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Abstract

Tissue engineered dermal substitutes represent a promising approach to improve wound healing 

and provide more sufficient regeneration, compared to currently clinical standard of care of large 

wounds, early excision and grafting of autografts. However, inadequate regenerative capacity, 

impaired regeneration/degradation profile and high cost of current commercial tissue engineered 

dermal regeneration templates hinder their utilization and the development of an efficient and cost-

effective tissue engineered dermal substitute remains a challenge. Inspired from our previously 

reported data on pullulan/gelatin scaffold, here we present a new generation of a porous pullulan/

gelatin scaffold (PG2) served as a dermal substitute with enhanced chemical and structural 

characteristics. PG2 shows excellent biocompatibility (viability, migration, and proliferation), 

assessed by in vitro incorporation of human dermal fibroblasts (HDFs) in compare with the 

Integra® dermal regeneration template (Control). When applied on a mouse full-thickness 

excisional wound, PG2 shows rapid scaffold degradation, more granulation tissue, more collagen 

deposition and more cellularity in comparison with Control at 20 days post-surgery. The faster 

degradation is likely due to the enhanced recruitment of inflammatory macrophages to the scaffold 

from the wound bed and that leads to earlier maturation of granulation tissue with less 

myofibroblastic cells. Collectively, our data reveal PG2’s characteristics of an applicable dermal 

substitute with excellent dermal regeneration which may attenuate scar formation.
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1. Introduction

Skin plays a crucial role in protection from external threats, provides sensation and 

contributes in fluid homeostasis. Insults to the skin such as deep cuts, burns or ulcers could 

cause damage to the skin and further compromise the clinical outcome. In conditions like 

burn which the skin loss is extensive, grafting from different sources is inevitable. In these 

occasions, conventional treatments for skin damage include autografts, allografts, and 

xenografts, which have been extensively used surgically. However, due to the limitation of 

donor sites or the high risk of immunological rejection grafting has its own limitations 

(Rnjak, Wise, Mithieux, & Weiss, 2010; B. K. Sun, Siprashvili, & Khavari, 2014). With 

rapid development of regenerative medicine, engineered skin substitutes have become a 

promising alternative treatment to promote dermal tissue regeneration. The proper skin 

substitutes are required to provide architectural support and microenvironment for cell 

infiltration and growth. Some of these currently studied skin substitutes have been proven in 

improving long-term skin function and appearance (Branski et al., 2007; N. Moiemen et al., 

2011; N. S. Moiemen, Staiano, Ojeh, Thway, & Frame, 2001; Soller, Tzeranis, Miu, So, & 

Yannas, 2012). However, autografts are still the gold standard for treating skin loss if 

sufficient donor site is available mainly due to the lack of optimal engineered scaffolds to 

substitute dermal tissues.

Among various materials studied for dermal regeneration, combinations of gelatin with 

polysaccharides are one of the highly recognized choices (Aljghami, Saboor, & Amini-Nik, 

2019; Sheikholeslam, Wright, Jeschke, & Amini-Nik, 2017). This combination has been 

used to not only maintain the mechanical strength of biomaterials but also enhance cell 

survival and proliferation. Gelatin is among the most popular natural proteins to construct 

scaffolds in tissue engineering and has been extensively studied and commercially utilized in 

skin substitutes due to its good biocompatibility and excellent support on cell growth (H.-M. 

Wang et al., 2013; T.-W. Wang et al., 2006; Xiong et al., 2017; Zhao et al., 2016; Zhao et al., 

2017). Amongst polysaccharides studied for skin regeneration, pullulan is a fungal 

polysaccharide consisting of three glucose units connected by α−1,4 glycosidic bonds 

(maltotriose) and consecutive maltotriose units connected by α−1,6 glycosidic bonds 

(Leathers, 2003). It has attracted attention because of its anti-inflammatory, anti-bacterial, 

and anti-oxidant properties, as well as its lack of immunogenicity and its low cost (X. Li et 

al., 2015; Mano et al., 2007; Mathew N. Nicholas, Marc G. Jeschke, & Saeid Amini-Nik, 

2016; Rustad et al., 2012; Wong et al., 2011).

We recently reported a pullulan/gelatin scaffold with a high pullulan composition to deliver 

progenitor fibroblasts and keratinocytes (Mathew N Nicholas, Marc G Jeschke, & Saeid 

Amini-Nik, 2016). While promising, its instability during transportation and handling 

particularly when we scaled it up in size, and its improvable biocompatibility in order to 

provide satisficed cell migration and growth environment are factors hindering its 
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application in the clinic. Thus, the purpose of this study was to develop a cell supporting 

pullulan/gelatin (PG) scaffold with enhanced biocompatibility and increased crosslinking 

that would allow for easy handling of the large scaffold. By optimizing the P/G ratio and 

introducing dual-crosslinking, here we report the second generation of the PG scaffold 

(PG2) and investigate its material properties, biocompatibility, and therapeutic potential as a 

dermal skin substitute.

