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Abstract:

 

In order to develop an adequate scaffold for
skin tissue engineering, a bilayered gelatin-chondroitin 6
sulfate-hyaluronic acid membrane with a different pore
size on either side was prepared. A rete ridges-like topo-
graphic microporous structure, which provided the para-
crine crosstalk in the epithelial–mesenchymal interactions,
was formed. Chondroitin-6-sulfate and hyaluronic acid
were incorporated within the gelatin membrane to mimic
skin composition and create an appropriate microenviron-
ment for cell proliferation, differentiation, and migration.
In the study, the lower layer of the membrane (pore size:
150 

 

µ

 

m) was seeded with dermal fibroblasts and acted as
the feeder layer for keratinocyte inoculation. Meanwhile,
the upper layer (pore size: 20–50 

 

µ

 

m) was seeded with
keratinocytes for epidermalization. The dermal fibroblasts
were dynamically seeded in a self-designed spinner flask
for more even cell distribution. The keratinocytes were

cultured in submerged conditions for 5 days and then in
an air–liquid interface condition for further differentia-
tion. After being cultured for 21 days, the upper layer,
seeded with keratinocytes, developed into an epidermis-
like structure while the lower part, which was seeded with
dermal fibroblasts developed into a dermis-like structure.
A histological examination and immunostain were used to
prove that keratinocytes maintain their phenotype and
stratified epidermis layers were formed within 21 days. In
brief, the bilayered skin substitute with biological dermal
analog and epidermal structure was successfully fabri-
cated. From this study, we can suggest that the culture
model is suitable for autologous skin equivalent
preparation.
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Theoretically, an autogenous full-thickness skin
graft is the best grafting choice for burn patients.
However, those with extensive burns who have lost
most of their dermis and epidermis are always in
shortage of supply for harvesting full-thickness skin
for grafting. Although full-thickness autografts effec-
tively induce skin regeneration on the wound site, it
can also create a new wound with uncosmetic hyper-
trophic scarring and pigmentation on the donor site.
In clinical medicine, allograft and/or commercialized
artificial skin have been used in extensive burn
patients to promote dermis recovery, to evade bacte-

rial contamination, and to prevent body fluid and
body temperature loss. After the regeneration of the
dermis, the cadaver or commercialized artificial skin
(1–3) will be removed, and then a split-thickness
autograft will be applied on the wound bed for
epidermis growth (4,5). This so-called “two-step graft-
ing” process is now the orthodox procedure in clinical
practice for extensive burn patients. Nevertheless, the
extensive burn patients are still limited by the avail-
ability of donor sites for split-thickness autografts.

Two decades ago, Rheiwald and Green started the
research on in vitro large-scale keratinocyte culture
(6–8). Later, the keratinocyte sheet was successfully
prepared in vitro and then applied on the burn area
for epidermis growth. This method was a tremendous
step forward in the treatment of large burns, but the
cultured epidermal sheets still could not provide sat-
isfactory skin coverage due to subsequent wound
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contraction (9,10). Later, researchers prolonged the
in vitro culture time of keratinocytes, but the high
percentage of differentiated keratinocytes lost their
continuous proliferative capacities in the epidermal
renewal process. Furthermore, the complicated “two-
step grafting” is both inconvenient for the patients
and labor-intensive in the clinical practice. The con-
cept of skin equivalent preparation for the treatment
of extensive burn patient remains an unsolved prob-
lem (11–13).

In the study, a gelatin-chondroitin-6-sulfate-
hyaluronic acid (gelatin-C6S-HA) biopolymer was
developed to mimic the skin extracellular matrix as
the scaffold for skin tissue engineering. Gelatin-C6S-
HA could provide an optimum environment for cell
growth, and then organized into a real skin tissue. In
the study, a bilayered gelatin-C6S-HA membrane
with different pore sizes on either side was prepared
as the scaffold for skin equivalent tissue. The cell
seeding was performed in a self-designed bioreactor
to reach a better seeding condition. We suggest that
this bilayered gelatin-C6S-HA membrane has poten-
tial in clinical applications for patients with extensive
burns.

