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Abstract 

Synthetic and natural hydrogel materials have been widely used in applications 

such as contact lens, wound dressings, and tissue engineering scaffolds because they 

have an ability to hold a large amount of water and this provides an environment similar 

to a natural cellular matrix system in human body. Hydrogels can also be easily 

engineered to deliver small molecule drugs or large macromolecules such as proteins 

and growth factors. Hydrogels can serve as skin wound treatment to deliver therapeutic 

agents to the localized site without causing off-targeted side effects. In order to perform 

its duty maximally, the hydrogel should be able to retain a sufficient amount of the drug 

and release it in active form in a controlled manner. A protein used in this study as a 

drug is keratinocyte growth factor(KGF) and it is known to enhance wound healing rate 

by stimulating the migration and proliferation of keratinocyte cells for reepithelialization. 

In this study, the efficiency of two types of hydrogel materials will be examined with KGF 

to determine their viability as potential protein delivery systems. First, poly(2-

hydroxyethyl methacrylate) (HEMA) hydrogel is already widely used as contact lens 

material and it is known to uptake proteins via a diffusion mechanism. The second 

material is heparin immobilized amine-functionalized star-shaped poly(ethylene glycol) 

(starPEG/heparin) hydrogel. It is known to uptake protein via electrostatic interaction 

and also via large pores. The maximum water content and swelling ratio of each 

hydrogel were tested using the gravimetric equilibrium swelling test. Then the 

fluorescence dye labeled KGF was used to test maximum protein uptake capability. To 

understand the general trend and factors that contributed to the results, focused ion 

beam scanning electron microscopy (FIB-SEM) was used to image surface of 
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hydrogels, and Fourier-transform infrared spectroscopy(FTIR) and X-ray photoelectron 

spectroscopy(XPS) were used to analyze crosslinking degree and elements and 

functional groups on the hydrogel surface. 
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1. Introduction 

In the field of tissue engineering, numerous strategies have been developed to 

repair and replace damaged human organs and tissues using artificial scaffolds. 

According to the most current definition, tissue engineering is an interdisciplinary field 

that applies the principles of engineering and life sciences toward the development of 

biological substitutes to restore, maintain, or improve tissue function [1]. Hydrogels are 

one of materials that have unique and suitable physical and chemical properties to be 

used as tissue engineering scaffolds. Hydrogels are three-dimensional systems that can 

be formulated from crosslinking of a wide range combination of monomers or co-

monomers. Hydrophilic functional groups in the system and porous matrix resulting from 

chains of polymers allow hydrogels to absorb large quantities of water as well as small 

molecule drugs and macromolecules such as proteins and growth factors. Their high 

water content, sufficient internal capacity and flexible jelly-like elasticity make them 

highly biocompatible. These characteristics make hydrogels as a promising drug carrier 

compared to other materials because they allow to mimic the structural and 

physiochemical properties of human soft tissues and natural extracellular matrix (ECM). 

The desired scaffold materials that being used to make hydrogels are different 

depending on the specific target tissue of its application and the drug intended to be 

incorporated with it. The design and fabrication of each hydrogel will require sufficient 

background knowledge. This includes anatomy of target tissues, cascade gene 

activations upon the dose of the drug and chemistry between the hydrogel matrix with 

cellular environment and the drug to prevent any undesired side effects and cytotoxicity 

[2]. 
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In this study, a new type of affinity-responsive hydrogel material made of amine 

functionalized star-shaped poly(ethylene glycol) with heparin (starPEG/heparin) is 

introduced to improve performance compared to that of poly(hydroxyethyl methacrylate) 

(HEMA) hydrogel. Structures of both hydrogels are shown in Figure 1. Both materials 

are compared as a potential keratinocyte growth factor(KGF) delivery system to skin 

wounds. Protein therapeutics such as KGF and insulin often have a larger molecular 

weight compared to typical small molecule drugs, and thus they are more selective and 

specific to the target due to multiple interaction sites [3]. However, since proteins are 

natural compounds in the body, they undergo rapid renal clearance system and 

proteolytic digestion which result extremely short half-lives upon administration [4]. 

Thus, transdermal delivery of protein therapeutics by incorporating them into hydrogel 

scaffolds provides an efficient way to localize and maintain high concentration of protein 

drugs to their target sites by transporting them in active forms. 

HEMA is one of the most studied hydrogel polymers and its efficiency and safety 

are already proven due to its use in many commercial contact lenses. Its compatibility 

with KGF is extensively recognized by previous work in our lab [5]. According to HEMA 

hydrogel characterization study done by Appawu, equilibrium swelling experiments were 

used to determine the maximum water content. Surface characterization techniques 

such as X-ray photoelectron spectroscopy(XPS), Time-of-Flight Secondary Ion Mass 

Spectrometry(ToT-SIMS) and Fourier transform infrared spectroscopy (FTIR) were used 

to determine amounts of functional groups present at the surface and chemical 

composition of the material within HEMA hydrogels with different cross-linking densities. 

However, there were a few questions raised about whether KGF being released in 

2 



	 	 		

 

 

 

 

 

 

  

	 	 	

	 	 	
	

         

HEMA TMPTMA Poly(HEMA) 

starPEG Heparin StarPEG/heparin 
matrice 

Figure 1: Chemical Structure of HEMA and starPEG/heparin hydrogels 
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active and native forms and the possibility of protein being entrapped in the hydrogel 

matrix without releasing. 

To control the growth factor uptake and release efficiency of hydrogel, often 

heparin infused hydrogels are developed owing to the heparin-binding characteristics of 

some growth factors [6]. A variety of growth factors including KGF, basic fibroblast 

growth factor(bFGF), and vascular endothelial growth factor (VEGF) are known to bind 

negatively charged O-sulfate groups of heparin through electrostatic interactions with 

their positively charged basic amino acid residues such as arginine and lysine [7]. 

According to the KGF stabilization test study by Burdick, et al., heparin is known to 

increase KGF stability against heat-induced denaturation and storage by binding to the 

native states of the protein which prevent deactivation of protein caused by aggregation 

[8]. In addition, heparin in natural ECM serves as a storage depot for growth factors by 

making them available to target tissues upon cellular signaling. The inclusion of 

polysaccharide heparin will mimic this growth factor release mechanism and further 

increase compositional similarity of hydrogels to the natural ECM compared to plain 

HEMA hydrogel. The starPEG/heparin hydrogel evaluated in this study is also a heparin 

incorporated hydrogel through EDC/s-NHS coupling and it is an affinity based stimuli-

responsive hydrogel. 

After decades of research on hydrogels, researchers were able to develop new 

sophisticated hydrogel systems called ‘smart hydrogels,’ which can reversibly change 

their size and shape by responding to external stimuli such as pH, temperature, or 

chemical triggers [9]. For the case of starPEG/heparin hydrogel, the stimuli are the 

expression of the only high-affinity receptors for KGF, called KGF receptors (KGFR) on 
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keratinocytes. Release of KGFs from the hydrogel matrix will be triggered by this 

cellular behavior based on affinity of KGF to heparin and KGFR [10]. In addition, 

incorporation of heparin creates a FGF-heparin-FGFR complex to aid the receptor 

binding of growth factors and an example of this relationship is shown in figure 2 [57]. 

KGF is used as a model drug in the study because it is in charge of proliferation, 

migration and differentiation of keratinocyte cells. The expression of the cell is an 

indispensable step for a successful re-epithelialization and the skin wound healing 

process is summarized in figure 3 [11]. 

A hybrid hydrogel composed of glycosaminoglycan and synthetic monomer had 

been noted as outstanding material with its biocompatibility as well as structural 

tunability [12], [13]. The starPEG/heparin hydrogel was first introduced by Freudenberg 

and his colleagues as a cell replacement clinical application to deliver FGF-2 to the 

diseased brain [14]. This scaffold was chosen to be tested as a KGF carrier in current 

study because the scaffold was shown to have promising compatibility with other growth 

factors including FGF-2, VEGF and BMP-2 [15]. The influence of size and molar ratio of 

the starPEG and heparin to the hydrogel properties were examined previously by 

Welzel, et al., and owing the results from their study, a combination of 10kDa starPEG 

and 14kDa heparin was chosen as an optimal combination of building blocks [16]. The 

starPEG/heparin hydrogel will have higher maximum water content compared to HEMA 

hydrogel since it has longer arm length that yields higher porosity and larger mesh size. 

