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Cellularized Bilayer Pullulan-Gelatin Hydrogel
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and Saeid Amini-Nik, MSc, MD, PhD

Skin substitutes significantly reduce the morbidity and mortality of patients with burn injuries and chronic
wounds. However, current skin substitutes have disadvantages related to high costs and inadequate skin regen-
eration due to highly inflammatory wounds. Thus, new skin substitutes are needed. By combining two polymers,
pullulan, an inexpensive polysaccharide with antioxidant properties, and gelatin, a derivative of collagen with high
water absorbency, we created a novel inexpensive hydrogel—named PG-1 for ‘‘pullulan-gelatin first generation
hydrogel’’—suitable for skin substitutes. After incorporating human fibroblasts and keratinocytes onto PG-1 using
centrifugation over 5 days, we created a cellularized bilayer skin substitute. Cellularized PG-1 was compared to
acellular PG-1 and no hydrogel (control) in vivo in a mouse excisional skin biopsy model using newly developed
dome inserts to house the skin substitutes and prevent mouse skin contraction during wound healing. PG-1 had an
average pore size of 61.69mm with an ideal elastic modulus, swelling behavior, and biodegradability for use as a
hydrogel for skin substitutes. Excellent skin cell viability, proliferation, differentiation, and morphology were
visualized through live/dead assays, 5-bromo-2¢-deoxyuridine proliferation assays, and confocal microscopy.
Trichrome and immunohistochemical staining of excisional wounds treated with the cellularized skin substitute
revealed thicker newly formed skin with a higher proportion of actively proliferating cells and incorporation of
human cells compared to acellular PG-1 or control. Excisional wounds treated with acellular or cellularized
hydrogels showed significantly less macrophage infiltration and increased angiogenesis 14 days post skin biopsy
compared to control. These results show that PG-1 has ideal mechanical characteristics and allows ideal cellular
characteristics. In vivo evidence suggests that cellularized PG-1 promotes skin regeneration and may help promote
wound healing in highly inflammatory wounds, such as burns and chronic wounds.

Introduction

Currently, skin substitutes are extensively used in
treating both burns and chronic skin wounds.1,2 These

skin substitutes have significantly decreased morbidity and
mortality of these injuries, yet there are still a number of
challenges skin substitutes face.3 These include complications
due to highly inflammatory wounds, poor skin regeneration,
and high costs.1,3–5 This leads to adverse events causing
potential death, poor aesthetic and functional outcomes, and
expensive treatments. Thus, further research into the creation
of skin substitutes that solve these challenges is needed.

Currently, the two main components of a skin substitute
consist of the three-dimensional porous structure known as the
hydrogel and the cells incorporated into it. The hydrogel of a skin
substitute heavily depends on the compounds from which it is
created.6 Pullulan is a relatively inexpensive polysaccharide
only recently being used in hydrogels.7 The compound is non-

toxic, nonimmunogenic and nonmutagenic, and has good anti-
oxidant potential.7,8 These properties have shown that pullulan is
an ideal compound for use in skin substitutes and can both be
incorporated with and recruit viable skin cells.8,9 On the other
hand, gelatin is an irreversibly hydrolyzed form of collagen that
has been used extensively in hydrogels.6 Gelatin by itself is not
often used in skin substitutes due to its unfavorable effects on
cellular and mechanical properties.10,11 Yet, it is commonly
combined with other compounds as it has an ability to absorb
relatively large quantities of water, a crucial component of skin
substitutes.12 In this study, we combine these two compounds
using a solvent casting-particulate leaching followed by subse-
quent freeze-drying methodology. The use of these two methods
in combination allows for a quick and simple production of
hydrogels to create highly porous structures consisting of inex-
pensive materials that can be custom-developed for shaping.13

Although there are a number of acellular skin substitutes
available, there is a large amount of evidence that highlights
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the benefits of cellularized skin substitutes for skin regener-
ation.14 The predominant cell lines found in human skin
consist of fibroblasts, which make up most of the dermal
layer, and keratinocytes, which make up most of the epider-
mal layer. There is mounting evidence that incorporating both
fibroblasts and keratinocytes into skin substitutes signifi-
cantly increases skin regeneration due to positive cross-talk
between these cell lines.15–17 This study uses this knowledge
to create cellularized bilayer skin substitutes using a novel
methodology involving centrifugation over a 5-day period to
maximize skin regeneration potential.

Here, we used pullulan and gelatin to create a hydrogel—
hereafter named PG-1 for ‘‘pullulan-gelatin first generation
hydrogel’’—ideal for skin substitutes. We incorporated hu-
man fibroblasts and keratinocytes in vitro to create bilayer
skin substitutes to improve wound healing and skin regener-
ation in a mouse skin punch biopsy. This novel skin substitute
shows optimal mechanical characteristics and superior
cellular characteristics, which translate into significantly in-
creased wound healing and decreased inflammation.

