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Abstract

Porous, resorbable biomaterials can serve as temporary scaffolds that support cell infiltration, 

tissue formation, and remodeling of nonhealing skin wounds. Synthetic biomaterials are 

less expensive to manufacture than biologic dressings and can achieve a broader range of 
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physiochemical properties, but opportunities remain to tailor these materials for ideal host immune 

and regenerative responses. Polyesters are a well-established class of synthetic biomaterials; 

however, acidic degradation products released by their hydrolysis can cause poorly controlled 

autocatalytic degradation. Here, we systemically explored reactive oxygen species (ROS)–

degradable polythioketal (PTK) urethane (UR) foams with varied hydrophilicity for skin wound 

healing. The most hydrophilic PTK-UR variant, with seven ethylene glycol (EG7) repeats flanking 

each side of a thioketal bond, exhibited the highest ROS reactivity and promoted optimal tissue 

infiltration, extracellular matrix (ECM) deposition, and reepithelialization in porcine skin wounds. 

EG7 induced lower foreign body response, greater recruitment of regenerative immune cell 

populations, and resolution of type 1 inflammation compared to more hydrophobic PTK-UR 

scaffolds. Porcine wounds treated with EG7 PTK-UR foams had greater ECM production, 

vascularization, and resolution of proinflammatory immune cells compared to polyester UR 

foam–based NovoSorb Biodegradable Temporizing Matrix (BTM)–treated wounds and greater 

early vascular perfusion and similar wound resurfacing relative to clinical gold standard Integra 

Bilayer Wound Matrix (BWM). In a porcine ischemic flap excisional wound model, EG7 PTK-

UR treatment led to higher wound healing scores driven by lower inflammation and higher 

reepithelialization compared to NovoSorb BTM. PTK-UR foams warrant further investigation as 

synthetic biomaterials for wound healing applications.

One-sentence summary:

Hydrophilic polythioketal urethane foam scaffolds promote skin wound healing in pigs.

Designing degradable dressings

Synthetic scaffolds are an attractive option for dressings to treat skin wounds because they are 

shelf stable, have tunable and defined chemical compositions, and are more affordable than 

naturally derived scaffolds or cell-based dermal substitutes. Here, Patil and colleagues investigated 

the role of scaffold hydrophilicity in polythioketal-based polyurethane (PTK-UR) foam scaffold 

resorption and promotion of tissue regeneration in wound healing. They found that hydrophilic 

scaffolds with seven ethylene glycol units between the thioketal bonds in the polymer backbone 

exhibited optimal reactive oxygen species–dependent degradation and porcine skin wound healing, 

including ischemic flap excisional wounds. Results support further investigation of PTK-UR 

formulations as alternatives to commercially available wound matrices.

INTRODUCTION

Chronic wounds affect about 4.5 million people in the United States, resulting in 

considerable economic burden of $96.8 billion per year (1, 2). Diabetes, obesity, and 

vascular diseases predispose patients to delayed or incomplete skin wound closure that 

can lead to lower limb amputation (1, 3, 4) and high recurrence and mortality rates (5, 6). 

Nonhealing wounds have persistent, low-grade inflammation with an influx of polymorphic 

mononuclear leukocytes that secrete inflammatory cytokines, proteolytic enzymes, and 

reactive oxygen species (ROS) (7). Nonhealing wounds driven by vascular insufficiencies 

are often compounded by ischemia-r eperfusion injury, which triggers ROS generation and 

tissue damage (8), whereas bacterial infection can further exacerbate the local inflammatory 
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imbalance (10). Excess ROS causes oxidative stress, which diminishes critical wound 

healing processes such as angiogenesis, extracellular matrix (ECM) deposition, and the 

healing capacity of fibroblasts and keratinocytes (9).

The standard of care for treating chronic wounds includes tissue debridement, moisture 

control, and use of advanced wound dressings with or without active compounds to reduce 

infection (11). Wound dressing biomaterials comprise either naturally derived or synthetic 

polymers that act as a provisional matrix, providing mechanical support and promoting 

cellular infiltration, neovascularization, ECM deposition, and consequently accelerated 

defect repair (12). Acellular wound dressings based on animal-derived ECM components 

are well established. The first of its kind, Integra Bilayer Wound Matrix (BWM), designed 

by Yannas et al. (13), has a long clinical track record; in diabetic foot ulcers, Integra BWM 

achieves full closure in 51% of wounds by 16 weeks, compared to 32% by standard wound 

care (14). Similarly, OASIS ULTRA wound dressings manufactured from porcine small 

intestinal submucosa decrease the time required for complete wound closure and lower the 

reoccurrence of venous ulcers (15). ECM-based dressings have been adopted for clinical use 

(16), but they are challenged by raw material sourcing, reproducible processing techniques, 

cross-species immunogenicity risk, and exuberant costs (17).

Fully synthetic dermal materials provide reproducible and cost-effective product fabrication 

while also affording controlled tuning of chemical composition, microarchitecture, 

physiochemical properties, and degradation profiles (18–20). Hydrolytically degradable 

polyesters (PEs) are the main class of synthetic polymers that have so far been applied 

clinically as resorbable wound dressings (21), with Restrata and NovoSorb Biodegradable 

Temporizing Matrix (BTM) being two examples. Restrata is an electrospun poly(lactic acid-

glycolic acid) (PLGA) (10:90) and polydioxanone mat, whereas NovoSorb is a polyurethane 

(PU) foam made from ethyl lysine diisocyanate, lactic acid/ethylene glycol (EG) chain 

extender, and polycaprolactone polyol with a removable PU overlayer (22, 23). Both 

products have gained broad U.S. Food and Drug Administration approval for indications 

spanning traumatic and postsurgical wounds, second-degree burns, pressure ulcers, and 

diabetic ulcers.

Highly porous PU foams, such as NovoSorb, offer interconnected pores that allow for 

efficient cell infiltration and low material mass, which reduces production costs and the 

quantity of potentially inflammatory or cytotoxic degradation products (24). PU materials 

are also tunable, through variation of either the polyol or isocyanate- containing component. 

Isocyanates have been paired with aliphatic PE such as poly(lactic acid) (25), PLGA, 

polycaprolactone (26), and their blends for many tissue engineering applications (27–30). 

However, degradation of PE-based materials releases acidic by-products that can activate an 

uncontrolled autocatalytic degradation mechanism (31) and trigger inflammation (32).

Hydrolytically stable, polymeric biomaterials that are degraded by cell-generated stimuli 

are a promising alternative to PE-based materials (33). We previously innovated a class 

of polythioketal (PTK)–based PU scaffolds that provided more temporally controlled 

degradation kinetics compared to PE materials in rat wounds and promoted robust tissue 

integration both in rat and porcine skin wounds (34, 35). We have also shown that PTK–
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cross-linked polyethylene glycol (PEG)–maleimide hydrogels promote tissue infiltration 

and neovascularization in mice, confirming the biocompatibility of hydrophilic PTK-based 

materials in physiologically relevant environments (36).

Here, we posited that scaffold hydrophilicity is an important parameter for optimization 

of wound healing performance of PTK urethane (PTK-UR) dermal substitutes. This 

hypothesis was motivated by previous studies showing that integration of highly hydrophilic 

polymers such as PEG or zwitterions into tissue engineering materials can increase scaffold 

degradation (37), increase tissue infiltration (25) into hydrolytically-degradable PE-URs, and 

trigger regenerative immunophenotypes while decreasing fibrosis (38). Toward this end, we 

generated a library of ROS-responsive PTK-UR foams with controlled variation of the PTK 

diol component to contain different lengths of EG units between the thioketal (TK) bonds in 

the polymer backbone. We hypothesized that increased hydrophilicity of PTK-UR scaffolds 

would increase TK group reactivity with water- soluble ROS, thus improving scaffold ROS 

scavenging and ultimately promoting a faster and more favorable rate of material resorption 

in vivo. The primary goals of these studies were to establish the functional importance 

of PTK-UR scaffold hydrophilicity on wound healing and to benchmark leading PTK-UR 

formulations against current standards of care in clinically relevant porcine skin wound 

repair models that recapitulate full-thickness and ischemic skin wounds.

RESULTS

Synthesis and characterization of PTK diol

To vary polyol hydrophilicity, we incorporated increasing units of EG between TK bonds 

in the PTK diol backbone using three different dithiol monomers with zero (EG0), one 

(EG1), or two (EG2) EG repeats. Using previously reported polymerization techniques 

(34, 35, 39, 40), we synthesized EG0, EG1, and EG2 PTK dithiols through condensation 

polymerization of butanedithiol, mercaptoethyl ether, and 2,2′-(ethylenedioxy) diethanethiol 

monomers, respectively (Fig. 1A and fig. S1). Purified dithiol polymers were functionalized 

with 2-bromoethanol to obtain EG0, EG1, and EG2 PTK diols. The formation of TK bonds 

was confirmed through 1H nuclear magnetic resonance (NMR); δ at 1.6 parts per million 

(fig. S1). Dithiol monomers containing an EG content greater than 2 did not efficiently 

polymerize with this condensation reaction, resulting in poor conversion, likely forming 

cyclic structures from individual monomers rather than linear chains of multiple monomers.

