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Skin damage is one of the common clinical skin diseases, and the main cure is the use of skin graft, especially
for large area of skin injury or deep-skin damage. However, skin graft demand is far greater than that currently
available. In this study, xenogeneic decellularized scaffold was prepared with pig peritoneum by a series of
biochemical treatments to retain normal three-dimensional tissue scaffold and remove cells and antigenic
components from the tissue. Scaffold was combined with hyaluronic acid (HA) plus two different concentra-
tions of basic fibroblast growth factor (bFGF) and tested for its use for the repair of skin wounds. HA enhanced
bFGF to adsorb to the decellularized scaffolds and slowed the release of bFGF from the scaffolds in vitro. A
total of 20 rabbits were sacrificed on day 3, 6, 11, or 14 postsurgery. The wound healing rate and the thickness
of dermis layer of each wound were determined for analyzing the wound repair. Statistical analysis was
performed by the two-tailed Student’s t-test. Wounds covered with scaffolds containing 1mg/mL bFGF had
higher wound healing rates of 47.24%, 74.69%, and 87.54%, respectively, for days 6, 11, and 14 postsurgery
than scaffolds alone with wound healing rates of 28.17%, 50.31%, and 61.36% and vaseline oil gauze with
wound healing rates of 24.84%, 42.75%, and 57.62%. Wounds covered with scaffolds containing 1mg/mL
bFGF showed more dermis regeneration than the other wounds and had dermis layer of 210.60, 374.40, and
774.20mm, respectively, for days 6, 11, and 14 postsurgery compared with scaffolds alone with dermis layer of
116.60, 200.00, and 455.40mm and vaseline oil gauze with dermis layer of 82.60, 186.20, and 384.40mm. There
was no significant difference in wound healing rates and thickness of dermis layer between wounds covered
with scaffolds containing 1 and 3 mg/mL bFGF on days 3, 6, 11, and 14 postsurgery. The decellularized
scaffolds combined with HA and bFGF can be further tested for skin tissue engineering.

Introduction

Skin is the largest organ in the human body and
consists mainly of the outermost epidermis, the under-

lying dermis, a subcutaneous adipose-storing hypodermis
layer, and various appendages, such as hair follicles, sweat
glands, and sebaceous glands.1 Skin defect is one of the
common clinical diseases.2–6 In the developed countries, it
has been estimated that 1% to 2% of the population will ex-
perience chronic wounds during their lifetime.7 In the United
States alone, chronic wounds affect about 6.5 million patients
and over $25 billion is spent each year on wound-related
complications.8 Wound healing is a complex biological pro-
cess and involves four continuous and overlapping phases:

hemostasis, inflammation, proliferation, and remodeling.9–11

Because the epidermis layer is very thin, the common skin
damages often hurt the dermis layer and even the subcuta-
neous tissue. So far, the main method of skin defect treatment
is by skin transplantation.4 But, lack of available skin from
autografts and allografts is a major limiting factor for wound
healing. It demands the development of various artificial skin
replacements. However, artificial skin replacements are rel-
atively expensive, difficult to use, and prone to infection.12

Some studies reported the successful use of decellularized
tissue scaffolds in the repair of injured skin, liver, trachea,
cartilage, blood vessels, and other tissues.13–18 Xenogenous
decellularized dermis was used in clinic for skin burns and
accelerated skin tissue repair.19,20
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Studies showed that basic fibroblast growth factor (bFGF)
promoted wound repair.21 It can significantly accelerate the
proliferation of epidermal cells, fibroblasts, vascular endo-
thelial cells, and keratinocytes in vitro.22 The bFGF effect
on wound healing is closely related to its dose and action
duration.23 The main disadvantage of bFGF is its short
half-life in vivo. So, it is necessary to provide sustained re-
lease of bFGF in the wound healing process.24 Hyaluronic
acid (HA) is a natural polysaccharide composed of N-
acetylglucosamine and glucoronic acid sugar units.25 HA
is one of the composition materials present in skin and
lacks immunogenicity as an ideal product for human use.26 It
is easily degraded and is used in different forms for wound
repair.25–29

The immune response of allogeneic skin grafts results
mainly from the cellular components of skin. Dermis contains
fibroblasts, microvascular endothelial cells, and cells for
forming appendages. Decellularized dermal matrix for re-
pairing skin defects can overcome the problem of immune
rejection. Skin regeneration process is slow and easily leads to
excessive scar formation and poor wound healing. Decel-
lularized scaffold combined with growth factors, such as
bFGF and epidermal growth factor, may provide an effective
solution for promoting wound healing process.21,22,30–33 The
objective of this study is to test decellularized scaffold com-
bined with HA and bFGF for wound healing.