Materials and Methods

Human skin samples

Normal human skin samples were obtained from healthy
men and women aged 40–60 years undergoing various plastic
surgeries at Sunnybrook Health Sciences Centre, University
of Toronto, Toronto, ON, Canada. Tissue specimens were
obtained with patient-signed informed consent according to
the Declaration of Helsinki Principles, following Toronto
Academic Health Sciences Network (TAHSN) and Uni-
versity of Toronto-affiliated Sunnybrook Research Institute
and Sunnybrook Health Sciences Centre Institutional Ethics
Review Board approval.

Cell culture

Primary human normal skin fibroblasts and human epithelial
keratinocytes were obtained from skin tissue samples. Tissue
culture materials were purchased from BD Falcon�, and all
tissue culture media and supplements were obtained from
Wisent, Inc., unless otherwise stated. Primary keratinocytes
were isolated using the protocol described by Aasen and Iz-
pisúa Belmonte.18 Primary fibroblast cultures were isolated by
first dissecting human skin to remove adipose tissue and cutting
the skin into explant pieces of 2–4 mm. Explants were cultured
in Petri dishes for 7 days before further passaging. When
fibroblasts reached 70% confluence (*5 days), they were
trypsinized with 0.05% trypsin/0.025% ethylenediamine tet-
raacetic acid v/v in preparation for subculture.

After isolation of each cell line, fibroblasts and keratino-
cytes were subcultured in 75 cm2 tissue culture flasks until
70% confluence was reached. Fibroblasts were grown in high-
glucose Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 1% antibiotic-antimycotic
solution. Keratinocytes were grown in EpiLife� medium
supplemented with human keratinocyte growth supplement
from Cascade Biologics and 1% antibiotic-antimycotic so-
lution. Media was changed every 48–72 h. Collected tissues
and cells were cultured at 37�C in a humidified atmosphere
with 5% carbon dioxide. Cells were frozen overnight in 90%
phosphate-buffered saline (PBS) and 10% dimethyl sulfoxide
from Sigma-Aldrich� solution at -80�C in a Mr. Frosty�

Freezing Container from Thermo Scientific and then stored in
liquid nitrogen until incorporated into PG-1.

Creation of pullulan-gelatin hydrogel

PG-1s were created using a solvent casting-particulate
leaching and freeze-drying methodology. About 1.68 g of
pullulan (Sigma-Aldrich) and 0.42 g of gelatin from Bio-
Shop� were dissolved in 4.5 mL of ddH2O. Eighteen grams
of powdered sodium chloride (BioShop) were extensively
mixed into the solution. 0.3 g of trisodium trimetaphosphate
(Sigma-Aldrich) was mixed with 0.3 mL 10 M sodium hy-
droxide solution (BioShop), combined with the pullulan
solution, and poured into an 8 · 8 cm square plate with a
1.6 mm thickness. An 8 · 8 cm glass plate was placed on top
to compress the solution. The plated solution was incubated
for 45 min at 50�C under negative vacuum pressure. The
resulting solid sheet was removed and underwent three PBS
washes followed by 10%, 20%, and 30% ethanol washes.
Eight millimeter punch biopsies were taken from the sheet
and frozen at -80�C for 2 h. The frozen hydrogels were then
placed in a Lyph-Lock 4.5 freeze-dryer from Labconco
overnight under negative pressure and at -40�C.

Incorporation of cells into pullulan-gelatin hydrogel

Dry PG-1s were placed in a 48-well plate and sterilized by
ultraviolet light for at least 30 min. Both fibroblasts and kera-
tinocytes were thawed and grown separately in a 75 cm2 tissue
culture flask until 70% confluence before incorporation into
PG-1. At time of incoporation, only fibroblasts with a passage of
15 or less and keratinocytes with a passage of 7 or less were
used. Fibroblasts were added by placing a 10mL drop of fi-
broblast media with 50,000 fibroblasts on the surface of the
hydrogel. The hydrogels were centrifuged at 50 g for 10 min
and then flipped over. Similar drops of fibroblasts were added to
the other side of the hydrogels followed by further centrifuga-
tion. The hydrogels were incubated in 1 mL of fibroblast
medium for 48 h and then the medium was discarded.

Before adding keratinocytes, in order to increase kerati-
nocyte adherence thus increasing the number of keratinocyte
clusters, 1mL of laminin from Engelbreth-Holm-Swarm
murine sarcoma basement membrane (Sigma-Aldrich) was
added dropwise to the top surface of each hydrogel followed
by a 2-h incubation. Laminin was used as it is a crucial
component of human skin basement membrane and the use of
laminin is known to increase basal keratinocyte adherence
and migration.19 About 100,000 keratinocytes in a 10mL drop
of keratinocyte media were seeded dropwise on to the surface
of the hydrogel. Following brief centrifugation, hydrogels
were incubated in 1 mL of keratinocyte media for 72 h and
subsequently prepared for confocal imaging or in vivo use.
Although other methodologies for incorporating cells into
skin substitutes have been published and compared,20 this
modified centrifugation provided the most customizable
method in creating a skin substitute with two cell layers
without destroying the hydrogel’s native architecture.

