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Abstract

To serve as artificial matrices for therapeutic cell transplantation, synthetic hydrogels must 

incorporate mechanisms enabling localized, cell-mediated degradation that allows cell spreading 

and migration. Previously, we have shown that hybrid semi-interpenetrating polymer networks 

(semi-IPNs) composed of hydrolytically degradable PEG-diacrylates (PEGdA), acrylate-PEG-

GRGDS, and native hyaluronic acid (HA) support increased cell spreading relative to fully 

synthetic networks that is dependent on cellular hyaluronidase activity. This study systematically 

investigated the effects of PEGdA/HA semi-IPN network composition on 3D spreading of 

encapsulated fibroblasts, the underlying changes in gel structure responsible for this activity, and 

the ability of optimized gel formulations to support long-term cell survival and migration. 

Fibroblast spreading exhibited a biphasic response to HA concentration, required a minimum HA 

molecular weight, decreased with increasing PEGdA concentration, and was independent of 

hydrolytic degradation at early time points. Increased gel turbidity was observed in semi-IPNs, but 

not in copolymerized hydrogels containing methacrylated HA that did not support cell spreading; 

suggesting an underlying mechanism of polymerization-induced phase separation resulting in HA-

enriched defects within the network structure. PEGdA/HA semi-IPNs were also able to support 

cell spreading at relatively high levels of mechanical properties (~10 kPa elastic modulus) 

compared to alternative hybrid hydrogels. In order to support long-term cellular remodeling, the 

degradation rate of the PEGdA component was optimized by preparing blends of three different 

PEGdA macromers with varying susceptibility to hydrolytic degradation. Optimized semi-IPN 

formulations supported long-term survival of encapsulated fibroblasts and sustained migration in a 

gel-within-gel encapsulation model. These results demonstrate that PEGdA/HA semi-IPNs 

provide dynamic microenvironments that can support 3D cell survival, spreading, and migration 

for a variety of cell therapy applications.
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1. Introduction

Hydrogels have been widely investigated as matrices for therapeutic cell transplantation 

based upon their ability to be delivered using minimally invasive methods, crosslinked in 

situ under mild conditions, and provide viscoelastic mechanical properties similar to many 

soft tissues [1,2]. Conventionally, hydrogels for tissue engineering applications have been 

prepared from either naturally-derived or synthetic macromolecules. Many naturally-derived 

materials such as collagen, fibrin, and hyaluronic acid (HA) form hydrogels that intrinsically 

support cell adhesion and cell-mediated enzymatic degradation. However, these networks 

possess relatively limited mechanical properties and can be vulnerable to rapid degradation 

and contraction unless stabilized with additional crosslinking agents. Hydrogels formed 

from synthetic materials such as polyethylene glycol (PEG) offer superior control over the 

network physical and chemical properties, but lack intrinsic bioactivity to support cell 

adhesion and cell-mediated degradation. Many recent efforts in the field have sought to 

create hybrid or biosynthetic hydrogels composed of both naturally-derived and synthetic 

materials that combine the strengths and minimize the limitations of each type of material 

when used alone [3–5].

One of the most prominent strategies for the creation of hybrid hydrogels has been the 

modification of synthetic networks with oligopeptides derived from natural extracellular 

matrix (ECM) molecules, including the RGD sequence to support cell adhesion and matrix 

metalloproteinase (MMP)-substrate sequences to support proteolytic degradation [6,7]. 

Recent work in this field has shown that hybrid networks containing RGD and MMP-

sensitive peptides are effective 3D matrices for the culture of a variety of cell types and 

support cell proliferation, migration, and ECM deposition [8–10]. When combined with 

growth factors, various types of PEG-peptide hydrogels have been shown to support bone 

regeneration and angiogenesis in vivo [9,11–15]. Despite their success, there are several 

limitations to peptide-based hybrid hydrogels. First, oligopeptides are difficult to synthesize 

in large quantities and expensive while most tissue defects requiring cell-based therapy are 

relatively large [16]. In addition, most oligopeptides are linear sequences of amino acids 

only possessing primary structure, resulting in reduced degradation kinetics relative to the 

native macromolecules from which they are derived [17]. Consequently, gel formulations 

that support cellular activity are frequently prepared at low polymer concentrations and 

crosslinking densities, severely limiting their mechanical properties [9,18–20]. This has led 

several groups to explore screening alternative peptide sequences and strategies for 

increasing the number of degradable sites [10,21–23].