Materials and Methods

Experimental animals

The animals used in this study were from Medical La-
boratory Animal Center of Guangdong (Guangzhou, China).
Peritoneum was removed from healthy pigs for the prepara-
tion of decellularized scaffold. Healthy New Zealand white
rabbits were used for skin experiment. All procedures in-
volving experimental animals were conducted in accordance
with the institutional guideline and approved by the Animal
Care Committee of the Jinan University.

Preparation of decellularized scaffold

Pigs of the same species and age were raised in a clean
house. The peritoneum was processed soon after it was re-
moved from healthy pigs. Each batch of scaffolds was pro-
cessed as follows in a sterile hood by the same restrict
procedure to insure the same good quality. Decellularized
scaffolds were kept at 4�C before the transplantation into
rabbits. Peritoneum was soaked overnight at 4�C in 1& ben-
zalkonium bromide solution (Baiyun Pharmaceutical, Nan-
chang, China). It was soaked for 1 h in 70% ethanol (Chemical
Reagent, Guangzhou, China) and overnight in 30% ethanol. It
was repeatedly rinsed with pure water to remove residual
ethanol and soaked in pure water at 4�C for at least 1 h to
make cells in the tissue expand. Cells in the tissue were re-
moved by ultrasonic treatment. Then, 0.1M polypropylene
oxide (Haian Petrochemical Works, Jiangsu, China) was pre-
pared and adjusted to pH 8.5 to 10.5 with NaOH. The perito-
neum was soaked in 0.1M polypropylene oxide for 1 week at
room temperature for fully crosslinking the tissue and the so-
lution was changed every 2 to 3 days. The peritoneum was
thoroughly rinsed with phosphate buffered saline (PBS; Che-
mical Reagent) to remove residual polypropylene oxide. It was

cut into different sizes, and surfacewas coatedwith 1% sodium
hyaluronate. It was sterilized with Co60 irradiation after
packaging to get decellularized scaffold.

Scanning electron microscopy (SEM)

Decellularized scaffold was placed at room temperature
to dry before SEM (Philips XL-30, Amsterdam, Nether-
lands), and was cut into pieces of 0.5 · 0.5 cm2. A layer of
conductive adhesive was pasted to the dedicated SEM object
stage, and samples were adhered to the stage, keeping ob-
servation surface up. The samples were examined by SEM.

Cytotoxicity assay

The decellularized scaffolds were soaked for 24 h in
Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum (Gibco, Grand Island, NY). The culture me-
dium was collected and used for the culture of NIH3T3 cells
(American Type Culture Collection, ATCC, Manassas, VA).
The original culture medium alone or containing 5% DMSO
(Sigma, St Louis, MO) was used as controls. After incuba-
tion for 24, 48, and 72 h, cell viability was analyzed by MTT
assay (Sigma). Optical densities were measured at 570 and
650 nm as reference wavelengths using a spectrophotometer
(Bio-Rad 680, Hercules, CA).

Examination of the attachment of HA to scaffold

Decellularized scaffold was cut into pieces of 2.5· 2.5 cm2

in sterile procedure. It was placed in a sterile six-well plate
(Corning, Corning, NY), and 2.5mL of 1% HA (Freda Bio-
technology Company, Shangdong, China) solution was added
to each well. After scaffold was incubated for 24 h at room
temperature, it was washed with PBS with gentle shaking for
5min each time for a total of three times. Then, scaffold
containing HA was soaked in 2.5mL PBS at 37�C for 12, 24,
and 72h to release adsorbed HA from scaffold. Scaffold
containing HA was examined by SEM. Scaffold containing
no HA was soaked in PBS as a control. Soaking solution was
replaced with fresh PBS after soaking for 12 and 24h. Each
wash solution and soaking solution were analyzed for the
release of HA by enzyme-linked immunosorbent assay
(ELISA) test (R&D Systems, Minneapolis, MN) according to
the manufacturer’s instruction. Absorbance was read at 450
and 630 nm as reference wavelengths by a spectrophotometer
(Bio-Rad 680).