2. Materials and Methods

2.1 Preparation of PG2 scaffolds

PG2 was prepared through a combined salt-leaching/crosslinking method. First, 1 g of 

sodium chloride (NaCl) was added into a 3.5 cm petri dish as the porogen, followed by the 

mixture of 100 μL 0.2 g mL−1 pullulan (Sigma-Aldrich, Oakville, ON, Canada) aqueous 

solution and 200 μL 0.1 g mL−1 gelatin (Type A, BioShop, Burlington, ON, Canada) 

aqueous solution, and an extensive mixing action. Second, 10 mg trisodium 

trimetaphosphate (STMP) (Sigma-Aldrich) with 5 μL 10N sodium hydroxide solution 

(NaOH) was mixed in 200 μL water and then added into the petri dish, followed by an 

extensive mixing action. The final mixture in the petri dish was then put into an oven at 

60 °C for 3 h. The solidified resultant was washed by PBS at 4 °C until pH on the material 

was maintained at pH 7. In order to crosslink gelatin, 200 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride / 80 mM N-hydroxysuccinimide (EDC/

NHS, Thermo Fisher Scientific, Waltham, MA, USA) aqueous solution was prepared right 

before use, and 2 mL of EDC/NHS solution was added onto the solidified material for 

crosslinking. The reaction was conducted at 4 °C overnight, and the reactant was washed 

with PBS for 12 h by changing the medium every 2 h. The final product was freeze-dried 

and stored at 4 °C before use.

2.2 Material characterization

Morphology of PG2 was examined by scanning electron microscope (XL30 ESEM, FEI, 

Hillsboro, OR, USA) operating at 20 kV. Dry PG2 scaffolds (8 mm in diameter biopsies) 

from lyophilization were used to observe its hydrated morphology. A coating of 20 nm Au 

by the sputter coater (Leica ACE600, Concord, Ontario, Canada) was applied onto samples 

before the examination. μCT (Scanco Medical μCT100, Brüttisellen, Switzerland) was used 

on dry PG2 (8 mm biopsies) to generate description and visualization of the 3D porous 

structure. The achieved resolution of 8 mm biopsied PG2 sample was 3 μm per voxel in each 

axis.

Swelling of PG2 scaffolds (8 mm biopsies) was evaluated in water at 37 °C. Size changes in 

diameter were measured manually at different time points until the equilibrium state was 

reached by about six hours. The swelling behavior was profiled by diameter change vs. time. 

Water retention capacity of PG2 was calculated by mass of the hydrated 8 mm biopsied PG2 

at its equilibrium state vs. the lyophilized 8 mm biopsied PG2.

To assess biodegradation, PG2 scaffolds (8 mm biopsies) were placed into a 60 μg mL−1 (7.5 

unit mL−1) collagenase I (Thermo Fisher Scientific) PBS solution, pH = 7.4, and incubated 
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at 37 °C with 5% CO2 and 100% humidity (Lee, Kim, Chong, Hong, & Lee, 2005). After 

the determined time, the scaffolds were removed from the enzyme solution, washed with 

deionized water for three times, and weighted after lyophilization. The remaining weight 

(%) was calculated using the following equation (1):

remaining weight = Wt/W0 × 100, (1)

where W0 is the initial weight of the dry scaffold and Wt is the weight of the dry scaffold 

after degradation at the time of t.

2.3 Human skin tissue sampling and cell culture

The normal human skin tissues were obtained from healthy donors (undergoing 

reconstructive surgery procedures) at Ross Tilley Burn Centre, Sunnybrook Health Sciences 

Centre, Toronto, ON, Canada. Collection of skin tissue samples has followed the approval of 

the Institutional Ethics Review Board (Declaration of Helsinki Principles, Academic Health 

Sciences Network and University of Toronto-affiliated Sunnybrook Research Institute and 

Sunnybrook Health Sciences Centre). Informed signed consent was obtained from the 

patients (REB PIN 142–2015 and UHN REB# 13–6437-CE). Normal human skin dermis 

was used to obtain normal human fibroblasts through primary cell culture technique (Arno, 

Amini-Nik, Blit, Al-Shehab, Belo, Herer, Tien, et al., 2014; Bakhtyar, Jeschke, Mainville, 

Herer, & Amini-Nik, 2017). The study has been approved and reviewed by the REB/IRB of 

Sunnybrook Research Institute.

Human primary dermal fibroblasts (HDFs) were obtained from normal human skin tissue 

samples. Normal skin tissue specimen were cleaned to remove fat and cut into small pieces 

(sized of 2 to 4 mm) known as the explants. Explants were cultured in small Petri plates 

(37 °C in a humidified atmosphere with 5% CO2) to obtain primary fibroblast cells. Primary 

fibroblasts were sub-cultured in Petri plates (density of 3,200 cells cm−2) for one week and 

later subjected to next passaging. The primary culture (70% confluency) was subjected to 

trypsinization (0.05% trypsin) and further sub-cultured (4,500 cells cm−2) in flasks 

(Corning® cell culture flasks, 75 cm2).

2.4 In vitro cell incorporation

HDFs were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% (v/v) FBS (Gibco, Thermo Fisher Scientific) and 1% (v/v) 

antibiotic-antimycotic solution, and incubated at 37 °C in a 5% CO2 atmosphere incubator. 

Media was changed every 48 h. For sterilization of the scaffolds, 8 mm biopsies of PG2 and 

the Integra® dermal regeneration template (Integra Life Sciences, Plainsboro, NJ, USA, 

abbreviated as Control hereafter) were placed in a 48-well plate and sterilized by ultra violet 

light for 30 min. The UV sterilization was performed inside a biosafety cabinet equipped 

with a germicidal UV lamp of 255–280 nm. The distance between the UV lamp and the 

object was the distance between the lamp and the floor of the cabinet ( 100 cm). Sterile PBS 

solution was added into the plate to pre-dissolve the scaffolds 24 h before seeding. Prior to 

seeding, fibroblasts within a passage of 10 were trypsinized and re-suspended in the medium 

at a concentration of 2 × 105 per mL. A cell suspension (10 μL) was added onto scaffolds 
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placed in a 48-well plate. Facilitate the cell uptake into the interior of the scaffold for 1 h in 

the incubator and then add 500 μL medium to each well. The medium was changed every 48 

h.