In addition, having more functional groups within the matrix of starPEG/heparin hydrogel 

will influence the swelling characteristic of the hydrogel and will be able to drawing more 

water and protein molecules. The mesh size can also be easily modified by changing 
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Figure 2: A Model for FGF-Heparin Relationship [57] 
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Figure 3: Different Stages of Wound Repair [10] 

7 



	 	 		

           

            

        

     

          

             

            

      

         

         

       

           

    

     

         

       

         

       

          

      

          

          

      

crosslinking density and it is tuned by adjusting the molar ratio of two building blocks. 

Addition of increased amounts of starPEG, a structural building block, to the hydrogel 

mixture increases the stiffness of the scaffold. The more tightly crosslinked matrix 

generally results less internal spaces and it tends to absorbs fewer molecules. By 

increasing the amounts of crosslinking agent to the hydrogel mixture, HEMA hydrogel 

also follows the same trend. More crosslinking agent will cause the resulting hydrogel to 

have a denser and less swollen matrix. However, the main difference of two hydrogel 

materials is that they have different mechanisms for the protein uptake. Non-porous 

HEMA hydrogel is known to absorbs KGF through a diffusion mechanism via 

electrostatic interactions. The starPEG/heparin hydrogel is known to absorb KGF via 

same diffusion mechanism with electrostatic interactions but also pores. Examining 

these two different protein uptake mechanisms will be key to determining the more 

efficient protein delivery system. 

Both hydrogel materials possess their own advantages as a drug delivery 

system. However, to examine the more compatible KGF delivery system and their 

efficiency, the maximum water content and protein uptake characteristics of both 

hydrogels were first examined. First, equilibrium swelling experiments were used to test 

swelling degrees. Then, fluorometer experiment was used to quantify maximum amount 

of fluorescence dye labeled KGF uptake on hydrogels with different crosslinking 

degrees. Then, surface characterization analysis with FTIR, XPS, and FIB-SEM were 

conducted to find out the factors that determine the differences of maximum KGF 

uptake on each hydrogel. The crosslinking degree of different blends of 

starPEG/heparin hydrogels after fabrication was confirmed and compared using FTIR 
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analysis. For XPS study, broad scan analysis and atomic compositions calculation were 

used to quantify sulfur ions on the surface. Since the O-sulfate groups in the matrix of 

starPEG/heparin hydrogels are in charge of determining amounts of maximum KGF 

uptake, examining general distribution and amounts of sulfur ions on the surface will be 

necessary to understand their uptake mechanism. One other hypothesis regarding 

protein uptake mechanism of starPEG/heparin hydrogel was also examined and it is 

about diffusion of free proteins through pores rather than ionic interactions. The surface 

characterization of HEMA and starPEG/heparin hydrogels along with the maximum 

water content and the maximum KGF uptake experiments will allow to investigate their 

potentials as novel drug delivery systems. 
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2. Literature Review 

This review aims to provide the general background and significance of hydrogels 

that have developed as controlled delivery systems of protein. This review also aims to 

ascertain a promising future direction of the materials used in current study based on 

the results of previous research. As mentioned above, each hydrogel is made of 

different combination of building blocks which results different and distinct 

characteristics. Hydrogel scaffolds intended for protein drug delivery are usually made 

of natural polymers rather than synthetic polymers due to their instinctive advantage in 

biocompatibility which provides a protein-friendly environment [17]. However, synthetic 

polymers are also intensively developed to compensate relatively weak integrity and 

restricted tailorability of the natural polymer hydrogels with their long durability and high 

gel strength [18]. The natural polymers are more suitable to use for injectable and 

biodegradable hydrogels and synthetic polymers for adhesive and bandage-type non-

degradable hydrogels. Hybrid hydrogel is also being studied, to compensate for the 

shortcoming of each polymer materials while maximizing their advantages. 

Proteins are sensitive three-dimensional macromolecules composed of numerous 

amino acids. As a result, it requires more effort and thought behind before designing a 

protein delivery vehicle compared to that of relatively stable small molecule drugs [19]. 

Because the sequence and arrangement of amino acids determine the primary, 

secondary, and tertiary structure and the functions of protein, the key for designing the 

hydrogel is embedding a feature that can maintain and preserve stability of protein 

conformations throughout the delivery process until the drug reaches the target site. 

Incorporating proteins in hydrogel matrix can increase bioavailability of protein upon 
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administration and can also avoid rapid proteolytic and chemical degradation as well as 

conformation unfolding and aggregation [20]. This strategy allows for maintaining drug 

concentration at the wound site over an extended period compared to the oral 

administration. Also, targeted delivery will reduce side effects and enhance the drug 

efficacy. Administering in patch form with sustained release of the protein drug will 

make it convenient for patients without frequent administration [17]. 

In this review, Part I aims to introduce different types of hydrogels developed for 

controlled delivery of protein drugs and the focus of Part II is a demonstration of further 

improvement on the performance of existing hydrogels with the enhancement in their 

mesh size through multi-arm polymers, also known as star polymers. 

2.1.Hydrogels for Protein Delivery 

Whether the hydrogels scaffolds are made of natural or synthetic polymers, they can 

be further subcategorized depending on the mechanisms they use to release the drug 

inside. The effectiveness of drug release is determined based on the purpose of the 

hydrogel and a slow and sustained release rate is usually desired for protein delivery. 

Some hydrogel blends often show burst effects at the beginning of the release stage 

and those type of bolus release of the drug can cause serious side effects. Especially in 

case of growth factor delivery, undefined and excess dosing of growth factor can trigger 

tumor growth [21]. Smart hydrogels are introduced to compensate this problem. They 

respond to environmental stimuli such as changes in pH, temperature, and 

concentration of specific biomolecules to trigger the drug release [16]. Specific functions 
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of hydrogel such as drug releasing, degradation or in site gelling change upon certain 

stimuli. 

In the 1970s, poly(hydroxyethyl methacrylate) (HEMA) hydrogel was first introduced 

as a soft contacts lens material and still is the one of the most studied and 

commercialized hydrogel material. It is a normal hydrogel without any smart functions 

but HEMA hydrogel has been known as the most suitable for contact lens with its 

designated characteristics such as an ability to hold large amounts of water with its 

water insoluble matrix and high oxygen permeability [22]. However, a defect side of 

HEMA contact lens is that the material is not favorable with proteins in the body fluids. It 

starts to undergo decomposition after certain periods of protein deposition [23]. The 

hydrophilicity and electrochemical charges on the surface of HEMA polymer initiate 

interactions with proteins and it is undesirable as proteins are considered as 

contaminant. However, accompanying this hydrophilicity of HEMA polymer, researchers 

had developed a way to use the material as a drug delivery system by further increasing 

the hydrophilicity and thus maximizing drug uptake with incorporation of co-monomers 

such as methyl methacrylate (MMA) and N-vinyl-2-pyrrolidone (NVP). In the study by 

Habkl et al., HEMA with 2-hydroxyethylacrylate (HEA) hydrogel was introduced to 

examine if it can be used as the protein delivery system and to test its interaction with 

body liquids such as tears and blood at the same time [24]. Lysozyme was used as a 

model protein because it is the most abundant protein in human tears. According to 

their swelling study on HEA-rich and HEMA-rich hydrogels, the HEA-rich showed a 

significant increase in the equilibrium swelling degree up to around 1300% which was 7 

to 10 times higher than HEMA-rich hydrogels. Confirmed by thermogravimetric analysis 
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(TGA), more swollen HEA-rich hydrogel took longer time to evaporate the water imbibed 

which showed clear correlation with the equilibrium swelling study. Larger pores and 

hydrophilic nature of HEA enabled rapid uptake of water and lysozymes. For release 

study, increasing HEA content showed more rapid release with greater burst effect on 

lysozyme study due to higher swelling degree with a larger network of interconnecting 

pores. HEMA-rich hydrogel achieved slower and sustained drug release rate but a 

change of secondary structure of lysozyme was detected by FTIR study while HEA-rich 

hydrogel did not. Incorporating the HEA co-polymer showed promising results as a 

protein drug delivery system since it was able to preserve lysozyme’s native 

conformation as well as significant increase in imbibed protein and water. 