Mechanical Characteristics

Porosity

Dry hydrogels were imaged with a Hitachi S-3400N
scanning electron microscopy at the University of Toronto,
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Toronto, ON, Canada after being gold sputter coated. Images
were then analyzed using ImageJ software (National In-
stitutes of Health). Porosity was obtained by measuring two
diameters perpendicular to each other of all pores in view in
representative images from three different hydrogels.

In vitro degradation

In vitro enzymatic degradation was evaluated by taking
dry hydrogels (n = 5) and incubating them in 1 mL of PBS at
37�C in a humidified atmosphere with 5% carbon dioxide.
Hydrogels were weighed and placed in 1 mL of pullulanase
microbial (Sigma-Aldrich) and incubated in similar condi-
tions. Hydrogels were weighed every 5 min until they were
unable to be manipulated and weighed due to degradation.

Swelling behavior

Dry hydrogels were weighed and then sterilized under ul-
traviolet light for at least 30 min. Hydrogels (n = 5) were
placed in 1 mL of PBS, fibroblast growth media, or kerati-
nocyte growth media for 24 h and incubated at 37�C in a
humidified atmosphere with 5% carbon dioxide. The wet
hydrogels were gently wiped with a Kimwipe� and weighed.
Their swollen weight (ms) was compared to their dry weight
(md) to obtain their swelling percentage using the equation:
Swelling (%) = [(ms - md)/md] · 100%.

Elastic modulus

Elastic modulus was tested on 2 · 1 cm rectangles (n = 6) of
hydrogel material using an 840 Family Compact Electro-
dynamic Fatigue Test at the University of Toronto, Toronto,
ON, Canada. Rectangular hydrogels were soaked in 1 mL of
PBS for 1 h before testing elastic modulus.

Cellular Characteristics

Live/dead assay

Live/dead assay was performed using a Live/Dead�

Viability/Cytotoxicity Kit (Life Technologies�) on human
fibroblasts and keratinocytes adhered onto different hydro-
gels at 5- and 3-day post-seed respectively to mimic cell
viability at time of in vivo use. Imaging was performed on
a Zeiss observer Z1 spinning disc confocal microscope
(Zeiss). Quantification of viability was performed by
counting the number of ethidium homodimer-1 negative
cells compared to the total number of cells using ImageJ
software. Data are presented as mean – standard error of the
mean (SEM) using three representative images of three
different hydrogels.

5-Bromo-2¢-deoxyuridine proliferation assay

5-Bromo-2¢-deoxyuridine (BrdU) proliferation assay was
performed by incubating hydrogels incorporated with either
fibroblasts or keratinocytes in a 10 mL BrdU and 1 mL
growth media solution for 24 h. The cellularized hydrogels
were imaged using the Life Technologies BrdU Labeling
and Detection Protocol. Quantification of viability was
performed by counting the number of BrdU-positive cells
compared to the total number of cells using ImageJ soft-
ware. Data are presented as mean – SEM using three rep-
resentative images of three different hydrogels.

Immunofluorescence

Cellularized hydrogels were washed with PBS and fixed for
30 min in 4% paraformaldehyde (Alfa Aesar). Fixed hydrogels
were washed in cold PBS and permeabilized for 10 min with
PBS/0.5% Triton X-100 (Sigma-Aldrich) solution. After

FIG. 1. Surgical model using bilayer cellularized PG-1.
Schematic drawing (A) and representative image (B) of
mouse model where two 6 mm diameter mouse skin punch
biopsies were created on the back of immunosuppressed mice
and skin substitutes were held in place on the wound using
newly developed plastic domes. Animal wounds were ran-
domly divided into three groups: control (no hydrogel),
acellular hydrogel (hydrogel without cells), and cellularized
hydrogel (bilayer hydrogel). The figure above shows the dome
held in place using tissue glue (left) and nylon suture (right).
In this experiment, domes were only secured with tissue glue.
Color images available online at www.liebertpub.com/tea
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washing in PBS, hydrogels were blocked for 30 min with 1%
bovine serum albumin (BioShop) in PBS/0.5% Triton X-100
solution. A primary antibody was added and incubated over-
night at 4�C. The primary antibodies used in this study included
phalloidin conjugated with FITC (1:30; Invitrogen), mono-
clonal goat K14 antibody (1:100; Santa Cruz), monoclonal
rabbit K10 antibody (1:400; Covance), and monoclonal rabbit
E-Cadherin antibody (1:500; Novus).

