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Abstract

Dermal wounds, both acute and chronic, represent a significant clinical challenge and therefore the 

development of novel biomaterial-based skin substitutes to promote skin repair is essential. 

Nanofibers have garnered attention as materials to promote skin regeneration due to the 

similarities in morphology and dimensionality between nanofibers and native extracellular matrix 

proteins, which are critical in guiding cutaneous wound healing. Electrospun chitosan-

poly(caprolactone) (CPCL) nanofiber scaffolds, which combine the important intrinsic biological 

properties of chitosan and the mechanical integrity and stability of PCL, were evaluated as skin 

tissue engineering scaffolds using a mouse cutaneous excisional skin defect model. Gross 

assessment of wound size and measurement of defect recovery over time as well as histological 

evaluation of wound healing showed that CPCL nanofiber scaffolds increased wound healing rate 

and promoted more complete wound closure as compared with Tegaderm, a commercially 

available occlusive dressing. CPCL nanofiber scaffolds represent a biomimetic approach to skin 

repair by serving as an immediately available provisional matrix to promote wound closure. These 

nanofiber scaffolds may have significant potential as a skin substitute or as the basis for more 

complex skin tissue engineering constructs involving integration with biologics.
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Electrospun chitosan-poly(caprolactone) (CPCL) nanofiber scaffolds showed improved wound 

healing rate, and overall closure, and re-epithelialization as compared with commercial Tegaderm.
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Introduction

Skin is the largest organ in the human body, which functions to protect against mechanical, 

chemical and thermal insults and to prevent dehydration and invasion by pathogens. Because 

of the large surface area of skin, cutaneous wound healing, associated with acute or 

pathological conditions, represents a significant clinical challenge and socioeconomic 

burden[1–3]. Chronic wounds, such as non-healing ulcers, and wounds due to trauma, such as 

large burns, often cannot heal via normal mechanisms due to underlying pathology and/or 

severity and require the application of skin substitutes to promote repair. Autologous skin 

grafts, while the gold standard, are limited by tissue availability and harvest of skin grafts 

can result in donor site morbidity. Therefore, the development of skin substitutes for 

management of acute and chronic skin injuries is critical to improving patient outcomes and 

quality of life. Common materials utilized for skin repair include alginate, cellulose, 

chitosan, gelatin, hyaluronic acid, pectin, polyurethane or silicone[4–8]. These materials may 

take the forms of transparent films, fibers, hydrocolloids, hydrogels, sponges and/or 

foams[9–11]. In addition, skin tissue engineering constructs have been developed that 

combine these materials with biologics such as cells and/or growth factors in further 

attempts to promote skin regeneration[12, 13].

The first step toward development of clinically relevant skin substitutes is the design and 

optimization of biomaterials that engage in one or more processes associated with wound 

healing. An example of such a process is re-epithelialization, which is facilitated by 

migration of keratinocytes across the wound bed, leading to wound closure. A skin 

substitute that promotes migration of cells involved in skin repair may lead to faster and/or 

higher quality wound closure. Polymeric nanofibers, fabricated via electrospinning, have 

gained significant attention as clinically relevant biomaterials for skin repair because they 

can be fabricated with similar morphology and dimensionality to fibrillar extracellular 

matrix (ECM) proteins such as collagen[14–17]. Importantly, nanofibers promote cell-matrix 

interactions due to their high surface area-to-volume ratio that accommodates protein 

adsorption and presents numerous cell-binding sites. Voids between individual fibers are 

small and inhibit infiltration of microbes that may cause infection. In addition, the diameter 

of individual nanofibers and the mechanical properties and overall porosity of nanofiber 

scaffolds are tunable by adjusting electrospinning parameters[16]. This versatility allows for 

fabrication of scaffolds of different thicknesses, pore sizes or tensile strengths to 

accommodate different wound dimensions and/or wound properties.