Alternatively, the use of intact or modified naturally-derived macromolecules to form hybrid 

hydrogels offers several benefits including substantially lower cost and preservation of 

native structure potentially supporting higher rates of enzymatic degradation and greater 

diversity of bioactivity [24]. For example, PEGylated fibrinogen derivatives have been used 
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to prepare hybrid hydrogels with improved control over mechanical properties and 

degradation rate compared to native fibrin that have been used for orthopaedic, neural, and 

cardiovascular applications [25–29]. Hybrid hydrogels based on chemically-modified HA 

crosslinked with reactive PEG derivatives have been investigated as degradable adhesion 

barriers and vocal fold augmentation materials [30–32]. While the above studies have used 

co-polymer networks, our group has recently investigated the possibilities of semi-

interpenetrating polymer networks (semi-IPNs) composed of hydrolytically degradable 

PEG-diacrylates (PEGdA) and native HA [33–35]. We have previously shown that these 

hydrogels support increased cell spreading and proliferation relative to fully synthetic 

networks that is dependent on cellular hyaluronidase activity. The objective of the present 

study was to systematically examine the effects of PEGdA/HA semi-IPN network 

composition on cell spreading. 3D spreading of encapsulated fibroblasts exhibited a biphasic 

response to HA concentration, required a minimum HA molecular weight, decreased with 

increasing PEGdA concentration, and was independent of hydrolytic degradation at early 

time points. Incorporation of native HA increased gel turbidity, suggesting a potential 

mechanism of microphase separation resulting in HA-enriched defects in the network 

structure. Finally, semi-IPNs with optimized PEGdA degradation rate and HA formulation 

supported sustained 3D cell migration in a gel-within-gel encapsulation model.

2. Materials and Methods

2.1. Synthesis of PEGdA macromers with ester linkages containing variable alkyl spacers

Three different types of PEGdA macromers with varying susceptibility to hydrolytic 

degradation were synthesized by a two-step process as previously reported [35]. Briefly, 

PEG (4000 MW, Fluka, Buchs, Switzerland) was reacted with either chloroacetyl chloride, 

2-chloropropionyl chloride, or 4-chlorobutuyrl chloride (Sigma-Aldrich, St. Louis, MO) in 

the presence of triethylamine (TEA, Sigma) at a 1:4:1.8 molar ratio in dry dichloromethane 

(Sigma). After 24 hours reaction at room temperature, the reactants were filtered, washed 

with sodium bicarbonate and water, dried with anhydrous sodium sulfate, and then 

precipitated in ethyl ether. After recovery, each resulting intermediate product was reacted 

with sodium acrylate (5X molar ratio) in dry dimethylformamide (Acros, Morris Plains, NJ) 

for 30 hours at 50, 85, and 100 °C to yield PEG-bis-(acryloyloxy acetate) [PEG-bis-AA], 

PEG-bis-(acryloyloxy propanoate) [PEG-bis-AP], and PEG-bis-(acryloyloxy butyrate) 

[PEG-bis-AB], respectively. The products were purified by filtration, rotary evaporation, 

and precipitation in ethyl ether and dried under vacuum. The structures of each PEGdA and 

the degree of acrylation were determined from the 1H-NMR (Brucker 300 MHz, CDCl3) 

spectra. All samples achieved acrylation efficiencies greater than 90%.

2.2. Synthesis of methacrylated HA (GMHA)

GMHA was synthesized as previously described [34]. Briefly, HA (1g, MW:1.5 MDa, 

LifeCore Biomedical, Chaska, MN) was dissolved at 1% (w/v) concentration in deionized 

water and then TEA (7.33 mL), glycidyl methacrylate (7.33 ml, Acros), and tetrabutyl 

ammonium bromide (7.33 g, Acros) were added with 3 hours mixing between addition of 

each reagent. The reaction was allowed to proceed for 12 hours at room temperature 
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followed by 1 hour at 60 °C. The GMHA product was precipitated in acetone, re-dissolved 

in deionized water, dialyzed, and recovered by lyophilization.

2.3. Cell culture

Adult normal human dermal fibroblasts (NHDF, Lonza, Walkersville, MD) were cultured in 

75 cm2 tissue culture flasks with DMEM/F-12 50:50 1X media (Mediateach, Herdon, VA) 

with L-glutamine supplemented with 10% (v/v) bovine growth serum (Hyclone, Logan UT), 

and 50 U/mL penicillin and 50 μg/mL streptomycin (Mediatech). Medium was changed 

every 2 days and cells were passaged at a 1:3 ratio for expansion. All encapsulation studies 

were done with cells between passages 4 and 5.