To address the drawbacks of this approach and to further increase the EG content, we 

developed an alternative polymerization strategy based on the polyaddition reaction of 

amine-reactive heterobifunctional PEG and a small TK diamine cross-linker/monomer. The 

TK diamine was synthesized from a protected cysteamine derivative and dimethoxy propane 

as confirmed by 1H NMR spectroscopy (fig. S2) (41). To obtain a PTK diol with seven 

EG repeats between TK groups in the polymer backbone (EG7 PTK diol), monofunctional 

PEG400 nitrophenylcarbonate (HO-PEG-NPC) was first synthesized through the reaction 

of 400 gmol−1 PEG diol (PEG400) with p-nitrophenyl chloroformate at a stoichiometric 

ratio of 1:1, yielding a mixture of primarily OH-PEG-NPC and a small percentage 

of homobifunctional PEG400 dinitrophenylcarbonate (NPC-PEG-NPC) macromers. The 

bifunctional PEG macromers functioned as “chain extenders” through reaction with multiple 
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TK diamines (fig. S2). Gel permeation chromatography analysis revealed that all PTK diol 

polymer chains had relatively low dispersity (Ð < 1.2) and a number-average molecular 

weight (Mn) between 1500 and 2200 gmol−1 (fig. S3A). The resulting EG0, EG1, EG2, 

and EG7 PTK diols were composed respectively of 11.7, 10.2, 8.2, and 2 TK units per 

polymer chain (fig. S3C), and the presence of terminal hydroxyl functional (OH) groups 

was verified by their characteristic Fourier transform infrared absorbance peak at 3400 cm−1. 

Hydroxyl functionalization was quantified indirectly through 19F NMR upon reaction with 

4-fluorophenyl isocyanate. Experimentally determined hydroxyl numbers closely matched 

theoretical values, indicating successful hydroxyl functionalization (~85%) and the presence 

of terminal OH groups for isocyanate reactivity in subsequent foaming reactions (fig. S3C).

PTK-UR scaffold hydrophilicities positively correlate with EG content and log P values

To create a PU foam with interconnected porous structure, the terminal OH groups on PTK 

diols or PE trimeric polyols (trimer t, 60% ε-caprolactone, 30% glycolide, and 10% d,l-

lactide composition) were reacted with isocyanate groups present on a lysine triisocyanate 

(LTI) cross-linker in the presence of TEGOAMIN33 as a catalyst and water as a blowing 

agent (Fig. 1B). LTI was used on the basis of our previous porcine ischemic wound 

healing studies, which showed favorable response to PTK-UR scaffolds made with LTI 

as compared to scaffolds formulated using a nondegradable isocyanate component (35). Two 

PE-based triols with molecular weights of 900 gmol−1 (900t PE) and 1500 gmol−1 (1500t 

PE) were used to fabricate PE-UR scaffold controls. Formulation specifications for each 

foam are provided in table S1. PTK-UR scaffolds with similar porosity (86.8 to 91.5%) and 

comparable pore sizes (74.2 to 133.3 μm) were fabricated from the respective EG0, EG1, 

EG2, and EG7 PTK diols. Efficient covalent cross-linking between OH and NCO groups of 

LTI was confirmed on the basis of the low soluble fractions (sol fractions) for each scaffold 

(fig. S4).

Contact angle measurements on PU films were performed to experimentally gauge scaffold 

hydrophilicity; EG7 PTKUR demonstrated the lowest contact angle (52.7° ± 5.8°) compared 

to EG0 (79.2° ± 3.3°), EG1 (66.5° ± 2.9°), and EG2 (61.2° ± 2.3°) (Fig. 1C). The measured 

contact angles positively correlated with the theoretical partition coefficients (log P) of 

PTK diols (Fig. 1D). Determination of the swelling ratio for the PTKUR materials (fig. 

S4) also supported that our EG series yielded a set of PTKUR scaffolds with controlled 

variation of relative hydrophilicity. Mechanical properties (compressive modulus determined 

under hydrated conditions) of the scaffolds were all similar, with EG0, EG1, EG2, and 

EG7 PTK-UR scaffolds showing moduli of 75.0 ± 7.8, 61.4 ± 6.6, 78.5 ± 12.3, and 67.1 ± 

10.7 kPa, respectively (Fig. 1E); these properties are a good approximation of the reported 

tensile modulus of human skin (60 to 850 kPa) (42, 43). Although the wet modulus of all 

PTK-UR formulations did not significantly differ, the modulus of the 900t (P < 0.05 versus 

all PTK-UR formulations) and 1500t PE-UR (1500t versus EG0 and 1500t versus EG2, P 
< 0.01) scaffolds showed a small but significant decrease compared to the PTK-URs. These 

data collectively indicate that the PTK-UR scaffold formulations have similar mechanical 

and structural properties, allowing for controlled study of the biological effects of relative 

scaffold hydrophilicity.
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Increased PTK-UR scaffold hydrophilicity improves ROS reactivity

TK bonds are broken through irreversible reaction with ROS such as hydroxyl radicals 

(•OH), superoxide (O2
−), hydrogen peroxide (H2O2), and hypochlorite (ClO−) (34, 

40, 44). This provides an opportunity to create TK-based biomaterials whose ROS-

dependent degradation mechanism also provides antioxidant function. Using 1,1-diphenyl-2-

picrylhydrazyl (DPPH) as a model free radical, the antioxidant activity of PTK-UR scaffolds 

was significantly higher than that of PE-UR scaffolds (P < 0.0001 at 3, 6, 12, 24, 30, and 36 

hours; Fig. 1F). The predominantly organic solvent mixture used to perform the DPPH assay 

(80:20 ethanol:H2O) does not accurately reflect in vivo conditions, and experimental results 

may not reflect the differences in TK bond accessibility that occur in a fully aqueous system. 

Despite these conditions, EG1, EG2, and EG7 PTK-UR formulations showed significantly 

(P < 0.001) higher radical scavenging compared to EG0 PTK (at 6, 12, and 24 hours) in this 

polar solvent mixture (Fig. 1F). To evaluate the effect of PTK composition on antioxidant 

function and cytoprotection in aqueous environments more directly, we exposed NIH 3T3 

murine fibroblasts to varying concentrations of H2O2 (25 and 50 μM) in the presence of 

the series of PTK diols (normalized TK molar content). All PTK diol treatments offered 

significant (P < 0.05) protection from H2O2 (25 μM)–mediated cell toxicity compared to 

900t PE treatments. At the higher concentration of H2O2 (50 μM), EG7 PTK formulation 

rescued cell viability to a significantly (P < 0.0001) higher degree than all other treatment 

groups, offering nearly twofold greater viability than the next most hydrophilic PTK (EG2 

PTK) (Fig. 1G). These data highlight an important cytoprotective benefit of ROS scavenging 

in the PTK diols and the correlation of PTK radical reactivity with hydrophilicity. To further 

evaluate the antioxidant activity of EG7 PTK-UR scaffolds, we implanted 900t PE-UR and 

EG7 PTK-UR foams in the subcutaneous space of C57BL6 mice. Scaffolds explanted 4 

days after implant showed that the EG7 PTK-UR foams had significantly (P < 0.01) lower 

ROS concentrations than 900t PE-UR scaffolds measured by Amplex Red (a H2O2 probe) 

(Fig. 1H). These data suggest that the presence of accessible TKs in more hydrophilic PU 

scaffolds provides antioxidant activity.

To investigate ROS-dependent degradation kinetics of PTK-UR and PE-UR scaffolds, we 

incubated PU samples in phosphate-buffered saline (PBS) or increasing concentrations of 

oxidative media (Fig. 1I). PTK-UR scaffolds incubated in hydrolytic media (PBS) remained 

intact with minimal mass loss over the course of the experiment. There was a small but 

significant (P < 0.05) mass loss of EG7 PTK-UR scaffolds in PBS at days 14, 20, and 30 

due to the mechanics of manipulating the significantly (P < 0.0001) more swollen EG7 

PTK-UR scaffolds (fig. S4A). However, unlike 900t and 1500t PE-UR scaffolds, all four 

PTK-UR foam compositions degraded in oxidative media (0.2 and 2% H2O2) simulated by 

•OH from the Fenton reaction between H2O2 and catalytic amounts of CoCl2. The PTK-UR 

scaffold mass loss was ROS concentration dependent for all compositions. There were no 

significant differences in the rate of degradation between the different PTK-UR scaffold 

formulations at the highest hydroxyl radical concentrations at days 14, 20 and 30. However, 

at lower concentrations (0.2 and 2% H2O2), significantly (P < 0.01) higher mass loss in EG7 

PTK-UR scaffolds was recorded compared to EG0, EG1, and EG2 PTK-UR formulations, 

despite the EG7 PTK diol having the lowest TK bond backbone density contributing to 

oxidative degradation. Modeling analysis showed that the EG7 PTK-UR scaffolds had a 
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higher degradation rate constant than all the PTK-UR formations at 0.2 and 2% ROS 

concentrations and that, under mild ROS conditions (0.2% H2O2), the rate of degradation 

increased with an increase in EG content (Fig. 1J). Morphological changes such as loss in 

porous architecture and qualitative increase in pore size were observed in scanning electron 

microscopy images of PTK-UR scaffolds incubated in oxidative media (Fig. 1K and figs. S5 

and S6). No apparent changes were visible in PBS-incubated samples, suggesting hydrolytic 

stability. Together with the DPPH and cytoprotection assays, these data demonstrate that TK 

groups in the more hydrophilic (higher EG content) scaffolds are more accessible for ROS 

scavenging.

