopolymerization of GelMA and mTG crosslinking of gelatin – rapid curing (~ minutes) of 

the microgels and tissue adhesion to the resulting hydrogel are demonstrated. I demonstrate that 

this composite formulation increases the clinical relevance of the microgel-based hydrogel. 

Future work is presented in Chapter 6.  
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Literature Review  
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2.1 Materials for Hydrogel 

Hydrogel is a crosslinked network of hydrophilic polymers 1. Hydrogels have found numerous 

applications in medicine and biotechnology as materials to interface with human cells and tissues 

due to its high water content, matching the physiological conditions of human tissues 2. Both 

natural and synthetic polymers can be used to make hydrogels. Natural materials that can be 

made into hydrogels include (i) proteins such as collagen, gelatin, elastin, and silk fibroin, and 

(ii) polysaccharides such as alginate, chitosan, and hyaluronic acid (HA). Natural polymers in 

general have the advantage of possessing the inherent biological signals and functions that favor 

interactions with cells. However, it is often not easy to control the mechanical and chemical 

properties of hydrogels made from natural polymers due to batch-to-batch chemical variance of 

natural polymers 3. Synthetic polymers, on the other hand, allow more precise control of the 

material properties of the hydrogel. Examples include polyethylene glycol (PEG), poly(vinyl 

alcohol) (PVA), poly(N-isopropylacrylamide) (PNIPAAm), and poly(2-

hydroxyethylmethacrylate) (pHEMA). Copolymers of different polymers can result in improved 

mechanical properties or stimuli-responsiveness. However, most synthetic materials do not 

exhibit bioactivities and require further modifications with peptides or proteins.  

2.1.1. Natural polymers 

Collagen is the main component of extracellular matrix (ECM), which is the basic scaffolding 

for cellular growth in tissues 4. The structure of collagen consists of three polypeptide chains 

twisted together to form a triple-helical structure 4. As a main component of ECM of most 

tissues, collagen contains amino acid sequences, such as arginine-glycine-aspartic acid (RGD), 

that promote cell adhesion and proliferation 5. It is also degradable via proteinases, specifically 
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collagenase; therefore, hydrogels made of collagen naturally degrade in the body by the action of 

collagenases secreted by cells 6.  Collagen can be covalently crosslinked by UV, without any 

chemical modifications, in the presence of riboflavin (vitamin B12), which acts as a 

photoinitiator 7. This method was used to encapsulate fibrochondrocytes for the regeneration of 

meniscus tissue. One disadvantage of collagen-based hydrogels is low mechanical strength due 

to low collagen solubility in water 8. In addition, there is a potential risk of immunogenicity 

when used in vivo 9. 

Gelatin, which is obtained by partial hydrolysis of collagen, is less immunogenic than collagen 

while retaining important biological functions of collagen, such as promoting cell adhesion 

through the RGD sequence 10, which has been utilized for coating substrates for in vitro cell 

cultures 11. Gelatin has a much higher solubility in water than collagen, which makes it much 

easier to handle 12. In addition, high polymer concentration of gelatin can result in a 

mechanically more stable hydrogel than collagen. Gelatin contains high occurrences of amino 

acids with useful chemical functional groups (e.g. primary amines, carboxyls) for facile chemical 

modifications. Substituting the primary amines of lysine residues with methacryloyl groups 

results in gelatin methacryloyl (GelMA), which is widely used in tissue engineering and 

regenerative medicine due to its rapid gelation by UV irradiation 13-16. Similar to collagen, 

gelatin hydrogels can be degraded by collagenases 17.  

Silk fibroin is a protein isolated from silk cocoons by removing sericin. 18. An aqueous solution 

of silk fibroin is readily crosslinked to form a hydrogel by the formation of β-sheets using 

various external stimuli including heat 19, solvent exchange 20, and shear stress 21. Silk fibroin has 

been widely used as a biomaterial due to its excellent mechanical properties, biocompatibility, 

and bioinertness. Sun et al. modified silk fibroin hydrogel with a cell adhesive peptide 
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(isoleucine–lysine–valine–alanine– valine (IKVAV)), a sequence derived from laminin, and 

demonstrated that it improved the survival of encapsulated neural stem cells (NSCs) and their 

neuronal differentiation 22.  

 

Figure 2.1: Chemical structures of the natural materials a) alginate, b) chitosan, and c) hyaluronic 

acid (HA). 

 

Alginate (Fig. 2.1a) is a naturally derived polysaccharide from algae, which contains units of (1-

4)-linked -D-mannuronic acid and -L-guluronic acid 23. It is a widely used material due to its 

excellent biocompatibility, biodegradability, and low toxicity 24. The carboxyl groups on the 

backbone of alginate allow facile chemical modifications with biofunctional moieties, such as 

cell adhesive ligands. In addition, the carboxyl groups enable the rapid formation of an ionically 

crosslinked hydrogel upon addition of multi-valent cations, such as Ca2+ or Mg2+ 25.  Utilizing 

this simple mechanism, Tabriz et al. reported that an alginate solution could be 3D-printed along 

with human cells, thus demonstrating the potential for 3D printing-based tissue engineering 26. 

Alginate can be chemically modified to make mechanically more stable hydrogels. García-

Astrain and Avérous utilized furan-modified alginate, crosslinked by a Diels-Alder reaction that 

had no side reactions and created no toxic conditions. This covalently crosslinked alginate 

hydrogel was used for a controlled release of vanillin, a small molecule drug 24.  

Chitosan (Fig. 2.1b) is a linear polysaccharide which is produced by deacetylation of chitin, a 

polymer derived from glucose 27. Chitosan has been shown to support cell adhesion and 
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proliferation 28, and is also biodegradable by human enzymes such as lysozyme 29. Kim et al. 

produced a degradable hydrogel based on a chitosan-lysozyme pairing. Methacrylated glycol 

chitosan and methacrylated lysozyme were photocrosslinked and bone marrow stromal cells 

(BMSCs) were encapsulated. This hydrogel could be degraded in a cell-independent manner via 

lysozyme degradation of chitosan. The viability of the cells was well maintained and cell 

osteogenic differentiation was enhanced by the presence of lysozyme 30. Chitosan-based 

hydrogels can also be made pH-responsive by modifications that convert chitosan to a 

polyampholyte, a polymer carrying oppositely charged groups on its chain. In this form, a pH 

higher than the isoelectric point induces the polymer’s self-assembly by electrostatic 

complexation31-32. Due to the primary amines in the chitosan structure, which is cause it to be 

crosslinked with ironic interaction, chitosan can be crosslinked by the addition of multi-valent 

anions such as tripolyphosphate (TPP) 33 or alginate 34. 

HA (Fig. 2.1c) is a natural glycosaminoglycan (GAG) which occurs in the ECM of connective 

tissues 35. It is biocompatible and allows cell adhesion, cell migration, proliferation, 

differentiation, and angiogenesis 36. Luo et al. developed a fast curing HA hydrogel based on a 

reaction between azide and aldehyde and used this hydrogel for the enzyme-triggered release of 

various small molecule drugs including hydrocortisone, prednisolone, cortisone, dexamethasone, 

and prednisone 35. Han et al. reported a HA-based in situ cell encapsulation system for cartilage 

regeneration. HA was crosslinked by click chemistry between cyclooctyne and azide in the 

presence of chondrocytes. The chondrocytes encapsulated in this HA hydrogel generated a 

cartilaginous tissue both in vitro and in vivo 37. 
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2.1.2 Synthetic material 

 

Figure 2.2: Chemical structures of the synthetic materials a) PEG, b) PNIPAAm, c) PVA, and d) 

pHEMA 

 

PEG (Fig. 2.2a) is one of the most widely used synthetic polymers for hydrogels. PEG is an inert 

and non-degradable polymer and does not have functional groups that can be crosslinked for 

gelation under physiological conditions. However, the excellent biocompatibility of PEG 

propelled the development of several methods of chemical modifications for crosslinking 38-39, 

cell adhesion, and enzymatic degradation 39-40. Henise et al. reported a PEG hydrogel-based drug 

delivery system utilizing multi-arm PEG (8-arm). Four arms of the 8-arm PEG were used to 

attach drug molecules through a fast-degrading linker while the other 4 arms were used to 

crosslink the PEG molecules through a slow-degrading linker. By adjusting the degradation rates 

of the linkers, the drug release rate and the hydrogel degradation rate could be controlled 40. 

Sridhar et al. developed matrix metallopeptidase (MMP)-sensitive biodegradable PEG-based 

hydrogel by crosslinking 4-arm PEG amide with the thiol of a peptide linker derived from 

collagen, KCGPQG↓IWGQCK (where the arrow indicates cleavage site, which can be cleaved 

by MMP-8 and MMP-13 secreted by chondrocytes), and transforming growth factor beta 1 

(TGF-β1). In this hydrogel, a mixture of mesenchymal stem cells (MSCs) and chondrocytes was 

encapsulated. Timely degradation of the hydrogel by the encapsulated cells yielded a 

cartilaginous tissue in vitro as shown by collagen distribution 39. 
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PNIPAAm (Fig. 2.2b) is a biocompatible and thermosensitive polymer, exhibiting a lower 

critical solution temperature (LCST), which means an aqueous solution of PNIPAAm undergoes 

a phase transition to a physically crosslinked hydrogel at a temperature higher than its LCST 41. 

This phase transition is caused by the increased thermal energy of water molecules and enhanced 

hydrophobic interactions among the polymer molecules. This useful thermal property of 

PNIPAAm has led to the development of many stimuli responsive hydrogels for drug delivery 

and in vitro cell culture 42. Ekerdt et al. synthesized a composite polymer from HA and 

PNIPAAm which formed a thermo-reversible hydrogel. This HA-PNIPAAm composite solution 

was able to encapsulate human pluripotent stem cells (hPSCs) when heated to 37 °C and the 

recovery of cells could be achieved simply by ‘melting’ the hydrogel at a low temperature 43. 

PVA (Fig. 2.2c) is a biocompatible and non-toxic hydrophilic polymer 44. It can be physically 

crosslinked via phase separation caused by hydrogen bond and hydrophobic interactions to form 

a hydrogel using freeze-thaw processes, or by chemical crosslinking with aldehydes. In some 

examples, PVA was made into a hydrogel by photopolymerization 45.  Chen et al. developed a 

PVA-based nanosized hydrogels (nanogels) which could be degraded at low pH (5.0) through the 

acetal linkages. These nanogels were used to encapsulate and release paclitaxel in the acidic 

cancer microenvironment 46.  

pHEMA (Fig. 2.2d) is another widely used polymer for hydrogels. When crosslinked by various 

radical polymerization methods, pHEMA forms a soft, flexible, and optically transparent 

hydrogel 47. The major application of pHEMA hydrogels has been in contact lenses. Further 

chemical modifications can make pHEMA hydrogels into therapeutic contact lenses for various 

ocular diseases 48.  
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2.1.3. Copolymers 

Hydrogels made of copolymers of different polymers often result in enhanced mechanical or 

chemical properties. A popular form of copolymer used in biofunctional hydrogels is a triblock 

copolymer containing hydrophilic and hydrophobic polymers, such as polyethylene oxide 

(PEO)-polypropylene oxide (PPO)-PEO (Pluronic), poly(lactic-co-glycolic acid) (PLGA)-PEG-

PLGA, PEG-poly-L-lactide (PLLA)-PEG, polycaprolactone (PCL)-PEG-PCL, 

poly(caprolactone-co-lactide) (PCLA)-PEG-PCLA, and PEG-PCL-PEG, which exhibit 

temperature-triggered gelation above LCST 49-50. They can first assemble into micelles and 

bridged micelles at low temperatures, and then further gelation proceeds by the ordered packing 

of bridged micelles at higher temperature 38, 51.  

2.2. Crosslinking Mechanisms for Hydrogels  

A hydrogel is a crosslinked network of hydrophilic polymers. Uncrosslinked hydrophilic 

polymers will fully disperse in water, instead of forming a hydrogel. Crosslinking can largely be 

categorized into physical (non-covalent) and chemical (covalent) crosslinking. Physical 

crosslinking includes thermal crosslinking, ionic crosslinking, β‐sheet formation, and specific 

biological recognitions including leucine zipper self-assembly, and DNA hybridization, while 

chemical crosslinking includes photopolymerization, Michael-type addition, carboxyl-to-amine 

crosslinking, small molecule crosslinking, and enzymatic crosslinking.  

2.2.1. Physical crosslinking 

Physical crosslinking methods are often used due to their reversible nature and fast curing speed.  

They are very useful for in situ gelation, which means that a polymer solution is crosslinked to 

form a hydrogel on site 52.  
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One of the common physical crosslinking mechanisms is a temperature change, which is called 

thermal crosslinking. The most common thermal crosslinking utilizes LCST 53 as explained 

earlier. Another kind of thermal crosslinking is based on the upper critical solution temperature 

(UCST) 54. In this case, hydrogel is formed at lower temperatures than UCST. Gelatin, for 

example, is physically crosslinked at a low temperature and melts beyond the UCST.  