2.4. Effect of semi-IPN network composition on fibroblast morphology

HA and GMHA (1.75% w/v) and PEGdA (30% w/v) stock solutions were prepared in 1X-

PBS (0.1 M, pH 7.4). Acryl-PEG-GRGDS was synthesized by conjugating GRGDS peptide 

(Bachem, Torrance, CA) to acryl-PEG-NHS (Jenkem, Beijing, China) as previously 

described [7]. Based upon pilot studies, 6% w/v PEG-bis-AP containing 0.36% w/v 1.5 

MDa HA was selected as an initial baseline gel composition. In order to systematically 

investigate the effect of semi-IPN network composition on the morphology of encapsulated 

fibroblasts, a series of studies was performed in which one parameter of the gel composition 

(HA concentration, HA molecular weight, PEGdA concentration, PEGdA chemistry) was 

varied while the others were held constant (Table I). 250 μl gel precursor solutions were 

prepared containing PEGdA and HA at varying concentrations, acryl-PEG-GRGDS (1 μmol/

mL), 2-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone (I-2959, BASF, 

Florham Park, NJ, 0.1% w/v), and NHDF (5×106 cells/mL). Sample volumes (50 μl) were 

pipetted in between glass coverslips separated by 1 mm Teflon spacers and exposed to low 

intensity UV light (365nm, 10mW/cm2, Blak-Ray B100-AP, Upland, CA) for 5 minutes on 

each side of the disc as previously described [34]. Hydrogels with encapsulated cells were 

cultured in Petri dishes (BD, San Jose, CA) with 3mL culture medium. For studies 

examining the effect of HA concentration, homogeneous synthetic PEGdA hydrogels (no 

HA) and co-polymer networks in which native HA was replaced with the same 

concentrations of GMHA were also prepared. For the study examining the effect of PEGdA 

concentration, the HA concentration was also varied in order to maintain the 6% w/w ratio 

of HA:PEGdA present in the baseline gel composition with 6% w/v PEGdA and 0.36% w/v 

HA. Gels containing encapsulated cells (n=4 samples/group) were cultured for 7 days, fixed 

with 4% paraformaldehyde (Sigma-Aldrich) in 1X-PBS for 1 hour, permeabilized with 0.1% 

Triton X-100 (Sigma-Aldrich) in 1X-PBS for 5 minutes and, stained with Alexa Fluor 647-

phalloidin (Life Technologies, Grand Island, NY). Samples were imaged using Nikon Ti-

Eclipse confocal microscope. Cell morphology at 200μm depth inside hydrogel was 

visualized and compared to assess cell spreading and network connectivity. Cell circularity 

(dimensionless parameter defined as circularity = 4π/(area/perimeter2), ranging from 0 to 1, 

with 1 being a perfect circle) was calculated from confocal images using the NIH Image J 

Software Analyze Particles feature.
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2.5. Hydrogel turbidity and mechanical properties

To assess gel turbidity, PEG-bis-AP semi-IPNs (6% w/v, 100 μL volume) with varying HA 

concentration/molecular weight and copolymerized hydrogels with GMHA without NHDF 

cells (n=4 per group) were photopolymerized as described above. As an additional control, 

semi-IPNs were also prepared with 0.36% w/v dextran (80 and 1100 kDa, Sigma). The 

sample discs were placed in 24 well plates and absorbance was measured at 570 nm using 

μQuant UV-VIS spectrophotometry (BIO-TEK Instruments). The final absorbance values 

were normalized by subtracting the average value of blank wells. Turbidity was calculated 

as Turbidity = −ln(10−A), where A=absorbance.

To measure hydrogel mechanical properties, semi-IPNs composed of 1) PEG-bis-AP (6% 

w/v) with varying concentrations of HA and 2) varying concentrations of PEG-bis-AP with 

HA maintained at 6% w/w HA:PEGdA were photopolymerized as described above. 

Hydrogels were cut into dumbbell shaped samples with 30 mm gauge length, 5 mm width, 

and 1 mm thickness. The samples (n=3/group) were subjected to 35% strain at 5 mm/min 

using an MTS Synergy 100 (MTS Systems Corporation) at room temperature. Each sample 

was tested three times to ensure that slippage did not occur.

2.7. Hydrogel degradation study

To evaluate the effect of PEGdA macromer chemistry on hydrogel degradation, semi-IPNs 

were crosslinked as 1) homogeneous networks containing each of the 3 different PEGdAs 

and 2) blended networks composed of all 3 PEGdAs mixed in varying ratios. All samples 

were prepared at 6% w/v total PEGdA concentration with 0.36% HA w/v (1.5 MDa). After 

photopolymerization, samples were equilibrated with NHDF culture medium with 0.1% w/v 

sodium azide (Sigma-Aldrich), washed with deionized water, lyophilized, and weighed 

(Wd0). Samples were incubated in 4mL of cell culture media with sodium azide in 

scintillation vials in a cell culture incubator with 5% CO2 supply at 37 °C. Medium was 

changed once every 2 days. At each time point, samples (n=3/group) were collected, washed 

with deionized water, lyophilized, and weighed (Wdt). Percent mass loss was calculated as 

[(Wd0−Wdt)/Wd0]×100.