Effects of scaffold chemistry on porcine excisional wound healing

To investigate the tissue response to synthetic PU scaffolds, we implanted 900t PE-UR 

and PTK-UR scaffolds in rectangular 2 cm– by–1 cm full-thickness skin wounds on the 

dorsal region of Yorkshire pigs. Ten days after scaffold implantation, we observed varying 

degrees of scaffold integration within the wound bed (Fig. 2A, top row). An increase in 

tissue integration and homogeneity of distribution throughout the wound bed was observed 

for the wounds treated with EG7 PTK-UR compared to all other treatments (Fig. 2, A and 

B). Tissue infiltration within the pores of the scaffolds also positively correlated (R2 = 0.92) 

with EG content in the PTK diol used to fabricate the scaffolds (Fig. 2C and fig. S8A). The 

highest tissue infiltration was seen in EG7 PTK treatments (77 ± 3%) compared to the more 

hydrophobic PTK chemistries. Vascular density, visualized through immunohistochemistry 

(IHC) for von Willebrand factor (vWF), also positively correlated with EG content (Fig. 2, A 

and D, and fig. S8B) and thus overall scaffold hydrophilicity.

Scaffold hydrophilicity affects inflammatory cellular infiltrates and wound 
microenvironment

Inflammatory responses to implanted biomaterials can dictate the quality of tissue repair 

in skin wounds (45–47). We investigated spatial distribution of inflammatory cell infiltrates 

within implanted PU scaffolds 10 days after implantation. All five PU treatments recruited 

inflammatory cells, including myeloperoxidase-positive (MPO+) neutrophils and CD206+ 

macrophages, into the scaffolds (Fig. 2E). Active recruitment of neutrophils from the 

bloodstream to implanted biomaterials can propagate inflammation through secretion 

of proinflammatory cytokines, interleukins (ILs), and ROS (48, 49). MPO staining 

was localized around scaffold remnants, suggesting recruitment of neutrophils to the 

scaffold-tissue interface. EG7 PTK scaffolds were associated with significantly (P < 

0.05) fewer neutrophils (Fig. 2F) compared to all other treatments. A complementary 

immunohistochemical analysis for 8-hydroxy-2′-deoxyguanosine (8-OhdG), a marker 

for free radical–induced oxidative stress (50), showed significantly lower staining in 

EG7 PTK-UR–treated wounds compared to PE-based 900t PE-UR treatments (fig. S9). 

Macrophage polarization can also play an important role in biomaterial integration 

and wound healing (45, 51, 52). We investigated the polarization of M2 macrophages 

within implanted PU foams and saw a significant (P < 0.05) increase in CD206+ 

macrophages in EG7 PTK–treated wounds compared to 900t PE treatment (Fig. 2, E 

and G). To complement histological analysis of wound tissue, we performed bulk tissue 

gene analysis of inflammation- associated transcripts; EG7 PTK-UR scaffold–treated 
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wounds were associated with consistently decreased expression of inflammation- related 

mRNAs including colony-stimulating factors (CSF2 and CSF3), tumor necrosis factor–α 
(TNFA), interleukin-1β (IL1B), interleukin-12A (IL12A), inflammatory chemokine ligand 8 

(CXCL8), and nitric oxide synthase 2 (NOS2) compared to all other treatment groups (Fig. 

2H).

EG7 PTK-UR scaffolds promote wound closure, reepithelialization, and tissue repair in 
pigs

Next, we investigated wound closure rates of PU foam–treated pig skin wounds over an 

extended time course (24 days). Wound area for all scaffold treatments decreased over 

a period of 24 days (Fig. 3A and fig. S10A). Twenty-four days after surgery, EG7 PTK–

treated wounds achieved 70.5% closure compared to only 52.9 and 53.8% closure observed 

in EG1 and EG2 PTK treatments, as well as 49.2% for 900t PE (Fig. 3C). All EG0 PTK-UR 

scaffolds were extruded from the wounds 20 to 22 days after implantation, resulting in 

spontaneous wound contraction (fig. S10A). We observed poor EG0 scaffold integration 

with skin wounds despite initially similar percentage of tissue infiltration between EG0 

and EG1 scaffold pores (figs. S8A and S10B), emphasizing the importance of scaffold 

hydrophilicity in biomaterial-tissue integration. Because of the premature extrusion and loss 

of EG0 scaffolds, this treatment group was not included in subsequent analyses.

Complete wound closure is associated with migration of epidermal cells from the 

surrounding wound margins toward the center, fully covering the granulation tissue with 

new epithelium (53). We, therefore, sought to evaluate epidermal layer reestablishment of 

PU-treated excisional pig wounds through visualization of keratin14+ basal keratinocytes. 

Cytokeratin14 IHC revealed that at day 24, 90% of EG7 PTK-UR–treated wounds had 

completely epithelialized, with 99.2% of the wound covered with a thin, uniform neo-

epidermal layer (Fig. 3, B and C). In contrast, none of the other PU treatments resulted 

in complete reepithelialization of the wounds, with an average of 49.6, 55.0, and 61.0% 

wound closure observed in 900t PE, EG1, and EG2 PTK treatments, respectively (Fig. 

3C). In addition to incomplete epithelialization of wounds with these treatments, excessive 

epidermal thickening suggests an immaturity of the reepithelialization process due to 

persistent inflammation and presence of hyperproliferative keratinocytes with minimal 

migration (7, 54, 55).

Histological analysis of the skin wounds at the day 24 end point revealed tissue integration 

and scaffold resorption across all four PU treatments (Fig. 3D, low magnification). EG1 

PTK and EG2 PTK scaffold remnants were primarily present in the lower portion of the 

granulation tissue, surrounded by a dense halo of immune cells. On the contrary, EG7 

PTK-UR scaffolds were uniformly distributed within the granulation tissue and were not 

associated with dense pockets of inflammatory cells (Fig. 3D, high magnification). To 

further investigate the effects of scaffold chemistry on different aspects of skin repair and 

restoration, trichrome and hematoxylin and eosin (H&E) sections were semiquantitatively 

assessed by a treatment-blinded histopathologist (scoring rubric shown in table S2). Scoring 

of the wounds indicated that EG7 PTK-UR–treated wounds had higher- quality granulation 

tissue (Fig. 3E), more extensive ECM deposition, and reconstruction of dermal architecture 
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(Fig. 3F) compared to wounds treated with 900t PE. There was also an overall increase in 

quality and quantity of granulation tissue and collagen deposition associated with higher 

EG content, as indicated by granulation and collagen scores across the EG series. We 

also observed significantly (P < 0.01) higher epithelialization of EG7 PTK–treated wounds 

compared to all other PU treatments (Fig. 3G). EG7 PTK– treated wounds were associated 

with lower inflammatory infiltrate, including mononuclear cells and foreign body giant 

cells (FBGCs), compared to 900t PE (Fig. 3H). The cumulative wound score revealed 

significantly (P < 0.01) improved quality of wound healing and repair of EG7 PTK–treated 

wounds compared to more hydrophobic PE, EG1, and EG2 PTK formulations (11.5 ± 1.34, 

5.5 ± 2.5, 6.9 ± 2.7, and 7.33 ± 2.1, respectively; Fig. 3I).

Modulation of innate and adaptive immune response by EG7 PTK-UR scaffolds in pig skin 
wounds

Inflammatory response to scaffold chemistry involving both innate and adaptive immune 

cells can affect biomaterial-tissue integration and wound repair (49, 56–58). We 

hypothesized that increased hydrophilicity of PU scaffolds contributes to decreased 

proinflammatory microenvironment within the wound, ultimately decreasing biomaterial-

associated fibrosis. Accordingly, we evaluated the effects of scaffold chemistry on the 

recruitment of immune cells at the scaffold-tissue interface. Twenty-four days after PU 

scaffold implantation, we confirmed the presence of both innate (CCR7+ M1 macrophages) 

and adaptive (CD3+ T cells) immune cells within the tissue margins of all implanted scaffold 

formulations (Fig. 4A). CCR7 IHC revealed a dense association of M1 macrophages 

with scaffold remnants, and CCR7 staining intensity decreased as a function of distance 

from the scaffold edge. There was also significantly (P < 0.05) lower staining intensity 

surrounding EG7 PTK scaffold remnants compared to 900t PE, EG1, and EG2 PTK 

scaffolds at distances greater than 50 μm from scaffold edge (Fig. 4B). Unlike EG7 PTK 

scaffolds, the other treatment groups were associated with a dense layer of M1-polarized 

macrophages and FBGCs surrounding scaffold remnants within the wound bed, suggesting a 

persistent inflammatory response to the scaffold and/or its degradation products. To evaluate 

the adaptive immune response, we also quantified the density of CD3-positive T cells 

surrounding scaffold pieces at day 24, finding significantly (P < 0.001) lower density 

surrounding EG7 PTK scaffold remnants compared to EG1 and EG2 PTK scaffolds (Fig. 

