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Abstract

The treatment of impaired wounds requires the use of biomaterials that can provide mechanical 

and biological queues to the surrounding environment to promote angiogenesis, granulation tissue 

formation, and wound closure. Porous hydrogels have previously been shown to promote 

angiogenesis even in the absence of pro-angiogenic factors. We hypothesized that the added 

delivery of non-viral DNA encoding for pro-angiogenic growth factors could further enhance this 

effect. Here, 100 and 60 μm porous and non-porous (n-pore) hyaluronic acid-MMP hydrogels with 

encapsulated reporter (pGFPluc) or pro-angiogenic (pVEGF) plasmids were used to investigate 

scaffold-mediated gene delivery for local gene therapy in a diabetic wound healing mouse model. 

Porous hydrogels allowed for significantly faster wound closure compared to n-pore hydrogels, 

which did not degrade and essentially provided a mechanical barrier to closure. Interestingly, the 

delivery of pDNA/PEI polyplexes positively promoted granulation tissue formation even when the 

DNA did not encode for an angiogenic protein. And although transfected cells were present 

throughout the granulation tissue surrounding all hydrogels at 2 weeks, pVEGF delivery did not 

further enhance the angiogenic response. Despite this, the presence of transfected cells shows 

promise for the use of polyplex-loaded porous hydrogels for local gene delivery in the treatment of 

diabetic wounds.
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1. Introduction

Treatment of hard-to-heal and chronic wounds as a result of diabetes mellitus, vessel disease 

and insufficiency, or gentic predisposition currently poses a significant medical challenge. In 

the United States alone approximately 70,000 non-traumatic lower-limb amputations are 

performed every year as necessitated by diabetes-induced non-healing foot ulcers [1]. Unlike 
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normal human wounds which progress through phases of inflammation, new tissue 

formation, and remodeling, chronic wounds maintain a state of inflammation [2, 3]. During 

this time there is an imbalance of proteases and reactive oxygen species which leads to 

degradation of essential growth factors, impaired angiogenesis, and insufficient cellular 

recruitement to the wound site [4, 5]. This eventually results in skin ulcer formation and often 

leads to wound infection [5]. In these instances external therapies (e.g. tissue grafts, 

biomaterial-based scaffolds, protein delivery) can be used to facilitate tissue regeneration by 

providing pro-angiogenic cues to the injured tissue.

Hydrogels are suitable biomaterials to serve as scaffolds for cellular ingrowth and as signal 

delivery vehicles as they possess relatively similar mechanical properties to natural soft 

tissue (e.g. full-thickness skin). The type of natural or synthetic polymer used for hydrogel 

preparation is a critical factor in determining cell-material interactions, mechanical 

properties, fluid permeability and, subsequently, promotion of angiogenesis [6]. For 

example, inflammation has been directly associated with the host angiogenic response with 

evidence which indicates a slight pro-inflammatory response may be necessary for the 

stimulation of angiogenesis in the implant site [7]. Thus, glycosaminoglycans, which elicit 

relatively mild immune responses, are suitable materials for pro-angiogenic scaffolds, unlike 

natural collagen gels that have the potential to induce severe inflammation [8].

Hyaluronic acid (HA), an anionic, non-sulfated glycosaminoglycan and major component of 

the ECM, is a highly biocompatible biomaterial which, upon degradation, is also known to 

promote angiogenesis [9]. In our laboratory, soft (i.e. storage modulus <300 Pa) semi-

synthetic hyaluronic acid (HA) hydrogels, which are degradable by hyaluronidases as well 

as matrix metalloproteinases (MMPs) via MMP-degradable peptide crosslinkers, have 

previously been developed for culturing mouse mesenchymal stem cells in vitro [10, 11], 

while stiffer hydrogels (i.e. storage modulus >300 Pa) have been made for long-term 

implantation in vivo [12]. The straightforward tunability of HA hydrogels, along with the 

availability and cost-effectiveness of HA production, makes them desirable for clinical use 

and, more specifically, wound repair [13].