Chitosan-based nanofibers have shown significant promise for a variety of tissue engineering 

applications due to their unique biological and physicochemical properties[18–24]. Chitosan, 
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a naturally occurring, hydrophilic, cationic polymer derived from the exoskeleton of 

crustaceans, bears the proxy structure of glycosaminoglycans found in the ECM. In addition 

to its hydrophilicity, which promotes cell adhesion, it does not evoke a foreign body 

response and its degradation products are non-toxic[25]. Chitosan has demonstrated wound 

healing properties by activating and modulating the function of inflammatory cells such as 

neutrophils, macrophages, and fibroblasts as well as endothelial cells and by promoting the 

formation and organization of granulation tissue[26, 27]. Chitosan exhibits hemostatic and 

antimicrobial properties, which have been attributed to its cationic nature[28, 29]. One 

drawback of pure chitosan as a biomaterial is its insufficient mechanical strength and lack of 

structural stability in aqueous environments due to swelling. In addition, pure chitosan can 

be difficult to electrospin because of the high viscosity of chitosan solutions[30]. Blending 

chitosan with the synthetic, biocompatible polymer, polycaprolactone (PCL), yields a 

copolymer blend with cell affinity, enhanced strength and stability as well as 

spinnability[18, 31, 32]. Chitosan-PCL (CPCL) nanofibers have been utilized for applications 

such as nerve guides[18, 19], vascular grafts[22, 33], and muscle tissue engineering 

scaffolds[20]. In previous work, CPCL nanofibers, representing an epidermal scaffold, have 

shown to support the attachment and proliferation of keratinocytes, thereby indicating their 

potential as a skin substitute material[34]. CPCL nanofiber scaffolds represent a biomimetic 

approach to skin repair where the scaffold micro- and nanostructure recapitulates native 

ECM thereby presenting a provisional matrix for tissue regeneration.

Here we investigate the potential of CPCL nanofibers for promoting skin repair in vivo using 

a mouse cutaneous excisional skin defect model. Utilizing an in vivo model is a critical next 

step in corroborating our previous, in vitro results involving chitosan-polycaprolactone 

polymer blend nanofiber scaffolds and gaining a better understanding of cell-scaffold 

interactions. Full thickness skin defects covered with a commercially available wound 

dressing, Tegaderm™ (empty control), were compared with defects covered first with a 

CPCL nanofiber mat and then with Tegaderm, which is adhesive, in order to retain the 

CPCL over the defect. We characterized the effect of CPCL nanofibers on skin repair in 

terms of healing rate, extent of wound closure and quality of regenerated skin via gross 

appearance and histological analysis.

Experimental

Preparation of electrospun chitosan-polycaprolactone mats

Chitosan-polycaprolactone (CPCL) copolymer blend nanofibers were fabricated by 

electrospinning using previously optimized polymer solution concentrations with some 

alterations[19]. All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 

otherwise stated. Stock solutions of chitosan and PCL were prepared separately and mixed 

to form the CPCL blend electrospinning solution. Chitosan (75–85% deacetylated, medium 

molecular weight) was dissolved in trifluoroacetic acid (TFA) (Fisher, Reagent >97%) to 

yield a 7 wt% solution and the solution was heated to 60°C under continuous mixing for 12 

hours. A 12wt% polycaprolactone (PCL) (Average Mn 80,000) solution was prepared by 

dissolving PCL under constant stirring in 2,2,2-trifluoroethanol (TFE) (ReagentPlus®, 

>99%). The solutions were mixed to generate a 40 wt% chitosan and 60 wt% PCL blend and 
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the blend solution was vortexed for two minutes to ensure homogeneity. To prevent polymer 

degradation, the two stock solutions were combined to make the above blend solution 

immediately prior to initiation of electrospinning and the electrospinning solution changed 

hourly.

The solution was gravity fed into the elecrospinning system through a 22-gauge needle 

attached to a 3 mL disposable syringe tilted 20° below the horizontal. A DC voltage of 11kV 

was applied to the spinneret needle tip and the spinneret was positioned 18cm from a 

rotating cylindrical collector covered in aluminum foil. The 8cm-diameter collector was 

rotated at 100RPM and the fibers were allowed to build up for 90 hours. Using a humidifier/

dehumidifier, consistent environmental conditions were maintained at 40–50% humidity and 

20–25°C. The nanofibrous sheet was allowed to dry for 24 hours, removed from the 

aluminum foil, folded in half to create 2-ply nanofiber scaffolds and cut into 1.5cm × 1.5cm 

squares. These CPCL nanofiber mats were neutralized in 14 wt% ammonium hydroxide for 

15 minutes and washed three times with deionized water to remove residual ammonium 

hydroxide. The nanofiber mats were sterilized by soaking in 70% ethanol for 15 minutes 

followed by a change to fresh 70% ethanol for an additional 45-minute soak. The nanofibers 

were rinsed three times with sterile PBS and then soaked in sterile PBS overnight. PBS was 

changed one more time and the nanofiber mats were maintained in sterile PBS for in vivo 
studies.