2.8. NHDF morphology and migration in PEGdA blend/HA semi-IPNs

PEGdA macromer blend (12.5% PEG-bis-AA; 37.5% PEG-bis-AP; 50.0% PEG-bis-AB) at 

6% w/v final concentration was prepared with 0.36% w/v HA (MW: 1.5 MDa) and acrylate-

PEG-GRGDS (1 μmol/mL) and I-2959 (0.1%). In order to evaluate fibroblast morphology 

during long-term culture, NHDF (10×106 cells/mL final concentration) were uniformly 

dispersed within the gel precursor solution and photopolymerized as described above. 

Hydrogel samples (n=4/time point) were cultured in 35 mm Petri dishes for 3, 7, 14, 21, 28, 

and 35 days, then fixed and stained with Alexa 647-phalloidin and imaged by confocal 

microscopy. To assess the gel’s capacity to support cellular invasion and migration, a gel-

within-gel encapsulation system was used. NHDF were first entrapped within small fibrin 

clots (120,000 cells/4 μl) prepared from 1% human fibrinogen (Enzyme Research 

Laboratories) with 2.5 mM calcium chloride (Sigma) and 0.001 U/mL thrombin (Enzyme 

Research Laboratories). After gelation for 15 minutes at 37°C, NHDF-loaded fibrin clots 

were gently placed within 50 μl solutions of the semi-IPN formulation described above 
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(without additional cells) and gels formed by photopolymerization. As controls, NHDF-

loaded fibrin clots were also polymerized within hydrogels of the same composition without 

native HA and co-polymerized networks with comparable concentrations of GMHA. 

Hydrogel samples were imaged at day 0, 3, 7, 10, 14, 18, and 21 using phase contrast 

microscopy (Zeiss). For 3D images, NHDF-loaded fibrin clots were harvested at day 14 and 

prepared for confocal microscopy as described above. Samples were three dimensionally 

scanned with 20 μm z-interval.

2.9. Statistical analysis

Quantitative data for hydrogel turbidity and elastic modulus were compared by ANOVA 

using Tukey’s method for post-hoc comparisons (one-way ANOVA followed by 

Bonferroni’s multiple comparison test). p values < 0.05 were considered to be statistically 

significant. All quantitative data are presented as mean ± standard deviation.

3. Results

3.1. Effect of HA concentration on 3-D fibroblast morphology

NHDF were encapsulated in photopolymerized PEG-bis-AP hydrogels, PEG-bis-AP/HA 

semi-IPNs containing varying concentrations of HA, and PEG-bis-AP/GMHA copolymer 

hydrogels. After 7 days in culture, cells in PEG-bis-AP hydrogels without HA were unable 

to spread and retained a spherical morphology (Figure 1A). In contrast, PEG-bis-AP/HA 

semi-IPNs supported extensive cell spreading that qualitatively appeared to be greatest at 

0.36 and 0.54% HA and moderately decrease at 0.72% HA and higher (Figure 1 B–E), 

although all samples had circularity values ranging between 0.11–0.14 with no significant 

differences among these groups. Cells within copolymer hydrogels formed with comparable 

amounts of GMHA were unable to spread (Figure 1F). Circularity values were significantly 

lower in all semi-IPNs relative to both PEG-bis-AP hydrogels and PEG-bis-AP/GMHA 

copolymer hydrogels (Figure 1G). Collectively, these results demonstrate that the ability of 

PEG-bis-AP/HA semi-IPNs to support cell spreading is a unique property of the semi-IPN 

network structure.

3.2 Physico-chemical characterization of PEG—bis-AP/HA semi-IPNs and hydrogels

The effect of HA incorporation on hydrogel physico-chemical properties was analyzed by 

measuring turbidity and tensile properties. Figure 2 shows the turbidity of both PEG-bis-

AP/HA semi-IPNs and PEG-bis-AP/GMHA copolymer hydrogels measured by 

spectrophotometry. Relative to PEG-bis-AP hydrogels, incorporation of native HA to form 

semi-IPNs significantly increased sample turbidity in a dose-dependent manner. The 

turbidity of copolymer hydrogels containing comparable amounts of GMHA was not 

significantly different than the PEG-bis-AP control at any concentration tested.

The mechanical properties of PEG-bis-AP/HA semi-IPNs were measured by tensile testing. 