In addition to the mechanical and biologcal cues introduced by the biomaterial, the effective 

delivery of tissue inductive signals is essential for angiogenesis and wound repair and 

regeneration. Signals, such as growth factors and genes, can be incorporated into scaffolds 

to achieve controlled localized protein delivery or expression. However, encapsulation of 

proteins within a biomaterial generally decreases their activity and long-tern bioactivity, 

while the direct delivery of proteins results in only short-term effects as they are quickly 

degraded by the protease-rich wound environment [3, 4]. For example, while the topical 

delivery of vascular endothelial growth factor (VEGF) has resulted in 100% wound closure 

in rodents, a daily dose of 20μg of VEGF was required to observe the effect [14]. As a result, 

large amounts of modified recombinant protein are required making this a very expensive 

therapy.

Alternatively plasmid DNA, polyplexes, lipoplexes, and viral vectors have been 

encapsulated in a variety of scaffolds including fibrin [15], enzymatically-degradable 

polyethylene glycol (PEG) [16], enzymatically-degradable hyaluronic acid (HA) [10, 17], 
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gelatin [18], oligo(polyethylene glycol) fumarate (OPF) [19], alginate [20], and collagen [21] 

hydrogels to promote wound healing and angiogenesis. Physical encapsulation of nucleic 

acid-carrier complexes and viral vectors in a hydrogel can shield the vector from 

degradation from the harsh cellular microenvironment while also providing more sustained, 

localized transfection as compared to a bolus delivery of growth factors or genes. 

Specifically for wound healing when transient treatment is desirable, non-viral gene delivery 

from degradable hydrogels can be used to promote angiogenesis, granulation tissue 

formation and wound closure [22]. Additionally, micron-sized pores can be introduced into 

the hydrogel to allow for more rapid cellular infiltration [23] and gene transfer owing to the 

increased surface area available for cells to degrade the hydrogel and release encapsulated 

genetic payloads [12, 24].

Here we evaluated the effect of non-viral DNA delivery from porous HA-MMP hydrogels in 

full-thickness dermal wounds in diabetic mice. Homozygous db/db mice model Type II 

diabetes mellitus and have documented impairments in wound healing due to prolonged 

inflammatory responses, dysfunctional matrix deposition, and altered blood flow and 

angiogenesis [25]. Similar to previously published murine wound healing models, a splinted 

wound healing model in which the splint promotes wound closure by re-epithelialization and 

granulation tissue formation (i.e. the major mode of healing in humans [26]) instead of 

wound contraction (i.e. the major mode of healing in mice [27]) was used (Figure S1). The 

work described here aims to understand the role of pore size and hydrogel porosity on DNA 

delivery and how this correlates to wound closure and granulation tissue formation. Finally, 

the delivery of pro-angiogenic pVEGF is evaluated in this system.

2. Results and Discussion

2.1 Experimental design and assessment of matrix components

DNA delivery from porous and n-pore HA-MMP hydrogels was assessed in a relevant 

mouse wound healing model. When polyplexes (and, likewise, other DNA nanoparticles or 

growth factors) are encapsulated into hydrogel scaffolds, their release is dictated by 

diffusion out of the gel and gel degradation kinetics. For large polyplexes and DNA 

nanoparticles (>40 nm) hydrogel mesh size generally limits diffusion and requires that the 

gel degrade in order for release of encapsulated nanoparticles to occur. In the subcutaneous 

implant model described in Tokatlian, et. al. the degree of gel degradation and DNA release 

was too slow to produce an enhanced angiogenic response as a result of pVEGF/PEI gene 

transfer into infiltrating cells [12]. In diabetic wounds, however, protease and specifically 

MMP expression levels are elevated with respect to normal wounds [4, 5, 28]. Rapid cellular 

responses and elevated protease levels were anticipated to fully degrade the implanted 

hydrogels upon wound closure.

