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Abstract:  To create a scaffold that is suitable for the construction of tissue-engineered skin, a novel asymmetric
porous scaffold with different pore sizes on either side was prepared by combining a collagen-chitosan porous mem-
brane with fibrin glue. Tissue-engineered skin was fabricated using this asymmetric scaffold, fibroblasts, and a human
keratinocyte line (HaCaT). Epidermal cells could be seen growing easily and achieved confluence on the fibrin glue on
the upper surface of the scaffold. Scanning electron microscopy showed typical shuttle-like fibroblasts adhering to the
wall of the scaffold and fluorescence microscopy showed them growing in the dermal layer of the scaffold. The con-
structed composite skin substitute had a histological structure similar to that of normal skin tissue after three weeks of
culture. The results of our study suggest that the asymmetric scaffold is a promising biologically functional material for

skin tissue engineering, with prospects for clinical applications.
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1 Introduction

In clinical practice, skin defects are common
problems caused by burns, chronic ulcers, or trauma.
Application of autogenous skin transplantation, the
traditional therapeutic approach for such defects, is
restricted in clinics by problems, such as the shortage
of supply of normal tissue in extensively burned pa-
tients, possible scarring, and pigmentation changes.
Fortunately, as a result of developments in biomate-
rials and life sciences, tissue-engineered skin can now
provide an unrestricted supply for patients with skin
defects.

Collagen is considered to be the most promising
material for skin tissue engineering applications be-
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cause of its excellent biocompatibility, degradability,
low antigenicity, and abundance in mammals. Like
collagen, chitosan has been applied in a variety of
biomedical fields including skin tissue engineering. A
collagen-chitosan porous scaffold with a pore size of
80-150 pm is suitable for dermal fibroblast prolif-
eration and migration (Ma et al., 2003a; 2003b) and
has potential as a candidate for skin tissue engineering
with enhanced biostability and excellent biocompati-
bility. However, it is difficult for epidermal cells to
grow and achieve confluence on the upper surface.
Asymmetric scaffolds differ from traditional
porous scaffolds in that they have a heterogeneous
structure, usually comprising two continuous parts
with different pore sizes. Previous reports showed
that this type of scaffold has better performance in the
construction of tissue-engineered skin (Mao et al.,
2003; Wang et al., 2006). Fibrin glue is a polymer of
fibrinogen that has been reported to promote cell
attachment, migration, and proliferation (Ahmed et
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al., 2000). As a hemostat and tissue adhesive, fibrin
glue has been used widely in surgical operations. It is
recognized as having good biocompatibility and de-
gradability in vivo because of its porous net-like mi-
crostructure, which is associated with the concentra-
tion of fibrinogen and thrombin (Karp et al., 2004).

In this study, a novel scaffold with asymmetric
structure was prepared by combining a collagen-
chitosan porous membrane with fibrin glue and ap-
plied in the construction of tissue-engineered skin.
The results suggest that asymmetric scaffolds could
provide an ideal environment for cell growth and
differentiation, and a promising method for the de-
velopment of tissue-engineered skin.

2 Materials and methods
2.1 Materials

Collagen type | was extracted from fresh bovine
tendon by the trypsin digestion and acetic acid dis-
solution method. Chitosan (viscosity average mo-
lecular weight (M,), 1.0x10°-1.7x10°; degree of
deacetylation, 75%-85%), propidium iodide (PI),
N,N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide
(EDC), N-hydroxysuccinimide (NHS), and 2-(N-
morpholino)ethane sulfonic acid (MES) were pur-
chased from Sigma (St. Louis, MO, USA). Fibrino-
gen and thrombin were purchased from Puji Bio-
technique Development Co. (Hangzhou, China).
Fluorescein diacetate (FDA) was obtained from Bio
Basic Inc. (Ontario, Canada). All other reagents used
were of reagent grade.