Incubation of decellularized scaffold

with bFGF solution

Decellularized scaffold containing HA was prepared ac-
cording to the method described previously and soaked for
12 h at room temperature with 2.5mL bFGF (PeproTech,
Rocky Hill, NJ) solution at concentration of 1 or 3 mg/mL in
a sterile six-well plate. Fifty microliters of soak solution was
taken from each well after 3, 6, 9, or 12 h of incubation, and
stored at - 20�C for ELISA test (R&D Systems). Decel-
lularized scaffold was washed with PBS with gentle shaking
for 5min each time for a total of three times. Wash solutions
were stored at - 20�C for ELISA test. The concentrations
of bFGF were detected by ELISA test, and absorbance was
read at 450 and 630 nm as reference wavelengths by a
spectrophotometer (Bio-Rad 680).
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Release of bFGF from decellularized scaffold

Decellularized scaffold containing HA and bFGF was
soaked with 2.5mL PBS in a sterile six-well plate and
placed in a 37�C incubator to release adsorbed bFGF.
Soak solution was replaced with 2.5mL PBS after 12, 24,
72, or 144 h of incubation and was stored in a - 20�C
freezer for ELISA test, and absorbance was read at 450 and
630 nm as a reference wavelength by a spectrophotometer
(Bio-Rad 680).

Animal skin experiment

Decellularized scaffold was cut into 4· 5 cm2 in the
sterile condition. It was soaked for 24 h in 8mL of 1% HA
solution and washed for three times with PBS. Then, it was
soaked for 12 h in 8mL of 1 or 3mg/mL bFGF solution and
used for the following animal experiment.

Four full-thickness rectangular wounds were created at
sizes of 2.5 · 3 cm2 on each animal’s skin. Rabbits are less
expensive and easy to be taken care, have a relatively large
skin surface, and are commonly used for research. So,
rabbits were chosen for this study. A total of 20 rabbits were
treated, and 80 defects were created. Rabbits were an-
esthetized by the injection of 0.5mL atropine sulfate ( Jixing
Pharmaceutical Company, Shandong, China) and 0.15mL
of 3% pelltobarbitalum natricum (Chemical Plant, Beijing,
China) per kg. The hair in four skin areas on the left and
right sides of each rabbit spine was removed and the four
skin areas were disinfected. The wounds were created by
removing skin epidermis and dermis layers (about 1.2-mm
depth). The wounds were covered by the vaseline oil gauzes
or the scaffolds, which were sewed to the wound edge by
nonabsorbable 0 suture ( Jinhuan Medical Devices Factory,
Yangzhou, China). The excised skin was kept for hema-
toxylin and eosin (HE) staining (Beyotime Biotechnology
Co., Shanghai, China) as a normal control. One wound was
covered with vaseline oil gauze, the second wound with

decellularized scaffold alone, the third with decellularized
scaffold containing HA and 1 mg/mL bFGF, and the fourth
with decellularized scaffold containing HA and 3 mg/mL
bFGF. Animals were sacrificed on day 3, 6, 11, or 14 post-
surgery, and vaseline oil gauzes and decellularized scaffolds
were gently peeled off the wounds. A piece of skin was
taken from each wound on different days postsurgery and
processed for HE staining. The thickness of dermis layer of
each wound was determined and blood was taken from each
animal on day 3, 6, 11, or 14 postsurgery for the detection of
bFGF in serum by ELISA test.

Calculation of wound healing rate

The lengths of upside, downside, left side, and right side of
each wound were measured after the excision of skin areas as
original wound areas and on day 3, 6, 11, or 14 postsurgery.
The sizes of wound areas were calculated as follows: area of
wound= (upside+ downside)/2· (left side+ right side)/2. The
wound healing rate was calculated as follows: wound healing
rate= (original wound area - wound area on different days
postsurgery)/original wound area.