4C). T cells are known to produce IL-6, IL-12, and IL-17 proinflammatory molecules in 

response to synthetic biomaterial implants, propagating inflammation, and fibrosis (59, 

60). In addition to immune cells, we also looked for the presence of alpha smooth 

muscle actin (aSMA) expression in myofibroblasts surrounding scaffolds. We observed 

organization of αSMA+ myofibroblasts surrounding EG1 PTK and EG2 PTK scaffold 

fragments but not EG7 PTK scaffolds (Fig. 4A). The concentric spatial organization of M1 

macrophages, myofibroblasts, and T cells suggests an active foreign body response against 

the more hydrophobic PTK-UR scaffold chemistries, similar to the response elicited by 

nondegradable implants (46, 61). These results suggest that the higher ROS degradability 

and scavenging potential of the more hydrophilic PTK-UR scaffolds are a critical factor in 

reducing the foreign body response to the biomaterials. It is also possible that the types 

of proteins that adsorb preferentially to hydrophilic versus hydrophobic material surfaces 

play a role in downstream macrophage polarization (62–64) and ultimate healing response. 
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To further evaluate the inflammatory microenvironment within PU scaffold–treated wounds, 

we quantified bulk tissue expression of proinflammatory genes (Fig. 4D). We observed 

significantly (P < 0.05) lower expression of TNFA, a proinflammatory cytokine, in EG7 

PTK–treated wounds compared to EG1 and EG2 PTK treatments. Lower expression was 

also seen for proinflammatory mediators IFNG and CSF2.

Because of the limited availability of porcine-specific antibodies for IHC, we used a mouse 

subcutaneous model to further characterize the immune cell populations and pheno types 

that infiltrate the scaffolds. This flow cytometry study (gating strategies outlined in fig. S11) 

focused on EG2 versus EG7 PTK-UR scaffolds, because these materials both effectively 

integrate in vivo while still showing significantly different hydrophilicity-driven biological 

responses. Scaffolds were implanted into ventral subcutaneous pockets in C57BL6 mice, 

and scaffold-infiltrating cells were analyzed at 1, 2, and 3 weeks after implantation. After 

1 week, we observed similar proportions of CD45+ leukocytes, CD11b+CD11c−F4/80+ 

macrophages (20% of all leukocytes), CD11b+F4/80− monocytes/neutrophils (~40% of 

all leukocytes), and CD11c+F4/80− dendritic cells (DCs) (~15% of all leukocytes) within 

the EG2 and EG7 scaffolds (fig. S12). Over a period of 3 weeks, infiltrating leukocyte 

populations significantly (P < 0.01) decreased in EG7 PTK scaffolds but remained constant 

in EG2 PTK scaffolds, suggesting an unresolved inflammatory response. We observed 

a significant (P < 0.01) decrease in CD11b+CD11c−F4/80+ macrophage population in 

EG7 PTK scaffolds compared to EG2 scaffolds. Decreases in CD11b+F480− monocyte 

and neutrophil populations were also observed. After 3 weeks of scaffold implantation, 

we observed significantly (P < 0.001) lower numbers of myeloid populations including 

CD11b+F4/80− monocytes and neutrophils, CD11b+CD11c−F4/80+ macrophages, and 

CD11c+F4/80− DCs, as well as lymphoid-derived αβ+ T cells, CD4+ T helper (TH) cells, 

and CD8+ cytotoxic T lymphocytes present in EG7 PTK cellular infiltrates compared to 

EG2 PTK (Fig. 4E). On further analysis of T cell phenotypes, we saw a significantly higher 

percentage of CD4+FoxP3+ regulatory T cells (P < 0.001) and CD4+GATA3+ TH2 cells (P 
< 0.01) within EG7 PTK scaffolds compared to EG2 PTK-UR scaffolds (Fig. 4F). We also 

detected a higher number of γδ T (P < 0.001) cells associated with EG7 PTK scaffolds; 

these cells are a source of fibroblast growth factor 9 (FGF9) and kerat inocyte growth 

factor, which are both known to support reepithelialization and hair follicle neogenesis after 

wounding (65, 66). We observed significantly (P < 0.05) higher expression of CD301b, 

a macrophage galactose-type C-type lectin 2 (Mgl2) on CD206+ macrophages isolated 

from EG7 PTK compared to EG2 PTK scaffolds (Fig. 4G). CD206+CD301b+ macrophage 

subtypes support effective skin repair through the production of platelet-derived growth 

factors (PDGFs), transforming growth factor beta (TGFβ), and insulin-like growth factor 

(IGF), resulting in fibroblast proliferation, migration, and collagen accumulation (67–69).

EG7 PTK-UR dermal substitute triggers pro-healing gene expression

In addition to analysis of immune response, we measured the effects of scaffold chemistry 

on the expression of genes related to granulation tissue formation, proliferation, and 

remodeling processes of wound healing in day 24 pig wounds (Fig. 5). We observed 

that EG7 PTK scaffold–treated wounds had about fourfold higher expression of genes 

encoding ECM proteins that comprise granulation tissue, including collagen I, III, V, and 
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XIV (COL1A2, COL3A1, COL5A2, and COL14A1) and tenascin (TNC). Integrins such as 

integrin β1 (ITGB1) (P < 0.05), integrin β3 (ITGB3) (P < 0.05), and integrin αv (ITGAV) 

(P < 0.05), known to play important roles in cell adhesion, migration, and proliferation 

(70, 71), were also significantly up- regulated in EG7 PTK treatments. Transforming 

growth factor–β (TGF-β) pathway–related genes such as SMAD3 (P < 0.05) and TGFB3 
(P < 0.05), known to promote collagen biogenesis and polarization of macrophages to 

M2 prohealing phenotype (72), were also significantly up-regulated in EG7 PTK–treated 

wounds compared to other treatments. Matrix metalloproteinases (MMP2/7/9), which are 

known to play important roles in collagen remodeling and recruitment of endothelial cells 

for neovascularization (73, 74), were significantly (P < 0.05) up-regulated in response to 

EG7 PTK treatments with respect to other PE and PTK treatments. EG7 samples expressed 

lower amounts of MMP1, a type 1 collagenase up-regulated in chronic wounds (75), relative 

to EG1 and EG2 PTK treatments. We also observed an increase in TIMP2 (tissue inhibitor 

of metalloproteinase), an important inhibitor of MMPs produced by basal keratinocytes, in 

EG7 PTK–treated wounds. Combined with the MMP expression data, this suggests that a 

homeostatic balance between MMPs and their inhibitors was achieved, reflective of active 

remodeling of wounds in a more mature stage of healing for the EG7-treated group (76). 

Similar trends of increased gene expression were observed in EG7 samples for genes such 

as insulin-like growth factor (IGF), fibroblast growth factor 7 (FGF7), connective tissue 

growth factor (CTGF), and platelet-derived growth factor (PDGF), soluble mediators that 

promote cell proliferation and migration to drive skin wound granulation, vascularization, 

and reepithelialization (77).

Benchmarking EG7 PTK-UR against clinically approved dermal substitutes

Performance of the EG7 PTK-UR scaffolds was tested in pig skin wounds in comparison 

to clinically approved dermal substitutes: collagen- and proteoglycan-based Integra BWM 

(Integra Life Sciences) and PE-UR NovoSorb BTM (PolyNovo). We implanted porcine 

full-thickness skin wounds with EG7 PTK, NovoSorb, or Integra and measured wound 

closure over time as well as histological outcomes at 31 days after implantation. All three 

dermal substitutes facilitated tissue infiltration and wound closure over a period of 31 days 

(Fig. 6A and fig. S13A). Integra provided significantly less wound stenting than EG7 PTK 

scaffolds for the first 10 days, whereas the commercial foam NovoSorb and EG7 PTK 

performed similarly in this metric. In later stages, EG7 PTK–treated wounds resolved at a 

similar rate to Integra with no significant differences in the rate of wound closure. However, 

we observed significantly (P < 0.05) increased rates of wound closure in EG7 PTK and 

Integra versus NovoSorb at days 14, 17, 19, and 21 after implantation. Upon removal of the 

nondegradable PU layer (performed according to the manufacturer’s guidelines), the wound 

area of NovoSorb-treated wounds significantly decreased (P < 0.05), suggesting rapid loss 

of stenting provided by the protective layer, followed by consequent wound contraction 

(Fig. 6B). In addition to wound closure, we measured vascular perfusion of scaffold-treated 

wounds using laser Doppler perfusion imaging (LDPI) (fig. S13B). EG7 PTK-UR– treated 

wounds were significantly (P < 0.0001) more perfused than those treated with Integra and 

NovoSorb at earlier time points (days 10 and 17), suggesting higher neovascularization (Fig. 

6C). Removal of the temporary epidermal layer equivalent membranes from Integra and 

NovoSorb (Fig. 6B, indicated by arrows) resulted in disruption of granulation tissue, causing 
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re-wounding and increased perfusion within the wounds at days 17 and 24, respectively (fig. 

S13B).

In all three treatment groups, histological examination of scaffold-treated wounds revealed 

formation of granulation tissue along with the reestablishment of an epidermal layer. 

Trichrome- and H&E-stained sections revealed dense cellularity around NovoSorb scaffold 

remnants along with the formation of FBGCs that were minimally present in EG7 PTK–

treated wounds (Fig. 6D). EG7 PTK-UR–treated wounds were composed of denser, more 

organized collagen deposition, along with decreased cellularity around scaffold remnants. 