2.5 Cell Viability and Cell Proliferation

Cell viability was determined by a Live/Dead Viability/Cytotoxicity Kit (Life Technologies, 

Calsbad, CA, USA) on HDF-incorporated scaffolds at day 3, 7 and 14 post seeding 

respectively. 3D images of cell migration at day 3, 7 and 14 were taken through Z-stack 

function of Zeiss observer Z1 spinning disc confocal microscope. Cell proliferation at day 7 

was determined by 5-bromo-2’-deoxyuridine (BrdU) proliferation assay. The HDF-

incorporated scaffolds were incubated with 10 mM BrdU (EMD Chemicals, San Diego, CA, 

USA) in the medium for 24 h. The medium was removed, and the samples were washed 

with PBS. A Thermo Fisher Scientific BrdU Labeling and Detection Protocol was followed. 

BrdU (Bu20a) Mouse monoclonal antibody from Cell Signaling Technology (Danvers, MA, 

USA) and Alexa Fluor® 488–labeled Donkey anti-Mouse IgG (H + L) secondary antibody 

from Invitrogen (Carlsbad, CA, USA) were used in the protocol. 4’,6-Diamidino-2-

phenylindole dihydrochloride (DAPI) was applied at the last step to visualize all cells. 

Quantification of the percentage of BrdU positive cells was performed by counting the 

number of BrdU-positive cells vs. the total number of cells. In transforming growth factor-

beta1 (TGF-β1) inducing study, the medium was changed to serum-free DMEM 48 h after 

seeding 1 × 104 HDFs on PG2 and Control. After 24 h, TGF-β1 (15 ng/mL, PeproTech, 

Montreal, QC, Canada) in serum-free DMEM was added to treat the cell-incorporated PG2 

and Control. Immunofluorescence staining was preformed after 48 h. Briefly, cells in the 

scaffolds were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. 

Fixed cells were washed with PBS three times followed by permeabilization with PBST 

solution (PBS/0.25% Triton X-100 (Sigma-Aldrich) solution) for 10 min. After washing and 

blocking with 1% bovine serum albumin (BSA; BioShop) in PBST solution, the samples 

were incubated with anti-α-smooth muscle actin (anti-ASM) primary antibody (α-smooth 

muscle actin (1A4) mouse monoclonal antibody from Cell Signaling Technology) for 1 h at 

room temperature. After three washings with PBS, samples were then treated with the 

secondary antibody, goat anti-mouse IgG (H+L) F(ab’)2 Fragment (Alexa Fluor® 647 

conjugate) (Cell Signaling Technology). Finally, the samples were counterstained with 

DAPI.

2.6 In vivo mouse study

8-week-old Male C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were used 

for excisional wound model experiments (n = 10). The study was under the guidelines of the 

Sunnybrook Research Institute and Sunnybrook Health Sciences Animal Policy and Welfare 

Committee of the University of Toronto. Animal procedures were reviewed and approved by 

Sunnybrook Research Institute and Sunnybrook Health Sciences Centre at University of 

Toronto Animal Care and Use Committee. Animals were anesthetised, and two 6 mm-

diameter full-thickness wounds were created on the back of the mouse on either side from 

the midline (M. G. Jeschke, A.-R. Sadri, C. Belo, & S. Amini-Nik, 2017). The wound 

treatments were randomly divided into two groups: PG2 and Control. Each wound used a 

customer-designed twist-open plastic dome to prevent skin contraction and mimic wound 
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healing in human skin. The dome on the mouse was to allow the skin to stretch and secure 

the applied skin substitutes. An 8 mm skin substitute (either PG2 or Control) was placed 

inside the dome(Aljghami, Jeschke, & Amini-Nik, 2019; M. G. Jeschke, A. R. Sadri, C. 

Belo, & S. Amini-Nik, 2017). The wounds were monitored daily until 20 days post the 

surgery to determine the general conditions of the wounds and the treatments. Pictures were 

not taken in order to prevent further damage to the wound healing process. The mice were 

then euthanized, and the excised wounds were collected for histologic analysis.

2.7 Masson’s trichrome staining

All reagents for Masson’s trichrome staining were purchased from Electron Microscopy 

Sciences (EMS; Hatfield, PA, USA) unless otherwise mentioned. Harvested tissues were 

embedded in paraffin, cut at 5 μm thickness and mounted on Superfrost™ Plus glass slides 

(Fisher Scientific, Pittsburgh, PA, USA). The procedure was conducted as follows: slides 

were heated at 60 °C for 30 min, deparaffinized with Citrosol (Decon Laboratories, King of 

Prussia, PA, USA) and rehydrate through 100%, 95%, and 70% ethyl alcohol. After washed 

with distilled water, the slides were further fixed in Bouin’s solution overnight at room 

temperature. Then the slides were washed again under a running tap water to remove the 

yellow color, and dipped into Weigert’s iron hematoxylin working solution for 10 min. 

After, they were washed under distilled water, stained in Biebrich scarlet-acid fuchsin for 10 

min, and washed again with distilled water. Next, the slides were differentiated in 

phosphomolybdic-phosphotungstic acid solution for 15 min and transferred directly into the 

aniline blue solution for 5 min. Finally, the slides were rinsed briefly in distilled water, 

differentiated in 1% acetic acid solution for 2 min, and washed in distilled water. At last the 

slides were dehydrated quickly using 95% and 100% alcohol and cleared in Citrosol. The 

stained slides were mounted with a coverslip by xylene-based mount medium (General Data 

Company, Cincinnati, OH, USA).