Ionic crosslinking can be applied to polymers that have net charges; when oppositely charged 

molecules are present, the polymers can be crosslinked by the ionic interactions. Ionic 

crosslinking of alginate by divalent cations, such as calcium (Ca2+) and magnesium (Mg2+), has 

been widely used for rapid gelation 25. On the other hand, chitosan is a positively charged 

polymer, and can be crosslinked by negatively charged ions, such as TPP or alginate 33-34.  

β‐sheet formation is produced by packing of hydrophobic groups in repeat units of the primary 

protein structure, which leads to both intra- and intermolecular crystallization structures 55. Silk 

fibroin can be crosslinked by β‐sheets, held together by hydrophobic interactions within 

polypeptide segments containing repeated hydrophobic residue units.  

A leucine zipper is a pair of self-assembling alpha-helical peptides containing periodic leucine 

residues. The self-assembly of the hydrogel is driven by hydrophobic interactions. Leucine 

zippers can be incorporated into polymers and used as a crosslinking mechanism to form 

reversible hydrogels 56-58. 

Deoxyribonucleic acid (DNA) hybridization is a reversible self-assembly between two DNA 

strands of complementary sequences based on guanine-cytosine (G-C) and adenine-thymidine 

(A-T) pairs. Hydrophilic polymers can be modified with DNA strands and crosslinked through 
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specific DNA hybridization. This crosslinking method has been used to create fast curing, shape-

memory, and self-healing hydrogels 59. 

2.2.2. Chemical crosslinking 

Chemical crosslinking involves covalent bond formations between polymer chains. Covalent 

bonds are irreversible and usually result in more mechanically stable hydrogels.  

Photopolymerization is one of the widely used crosslinking mechanisms due to its short gelation 

time and possibilities for in situ gelation. It is normally initiated by UV irradiation, resulting in 

free radicals being generated by photoinitiators and then propagation of radical polymerization. 

In general, polymers are conjugated with acrylate or methacrylate groups for 

photopolymerization 60-61. This method of crosslinking has been applied to many polymers such 

as pHEMA 60, collagen 62, gelatin 61, PEG 63, PVA 46, and PNIPAAm 64. However, due to the 

cytotoxicity of the photoinitiator and the free radicals, it can be harmful for cells, leading to low 

cell viability. To reduce the cytotoxicity of the photopolymerization process, anti-oxidants (e.g. 

ascorbic acid) can be added during polymerization 65-66.   

Michael-type addition refers to electron-deficient olefins (e.g. vinyl sulfone, maleimide) reacting 

with electron-rich nucleophilic compounds (e.g. thiol) 67-68. The significance of this method is 

that there is no side product formation during the reaction. Most of the Michael-type addition 

processes can occur in physiologically relevant conditions and are minimally cytotoxic 69-70.  

Stewart et al. developed a PEG hydrogel by utilizing the Michael-type addition between vinyl 

sulfone and thiols as a crosslinking mechanism to encapsulate NIH 3T3 Mus musculus 

fibroblasts to be used as synthetic ECM 71. 
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Carboxyl-to-amine crosslinking is linking carboxylic acids to primary amines to form amide 

bonds 72-74. This is normally achieved by activating the carboxyl group with the water-soluble 1-

ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), which forms an o-

acylisourea intermediate that reacts with a primary amine to form an amide bond 75. One 

disadvantage of this method is cytotoxicity 76, and it cannot be used in the presence of cells 77. 

Enzymatic crosslinking is widely used for hydrogels due to its biocompatibility. 

Transglutaminase crosslinks proteins and peptides by creating an amide bond between glutamine 

and lysine residues. Collagen 78 or gelatin 79 can be crosslinked to form a hydrogel by the 

addition of transglutaminase. Horseradish peroxidase (HRP), which catalyzes the crosslinking of 

polymer-phenol conjugates in the presence of hydrogen peroxide (H2O2) 
80, has been used for 

crosslinking silk fibroin 81 and HA 82.  

2.3. Applications for Hydrogels 

Due to its high water content and general biocompatibility, hydrogel has been used for 

applications in medicine and biotechnologies including drug delivery, contact lens, wound 

healing, and tissue engineering. 

2.3.1. Drug delivery 

Hydrogel is a particularly appealing drug delivery system for proteins and peptides 83. Unlike 

hydrophobic polymer-based drug delivery systems in which proteins can denature, proteins can 

retain their 3D structures in the well-hydrated hydrogel space. Small molecule drugs can also be 

delivered from hydrogels. Inclusion of drugs in hydrogels protects the drugs from degradation 

and increases their bioavailability 84. Controlled release of drugs from hydrogels can be achieved 

by two types of mechanisms. (1) Drugs can be loaded in the hydrogel and only slowly released 
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because of increased mass transfer resistance by the polymer meshes 7. To further delay the 

release and the initial burst release, ionic interactions can be utilized as well 85-86. In these cases, 

drug release is achieved by passive diffusion. (2) Drug release from the hydrogels can also be 

achieved by environmental stimuli. Examples include the enzymatic degradation of hydrogels 40  

and temperature change-induced structural changes of hydrogels 87. 

2.3.2. Contact lens 

Hydrogel has been a choice material for contact lenses due to its high water content, optical 

transparency, and good mechanical strength 88-90. Drug delivery or other therapeutic functions 

can be added to hydrogel-based contact lenses to treat ocular diseases. Malakooti et al. 

developed a pHEMA hydrogel-based contact lens for the controlled release of Polymyxin B, a 

lipopeptide antibiotic 91. 

2.3.3. Wound healing 

The human body has a capacity to repair damaged tissues. A natural wound healing process 

usually involves blood clot formation (hemostasis), clearance of pathogens by the innate immune 

cells (inflammation), migration and proliferation of fibroblasts (proliferation), and restoration of 

the tissue (tissue remodeling) 92. The initial blood clot serves as a temporary matrix for the tissue 

remodeling and contains many chemokines and growth factors to attract innate immune cells and 

fibroblasts for the complete healing. However, when the wound is larger than a critical size or 

when the patient is under special health conditions (e.g. diabetes), the natural healing can be 

compromised 93. To accelerate the wound healing process for such adverse cases, use of 

hydrogels has been suggested due to their similarity to the natural tissue microenvironment. 

Biodegradable hydrogels, when applied to the wound site, can serve as a temporary scaffold 
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allowing cell migration and proliferation for the tissue remodeling process 94. Various growth 

factors can be incorporated in the hydrogel to mimic the microenvironment of tissue repair and 

further enhance the healing process. Examples of growth factors, incorporated in the hydrogels 

for wound healing, include platelet-derived growth factor (PDGF), transforming growth factor 

beta (TGF-β), epidermal growth factor (EGF), and fibroblast growth factor (FGF) 95. To conform 

to the irregular topography of wounds, injectable hydrogel formulations are highly desired. 

2.3.4. Tissue engineering 

Tissue engineering aims to build a functional tissue in the laboratory to overcome the lack of 

donor organs/tissues for transplantation 96. Tissue engineering utilizes a combination of a cell 

population of the target tissue dispersed in a 3D space of a biodegradable scaffold as an artificial 

ECM. Biological signals, such as cell adhesive ligands and growth factors should be 

incorporated as well. Hydrogel has been a popular choice for the artificial ECM due to its 

hydrated microenvironment mimicking the native tissue 97. 

Cells can be introduced in the 3D hydrogel space in two ways: (1) cells can be added into the 3D 

space of a preformed hydrogel either by direct injection into multiple locations within the 

hydrogel or by promoting cell migration from the exterior, and (2) cells can be encapsulated in 

the hydrogel by mixing the cells in a polymer solution prior to the gelation process 98. An 

advantage of the first approach is there are far fewer restrictions on the crosslinking mechanisms 

for gelation because cells are added after the hydrogel has formed. Cytotoxic processes can still 

be used as long as toxic reactants and side products are removed before the addition of cells. 

Therefore, chemical and mechanical properties of the final hydrogel can be tuned more easily. 

However, achieving full dispersion of the cells in the hydrogel space is not trivial. The injection 
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process can also damage the hydrogel structure. There can be significant shape mismatch 

between the preformed hydrogel-cell construct and the target tissue. The second approach 

utilizes an injectable hydrogel formulation, which is initially an aqueous polymer solution and 

can be mixed with a cell suspension. Crosslinking of polymers in the presence of cells results in 

a hydrogel with cells well-dispersed in the 3D hydrogel phase. Due to the injectable nature of 

this approach, the incorporation of the hydrogel-cell construct may not require an incision. The 

crosslinking process, however, needs to be non-cytotoxic. 

2.4. Limitations of Current Injectable Hydrogels  

The main theme of this thesis is the creation of injectable hydrogels for wound healing and tissue 

engineering. One of the major limitations of most injectable hydrogels for such applications is 

lack of macropores. In wound healing, migration of host cells into traditional nonporous 

hydrogels is severely delayed, making those injectable formulations ineffective. In tissue 

engineering, injectable hydrogels can be used to encapsulate cells during the gelation process, 

achieving good dispersion of the cells within the 3D space. However, due to the lack of 

macropores, the encapsulated cells are trapped in the polymer mesh, preventing the cells from 

spreading and proliferating. These limitations have prompted the development of injectable and 

macroporous hydrogels. 

2.5. Injectable Macroporous Hydrogel 

Various efforts have been reported in the literature about injectable and macroporous hydrogels. 

Macropores should be larger than the dimension of human cells (> 30 m) to be effective. 

Patterson et al. developed an injectable hydrogel using multi-arm PEG crosslinked by matrix 

metalloproteinase (MMP)-sensitive peptide strands. It is initially not a macroporous hydrogel. 
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However, the crosslinking peptides can be cleaved by MMPs secreted by the surrounding cells, 

creating ‘pores’ for cell migration. This formulation was used to enable cell invasion into the 

hydrogel, suitable in angiogenesis applications 99-102. Schultz et al. applied a similar strategy, 

using MMP-degradable hydrogels in cell-mediated scaffold remodeling to enhance cell 

spreading and migration 101. However, as cell migration and hydrogel degradation proceed, 

mechanical integrity of the hydrogel is compromised.    

Koshy et al. made an injectable and macroporous hydrogel by crosslinking polymers at a low 

temperature, inducing a phase separation between polymers and ice crystals. Pores were created 

by melting the ice crystals. The resulting hydrogel was highly porous and injectable, and yet 

elastic enough to regain its original shape after injection. Injectable macroporous hydrogels of 

alginate and gelatin were produced using this method for the purpose of delivering proteins 

(granulocyte-macrophage colony-stimulating factor and interleukin 2) in the hydrogel to 

represent for the application of immunotherapy. Meanwhile, porosity has been a new important 

factor of the injectable hydrogel. The normal hydrogel holds a nanoporous network structure. 

However, when the interconnected pores are larger than the cell size (~10 micron), the hydrogel 

will allow better cell infiltration and development 99, 103-105. One disadvantage of this approach is 

that the shape of the hydrogel is pre-determined. Tissue adhesion of this hydrogel is another 

challenge for wound healing and tissue engineering applications.  

Goh et al. developed an injectable macroporous hydrogel by incorporating gelatin microgels in a 

PEG-based hydrogel 106. The physically crosslinked gelatin microgels served as porogens 

(templates for pores), which could be leached out at body temperature as the microgels 

dissociated. This hydrogel was used for tissue engineering purposes such as cell recruitment. 
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However, the formation of this macroporous hydrogel relies on microgel leaching and the melted 

polymer presents a potential risk to the surrounding tissue.  

One promising method of making an injectable macroporous hydrogel is assembling and curing 

microgels. In this case, the macropores are formed by the interstitial space in between the 

microgels 107. Caldwell et al. reported a hydrogel which was made by self-assembly using 

modified PEG to form PEG-dibenzocyclooctyne microgels and PEG-N3 microgels 108. Griffin et 

al. reported a method using 4-arm PEG-vinyl sulfone crosslinked with lysine and glutamine 

residues to form microgels 109. A similar method could be used to assemble HA microgels 107. 

However, these methods require chemical modification of the polymer which is risky for cell 

behaviors.  

2.6. Motivation of the research 

Based on the current status of the field of hydrogels and their applications in medicine and 

biotechnology, the motivation of my research was the following. 

• To develop a new microgel-based injectable macroporous hydrogel that is simple to 

make, cost-effective, and highly biofunctional, and that can be used for wound healing 

and tissue engineering.  

