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Chitosan is a copolymer of N-acetylglucosamine and glucosamine. A bilayer chitosan porous skin regenerating template (CPSRT)
has been developed for skin tissue engineering. The pore size of the CPSRT was assessed using a scanning electron microscopy
(SEM). The in vitro cytocompatibility of the CPSRT was tested on primary human epidermal keratinocyte (pHEK) cultures
by measuring lactate dehydrogenase (LDH) levels and skin irritation by western blot analysis of the interleukin-8 (IL-8) and
tumor necrosis factor-α (TNF-α) secretions. The ability of the CPSRT to support cell ingrowth was evaluated by seeding primary
human dermal fibroblasts (pHDFs) on the scaﬀold, staining the cells with live/dead stain, and imaging the construct by confocal
microscopy (CLSM). The CPSRT with pore sizes ranging from 50 to 150 μm was cytocompatible because it did not provoke the
additional production of IL-8 and TNF-α by pHEK cultures. Cultured pHDFs were able to penetrate the CPSRT and had increased
in number on day 14. In conclusion, the CPSRT serves as an ideal template for skin tissue engineering.

1. Introduction
Biopolymers are naturally synthesized compounds that are
produced by living organisms. These materials participate
in the natural biological cycle and are eventually degraded
and reabsorbed by their environment. Chitin, a biopolymer,
can be obtained at relatively low cost from the shells of
shellfish (mainly crabs, shrimps, and lobsters), which are
a waste product of the seafood processing industry [1].
Chitin and derivatives such as chitosan have a natural
basicity that provides properties such as biocompatibility,
biodegradability, antibacterial activity, heavy metal ion
chelation ability, gel-forming properties, hydrophilicity, and
remarkable protein aﬃnity [2].
Chitosan is the primary biopolymer derivative of N-deacetylated chitin and consists of N-acetylglucosamine and
glucosamine. Chitosan possesses an abundance of amino

and hydroxyl groups that allow it to be chemically modified
by processes such as acylation, N-phthaloylation, alkylation, Schiﬀ base formation, reductive alkylation, tosylation,
O-carboxymethylation, N-carboxyalkylation, and graft copolymerization [3, 4]. These modifications allow chitosan’s
properties to be tailored to a specific application.
Tissue regeneration is a complex biological process that
involves inward migration and proliferation of cells into a
defect area or scaﬀold, as well as the secretion of an extracellular matrix to support new tissue formation. Biocompatible
tissue engineering constructs can provide cues for cell
migration and diﬀerentiation to promote wound-healing,
tissue formation, and vascular network regrowth. Tissue
engineering uses polymer scaﬀolds to promote cell adhesion,
proliferation, and diﬀerentiation in vitro. Although chitosan
has been used in various types of biocompatible wound
dressings, such as films, pastes, sheets, and porous templates
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[5–8], it also has intrinsic wound-healing abilities [9].
A novel biomedical-grade bilayer chitosan porous skin
regenerating template (CPSRT) was developed for use as a
dermal scaﬀold for skin tissue engineering to take advantage
of these wound-healing abilities as well as the biocompatible
nature of chitosan. The pore size of the CPSRT was assessed
using SEM analysis. However, the cytocompatibility and
skin irritation of the CPSRT were tested in vitro using pHEK
cultures. The in vitro cellular ingrowth into the CPSRT
scaﬀold was evaluated using pHDF and was observed by
CLSM.