These observations indicate that the EG7 PTK-UR–treated wounds were more mature 

and had transitioned into a more advanced remodeling phase relative to NovoSorb-treated 

wounds. Treatment- blinded histopathological scoring of these sections revealed similar 

collagen deposition, reepithelialization, and FBGC density between Integra- and EG7 

PTK– treated wounds (Fig. 6E). In contrast, NovoSorb-treated skin wounds showed 

significantly (P < 0.01) lower collagen deposition with loosely arranged fibers, incomplete 

reepithelialization, more persistent inflammatory infiltrate, and formation of FBGCs. 

Cumulative wound healing scores revealed significantly (P < 0.0001) decreased quality 

of wound healing of NovoSorb-treated wounds compared to Integra and EG7 PTK-UR 

treatments, with no significant differences detected between the latter two materials. The 

collective EG7 PTK-UR histology from all time points was also aggregated and analyzed 

for in vivo scaffold degradation, showing that EG7 PTK-UR scaffolds underwent relatively 

constant resorption over time that was still ongoing 31 days after implantation (fig. S14).

Effective dermal repair and immune modulation by EG7 PTK-UR treatments compared to 
NovoSorb

Next, we thoroughly characterized the microenvironment of EG7 PTK-UR scaffold–treated 

pig wounds versus the more structurally analogous, synthetic NovoSorb PU foam–treated 

wounds. To complement the LDPI data, we measured vasculature within scaffold-treated 

wounds using vWF IHC and observed significantly (P < 0.0001) higher blood vessel 

density within EG7 PTK–treated wounds compared to those treated with NovoSorb (Fig. 

7, A and B). To further examine the differences in dermal repair and remodeling between 

the two foam dermal substitutes, we analyzed expression of genes involved in ECM 

deposition and remodeling along with growth factors implicated in dermal wound healing. 

Transcriptional analysis revealed significantly (P < 0.05) higher expression of COL1A2, 

COL3A1, COL5A2, COL14A1, and TNC in EG7 PTK–treated wounds compared to 

NovoSorb- treated wounds (Fig. 7C). In addition, significantly (P < 0.05) higher expression 

of ECM remodeling enzymes including cathepsin K (CTSK), MMP2, MMP7, and TIMP2 
was seen in EG7 PTK–treated wounds compared to NovoSorb-treated wounds. Factors 

involved in collagen biosynthesis and ECM remodeling such as TGFB3 and SMAD3 were 

also significantly (P < 0.05) higher in EG7 PTK–treated wounds. The expression of mRNA 

encoding various growth factors, including FGF2, FGF7, epidermal growth factor (EGF), 

IGF1, CTGF, and PDGF, implicated in endothelial, fibroblast, and keratinocyte proliferation 

and migration (77), was significantly higher in EG7 PTK–treated wounds compared to those 

treated with NovoSorb at day 31 after treatment.
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Deeper analysis of innate and adaptive immune cells within scaffold-infiltrating tissue 

showed significantly (P < 0.001) lower density of CD3-positive T cells in EG7 PTK–

treated wounds compared to those treated with NovoSorb, suggesting resolution of the 

inflammatory wound healing phase along with decreased inflammation surrounding scaffold 

remnants (Fig. 7, A and B). Concurrently, we observed significantly lower density of CCR7-

positive macrophages and FBGCs associated with PTK-UR scaffold remnants compared 

to NovoSorb, with CCR7 staining intensity varying as a function of distance from 

scaffold edge (Fig. 7, A and B). To further characterize the inflammatory response, we 

performed quantitative reverse transcription polymerase chain reaction (qRT-PCR) on bulk 

wound tissue samples. Relative to NovoSorb, EG7 PTK-UR samples were associated with 

significantly (P < 0.05) lower expression of proinflammatory genes such as interleukin-1β 
(IL1B) and TNFA. A similar decrease in expression of CXCL8 and CSF2, as well as 

M1 macrophage marker NOS2, M2 macrophage marker arginase-1 (Arg-1) (fig. S15), and 

TH1-specific transcription factor T-bet (TBX21), was observed within EG7 PTK–treated 

tissue compared to that treated with NovoSorb. Decreases in proinflammatory markers 

in EG7 PTK–treated wounds were accompanied by a concomitant up-regulation of anti-

inflammatory markers such as TH2 transcription factor GATA3 and ILs including IL10, 

IL13, and IL33 that have been implicated in type 2 immunity, tissue regeneration, and 

wound healing (78–82).

Enhanced wound closure, blood perfusion, and reepithelization of EG7 PTK-UR–treated 
porcine ischemic wounds

Ischemic wounds, such as those that can occur with venous leg ulcers, are associated 

with poor vasculature and delayed healing. To recapitulate slow-healing ischemic wounds 

in a porcine model, we used surgical cautery to create four raised bipedicle flaps in the 

dorsal region. Two 1 cm–by–1 cm excisional wounds were created in each of these flaps, 

which are separated from vascular sources from both the underlying muscle and the skin 

in either lateral direction (Fig. 8A) (35). We implanted these wounds with either EG7 

PTK-UR or NovoSorb dermal matrices, and both wound closure (Fig. 8, B and C) and 

blood reperfusion (Fig. 8D) were measured over a period of 17 days. Wounds treated with 

EG7 PTK-UR scaffolds healed quickly, showing 76.1% closure over 17 days, compared to 

8.3% for NovoSorb. In addition to the higher rate of wound closure, blood perfusion within 

EG7 PTK-UR–treated wounds was significantly higher (P < 0.05) at day 9 after surgery 

with gradual return to the perfusion flux values of unwounded skin within the ischemic 

flap (Fig. 8D). Similar to nonischemic wounds treated with NovoSorb, removal of the 

protective top layer disrupted wound bed granulation tissue, causing reinjury and stimulation 

of a secondary vascular response. At the study end point (day 17), EG7 PTK–treated 

wounds were significantly (P < 0.05) more reepithelialized as visualized and measured 

using CytoK14 IHC (Fig. 8, E and F). Examination of H&E- and trichrome-stained 

wound sections revealed significantly (P < 0.05) increased cellularity and inflammation 

surrounding NovoSorb scaffold remnants compared to EG7 PTK-UR scaffolds (Fig. 8G). 

Histopathological scoring revealed that EG7 PTK-UR showed higher epithelialization, 

lower inflammation, and higher overall wound healing score relative to NovoSorb BTM– 

treated wounds (Fig. 8, H and I). Increased inflammation within the granulation tissue 

of NovoSorb-treated wounds was visualized through MPO (Fig. 8J) and CCR7 (Fig. 8K) 
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IHC. NovoSorb scaffold remnants were surrounded by MPO+ neutrophils, suggesting more 

persistent inflammation within these wounds, whereas EG7 PTK-UR showed few residual 

neutrophils at day 17. Similarly, CCR7+ macrophages and FBGCs were observed at higher 

density in NovoSorb- treated wounds compared to those treated with EG7 PTK-UR. These 

data support that EG7 PTK-UR scaffolds are promising for treatment of skin wounds 

hindered by lack of vascular supply and provide consistent improvement over the benchmark 

NovoSorb BTM in multiple wound healing scenarios.

DISCUSSION

Chronic skin wounds are growing in prevalence and have a 40% chance of recurrence (3), 

emphasizing the need for low-cost and effective biodegradable dermal substitutes. Dermal 

substitutes provide immediate wound coverage without associated donor site morbidity, 

which is a major limitation for use of split-thickness autologous skin grafts. Application of 

cell-based dermal substitutes such as Apligraf to treat venous leg ulcers decreases median 

time to complete wound closure compared to standard of care (83), but use of a living 

cellular component decreases the shelf-life and increases production costs (84, 85). Animal-

derived acellular scaffolds such as Integra BWM and OASIS ULTRA Tri-Layer Matrix can 

be stored at room temperature for long periods of time and have been successfully used 

to treat hard-to-heal wounds (14, 15). Integra BWM was initially indicated to treat burns 

in 2002 and has since been broadened for use in a variety of wound types. However, high 

cost [about $3855 per 10.16 × 12.7 cm graft (129 cm2)] financially burdens the health care 

system and the patient. Complications, such as dehiscence, silicone detachment, hematoma, 

necrosis, and bacterial infection, resulting in poor integration of Integra BWM have also 

been reported in some instances to increase patient length of stay and total hospitalization 

cost (17). Synthetic scaffolds, especially PU-based foams, are a promising alternative that 

is more economical to manufacture at scale; the PU foam NovoSorb BTM is $850 for a 

100-cm2 product. However, PE-based materials are limited by an autocatalytic, hydrolytic 

degradation mechanism that proceeds independent of cellular activities (31). Autocatalytic 

degradation can cause rapid, mid- to late-stage material loss with consequent scaffold pore 

collapse, inhibition of cell infiltration, and poor wound stenting. More stable PE chemistries 

can be used to slow the degradation (86), but this approach increases the risk of developing 

a foreign body fibrous encapsulation response analogous to that caused by nondegradable 

implants (87).