2.8 Immunohistochemistry and immunofluorescence

Paraffin-embedded tissues sections were studied by either immunohistochemistry or 

immunofluorescence analysis of CD31 for microvessels, F4/80 for macrophages and ASM 

for myofibroblasts. For immunohistochemistry, sections were first deparaffinized as 

described above. Then, a heat-based antigen retrieval step was performed, followed by 3% 

H2O2 incubation to inactivate the endogenous peroxidase. The tissues were then treated with 

the specific primary antibody (purified NA/LE rat anti-mouse CD31 Clone 390 from BD 

Biosciences, San Jose, CA, USA; anti-F4/80 polyclonal antibody from Abcam, Cambridge, 

UK) at the recommended dilution. A species-appropriate MACH3 horseradish peroxidase 

(HRP)-polymer detection kit followed by a betazoid diaminobenzidine chromogen kit 

(Biocare Medical, Concord, CA, USA) was applied to generate a brown color. Slides were 

then counterstained with hematoxylin, differentiated in 1.5% acid alcohol and then placed in 

0.1% sodium bicarbonate very briefly. Finally, the slides were mounted with a coverslip 

using xylene-based mounting medium after dehydration. For immunofluorescence staining, 

a proteinase-K method was performed for antigen retrieval after deparaffinization, followed 

by cell permeabilization with PBST solution. After blocking the sections with 1% BSA in 

PBST solution, they were treated with the anti-ASM primary antibody for overnight. The 

biotinylated secondary antibodies (Vector Laboratories, Burlington, ON, Canada) were then 
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added in PBST solution with 1% BSA for 1 h at room temperature, followed by fluorescent 

streptavidin probe (549 nm, Vector Laboratories) for 20 min. Finally, the slides were 

mounted with Vectashield mounting medium with DAPI (Vector Laboratories).

2.9 Imaging and quantification

Trichrome and immunohistochemistry stained sections were observed using a Zeiss Axiovert 

200 light microscope at 40X magnification, e.g., high power field (HPF). 

Immunofluorescence images were taken through a Zeiss observer Z1 spinning disc confocal 

microscope. The size of granulation tissues was quantified according to trichrome stained 

whole wound sections. Quantification of collagen deposition was performed on trichrome 

stained HPF images. Quantification of infiltrated cell number was performed on five DAPI 

stained HPF images from the center of the scaffold areas in the wound sections for each 

group. Quantification of angiogenesis was performed by counting the number and the size of 

vessels per HPF. Proportions of F4/80 positive cells either from the scaffolds or from the 

wound beds were calculated respectively based on five representatives images in each group. 

Proportions of ASM positive cells from the center of the scaffold areas of the histological 

sections or from in vitro HDF seeded scaffolds were determined from nine representative 

images each group. Quantification was performed blindly and with the assistant of ImageJ 

software. Data are presented as mean ± SEM.

2.10 Statistical Analysis

Statistical analysis was performed using Two-Sample t-Test. P < 0.05 was considered 

statistically significant. The error bars represent SEM.

3. Results

3.1. Preparation and properties of PG2

As depicted in Figure 1A, the 3D porous PG2 was developed using a particulate leaching 

method combined with crosslinking. The mixture of pullulan and gelatin was blended with 

salt particulates as porogens. Pullulan was crosslinked by a non-toxic and FDA-approved 

reagent STMP. Gelatin was crosslinked between carboxylic acid and primary amine 

functional groups with the zero-length carbodiimide EDC accompanied by NHS.

To acquire the structural characteristic of PG2, scanning electron microscope (SEM) and X-
ray micro-tomography (μCT) techniques were applied to obtain the 2D and the 3D 

microstructure of PG2. As the SEM images were shown in Figure 1B, a highly porous 

structure was developed within PG2. Heterogeneous round-shaped pores were observed and 

the interconnectivity of its porous structure was shown in the cross-sectional image of PG2. 

The pore sizes ranged from 20 – 198 μm. The porosity of PG2 was calculated as 73.54 

± 3.24% based on the area fraction of void area vs. total area from the SEM images. 

Additional to SEM, a comprehensive 3D overview of the morphological and the architecture 

of PG2 was provided in Figure S1 by μCT.

Water retention and the swelling behavior of PG2 were studied by gravimetry. PG2 can 

retain 797.7 ± 56.9% of water of its dry mass at equilibrium hydrated state. A fast swelling 
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profile was observed (Figure 2A). Dry PG2 swelled and adopted its equilibrated size within 

a short period of time (20 min) upon contact with water. However, the equilibrium hydration 

state of the scaffold could take a longer period of time as depicted in Figure 2A. The 

response of PG2 to collagenase digestion was profiled to determine its biodegradability. 

Mass loss of PG2 was recorded via immersion of the scaffold into collagenase I solution 

over a 5-day period (Figure 2B). A relatively fast degradation was observed at the first 24 h, 

showing a 66% reduction of PG2. Passing that early fast degradation phase of 24 hours, 26% 

of the PG2 stayed at 5 days.