The elastic modulus of semi-IPNs containing 0.18% w/v HA was modestly higher than the 

PEG-bis-AP hydrogel without HA and then elastic moduli values decreased with increasing 

HA content with the differences being statically significant at the two highest concentrations 

(Figure 3).
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3.3. Effect of HA molecular weight on 3-D fibroblast morphology and gel turbidity

NHDF were encapsulated in semi-IPNs containing 6% w/v PEG-bis-AP and 0.36% w/v HA 

of varying molecular weight (MW). Semi-IPNs containing low MW (100 kDa) HA did not 

support the spreading of fibroblasts, which retained a spherical morphology after 7 days in 

culture (Figure 4). At 700 kDa HA MW and higher, all samples exhibited comparable cell 

spreading and significantly lower circularity values than semi-IPNs prepared with 100 kDa 

HA. These results demonstrate that a minimum threshold for HA MW exists that is required 

to support cell spreading. The turbidity of semi-IPNs significantly increased for all HA 

MWs tested relative to the PEGdA only control, however, the turbidity of semi-IPNs 

containing 100 kDa HA was significantly lower than all three groups containing higher 

molecular weight HA (Figure 5). Semi-IPNs prepared with comparable amounts of both low 

(80 kDa) and high (1100 kDa) MW dextran did not exhibit significant changes in turbidity 

relative to the PEGdA control.

3.4. Effect of PEG diacrylate macromer concentration and chemical structure on 3-D 
fibroblast morphology

NHDF were encapsulated in semi-IPNs containing various concentrations of PEG-bis-AP 

and HA, maintaining constant 6% w/w PEG/HA ratio. Semi-IPNs containing 4–6% PEG-

bis-AP effectively supported cell spreading at 7 days with the most robust response observed 

at the 4% concentration (Figure 6). Cell spreading was substantially reduced as the PEG-bis-

AP concentration was increased to 8% and minimally present at 10%. Circularity values 

steadily increased with increasing PEGdA concentration, although the maximum value 

reached at 10% PEGdA (0.32±0.02) was significantly lower than that observed in PEGdA 

hydrogel controls without HA (0.65 ± .08, Figure 1). Tensile testing showed that semi-IPN 

elastic modulus increased from 10.2 +/− 2.07 kPa at 6% to 28.0 w/v +/−2.65 kPa and 76.0 +/

− 3.61 kPa at 8 and 10% concentration, respectively. Samples prepared at 4% were visibly 

weaker and could not be evaluated by tensile testing.

NHDF were also encapsulated in semi-IPNs prepared from various PEGdA macromers with 

varying chemical structures (PEG-bis-AA, PEG-bis-AP, or PEG-bis-AB) previously shown 

to provide different susceptibility to hydrolytic degradation [35]. As early as 3 days post-

encapsulation, fibroblast spreading was observed in all semi-IPN compositions with no 

significant differences in circularity values (Figure 7). Cells encapsulated within 

homopolymer hydrogels of even the most rapidly hydrolytically degrading macromer (PEG-

bis-AA) without HA did not exhibit any spreading (data not shown). These results confirm 

that the initiation of cell spreading within these gels is attributable to the HA component and 

independent of PEG macromer chemistry and hydrolytic degradation.

3.5. Degradation kinetics of various semi-IPNs

In preparation for longer-term studies, the hydrolytic degradation kinetics of semi-IPNs 

prepared from PEGdA macromers with varying chemical structure were studied during 

incubation in serum-containing medium. For semi-IPNs prepared from each of the three 

different PEGdA macromers individually, PEG-bis-AA semi-IPNs showed the fastest 

degradation rate (complete degradation at day 7), PEG-bis-AP showed intermediate 

degradation rate (complete degradation at day 18), and PEG-bis-AB based semi-IPNs 
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showed the slowest degradation rate (ca. 34% mass loss at day 42) (Figure 8A). In order to 

achieve a broader range of degradation profiles, blended PEGdA compositions (C1–C7, 

Figure 8B) containing the 3 different PEGdA macromers in various ratios were evaluated. A 

gel composition consisting of 12.5 % PEG-bis-AA, 37.5% PEG-bis-AP, and 50% PEG-bis-

AB (‘C1’) was found to exhibit relatively linear mass loss over 5 weeks and was used for all 

further studies.

3.6. Long-term 3-D fibroblast culture in blended PEGdA/HA semi-IPNs

In the first long-term culture study, NHDF were homogeneously encapsulated within semi-

IPNs (6% w/v ‘C1’ PEGdA blend/0.36% w/v HA) and cultured for 35 days. As shown in 

Figure 9, NHDF spreading progressively increased over the culture period and the cell 

number exhibited little change, suggesting limited cell proliferation. This is in contrast to 

blended PEGdA only (no HA) or blended PEGdA/GMHA hydrogel controls, where cells 

remained restricted to a spherical morphology and cell number visibly decreased by 

approximately 50% within 14 days (data not shown).