In the following chapters, I demonstrate the feasibility of using this method for accelerated 

wound healing and tissue engineering.  
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3.1. Introduction 

Due to their hydrophilic nature, hydrogels generally absorb a large quantity of water 1, which 

makes them ideal materials to interface human tissues, such as in wound dressings 2-5, contact 

lens 6-10, drug delivery 11-14, and tissue engineering 15-19. Hydrogels can be made injectable 

through various in situ crosslinking mechanisms and conform to the irregular topography of the 

applied site 20. 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 phases 21. 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 nanometers 22-23, 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 shape 24-26. 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 hydrogel through the cleavage 

of peptides by the cell-secreted enzymes, such as matrix metalloproteinases (MMPs) 27-29. Pores 
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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 healing 30, but the pore size of such hydrogels is not large enough for rapid cell 

migration as can be demonstrated by the prolonged round cell morphologies when the cells are 

encapsulated in such hydrogels 30-31. Another approach of forming macropores within the 

hydrogels is by assembling microgels. The idea has been explored for regenerative medicine 32-35 

and tissue engineering 36-39. Recently, a novel injectable macroporous hydrogel using a microgel-

assembly for accelerated wound healing was reported 40. 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. 
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Figure 3.1: 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. 

 

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

crosslinked gelatin microgels by an enzyme - microbial transglutaminase (mTG) (Fig 3.1). 

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

been made for applications in wound healing in skin 5, 41 or ocular tissues 30, 42 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 microgels 43. 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 here displays inherent bioactivity 

for cell adhesion and proliferation without any chemical modifications of the raw materials, such 

as the use of cell adhesive peptides.  I 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. 
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3.2. 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, 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). 

3.2.1. Microgel synthesis and mTG crosslinking  

Gelatin microgel was prepared by the water-in-oil emulsion method described by Li et al. 44. 

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 icewater 

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 icewater 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) 
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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. 

3.2.2. 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. 

3.2.3. 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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3.2.4. Enzymatic degradation of hydrogels 

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

obtained by incubating hydrogels in collagenase type II solution (concentration = 0.5 U/mL) 45. 

At different time points (0h, 4h, 24 h), the hydrogels were collected, lyophilized and weighed to 

calculate the amount of degraded gelatin.   

3.2.5. 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. 
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3.2.6. 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. 

3.2.7. 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 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). 
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3.2.8. 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. 

3.2.9. 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.  
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3.3. Results and Discussion 

3.3.1. Characterization of gelatin microgels 

 

Figure 3.2: 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). 

 

 

Figure 3.3: Gelatin microgels injected through the needle. Fluorescein was added to the solution 

for enhanced visualization. 
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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 3.2a) and polydisperse with the average diameter of 63 µm (Fig 3.2b). When the 

microgels were dispersed in water, they swelled significantly (Fig 3.2c) to an average diameter 

of 253 µm (Fig 3.2d). 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 3.3). 

3.3.2. Formation and characterization of the macroporous hydrogel. 

 

Figure 3.4: Optical microscope image of the porous gelatin hydrogel. The hydrogel was formed 

by mixing gelatin microgels with mTG. Gelatin microspheres within the hydrogel are evident. 
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Figure 3.5: 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. 

 

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 3.4). The SEM image clearly demonstrates a 

three-dimensional network of spherical microgels with void space between microgels (Fig 3.5a). 

Confocal microscope images of the hydrogel further confirmed these findings (Fig 3.5b). The 

pore size was mostly in the range of tens of microns, which is large enough for cell migration 46. 

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 materials 47. 
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Figure 3.6: 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 

solution. 

 

Figure 3.7: Storage modulus (G’) and loss modulus (G’’). Red: storage modulus (G’) and Blue: 

loss modulus (G’’). 
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Viscoelastic properties of the hydrogels were characterized to understand the nature of the 

crosslinks created by mTG (Fig 3.6, Fig 3.7). 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) 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 sweep 44, 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 3.6a). 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 3.6b). 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 
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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 3.7). The slight increase of G’ as a function of frequency is a characteristic of the 

hydrogels that are crosslinked both physically and chemically 48. 

3.3.3. Enzymatic degradation of the porous hydrogel. 

 

Figure 3.8: Degradation of porous (red) and nonporous (blue) gelatin hydrogels by collagenase 

type II. (n=4) Each hydrogel was lyophilized and weighed, and the values were normalized to the 

initial weight. 
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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 gelatinases 49-50. 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 

3.8). This is possibly due to the fact that the porous hydrogel has an increased local gelatin 

concentration than the nonporous hydrogel at the same bulk gelatin concentration (8.3% w/v) 

because of the presence of pores. 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. 

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

 

Figure 3.9: 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 3.10: Cell viability of hDFs on the porous and nonporous hydrogels 14 days after the 

initial seeding. Viable cells were stained green by calcein-AM, and dead cells were stained red 

by ethidium homodimer-1. The scale bar is 200 μm. 

 

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 3.9). 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 mTG-crosslinked nonporous gelatin 

hydrogel supports cell adhesion and proliferation 51-52. 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 hydrogel 40. The advantage of using gelatin as a base material for the 
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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 peptides 53-55. 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 3.10). 

 

Figure 3.11: 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. 

 

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 
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were initially added on the hydrogel surface (Fig 3.11a). 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 3.11b). Due to the small 

polymer mesh size, the hydrogel must be degraded first for the cell migration into the nonporous 

hydrogel 44, which was not observed during the time frame of our study. 

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

 

Figure 3.12: Tissue adhesion of the porous and nonporous gelatin hydrogels and cell migration. 

a) Porous and b) nonporous 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. Confocal microscope images of the cornea-

hydrogel interface of the c) porous and d) nonporous hydrogels on day 0 and e) porous and f) 

nonporous hydrogels on 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 3.13: 3D images constructed from the Z-sections taken by confocal microscopy. Actin 

cytoskeleton was stained red using actinRed555 and cell nuclei were stained using DAPI. The 

yellow dotted lines in the composite images indicate the cornea-hydrogel interface with the 

yellow arrows pointing the direction from the cornea to the hydrogel. The scale bar is 200 μm. 

 

Figure 3.14: a) Maximum intensity projection of confocal microscope image at the cornea-

hydrogel interface of a porous hydrogel. The scale bar is 200 µm. b) and c) are the high 

resolution images of the selected areas of a) demonstrating the specificity of the actin staining. 

The scale bar is 50 µm. 
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Figure 3.15: Maximum intensity projection of confocal microscope images at the cornea-

hydrogel interface for a) porous hydrogel b) nonporous hydrogel on day 14. Actin cytoskeleton 

was stained red using actinRed555. The insets on the right and at the bottom of each image are 

the cross-sections along 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. 

The scale bar is 200 μm. 

 

Figure 3.16: Cell viability at the interface between the porcine cornea and the porous/nonporous 

hydrogels on day 14. Viable cells were stained green by calcein-AM, and dead cells were stained 

red by ethidium homodimer-1. The dotted lines in the composite images indicate the cornea-

microgel interface with the yellow arrows indicating the direction from the cornea to the 

hydrogel. The images are maximum intensity projections of confocal microscope images. The 

scale bar is 200 μm. 
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To test the feasibility of using this injectable porous hydrogel in facilitating cell migration and 

wound healing in a damaged tissue, I 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 3.12a, b). On day 0, cells were found only 

in the cornea tissue as no cells were present in the hydrogels (Fig 3.12c, 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 3.12e, f, Fig 3.13, Fig 3.14). 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 3.15). 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 3.16).  

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 

culture 56-57. Considering the necessity of porous structure for the facilitated cell migration and 

wound healing 40, 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 alginate for microgels 58, which can be rapidly 
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crosslinked by calcium, followed by the covalent crosslinking by mTG, and (ii) the incorporation 

of photocurable gelatin (e.g. methacrylated gelatin 59) in the microgels followed by UV 

crosslinking.   

3.3.6. 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) 60-62. An ideal 

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

controlled release of growth factors. 

 

Figure 3.17: a) FITC-BSA-loaded gelatin microgels. b) Confocal microscope image of a 

microgel. c) Fluorescence intensity along the lateral line in b). 

 

Hydrogels are ideal materials for the controlled release of protein drugs 11, 63-64 because the 

hydrated environment of the hydrogels allows the proteins to maintain their native 3D structures 
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and functions 65. 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 3.17).  

 

Figure 3.18: Cumulative release profile of PDGF from the hydrogels. The initial loading was 1.6 

µg in 250 µL hydrogel. (n = 4) 

 

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 3.18). The reason for such inefficient release is likely due to covalent 
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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 hydrogels 66. 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 hydrogel 67. 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 exist various kinds of collagenases and gelatinases in vivo 68, I 

expect that the growth factor release from the gelatin hydrogels will be more efficient in vivo 

with the degradation of the hydrogel 69.  

 

Figure 3.19: hDF proliferation with the controlled release of PDGF from the hydrogels. 

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). 

 

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

permeable membranes (Fig 3.19a,b), the cellular proliferation increased by 1.3 times for the 
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porous hydrogel when compared to the culture without PDGF (Fig 3.19c) (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).  

3.4. 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 I 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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4.1. Introduction 

Tissue engineering, which is focused on organ or tissue regeneration, is a field of great interest in 

biomaterials, and important for the advancement of modern medicine 1. To accomplish tissue 

regeneration, biomaterials can serve as synthetic extracellular matrix that support cell function 

and differentiation 2. Hydrogel, due to its high water content and potential as a drug delivery 

vehicle, is a widely used biomaterial for manufacturing scaffolds 3. There are two general 

approaches in terms of making cell-seeded hydrogel scaffolds: i) the hydrogel scaffold is 

premade and then cells are seeded on top of it; ii) cells are mixed with the solution before the 

hydrogel is crosslinked, and the seeded cells will be trapped in the hydrogel upon gel formation 

via crosslinking 4. By the first approach, because cells are added at a later stage, potential 

cytotoxicity of the hydrogel scaffold synthesis steps is not a concern 5. In contrast, by the second 

method, care must be taken to ensure that crosslinking methods are non-cytotoxic. However, this 

method allows encapsulated cells to be evenly distributed throughout the hydrogel 6, and the size 

and shape of the hydrogel system is easily controlled, which makes it more viable for clinical 

applications 7.  

Macroporous hydrogel can facilitate the transport of nutrients and oxygen, as well as promote 

cell adhesion and migration due to its large pore size and interconnectivity 8. Among the various 

methods of making macroporous hydrogel, the method of curing microgel spheres is of particular 

interest because it can be injectable 9. By this method, interconnected pores are formed by the 

interstitial space between microgel particles. In this case, microgel size is directly related to pore 

size when it is monodispersed, and thus pore size can be optimized accordingly 9. Synthetic 

polymers, for example poly(ethylene glycol) (PEG), can be used for synthesizing microgels, but 

the synthetic polymers in general do not allow cell attachment without chemical modification 10. 



63 

 

With the addition of cell adhesive ligand to enhance cell adhesion, this functionality is improved 

but it generally requires chemical modification 9, 11-12. Alternatively, hyaluronic acid (HA) was 

another material that people used to make microgels 13-15. 

Previously, I demonstrated an injectable macroporous hydrogel system by crosslinking gelatin 

microgels with microbial transglutaminase (mTG) for wound healing applications 16. In the 

study, no cells were provided at the hydrogel gelation step. Instead, cells were either seeded from 

the top after hydrogel gelation, or cells migrated in from the live tissues. Either way, in order for 

cells to occupy the pore space of the scaffold, cell infiltration from the outside was required. 

However, the homogeneous cell distribution is important when applying for tissue engineering 6. 

In this case, cell encapsulation within the hydrogel is more suitable. Meanwhile, similar to 

wound healing application, since porosity is also very important in terms of cell spreading and 

proliferation, I wanted to test whether this injectable macroporous hydrogel could be used for 

tissue engineering applications.  

 

Figure 4.1: Schematic of cell encapsulated in the injectable macroporous hydrogel. 

 

In the present study, cell encapsulation in injectable macroporous hydrogel was examined. Here, 

cell suspension was mixed with gelatin microgel solution before crosslinking. mTG was then 
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added to enzymatically crosslink the gelatin microgels into macroporous hydrogel (Fig 4.1). By 

this method, cells can be evenly distributed throughout the hydrogel, specifically trapped in the 

pores of the macroporous hydrogel. Gelatin has been shown to allow for cell adhesion and 

spreading 17, indicating that encapsulated cells should rapidly adhere to the microgel surface and 

spread. After gelatin microgels were prepared, they were mixed with cell suspension before 

being crosslinked into hydrogel, and then this crosslinked hydrogel was cultured in media to 

allow cell spreading and proliferation (Fig 4.1). Human dermal fibroblasts (hDFs) were first used 

to test the feasibility of in situ cell encapsulation in the macroporous hydrogel. Then several 

other cell types were also encapsulated in this manner, including adipose-derived stem cells 

(ADSCs), human umbilical vein endothelial cells (HUVECs), and the HL-1 cell line of cardiac 

muscle cells (HL-1).  