After washing thoroughly with PBS, the corresponding
secondary antibody was added to a 1% bovine serum albu-
min in PBS/0.5% Triton X-100 solution and incubated for 1 h
at room temperature in the dark. Secondary antibodies used
in this study included 488 donkey anti-goat antibody (1:500;
Alexa Fluor�), 546 donkey anti-rabbit antibody (1:500;
Alexa Fluor), and 546 donkey anti-rabbit antibody (1:500;
Alexa Fluor). Hydrogels were washed three times in PBS
and kept in PBS and 1:5000 4¢,6-diamidino-2-phenylindole
(DAPI). Hydrogels were examined and photographed on a
Zeiss observer Z1 spinning disc confocal microscope. Three
representative images were taken per hydrogel and three hy-
drogels were imaged for quantitative analysis.

In Vivo Experiments

Wound healing model

Fifteen J:Nu mice (8-week-old, male, body weight 19.4–
27.7 g), a strain of nude immunodeficient mice, were obtained
from Jackson Laboratory under the guidelines of the Sunny-
brook 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 Sci-
ences Centre at University of Toronto Animal Care and Use
Committee. Animals were anesthetized and two pairs of 6 mm
diameter full-thickness wounds were created on the back of the
mouse on either side from the midline (Fig. 1). Animal wounds
were randomly divided into three groups: control (no hydro-
gel), acellular hydrogel (hydrogel without cells), and cellular-
ized hydrogel (bilayer hydrogel). Each group consisted of five
wounds on the left side and five wounds on the right side of the
midline.

To prevent skin contraction, each wound used a newly
developed plastic 8 mm dome insert 3D-printed specifically
for this wound healing study, which was held in place using
tissue glue. The use of a dome larger than the wound size
allowed the mouse skin to stretch and secure itself to the
dome. Hydrogels 8 mm in diameter were used to fit inside the
dome. Each wound was observed twice a day until 14 days
post skin biopsy. The mice were euthanized and their wounds
were excised along with 2 mm of satellite skin to be sent for
further histologic analysis. Only wounds that continued to
have their dome intact until the end time point were used for
analysis (control—n = 7, acellular—n = 7, cellular—n = 5).
Due to the opaque material of each dome, it was not possible
to take pictures of healing wounds at various time points.

Trichrome staining

Trichrome reagents were obtained from EMS unless oth-
erwise stated. Paraffin-embedded slides of excised wounds

FIG. 2. Mechanical characteristics of PG-1. (A) Scanning electron microscopic images of pullulan-gelatin hydrogel at 27·
magnification (left panel) and 75· magnification (center panel). Images at 75· magnification were used to quantify pore sizes.
Pore size distribution was plotted (right panel). Average pore size was 61.69 – 2.76mm (mean – SEM) with a range of pore
sizes from 20 to 200 mm. (B) The mass of PG-1 over time when submerged in pullulanase microbial is shown. Hydrogels could
no longer be placed on a scale after 20 min due to significant degradation. (C) Image shows increase in hydrogel size after being
incubated in PBS. Swelling percentage of pullulan-gelatin hydrogel ranged from 1812% – 25.46%, 1758% – 31.74%, and
1801% – 43.49% (mean – SEM) when incubated in PBS, fibroblast media, and keratinocyte media respectively. (D) Sample
stress-strain curve for PG-1 is shown. Elastic modulus of the pullulan-gelatin material was 22.43 – 4.54 kPa (mean – SEM).
PBS, phosphate-buffered saline; SEM, standard error of the mean. Color images available online at www.liebertpub.com/tea
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were heated at 60�C for 30 min and then deparaffinized with
citrosol washes and rehydrated through 100%, 95%, and
70% alcohol washes. Following a wash in distilled water,
slides were refixed in Bouin’s solution (26367-01) for 1 h at
56�C. Slides underwent a wash in running tap water and
were stained in Weigert’s iron hematoxylin working solu-
tion (Sigma-Aldrich) for 10 min. After a wash in distilled
water, slides were stained in Biebrich scarlet-acid fuchsin
for 10 min and washed again in distilled water. Slides were
then differentiated in phosphomolybdic-phosphotungstic
acid solution for 15 min and transferred directly into an
aniline blue solution stain for 5 min. Next, slides were
briefly rinsed in distilled water, differentiated in 1% acetic
acid solution for 2 min, and washed once more in distilled
water. The slides were then dehydrated quickly using 95%
and 100% alcohol and cleared in citrosol. Slides were
mounted on a coverslip using xylene-based mounting me-
dium (Triangle Biomedical Sciences).