In order to assess the ability of NHDF to migrate through blended PEGdA/HA semi-IPNs, 

NHDF were pre-encapsulated within fibrin clots that were subsequently entrapped within 

semi-IPNs during photopolymerization. Within 3 days, NHDF began to migrate out of the 

fibrin clots into the surrounding semi-IPNs (Figure 10A). NHDF migration progressively 

increased over time, reaching 1.5 mm depth within 21 days (Figure 10B–D). NHDF-loaded 

fibrin clots encapsulated within blended PEGdA/GMHA copolymer hydrogels as a control 

exhibited limited migration into the surrounding gel after 21 days in culture (Figure 10E). 

3D confocal reconstruction confirmed that NHDF-loaded clots and cellular outgrowth was 

occurring within the 3D network volume rather than on the gel surface (Figure 10F).

4. Discussion

The efficacy of cell-based therapy can be substantially improved by the use of scaffolds that 

serve as a provisional matrix for cell adhesion, migration, and proliferation. Synthetic 

hydrogels offer injectable matrices with defined structure and composition; however, such 

networks generally possess nanometer-scale mesh sizes that restrict encapsulated cells to a 

spherical morphology. For most anchorage-dependent cell types, the ability to adopt a 

spread morphology is essential for survival, migration, proliferation, and differentiation [36–

38]. Therefore, there is a critical need for the development of hybrid networks incorporating 

naturally-derived components that support localized, cell-mediated remodeling.

As an alternative to the prevailing approach of crosslinking synthetic macromolecules with 

protease-sensitive oligopeptides, our group has previously shown that semi-IPNs composed 

of hydrolytically degradable PEG diacrylates and native HA support rapid 3D cell spreading 

in a hyaluronidase-dependent manner [33]. These materials are attractive candidates because 

other PEG and HA derivatives have been successfully translated for clinical applications 

[39,40]. In this study, we systematically examined the effect of semi-IPN network 

composition on 3D cell spreading, beginning with a baseline gel formulation composed of 

6% w/v PEG-bis-AP macromer that provides an intermediate rate of hydrolytic degradation 

and 0.36% w/v HA (1.5 MDa). Fibroblast spreading in 3D exhibited a biphasic response to 
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varying the concentration of HA, initially increasing at levels higher that those originally 

tested by Kutty et al. (0.18% w/v) [33], then subsequently declining at 0.72% or higher. We 

hypothesized that the ability of these semi-IPNs to support cell spreading originates from 

polymerization-induced phase separation as previously suggested by Ouasti et al. [41]. In 

support of this hypothesis, fibroblast spreading was completely eliminated when native HA 

was replaced with a methacrylated HA derivative (GMHA) that could be covalently 

incorporated into the network, thereby limiting its potential to undergo phase separation. Gel 

turbidity was also evaluated as a quantitative measure of phase separation and found to 

increase with increasing HA concentration in semi-IPNs, but not copolymerized hydrogels 

containing GMHA. Finally, when the HA molecular weight was varied, it was observed that 

cell spreading required relatively high HA molecular weight, consistent with the increased 

tendency for phase separation as solute molecular weight increases. Interestingly, semi-IPNs 

prepared with dextran, even at high molecular weight, did not result in increased gel 

turbidity. This result suggests that HA is unique among various materials tested for the non-

crosslinked component of these semi-IPNs, including collagen and gelatin in previous 

studies [33], in its ability to induce phase separation, at least to a degree sufficient to create 

microdomains that allow cell spreading. This is likely attributable to the unique properties of 

HA in terms of water-binding capacity; H-bonding and self-association; and solution 

rheology [42].

The ability of cells to spread and migrate in 3D has also been found to be dependent on the 

hydrogel’s mechanical properties [10,18,19]. Tensile testing showed that the elastic modulus 

of semi-IPNs decreased with increasing HA concentration, likely due to the increasing level 

of phase separation creating defects within the network structure. However, it is particularly 

important to note that the elastic moduli values for 6% PEG-bis-AP with 0.36% and 0.54% 

HA that most effectively supported cell spreading ranged between 8–10 kPa. In contrast, 

most peptide-crosslinked hydrogels that support cell spreading/migration are characterized 

by elastic shear moduli values generally around and below 1 kPa, approximately an order of 

magnitude lower [16,23,43,44]. The higher mechanical properties of PEGdA/HA semi-IPNs 

offer several advantages including increased mechanical stability and resistance to cell-

mediated contraction. In addition, recent studies have shown that substrate mechanics 

influence stem cell differentiation in both 2D and 3D culture systems and the elastic 

modulus of PEGdA/HA semi-IPNs is in close approximation to values shown to most 

efficiently promote osteogenic differentiation of human mesenchymal stem cells [45,46].