2.2 Culture of human dermal fibroblasts and ke-
ratinocytes

Isolation of primary human dermal fibroblasts
was performed as follows. Fresh adult human fore-
skin biopsies were washed using phosphate buffered
saline (PBS) with 1% (v/v) penicillin and streptomy-
cin and chopped into small pieces, which were im-
mersed in 40 U/mg thermolysin (St. Louis, MO, USA)
at 4 °C overnight. The dermis pieces were separated
from the epidermis with forceps, and treated with
0.2% (w/v) collagenase (St. Louis, MO, USA) at
37 °C for 1 h to harvest the fibroblasts. The harvested
dermal fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented

with 10% (v/v) fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 mg/ml streptomycin in a humidi-
fied incubator containing 5% CO; in air at 37 °C.

A human immortalized keratinocyte cell line
(HaCaT) was purchased from American Type Culture
Collection (ATCC; Rockville, MD, USA) and cul-
tured in high glucose DMEM supplemented with 10%
(v/v) FBS and 100 U/ml penicillin-streptomycin in a
5% CO, incubator at 37 °C.

2.3 Preparation of collagen-chitosan porous scaffold

Collagen and chitosan solutions were dissolved
respectively in 0.5 mol/L acetic acid solution to pre-
pare a 0.5% (w/v) solution and then mixed in a mass
ratio of 9:1. After deaeration under reduced pressure,
the collagen-chitosan mixture was injected into a
mold, frozen in a refrigerator at —20 °C for 2 h, and
Iyophilized for 24 h to obtain a porous collagen-
chitosan scaffold, which was cross-linked at 105 °C
for 24 h, followed by the treatment with EDC/NHS
solution for 24 h. After washing with double-distilled
water (10 minx5 times), the scaffolds were freeze-
dried again to obtain the EDC/NHS-treated collagen-
chitosan scaffolds (Sun, 2007).

2.4 Preparation of asymmetric scaffold

The porous scaffolds fabricated above were
immersed in 75% ethanol overnight for sterilization,
and then washed in PBS (10 minx5 times). The fi-
brinogen solution (80 mg/ml) was spread smoothly
onto the surface of the collagen-chitosan scaffold with
50 pl/cm?, and then the thrombin solution (600 U/ml)
was placed onto the fibrinogen layer in the same
quantity. The scaffold was then incubated at 37 °C for
30 min to polymerize the fibrinogen. When fibrin
glue formed, a collagen-chitosan/fibrin glue asym-
metric scaffold was obtained (Sun, 2007).

2.5 Microstructure observation by scanning elec-
tron microscopy

After different experimental manipulations,
specimens of the collagen porous scaffold, fibrin glue,
and collagen-chitosan/fibrin glue asymmetric scaf-
fold were fixed in 2.5% (w/v) glutaraldehyde for
30 min and 1% (w/v) osmic acid for 20 min, respec-
tively, followed by ethanol gradient dehydration.
Specimens were then dried in a critical-point drying
apparatus. Finally, the samples were coated with
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gold-palladium (about 2-5 nm) and analyzed under a
scanning electron microscopy (SEM; Stereoscan 260,
Cambridge Instruments Ltd., Cambridge, UK).

2.6 Culture of HaCaT cells on collagen-chitosan/
fibrin glue asymmetric scaffolds

HaCaT cells were seeded onto the upper surface
of the asymmetric scaffolds at a density of 1x10°
cells/cm?. After 2 h, HaCaT cells were submerged for
3to 7 d in DMEM supplemented with 10% (v/v) FBS
and 100 U/ml penicillin-streptomycin at 37 °C in a
5% CO, incubator. These cells were transferred to a
stainless steel mesh and cultured in air-liquid inter-
face conditions for 21 d. Calcium chloride was added
into the medium at a final concentration of 1.5 mmol/L.
HaCaT cells were seeded at an equivalent density
onto a scaffold without fibrin glue under the same
culture conditions, as a control (Sun, 2007).