ADSCs are isolated from adipose tissue and can differentiate into many cell types including 

osteogenic 18, adipogenic 19, and chondrogenic 20, showing promise for use in tissue engineering, 

especially for bone 21 or cartilage related research 22. ADSCs osteogenic differentiation is very 

important for bone regeneration 23. Although the gelatin hydrogels are relatively soft (G'  ~ 3000 

Pa), which is not conducive for osteogenic differentiation of ADSCs 24-25, we wanted to study the 

effects of macropores on the osteogenic differentiation of ADSCs.  

When building an engineered tissue, blood vessel formation within the tissue is critical, because 

without the blood vessels, the nutrition supply and the waste removal of the tissue should rely on 

the diffusion 26 which is a highly inefficient mechanism of mass transfer. In general, a tissue 

thicker than 200 μm cannot survive long-term without the presence of blood vessels 27. One 

solution for the issue of blood vessel formation is to pre-vascularize the engineered tissues by 

encapsulating vascular endothelial cells in hollow templates within the scaffold and induce 
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neovascularization. Here, we wanted to explore the possibility of utilizing the interconnected 

pore network of the macroporous hydrogel as a template for the blood vessel formation. 

HUVECs, one type of vascular endothelial cells 26 were used as model vascular endothelial cells.  

 HL-1 encapsulation was performed to test the feasibility of producing functional engineered 

cardiac muscle tissue 28. Myocardial infarction is caused by the clot in the coronary artery which 

halts blood flow to the muscle tissues of the heart 29. Lack of blood supply causes ischemia and 

causes cell death and tissue loss 30. However, unlike the cell types that can be regenerated by 

itself, the loss of the cardiac muscle cell (cardiomyocytes) is irreversible, which can cause heart 

failure 31. Engineered cardiac muscle tissue, or cardiac patch, is made of cardiomyocytes 

embedded in a 3D scaffold, which can be attached to the patient’s damaged heart for the 

functional recovery 32. To produce a functional cardiac patch, the formation of gap junction, 

which is the electrical and biochemical coupling among cells, is an important factor for the 

synchronous contraction of cardiomyocytes within the cardiac patch 33. We hypothesized that 

encapsulating cardiomyocytes in the interconnected pore network of the macroporous hydrogel 

will be beneficial to induce gap junction formation among the encapsulated cardiomyocytes and 

build a functional cardiac patch. 

4.2. 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). Human dermal fibroblasts 

(hDFs), human adipose derived stem cells (ADSCs), ADSC growth medium, human 

mesenchymal stem cells (hMSC) osteogenic differentiation medium, human umbilical vein 

endothelial cells (HUVECs), EGM™-PLUS medium, and EGM™-2 medium were purchased 
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from Lonza (Portsmouth, NH). Cell Viability kit, Dulbecco’s Modified Eagle’s Medium 

(DMEM), fetal bovine serum (FBS), penicillin/streptomycin (pen/strep), ActinRed 555, NucBlue 

fixed cell ReadyProbes™ reagent, and ActinGreen 488 were purchased from Invitrogen 

(Frederick, MD). Mouse anti-human osteocalcin antibody, goat anti-mouse IgG, goat anti-CX43 

antibody, rabbit anti-sarcomeric alpha actinin antibody, donkey anti-goat IgG, donkey anti-rabbit 

IgG, and anti-CD31 (Alexa Fluor 488) antibody were purchased from Abcam (Cambridge, 

United Kingdom). 

4.2.1. Synthesis of gelatin microgels 

Gelatin microgel was prepared by using the same method discussed previously 16. Briefly, 

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

50−55 °C to make a 10% (w/v) solution. This was added dropwise to 200 mL olive oil at 

50−55 °C and stirred for 1 hour. The mixture was cooled to room temperature and then placed in 

an ice−water bath for 30 min with stirring to solidify the microgels by inducing physical 

crosslinking. To precipitate the microgels, 100 mL precooled acetone (4 °C) was 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 acetone. The microgels were lyophilized and kept dry until used.  

4.2.2. Cell encapsulation and characterization 

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

under passage 4 were used for all experiments. ADSCs were cultured in T75 flasks with ADSC 

growth medium, and ADSCs under passage 4 were used for all experiments. HUVECs were 

cultured in T75 flasks with EGM™-PLUS medium, and HUVECs under passage 4were used for 



67 

 

all experiments. HL-1 were cultured in T75 flasks with its growth medium, and HL-1 under 

passage 3 were used for all experiments. 

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

overnight. 10% w/v nonporous gelatin and 20% w/v mTG solution were sterilized by syringe 

filters (pore size = 220 nm). For encapsulation, 10% w/v microgel or nonporous gelatin solution 

was mixed with cells and then mixed with 20% w/v mTG (5:1 microgel/gelatin:mTG) to make 

the final seeding density 500 cells/µL. Gels were incubated at 37 °C for 1 hour. Hydrogels 

containing encapsulated cells were cultured with the appropriate growth media. 

The three-dimensional distribution of cells in a hydrogel was visualized by Nikon A1R-HD 

confocal laser-scanning microscope using a cell viability kit, which stained live and dead cells 

with green (by calcein-AM) and red fluorescence (by ethidium homodimer), respectively. Z-

stacked images were obtained using the confocal microscope. 2D average intensity projections 

were generated using Fiji software. hDFs were stained exclusively for cell viability; other cell 

types were stained for cell viability and as described below. 

For culture of ADSCs, after the sample was cultured in the growth medium for a week, the 

medium was switched to hMSC osteogenic differentiation medium for 2 more weeks. The 

hydrogels were then fixed in 4% formaldehyde (in PBS) overnight at room temperature. For 

fluorescence staining, the hydrogels were permeabilized with 0.05% Triton X-100 for 5 mins and 

blocked with 1% bovine serum albumin (BSA) before staining. To test for ADSCs’ osteogenic 

differentiation, the fixed hydrogel was stained with mouse anti-human osteocalcin antibody for 

16 hours followed by fluorescence labeled goat anti-mouse IgG for 1 hour, and then stained with 

ActinGreen 488 and DAPI for 1 hour before collecting Z-stacks by confocal microscopy 

imaging. 2D projections were generated using Fiji. Alizarin red (2 wt % pH 4), a dye that binds 
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to calcium deposits, was used to stain fixed samples for 30 mins followed by 48 hours of 

washing in DI water. Then, images were taken using Canon PowerShot SX20 IS to compare the 

porous and nonporous conditions. 

For HUVECs, after cell encapsulation, the cells were cultured in EGM™-PLUS medium for a 

week to allow further proliferation before switching to EGM™-2 medium containing vascular 

endothelial growth factor (VEGF) to promote neovascularization. After 14 days culture in 

EGM™-2 medium, the hydrogels were fixed in 4% formaldehyde (in PBS) overnight. Fixed 

samples were permeabilized for 5 mins and blocked in 1% BSA before fluorescence staining. 

The hydrogel was then stained with fluorescence labeled anti-CD31 antibody for 16 hours 

followed by DAPI and ActinRed 555 staining. Confocal Z-stacks and average intensity 

projections were obtained as described above. 

For HL-1, after culturing in the media for 9 days, the hydrogels were fixed in 4% formaldehyde 

(in PBS) overnight, permeabilized for 5 mins, and blocked in 1% BSA, before fluorescence 

staining. To test for HL-1 CX-43 and sarcomeric α-actinin, the fixed hydrogel was stained with 

goat anti-CX43 antibody and rabbit anti-sarcomeric α-actinin antibody for 16 hours followed by 

fluorescence labeled donkey anti-goat IgG and donkey anti-rabbit IgG, and DAPI for 1 hour 

before confocal microscopy imaging as above. 
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4.3 Results and discussion 

4.3.1. hDFs encapsulation 

 

Figure 4.2: Cell viability of hDFs encapsulated in the a) macroporous hydrogel at day 1, b) 

macroporous hydrogel at day 4, c) nonporous hydrogel at day 4. Green: live cells. Red: dead 

cells. scale bar: 200 µm. 

 

hDF cells were tested first to demonstrate whether the hydrogel system would be able to 

accommodate cell encapsulation. hDFs encapsulated in the macroporous hydrogel system are 

shown in Fig 4.2. By day 1, the cells encapsulated in the macroporous hydrogel adhered and 

fully spread on the microgel surfaces (Fig 4.2a). On day 4, the cells in the macroporous hydrogel 

significantly increased in number and they wrapped around the microgels (Fig 4.2b). In 

comparison, cells encapsulated in the nonporous hydrogel remained ball-shaped and showed far 

less spreading and proliferation at day 4 (Fig 4.2c). This clear difference between the 

macroporous and nonporous hydrogel systems indicates that a macroporous system was 

necessary for achieving rapid spreading and healthy cell morphology. 
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4.3.2. ADSCs encapsulation and osteogenic differentiation 

 

Figure 4.3: Day 21 cell viability of ADSCs encapsulated in the a) macroporous hydrogel, b) 

nonporous hydrogel. Green: live cells. Red: dead cells. scale bar: 200 µm. 

 

After the rapid cell spreading and proliferation in the macroporous hydrogel was demonstrated 

using hDFs, other cell types were also tested. Here, ADSCs were encapsulated in the described 

macroporous hydrogel system to test the effect of macropores on the viability and osteogenic 

differentiation of ADSCs. By day 21, ADSCs still showed higher viability and spreading within 

macroporous hydrogel (Fig 4.3a) than within nonporous hydrogel (Fig 4.3b). 

 

Figure 4.4: Day 21 cell fluorescence image of ADSCs encapsulated in hydrogel. Scale bar: 200 

µm. 
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The same hydrogel was also tested for the ADSCs’ osteogenic differentiation. The osteogenic 

differentiation was induced by the dexamethasone in the differentiation media 34. Cells 

encapsulated in macroporous hydrogel showed higher nuclei signal, indicating better cell 

proliferation, higher actin cytoskeleton signal, representing better spreading, and higher 

osteocalcin signal, demonstrating more osteogenic differentiation, than cells encapsulated in 

nonporous hydrogel. (Fig 4.4). These results indicate there was more efficient osteogenic 

differentiation in the macroporous hydrogel than in the nonporous hydrogel. 

 

Figure 4.5: Day 21 alizarin red image of ADSCs encapsulated in the a) macroporous hydrogel, b) 

nonporous hydrogel. Scale bar: 5 mm. 

 

Alizarin red results were consistent with the fluorescence staining results above which showed 

more osteogenic differentiation within the macroporous hydrogel. Alizarin red dye binds to 

calcium deposits secreted from the cells, an indicator for osteogenic differentiation. Hydrogels 

were fixed and stained with alizarin red solution 35. The macroporous hydrogel (Fig 4.5a) 

showed more strong red staining compared to the nonporous hydrogel (Fig 4.5b), which 

indicates that there was more osteogenic differentiation in the macroporous hydrogel. It is known 

that osteogenic differentiation of stem cells encapsulated in a hydrogel is enhanced by cell 

spreading 36. More efficient osteogenic differentiation of mesenchymal stem cells (MSCs) was 
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achieved when the MSCs were allowed to spread in alginate hydrogels by faster stress relaxation 

of the surrounding polymers. (Explain here in one or two sentences how it is related to our 

results). Several spots of thick staining in the macroporous hydrogel (Fig. 4.5a) is possibly due to 

the cell aggregates within the hydrogel.  

4.3.3. HUVECs encapsulation  

 

Figure 4.6: Day 21 cell viability of HUVECs encapsulated in the a) macroporous hydrogel, b) 

nonporous hydrogel. Green: live cells. Red: dead cells. scale bar: 200 µm. 

 

Here, HUVECs were encapsulated in macroporous hydrogel and differentiated to prove 

neovascularization. After 21 days, similar to other cell types, cell viability and cell spreading in 

the macroporous hydrogel (Fig 4.6a) was better than in the nonporous hydrogel (Fig 4.6b). 
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Figure 4.7: Day 21 fluorescence image of HUVECs encapsulated in the hydrogel. Scale bar: 100 

µm. 

 

CD31, platelet/endothelial cell adhesion molecule-1, is a cell surface molecule expressed by 

endothelial cells 37. For endothelial cells to be incorporated into a blood vessel, it is very 

important for the cells to be connected with each other. CD31 expression is indicative of cell 

junction having formed among HUVECs. Within macroporous hydrogel, CD31 signal was 

higher, and connections among the endothelial cells were more obvious (Fig 4.7). This was 

likely due to the faster spreading of HUVECs and their subsequent physical contacts among the 

cells in the porous hydrogel condition. Furthermore, these increased connections among cells in 

the macroporous system would presumably translate into enhanced neovascular formation.  
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4.3.4. HL-1 encapsulation and gap junction formation 

 

Figure 4.8: Cell viability of HL-1 encapsulated in the a) macroporous hydrogel, b) nonporous 

hydrogel on day 9. Green: live cells. Red: dead cells. Scale bar: 200 µm. 

 

HL-1 is a mouse cardiac muscle cell line which can continuously divide and spontaneously 

contract while maintaining a differentiated cardiac phenotype 38. It was chosen here to test if the 

macroporous hydrogel will enhance the gap junction formation among the encapsulated cells. 