Initial studies were used to assess the role of matrix components on cellular infiltration and 

granulation tissue formation. Control 100 μm porous hydrogels that had no polyplexes and 

no agarose/sucrose or no polyplexes but with agarose/sucrose were implanted to ensure that 

the presence of polyplexes and/or agarose/sucrose were not influencing surrounding cells 

and inducing an undesirable immune response (Figure 1A). While no morphological 

differences of the surrounding tissue and infiltrating cells were observed between the 
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various hydrogel conditions (Figure 1A, B), quantification of granulation tissue (i.e. cross-

sectional area of granulation tissue at the center of the wound) revealed significantly reduced 

granulation tissue formation for 100 μm porous gels containing equal amounts of agarose/

sucrose but without DNA polyplexes compared to those with pDNA/PEI polyplexes (Figure 

1C). Granulation tissue is newly formed connective tissue composed of fibroblasts and 

capillaries, and its presence in wound beds over time is indicative of wound closure and 

healing. Granulation tissue was notably only present in areas where the hydrogel had 

degraded. These results suggest that either PEI or plasmid DNA at this specific dose had an 

effect on cellular infiltration and gel degradation by acting as a mild inflammatory signal, 

supporting cellular migration. The inflammatory nature of PEI has previously been 

reported [29] and even exploited for use as an adjuvant in vaccine formulations [30]. 

Interestingly, wounds treated with hydrogels containing no agarose/sucrose also resulted in 

increased granulation formation, most likely as a result of their significantly lower 

moduli [31]. Yet while softer hydrogels can allow for faster degradation, the incorporation of 

agarose/sucrose is essential for encapsulation of therapeutically relevant levels of non-

aggregated pDNA/PEI polyplexes.

2.2 Transfection from degraded hydrogels in newly formed granulation tissue

Next we aimed to study differences in granulation tissue formation and transfection as a 

function of pore size from hydrogels loaded with pGFPluc/PEI polyplexes. H&E staining of 

wound sections were used to observe morphological differences in the wound tissue. Full 

wound cross-sections demonstrated very clear differences between porous and n-pore 

hydrogels (Figure 2A). Despite the protease-rich wound environment, host cells were unable 

to effectively infiltrate the n-pore HA-MMP degradable hydrogels even after 14 days of 

continuous exposure. Many 100 and 60 μm porous hydrogels were highly infiltrated, 

partially or almost fully degraded, and surrounded by capillary-rich granulation tissue 

(Figure 2B). Quantification of granulation tissue revealed significantly less granulation 

tissue formation surrounding n-pore hydrogels compared to both 100 and 60 μm porous 

hydrogels (Figure 2D).

Immunofluorescence staining for GFP in pGFPluc loaded hydrogel samples was conducted 

to determine if released polyplexes from the degraded hydrogel portions were themselves 

not degraded and had transfected cells in the newly formed tissue. While there was some 

variability between animals, numerous transfected cells were present surrounding all 100 

and 60 μm porous and n-pore hydrogels (Figure 2C, E). Quantification of total GFP+ cells 

per cross-sectional area indicates that pores have a positive effect on transfection, as more 

transfected cells were observed surrounding porous hydrogels when compared to non-

porous counterparts. This trend may be a result of increased surface area contact for 

infiltrating cells to encounter released polyplexes. Transfection of cells within the non-

degraded hydrogel pores and even in the n-pore hydrogels far from the hydrogel edges could 

not be detected indicating that there was minimal diffusion of incorporated polyplexes out of 

the hydrogel prior to degradation, mirroring the release trends observed in vitro [17]. Slow 

diffusion out of the hydrogel is attributed to electrostatic interactions between the highly 

negatively charged hyaluronic acid hydrogel and the positively charged DNA/L-PEI 

polyplexes. And although GFP-positive cells could be observed throughout the granulation 
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tissue, a subtle gradient effect was present in all cross-sections, with a higher density of 

GFP-positive cells surrounding the degrading edges of each hydrogel. The authors 

hypothesize that since transfection with non-viral DNA polyplexes is transient, those cells in 

the granulation tissue far from the remaining hydrogel edge were most likely transfected 

early on and, after 14 days, only expressing the transgene at levels below detection by 

immunofluorescence. As a result the minimal granulation tissue surrounding n-pore 

hydrogels had the highest density of transfected cells compared to both 100 and 60 μm 

porous hydrogels (Figure 2F).