Scanning electron microscopy and nanofiber diameter quantification

Nanofibers were sputter-coated with Au/Pd for 40s at 18mA, and imaged with a FEI Sirion 

XL30 SEM at an operating voltage of 3 kV.

Nanofiber diameter quantification

For fiber diameter quantification, 25 nanofibers were measured in a representative 512 × 512 

pixel SEM image at 8000× magnification using ImageJ (NIH, Bethesda, Maryland, USA). 

This procedure was repeated for 3 separate images for a total of 75 nanofibers.

Mechanical testing of native mouse skin, C-CPL nanofiber mats and 
Tegaderm™—CPCL nanofiber mats, Tegaderm™, and mouse skin were tensile tested 

using a micro-tensile tester previously constructed in our lab to determine the elastic 

modulus of the materials[73]. The samples were tested with a 100N load cell and a crosshead 

speed of 0.4mm/min. Dry nanofiber and Tegaderm samples were cut into 20mm × 5mm 

strips. The mouse skin, maintained in PBS prior to testing, was tested using 30mm × 2mm 

strips. The elastic modulus for each condition was obtained by evaluating stress versus strain 

data and averaging over five samples.

Surgical procedures

All experiments conformed to the University of Washington Institutional Animal Care and 

Use Committee (IACUC) guidelines and approvals. Female, ~20 gram, 7 week old Balb/c 

mice (Charles River Laboratories, Wilmington, MA) were used for experiments. Mice were 

divided into two treatment groups: Tegaderm control and CPCL nanofiber. Each group 

contained 10 mice. Following anesthetisation (5 vol% isofluorane), the dorsal surfaces of the 
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mice were shaved and depilated. To create full-thickness skin defects, skin was punched 

with a sterile 8 mm biopsy punch (Figure 1a). Empty wound sites were covered with 

Tegaderm™ occlusive wound dressing (3M Corporation, St. Paul, MN) and used as the 

empty control group. Other wound sites, representing the experimental group, were covered 

first with the CPCL nanofiber mats and then with Tegaderm to maintain the mats on the 

wounds via adhesion of Tegaderm to healthy skin surrounding the defect. Mice were 

sacrificed by CO2 exposure after 6 days, 10 days, or 14 days and wound area excised for 

histological, immunohistochemical and qRT-PCR evaluation. Three mice from each of two 

treatment groups were sacrificed at day 6 and at day 10. The remaining four mice from each 

of two treatment groups were sacrificed at day 14.

Quantitative evaluation of wound healing

The wound size was evaluated for both control and treatment groups every other day for 14 

days by gross imaging of the site and subsequently measuring the wound area from the 

images using ImageJ. Wound area was measured for four defects per time point per 

treatment group. The extent of wound healing is expressed as percent recovery:

Histological evaluation and immunohistochemical staining

Histological and immunohistochemical staining was carried out for samples from 3 animals 

per time point per experimental group. Wound areas and surrounding healthy skin were fixed 

in 10% neutral buffered formalin for 10 minutes. Samples were dehydrated through an 

ethanol series, embedded in paraffin and sectioned at a thickness of 10 μm. Sections were 

stained with hematoxylin-eosin (H&E) or Masson’s Trichrome (Sigma Aldrich, St. Louis, 

MO).

For immunohistochemical staining, sections were deparaffinized and incubated in pH 6 or 

pH 9 antigen retrieval buffers (DAKO, Carpinteria, CA) overnight at 60°C. Paraffin sections 

were blocked in 0.5% normal goat serum for 30 minutes, exposed to primary antibodies 

against keratin 10 (1:100, Abcam, Cambridge, MA) or keratin 14 (1:100, Abcam) at 4°C 

overnight, incubated with biotinylated rabbit anti-mouse secondary antibody (1:200, Vector 

Laboratories, Burlingame, CA) at room temperature for 30 minutes, with ABC reagent 

(Vectastain ABC kit, Vector Laboratories) at room temperature for 30 minutes and 

developed with 3,3′-diaminobenzidine tetrahydrochloride (DAB) solution. The sections 

were counterstained with hematoxylin and mounted.

A series of 12–18 images at 10× magnification were captured for each stained tissue section 

using a Nikon TE300 microscope (Nikon, Japan). Tissue sections were reconstructed by 

stitching the images together using the Photomerge function in Adobe Photoshop.