After culturing cells for 9 days, similar to the cell types shown above (hDF, HUVEC and 

ADSC), there was more spreading and proliferation of HL-1 in the macroporous hydrogel (Fig 

4.8a) than in the nonporous hydrogel (Fig 4.8b) as evidenced by live/dead confocal microscopy 

images.  
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Figure 4.9: Day 9 cell fluorescence image of HL-1 encapsulated in the hydrogel. scale bar: 200 

µm. 

Especially for cardiomyocytes, cell spreading is vital because cells must be physically connected 

in order to form gap junctions to promote coordinated beating as is found in the normal cardiac 

muscle tissue 32. By cell-cell coupling, cardiomyocytes fuse into a unit of striated muscle tissue 

called myofibers with the repeating sections of sarcomeres 39. Connexin 43 (CX-43) and 

sarcomeric α-actinin are used to visualize the cell-cell coupling 40. Fluorescence indicating the 

presence of CX-43, a gap junction protein 40, was more evident in cells encapsulated in 

macroporous hydrogel than in nonporous hydrogel, providing evidence for better cell-cell 

interaction in the former condition (Fig 4.9). The sarcomeric α-actinin is a protein that indicates 

the formation of sarcomere 41. However, the result here did not show clear repeating unit of 

sarcomeric α-actinin, which might be due to the fact that HL-1 is a modified cell line, not 

primary cardiomyocytes.  

4.4 Conclusion 

Multiple cell types, including hDFs, ADSCs, HUVECs, and HL-1 were successfully 

encapsulated into the previously reported gelatin macroporous hydrogel system. The 
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macroporous hydrogel allowed for more rapid cell spreading compared with the nonporous 

hydrogel. Additionally, the macroporous hydrogel enhanced osteogenic differentiation in 

encapsulated ADSCs, neovascularization among HUVECs, and the formation of cell connections 

among HL-1, necessary for synchronized beating. In summary, this macroporous hydrogel 

system promoted increased cell viability for multiple types of encapsulated cells, important for 

tissue engineering applications, and thus shows potential as a 3D culture scaffold for tissue 

engineering.    
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Chapter 5: 

Fast Curing Macroporous Gelatin and Gelatin Methacryloyl (GelMA) Hydrogel 
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5.1. Introduction 

Injectable hydrogels are useful tools in regenerative medicine, such as wound healing, due to 

their ability to conform to the irregular topography of target sites and thereby serve as a 

temporary scaffold for the healing process 1. Injectable hydrogels can also be used to encapsulate 

cells in situ for tissue engineering 2-6. An injectable hydrogel starts as a viscous polymer solution 

and becomes a viscoelastic solid upon injection by the crosslinking of the polymer chains. 

Ideally, the crosslinking chemistry should be rapid and non-cytotoxic and the resulting hydrogel 

should adhere to the applied tissue 7. The hydrogel should also allow adhesion, spreading, and 

migration of surrounding 8 or encapsulated cells 4. 

One drawback of most injectable hydrogels is lack of macropores, which results in two major 

issues when it comes to applications in wound healing and tissue engineering. (1) When the 

hydrogel is applied to a target tissue, the host cells are prevented from migrating into the 

hydrogel phase to use it as a temporary scaffold for tissue regeneration, slowing down the wound 

healing process. (2) When cells are encapsulated in the hydrogel for cell delivery or tissue 

engineering, they are trapped in the polymer mesh, the size of which is orders of magnitude 

smaller than the size of cells 9. This significantly delays the spreading and proper functioning of 

the encapsulated cells. It is inherently difficult to create macropores in injectable hydrogels 

because the starting material is a viscous solution. To overcome this problem, a typical strategy 

has been to keep the polymer concentration low (< 5% w/v) 10-11. Although such an approach 

improves the interaction between cells and hydrogel, the mechanical integrity of the hydrogels is 

compromised due to the low polymer concentration, with the resulting storage moduli ~ 500 Pa. 

Recently, microgel-based macroporous hydrogels have gained attention 12-17. In this class of 

hydrogels, preformed microgels are used as building blocks which are assembled and cured to 



83 

 

form a bulk hydrogel. Macropores are formed by the interstitial space between the microgels. 

The microgels can be made of modified synthetic polymers (e.g. polyethylene glycol (PEG)) 12-14 

or natural polymers (e.g. hyaluronic acid, gelatin) 15-17, and curing of the microgels can be 

achieved by click chemistry 14, or enzymatic reactions 18. These microgel-based macroporous 

hydrogels have been shown to be useful for accelerated wound healing 13, nerve regeneration 16, 

and in situ cell encapsulation for tissue engineering 17. In theory, the microgel-based 

macroporous hydrogels can be made injectable as long as the microgel solution is injectable. 

Previously, I reported an injectable macroporous hydrogel, composed of gelatin microgels 

enzymatically crosslinked by microbial transglutaminase (mTG), for use in wound healing 18. 

The method used to create this hydrogel was simple, requiring no chemical modifications to the 

starting reagents, and it yielded a highly biofunctional material that allowed human cells to 

migrate and proliferate in the hydrogel. However, despite displaying many advantageous 

qualities, this technology required a lengthy curing time (~ 60 minutes), limiting its usefulness in 

vivo.  

 

Figure 5.1: Schematic representation of hydrogel formation. a) Mechanism of crosslinking 

GelMA by UV irradiation and gelatin by enzymatic catalysis. b) Microgel inter- and intra-

crosslinking to form an interpenetrating network. 



84 

 

In the present study we address this limitation by introducing a composite gelatin/gelatin 

methacryloyl (GelMA)-based injectable macroporous hydrogel that cures fast, is minimally 

cytotoxic, and stably adheres to the applied tissue. This fast-curing hydrogel utilizes dual 

crosslinking - enzymatic crosslinking of gelatin by mTG 19 and photocrosslinking of GelMA 20-22 

by ultraviolet (UV) irradiation (Fig 5.1). Each microgel contains both (1) unmodified gelatin 

which can be crosslinked by mTG, and (2) GelMA which can be crosslinked by UV 

photopolymerization in the presence of photoinitiators. Curing of these composite microgels is 

achieved by both crosslinking mechanisms. UV photopolymerization is fast and allows rapid 

hydrogel formation; the enzymatic crosslinking by mTG is relatively slow and gradually 

strengthens the hydrogel. mTG, which forms an amide bond between a glutamine and a lysine 

residue on proteins, also allows the hydrogel to adhere to target tissues 18, 23. We also 

demonstrate that this method can be used for in situ cell encapsulation with minimal cytotoxicity, 

which enables rapid cell spreading and proliferation. 

5.2. 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). Human dermal fibroblasts 

(hDFs) were purchased from Lonza (Portsmouth, NH). Cell Viability kit, Dulbecco’s Modified 

Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin (pen/strep), 

alamarBlue, and ActinRed 555 were purchased from Invitrogen (Frederick, MD). Fresh pig 

eyeballs were obtained from Visiontech (Sunnyvale, TX). 
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5.2.1. Synthesis of gelatin/GelMA composite microgels 

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

reported method 13.  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 1, from bovine and 

porcine bones) and gelatin methacryloyl (bloom 300, 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 h. 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 cross-linking. To precipitate the microgels, 100 mL of precooled 

acetone (4 °C) was 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 (4C) acetone. The microgels were lyophilized and kept 

dry until used.  

5.2.2. Characterization of microgels 

Microgels were visualized using a scanning electron microscope (SEM) (Tescan Lyra3 GMU 

FIB SEM, Brno, Czech Republic) and an optical microscope (EVOS XL, Life Technologies, 

Carlsbad, CA). For SEM, the lyophilized microgels were coated with gold/palladium to avoid 

charging. For the size distribution of microgels after hydration, a dilute microgel solution was 

prepared in PBS and 20 uL of this solution was observed using the optical microscope. Size 

distribution of microgels was obtained from the SEM and optical microscope images using 

ImageJ. 
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5.2.3. Crosslinking microgels 

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

with irgacure 2959 at varying concentrations (0.03-0.1%). Ascorbic acid was added to a final 

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

was mixed with 20% (w/v) mTG in a 5:1 ratio. The final concentration of gelatin/GelMA and 

mTG was 8.3% and 3.3%, respectively. For photocrosslinking, UV (365nm, up to 250 mW/cm2) 

was applied for 2.5 mins. Nonporous hydrogels were made using the same method except that a 

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

5.2.4. Characterization of hydrogels 

After the hydrogels were formed, their detailed structure was 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 dried by critical point drying and coated with 

gold/palladium. 

The viscoelastic properties of the hydrogels were characterized with a rheometer (TA 

Instruments AR 550, New Castle, DE). Either a gelatin/GelMA microgel suspension (for 

macroporous hydrogels) or a gelatin/GelMA solution (for nonporous hydrogels) was mixed with 

irgacure, ascorbic acid, and mTG, then irradiated by UV for 2.5 mins before being placed under 

a plane stainless steel geometry (diameter = 2 cm) and measured. The linear viscoelastic regime 

was first determined by a stress sweep. The gelation kinetics were observed at 37 °C by a time 

sweep, with an oscillatory stress of 1 Pa at 10 rad/s. Once gelation was completed, a frequency 

sweep was performed between 0.1 and 100 rad/s with an oscillatory stress of 1 Pa at 37 °C. For 
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the temperature sweep, the temperature was changed from 4 to 45 °C with an oscillatory stress of 

1 Pa at 10 rad/s. 

The enzymatic degradation of macroporous and nonporous gelatin/GelMA hydrogels and 

macroporous gelatin-only hydrogel was examined by incubating the hydrogels in collagenase 

type II solution (concentration = 0.5 U/mL). At different time points (0h, 4h, 24 h), the hydrogels 

were collected, lyophilized, and weighed to calculate the amount of degraded gelatin.   

5.2.5. Tissue adhesion of the hydrogels  

Porcine corneal tissues were used to test tissue adhesion of the hydrogels. Corneal tissues 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 an 

uncrosslinked solution of microgels, irgacure 2959, ascorbic acid, and mTG, followed by 2.5 min 

of UV irradiation. To test the gelation and tissue adhesion, the tissue was transferred to 45 °C 

PBS.  

5.2.6. Cell encapsulation and characterization 

Human dermal fibroblasts (hDFs) were cultured in T75 flasks using DMEM, supplemented with 

FBS and pen/strep. Cells of passage 3 were used for all experiments.  

Prior to cell encapsulation, the gelatin/GelMA microgels and GelMA powders were sterilized by 

incubating them in 70% ethanol overnight. Gelatin, mTG, irgacure 2959, and ascorbic acid 

solutions were sterilized by syringe filters (pore size = 220 nm). For encapsulation, the 

microgels, mTG, irgacure 2959, and ascorbic acid were mixed with hDFs at 5 x 105 cells/mL, 

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

encapsulated cells were cultured with DMEM supplemented with FBS and pen/strep.  
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The three-dimensional distribution of hDFs in hydrogel was visualized by confocal microscopy 

on days 3 and 6 using a cell viability kit, which stains live and dead cells with green (by calcein-

AM) and red fluorescence (by ethidium homodimer), respectively. To visualize the details of cell 

spreading and morphology inside the hydrogel, each sample was fixed in 4% formaldehyde (in 

PBS) overnight and stained with ActinRed 555 and DAPI. Z-stacked images were then obtained 

using the confocal microscope. 2D maximum intensity projections, 3D reconstructions, and 

cross-sectional images were generated from Z-stacks in Fiji.   

5.2.7. 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. 

5.3. Results and discussion 

5.3.1. Gelatin/GelMA microgel characterization 

 

Figure 5.2: Microscope images and size distribution of microgels. a) SEM image and b) size 

distribution of lyophilized microgels. c) Optical microscope image and d) size distribution of 

hydrated microgels. Scale bars = 200 μm. 
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The composite microgels made from gelatin/GelMA were synthesized by a water-in-oil emulsion 

method, which generates polydisperse microspheres. The freeze-dried microgels were spherical 

in shape (Fig 5.2a) with an average diameter of 61 (± 60) µm (Fig 5.2b). When equilibrated in an 

aqueous environment (Fig 5.2c), the average diameter increased to 139 (± 90) µm (Fig 5.2d).  

5.3.2. Hydrogel gelling, tissue binding, and rheology 

 

Figure 5.3: Stability test of hydrogels. After curing, hydrogels were immersed and shaken in a 45 

C water bath, in which all physical crosslinks are broken. The microgels were cured by a) mTG 

+ 0.5% photoinitiator (no UV irradiation) b) 0.5% photoinitiator with UV irradiation (no mTG) 

c) 0.5% photoinitiator with UV irradiation + mTG d) mTG + 0.05% photoinitiator (no UV 

irradiation) e) 0.05% photoinitiator with UV irradiation (no mTG) (f) 0.05% photoinitiator with 

UV irradiation + mTG. In all cases, the crosslinking time was 2.5 min. The scale bar = 10 mm. 
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Figure 5.4: SEM images of the macroporous hydrogels crosslinked with mTG and a) 0.5% w/v 

photoinitiator b) 0.05% w/v photoinitiator. 