2.3 Wound closure is enhanced with porous hydrogels

Wound closure was monitored over the course of 14 days to determine if the enhanced 

granulation tissue formation surrounding porous hydrogels would result in more rapid 

wound closure. A short-term control experiment in normal balb/c mice comparing empty 

porous hydrogels (i.e. no DNA/PEI polyplexes and no agarose/sucrose) to no treatment 

further motivated the use of porous hydrogels as they modestly improved wound closure 

rates (Figure S2). Figure 3A shows representative live wound images of polyplex-loaded 

hydrogels over the course of the study. Upon visual inspection it was clear that 100 and 60 

μm porous hydrogels allowed for rapid wound closure, while wounds treated with n-pore 

hydrogels remained almost unchanged even after 14 days. This timeframe has previously 

been shown to allow for 60–70 % wound closure for untreated wounds [27] and 100 % 

closure for wounds topically treated with 20μg of soluble VEGF delivered daily [14] in 

similar splinted full-thickness wound studies. Wound closure measurements showed all 

wounds remained relatively unchanged over the first six days (Figure 3B). However by days 

8–10, porous hydrogel filled wounds started to exhibit evidence of closure and, by day 14, 

statistically significant differences between porous and n-pore hydrogels were apparent. 

Interestingly, 60 μm hydrogel wounds demonstrated a large degree of wound closure 

between day six and day eight. This resulted in significant differences in wound closure 

between the corresponding 100 μm porous hydrogel wounds (Figure 3B, C). This gap slowly 

started to close and by day 14 the difference in closure was not significant between the 100 

and 60 μm conditions indicating that the eventual difference observed between porous and 

n-pore hydrogels may be a direct response to total porosity (i.e. porosity is independent of 

pore size; theoretical porosity for hexagonal close-packed bead template = 76 %, actual 

porosity = 45 – 65 %) and not specific pore size (Figure 3D). 60 μm porous hydrogels 

similarly allowed for faster cellular infiltration, corresponding to higher levels of early 

transfection and angiogenesis, in an analogous subcutaneous implant study [12]. However, 

by 6 weeks the differences between 60 and 100 μm porous hydrogels were once again 

indistinguishable and only significantly different to n-pore hydrogels.

Most wounds with n-pore hydrogels also showed signs of tissue maceration (i.e. whitening) 

around the wound edge. This was determined to be a result of excessive moisture retention, 

causing a buildup of leukocytes, albumin, macrophages, and cell debris around the inner 

edge of the wound. Tissue maceration can potentially prolong wound healing [32] and may, 

at least in part, explain the poor wound closure observed for n-pore hydrogels.
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2.4 Angiogenesis within granulation tissue

Since transfected cells were mostly prevalent within the granulation tissue of all wound 

samples, qualitative and quantitative assessment of angiogenesis as a function of pore size 

and pVEGF/PEI delivery was conducted on the granulation tissue. VEGF is a known 

initiator of vessel branching and angiogenesis and the controlled delivery of VEGF both in 

vitro and in vivo has been shown to enhance angiogenic responses when compared to a 

single bolus delivery [33]. Vessels were present throughout the granulation tissue in all 

hydrogel samples containing either pVEGF or control pGFPluc polyplexes (Figure 4A, B). 

Numerous red blood cells could be seen filling capillaries, however, in a few areas they 

appeared as scattered cells most likely from bleeding and not aligned within defined, 

functional vessels. For both porous and n-pore hydrogels the number of vessels at the 

wound/hydrogel edges was higher than far below the hydrogel surface similar to the 

distribution of transfected cells at this time. And while transfection was observed for all 

hydrogel conditions (Figure 2C, E), quantitative differences in vasculature could not be 

attributed to the incorporation of pVEGF polyplexes (Figure 4B). Incorporation of pVEGF 

polyplexes also did not further enhance wound closure rates (data not shown). Both slow 

diffusion of polyplexes out of the hydrogels and insufficient gene expression could explain 

the lack of enhanced wound closure and angiogenesis. Independent of gene expression, 

vessel density was generally dictated by hydrogel pore size although variability among mice 

led to insignificant differences between most groups. Significant differences were only 

observed between pGFPluc loaded 60 μm porous and n-pore hydrogels. Interestingly, 60 μm 

porous exhibited the fastest wound closure (Figure 3B) suggesting that increased vessel 

density may correlate to faster wound closure.

