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Abstract 

Burn injuries in the United States account for over one million hospital 

admissions per year, with treatment estimated at four billion dollars. Of severe burn 

patients, 30-90% will develop hypertrophic scars (HSc). Current burn therapies rely upon 

the use of bioengineered skin equivalents (BSEs), which assist in wound healing but do 

not prevent HSc. HSc contraction occurs of 6-18 months and results in the formation of a 

fixed, inelastic skin deformity, with 60% of cases occurring across a joint. HSc 

contraction is characterized by abnormally high presence of contractile myofibroblasts 

which normally apoptose at the completion of the proliferative phase of wound healing. 

Additionally, clinical observation suggests that the likelihood of HSc is increased in 

injuries with a prolonged immune response. Given the pathogenesis of HSc, we 

hypothesize that BSEs should be designed with two key anti-scarring characterizes: (1) 

3D architecture and biomolecular surface coating to mitigate the inflammatory 

microenvironment and decrease myofibroblast transition; and (2) using materials which 

persist in the wound bed throughout the remodeling phase of repair. We employed 

electrospinning and 3D printing to generate scaffolds with well-controlled degradation 

rate, surface coatings, and 3D architecture to explore our hypothesis through four aims. 

 In the first aim, we evaluated the impact of elastomeric, randomly-oriented 

biostable polyurethane (PU) scaffold on HSc-related outcomes. In unwounded skin, 

native collagen is arranged randomly, elastin fibers are abundant, and myofibroblasts are 

absent. Conversely, in scar contractures, collagen is arranged in linear arrays and elastin 
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fibers are less numerous, while myofibroblast density is high. Randomly oriented 

collagen fibers native to the uninjured dermis encourage random cell alignment through 

contact guidance and do not transmit as much force as aligned collagen fibers. However, 

the linear ECM serves as a system for mechanotransduction between cells in a feed-

forward mechanism, which perpetuates ECM remodeling and myofibroblast contraction. 

The electrospinning process allowed us to create scaffolds with randomly-oriented fibers 

that promote random collagen deposition and decrease myofibroblast formation. 

Compared to an in vitro HSc contraction model, fibroblast-seeded PU scaffolds 

significantly decreased matrix and myofibroblast formation. In a murine HSc model, 

collagen coated PU (ccPU) scaffolds significantly reduced HSc contraction as compared 

to untreated control wounds and wounds treated with the clinical standard-of-care. The 

data from this study suggest that electrospun ccPU scaffolds meet the requirements to 

mitigate HSc contraction including: reduction of in vitro HSc related outcomes, diminish 

scar stiffness, and reduce scar contraction. While clinical dogma suggests treating 

severely burned patients with rapidly biodegrading skin equivalents, these data suggest 

that a longer-term scaffold may possess merit in reducing HSc. 

In the second aim, we further investigated the impact of scaffold longevity on 

HSc contraction by studying a degradable, elastomeric, randomly oriented, electrospun 

micro-fibrous scaffold fabricated from the copolymer poly(l-lactide-co-ε-caprolactone) 

(PLCL). PLCL scaffolds displayed appropriate elastomeric and tensile characteristics for 

implantation beneath a human skin graft. In vitro analysis using normal human dermal 
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fibroblasts (NHDF) demonstrated that PLCL scaffolds decreased myofibroblast 

formation as compared to an in vitro HSc contraction model. Using our murine HSc 

contraction model, we found that HSc contraction was significantly greater in animals 

treated with standard-of-care, Integra, as compared to those treated with collagen coated-

PLCL (ccPLCL) scaffolds at d56 following implantation. Finally, wounds treated with 

ccPLCL were significantly less stiff than control wounds at d56 in vivo. Together, these 

data further solidify our hypothesis that scaffolds which persist throughout the 

remodeling phase of repair represent a clinically translatable method to prevent HSc 

contraction. 

In the third aim, we attempted to optimize cell-scaffold interactions by employing 

an anti-inflammatory coating on electrospun PLCL scaffolds. The anti-inflammatory sub-

epidermal glycosaminoglycan, hyaluronic acid (HA) was used as a coating material for 

PLCL scaffolds to encourage a regenerative healing phenotype. To minimize local 

inflammation, an anti-TNFα monoclonal antibody (mAB) was conjugated to the HA 

backbone prior to PLCL coating. ELISA analysis confirmed mAB activity following 

conjugation to HA (HA+mAB), and following adsorption of HA+mAB to the PLCL 

backbone [(HA+mAB)PLCL]. Alican blue staining demonstrated thorough HA coating 

of PLCL scaffolds using pressure-driven adsorption. In vitro studies demonstrated that 

treatment with (HA+mAB)PLCL prevented downstream inflammatory events in mouse 

macrophages treated with soluble TNFα. In vivo studies using our murine HSc 

contraction model suggested positive impact of HA coating, which was partially impeded 
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by the inclusion of the TNFα mAB. Further characterization of the inflammatory 

microenvironment of our murine model is required prior to conclusions regarding the 

potential for anti-TNFα therapeutics for HSc. Together, our data demonstrate the 

development of a complex anti-inflammatory coating for PLCL scaffolds, and the 

potential impact of altering the ECM coating material on HSc contraction. 

In the fourth aim, we investigated how scaffold morphology, specifically pore 

dimensions, can influence myofibroblast interactions and subsequent formation of OB-

cadherin positive adherens junctions in vitro. We collaborated with Wake Forest 

University to produce 3D printed (3DP) scaffolds with well-controlled pore sizes. We 

hypothesized that decreasing pore size would mitigate intra-cellular communication via 

OB-cadherin-positive adherens junctions. PU was 3D printed via pressure extrusion in 

basket-weave design with feature diameter of ~70 µm and nominal pore sizes of 50, 100, 

or 150 µm. Tensile elastic moduli of 3DP scaffolds were similar to Integra; however, 

flexural moduli of 3DP were significantly greater than Integra. 3DP scaffolds 

demonstrated ~50% porosity. 24 h and 5 d western blot data demonstrated significant 

increases in OB-cadherin expression in 100 µm pores relative to 50 µm pores, suggesting 

that pore size may play a role in regulating cell-cell communication. To analyze the 

impact of pore size in these scaffolds on scarring in vivo, scaffolds were implanted 

beneath skin graft in a murine HSc model. While flexural stiffness resulted in graft 

necrosis by d 14, cellular and blood vessel integration into scaffolds was evident, 

suggesting potential for this design if employed in a less stiff material. In this study, we 
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demonstrate for the first time that pore size alone impacts OB-cadherin protein 

expression in vitro, suggesting that pore size may play a role on adherens junction 

formation affiliated with the fibroblast-to-myofibroblast transition. Overall, this work 

introduces a new bioengineered scaffold design to both study the mechanism behind HSc 

and prevent the clinical burden of this contractile disease. 

Together, these studies inform the field of critical design parameters in scaffold 

design for the prevention of HSc contraction. We propose that scaffold 3D architectural 

design, biomolecular surface coating, and longevity can all be employed as key design 

parameters during the development of next generation, low-cost scaffolds to mitigate 

post-burn hypertrophic scar contraction. The lessening of post-burn scarring and scar 

contraction would improve clinical practice by reducing medical expenditures, increasing 

patient survival, and dramatically improving quality of life for millions of patients 

worldwide. 
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1. Background and Significance 

Regenerative medicine has the potential to dramatically change the field of health 

care from reactive, to preventative and regenerative. The term “regenerative medicine” 

was presented in a speech in 1998 by William Haseltine, and was predated by the term 

‘tissue engineering,’ which creates organs or tissues in vitro.
1
 Regenerative medicine 

employs aspects of tissue engineering, materials science, and biomedical engineering to 

develop therapies that maintain and restore the normal function of damaged, diseased, or 

deficient tissues. While this field has increasingly captured the imagination of scientists 

and laymen alike, the excessive cost of commercialization and difficulties in regulatory 

approval of complex therapeutics have delayed the translation of many therapies from 

bench-to-bedside and numerous companies have failed on the path to clinical 

translation.
2,3

 Hence, much of the patient impact seen in regenerative medicine restores 

tissue function via use of supportive scaffolds in combination with biomolecules to direct 

cellular processes.
4
  

Initial efforts in tissue engineering and regenerative medicine focused on 

developing skin equivalents for treating burns.
5
 In the mid-1960’s the development of 

cell- and synthetic fiber-based skin substitutes began for treatment of burn victims.
6,7

 In 

the 1970’s, pioneering work by Yannas and Burke began designing collagen-based 

scaffolds for burn wounds; these gel-like scaffolds would eventually lead to today’s most 

prominent BSE: Integra.
8
 Over the last four decades, epidermal and dermal substitutes  

have continued to become more complex.
9
 The clinical practice of burn care has evolved 
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so much that severe burn patients are now highly likely to survive their injuries; however, 

the long-term quality of life in these patients is critically impacted by post-burn scarring.  

 

Figure 1: Hypertrophic scar. Hypertrophic scar (HSc) can present as any combination of 

its contractile and proliferative aspects. HSc most often occurs across a joint (A). These 

scars commonly present as contracted, raised, itchy scars. HSc sometimes presents as a 

contracted scar with little proliferation (B), or a proliferated, raised scar with little 

contraction (C). 

Depending on the history of the patient, likelihood of infection, location of the 

burn, and severity of the burn, it has been reported that between 30-90% of patients will 

develop hypertrophic scar (HSc) following a severe burn.
10

 HSc reside in a classification 

of fibrotic scarring similar to lung fibrosis or the fibrosis seen in coronary tissue 

following coronary infarction. The dermal fibrosis seen in HSc develops 6-12 months 

after injury and results in raised, stiff, itchy, scars that cause severe disfigurement and 

decreased quality of life (Fig. 1A-C).
11

 Early burn excision and treatment with clinically 

available skin substitutes often decreases the likelihood of HSc; however, at least 25% of 

patients require scar revision following standard-of-care treatment, with numbers even 

higher in pediatric patients.
12-14

 Patients who require intervention due to post-burn 

scarring undergo four corrective surgeries on average.
15-17

 There are no effective ways to 

prevent HSc in clinical practice and preventative treatments such as splinting and 



 

 

3 

pressure garments remain marginally effective.
18

 The severity of post-burn scarring calls 

for a paradigm shift in burn wound treatment, transitioning focus from survival to quality 

of life, and from developing reparative products to developing regenerative therapies. 

Standard-of-care treatment 

Current standard-of-care for deep burn wounds requires rapid burn excision and 

debridement. Burn excision within 72h post-injury has been shown to mitigate the 

inflammatory microenvironment at the level of cell-mediated immunity, and positively 

impact the trajectory of patient healing.
19-21

 Following excision, a skin graft is placed 

over the wound site to enable re-epithelialization.
22

 If the burn location is in a region 

under resting dermal tension, such as the head, neck, or genitals, a full-thickness graft 

may be used; however, split-thickness grafts are easier to obtain and most frequently 

used. In extensive burn wounds, skin grafts may be placed following the use of artificial 

skin substitutes known as bioengineered skin equivalents (BSE). If a BSE is used, 

granulation tissue is allowed to infiltrate the structure for 2-3 weeks prior to the 

application of the skin graft.  

There are currently three BSEs on the market that are approved by the Food and 

Drug Agency (FDA) as well as Center for Medicare and Medicaid (CMS) for treatment 

of third-degree burns: Epicel, TransCyte, and Integra (Fig. 2). Epicel was granted a 

humanitarian device exemption by the FDA for the treatment of deep dermal or full-

thickness burns covering >30% of the body. Epicel (Vericel, Ann Arbor, MI) is a 

permanently implantable, cultured epithelial autograft. The 2-8 cell layer-thick autograft 
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is created by co-cultivation of patient cells with proliferation-arrested murine fibroblasts. 

Epicel is indicated for treatment of life-threatening wounds resulting from severe burns 

and may be used in conjunction with autografts or alone in patients for whom 

autografting is not an option due to the extent of their burns. TransCyte™ (Advanced 

Tissue Sciences, La Jolla, CA) is a temporary dressing designed to cover wounds until 

skin grafting is possible. Transcyte consists of human dermal fibroblasts grown on nylon 

mesh, combined with a synthetic epidermal layer. Approximately 7-14 days after 

application of Transcyte to the burn site, the membrane begins to peel off. A surgeon 

trims away the scaffold as it peels, and eventually places a skin graft on the site. Integra 

Dermal Regeneration Template (Integra LifeSciences, Plainsboro, NJ) is a lyophilized 

matrix of bovine collagen and shark glycosaminoglycans covered by a silicone 

dressing.
23

 Upon placement of Integra, the collagen layer integrates into the wound bed 

while the silicone layer provides the barrier and moisture retention functions of the 

skin.
24-26

 After 1-3 weeks, the silicone layer is removed, and a skin graft is applied over 

the integrated collagen layer. These three BSEs comprise the reimbursable treatment 

options available to physicians for severe burn injury; however, these scaffolds remain 

unsuccessful in preventing HSc.  
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Figure 2: Current standard-of-care treatment for third degree burn. The three FDA & 

CMS approved BSEs available for treatment of third degree burns are: Integra, Transcyte, 

and Epicel. Images taken from: www.smith-nephew.es; ww.bu.edu; www.ideo.com; 

http://www.spiegel.de/; http://www.medgadget.com/. 

A variety of BSEs are available commercially which are not covered by CMS for 

use on patients with third degree burns, but which have shown merit for reducing post-

burn HSc. Many of these BSEs are acellular matrices derived from bovine, porcine, or 

human ECM; however, the use of decellularized matrices derived from cadaver tissue has 

shown the greatest clinical impact.
14,27

 Acellular matrices have shown promise in pre-

clinical studies; however, no significant difference has been found between human burn 

patients treated with skin graft alone as compared to those treated with skin graft in 

combination with an acellular matrix.
27,28

 Decellularized products, such as AlloDerm,  

applied in combination with skin grafting have been shown to significantly decrease post-

burn HSc contractures spanning joints and increase scar elasticity as compared to 

treatment with skin graft alone. 
29,30

 Sub-graft implantation of decellularized human 

tissue has also led to improved outcomes in HSc contracture release surgeries, with 100% 

of patients treated requiring no additional release surgeries following the initial release 
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procedure when the decellularized matrix was employed.
31

 Decellularized scaffolds 

represent a new effort in the BSE field to encourage regeneration and several such 

scaffolds are being employed routinely in burn patient treatment outside of the US.
29,32

 

Recent work has pushed the boundaries of sourcing for decellularized matrix by 

exploring a method to decellularize debrided deep burn tissue at the site of patient care to 

generate decellularized matrix for autologous patient at the time of skin grafting.
33

 While 

these studies are at their infant stages, this method represents a novel approach of 

sourcing human-derived decellularized matrix.Standardization of decellularized matrix as 

a treatment for burn patients within the US will rely upon large-scale clinical trials to 

demonstrate the efficacy of these treatments as compared to standard-of-care to CMS. 

Following CMS approval, the reimbursement of decellularized products must 

appropriately meet the cost of their production in order to make a lasting impact on 

standard-of-care practice.  

BSE are also often difficult for physicians to justify due to their cost. In 2013, in 

relation to changes brought about by the Affordable Care Act, CMS released revised 

payment grouping for skin substitutes.
34

 This revision lumped skin substitutes into “high 

cost” (>$32/cm
2
) and “low cost” (<$32/cm

2
) bundles. Unfortunately, the reimbursement 

for products in the “high cost” bundle falls sufficiently below the current cost of 

manufacturing for many biologically-based therapeutics, such as Epicel. For example, 

Integra was placed in the “low cost” bundle, dictating reimbursement to the company of 

$409 per 2x2 inch piece; prior to the CMS grouping, the same 2x2inch segment was 

listed for $2,691.
35

 The 2013 CMS cost bundling has already had a pronounced impact on 
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companies in the skin substitute industry, as their products are dramatically more 

expensive than others in the “high cost” bracket. The success of dermal regeneration 

technologies will require dramatic changes to the cost of care, which require the focus of 

healthcare to shift from management to regeneration. While patients and providers have 

begun to prefer regenerative treatment methods over the standard-of-care options, 

regenerative treatments can be much more costly than conventional methods, especially 

in the field of advanced wound care.
36

 The development of a low-cost, regenerative 

scaffold could have immediate and dramatic impact in wound management of burn 

patients. 

Biomaterial scaffold design  

The word ‘scaffold’ derives from the Old French word “eschafult”, meaning 

‘support’; today Merriam-Webster defines a scaffold as “a supporting framework.” The 

term scaffold is traditionally used in engineering to describe a temporary structure which 

holds workers and materials during the repair of a building. In regenerative designs, the 

scaffold serves the same purpose to the host tissue as it would to a damaged building; 

acting as a temporary matrix, providing support to resident cells as they proliferate, and 

serving as a structure for extracellular matrix (ECM) deposition. To develop design 

parameters for regenerative scaffolds, a deep understanding of the needs of the uninjured 

tissue is critical. Important design considerations often include macroscopic shape, tissue 

mechanics, cellular population, ECM composition, and expected rate of healing. Once 

design parameters are defined, scaffolds can be engineered to facilitate many functions 
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which encourage healthy healing including: (1) structure to encourage tissue integration; 

(2) degradation rate to facilitate tissue regeneration; (3) biomolecular surface coating to 

direct cellular interaction; and (4) cues to modulate the local inflammatory 

environment.
37

  

Biomaterial selection 

Understanding the needs of the host environment is necessary for selection of the 

biomaterial used to fabricate a regenerative scaffold. Biomaterials are often classified into 

natural or synthetic materials. Natural materials are derived from organic sources such as 

chitosan or alginate, and often include ECM proteins such as glycosaminoglycans or 

collagen.
38

 Recently, complex natural materials including decellularized ECM and 

basement membrane have been employed clinically for soft-tissue defects.
39,40

 While 

natural materials can closely mimic the native ECM in complexity and organization, they 

are often limited by their design capabilities, specifically mechanical properties and 

degradation rates. Due to the capability to select and control for parameters such as these, 

synthetic polymers are often used as biomaterials for regenerative scaffolds.  

Myriad synthetic polymers have been commercially applied as biomaterials.
37

 The 

most widely used polymers for regenerative medicine include polyethylenes, 

polyurethanes, and polyesters. Polyesters are arguably the largest classification of 

synthetic polymers used in regenerative scaffolds and include a broad range of FDA-

approved polymers. Common polyesters used in medical devices include polyglycolic 

acid, poly(lactic acid) (PLA) and poly(ε-caprolactone) (PCL). Each possesses a unique 

range of degradation rates and mechanical properties which can be tuned by modification 
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of molecular weight or custom synthesis to create a co-polymer.
41-43

 Polyesters undergo 

bulk degradation via ester hydrolysis in vivo.
44

 However, polyesters and other synthetic 

polymers are often hydrophobic and lack integrin-binding sites making bio-incorporation 

difficult. To overcome this obstacle, a variety of surface modifications have been 

developed to improve cell-scaffold interactions.
45

 These modifications can be as simple 

as rendering the surface hydrophilic via plasma treatment, or as extensive as creating a 

patterned surface to modulate cellular attachment.
46,47

 Surface treatments such as these 

are often required to mitigate the foreign body reaction of the host following 

implantation.
48

 

Scaffold design  

Considerable interest has been given to the development of scaffold systems 

which mimic the extracellular environment in design and architecture. The native ECM is 

a complex network of proteins, growth factors, and polysaccharides that provides both 

biochemical context and physical structure to resident cells.
49

 The physical structure of 

the ECM, including architecture and stiffness, provides cues to host cells which have 

profound influence on cell adhesion, migration, proliferation, and differentiation.
50

 The 

potential impact of 3D scaffold architecture on the nanometer to micrometer scale has 

been widely impacted by knowledge gleaned using 2D culture systems. 2D systems 

created by photolithography, nano-imprint lithography, and contact printing have 

demonstrated the dramatic impact of feature size, shape, and organization on cellular 

processes down to the level of gene regulation.
51-53

 While 2D systems have informed the 

field on the foundations of cell-surface interactions, 2D systems lack the 3D 
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physiochemical cues present in the native ECM. Dramatic differences between 2D and 

3D become apparent on the most basic level of scaffold interaction: cellular adhesion. 

Cell adhesions to 3D substrates show enhanced biological activities, altered cytoskeletal 

components, and modified integrin usage.
54

 3D systems including hydrogels, 

electrospinning, and 3D printing have begun exploring how 3D scaffold architecture 

influences cellular processes.
55

  

Electrospinning  

Electrospinning was first described in the 1930s and has become a popular 

fabrication technique for tissue engineering over the last few decades due to its simplicity 

and versatility to fine-tune the mechanical and structural properties of scaffolds. 

Electrospun fibrous scaffolds have been applied to a broad range of regenerative 

medicine applications, including dermal wound healing.
56

 Within the wound healing 

arena, electrospun scaffolds have been explored as both wound dressings and skin 

substitutes with the aim of improving dermal regeneration following injury.
57

  

The basic experimental set up for electrospinning includes a grounded collector 

and a voltage supply which is connected to a syringe controlled by a syringe pump. The 

polymer of interest is dissolved in a volatile solvent (usually an organic solvent) and 

extruded at a constant rate with a constant voltage applied to the syringe needle. As the 

liquid polymer is ejected from the syringe needle, it is placed under a voltage differential 

between the voltage source and the grounded collector (a flat or rotating conductive 

source). As the voltage is increased, the liquid polymer droplet adopts a conical shape 

described as the Taylor cone. Once the electrical field exceeds the surface tension of the 
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Taylor cone, the polymer is pulled to the grounded collection target, producing a thin 

fiber as the solvent evaporates.
58

 During flight, instabilities occur in the liquid polymer, 

causing a whipping motion of the polymer fiber as the solvent evaporates. This process 

results in the formation of solid fibrous network which can be constructed to any depth or 

shape until the polymer reaches a thickness such that the grounding plate is insulated by 

the scaffold. 

Electrospinning is an ideal fabrication method for tissue engineering because it 

provides a facile technique to create fibers in the nano-micron range. Electrospun fibers 

also boast a high surface area-to-volume ratio which increases cell contact area. 

Electrospun fiber diameter can be precisely tuned during fabrication to alter 

topographical cues to cells.
59,60

 While topography in the nano-range has been heralded for 

impact on cellular processes, the pore size of nano-scale electrospun scaffolds limits 

cellular infiltration and nutrient transport in vivo.
61

 Generally, a pore size on the order of 

several µm to several hundred µm is thought to be necessary for cellular penetration.
62

 

Pore sizes in this range can be achieved with feature diameter in the >1µm range. Further, 

recent studies have associated feature diameter in the range of 4-6µm with anti-fibrotic 

events in coronary tissue, suggesting merit for fibers in this size range to provide similar 

benefits in other fibrotic disorders, such as HSc.
63

 In this way, topography can be used to 

provide a passive approach without bioactive agents to modulate cell behavior.
52

 The 

mechanistic role of topography in 3D, or how cells respond to their surrounding 

architecture, is difficult to understand in a system such as electrospinning where the 
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defined parameters are limited to fiber diameter and orientation. Pore architecture is best 

explored using a well-controlled, highly uniform system such as 3D printing. 

3D Printing 

Various techniques have been developed to fabricate porous 3D scaffolds for soft 

tissue regeneration, the most common of which include: gas foaming, phase separation, 

lyophilization, salt leaching, and electrospinning.
64

 However, these traditional 3D 

fabrication methods do not enable the fabrication of complex architectural designs, or the 

precise control of internal scaffold architecture that can be achieved via three-

dimensional printing (3DP).
65

  

Over the last two decades, 3DP has gained increasing attention for the capability 

to design and fabricate complex, highly controlled, 3D implants for applications in 

regenerative medicine. However, the bulk of clinical advancement in this field has been 

in the reconstruction of large bone defects or the generation of custom-built prostheses. 
66

 

While the burgeoning field of bioprinting, the use of 3D printing techniques to create 3D 

living cell constructs, has shown great promise, the lack of effective vascularization 

techniques prevents creation of living constructs greater than 200 µm thick.
67

 Outside of 

bioprinting, 3DP is being explored for the generation of synthetic polymer scaffolds for 

soft tissue defects.
68,69

 The minimal clinical impact of 3D printing on soft-tissue 

regenerative scaffold can be largely attributed to current limitations in 3D feature 

resolution using synthetic polymers.
70

 In commercially available 3D printers, resolution 

is limited to 100 µm for 2D features, and 300 µm for 3D features.
71

 Therefore, 

investigators have been limited to studying cellular processes on designs with features in 
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the 150 µm-800 µm range.
68,72,73

  Recently, investigators at the Wake Forest Institute for 

Regenerative medicine have achieved precise control of scaffold feature size down to 50 

µm resolution using a custom 3D printing system. This new technology offers the 

potential to study the impact of optimal pore sizes for wound healing, which have been 

suggested to range between 20-120 µm, for the first time.
74,75

 While control over average 

pore size can be afforded with many fabrication techniques, such as lyophilization, gas 

foaming, and particle leaching, precise control over pore architecture is only beginning to 

be explored by 3D fabrication techniques.
71,76-79

 

The role of scaffold architecture in 3D is often focused on the effect of varying 

pore size; however, 3DP offers the unique advantage of design control over pore 

interconnectivity and shape as well. While the impact of pore size significantly influences 

cellular activities and ECM production, how the shape of 3D pores impact cellular 

processes and tissue regeneration remains a relatively young field of exploration.
80

 3DP 

pore design is often described by geometric shapes: sphere, cube, hexagon, and so on. 

Both the size and shape of these pores impact cell-scaffold interactions and eventual 

tissue regeneration.
81

 The curvature of a pore has been shown to influence cytoskeletal 

organization and cellular migration via contact guidance; for example, based on the 

pore’s angle of curvature different cues are provided to cells by oval pores as compared 

to circular pores.
82

 Similarly, the angle created at the intersection of two overlapping 

linear beams has been shown to impact bone formation in vivo; suggesting that 

orientation of linear struts is a critical design parameter.
83

 Comparison between triangular 

pores and hexagonal pores in hernia mesh have shown significant impact of pore shape 
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on angiogenesis and fibrosis.
81

 Pore design is often augmented via computational 

modeling, using finite element analysis to optimize tissue ingrowth into 3DP systems.
84

 

The precise control and modeling capabilities provided by 3DP designs highlight 3DP 

systems as a highly versatile fabrication method for regenerative medicine. Taken 

together, the cellular responses to pore size and architecture indicate the highly influential 

nature of pore design. 

Hypertrophic Scarring  

Dermal scarring affects more than 80 million people worldwide annually.
85

 For 

example, over 4.4 million people are injured in motor vehicle accidents, thousands of our 

nation’s warriors are wounded in military excursions, and over 2.4 million patients are 

burned.
86,87

 Burn injuries in the US bring more than one million patients to the hospital 

each year; treatments for these injuries cost over four billion dollars.
88

 The World Health 

Organization states that “there is no doubt that the social and medical costs of burns are 

significant. Economic impact of burns includes lost wages, and the costs related to 

deformities from burns, in terms of emotional trauma and lost skill.”  