Statistical analysis

All experiments in this study were independently repeated
at least three times with similar results. The relative per-
centage and values are presented as the mean and standard
deviation (SD) of the mean. Statistical analysis was per-
formed by the two-tailed Student’s t-test, and p-value < 0.05
was considered as statistically significant. In this study, there
are a small number of samples. The data have a normal
distribution, and the SD is unknown. So, Student’s t-test was
used. In this study, the average values (e.g., wound healing
rates or the thickness of dermis layer) of experimental groups
were compared with the control groups (e.g., vaseline oil
gauze group). Only one test of statistics was made on the data
so that Bonferroni correction was not used.

FIG. 1. Analysis of decellular-
ized scaffolds by scanning electron
microscopy (SEM). Both surface
(A, B) and longitudinal sections (C,
D) of decellularized scaffold were
examined by SEM. Results showed
that the scaffold was composed of
the compact and long fibers and
contained no cells.
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Results

Analysis of scaffolds by scanning electron

microscopy (SEM)

Decellularized scaffold was examined by SEM. The ex-
amination of both surface and longitudinal sections of de-
cellularized scaffold showed that it was composed of the
compact and long fibers and contained no cells (Fig. 1).

Cytotoxicity assay

After NIH3T3 cells were incubated for 24, 48, and 72 h,
cell viability was analyzed by MTT assay. There is no
significant difference in the viability of cells cultured with

the original culture medium or the culture medium collected
after soaking with scaffolds, suggesting that the scaffolds
are not toxic to NIH3T3 cells (data not shown).

Examination of the attachment of HA

to decellularized scaffold

Longitudinal sections of scaffold containing HA were ex-
amined by SEM. Scaffold containing no HA was used as a
control. Results showed that scaffold was covered byHA before
and after soaking in PBS (Fig. 2A). Each wash solution and
soaking solution were analyzed for the release of HA by ELISA
test. Results showed that HA concentrations in wash solution
decreased significantly after each wash, and there was no

FIG. 2. Examination of the at-
tachment of HA to decellularized
scaffold. (A) After scaffold was
soaked in 1% HA solution for 24 h,
it was washed with PBS for three
times. Then, scaffold containing
HA was soaked in PBS for 12, 24,
and 72 h to release adsorbed HA
from scaffold. Longitudinal sec-
tions of scaffold containing HA
were examined by SEM. Scaffold
soaking in PBS containing no HA
as a control. Results showed that
scaffold was covered by HA before
and after soaking in PBS. (B)
Soaking solution was replaced with
fresh PBS after soaking for 12 and
24 h. Each wash solution and
soaking solution were analyzed for
the release of HA by ELISA test.
Results showed that HA concen-
trations decreased significantly af-
ter each wash and there was no
significant difference in HA con-
centrations after soaking for dif-
ferent periods of time. *p< 0.01
compared with the release of HA
for 72 h (n = 5). ELISA, enzyme-
linked immunosorbent assay; HA,
hyaluronic acid; PBS, phosphate-
buffered saline.

DECELLULARIZED SCAFFOLDS CONTAINING HA AND BFGF FOR SKIN ENGINEERING 393



significant difference in HA concentrations in soaking solution
after soaking for different periods of time (Fig. 2B).These results
suggest that the attachment of HA to scaffold is stable.

Detection of bFGF in soak solution by ELISA test

The bFGF concentrations in soak solution decreased
gradually along with the increase of immersion time when
the initial concentration of bFGF was either 1 or 3mg/mL,
suggesting that amount of bFGF adsorbed into scaffold in-
creased gradually along with the increase of immersion time
(Fig. 3A, B). The higher initial concentration of bFGF (3 mg/
mL) increased the adsorption of bFGF into the scaffold,
compared with the lower initial concentration (1mg/mL). In
addition, the bFGF concentrations in soak solution de-
creased faster with scaffold previously soaked in HA solu-
tion than no-HA controls, suggesting that HA increased the
adsorption of bFGF into scaffold.

Detection of bFGF released from decellularized

scaffold by ELISA test

Concentration of bFGF decreased significantly in the
second- and third-wash solutions compared with the first-
wash solution, indicating that free bFGF was almost com-
pletely removed during the third wash (Fig. 3C, D).