2. Materials and Methods
2.1. Preparation and Microstructure Examination of CPSRT.
CPSRT was developed at the Advanced Materials Research
Centre (AMREC-SIRIM), Malaysia and in accordance with
the methods described by Zainol et al. [10]. Pharmaceuticalgrade chitosan powder with molecular weight at 634 kDa
and deacetylation degree (DD) at 89% was purchased from
Hunza Nutriceuticals Sdn Bhd, Perak, Malaysia. Chitosan
was dissolved in 1% (v/v) acetic acid to prepare a 2% (w/v)
chitosan solution. About 20% (w/w) glycerol were added
as a plasticizer, followed by neutralization with sodium
bicarbonate to achieve a pH of 6.2. The chitosan solution
was then poured into a polytetrafluoroethylene (PTFE) mold
and was casted and left dry at room temperature for the
preparation of chitosan film. To create the porous structure
of the CPSRT, the chitosan solution was frozen at −20◦ C
and lyophilized for 24 hours. The chitosan bilayer CPSRT
was fabricated through the attachment of both chitosan film
and chitosan sponge using chitosan solution as the glue. The
CPSRT was sterilized using ethylene oxide (EO) according
to the International Standards Organization (ISO) guidelines
(Part 10993–7:1995: Ethylene Oxide Sterilization Residuals).
The microstructure of the CPSRT was then observed
via an SEM system. Briefly, the CPSRT was fixed in 2.5%
glutaraldehyde for 1 hour followed by fixation in 2%
Osmiumtetroxid for 30 minutes at room temperature. The
CPSRT was then washed two times in distilled water, and the
dehydration was performed using a graded series of ethanol
(25%, 50%, 75%, and 100% ethanol for 5 minutes each).
2.2. pHEK and pHDF Cultures. Skin samples were obtained
from consenting patients who had undergone elective
surgery at Hospital Universiti Sains Malaysia, Kubang Kerian,
Kelantan, after being approved by the Human Ethic Committee of Universiti Sains Malaysia.
The epidermal layer was lifted from the dermal layer
after incubation in a dispase solution (2.4 units/mL). Keratinocytes were released from the epidermal layer using
0.25% trypsin-EDTA for 15 minutes at 37◦ C. The trypsin was
deactivated by adding Dulbecco’s minimal Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS).
The pHEKs were centrifuged for 7 minutes at 200 ×g and
were resuspended in CnT-07 (CELLnTEC Advanced cell
system) growth medium. pHEK cells were seeded at a
density of 2 × 105 viable cells/mL in culture flasks and were
incubated at 37◦ C with 5% CO2.
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The remaining dermal layer was minced into smaller
pieces and digested using collagenase type-I (200 cu/mL of
DMEM) for 12 hours at 37◦ C to extract the pHDFs. The
dissociated fibroblasts were washed with DPBS, and the cell
pellets were sieved through a 70 μm strainer before being
centrifuged at 200 ×g for 10 minutes. The pHDFs were
seeded at 2 × 105 viable cells/mL in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin.
2.3. Cytotoxicity of CPSRT by LDH Assay. The pHEK cultures
at passage 3 were seeded at a density of 5 × 104 cells/mL in 24well plate. CPSRT was sized into 5 × 5 mm2 and was washed
twice in the CnT-07 medium. The CPSRTs were then placed
on 70% confluent cultures of pHEK in the same manner as
a direct-contact test. The experiment was performed for 72
hours on 5 skin samples.
At each time point, 100 μL of supernatant was removed
and added to an optically clear 96-well flat bottom
microplate. This was mixed with 100 μL of LDH reaction
mixtures (diaphorase/NAD+ + iodotetrazolium chloride
and sodium lactate) and incubated for 30 minutes at room
temperature, as described in the instruction manual of the
LDH Cytotoxicity Detection kit (Roche). The optical density
(OD) of the test samples and the controls was measured
at 490 nm using an enzyme-linked immunosorbent assay
(ELISA) plate reader. The reference wavelength was set to
620 nm. pHEK cultures treated with 1% triton-X solution
served as the positive control, whereas pHEKs with only
growth medium served as the negative control. Background
absorbance was measured using growth medium alone. The
cytotoxicity was expressed as a percentage of the positive
control, as shown in the following equation:
Cytotoxicity (%)


Experimental OD − Negative control
 × 100%.
= 
Positive control − Negative control

(1)
2.4. Western Blot Analysis of IL-8 and TNF-α Skin Proinflammatory Cytokines. This experiment was performed according to the western blotting protocols described by Millipore
and Coufal et al. [11] with minor modifications. Cultured
pHEKs in direct contact with CPSRTs were removed from
the 6-well plates at 24 and 72 hours using Accutase.
Protein was extracted from 5 × 106 pelleted cells (n = 3)
in 1 mL of RIPA buﬀer with salt (0.4 M sodium chloride,
50 mM Tris-HCl at pH 7.4, 1% NP-40, 0.1% sodium dodecyl
sulphate (SDS), 1% Na-deoxycholate, 1 mM EDTA and
1 mM phenylmethanesulphonyl fluoride) at 4◦ C on a shaker
for 5 hours. The lysed cells were then centrifuged at
15,700 ×g for 20 minutes at 4◦ C.
A 10% resolving gel (monomer solution acrylamide, 4X
running gel buﬀer pH 8.8, 10% ammonium persulphate
(APS), 10% SDS, TEMED and ddH2 O) was precast for 15
minutes before adding a layer of 7.5% stacking gel on top
(monomer solution acrylamide, 4X stacking gel buﬀer at pH
6.8, 10% APS, 10% SDS, TEMED, and ddH2 O). Ten microliters of sample (at 1 μg/μL total protein concentration) was
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Figure 1: SEM images of CPSRT. (a) Surface of sponge layer. (b) Cross-sectional view of CPSRT that indicates a chitosan film combining a
chitosan porous layer.