For further understanding of the relationship between protein and the charges on the 

hydrogel surface, loading and release of different charges of proteins on hydrogels with 

different charges were evaluated by Schillemans et al [25]. In their study, a non-

degradable methacrylated dextran(Dex-MA) was used as a model hydrogel to ensure 

the protein release is governed by diffusion only. To avoid unwanted chemical 

modification of proteins, they also chose to load the protein after hydrogel 

polymerization rather than chemically crosslinking proteins during hydrogel fabrication 

process. Methacrylic acid (MA) and 2-N,N-dimethylaminoethyl methacrylate(DMAEMA) 

were separately co-polymerized with Dex-MA to increase anionic and cationic 

properties respectively. For each hydrogel blend, negatively charged bovine serum 

albumin(BSA), neutrally charged myoglobin, and positively charged cytochrome C were 

examined. To investigate effectiveness of exploiting reversible electrostatic interactions 

as protein loading and release mechanism, a 10 mM HEPES solution with low ionic 
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strength as a loading medium and a HEPES buffered saline (HBS) with a high and 

physiological ion strength medium as a releasing medium were used. Because each 

protein was fully immobilized to the oppositely charged networks and was not able to be 

released in their previous study, they employed slightly different loading system for each 

protein. Cytochrome C was loaded to negatively charged Dex-MA hydrogel in HEPE 

solution at pH 7.4, BSA to positively charged hydrogels at pH 7.4 and finally myoglobin 

to negatively charged network at pH 5. Adjusting the charge density on each hydrogel 

blend generally changed the loading efficiency and the amount of release and release 

kinetics of proteins. Cytochrome C for example, the negatively charged hydrogel with 

decreased crosslinking and less charge density increased the loading amount due to 

more space available for diffusion, less sterical hindrance, and less electrostatic 

interaction which allowed further penetration of protein into the matrix. Proteins on 

hydrogel with high charge density over certain point created too strong electrostatic 

interactions while hydrogel with adequate charge density (~100 umol MA/g in this case) 

was able to trigger the protein release once it was placed in a solution of physiological 

concentrations. This concluded that the release rate of the protein can be tuned by 

changing charge density on polymers and also by the ionic strength of the surrounding 

medium. 

This is not only dependent upon the material of building blocks being used or pH of 

loading and releasing medium ionic strength, but also several other factors such as 

protein concentration in loading medium and ratio of building blocks (if there is more 

than one material) affect the kinetics of uptake and release of proteins. In the study by 

Cho et al., a series of polymer blends were screened to formulate the system that has 
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the most potential for KGF delivery for delayed reepithelialization on human 

trachea/bronchus. A biodegradable polymer was used in their study which composed of 

natural-derived polymers poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) with 

sodium bis(ehtylhexyl)sulfosuccinate (AOT) as a surfactant material [26]. AOT was 

previously known to provide an environment where proteins can safely reside within the 

biodegradable polymer and organic solvents [27]. According to their result, rather than a 

combination of just two polymers or incorporations of AOT to each of a single polymer, 

a ternary formulation of PLA, PGA, and AOT was able to release the highest fraction of 

KGF. Along with the ternary formulation, other factors that could affect the kinetics of 

protein were examined to determine the optimal condition. The resulting features of the 

optimal condition were: a near unity of PLA/PGA (w/w), AOT loading concentration 

between 100-200 Mm, AOT/water mole ratio of 10-20, and aqueous solution pH 

between 6 and 8. By adopting the condition, an average KGF release rate of 94 ng/h 

was established with the highest percentage of total KGF released in 10 hours and the 

highest percentage of active KGF being released among different formulations. 

Between various types of smart hydrogels, an affinity-based hydrogel is a system 

that is the most similar to the human body by referencing the controlled release 

mechanisms found in our extracellular matrix(ECM). In this system, the loading and 

release can be tuned based on interaction between proteins and ligands on hydrogel 

surface and the primary factors including a strength of the affinity interaction, 

concentration of binding ligands, rate of dissociation of the complex, and hydrogel size 

and geometry. A basic principle of the system is shown in the figure 4 [28]. Using same 
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Figure 4: Affinity-based hydrogel system [28] 
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affinity-based principle, not only protein but antibiotic also can be delivered with 

cyclodextrin-based polymer [29]. 

In case of fibroblast growth factor (FGF) delivery especially, heparin is usually 

incorporated as a binding ligand to attract the proteins to matrix. The FGF are a family 

of cell signaling proteins and because they are vital cells for skin regeneration, 

researchers have been working hard to develop FGF-derived therapeutics. A FGF-2, 

also known as basic FGF, is an essential protein for diabetic patients who do not have a 

good ability to produce and migrate growth factors to the wound site, which often result 

in chronic ulcers. Fortunately, there is a bright future for FGF therapeutics with their 

unique heparin-binding properties. In natural ECM, various growth factors are regulated 

by ECM components through spatial and temporal interactions. Those interactions do 

not disturb conformational and functional properties of GFs and are able to release GFs 

in active forms when they are needed during cascade cell signaling event. Incorporating 

heparin to the hydrogel system mimics the property of ECM and the major benefits are: 

first, GFs undergoes less degradation and second, they are being released upon 

directional and biochemical cues for the process of new cellular formation to avoid the 

bolus release [30]. Polysaccharide-based hydrogels are one example of the natural 

ECM mimics in terms of their mechanical properties, water content, and flexibility. Most 

of these types of hydrogels can be degraded by cell-secreted enzymes. For example, 

Jeon et al. examined photocrosslinkable alginate hydrogels with heparin (HP-ALG) to 

test release profiles of bone morphogenetic protein-2 (BMP-2) [31]. After few weeks of 

implantation of BMP-2-loaded HP-ALG hydrogels, they were able to induce 

osteogenesis effectively compared to unmodified pure alginate hydrogel. The system 
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did not show any burst release and was able to release active proteins over the 

extended period of time. Wissink et al. developed another type of heparinized hydrogel 

on collagen matrix to deliver bFGF [32]. Increasing the amounts of immobilized heparin 

increased the maximum bFGF loading, which further enhanced proliferation of human 

umbilical vein endothelial cells. In the study by Xu et al., they conjugated heparin to 

synthetic poloxamer made of poly(ethylene oxide)-poly(propyleneoside)-poly(ethylene 

oxide)copolymers (PEO-PPO-PEO) to design temperature-sensitive hydrogel to deliver 

KGF to injured uterus [33]. In this case, the hydrogel mixture was prepared in cold 

temperature and a change of environment temperature worked as a trigger. The 

heparin-poloxamer conjugate underwent in situ gelation after exposure to body 

temperature to release encapsulated KGF to wound site in sustained manner. 

Different degrees of affinity to heparin for different types of growth factors also 

allow to deliver two growth factors as the same time. In fact, reepithelization process is 

divided into several different steps and each step requires proliferation and migration of 

certain cells and growth factors [10]. It has been our long goal to develop step-wise 

delivery of different growth factors in appreciate order following the reepithelization 

process occurring on the target site. In the study by Roberts et al., they demonstrated 

dual release of bFGF and VEGF from heparin-crosslinked poly(vinyl alcohol) (PVA) [34]. 

In this case, growth factors were encapsulated during the fabrication step and their 

bioactivities were still retained for at least 3 days based on their cell proliferation and 

migration studies. The release profile of dual growth factor release showed similar trend 

as the growth factors were released independently. Although plain PVA hydrogel 

showed the higher release, retention of growth factors in PVA-heparin hydrogel 
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indicated that heparin did interact with them and preserved their stabilities. The 

starPEG/heparin hydrogel evaluated in current study was also investigated as a dual 

growth factor system [35]. 