Previous studies have reported diverging instances of HSc formation following 

burns ranging from 30-90% depending on the history of patient, likelihood of infection, 

and location of the burn. When HSc arises, approximately 70% occur across joints or 

other areas of tension in the body.
15

 HSc are firm, raised, red scars that progressively 

contract over six months to two years to form fixed scar contractures.
89

 Contractures are 

painful, disfiguring, and debilitating; when contractures occur across a joint, they result 

in loss of range-of-motion.
90,91

 Current preventative therapies for HSc contracture are 
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ineffective, and patients requiring intervention undergo at least four corrective surgeries 

on average.
15,16

  

Clinical observation suggests that HSc is driven by the failure of the intrinsic 

mechanisms which normally regulate wound healing. Wound healing occurs in four 

distinct but overlapping phases: homeostasis, inflammation, proliferation, and 

remodeling. HSc progression is thought to primarily be impacted by deviations in the 

progression of the inflammatory and proliferative phases of wound healing.
92,93

 The 

inflammatory phase of wound healing is characterized by increased blood vessel dilation 

and permeability, increased levels of pro-inflammatory cytokines, and the infiltration of 

activated inflammatory cells. Activated inflammatory cells, such as monocytes and 

phagocytic macrophages, instigate the proliferative phase of wound healing by clearing 

bacteria and debris, and recruiting fibroblasts to the wound bed. Exposure of infiltrating 

fibroblasts to the inflammatory cytokines and mechanical tension within the healing 

wound induces their differentiation into myofibroblasts. Myofibroblasts physically assist 

in remodeling the scar by laying ECM and contracting the granulation bed. Though this 

process is necessary for wound closure, subsequent myofibroblast apoptosis is required 

for termination of the proliferative phase of wound healing.
94

 Persistent myofibroblasts 

found after wound closure drive the HSc phenomenon, leading to pathological increases 

in ECM contraction and fibroblast proliferation—the hallmarks of HSc. Persistent 

myofibroblasts create a positive feedback loop in which contractile myofibroblasts exert 

mechanical forces on the surrounding wound environment and promote the secretion of 

certain cytokines. These processes, in turn, induce more myofibroblast differentiation, 
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promoting greater wound contraction and scarring. For this reason, the progression of 

HSc is often characterized as a constitutively active proliferative phase of healing.
95

  

Models for hypertrophic scarring: in vitro & in vivo 

In vitro model: the fibroblast populated collagen lattice 

The in vitro 3D fibroblast populated collagen lattice (FPCL) assay, originally 

developed in 1979, remains the gold-standard for understanding how fibroblast 

contractility impacts wound contraction.
96

 The FPCL assay is the closest available in 

vitro model of scar contraction. Both scars and FPCLs (1) are composed of col1; (2) 

contain fibroblasts and myofibroblasts; and (3) are contracted by cellular forces. FPCL 

contraction is expedited by substances which promote HSc contraction, while substances 

that inhibit FPCL contraction inhibit HSc contraction.
97

  

 

Figure 3: FPCL Schematic. The floating FPCL is considered an initial wound 

contraction model.  In this system, fibroblasts are able to contract and rearrange the 

collagen lattice similar to what is seen during early wound bed contraction.  Conversely, 

in the fixed FPCL collagen is anchored to the culture dish.  As fibroblasts attempt to 
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remodel the collagen lattice, they will generate isometric tension similar to what is 

encountered during granulation tissue contraction. 

Fibroblast behavior observed in FPCLs closely mimics in vivo observations in healing 

scars including fibroblast alignment, myofibroblast formation, and collagen 

production.
96,98,99

 FPCLs can be used to model initial wound bed contraction (floating 

matrices) or granulation bed contraction (fixed matrices) (Fig. 3) 
100

. Floating FPCLs are 

mechanically released from the sides of the dishes one hour after gel polymerization, 

allowing the cell+collagen gel construct to float unconstrained in culture media. Cells 

rapidly remodel and contract the collagen gel similar to the process of initial wound bed 

contraction. In contrast, attached matrices allow isometric tension to build as the 

contractile forces exerted by cells encounter mechanical resistance, which is thought to 

mimic granulation tissue contraction 
101

. 

HSc animal models 

Several animal models have been developed in order to meet a growing need for 

modeling the pathogenesis of HSc. Each model possesses advantages and drawbacks. 

Pre-clinical studies of HSc have typically been performed in immunocompromised mice, 

in which multiple models have been developed.
102-106

 However, the importance of the 

immune system in wound healing and HSc makes data gleaned from 

immunocompromised animal studies difficult to apply in clinical practice.
107

 Two porcine 

models are used to study HSc: the female red Duroc pig, and the Yorkshire pig.
108

 Swine 

arguably represent the best model for human wound healing, with 78% agreement 

between human and porcine wound healing.
109

 However, swine are expensive to purchase 
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and maintain. Arguably the best alternatives to using swine models are the rodent HSc 

contraction model and the rabbit HSc proliferation model.
110,111

 

The rabbit HSc proliferation model was first described in 1997 and has since been 

further developed for the investigation of the proliferative component of HSc.
112,113

 The 

rabbit ear model requires generation of a 7mm, full-thickness excisional wound on the 

ventral side of the ear. The ventral ear skin is thin and taught; therefore, wound healing 

relies completely on granulation tissue formation and epithelialization, showing no signs 

of contraction. The inability of the wounds to contract causes a delayed epithelialization 

of approximately two weeks, and results in a raised scar, which resembles HSc in both 

appearance and histologic analysis.
112

 In these raised scars, collagen synthesis peaks at 

day 22 allowing the extent of scarring to be quantified at this point. HSc created in this 

model remain pronounced as far as 288 days post wounding, with erythema fading 

around day 50. Not all wounds created in this model evolve into HSc; however, the 

likelihood of wounds made using this technique to develop into chronic scars can be 

assessed between 15-25 days post wounding based on tissue erythema and gross 

examination of the scar. The rabbit ear model is primarily used to model the proliferate 

component of HSc, and is not optimal for the study of HSc contraction.  

The murine HSc contraction model was first described in 2014 and reflects the 

contractile component of HSc.
110

 This murine model mirrors the human condition in 

terms of causality: including the creation of a thermal injury followed burn excision and 

skin grafting, with resultant skin graft contraction. The murine HSc contraction model 

requires the generation of a third-degree burn on the dorsum of a C57Bl/6 mouse. The 
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burned tissue is subsequently excised and a skin graft fashioned from donor murine ear 

skin is sutured over the wound. Transplanted skin grafts contract to ~45% of their 

original size in two weeks. This can be compared to a normal excisional murine wound, 

which contracts to completely closed at two weeks post-wounding. Over time the 

contracted skin grafts become flat and pale, as is observed in some but not all human 

HSc.
114,115

 The eventual flattening and loss of color in these scars could be due to a 

diminished level of mechanical tension; human skin exists in a resting state of tension, 

unlike murine skin which is loose due to the presence of a thin underlying muscular layer. 

The process of murine skin graft contraction in this model demonstrates many gross 

morphological and microscopic characteristics similar to human HSc contraction. 

However, it is unknown how this model relates to the proliferative and inflammatory 

components of human HSc. 

Role of myofibroblasts in scaring 

HSc contraction occurs secondary to the persistence of highly contractile cells in 

the wound bed known as myofibroblasts.
116

 The origin of myofibroblasts in wounds and 

fibrotic tissue remains a matter of debate. While a fraction of myofibroblasts are thought 

to originate through the bone marrow or from tissue-specific progenitor cells such as 

pericytes, the primary percentage originate from resident fibroblasts.
117

 Regardless of cell 

type of origin, myofibroblasts differentiation and activities are thought to be modulated 

through a combination of soluble factors, ECM proteins, and increased mechanical 

tension in the wound bed.
89,116

 An intermediate cell type known as the 
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protomyofibroblast has been described in vitro which expresses actin stress fibers among 

other markers which are virtually absent from fibroblasts of the native dermis.
99

 Fully 

differentiated myofibroblasts are distinguished from fibroblasts by (1) the presence of a 

contractile apparatus, similar to that of smooth muscle cells, and (2) the neo-expression 

of an actin isoform found in vascular smooth muscle cells, α-smooth muscle actin 

(αSMA).
118

 When de novo αSMA is incorporated into stress fibers, myofibroblasts 

produce strong contractile force and physically contract the wound bed. To achieve tissue 

level contraction, single myofibroblasts join stress fibers at sites of adherens junctions, 

resulting in cytoskeletal alignment and the formation of a coordinated cellular 

syncytium.
119

 This conglomeration allows myofibroblasts to multiply their contractile 

forces along the axis of cell alignment, and coincides with the alignment of the ECM. 

This is observed in scar tissue as linear arrays of ECM, as compared to randomly oriented 

ECM in uninjured skin.
120

  

Role of cell-cell communication in scarring 

Cells communicate via three biophysical methods: gap junctions, mechano-

sensitive junctions, and adherens junctions. Adherens junctions are composed of 

cadherins that extend through the plasma membrane and mediate calcium dependent cell-

cell adhesions. Cadherin receptors associate intra-cellularly with several structural and 

signaling proteins including the catenins and the actin cytoskeleton.
121

 In contrast to 

virtually cadherin negative dermal fibroblasts in vivo, cultured dermal fibroblasts and 

protomyofibroblasts of early granulation tissue express N-cadherin.
122

 Following 
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treatment with transforming growth factor-beta (TGFβ), these cells differentiate into 

contractile, αSMA-expressing myofibroblasts similar to those found in contractile wound 

granulation tissue. During this transformation, neural cadherin (N-cadherin) is gradually 

replaced by osteoblast cadherin (OB-cadherin). OB-cadherin, and not N-cadherin, has 

been shown to play a functional role in myofibroblast contraction: increasing OB-

cadherin results in increased FPCL contraction in vitro, while blocking OB-cadherin 

results in decreased FPCL contraction.
119,122

 Further, upon dissociation of adherens 

junctions using blocking peptides, Ca
2+

 oscillations between physically contacting 

myofibroblasts lose their synchronicity.
123

 Together, these data suggest that 

myofibroblasts use adherens junctions in part to facilitate their contractile actions as a 

coordinated cellular syncytium. If this is indeed the case, disruption of cell-cell adherens 

junctions may provide a therapeutic target in contractile diseases, such as HSc.
119

 

Role of the ECM in scar progression 

The differential expression of individual ECM components provides cues to cells 

in the wound microenvironment and helps regulate the wound healing process. 

Interestingly, the composition of the ECM in scarless fetal wounds is distinctly different 

from that of adult scar tissue. For decades the field has explored the differences between 

the ECM microenvironment in adult wounds and fetal wounds. Fetal wound healing 

during the first two trimesters is characterized by low fibroblast activity and decreased 

inflammatory response, leading to healing with the complete absence of scar formation. 

In adult scar tissue, collagen type 1 fibers reside within a framework of fibronectin where 
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they form strong crosslinks at lysine residues. Together collagen and fibronectin provide 

stiffness and tensile strength to the maturing scar. Conversely, scarless fetal wounds are 

characterized by high levels of hyaluronic acid (HA).  

HA is one of the most prevalent sub-epidermal glycosaminoglycans (GAG). HA 

is present in all layers of uninjured skin and is increased following excisional injury in a 

time-dependent manner.
124

 While HA levels are relatively low in uninured adult skin, the 

fetal ECM is naturally composed of high levels of HA.
125

 Unlike other sub-epidermal 

ECM components such as collagen, elastin, or fibronectin, HA has limited integrin-

binding sites, and thus its presence is affiliated with increased cell motility. Several HA 

binding proteins have been described, including CD168, which promotes cell motility, 

and CD44, which modulates macrophage migration and cell polarization. CD44 is likely 

involved in establishing or maintaining cell polarity and could influence cells to migrate 

towards the wound bed during the initial stages of wound healing.
126

 Further, CD44 may 

regulate TGFβ secretion by fibroblasts in the wound bed. TGFβ is widely involved in 

wound healing and fibrosis and, if regulated correctly in early wound healing, could lead 

to a reparative response rather than a disorganized fibrotic response. The mechanism of 

action behind HA-based therapies can be partially attributed to the positive impact of 

HA’s degradation product: low molecular weight HA (LMW-HA). During the 

inflammatory phase of wound healing, neutrophils release free oxygen radicals that 

damage DNA, cellular membranes, proteins, and lipids; eventually leading to cell death. 

This damage is believed to be reduced by the use antioxidants or free-radical scavengers, 

such as LMW-HA.
127

 Due to HA’s association with modulating the inflammatory 
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process, it has been integrated into several clinically available wound dressings for 

treatment of burn wounds.
128

 

Role of inflammation in scar progression 

Inflammation is vital to successful burn healing, aiding in the mitigation of 

infection and recruitment of inflammatory cells which eventually instigate the 

proliferation phase of wound healing.
95

 However, aberrant regulation or prolonged 

activation of the inflammatory process has been linked to increased likelihood for HSc.
129

 

During the acute inflammatory phase of wound healing, inflammatory cells such as 

macrophages and monocytes enter the wound bed and secrete pro-inflammatory 

cytokines which help regulate the healing process. In fibrotic scar tissue and burn wound 

exudate, these pro-inflammatory cytokines are often present in excess.
130

 Sequestration of 

key pro-inflammatory cytokines during the inflammation phase of wound healing is 

being investigated as a method to improve burn healing and decrease the likelihood of the 

prolonged fibrotic events that lead to HSc.
92

 

Numerous inflammatory cytokines and chemokines have been implicated in the 

induction of fibrosis.
131

 Cytokines found to impact HSc include: TGFβ, connective tissue 

growth factor (CTGF), platelet derived growth factor (PDGF), interleukin-6 (IL-6), and 

tumor necrosis factor-alpha (TNFα).
130,132,133

 TGFβ, CTGF, PDGF are all highly 

associated with fibroblast-to-myofibroblast transition in the wound bed during HSc.
134-136

 

Pharmacological modulation of these cytokines has been used to improve wound healing 

and scar quality; however, few of these treatments have progressed to clinical 
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success.
137,138

 Several of the interleukins have also been investigated as potential anti-

fibrotic targets, including IL-10, IL-1β and IL-6.
132

 While IL-6 levels are almost 

immeasurably low in fetal mammalian wounds, IL-6 injection in utero can cause scarring 

and IL-6 stimulates fibroblast proliferation in the adult mammalian wound bed.
139

 IL-6 is 

partially regulated via TNFα signaling and its levels are elevated in non-survivors of burn 

injury when compared to burn-injury survivors.
132,140

 Sequestration of IL-6 via 

monoclonal antibody (mAB) delivery to burn wounds following eschar excision 

decreases macrophage number and necrotic tissue area; however, this result is magnified 

when combined with anti-TNFα mAB delivery.
141-143

 TNFα activation signals a host of 

downstream inflammatory mediators and recruits activated keratinocytes and 

macrophages to the wound.
144,145

 TNF-receptor knockout mice with full thickness 

excisional wounds display decreased inflammatory cell infiltration and accelerated 

wound healing as compared to wild type.
146

 TNFα is a proximal trigger for many 

inflammatory mediators, and administration of anti-TNFα mAB can lead to decreased 

inflammatory cell production of many other cytokines and chemokines.
147

 These data 

reinforce that dysregulation of inflammatory cytokines within the wound may promote 

scarring, and highlight TNFα as an important up-stream therapeutic target.
143

 

Monoclonal antibodies as therapeutics 

Due to their mechanism of action, therapeutic mABs are used to inactivate 

pathways associated with disease states. For example, mAB treatment against TNFα has 

achieved clinical success in patients where over-expression of TNFα leads to chronic 

disease, such as rheumatoid arthritis and Chron’s disease.
147,148
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mABs are large proteins naturally produced by B-cells in the immune system for 

the recognition of specific antigens in the body. Each mAB binds to a specific epitope on 

an antigen and either physically inactivates it, or recruits immune cells to destroy it. 

Humanized mABs are a rapidly growing category of targeted, protein based therapeutics. 

Humanized mABs are in clinical trials for treatment of arthritis, cancer, immunological 

diseases, and infectious diseases 
149

. Several FDA approved anti-TNFα mABs exist for 

use in humans: infliximab, adalimumab, certolizumab, and golimuab; the half-lives of 

these antibodies range between 8-14 days in vivo.
150

 These mABs are clinically 

administered intravenously, intramuscularly, or subcutaneously.
151

 In vivo freely injected 

mABs bind to protective receptors on cells, elongating their clinical half-life up to four 

weeks; however, their small size causes them to distribute into tissue over the course of 

several hours-days 
150

. Binding of mABs to high molecular weight carriers, such as 

hyaluronic acid, can be used to further extend their timeline in the injection area.
92

 

Conjugation of mAB to carriers may also serve to sterically hinder cellular interaction 

with the Fc region of the mAB, which is a major contributor to the innate immune 

response seen against therapeutic mABs.
143
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2. Hypotheses & Aims 

The economic, personal, and emotional impacts of post-burn scarring are costly, 

yet there are no definitive therapies to prevent HSc.
15,152

 As such, the onus exists to apply 

our understanding of HSc to developing low-cost bioengineered technologies to prevent 

post-burn scarring. The goal of this thesis work is to design and characterize a clinically 

translatable therapy to mitigate HSc contraction. 

Aim 1: Biostable electrospun microfibrous scaffolds mitigate hypertrophic scar 

contraction. 

In this aim, we employed the properties of healthy human skin as design 

parameters to develop a first-generation sub-dermal scaffold for HSc mitigation. We 

selected three key characteristics of uninjured human skin which differ dramatically from 

scar tissue, and designed our scaffold to fulfill those requirements: (1) random 

organization of the extracellular matrix; (2) viscoelastic nature of skin; and (3) 6-12 

month delay for HSc onset following injury. Given these parameters, we developed the 

hypothesis that a randomly-oriented elastomeric scaffold persisting throughout the 

remodeling phase of repair would provide structural support to the healing tissue and 

prevent HSc contraction. The objective of this work was to begin push the boundaries of 

scaffold design by exploring a randomly aligned, permanent scaffold to mitigate HSc 

contraction. 
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Aim 2: Mitigation of hypertrophic scar contraction via an elastomeric biodegradable 

scaffold. 

This aim builds upon the scaffold design employed in Aim 1, but employs a 

slowly degrading elastomer to further explore the impact of scaffold longevity on the 

development of HSc contraction in vivo. In comparison to previous work using 

biodegradable polymers for applications in post-burn treatment, our biodegradable 

elastomer demonstrates appropriate mechanical properties for implantation beneath skin 

grafts and is capable of repetitively undergoing physiologically relevant strain and 

relaxation without entering plastic deformation. Most importantly, our synthetic 

elastomer possesses a degradation rate on the scale of 6-12 months in vivo, allowing it to 

maintain its architecture throughout the remodeling phase of repair. These properties 

created a malleable sub-dermal substrate for cellular in-growth while providing 

architectural support to the healing wound. The hypothesis of this study was that an 

optimal scaffold for HSc mitigation should last through the remodeling phase of repair 

when HSc occurs. The objective of this work was to improve upon scaffold design in 

Aim 1 by optimizing scaffold degradation timeline. 

Aim 3: Investigate impact of anti-inflammatory coating on electrospun PLCL scaffolds in 

vitro & in vivo; effect on hypertrophic scar contraction. 

Complications during wound healing that prolong inflammation and result in 

altered ECM composition contribute burn progression and have been associated with 
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increased incidence of HSc in severe burn patients. In this aim, we explored the 

hypothesis that modification of the coating material applied to our slowly-degrading 

elastomeric electrospun scaffold could mitigate inflammation on the cellular level and 

thereby influence the inflammatory aspect of HSc. The objective of this work was to 

mitigate HSc progression by altering the scaffold biomolecular surface coating to reduce 

inflammation in the local wound microenvironment. 

Aim 4: Pore Size Impacts Cell-Cell Communication in 3D-Printed Polyurethane 

Scaffolds. 

This aim builds upon the hypothesis from aims 1-3 that random electrospun 

scaffolds mitigate HSc contraction and myofibroblast formation by acting as a 

mechanical sink on the cellular level to dissipate the transmission of mechanical forces 

between cells. To further probe the hypothesis that scaffold architecture can mitigate 

inter-cellular force communication, we chose to study the cell-cell adherens junction 

protein OB-cadherin as a function of pore size. Previous work in the literature suggests 

myofibroblasts in wound granulation tissue join stress fibers at sites of adherens 

junctions, resulting in alignment of the actin cytoskeleton across multiple cells and 

coordination of multi-cellular contractions. We hypothesized that the well-controlled pore 

sizes within 3D printed scaffolds could impact the in vitro expression of OB-cadherin; 

specifically, that smaller pore sizes would discourage OB-cadherin expression. The 

objective of this study was to inform the field of the impact of 3D scaffold architecture 

with readouts specific to contractile diseases, such as HSc. 
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2. SPECIFIC AIM 1: Fabricate, characterize, and evaluate 

efficacy of a biostable electrospun microfibrous scaffold to 

mitigate hypertrophic scar contraction in vitro and in vivo. 

2.1 Introduction 

The mechanical properties of human skin are a critical consideration in the design 

of a scaffold for HSc prevention. Skin is one of many tissues within the body that is soft 

and elastomeric. Along with its tensile characteristics, skin is viscoelastic in nature, 

allowing it to stretch and contract across joints repetitively.
153

 However, HSc is stiff and 

non-elastic. Burns that occur across joints, especially those of the upper body, are the 

most common location for HSc to occur.
15

 In fact, joint motion during healing has been 

suggested as a driving factor of HSc.
154

 Thus, it is important that BSEs placed in the 

wound bed are designed with the necessary mechanical properties to withstand repeated 

expansion and contraction across joints.  

Most scaffolds in use today for burn treatment are biologically based, resulting in 

poor mechanical properties and rapid degradation times in the wound bed. In searching 

for the appropriate material for burn treatment, we looked for a clinically safe, non-

degradable material with favorable elastomeric properties. We selected to study a non-

degradable, biostable polymer. A biostable polymer offers the advantage of constant 

architecture and mechanical properties over time when placed in the wound bed.
155

 

Further, biostable implants have the advantage that they will not release any degradation 

byproducts that may inhibit the healing process or cause local/systemic toxicity. Many 
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biostable implants are used successfully in patients, such as non-degradable sutures 
156

 

and polypropylene mesh (Prolene) for hernia repair.
157

 The polymer we chose is a 

medical grade, ester-free, thermoplastic, polyurethane (Chronoflex AL80A) 

manufactured by AdvanSource Biomaterials. ChronoFlex AL is used in FDA approved 

catheters in thousands of patients annually. PU has been used in man for many years 

without adverse events, will not release toxic acidic degradation products into the wound 

bed, and will not prematurely degrade prior to complete wound healing and remodeling. 

The ChronoFlex family of polycarbonate-based, ester-free, urethanes exhibit minimal 

immune cell attachment, resistance to stress cracking at 500% strain, and optimal 

biostability in vivo compared to other medical grade polyurethane (PU).
155,158,159

 Previous 

work in our laboratory using this material has shown that electrospun PU elicits minimal 

immune response and readily incorporates into host tissue, indicating low risk for an 

adverse inflammatory reaction or infection.
160

 When a non-degradable electrospun 

polymer mesh is embedded beneath Integra in excisional wound models, it is shown to 

intimately associate with new dermal tissue and not compromise neodermis formation.
161

 

Furthermore, biostable materials maintain consistent architecture and mechanical 

properties over time when placed in vivo.  

Our scaffold design is based upon the hypothesis that a randomly-oriented 

elastomeric scaffold persisting throughout the remodeling phase of repair will provide 

structural support to the healing tissue and prevent HSc contraction. This design employs 

three key characteristics: (1) random orientation of fibers to encourage random cell 
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alignment; (2) viscoelastic mechanical properties appropriate for placement beneath skin 

graft; and (3) persistence within the wound bed for the duration of the remodeling phase 

of repair. The objective of this work is to push the boundaries of scaffold longevity and 

explore whether a permanent material would improve our ability to mitigate HSc 

contraction.  

 

2.2 Materials and methods  

2.2.1 Scaffold fabrication 

Scaffolds were electrospun as previously described.
162

 Briefly, ChronoFlex 

AL80A polyurethane (AdvanSource Biomaterials, Wilmington, MA) was dissolved in a 

3:1 mixture of chloroform:ethanol at 11.25% w/v and dispensed at 6 mL/h through a 24 

ga needle with a voltage of 8 kV. Random fibers were collected 13 cm away on a rotating 

(~70 RPM) cylindrical mandrel. Pore sizes were measured along the longest axis of the 

pore.  

2.2.2 Scaffold surface modification 

Samples were cut to their final size prior to treatment with reactive oxygen 

plasma (Emitech K-1050X, Montigny-le-Bretonneu, France) at 100 W for 45 sec and 

subsequent ethanol sterilization for 20 min in 70% ethanol, followed by 3 x 5 min washes 

in sterile water. Sterile scaffolds were collagen coated using EDC/NHS as previously 

described (full coating protocol available in Appendix A).
163

 Bovine type-1 collagen 

(Nutragen, Advanced Biomatrix, San Diego, CA) was covalently coated to PU scaffolds 

(ccPU) a minimum of 24 h prior to implantation and/or analysis. Presence of collagen 
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coating was confirmed via confocal microscopy following immuochemical staining using 

anti-collagen type1 primary antibody (1:200, Abcam, Cambridge, MA) for 2 h at room 

temperature followed by Alexa Fluor 488 secondary antibody (1:200, LifeTechnologies, 

Carlsbad, CA) for 1 h at room temperature. Contact angle analysis of PU, oxygen plasma 

treated PU (OP-PU), and ccPU films was conducted using a goniometer as previously 

described.
164

  

2.2.3 Permeability measurement 

Scaffold hydraulic permeability was conducted according to ASTM F2952 using 

a flowmeter as previously described.
165

 Modifications included a 50 mL horizontal 

pipette, a height of 32 cm, and an inner diameter of 12.7 mm. Circular scaffolds (1.9 cm 

diameter, 110 µm thick) were inserted into the flowmeter. Following 15 mL of 

equilibration with PBS, time was measured at 5 mL intervals for 15 mL total. The Darcy 

coefficient (τ), average pore diameter, and average fiber diameter were calculated as 

previously described.
165

  

2.2.4 In vitro culture and contraction analysis 

Normal human dermal fibroblasts (NHDF, Lonza, Basel Switzerland) were 

cultured in high glucose Dulbecco's Modified Eagle Medium (DMEM) supplemented 

with 10% Premium Select fetal bovine serum (FBS), 25 μg/mL gentamicin, and 1 × 

GlutaMAX, non-essential amino acids, sodium pyruvate, and β-mercaptoethanol 

(LifeTechnologies). NHDF (passage six or less) were seeded on sterile OP-PU or ccPU 

scaffolds (60 µm thick, 8 mm diameter) in a 48-well suspension plate at a density of 
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200,000 cells in 500 µL culture media with 5 ng/mL TGFβ and incubated (37°C, 5% 

CO2) for 1 h in order to allow attachment to the scaffolds. An additional 500 µL media 

was then added to each well. The media was changed on d2.5, and the trial was 

concluded on d5. The same process was used without TGFβ to drop seed PU scaffolds 

for ECM deposition analysis, with analyses on d 0, 4, 7, 10, and 14. Seeded scaffolds 

were fixed in 4% paraformaldehyde for 15 min at 23°C and washed in increasing 

concentrations of ethanol. Scaffolds were then air dried, sputter coated (Denton Vacuum, 

Moorestown, NJ), and viewed under SEM (FEI XL30, SEM-FEG, Hillsboro, OR). 

FPCL were created as previously described.
166,167

 Briefly, bulk FPCLs were 

prepared in triplicate by combining 50 µL of 5x PBS (pH 8.5, 23°C) with 200 µL bovine 

type I collagen (Nutragen, 6 mg/ml, pH 5, 23°C) and a 750 µL suspension of NHDFs in 

culture media with 5ng/mL TGF-β (590,000 cells/mL). FPCLs were cast (250 µL/dish) in 

triplicate in pre-warmed TCPS dishes (35 x 10 mm). TCPS dishes were incubated at 

37°C for 1 h to allow FPCL solidification, followed by the slow addition of 2.5 mL 

media with 5ng/mL TGF-β. For floating FPCL studies, FPCLs were detached from the 

dishes and imaged using a laser scanner at d 0, 1, 3, and 7 following detachment. Scaffold 

and FPCL diameter were quantified with ImageJ (National Institute of Health) as 

compared to a known distance. For fixed FPCL studies, FPCLs were allowed to remain 

attached to the dish throughout the study.  

2.2.5 Staining, imaging, and quantification of in vitro HSc-related outcomes 
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On d 5 after seeding, cells seeded in floating FPCLs and scaffolds were fixed, 

permeabilized, and stained in a blocking solution containing 0.03 g/ml bovine serum 

albumin (BSA), 10% goat serum, and 0.3% Triton X-100 in PBS. Samples were blocked 

for 3 h prior to staining. Primary stain for αSMA (1:100, Abcam) was conducted for 18 h 

at 4°C, followed by incubation with Alexa Fluor 594 anti-mouse secondary antibody 

(1:200, LifeTechnologies) for 4 h at 23°C. Cell nuclei were stained with 4,6-Diamidino-

2-phenylindole (DAPI, 1:5000, LifeTechnologies) and the actin cytoskeleton was stained 

with phalloidin 488 (1:200, LifeTechnologies). Live/dead assay was conducted with 

LifeTechnologies Live/dead viability/cytotoxicity kit for mammalian cells according to 

manufacturer instructions.  