 

MATERIALS AND METHODS

Preparation of porous bilayered 
gelatin-C6S-HA membrane

 

Gelatin, chondroitin-6-sulfate (C6S)(C-4384),
hyaluronic acid (HA) (H-5388), and 1-ethyl-3(3-
dimethyl aminopropryl) carbodiimide (E-1769) were
all purchased from Sigma Chemical Co. (St. Louis,
MO, U.S.A.). Gelatin (5 wt%, 300 Bloom, from por-
cine skin) (G-2500 Sigma Co.) was dissolved in dis-
tilled water at 25

 

°

 

C. Adequate amounts of C6S and
HA  were  added  to  the  gelatin  solution  until  it
became a slurry, with the final concentration at
0.05 wt% of C6S and 0.2 wt% of HA. The slurry
solution was then well mixed at 30

 

°

 

C by magnetic
stirrer for 1 h. Next, 0.5 mL of the well-mixed slurry
was poured into a preformed polyethylene mold
3 cm in diameter. For the preparation of the smaller-
pore (20–50 

 

µ

 

m)-size upper layer, the formed slurry
sheet was frozen at  

 

−

 

196

 

°

 

C for 30 s. To prepare the
larger-pore (150 

 

µ

 

m)-size layer, another 1 mL of
slurry solution was added onto the top of the frozen
membrane and then left at room temperature for
3 min. The membrane was then frozen at 

 

−

 

20

 

°

 

C for
3 h followed by lyophilizing at 

 

−

 

70

 

°

 

C overnight. The
prepared bilayered membrane was cross-linked by
0.5 wt% 1-ethyl-3(3-dimethylaminopropyl) carbodi-
imide (EDC) solution overnight at 4

 

°

 

C, sonicated
five times in distilled water for 3 min to remove resid-

ual EDC, frozen at 

 

−

 

20

 

°

 

C for 2 h, and then lyo-
philized at 

 

−

 

70

 

°

 

C. The cross-linked steps were
repeated twice to stabilize the membrane without
quick degradation during the culture period.

 

Culture of keratinocytes and dermal fibroblasts

 

Fresh adult human foreskin biopsies were washed
using phosphate buffered saline with 1% penicillin-
streptomycin-gentamycin antibiotic (Gibco Invitro-
gen Co., Burlington, Ontario, Canada). Specimens
were then chopped into small fragments. The frag-
ments were immersed in 40 U/mg thermolysin
(P-1512, Sigma Co.) at 4

 

°

 

C overnight. To isolate the
keratinocytes, the epidermis was separated from the
dermis with forceps and then incubated in 0.1%
ethylenediaminetetraacetic acid (EDTA) solution
with 0.05% trypsin (Cat no. 15400-054, Gibco Invi-
trogen Co.) for 15 min at 37

 

°

 

C. The isolated
keratinocytes were cultivated and expanded by com-
mercially available serum-free/chemically defined
culture MCDB 153 medium with indicated medium
supplement (E-0151, EpiLife, Sigma Co.) in a 9-cm
Petri dish. The dermis was treated with 0.2% colla-
genase (C-0130, Sigma Co.) at 37

 

°

 

C for 1 h to harvest
the fibroblasts. The harvested dermal fibroblasts were
cultured in Dulbecco’s Modified Eagle’s Medium
(SH30022.02, HyClone, Logan, UT, U.S.A.) supple-
mented with 10% FBS (Cat no. 12003-500M, JRH
Bioscience, Lenexa, KS, U.S.A.) at 37

 

°

 

C, 5% CO

 

2

 

.

 

Skin equivalent preparation

 

Dermal fibroblasts were inoculated in the lower
part (with larger pore size) of the gelatin-C6S-HA
membrane for 3 days to form the dermis equivalent.
The membrane was taken out and the keratinocytes
were seeded on the upper layer for epidermis-equiv-
alent formation. The dermal fibroblasts were dynam-
ically seeded in a self-designed 125-mL spinner flask
with 80 mL medium and cell density of 2 

 

×

 

 10

 

4

 

 cells/
mL (Fig. 1a,b). The membrane was placed in a stand-
ing-still tissue cassette. A 2.5-cm magnetic stir bar
was spun at a rate of 80 rpm. The flask was designed
in such a way that the dermal fibroblasts could
only be caught in one side (larger pore size) of the
membrane with a homogeneous cell distribution.
The 1 mL well-mixed keratinocyte cell suspension
containing culture medium (2 

 

×

 

 10

 

5

 

 cells/mL) was
sprayed directly onto the surface of the gelatin-C6S-
HA scaffold for epidermis development. The kerati-
nocyte-seeded membrane layer was submerged for
5 days in keratinocyte serum-free medium for pro-
liferation and basal lamina formation. Then, the
keratinocyte-seeded membrane was shifted to trans-
well and cultured in air–liquid interface conditions
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for 21 days to facilitate the epidermalization process
(14,15).