Scaffold following three washes was soaked in PBS to
release bFGF from scaffold. The concentrations of bFGF
released from scaffold were detected by ELISA test and
decreased along with the increase of incubation time
(Fig. 3E, F). In addition, more bFGF was released from
scaffold previously soaked in HA-containing solution than
non-HA-containing solution, suggesting that HA increased
the binding of bFGF to scaffold and prolonged the release
of bFGF.

Examination of wound healing on different

days postsurgery

On day 3 postsurgery, vaseline oil gauzes or decellularized
scaffolds were gently peeled off the wounds. No empyema and
no inflammatory reaction were observed in all four wounds,
and wounds remained moist and contained vascular growth
(Fig. 4A, B). There was no significant difference in wound
healing rates on day 3 postsurgery (Fig. 4A, B and Table 1).

On day 6 postsurgery, decellularized scaffold stuck tightly
to thewounds so that it was difficult to peel the scaffold off the
wounds.Wounds covered with scaffold containing either 1 or
3 mg/mL bFGF were significantly smaller than with vaseline
oil gauzes or with scaffold alone (Fig. 4A, B and Table 1).
Wounds covered with scaffolds containing 1 mg/mL bFGF
had higher wound healing rate of 47.24% on day 6 post-
surgery than scaffolds alone with wound healing rate of
28.17% and vaseline oil gauze with wound healing rate of
24.84% (Fig. 4A, B andTable 1). In addition, wounds covered
with scaffold containing either 1 or 3 mg/mL bFGF had a
thicker layer of white translucent granulation tissue that plays
a key role in skin wound healing process, compared with the
wounds covered vaseline oil gauzes.

On day 11 postsurgery, wounds covered with scaffold
containing either 1 or 3 mg/mL bFGF were also significantly
smaller than with vaseline oil gauzes or with scaffold alone
(Fig. 4A, B and Table 1). Wounds covered with scaffolds
containing 1 mg/mL bFGF looked close to normal skin and
had higher wound healing rate of 74.69% on day 11 post-
surgery than scaffolds alone with wound healing rate of
50.31% and vaseline oil gauze with wound healing rate of
42.75% (Fig. 4A, B and Table 1).

On day 14 postsurgery, the wound covered with scaffold
containing 1 mg/mL bFGF looked close to normal skin, and

FIG. 2. (Continued).
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FIG. 3. Detection of bFGF by ELISA test. Decellularized scaffold was soaked in a solution containing either 1 mg/mL (A)
or 3 mg/mL bFGF (B). bFGF remaining in the soak solution was detected by ELISA to estimate bFGF adsorbed into
scaffold. The amount of bFGF in soak solution decreased gradually along with the increase of immersion time, suggesting
that bFGF adsorbed into scaffold increased gradually along with the increase of immersion time. (C, D) Decellularized
scaffold containing bFGF was washed three times with PBS to release the free bFGF. Concentration of bFGF decreased
significantly in the second- and third-wash solutions compared with the first-wash solution. (E, F) Scaffold following three
washes was soaked in PBS to release bFGF from scaffold. The concentrations of bFGF released from scaffold decreased
along with the increase of incubation time. Effect of HA on bFGF adsorption into scaffold was also compared with no-HA
control. * or #p < 0.01 compared with respective first sample (n = 5). bFGF, basic fibroblast growth factor.
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had higher wound healing rate of 87.54% than scaffolds
alone with wound healing rate of 61.36% and vaseline oil
gauze with wound healing rate of 57.62% (Fig. 4A, B and
Table 1). It contained no scar tissue and no scab formation.
There was no significant difference in wound healing rates
between wounds covered with scaffolds containing 1 and
3 mg/mL bFGF on days 3, 6, 11, and 14 postsurgery.