Images for quantification of αSMA presence were acquired under confocal 

microscopy (Zeiss LSM 510, Zeiss Microscopy) using Zeiss 10x and 40x objectives 

(N.A. 0.3, and 0.95, respectively). Three 10x images from each of three replicates were 

collected for each condition, resulting in a minimum of 2000 cells for each condition for 

analysis using ImageJ.  

2.2.6 In vivo HSc contraction studies 

Murine housing and experimental protocols were approved by, and conducted in 

accordance with, guidelines from the Institutional Animal Care and Use Committee of 

Duke University. All murine surgeries were performed as previously described by trained 

surgical fellows.
110

 In brief, female C57BL/6 mice (Jackson Laboratories, Bar Harbor, 

ME), 10-12 weeks-old, were given a third-degree burn on the dorsum.
110

 Three days later 
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burn tissue was excised, and sterile PU or ccPU scaffolds (1.9 cm diameter, 110 μm 

thick) were laid into the wound bed, edges tucked beneath wound margins, and sutured at 

the wound margin with four interrupted mattress stitches of 6-0 silk suture. Split-

thickness murine donor ear skin grafts were prepared, laid over the top of the wound, and 

approximated to each other and the surrounding skin with interrupted stitches as 

previously described.
110

 Control mice received either Integra (silicone membrane 

removed) or no implant prior to skin grafting. The skin grafts were then secured with a 

padded bolster. The bolster was removed on post-operative day three after which no 

further dressings were applied. 

2.2.7 Mechanical testing 

Discarded human scar and unwounded skin samples were obtained under Duke 

Institutional Review Board guidelines (IRB awarded 02/01/2010). Human skin and scar 

tissues were tested as previously described.
110

 Integra was gently scraped from its outer 

silicone layer using a razor blade and forceps. Samples were cut into 1 cm x 5 mm 

rectangles for mechanical analysis. Tissue/scaffold constructs were explanted on post-

operative d 30 from mice treated with skin graft alone and ccPU scaffolds. Collected 

explants were cut into three pieces (Fig. 4).  

Static tensile testing was conducted at 23°C according to ASTM D3822-07 using 

a microstrain analyzer (MSA) (RSA II, TA Instruments, New Castle, DE). Sandpaper 

was attached to the metal grips of the MSA using double sided, water-proof carbon tape 

to prevent sample slippage. Samples were tested until failure at a rate of 0.1 mm/s. 
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Ultimate tensile strength (UTS) and elongation at break (EAB) were obtained directly 

from stress-strain analysis for each sample. Fatigue testing was conducted according to 

ASTM D3479/D3479M-12. PU and ccPU samples were loaded onto the MSA in PBS 

and heated to 37°C in a sample cup. A temperature-controlled oven surrounding the 

sample cup was used to maintain constant temperature during fatigue experiments. An 

initial 10% strain was applied and samples were allowed to equilibrate for 1 h. Samples 

were then subjected to a cyclical 10% strain at 1 Hz over 24 h (15,000 cycles). Storage 

modulus, loss modulus, and tanΔ were obtained. 

 

Figure 4: Diagram of harvesting mouse tissue samples. Samples were harvested as a 

circle around the skin graft scar site. The center piece was cut 3.5mm thick and used for 

MSA analysis, the two outside sections were immediately fixed in 10% formalin and 

prepared for histological analysis. Drawing used with permission of artist Kyle J. Miller. 

2.2.8 Histological staining, imaging, and analysis of in vivo specimens 

In vivo tissue specimens were preserved in 10% formalin and subsequently 

embedded in paraffin wax for histological analysis. Sections were stained with 
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hematoxylin and eosin (H&E). Slides were visualized using a Nikon eclipse E600 

microscope. Sections for immunohistochemical analysis were treated stained as 

previously described anti-F4/80 antibody (1:1500 dilution, eBioscience, San Diego, CA) 

and anti-CD31 antibody (1:50, Abcam).
110

 Quantification of CD31 images was 

performed using five high powered field (HPF) images per section using a 40x objective 

(N.A. = 0.65) across a minimum of five mice per treatment group. Only positively stained 

vessels inside the perimeter of the scaffolds were quantified.  

2.2.9 Statistical analysis 

Unless noted otherwise in figure captions, the following is true of all data 

analyzed. Data were tested for normal distribution using the Shapiro-Wilk normality test. 

In the case of normal distribution, data are presented as mean ± standard error of the 

mean. Two-way ANOVA followed by unpaired t-test was carried out to detect statistical 

significance between groups, with significance considered as p<0.05. Results without 

normal distribution (either due to sample number or result variability) are presented in 

box-and-whisker format where each data point represents the average of three technical 

replicates. Statistical significance was determined via Mann-Whitney test with 

significance considered as p<0.05. Mechanical analysis was conducted on n≥5 samples; 

in vitro samples were analyzed in technical triplicates within at least 3 biological 

replicate experiments; in vivo samples were analyzed with n≥5 mice per treatment group. 

2.3 Results  

2.3.1 Scaffold characteristics 
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Scaffolds were spun to thickness of 60±10 µm for the in vitro studies and 110±10 

µm for the in vivo studies. Scaffolds demonstrated uniform structure and random 

morphology (Fig. 5A). Collagen coating uniformity was confirmed via immunochemical 

staining (Fig. 5B). Contact angle analysis was used to analyze changes in surface 

hydrophilicity. PU films demonstrated significantly reduced contact angle from 92±2.8° 

to 48±2.2° following oxygen plasma treatment, and to 33±2.4° with subsequent collagen 

coating, indicating increases in sample hydrophilicity following surface modification 

(Fig. 5C). Fiber diameter of PU scaffolds (5.2±0.1µm, 4.9±1.4µm) was not significantly 

different from ccPU scaffolds (5.2±0.1µm, 5.2±1.5µm) as measured by scanning electron 

microscope (SEM) and flowmeter, respectively (p=0.79, p=0.52). We chose to 

electrospin scaffolds with 5µm diameter fibers to encourage cellular attachment and 

orchestrate pores large enough for infiltration in vivo.
168

 Pore size is a critical variable in 

the design of electrospun scaffolds: pores which are too small inhibit cell and nutrient 

penetration, whereas pores which are too large do not allow for cell attachment.
169

 

However, the accurate measurement of pore diameters in electrospun scaffolds is a 

documented issue.
61,165

 The flowmeter is thought to obtain measurements an order of 

magnitude smaller than mercury porosimetry and SEM because it is considered an 

“effective measure” of pore size, capturing the presence of “faux pores” and blind 

pouches within the scaffolds.
165

 Pore size obtained by flowmeter (3.7±1.0 µm PU, 

3.7±2.0 µm ccPU) was significantly smaller than that obtained by SEM measurement 

(34±3.6µm PU, 33±3.5µm ccPU) (p=0.002). Pores within this size range are comparable 
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to sizes described in the literature using mercury porosimetry to study a 5µm diameter 

scaffold composed of PCL. 
61,165

 The flowmeter also demonstrated that effective 

permeability (τ) of PU (τ = 13±0.7 µm
2
) and ccPU scaffolds (τ = 14±0.8 µm

2
) was not 

significantly different (p=0.22). Taken together these data demonstrate that covalent 

collagen coating increased scaffold hydrophilicity, but did not significantly modify fiber 

diameter, pore size, or permeability of electrospun scaffolds. 

 

Figure 5: Physical characteristics of PU and ccPU scaffolds. Scanning electron 

micrograph of PU scaffold (A) demonstrates random orientation of electrospun fibers. 

Collagen coating was analyzed using confocal microscopy with anti-collagen antibody 

conjugated to AlexaFluor 488 (B). Contact angle measurements of PU, OP-PU, and ccPU 

films were taken using a goniometer (C); n=3 across three independent experiments. 

Each data point presented in graphical format denotes an experimental replicate gathered 

from the average of four technical replicates, significance was determined using un-

paired Mann-Whitney u-test; *denotes p≤0.03. 

2.3.2 Scaffold and tissue mechanical properties 

In choosing PU to fabricate HSc contraction-inhibiting scaffolds, we considered 

the mechanical properties of human skin and scar tissue as design parameters: while 

uninjured skin is viscoelastic in nature, scar tissue is stiff and inelastic.
153
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Figure 6: Mechanical analysis of scaffolds and tissue samples via MSA. Stress-strain 

analysis was conducted on n≥5 samples per group, representative curves are shown (A). 

Elastic modulus was derived from the slope of the initial linear region of the curve 

(within 200% strain) (B); UTS (C), and EAB (D) were quantified at break. Data are 

presented in min-to-max box and whisker format, significance was determined using 

ANOVA followed by Mann-Whitney test, *denotes p≤0.05. Detailed p values can be 

found in table 1. Fatigue testing on PU (E) and ccPU (F) scaffolds was carried out via 

dynamic time sweep at 1Hz for 24 hours on the MSA, n≥3, all data points shown. Storage 
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modulus (black), loss modulus (light gray), and tan Δ (dark gray) are all preserved over 

15000 cycles in PU and ccPU samples. 

The mechanical properties of PU and ccPU scaffolds were analyzed using MSA 

and compared to those of human skin, human scar, and Integra (Fig.6A, detailed 

statistical analysis can be found in Table 1). The elastic modulus of PU scaffolds 

(2.4±0.13 kPa), Integra (6.5±0.91 kPa), and ccPU scaffolds (8.3±0.67 kPa) were 

significantly lower than human skin (17±1.6 kPa), and human scar (63±14 kPa) (Fig. 

6B). Elastic moduli in this range suggest that these materials will not inhibit patient 

motion if placed across a joint. Unlike Integra (0.26±0.023 MPa), the ultimate tensile 

strengths of PU (2.2±0.11 MPa) and ccPU (4.8±1.9 MPa) were greater than or equal to 

that of human skin (2.6±0.40 MPa) and scar tissue (2.7±0.50 MPa), suggesting that these 

materials will not fail due to tensile stress placed upon the skin (Fig. 6C). During normal 

joint motion, skin may be strained up to 100%.
170

 The elongation at break of Integra 

(75±4.4%) was significantly lower than human skin (200±15.6%), and human scar 

(144±16.2%). Conversely, PU and ccPU scaffolds displayed elongation at break values of 

660±92% and 1300±130%, respectively (Fig. 6D). While strains of this magnitude are 

not likely to be experienced in the body, it is critical that implants designed for 

implantation beneath skin graft are capable of withstanding physiologically relevant 

strains. Scaffold elasticity is similarly important in designing implants for placement 

across joints, thus tensile fatigue testing was carried out on PU and ccPU scaffolds. Both 

PU and ccPU demonstrated negligible changes in storage modulus, loss modulus, and 

tanΔ values over 15,000 cycles at 1Hz, suggesting that these materials can withstand the 
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repetitive extension and relaxation of joint movement (Fig. 6E,F). Taken together, these 

data suggest that PU and ccPU scaffolds are mechanically more appropriate than Integra 

to withstand the physiological strains placed on skin grafts. 

2.3.3 In vitro NHDF response to scaffolds 

In vitro HSc-related outcomes were compared between PU scaffolds, ccPU 

scaffolds, and FPCLs. The FPCL is the gold-standard assay for studying how 

myofibroblast contractility affects wound and scar contraction. Myofibroblast behavior 

observed in FPCLs closely mimics in vivo observations in healing HSc including 

myofibroblast formation and collagen production.
96,98,99

 FPCLs can be used to model 

initial wound bed contraction (floating matrices) or HSc contraction (fixed matrices).
100

 

In this work, fibroblasts were seeded in FPCLs as in vitro models of fibroblast-driven 

matrix contraction and myofibroblast formation in untreated wounds. NHDF were seeded 

in FPCLs, PU, or ccPU scaffolds and assayed for HSc related outcomes. NHDF remained 

viable in PU (94±3.7%) and ccPU scaffolds (94±2.2%) at d 5 in vitro (Fig. 7A). NHDF 

seeded in floating PU scaffolds contracted their matrix significantly less over seven days 

(96±1.2% total area) than cells in floating FPCLs (22±5.2% total area) (Fig. 7B). 

Immunocytochemistry demonstrated that significantly less αSMA was present in stress 

fibers of cells seeded in PU scaffolds (26±10%) and ccPU scaffolds (20±6.1%) as 

compared to those seeded in FPCLs (normalized to 100%), suggesting reduced 

myofibroblast activity or conversion (Fig. 7C).  
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Figure 7: In vitro analysis of scaffold impact on HSc-related outcomes. Live/dead 

analysis of cells in PU and ccPU scaffolds indicated high cell viability (A). NHDF-

seeded floating FPCLs rapidly contracted whereas PU scaffolds maintained their original 

size over 7 d (p=0.0001 d 1, 3, 7) (B). Fixed FPCLs demonstrated significantly greater 

αSMA incorporation into stress fibers when compared with PU and ccPU scaffolds 

(p=0.018, p=0.005) (C). Confocal microscopy was used to image FPCL (D), PU scaffolds 

(e), and ccPU scaffolds (f) on d 5 after seeding. Red stained stress fibers represent 

αSMA, green staining represents actin filaments, and blue staining indicates cell nuclei. 

SEM photomicrographs demonstrate ECM production by NHDFs seeded PU scaffolds at 

d 7 (G), d 10 (H), and d 14 (I). Cell culture experiments were carried out in triplicate with 

a minimum of three distinct experiments. Data presented as mean ± SEM, significance 

determined via ANOVA followed by unpaired t-test with Welch’s correction; *p≤0.05. 
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A decrease in αSMA expression does not necessarily relate to a decrease in 

myofibroblast number, but could also represent the use of an alternative contractile 

apparatus, or decreased activity within the myofibroblast population.
171

NHDFs attached 

to PU scaffolds and deposited ECM over the course of 14 days in vitro (Fig. 7G-I). In 

future studies it would be interesting to study whether the structure and production of 

ECM by cells cultured in PU and ccPU scaffolds differed from that produced in FPCLs. 

Confocal z-stack imaging demonstrated that NHDF infiltrated through the depth of 

electrospun scaffolds in vitro (Fig. 8). Taken together, these data suggest that PU 

scaffolds mitigate the αSMA
+
 myofibroblast conversion and scaffold contraction 

associated with HSc as compared to an untreated wound model. 

 

Figure 8: Z-stack images of in vitro NHDF infiltration into electrospun scaffolds. 

Immunocytochemical staining of NHDF at d5 in ccPU (A) and PU scaffolds (B) 

demonstrates cellular infiltration througout the depth of the scaffold. Blue = DAPI 

staining of nuclei, Green = phalloidin staining of actin stress fibers, red = αSMA. Images 

at 40x magnification. Phantom black lines indicate presence of electrospun fibers. 

2.3.4 In vivo response and mechanical properties 
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HSc contraction in wounds treated with skin graft alone, Integra, PU scaffold, or 

ccPU scaffold was studied over 30 days in vivo (Fig. 9). The temporal change in wound 

size was quantified, where 100% is the initial size of the wound and 0% represents a fully 

contracted wound (Fig. 10, detailed statistical analysis can be found in Table 1). Mice 

treated with skin graft alone demonstrated wound contraction of 45±2.0% while Integra 

treated wounds contracted to 28±1.5% at d 30. At d 21, PU scaffold-treated skin grafts 

retained 75±3.8% of their original size, but partial scaffold extrusion and skin graft death 

were noted. At d 30, the PU treated wounds had contracted to 53±8.0% of original size, 

large areas of scaffold had extruded, and partial-full skin graft necrosis was noted. 

Additional studies were carried out on PU with excision at d7 and d14 to explore the 

mechanism behind skin graft necrosis and scaffold extrusion at the later time points. 

ccPU scaffolds demonstrated improved tissue interaction. While several ccPU treated 

mice demonstrated small areas of scaffold extrusion at wound edges (Fig. 12A), the 

majority of mice healed with healthy skin grafts (Fig. 9). ccPU treated mice displayed 

significantly less contraction (70±4.4%) than all other treatment groups at d 30.  

The enhanced biocompatibility of ccPU scaffolds is likely a result of improved 

scaffold interactions with resident cell types.
172

 Following PU scaffold extrusion, rapid 

wound contraction occurred suggesting that PU scaffolds could have been acting as an 

internal splint.
173

 If this is indeed the case, Integra could be providing a similar splinting 

effect to the wound prior to its degradation.
174
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Figure 9: HSc contraction wound images. Representative wound images of mice treated 

with skin graft alone (control), Integra, PU, and ccPU scaffolds.  

Scaffold/tissue explants were harvested on d 30 and subjected to static tensile testing 

until failure. d 30 ccPU explants possessed an elastic modulus (2.9±0.80 kPa) 

significantly lower than ccPU scaffolds prior to implantation (8.3±0.67 kPa), uninjured 
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murine skin (36±3.3 kPa), and d 30 contracted murine scar explants (80±17 kPa) (Fig. 

11, detailed statistical analysis can be found in Table 1). 

 

 

Figure 10: HSc contraction curve. Skin graft area was measured via computer planimetry 

and graphed as mean ± SEM with n = 6 mice per treatment group; normalcy was 

determined using Shapiro-Wilk test and significance was evaluated using two-way 

ANOVA followed by unpaired t-test with Welch’s correction. Scaffold extrusion 

followed by rapid wound contraction occurred in PU scaffold-treated mice beginning 

around d 21 (black arrow). Detailed p values can be found in table 1. 

While uninjured skin is viscoelastic in nature, scar tissue is stiff and inelastic. 

There are five clinical classifications of HSc in which scars are distinguished based on 

color, elevation, and stiffness. A reduction in HSc phenotype is accompanied by reduced 
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scar stiffness: a grade 5 HSc has been shown to be up to seven times stiffer than normal 

skin tissue, while a grade 1 HSc is not significantly stiffer than normal skin.
175

 Taken 

together, these data suggest the presence of a reduction in scar stiffening and improved 

healing phenotype in ccPU treated mice. 

 

Figure 11:Tensile elastic moduli of wound explants. Static tensile testing was carried out 

on uninjured mouse skin, mouse scar tissue taken from wounds of skin graft treated mice, 

and mouse scar tissue taken from ccPU scaffold-treated wounds. Elastic moduli were 

gleaned and compared to the elastic modulus of ccPU scaffolds prior to implantation (c). 

Data are presented in min-to-max box and whisker format and significance was 

determined using Mann-Whitney test; *denotes p≤0.05. Detailed p values can be found in 

table 1. 

2.3.5 Histological analysis  

In order to investigate the cause of extrusion and skin graft death in PU scaffold-

treated mice, histology was conducted before (d 7, d 14) and after (d 30) skin graft death. 
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H&E staining  (Fig. 13A-C) demonstrated that cellular infiltration into PU scaffolds 

increased between d 7, 14, and 30 in mice with necrosing grafts (qualitative observation). 

Multinucleated giant cells were present in PU scaffolds at both time points; presence of 

macrophage was confirmed via the pan macrophage stain, F4/80 (Fig. 13A-C). F4/80 

quantification at d14 and d30 demonstrated a negligible difference in inflammatory 

reaction to PU scaffolds (25±3.5/HPF at d 14, 5.7±1.2/HPF at d 30) as compared to 

Integra (22±5.4/HPF at d 14, 5.4±0.20/HPF at d 30), and an overall significant drop in 

macrophage presence at d 30 as compared to d 14 (Fig. 13A-E). A similar trend was 

present upon quantification of CD31+ vessels (Fig.13A-E): significantly more CD31+ 

vessels were present in PU (6.4±0.54/HPF) and Integra treated wounds (12±0.87/HPF) at 

d 14 than were found at d 30 in wounds treated with PU scaffolds (3.2±0.20/HPF) and 

Integra (6.5± 0.90/HPF). Gross observation of ccPU scaffold-treated wounds 

demonstrated improved bio-incorporation as compared to PU scaffolds (Fig. 13A). 

Histological analysis confirmed that cellular infiltration was qualitatively higher in ccPU 

scaffolds than in uncoated PU scaffolds at d30 (Fig. 13C,F). 

All ccPU scaffolds demonstrated some degree of buckling beneath skin grafts (Fig. 12B), 

in these areas an aggravated acute inflammatory response could be observed. In the case 

of small areas of scaffold extrusion, clusters of αSMA positive cells could be discerned 

outside the scaffold perimeter directly surrounding extrusion points (Fig. 12C). Within 

the scaffold and in areas free of extrusion, αSMA positive cells were not present (data not 

shown). In areas free of bunching or extrusion, the acute inflammatory response was 
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decreased and marked by the presence of multinucleated giant cells and neutrophils 

present along the periphery of the scaffold (Fig. 13F), confirmed by F4/80 and H&E 

staining. The number of CD31+ vessels per HPF in ccPU scaffolds at d 30 (4.7±0.20) 

was significantly higher than d 30 PU scaffolds (3.2±0.29) and significantly lower than d 

30 Integra (6.5±0.90) (Fig. 13C,D,F). 

 

Figure 12 In vivo ccPU scaffold performance. Small areas of extrusion ( ) could be seen 

in several ccPU scaffold-treated mice at d 30, often at wound boundaries (A). Extrusion 

(when present) occurred at small points along the periphery where the scaffold edges had 

buckled and could be visualized in H&E images (B, with buckling denoted as b). αSMA
+ 

myofibroblasts (red) were present in the local tissue surrounding the scaffold in several of 

the areas where extrusion occurred (C); however, αSMA
+
 myofibroblasts were never 

observed within scaffold boundaries. 
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Figure 13: Histological analysis of murine wounds treated with Integra, PU, or ccPU. All 

wounds were stained using H&E (top row), F4/80 pan macrophage marker (middle row), 

and CD31 (bottom row). PU and ccPU scaffolds are visible as open white space in 

histological images and are outlined with dotted black line for ease of visualization. 

Black arrow heads ( ) denote CD31+ vessels, white arrows ( ) denote F4/80 positive 

macrophage and giant cells. A thick fibrotic capsule (denoted as c) could be seen 

surrounding PU implants on d 7 (A). Few CD31+ vessels were present surrounding or 

inside scaffolds. F4/80 staining revealed giant cells surrounding and entering PU 

scaffolds. D 14 PU scaffolds (B) demonstrated a thin fibrous capsule surrounding the 

implant. CD31+ vessel and macrophage infiltration into d 14 PU scaffolds were 

negligible; however, vessel and macrophage were present in surrounding tissue and at 

tissue-scaffold interface (B). D 30 PU scaffolds (C) possessed diminished fibrotic 

capsule, similar macrophage recruitment, increased cellular infiltration (H&E), and 

increased CD31+ vessel infiltration as compared to d 14 PU. Integra was not visible 

within d 14 or d 30 histological sections; however, CD31+ vessels and F4/80+ giant cells 

were visible within the Integra-treated granulation tissue (D,E). As compared to PU 

scaffolds, d 30 ccPU scaffolds demonstrated increased cellular infiltration including 

increase in CD31+ vessels and F4/80+ giant cells within scaffolds (F). Scale bar is set to 

20 µm.
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Table 1: p values for all statistical analyses performed on large groups. First column of 

the table delineates which figure the groups correspond to. All details on which tests were 

used can be found in figure captions. 

Fig. 6B: 

Elastic 

modulus 

Sample 
Human 

skin 
PU ccPU Integra 

Human scar 0.0001 0.0002 0.0029 0.0001 

Human skin   0.0001 0.015 0.0001 

PU     0.035 0.0025 

ccPU       0.383 

Fig. 6C: 

Ultimate 

tensile 

strength 

Sample 
Human 

skin 
PU ccPU Integra 

Human scar 0.7968 0.9999 0.022 0.0001 

Human skin   0.8947 0.0054 0.0001 

PU     0.0238 0.0012 

ccPU       0.0167 

Fig. 6D: 

Elongation 

at break 

Sample 
Human 

skin 
PU ccPU Integra 

Human scar 0.0337 0.0002 0.0055 0.0004 

Human skin   0.0001 0.0008 0.0001 

PU     0.0238 0.0012 

ccPU       0.0167 

Fig. 10:  

d 30 wound 

contraction 

Sample Integra PU ccPU   

Skin Graft Alone 0.0001 0.4271 0.0005   

Integra   0.0299 0.0001   

PU     0.1039   

Fig. 11: 

d 30 Elastic 

modulus 

Sample 
Mouse 

skin 
ccPU 

d 30 ccPU 

explant 

Mouse scar (control 

wound) 
0.0203 0.0025 0.0001 

Mouse Skin   0.0013 0.0001 

ccPU     0.0238 

2.4 Discussion  

In this aim we demonstrate that randomly electrospun, elastomeric PU and ccPU 

scaffolds possess appropriate mechanical properties for placement beneath skin graft and 
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decrease HSc-related outcomes in vitro. Further, we show for the first time that a 

biostable, elastomeric electrospun microfibrous scaffold decreases HSc contraction and 

scar stiffening in a clinically relevant murine model.  

The majority of commercial BSEs developed for wound healing focus on 

promoting healing and preventing chronic wound states; however, in severely burned 

patients treated with skin grafts, the concern for HSc contraction is paramount. HSc 

contraction is an incremental process that gradually occurs over 6-18 months and leads to 

stiff, shrunken scars. Due to the extended timeline associated with development of HSc 

contraction, we hypothesized that a permanent BSE capable of persisting throughout the 

remodeling phase of repair would be best suited to combat disease progression. While 

traditionally employed natural polymers, such as collagen, are attractive for use as BSEs 

due to their inherent biocompatibility, their degradation rates are difficult to optimize in 

practice. 
176

 Synthetic polymers offer well-defined degradation rates and mechanical 

properties. The biostable PU used in this work possesses excellent resistance to 

degradation in vivo, even when subjected to 500% strain.
155

 These properties allow it to 

persist throughout the remodeling phase of repair while maintaining the elasticity 

necessary for placement across a patient’s joint.
155,158

  

Mechanical load can be transmitted to wounds on the macro-scale via joint 

motion, or on the cellular level via the ECM. Application of mechanical load on both of 

these levels has been shown to instigate formation of an HSc-like phenotype in vitro and 

in vivo.
89,99

 An intricate force transmission relationship, termed mechanotransduction, 
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exists between the ECM, the cytoskeleton, and the cell nucleus.
177

 Mechanical forces and 

topographical cues from the ECM are thus passed to cells and dictate their behavior.
178

 In 

the ECM of unwounded skin, collagen fibers are arranged in a random “basketweave” 

orientation; however, in contracted scar tissue, collagen fibers align linearly along lines 

of tension.
179,180

 Coinciding with the alignment of the ECM, myofibroblasts align, join 

stress fibers via adherens junctions, and multiply their contractile forces along the axis of 

cell alignment.
119

 Myofibroblast alignment results in a feed-forward loop that promotes 

fibroblast-to-myofibroblast transition and scar contraction.
119

 When the structure of the 

ECM is lost due to injury, fibroblasts experience a dramatically different mechanical 

environment, resulting in increased ECM synthesis and remodeling.
99,181,182

 Beyond 

passively encouraging random cell alignment, we hypothesized that randomly-oriented 

electrospun fibers may provide “stress shielding” to resident fibroblasts similar to the 

protective environment provided by uninjured ECM. If randomly oriented PU scaffolds 

indeed provide stress shielding, it could lead to a decrease in the transmission of 

mechanical cues between cells that encourage myofibroblast differentiation.
99

 Further 

studies are warranted to explore the mechanism behind how these scaffolds are impacting 

cellular responses in vitro and in vivo.   