2.7 Construction of composite skin substitutes
containing fibroblasts

Dermal fibroblasts were isolated from human
dermis. After being digested in a flask, fibroblasts
were adjusted to a concentration of 2x10° cells/ml and
seeded onto the sterilized collagen-chitosan porous
scaffold. The scaffold loaded with fibroblasts was
incubated in DMEM supplemented with 10% (v/v)
FBS and 100 U/ml penicillin-streptomycin at 37 °C in
air containing 5% CO, with medium changes every
3 d. One week later, this porous scaffold was trans-
ferred to another 6-well culture plate and incubated at
37 °C for 30 min. When the surface of the porous
scaffold was somewhat dry, fibrinogen (80 mg/ml)
and then thrombin (600 U/ml) were added onto the
surface, each with 50 pl/cm?. Thirty minutes later,
when the asymmetric scaffold formed, HaCaT cells
were seeded directly onto the upper surface of the
scaffold at a density of 1x10° cells/cm? to construct
composite skin. After submersion in the medium for 3
to 7 d, the composite skin substitutes were transferred
to a stainless steel mesh, and cultured in air-liquid
interface conditions. Paraffin-embedded sections of
the composite skin substitutes were prepared after one,
two, or three weeks (Sun, 2007).

2.8 Cell viability

FDAVJ/PI staining was used to determine cell vi-
ability. A stock solution of FDA was made by mixing

10 mg of FDA with 1 ml of acetone. A working so-
lution of FDA was freshly prepared by adding 0.04 ml
of stock to 10 ml of Dulbecco’s phosphate buffered
saline (DPBS). A solution of Pl was prepared with
1 mg of Pl and 50 ml of DPBS. The stock solution of
FDA and the PI solution were stored in the dark at
4 °C, and 0.1 ml (4 pg) of FDA working solution and
0.03 ml (0.6 pg) of Pl solution were added directly to
the samples which were incubated for 10 min at room
temperature, and then placed on ice. Cells were ob-
served using a Zeiss Axiophot fluorescence micro-
scope (AxioCam MRc, Zeiss, Germany). Micropho-
tographs were acquired using a digital video camera
(AxioCam MRc, Zeiss, Germany) and AxioVision
Zeiss software.

2.9 Histological observation and immunohisto-
chemistry

At the specified time intervals, the samples of
tissue-engineered skin were fixed in 4% (w/v) for-
maldehyde overnight, dehydrated in a series of in-
creasing ethanol concentrations, and embedded in
paraffin. Sections (5 um) were stained with haema-
toxylin and eosin (HE) for histological observations.
Immunostaining was performed using primary
mouse anti-human monoclonal antibody specific for
pan-CK, CK-10 (Maixin_Bio, Fuzhou, China), and
normal host serum which was regarded as a negative
control, followed by staining with appropriate horse
radish peroxidase (HRP)-conjugated secondary an-
tibodies. The slides were processed in diaminoben-
zidine and redyed with haematoxylin solution, de-
hydrated and mounted in Permount. Images were
visualized on an Olympus microscope (Olympus,
Japan) and captured with an attached camera linked
to a computer.

3 Results

3.1 Morphology of collagen-chitosan/fibrin glue
asymmetric scaffold

In SEM images, the collagen-chitosan porous
scaffold showed a porous structure with a pore size
from 80 to 150 um (Fig. 1a). Fibrin glue polymerized
by fibrinogen (80 mg/ml) in the presence of thrombin
(600 U/ml) also had a porous and net-like structure
(Fig. 1b). A smooth interface was revealed by SEM at
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the upper surface of the more compacted collagen-
chitosan/fibrin glue asymmetric scaffold (Fig. 1c),
which had an asymmetric bilayer structure in
cross-section. The bottom layer composed of the
collagen-chitosan porous scaffold was thicker with a
loose and porous structure, while the top layer com-
posed of fibrin glue was a thin layer with a tight
structure. The range of pore size in the bottom layer
and the top layer was 80-150 um and 5-20 pm, re-
spectively (Figs. 1d and 1e).