 

Colorimetric MTT (Tetrazolium) assay for 
cell viability 

 

(16)
For the assay, dermal fibroblasts were incubated in

96-well plates in the presence of various scaffold cul-
ture conditions (Petri dish, gelatin, gelatin-C6S-HA).
The cell density was 5 

 

×

 

 10

 

3

 

 cells/well. After various
time intervals (1, 3, 5, and 7 days), the supernatant
was  removed  and  100 

 

µ

 

L  of  MTT  solution  (3-[4,
5-dimethylthialzolyl-2]-2,5-diphenyltetrazolium bro-
mide) (MTT, Sigma) was added to each well. The
plate was incubated at 37

 

°

 

C for 4 h to allow the for-
mation of formazan crystal. The dark blue crystals
were dissolved by acid-isopropanol and were aspi-

rate to another new 96-well plate. Read the optic
density on MicroElisa reader (Emax Science Corp.,
CA, U.S.A.)

 

Total DNA analysis for quantification of cell growth

 

The Wizard Genomic DNA Purification Kit
(Promega Co., Madison, WI, U.S.A.) was chosen for
DNA extraction. The first step was to lyse the cells
and the nuclei with nuclei lysis solution and then
followed  by  an  exhaustive  RNase  digestion  step.
The cellular proteins were then removed by salt-
precipitation method so that the high molecular
weight genomic DNA is left in the solution. Finally,
the genomic DNA is concentrated and desalted by
isopropanol precipitation. The ratio of 260 nm and
280 nm absorption band on UV-Vis spectrum
should be in the range of 1.8–2.0 to yield a good
deproteinization.

 

Scanning electron microscope (SEM) for cell 
morphology

 

For the SEM examination, the gelatin-C6S-HA
skin equivalents were fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer solution for 2 h and then
dried with a series of increasing graded alcohols fol-
lowed by critical-point drier processing. The surfaces
of the membrane or skin equivalent were coated with
an ultrathin layer of gold/Pt in an ion sputter physical
vapor deposition (PVD) chamber. The average diam-
eter of pore sizes was analyzed with arbitrary matrix
zone.

 

Histology and immunohistochemistry

 

For the light microscopic examination, the speci-
mens were fixed in 10% formalin at 25

 

°

 

C for 2 h,
dried  with  graded  alcohols,  and  then  embedded
in paraffin. A serial of 3–6 

 

µ

 

m sections were taken
across or parallel to the specimen, mounted on slides
and then stained with hematoxylin and eosin for his-
tological observation. More specific immunochemis-
try staining has been conducted to investigate the
phenotype of the keratinocytes. Monoclonal anti-p63
was used to identify cultured keratinocytes on the
gelatin-C6S-HA scaffold that keeping their pheno-
type. p63 is highly expressed in the basal or progen-
itor layers of many epithelial tissues. p63 is critical
for maintaining the progenitor-cell populations that
are necessary to sustain epithelial development and
morphogenesis. In brief, samples were fixed with
4% formaldehyde for 2 h. Blocking was conducted
with 10% goat serum to prevent unspecific binding.
Specimens were washed with phosphate buffered
saline (PBS) for several times. Monoclonal  anti-
p63 CLONE 4A4 primary antibody (dilution  1 : 200)

 

FIG. 1.

 

Self-designed spinner flask bioreactor. This is designed
to enable dermal fibroblasts seeding and growth. (a) Dynamic
seeding method with spinner flask. (b) Top view of the bioreactor:
the construct is at a 45

 

°

 

 position for maximum dermal fibroblasts
adhesion density.

(a)

Construct in the 45° position

(b)
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(Cat no. p3737  Sigma  Co.)  was  incubated  with  the
sample  for  1 h  at  37

 

°

 

C.  Next, antimouse IgG horse-
radish peroxidase secondary antibody (Sigma Co.)
was then incubated with  the  previous  samples  for
30 min  after  specimens were washed with PBS.
SIGMA FAST 3,3

 

′

 

-Diaminobenzidine Tablets (DAB
buffered tablets, Urea Hydrogen Peroxide, Tris
buffer, Sigma) was used for staining.