2.2.Hydrogels with star polymers 

While heparinization on hydrogel increases effectiveness of the system by stabilizing 

proteins during delivery, the function of hydrogel can be further improved by the 

physical enlargement of its inner capacity and by the formation of an advanced 

architecture of network. For this purpose, star polymers are often used as primary 

building blocks. Star polymers are synthesized by attaching several liner polymer chains 

to a multifunctional core [36]. General structures and different types of multi-arm 

monomers are shown in figure 5. Compared to linear monomers, they form a higher 

order architectures with their spatially distributed arms. Some star polymers require a 

long synthesis time and complicated reaction steps to achieve the desired product 

structures, but their branching system provides relatively low viscosity compared to 

linear polymer of same molecule weight for easier handling [32]. Multiple arms also 

provide multiple reaction sites at the end of each chains and it can improve crosslinking 

efficiency compared to linear polymer [37], [38]. For this reason, hydrogels made of star 

polymers will also have increased amounts of functional sites and this not only can 

enable the forming of more complex mesh structures, but it also may increase the 

protein diffusion because the diffusion results from various chemical factors such as 

polar charge, surface functionality, hydrogen bonding, electrostatic interaction, or van 

der Waals [39]. With the particular characteristics, star polymers are also often used as 
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rheology control agents, as a compatabilizer, and as an emulsifier [40]. One of the most 

appealing characteristics of star polymers is that they can be synthesized in a controlled 

manner such as in end-group fidelity and molecular weight distribution for target 

application with desired functions. Because star polymers have been studied for the 

past few decades, researchers now can predict particular structure-property relationship 

depending on the star polymers being used [33]. This further increase the potential of 

star polymers as drug delivery systems because polymers have to meet general 

requirements such as well-defined structure, functionality, stimuli-responsiveness, 

biocompatibility, biostability or biodegradability to be used as biomedical applications. 

[41].  With its tunability, star polymers have attracted great interest for their use in 

biomedical applications. 

When designing star polymer systems, there are several factors that determine 

the final function of the systems such as an arm number, a chain length, and a core 

shape [42]. For example, the influence of using a different number of arms in one 

system has been shown by other researchers. Kim et al. studied the functional 

properties of 4-arm and 8-arm PEG based hydrogels with and without the incorporation 

of biological moieties such as RGD, the integrin binding sequences. A cell viability on 

each hydrogel blend was also investigated by encapsulating human bone marrow 

stromal cells [40]. There was a total of four types of hydrogels tested: 4- and 8- arm 

PEG vinyl sulfone(PEG-VS) and PEG acrylate(PEG-A). According to the result, 

hydrogels with smaller number of arms showed better efficiency for water uptake due to 

their lower crosslinking density regardless of functional group differences. Similar trend 
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Figure 5: General structure of different types of star polymers. Rgular star polymers 
have homo-arms and each arm is made of same linear polymer. Miktoarms are hetero-
arm star polymers that are composed of different properties of linear polymer chains. 
Regular star polymers are symmetric and Miktoarm polymers are asymmetric [36]. 
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has been observed in other hydrogels including HEMA hydrogels. However, because 

sulfone groups were more reactive than acrylate groups, PEG-VS hydrogels generally 

showed the higher storage modulus. Other studies discussed the functional difference 

in different hydrogels depends on the number and structure of arms [43], [44]. Viability 

of PEG-VS and PEG-A hydrogels as drug delivery vehicles was further evaluated by 

Seliktar D. et al. They synthesized matrix metalloproteinases (MMP) sensitive hydrogels 

and showed successful delivery of vascular endothelial growth factors (VEGF) [45]. 

Poly (ethylene glycol) (PEG) is one of the most common monomers and has 

been extensively studied in the field of hydrogel. Although it is a synthetic material, 

many previous PEG hydrogels produced promising pre-clinical and clinical results with 

its excellent biocompatibility [46]. PEG may not be a match for naturally-derived 

materials but being synthetic material has its own advantage such as a high degree of 

control when engineering the properties of monomers [47]. Linear PEG molecules can 

be synthesized together to produce 4-arm, 8-arm, and even 16-arm PEG molecules like 

shown in the figure 6. The molecules can be further functionalized by adding functional 

groups at the end of the arms for any specific crosslinking reactions. There are already 

commercialized hydrogel materials made of multi-arm PEGs on the market. For 

example, a suture sealant Cosealâ from Baxter has been approved by the U.S. FDA, 

and it is used to mechanically seal the surgery area for hemostasis and to prevent 

leakage [48]. It is composed of a 4-arm glutarylsuccinimidyl ester PEG and 4-arm thiol 

PEG [49]. Although the hydrogel was not intended for drug delivery systems or for 

healing, it showed promising results in reducing the time to hemostasis and in 

minimizing blood loss with its harmony in biocompatibility, high adhesion, and elasticity 
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[50]. According to a comparison study to evaluate the preparation time of different 

sealants, the multi-arm material Coseal needed only 5 min for polymerization reaction in 

order to be applied to a wound. The other fibrin sealants and fibrin glue took about 15-

45 min. This example indicated the effectiveness of the multi-arm polymers to shorten 

the reaction time. There are more 4-arm PEG based commercialized products such as 

Durasealâ used as a dural sealant in the brain and Progelâ as a pleural air leak 

sealant. This proved the safety of PEG products even though they are fully synthetic 

materials. 

There are also different types of multi-arm hydrogels made of polymers other 

than PEG used to improve current hydrogel technology. For example, Liu et al. 

introduced dual reduction and thermo-sensitive polypeptide-based micelles and 

hydrogels [51]. Because it is difficult to tune properties when performing micellization 

and hydrogelation systems made of multiple components, Liu and his colleagues 

introduced a system made of only one component. It is a self-assembly system 

composed of a dynamic disulfide bond core and a surrounding star-shaped architecture. 

The molecular weight of polypeptides could be easily controlled just by differing the 

molar ratio of arm polymers and the core substance. In Liu’s study, a same chain length 

of liner polymers was used as a control, and two different sizes of star polypeptide 

polymers were used to see if there is functional difference. One of two star polypeptides 

was induced with an appropriate amount of DTT to make a smaller size polymer as DTT 

cleaves the disulfide bond in the core. Their drug release rate study with the common 

anticancer drug doxorubicin confirmed that the star-shaped polymer was suitable for the 

sustained drug release. The linear polymer showed the fastest drug release rate (65% 
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Figure 6: Structure of differently engineered poly(ehtylene glycol) 
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over 300h) while the star-shaped micelles showed the slowest but sustained release 

rate by releasing 50% of the drug over 300h. For another example, poly(N-

isopropylacrylamide) (PNIPAAm), a common monomer that has been used to make 

temperature-sensitive hydrogel was also engineered into star polymers to make new 

types of temperature-sensitive biomedical systems. This polymer was a conjugate of 

HEMA and NIPAAM and the two substances were separated as inner and outer blocks 

respectively. It possessed interesting and more staged transition processes with the 

temperature changes compared to regular PNIPAAm hydrogels. At 17-22 °C the two 

substances existed as separately dispersed micelles. At 22-29 °C the micelles were 

aggregated and fused all together. At the last stage at 29-35 °C, the mixture turned into 

a sol-gel state which showed its capability as in situ gelation in body temperature for 

drug delivery. 

Based on the researches discussed above, the hybrid hydrogel composed of multi-

arm monomer and polysaccharide, starPEG/heparin hydrogel, was chosen to be 

examined in the current study along with the synthetic HEMA hydrogel. Incorporating 

polysaccharide had been proven to improve biocompatibility and especially the addition 

of heparin was well-known to increase affinity characteristic on polymers. Also, PEG is 

one of the most studied monomers with its acknowledged tunability and biocompatibility 

beyond that of any synthetic polymers. Even though starPEG/heparin had not been 

studied with KGF, previous studies done with other FGFs and growth factors 

demonstrated promising results. Based on the structural similarity of FGF-2 and FGF-7 

[52], the outstanding result on FGF-2 uptake and release from starPEG/heparin 

hydrogel was especially referenced [15]. 
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3. Materials and Method 

3.1.Material 

For HEMA hydrogel, 2-hydroxyehtyl methacrylate (HEMA), trimethylolpropane 

trimethacrylate (TMPTMA), and benzoin methyl ether (BME) were purchased from 

Sigma-Aldrich. Glycerol was purchased from Fisher Scientific. For starPEG/heparin 

hydrogel, sterile phosphate buffered saline (PBS) (pH 7.4) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) were purchased from Sigma-Aldrich. Amine 

functionalized 4-arm Poly(ethylene glycol) (MW=10,000) was purchased from Laysan 

Bio, Inc.. Heparin sodium salt from porcine intestinal mucosa was purchased from 

Calbiochem, EMD Millipore Corporation. N-hydroxysulfosuccinimide sodium salt(s-NHS) 

was purchased from eMolecules, Inc. 