3.2 Cultured HaCaT cells in collagen-chitosan/
fibrin glue asymmetric scaffold

HaCaT cells of 3 to 4 layers were observed on
the surface of the asymmetric scaffold after being
cultured on an air-liquid interface for two weeks
(Fig. 2a). Only a few cells were observed on the sur-
face of the scaffold without the fibrin glue layer even
though after three weeks of culture (Figs. 2b—2d).

3.3 Cell viability of fibroblasts in collagen-chitosan/
fibrin glue asymmetric scaffold

Cell viability of fibroblasts seeded in a collagen-
chitosan/fibrin glue asymmetric scaffold was deter-
mined using FDA/PI staining. A large number of cells
(green fluorescence) grew in the dermal layer of the
asymmetric scaffold with shuttle-like or irregular
morphology in fluorescence images (Fig. 3a). In
concert with these results, fibroblasts and an abun-
dance of extracellular matrix were found in SEM
images (Fig. 3b).

3.4 Histological observation of tissue-engineered
skin

HE stained images showed that a large number
of fibroblasts grew in the bottom layer of the asym-
metric scaffold after cultivation in air-liquid interface
conditions for one week. HaCaT cells began to dif-
ferentiate into a multilayer structure on the top layer
(Figs. 4a and 4b) after one week of culture and de-
veloped into an epidermis-like structure with 7 to 10
layers of cells (Fig. 4c) after three weeks. Immuno-
histochemical examination revealed that pan-CK
positive cells were in the entire layer of the epidermis,
but CK-10 positive cells were only on the upper part
after two weeks of cultivation (Figs. 4d—4f). The
results showed that the constructed composite skin
substitute of multilayer epidermis had a histological
structure similar to that of normal skin.

4 Discussion

Biomaterial is very important in the field of tis-
sue engineering. As a vehicle for seeding cells, it
provides a three-dimensional (3D) space for cell pro-
liferation, nutrition metabolism, and extracellular
matrix secretion. An ideal scaffold for use in skin
tissue engineering should have a suitable micro-
structure, porosity, controllable biodegradability,

good biocompatibility, and suitable mechanical prop-
erties (Mao et al., 2003).

Fig. 1 Surfaces of collagen-chitosan porous scaffold (a), fibrin glue (b), and asymmetric scaffold (c) scanned by
SEM; Cross-section SEM images of the collagen-chitosan/fibrin glue asymmetric scaffold (d, e)
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Fig. 2 HE staining of HaCaT cells cultured on the surfaces of collagen-chitosan/fibrin glue asymmetric scaffold (a)
and collagen-chitosan porous scaffold without fibrin glue (b, c, d)
Black arrow indicates fibrin glue. HaCaT cells were cultured on an air-liquid interface for two weeks (a), one week (b), two

weeks (c), and three weeks (d), respectively

Fig. 3 Fibroblasts seeded in the asymmetric scaffold
(a) FDAJPI staining, cultured for one week (fluores-
cence microscope); (b) SEM micrograph, cultured for
two weeks. Black arrows indicate extracellular matrix

Fig. 4 Histology of composite tissue-engineered skin when cultured for different time on the air-liquid interface
(a, b) one week, HE staining; (c) three weeks, HE staining. Black arrow indicates the epidermal layer which developed a
rete ridge-like structure inserted into the dermal layer in some areas. Immunohistochemical examination of tis-
sue-engineered skin cultured for two weeks on an air-liquid interface: pan-CK (d), CK-10 (e), and control groups (f)

Fibrin glue is a polymer (fibrinogen-thrombin)
with a 3D net-like structure (Blomback and Bark,
2004) and has good compatibility, biodegradation,
and plasticity (Ye et al., 2000). It has been applied
widely in the field of tissue engineering and combined
with seed cells or growth factors, has been used as a
carrier to repair skin defects (Wechselberger et al.,
2002; Kneser et al., 2005).