Vessel size was also measured to determine if VEGF expression could have influenced this 

factor. To characterize vessel size distribution, the diameters of all vessels in images 

spanning across the total granulation tissue area in two separate sections were manually 

measured. In all samples about 40–50 % of all vessels were <6 μm in diameter, or the width 

of a single red blood cell (Figure 4C). Approximately 30–40 % of all vessels were 

characterized to be 6–12 μm in diameter. In general, the pVEGF loaded hydrogels had on 

average ~10 % less small capillaries (<6 μm) and subsequently an increased number of 

larger vessels (>12 μm) than their corresponding pGFPluc loaded hydrogels. Due to degree 

of variability in all samples, however, observed differences were not statistically significant 

and no clear conclusions could be made regarding the vessel size enhancement provided by 

VEGF expression. Combined these results suggest that either increased VEGF expression, a 

combination of burst and sustained VEGF expression, or expression of multiple growth 

factors (i.e. VEGF and PDGF) will be necessary to further enhance the angiogenic response 

already facilitated by the presence of a porous hydrogel structure.

3. Conclusion

Using a human relevant splinted mouse wound healing model, porous and n-pore HA 

hydrogels loaded with reporter (pGFPluc) or pro-angiogenic (pVEGF) polyplexes were 

tested for their ability to promote wound closure and induce an enhanced angiogenic 

response by transfecting infiltrating cells. 100 and 60 μm porous hydrogels allowed for 
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significantly faster wound closure than n-pore hydrogels, which did not degrade and 

provided a mechanical barrier to closure. Further, pore size seemed to be the dominant 

factor in determining wound closure rates, with 60 μm porous hydrogels initially allowing 

for much faster wound closure compared to 100 μm porous hydrogels. GFP-expressing 

transfected cells were present throughout the granulation tissue surrounding all hydrogel 

samples after 14 days of continuous treatment. Transfection levels of pVEGF, however, did 

not seem to be high enough to enhance angiogenesis by statistically increasing vessel 

density or size. Yet, these results show promise for the use of polyplex loaded porous 

hydrogels to transfect infiltrating cells in vivo. Future wound healing studies will need to 

incorporate hydrogels with the ability to deliver either more DNA or deliver the polyplexes 

more rapidly for increased transfection and angiogenesis. Likewise, it will be important to 

determine the optimal hydrogel degradation rate to allow for overall faster wound closure 

while still allowing for sustained polyplex release and mechanical support to the wound bed.

4. Experimental Section

4.1 Materials

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-

NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) 

was a gift from Genzyme Corporation (60 kDa, Cambridge, MA). Linear poly(ethylene 

imine) (PEI, 25 kDa) was purchased from Polysciences (Warrington, PA). Vectors 

expressing mammalian GFP-firefly luciferase (pGFPluc) and human VEGF-165 (pVEGF) 

were obtained from New England Biolabs (Ipswich, MA) and expanded using a Giga Prep 

kit from Qiagen following the manufacturer’s protocol. All other chemicals were purchased 

from Fisher Scientific (Pittsburgh, PA) unless otherwise noted.

4.2 Hyaluronic acid modification

Sodium hyaluronan was modified to contain acrylate functionalities. Briefly, hyaluronic acid 

(2.00 g, 60kDa, 5.28 mmol carboxylic acids) was reacted with 36.77 g (211.07 mmol) adipic 

acid dihydrazide (ADH) at pH 4.75 in the presence of 4.00 g (20.84 mmol) 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC) overnight and purified through 

dialysis (8000 MWCO) in a 100 mM to 0 mM salt gradient for 1 day followed by dialysis in 

DI water for 4–5 days. The purified intermediate (HA-ADH) was lyophilized and stored at 

−20 °C until used. Approximately 54 % of the carboxyl groups were modified with ADH, 

which was determined using 1H NMR (D2O) by taking the ratio of peaks at δ = 1.6 and 2.3 

corresponding to the 8 hydrogens of the methylene groups on the ADH to the singlet peak of 

the acetyl methyl protons in HA (δ = 1.88). All of the modified HA-ADH was reacted with 

N-Acryloxysuccinimide (NHS-Ac) (4.46 g, 26.38 mmol) in HEPES buffer (10 mM HEPES, 