3.2.Synthesis of HEMA hydrogel 

In order to fabricate HEMA hydrogel, HEMA and TMPTMA were sent down through 

a column prepared with glass wool and alumina beads to remove inhibitors. Meanwhile, 

BME was dissolved in warm glycerol. After all reagents were mixed all together in a 

beaker, nitrogen was injected with a needle for a degassing purpose. A mold was 

prepared with PDMS spacer by placing it in between salinized glassware. Then 

paperclips were used to fix them all together. The mixture was injected using a syringe 

and a needle and the mold was placed in an Ultraviolet Fluorescence Analysis Cabinet 

under long wavelength for 20 minutes. After taking it out from UV lamp, the mold was sit 

for 30min to ensure the polymerization process to complete. Resulted hydrogel was 

separated from glassware using a razor and cleaned with triply distilled water by heating 
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three times up to 80 °C. Hydrogels were stored in triply distilled water until use. HEMA 

hydrogel with 0.5% crosslinking degree was mainly used in this study. 

3.3.Synthesis of starPEG/heparin hydrogel 

Synthesis procedure was followed by previous research paper [16]. In current study, 

three different blends of the hydrogel were examined. The molar ratio of starPEG to 

heparin were differed by 1:1.5, 1:4, and 1:7 (hydrogel 1.5, 4, and 7) but the total water 

percentages for all blends were same to 11.7 w/w %. Appropriate molar ratio of 

starPEG and heparin for each blend were dissolved in one-third of the total volume of 

triply distilled water. Ultrasonic bath was used to dissolve thoroughly at 4 °C and the 

mixtures were kept on ice until next step. EDC and s-NHS were also dissolved in one-

sixth of the total volume of triple distilled water and followed the same dissolving 

process used for starPEG and heparin. Prepared EDC and s-NHS solutions were added 

to heparin solution and mixed thoroughly. The heparin mixture was incubated on ice for 

15 minutes to activate the heparin carboxylic groups. Finally, starPEG solution was 

added to the heparin mixture and vortexed for 15 seconds. The hydrogel mixture was 

injected to the same type of mold used for HEMA hydrogel. The mixture was cured at 

room temperature for overnight and cleaned with PBS overnight. Hydrogels were stored 

in PBS at 4 °C until use. 

3.4.Gravimetric swelling study 

Swollen HEMA hydrogel samples were cut into 1 cm*1cm square and dried in an 

oven at 60 °C for overnight. StarPEG/heparin hydrogels were cut into 0.5 cm*0.5cm 
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square and dried in a vacuum box for overnight. The initial mass of dried samples was 

recorded using Ohaus PA224C Pioneer Analytical Balance (OHAUS Corp., USA). Then 

each hydrogel sample was placed in a cuvette with 1.5 ml of PBS at room temperature. 

At specific time point, the hydrogel was taken out from the cuvette and extra liquid on 

the surface was removed with gentle tapping using kimwipes. A weight of swollen 

sample was measured and placed back into the same cuvette until next measurement. 

Experiment was run in triplicate. The maximum water uptake percentage (wt) was 

determined using following equation: 

�" − �&�" = 
�& 

where mt is a mass of swollen gel at time=t and m0 is an initial mass of dry hydrogel 

(time=0). The mass of both HEMA and starPEG/heparin hydrogels were taken for 48 

hours at specific time points: 0 min, 10 min, 30 min, 1 hr, 4 hr, 8 hr, 24 hr, and 48hr. 

3.5.Labeling KGF with Alexa Fluor 488 Fluorescence dye 

KGF was labeled with Alexa Fluor 488 by following a manual for Alexa FluorÒ 488 

Microscale Protein labeling Kit from Molecular ProbesÔ. First, 1 mg/ml KGF solution 

and 1M sodium bicarbonate solution were prepared. 20 µL of KGF and 2 µL of 1M 

sodium bicarbonate solution were mixed in a reaction tube. A 11.3 nmol/µL of reaction 

dye stock was prepared by dissolving Alexa Fluor 488 TEP ester in 10 µL of triply 

distilled water. After 1.78 µL of reaction dye was added to the reaction tube and mixed 

thoroughly, the mixture was incubated for 15 minutes at room temperature. To separate 

the labeled protein from unreacted dye and unlabeled protein, the mixture was purified 
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with resin. First, 800 µL of resin was added to the upper chamber of the spin filter. A 

resin bed was created by centrifuging the filter at 16000 g for 15 s and the collecting 

tube was rinsed with PBS several times. All reaction mixture was added to the resin bed 

and centrifuged at 16000g for 1 min. A purified dye-labeled protein was collected in the 

collection tube. Degree of Labeling(DOL) was determined by obtaining absorbance at 

280 nm and 494 nm using NanoDrop 2000 (Thermo Scientific, Waltham, MA). Protein 

concentration (mg/ml) was calculated using equation below: 

( �)*& − 0.11 �./. ] ∗ �������� ������ 
�)*& 

where 0.11 is correction factor for the fluorophore’s contribution to the A280. Protein 

concentration in molarity is determined by dividing mg/ml value to molecular weight of 

KGF which was 18900 Da. DOL was determined using equation below: 

����� ��� �./. ∗ �������� ������ 
��� = 

���� ������� 
= 
71000 ��FG�FG ∗ ������� ����. (�) 

where 71000 cm-1M-1 was approximate molar extinction coefficient of AF488. The final 

concentration of the labeled protein was 19.05 µM and it was stored in aliquots of 4 µL 

in the freezer. 

3.6.Uptake and Release Study 

Each HEMA and starPEG/heparin hydrogels were prepared and dried using the 

same procedure previously described for swelling study. The initial dry mass was 

measured three times each and recorded. Qubit 3.0 fluorometer (Invitrogen) was used 

to measure fluorescence intensity. A viability of fluorometer was first tested by making 

calibration curve with 3-fold serial dilution from 127 nM of protein stock solution. The 
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concentration of protein uptake medium of 23.4 nM was determined based on the 

calibration curve. 1.5 ml of 23.4 nM was placed in each cuvette and initial fluorescence 

intensity was measured before placing the gel sample (time= 0). The measurements 

were taken at specific time point by pipet out 200 µL of uptake medium. After the 

measurement, the medium was placed back into the same cuvette. Experiment was run 

in triplicate. The intensity of HEMA hydrogels were measured for 48 hours at specific 

time points: 0 min, 10 min, 30 min, 1 hr, 4 hr, 8 hr, 24 hr, and 48hr. The intensity of 

starPEG/heparin hydrogels were measured for 24 hours at specific time points: 0 min, 

10 min, 30 min, 1 hr, 4 hr, 8 hr, and 24 hr. 

3.7.Attenuated Total-Reflectance Fourier-Transform Infrared Spectroscopy(ATR-

FTIR) analysis 

Surface characteristic of dried hydrogels were examined using Spectrum TwoÔ 

(PerkinElmer, Shelton, CT, USA). Air was used as a background. Each spectrum was 

obtained for 4 scans and wavenumber range from 4000 cm-1 to 500 cm-1. Each HEMA 

and starPEG/heparin hydrogels were prepared and dried for the analysis using the 

same procedure previously described for swelling study. 

3.8.XPS analysis 

StarPEG/heparin ydrogels stored in PBS were first cleaned by placing them in triply 

distilled water for overnight. This process removed PBS that might affect XPS data. 