Immunohistochemistry

Paraffin-embedded slides of excised wounds were heated
at 60�C for 30 min and then deparaffinized with citrosol
washes and rehydrated through 100%, 95%, and 70% al-
cohol washes. Then, 1· antigen decloaker solution (Biocare
Medical) was preheated in a decloaking chamber at 70�C for
20 min before the hydrated slides were added. The solution
and slides were heated at 110�C for 4 min, cooled to 50�C,
and then washed with water. Wounds were circled with a
hydrophobic pen on the slides and blocked with 3% H2O2

for 10 min. Following a wash with washing buffer (0.05 M
Tris-HCl, 0.15 M NaCl, and 0.05% Tween 20 in deionized
water), slides were incubated with a primary antibody in
PBS for 1 h at room temperature. Primary antibodies used
include mouse monoclonal human leukocyte antigen (HLA)
class 1 antibody (1:100; Abcam), rat monoclonal F4/80
antibody (1:200; AbD Serotec), mouse monoclonal prolif-
erating cell nuclear antigen (PCNA) antibody (1:2000; Cell
Signaling), and rabbit monoclonal alpha-smooth muscle
antibody (ASM) (1:200; Abcam).

Slides were washed with washing buffer and then the
MACH3 probe (Biocare Medical) corresponding to the ap-
propriate antibody species was added for 15 min. Slides
were washed again with washing buffer and the species-
appropriate MACH3 horseradish peroxidase polymer de-
tection was added for 15 min. Following another wash with
washing buffer, betazoid diaminobenzidine chromogen kits
(Biocare Medical) were mixed and added for 10 min or until
visible brown color occurred. Slides were rinsed with run-
ning tap water, counterstained with hematoxylin for 30 s,
and rinsed with tap water. They were then differentiated in
1.5% acid alcohol very briefly, rinsed with tap water, and
placed in 0.1% sodium bicarbonate for 10 s. Finally, slides
were dehydrated in 95% and 100% ethanol and citrosol
solutions and mounted on a coverslip using xylene-based
mounting medium.

Imaging

Trichrome and immunohistochemistry staining was im-
aged using a Zeiss Axiovert 200 light microscope (Zeiss) at
10· magnification for trichrome staining and 40· magnifi-
cation for immunohistochemistry. Newly formed dermis

FIG. 3. Cellular characteristics of cellularized PG-1. Images
of epidermal component (keratinocytes) and dermal component
(fibroblasts) of skin substitute are shown on the left side and
right side respectively. Confocal microscopic images (20·
magnification) of (A) top and (F) bottom of cellularized hy-
drogels (green—phalloidin, red—K14, blue—DAPI). Images
taken 5 days post fibroblast seed and 3 days post keratinocyte
seed show clusters of keratinocytes on the top surface of the
hydrogel while elongated fibroblasts without keratinocytes are
seen on the bottom of the hydrogel. Scale bar represents 50mm.
Live/dead viability (green—calcein AM [live cells], red—
ethidium homodimer-1 [dead cells]) of (B) keratinocytes and
(G) fibroblasts show 92.46% – 2.26% (mean – SEM) viable
keratinocytes 3 days post seed and 97.74% – 1.17% (mean –
SEM) viable fibroblasts 5 days post seed. Arrows indicate live
cells while arrowheads indicate dead cells. Images taken at 20·
magnification and scale bar represents 50mm. BrdU prolifera-
tion assay (green—BrdU, blue—DAPI) of (C) keratinocytes
and (H) fibroblasts show 18.27% – 3.45% (mean – SEM) BrdU-
positive keratinocyte and 3.86% – 1.42% BrdU-positive fibro-
blasts. Arrows indicate BrdU-positive cells while arrowheads
indicate BrdU-negative cells. Images taken at 20· magnifica-
tion and scale bars represent 50mm. (D) Confocal microscopic
image of different keratin expression of keratinocytes adhered
to pullulan-gelatin hydrogel (green—phallodin, red—K10,
blue—DAPI). Arrows indicate K14-positive keratinocytes
while arrowheads indicate K10-positive keratinocytes. Images
taken at 20· magnification and scale bars represent 50mm. (E)
Confocal microscopic image shows tight clustering of kerati-
nocytes with adherens junction formation (green–phalloidin,
red–e-cadherin, blue–DAPI). Image taken at 63· magnifica-
tion and scale bar represents 20mm. (I) Schematic showing
total thickness of hydrogel and areas from which epidermal
and dermal component images were taken. BrdU, 5-bromo-2¢-
deoxyuridine; DAPI, 4¢,6-diamidino-2-phenylindole. Color
images available online at www.liebertpub.com/tea
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‘‘neo-dermis’’ thickness was calculated by using three mea-
surements of dermal thickness of wounds taken from tri-
chrome staining imaging. Percentage of F4/80-positive cells,
PCNA-positive cells, and of HLA-positive cells were re-
corded based on immunohistochemistry imaging. Quantifi-
cation of angiogenesis was performed by counting all vessels
as identified with ASM present in the newly formed dermal
layer. All quantifications were performed blinded.

Statistical analysis

Statistical comparisons between groups were performed
using an ANOVA test followed by unpaired Student’s t tests
if significant differences were observed using Graph Prism
software (GraphPad). Two-tailed p £ 0.05 was considered
significant. Data were shown with graphs displaying mean
of specific group – SEM.