We also investigated the effect of variation in PEGdA concentration and chemical 

composition on 3D fibroblast spreading. Higher polymer concentrations resulted in 

increased mechanical properties and strongly inhibited cell spreading at PEGdA 

concentrations of 8% w/v and greater, despite corresponding increases in HA concentration 

to maintain a constant PEGdA:HA w/w ratio. This observation is consistent with many 

previous reports in the literature, although as noted above, the range of mechanical 

properties was much higher in PEGdA/HA semi-IPNs [10,18,19,25,47]. At 6% w/v, all three 

PEGdA chemical compositions supported the initiation of cell spreading within three days. 

In combination with previous work showing that the most slowly degrading PEG-bis-AB 

exhibits negligible mass loss at 3 days [34], this result demonstrates that the initiation of cell 

spreading in these semi-IPNs is independent of hydrolytic degradation and based solely 
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upon cell-mediated degradation of HA. The ability of cells to begin spreading rapidly is 

another important advantage of these PEGdA/HA semi-IPNs relative to peptide-crosslinked 

networks in which a lag period of 7–14 days is often observed between the time of 

encapsulation and the initiation of cell spreading, particularly when encapsulation is 

performed with dissociated individual cells [8,21,22,43,47]. Collectively, these results 

suggest that photopolyermization-induced phase separation creates HA-enriched defects 

within the network structure that facilitate rapid hyaluronidase-mediated localized 

degradation that supports cell spreading.

One challenge to the application of these semi-IPNs for long-term culture and translational 

applications was that none of the PEGdA macromers when used alone provided an ideal 

degradation profile. PEG-bis-AA and PEG-bis-AP degraded too rapidly resulting in loss of 

mechanical integrity and contraction, while PEG-bis-AB degraded too slowly, with little 

further cell spreading observed beyond that at 3–7 days and subsequent reduction in 

cellularity at later time points, presumably as a result of cell death. Previously, Quick et al. 

showed that blending acrylated PLA-b-PEG-b-PLA macromers with different PLA block 

lengths and therefore hydrolytic degradation rate could produce gels with more finely 

controlled and linear rates of degradation [48]. We adapted this approach by creating blends 

of the three different PEGdAs used in this study to obtain a formulation displaying relative 

linear mass loss over 5 weeks. These degradation studies were performed in serum-

containing medium to reflect culture conditions because gel degradation was originally 

noticed to be much more rapid than previously observed during degradation in PBS, likely 

due to the contribution of serum esterase enzymes. Using the selected blend formulation of 

PEGdA, sustained cell spreading and viability was observed for up to 35 days. Finally, a 

gel-within-gel encapsulation model was used to test the ability of blended PEGdA/HA semi-

IPNs to support cell invasion and sustained migration. Fibroblasts pre-encapsulated within 

fibrin clots began sprouting into the surrounding semi-IPN and progressively migrated 

radially outward for over 21 days. As in our dispersed cell encapsulation model, copolymer 

hydrogels prepared with GMHA were unable to support this behavior. These results suggest 

that the HA-enriched zones created by phase separation are sufficiently inter-connected, in 

combination with gradual hydrolytic degradation, to support sustained cell migration.

5. Conclusions

These studies demonstrate that through systematic optimization of network composition, 

PEGdA/HA semi-IPNs can be formulated to provide dynamic microenvironments that 

support cell survival, spreading, and sustained migration. The bioactivity of these networks 

is a unique feature of the semi-IPN structure derived from polymerization-induced phase 

separation that creates HA-enriched micro-domains susceptible to cell-mediated enzymatic 

degradation in combination with prolonged hydrolytic degradation. Specific advantages of 

these semi-IPNs relative to existing hybrid hydrogels are the ability to support the rapid 

initiation of cell spreading within three days post-encapsulation and the provision of 

improved mechanical properties. Ongoing studies are examining covalent conjugation of 

bioactive molecules to the HA component of these networks for sequestration and cell-

mediated release during network remodeling and applications in orthopaedic tissue 

engineering.
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Figure 1. 
Confocal microscopy images of actin-stained human dermal fibroblasts encapsulated within 

6% w/v PEG-bis-AP hydrogel (A), PEG-bis-AP/HA semi-IPNs containing 0.18% w/v HA 

(B), 0.36% w/v HA (C), 0.54% w/v HA (D), 0.72% w/v HA (E), and PEG-bis-AP/GMHA 

co-polymer hydrogel containing 0.36% w/v GMHA (F) at 200 μm depth after 7 days culture 

and corresponding circularity values (G). Scale bar = 100 μm. *=p<0.05 relative to PEG-bis-