Quantitative RT-PCR

RT-PCR was performed on samples from 4 animals per group at day 14. Tissue associated 

with the wound area, 14 days post-surgery, was frozen in liquid nitrogen following 
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dissection and stored at −80°C. Samples were ground into a powder in the presence of liquid 

nitrogen using a dry ice-cooled mortar and pestle. RNA extraction was completed using the 

Qiagen RNeasy fibrous tissue kit (Qiagen, Valencia, CA) following the manufacturer’s 

protocol. cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) 

following manufacture’s instructions. SYBR Green PCR Master mix (Bio-Rad) was used for 

template amplification following the manufacture’s manual. qRT-PCR data were analyzed 

using the CFX Manager software (Bio-Rad). β-actin was used as the reference gene.

Results and Discussion

The effect of CPCL nanofibers on wound healing was evaluated using a mouse cutaneous 

excisional skin defect model where 8 mm diameter defects were created on the backs of 

mice (Fig. 1a). Empty control defects were covered with Tegaderm to prevent infection and 

compared to the experimental condition where a CPCL nanofiber scaffold was placed in 

direct contact with the wound and held in place with a layer of adhesive Tegaderm.

Physical properties of chitosan-poly(caprolactone) nanofibers

Randomly oriented CPCL nanofibers were fabricated via electrospinning. Figure 1b shows 

the fiber morphology, visualized using scanning electron microscopy, where the individual 

nanofibers are uniform with no visible branching. The nanofiber scaffold in cross section is 

shown in Figure 1c and the overall scaffold thickness is ~200 μm. Although relatively thin 

compared with other biomaterials used for skin repair, these nanofiber scaffolds were easy to 

handle and apply, using forceps, for in vivo experiments. Individual nanofibers have a mean 

diameter of 177.6 ± 40.5 nm. Importantly, the average nanofiber diameter is similar to the 

diameter of mouse skin collagen fibrils (~110 nm)[35, 36].

As matrix elasticity has been shown to have a significant impact on cell phenotype and 

behaviors such as proliferation, differentiation and migration[37–40], the stiffness of CPCL 

nanofiber scaffolds was measured and compared to the stiffness of native mouse skin and 

Tegaderm. Based on tensile testing, the stiffness of dry CPCL nanofiber scaffolds (5.25 

± 0.80 MPa) is approximately two times that of native mouse skin (2.68 ± 0.19 MPa) 

whereas the stiffness of Tegaderm wound dressing (57.49 ± 3.59 MPa) is approximately one 

order of magnitude greater than that of CPCL nanofibers (Figure 1d). The ten-fold 

difference in stiffness of Tegaderm versus native mouse skin may negatively impact 

attachment, migration and/or proliferation of cells participating in skin repair.

Gross evaluation of wound healing

To monitor healing of empty control wounds versus wounds treated with CPCL nanofiber 

scaffolds over time, gross images of skin defects were captured every other day for 14 days 

(Figure 2). The moistened CPCL nanofiber scaffolds were semi-translucent and allowed for 

visualization and measurement of the defect area. No obvious signs of infection, such as 

redness or swelling, were present in either treatment group throughout the experimental 

period. Figure 2 shows that the wound diameter appears unchanged at day 2 for both 

experimental groups. Between day 4 and day 6, a decrease in wound diameter is visible for 

the CPCL group with a more significant decrease visible between day 6 and day 8. The 
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diameter of defects in the CPCL group decreased over time and the representative defect 

appears closed at day 14. In the empty group, there is also a reduction in defect diameter 

over time with the first significant and visible decrease in wound diameter occurring 

between day 6 and day 8. While the diameter is significantly reduced at day 14, a scab in the 

very center of the defect area indicates incomplete closure.

Correspondingly, Figure 3 shows quantitative analysis of defect healing in terms of percent 

defect recovery as determined from gross images of the skin defects over time. The initial 

defect area at day 0 is defined treated as 0% recovery. On average, the wound size was 

significantly reduced between day 4 (17.6%) and day 6 (45.8%) for the CPCL treatment 

group, reaching 99.7% recovery by day 14. A significant change in wound size occurred 

between day 6 (5.9%) and day 8 (35.7%) for the control group and defects reached 94.9% 

closure by day 14. Based on gross observations over the two-week period, the onset of re-

epithelialization was more rapid for defects in direct contact with a CPCL nanofiber 

scaffold, indicating a more rapid rate of recovery and more complete wound healing.