 

RESULTS

Morphology of the gelatin-C6S-HA membrane

 

Gelatin-C6S-HA membrane with adequate porous
structure was successfully prepared by the double
cross-linking and the consecutive lyophilized
method. A two-layer structure with different pore
sizes and porosity was clearly shown on the mem-
brane during the SEM examination (Fig. 2). The top
layer was a thin layer (100 

 

µ

 

m) (Fig. 2a) with inter-
connected pore size in the range of 20–50 

 

µ

 

m
(Fig. 2b). This layer also developed a rete ridge-like
structure and could act as a barrier to separate the
dermal and epidermal layers. The interconnected
pores play a major role in the communications
between the keratinocytes and dermal fibroblasts,
which help the keratinocytes to differentiate into a
multilayer epidermis.

The bottom layer was a thicker layer (Fig. 2a;
about 1 mm) with an average pore size of 150 

 

µ

 

m
(Fig. 2c). Dermal fibroblasts were retained in the
pores of this layer, proliferated, secreted extracellu-
lar matrix, and later developed into dermis.

 

Dermal fibroblasts seeding, migration, 
and proliferation

 

The seeding of the dermal fibroblasts by self-
designed spinner flask in the thicker layer (larger
pores) was quite homogeneous (Fig. 3a,b). In this
study, over 95% of total cells could be caught by the
membrane. Dermal-fibroblast viability was investi-
gated by MTT assay on days 1, 3, 5, and 7. Data
indicated that cell numbers increased with days in
three groups (on the Petri dish, gelatin scaffold, and
gelatin-C6S-HA scaffold), especially in the group of
gelatin-C6S-HA scaffold (Fig. 3c). The results of the
total DNA analysis of gelatin, gelatin-C6S, gelatin-
C6S-HA are also similar (Fig. 3d). These results
suggest that C6S and HA could help cell prolifera-
tion and migration into 3D scaffolds more effec-
tively. At 4 h after seeding, dermal fibroblasts
started to stick and spread out with filopodia forma-
tion (Fig. 4a). The cells also stretched out and
anchored on the margins of pores during cell migra-
tion (Fig. 4b).

 

FIG. 2.

 

Scanning electron microscope view of gelatin-C6S-HA
membrane. (a) The gelatin-C6S-HA membrane showed a two-
layer structure with different pore sizes and porosity in each layer.
The top layer is a thinner layer with 100 

 

µ

 

m in thickness. The layer
also developed like a rete ridge structure in dermis papilla (black
arrow indicated). (b) The upper part (smaller pore size) of the
membrane  for  epidermis  equivalent;  pore  size  in  a range of
20–50 

 

µ

 

m.  (c)  The  bottom  layer  (larger  pore  size)  is  a  thicker
layer with an average pore size of 150 

 

µ

 

m.

100 mm

(a)

(b)

(c)
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Proliferation of keratinocytes

 

The keratinocytes were seeded onto the upper layer
(smaller pores) of the membrane 3 days after dermal
fibroblasts were seeded in the larger-pores layer
(Fig. 5a), and then submerged in the medium for
another 5 days. After seeding, the keratinocytes pro-
gressively expanded in cell population, formed a
monolayer to cover the top surface of the membrane,
and secreted extracellular matrix as shown in Fig. 5b.
At day 5, the monolayer organized into a keratinocyte
sheet and basal lamina formed as shown in Fig. 5c.

 

Skin equivalent formation

 

After culturing the keratinocytes in a submerged
condition for 5 days, the membrane was then shifted
to a trans-well to remain in air–liquid interface con-
ditions for further differentiation. The keratinocytes
started to differentiate into a mutilayer structure
when cultured in air–liquid interface condition for
7 days (Fig. 6a). Fourteen days later, the kerati-
nocytes developed into an epidermis-like structure
with the formation of basal layers, suprabasal layers,
and the cornified squamous layer (Fig. 6b,c). Kera-
tinocytes in the basal layer of basal lamina and
basement membrane zone also maintained their phe-
notype (Fig. 6c). The bottom part of the membrane
with dermal fibroblasts retained developed into a
dermis-like structure with sparse distribution of the

fibroblasts surrounding with its own extracellular
matrix (Fig. 6b). This fact showed that normal kera-
tinocyte maturation process was ongoing and the
skin equivalent was formed within 21 days.

 

DISCUSSION

 

Cell adhesion is generally mediated by certain
extracellular matrix proteins such as fibronectin,
vitronectin, and laminin as well as various glyco-
saminoglycans (17,18). All these adhesion-related
molecules possess special amino acid sequence as
binding site for cell attachment. All kinds of collagen
also have special sequences for cell adhesion. Gelatin
is a denatured collagen without 3-D structure. How-
ever,  it  does  have  amino  acid  sequences  such
as arginine-glycine-aspartic acid (RGD) and as-
partic acid-glycine-glutamic acid-arginine (DGER)
sequence to help cell attachment (19). In addition,
gelatin is less expensive and has lower antigenicity
than that of collagen. The degraded product of gela-
tin is nontoxic and can provide the nutrients for skin
regeneration. In the study, gelatin was used as the
major matrix for scaffold design to help cell attach-
ment and nutrient supply.