mixed with 10 μL of 2X protein sample loading buﬀer. Protein samples were heated for 5 minutes at 96◦ C and loaded
into wells, followed by the addition of 5 μL of prestained protein ladder in a diﬀerent well. SDS polyacrylamide gel electrophoresis was performed at 150 V for 45 minutes. Transblotting was conducted at a constant 13 V for 90 minutes.
The transblotted polyvinylidene fluoride membrane was
blocked with blocking buﬀer (5% w/v nonfat milk, 1X Tris
buﬀered saline (TBS) and 0.05% Tween-20) for 1 hour,
followed by washing buﬀer (1X TBS and 0.05% Tween-20)
for 10 minutes. The membranes were then incubated with
the following primary antibodies: mouse monoclonal antihuman IL-8 (dilution 1 : 1000) (Abcam), TNF-α (dilution
1 : 1000) (Abcam), and loading control alpha-tubulin (dilution 1 : 5000) (Abcam) for 120 minutes each. Goat antimouse
HRP-conjugated secondary antibody (dilution at 1 : 2000)
(Sigma-Aldrich) was added and incubated for 1 hour at
room temperature. The membrane was then incubated
with chemiluminescent horseradish peroxidase substrate
for 3 minutes at room temperature before visualization
and quantification of band intensity using a ChemiImager
4040 image analyzer. Protein band intensity was scored in
arbitrary intensity units (AIUs) and was normalized to the
alpha-tubulin loading control. Each experiment was repeated
in three skin samples. Cultured pHEK in direct contact with
low-density polyethylene (LDPE) served as negative control
whereas the organotin-polyvinylchloride (PVC) as positive
control.
2.5. Growth of pHDF within CPSRT Observed via CLSM
Microscopy. pHDF cultures at passage 3 were dislodged from
culture flasks and seeded at 2 × 106 viable cells/mL onto
CPSRTs in 96-well plates. After 24 hours, the CPSRTs were
transferred to 12-well plates. Growth medium was changed
every day to mitigate nutrient depletion. Cultures were
evaluated at days 5 and 14.
Briefly, CPSRTs were transferred back to 96-well plates
and washed twice with Dulbecco’s phosphate buﬀered
saline (DPBS) before live/dead cell staining. One hundred

microliters of live/dead cell reagents (Molecular Probe, Invitrogen) containing calcein (2 μM) and ethidium homodimer1 (4 μM) was added to each CPSRT and incubated for 45
minutes at room temperature. CPSRTs were imaged both in
cross-section and on the construct surface under a CLSM
with excitation/emission wavelengths at 495 nm/515 nm for
calcein and 495 nm/635 nm for ethidium-homodimer-1.
CPSRTs incubated in growth medium without cultured cells
served as the negative control.
2.6. Statistical Analyses. The results are expressed as mean ±
standard deviation (SD). The Wilcoxon signed-rank test was
used to assess significance among the diﬀerent experimental
conditions. Diﬀerences were regarded as significant at
P ≤ 0.05.

3. Results
3.1. Structure of CPSRT. The microstructure of the sponge
layer and the cross-sectional view bilayer CPSRT was
observed under an SEM (Figure 1). The pore sizes of CPSRT
are ranging from 50 to 150 μm (Figure 1(a)). The chitosan
film layer was intact to the chitosan porous layer, making up
a bilayer structure (Figure 1(b)).
3.2. Cytotoxicity of CPSRT In Vitro. Cytotoxicity in vitro
was assessed by measuring the amount of LDH released
into the supernatant from damaged pHEKs after 72 hours
of incubation with CPSRTs, as a percentage of the LDH
values in positive controls. The LDH assay indicated that the
CPSRTs displayed no measurable cytotoxic behavior when
compared with positive controls at all time points (Figure 2).
However, cytotoxicity was noticeably elevated after 48 hours
of treatment with CPSRTs compared to the 6-hour CPSRT
treatment. The CPSRT cytotoxicity was significantly reduced
at 72 hours (P < 0.05).
3.3. Proinflammatory Cytokine Expression of CPSRT. IL-8
and TNF-α proteins were expressed by pHEKs at all time