To maximize the potential of synthetic scaffolds, overcome the shortcomings of PE-URs, 

and better elucidate structure-function relationships of PTK-URs, we synthesized a series 

of PTK diols with varied numbers of EG repeats between TK bonds in the polymer 

backbone. The goal was to tune this class of materials to harness ROS as a biological, 

cell-produced degradation mechanism (9) while, in turn, providing antioxidant properties, 

because oxidative stress is a characteristic of chronic wounds suffering from persistent type 

1 immune response (88–90). A series of PTK diols was thus created to enable systematic 

evaluation of the effect of hydrophilicity on ROS-mediated scaffold degradation/ROS 

scavenging, immune response, vascularization, and quality of tissue repair. The EG7 

formulation was more hydrophilic than any PTK-UR foams generated previously and 

emerged as the lead composition.
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TK bond density and in vitro ROS reactivity showed an inverse correlation across the 

PTK-UR scaffold series. Decreased TK content with EG7, relative to the rest of the EG 

series, yielded a higher rate of degradation and mass loss, highlighting the importance of 

scaffold hydrophilicity on the rate of (oxidative) degradation. This is likely due to increased 

exposure and susceptibility of TK bonds to cleavage by strongly polar oxidative species in 

a hydrated environment. The differences in radical-scavenging potential between PTK-UR 

chemistries were diminished in organic solvents (DPPH assay performed in 80% ethanol) 

that more readily solvate the hydrophobic PTK-URs. It should be noted that, despite a 

similar overall EG content in EG2 and EG7 PTK scaffolds (20 versus 21 EG repeats per 

diol), significant (P < 0.001) differences in swelling ratio (208.72 versus 619.72% for EG2 

and EG7, respectively) were observed. This is likely due to the inherent hydrophobicity of 

TK bonds and highlights the importance of having strongly hydrophilic spacer groups along 

the polymer backbone to ensure accessibility of the TK bond within aqueous environments. 

These results were also consistent with our previous observation that highly hydrated 

PEG- maleimide PTK hydrogels subcutaneously implanted in mice underwent oxidative 

degradation and facilitated effective tissue infiltration (36). The better ROS reactivity of the 

EG7 scaffolds in aqueous environments could also be connected to the theoretical log P 
values for the PTK diols; only the EG7 PTK diol chemistry showed a log P value below 

zero (indicating partition preference of water over octanol), whereas the remainder of the 

EG series had a log P value greater than 1. In vivo analysis of EG7 PTK-UR and 900t 

PE-UR shows significantly (P < 0.01) lower ROS concentration in TK-containing scaffold 

treatments in mice and reduction in 8-OhdG staining by IHC in histological wound samples 

from pigs. The reduced ROS concentration and cell damage in PTK scaffolds highlight the 

antioxidant properties of PTK-based foams. This likely contributes to the overall healing 

benefits observed with EG7 foams, because lowering oxidative stress can reduce nuclear 

factor κB–driven expression of inflammatory genes and cytokines that hinder nonhealing 

wounds (91, 92).

Differences in scaffold-tissue integration between EG0/EG1/EG2 PTK-UR scaffolds and 

EG7 PTK-URs were pronounced when implanted in porcine excisional skin wounds. 

Despite similarities in porosity, pore size, and dynamic mechanical compressive properties, 

all physical features that affect tissue response (45, 93, 94), EG7 PTK-UR scaffolds were 

more evenly distributed throughout the thickness of the wound (3.1 ± 0.4 mm), whereas 

there was lower tissue integration (<2 mm) of more hydrophobic PTK-UR scaffolds. This is 

likely due to a combination of scaffold swelling and degradation processes, which facilitate 

tissue infiltration into the foam pores. EG7 PTK-UR scaffolds had greater vascularization, 

which may be attributable not only to foam swelling/degradation but also to the relatively 

low expression of MPO, an antiangiogenic enzyme highly expressed in chronic wounds 

(95). EG7 PTK-URs were also associated with higher expression of growth factors such as 

PDGF (96, 97) and TGFB3 (98, 99), which positively affect endothelial cell proliferation, 

migration, and vessel maturation. In summary, we concluded that the favorable wound 

healing response of the EG7 versus the more hydrophobic PTK-UR scaffolds is related 

to mechanisms such as an improved biological response to the more swollen scaffold 

architecture, the composition of the protein adsorbate (63, 100), better ROS reactivity and 

scavenging, and faster breakdown and clearance of more hydrophilic PTK-UR material 
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degradation products. The EG7 PTK-UR scaffolds were also shown, similar to previous TK 

materials (34), to provide a relatively constant rate of in vivo breakdown without signs of an 

autocatalytic degradation mechanism, thereby mechanically supporting cell infiltration and 

slowly resorbing away within slow-to-heal wounds.

Another central finding of the study was that the EG7 PTK-UR biomaterial triggered a more 

desirable host immune response and time course of resolution relative to more hydrophobic 

PTK-URs. Tissue damage and biomaterial implantation are inextricably linked with initial 

extravasation of circulating neutrophils, monocytes, and macrophages to the site of injury 

(101). These inflammatory first responders generate ROS such as •OH, H2O2, ClO−, and 

O2
− as part of the innate immune response (102). The density of macrophages, T cells, and 

myofibroblasts, cell types responsible for nondegradable implant fibrous encapsulation (59, 

61, 103), was all significantly (P < 0.05) decreased in the EG7 scaffold formulations. Active 

recruitment of neutrophils, monocytes, macrophages, and DCs to the site of biomaterial 

implantation can propagate inflammation and foreign body response, resulting in tissue and 

implant structural damage (104). We observed that EG7 PTK scaffolds were associated with 

significantly (P < 0.05) fewer CCR7-positive M1 macrophages and FBGCs relative to more 

hydrophobic PTK-URs. This agrees with previous observations that hydrophilic and anionic 

surfaces can cause biomaterial-adherent macrophage apoptosis and lower macrophage 

fusion, potentially limiting the deleterious effects of proinflammatory macrophages and 

reducing formation of FBGCs (105). DCs serve as an important bridge between innate and 

adaptive immunity by interacting with biomaterials through pathogen recognition receptors, 

leading to downstream antigen presentation and activation of T cells. Hydrophilic surfaces 

can also limit DC adhesion and maturation and consequently reduce proinflammatory T 

cell response (106, 107). Our subcutaneous implant mouse studies showed that EG7 PTK 

scaffolds had decreased number of infiltrating DCs compared to the more hydrophobic 

EG2 PTK-UR. These collective data suggest that the more hydrophobic scaffolds elicit a 

larger and more sustained inflammatory response compared to EG7 PTK-UR foams and 

that both initial recruitment and temporal evolution of the immune response have important 

implications in the wound healing potential of synthetic biomaterials.

Wound closure by reepithelialization is a key aspect of wound healing that is typically 

a primary outcome in clinical studies, because reestablishment of skin epidermal barrier 

is associated with reduced risk for infection and patient morbidity. A moist environment 

within chronic wounds has been linked with positive healing outcomes, as opposed to slower 

rates of wound closure and incomplete resurfacing seen in desiccated wounds (108). The 

ability of the EG7 PTK-UR to maintain a more hydrated wound environment may have 

also contributed to the significantly higher (P < 0.01) epithelial resurfacing of EG7 PTK–

treated wounds compared to those treated with the more hydrophobic foams. In addition to 

the physical properties of EG7 PTK-UR foams, these scaffolds also recruited significantly 

higher (2.7-fold, P < 0.001) numbers of γδ T cells compared to EG2 PTK scaffolds when 

implanted in the mouse subcutaneous space. This T cell subpopulation stimulates secretion 

of growth factors (66) that promote keratinocyte migration and reepithelialization (53), 

several of which were up-regulated in EG7 PTK-UR–treated wounds [IGF1 (twofold), 

TGFB3 (twofold), and PDGF (threefold)].
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To establish the therapeutic potential of the EG7 PTK-UR scaffolds more thoroughly 

in wound healing, we benchmarked against commercially available Integra BWM and 

NovoSorb BTM in pig skin wounds. Although similar rates of wound closure were observed 

between Integra and EG7 PTK-UR treatments, significantly (P < 0.0001) higher blood 

perfusion was seen in wounds treated with EG7 PTK-UR, indicating that neovascularization 

is a competitive advantage of EG7 PTK-UR scaffolds that may come more into play 

and yield superior performance relative to Integra for treatment of ischemic wounds. A 

slower degradation profile of NovoSorb was qualitatively inferred by the presence of a 

relatively large proportion of scaffold material in the wound after 31 days, which could 

potentially cause a prolonged host foreign body response. The persistence of NovoSorb in 

our studies was also consistent with previous observation of NovoSorb scaffold remnants 

in human skin biopsies taken 12 months after implantation (109). The relatively high in 

vivo stability of NovoSorb may at least partially explain the relatively higher expression of 

proinflammatory cytokine genes such as IL1B (3.1-fold), TNFA (2.1-fold), NOS2 (4.5-fold), 

CXCL8 (12-fold), and CSF2 (5.9-fold) observed in NovoSorb-treated wounds compared 

to EG7 PTK-UR treatments. In comparison to architecturally and synthetically analogous 

NovoSorb foams, EG7 PTK-UR foams explanted from wounds at day 31 had significantly 

up-regulated expression of anti-inflammatory ILs IL13 (2.8-fold) and IL33 (3.2-fold), which 

are known to induce a tissue repair phenotype in macrophages (110, 111).