To study the in vivo applicability of our scaffolds in mitigating HSc contraction, 

we utilized a recently developed murine model of HSc contraction.
110

 While swine 

arguably represent the best model for human wound healing, with 78% agreement 

between human and porcine wound healing, swine are expensive to purchase and 
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maintain.
109

 This murine model allows for introductory studies of HSc contraction in a 

system which replicates conditions and methods used for burn treatment in humans. This 

model provides the benefit of an expedited form of scar contraction, occurring over two 

to three weeks in the rodents before stabilizing, as compared to six months to two years 

in humans. By d 30 in this murine model, skin grafts have stabilized and the primary 

contraction of the graft has completed, corresponding in the overall absence of αSMA 

positive myofibroblasts from the wound area (unpublished data). However, the absence 

of myofibroblasts does not dictate the cessation of HSc or graft contraction.
183

 Recent 

studies have shown that αSMA-deficient myofibroblasts are capable of producing 

contractile forces through other contractile proteins, and that αSMA is not required for 

myofibroblast formation and function, or wound closure in vivo.
171,183

 

HSc is a complex disease where the proliferative and contractile components may 

be observed independent of one another or together in the same scar, and it should be 

noted that our animal model focuses on the contractile component of the disease. 

Observations from human HSc specimens suggest that a robust inflammatory response 

may underlie the excessive fibrosis characteristic of proliferative HSc.
93,184

 Therefore, it 

is possible that the chronic inflammation typically associated with biostable implants 

could result in an increase in the proliferative component of HSc. In this case, 

pharmacological modulation inflammatory cytokines could be explored to improve 

wound healing and scar quality.
185

 Electrospun PU scaffolds have been used as a platform 

for drug delivery in our laboratory the past, and delivery of anti-inflammatory 
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compounds via ccPU scaffolds may be a future route for mitigation of both the contractile 

and proliferative components of HSc.
186,187

  

In this aim, we designed a biostable ccPU scaffold to study the effect of random 

microfibrous architecture on HSc contraction without introducing extraneous variables 

associated with scaffold degradation. Our data demonstrate a significant decrease in 

murine HSc contraction and stiffening following treatment with our permeant ccPU 

scaffold; however, biointegration with the ccPU material is sub-optimal. Histological 

analysis of infrequent areas of ccPU scaffold bunching or extrusion beneath skin grafts 

demonstrated punctate areas of inflammation and myofibroblast activation surrounding 

the scaffold area. 

As we continue to learn about the progression of HSc and work to develop 

treatments to mitigate its occurrence, it is wise to consider similar clinical indications 

from which we can draw upon retrospective studies of patient outcomes to aid in our 

design. Clinically, burn wounds experience a high degree of infection and bacterial 

burden.
188

 Similar to patients experiencing bowel perforations along with hernia 

placement, these infections result in the creation of a “contaminated field” prior to 

scaffold or mesh implantation. Therefore, application of a permanent hernia mesh to a 

contaminated field can be considered similar to the application of a permanent scaffold to 

an infected burn wound. Hernia wounds treated with slowly degrading meshes have 

shown significantly decreased rates of recurrence, pain, and infection as compared to 

those treated with permanent meshes.
189

 Based on the similarity of the bio-burden present 
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in contaminated hernia mesh placement and large area burns, clinical experience suggests 

a similar relationship may develop in the use of permanent materials for treatment of burn 

wounds as is present in the treatment of hernias. Combining clinical experiences in hernia 

mesh use with the data we have gathered studying non-degradable scaffolds for treatment 

of murine HSc contraction, we advocate for the exploration of slowly degrading scaffolds 

for prevention of HSc.  

 

2.5 Conclusions 

Electrospun scaffolds have previously been studied to combat scarring and HSc; 

however, to our knowledge none of the materials used have been biostable, synthetic 

elastomers.
186,190,191

 A biostable scaffold, such as PU, provides the opportunity to 

examine cell-scaffold interactions without introduction of acidic degradation products, 

loss of mechanical properties, or loss of scaffold architecture over time. However, 

permanent dermal implants often encounter issues with infection or extrusion; therefore, 

the permanent nature of this material restricts its clinical translation. Considering this 

biostable PU as a model system, our results suggest the need to reach a balance between 

scaffold longevity and tissue regeneration when designing implants as targeted BSEs for 

the prevention of HSc contraction.  
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3. SPECIFIC AIM 2: Evaluate the in vitro efficacy and long-

term in vivo impact of bio-degradable, elastomeric, electrospun 

scaffolds for use in mitigating HSc contraction. 

3.1 Introduction 

HSc develops during the first 4-8 weeks following injury and continues to mature 

and contract throughout the remodeling phase of repair for as long as six months post 

trauma; however, commercially available collagen-based scaffolds degrade and are 

remodeled in the wound bed within 1-4 weeks.
192

 Previous work studying collagen-based 

scaffolds for dermal regeneration has shown that prolonging the half-life of the material 

in the wound bed has a profound impact on minimizing wound contraction; however, the 

longest scaffold half-life tested in these studies was 2-4 weeks.
75

 Conversely, we recently 

demonstrated that a biostable, elastomeric, synthetic scaffold is capable of mitigating 

HSc in vivo; however, bio-integration was suboptimal.
193

 The data from our previous 

study aligns with those of other investigators supporting the existence of an intricate 

balance between scaffold longevity and wound remodeling.
194-197

 We hypothesize that 

this balance should be found such that the scaffold persists in the wound bed throughout 

the remodeling phase of repair when HSc occurs. The goal of this aim is to expand upon 

our scaffold design in aim one by studying a slowly-degrading elastomeric scaffold with 

identical architectural design.  

In searching for a suitable synthetic elastomer for this application, we looked for 

favorable characteristics of mechanical strength, elasticity, and biodegradability. We 
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selected the copolymer poly(l-lactide-co-ε-caprolactone)s (PLCL), synthesized from a 

50:50 ratio of PLA and PCL.
198-202

 The FDA-approved polymers PLA and PCL have 

been extensively studied for tissue engineering applications.
203

 Although neither PLA nor 

PCL is elastomeric, PLCL displays elastomeric characteristics due to the phase separation 

of the crystalline PLA and the amorphous PCL segments, creating hard and soft domains 

somewhat akin to that observed in elastomeric polyurethanes.
198-200

 In comparison to 

biologic biomaterials, synthetic biomaterials have advantages in that they possess tunable 

mechanical properties and biodegradation rates. Synthetic materials have additional 

advantages over biologics with respect to ease of handling, long shelf-life, and low cost.  

We electrospun microfibrous PLCL scaffolds with identical architectural design 

to the PU scaffolds employed in Aim 1. Structural and mechanical properties of PLCL 

scaffolds were similar to PU scaffolds. In vitro, NHDF seeded on the PLCL scaffolds 

remained viable and expressed significantly less αSMA as compared to NHDF seeded in 

collagen gels. PLCL scaffold with collagen coating significantly decreased HSc 

contraction out to d56 in our murine HSc model as compared to standard-of-care Integra, 

or skin graft alone. Together our in vitro and in vivo data suggest that slowly degrading 

electrospun scaffolds prevent myofibroblast activation associated with HSc, and provide 

the necessary longevity to prevent HSc contraction in vivo. 

3.2 Materials and Methods  

3.2.1 Synthesis of PLCL 
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PLCL (50%  LA, 50%  CL) was synthesized by collaborators at the Korean 

Institute of Science and Technology as described elsewhere.
198

 Briefly, l-lactide (100 

mmol; Purac; Lincolnshire, IL, USA) and ε-caprolactone (100 mmol; Sigma; St. Louis, 

MO, USA) were polymerized at 150°C for 24h in the presence of stannous octoate (1 

mmol, Sigma) as a catalyst. After being dissolved in chloroform, the polymer was 

precipitated in methanol, then dried under a vacuum for 72 h and stored in vacuum pack 

at -20°C. 

3.2.2 Fabrication & analysis of electrospun PLCL  

PLCL scaffolds were fabricated using continuous single fiber electrospinning to 

deposit a 3D matrix of fibers on a rotating grounded mandrel using a custom spinning 

apparatus. PLCL was dissolved 14% (w/w) overnight in dichloromethane. Random fibers 

were spun at a flow rate of 3ml/h with a voltage of 8kV at a distance of 13cm from the 

mandrel, which was rotating at ~70 RPM. Ambient temperature was 22°C with 43% 

humidity. Following spinning, fibers were removed from the mandrel and residual 

solvent was removed by air drying for 72 h. Fiber characteristics and scaffold thickness 

were analyzed using scanning electron microscopy (FEI XL30 SEM-FEG, Hillsboro, OR, 

USA). 

3.2.3 Oxygen plasma treatment & collagen coating methods 

Samples were placed inside of a plasma asher (Emitech K-1050X, Montigny-le-

Bretonneu, France) and treated with reactive oxygen plasma for 45 sec at 100 W to 

improve hydrophilicity prior to cell culture and prepare for covalent collagen coating. 
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Following treatment, samples were immediately immersed in sterile water and 

subsequently sterilized in 70% ethanol for 20 min. Samples were rinsed thoroughly with 

water following sterilization. Covalent collagen coating was performed by EDC/NHS 

chemistry as previously described.
163

 This well-characterized method is biocompatible, 

non-cytotoxic, and does not include a linker-arm. Carbiodiamide is not incorporated into 

the covalent-linkage, allowing the collagen to directly coat scaffold. This method does 

not modify scaffold morphology and generates a uniform collagen coating covering 

fibers throughout the depth of the scaffold. Scaffolds in collagen coated PLCL (ccPLCL) 

groups were covalently coated with bovine type-1 collagen (Nutragen, Advanced 

Biomatrix, San Diego, CA, USA) prior to in vivo implantation. Contact angle analysis 

before oxygen plasma treatment (PLCL), after oxygen plasma treatment (OP-PLCL), and 

after collagen coating treatment (ccPLCL) was carried out on films using a goniometer as 

previously described.
193

 

3.2.4 Permeability measurement  

In order to examine the impact of collagen coating on scaffold permeability, 

effective hydraulic permeability of PLCL and ccPLCL scaffolds was measured according 

to ASTM protocol F2952 using a custom-built flowmeter as previously described.
193,204

 

In brief, a “scaffold sandwich” was constructed between two silicone gaskets using a 100 

µm scaffold and a fine stainless steel mesh. The “sandwich” was placed between mount 

pieces and a watertight seal was formed by applying light pressure using a threaded screw 

housing unit. A 50 mL pipette was suspended horizontally 32 cm above the flow chamber 
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and connected to the specimen mount using tubing. PBS fluid flow was equilibrated for 

15 min before timing, and was measured at 1mL intervals for the first 5 mL, then 5 mL 

intervals for the next 10 mL in order to ensure consistent flow. The total duration of flow 

(15 mL) was measured and used to obtain the Darcy coefficient, τ, and average pore 

diameters as previously described.
204

   

3.2.5 Static tensile testing of electrospun scaffolds as compared to skin and scar 

tissues 

Static tensile testing was carried out as described in ASTM D3822-07.
193

 PLCL, 

ccPLCL, and tissue samples were cut to 5 cm x 5 mm strips using a scalpel and surgical 

scissors and loaded with a 5 mm gap between clamps. Samples were analyzed on a 

microstrain analyzer (RSA II, TA Instruments, New Castle, DE, USA) at a rate of 0.1 

mm/s at room temperature (23°C) until failure. The initial elastic modulus (within the 

first 0-200% strain) was analyzed for each sample. The lower elastic modulus was 

selected for analysis because this strain range best mimics strains that are experienced in 

the body. Ultimate tensile strength and elongation at break were taken from the data set 

of each sample and compared to values collected in Aim 1 for human and murine skin 

and scar tissues. 

3.2.6 Fatigue testing of PLCL and ccPLCL scaffolds 

Fatigue properties of scaffolds were measured to determine whether the samples 

would be able to withstand continuous cyclic loading, such as that encountered across 

joints in the body. PLCL and ccPLCL samples were loaded on the MSA and immersed in 

37°C PBS using a heated sample cup. Samples were allowed to equilibrate for 1 h, then 
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extended to 10% strain, and oscillated over 10% strain at 1 Hz for 24 h according to 

ASTM protocol D3479/D3479M-12.   

3.2.7 Cell culture 

NHDF (Lonza, Basel, Switzerland) were cultured in high glucose Dulbecco’s 

Modified Eagle’s Medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% 

Premium Select FBS (Atlanta Biologicals, Lawrenceville, GA, USA), 25 μg/mL 

gentamicin (Invitrogen), and 1 × GlutaMAX, non-essential amino acids, sodium 

pyruvate, and β-mercaptoethanol (Invitrogen), at 37°C and 5% CO2. NHDFs were 

passaged a maximum of six times prior to experimentation.  

3.2.8 Contraction studies 

Media was prepared fresh on d 1 (10% FBS + 5ng/mL TGFβ), fresh media was 

added at d2.5, and the trial was stopped at d 5 for analysis. Following sterilization, PLCL 

and ccPLCL scaffolds (8 mm round, 60 µm thick) were washed with PBS and left in 10% 

FBS media for 24 h prior to cell culture studies. Prior to seeding, scaffolds were rinsed 

thoroughly with PBS, placed in a 48-well suspension plate, and seeded with 200,000 cells 

in 500 µL media. Cells were allowed to attach for 1 h before addition of 500 µL media.  

FPCLs were constructed as previously described.
166,167,193

 In brief, FPCLs were 

prepared in triplicate by combining the following materials in the corresponding order: 50 

µL of 5xPBS (pH 8.5, 23°C) was combined with 200 µL bovine type I collagen (6mg/ml, 

pH 5, 23°C) (Nutragen, Advanced Biomatrix, San Diego, CA, USA), and 750 µL cell 

suspension (590,000 cells/mL). FPCLs were cast in small, pre-warmed, triplicate 35mm x 
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10mm tissue culture polystyrene dishes (250 µL/dish). Dishes were placed in a 37°C cell 

culture incubator for one hour to allow FPCLs to solidify before slowly adding 2.5mL 

media. FPCLs were allowed to remain attached to the cell culture dish throughout the 

study.
100

  

3.2.9 Viability analysis 

Cellular viability analysis was performed using LifeTechnologies Live/Dead 

Viability/Cytotoxicity Kit for Mammalian Cells (Invitrogen). Live/dead staining on d 5 

NHDF-seeded PLCL and ccPLCL scaffolds was conducted according to manufacturer 

instructions. D 5 scaffolds were mounted and imaged on an inverted fluorescent 

microscope (Eclipse TE2000-U, Nikon, Tokyo, Japan) within three hours. Images were 

analyzed by counting labeled cells using Image J software (NIH).   

3.2.10 Immunocytochemistry  

Cells were fixed with 4% paraformaldehyde in PBS for 15 min at room 

temperature, permeabilized, and stained in a blocking solution containing the antibodies, 

0.03 g/ml BSA (Sigma), 10% goat serum (Sigma), and 0.3% Triton X-100 (Sigma) in 

PBS. Samples were blocked for 3h prior to staining. Primary stain for αSMA (1:100, 

Abcam, Cambridge, MA, USA) was conducted for 18 h at 4°C, the samples were then 

washed before incubation with Alexa Fluor 594 anti-mouse secondary antibody (1:200, 

Invitrogen) for 4 h at room temperature. Cell nuclei were stained with DAPI (1:5000, 

Invitrogen) and the actin cytoskeleton was stained with phalloidin 488 (1:200, 
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Invitrogen). The samples were then mounted in Fluoro-Gel (Electron Microscopy 

Sciences, Hatfield, PA, USA) for fluorescent imaging. 

Images for analysis of αSMA presence in immunocytochemistry were acquired 

using an inverted confocal microscope (Zeiss LSM 510, Oberkochen, Germany) using a 

10x objective (N.A. = 0.3). Three images from each of three replicates were collected for 

each condition, resulting in a minimum of 2000 cells for each condition for analysis using 

Image J software. Nuclei quantification and area of αSMA positive stress fibers were 

analyzed using a size exclusion to disregard non-cell debris and αSMA localized to the 

cytosol or focal adhesions. Quantification of αSMA positive stress fibers was achieved by 

dividing the area of αSMA by the number of nuclei present in the image and normalizing 

to staining in FPCLs as 100.   

3.2.11 Surgical Methods  

Female C57BL/6 mice, 10-12 weeks-old, weighing 18 to 23 g (Jackson 

Laboratories, Bar Harbor, ME), were used as wild type mice throughout the study. 

Female mice were selected to reduce the risk of aggression-related injury when 

transferred to group housing; only one sex was used in order to reduce secondary 

variables related to hormonal differences between male and female mice. Mice were 

housed under protocols approved by the Institutional Animal Care and Use Committee of 

Duke University. Surgical methods were performed as described in Aim 1.
110

 Treatment 

groups included: (1) skin graft without placement of scaffold material, (2) skin graft over 

Integra, (3) skin graft over PLCL, (4) skin graft over ccPLCL. Scaffolds 110 μm in 



 

66 

 

thickness +/- collagen coating were cut into circles using a 1.2 cm diameter arch steel 

hole punch (VWR International, Radnor, PA) prior to sterilization.   

3.2.12 Analysis of electrospun scaffold mechanical properties and degradation in 

vivo 

The mice were euthanized and tissue was collected on post-operative d 30 or d 56. 

The collected tissues from d 30 and d 56 mice treated with ccPLCL, Integra, or skin graft 

alone (scar tissue) were cut into three pieces (Fig. 18A). The two peripheral tissue 

specimens were preserved in 10% formalin and embedded in paraffin wax for 

histological analyses. The center piece was immediately taken to MSA for static tensile 

testing. Tissue explants were kept moist between collection and mechanical testing, and 

analyzed within 2 h of collection.   

PLCL was extracted from d 30 and d 56 excised tissue samples by incubation 

with chloroform overnight and tested using nuclear magnetic resonance (NMR) and gas 

permeation chromatography as previously described.
198

 The component composition of 

PLCL was analyzed using a 400 MHz 1H-NMR (Varian, USA). Spectra were obtained 

using 1% (w/v) solutions in CDCL3 and the compositions calculated from these relative 

intensities. Molecular weights were determined using gel permeation chromatography 

(GPC, Viscotek TDAmax, Malven Instruments Ltd, UK). Chloroform was used as the 

mobile phase at a flow rate of 1 mL/min. Calibration was performed using polystyrene 

standards to determine number-average and weight-average molecular weights (Mn and 

Mw). 
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3.2.13 Immunohistochemistry  

Routine staining was carried out as previously described.
110

 Primary antibodies 

used included: F4/80 (1:1500, eBioscience, San Diego, CA, USA) and anti-CD31 (1:50, 

Abcam). Secondary antibodies included: biotinylated rabbit anti-rat (1:200, Vector 

Laboratories, Burlingame, CA, USA), biotinylated goat anti-rabbit (1:50, Vector 

Laboratories), avidin-biotin complex reaction (Vector Laboratories), DAB substrate 

solution (Biocare Medical, Concord, CA, USA). Stained slides were visualized by use of 

a Nikon eclipse E600 microscope and images were captured with a Nikon DXM 1200 

digital camera under the same settings. Quantification of CD31 images was performed 

using five HPF images per section across a minimum of five mice. Only positively 

stained vessels inside the perimeter of the scaffolds were quantified. Fiber diameter of 

ccPLCL scaffolds at d 30 & d 56 in vivo were calculated using H&E images, one HPF 

per mouse and a minimum of ten measurements were used. 

3.2.14 Statistical Analysis 

Unless otherwise stated, the following applies to all experimental results. 

Gaussian data have been presented as mean ± standard error of the mean. Two-way 

ANOVA followed by students t-test was carried out to discern differences between 

groups, with significance at p<0.05. In the case of non-Gaussian results, data were 

presented in box and whisker format. Significance was analyzed via two-way ANOVA 

followed by Mann-Whitney test. Mechanical and permeability analysis experiments were 

carried out with n≥5, in vitro experiments were carried out in triplicate at least three 
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separate times, and in vivo experiments were conducted with n≥5 mice per treatment 

group. 

3.3 Results  

3.3.1 Scaffold characteristics 

Scaffolds were spun to thickness of 60±10 µm for in vitro studies and 100±11µm 

for in vivo studies; fiber diameter was 5.6±0.70 µm for all samples (Fig. 14A,B). We 

chose to use a fiber diameter in this range because it has been associated with anti-

fibrotic events in coronary tissue.
63

 Covalent collagen coating uniformly covered fibers 

throughout the depth of the scaffolds (Fig. 14C) and did not significantly modify fiber 

diameter (6.5±0.66 µm) or scaffold morphology (Fig. 14D). Contact angle analysis 

before oxygen plasma treatment, after oxygen plasma treatment, and after collagen 

coating treatment on PLCL films showed progressive hydrophilicity of 72±6°, 60±1°, and 

44±8°, respectively (Fig. 14E). 
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Figure 14: Characterization of PLCL Scaffolds. Scaffolds were imaged using SEM; fiber 

diameter values were measured from top-view images (A) while scaffold overall 

thickness was measured via cross-sectional imaging (B). Scaffolds were covalently 

coated with Bovine type 1 collagen, collagen was stained using AlexaFluor488 and 
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imaged via confocal microscopy (C) to analyze coating efficiency. Collagen coating did 

not fill pores or alter scaffold topography when imaged on confocal (C) or SEM (D). 

Contact angle was analyzed on PLCL films, following collagen coating films were 

significantly more hydrophillic than untreated PLCL films. Permeability analysis was 

carried out on PLCL scaffolds 110 µm thick, the Darcy coefficient of permeability was 

not significantly different between untreated PLCL and ccPLCL. Scale bar is set to 100 

µm for all images. 

3.3.2 Permeability analysis  

PLCL scaffolds exhibited a mean Darcy permeability constant, τ, of 20.0±1.2 

µm
2
, compared to 19.7±1.6 µm

2
 for ccPLCL scaffolds with no statistically significant 

difference (Fig. 14F). The corresponding average pore sizes were 4.54±0.13 μm and 

4.50±0.18μm, respectively. Similarly, measured pore size using SEM images found an 

insignificant difference in average pore size of PLCL scaffolds (40.8±2.8 μm) and 

ccPLCL scaffolds (36.3±2.3 μm), further confirming that the collagen coating did not 

affect scaffold pore size. The discrepancy between derived average pore size and SEM 

measured pore size has been previously described when calculating pore size of 

electrospun scaffolds using this technique.
204

 Sell et al. postulated that these difference 

may stem from the presence of “faux pores” and blind pouches within the scaffolds 

which are not visible via SEM measurement but affect the effective pore size gathered 

from flowmeter measurement.  

3.3.3 Mechanical properties  

The mechanical properties of PLCL and ccPLCL scaffolds were analyzed using 

MSA and compared to those of human skin, human scar, and Integra (Fig. 15A). The 

elastic modulus of uncoated PLCL (3.6±0.22 kPa) was significantly lower than that of 
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Integra (6.5±0.91 kPa), human skin (17±1.6 kPa), and scar (55±14 kPa). Elastic modulus 

of ccPLCL (8.3±0.67 kPa) was not significantly different from that of Integra, suggesting 

that the combined process of oxygen plasma treatment and collagen coating increased the 

PLCL scaffold stiffness (Fig. 15B). Oxygen plasma treatment is known to generate a 

higher crosslinking density within the first few thousand angstroms of polymer surface, 

which results in a local increase in hardness and likely attributes to the modest increase in 

elastic modulus of ccPLCL.
205

 The UTS for both PLCL (0.97±0.10 GPa) and ccPLCL 

scaffolds (1.3±0.17 GPa) was significantly greater than that of Integra (0.26±0.020 GPa). 

While PLCL showed lower UTS than that of human skin (2.6±0.040 GPa), or human scar 

(2.7±0.50 GPa), ccPLCL did not (Fig. 15C). In contrast, the EAB for PLCL (1100±93 

kPa) and ccPLCL (1300±170 kPa) scaffolds was significantly higher than the values 

obtained for Integra (75±4.4 kPa), human skin (200±16 kPa), and human scar (140±16 

kPa) (Fig. 15D). The storage modulus, loss modulus, and tanΔ of PLCL and ccPLCL 

scaffold subjected 10% strain at 1Hz showed negligible deterioration over 24 h, or 15,000 

cycles (Fig. 15E). This fatigue testing condition was chosen to emulate joint range of 

motion at the pace of walking.
206

 Taken together, the mechanical properties of PLCL and 

ccPLCL scaffolds relative to human skin and scar – lower elastic modulus, comparable 

UTS, and higher EAB - suggest that they would be suitable materials for placement 

beneath a skin graft. 
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Figure 15: Mechanical analysis of PLCL and ccPLCL as compared to Integra, human 

skin, and human scar. Tensile stress-strain curves (A) of human scar (dark green), human 

skin (light green), Integra (purple), ccPLCL (dark blue), and untreated PLCL scaffold 

(light blue). Elastic moduli of PLCL and ccPLCL are less than or equal to that of human 

skin and scar, suggesting that these materials will not impede patients’ range of motion if 

placed across a joint (B). Unlike Integra, PLCL and ccPLCL scaffolds have similar 

ultimate tensile stress to human skin and scar (C). Unlike Integra, PLCL and ccPLCL 

have elongation at break (D) significantly greater than that of human skin and scar. Taken 

together, these values suggest that PLCL and ccPLCL scaffolds will not fail due to tensile 
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forces placed on the skin (A-D). Fatigue properties of PLCL scaffolds (E). Storage 

modulus (black), loss modulus (light gray), and tan Δ (dark gray) are all preserved over 

15000 cycles. Fatigue properties of ccPLCL scaffolds (F). Storage modulus (black), loss 

modulus (light gray), and tan Δ (dark gray) are all preserved over 15000 cycles. Together, 

these data show that the clinical standard-of-care, Integra, is mechanically inappropriate 

for use beneath skin graft; however, PLCL and ccPLCL scaffolds display appropriate 

mechanical properties for this application. 

3.3.4 In vitro analysis of HSc-related outcomes 

Immunostaining was used to study cell morphology and as a semi-quantitative method to 

analyze expression of αSMA in stress fibers. Cells seeded in FPCLs displayed distinct 

actin stress fibers with heavy αSMA incorporation (Fig. 16A-C). Cells seeded in PLCL 

scaffolds displayed larger size, with more diffuse actin stress fibers and little αSMA 

incorporation (Fig. 16D-F).  

 

Figure 16: Cellular Interactions with scaffolds. Overlay (A-F)of DAPI (blue, left), F-

actin (green, center), and αSMA (red, right) in FPCLs (A-C) and PLCL scaffolds (D-F). 

Significantly less αSMA was present in immunostaining in PLCL scaffolds than in 

FPCLs (G). Cells remained viable in PLCL scaffolds (H). 
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At d5 following seeding, significantly fewer cells had converted to myofibroblast 

phenotype in PLCL scaffolds (34±6.2%), as compared to those seeded in FPCLs 

(normalized to 100%) (Fig. 16G). Cells remained viable in PLCL and ccPLCL scaffolds 

(Fig. 16H) with 97±1.3% viable cells at d5 in PLCL scaffolds. 

3.3.5 In vivo application of PLCL & ccPLCL scaffolds  

All data presented below are described in terms of percentage of original wound 

size, where 100% is the wound size at d3 (after removal of the post-operative bolster), 

and a fully contracted wound would be described as 0% of its original size. All samples 

were applied beneath the skin graft. Murine wounds treated with skin grafts alone 

contracted to 41±1.0% at d 56 (Fig. 17A), while wounds treated with Integra contracted 

to 39±6.0% (Fig. 17B). Wounds treated with uncoated PLCL scaffolds remained at 

68±11% at d 21. However, partial scaffold extrusion and skin graft death began at d 21 

and continued until the end of the study, resulting in wound contraction down to 22±11% 

by d 30 (data not shown). 

In contrast, wounds treated with ccPLCL scaffolds showed significantly 

decreased contraction, retaining wound area of 79±6.5% at d 30 and 66±6.1% at d 56. 

(Fig. 17C). Fig. 17D shows the rate of wound contraction over the test period. Upon 

extraction of the tissue from the mice on d 30, ccPLCL scaffolds were observed to 

integrate with host tissue beneath the skin grafts (Fig. 17E); at d 56 ccPLCL was no 

longer visible by the naked eye. 
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Figure 17: Wound contraction and scaffold incorporation at d 30. Gross appearance of 

wounds treated with skin graft alone (A), Integra beneath skin graft (B), and ccPLCL 

scaffold (C), at d 7, 14, 21, 30, and 56 following surgery. Wound contraction curves (D) 

derived from measurements of wounds shown in A-C. ccPLCL scaffolds beneath skin 

graft immediately following excision from wound bed on d 30 (E). 