While studies have indicated that the porous
structure of a collagen-chitosan scaffold is suitable
for fibroblast growth, proliferation, and migration,

it has been difficult for epidermal cells to grow and
achieve confluence on a collagen-chitosan scaffold
porous surface. Thus, different types of asymmetric
bilayer scaffolds have been developed for artificial
skin (Mao et al., 2003; Wang et al., 2006). These
asymmetric bilayer scaffolds showed superiority in
the construction of tissue-engineered skin, but it was
still hard to effectively inoculate epidermal cells into
the small-pore layer and fibroblasts into the large-
pore layer using a “one-step shaping” method. In this
study, to improve the effectiveness of inoculation and
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the adhesion of epidermal cells, a collagen-chitosan/
fibrin glue asymmetric scaffold was prepared using a
“two-step shaping” method and was used to construct
tissue-engineered skin. Epidermal cells grew and
achieved confluence easily on the fibrin glue (i.e., the
upper surface of the asymmetric scaffold). Therefore,
we theorized that a collagen-chitosan porous scaffold
with a rough surface structure of large pore size was
not suitable for the adhesion, growth, confluence, and
differentiation of epidermal cells, while the smooth
interface supplied by fibrin glue in the asymmetric
scaffold was suitable. Moreover, in an asymmetric
scaffold, fibrin glue can isolate epidermal cells and
fibroblasts and make them grow in their respective
regions without affecting the other side. Meanwhile,
the micropores of fibrin glue permit the communica-
tion of nutrition and growth factors between the two
layers.

It has been reported that cell viability is related
to aspects of the microstructure of scaffolds, such as
surface property, pore size, porosity, and connectivity
of pores (Sechriest et al., 2000; Wang et al., 2003). In
this study, cell viability was evaluated by FDA/PI
fluorescence staining and SEM. Under a fluorescence
microscope, most living cells emitted green fluores-
cence with shuttle-like or irregular morphology,
while a few necrotic cells emitted red fluorescence.
SEM images revealed that the fibroblasts adhered to
the walls of the scaffold and an abundance of ex-
tracellular matrix was secreted in this area, suggesting
fibroblasts had good growth and the asymmetric
scaffold had excellent cell compatibility.

Regarding culture conditions, several reports
demonstrated that the concentration of calcium ions
in the medium has an influence on the proliferation
and differentiation of keratinocytes: a low concentra-
tion (<0.3 mmol/L) promotes proliferation of the cells,
while a high concentration (>0.6 mmol/L) promotes
terminal differentiation (Boyce and Ham, 1983; Yu et
al., 2002). Hence, in our experiments, 1.5 mmol/L of
calcium chloride was supplemented in the medium
after the cell-scaffold constructs were shifted onto the
air-liquid interface. A multiple layered pan-CK posi-
tive epithelium structure was observed after one week
of cultivation on an air-liquid interface and became
more apparent after two weeks. In the top area of the
epidermis in the constructed skin, positive cell stain-
ing by the CK-10 antibody was noted, which indi-

cated that HaCaT cells had begun to differentiate into
terminal cells, but no complete corneous layer was
observed. Nevertheless, no distinct differentiation
was observed in the basal, spinous, or granular layers.
This may have been because the seeding cells we used
in the study were of a cell lineage rather than normal
keratinocytes.

Currently, gel and porous materials are used
widely in the construction of tissue-engineered skin.
In this study, we made the best of the advantages of
both materials and successfully developed a compos-
ite asymmetric scaffold. Our results showed that cells
could be seeded in different layers and grew easily in
the collagen-chitosan/fibrin glue asymmetric scaffold.
Although further studies are necessary, our study on
tissue-engineered skin suggests that such scaffolds
may have potential for clinical applications.
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