Examination of skin tissue after HE staining

On day 3 postsurgery, HE staining showed that hypo-
dermis layer was the main tissue observed in each wound
(Fig. 5A, E). Epidermis and dermis layers were removed by

surgery and were not yet regenerated in all four wounds.
There was no significant difference in the regeneration of
four wounds. On day 6 postsurgery, new epidermis and
dermis layers were regenerated from outside toward inside
of each wound. Thicker dermis layers were observed in the
two wounds covered by decellularized scaffold containing
HA and either 1 or 3 mg/mL bFGF than the other two
wounds (Fig. 5B, E and Table 2). Wounds covered with
scaffolds containing 1mg/mL bFGF had dermis layer of
210.60 mm on day 6 postsurgery compared with scaffolds
alone with dermis layer of 116.60 mm and vaseline oil gauze
with dermis layer of 82.60 mm. On day 11 postsurgery,
thicker epidermis and dermis layers were observed in the

FIG. 4. Examination of
wound healing on different
days postsurgery. (A) Four
skin wounds were generated
in each rabbit’s back-skin
area. One wound was cov-
ered with vaseline oil gauze
(1). The second was covered
with decellularized scaffold
alone (2). The third was
covered with decellularized
scaffold containing HA and
1 mg/mL bFGF (3). The
fourth was covered with de-
cellularized scaffold contain-
ing HA and 3 mg/mL bFGF
(4). Vaseline oil gauzes or
decellularized scaffold was
gently peeled off the wounds
on day 3, 6, 11, or 14 post-
surgery. (B) Calculation of
wound healing rate. The
lengths of upside, downside,
left side, and right side of
each wound were measured
after the excision of skin area
as original wound area and
on day 3, 6, 11, or 14 post-
surgery. Size of wound area
and wound healing rate were
calculated for each wound.
Results showed that wounds
covered with scaffold con-
taining either 1 or 3 mg/mL
bFGF were significantly
smaller than with vaseline oil
gauzes or with scaffold
alone, and the wound cov-
ered with scaffold containing
1 mg/mL bFGF recovered
best among all four wounds.
*p < 0.01 compared with the
respective vaseline oil gauzes
(n = 5). Color images avail-
able online at www
.liebertpub.com/tea
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wound covered by scaffold containing HA and either 1 or
3 mg/mL bFGF than the other two wounds (Fig. 5C, E and
Table 2). Wounds covered with scaffolds containing 1mg/
mL bFGF had dermis layer of 374.40 mm on day 11 post-
surgery compared with scaffolds alone with dermis layer of
200.00 mm and vaseline oil gauze with dermis layer of
186.20 mm. On day 14 postsurgery, thicker epidermis layers
were observed and stratum corneum was more visible in the
two wounds covered by decellularized scaffold containing
HA and either 1 or 3mg/mL bFGF than the other two
wounds (Fig. 5D, E and Table 2). Wounds covered with
scaffolds containing 1mg/mL bFGF had dermis layer of
774.20 mm on day 14 postsurgery compared with scaffolds
alone with dermis layer of 455.40 mm and vaseline oil gauze
with dermis layer of 384.40mm. Skin appendages were
observed only in the wound covered by decellularized
scaffold containing HA and 1 mg/mL bFGF. There was no
significant difference in the thickness of dermis layer be-
tween wounds covered with scaffolds containing 1 and 3mg/
mL bFGF on days 3, 6, 11, and 14 postsurgery.

Discussion

Primary function of skin is to provide a protective barrier
against the environmental damage. The loss of integrity of a
skin portion due to burn, trauma, or illness may result in
significant disability or even death.5 Skin grafting is the
most common method for the treatment of skin defects, but
there are a lot of limitations in traditional autologous skin
grafts, far from being able to meet different requirements.34

Therefore, it is urgent to find applicable skin substitutes for
wound healing. The major focus of current research is to
find a safe and effective scaffold, which can not only protect
the wound, but can also promote wound healing and ef-
fectively repair skin defects. In recent years, a variety of
skin substitutes was used in clinic and increased the cure
rate of burn of a large and deep skin area.12,18,35,36 Cur-
rently, xenogeneic skin and xenogeneic decellularized der-
mal matrix were used in the clinic. Although xenogeneic
skin has a high degree of similarity with human skin, it is
immunogenic to cause immune rejection after implantation
and may spread infectious agents, such as viruses and bac-
teria. Xenogeneic decellularized dermal matrix has a poor
adhesion with a wound because of its texture.37