Results and Discussion

The results of this study show that this novel skin substitute
provides both excellent mechanical and cellular characteris-
tics. There was increased wound healing with less inflam-
matory cell infiltration and increased angiogenesis in
cellularized PG-1. The use of a pullulan-collagen hydrogel
for wound healing has been accomplished previously,9,21 yet
there are no studies examining the use of pullulan-gelatin
hydrogels. As this study used a novel hydrogel composition,
it was crucial to investigate its mechanical characteristics
since such properties of hydrogels significantly affect their
cellular properties.22–24

Mechanical characteristics of pullulan-gelatin hydrogel

This study looked at four different mechanical charac-
teristics: porosity, in vitro degradation, swelling behavior,
and elastic modulus. Porosity refers to the void spaces in a
material that provide a route for cell penetration and provide

a template for neovascularization. In general, the larger the
average pore size, the more cell migration,25 cell infiltra-
tion,26 extracellular matrix secretion,27 and increased vas-
cularization.28 PG-1 had an average pore size of
61.69 – 2.76 mm (mean – SEM) with a range of pore sizes
from 20 to 200mm (Fig. 2A). As human dermal fibroblasts
have an average diameter of 10–15 mm, they would easily
penetrate and adhere throughout the entire porous PG-1.
Yet, the larger pore sizes would still allow adequate neo-
vascularization as hydrogels containing these large pores
allow mature vascularized tissue formation throughout.29

In vitro degradation showed over 50% degradation within
20 min and hydrogels were unable to be weighed effectively
after this time point due to significant degradation (Fig. 2B).
The rapid in vitro degradation of PG-1 when submerged into
pullulanase microbial shows that this skin substitute has the
potential to be degraded in vivo, an important feature of skin
substitutes.

Swelling behavior of a skin substitute affects its ability to
allow diffusion of nutrients and affects porosity of the skin
substitute during the manufacturing process.30,31 Swelling
percentage of PG-1 ranged from 1812% – 25.46%, 1758% –
31.74%, and 1801% – 43.49% (mean – SEM) when incubated
in PBS, fibroblast media, and keratinocyte media respec-
tively, showing almost identical swelling behavior in the
different media used in this study (Fig. 2C). The change in
size of the hydrogel shows the hydrogel returning back to the
original size before freeze-drying. This allows the hydrogel
to be cut into a customized shape, stored using a freeze-
drying approach, and then easily submerged in a solution to
be used clinically.

As skin substitutes develop, there is a further push toward
mimicking the elastic properties of human skin for both
functional and aesthetic purposes. Increasing a hydrogel’s
elasticity has the potential to reduce skin contraction clini-
cally.32 Elastic modulus of the pullulan-gelatin material was
22.43 – 4.54 kPa (mean – SEM), which is comparable to

FIG. 4. Cellularized PG-1 signifi-
cantly increased new skin formation
14 days post punch biopsy compared
to acellular hydrogels and control.
Representative trichrome-stained im-
ages (10· magnification) show new
dermal formation 14 days post punch
biopsy. Capped bars on images rep-
resent dermis thickness (wound
depth) in (A) control, (B) acellular
hydrogels, and (C) cellular hydrogels.
Scale bars represent 200mm. (D)
Wound depth was 123.77 – 21.37mm,
115.63 – 9.83mm, and
204.00 – 19.65mm, (mean – SEM) for
control, acellular hydrogels, and cel-
lular hydrogels respectively
(*p < 0.05). Color images available
online at www.liebertpub.com/tea
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native human skin (Fig. 2D).33 Thus, it is hypothesized to
experience similar contraction rates as human skin grafts.34

Cellular characteristics of cellularized
pullulan-gelatin hydrogel

All epidermal component images (Fig. 3A–E) were taken
from the top 200 mm of the 1.6 mm thick cellularized hy-
drogel and all dermal component images were taken from
the bottom 200mm of the hydrogel (Fig. 3F–H) as described
in the schematic shown (Fig. 3I). It was not possible to take
images past 200 mm into each side of the hydrogels due to
limitations of current confocal imaging. Future experiments
would include using advanced imaging techniques, such as
CLARITY, which has the ability to visualize cells
throughout an entire hydrogel.35

Clusters of keratinocytes were seen on the top surface of
the hydrogel, while the bottom one showed only elongated
fibroblasts with bipolar and multipolar morphology (Fig. 3A,
F). These differences clearly show that there are two distinct
layers in this skin substitute, a feature that has been shown to
increase skin regeneration.15–17 Dermal fibroblasts secrete
growth hormones that increase keratinocyte proliferation and
promote angiogenesis.36 Epidermal keratinocytes secrete
interleukin-1, a cytokine that not only promotes keratinocyte
proliferation and differentiation but also promotes keratino-
cyte growth factor production from dermal fibroblasts.36

Keratinocytes also secrete proangiogenic growth factors in-
cluding vascular endothelial growth factor and platelet-
derived growth factor (PDGF).36 PDGF secretion also plays a
secondary role in promoting dermal fibroblast proliferation.37

These bilayer skin substitutes resemble native skin and pro-
mote viability and proliferation of cells better than a single
layer skin substitute would.