Histological analysis of wound healing

Re-epithelialization is facilitated by keratinocytes – both post-mitotic cells from the 

surrounding epidermis and stem cells associated with bulge regions of hair follicles[41, 42] – 

which are activated following cutaneous injury leading to a migratory phenotype that 

involves cytoskeletal changes including keratin filament rearrangement[43, 44]. Re-

epithelialization begins with thickening of the epidermis near the wound margins and as 

keratinocytes become activated, an epidermal tongue or wedge is formed that migrates 

toward the center of the wound bed[45]. Migration is guided initially by a fibrin clot-

associated provisional matrix, which is subsequently replaced by collagen-rich granulation 

tissue as fibroblasts enter the wound bed[42, 46, 47]. In addition to cell migration, re-

epithelialization involves proliferation of cells located directly behind the leading 

edge[43, 48, 49].

H&E staining of representative skin defect sites was completed 6, 10 and 14 days post-

surgery to illustrate histological differences between empty control and CPCL nanofiber 

scaffold-treated defects in terms of re-epithelialization and overall wound healing (Fig. 4). 

Masson’s trichrome staining was carried out at the same time points to highlight changes in 

collagen density (blue staining) over time in the regenerating dermis (Fig. 5). Both stain 

combinations are informative in characterizing and evaluating wound healing and the results 

are discussed simultaneously from one time point to the next (Fig. 4 and Fig. 5). Six days 

post-wounding, the wound area in the empty control group is recognizable by the 

interruption in epidermal continuity and the presence of a thin strip of provisional matrix 

within the wound bed (Figure 4a). Tegaderm is visible as a thin, transparent, wavy ribbon 

spanning the width of the wound above the wound bed and an epidermal tongue appears at 

each edge of the wound bed (Figure 4b). In the CPCL group, the eosin-stained, nanofiber 

scaffold spans most of the width of the wound bed (Figure 4c). A migratory epidermal 

tongue or migration front is also evident at the right edge of the wound bed (Figure 4d). 

Sample processing likely caused the healthy tissue on the left side of the tissue section to 

fold over such that the epidermal tongue does not appear to enter the wound bed on that side 

Levengood et al. Page 7

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Figure 4c). By day 6 the acute inflammatory stage has passed and there are no signs of 

chronic inflammation associated with the defects. A provisional matrix fills more of the 

wound bed in the CPCL group as compared with the control group, but the overall density of 

this early matrix is low with no significant collagen content as evidenced by Masson’s 

Trichrome staining showing little, if any, blue-stained collagen (Figure 5b).

Ten days post-wounding, eschar or scab formation has initiated above the empty control 

wound bed (Figure 4f). The migratory epidermal tongue advanced from the wound edge 

toward the center of the defect and was visible between the scab and provisional matrix. The 

thickness and density of the provisional matrix has increased significantly including a 

minimal amount of collagen (Figure 5c). In the CPCL group, re-epithelialization of the 

wound bed is complete by day 10 (Figure 4g) and the density of the neo-dermal tissue has 

increased significantly due to collagen deposition by invading fibroblasts (Figure 5d).

At day 14, a scab covers the width of the wound bed in the empty control group (Figure 4i). 

Hypertrophic epidermis is present between the scab and the neo-dermal tissue, but re-

epithelialization remains incomplete whereas more collagen is present in the neodermis 

(Figure 5e). A more mature, stratified neo-epidermis is present in the CPCL group (Figure 

4k), which is thicker than that found in normal epidermal tissue surrounding the wound. The 

epidermis can be identified by polarized basal keratinocytes, a spinous layer composed of 

cuboidal, differentiating keratinocytes, a granular cell layer and finally the outermost stratum 

corneum composed of flattened, dead cells (Figure 4l). Additionally, collagen deposition in 

the neo-dermis is more uniform in density than at the previous time point (Figure 5f) and no 

hair follicles or sebaceous glands are present within the regenerating wound area, which is 

consistent with this stage of normal wound healing[41]. Finally, there is no evidence of the 

CPCL nanofiber scaffold remaining in the wound bed.

The presence of CPCL nanofibers in direct contact with the wound bed may expedite re-

epithelialization by presenting an additional provisional matrix to which activated 

keratinocytes can attach and migrate. Whereas early provisional matrix (fibrin clot) 

formation takes time, the CPCL nanofiber scaffold is immediately in contact with the wound 

bed post-wounding. Importantly, we have previously shown that keratinocytes attach to 

CPCL nanofibers and proliferate in vitro indicating scaffold tissue compatibility with respect 

to skin regeneration[34].