150 mM NaCl, 10 mM EDTA, pH 7.2) overnight and purified through dialysis in a 100 mM 

to 0 mM salt gradient for 1 day followed by dialysis in DI water for 3–4 days before 

lyophilization. The degree of acrylation was determined to be ~12 % using 1H-NMR (D2O) 

by taking the ratio of the multiplet peak at δ = 6.2 corresponding to the cis and trans acrylate 

hydrogens to the singlet peak of the acetyl methyl protons in HA (δ = 1.88).
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4.3 Polyplex lyophilization

Similar to previously described methods for caged nanoparticle encapsulation (CnE) [12, 31], 

plasmid DNA (250 μg) and L-PEI (228.3 μg, N/P = 7) were mixed in 3.5 mL water with 35 

mg (0.10 mmol) of sucrose (Ultra pure, MP Biomedicals, Santa Ana, CA) and incubated at 

room temperature for 15 min. Low-melting point agarose (1.0 mg, UltraPureTM Agarose, 

Tm = 34.5–37.5 °C, Invitrogen, Grand Islands, NY) in 1.5 mL water was added before 

lyophilization. Each aliquot was intended for a 100 μL hydrogel. For smaller hydrogel 

volumes, both sucrose and agarose were scaled down proportionally.

4.4 Design template using PMMA microspheres

Microsphere templates for porous hydrogels were prepared using dry PMMA microspheres 

(53–63 and 90–106 μm, Cospheric, Santa Barbara, CA). Approximately 20 mg of 

microspheres (1.19 mg/μL) were mixed with DI water for a final concentration of 20 mg per 

100 μL. Then 100 μL of the microsphere solution was pipetted into each well in a glass-

bottom silicon well mold (wells = 6 mm × 2 mm, D x H). The microspheres were then 

allowed to dry and pack (by naturally settling) over 3–4 h at 37 °C. The glass-bottom silicon 

wells were then placed into an oven and the microspheres were sintered for 22 h at 150 °C.

4.5 Porous (and n-porous) HA hydrogel formation

Hydrogels were formed by Michael-type addition of acrylate-functionalized HA (HA-Ac) 

with bis-cysteine containing MMP peptide crosslinkers at pH 8.0–8.2. Prior to reaction, a 

hydrogel precursor solution was made by mixing a fraction of the total HA-Ac with a 

lyophilized aliquot of cell adhesion peptide, RGD, in .3 M TEOA pH 8.2 for 30 min at 37 

°C. After incubation, HA-RGD was mixed with the remaining HA-Ac and .3 M TEOA pH 

8.2 for a final gel concentration of 3.0 w/v% HA and 100 μM RGD. Finally lyophilized 

aliquots of the crosslinker (HS-MMP-SH) were diluted in .3 M TEOA pH 8.2 immediately 

before addition to a mixture of lyophilized (CnE) DNA/PEI polyplexes and the hydrogel 

precursor solution for a final r ratio (SH/Ac) = 0.4. For porous hydrogels, 20 μL of gel 

solution was then added directly on top of a PMMA microsphere template, covered with a 

glass slide, and perfused into the template by centrifugation at 1500 rpm for 6 min at 4 °C. 

The slide was then incubated at 37 °C for 30–45 min to induce polymerization. Once 

complete, the gels were removed from the silicon wells and placed directly into 100 % 

acetone for 48 h to dissolve the PMMA microsphere template. The acetone solution was 

replaced 2–3x during this incubation. The gels were then serially hydrated into sterile PBS 

and left in PBS until ready for use. For n-pore hydrogels, the gel solution was sandwiched 

between two Sigmacoted slides using 1 mm thick plastic spacers and incubated at 37 °C for 

30–45 min to induce polymerization. Once complete, the gels were placed directly into 

sterile PBS and left in PBS until ready for use. Prior to surgery all gels were placed in sterile 

PBS with 1 % P/S overnight.