3.2. Biocompatibility of PG2

Cell viability was investigated at different time intervals post seeding in order to determine 

biocompatibility of PG2 in term of cell adhesion, cell growth, and cell migration. From the 

representative images and the quantitative results (Figure 3A, B), we found that cell viability 

varied between 80 – 95% during 14 days of culture. There was no significant difference 

between cell viability in PG2 and Control at incubation times of 3, 7 and 14 days, p > 0.05 

for all the three time points. Secondly, cell migration in PG2 and Control was studied on 

Day 3, 7 and 14 post seeding (Figure 3C, D). Cell incorporation and migration is an 

important characteristic for the scaffold. The depth of cell penetration varied slightly over 

time (158 – 201 μm) with no significant difference observed between the two scaffolds, p > 

0.05 for all the three time points. Cell proliferation was evaluated by 5-bromo-2-

deoxyuridine (BrdU) assay. As the results (Figure 3E, F) showed, no significant difference 

was found in the proliferation potential of cells in PG2 (35.2 ± 2.8%) and Control (31.0 

± 1.9%) in vitro, p > 0.05.

3.3. PG2 enhanced dermis reconstitution in compared with the control dermal substitute.

Under sterile conditions, PG2 and the control scaffold were transplanted into a full-thickness 

wound mouse model for in vivo evaluation. A customized plastic dome with 8 mm diameter, 

1.5 mm shoulder and 0.25 mm thickness was applied on the wound bed to prevent skin 

contraction and to serve as a secure home for scaffolds (Figure 4A) (Marc G Jeschke et al., 

2017). There are 24 spaced holes along the edge and six on the top of the dome to ensure air 

and flow exchange. No macroscopic signs of infection or foreign body reaction were 

observed in the wound area postoperatively.

Granulation tissue formation is important for skin regeneration and skin healing. The sooner 

the patients’ wounds form granulation tissue, the faster their recovery would be with less 

mortality and morbidity (Jeschke et al., 2015; Jeschke, Pinto, Costford, & Amini-Nik, 2016). 

Here in our study granulation tissue formation and maturity were studied by Masson’s 

trichrome staining of the wound sections at day 20 post excisional biopsy and application of 

scaffolds. Both PG2 and Control showed migration and incorporation of cells within the 

scaffold (Figure 4B). Besides the newly formed tissue surrounding the scaffold, degradation 

of the scaffolds was observed, and residues of the scaffold remained in place. High power 

field (HPF) images (Figure 4C) showed that PG2 on the wound had been degraded into 

fragments, while the control scaffold remained integrated and undigested. Immature 

collagen (light blue, thin, and loosely packed) surrounded the fibroblasts on Control treated 

wound beds, while collagen on PG2 treated wound beds was found mature (bright blue, 
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dense, and closely packed). Quantification analysis revealed a significantly high degree of 

granulation tissue formation in PG2 treated wounds (Control: 1.525 ± 0.102 mm2 per 

wound; PG2: 2.761 ± 0.386 mm2 per wound, p < 0.05), more mature collagen deposition 

(Control: 123.79 ± 1.67; PG2: 131.38 ± 2.19 based on the stain intensity, p < 0.05) and a 

higher number of cells (Control: 157.5 ± 7.6 cells per HPF image; PG2: 402.4 ± 22.6 cell 

per HPF image, p < 0.001) in PG2 treated wounds, as compared to Control (Figure 4D - F).

Neovascularization is a critical phenomenon during dermis reconstitution. An ideal scaffold 

should facilitate angiogenesis (J. Li, Zhang, & Kirsner, 2003; G. Sun et al., 2011). Using 

immunohistochemical staining for CD31, a marker of endothelial cells, here we showed the 

size and the density of microvessels on wounds treated with PG2 and Control (Figure S2). 

While there is a trend of more microvessels in the PG2 scaffold in compare with control, we 

did not find any significant difference between these two treatments, p > 0.05.

Myeloid lineage cells have an essential role during skin healing and dermis reconstitution 

(Amini-Nik et al., 2014; Bielefeld, Amini-Nik, & Alman, 2013). F4/80 antibody, a 

macrophage-specific marker, was used to determine the location and the number of 

macrophages on the wound sites of the two treatments (Figure 5A). To better describe the 

spatial distribution of macrophages, the wound was divided into the scaffold area and the 

wound bed (the reconstituted area under the scaffold). Our data showed different spatial 

patterns of macrophage distribution of these two treatments. In PG2 treated wounds, 

significantly more macrophages resided in the scaffold area than the wound bed (10.2 

± 1.9% vs. 0.8 ± 0.2%, p < 0.01). In contrast, in Control treatment, there were less 

macrophages resided in the scaffold area in compare with the wound bed area (4.7 ± 1.1% 

vs. 12.9 ± 3.3%, p < 0.05) (Figure 5B). By comparing different treatments, significantly 

more macrophages were found in PG2 scaffold than Control, p < 0.05, while significantly 

more macrophages on the wound bed of Control than PG2, p < 0.01.

While a transient accumulation of myofibroblasts is an essential step during skin healing, 

their early elimination is accompanying with a less chance of scar formation. To evaluate 

this on PG2, ASM, a marker of myofibroblast, was used on these histological sections by 

immunofluorescence staining. There were 33.1 ± 6.6% of ASM positive cells per HPF in 

Control while there were 8.5 ± 3.2% in PG2 in vivo (Figure 6A, B). A significantly low 

number of ASM positive cells were found on PG2 compared to Control, p < 0.01. To further 

verify this, an in vitro experiment of TGF-β1 induced fibroblast to myofibroblast transition 

was conducted on fibroblasts seeded in PG2 and Control. The ASM expression of cells in 

different scaffolds was shown in Figure 6C. Consistent with the in vivo data, more cells that 

are positive for ASM expression were observed in Control in compared with PG2 (50.0 

± 4.4% in Control vs. 33.9 ± 3.9% in PG2, p < 0.05, Figure 6D).