Swollen gels were cut into appreciate size and moisture were completely removed by 
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drying samples in the vacuum box for overnight. Freeze-dried samples were prepared 

also by first clean them with triply distilled water and freeze-dried for overnight. Physical 

Electronic/PHI 5300 X-ray photoelectron spectrometer equipped with a hemispherical 

analyzer was used for analysis and prepared samples were mounted on sample holders 

using double-sided tape. Al X-rays source was used. XPS survey scans for each 

sample were obtained first to identify elements present on the surface and then high-

resolution scans were obtained for the elements of interest. The range of spectrum was 

from 0 to 1200 eV. 
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4. Result and Discussion 

4.1.Synthesis of starPEG/heparin hydrogels 

Both HEMA and starPEG/heparin hydrogels are crosslinking polymers. Polymers of 

this type forms a mesh structure as monomers and crosslinkers being polymerized to 

one another. Polymerization can be initiated in response to certain stimuli. In the case of 

HEMA, BME takes on the role of a photonitiator. Upon exposure to the UV light, BME 

triggers a radical reaction which conjugates HEMA and TMPTMA together. However, 

starPEG/heparin hydrogel uses a chemical reaction to crosslink amines on starPEG and 

carboxylic acids on heparin. Figure 7, it shows a mechanism for EDC/s-NHS coupling, a 

chemical reaction used to crosslink starPEG and heparin via amide bonds. This reaction 

is commonly used due to its advantages, including (1) prior modifications for many 

different kinds of molecules such as enzymes or fluorophores are not required to 

attaching them to the surface of a material of interest, and (2) the excess reagents and 

by-products can be easily removed by washing or dialysis the product with water. 

Using different formulations of the hydrogels during the synthesis controls the basic 

properties of the hydrogels such as the network structure and crosslinking ratio. The 

crosslinking degree of each HEMA blend is controlled by adjusting the concentration of 

TMPTMA, while the rest of the reagents remained the same, as in Table 1. Adding more 

TMPTMA increases the crosslinking density which reduces the swelling property of the 

hydrogel. For starPEG/heparin hydrogel, the swelling property can be controlled by 

adjusting the molar ratio of heparin in regard to the starPEG. StarPEG is considered to 

be a monomer, with its flexible arms and heparin acting as a crosslinker due to 
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Figure 7: EDC/s-NHS coupling 

	 	 	

  

   

 

33 



	 	 	

  

 
      

     

     

     

     

     

      

 

Crosslinking 
ratio HEMA (ml) TMPTMA (ml) BME (g) Glycerol (ml) 

0.1 5.06 0.0051 0.012 0.9 

0.25 5.06 0.013 0.012 0.9 

0.5 5.06 0.038 0.012 0.9 

0.75 5.06 0.025 0.012 0.9 

1.0 5.06 0.0511 0.012 0.9 

Table 1: Formulations of HEMA hydrogels with different crosslinking degrees 
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its stiff and multifunctional characteristic [21]. Following the previous research for the 

starPEG/heparin synthesis strategy [16], the ratio of two building blocks was determined 

based on the carboxylic group functionality of heparin. Heparin is a heterogeneous 

compound composed of various disaccharide units. Figure 8 shows such common 

disaccharide units in heparin, and each unit has a molecular mass of roughly 500 g/mol. 

Since each unit bears a carboxylic group, dividing the total 14,000 g/mol molar mass of 

heparin into 500 g/mol gives an approximate maximum functionality of 28. Thus, the 

starPEG/heparin hydrogel can achieve its maximum crosslinking when all 28 carboxylic 

acid groups in the heparin are used to crosslink with amines in the starPEG. Because 

one starPEG has four amine-functionalized arms, the hydrogel with the maximum 

crosslinking degree forms when one heparin is incorporated with seven starPEGs. 

Hydrogel with the greatest crosslinking ratio (hydrogel 7) and hydrogel with the least 

crosslinking ratio (hydrogel 1.5) was first synthesized and examined, and the hydrogel 

with an in-between crosslinking ratio (hydrogel 4) was examined to confirm if a differing 

crosslinking ratio does in fact follows the trend. Table 2 shows a summary of functional 

groups available for each blend before and after crosslinking. Free COOH remaining in 

the heparin after crosslinking would affect the uptake ability of hydrogel since it is a 

functional group known to interact proteins in addition to the O-sulfate group with its 

negativity [7]. 
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Figure 8: Common disaccharide units in heparin. 
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Molar ratio of 
Heparin to 
starPEG 

Free COOH 
available for 

crosslinking on 
heparin 

Free amine-
funtionalized 

arms available 
for crosslinking 

on starPEG 

Free COOH 
remaining after 

crosslinking 

1:1.5 (A) 28 6 22 

1:4 (B) 28 16 12 

1:7 (C) 28 28 0 

Table 2: Functionality of starPEG/heparin hydrogel 
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4.2.FTIR analysis 

After the fabrication of starPEG/heparin hydrogels, the crosslinking degrees of 

hydrogel 1.5, 4, and 7 were determined using FTIR analysis. Figure 9 shows the FTIR 

spectra obtained from each hydrogel with the correlating peak assignments. As the 

hydrogels become more crosslinked, the relative absorbance intensity of the O-H peak 

should decrease to a newly forming amide bond peak. The amide bond peaks include 

amide I at 1670 cm-1, amide II at 1470 cm-1, and amide III at 1280 cm-1. More and 

more OH from the COOH is used up to form amide bonds from hydrogels 1.5 to 4 as 

well as 7. As shown in Table 2, no COOH was expected to remain after crosslinking in 

hydrogel 7, but some OH would still exist from the OH functional groups in heparin. 

The crosslinking degree of each hydrogel blend was estimated by calculating a ratio 

of the O-H peak to the amide II and III peaks. As shown in Figure 10, the ratio of the O-

H peak to the amide II and III peaks showed a decreasing trend, and this indicated an 

increased amide bond formation for hydrogel samples with tighter crosslinking and a 

decrease in COOH groups. The ratio of O-H and amide I peak was considered as 

unreliable for the determination of the crosslinking degree because certain amounts of 

C=O groups are always present in heparin whether it is crosslinked with starPEG or not. 

4.3.Swelling study 

Once different crosslinking degrees for hydrogels 1.5, 4 and 7 were confirmed by 

FTIR analysis, a swelling study was conducted. This study was used to determine the 

amount of water within the hydrogel matrix at equilibrium. The water content is 
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        Figure 9:FTIR on starPEG/heparin hydrogels with different crosslinking degrees 
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Figure 10: Ratio between O-H peak and amide II and amide III peaks 
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dependent on the crosslinking ratio verified in the previous FTIR section which was also 

controlled by the network structure and mesh size. The network character is a key 

parameter for the hydrogel because it represents the space available for the diffusion of 

proteins and also controls the rate of the release of proteins [53] [54]. 

First, Figure 11 shows the maximum water content of HEMA hydrogels with different 

crosslinking degrees. HEMA hydrogels reached the equilibrium state after being placed 

in PBS for 48 hours. As the crosslinking degree increased from 0.1% to 1.0%, the 

maximum water content decreased. The maximum water content of the least 

crosslinked gel was 66.30%, and it increased to 63.81%, 62.45%, 60.49%, and 59.02% 

of water, accordingly. Increased amounts of TMPTMA created a denser network 

structure by creating restricted mobility in the polymer chain [5]. To support this trend, 

the network mesh size of the HEMA hydrogels with varying crosslinking ratios was 

determined by Appawu [5]. She prepared the HEMA hydrogels with a TMPTMA of 0.5 

w/w %, 3.0 w/w %, 6.0 w/w %, and 12 w/w %, and their mesh sizes were decreased 

accordingly to 14.8 Å, 12.5 Å, 11.3 Å, and 10.3 Å. The average molecular weight of the 

polymer chains between one crosslinking point to another point (Mc) was also 

calculated, and it also showed a decreasing trend from 551 Da to 418 Da, 362 Da, and 

330 Da. 

The swelling ability of starPEG/heparin hydrogel 1.5, 4, and 7 were also determined 

using the same gravimetric equilibrium swelling experiment. The maximum water 

content and swelling trend of those three blends of starPEG/heparin hydrogels are 

shown in Figure 12. The starPEG/heparin hydrogels were able to uptake water faster 

than the HEMA hydrogels and their equilibrium states were reached after 24 hours. The 
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Figure 11: Maximum water contents on HEMA hydrogels 

42 



	 	 	

 

  

       

	

Figure 12: Maximum water contents on starPEG/heparin hydrogels 
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maximum water contents of the starPEG/heparin hydrogels were extensively higher 

than those of the HEMA hydrogels. Hydrogel 1.5 held 1422.80% of water at equilibrium, 

hydrogel 4 held 1055.48%, and hydrogel 7 held 978.79%. The relationship between the 

crosslinking ratio and the swelling degree was the same for the HEMA hydrogel. 