3.3.6 Physicochemical properties of explanted ccPLCL scaffolds 

Tensile testing of explanted ccPLCL from d30 and d 56 mouse studies displayed a 

similar elastic modulus to scaffolds prior to implantation (Fig. 18B). ccPLCL explants 

exhibited an elastic modulus (6.9±2.4 kPa @ d 30, 6.2±1.4 kPa @ d 56) significantly 
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lower than tissue alone in both mouse skin (36±3.3 kPa) and scar (80±17 kPa) samples, 

although not significantly different from ccPLCL prior to implantation (9.7±0.20 kPa).  

 

Figure 18: Mechanical properties of excised ccPLCL scaffolds on d30 in vivo. Diagram 

of  tissue processing following excision (A). Tensile elastic modulus of explanted 

ccPLCL from d30 and d56 wounds displayed similar elastic modulus to ccPLCL prior to 

implantation (p>0.05) (B). Tensile elastic modulus of explanted PLCL was significantly 

less than mouse skin or scar tissues (p<0.05), suggesting that the explanted scaffold + 

tissue maintains mechanical properties more similar to the scaffold than to the murine 

tissue. 

The molecular weight of the scaffolds decreased by 49% from Mn=151 kDa to 

Mn=73±6.5 kDa at d30, and 89% to Mn=17±1.2 kDa over the implanted period of 56 days 

(Fig. 19A). NMR analysis shows that the lactide (LA) moiety was noticeably more 

rapidly decreased than the caprolactone (CL) moiety at both time points. The molar ratio 

was as expected since PLA is known to degrade more rapidly than PCL. The mole 

fraction of LA decreased from 50% to 28±6.8% in 56 days, while that of CL increased 
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from 50% to 72±6.8% (Fig. 19B). Polydispersity index (PDI) did not increase 

significantly at d 30 or d 56, suggesting a generally homogenous population of polymer 

chains (Fig. 19C). 

 

Figure 19: PLCL degradation profile in vivo. (A)PLCL molecular weight decreased 

significantly at d30 and d56 following implantation. (B) Mole fraction analysis displayed 

that the lactic acid moiety was degradating more rapidly than the caprolactone moiety. 

(C) Polydispersity index demonstrated insignificant increases at both time points. 

3.3.7 ccPLCL scaffolds incorporate into host tissue and maintain architecture in 

vivo  

Figure 20A-D shows representative images of histological staining in Integra and 

ccPLCL scaffold treated wounds on d 30. Fiber diameter of ccPLCL scaffolds at d 30 in 

vivo (5.5±0.33µm) was not significantly different from initial fiber diameter prior to 

implantation.  
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Figure 20: Histological analysis of implanted materials at d 30. Low power view of 

Integra treated wounds shows the presence of skin grafts (epidermis, e) and underlying 
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dermis (d) and dermal scar (s); no evidence of Integra is identified(A, left). ccPLCL 

treated wounds with overlying skin graft (e), dermis (d) and ccPLCL scaffold (p, 

outlined); architecture of PLCL scaffold remains intact (A, right). High power view of 

epidermis and underlying scar in Integra treated wound no evidence of Integra 

architecture (B, left). Cellular infiltration into PLCL scaffold at d 30, ccPLCL (p) 

architecture can be noted by the existence of white space where the scaffold is present (B, 

right). Presence of foreign body giant cells in both Integra treated wound (left) and 

ccPLCL treated wounds (right) is confirmed by F4/80 pan-macrophage membrane stain 

(brown) (C). Foreign body giant cells are noted by the presence of black arrows. 

Angiogenesis into wounds is analyzed by staining the endothelial lining of neo-vessels in 

the wound bed using CD31 stain (brown) (D). Black arrows indicate examples of 

representative CD31
+
 vessels. Quantitative analysis of CD31 stained sections is 

graphically represented (E). Number of CD-31
+
 vessels were counted in five 40 × HPF. 

There is no significant difference in vascularity in ccPLCL Scaffold compared to Integra-

treated wounds at d 30 in vivo. 

Throughout all samples, H&E stained Integra and ccPLCL scaffolds on d 30 exhibited 

acute inflammation (Fig. 20A,B). ECM alignment appeared more prevalent in Integra 

treated samples than in ccPLCL treated samples (Fig. 20A,B, data not shown). Negligible 

fibrous capsule formation was present in ccPLCL treated mice; no fibrous capsule was 

visible in Integra treated mice as the implant was no longer discernable within the wound 

bed. CD31 staining demonstrated vessel ingrowth into ccPLCL scaffolds and Integra. 

Multi-nuclear giant cells and neutrophils were visible at the boundary of the ccPLCL 

scaffolds with the tissue (Fig. 20B). F4/80 staining confirmed the presence of 

macrophage within the giant cells in wounds treated with Integra and ccPLCL (Fig. 

20C). Cells penetrating into the ccPLCL scaffold and Integra granulation tissue included 

histocytes and foreign body giant cells.
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Figure 21: Histological analysis of implanted materials at d56. 10x view of Integra 

treated wounds shows the presence of skin grafts (epidermis, e) and underlying dermis 

(d) and dermal scar (s) (A, top); no evidence of Integra is identified. ccPLCL treated 
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wounds with overlying skin graft (e), dermis (d) and ccPLCL scaffold (p, outlined (A, 

bottom); architecture of PLCL scaffold remains intact. High power view of epidermis and 

underlying scar in Integra treated wound no evidence of Integra architecture (B, top). 

Cellular infiltration into PLCL scaffold at d56, ccPLCL (p) architecture can be noted by 

the existence of white space where the scaffold is present (B, bottom). Presence of 

foreign body giant cells in both Integra treated wound (C, top) and ccPLCL treated 

wounds (C, bottom) is confirmed by CD68 active-macrophage membrane stain (brown). 

Foreign body giant cells are noted by the presence of black arrows. Angiogenesis into 

wounds is analyzed by staining the endothelial lining of neo-vessels in the wound bed 

using CD31 stain (D). Black arrows indicate examples of representative CD31
+
 vessels 

(brown). Collagen orientation and granulation bed thickness is visualized by Masson’s 

Trichrome staining; red outline demonstrates granulation bed boundary (E). Scale bar = 

50 µm. 

Quantification of CD31 outlined vessels showed that angiogenesis into ccPLCL 

(6.1±0.54 vessels/HPF) and Integra (6.5±0.90 vessels/HPF) was not significantly 

different; vessels were observed spanning both scaffold materials as well as passing 

through the material (Fig. 20D). 

Histological analysis on d 56 following implantation in Integra and ccPLCL 

treated wounds is shown in Figure 21A-E. H&E staining demonstrates absence of 

Integra architecture and persistence of ccPLCL scaffold architecture (Fig. 21A,B). 

Cellular infiltration visible throughout the ccPLCL scaffold in H&E treated samples can 

be further understood by visualization of CD68
+
 active macrophage (Fig. 21C, right 

panel) and CD31
+
 vessels (Fig. 21D, right panel) within the scaffold. Low-level 

macrophage activity in the surrounding tissue is visible in wounds treated with Integra 

and ccPLCL (Fig. 21C). A high concentration of active macrophage is present within the 

ccPLCL boundaries (Fig. 21C, right panel, black outline), suggesting macrophage 

participation in degradation and clearance of the scaffold and associated breakdown 
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products. Negligible differences in CD31
+
 vessel quantity can be discerned between 

wounds treated with Integra and those treated with ccPLCL (Fig. 21D). CD31
+
 vessels 

can be discerned interacting with and passing through areas where the scaffold is present 

(Fig. 21D, right panel, black outline), suggesting bio-incorporation of the scaffold into 

the surrounding tissue. The presence of a dense, aligned granulation bed can be observed 

in Integra treated wounds (Fig. 21E, left panel, red outline). Granulation bed in ccPLCL 

treated wounds is qualitatively less thick than Integra treated wounds (Fig. 21E, right 

panel, red outline); collagen presence can be discerned within the scaffold by blue 

staining (Fig. 21E, left panel, black outline). 

3.4 Discussion  

This study highlights the role of scaffold longevity in the list of relevant design 

parameters for BSEs aimed at mitigating HSc contraction. In this aim, we employed a 

synthetic, biodegradable, elastomeric, electrospun scaffold to study the effect of scaffold 

longevity on the development of HSc contraction in vivo. Building upon the scaffold 

designed in Aim one for use in HSc prevention, we hypothesized that the optimal 

scaffold should last through the remodeling phase of repair when HSc occurs. HSc occurs 

during the first 6-18 months following injury, which prompted us to study a slow-

degrading PLA-PCL blend shown to persist as long as 12 months in canine patients. 
207

 

To ensure adequate time for HSc stabilization in skin-grafted murine wounds, we 

followed all treatment groups out for 56 days following implantation.
110

 While wound 

healing studies are often conducted over 14 days, this extended timeline allowed us to 
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gain an early determination of the effects of scaffold degradation on scar contraction. In 

comparison to previous work using biodegradable polymers for BSE fabrication, this 

biodegradable elastomer demonstrates appropriate mechanical properties for implantation 

beneath skin grafts and is capable of repetitively undergoing physiologically relevant 

strain and relaxation without entering plastic deformation. Most importantly, this 

synthetic elastomer possesses a degradation rate on the scale of at least six months in 

vivo, allowing it to maintain its architecture throughout the remodeling phase of 

repair.
192,207

   

While traditional naturally derived BSEs are attractive, their degradation rates and 

mechanical properties are difficult to design in practice. We postulate that the mechanical 

properties of human skin are critical to consider during the design of a scaffold for HSc 

prevention. Scaffolds with tensile elastic moduli greater than human skin may inhibit 

joint motion, similar to how stiffened scar inhibits motion.
110,153

 Therefore, BSEs should 

possess an elastic modulus less than or equal to that of human skin. Further, possessing 

elongation at break and ultimate tensile stress less than that of human skin may cause a 

scaffold to rupture beneath the skin prior to completion of healing. Along with its tensile 

characteristics, skin is viscoelastic in nature, allowing it to stretch and relax across joints 

repetitively.
153

 Burns that occur across joints, especially those of the upper body, are the 

most common location for HSc to occur.
16

 In fact, joint motion during healing is likely a 

driving factor of HSc.
154

 Thus, it is important that BSEs placed in the wound bed are 
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designed with the appropriate elastomeric properties to withstand repeated expansion and 

relaxation cycles across joints. 

In designing a synthetic scaffold for placement in the wound bed, it is critical that 

cells remain viable in the scaffold and that the scaffold does not exacerbate scarring. 

Cells seeded in ccPLCL scaffolds remain viable in vitro confirming that electrospun 

scaffolds provide a suitable cellular micro-environment. To investigate the potential role 

of the scaffold in scarring, we studied fibroblast to myofibroblast transition in PLCL 

scaffolds as compared to the in vitro wound contraction model, the FPCL. Once seeded in 

the FPCL, fibroblasts are able to contract the collagen fibrils in the gel similarly to how 

they would contract scar granulation tissue. The fraction of cells which converted into 

myofibroblasts in this model was analyzed by immunocytochemical staining for αSMA, 

which is a marker for myofibroblast formation. Using this semi-quantitative method, we 

found significantly more αSMA in the FPCL than was present in PLCL scaffolds. These 

data suggest that electrospun PLCL scaffolds mitigate cellular processes associated with 

HSc.  

We tested PLCL and ccPLCL scaffolds in a recently developed murine model of 

HSc contraction.
110

 While the murine model employed in this work directly follows the 

human condition in terms of treatment and contracting scar, it should be noted that the 

model does not reflect the proliferative component or timeline of human HSc. The term 

HSc, as it applies to humans, describes a constellation of scar symptoms (red, raised, 

itchy, contracted scars), whereas the murine model only exhibits the contraction 
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phenotype. Further, the model employed in these studies is an expedited HSc contraction 

model where contraction ensures for 14 d and then stabilizes, whereas in humans 

contraction can last for 6-12 months. The PLCL copolymer used in these studies has been 

shown to persist in canine patients for up to 12 months, suggesting that it will last 

through the contraction phase of scarring if translated to use in humans.
207

 

While uncoated PLCL scaffolds were rejected between d 21-d 28, ccPLCL 

scaffolds integrated into the wound tissue and mitigated HSc contraction out to d 56. The 

difference in host response to PLCL as compared to ccPLCL can likely be attributed to 

the lack of integrin binding sites available on synthetic polymer implants; as such, 

synthetic polymers often require surface treatment prior to implantation. PLCL scaffolds 

are hydrophobic in nature, encouraging the likelihood for random protein adsorption and 

eventual extrusion. The extrusion process is caused by spontaneous and uncontrollable 

adsorption of proteins from the blood, lymph, and wound exudate to hydrophobic implant 

surfaces.
208

 Implantation of synthetic polymer structures into open wounds without 

integrin binding sites can lead to foreign body encapsulation and extrusion. To decrease 

the likelihood of random protein adsorption and encourage cell-scaffold interactions 

through integrin binding sites, collagen was covalently attached to the surface of PLCL 

scaffolds. There is concern that protein coating of electrospun polymers may restrict 

effective aqueous fluid flow, thus disrupting transport of fluids and nutrients through 

scaffolds in vivo.
209

 However, despite the presence of a protein coating, a negligible 

change in effective permeability was found between ccPLCL and PLCL scaffolds. 
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Following in vivo implantation, ccPLCL scaffolds integrated into the tissue beneath the 

skin graft. The beneficial impact of the collagen coating could be explained by favorable 

changes in scaffold hydrophilicity or the introduction of cell-binding motifs. These data 

are in agreement with the literature on the importance of introducing integrin binding 

sites to the surfaces of intra-dermal, hydrophobic, synthetic polymer implants.  

Upon removal of wound tissue from the mice, ccPLCL scaffolds could be 

discerned beneath skin grafts. Tensile testing of explanted ccPLCL from d 30 mouse 

studies displayed a similar elastic modulus to scaffolds prior to implantation (Fig. 18). d 

30 ccPLCL explants also exhibited an elastic modulus significantly lower than tissue 

alone in both mouse skin and scar samples. These data suggest that the scaffold is 

preventing stiffening associated with HSc scar formation. Scar formation is also 

associated with alignment of the ECM, as is seen in d 30 Integra treated samples via 

H&E staining. Conversely, cells in ccPLCL scaffolds display random nuclear orientation 

and ECM alignment at d30 via H&E staining (Fig. 20B). The presence of a foreign body 

reaction, characterized by neutrophil and macrophage infiltration, can be seen in both 

treatment groups. The acute inflammation present in these sections is confirmed by F4/80 

staining and is commonly observed following intra-dermal implantation of a foreign 

body. Vessel infiltration is not significantly different between Integra and ccPLCL 

scaffolds, suggesting that both materials are integrating well with the host tissue and 

allowing lymphogenesis and/or angiogenesis to occur. Overall, the histological data 

suggest the presence of an acute inflammatory reaction in ccPLCL treated mice along 
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with vessel infiltration into the scaffold and maintenance of randomly oriented ECM. 

These outcomes are all necessary to maintain skin graft health and prevent the formation 

and subsequent contraction of HSc. 

ccPLCL scaffolds significantly decreased HSc contraction in vivo as compared to 

Integra or placement of a skin graft alone. Integra treated mice maintained 75% of the 

original wound area until d eight, after which scars rapidly contracted (Fig. 17D). The 

contraction seen after d eight could be associated with partial necrosis of skin grafts on 

Integra-treated wounds due to the immediate placement of skin grafts over Integra.
210

 

While collagen-based scaffolds can be successful following immediate skin graft 

placement, Integra requires a two-step implantation procedure.
211

 During clinical use, 

Integra is placed and allowed to integrate into the wound bed for approximately two 

weeks prior to placement of the skin graft. This delay allows a period for vascular 

infiltration of the Integra matrix; however, this method increases risk of infection and 

requires a second operation.
212

 In general, collagen scaffolds, such as Integra, are 

associated with wound contraction and scarring.
213

 Collagen is degraded and remodeled 

by collagenases and other proteases within the wound bed with a half-life on the order of 

days to weeks depending on the crosslinking method. It is conceivable that after day eight 

of implantation, Integra begins to lose its architecture and mechanical properties, 

allowing rapid scar contraction.
214

 A similar rapid contraction after day eight has been 

shown in the literature following treatment of full thickness dermal wounds with 

electrospun collagen scaffolds in a guinea pig model.
215

 Together, these data suggest that 



 

88 

 

rapid scar contraction after day eight is related to the longevity of collagen scaffolds in 

the wound bed, rather than the fabrication technique. Wounds also rapidly contracted 

following extrusion of uncoated PLCL scaffolds, which began after d 21 in vivo (Fig. 

17D). Rapid wound contraction is commonly seen following removal of splinting 

materials from murine wounds, suggesting that Integra and non-incorporated scaffolds 

may act as temporary splinting materials to keep the wound open until they either extrude 

or lose their architecture via degradation.
173

  

HSc contraction develops progressively over the course of several weeks in mice 

and multiple months in humans; therefore, it is feasible that a loss of scaffold architecture 

prior to the completion of the remodeling phase of repair could allow for delayed cellular 

alignment and the formation of a mechanically-coordinated cellular syncytium, thus 

increasing the likelihood of HSc contraction. The structural support provided by 

collagen-based scaffolds, such as Integra, has been suggested to rely upon the pore 

architecture of the scaffold, rather than the elastic modulus of the material.
214

 Our data 

support the hypothesis that elastic modulus of the implant does not dictate its ability to 

resist wound contraction; the elastic modulus of ccPLCL electrospun scaffolds is within 

the same order of magnitude as Integra when tested in the early strain region. However, 

the effects on wound contraction between Integra and ccPLCL scaffolds are drastically 

different at d 30 in vivo. At d 30 following implantation, the architecture of ccPLCL 

scaffolds remains clearly defined in the wound bed histology, whereas the d30 the 

architecture of Integra is not visible via histological staining. Lyophilized collagen-GAG 
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based scaffolds, similar to Integra, degrade over the order of several days to several 

weeks.
216

 This short degradation time can be exacerbated by patient-to-patient variability 

in the wound healing process, leading to the possibility of premature degradation prior to 

proper healing. Indeed, rapid degradation and resorption of a BSE prior to the completion 

of the remodeling phase of repair leads to increased likelihood of scar formation.
217

 We 

hypothesize that the critical difference leading to the success of ccPLCL scaffolds in 

preventing HSc contraction is the residence time of the scaffold architecture in the wound 

bed. The PLCL material employed in this study will retain its structure in the wound bed 

throughout the remodeling phase of repair, having lost 51% of its number average 

molecular weight at d 30, and 89% at d56 in vivo. Future studies are required to confirm 

this hypothesis and will explore longer time points to evaluate the response of the tissue 

to complete degradation of the polymer.   

3.5 Conclusions 

Loss of scaffold architecture prior to the completion of the remodeling phase of 

repair is likely a major cause for HSc contraction. This study suggests that the relative 

maintenance of integrity, rather than the absolute mechanical properties of the ccPLCL 

scaffold, is responsible for improved mitigation of HSc contraction.
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4. SPECIFIC AIM 3: Investigate impact of anti-inflammatory 

coating on electrospun PLCL scaffolds in vitro & in vivo; effect 

on hypertrophic scar contraction. 

4.1 Background  

Burn injuries in the United States account for over one million hospital 

admissions per year, with treatment estimated at four billion dollars. Of severe burn 

patients, 32-72% will develop contracted HSc.
10,218

 We have recently shown that slowly 

degrading synthetic elastomeric scaffolds possess merit in reducing HSc contraction.
197

 

However, these synthetic polymer scaffolds are devoid of integrins to facilitate cellular 

contact and require an ECM coating to improve cell-scaffold interactions. Selection of 

the coating material can be used to passively impact the interaction of a synthetic scaffold 

with its surrounding environment. Currently, collagen type 1 is covalently bound to 

PLCL to facilitate scaffold integration with host tissue; however, high levels of collagen 

type 1 in the ECM are associated with increased development of HSc.
192

 Therefore, 

modification of the coating material used on PLCL scaffolds could facilitate a 

microenvironment that further promotes regenerative healing. In this study, we will 

maintain the structure, degradation rate, and mechanical properties of our previously 

developed PLCL scaffold, but alter the coating to reduce local inflammation and promote 

regenerative healing.  

Wound healing occurs in four distinct but overlapping phases: homeostasis, 

inflammation, proliferation, and remodeling. During these four phases, a complex 
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interplay between resident dermal cells and invading inflammatory cells results in 

cytokine and ECM production that will drive the healing paradigm of the wound. 

Dysfunction or impaired regulation of these phases can lead to prolonged inflammation, 

abnormal ECM deposition, and scar formation. 

The ratio of molecules present in the ECM varies during the four phases of wound 

healing. During the inflammatory phase of wound healing, the levels of high molecular 

weight HA become elevated. HA performs a variety of functions during the tissue repair 

process, including promoting keratinocyte migration, suppressing inflammation, 

controlling myofibroblast differentiation, and increasing fibroblast proliferation.
219-221

 

Proliferating fibroblasts assist in wound healing by aiding in ECM synthesis and 

remodeling. The ability of resident fibroblasts to correctly organize collagen into loose 

fiber bundles is increased by elevated levels of HA in the local area.
222

  

HA breaks down into LMW-HA with a half-life of ~50 h in vivo.
223

 LMW-HA 

has been shown possess free-radical scavenging properties, trigger toll-like receptors in 

immune cells, and activate keratinocytes.
224

 Activated keratinocytes release antimicrobial 

peptides protecting the skin against bacterial infections.
225

 Bacterial infections and 

biofilm presence have both been linked to HSc as possible causational factors. Due to its 

anti-inflammatory and wound healing properties, HA has been incorporated into a variety 

of clinical wound dressings and creams. Therefore, the addition of HA as a coating 

material may alter the local cellular environment on the ECM level, encouraging healthy 

healing in the surrounding tissue.  
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The therapeutic impact of HA on inflammation during burn wound healing can be 

magnified by the attachment of cytokine-neutralizing antibodies.
142

 During the 

inflammatory phase of wound healing cytokines bind to the ECM to direct neutrophils 

and macrophages into the wound bed. Neutrophils and macrophages release several 

inflammatory mediators including interleukin-1 beta (IL-1β), IL-6, and TNFα. TNFα 

interacts with host cells through the tumor necrosis factor receptor (TNFR). Upon 

binding to the TNFR, TNFα activates the IκB complex, releasing bound NFκB (nuclear 

factor kappa-light-chain-enhancer of activated B cells) through its canonical activation 

pathway. Unbound NFκB then translocates from the cytoplasm to the nucleus to activate 

genes which regulate the immune response of the cell.
226

 TNFα is a pro-inflammatory 

cytokine that is essential to wound healing at basal levels, but becomes harmful with 

over-expression. At low levels, TNFα has been shown to antagonize TGF-β1 induced 

αSMA expression by myofibroblasts.
227

 However, over-expression of TNFα during the 

inflammatory phase of wound healing can lead to over-activation of immune cells and 

extended collagen synthesis, encouraging HSc.
228

  

Antibody blockade of TNFα has been shown to reduce inflammation and tissue 

necrosis in rodent excisional and burn wound models.
92,143,229,230

 These effects are 

associated with down-regulation of collagen synthesis and decreased immune 

response.
231,232

 The positive impacts of anti-TNFα therapeutics have been enhanced by 

conjugation to high molecular weight HA. Conjugation of anti-TNFα mAB to HA may 

improve the effectiveness of the mAB in two ways: (1) by sterically blocking the Fc 
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region of the antibody from interacting with immune cells, and (2) by maintaining the 

antibody in the wound bed for a longer time period.
143

 However, due to HA chain 

mobility within the wound bed HA+mAB therapeutics diffuse out of the local area within 

48 h and a strict dosing frequency is required in order to achieve improve healing 

phenotype.
143

 These data suggest that HA+mAB therapeutics may benefit from a delivery 

approach that would prolong their presence in the wound bed. Adsorbing HA±mAB to a 

3D porous polymer scaffold, such as PLCL, would maintain their availability to the 

wound microenvironment while prolonging their presence in the wound bed.  

We have previously shown that electrospun PLCL scaffolds with a col1 coating 

significantly decrease HSc contraction and stiffening in vivo.
197

 However, we postulate 

that modification of the coating material used on PLCL scaffolds from Col1 to HA±anti-

TNFα mAB may facilitate a microenvironment that reduces inflammation and further 

promotes regenerative healing. The goal of this work is to further develop a clinically 

translatable therapy to mitigate HSc contraction by addressing the inflammatory 

component of HSc. 

4.2 Methods 

4.2.1 Scaffold fabrication and characterization 

Electrospinning of custom synthesized PLCL (50:50) was carried out using a 

custom-built set-up as previously described.
197

 In brief, PLCL was dissolved overnight at 

14% w/w in dicholoromethane. The PLCL solution was dispensed at 6 mL/h through a 25 

ga needle with a voltage of 15 kV. Random fibers were collected 26 cm away on foil 
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attached to a rotating (~90 RPM) cylindrical mandrel. Scaffolds were allowed to air-dry 

thoroughly on foil before removal for all further analyses. Scaffolds thickness and fiber 

diameter were analyzed via SEM as previously described.
197

  

4.2.2 HA+PLCL adsorption and contact angle analysis  

High molecular weight hyaluronic acid sodium salt (Mw = 1.6 MDa Sigma, St. 

Louis, MO) was dissolved in sterile tissue-culture grade water overnight at room 

temperature at 10 mg/mL. PLCL films were sterilized for 20 min in 70% ethanol, rinsed 

three times in water, and incubated at overnight at room temperature in 1 mg/mL HA in 

PBS. Contact angle analysis was performed using a goniometer as previously described; 

contact angle of PLCL films treated with HA were compared to those treated with PBS 

alone.
197

  

4.2.3 HA+mAB covalent conjugation and characterization 

Mouse anti-rat TNFα (MCA1488ELX, AbD Serotec, Raleigh, NC) was 

conjugated to HA and characterized as previously described.
143

 HA [1 mg/mL] dissolved 

in Millipore water was thoroughly mixed with antibody at one of four concentrations: (a) 

Low: 0.03 mg/mL, (b) High: 0.27 mg/mL, or (c) in vivo gel study: 0.4 mg/mL; or (d) in 

vivo (HA+mAB)PLCL study: 0.2 mg/mL.
142

 Covalent coupling was achieved via 

addition of propylphosphonic anhydride (T3P, Sigma Aldrich, St. Louis, MS) [26 ng/mL] 

and 4-dimethylaminopyridine (DMAP) [20.6 µg/mL]. The reaction was carried out at 4˚C 

with gentle rocking overnight. Reactants were filtered out of solution using 30 kDa 

molecular weight filter (Pall, Port Washington, NY). Prior to use, Pall filters were treated 
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with 10% glycerol overnight to minimize protein binding to the polyethersulfone 

membrane; immediately prior to use, glycerol pre-treatment was dumped and filters were 

rinsed three times with Millipore water at 14,000 x g. HA+mAB conjugates were filtered 

at 4˚C for 10 min at 14,000 x g to remove conjugation by-products from the solution. 

Activity of conjugated mAB was compared to activity of un-treated mAB via Enzyme-

Linked ImmunoSorbent Assay (ELISA) as described below. When prepared using the 

methods described, the binding affinity of mABs to their cytokines of interest following 

covalent conjugation to HMW-HA is well established, and was not tested.
92,142,233

 

4.2.4 Gel electrophoresis  

Agarose gel electrophoresis was used to confirm retention of the unconjugated 

mAB by 30kDa filters. Agarose gels (1% weight/volume) were prepared in Tris-borate-

EDTA (TBE) buffer via microwave heating, poured into molds, and allowed to harden 

for 30 min to 1 h before submersion in TBE in an electrophoresis unit.
234

 mAB samples 

were prepared in protein loading buffer (0.02% bromophenol blue, 2 M sucrose in 1 x 

TBE) and electrophoresed for 30 min at 200 V followed by 4 h at 40 V. Protein bands 

were visualized via gel imager (BioRad, Hercules, CA) and density quantified in ImageJ. 