4. Discussion

Pullulan, as a non-ionic and biodegradable fungal-origin polysaccharide, has been 

extensively exploited in the food industry due to its non-toxic, non-immunogenic, non-

mutagenic and non-carcinogenic nature, but a little effort has been put on the development 

of its biomedical applications. Thus in this article, we focuses on developing a hybrid 
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scaffold composed of pullulan and gelatin for skin regeneration. Here, based on our previous 

data, we report a new generation (the second generation from our lab) of pullulan/gelatin 

scaffold (PG2) with enhanced physical and chemical properties to scale up for application 

on the large wounds. The results demonstrated PG2 shows superior biocompatibility in 

rodents and facilitate dermis reconstitution by comparing with Control, a clinically used 

dermal regeneration template.

In the preparation of PG2, particulate leaching and crosslinking to pullulan and gelatin were 

employed to create interior pores and provide stability to the structure. Particulate leaching 

fabrication technique with salt crystals allowed simple formation of pores and was more 

environmental-friendly than alternative techniques since the solvent to remove the porogens 

in the process is water. From the SEM images, we found porous structure within PG2 was 

successfully generated with this process. Meanwhile, it is known that crosslinking can 

introduce more chain entanglement and increase stability to the polymer blend, and a dual-

crosslinking (crosslinking to pullulan and gelatin respectively) was employed in the 

fabrication to introduce stability to the final product. The crosslinking mechanism of 

pullulan by STMP can be explained by a two-step reaction: the ring opening attack of an 

alcoholate ion on STMP in strong alkaline conditions with the formation of a 

tripolyphosphated polymer, and the addition of a new polymer chain to form crosslinks 

(Lack, Dulong, Picton, Cerf, & Condamine, 2007; Mocanu, Mihai, LeCerf, Picton, & 

Muller, 2004). EDC crosslinker activates carboxyl groups in one gelatin molecule for direct 

reaction with primary amines of other gelatin molecules via amide bond formation. EDC 

crosslinking has been proved in improving the strength and stability of collagen-based skin 

substitutes (Barnes, IV, Brand, Simpson, & Bowlin, 2007; L. Ma, Gao, Mao, Zhou, & Shen, 

2004; Powell & Boyce, 2006).

The pore size and the porosity of a scaffold are known to play a significant role in the 

distribution of nutrients and successful cell encapsulation and migration (Annabi et al., 

2010; Loh & Choong, 2013). The range of the pore size of PG2 (20 – 198 μm) is in favor of 

HDF infiltration (Yannas, Lee, Orgill, Skrabut, & Murphy, 1989). The high porosity and the 

interconnectivity of PG2 facilitate HDF attachment, migration and proliferation, and also the 

flow transport of nutrients and metabolic waste products (Chvapil, 1982; Sous et al., 1998). 

Moreover, water retention capability and the swelling behaviors of PG2 have been 

determined since it is generally accepted that the ability of dermal substitute to absorb a 

significant amount of wound exudates whilst maintain a regional moist environment is of 

critical importance for wound healing and dermis reconstitution (Amini-Nik, Yousuf, & 

Jeschke, 2018; Mathew N. Nicholas et al., 2016). The swelling profile is another parameter 

to interpret a porous polymeric scaffold. The fast swelling profile of PG2 is likely attributed 

to the highly porous structure and the interconnected pores. Moreover, the intrinsic water 

retention capability of pullulan may contribute into this. While water retention capability is 

related to a series of physical and chemical factors of materials, such as pore size, porosity 

and pore wall thickness (Lu et al., 2000; J. Ma, Wang, He, & Chen, 2001; Wei & Ma, 2004), 

we speculate that the hydrophilicity of the material is another determining factor to water 

retention, considering that pullulan is a highly hydrophilic polysaccharide. Thus, we believe 

that pullulan composition in PG2 plays an important role in determining its water uptake and 

retention. This was supported by our previous reported pullulan-gelatin scaffold, which had 
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a much higher pullulan composition, exhibited no crosslinking in gelatin, and had higher 

water retention of 1812 ± 25.46% (Mathew N Nicholas et al., 2016). Even though moisture 

plays an important role in effective treatment of wounds and it is necessary to keep the 

wound moist to prevent cell desiccation, it is extremely important to maintain an optimum 

moist level to prevent bacterial colonization and accelerate healing. Since different wounds 

have different moisture requirement, no universal standard of moist level of tissue-

engineered skin substitute has been established. An ideal dermis scaffold should also match 

the pace of neo-tissue formation to degrade. While early digestion of scaffold leads to 

deficient healing and reconstitution, a late degradation of scaffold leads to excessive healing 

with the possibility of scar formation. This makes biodegradability a necessary feature of 

skin substitutes. Here PG2 showed a higher degradation (74%) compared to a salt-leached 

pure gelatin scaffold (45%) reported in the literature (Lee et al., 2005). Although 

degradation is in direct relation to the crosslinking degree of the scaffolds, here we believe 

that incorporation of pullulan into the scaffold makes the material more hydrophilic, and 

allows for easier absorption of liquid and a higher sensitivity to degradation. These results 

further imply that by manipulating pullulan composition in the scaffold, the degradation can 

be easily controlled in accordance to different demands.