CPCL nanofiber scaffolds also appear to promote the formation and maturation of neo-

dermal tissue within the wound bed. Early granulation tissue, formed by invading fibroblasts 

contains significant amounts of fibronectin and type III collagen that is later remodelled to 

include mostly type I collagen as neo-dermis is formed. Masson’s trichrome staining shows 

minimal collagen (blue staining) in the wound bed at all time points for empty control 

defects despite an overall increase in density of the neo-dermal tissue in that volume (Figure 

5a, c, e). Collagen density increases over time in the CPCL treatment group with no collagen 

visible at day 6 (Figure 5b) and significant collagen deposition by day 14 (Figure 5f).

In the empty control group, the Tegaderm is in direct contact with the wound bed, but does 

not appear to significantly promote keratinocyte or fibroblast migration in support of wound 
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closure. Crosstalk between keratinocytes and fibroblasts is crucial for timely and complete 

wound closure[50] and therefore improvement in rate and quality of both neo-epidermis and 

neo-dermis formation in the CPCL treatment group demonstrates how CPCL nanofibers 

engage in multiple processes associated with wound healing. Tegaderm, a polyurethane 

based occlusive dressing with an adhesive acrylic layer[51], has been shown to support 

attachment and proliferation of keratinocytes in vitro[52], but our results and those of others 

demonstrate that it is a suboptimal material for expediting skin repair and hence its 

utilization as a control material in studies of biomaterials for wound healing.

Immunohistochemical evaluation of wound healing

Keratins are intermediate filaments found within the cytoskeleton of epithelial cells. The 

temporal keratin expression profile of keratinocytes changes as they undergo differentiation 

due to changes in cell morphology and function and therefore characterization of key 

keratins provides some insights into keratinocyte activity during wound healing[53]. We 

examined the expression of keratin 14 (Krt14) by mitotically active, basal keratinocytes and 

keratin 10 (Krt10) by post-mitotic, differentiating, suprabasal keratinocytes within the 

regenerating epidermis[54–56]. Keratin 14 expression at day 6 for the CPCL group, is present 

throughout the migratory epidermal tongue from the apical to basal surface with highest 

intensity staining of basal cells (Figure 6a). A similar pattern of expression throughout the 

migratory tongue is observed for the control group at all time points. At days 10 and 14, 

when re-epithelialization is complete in the CPCL group, keratin 14 staining remains in the 

basal layer with no keratin 14 expression in the apical stratum corneum layer. While keratin 

14 expression is generally downregulated in differentiating, suprabasal keratinocytes, the 

relative stability of epidermal keratins means that keratin 14 expression is often still 

observed in the suprabasal spinous layers of the epidermis as seen here[57]. Reversion to 

basal cell-specificity of keratin 14 expression occurs later in wound healing[53].

At day 6, keratin 10 is not expressed by keratinocytes at the very tip of the migratory tongue, 

in either treatment group, with diffuse expression in adjacent regions that transitions into 

more intense and uniform expression away from the tip and toward established epidermal 

tissue in the surrounding native skin (Figure 7a–d). Keratin 10 is a marker of keratinocyte 

differentiation and maturation, so lack of expression at the tip of a migratory epidermal 

tongue is indicative of the dedifferentiated state of cells at the leading edge[58]. The same 

pattern of keratin 10 expression (no expression at the leading edge of the epidermal tongue) 

is observed in the empty control group at days 10 and 14 as the migratory front advances 

across the wound bed under the scab (Figure 7e, i). Keratin 10 expression becomes relatively 

uniform throughout the neo-epidermis, from the basal to apical surface, by day 10 in the 

CPCL treatment group (Figure 7g, h) and is then limited to suprabasal cells by day 14 

(Figure 7l). Here keratin 10 expression occurs uniformly in the spinous layer, but not the 

basal layer or apical stratum corneum. This indicates that keratinocytes in the neo-epidermis 

have returned to a normal program of terminal differentiation by day 14 in the CPCL group 

while further maturation and remodelling is required to attain native epidermal tissue 

characteristics such as thickness and organization.
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qRT-PCR analysis of genes associated with skin wound healing

In addition to histological and immunohistochemical staining to evaluate overall wound 

healing and protein expression, qRT-PCR was utilized to evaluate expression of genes 

associated with cutaneous wound healing (Krt10, Krt14, Col1a, Col3a). As previously 

mentioned, the keratin expression profile of keratinocytes is dynamic and changes upon cell 

differentiation. Keratin 10 and keratin 14 protein expression at days 6, 10 and 14, as seen in 

Figures 6 and 7, was informative and show differences in protein expression between the 

two groups and over time. Evaluation of keratin mRNA expression at day 14 provides 

supporting information regarding extent of and continuation of wound healing.