4.6 Splinted wound healing model

All in vivo studies were conducted in compliance with the NIH Guide for Care and Use of 

Laboratory Animals and UCLA ARC standards. 10 to 12-week old female db/db mice each 

30–40 grams were used to study cellular infiltration and blood vessel formation in HA 
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hydrogels since this strain and size has been previously used for wound healing and 

angiogenesis assays [14, 27, 34]. Only for control experiments were 8 to 10-week old female 

balb/c mice each 20–30 grams used. Porous or n-pore hydrogels were made exactly as 

described above and cut to 6 mm in diameter using a biopsy punch, for final overall 

dimensions of 6 mm × 1 mm, D x H. In fabricating the hydrogels, the starting reagents were 

sterilized through filtering with a 0.22 μm filter. After scaffold fabrication, the hydrogels 

were washed with sterile PBS and kept in PBS with 1 % P/S. Immediately prior to surgery, 

mice were anesthetized with 4–5 % isoflurane through a nose cone inhaler. After anesthesia 

induction, the isoflurane concentration was lowered to 1.5–2.5 % for the remainder of the 

surgery. The back of the mouse was subsequently shaved, all remaining hair was removed 

with Nair (1 min), and finally sterilized with Betadine and 70 % ethanol. Two full-thickness 

wounds were then be generated using a 6 mm biopsy punch (4 mm for wounds on smaller 

balb/c mice) and the hydrogels were placed directly into the wounds. Sterilized 8 mm (D) 

silicon rings (0.5 mm thick) sandwiched between two sterile pieces of Tegaderm (i.e. splints 

with non-stick, clear windows) were fixed to the outside of the wound using a tissue 

adhesive, Mastisol. The splints were then lightly pressed down to come into contact with the 

hydrogel. Eight (5–0) interrupted sutures were also utilized to hold the splint in place. 

Finally, additional adhesive was placed around the outer edges of the splints and used to 

secure strips of Tegaderm to cover the splint edges and sutures, preventing the mice from 

removing the splints during the study (see Figure S1 for representative images of animals 

immediately following surgery). All animals were observed daily for signs of inflammation 

and pain and also administered Buprenorphine injections every 12 h for the first 48 h post 

survival surgery. At the end of each study (14 days), animals were sacrificed with isoflurane 

overdose. Two 8 mm diameter pieces of tissue were collected from each mouse containing 

the implant and the surrounding tissue and skin using a biopsy punch, fixed in 2 % PFA 

overnight at 4 °C, dehydrated in 70 % ethanol, and finally paraffin embedded.

4.7 Immunofluorescence and immunohistochemistry

Paraffin embedded sections (5 μm) were deparaffinized by incubation in multiple xylene 

washes followed by serial hydration from 100 % ethanol into 100 % water. For CD31 

staining, antigen-retrieval was conducted with 15 min incubation at 37 °C in 0.1 mg/mL 

proteinase K solution. Sections were then washed with PBS and incubated in blocking 

buffer (1 % goat serum (Invitrogen, Grand Islands, NY) + 0.05 % Tween-20 in PBS) for 1 h 

at RT before being incubated in primary antibody solution (1:100 dilution in blocking buffer 

of rat anti-mouse CD31 (BD Pharmingen, San Diego, CA)) overnight at 4 °C. Sections were 

again washed with PBS and incubated in blocking buffer for 10 min at RT before being 

incubated for 2 h at RT in secondary antibody solution (1:100 dilution in blocking buffer of 

goat anti-rat Alexa 568 (Invitrogen, Grand Islands, NY) which also contained DAPI nuclear 

stain (1:400 dilution, Invitrogen). Sections were then washed twice in PBS, mounted and 

imaged using an inverted Zeiss fluorescence microscope. For GFP staining, neither protease 

nor heat-mediated antigen-retrieval was conducted as these were found to eliminate any 

GFP signal. All other procedures were conducted exactly as described above with a 1:50 

dilution of the primary GFP antibody (Invitrogen, Grand Islands, PA) and 1:100 and 1:400 

dilutions of the goat anti-rabbit Alexa 488 secondary antibody (Invitrogen, Grand Islands, 

PA) and DAPI, respectively. All hematoxylin and eosin staining of sections was conducted 
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by the Translational Pathology Core Laboratory (TPCL) at UCLA. Granulation tissue area 

was manually measured from two separate full-thickness cross-sections at least 50 – 100 μm 

apart from each mouse (n = 4 – 5) using ImageJ software.

4.8 GFP characterization and statistical analysis

Two separate sections at least 50 – 100 μm apart were analyzed for each sample. Twenty 

randomly chosen areas were imaged from each section. GFP positive cells were counted 

manually in each section, totaled from all sections, and finally normalized to the total 

imaged area for each mouse (n = 4 – 5).