AP hydrogel.
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Figure 2. 
Turbidity of 6% w/v PEG-bis-AP hydrogels, PEG-bis-AP/HA semi-IPNs containing varying 

amounts of HA, and PEG-bis-AP/GMHA copolymer hydrogels containing varying amounts 

of GMHA. *=p<0.05 relative to PEG-bis-AP hydrogel and #=p<0.05 between groups.
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Figure 3. 
Elastic modulus of 6% w/v PEG-bis-AP hydrogels and PEG-bis-AP/HA semi-IPNs 

containing varying amounts of HA. *=p<0.05 relative to PEG-bis-AP hydrogel and 

#=p<0.05 between groups.
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Figure 4. 
Confocal microscopy images of actin-stained human dermal fibroblasts encapsulated within 

6% w/v PEG-bis-AP/0.36% w/v HA semi-IPNs prepared using HA with molecular weights 

of 100 kDa (A), 700 kDa (B), 1.0 MDa (C) and 1.5 MDa (D) at 200 μm depth after 7 days 

culture and corresponding circularity values (E). Scale bar = 100 μm. *=p<0.05 relative to 

PEG-bis-AP/HA semi-IPN with 100 kDa HA.
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Figure 5. 
Turbidity of 6% w/v PEG-bis-AP hydrogel and PEG-bis-AP/HA and PEG-bis-AP/dextran 

semi-IPNs containing 0.36% w/v HA or dextran of varying molecular weight. *=p<0.05 

relative to PEG-bis-AP hydrogel and #=p<0.05 between groups.
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Figure 6. 
Confocal microscopy images of actin-stained human dermal fibroblasts encapsulated within 

PEG-bis-AP/HA semi-IPNs containing varying concentrations of PEG-bis-AP and HA; 4% 

w/v PEG-bis-AP with 0.24% w/v HA (A), 5% w/v PEG-bis-AP with 0.30% w/v HA (B), 

6% w/v PEG-bis-AP with 0.36% w/v HA (C), 8% w/v PEG-bis-AP with 0.48% w/v HA (D) 

and 10% w/v PEG-bis-AP with 0.60% w/v HA (E) at 200 μm depth after 7 days culture and 

corresponding circularity values (F). Scale bar = 100 μm. *=p<0.05 relative to 4% w/v PEG-

bis-AP with 0.24% w/v HA semi-IPN and #=p<0.05 between groups.
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Figure 7. 
Confocal microscopy images of actin-stained human dermal fibroblasts encapsulated within 

6% w/v PEGdA/0.36% w/v HA semi-IPNs formed from PEG-bis-AA (A), PEG-bis-AP (B), 

and PEG-bis-AB (C) macromers at 200 μm depth after 3 days culture and corresponding 

circularity values (D). Scale bar = 100 μm.
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Figure 8. 
Mass loss of 6% w/v PEGdA/0.36 % w/v semi-IPNs prepared with homogeneous (A) and 

blended (B) PEGdA composition in routine culture medium containing 0.1% w/v sodium 

azide.
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Figure 9. 
Confocal microscopy images of actin-stained human dermal fibroblasts encapsulated within 

6% w/v blended PEGdA (C1-12.5% PEG-bis-AA, 37.5% PEG-bis-AP, 50.0% PEG-bis-

AB)/0.36% HA semi-IPNs at 200 μm depth after 7 days (A), 21 days (B), and 35 days (C) 

culture, scale bar = 100 μm.
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Figure 10. 
Migration of human dermal fibroblasts pre-encapsulated within 1% w/v fibrin clots into 

surrounding 6% w/v blended PEGdA (C1-12.5% PEG-bis-AA, 37.5% PEG-bis-AP, 50.0% 

PEG-bis-AB)/0.36% w/v HA semi-IPNs after 3 days (A), 7 days (B), 14 days (C) 21 days 

(D) and 6% w/v blended PEGdA (C1)/0.36% w/v GMHA copolymer hydrogels after 21 

days (E) culture. 3D confocal reconstruction of fibroblasts migrating from fibrin clots into 

surrounding 6% w/v blended PEGdA (C1)/0.36% w/v HA semi-IPN after 14 days in culture 

(F). Scale bars = 500 μm.
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Table 1

Semi-IPN hydrogel compositions.

Variable [HA]* HA MW (MDa) PEGdA chem. [PEGdA]*

[HA]* 0 – 0.72 1.5 PEG-bis-AP 6

HA MW 0.36 0.1 – 1.5 PEG-bis-AP 6

PEGdA chem. 0.36 1.5 PEG-bis-AA, AP, AB 6

[PEGdA]* 0.24 – 0.6† 1.5 PEG-bis-AP 4.0 – 10.0

*
All concentrations were based on % w/v

†
HA concentration was varied to keep the ratio between PEGdA and HA constant at 6% w/v
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