 

Curing of the composite microgels and the stability of the resulting bulk hydrogel were tested 

under various crosslinking conditions by immersing the hydrogels in a warm water bath (45 C). 

Gelatin itself physically crosslinks by hydrogen bonds and forms a hydrogel at low temperatures 

(< 30 C) but quickly melts at high temperatures. In this test, a bulk hydrogel will remain intact 

only if there are enough covalent crosslinks. When the composite microgels were mixed with 

mTG (3.3%) for 2.5 min and immersed in the warm water bath, the microgel assembly 

dissociated completely, meaning the mTG-based crosslinking was not fast enough to cure the 

microgels within 2.5 min (Fig 5.3a). On the contrary, when the same composite microgels were 

cured by 2.5 min UV irradiation with 0.5% photoinitiator, a stable bulk hydrogel was formed 

(Fig 5.3b). This is attributed to the rapid formation of covalent crosslinks within and between 

microgels by photopolymerization. A similar result was obtained when the microgels were cured 

by mTG in addition to the UV irradiation (with 0.5% photoinitiator) (Fig 5.3c). When viewed by 

SEM, the hydrogel was clearly made of the composite microspheres, with macropores created by 

the interstitial space (Fig 5.4a).  
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A similar set of experiments was performed using a much lower photoinitiator concentration 

(0.05%). Photoinitiator is known to be cytotoxic 24, and minimizing its concentration is important 

for the utilization of this hydrogel in biological systems. As in the case of 0.5% photoinitiator 

concentration, the composite microgels did not result in a stable hydrogel with mTG crosslinking 

alone for 2.5 min (Fig 5.3d). When the microgels were cured by UV irradiation alone with 0.05% 

photoinitiator, the microgel assembly completely dissociated (Fig 5.3e). This means that 

photopolymerization alone was insufficient to cure the microgels at this photoinitiator 

concentration. When the mTG crosslinking was added to the UV irradiation with 0.05% 

photoinitiator, the resulting assembly was stable in a warm water bath (Fig 5.3f). As in the case 

of 0.5% photoinitiator, the hydrogel as viewed by SEM was clearly made of individual 

microspheres with macropores created by the interstitial space (Fig 5.4b) Comparing Fig 5.3e 

and 5.3f, we can conclude that the dual crosslinking by UV photopolymerization and enzymatic 

crosslinking by mTG allows rapid curing of the composite microgels even with a highly dilute 

photoinitiator concentration (0.05%).   
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Figure 5.5: Tissue adhesion test of the microgel-based hydrogels. The composite microgels were 

added to a small hole (8 mm in diameter) in a porcine cornea and cured by a) UV irradiation 

(0.5% photoinitiator) b) UV irradiation (0.5% photoinitiator) + mTG c) UV irradiation (0.05% 

photoinitator) d) UV irradiation (0.05% photoinitiator) + mTG. After curing, the tissue-hydrogel 

constructs were immersed in a warm water bath (45 C) and shaken. In all cases, the curing time 

was 2.5 min. The scale bar = 5 mm. 

 

In addition to rapid curing, adhesion of the hydrogel upon application to tissue is another 

important feature to make this injectable formulation clinically relevant. Previously, 

macroporous hydrogel made by assembly of gelatin microgels adhered to porcine corneal tissue 

within 1 hour by the action of mTG were demonstrated 13. The usage of mTG was considered 

safe, since it is known as meat glue 25. Porcine corneas were used as a model tissue due to ready 

availability. Whether mTG-catalyzed tissue adhesion could be achieved more rapidly if it is used 
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in conjunction with UV photopolymerization was tested. The composite microgels were injected 

into an 8 mm hole in a porcine cornea and allowed to crosslink by UV irradiation (for 2.5 

minutes) alone or by UV irradiation along with mTG crosslinking. Tissue adhesion of the bulk 

hydrogel was tested by immersing and shaking the construct in a warm water bath (45 C). For 

both photoinitiator concentrations (0.5 and 0.05%), UV photopolymerization alone did not result 

in stable adhesion of the hydrogel to the tissue (Fig 5.5a, c). Either the microgel assembly fully 

dissociated (at 0.05% photoinitiator) or the bulk hydrogel readily detached from the tissue (at 

0.5% photoinitiator). However, when mTG was added in addition to UV photopolymerization, 

the bulk hydrogels stably remained on the corneal tissue at both photoinitiator concentrations 

(Fig 5.5b, d), This result clearly shows that UV photopolymerization alone does not allow the 

hydrogel to adhere to the tissue. The enzymatic crosslinking by mTG not only stabilizes the 

microgel assembly to form a bulk macroporous hydrogel but also enables the bulk hydrogel to 

adhere to the tissue. 

 

Figure 5.6: Rheology for a) time sweep and b) temperature sweep for samples of interest.  

denotes macroporous hydrogel crosslinked by both UV irradiation and mTG,  denotes 

macroporous hydrogel crosslinked by mTG only, and  denotes macroporous hydrogel 

crosslinked only by UV irradiation. The Y axis indicates G’ in units of Pa. 
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Gelation kinetics and viscoelastic properties of the hydrogels were quantified by rheology. 

Photoinitiator concentration was 0.05%. The macroporous hydrogel crosslinked by both UV 

irradiation and mTG showed the highest storage modulus (G’) at all times (Fig 5.6a). When 

microgels were cured by mTG (without UV irradiation), the gelation process was slower. For 

example, the time for G’ to reach 1000 Pa was delayed by approximately 10.5 minutes of 

gelation time and G’ at 1 hour was lower compared to the case of dual crosslinking. This result 

shows that utilization of both UV photopolymerization and enzymatic crosslinking more rapidly 

produces a stable gel than crosslinking by enzymatic action alone. When the microgels were 

cured only with UV irradiation (without mTG), G’ did not increase with time. This indicates the 

photoinitiator concentration was too low to produce a stable hydrogel. This result is consistent 

with the results shown in Fig 5.3.  

In the temperature sweep, as the temperature decreased, G' increased in all groups tested (Fig 

5.6b). This is due to the formation of physical crosslinks by hydrogen bonds within the gelatin 

strands 24. The porous hydrogel crosslinked by both UV irradiation and mTG had higher values 

of G’ than the hydrogel crosslinked by mTG alone throughout the tested temperature range. In 

both cases, the hydrogels did not melt completely at high temperatures (> 30 °C) with their 

storage moduli settling at ~ 4500Pa, which further verifies the presence of covalent crosslinks in 

these hydrogels. When the microgels were cured by UV irradiation only (without mTG), a solid 

hydrogel was formed at low temperatures due to the formation of physical crosslinks, but the 

viscoelastic solid dissociated when heated above 30 °C. This again shows that UV 

photopolymerization alone did not produce enough covalent crosslinks at 0.05% photoinitiator to 

form a stable hydrogel.  
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5.3.3. Degradation of hydrogels 

 

Figure 5.7: Degradation of the hydrogels. 

 

Since the hydrogels were produced from gelatin and a gelatin derivative (GelMA) which have 

been shown to be degraded both in vitro and in vivo by various enzymes 26-28, it is expected that 

these hydrogels will be biodegradable 29-30. We tested in vitro enzymatic degradation using 

collagenase type II. Although there were slight differences in the degradation kinetics, the 

macroporous hydrogels made of Gelatin/GelMA mixture degraded within 24 hours at a similar 

rate to their nonporous counterparts (Fig 5.7).  
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5.3.4. hDFs encapsulation and characterization  

 

Figure 5.8: a) Flourescence image, and b) quantitative analysis of day 1 cell viability for 

macroporous hydrogel with 0.5% or 0.05% w/v photoinitiator concentration and for nonporous 

hydrogel with 0.05% w/v photoinitiator concentration. Green: live cells. Red: dead cells. Scale 

bar: 200 µm. * indicated p < 0.05 



97 

 

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

for wound healing and tissue regeneration 31-33. The feasibility of using our microgel-based 

injectable hydrogel for cell delivery was tested using hDFs. Unlike most nonporous hydrogels in 

which encapsulated cells are trapped in the polymer mesh, cells were seeded in the interstitial 

space between microgels. Fig 5.8a shows 2D average intensity projections of confocal Z-stacked 

images from the live/dead assay one day post-encapsulation and Fig 5.8b indicates the 

quantitative analysis of the fluorescence image. Total volume of the viable cells was chosen to 

represent the number of live cells. Cell encapsulation was performed using two different 

photoinitiator concentrations (0.5% and 0.05%). For a comparison, cells were also encapsulated 

in a nonporous gelatin/GelMA composite hydrogel, which was produced by mixing the cells in a 

gelatin/GelMA solution and curing it by UV photopolymerization and the addition of mTG. Two 

results were noteworthy: (1) There were noticeably more viable cells in the macroporous 

hydrogel crosslinked with 0.05% photoinitiator than in the macroporous hydrogel crosslinked 

with 0.5% photoinitiator. Cytotoxicity of photoinitator and radical polymerization in cell 

encapsulation is well known 34. When the cells were encapsulated in the hydrogel at 0.5% 

photoinitiator, the viability of the cell was a lot lower (Fig A1.1). To reduce the cytotoxicity of 

the photopolymerization process, anti-oxidants (specifically, ascorbic acid) were added during 

the polymerization 35-36. As demonstrated above, lowering the photoinitiator concentration to 

0.05% significantly altered the integrity of the hydrogel when curing was done by UV 

photopolymerization alone. The use of mTG in conjunction with UV photopolymerization at low 

photoinitiator concentration enabled the formation of a stable hydrogel and at the same time 

resulted in high cell viability of the encapsulated hDFs. (2) The hDFs encapsulated in the 

microgel-based hydrogels adhered and spread on the microgel surfaces within the interstitial 
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space within 1 day. This greatly contrasted with the cells encapsulated in a nonporous hydrogel 

which were trapped in the polymer mesh in spherical morphologies. In general, polymer 

concentration should be lowered in order to enhance cell spreading in nonporous hydrogels 37, 

but this can significantly affect the mechanical strength of the hydrogel. Our results provide clear 

evidence that cells encapsulated in the microgel-based hydrogels can adhere and spread much 

more quickly (as early as in 1 day) than in the traditional nonporous hydrogels. 

 



99 

 

 

Figure 5.9: a) Flourescence image, and b) quantitative analysis of day 7 cell viability for 

macroporous hydrogel with 0.5% or 0.05% w/v photoinitiator concentration and for nonporous 

hydrogel with 0.05% w/v photoinitiator concentration. Green: live cells. Red: dead cells. Scale 

bar: 200 µm. 
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Figure 5.10: Day 7 cell fluorescence image for macroporous hydrogel with 0.5% or 0.05% 

photoinitiator concentration and for nonporous hydrogel with 0.05% w/v photoinitiator 

concentration. Red: actin cytoskeleton. Blue: cell nuclei. Scale bar: 200 µm. 

 

The advantage of encapsulating cells in the macroporous hydrogels made of microgels was 

further demonstrated by the live/dead assay performed 7 days post-encapsulation (Fig 5.9a) and 

quantified confirmed in Fig 5.9b. With both photoinitiator concentrations, there was a significant 

increase of viable cell number in the macroporous hydrogels. More robust cell proliferation was 

observed for the hydrogel cured with 0.05% photoinitiator, presumably as a result of the minimal 

cytotoxicity caused by the photoinitiator and free radicals. As on day 1, the cells were well-

spread around the microgels within the interstitial space. Most cells encapsulated in the 

nonporous hydrogel still exhibited round morphologies, and there was minimal spreading, likely 

because the cells were still trapped in the polymer mesh. The detailed structures of actin 

cytoskeleton presented in Fig 5.10 confirmed the result from the live/dead assay. 
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Overall, the injectable hydrogel formulation we describe in this dissertation has 4 major 

advantages compared to previously reported injectable hydrogels. (1) It gels quickly (2.5 min) 

under UV irradiation even at a low photoinitiator concentration (0.05%) due to the synergistic 

actions of UV photopolymerization and mTG-based enzymatic crosslinking. (2) The use of low 

photoinitiator concentration results in high viability and proliferation during the cell 

encapsulation process. (3) Due to the action of mTG in conjunction with UV 

photopolymerization, the hydrogel adheres to the target tissue stably within 2.5 min. (4) The 

presence of macropores allows enhanced interactions among cells as evidenced by the rapid 

adhesion, spreading, and proliferation of the encapsulated cells. We anticipate that this novel 

formulation will find many applications related to accelerated wound healing and cell delivery-

based therapeutics 38.  