4

International Journal of Polymer Science
i

Cytotoxicity of CPSRT by LDH assay
∗

ii

iii

iv

v

vi

∗

IL-8, ∼11 kDa

120
α-tubulin, ∼55 kDa
80
60
40
20
0
6 hours

24 hours
32 hours
48 hours
Time intervals (hours)

72 hours

Ratio IL-8/ α-tubulin (fold)

Cytotoxicity (%)

100
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
24 hours

CPSRT
High control

72 hours
Time intervals (hours)

CPSRT

Figure 2: Cytotoxicity of CPSRT as determined by the release of
LDH from the damaged cells. n = 5, ∗ for P ≤ 0.05.

points (Figures 3 and 4). pHEKs treated with organotin-PVC
produced the most IL-8 and TNF-α at 24 hours, and both
proteins were noticeably increased at 72 hours (P < 0.05).
No significant diﬀerence in IL-8 expression was observed
between pHEKs treated with CPSRT and LDPE at both time
points. However, TNF-α expression remained unchanged in
the treatment with CPSRTs at both time points and had
the lowest value out of all three groups (CPSRT, organotinPVC, LDPE). Although pHEKs treated with LDPE expressed
higher TNF-α compared with CPSRT at 24 hours, LDPEinduced TNF-α levels declined at 72 hours.
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Figure 3: Western blot analysis of IL-8 in pHEK cultures. pHEK
cultures were treated for 24 hours ((i) CPSRT, (ii) LDPE, and (iii)
organotin-PVC) and 72 hours ((iv) CPSRT, (v) LDPE, and (vi)
organotin-PVC) (n = 3). ∗ For P ≤ 0.05 compared with both
CPSRT and LDPE.
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3.4. Ingrowths of pHDF on CPSRT. The ingrowth of pHDF
cells was observable at day 5 by CLSM (Figure 5). The
viable cultured cells propagated in small groups within
the CPSRT pores, as shown by the green fluorescence
(Figure 5(a)). No significant quantity of dead or apoptosis
cells was seen, indicated by the lack of red fluorescence
emission. At fourteen days postseeding, the groups of pHDF
cells had proliferated enough to fuse into a larger cell
mass that covered the top surface of CPSRT (Figure 5(b)).
Furthermore, pHDF cells had also infiltrated and proliferated
into the porous structure of CPSRT, as visualized in the crosssectional view (Figure 5(c)).

4. Discussion
In this study, a skin-like bilayer porous chitosan scaﬀold
mimicking the thickness of natural skin was created for skin
tissue engineering. For skin tissue engineering, pore size for a
scaﬀold is recommended to be within the range between 100
to 200 μm [12]. Nevertheless, significant cell proliferation
and diﬀerentiation were reported for the scaﬀolds with small
pore sizes. Chitosan-gelatin-hydroxyapatite scaﬀold with
pore sizes at the top (65–80 μm) and bottom (10–20 μm),
resulted in proliferation of fibroblasts and keratinocytes [13].
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Figure 4: TNF-α protein expression in western blot analysis. pHEK
cultures were treated for 24 hours [(i) CPSRT, (ii) LDPE and (iii)
organotin-PVC] and 72 hours [(iv) CPSRT, (v) LDPE and (vi)
organotin-PVC] (n = 3). ∗ For P ≤ 0.05 compared with CPSRT.

Similarly, lyophilized chitosan scaﬀold coated with collagen
(40–100 μm pore sizes) was shown to have interconnected
structure, which enhanced cell proliferation and woundhealing without inflammation [14].
However, although chitosan is biocompatible, to ensure
the CPSRT fabrication process did not alter its natural
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Figure 5: Live/dead cell staining of pHDF cultures seeded on CPSRTs. (a) Three-dimensional (3D) surfaces were scanned using a CLSM at
day 5. (b) Viable pHDFs (green) were confluent at day 14. (c) Cross-sectional view of a CPSRT seeded with pHDFs at day 14.