The ideal skin substitutes should have following charac-
teristics: good bionics, no immunogenicity and immune
rejection after transplantation, good biocompatibility, good
degradability, degradability after a period of wound healing,
good elasticity, suitability for irregular wound surface,
protective effect to prevent bacterial invasion, sufficient
supply, and promotion of wound healing, which is the most
important.38 In this study, xenogeneic decellularized scaf-
fold was used for wound healing. A series of biochemical
techniques was used to remove cells and antigenic sub-
stances from tissues and retained normal three-dimensional
tissue scaffold. This scaffold has excellent biocompatibility,
good biomechanic compliance, and proper degradation.
The methods used for the preparation of decellularized
scaffold and addition of HA and bFGF to the scaffolds are
relatively mild, do not cause physical or chemical damage to

Table 1. Wound Healing Rates on Different Days Postsurgery in the Animal Experiment

Wound healing rate (%)

Days postsurgery n
Vaseline
oil gauze Scaffold

Scaffold+HA+

1 lg/mL bFGF
Scaffold +

HA + 3 lg/mL bFGF

Day 3 1 17.18 19.63 20.19 20.96
2 20.21 23.50 31.15 23.61
3 14.18 29.03 24.19 15.56
4 19.34 17.67 24.96 19.42
5 21.76 16.53 31.74 24.54

Average 18.53– 2.94 21.27 – 5.08 26.45– 4.91 20.82– 3.58

Day 6 1 25.12 29.95 40.84 49.37
2 29.60 32.90 49.53 39.82
3 25.81 31.95 41.84 39.37
4 26.13 21.91 54.23 43.75
5 17.56 24.15 49.78 39.87

Average 24.84– 4.42 28.17 – 4.88 47.24– 5.72 42.44– 4.26

Day 11 1 37.48 41.46 81.09 68.34
2 50.80 54.01 65.01 67.91
3 43.48 56.46 71.09 58.34
4 39.65 51.96 79.87 73.43
5 42.34 47.65 76.43 64.13

Average 42.75– 5.07 50.31 – 5.91 74.69– 6.66 66.43– 5.60

Day 14 1 59.23 67.46 81.60 84.05
2 67.90 65.71 93.31 75.81
3 57.21 58.46 77.60 68.05
4 50.76 52.03 95.54 79.06
5 52.98 63.14 89.65 81.56

Average 57.62– 6.65 61.36 – 6.22 87.54– 7.68 77.71– 6.20

bFGF, basic fibroblast growth factor; HA, hyaluronic acid.
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FIG. 5. Examination of skin tis-
sue after HE staining. Rabbits were
sacrificed on day 3, 6, 11, or 14
postsurgery. A piece of skin was
taken from each wound and pro-
cessed for HE staining. The wound
was covered with vaseline oil
gauze (1), decellularized scaffold
alone (2), decellularized scaffold
containing HA and 1 mg/mL bFGF
(3), or decellularized scaffold con-
taining HA and 3mg/mL bFGF (4).
(A) Rabbits were sacrificed on day
3 postsurgery. Results showed that
hypodermis layer was the main
tissue observed in each wound.
Epidermis and dermis layers were
removed by surgery and were not
yet regenerated in all four wounds.
There was no significant difference
in the regeneration of four wounds.
(B) Rabbits were sacrificed on day
6 postsurgery. Results showed that
thicker dermis layers were ob-
served in the two wounds covered
by decellularized scaffold contain-
ing HA and 1 and 3 mg/mL bFGF
than the other two wounds. (C)
Rabbits were sacrificed on day 11
postsurgery. Results showed that
thicker epidermis and dermis layers
were observed in the wound cov-
ered by decellularized scaffold
containing HA and 1 mg/mL bFGF
than the other three wounds. (D)
Rabbits were sacrificed on day 14
postsurgery. Results showed that
thicker epidermis layers were ob-
served and stratum corneum was
more visible in the two wounds
covered by decellularized scaffold
containing HA and 1 and 3 mg/mL
bFGF than the other two wounds.
Skin appendages were observed
only in the wound covered by de-
cellularized scaffold containing HA
and 1 mg/mL bFGF. (E) The thick-
ness of dermis layer of each wound
was determined. Results showed
that the thickness of dermis layer of
the wound covered with scaffold
containing 1 or 3 mg/mL bFGF was
significantly thicker than with va-
seline oil gauzes or with scaffold
alone on day 6, 11, or 14 post-
surgery. *p < 0.01 compared with
the respective vaseline oil gauzes
(n = 5). HE, hematoxylin and eosin.
Color images available online at
www.liebertpub.com/tea
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FIG. 5. (Continued).
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decellularized scaffold, maintain its natural features, and
increase the adsorption of HA and bFGF into the scaffold.