Polyacrylamide gel electrophoresis was used to analyze HA concentration prior to 

and following mAB conjugation. 5% TBE polyacrylamide gels (Criterion, BioRad) were 

run at 125 V for 4 h. HA bands were visualized by staining gel in 0.5% Alcian Blue 

dissolved in 3% acetic acid for 45 min, rinsing briefly in Millipore water, and distaining 
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overnight in 3% acetic acid. HA bands were imaged via gel imager and density quantified 

in ImageJ. 

4.2.5 (HA+mAB)PLCL preparation and characterization 

Electrospun PLCL scaffolds were coated with HA or HA+mAB using a pressure-

driven adsorption method adopted from Cheng et al.
186

 In brief, electrospun PLCL 

scaffolds were sterilized in 70% ethanol for 20 min, rinsed three times in water, and 

transferred to a sterile 5 mL syringe. The syringe tip was plugged using a closed stopcock 

and 1 mL [1 mg/mL] HA or HA+mAB was transferred to the syringe containing the 

scaffold. The syringe was closed and placed under oscillating high stress for 60 sec, 

followed by 20 min rocking at room temperature. Coating efficacy was analyzed via 

Alcian blue staining as described above for polyacrylamide gels. Activity of adsorbed 

HA+mAB conjugate was compared to activity of free HA+mAB conjugate via ELISA. In 

brief, cylindrical PLCL samples 0.1 mm thick and 4 mm in diameter were cut from 

scaffolds using biopsy punch, coated as described above, and placed in a 96-well plate. 

200 µL [1000 pg/mL] TNFα protein was added per well and allowed to incubate with the 

scaffold for 1, 4, or 24 h. At the prescribed time point, solution was removed from the 

well and stored at 4˚C for ≤ 24 h prior to ELISA analysis. 

4.2.6 ELISA 

In all cases, ELISAs were run using mouse TNFα ELISA kit (KMC3012, 

Thermo, Waltham, MA) according to manufacturer instructions. To test the activity of 

mAB following each modification, TNFα standards [1,000 pg/mL] were incubated with 
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samples directly prior to incubation in ELISA plates provided in the kit. Samples 

included: (1) untreated mAB, (2) mAB+HA without covalent conjugation, (3) HA+mAB 

with covalent conjugation, (4) HA adsorbed to PLCL, and (5) (HA+mAB) adsorbed to 

PLCL. Following incubation with the sample, TNFα protein that remained in solution 

was quantified via ELISA as an inverse measure of mAB activity in the sample.  

4.2.7 In vitro anti-inflammatory activity of (HA+mAB)PLCL scaffolds 

A commercially available murine fibroblast cell line (NIH3T3) with NFκB 

reporter was used to test the ability of (HA+mAB)PLCL to inhibit TNFα activation of the 

cellular inflammatory response via NFκB activation in vitro. In this stable NFκB 

luciferase reporter cell line (SL0006, Signosis, Santa Clara, CA) luciferase activity is 

directly associated with the activity of NFκB, allowing the cell line to be used as a 

reporter system for monitoring the activation of NFκB triggered by stimuli treatment, 

such as TNFα. Recombinant mouse TNFα (Gibco) was diluted in sterile, low endotoxin 

water and used as activating protein to initiate translocation of NFκB to the nucleus of the 

cell. NIH3T3-Luc cells were cultured in DMEM (high glucose, +sodium pyruvate, 

+Lglutamine, + Phenol Red; Gibco), Penicillin/Streptomycin (100ug/ml; Gibco), 10% 

FBS (Sigma), and Hygromycin (100 ug/ml; Roche, Basel, Switzerland). Cells were 

plated at 5x10
4
 cells/well in DMEM+10% Heat-inactivated FBS (HI-FBS; Sigma) in a 

96-well TCPS plate 18 h prior to treatment. Immediately prior to treatment, cells were 

washed with low-endotoxin PBS, and 90 µL DMEM + 0.1% HI-FBS was added to each 

well along with 10 µL TNFα [10 ng/mL] at the appropriate concentration. HA+PLCL or 
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(HA+mAB)PLCL scaffolds (4 mm in diameter) were added to wells immediately 

following addition of TNFα protein. Cells were incubated at 37˚C for 20 h prior to 

quantification of NFκB activation via Luciferase assay (Promega, Madison, WI) 

according to manufacturer instructions.  

4.2.8 Animal studies 

Three distinct murine studies were carried out in this aim: (1) subcutaneous 

implant study testing biocompatibility of PLCL with HA coating adsorbed; (2) pilot study 

in HSc model analyzing impact of (HA+mAB) gel on HSc contraction; and (3) study 

analyzing the impact of (HA+mAB)PLCL construct on HSc contraction. Murine housing 

and experimental protocols were approved by, and conducted in accordance with, 

guidelines from the Institutional Animal Care and Use Committee of Duke University. 

All murine surgeries were performed with female C57BL/6 mice (Jackson Laboratories, 

Bar Harbor, ME), 10-12 weeks-old.  

4.2.9 Subcutaneous implant studies  

PLCL scaffolds (8mm diameter, 110 μm thick) were disinfected in 70% ethanol 

for 20 min, washed three times in water, and incubated overnight in PBS (no coating) or 

5 mg/mL HA. Mice were anesthetized using 2% isoflurane in oxygen (adjusted slightly to 

effect) and subcutaneous implantation was performed on the dorsal flank. In all mice, the 

left flank received uncoated PLCL scaffold while the right flank received HA coated 

PLCL scaffold. Scaffolds were excised on d 28 following implantation and fixed in 4% 

paraformaldehyde for subsequent histological analysis. 
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4.2.10 Studies performed using murine HSc contraction model 

Mice in studies 2 & 3 were treated using the Levinson HSc contraction model as 

previously described.
110

 In brief, mice were given a third-degree burn on the dorsum 

which was excised three days later. At this time, treatments were applied to the wound 

bed as outlined in Tables 2 & 3. In study 2, 5% HA or (5% HA + 400 µg/mL anti-TNFα 

mAB) gel was thawed from -80˚C and brought to 37˚C directly before implantation. 0.2 

mL HA or (HA+mAB) gel was applied in each application, including both sub-graft and 

post-surgery topical applications (Table 2). In study 3, PLCL scaffolds (1.9 cm diameter, 

110 μm thick) with adsorbed HA or (HA+mAB) coating were laid into the wound bed, 

edges tucked beneath wound margins, and sutured at the wound margin with four 

interrupted mattress stitches of 6-0 silk suture. For both studies 2 and 3, split-thickness 

murine donor ear skin grafts were prepared, laid over the top of the wound, and 

approximated to each other and the surrounding skin with interrupted stitches. The skin 

grafts were then secured with a padded bolster. The bolster was removed as outlined in 

Tables 2 & 3. 
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Table 2: Treatment groups for study 2: HA+mAB gel in HSc contraction model. Four 

treatment groups were performed, with all groups receiving fenestrated skin graft with or 

without treatment in the underlying wound bed at the time or surgery. 

 

Table 3: Treatment groups for study 3: PLCL+HA±mAB in HSc contraction model. 

Three treatment groups were performed with n = 6 mice per time point for a total of 18 

mice per treatment group. All groups received fenestrated skin graft with or without 

scaffold treatment applied in the underlying wound bed at the time or surgery. Group A 

(n = 6) sacrificed at d 3; Group B (n = 6) sacrificed at d 7; Group C (n = 4) sacrificed at d 

28. 
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Murine health and welfare was assessed daily. Images of healing skin grafts were 

collected daily from the date of bolster removal until d 9, then on d 11, 14, 21, and 28. 

Sacrifice was performed at time points outlined in Tables 2 & 3. At the time of sacrifice, 

grafts were harvested and split in half down the axis perpendicular to the graft margin. 

Half of the wound was fixed in 4% formaldehyde for subsequest histological analysis, 

while half the wound was flash frozen in liquid nitrogen and stored at -80˚C for 

subsequent protein analysis.  

4.2.11 Histological analysis of wound tissue 

Tissue specimens were preserved in 4% formaldehyde and subsequently 

embedded in paraffin wax for histological analysis. Sections were stained with H&E as 

previously described.
197

 Slides were visualized using a Nikon eclipse E600 microscope. 

Sections for immunohistochemical analysis were stained as previously described anti-

CD68 antibody (1:1000 dilution, Abcam) and anti-CD31 antibody (1:50, Abcam).
197

 

4.2.12 Protein analysis of wound tissue 

Wound tissue was removed from -80˚C and placed directly on dry ice. Individual 

tissue samples were transported to pre-chilled QIAtubes on dry ice and a pre-chilled 7 

mm stainless steel bead was placed above the sample. Tubes containing samples were 

disintegrated via three 1 min treatments at 10 Hz in a pre-chilled QIAcube Tissue Lyser 

LT at 4˚C (Qiagen, Hilden, Germany) with 10 sec liquid nitrogen dips between 

treatments to maintain tissue frozen. Samples were moved to wet ice and 1 mL ice-cold 

extraction buffer (endotoxin-free PBS, 0.1% Igepal CA-630, protease inhibitor cocktail; 
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Sigma) was added to each sample. Samples were incubated in extraction buffer for 30 

min on wet ice with a single manual disruption in the middle of the incubation to assist in 

tissue disintegration. Samples were spun down for 30 min at 13,000 RCF in a pre-chilled 

4˚C micro-centrifuge. Supernatants were removed, diluted 10-fold, and protein content 

analyzed via bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo) according 

to manufacturer instructions. Samples were diluted to 5 mg total protein/mL in extraction 

buffer, aliquoted, and frozen at -80˚C for future analysis. For ELISA analysis, proteins 

were diluted to 1 mg/mL in standard diluent buffer. ELISA analyzing TNFα protein 

content were performed according to manufacturer instructions as described above. 

4.3 Results 

4.3.1 PLCL ± HA characterization 

PLCL scaffolds were spun to a thickness of 104±3.3 µm with fiber diameter of 5.5±0.1 

µm (Fig. 22A,B). Contact angle analysis of PLCL films with adsorbed HA (32±3.5˚) 

compared to those without HA (75±1.0˚) demonstrated a significant increase in surface 

hydrophilicity as demonstrated by decreasing contact angle measurement (Fig. 22C). 

Homogeneity of HA adsorption was confirmed via Alcian blue staining; Alcian blue was 

not seen interacting with PLCL with no coating, but visibly stained PLCL scaffolds 

coated with HA, HA+low concentration of covalently attached mAB, or HA+high 

concentration of covalently attached mAB (Fig. 22D). 

Monoclonal antibody against the inflammatory cytokine TNFα was conjugated to 

high molecular weight hyaluronic acid by reaction with T3P and DMAP. In this reaction, 
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the highly basic nature of DMAP results in protonation of the carboxcylic acid group on 

the HA backbone, resulting in formation of a carboxylate intermediate. The carboxylate 

attacks T3P resulting in formation of an activated carboxcylic acid group on the HA 

backbone; as by-products of the reaction, two equivalent moles of protonated base are 

produced for each carboxcylic acid formed. The activated carboxcylic acid forms an 

amide bond with an amine on the mAB, resulting in a strong covalent bond between the 

two reactants. The by-products of this reaction must be removed as they can be quite 

toxic to living cells and tissue. In order to remove the by-products, (HA+mAB) conjugate 

solution was filtered through a 30 kDa filter. Prior to filtration, testing was carried out via 

agarose gel electrophoresis to ensure retention of the mAB by the 30kDa filter (Fig. 

23A). Retention of unconjugated mAB by 30 kDa filtration allows for removal of 

hazardous by-products, while maintaining the costly antibody in the filter reservoir. To 

ensure that mAB retention was due to the MW cutoff of the filter and not due to non-

specific binding of the mAB to the filter membrane, filtration studies were also 

performed using 300 kDa filter to ensure passage of the ~160 kDa mAB. A representative 

gel is shown in Fig. 23A where un-conjugated mAB is retained by 30 kDa filter, but not 

by 300 kDa filtration.  
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Figure 22: PLCL scaffold and HA coating characterization. Side-view scanning electron 

micrograph of electrospun PLCL scaffold with total thickness evident at ~100 µm; scale 

bar = 100 µm (A). Top-down scanning electron micrograph of PLCL scaffold 

microtopography demonstrates random fiber orientation and homogeneous fiber 

diameter; scale bar = 50 µm (B). PLCL films with HA coating demonstrated significantly 

decreased contact angle as compared to PLCL scaffolds in PBS, suggesting dramatic 

increase in surface hydrophilicity (C). Alcian blue staining of electrospun PLCL scaffolds 

with no coating, HA, HA+low mAB, or HA+high mAB coating demonstrates presence of 

HA on treated scaffolds regardless of the conjugation of mAB to HA chain prior to 

coating (D); scale bar = 2mm.  

4.3.2 Characterization of mAB following covalent conjugation 
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Figure 23: mAB retention & activity following covalent conjugation to HA. Agarose gel 

demonstrating retention of mAB by 30 kDA Pall filter, and flow through of mAB in 300 

kDA filter; each filter reservoir was loaded with 3 µg mAB in 50 µL water and 

centrifuged at 14,000 x g for 15 min (A). Lanes loaded as follows: (1) 3 µg mAB loading 

control; (2) 2 µg mAB loading control; (3) 1 µg mAB loading control; (4) 0.5 µg mAB 
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loading control; (5) 300 kDa filter reservoir; (6) 300 kDa filtrate (diluted 3x); (7) 30 kDa 

filter reservoir; (8) 30 kDa filtrate (diluted 3x). These data demonstrate that unconjugated 

mAB will not be lost during 30kDa filtration process following covalent conjugation. 

Polyacrylamide gel demonstrating retention of HA+mAB conjugate by 30 kDa filter (B). 

Lanes loaded as follows: (1) 70 µg HA loading control; (2) 140 µg HA loading control; 

(3) 210 µg HA loading control; (4) 280 µg HA loading control; (5) 350 µg HA loading 

control; (6) empty; (7) 30 kDa filter reservoir; (8) 30 kDa filtrate. These data demonstrate 

that a small fraction of polydisperse HA passes through the 30 kDa filter while the 

majority of (HA+mAB) conjugate is retained during the filtration process to remove 

conjugating chemical moieties. ELISA data demonstrating that (HA+mAB) covalent 

conjugate sequesters significantly more TNFα protein than HA alone, but is not 

significantly different from mAB alone or mAB mixed with HA (C). 

The 30 kDa filtration step following covalent conjugation of HA+mAB not only 

removes reaction by-products, but also results in concentration of the HA+mAB solution 

in the filter reservoir. HA concentration is an important variable in the adsorption 

efficiency of HA to PLCL, therefore monitoring of the HA concentration in the 

HA+mAB conjugate was necessary in order to maintain consistent coating of PLCL 

scaffolds in subsequent adsorption steps. Polyacrylamide gel electrophoresis was used to 

analyze HA concentration following 30 kDa filtration (Fig. 23B). Serial dilution of HA 

was used to create control samples for a calibration curve; the intensity of each band was 

used to calculate the actual concentration of HA in each sample. Excessive spreading of 

the bands demonstrates the polydisperse nature of the commercially available HA used in 

this work.
142

 While the majority of HA in solution is retained during the filtration 

process, a small portion of the HA solution is able to pass through the 30kDa filter. Due 

to the retention of unconjugated mAB by 30kDa filtration, it is unlikely that HA+mAB 

conjugates would be able to pass through the 30kDa filter during removal of reaction by-

products. 
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Following removal of conjugation by-products by 30kDa filtration, ELISA was 

used to analyze the activity of the anti-TNFα mAB following conjugation to HA. Due to 

the non-specific nature of the selection of the amine group from the mAB for conjugation 

to the carboxylic acid on the HA backbone, it is possible that the mAB could bind to the 

HA chain in such a way that the Fc region would be sequestered from binding to free 

TNFα in solution. However, ELISA data demonstrated no significant difference in TNFα 

sequestration by mAB covalently bound to HA as compared to mAB alone or mAB 

mixed with HA (Fig. 23C). These data demonstrate the retention of mAB activity 

following covalent conjugation to HA.  

Following covalent conjugation, (HA+mAB) conjugates were adsorbed to PLCL 

scaffolds. During the reaction, HA concentration was held constant and two 

concentrations of mAB were prepared, these conjugates were referred to as: (HA+high 

mAB) and (HA+low mAB). Two mAB concentrations were prepared in order to assess 

for any impact of altering mAB concentration on either (1) adsorption to PLCL, or (2) 

mAB sequestration of free TNFα in solution. Alcian blue staining demonstrated 

negligible differences between PLCL coating efficiency with (HA+high mAB) as 

compared to (HA+low mAB), or PLCL+HA alone (Fig. 22D). Following adsorption to 

PLCL, the activity of (HA+mAB) conjugates was tested using ELISA. Scaffolds coated 

with HA, (HA+high mAB), and (HA+low mAB) were incubated with a known 

concentration of TNFα protein for 1,4, and 24 h. Free TNFα was collected and time-

dependent concentration of TNFα protein in solution was analyzed. PLCL+HA 



 

108 

 

sequestered significantly less free TNFα protein than PLCL(HA+high mAB) or 

PLCL(HA+low mAB), but there was no significant difference between TNFα 

sequestration based on mAB concentration during conjugation (Fig. 24).  

 

Figure 24: HA+mAB construct maintains activity following adsorption to PLCL 

scaffold. ELISA analysis demonstrated that anti-TNFα mAB covalently linked to HA 

remained capable of sequestering soluble TNFα from solution following adsorption to 

PLCL scaffolds. PLCL+HA sequestered significantly less soluble TNFα from solution 

than did PLCL(HA+mAB) with negligible differences in TNFα as a function of time or 

mAB concentration during covalent conjugation.  

In order to investigate the anti-inflammatory capability of the (HA+mAB) PLCL 

constructs at the cellular level, NIH3T3 cells with NFκB-inducible luciferase reporter 

(NIH3T3-Luc) were used. NFκB in the unstimulated cell resides with the inhibitor IκB in 

the cytoplasm of the cell. TNFα treatment results in cleavage of IκB, allowing NFκB to 
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enter the nucleus and initiate the inflammatory response. Upon entering the nucleus of 

NIH3T3-Luc cells, NFκB activates the NFκB-luciferase reporting vector within the 

transgenic cell line. Quantification of the luciferase reporter can be used as a system to 

track the activation of NFκB triggered by TNFα treatment in this cell line. Luciferase 

expression by un-stimulated NIH3T3-Luc (no treatment) was compared to luciferase 

expression by NIH3T3-Luc stimulated with [1000 pg/mL] TNFα in the presence of: (1) 

no scaffold (control group); (2) PLCL+HA, (3) PLCL(HA+low mAB), (5) 

PLCL(HA+high mAB) (Fig. 25).  

Fold increase in relative light units (RLU) was calculated as compared to 

luciferase expression by unstimulated NIH3T3 cells. Cells treated with PLCL+HA 

expressed a significant decrease in luciferase expression (2.3±0.1 fold) as compared to 

cells with no scaffold treatment (3.1±0.02 fold). Cells treated with PLCL(HA+low mAB) 

and PLCL(HA+high mAB) demonstrated significantly decreased luciferase expression 

(1.1±0.1 fold; 1.2±0.1 fold, respectively) as compared to those treated with PLCL+HA. 

These data suggest that PLCL(HA+mAB) constructs sequester soluble TNFα, thereby 

preventing cellular uptake, and mitigating downstream inflammatory events of this 

cytokine in vitro. Surprisingly, these results suggest a significant effect of HA+PLCL 

alone on TNFα activation of NIH3T3-Luc cells following treatment in vitro.  
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Figure 25: PLCL scaffolds with (HA+mAB) coating significantly decrease TNFα 

activation of NFκB pathway in vitro. NIH3T3-Luc cells were treated with [1000pg/mL] 

TNFα in DMEM + 0.1% FBS for 20 h. Immediately following TNFα introduction to 

culture media, one of four treatments was applied (1) no treatment, (2) PLCL+HA 

scaffold, (3) PLCL(HA+low mAB) scaffold, or (4) PLCL(HA+high mAB) scaffold. 

Luciferase assay was performed to assess NFκB activation by TNFα treatment. Relative 

light units (RLU) were normalized against luciferase produced by NIH3T3-Luc without 

TNFα treatment. These data demonstrate that PLCL+HA significantly decreases NFκB 

activation following TNFα treatment, and that PLCL(HA+mAB) further decreases NFκB 

activation significantly more than PLCL+HA.  

In summary, there was no significant difference in mAB sequestration of TNFα 

nor cellular NFκB activation in vitro based on mAB concentration during conjugation: 
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(HA+high mAB) vs (HA+low mAB). These data could represent several occurrences. 

Each repeating unit of HA possesses one carboxylic acid moiety capable of undergoing 

covalent conjugation to mAB. Therefore, it is possible that all HA chain binding sites 

were occupied at lower mAB concentrations. Alternatively, surface area provided by the 

PLCL scaffold to bind to HA may be the limiting factor. Regardless of the mechanism 

resulting in similar outcome, modification of mAB concentration during conjugation did 

not result in significant differences in mAB activity in vitro.  

4.3.3 In vivo analysis: 

The biological impact of (HA+mAB), HA+PLCL, and (HA+mAB)PLCL were 

studied in vivo across three independent studies. The first study performed analyzed the 

impact of (HA±mAB) gel on HSc contraction using the Levinson murine HSc contraction 

model. While impactful at early time points, the gel alone did not inhibit HSc contraction 

at d 14 in vivo. We hypothesized that the addition of a 3D electrospun scaffold could 

provide mechanical cues to the healing wound and improve the (HA+mAB) treatment 

outcome. Since the optimal binding site on the HA backbone for covalent conjugation is 

used to attach the mAB, preliminary studies were carried out to assess whether adsorption 

of HA could be a successful coating method for PLCL scaffolds. These studies 

demonstrated successful integration of PLCL+HA subcutaneously, suggesting adsorption 

would be an acceptable method to coat PLCL scaffolds with HA. The final animal study 

analyzed the impact of HA+PLCL and (HA+mAB)PLCL on HSc skin graft contraction 

in our HSc murine model as compared to mice who received no sub-graft treatment. 
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While promising at d14, ultimately the results at d28 of this study were inconclusive. 

Detailed results of each study are described below. 

4.3.4 Effect of HA±mAB gel on HSc contraction in vivo 

The murine HSc contraction model was employed to investigate the effect of 

HA±mAB gel application on HSc contraction. Percent contraction was calculated by 

measuring skin graft size at each day of the study and dividing against the size of the 

original wound for each mouse.  

 

Wound area over the 28 d study is plotted in Fig. 26 on a scale of 0-100% of 

original size, where 0% represents a fully contracted skin graft and 100% represents graft 

size upon removal of the post-operative bolster at d 3. All mice received a skin graft and 

individual treatments as outlined in Table 2. Results between treatment groups remained 

insignificant with the exception of d 9 (Fig. 26). At d 9, mice treated with HA+mAB with 

both single and triple application were significantly less contracted than mice treated with 

skin graft alone. Negligible differences were seen in graft health and appearance between 

the different treatment groups.  
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Figure 26: Skin graft contraction data following HA±mAB gel treatment. Skin graft 

contraction over the 14d study demonstrated negligible differences between treatments. 

*denotes p<0.05 between skin graft control and (HA+mAB) with single and triple 

applications.   

4.3.5 Verification of adsorption method for HA+PLCL in subcutaneous implant 

model 

The biological impact of adsorbed HA coating was analyzed in vivo using subcutaneous 

implantation into C57BL6-J mice. Histological analysis was focused around assessing 

foreign body reaction in the immediate region surrounding the site of scaffold 

implantation. Tissue sections were stained with H&E to assess the surrounding tissue. 
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Representative H&E images demonstrated successful integration of the scaffold with the 

surrounding tissue at d 28 post-implantation (Fig. 27) with or without adsorbed HA 

coating. A thin, diffuse fibrous capsule was visible around all implants; although no 

significant fibrotic capsular activity could be observed. Foreign body giant cells, single 

macrophages, and blood vessels could be seen surrounding and throughout both PLCL 

alone (Fig. 27A) PLCL+HA (Fig. 27B) scaffold groups.  

 

 

Figure 27: H&E staining of PLCL+HA adsorbed coating. 10x and 40x images of 

uncoated PLCL (A) and PLCL with adsorbed HA coating (B) at d 28 subcutaneous 

implantation in mouse. Scale bar set to 50 µm in all images. 
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Minimal neutrophillic presence was observed, suggesting transition from an acute 

inflammatory response to a mild chronic inflammatory response as expected at d 28. 

Neutrophil presence was slightly greater surrounding edges of PLCL+HA scaffolds than 

in other areas of scaffolds. Overall, histological analysis revealed appropriate integration 

of tissue with the scaffold, demonstrating HA adsorption as an appropriate method for 

coating PLCL for in vivo application. 

4.3.6 Impact of PLCL(HA+mAB) on HSc contraction in vivo 

 

A murine HSc contraction model was employed to investigate any combinatorial 

effects on HSc contraction when applying an anti-inflammatory HA+mAB gel using a 

slowly degrading PLCL scaffold. PLCL scaffolds with HA±mAB coating were implanted 

beneath donor skin grafts and wound contraction was monitored for 28 d. Three treatment 

groups were tested: (1) skin graft alone (control); (2) HA+PLCL; (3) (HA+mAB)PLCL. 

Wound contraction was quantified over time as previously described (Fig. 28).
110,197

 Skin 

graft control mice demonstrate typical wound contraction at d 14 of 59±2.5%, followed 

by unprecedented relaxation of the graft area by d 28 to 88±1.2% of original size (Fig. 

28).
110,193,197

 In contrast, mice treated with (HA+mAB)PLCL retained graft size at d 14 

(101±5%) and subsequent partial contraction to 79±2.3% at d 28 (Fig. 29). Mice treated 

with HA+PLCL demonstrated optimal retention of skin graft size throughout the study 

with partial relaxation at d 28 (107±12%) (Fig. 30). All grafts remained healthy 
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throughout the duration of the study and demonstrated characteristics of HSc including 

dark color, and raised or dense tissue areas.  

 

Figure 28: HSc skin graft contraction analysis of (HA±mAB)PLCL. Relative graft size 

calculated from daily wound images taken of healing grafts demonstrates significant 

decrease in skin graft contraction in mice treated with PLCL scaffolds as compared to 

controls out to d 21. After d 21, control wounds began to regain their original size and 

(HA+mAB)PLCL treated grafts begin to contract. Significance of p<0.05 as compared to 

skin graft control is denoted by δ for HA+PLCL and * for (HA+mAB)PLCL.  



 

117 

 

 

Figure 29: Skin graft control wound images. Wound images of mice treated with skin 

graft alone. Imaging dates are separated into columns, while individual mouse images are 

separated by rows. All images were taken at the same distance from the dorsum of the 

mouse. Graft tissue appeared healthy in all mice at all time points. At d 14, wounds 

appear more contracted than d 3; however, at d 28 wounds appear to have relaxed to 

reach a similar size to d 3.  
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Figure 30: HA+PLCL skin graft contraction images. Wound images of mice treated with 

HA+PLCL beneath a skin graft. Imaging dates are separated into columns, while 

individual mouse images are separated by rows. Scabbing is present at wound edges on d 

14; otherwise, skin grafts appear healthy despite a small area of scaffold extrusion (white 

arrow) in mouse 4 at d 28.  
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Figure 31: (HA+mAB)PLCL skin graft contraction images. Wound images of mice 

treated with (HA+mAB)PLCL beneath a skin graft. Imaging dates are separated into 

columns, while individual mouse images are separated by rows. Scabbing is present at 

wound edges on d 14; otherwise, skin grafts appear healthy despite small areas of 

scaffold extrusion (white arrows) in mouse 1 at d 28. Scale bar set to 1cm. 
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On one mouse in both the HA+PLCL group and the (HA+mAB)PLCL group, 

small areas of scaffold extrusion were present (Fig. 31). This issue was likely due to the 

non-specific nature of adsorbing HA coating. Application of HA coating to PLCL 

scaffolds via covalent conjugation would likely mitigate this issue in future studies.
197

 

      

Figure 32: ELISA analysis of TNFα levels in tissue lysate. ELISA demonstrated no 

significant change in TNFα levels in skin graft tissue lysates at d 3 and d 7 post-surgery.   