Looking at cellular viability, live/dead assays show
92.46% – 2.26% (mean – SEM) viable keratinocytes 3 days
post-seed and 97.74% – 1.17% (mean – SEM) viable fibro-
blasts 5 days post-seed, suggesting that this hydrogel is not
toxic to the cells (Fig. 3C, G). To verify the proliferative
characteristics of cells adhered onto PG-1, we incubated cells
in BrdU-containing media for 24 h before staining for prolif-
erating cells that incorporated BrdU into their nucleus. This
BrdU proliferation assay showed 18.27% – 3.45% (mean –
SEM) BrdU-positive keratinocytes and 3.86% – 1.42% BrdU-
positive fibroblasts, indicating a near ideal cellular microen-
vironment provided by PG-1 (Fig. 3E, H).

As viability and proliferation are not the only character-
istics an ideal skin substitute should have, we sought to
ascertain whether cells, particularly keratinocytes, could
differentiate while adhered onto the hydrogel. Human skin
epidermis is a stratified structure, composed of proliferative
basal progenitors that are mainly positive for keratin 14 (K14)
and the differentiated cells in spinous layers that express
keratin 10 (K10).38 An ideal hydrogel should provide an
environment that not only allows early undifferentiated cells
to self-renew, but also allows a subpopulation of them to
differentiate, resembling normal skin.

Staining for K10 and K14 showed different expression of
keratin on keratinocytes adhered on to PG-1 (Fig. 3G).
Staining for e-cadherin, a protein that contributes to ad-
herens junction formation and to the maintenance of epi-
thelial integrity during tissue homeostasis and remodeling,39

showed clusters of keratinocytes with adherens junction
formation on the surface of the hydrogel (Fig. 3H). Ad-
herens junction formation represents advanced stages of
epithelialization and shows that PG-1 provides an excellent
microenvironment for skin cells in vitro.40

Cellularized pullulan-gelatin hydrogels enhance
wound healing in vivo

Although the mechanical and cellular characteristics of the
skin substitute were ideal, the in vivo results show the clinical
implications for this skin substitute. To evaluate the effect of
cellularized PG-1s on skin healing and regeneration, we mea-
sured the thickness of newly formed dermis ‘‘neo-dermis’’
14 days post skin biopsy. Neo-dermis thickness was signifi-
cantly increased ( p < 0.05) in cellular hydrogels, 204.00 –
19.65mm, compared to acellular hydrogels, 115.63 – 9.83mm,
and controls, 123.77 – 21.37mm (mean – SEM) (Fig. 4). No
significant difference was seen between acellular hydrogels

FIG. 5. Human cells were incorporated into newly formed
murine dermis 14 days post punch biopsy. Immunohisto-
chemistry staining of HLA showed 4.02% – 0.78% (mean –
SEM) of skin cells in the murine dermis were HLA-positive
cells. (B) 40· magnification image of rectangle outlined in (A)
10· magnification image. Arrow indicates HLA-positive cell.
Scale bars represent (A) 200mm and (B) 50mm. HLA, human
leukocyte antigen. Color images available online at www
.liebertpub.com/tea
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and controls. This suggests that the incorporation of cells was
part of the reason for the enhanced wound healing.

To verify the fate of grafted cells in the newly healed
skin, we stained for HLA to visualize human cells.
4.02% – 0.78% (mean – SEM) of skin cells in the neo-
dermis treated with cellularized hydrogels were HLA-
positive cells, highlighting the successful engraftment of
cells sourced from cellularized PG-1s (Fig. 5). This per-
centage of engrafted cells is similar to previous successful
cell engraftment rates using cellularized hydrogels 14 days
post skin biopsy.21

As previously mentioned, the creation of bilayer skin
substitutes creates positive feedback between keratinocytes

and fibroblasts to promote viability and proliferation of skin
cells.15–17 It is hypothesized that this positive feedback from
the cellularized skin substitute contributed to proliferation of
both human cells adhered to the hydrogel and mouse skin
cells being recruited to the wound bed. By looking at PCNA, a
marker for actively proliferating cells, cellularized hydrogels
had significantly increased PCNA-positive cells, 19.03% –
2.40%, compared to acellular hydrogels, 7.97% – 2.54%, and
controls, 9.93% – 1.35% (mean – SEM) (Fig. 6A–D). No
significant difference was seen between acellular hydrogels
and controls. This provides evidence that as a result of in-
corporating human cells into PG-1, proliferation of all skin
cells in the wound bed increased.