Unexpectedly, we observed significantly lower Arg-1 expression (10-fold), a marker often 

used to characterize the anti-inflammatory M2 macrophage phenotype, in EG7 PTK-UR–

treated wounds relative to those treated with NovoSorb. Arg-1 IHC of wound tissue 

revealed lower but not the absence of Arg-1–expressing macrophages in EG7 PTK-UR–

treated wounds. Intense Arg-1 staining was, however, observed colocalized with FBGCs 

surrounding NovoSorb scaffold remnants. Despite the importance of Arg-1 metabolism 

in macrophage polarization, elevated expression of Arg-1 has been reported in ischemic 

porcine wounds (112) and in human venous leg ulcers (112). In this context, high arginase 

activity has been linked to fibrosis (113), suggesting disparate biological ramifications of 

Arg-1–expressing macrophages. Related to the fibrosis phenotype, we observed a higher 

TGFB3/TGFB1 expression ratio in EG7 PTK-UR–treated wounds compared to those treated 

with NovoSorb. It is known that TGFB3 can promote scarless healing in mice, whereas 

up-regulated TGFB1 is associated with excess ECM deposition and fibrosis (114).

To better recapitulate a clinical scenario with poorly healing skin wounds that would 

require treatment with a biomaterial, we used a previously optimized porcine model in 

which excisional wounds are created in raised flaps that are ischemic as a result of being 

surgically separated from the underlying fascia and lateral regions of skin (115). The raised 

skin flaps have reduced blood flow relative to surrounding normal skin as measured by 

Doppler imaging (35). This model captures aspects of ischemic-reperfusion injury, which 

can cause formation of chronic wounds in scenarios where there are underlying vascular 

insufficiencies (8). Ischemia-reperfusion triggers formation of free oxygen radicals that 

cause oxidative stress and cellular damage in the tissue. Thus, we chose this model as a 

promising platform for demonstrating the benefits of the antioxidant PTK-UR materials. In 

this model, both EG7 PTK-UR and NovoSorb scaffolds promoted cell infiltration, but EG7 

PTK-UR scaffolds significantly improved the rate of wound closure and had higher percent 
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reepithelialization at the end point compared to NovoSorb. Treatment effect differences 

on reepithelialization between EG7 PTK-UR and NovoSorb BTM were better resolved 

compared to the nonischemic wound model. Similar to the wound healing profile seen 

in nonischemic wounds, EG7 PTK-UR treatment improved resolution of inflammation 

based on IHC for MPO-positive neutrophils and CCR7-positive macrophages. These data 

collectively suggest that the improved quality of tissue repair observed in full-thickness skin 

wounds on healthy pigs can be extended to ischemic skin wounds, a better recapitulation of 

chronic nonhealing phenotypes observed in patients.

There were some notable limitations of the promising studies presented here that will be 

considered in future product development work. First, testing the regenerative capacity 

of PTK-UR in acute wounds created on healthy pigs gives important but still limited 

insight into performance in chronic human skin wounds. Chronic wounds can be associated 

with more permanent ischemia, infection, and potentially higher oxidative stress that may 

overaccelerate the degradation of EG7 PTK-UR scaffolds. Additional tuning of mechanical 

properties to compensate for accelerated degradation may be required to effectively treat 

chronic wounds. The presence of a nondegradable, temporary membrane to create a 

bilaminar architecture such as that used in Integra and NovoSorb should also be a future 

consideration. Integration of an upper, removable layer on EG7 PTK-UR may help to 

better protect against moisture loss and bacterial infections as well as improve mechanical 

properties to reduce contraction of the underlying dermal layer. However, on the basis of 

our observation with NovoSorb, the ideal timing of the upper layer removal is also expected 

to be wound size and healing rate dependent and must be carefully monitored to ensure 

that the upper layer does not actually delay reepithelialization and slow closure. Another 

consideration is the small wound size used in the study. Reepithelization of larger wounds 

with EG7 PTK treatment alone may be challenging and would mostly likely be paired with 

the application of split-thickness skin graft or autologous keratinocyte transplant (116). The 

ischemic wound model used to study differences in PU scaffold–assisted wound healing 

of PTK-UR and NovoSorb matrices provides a robust model to study the healing kinetics 

of wounds with compromised vascularity. Although this model provides robust ischemia, it 

does not fully capture the background conditions that exist in many patients with chronic 

wounds (systemic vascular disease, diabetes, etc). It may be advantageous to carry out 

future studies using larger-sized excisional wounds or in animals with induced diabetes fed a 

high-fat diet before skin wounding.

In summary, we have developed a previously unidentified EG7 PTK-UR foam dressing 

that facilitates bulk tissue-scaffold integration, robust cellular and vascular infiltration, 

and wound resurfacing. These implants induce a moderate inflammatory response that 

effectively transitions to a prohealing phenotype, in addition to promoting ECM deposition, 

reepithelialization, and remodeling. When tested against clinically approved materials in 

porcine excisional wounds, EG7 PTK-UR had higher vascularization and similar wound 

closure to the gold-standard biologic material Integra BWM and significantly outperformed 

the synthetic PE-based foam NovoSorb.
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MATERIALS AND METHODS

Study design

The current studies tested a library of ROS-degradable PTK-UR scaffolds in a porcine 

wound model. All surgical procedures were reviewed and approved by Vanderbilt University 

Institution and Animal Care and Use Committee. We created 28 2 cm–by–1 cm full-

thickness wounds on the dorsal region of (healthy) adolescent Yorkshire female pigs (32 

kg). Wounds were spaced ≥2 cm apart to avoid collateral effects while enabling screening of 

multiple biomaterial formulations (three to four wounds per treatment group), as previously 

reported (35, 117, 118). Treatment placement was randomized to avoid anatomical bias. To 

evaluate host response and early- to mid-stage immune response to the implanted scaffolds, 

pigs were euthanized, and wounds were harvested at 10 days after scaffold implantation. 

Full-thickness biopsies from within the wound margins were collected from anesthetized 

pigs before euthanasia for gene expression analysis. Wounds were harvested at 24 days after 

implant to further evaluate wound reepithelialization and other histological features within 

the PU (PE-UR controls and PTK-UR library) scaffolds (n = 6 to 10). In a third experiment, 

we treated porcine full-thickness wounds (n = 6 to 9) with our lead PTK-UR formulation, 

Integra BWM, and NovoSorb BTM and ended the study after 31 days. Wound closure and 

blood perfusion were noninvasively measured over the time course, whereas tissue samples 

for gene expression and histological evaluation were collected upon animal euthanasia. In a 

fourth experiment, four ischemic flaps were raised in a pig, and two 1 cm–by–1 cm wounds 

were created per flap. Wounds were randomized for treatment with either lead PTK-UR 

formulation or NovoSorb. Blood perfusion was measured over time before study end point 

(day 17), when wound tissues were harvested for histological analysis.

For all pig studies, the wound dressings were identical across all treatments and changed 

three times a week. Pigs received weekly antibiotic (Excede; Zoetis) injections to address 

potential bacterial infections, along with analgesics (Buprenex and fentanyl) to manage 

pain. Premature loss of scaffolds from the wounds due to mechanical disturbance by the 

animal before the predetermined end point was a criterion for exclusion of that sample 

from outcome analysis. Scoring of wound histology was done by a histopathologist blinded 

to the treatment. To further evaluate scaffold-infiltrating immune cell populations, we 

implanted two PU scaffolds (same PTK chemistry) in the ventral region of mice (n = 6 

mice per scaffold type). Animals were then euthanized, and scaffolds were retrieved from 

the subcutaneous space at days 7, 14, and 21 after scaffold implantation. Cells were isolated 

from the explanted scaffolds (cells pooled from two scaffolds from the same animal) and 

profiled on the basis of cell surface and intracellular markers using flow cytometry. Mice 

were similarly implanted with 900t PE-UR and EG7 PTK-UR scaffolds to assess relative 

ROS levels associated with each scaffold chemistry in vivo, 4 days after implantation. All 

mice received analgesics (carprofen) every 24 hours for the first 72 hours after surgery to 

manage pain. None of the treatments resulted in animal weight loss or mortality during the 

experiment.
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Statistical analysis

All analyses of qRT-PCR data were performed using dCt values calculated from the 

geometric means of three housekeeping genes, B2M, HPRT1, and RPL13A. PTK treatment 

fold change (FC) and log2(FC) were calculated using 2−(dCt) relative to 900t PE for each 

time point and presented as geometric mean and arithmetic mean, respectively. Heatmaps 

are presented as row-normalized dCt values or log2(FC) as indicated on each plot. For day 

31 gene expression comparison, log2(FC) of EG7 PTK-UR is given relative to NovoSorb. 

One-way analyses of variance (ANOVAs) followed by Tukey’s pairwise comparison were 

performed using GraphPad Prism to define statistical differences between treatments at a 

given time point. Kinetic studies were analyzed using two-way ANOVA between groups. 

Welch’s t test was used to compare differences between two groups a given time point. 

Linear regression was used to analyze correlations between EG content and functional 

readouts including contact angle in vitro, tissue infiltration in vivo, and blood vessel density 

in vivo. Individual subject-level data are provided in data file S1.
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Fig. 1. Increasing EG content within PTK diols increases PU scaffold hydrophilicity and radical 
reactivity.
(A) Chemical structures showing controlled variation of the number (0 to 7) of ethylene 

glycol (EG) units in the polythioketal (PTK) diol backbone. (B) Reactive liquid molding 

of isocyanates and PTK diols yields covalently cross-linked three-dimensional PU networks 

with interconnected pores (scanning electron microscopy image) that permit cell infiltration. 