Keratin 10 (Krt10) and keratin 14 (Krt14) mRNA expression was compared between the 

empty control and experimental nanofiber conditions at day 14 using qRT-PCR (Fig. 8). 

Expression of Krt10 and Krt14, relative to expression of the same gene in empty control 

wounds, was down-regulated in CPCL-treated wounds. This result is consistent with the 

overall rate and extent of wound healing reported above where healing is more complete in 

the CPCL treatment group therefore representing a different keratinocyte activity/

differentiation profile from empty control wounds. There are likely more proliferating or 

differentiating keratinocytes expressing Krt14 and Krt10 in empty control wounds 

concomitant to re-epithelialization, which remains incomplete at day 14. In addition, it is 

well understood that keratin 14/keratin 5 expression switches to keratin 10/keratin 1 

expression as keratinocytes commit to and enter terminal differentiation[59, 60], which occurs 

more quickly in CPCL-treated wounds. The stability of keratin proteins correlates with a 

long half-life[61, 62] meaning that high keratin 14 and keratin 10 protein expression in 

regenerated epidermis of CPCL-treated wounds at day 14 (Fig. 6 and 7) can reasonably 

correlate with down-regulation of gene expression at the same time point. Overall, the 

presence of CPCL nanofiber scaffolds not only increases the rate of re-epithelialization, but 

also appears to expedite maturation of the neo-epidermal tissue.

Type I collagen is the predominant form of collagen in skin, which replaces early type III 

collagen during later stages of wound healing, but is also found to be co-localized with type 

III collagen[1, 63, 64]. qRT-PCR analysis of collagen mRNA expression 14 days post-

wounding (Fig. 8) shows down-regulated expression of Col3a in CPCL-treated wounds 

relative to empty control wounds. This is indicative of the improved rate of wound closure in 

the CPCL treatment group as type III collagen is generally produced during early phases of 

wound healing[65, 66]. Col1a expression does not differ between the treatment and control 

conditions (Fig. 8) 14 days post-wounding likely because type I collagen production remains 

at high levels at day 14 in both groups. Production may be in an earlier phase in the empty 

control group and a later phase related to remodeling in the CPCL group.

Possible mechanisms associated with CPCL nanofiber facilitation of wound 

healing

Some intrinsic properties of chitosan have been linked to biological responses such as 

promotion of hemostasis and wound healing as well as antimicrobial effects. Yet the overall 

mechanisms by which CPCL nanofiber scaffolds promote skin repair remain to be 
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elucidated. These mechanisms are likely intimately related to scaffold architecture and 

physical properties. The large surface area presented by nanofibers promotes protein 

adsorption thereby supporting cell adhesion, migration and proliferation and allows the 

scaffolds to act as a provisional matrix in support of re-epithelialization and neo-dermal 

tissue formation. Similar to the role of the fibrin clot during early stages of wound healing 

associated with inflammation, CPCL nanofibers may also serve to bind growth factors 

and/or cytokines critical to wound healing and act as a reservoir for these factors. 

Keratinocyte activation, migration and proliferation is a result of a plethora of coordinated 

chemical and mechanical signals initiated during the inflammatory stage of the wound 

healing cascade[41, 67]. Growth factors and cytokines released by platelets and inflammatory 

cells include PDGF, EGF, FGFs, TGF-βs, VEGF, interleukins and colony stimulating 

factors, to name a few[1, 68].

Finally, the stiffness of the CPCL scaffolds, which we reported as approximately two times 

that of native mouse skin (Fig. 1), likely influences keratinocyte phenotype due to 

mechanosensing and mechanotransduction. It has been well-established that ECM stiffness 

significantly effects cell behaviour due to cell-matrix interactions whereby cell-generated 

forces inform intracellular signalling and changes to cell phenotype[37, 69]. The elastic 

modulus of Tegaderm is an order of magnitude greater than that of mouse skin and may be 

too stiff to promote normal keratinocyte phenotype during would healing. Some evidence 

has been reported that matrix elasticity has a significant effect on keratinocyte activity 

during wound healing such as migration velocity, proliferation, colony formation and 

differentiation, but a consistent correlation has yet to be established[70–72]. Regardless, 

targeting the elasticity of biomaterials within the range of native skin is likely critical to 

development of novel and effective skin substitutes.