The degree of cell incorporation into the skin substitute and the ability of cell migration 

within the materials are of great significance for dermis reconstitution. The microscopic 

images and the quantification of HDFs incorporated scaffolds provide evidence to support 

the promising potential of PG2 as a skin substitute, compared to Control. Even though both 

PG2 and Control show the same depth of cell migration during 14 days in vitro, the cells did 

not migrate significantly over time, likely due to the very low cell seeding density. It is 

recognized that the seeding density is a major factor affecting cell penetration (Pan et al., 

2013). In vitro experiments have their own limitation since the interaction with the host body 

and recruitment of inflammatory cells would be ignored. While in vitro the extent of cell 

migration is comparable, the host may provide microenvironment that facilitates cell 

migration by degradation of the scaffold. Beside migration, it was worthy noticing here that 

high viability was maintained over time on both scaffolds despite the very low cell seeding 

density (around 4000 cells/cm2) in this study, suggesting that sparse distribution of cells 

does not affect their viability. As cell number is a determining factor in clinical success, this 

is critical to clinical applications of PG2 for pre-cellularized dermal substitution approaches 

since a large number of cells, especially autologous cells, are hard to obtain in an early stage 

of the treatment, and a low cell seeding density with high viability will be more applicable. 

Additionally, both scaffolds provided microenvironments for efficient proliferation, an 

essential property for dermis reconstitution. Overall, in vitro evaluation of cell viability, 

migration and proliferation on both scaffolds demonstrates that PG2 provides a comparable 

environment to Control for fibroblast infiltration and growth. Despite comparable in the 

cellular characteristics of PG2 and Control, PG2 is more cost-efficient than Control due to 

its inexpensive pullulan component.

Based on the in vitro data, we hypothesized that the ability of PG2 scaffold to support cell 

survival and proliferation would facilitate in vivo cell migration and neo-tissue formation 

within the scaffold. To test our hypothesis, an established murine dermis reconstitution 

model was introduced (Marc G Jeschke et al., 2017).
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The presence of the dome on the wound beds prevents contraction, a significant confounding 

factor that affects the evaluation of skin substitutes (Abdullahi, Amini-Nik, & Jeschke, 2014; 

Saeid et al., 2011). PG2 on the wound bed provides structural support to cell growth. The 

plastic domes were effective for securing the scaffold in place and preventing skin 

contraction while allowing dermis reconstitution.

The significant increase of granulation tissue size, the maturity of collagen and recruited cell 

numbers on PG2 treated wounds, suggests that wounds treated with PG2 are likely ahead of 

Control, and PG2 can lead to accelerated healing kinetics. These advantageous phenotypes 

in granulation tissue formation, cell infiltration and degradation between PG2 and Control 

led us to investigate the cell types and the mechanism behind the enhanced degradation of 

PG2 scaffold in the wound area. First, the formation of microvessels was studied considering 

that angiogenesis and neovascularization are critical determining factors of the wound 

healing outcomes, especially for deep burn wounds (Jeschke et al., 2015; J. Li et al., 2003; 

Sadiq et al., 2018). Although no superior on increasing the number and the size of newly 

formed microvessels was found in PG2 treated wounds, these data still show a signal that 

PG2 is an ideal home that allows for neovascularization during dermis reconstitution in 

compare with Control.

To further understand how PG2 promotes healing differently than Control and to determine 

the distribution of inflammatory cells on PG2, F4/80 staining for macrophages was 

conducted. Interestingly, these data showed more macrophages in the PG2 scaffold in 

compare with them in the control scaffold. Considering that we observe less macrophages in 

the wound bed of PG2 scaffold, these data support the notion that more macrophages 

recruited from the wound bed into the scaffold in the PG2 treatment. Verifying what triggers 

this enhanced recruitment is out of the scope of this study at this level but this suggests that 

efficient inflammatory cell penetration during the dermis reconstitution may accelerate 

degradation of PG2 scaffold, in addition to hydrolysis. This not only lead to a faster 

degradation of the scaffold but also provide more free space for mesenchymal cell 

infiltration and cell proliferation, which may consequently lead to more neo-tissue 

formation. Altogether, with granulation tissue and cell infiltration data, we suggest that the 

distinctive structure and composition of PG2 enables optimally paced degradation and 

promotes the healing process by accelerating disintegration of the scaffold, as compared to 

Control. As known, macrophages play a significant role during skin healing and 

hypertrophic scar formation (Amini-Nik et al., 2014; Bielefeld et al., 2013; Saeid et al., 

2011). The significantly low macrophages in the reconstituted wound bed area of PG2 are 

promising in term of scar formation. Further investigation will be needed to verify the 

beneficial or detrimental effect of this special pattern of macrophage distribution in these 

skin substitutes. However, a recent study (Hu et al., 2017) provided some insight on the 

relationship between macrophages transplanted through a pullulan/collagen hydrogel and its 

therapeutic effect on wound healing. They found similar accelerated healing on macrophage-

rich mouse wounds, and proposed a mechanism of a transiently “jump-starting” the 

inflammatory and neovascular signaling cascades. Despite the different experimental designs 

between the two studies, we believe that it could be a possible explanation of our 

observation.
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It is known that myofibroblasts contribute to wound closure and scar formation (Amini-Nik, 

2018; Amini-Nik et al., 2018; Arno, Amini-Nik, Blit, Al-Shehab, Belo, Herer, & Jeschke, 

2014; Bakhtyar et al., 2017; Desmoulière, Chaponnier, & Gabbiani, 2005; Mak et al., 2009; 