(C) Urethane (UR) film contact angle measurements and (D) correlation between measured 

contact angles and computed PTK diol log P values (ChemAxon). (E) UR scaffold modulus 

measured under compression under hydrated, aqueous conditions. (F) Radical scavenging 
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capacity of PTK-UR compared to PE-UR scaffolds measured through DPPH inhibition. 

(G) Cytoprotective properties of PTK diols (matched TK content) determined after cell 

(NIH 3T3 fibroblasts) exposure to 25 or 50 μM H2O2 for 24 hours. (H) Ex vivo H2O2 

concentration measured within polyester-urethane (PE-UR) and EG7 PTK-UR scaffolds 

explanted from the subcutaneous space in mice using Amplex Red. (I) Scaffold mass loss 

over 30 days in PBS, 0.2% H2O2 in 0.001 M CoCl2, 2% H2O2 in 0.01 M CoCl2, or 20% 

H2O2 in 0.1 M CoCl2 at 37°C. (J) Degradation constants derived from the experimental 

data. (K) Scanning electron microscopy images of PTK-UR scaffolds incubated in PBS or 

2% H2O2/0.01 M CoCl2 at days 0 and 15. Scale bars, 200 μm. Data are presented as means 

± SD, n = 3 to 4 scaffolds. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001, by analysis of variance (ANOVA).
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Fig. 2. Pig skin wound 10 days after implantation: Hydrophilic EG7 PTK-UR chemistry 
shows better wound bed integration and neovascularization and a less proinflammatory wound 
microenvironment.
(A) Representative trichrome images showing bulk integration of scaffold within the wound 

bed (low magnification, scale bars, 1000 μm) and cellular infiltration and extracellular 

matrix (ECM) deposition within scaffold pores (high magnification, scale bars, 250 

μm). vWF immunohistochemistry (IHC) shows vascularization (brown) within the scaffold-

infiltrating granulation tissue. Scale bars, 250 μm. Asterisks indicate scaffold remnants. 

(B) Quantification of bulk scaffold integration measured as wound thickness occupied by 
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scaffolds. Correlation between PTK diol EG content and percent tissue infiltration within the 

scaffold pores (C) and PTK diol EG content and blood vessel area (D). (E) Representative 

MPO (neutrophils) and CD206 (M2 macrophages) IHC images of scaffold-infiltrating tissue. 

Scale bars, 100 μm. Quantified staining at day 10 for (F) MPO+ neutrophils and (G) 

CD206+ macrophages. (H) Bulk tissue gene expression analysis of inflammatory mediators 

in porcine skin wound bed 10 days after scaffold implantation. Color-coded heatmap 

showing row-normalized z scores (n = 4 wounds per group) of inflammatory marker gene 

expression. Data are presented as means ± SD, n = 3 to 4 wounds, ANOVA, *P < 0.05, **P 
< 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 3. EG7 PTK-UR shows complete reepithelization and overall enhanced wound healing than 
more hydrophobic scaffolds in day 24 pig skin wounds.
(A) Representative images showing scaffold implantation and wound resolution over a 

period of 24 days. (B) Representative cytokeratin14 IHC showing wound reepithelialization. 

(C) Wound closure measurements. Top: Quantified wound area (day 24) relative to initial 

wound size (day 0). Bottom: Percentage of wound length covered by cytokeratin14+ 

(CytK14+) keratinocytes. (D) Representative trichrome images of granulation tissue 

analyzed 24 days after scaffold implantation (low magnification, scale bars, 2 mm; high 

magnification, scale bars, 250 μm). Wound score was assessed through treatment-blinded 

histopathologist analysis of trichrome and H&E images for (E) granulation tissue, (F) 

collagen deposition, (G) epithelialization, and (H) inflammation, yielding (I) a cumulative 

wound healing score for each scaffold type tested. Data are presented as means ± SD, n = 6 

to 10 wounds, *P < 0.05, **P < 0.01, and ***P < 0.001, by ANOVA.
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Fig. 4. EG7 PTK-UR scaffolds elicit a less proinflammatory immune phenotype relative to more 
hydrophobic variants in day 24 pig skin wounds and day 21 mouse subcutaneous implants.
(A) CCR7, CD3, and αSMA IHC of pig excisional skin wounds 24 days after treatment. 

Scale bars, 250 μm. (B) Quantification of CCR7 staining intensity as a function of distance 

from scaffold remnant edges. (C) Quantification of CD3+pixel area within the wound. (D) 

qRT-PCR quantification of the expression of proinflammatory genes TNFA, IFNG, CSF2, 

and CD40LG within pig wound scaffolds at day 24. (E) Scaffold-infiltrating myeloid and 

lymphoid populations quantified 21 days after subcutaneous implantation of EG2 PTK 

(empty bars) and EG7 PTK (pink filled bars) scaffolds in mice. (F) Percentage of FOXP3+ 

and GATA3+ infiltrating CD4 helper T cells in EG2 versus EG7 scaffolds. (G) Expression 

of CD301b in EG7 scaffold–infiltrating CD206+ macrophages compared to EG2 PTK 

scaffolds. Data are presented as means ± SD, n = 6 to 10 wounds, *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001, by ANOVA. MFI, mean fluorescence intensity.
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Fig. 5. EG7 PTK-UR scaffolds promote higher expression of progrowth, ECM, and remodeling 
genes relative to more hydrophobic scaffolds in day 24 porcine wounds.
(A) Bulk tissue differential gene expression of genes encoding ECM components, 

remodeling enzymes, and growth factors 24 days after wound. Gene expression was 

analyzed and displayed as color-coded heatmap showing log2(FC) relative to PE 900t 

control. (B) Expression fold change (FC) of selected genes relative to 900t PE–treated 

wounds. Data are presented as means ± SD, n = 4 to 10 wounds, *P < 0.05, and **P < 0.01, 

by ANOVA.
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Fig. 6. EG7 PTK-UR scaffold wound healing benchmarking versus Integra BWM and NovoSorb 
BTM in day 31 pig excisional wounds.
(A) Images showing scaffold implantation and temporal closure of 2 cm–by–1 cm porcine 

skin wounds treated with collagen-based Integra Bilayer Wound Matrix (BWM), PE-based 

NovoSorb Biodegradable Temporizing Matrix (BTM), or EG7 PTK-UR foams. (B) Kinetics 

of wound closure. Arrows indicate time point of manufacturer-recommended removal of 

protective layer from Integra and NovoSorb. (C) Relative blood perfusion within scaffold-

bearing wounds measured by laser Doppler perfusion imaging (LDPI). (D) Trichrome and 

H&E images of wound sections 31 days after treatment with different dermal substitutes 

showing quality of infiltrating tissue and residual cell response to scaffold remnants 

(high magnification, scale bars, 2 mm; low magnification, scale bars, 250 μm). (E) 

Semiquantitative analysis of wound healing through treatment-blinded pathohistological 

scoring of trichrome and H&E images for collagen deposition, epithelialization, and foreign 

body giant cells (FBGCs), yielding a cumulative wound healing score. Data are presented as 

means ± SEM (B and C) and means ± SD (E), n = 6 to 10 wounds, *P < 0.05, **P < 0.01, 

and ****P < 0.0001, by ANOVA.
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Fig. 7. EG7 PTK-UR scaffolds induce more vascularization and higher expression of wound 
healing–related and anti-inflammatory genes in day 31 pig wounds compared to NovoSorb.
(A) vWF, CCR7, and CD3 IHC images of NovoSorb- and EG7 PTK-UR–treated wounds. 

Scale bars, 250 μm. (B) Quantification of vWF-, CD3-, and CCR7-positive pixels using 

ImageJ. (C) Relative expression of genes encoding ECM components, remodeling enzymes, 

and growth factors related to wound healing and remodeling. (D) EG7 PTK-UR–treated 

wound expression of proinflammatory (black) and anti-inflammatory genes (green) (relative 

to NovoSorb). Data are presented as means ± SD, n = 6 to 10 wounds, *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001, by ANOVA.
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Fig. 8. EG7 PTK-UR scaffolds promote wound closure and reepithelialization of porcine 
ischemic wounds at day 17.
(A) Schematic of raised bipedicle ischemic flap model with excisional wounds. (B) Images 

over time of ischemic flap excisional skin wounds treated with NovoSorb or EG7 PTK-

UR. (C) Kinetics of ischemic wound surface area change after treatment with PU foams. 

Arrow indicates time point of removal of NovoSorb protective upper layer. (D) Blood 

perfusion quantified as total flux within scaffold-implanted ischemic wound beds. Arrow 

indicates time point of removal of protective layer from NovoSorb, a procedure that disrupts 

granulation tissue and stimulates a neovascularization response. (E and F) Cytokeratin14 

(CytK14) IHC visualization and quantification of end point percent wound reepithelization. 

(G) Representative microscopic images of wound sections stained with H&E and trichrome, 

showing the extent of cellular infiltration (pink/red in both images) and deposition of 

collagen (green in trichrome stain) within infiltrated voids of PU foams. (H and I) Wound 

healing subcategory scores and cumulative wound healing index. IHC showing spatial 
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organization and density of (J) MPO+ neutrophils and (K) CCR7+ macrophages. Data are 

represented as means ± SD, n = 4 wounds, *P < 0.05 and **P < 0.01, by ANOVA for (C) 

and (D) and t test for (F), (H), and (I). Arrows in (B) and (D) indicate the time of removal of 

the top layer of NovoSorb.
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