4.3.7 Protein-based assessment of inflammatory microenvironment 
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ELISA assays were performed on skin graft tissue lysates to assess impact of 

treatment on TNFα concentration in vivo. No significant difference was found in TNFα 

levels between time points or between treatment groups (Fig. 32).  

4.4 Discussion 

During the acute inflammation phase of wound healing, HA becomes highly 

prevalent in the wound bed. During this time, HA is involved in promoting cell 

migration, controlling myofibroblast proliferation, and suppressing inflammation. HA-

based scaffolds have been shown to improve the quality of healing tissue and decrease 

the likelihood of inflammation-related complications, such as HSc.
235

 Conjugation of 

mAB against pro-inflammatory cytokines to high molecular weight HA has been shown 

to decrease inflammatory response in rodent incisional and burn wound models.
143,230,233

 

In this study, we aimed to combine the therapeutic benefit of our supportive PLCL 

scaffold with the anti-inflammatory effects of HA and TNFα sequestration to mitigate 

post-burn HSc progression.  

Clinical observation suggests that the likelihood of HSc is increased in injuries 

leading to prolonged immune response or those with prolonged immune response due to 

secondary infection.
236

 Therefore, early mediation of the inflammatory phase of the 

immune response during wound healing could be a key factor in rescuing thermally 

injured tissue from progressive wound remodeling and contraction. Recently published 

work from the Washburn lab demonstrated significant decreases in tissue necrosis and 

inflammation upon repeated delivery of (HA + anti-TNFα mAB) directly to the 
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granulation bed of excised burn wounds.
92

 This effect was significantly greater in rats 

treated with covalent (HA+mAB) conjugates than in those treated with HA alone, mAB 

alone, or the mAB without conjugation to HA. We hypothesized that (HA+mAB) 

conjugates would elicit a similar effect in our murine model of HSc contraction, leading 

to decreased graft contraction over time. However, minimal impact was seen on graft 

healing and contraction in mice treated with (HA+mAB) gel during our pilot studies. To 

further improve upon the Washburn method for HSc treatment, we combined our slowly 

degrading PLCL scaffold with (HA+mAB) conjugates. While HA+PLCL exhibited a 

sustained decrease in HSc contraction as hypothesized, the combination 

(HA+mAB)PLCL did not demonstrate synergistic effects.  

Our results suggest that the addition of TNFα to HA+PLCL may partially 

counteract the positive effects of effects of the HA coating, resulting increased scar 

contraction in mice treated with (HA+mAB)PLCL as compared to those treated with 

HA+PLCL alone. This result may be related to the timing of burn excision in our murine 

HSc model resulting in lower levels of TNFα as compared to standard burn wound 

models. In rat models where (HA+mAB) has been successful in decreasing inflammation 

and burn progression, a third degree burn was created and eschar removed 24 h later. 

Treatment was then administered directly to the granulation bed and covered with 

Tegaderm until follow-up treatments were applied at d 2 and 4.
92,143

 Conversely, in our 

murine model burns are allowed to mature for 72 h prior to full-thickness burn excision 

and implantation of treatment beneath a donor skin graft. Several investigators have 
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demonstrated that the timing of burn wound excision impacts immune function at the 

level of cell-mediated immunity.
19,20

 It is hypothesized that early burn excision followed 

by skin grafting may remove harmful factors from the local wound tissue.
237

 In fact, 

removal of burn tissue 72 h post-burn in C57BL mice has been shown to cause a 

reduction in TNFα levels to levels found in un-injured tissue.
238,239

 This effect is mirrored 

in human severe burn victims, where burn excision 72 h post-injury has been shown to 

normalize macrophage production of TNFα.
21

 Interestingly, TNFα levels in excised d3 

and d7 graft tissue from our experiments were in the same range as previously published 

levels in murine excisional wounds, rather than the ranges typical of murine burn 

wounds.
144,240,241

 Excised tissue from burn wounds typically demonstrates ~100 fold 

higher levels of TNFα/mg total protein as compared to uninjured tissue, or tissue taken 

from excisional wounds.
144,240,241

 Taken together, these data suggest that TNFα levels 

may not have been elevated to a deleterious level in our murine model, rendering 

treatment based on sequestering local TNFα ineffective.  

These results do not necessarily dictate that anti-TNFα therapeutics do not have 

potential in HSc mitigation, but rather that their impact may be difficult to discern within 

our murine HSc model. Our model exhibits an accelerated version of HSc contraction, 

but does not demonstrate the proliferative component of HSc. Therefore, a proliferative 

HSc animal model may be required in order to test the efficacy of therapeutics directed at 

decreasing inflammation-related HSc occurrence. The rabbit ear HSc model, developed 

by Mustoe et.al. in the late 1990’s, provides the opportunity to study proliferative 
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scarring in a lagomorph model.
112,113

 This model generates excisional wounds (removing 

all layers down to the cartilage) on the ventral side of the ear. Rabbit ear skin is unable to 

contract and must heal completely by epithelialization.
112

 This delayed healing results in 

the formation of a raised, red scar which resembles HSc in both appearance and 

histological analysis. While this model does not imitate HSc contraction, it has been 

successfully implemented to study the impact of anti-inflammatory therapeutics on 

proliferative aspect of HSc.
242

  

4.5 Conclusions 

Complications during wound healing that prolong inflammation and result in 

altered ECM composition contribute burn progression and have been associated with 

increased incidence of HSc in severe burn patients. Addition of the anti-inflammatory 

GAG hyaluronic acid to electrospun PLCL further decreases skin graft contraction in 

mice as compared to previous studies where PLCL was coated with collagen type 1. 

Surprisingly, the addition of anti-TNFα mAB to the HA backbone decreased this effect in 

vivo. The antagonistic effect of anti-TNFα mAB in vivo can likely be attributed to low 

endogenous levels of TNFα in our murine HSc contraction model. While future studies 

should consider the potential impact of these constructs in an inflammation based model 

such as the rabbit ear model, further studies are required in our murine HSc model to 

confirm the results presented here. These results suggest thorough characterization of the 

inflammatory micro-environment present in our murine HSc model is necessary in order 



 

125 

 

to inform the field of the model’s overlaps with the inflammatory components of human 

HSc, and allow for improved development of therapeutics to combat HSc progression. 
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5. SPECIFIC AIM 4: Pore Size Impacts Cell-Cell 

Communication in 3D-Printed Polyurethane Scaffolds. 

5.1 Introduction 

Current therapy for third degree burns employs the placement of a scaffold 

between the wound bed and a healthy skin graft. As such, scaffold design is a key 

parameter in encouraging tissue regeneration. Scaffold design has been well-studied and 

manipulated to coax cellular and tissue behavior.
243,244

 In the design of scaffolds for 

dermal tissue regeneration, pore size and architecture are critical parameters dictating 

how cells interact with their surrounding environment. Pore size in scaffolds used for 

wound healing is generally optimized to encourage tissue and vascular in-growth. 

Optimal pore sizes for this goal range between 20-120 µm and have been shown to both 

improve vascular in-growth and modulate M1/M2 macrophage function.
74,75

 However, 

pore size has also been implicated in scarring and contraction.
194

 There is agreement in 

the literature that a pore size of ~80 µm will promote scaffold integration into host tissue, 

while minimizing myofibroblast formation within the scaffold in murine models.
194,245

 

When pore sizes exceed 150 µm the number of cells per pore increases, the force exerted 

per cell increases, and the scaffold is contracted more rapidly than 100 µm pore scaffolds 

in vitro.
246

 Similar results have been shown in vivo, where small scar pockets have been 

shown to form within large pores (~150 µm).  

It has been postulated that cell-cell communication, especially between 
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myofibroblasts, plays an important role in generating the mechanical tension within the 

wound that leads to lead to HSc contraction.
247,248

 Cells communicate via three 

biophysical methods: gap junctions, mechano-sensitive junctions, and adherens junctions. 

Adherens junctions are composed of cadherins that extend through the plasma membrane 

and mediate calcium dependent cell-cell adhesions. Cadherin receptors associate 

intercellularly with several structural and signaling proteins including the catenins and 

the actin cytoskeleton.
121

 In contrast to virtually cadherin-negative dermal fibroblasts in 

vivo, cultured dermal fibroblasts and protomyofibroblasts of early granulation tissue 

express N-cadherin.
122

 Following TGFβ treatment, N-cadherin-expressing fibroblasts 

differentiate into contractile, αSMA-expressing myofibroblasts similar to those found in 

contractile wound granulation tissue. During this transformation, N-cadherin is gradually 

replaced by OB-cadherin. OB-cadherin, and not N-cadherin, plays a functional role in 

myofibroblast contraction: increasing OB-cadherin results in increased FPCL contraction 

in vitro, while blocking OB-cadherin results in decreased FPCL contraction.
119,122

 

Further, upon dissociation of adherens junctions using blocking peptides, Ca
2+

 

oscillations between physically contacting myofibroblasts lose their synchronicity.
123

 

These data suggest that myofibroblasts use adherens junctions in part to facilitate their 

contractile actions as a coordinated cellular syncytium, and point to an effect of pore size 

on fibroblast-to-myofibroblast transition that likely surpasses a cell-cell communication 

threshold when pore size exceeds 120 µm. 

 If this is indeed the case, the use of scaffold design to disrupt cell-cell 



 

128 

 

communication may represent a passive avenue (without drugs or soluble factors) to 

mitigate scar contraction at the fundamental cellular level.
119

 Based on our understanding 

of how pore size impacts scaffold integration and the fibroblast-to-myofibroblast 

transition, we can hypothesize the existence of an optimal pore size for tissue ingrowth 

and scar minimization that resides between 80-120 µm. In order to probe this hypothesis, 

we have designed scaffolds with pore sizes of 50, 100, and 150 µm. This variation should 

allow us to study the impact of pore size on cellular infiltration and cadherin-based 

communication.  

In searching for an appropriate fabrication technique to generate highly controlled 

scaffolds for this purpose, we focused on the design requirements of: uniform features on 

the micron-scale, feature size of ~50 µm, three-dimensional design, and ability to 

fabricate structures from multiple classes of biomaterials. Uniform feature control on the 

tens-of-micron scale allows the study of biologically relevant feature modifications.
249

 

Feature size of ~50 µm allows the fabrication of 3D constructs with multiple layers, yet 

total thickness below 300 µm; above this thickness skin graft survival in our murine 

model is impaired. 3D feature control allows analysis of cell-scaffold interactions in a 

biologically-relevant 3D microenvironment in vitro and in vivo. Finally, we selected a 

fabrication method capable of generating constructs with various classes of biomaterials; 

lending flexibility for future optimization of this design. Together, these requirements led 

us to select 3D printing as our fabrication technique.  
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While micron and sub-micron scale 3D multi-layered constructs can be fabricated 

via 2-photon fabrication, this technique is difficult and time-intensive.
250

 We next 

considered commercially available 3D printers, such as the BioPlotter. While these 

systems are becoming increasingly more precise and affordable, they remain unable to 

reproducibly fabricate constructs with feature diameters below 100 µm.
251

 We chose to 

fabricate our scaffolds using a custom-built 3DP system (Fig. 33) constructed by the joint 

laboratories of the Wake Forest Institute of Regenerative Medicine (WFIRM). While the 

3D printing field is limited to feature dimensions ~300 µm using synthetic materials, 

WFIRM’s printing system boasts 50 µm resolution.
71

 The specificity of this printing 

system allows investigation of 3DP designs with highly controlled architecture at size 

ranges relevant for dermal regeneration. While WFRIM’s system is capable of fabricating 

topographically precise scaffolds using a variety of biomaterials, we chose to construct 

our initial design using the commercially available PU studied in Aim 1.
64,193

 Our 

previous work with electrospun PU scaffolds applied in our HSc murine model 

demonstrated skin graft survival in vivo, indicating a low risk of adverse foreign body 

reaction with this material.
193
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Figure 33: WFIRM custom 3D printing setup. Photograph of 3DP system (A); closed 

chamber system includes 3D stage and dispensing module including multi-cartridge and 

pneumatic pressure controller (B); layer-by-layer 3D printing illustration (C).Figure used 

with permission from the labs of James Yoo and Sang Jin Lee at WFIRM. 

This aim employs WFIRM’s custom 3D printing technology to manufacture precise 

polymeric constructs with controlled external shape, pore interconnectivity, porosity, and 

micro-pore size. We hypothesized that pore sizes smaller than 100 µm would discourage 

OB-cadherin expression and result in decreased HSc contraction in vivo. The results of 

these studies aim to inform the future development of a sub-dermal scaffold that 

therapeutically targets adherens junctions and can be used clinically to prevent contractile 

diseases, such as HSc. 

5.2 Materials and Methods 

Fabrication of 3DP scaffolds 

PU 3DP scaffolds in a basket-weave design with pore sizes of 50, 100, 150μm 

were fabricated by collaborators at Wake Forest Institute for Regenerative Medicine 
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(Winston-Salem, NC). PU (Chronoflex AL80A, AdvanSource Biomaterials) dissolved in 

chloroform (40% w/v) was extruded through a 100 µm-cone shaped metal nozzle at 780 

kPa of air pressure at 60°C. Two different scaffold designs were produced, one for in 

vitro studies and one for in vivo studies. Scaffolds used for in vitro studies were 

fabricated to have a solid layer of PU on one side, so as to allow cells to settle within the 

scaffolds in culture. Scaffolds used in in vivo studies did not include this backing, but 

rather were open on all sides.  

Characterization of 3DP scaffold feature dimensions 

Following fabrication, 3DP scaffold manufacturing quality, feature dimensions, 

and pore sizes were assessed. Scaffolds were sputter coated and analyzed with scanning 

electron microscopy (FEI XL30 SEM-FEG, Hillsboro, OR, USA) as previously 

described.
193

 Images collected were then used to measure pore dimensions, feature 

dimensions, and scaffold thickness using ImageJ software (NIH).  

Mechanical testing of 3DP scaffolds 

Static tensile testing was performed following guidelines in ASTM D3822-07 as 

described in Aims 1 and 2. Samples were analyzed on a microstrain analyzer (RSA II, 

TA Instruments, New Castle, DE, USA) at a rate of 0.1 mm/s at room temperature (23C) 

until failure. The initial elastic modulus was calculated within the first 0-200% strain. 

Flexural elastic moduli were attained via MSA according to ASTM D790-10 

guidelines. Samples (Integra, 50μm 3DP, 100μm 3DP, and 150μm 3DP) were securely 
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mounted to a three-point bending attachment and tested until 5% strain with cross-head 

strain rate of 0.11 mm/sec.  

Human dermal fibroblast cell culture 

NHDF (Lonza, Basel, Switzerland) were cultured in high glucose Dulbecco's 

Modified Eagle's Medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% 

Premium Select FBS (Atlanta Biologicals, Lawrenceville, GA, USA), 25 μg/mL 

gentamicin, 1 x GlutaMAX, non-essential amino acids, sodium pyruvate, and β-

mercaptoethanol (Invitrogen) at 37°C and 5% CO2. Cells used for in vitro experiments 

were used up to passage six.  

In vitro culture of NHDF on 3DP scaffolds 

Prior to all in vitro and in vivo studies, 3DP scaffolds were oxygen plasma treated 

and collagen coated to improve hydrophilicity of the substrate as previously described.
193

 

Scaffolds were placed in a plasma asher (Emitech K-1050X, Montigny-le-Bretonneu, 

France) and treated with reactive oxygen plasma for 45 sec at 100 W. Plasma treated 

scaffolds were immediately placed in sterile water and then sterilized in 70% ethanol for 

20 min. Sterilized samples were then rinsed three times for 5 min each in sterile water. 

EDC/NHS chemistry was used to covalently attach collagen on the surface of 3DP 

scaffolds. This method has been well described and characterized previously and it is 

known to be non-toxic and biocompatible.
252

 Scaffolds were coated with bovine type-1 

collagen (Nutragen, Advanced Biomatrix, San Diego, CA, USA). Collagen coated 3DP 
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scaffolds (cc3DP) were rinsed thoroughly in PBS (Invitrogen) and placed in a tissue 

culture plate. 24 h prior to cell seeding, cc3DP were placed in fresh culture media 

containing 10% FBS. For 5d studies cells were seeded on cc3DP with area ~25 mm
2
 in a 

48-well plate at 50,000 cells/mL of media supplemented with 5ng/mL TGFβ. Media was 

changed at d 2.5 for 5d studies and replaced with fresh TGFβ containing media. For 24 h 

studies, cells were seeded on cc3DP with area ~12.5 mm
2
 in a 96-well plate at 7,500 

cells/scaffold in TGFβ containing media.  

In vitro NHDF viability analysis  

Cell viability within cc3DP scaffolds was assessed using Live/Dead 

Viability/Cytotoxicity kit for Mammalian Cells (Invitrogen). D 5 NHDF-seeded cc3DP 

and non-seeded cc3DP were stained according to manufacturer instructions. Stained 

scaffolds were mounted on coverslips and imaged on an inverted fluorescent microscope 

(Eclipse TE2000-U, Nikon, Tokyo, Japan). ImageJ was used to count labeled dead and 

alive cells.  

Immunocytochemistry 

After 5 d culture studies as described above, cells were fixed in 4% 

paraformaldehyde in PBS for 15 min at room temperature. They were subsequently 

permeabilized, blocked, and stained with primary antibodies in a solution containing 0.03 

g/ml BSA (Sigma), 10% goat serum (Sigma), and 0.3% Triton X-100 (Sigma) in PBS. 

Samples were blocked for 3 h prior to the addition of primary antibody. Cells were 
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incubated in primary antibody against αSMA (1:100, Abcam, Cambridge, MA) overnight 

at 4°C. Samples were then incubated in Alexa Fluor 594 anti-mouse secondary antibody 

(1:200, Invitrogen) for 4 h at room temperature. DAPI (1:5000, Invitrogen) was used to 

stain cell nuclei and phalloidin 488 (1:200, Invitrogen) was used to stain the actin 

cytoskeleton. Stained samples were mounted in Fluoro-Gel (Electron Microscopy 

Sciences, Hatfield, PA) and images were acquired using an inverted confocal microscope 

(Zeiss LSM 510, Oberkochen, Germany). 

Quantification of OB-Cadherin expression in vitro 

Cells cultured in cc3DP substrates for 24 h or 5 d were gently washed in ice-cold 

sterile PBS, moved to a fresh TC plate, and placed in ice-cold RIPA buffer (Teknova, 

Hollister, CA), containing protease inhibitor (Sigma-Aldrich) to prepare cell lysates. 

Lysis buffer was vigorously pipetted through cc3DP scaffolds to physically dislodge cells 

within the scaffold.  The samples were then placed on ice and rocked on a plate rocker for 

15 min, followed by another round of vigorous pipetting to break-free cells from within 

the scaffold. The cell suspension was then transferred to pre-chilled eppendorph tubes 

and centrifuged at 16,000 x g for 15 min at 4˚C. Supernatants were transferred to fresh 

tubes and protein content analyzed via BCA assay (Pierce) according to manufacturer 

instructions. Lysates were normalized to total μg protein and electrophoresed on SDS 

12% polyacrylamide gels (Mini-protean TGX, Bio-rad), followed by electro-transfer of 

proteins onto nitrocellulose membranes (Bio-rad). Membranes were then blocked in 5% 

w/v skimmed milk powder in Tris-buffered saline with 0.01% Tween for at least 1 h at 
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room temperature. Blots were incubated in primary antibodies against OB-cadherin 

(1:1000, Abcam), N-cadherin (1:5000, Abcam), and -actin as a loading control (1:2000, 

Abcam) overnight at 4°C. Blots were then incubated in horseradish peroxidase-

conjugated anti-rabbit IgG (BioRad) for 40 min at room temperature. An enhanced 

chemiluminescence kit (Thermo Scientific, Rockford, IL) was used to detect bound 

antibody. Chemiluminescence was visualized with Amersham Hyperfilm MP (GE 

Healthcare Biosciences). Semi-quantitative analysis of protein expression was assessed 

using densitometry analyses on ImageJ. Gels shown are representative across conditions.  

Animal Care 

All procedures were performed in regulation with protocols approved by the Duke 

University Institutional Animal Care and Use Committee. Female C57BL/6 mice, 10-12 

weeks old, weighing 18-23 g (Jackson Laboratories, Bar Harbor, ME) were used 

throughout the study. Mice were housed individually post-operatively and for the 

remainder of the study.  

Surgical methods 

Surgical procedures were carried out as previously described.
197

 Briefly, a third 

degree burn was created on the dorsum of recipient mice. Burns were left for 3 d and then 

a 1.2 mm diameter circle containing the burn was excised and prepared for skin grafting. 

Treatment groups included (1) skin graft only, (2) skin graft over 50μm pore cc3DP 

scaffold, (3) skin graft over 100μm pore cc3DP scaffold, and (4) skin graft over 150μm 
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pore cc3DP scaffold. cc3DP scaffolds were cut using a 1.2 cm biopsy punch. Sterile 

scaffolds were placed into the wound bed and sutured beneath the wound edges. Skin 

grafts were harvested from the ears of donor mice, where the dorsal skin surface was 

separated from the cartilaginous ventral tissue. Skin from two donor ears were used to 

create one complete skin graft for each wound. Donor skin was laid over the wound and 

scaffold, if present, and the edges of the skin graft were sutured with interrupted stitches. 

A padded bolster was placed over the skin graft and secured to the dorsal surface of the 

mouse. The bolster was removed on postoperative d 3. Standard images of the wounds 

were taken daily until postoperative d 11, 12, and 13, at which point the mice were 

euthanized for wound excision. All collected tissue samples were cut into two pieces, 

with one half placed in 10% formalin and subsequently embedded in paraffin wax for 

histological analyses and the other half flash frozen in liquid nitrogen for future studies, 

such as protein expression analyses, and stored at -80°C.  

Wound contraction analysis 

Computer planimetry was used to assess percentage of wound contraction over 

time. Images collected at postoperative d 3-13 were uploaded to Image J. Wound margins 

were outlined by hand by the same person to maintain consistency and area assessed for 

each wound. Postoperative d 3 wound areas were considered as the original wound size 

and all subsequent days were presented in terms of percentage of the original wound size. 

For example, a completely contracted would be considered 0% of its original wound size.  
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Immunohistochemistry  

Routine H&E, CD31, and CD68 staining was completed as previously 

described.
110,197

 Primary antibodies against CD31 (1:50, Abcam) and CD68 (1:1000, 

Abcam) were used to stain vasculature and macrophages, respectively. Biotinylated goat 

anti-rabbit (1:50, Vector Laboratories), avidin-biotin complex reaction (Vector 

Laboratories) and DAB substrate (Biocare Medical, Concord, CA) were used as 

secondary antibodies. H&E and antibody stained slides were imaged on a Nikon eclipse 

E600 microscope and images were taken with a Nikon DXM 1200 digital camera under 

consistent image capture settings. Tissue structure, inflammatory response, and wound 

healing metrics were assessed by a dermatopathologist at Duke University Hospital 

blinded to treatment conditions.  

Statistics  

All Gaussian data have been presented as mean  standard error of the mean. 

One-way analysis of variance using Tukey’s multiple comparison test was used for 

comparing across conditions. The nominal significance level of p<0.05 was used to 

declare significance of results. Two-way analysis of variance was used to compare 

Western blot data and contraction rates in in vivo studies. All statistical analyses were 

performed using GraphPad software (Version 6.0f, San Diego, CA). Mechanical and 

scaffold characterization measurements were carried out with n5. In vitro experiments 
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were completed in triplicate at least five separate times and in vivo experiments were 

completed with n5 mice per treatment group.  

5.3 Results 

Characteristics of 3DP scaffolds fabricated for in vivo and in vitro studies  

Identical basketweave design 3DP PU scaffolds were fabricated for in vivo and in 

vitro applications, with the exception that in vitro scaffolds were manufactured to have 

one solid face to allow for cells to settle in the scaffolds (Table 4). The addition of the 

solid layer caused a significant increase in the thickness of the in vitro scaffolds; 

otherwise, features remained constant between the in vitro and in vivo groups (Table 5).  

We produced scaffolds in a basket-weave design to mimic the organization of collagen 

deposition within healthy skin. In contrast to healthy skin, collagen deposition in scar 

tissue is randomly organized, and then progresses to highly anisotropic, aligned fibers 

aiding in scar stiffness and contraction.
253

 Covalent collagen coating covered the entire 

scaffold and did not alter scaffold dimensions or architecture (Fig. 34). These results 

mimic the outcome of covalent collagen coating in our previous studies.
193,197
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Table 4: Scanning electron micrograph images of 3DP PU scaffolds. Views of 3DP PU 

scaffolds in each pore size from above (top view), below (base view), and the side (lateral 

view). Scale bar set to 200 µm in all images. Features remained identical between 

scaffolds printed for in vitro and in vivo purposes, outside of the presence of a solid base 

layer on in vitro scaffolds. Scaffolds demonstrated uniform features across each printing 

session; representative images shown. 
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Table 5: Feature dimensions of 3DP PU scaffolds. Feature dimensions were measured 

via SEM. A minimum of three images were measured over a minimum of three 

individually printed samples per group. Significance between groups (p < 0.05) denoted 

as *, while a lack of significance between groups is denoted as ----. 

Goal pore 

size
in vitro in vivo

Significant 

difference?
in vitro in vivo

Significant 

difference?
in vitro in vivo

Significant 

difference?

50µm 256 ± 2 250 ± 2 ---- 57 ± 2 63 ± 1 ---- 75 ± 2  74 ± 0.3 ----

100µm 256 ± 1  193 ± 2 *  85 ± 5 95 ± 7 ----  87 ± 1 83 ± 1 ----

150µm 254 ± 2 203 ± 3 * 143 ± 3 149 ± 5 ---- 85 ± 1 82 ± 1 ----

Significant 

difference?
---- * 50>100,150 ---- ---- ----* all groups * 50<100,150

Construct thickness  (µm) Pore size (µm) Feature diameter (µm)

 
 

 

 

Figure 34: Covalent collagen coating on cc3DP PU. Collagen uniformly coated scaffold 

features without filling pores or altering architecture. Representative image of 150 µm 

pore scaffold shown.  

Porosity and pore interconnectivity must be balanced to optimize scaffold mechanical 

properties while facilitating cell migration and growth in the scaffold.
64

  MicroCT 

analysis demonstrated ~50% porosity (Fig. 35 ) with well-interconnected pore structure 

in all 3DP PU scaffolds (Table 6). 

Mechanical properties  
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Figure 35: MicroCT porosity analysis. Porosity analysis via microCT demonstrated 

negligible differences in porosity between 50 µm in vivo (45±5 µm) and in vitro (42±1 

µm) scaffolds, and between 150 µm in vivo (52±4 µm) and in vitro (52±0.3 µm) 

scaffolds. Porosity was significantly different between 100 µm in vivo scaffolds (38± 

2µm) and in vitro scaffolds (55±3 µm), but neither was significantly different from the 50 

µm or 150 µm scaffolds. 

Tensile properties of in vitro and in vivo 3DP scaffolds were assessed using MSA 

and compared with normal human skin, normal murine skin, human scar, murine scar, 

and Integra (Fig. 36). The elastic moduli of the three different 3DP scaffolds: 50m 

(8.00.3 kPa), 100m (10.30.4 kPa), and 150m (6.30.2 kPa), were not significantly 

different from each other or Integra (6.50.9 kPa). Previously gathered data on human 

and murine skin and scar stiffness demonstrates that tensile elastic moduli of 3DP PU 

scaffolds were not significantly lower than those of human or murine skin tissue.
197

 

Taken together, the tensile properties of PU 3DP scaffolds suggest that they should be 

suitable materials for placement underneath a skin graft. 
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Table 6: MicroCT images of 3DP PU scaffolds. 3DP PU Scaffolds were fabricated and 

characterized using µCT. Images of 50, 100, and 150 µm pore scaffolds demonstrated 

layered beams (blue) with interconnected pore structure (yellow). 
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Flexural elastic moduli of Integra and in vivo 3DP scaffolds were assessed using 

MSA (Fig. 37). Flexural moduli of 50m (14.8±0.8 MPa), 100m (15.4±1.5 MPa), and 

150m in vivo 3DP (10.6±0.3 MPa) were significantly stiffer than Integra (1.5±0.3 MPa) 

(p < 0.001). Suggesting significant increase in force required for bending 3DP scaffolds 

as compared to the clinical standard-of-care, Integra.  