However, the starPEG/heparin hydrogels were able to uptake about 15~22 times more 

water than the HEMA hydrogel with 0.5% crosslinking degree because it formed more 

complex network structures and had lengthy arms along with an increased Mc. 

Compared to the linear and straight forward crosslinking in the HEMA hydrogel, the 

crosslinking of starPEG’s four long, flexible arms was hard to predict. Because each 

arm in starPEG has about 55 of -OCC- repeating units, the resulting mesh size should 

be extensively larger than that of HEMA. 

Furthermore, functional groups present more in the starPEG/heparin than the HEMA 

and this may result attraction of more water molecules via various chemical interactions 

such as H-bonds, Van de Waals, or electrostatic interactions. However, the major 

reason for the huge difference of water content between starPEG/heparin and HEMA 

still would be starPEG/heparin’s flexible and stretchable arms. To test the relationship 

between this stretchability and the swelling degree, hydrogel 1.5, which ensured the 

most mobility of the polymer chains within the matrix, was compared with HEMA 

hydrogel with a 0.5% crosslinking ratio (HEMA 0.5%). The length of two hydrogels at 

dry state and at equilibrium state were measured using ImageJ as shown in Figure 13. 

The length of hydrogel 1.5 doubled after the equilibrium while there was slight 

expansion was observed for HEMA 0.5%. This evidence indicated that the extensive 
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Figure 13: Expansion Comparion of hydrogel 1.5 of starPEG/heparin hydrogel and 
HEMA 0.5% hydrogel before and after equilibrium state 
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stretchability and expansion allowed starPEG/heparin to uptake more water compared 

to HEMA hydrogels. A freeze-dried hydrogel 1.5 was also examined to further explain 

the stretch characteristic of starPEG/heparin hydrogel. When hydrogel is freeze-dried, it 

is less stretchable because it creates stronger and more rigid structures [54]. The 

maximum water content of freeze-dried hydrogel 1.5 was decreased to 850% compared 

to 1422.80% of the non-freeze-dried sample. Also, the dimension of the freeze-dried 

sample underwent less expansion than the non-freeze-dried sample at the equilibrium 

state. This clearly showed that the chain’s stretchability is an important factor 

contributing to the swelling ability of the starPEG/heparin hydrogels. 

Before conducting a protein uptake and release study, the swelling study was 

conducted as a preliminary study. Although the size difference of the water and the 

protein molecule was considerable, the swelling study allowed the estimation of the 

mesh size of the hydrogels indirectly. 

4.4. AF488-KGF uptake and release study 

According to a previous study [5], HEMA 0.5% was chosen as the most adequate 

blend due to its appropriate mesh size and integrity as a protein carrier. Since the 

equilibrium state for HEMA during the swelling study was reached after 48 hours, HEMA 

0.5% was placed in the AF499-KGF solution for 48 hours. At equilibrium, 0.1265 nmol/g 

of AF488 diffused into the HEMA 0.5% matrix. The hydrogel 1.5, 4, and 7 of 

starPEG/heparin were also placed in the same concentration of the AF488-KGF 

solution, and the equilibrium was reached after 24 hours. Each hydrogel 1.5, 4, and 7 

was capable of uptaking 3.4080 nmol/g, 1.9028 nmol/g, and 1.8812 nmol/g of AF488-
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          Figure 14: AF488-KGF uptake study on starPEG/heparin and HEMA 0.5% hydrogels 
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         Figure 15: AF488-KGF release on starPEG/heparin and HEMA 0.5% hydrogels 
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KGF, respectively. The starPEG/heparin hydrogels were able to uptake AF488-KGF 

about 15-27 times more than HEMA 0.5%, which correlated to the previous swelling 

study. Figure 14 compares the protein uptake ability between starPEG/Heparin 1.5, 4, 

and 7, and HEMA 0.5%. 

Once the hydrogels reached the equilibrium state, they were placed in separate 

cuvettes containing pure PBS to examine how fast and how much AF488-KGF would 

diffuse out from the gel matrix. Over 20 days, all hydrogels showed a slow release rate 

as shown in Figure 15. For HEMA 0.5%, 38.74% of AF488-KGF was released from the 

matrix. For the starPEG/heparin hydrogels, hydrogel 7 released the largest amounts of 

protein of 50.81% while hydrogel 4 and 1.5 released 49.87% and 37.31% of the protein 

respectively. Although hydrogel 1.5 released less percentage of the protein compare to 

HEMA 0.5%, the actual amounts of protein released from the matrix was higher 

because hydrogel 1.5 was able to uptake the protein 27 times more according to the 

uptake study. However, all hydrogels unfortunately showed a burst release of the 

protein at the beginning of the study. 

According to the trend determined, hydrogel 7 released the highest percentage of 

the protein, and this indicated the smallest retention of protein in the matrix. This, then, 

indicates the greatest retention of protein in hydrogel 1.5. According to the atomic 

composition data acquired from XPS (Fgure 18), hydrogel 1.5 contained the highest 

amounts of sulfur ion on the surface, which may cause the highest retention of the 

protein. Because O-sulfate groups on heparin is the major functional group that is in 

charge of binding with KGF, increased amounts of sulfur on hydrogel 1.5 may form a 

stronger interaction with KGF which may eventually cause more retention of KGF. 
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Meanwhile, a hydrogel with a larger mesh size was commonly known to release protein 

the most than a hydrogel with a smaller mesh size, and this result indicated that a 

strong interaction between heparin and KGF is an overriding factor that determines the 

protein release. 

4.5. Focused-Ion Beam Scanning Electron Microscopy 

This instrument was used to image surface of the hydrogels. Due to the extensive 

shrinking of starPEG/heparin hydrogels, freeze-dried hydrogels were used for the 

analysis. Unfortunately, it was unable to image pores on hydrogel 4 and 7, hydrogel 1.5 

showed formation of interconnected macropores. It was unable to find pore on HEMA 

0.5% because it forms micropores that is not detectable with FIB-SEM technique. 

Formation of bigger pores on the starPEG/heparin hydrogel compare to the HEMA 

hydrogel supported how starPEG/heparin hydrogel was able to uptake large amounts of 

water and protein molecules. 

50 



	 	 	

 

  

  

 

 

        

1.5 4 

HEMA 	0.5% 

7 

Figure 16: FIB-SEM images on starPEG/heparin and HEMA 0.5% hydrogels 
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4.6.XPS analysis 

XPS is a sensitive and useful instrument to identify elements and function groups on 

the surface of the materials using electron chemistry. To further determine the factors 

that contribute to the performance of the starPEG/heparin hydrogel, a surface analysis 

was conducted using XPS. 

For this experiment, freeze-dried samples were used because freeze-drying 

enhanced the signal intensity and S/N ratio in comparison to normal vacuum-dried 

samples. Messy and high S/N ratio spectra generated from vacuum-drying samples 

were unable to be analyzed. For example, a high-resolution scans of freeze- and 

vacuum-dried hydrogel 1.5 are compared in Figure 17. The same trend was found in 

hydrogel 4 and 7 as well. This may indicate an embedding of functional groups toward 

the inner side of the matrix due to extensive shrinking. Freeze-drying did reduce the 

extensive shrinking of gel samples. 

Figure 18 shows the atomic concentration of sulfur on the surface of the freeze-dried 

starPEG/heparin hydrogels. Because heparin is heterogeneous, the average of three 

spots from each blend was used to calculate the final atomic composition percentage. 