HA is a component of human skin tissue and an acidic
mucopolysaccharide present in the form of polyanion. It has
good moisture-retention ability and is an active ingredient
for the skin healing without scar formation.27 bFGF can
promote wound healing and exists as a cationic polypeptide
in a neutral environment. But excessive bFGF can cause
inflammation and increase perivascular inflammatory re-

sponse and scar formation. In this study, HA was added to
decellularized scaffold and bFGF was added later. HA en-
hanced bFGF to adsorb and bind tightly to the scaffold
in vitro (Fig. 3). In addition, HA slowed the release of bFGF
from the scaffold in vitro. After its transplantation into an-
imals, HA may also slow the release of bFGF into the
wounds and extend its effective time. Two different con-
centrations of bFGF were separately added into decellular-
ized scaffold, and results showed that 1mg/mL of bFGF

FIG. 5. (Continued).

Table 2. Thickness of the Dermis Layer on Different Days Postsurgery in the Animal Experiment

Thickness of the dermis layer (lm)

Days postsurgery n
Vaseline
oil gauze Scaffold

Scaffold +HA+

1 lg/mL bFGF
Scaffold +HA+

3 lg/mL bFGF

Day 3 1 27 32 49 41
2 11 14 22 15
3 23 27 37 25
4 13 13 29 19
5 16 17 43 33

Average 18.00 – 6.78 20.60– 8.44 36.00 – 10.77 26.60 – 10.53

Day 6 1 107 148 263 204
2 83 127 188 236
3 92 114 207 201
4 63 91 174 153
5 68 103 221 199

Average 82.60 – 17.90 116.60– 22.03 210.60 – 34.34 198.60 – 29.64

Day 11 1 194 166 451 356
2 135 217 340 296
3 167 176 266 223
4 221 238 421 374
5 214 203 394 323

Average 186.20 – 35.48 200.00– 29.47 374.40 – 73.07 314.40 – 59.26

Day 14 1 496 589 983 843
2 324 381 611 549
3 354 414 714 693
4 381 437 759 703
5 367 456 804 732

Average 384.40 – 65.84 455.40– 79.75 774.20 – 136.91 704.00 – 105.18
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promoted wound healing more efficiently and faster and
caused less scar formation than 3mg/mL (Figs. 4 and 5). It is
unknown why 1 mg/mL of bFGF is more effective, and it
may be due to the fact that only suitable amount of bFGF
can most effectively promote the wound healing. Decel-
lularized scaffold combined with HA and bFGF can be
tested in human for its effect on the wound healing.

Previous study showed that among patients with endo-
metrial cancer, the serum level of bFGF was higher in
women with metastatic disease than in those with localized
disease.39 The serum level of bFGF is elevated in patients
with lung cancer, renal cell cancer, non–small-cell lung
cancer, and metastatic colorectal cancer.40,41 bFGF can
promote cancer stem cell proliferation in many solid tu-
mors42 and promote the development of tumor and the
metastasis of tumor cells.43 Previous study also showed that
bFGF has a short half-life and can be quickly degraded
in vivo. The amount of bFGF in serum is microscale and
easily decomposed by proteinase. The tissue half-life of
bFGF is only about 3–10min.44–46 In this study, bFGF was
undetected in the serum of the rabbits on day 3, 6, 11, or 14
postsurgery (data not shown). Although bFGF in serum can
have adverse effect on tumor patients, bFGF on scaffolds
may not be harmful to tumor patients due to the undetect-
able bFGF in rabbit serum and a short half-life in vivo.

Conclusions

Our results demonstrated that the decellularized scaffold
combined with HA and bFGF significantly promoted wound
healing and clearly increased the regeneration of epidermis
and dermis layers in rabbits. It may be further studied for
skin tissue engineering.
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