 
Figure 36: Tensile elastic modulus of 3DP as compared to standard-of-care and 

human tissue. Static tensile testing demonstrated that the tensile elastic moduli of 3DP 

scaffolds were not significantly different from Integra. Human scar tissue was 

significantly stiffer than all other groups tested (t-test, Welch’s correction. * denotes 

p<0.01).  

Traditionally, mechanical properties of 3DP scaffolds are designed to optimize 

elastic and compressive moduli; flexural modulus is rarely considered.
254

 While our 3DP 

scaffold possesses appropriate tensile elastic modulus not to inhibit patient motion and 
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elasticity for repetitive motion across joints, its flexural modulus is significantly higher 

than the standard-of-care scaffold. These data suggest that flexural stiffness may limit the 

applicability of 3DP PU scaffolds for implantation beneath skin grafts covering non-flat 

surfaces. 

          

Figure 37:Flexural elastic modulus of cc3DP as compared to Integra. 3-point bending 

analysis demonstrated that Integra possessed significantly lower flexural modulus than all 

3DP groups. These data demonstrate that 3DP PU possesses significantly higher flexural 

modulus than the clinical standard-of-care, which has been successful in supporting skin 

graft survival in our HSc murine model. (t-test, Welch’s correction. * denotes p<0.05). 

In vitro cell viability and interaction with cc3DP scaffolds 
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Basketweave cc3DP substrates supported cellular viability and infiltration. NHDFs 

remained viable in cc3DP scaffolds with 97.20.63% viable cells in 50m pore scaffolds, 

98.60.33% viable cells in 100m pore scaffolds, and 94.93.23% viable cells in 150m 

pore scaffolds at 5d in culture (Fig. 38A).Cell viability is an important characteristic in 

designing a scaffold that may be permanently placed in a wound bed comprised of many 

migratory, regulatory, and differentiating cells. Immunostaining was used to investigate 

cell morphology and cell-scaffold interaction. As NHDF infiltrated the open space within 

the scaffold, cells elongated along the edges of pores and were visualized bridging across 

pores (Fig. 38B).  

Two-dimensional (on glass slides) and three-dimensional (in cc3DP scaffolds) 

OB-cadherin and N-cadherin immunostaining were also performed. However, due to the 

vast abundance of cadherin protein both on the cell surface and within the cytosol, it was 

difficult to visualize specific adherens junctions between cells (Fig. 39).  

Depending on seeding density, NHDF morphology and orientation were highly 

influenced by scaffold architecture. Extensive seeding density analyses were carried out 

to optimize seeding density. The seeding density used for all Western blot analyses, was 

the highest density at which cellular viability was preserved in 150 µm pore scaffolds 

during 5d trial; however, this seeding density resulted in an inability of cells to fully fill 

pores in vitro. The difference between the seeding densities can be discerned by 

comparing the upper right panel of Fig. 38B with the far left panel of Fig. 39. Both 

figures demonstrate NHDF interacting with 50 µm pore cc3DP. 
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Figure 38: NHDF viability and morphology at d 5 in cc3DP scaffolds. NHDF seeded in 

cc3DP scaffolds demonstrated >95% viability after 5 d in culture (A) 

Immunocytochemical staining on d 5 demonstrated cell-cell interaction among all pore 

sizes (blue: DAPI, green: f-actin; red: αSMA) (B). 

Scaffolds in Fig. 38B were seeded with the seeding density used for Western blot 

analysis, while the scaffolds in Fig. 39 were seeded at a higher density. Scaffold pores in 

Fig. 38B are not filled, while pores in Fig. 39 are; this difference may account for the 

minimal impact of pore size on OB-cadherin formation in 150 µm pores, where cells 

cannot span pore voids as is seen in Fig. 38B in the upper right panel.  

In vitro OB-cadherin and N-cadherin expression 

NHDF were cultured for 24 h and 5 d in cc3DP PU scaffolds with media 

supplemented with TGF. After 24 h in culture, Western blot analysis revealed a 
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significant 1.8±0.1 fold increase in OB-cadherin expression in 100 µm and an 

insignificant 1.6±0.2 fold increase in 150 µm pores relative to 50 µm pores (Fig. 40A,C). 

 

Figure 39: Cadherin staining in NHDF seeded on cc3DP PU or TCPS. N-cadherin and 

OB-cadherin staining was carried out on glass coverslips or on cc3DP scaffolds to 

visually assess cell-cell interaction. Diffuse nature of cadherin expression inhibited 

quantification of cadherin localization to cell-cell junctions in 3-D culture. All images at 

20x.  

A similar trend was present after 5 d in culture where OB-cadherin expression was 

significantly increased by 2.2±0.3 fold in 100 µm pores and insignificantly increased by 

1.7±0.4 fold in 150 µm pores relative to 50 µm pores (Fig. 40A,C). Insignificant changes 

in N-cadherin expression were present in all treatment groups at both time points 

(p>0.05). At 24 h, there was a 1.7±0.4 fold increase in N-cadherin expression in 100 µm 

pores and a 1.6±0.5 fold increase in 150 µm pores relative to 50 µm pores (Fig. 40B,C).  
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Figure 40: Western blot analysis of N-cadherin and OB-cadherin expression by NHDF 

seeded in cc3DP PU. OB-cadherin expression was significantly increased (p<0.05) by 

NHDF seeded in 100 µm pores as compared to cells seeded in 50 µm pores at both time 

points (A). In vitro N-cadherin expression by NHDF was not significantly impacted by 

alteration in cc3DP pore size (B). Representative blot images are shown for each protein 

analyzed (C).  
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At 5 d, there was a 1.8±0.4 fold increase in N-cadherin expression in 100 µm 

pores and a 1.2±0.3 fold increase in 150 µm pores relative to 50 µm pores. The change in 

OB-cadherin expression between 50 µm and 100 µm pores supports the hypothesis that 

pore size may impact how cells communicate with each other, thus, mitigating the 

formation of coordinated cellular syncytium associated with HSc. 

While OB-cadherin expression was pore-size dependent, N-cadherin expression 

demonstrated negligible differences between pore sizes in vitro. While N-cadherin-

positive cells transition to OB-cadherin-positive expression during the fibroblast-to-

myofibroblast transition, little is known about the timing of these events and whether co-

expression is present in early stages.
122

. Further, it is hypothesized that substrate stiffness 

in vitro causes all cultured dermal fibroblasts to enter the “protomyofibroblast” state. 

Protomyofibroblasts express actin stress fibers and N-cadherin, among other markers that 

are virtually absent from fibroblasts of the native dermis. It is possible that our data 

reflect an early stage in which N-cadherin and OB-cadherin are simultaneously expressed 

as the in vitro cultured fibroblasts transition into their contractile phenotype.  
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Figure 41: Wound contraction analysis prior to graft loss and/or scaffold extrusion. 

Bolsters were removed at postoperative d 3 exposing skin graft covering excised burn 

wound and cc3DP scaffold with 50 µm (A), 100 µm (B), and 150 µm (C) pore sizes. 

Images were taken over the course of two weeks and area was measured. Blue silk 
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sutures can be seen on graft edges and at approximated midline. Graphical representation 

of murine wound size (D). At postoperative d 11, murine wounds treated with skin grafts 

alone contracted to 524%. Wounds treated with cc3DP scaffolds retained their wound 

size until the point of graft necrosis. Wound size in 50, 100, and 150m pore cc3DP 

scaffolds retained 903%, 942%, and 923% of their original wound size at 

postoperative d 11, respectively.  

In vivo wound contraction analysis 

Wounds were imaged daily during the study period (Fig.41A-C). Beginning at 

postoperative d 12-14, skin grafts appeared dusky, suggesting that the graft was 

becoming necrotic. While complications in the in skin graft survival prevented study of 

scarring-related cellular outcomes within the cc3DP scaffolds, mice treated with cc3DP 

maintained significantly less contracted wounds than those treated with Integra or skin 

graft control prior to deterioration of graft health (Fig. 41D).  

Table 7: Skin graft complications at d 11 in mice treated with cc3DP PU scaffolds. 

Complications leading to graft failure are classified in three distinct groups: (1) necrosis: 

full or partial death of the graft; (2) extrusion: when areas of the scaffold were pushed out 

of the wound bed; or (3) buckling: when the scaffold was forced to bend or conform into 

a new orientation. 

3DP PU 

Pore size 
Necrosis Extrusion Buckling 

Total 

Mice/group 

50 µm 4 3 ---- 7 

100 µm 7 ---- ---- 8 

150 µm 1 2 3 8 

These results suggest that the stiffness of the scaffold may have caused it to act as 

an internal splint—counteracting the overall contractile force of the wound and slowing 

the rate of contraction.
255

 Though our focus with 3DP scaffolds was to disseminate and 

reduce force transmission between cells, our data suggest that our scaffolds in vivo may 
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have been stress-shielding wound contraction forces. However, skin graft necrosis 

became apparent in many mice starting at d11. In addition to apparent graft necrosis, 

several mice demonstrated scaffold extrusion or buckling of scaffolds beneath the graft 

(Table 7; Fig. 42). Scaffolds were unable to sit flush within the wound bed, which is 

critical for successful take of the skin graft. For this reason, studies were terminated 

between d 11-13 to gather histological data and assess cell-scaffold interactions. 

 

Figure 42: In vivo complications. As grafts approached d 12, multiple complications 

were noted including poor graft health (A), scaffold extrusion at the periphery (B), and 

scaffold buckling underneath the skin graft (C). Due to these complications, in vivo 

studies were terminated. Scale bar represents 5mm. 

In vivo histological analyses 

Paraffin embedded scaffold-tissue explants were stained with H&E, CD31 and 

CD68 at d 11, 12, and 13. Scaffold architecture remained intact with feature beams and 

pores visible in all explants. Feature dimensions of all cc3DP scaffolds remained 

unchanged from original feature dimensions. Bio-incorporation was evident in sub-

cutaneous regions beneath wound margins (Fig. 43A). Throughout all samples, H&E 
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stained cc3DP demonstrated acute inflammation surrounding the scaffold, as noted by 

significant neutrophilic infiltrate at the periphery of the scaffolds. Cells penetrating the 

scaffolds included histiocytes, giant cells, and fibroblastic cells. Fibrous tissue was noted 

at the edges of all scaffolds in the subcutaneous region. By d 11, neutrophils were present 

in all explanted scaffolds and persisted through d 13 samples. By d 12 all skin grafts 

demonstrated signs of necrosis. In areas of skin graft necrosis, wound exudate was visible 

throughout scaffold architecture with minimal tissue infiltration (Fig. 43B). The use of a 

bolster to encourage graft adherence to the wound bed was employed, but was 

unsuccessful at preventing seroma formation.
256

  

Much of the inflammation noted beneath the skin graft surface was indicative of 

an acute reaction related to necrosis of the grafts. However, at points along the wound 

margin healthy subcutaneous tissue was able to interact with the scaffold. In these areas, 

all scaffolds demonstrated vascular infiltration (Fig. 43C). CD68 staining revealed the 

presence of histiocytes, macrophages, and giant cells infiltrating and surrounding the 

scaffold. This inflammatory response is indicative of an acute foreign body reaction, 

which is expected following the intra-dermal implantation of a biomaterial scaffold (Fig. 

43D).  
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Figure 43: Tissue-scaffold interaction in vivo. Representative images from d 11-14. 

H&E stained sections of cc3DP interacting with healthy tissue at subcutaneous tissue 

margins demonstrate cellular infiltration into scaffold pores at each pore size (A). Scale 

bars denoted on left of image panel. Many grafts became necrotic above 3DP scaffolds 

(B). In necrotic grafts, wound exudate, rather than infiltrating cells, was present within 

scaffold (white arrow). CD31 staining (C, brown) demonstrates endothelialized vessels 

(white arrows) within cc3DP architecture. CD68 staining (D, brown) demonstrates active 

macrophage (white arrows) interacting with cc3DP scaffold. Black dashed line outlines 
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cc3DP scaffold in all images. Overall, histological data support the presence of an acute 

inflammatory reaction beneath necrotic skin grafts, and the infiltration of blood vessels 

and fibroblastic cells into 3DP scaffolds at healthy areas of the wound. 

5.4 Discussion 

In designing 3DP scaffolds for applications in dermal regeneration we developed 

design parameters from previously published data on dermal wound healing. 

Architectural design was inspired by the basket-weave organization of collagen fibers in 

unwounded dermis. Pore size within this architecture was selected to maximize tissue and 

vascular in-growth while minimizing the formation of scar. Finally, we elected to 

construct scaffolds using the same synthetic biostable PU used in Aim 1, which supports 

skin graft survival without loss of architecture over time.
193

 This commercially available 

PU also boasted well-controlled melting point, narrow molecular weight distribution, 

batch-to-batch homogeneity, and viscosity amenable to melt extrusion; all of which 

facilitated printing over custom-synthesized synthetic polymers such as the PLCL 

employed in Aim 2. 

We designed 3DP scaffolds with three distinct pore sizes under the hypothesis 

that pore size would influence inter-cellular communication by limiting the manner in 

which cells interact via cell-cell adherens junctions. As a read-out of inter-cellular force 

generation, we investigated OB- and N-cadherin levels; adherens junction components 

which have been previously shown to be required for isometric contraction of 

myofibroblasts.
257

 Our in vitro data suggest that as pore size decreases from 100 µm to 50 
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µm, the scaffold inhibits the ability of myofibroblasts to form OB-cadherin-positive 

adherens junctions. However, this result did not carry over to cells seeded in 150 µm 

pores. We expect that this discrepancy is due to seeding limitations set by the lack of 

nutrient transfer in vitro. When cells fill pores larger than 100 µm in vitro, the formation 

of a necrotic core occurs, similar to what is observed in spheroid culture.
258

 This is not 

the first case where impact of large-scale 3DP pores has been difficult to discern in vitro; 

however, in similar studies the results in vivo have been more significant than those 

observed in vitro.
259

 The distinction between in vitro results and in vivo impact in 

previous work can likely be attributed to the method by which cells interact with large 3D 

pores (>100 µm) in each system. In vivo, cells infiltrate pores and fill the complete void 

space. Alternatively, in vitro, cells typically adhere to the pore wall.
80

 While vasculature 

to brings nutrients to the center of large pores in vivo, a lack of nutrients exists at the 

center of the pore to support cellular viability in vitro. Therefore a tradeoff is created 

during in vitro analysis of 3D systems between maintaining cell-cell contact within the 

pore, while supporting cellular viability. These data suggest that in vivo studies using an 

appropriate animal model are necessary to analyze of the impact of 150 µm pore size on 

scarring-related outcomes in vivo.
110,260

 

To analyze OB-cadherin
+
 myofibroblast transition as a result of pore size during 

HSc contraction, we tested our cc3DP scaffold in an immune-competent murine HSc 

contraction model. The use of a HSc contraction model allows the analysis of contractile 

myofibroblasts within the healing tissue as it interacts with the scaffold.
110

 However, the 
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flexural stiffness of cc3DP scaffolds resulted in the formation of seroma beneath the skin 

graft, resulting in inadequate graft take, graft dehydration, and eventual graft necrosis. 

While graft necrosis prevented the analysis of HSc-related outcomes in vivo, exploratory 

subcutaneous data can be gleaned from the interaction of cc3DP PU scaffolds at the 

wound edge, where the scaffold is tucked beneath healthy wound margins.
68,261

 This 

subcutaneous area allows the exploration of cell-scaffold interactions without the 

inclusion of a secondary surgical procedure. Histological analyses of subcutaneous 

interactions with the cc3DP PU scaffolds demonstrated implant biocompatibility and bio-

incorporation.  

Skin graft hydration is critical for both survival of the graft, and mitigation of 

HSc.
262

 Clinically, the application of either a hydrating gel and/or semi-occlusive silicone 

sheeting is often used to improve graft take and reduce the likelihood of HSc 

development.
263,264

 HSc mitigation via use of hydrating and semi-occlusive dressings is 

thought to rely upon communication between epidermal keratinocytes and fibroblasts of 

the granulation bed, whereby adequate hydration of the keratinocyte layer results in 

reduced ECM synthesis by fibroblasts.
262,265

  Silicone sheeting has also been used 

clinically to maintain wound bed hydration during the bio-incorporation of BSEs, such as 

Integra, prior to skin graft application. 
266

 Therefore, the use of a semi-occlusive dressing 

may represent a route in our murine model to prolong the lifetime of the graft, reduce 

HSc, and improve bio-incorporation of sub-graft scaffolds, such as the 3DP scaffold 

employed in this work. 
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3DP has been employed for dermal regeneration following burn in two primary 

categories: (1) 3D bio-printing of living cell-based skin substitutes; or (2) printing of 

synthetic wound dressings.
67,267,268

 In the construction of 3D bio-printed cell-based 

constructs, inherent flexibility of the scaffold base, often a hydrogel, facilitates rapid bio-

incorporation; however, these materials are likely to experience similar incidence of HSc 

as commercially available skin substitutes constructed from similar materials.
197,269

 

Alternatively, 3DP synthetic dressings have been fabricated for topical wound healing 

applications using PCL; however, these materials do not require the flexibility necessary 

for implantation beneath skin graft.
268

 Flexibility has been discussed as a clinical issue in 

the application of Integra due to the flexural stiffness of the silicone backing layer 

[discussions with clinicians]. Flexural stiffness is rarely addressed in 3DP design as 3DP 

implants are often constructed for bone reconstruction, or applications where the 

construct shape is printed to match an existing defect.
71

 Limited flexibility restricts sub-

dermal scaffold applicability to portions of the body without curvature, which are highly 

uncommon in both mice and humans. The placement of 3DP scaffolds in this study, 

directly between the shoulder blades on the dorsum of the mouse, requires scaffold 

flexibility in order to lay across the arch of the back. While this flexibility exists in our 

previously described electrospun PU scaffold, the cc3DP PU proved too stiff to conform 

to the wound bed.
193

 Use of more pliable materials or modification of scaffold design 

could be used to decrease flexural modulus.  
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These findings lend support to future developments of this design with improved 

material selection or modified design.
197

 Reduction in fiber diameter would result in 

decreased modulus, or 3D architecture could be modified to reduce flexural modulus. In 

3DP constructs fabricated by layering of parallel struts, the angle between layers, 15-90˚, 

has been found to impact elastic modulus in static and dynamic tensile analysis.
270

 In 

these studies scaffold designs similar to the architecture created in this work, with 90˚ 

angles between each layer of struts, resulted in the stiffest scaffolds. Alternatively, 

fabrication material could be altered to decrease stiffness. Variable 3DP scaffold stiffness 

with similar architectural design has been achieved by fabricating poly(ester urethane) 

networks using polyester triols with varying molecular weights.
271

 

3D printing for dermal regeneration remains a relatively young field and there is 

still much to learn regarding the impact of 3D scaffold design. In this study we designed 

and produced a 3DP PU scaffold with well-controlled feature dimensions and pore sizes. 

We then employed these biostable, elastomeric, collagen-coated 3DP scaffolds to study 

the effect of scaffold pore size on in vitro adherens junction formation as a read-out of 

fibroblast-to-myofibroblast transition. Our in vitro results demonstrate that scaffold pore 

size alone impacts OB-cadherin protein expression in vitro, suggesting that pore size may 

play a role on adherens junction formation affiliated with the fibroblast-to-myofibroblast 

transition. Next, we employed a murine HSc contraction model to study the impact of 

pore size on the development of OB-cadherin
+ 

myofibroblasts during HSc contraction in 

vivo. While the myofibroblast-specific scarring present in HSc could not be accurately 
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modeled due to the flexural stiffness of the scaffolds, information on scaffold-host 

interactions was gleaned from the subcutaneous interaction of the scaffolds with 

surrounding healthy tissue. These data demonstrated successful bio-incorporation of 

cc3DP PU scaffolds in non-skin grafted areas. 

5.5 Conclusions 

While our in vitro data suggest merit in the hypothesis that pore size impacts cell-

cell communication via OB-cadherin positive adherens junction formation, the 

unexpected mechanical mismatch between flexural modulus of the scaffold and the needs 

of the wound bed resulted in graft necrosis prior to in vivo confirmation. These data 

highlight pore size and scaffold flexibility as critical design parameters for the 

development of sub-graft scaffolds targeted at HSc mitigation.  

5.6 Future Work 

The presented findings are just the beginning of an exploration on how native 

cells within the wound bed behave and respond to our 3DP design. While these data 

begin to explore the importance of pore size on HSc-related outcomes in vitro, scaffold 

design modifications must be made in order to shed light on whether disruption of cell-

cell adherens junctions could provide a therapeutic target for contractile diseases, such as 

HSc.  
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The first step is to address the flexural mechanical properties of our scaffold. 

Since all 3DP PU scaffolds began to extrude or initiate skin graft failure by the two-week 

point, we have begun a redesign which results in a significant decrease in flexural 

modulus (Fig. 44). The redesigned scaffold possesses the same features as 3DP PU 

described in this aim (Tables 4&5); however, it is constructed from a commercially 

available PLCL. Our goal with this material modification is that the decrease in flexural 

modulus will allow the scaffold to sit well within the wound and conform to the wound 

shape.  
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Figure 44: Flexural modulus of 3DP PLCL vs 3DP PU. 3DP PLCL with identical 

features to 100 µm thick 3DP PU possess significantly lower flexural modulus than all 

3DP PU groups (5.3 ± 0.2MPa)(p < 0.01), but significantly higher flexural modulus than 

Integra.  

For applications in HSc mitigation, substrate stiffness is additionally critical as 

myofibroblast transition is heavily regulated by physical and mechanical cues.
272

 Cellular 

phenotype can also be regulated by substrate stiffness; influencing cell morphology, 

behavior, and ultimately differentiation.
273,274

 Stiffness of 3DP polymer scaffolds has 

been shown to impact the regenerative response in subcutaneous implants through 

macrophage phenotype and Wnt signaling.
271

 Therefore, in future developments of this 
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design it will be imperative to select a material which strikes a balance between an elastic 

modulus that will be appropriate for in vivo use and stress-shielding of cellular forces, 

without causing further myofibroblast differentiation. The flexibility of WFIRM’s 3DP 

system will allow printing of a variety of synthetic polymers, as well as biologic 

polymers and cross-linkable hydrogels.  

Once material selection is finalized, design parameters are optimized, and in vitro 

studies elucidate a clearer mechanism, testing of 3DP scaffolds should be carried out in 

porcine models, as swine represents the best model to study human wound healing.
108,275

 

This work in its entirety should then be able to capture the role of adherens junctions and 

cadherins in wound healing, and more importantly, on how to manipulate their role as 

therapeutic target. Overall, this work introduces a new bioengineered scaffold design to 

both study the mechanism behind HSc and alleviate the clinical burden of this contractile 

disease. 
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7. Appendix A: Collagen coating protocol  

Modified from: Fischer MJE. “Amine Coupling Through EDC/NHS: A Practical 

Approach.” Surface Plasmon Resonance: Methods and Protocols 2010;627:55-73.) 

 

1. Wash the prepared surface with coupling buffer 1. 

2. Defrost vials of EDC, NHS, and ethanolamine immediately before use. The fresh 

solutions can only be used for one activation round. 

3. Immediately activate the sample surface with the EDC & NHS for 10 min. (Note: 

activation time can be used to regulate the amount of immobilized ligand.) 

4. Wash quickly but thoroughly with coupling buffer 1. 

5. Introduce collagen to the sample surface for 15 min in a concentration of 200μg/mL 

in coupling buffer 1.  

6. Wash with coupling buffer 1. 

7. The remaining NHS–ester groups are blocked with a 1M ethanolamine at slightly 

alkaline pH for 7 min. 

8. Immediately after coupling, wash with a mild acidic regeneration fluid such as 50–

100 mM HCl. 

9. Wash 3 times in PBS. 

10. Store in cell culture media in tissue culture incubator overnight prior to cell seeding. 
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Materials: 

Coupling buffer 1: maleic acid (Sigma) (pH 5.5) diluted in water at 10 mM, adjusted to 

pH 5.5, and passed through a 0.45µm filter. Stored at 4˚C.  

EDC: (N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride;Sigma) rapidly 

weighed under gas, dissolved in water at 0.4 M, and passed through 0.45µm filter.  

Divide stock into small aliquots and store at −20◦C.  Solid EDC is hygroscopic and labile 

and must be kept under dry gas. Thaw immediately before using. 

NHS: (N-hydroxysuccinimide, Sigma) is dissolved in water at 0.1 M, passed through 

0.45µm filter, and divided into small aliquots, and stored at −20◦C. 

Ethanolamine hydrochloric acid: (Sigma: E6133) is dissolved in water at 1 M and pH 

adjusted to 8.5 with HCl, passed through 0.45µm filter, and subsequently divided into 

small aliquots and stored at −20◦C.
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7. Conclusions 

While medical advancements in burn treatment over the past 50 years have 

significantly decreased mortality rates, post-burn scarring continues to be a persistent 

clinical issue. Depending on the background of the patient, location of the burn, and 

treatment methods employed, it is estimated that between 30-90% of severely burned 

patients will develop HSc. HSc are red, raised, itchy, disfiguring, and often painful. Over 

time, these scars contract, creating new issues such as loss of joint mobility and decreased 

quality of life. Efforts to reduce scar contraction in burn and trauma patients center on 

immediate skin grafting followed by application of pressure dressings or immobilizing 

splints. While these treatments assist in wound healing and can decrease the likelihood of 

HSc, HSc remains a serious clinical problem. The objective of this thesis is to inspire the 

field to focus on inhibiting long-term scarring outcomes during the development of 

treatments for victims of severe burn wounds.  

The goal of this work was to inform the field of necessary design parameters for a 

scaffold therapy directly targeting the cellular and mechanical pathology of HSc. To 

achieve this goal, we began by studying the impact of scaffold design and longevity on 

HSc-related outcomes. Through the use of in vitro and in vivo HSc contraction models, 

we studied HSc-related outcomes using randomly oriented, elastomeric electrospun 

scaffolds constructed from either (1) a biostable elastomer or (2) a slowly-degrading 

elastomer. While the structure of our biostable implant mitigated HSc-related outcomes 

in vitro and in vivo, the permanent nature of the scaffold material led to a strong foreign 
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body response, resulting in partial scaffold extrusion at day 28. Learning from the 

permament design, we modified our approach by introducing a slowly-degrading 

elastomer with the same design. Using this degradable material, we demonstrated 

minimal foreign body-reaction and improved mitigation of HSc contraction in vivo.  

The inclusion of a col1 protein coating on the synthetic scaffolds in Aims 1 and 2 

was critical for successful bio-integration. However, high levels of col1 in the ECM of a 

healing wound are associated with scarring in adults. Further, complications during 

wound healing which result in altered ECM composition and prolong inflammation 

contribute burn progression and have been associated with increased incidence of HSc. 

Therefore, we postulated that modification of the coating material used on our slowly-

degrading scaffolds could facilitate a microenvironment that further promoted 

regenerative healing. To achieve this goal, we altered the coating on our slowly 

degrading scaffold to modulate the inflammatory phase of wound healing.  

Finally, in an effort to broadly inform scaffold design for anti-scarring 

applications we studied the effect of varying scaffold pore size on cell-cell 

communication via the myofibroblast-specific adherens junction protein OB-cadherin. 

Overall, this study demonstrated that scaffold pore size alone impacts OB-cadherin 

protein expression in vitro, suggesting that pore size may play a role on adherens junction 

formation affiliated with the fibroblast-to-myofibroblast transition. In vivo studies 

highlighted scaffold flexural modulus as a critical design parameter for anti-scarring 
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scaffolds designed for implantation beneath skin graft. Together, these data inform the 

field of additional design parameters for HSc-mitigating scaffolds in skin grafted patients. 

In summary, the results of this thesis highlight three key design parameters for the 

development of low-cost, next-generation, anti-scarring scaffolds for severely burned 

patients treated with skin grafting: (1) longevity; (2) surface coating; and (3) 3D 

architecture. Through this work, we challenge the field to consider the long-term 

outcomes of burn patients when designing therapeutics for their acute care. 
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