Moulin, Auger, Garrel, & Germain, 2000). Therefore, sustained myofibroblast presence in 

the proliferation phase of wound healing, while important in the early phase, can lead to scar 

formation. Presence of myofibroblasts on both scaffolds was studied with these histological 

sections. The result of fewer myofibroblasts in PG2 implies that, compared to Control, PG2 

either decreased the extent of fibroblast to myofibroblast differentiation or due to the rapid 

degradation of the scaffold the transient myofibroblastic phase was passed. To verify this, 

the in vitro experiment of TGF-β1 induced fibroblast to myofibroblast differentiation was 

conducted on the fibroblasts in PG2 and Control. In agreement with the observation in vivo, 

fewer myofibroblasts were observed on PG2. This further supports that cells in PG2 are less 

myofibroblastic compared to Control and PG2 treatment may provide a positive effect on 

attenuating scar formation attributed to its own material properties. Since mice cannot 

develop scars during skin healing and skin regeneration, further experiments in larger 

animals such as pigs and horses are necessary to unravel the anti-scar properties of PG2. 

While in vivo rodent experiments are more feasible in term of the cost and the number of 

biological replicates that we can use, it is associated with several limitations. The contractile 

property of rodents’ skin dominates the healing process as they mainly heal with 

contraction. Our model eliminates this confounding factor by inhibiting the contraction and 

specifically evaluates the extent of dermis reconstitution. While advantageous, it would be 

difficult to comment on the wound size as that size has been kept constant with a dome. It is 

also difficult to evaluate the extent of re-epithelialization. As such this model has been used 

to merely address dermis reconstitution and we compared PG2 with a commercial dermal 

substitute. Whether PG2 can facilitate re-epithelialization is out of the scope of this project 

and needs modified dome models or lager animal models. However, it is shown that faster 

granulation tissue formation strengthens re-epithelialization (Bielefeld et al., 2013). As such, 

in larger wounds, we speculate that PG2 indirectly augments re-epithelialization by 

enhancing granulation tissue formation. Nevertheless, we only reported on the dermal 

component of reconstituted skin and demonstrated that PG2 enhance dermal reconstitution.

5. Conclusion

In this study, a PG2 dermal substitute was prepared using a particulate leaching/crosslinking 

fabrication technique which showed excellent potential as a dermal skin substitute. In vitro, 

PG2 is biocompatible with the main cellular component of dermis: fibroblasts. Grafting of 

PG2 onto the mice with full thickness skin wounds led to a high degree of granulation tissue 

formation, more matured collagen, and more cell presence on the wounds, followed by a 

faster disintegration of PG2 scaffold. The faster degradation of PG2 was associated with the 

higher number of macrophages in the scaffold, suggesting its contribution to a higher degree 

of scaffold degradation compared to the commercial control. A lower number of α-smooth 

muscle actin positive cells in PG2 demonstrated fewer myofibroblasts in PG2 treated 

wounds and suggested a potential for attenuating scar formation during wound healing.
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Figure 1. 
Preparation of PG2 by a combined particulate leaching/crosslinking process (A); the 

morphology of PG2 by scanning electronic microscopy (SEM) (B).
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Figure 2. 
Swelling profile of PG2 with representative images (A); enzyme degradation profile of PG2 

in collagenase I PBS solution (B).
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Figure 3. 
PG2 is biocompatible in vitro. Representative images of HDFs in PG2 and Control at 3, 7 

and 14 days of culture, stained by Live/Dead assay (Green: live cells labeled by calcein AM; 

red: dead cells labeled by ethidium homodimer-1) (A), scale bar = 100 μm, quantified in B; 

representative 3D reconstruction of the Z-stack images showing the extent of cell migration 

in PG2 and Control at 3, 7 and 14 days (C), quantified in D; representative images of HDFs 

in PG2 and Control showing the extent of BrdU incorporation using BrdU assay (Blue: 

DAPI; green: BrdU) (E), scale bar = 50 μm, quantified in F.
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Figure 4. 
PG2 enhance grannnulation tissue formation with higher cellularity and more collagen 

deposition. Scheme of the mouse model (A); representative Masson’s trichrome stained 

images to show a complete view of wounds treated with PG2 and Control by day 20, the 

dotted line marks collagen formation (B), scale bar = 1 mm; histological sections at 40X 

magnification showed scaffold fragments of PG2 and an integrated layer of Control (C), 

scale bar = 50 μm, SC, the scaffold or the scaffold fragment; WB, wound bed and collagen 

fiber deposition; quantification of granulation tissue area (D), collagen depositon (E) and 

infiltrated cell number (F) to demonstrate rapid, efficient and functional formation of neo-

tissue. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. 
Unlike the scaffold area, wound bed of the PG2 sccafold has less number of F4/80+ve 

macrophages. Histological sections of wounds treated with PG2 and Control on day 20, 

stained with F4/80 (macrophages as arrows indicated) (A), scale bar = 50 μm; quantification 

of F4/80+ve cell (macrophage) proportion on wounds with different treatments at two 

different locations (B).
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Figure 6. 
The PG2 scaffold enhances less myofibroblastic phenotype. Immunofluorescent sections of 

wounds dressed with PG2 and Control on day 20 (A) and HDFs cultured in PG2 and Control 

in vitro 48h after TGF-β1 induction, stained with ASM (myofibroblast), to demonstrate 

myofibroblast differentiation in different scaffolds(C), scale bar = 100 μm; quantification 

results of ASM+ve cell proportion on wounds with different treatments in vivo (B) and in 

different scaffolds in vitro (D).
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