5.4. Conclusion 

Gelatin/GelMA composite microgels were successfully synthesized and crosslinked into 

macroporous hydrogel via duel crosslinking by photocrosslinking with 0.05% photoinitiator in 

the presence of 0.005% ascorbic acid, and by enzymatic crosslinking using mTG. The use of low 

photoinitiator concentration minimized associated cytotoxic effects, while enabling the hydrogel 

to stably form in 2.5 minutes, when simultaneously combined with enzymatic crosslinking by 

mTG. Use of mTG also facilitated binding between the hydrogel and the tissue. In summary, the 

hydrogel system reported here shows promise for use in wound healing and tissue engineering 

applications due to its injectable, fast curing, macroporous nature that minimizes cytotoxic 

effects of the photoinitiator.  
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In chapters 3 and 4, the microgels were polydisperse in size. Using monodisperse microgels will 

enable us to control the size of the macropores and study the effects of pore size on cellular 

responses. For this purpose, the microfluidic channels can be used to create monodisperse 

microgels 1-3. A gelatin solution gels at room temperature due to the intermolecular hydrogen 

bonds, which makes it difficult to apply microfluidics to produce monodisperse microgels. This 

challenge can be addressed by dissolving gelatin in acetic acid to produce a gelatin solution at 

room temperature 4. Our preliminary results have shown that gelatin microgels can be produced 

at room temperature using this method, and acetic acid can be removed by washing the microgels 

with acetone and ethanol mixture.  

In chapter 4, we demonstrated that the encapsulation of HL-1 cells in the macroporous hydrogel 

increased cell-cell contacts and facilitated gap junction formation. However, the staining for 

sarcomeric α-actinin in HL-1 was not obvious and the spontaneous beating rate was very low.  

As next step towards developing a cardiac patch, one can use the primary cardiomyocytes or the 

cardiomyocytes derived from the induced pluripotent stem cells (iPSCs). iPSCs are cells that 

have been reprogrammed back into an embryonic-like stem cells which are proliferative and 

capable of differentiating into cardiomyocytes 5. We anticipate that using iPSC-derived 

cardiomyocytes will result in more efficient gap junction formation, better assembly of 

sarcomeric structures, regular spontaneous beating, and synchronized beating under external 

stimuli.  

For ADSCs encapsulation, the results have shown the potential of enhancing osteogenic 

differentiation. However, whether this is the result of more viable cells in the hydrogel or from 

more efficient osteogenic differentiation is unclear. To test the mechanism behind this result, 

quantitative real-time polymerase chain reaction (qRT-PCR) can be used to reveal the 
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mechanisms at the gene level. Our preliminary results have shown that one of the relative 

quantity of the early and late stage osteogenic differentiation genes runt-related transcription 

factor 2 (RUNX2) 6 is similar for porous hydrogel and nonporous hydrogel (Fig A1.2). This may 

mean that the differences of the alizarin red and osteocalcin fluorescence are coming from the 

differences in cell proliferation. This result needs to be confirmed by additional experiments of 

late stage markers, for example osteocalcin 6.  

This hydrogel system can also be applied to other cell related applications. For example, this 

hydrogel can be used as a delivery vehicle for mesenchymal stem cells (MSCs) to reduce 

inflammation 7, such as atopic dermatitis 8 and inflammatory bowel disease 9. Our preliminary 

results have shown that the cells in the nonoporous hydrogel secreted more interleukin-10 (IL-

10), an anti-inflammatory cytokine, than the porous hydrogel (Fig A1.3). Similar to other types 

of cell encapsulation, the macroporous hydrogel resulted in better spreading of the encapsulated 

MSCs compared with the nonporous hydrogel (Fig A1.4). It was recently found that cell 

morphologies affected the cytokine secretome of MSCs 10. However, the difference of anti-

inflammatory cytokines secretion of the MSCs in 3D environment has not been tested. We are 

hoping to understand if there is a correlation between the MSCs morphology and the anti-

inflammatory cytokines secretion of the MSCs in the macroporous hydrogel. More experiments 

should be performed to verify our preliminary result by measuring other anti-inflammatory 

cytokines and pro-inflammatory cytokines, for instance IL-4 and interferon-γ (IFN-γ), 

respectively. The cell spreading can be characterized via analyzing the confocal image to 

calculate the spread area and cell shape index (CSI) of the cell 11. CSI value is between 0 and 1, 

which refer to a line and a sphere, respectively. With the spread area and the CSI value, whether 

the cytokines secretion is affected by the cell spreading can be studied. 
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For chapter 5, the gelatin/GelMA macroporous hydrogel system shortened the curing time 

dramatically as well as minimized the cytotoxicity on hDFs. However, the use of photoinitiator 

can still have some cytotoxic effects on the cells. Encapsulation of other cell types (e.g. ADSCs, 

HUVECs and MSCs) should be tested on this hydrogel for tissue engineering applications. 
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A1. Other results  

 

Figure A1.1: Cell viability for macroporous hydrogel with no ascorbic acid. a) 0.5% 

photoinitiator concentration, b) 0.05% photoinitiator concentration. Green: live cells. Red: dead 

cells. Scale bar: 200 µm. 

 

 

Figure A1.2: qRT-PCR result for relative expression of RUNX2 gene. 
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Figure A1.3: IL-10 release of the MSCs. 

 

 

Figure A1.4: Cell viability of day 7 MSCs encapsulated in the a) macroporous hydrogel b) 

nonporous hydrogel. Green: live cells. Red: dead cells. scale bar: 200 µm. 
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Abstract 

Two major causes of medical implant failure are (1) poor tissue-implant integration and (2) 

bacterial infection. To address this important medical issue, we introduce a multifunctional 

surface chemistry that enhances human cell adhesion and suppresses bacterial growth. The main 

feature of this surface chemistry is the presence of nanopatterns of cell adhesive ligands (RGD 

peptide) on the bactericidal coating. Quaternary ammonium-based bactericidal molecules were 

immobilized on the glass substrate through silane chemistry. Nanopatterns of cell adhesive 

ligands were added on the bactericidal coating by the adsorption of gold nanoparticles through 

electrostatic attraction and the subsequent surface immobilization of RGD peptides through gold-

thiol bonds. The surface chemistry was confirmed by X-ray photoelectron spectroscopy (XPS) 

and scanning electron microscopy (SEM). The presence of RGD peptides on the gold 

nanoparticles significantly increased cell adhesion and enhanced osteogenic differentiation of 

human mesenchymal stem cells (hMSCs) confirmed by alkaline phosphatase (ALP) and 

osteocalcin staining. The same surface achieved ~20% reduction of bacterial growth. This novel 

surface chemistry has the potential to be applied to various medical implant surfaces by reducing 

the risk of biofilm formation and increasing cell adhesion. 

 

1. Introduction  

Biointegration of medical implants – a seamless interconnection between the implant surface and 

the recipient tissue – is of paramount importance in medicine 1-2. Numerous surface chemistries 

have been developed to improve biointegration, mainly through enhancing cell adhesion, such as 

the modification of the implant surface with extracellular matrix (ECM) proteins 3-5 or with short 

synthetic peptides that can promote cell adhesion 6-9. Physical parameters of the implant surface, 

such as surface roughness and micro/nano-patterns have been found to affect implant 

biointegration 10-14. However, the efforts to enhance tissue growth on the implant surface may 

also increase the risk of bacteria growth as evidenced by the fibronectin binding proteins 

expressed by a wide spectrum of bacteria 15. Once formed, biofilm is quite difficult to remove, 

and often, the only solution is to remove the implant completely, which is painful and costly 16.  
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Bacterial infection and biointegration are often not independent phenomena. Bacterial infection 

can be caused by poor tissue-implant integration, as seen in dental implants, transdermal and 

ophthalmic prostheses, because these devices span across both sterile and non-sterile 

environments. For example, dental implants interface both soft (gingiva) and hard (bone) tissues, 

and even if the integration with the bone tissue (osseointegration) is achieved, poor integration 

with the gum tissue can lead to bacterial infection around the implant surface, called peri-

implantitis, resulting in the bone loss near the implant and the eventual implant failure 17. Poor 

integration of the ophthalmic prostheses such as Boston Keratoprosthesis (Boston KPro), the 

most commonly used artificial cornea in the US 18, can lead to devastating bacterial infection 

called endopthalmitis 19.  

Strategies to kill bacteria or suppress the implant-associated bacterial proliferation include the 

controlled release of antibiotics 20-22, silver coating 23-25, and the immobilization of bactericidal 

molecules on the implant surface 26-29. However, efforts to suppress bacterial growth do not 

necessarily achieve tissue-material integration, prompting the need for a strategy that addresses 

both bacterial infection and poor biointegration at the same time 30-31.  

Here, we introduce a novel multi-functional surface chemistry that shows potential for both 

biointegration and suppression of bacterial growth (Fig 1a). The central feature of the surface 

chemistry is the nano-patterns of cell adhesive ligands on top of the bactericidal coating. Since 

the size of bacteria is larger than that of the pattern, the bacteria will make contacts with the 

bactericidal coating anywhere they land on the surface, suppressing their growth. Mammalian 

cells, however, can make multiple contacts with the cell adhesive ligands presented on the 

nanopatterns, adhere, and proliferate. Covering the entire surface with bactericidal coating alone 

would most effectively kill bacteria.  However, this would come at the cost of reduced human 

cell adhesion.  By adjusting the ratio of the two factors, we can find the optimal surface 

composition that promotes the best of human cell adhesion and bactericidal properties.   

 

Figure 1. (a) Overview of the multifunctional surface chemistry. Cell adhesive ligands are 

presented as nanopatterns on top of the bactericidal coating. Bacteria make contact with the 

bactericidal coating anywhere they land on the surface. Human cells can make multiple contacts 

with the cell adhesive ligands and adhere and spread. (b) Schematic of the surface chemistry. 

Bactericidal coating, containing quaternary ammonium and C10 alkyl chains, is added on the 

glass substrates through silane chemistry. Negatively charged gold nanoparticles are added on 

the positively charged bactericidal coating. RGD peptides are added on gold nanoparticles 

through gold-thiol bond. 
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Fig 1b is the schematic of the surface chemistry. The bactericidal coating, based on a permanent 

charge of quaternary ammonium and an alkyl chain (C10), was added onto the glass surface by 

silane chemistry. The combination of quaternary ammonium and long hydrophobic carbon 

chains have been shown to effectively kill both Gram positive and Gram negative bacteria by 

disrupting the cell membrane upon contact 26. Gold nanoparticles (20 nm) were immobilized on 

this coating through the charge interaction to create a nanopattern. The surface density of gold 

nanoparticles was controlled by changing the gold nanoparticle concentrations during the 

incubation of the surface in the gold nanoparticle solution. Subsequently, a cysteine-containing 

RGD peptide was added to form a nanopattern of cell adhesive ligand through gold-thiol bonds.    

As a model implant surface, glass coverslip was chosen due to the ease of microscopic 

visualization. However, the same concept of surface chemistry can be easily transferred to a wide 

variety of implant materials.  

2. Materials and Methods 

2.1. Materials 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless stated otherwise. 

2.2. Surface modification  

12 mm circular glass coverslips were cleaned with Alconox®, washed with deionized water and 

ethanol and immersed in piranha solution (7:3 sulfuric acid: hydrogen peroxide mixture) for 30 

minutes at 80°C.  (Warning: piranha is a strong oxidant and must be handled according to 

documented safety procedures.) The coverslips were then rinsed with deionized water three 

times, and blown dried with nitrogen gas. 

To add the bactericidal molecules, the piranha-cleaned coverslips were submerged into 5% N,N-

didecyl-N-methyl-N-(3-tri-methoxysilylpropyl) ammonium chloride (Gelest, Morrisville, PA) in 

anhydrous toluene for two hours. The coverslips were rinsed with toluene, with 50% toluene 

50 % ethanol, and three times with ethanol, followed by drying with nitrogen gas.  

Gold nanoparticles (diameter = 20nm) (BBI solutions, Madison, WI) were added to the 

bactericidal coating, by submerging the modified glass coverslips in gold nanoparticle solutions 

of various nanoparticle concentrations overnight. The coverslips were rinsed with deionized 

water and dried under nitrogen. RGD peptide was immobilized on the gold nanoparticles by 

submerging the coverslips in a phosphate buffered saline (PBS, pH = 7.4) containing cysteine 

labeled-RGD peptide (GCGYGRGDSPG, Genscript, Piscataway, NJ) for 4 hours at room 

temperature. The concentration of the peptide was 10 µM. The coverslips were then washed with 

DI water and dried. 

2.3. Surface characterization 

The modified surfaces were sputter-coated with gold and palladium (10 nm) and imaged with 

Tescan Lyra 3 GMU FE SEM (Tescan, Kohoutovice, Czech Republic). X-ray photoelectron 

spectroscopy (XPS) was used to obtain elemental compositions of the surface by Kratos Axis 

Supra XPS (Kratos Analytical, Manchester, United Kingdom) equipped with a monochromatized 

Al Kα source. 