biocompatibility, in vitro models of cytotoxicity were used
to evaluate the construct. In vitro cytotoxicity models
are often used to screen for potential harmful eﬀects of
chemical compounds because they have good reproducibility
and sensitivity, while also minimizing the use of animals.
Moreover, cellular cytotoxicity systems are better predictive
tools for human toxicity than are whole organism models
[5, 6, 15, 16].
By using primary human cell cultures, in this case
pHEKs, these results should also better reflect the cytotoxicity outcomes expected in humans, compared with
results from transformed cell lines, fibroblasts, or animal
cell lines [6, 7, 17, 18]. LDH is a stable cytoplasmic enzyme
present in most cells that is released when the plasma
membrane is damaged or ruptured. Therefore, measuring
LDH levels is a highly sensitive and accurate measure of
cytotoxicity [19]. The CPSRTs in this study did not cause
significant cytotoxicity compared with the positive control.
However, the reduction in LDH observed at 72 hours may be
attributed to chitosan-induced proliferation and cell growth,
which is corroborated by the findings of Cho et al. [20].
Chitosan’s oligomers N-acetylglucosamine and glucosamine
have been implicated in enhancing cell growth. Glucosamine
has been reported to be important for detoxification in
the liver and kidneys, as well as in anti-inflammatory,
hepatoprotective, antireactive, and antihypoxic activities [21,
22]. N-acetylglucosamine is a major component of dermal
tissue that is essential for repairing scar tissue and is
present in large quantity in the early phase of woundhealing. It has been eﬀective in modulating keratinocyte
cellular adhesion, proliferation, and diﬀerentiation, leading
to the normalization of stratum corneum exfoliation [23].
Therefore, it is possible that CPSRTs could promote the
proliferation of keratinocytes by functioning as a controlled
delivery source for N-acetylglucosamine and glucosamine to
the in vitro wound-like model in this study.
Because the CPSRT is intended to be a scaﬀold for
skin transplantation, it should avoid irritating epidermal
transplantation sites to avoid failure of the bioengineered
skin graft. Keratinocytes are the primary cell type in the
epidermis and serve as a major contributor of epidermal

cytokines, particularly pro-inflammatory cytokines, that act
as the first line of defense to protect the body from invaders
[24]. Many of the currently identified cytokines, such as IL6, IL-7, IL-8, and TNF-α, are produced by keratinocytes,
either constitutively or upon induction by various stimuli
[7, 25]. The findings of this study corroborate the cytokine
expression profiles of keratinocytes. The pro-inflammatory
cytokines IL-8 and TNF-α were expressed in the negative
control cultures, suggesting that these cytokines are constitutively expressed. However, the expression of both cytokines
was significantly higher in the positive control, indicating
that higher levels of both IL-8 and TNF-α could indicate skin
irritation in vitro. High expression of TNF-α has been found
in patients with keratinocyte lesions, rendering it important
role in inflammatory process [26]. Elevated levels of TNFα expression could indicate activation of cytokine pathways
associated with inflammation and disease progression [6].
CPSRTs did not induce increased production of either IL-8 or
TNF-α, but maintained levels similar to those in the negative
control, suggesting that these scaﬀolds did not provoke an
irritation response in vitro.
Combining cells with natural or synthetic scaﬀolds is a
fundamental approach in tissue engineering. The scaﬀolds
help maintain a three-dimensional (3D) space for cells in
order to facilitate cellular proliferation and diﬀerentiation
and to eventually guide cellular organization into a defined
architecture for tissue regeneration. Natural biopolymers
have been the focus as they are biocompatible, biodegradable
and come from renewable resources. Chitosan has structural
characteristics similar to glycosaminoglycans, which can be
useful for developing a skin replacement. Therefore, the
CPSRT was produced in a skin-like format with a 3D
porous structure to provide space for cellular ingrowth.
Porous chitosan structures can be formed by freezing and
lyophilizing chitosan salt solutions in suitable molds. During
the freezing process, ice crystals nucleate along thermal
gradients and generate a porous structure when removed by
lyophilization.
Cultured pHDF cells adapted to the 3D environment
by adhering to the 3D structure of the CPSRT at day 5,
as verified by live/dead staining and imaging by CLSM.
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This CPSRT supports cell attachment, as in agreement with
Zhu et al. [27] and Fakhry et al. [28]. Cultured pHDFs
grew rapidly and achieved confluence within the CPSRT
at fourteen days post-seeding. This growth is likely due to
the initial adaptation of cells to the 3D environment by
adhering to the chitosan motifs in the construct. In addition,
degraded chitosan oligomers have been eﬀective at inducing
cell migration and proliferation [29].

5. Conclusion
A naturally derived, bilayer porous biopolymer scaﬀold,
termed a CPSRT, has been developed for skin tissue engineering with pore sizes ranging from 50 to 150 μm. It has been
shown to be biocompatible, as it neither induced significant
cytotoxic response in the LDH assay nor an irritation
response in vitro. This biocompatibility is further supported
by the observed ingrowth of pHDFs into the CPSRT.
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