Conclusions

CPCL nanofiber scaffolds increased wound healing rate and overall closure, re-

epithelialization, maturity of neo-epidermis, and collagen deposition when compared with 

(Tegaderm only) empty control. These results indicate that CPCL nanofiber scaffolds 

possess significant potential in promoting skin repair and this is likely due to inherent 

biological properties of chitosan and physical properties of nanofibers such as fiber diameter 

and surface area as well as scaffold porosity and stiffness. Importantly, the architecture of 

the scaffold is biomimetic for native extracellular matrix in terms of fiber morphology and 

dimensionality and likely serves as an immediate provisional matrix for keratinocyte and 

fibroblast migration in support of wound closure. CPCL nanofibers are effective in 

promoting skin repair when utilized alone and can be utilized in the future as a component 

of more complex tissue engineering constructs involving delivery of cells and/or proteins to 

further enhance cutaneous wound healing.

Statistical analysis

The results are presented as mean values ± standard error of the mean. Statistical differences 

were determined by one-way analysis of variance (ANOVA). Values were considered 

statistically significant at p < 0.05.
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Figure 1. 
Physical properties of CPCL nanofibers. (a) Schematic of nanofiber placement on 8mm 

diameter cutaneous excisional skin defect. (b) Scanning electron micrograph of CPCL 

nanofiber scaffold en face and (c) in cross section. (d) Table summarizing elastic moduli of 

CPCL, mouse skin and Tegaderm. Scale bars represent (b) 2 μm and (c) 200 μm.
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Figure 2. 
Gross imaging of defect closure over 14 days. Representative images at each time point 

illustrating differences in wound closure rate and quality between empty control and CPCL 

nanofiber-treated defects. Scale bar represents 4 mm.
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Figure 3. 
Quantitative measure of defect healing via measurement of defect area over 14 days. The 

initial defect area is defined as 0% recovery and data points represent mean recovery (%) of 

4 defect sites +/- standard error of the mean. *(p < 0.05)
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Figure 4. 
H&E staining of representative skin defect sites. Each panel (a, c, e, g, i, k) is a composition 

of 12–18 images to provide high resolution over a large area with accompanying inset (b, d, 

f, h, j, l) providing a higher magnification view near the wound edge. (↓) defect margin; (➤) 

CPCL; (✱) epidermal tongue; (⇨) scab. Scale bar represents 1 mm, inset scale bar 

represents 200 μm.
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Figure 5. 
Masson’s Trichrome staining of representative skin defect sites at 6 (a–b), 10 (c–d) and 14 

(e–f) days post-surgery to illustrate histological differences in collagen deposition between 

Tegaderm treated and CPCL nanofiber scaffold treated defects. Scale bar represents 1 mm.
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Figure 6. 
Keratin 14 immunohistochemical staining (brown/black) with haematoxylin counterstain 

(blue) of skin defect sites 6, 10 and 14 days post surgery to illustrate proliferating 

keratinocyte population in Tegaderm treated and CPCL nanofiber scaffold treated defects. 

The scale bar represents 100 μm.
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Figure 7. 
Keratin 10 immunohistochemical staining (brown/black) with haematoxylin counterstain 

(blue) of skin defect sites 6, 10 and 14 days post-surgery to illustrate localization of 

differentiating keratinocyte population in Tegaderm treated and CPCL nanofiber scaffold 

treated defects. The scale bar represents 1 mm, and the inset scale bar represents 200 μm.
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Figure 8. 
Keratin 10 (Krt10), keratin 14 (Krt14), collagen 1A (Col1a), collagen 3A (Col3a) mRNA 

qRT-PCR analysis of empty control vs. CPCL nanofiber-treated skin wounds 14 days post-

wounding. Error bars represent standard error of the mean.
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Table 1

Sequences of primers used in qRT-PCR analysis

Gene Forward primer Reverse primer

Keratin 10 5′-CAGATAGGCCAGCTCTTCAGT-3′ 5′-GACATCAACGGCCTGCGTA-3′

Keratin 14 5′-AGACCAAAGGTCGCTACTGC-3′ 5′-TGGAGGAGGTCACATCTCTGG-3′

Collagen 1A 5′-ACATGTTCAGCTTTGTGGACC-3′ 5′-CATGGTACCTGAGGGCGTTC-3′

Collagen 3A 5′-ATGTTGTGCAGTTTGCCCAC-3′ 5′-TCGTCCGGGTCTACCTGATT-3′
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