2.4. Bacteria study  
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E. coli was used as model bacteria to test the bactericidal property of the modified surfaces. 

E.coli was taken by sterile toothpick from the cultured plate before, put into liquid LB, and 

incubated overnight in a 37 °C shaking incubator.  After the incubation, the bacteria 

concentration was adjusted to OD600 = 0.00125 (~ 1.0 x 106 CFU/mL) using PBS. 200 µL of the 

bacteria solution was added to each modified glass coverslip. After 4 hours of incubation, the 

bacteria solution was collected, and the number of bacteria was determined by BacTiter assay 

(Promega, Madison, WI), which measures the concentration of bacteria by measuring the 

metabolic activity. For quantitative analyses, a standard curve was generated using the bacteria 

solutions of known concentrations. 

2.5. Cell culture  

The human mesenchymal stem cells (hMSC) were purchased from Lonza Biologics (Portsmouth, 

NH) and were cultured in a humidified chamber at 37°C and 5% CO2 environment. Cells from 

less than 4 passages were used for all experiments with the media provided by the vendor. 

hMSCs at 5 x 103 cells at 1 x 104 cells/mL was added to each surface contained in a well of 24-

well plate. For the initial cell adhesion study, the cells were fixed 24 hours after the initial 

seeding with 4% formaldehyde in PBS. For the fluorescence analysis, the fixed cells were 

labeled with TRITC-modified phalloidin to stain actin cytoskeleton and with DAPI to stain the 

cell nuclei. The fluorescence microscope images were taken by EVOS FL Cell Imaging System 

(Thermo Fisher Scientific, Waltham, MA). Three images were taken from each surface (four 

surfaces for each test group). The number of adhered cells were quantified using ImageJ. 

2.6. Osteogenic differentiation of hMSCs 

For the osteogenic differentiation study, the cells were cultured on the surface in a growth media 

for the first week after which the media was switched to the osteogenic media provided by the 

vendor, and cultured for another two weeks. The media was changed every other day. The 

alkaline phosphatase (ALP) assay was performed using SensoLyte® pNPP Alkaline Phosphatase 

Assay Kit from Anaspec (Fremont, CA). This colorimetric assay utilizes p-nitrophenyphosphate 

(pNPP) as a substrate for ALP. The absorbance at 405nm from each sample was measured by a 

plate reader (Model number here, Biotek, Winooski, VT) to estimate the concentration of ALP. 

The ALP assay results were normalized to the total amount of proteins using the BCA assay 

from the Pierce Biotechnology (Waltham, MA). 

Staining of the osteocalcin within the differentiated hMSCs was achieved by first fixing the cells 

with 4% formaldehyde and incubating them with anti-osteocalcin derived from mouse (Abcam, 

Cambridge, MA). Fluorescence labeling of this antibody was done by FITC-labeled anti-IgG 

derived from goat. DAPI was stained for cell nuclei. 

2.7. Statistics 

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

significance of two sample groups was assessed by student-t test. For the statistical significance 

among multiple sample groups, ANOVA was performed followed by Tukey’s post hoc test using 

Origin 8.1. 

 

3. Results  
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High resolution X-ray photoelectron spectroscopy (XPS) was used to characterize the surface 

chemistry. The successful coating of glass surface with bactericidal molecules was confirmed by 

the quaternary ammonium peak at ~ 403 eV in the high resolution spectra of N 1s (Fig 2a). As 

expected no gold signal (Au 4f) was detected (Fig 2b).  

 

Figure 2. N1s and Au4f XPS high resolution spectra with the progression of surface chemistry. 

(a), (b) Bactericidal coating, (c), (d) Addition of gold nanoparticles (e), (f) Addition of RGD 

peptide. The insets in (a) and (c) are the N1s peaks that were rescaled.  

 

When the surfaces were incubated in a gold nanoparticle solution, N 1s peak decreased slightly 

(Fig 2c) as clear Au 4f peaks appeared in the XPS (Fig 2d). The area of Au 4f peak increased as 

the concentration of gold nanoparticles increased during the incubation (Fig S1a). This was 

consistent with the thicker pink color of the glass coverslips (Fig S1b). It is suspected that the 

negatively charged, citric acid-stabilized gold colloids adhered to the positively charged 

bactericidal coating through electrostatic attraction. In another study, binding between quaternary 

ammonium and citric acid-stabilized gold nanoparticles was strong enough to cause aggregation 

of gold nanoparticles, and was used for sensing quaternary ammonium 32. The surface binding of 

the gold nanoparticles was stable and we did not observe any loss of nanoparticles from the 

surface in all of experiments. 

Addition of RGD to the gold nanoparticle-modified surfaces increased the nitrogen signal (N1s 

in Fig 2e), but the gold signal was unaffected (Fig 2f). The RGD peptide used in this study 

contained a cysteine residue for the immobilization on the gold nanoparticles through gold-thiol 

bonds 33-35. The high resolution spectrum of N1s confirms the presence of primary amines from 

the peptides with a peak at ~400 eV.  

Figure 3 is the scanning electron microscope (SEM) images of the modified glass surfaces. As 

the concentration of gold nanoparticles was increased from 4.4 x 1010 particles/mL to 7.0 x 1011 

particles/mL, the fraction of surface coverage by the particles increased from 0.05 to 0.27. This 

result is consistent with the Au4f signals from XPS (Fig S1a). 
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Figure 3. SEM images of gold nanoparticles immobilized on the bactericidal coating. The 

concentration of gold nanoparticles during the immobilization was (a) 7.0 x 1011/mL (b) 2.8 x 

1011/mL (c) 1.1 x 1011/mL (d) 4.4 x 1010/mL. Scale bar = 100 nm. 

Since high densities of gold nanoparticles on the surface will hinder the effective physical 

contact between bacteria and the bactericidal coating, we chose to use two lower gold 

nanoparticle density surfaces for the rest of the experiments (corresponding to Fig 3c and Fig 

3d). We did not use the surfaces with lower gold nanoparticle density than Fig 3d because at 

such low gold nanoparticle densities, the addition of RGD did not enhance cell adhesion (data 

not shown). This observation is consistent with the previously reported findings that the spacing 

between RGD peptides presented on gold nanoparticles should be less than ~70 nm for the 

efficient focal adhesion formation by the cells 36.  

For the simplicity of the further experimental descriptions, the surfaces that were modified with 

the bactericidal coating are designated as Bac. The surfaces with a higher gold nanoparticle 

density are designated as Bac-HG (Fig 3c), and the ones with a lower gold nanoparticle density 

as Bac-LG (Fig 3d). Bac-HG-RGD and Bac-LG-RGD refer to Bac-HG and Bac-LG that were 

further treated with RGD peptide, respectively. 

The gold nanoparticles on the bactericidal surface were used to provide anchorage for RGD 

peptides and to promote better cell adhesion. hMSCs were added on the surfaces, and their initial 

adhesion after 24 hours was observed by fluorescence microscopy. The addition of RGD 

peptides to the gold nanoparticles significantly increased the number of adherent cells (Fig 4, Fig 

S2). Addition of RGD peptides directly to Bac also increased cell adhesion slightly, but there 

was no statistical significance (p > 0.05).  
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Figure 4. Average number of adherent cells per area. * p < 0.05. # stands for p < 0.05 compared 

to the (-) RGD group (n = 4). (+) RGD groups of Bac-HG and Bac-LG are the same as Bac-

HG-RGD and Bac-LG-RGD, respectively. 

Next, long-term effects of the different surface chemistries on the osteogenic differentiation of 

hMSCs were tested for the potential applications in orthopedic implants. hMSCs were cultured 

on the surfaces for two weeks in osteogenic media and the concentration of ALP – a well-known 

osteogenic marker -was measured (Fig 5a). Both Bac-HG-RGD and Bac-LG-RGD resulted in 

significantly higher ALP activities than Bac. The same samples without RGD (Bac-HG and 

Bac-LG) did not show such enhanced ALP activities by hMSCs. This result is consistent with 

the fact that the stable cell adhesion and the formation of focal adhesion of hMSCs is critical for 

the osteogenic differentiation 37. 

 

Figure 5. Osteogenic differentiation of hMSCs on different surfaces. (a) ALP assay. * p < 0.05. 

# and ## indicate the (+) RGD groups that had statistical significance compared to the (-) RGD 

groups (# p < 0.05, ## p < 0.01) (n = 4) (b-d) Fluorescence microscope images of hMSCs 

cultured on (b) Bac-HG-RGD (c) Bac-LG-RGD and (d) Bac. Green fluorescence is for 

osteocalcin and blue fluorescence for nuclei. Scale bar = 400 µm. 
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When the hMSCs were fluorescently stained for osteocalcin (green fluorescence), another 

marker for osteogenic differentiation, in all surfaces, most of the adherent cells exhibited green 

fluorescence, suggesting that most of the adhered hMSCs differentiated into osteoblasts. Both 

Bac-HG-RGD and Bac-LG-RGD showed much stronger fluorescence signals than Bac, 

consistent with the results from the ALP assay (Fig 5b-d). These results suggest that the presence 

of the RGD peptides on the gold nanoparticles enhanced the initial cell adhesion and supported 

more robust osteogenic differentiation of hMSCs long-term.  

Next, bactericidal property of the surfaces was tested by adding an E.coli solution on the 

different surfaces and by measuring the viable bacterial concentrations. The luminescence-based 

assay we used allowed us to measure the bacteria concentration as low as 1000 CFU/mL (Fig 

S3). Although E. coli, Gram-negative bacteria, were chosen in this study, the bactericidal 

efficiency against both Gram-negative and Gram-positive bacteria by the combination of 

quaternary ammonium and alkyl chains is well documented in the literature 38. 

 

Figure 6. Viable E. coli concentration after incubation with surfaces. 200 µL of E. coli 

(concentration = 1.0 x 106 CFU/mL) was added to each surface (diameter = 12 mm) and 

incubated for 4 hours, after which the concentration of the viable E. coli was measured. The 

results were normalized to the “No surface” group, in which the bacteria was not exposed to the 

glass coverslips. * p < 0.05, ** p <0.01, *** p < 0.001 (n = 4). 

 

Fig 6 shows the fraction of viable bacteria after 4 hours of incubation on different surfaces 

compared to the bacteria solution that was not exposed to any glass coverslips. Bac reduced the 

number of bacteria by 40% under the conditions we used. The addition of gold nanoparticles and 

RGD peptide reduced the bactericidal property, but was still effective in suppressing the bacterial 

growth. For example, Bac-HG-RGD and Bac-LG-RGD reduced the number of bacteria by 16% 

and 21% compared to the no treatment group (p < 0.05), despite the reduced available area of 

bactericidal coating by the gold nanoparticles. 

In the current approach, decreasing the surface density of gold nanoparticles would enhance 

bactericidal property. However, further decrease in the surface density of gold nanoparticles than 
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Bac-LG increases the average distance between RGD peptides beyond a critical value (~ 70 nm), 

which would nullify the actions of RGD peptides on gold nanoparticles to enhance cell adhesion. 

One potential approach would be to increase the surface density of bactericidal molecules. In our 

experiments, we used a silane molecule that already had alkyl chains and a quaternary 

ammonium for the simplicity of the chemistry. The surface density of bactericidal moieties can 

be increased significantly by a series of surface chemistry that involves the coating the surface 

with polyethyleneimine (PEI), followed by the addition of alkyl chains to produce quaternary 

ammonium, which resulted in more efficient bacteria-killing effects 38.  

Conclusion  

The novel surface chemistry introduced here enhanced the initial adhesion and the long-term 

osteogenic differentiation of hMSCs on the glass coverslips. The same surface chemistry also 

suppressed the bacterial growth by 21%. Further optimization of this multifunctional surface 

chemistry will find applications in various medical implants where enhanced biointegration and 

antibacterial property are required. 
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Figure S1. (a) Area of Au4f peaks as a function of the concentration of gold nanoparticle 

solution. The glass coverslips with bactericidal coating were immersed in gold nanoparticle 

solutions of varying concentrations (x-axis) for 4 hours. The area under the curve of each Au 4f 

peak was normalized to the case of highest gold nanoparticle concentration (7 x 1011 

particles/mL) (b) Glass coverslips after the immobilization of gold nanoparticles. The 

concentration of gold nanoparticles during the surface immobilization was decreased from 7 x 

1011/mL to 0/mL from left to right. 
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Figure S2. Initial cell adhesion (a) Bac (b) Bac-RGD (c) Bac-HG (d) Bac-HG-RGD (e) Bac-

LG (f) Bac-LG-RGD. hMSCs were stained for actin cytoskeleton (red) and nuclei (blue). Scale 

bar = 400 μm. 

 

 

 

Figure S3. Signal to noise ratio (S/N) of luminescence as a function of bacteria concentration. 

S/N = [mean luminescence of standard samples – mean luminescence of the background (buffer 

only sample)]/standard deviation of the background. 
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