To mimic the composition of skin, C6S and HA
were incorporated into a gelatin scaffold to provide
a better environment for cell proliferation and

 

FIG. 3.

 

The seeding, migration, and prolif-
eration of dermal fibroblasts. (a) Dermal
fibroblasts were seeded into the thicker
layer (larger pores) by the self-designed
spinner flask. 24 hours after seeding, the
dermal fibroblasts showed a homoge-
neous distribution in the gelatin-C6S-HA
scaffold. (b) H/E stain of dermal fibroblasts
in gelatin-C6S-HA membrane (400x)
(ECM, extra cellular matrix). (c, d) MTT
test and total DNA analysis of dermal fibro-
blasts viability and growth on the petri dish,
gelatin scaffold, and gelatin-C6S-HA scaf-
fold. Data indicated that cell numbers
increased with days in three groups, espe-
cially in the group of gelatin-C6S-HA. This
might suggest that C6S and HA may help
cells proliferate and migrate into 3-D
scaffold. (One-way analysis of variance,

 

n

 

 

 

=

 

 12, Mean 
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migration (Fig. 3c,d). HA, with its repeating disac-
charide sequence, is endogenous to normal skin and
has been implicated in a scarless fetal healing pro-
cess (20,21). It was reported to promote cell migra-
tion (22) and resulted in better cell distribution in
the porous scaffold of this study (Fig. 3a,b). It was
reported that fibroblasts carry receptors, such as
CD44, allowing specific attachment to and migration
along HA molecules. Furthermore, CD44 ligands
like HA and C6S may inhibit macrophage multinu-
cleation followed by reduced inflammatory response
(23). The polysaccharides possess high water-binding
capacity, which will be helpful for retaining large
porous lamellar matrix spaces, promoting matrix
swelling and absorbing wound exudates during clin-
ical application (Fig. 2). In the normal skin structure,
the C6S exists mainly in the layer of basal lamina
(24).

 

FIG. 4. 

 

 Scanning electron microscopic examination of the mor-
phologic changes of dermal fibroblasts. (a) After being seeded,
dermal fibroblasts started to stick and spread out the filopodia
during the initial 4 h. (b) The cells also stretched out the anchor-
ing structures during cell migration from one place to another.

(a)

(b)

 

FIG. 5.

 

Scanning electron microscopic examination of the mor-
phologic changes of keratinocytes. (a) Keratinocytes were initially
seeded onto the upper layer (smaller pores) of the gelatin-C6S-
HA membrane. (b) The keratinocytes progressively expanded in
number and formed a monolayer to cover the top surface of the
scaffold and started to build up basement membrane. (arrow
indicated). (c) At day 5, the monolayer organized into a kerati-
nocytes sheet and basal lamina. (ECM, extracellular matrix; BL,
basal lamina.)

(a)

(c)

(b)

ECM

Keratinocytes

(a)
(b)

BL
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During the works of tissue engineering, a bioreac-
tor should offer an environment to seed cells (in this
study, the dermal fibroblast seeding) in scaffold
homogeneously (25). For the self-designed bioreac-
tor used in this study, the membranes were put into
both ends of the tissue cassette with a distance of
0.5 cm away from the central axis (Fig. 1). A 2.5-cm
magnetic stir bar was spun at a rate of 80 rpm. The
dermal fibroblasts were suspended and circulated on
a constant track due to the balance of cell density and
spin rate, just like satellites around a planet. Thus, the
dermal fibroblasts could be caught at a certain dis-
tance away from the central axis and on one side of
the membrane. The gelatin helps the cells attach. HA
promotes cellular migration. The negative charge of
C6H and HA provides greater water absorption abil-
ity, and creates large porous lamellar matrix spaces.
The self-designed bioreactor catches cells on a
constant track. All these factors contribute to an
optimum scaffold for cell adhesion, migration, and
distribution.