FIG. 6. Cellularized PG-1 increased skin cell proliferation, suppressed excessive immune response, and increased neo-
vascularization. Representative images of immunohistochemistry stained images for (A–C) PCNA-positive cells, (E–G) F4/
80-positive cells, and (I–K) ASM-positive cells. Arrows indicate cells positive for their respective stains. Scale bars
represent 50mm (40· magnification) for PCNA and F4/80 images and 100mm (20· magnification) for ASM images. (D)
Percentage of PCNA-positive cells were 9.93% – 1.35%, 7.97% – 2.54%, and 19.03% – 2.40% (mean – SEM) for control,
acellular hydrogels, and cellular hydrogels respectively. (H) Percentage of F4/80-positive cells were 27.94% – 4.19%,
1.22% – 0.19%, and 2.84% – 0.36% (mean – SEM) for control, acellular hydrogels, and cellular hydrogels respectively. (L)
Relative proportion of increased number of capillaries found in newly formed dermis was 5.81 – 0.65 and 2.61 – 0.34 for
cellular hydrogels and acellular hydrogels respectively compared to control (1 – 0.22) (mean – SEM) (*p < 0.05,
***p < 0.001). ASM, alpha-smooth muscle antibody; PCNA, proliferating cell nuclear antigen. Color images available
online at www.liebertpub.com/tea
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A significant role for macrophages has been shown during
skin healing and hypertrophic scar formation.41–44 While their
presence is essential, increased numbers of macrophages lead
to hypertrophic scarring, a morbidity that should be avoided. As
such, it is important to evaluate whether the hydrogel augments
inflammation to avoid unnecessary scarring. Percentage of F4/
80-positive cells, a marker of macrophages, was significantly
decreased ( p < 0.001) in acellular hydrogels, 1.22% – 0.19%,
and cellularized hydrogels, 2.84% – 0.36%, compared to con-
trols, 27.94% – 4.19% (mean – SEM), showing a very prom-
ising anti-inflammatory effect of PG-1 (Fig. 6E–H).

Pullulan-based hydrogels have been shown to increase
viability of skin cells in high oxidative stress wound beds due
to their antioxidant properties.8 Acute wound injuries have
high free radicals due to high levels of infiltrating inflam-
matory cells, which leads to decreased skin cell viability.45,46

The neo-dermis after using acellular and cellularized PG-1s
in this study showed significantly decreased F4/80-positive
cells representing a significant reduction of macrophage in-
filtration presumably by decreasing free radicals or reactive
oxygen species (ROS). Clinically, this skin substitute could
be used in chronic skin wounds and burns, injuries with in-
creased ROS, as decreasing inflammation would help im-
prove skin cell viability and skin healing.47,48

This decreased inflammation may have also played a role in
increased angiogenesis in the neo-dermis. Immunohisto-
chemical staining of alpha-smooth muscle, a marker for vessel
walls, showed varying amounts of blood vessels in the dermal
layer. The relative proportion of increased number of capil-
laries found in the neo-dermis was 5.81 – 0.65 and 2.61 – 0.34
for cellular hydrogels and acellular hydrogels respectively
compared to control (1 – 0.22) (mean – SEM) (Fig. 6I–L).
Many highly inflammatory chronic skin wounds have altered
angiogenesis.49 Proper angiogenesis is a crucial step toward
complete wound healing.50 Therefore, even with no significant
change in dermal thickness between control and acellular hy-
drogels, the increased vasculature in the wounds treated with
acellular hydrogels may indicate further advanced wound
healing, possibly related to the decreased inflammation seen
14 days post skin biopsy.

The limitation of our skin substitute is the lack of kerati-
nocytes present in the neo-dermis. Immunohistochemical
staining of K10 and K14 (images not shown), markers of
keratinocytes, did not show these cells in the healing wound
beds. This is partly due to the hydrogel not being fully in-
corporated at 14 days post skin biopsy. Therefore, the kera-
tinocytes found at the top surface of the hydrogel have not yet
integrated in the skin layer. Furthermore, due to the use of
domes to prevent mouse skin contracture and the fact that
reepithelialization of wounds happens primarily by migrating
keratinocytes on the surface of the wound, mouse keratino-
cytes would not be able to migrate into the wound bed.40

Future experiments would include increasing the length of
time post skin biopsy before excising the wound bed to ensure
complete incorporation of the hydrogel into the mouse skin.

Conclusion

PG-1 showed excellent mechanical characteristics for use
as a skin substitute. Incorporating both fibroblasts and
keratinocytes created a bilayer skin substitute with excellent
cell viability, proliferation, differentiation, and morphology.

The use of cells to create two distinct layers contributed
toward significantly thicker neo-dermis formation with in-
creased numbers of proliferating skin cells 14 days post
skin punch biopsy in a mouse model. The use of a pullulan-
gelatin hydrogel significantly reduced macrophage infiltra-
tion while supporting increased angiogenesis, suggesting
that this skin substitute would be ideal in skin wounds with
high levels of inflammation, such as burns and chronic skin
wounds.47,48
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