All statistical analysis was performed using Prism (GraphPad, San Diego, CA). Experiments 

were statistically analyzed using a one-way ANOVA followed by a Tukey test to compare 

all pairs of columns using a 95 % confidence interval. All error bars represent the standard 

error of the mean (SEM).

4.9 Live imaging and wound closure analysis

Every two days, each mouse (n = 4 – 5) was anesthetized (as described above) and both 

wounds were imaged using a Zeiss inverted stereomicroscope. Wound area was manually 

measured using ImageJ software. The fixed splint area was used to calibrate measurements 

in each image.

4.10 Granulation vessel quantification, characterization, and statistical analysis

Two separate sections at least 50 – 100 μm apart were analyzed for each sample. Five to ten 

randomly chosen areas within the newly formed granulation tissue were imaged in each 

section. Vessels were counted manually in each section, totaled from all sections, and finally 

normalized to the total imaged area for each mouse (n = 4 – 5). For all samples the diameter 

of each vessel was manually measured using Zen imaging and analysis software (Zeiss). 

Percentages were determined using the entire vessel set.

All statistical analysis was performed using Prism (GraphPad, San Diego, CA). Experiments 

were statistically analyzed using a one-way ANOVA followed by a Tukey test to compare 

all pairs of columns using a 95 % confidence interval. All errors bars represent the standard 

error of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
H&E stained full wound cross-sections (A, 1.6x magnification) with corresponding 40x 

magnification images (B, scale bar = 50 μm) of wounds with 100 μm porous hydrogels 

either with or without agarose/sucrose and/or pDNA/PEI polyplexes. (C) Quantification of 

granulation tissue (n = 3 – 4) reveals differences between granulation tissue formation 

surrounding porous hydrogels with various matrix components after 14 days of healing. A/S 

= agarose/sucrose.
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Figure 2. 
H&E stained full wound cross-sections (A, 1.6x magnification) reveal significant 

differences in newly formed granulation tissue surrounding pGFPluc loaded n-pore and 60 

and 100 μm porous hydrogels 2 weeks after continuous treatment. 40x magnification images 

show poor granulation tissue formation and cellular infiltration into n-pore hydrogels, unlike 

those of 60 and 100 μm porous hydrogels which show dense granulation tissue rich in small 

capillaries (B, scale bar = 50 μm). Immunofluorescence staining of GFP in pGFPluc loaded 

hydrogels confirm the presence of several transfected cells throughout the granulation tissue 

in each sample (C, scale bar = 50 μm; GFP positive cells = green, cell nuclei = blue, G and 

dotted line designate gel edge). Quantification of granulation tissue area (D) and GFP+ cells 

(E) reveals a correlation to hydrogel porosity (n = 4 – 5). Yet as a result of a gradient effect 

of transfection adjacent to the remaining hydrogel edges, n-pore hydrogel samples have an 

overall higher density of GFP+ cells compared to porous hydrogles after 14 days (F).
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Figure 3. 
(A) Representative images of hydrogel treated wounds over the course of the study. Wound 

area was manually measured (n = 4 – 5) and reported as a percentage with respect to the 

wound area at t = 0 (B, triangles = n-pore, squares = 60 μm, circles = 100 μm porous 

hydrogels). Wound closure measurements of wounds with pDNA loaded hydrogels showed 

significant differences between porous and n-pore hydrogels. Direct comparison of wound 

closure at day 8 (C) and 14 (D). Times correspond to initial onset of closure and end of 

study, respectively.
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Figure 4. 
Staining for endothelial marker CD31 confirms the presence of small capillaries within the 

granulation tissue of 60 and 100 μm porous hydrogel implants loaded with pVEGF (A, scale 

bar = 50 μm; PECAM positive staining (CD31+ endothelial cells) = red, cell nuclei = blue). 

100 μm porous hydrogel implants loaded with pGFPluc are shown for comparison. 

Quantification of vessel density (n = 4 – 5) reveals a slight correlation to hydrogel porosity 

(B, black bars = pVEGF, grey bars = pGFPluc loaded hydrogels). Vessel diameters were 

also measured (C, solid bars = pVEGF, striped bars = pGFPluc loaded hydrogels). 

Approximately 40–50 % of vessels in all samples were less than 6 μm in diameter.
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