In the process of harvesting cultured epithelial
sheet  grafts,  the  basement  membrane  proteins  of
the harvested graft may be inevitably digested by the
digesting enzyme, thus affecting its anchorage on the
recipient wound bed (26). Shrinkage of the harvested
grafted sheet and blister formation below the graft
are two major drawbacks of conventional cultured
epidermal autografts (27). To avoid this potential
negative aspect of enzyme treatment, we investigated
the cultivation of keratinocytes directly on the gela-
tin-C6S-HA biopolymer membrane. We also took
the advantage of inoculating dermal fibroblasts
instead of using irradiated or mitomycin C-treated
3T3 cells as feeder layer. This procedure not only
shortened the in vitro cultivation time but also lim-
ited the risk of disease transmission in the future. As
noted in this study, the dermal fibroblast seeded layer
(larger pore of the membrane) could be developed
into dermal analog (Fig. 3b). The layer could act as
the feeder layer of keratinocytes (on the top layer of
the membrane) and allows them to proliferate with-
out losing their phenotype (Fig. 6c).

The diffusion of nutrition supply from the recipi-
ent wound is critical especially in the first few days
when neovascularization in the neodermis has not
yet developed (28). The micropores invagination
topography  between  the  dermal–epidermal  layers
of our skin equivalent showed the possibility of
dynamic interactions in tissue homeostasis and
served as papillary-like structures, just like rete
ridges in the normal dermal–epidermal junction
(Fig. 6). Researchers have elucidated that the dermal
fibroblasts can interact with the keratinocytes

 

FIG. 6.

 

Histology of culture of the keratinocytes seeded mem-
brane in the air–liquid interface. (a) When cultured for 7 days, the
keratinocytes started to differentiate into a mutilayer structure
(400x). (b) After culture for 21 days, the top layer of the mem-
brane with keratinocytes seeded developed into an epidermis-like
structure with suprabasal layers and the cornified squamous layer
(40x). The bottom part of the membrane with dermal fibroblasts
retained developed into dermis structure with sparse distribution
of the fibroblasts surrounded with their own extracellular matrix.
(SL, suprabasal layer; CSL, cornified squamous layer; BL, basal
lamina). (c) Monoclonal anti-p63 CLONE 4A4 was used to eval-
uate the kertinocytes in the basal layer of basal lamina and
basement membrane zone. There was dark brown pigmentation
in the bottom of the culture area (arrow) (40x). ([a] Bar 10 

 

µ

 

m,
[b][c] Bar 100 

 

µ

 

m.)

(a)

(b)

SL

CSL

BL

SL

BL

(c)



 

148 T.-W. WANG ET AL.

 

Artif Organs, Vol. 30, No. 3, 2006

 

through cytokine release, which would promote
keratinocyte differentiation to organize into an epi-
dermis (29). The pore size was also important as a
determinant of cell migration rate inside the mem-
brane as  well  as  the  time  constant  of  biodegrad-
ation (30). In this study, the micropores (20–50 

 

µ

 

m)
not only allow the migration of the keratinocyte
populations from the upper surface to the under-
neath recipient wound bed, but also serve as a
substrate to prevent the keratinocytes from over-
spreading into the dermal layer. The dermal fibro-
blasts seeded on the macropore (150 

 

µ

 

m) part of the
membrane could act as feeder layer for kerati-
nocytes, and the porous structure of the membrane
can be used for the drainage of wound exudates.
Moreover, the interconnected porous structure in the
scaffold would provide a chance for cytokines and
growth factors to modulate epidermalization (31–
33). We have conducted the related experiments in
our next study.

 

CONCLUSION

 

In this study, a bilayered gelatin-C6S-HA mem-
brane with different pore sizes on both sides has been
developed. The lower layer of the membrane with
pore sizes of 150 

 

µ

 

m would be seeded with dermal
fibroblasts for dermis development and also act as
the feeder layer for keratinocytes inoculation. The
upper layer with pore size about 20–50 

 

µ

 

m was
seeded with keratinocytes for epidermalization. The
keratinocytes were cultured in submerged conditions
for 5 days and then kept in air–liquid interface con-
ditions for further differentiation and maturation.
After being cultured in air–liquid interface condi-
tions for 21 days, the kertinocytes differentiated into
an epidermis-like structure with suprabasal layers
and the cornified squamous layer of normal skin. The
bottom part of the membrane with dermal fibroblasts
retained was developed into a dermis structure with
sparse distribution of the fibroblasts surrounded with
its  own  extracellular  matrix.  This  newly  designed
skin equivalent was well-formed within 21 days,
comparable to other cultured skin substitutes. This
tissue-engineered skin substitute will be used as an
investigation model for in vitro toxicology, cutaneous
physiology examination, and in vivo wound healing
process in the near future.
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