The decreasing trend of sulfur from hydrogels 1.5 to 7 explains why hydrogel 1.5 

showed the slowest AF488-KGF release rate. Although the uptake ability of the 

starPEG/heparin hydrogel primarily depends on the network structure, the release rate 

of the hydrogel depends on the presence of functional groups on heparin. This study 

clearly shows that the protein interacts with the surface heparin. The stability of the 

protein within the gel can be further studied to confirm if heparin can successfully 

conserve the confirmation of the protein. 
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Furthermore, high resolution scans for the carbon 1s peak from pure heparin 

solution and hydrogel 1.5, 4, and 7 were analyzed to identify changes in carbon 

bonding. Curved fitted spectra from all four samples are shown in Figure 19. In Figure 

19a, the binding energy for the peak originating from C-C was 283.6 eV, and it was 

considerably lower than the regular reference binding energy for C-C. This is because 

often the binding energy of sp2 C is known to shift due to charging effects and the 

presence of electron-withdrawing functional groups such as C-H groups in a heparin 

sugar ring [55]. Other peaks with each different binding energy were assigned as 

following: C-S at 284.3 eV, C-O at 285.6 eV, C=O at 287.2 eV, and finally COO at 288 

eV. Figure 19b displays the C 1s peak of hydrogel 1.5, and it shows a slightly different 

trend from 19a. With starPEG being introduced to the sample, the relative intensity of 

the C-S decreased. As the crosslinking ratio increased from hydrogel 1.5 to 4 and 7, the 

intensity of the C-S peak showed a decreasing trend which correlates to the atomic 

composition analysis for sulfur ion. Also, compared to pure heparin solution, the C-N 

peak was introduced to hydrogel 1.5, 4, and 7 spectra which indicates the formation of 

amide bond between starPEG/heparin and heparin. 

With the increasing of crosslinking ratio from hydrogel 1.5 to 4 and 7, the intensity of 

C-O/C-N peak increased relatively to the rest of the other peaks. This may due to an 

increasing amount of amide bonds as well as repeating units in arms of starPEG. The 

intensity of COOH showed a decreasing trend from hydrogel 1.5 to 7. This could again 

indicate decreasing amounts of the COOH on heparin that is partially in charge of 

interaction with KGF, which again reduces the maximum water and protein uptake 
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Figure 17: XPS signal intensity comparison between survey scans of vacuum-dried and 
freeze-dried starPEG/heparin hydrogel 1.5 
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Figure 18: XPS atomic composition analysis for sulfur on starPEG/heparin 
hydrogels 
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Figure 19: Curve fit of C 1s signal of pure heparin solution on silicon wafer (a) and 
starPEG/heparin hydrogel 1.5 (b), 4 (c), and 7 (d) 
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abilities. This trend also correlated with Table 2 data which was discussing functionality 

on starPEG/heparin hydrogels before and after the crosslinking reaction. As more and 

more COOH was being used to make hydrogel with tighter crosslinking, the intensity of 

the COO peak decreased from hydrogel 1.5 to 7. A trace amount of COO may remain in 

hydrogel 7 due to an incomplete crosslinking reaction. 

In conclusion, the lesser maximum protein uptake on higher crosslinking ratio blends 

is not only due to the lesser mobility of network chains but also lesser amounts of 

heparin functional groups available on the hydrogel surface for protein binding. Also, 

containing a lesser number of functional groups caused the fast release of proteins 

because there were fewer interactions that can hold proteins for an extended period. 

For more precise analysis on XPS data, area under the curve for each peak on C 1s 

spectra can be calculated and compared in addition to the visual comparison. 
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5. Conclusion 

Two different types of hydrogels were examined in this study to validate their 

potential as a novel protein delivery system to tissue wound. To successfully deliver 

sensitive protein to the wound site, hydrogels must have the ability to hold sufficient 

amounts of protein while preserving the protein’s stability. In this study, HEMA and 

starPEG/heparin hydrogels were examined with KGF and these two hydrogels showed 

distinct characteristics with their strengths and shortcomings. To investigate the factors 

that contribute to their different functional performances as protein carriers, this study 

focused on the determination of basic properties of the hydrogels such as, presence of 

surface functional group and maximum molecule loading ability. This study aimed to be 

a fundamental and preliminary study to certify whether these hydrogels are suitable 

carriers to be moved on to further in-depth study on cell environment. In particular, this 

study focused on the interpretation of starPEG/heparin hydrogel because its 

compatibility with KGF and surface characterization had not yet been explored. 

Meanwhile, the successful delivery of active KGF to the wound site from HEMA was 

confirmed according to the previous study [5]. During an in-vivo pig experiment done by 

Appawu, KGF released from HEMA did enhance the healing rate of the burn wound. 

Following the previous study, HEMA hydrogel with 0.5% crosslinking degree was 

chosen as an optimal blend based on its adequate pore size and integrity. HEMA’s 

maximum water content and protein uptake were determined as 63% and 0.1265 

nmol/g, respectively. HEMA was known to uptake molecules via diffusion mechanism as 

well as starPEG/heparin hydrogel. However, starPEG/heparin forms stronger 

electrostatic interaction with KGF which occurs between O-sulfate groups and 
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carboxylic acids groups on heparin and basic amino acids on KGF. Another major 

difference of two hydrogel materials was formation of pores. With its extensive arm 

lengths, starPEG/heparin hydrogel forms macropores. The pore size and crosslinking 

ratio on starPEG/heparin can be manipulated by changing the molar ratio of starPEG to 

heparin. The most crosslinked (hydrogel 7) and the least crosslinked (hydrogel 1.5) 

starPEG/heparin hydrogels showed maximum water contents of 1396.4% and 989.83% 

and maximum KGF uptake of 3.408 nmol/g and 1.885 nmol/g, respectively. 

StarPEG/heparin was able to uptake water and KGF about 15~22 times more than 

HEMA 0.5% hydrogel. An arm flexibility and stretchability of starPEG/heparin hydrogel 

explained its extensive water uptake ability. 

As a result of the release study, interaction between starPEG/heparin and KGF 

compared to that of HEMA and KGF demonstrated to be stronger. A lesser release of 

KGF from starPEG/heparin hydrogels than HEMA hydrogels could be due to the 

retention of KGF to the heparin with stronger electrostatic interactions. Also, among 

different blends of starPEG/heparin hydrogels, the least crosslinked hydrogel showed 

the least release of the protein. The minimum release of KGF from hydrogel with less 

crosslinking degree was due to increasing amounts of surface heparin. As the amounts 

of surface heparin increased from hydrogel 7 to 1.5, the amounts of available 

interactions sites in the surface heparin for KGF also increased. Since both 

KGF(mw=18.9kDa) and heparin(mw=14kDa) are macromolecules, they could 

potentially be also bound together through other types of chemical interactions in 

addition to the electrostatic interactions between heparin’s O-sulfate and carboxylic acid 

groups and KGF’s basic amino acids. 
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Crosslinking degrees on each blend of starPEG/heparin hydrogel were confirmed 

first with FTIR analysis. With different amounts of the monomer and the crosslinker 

added to each blend, the degree of amide bond formation was different for each one. In 

addition, according to the XPS study, the atomic composition analysis showed that the 

least crosslinked starPEG/heparin hydrogel contained the most sulfur ions on its 

surface. This correlated to the result from the release study and explained why hydrogel 

1.5 showed the minimum protein release. Considering that only ions present on HEMA 

hydrogel surface were oxygen and carbon, starPEG/heparin hydrogel would provide 

more interaction sites available to bind with KGF. 

As a result, starPEG/heparin hydrogel was determined to uptake water and protein 

molecules many times more than HEMA hydrogel. Although starPEG/heparin and 

HEMA hydrogels both showed the burst release of proteins at the beginning of the 

release study, but after that they both showed slow and sustained release trend. 

Because one of desirable characteristics of protein delivering hydrogel is a sustained 

protein release, with starPEG/heparin’s larger molecule loading capability, it can be 

considered as a potential protein carrier after more research is done to reduce the burst 

release. Also, more research is necessary to determine stability of KGF within the 

hydrogel matrix and to examine if heparin do have KGF stabilizing ability. 

The analysis of hydrogel is often limited because most instruments require samples 

to be in a dehydrated state. Hydrogels often undergo shrinking during the drying 

process and especially the starPEG/heparin hydrogel underwent extensive shrinking 

due to its stretchability of the arms. To reduce this issue, the hydrogel was tested after 

treated with freeze-drying method. This process was able to enhance the signal 
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intensity for XPS analysis and this data indicated that the shrinking of the hydrogel may 

reduce functional groups on the hydrogel surface and alter characteristics. Since 

hydrogels should be in the swollen state when they uptake protein and are applied to 

the wound site, cryo-ToF-SIMS can be used to analyze the swollen state of hydrogels 

for future studies. 
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