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Abstract

B ackground: Skin is a 3-dimensional (3-D) tissue that mainly consists 2 layers, comprising the epidermis
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and dermis. Skin tissue engineering scaffolds are used commonly as 3-D analogs of the extracellular

matrix (ECM) of the skin. Bacterial cellulose (BC) has great importance in skin tissue engineering because
of its resemblance to ECM and its biocompatibility. The lack of 3-D microporosity and limited biodegradation
capacity has restricted its application as a scaffold for skin tissue engineering. Controlled 3-D microporosity of
BC via surface modification techniques are required for potential tissue engineering applications.

Methods: Freeze-drying is an ex-situ surface modification technique for making macroporous BC scaffolds
(MBCSs). This study proposed a new approach to the freeze-drying method for the arrangement of the pore
size of MBCSs specifically for the human keratinocyte cell line (KER-CT). Different concentrations of MBCS
(0.25%, 0.50%, and 0.75%) were prepared and the KER-CT cell viability was detected via 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay.

Result: The results of this study indicated that the KER-CT cells were able to proliferate all of the
concentrations of MBCS, and the best cell viability value was observed with 0.75% MBCS. The results were
supported by FESEM and light microscopic observations.

Conclusion: These findings suggested that 0.75% MBCS might be of use in epidermal tissue engineering
applications.
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Introduction

Skin is the largest and most self-renewable organ of the
body in mammalians, and plays many important roles in
the physiology of the body [1, 2]. Skin consists of 2 main
layers, which are the dermis and epidermis. The
epidermis is the first barrier of the skin and it protects
the subcutaneous layer against thermal, mechanical,
chemical, and pathogenic agents, and ultraviolet
radiation. In large full-thickness defects of the skin, the
skin is not capable of renewing itself. Hence, the skin
cannot heal without resulting in the formation of scar
tissue [3, 4]. Under these conditions, the best approach
is to apply an artificial graft to the victims of injury.
Thus, to supply the best compatibility of artificial skin
as soon as possible, the basic aim of skin tissue
engineering is to fabricate an easily applicable skin
graft. However, there are no models of artificial skin that
entirely mimic normal, healthy human skin [5, 6, 7].

The widespread attempt in tissue engineering is to
prepare 3-D biocompatible scaffolds in the same shape
as the target tissue. An ideal 3-D tissue engineering
scaffold must have a highly porous structure and good
biocompatibility. High porosity and an optimally
designed pore diameter provide a proper area for cell
adhesion and proliferation, so the cells that hold the
scaffold on are be able to exchange nutrients between
their micro-environments. To mimic the in vivo
environment of skin, many natural and synthetic
materials have been frequently investigated for tissue-
engineering applications [5, 8].

Bacterial cellulose (BC) is a valuable material for skin
tissue engineering due to its strong biocompatibility,
purity, porosity, water retention ability, and tensile
strength [9, 10, 11]. Moreover, according to the study of
Czaja et al., BC may be the cheapest artificial skin
scaffold ever. These features may make it excellent as a
tissue engineering scaffold, despite the fact that BC has
2 challenges in this respect, comprising its
biodegradation time and its pore size. The
biodegradation time of BC has been estimated as
approximately 10 years [9]. However, in the standard
approach of tissue engineering, the ideal timing for
scaffold melting is limited to only 1 year. Hence, many
researchers have endeavored to shorten the
biodegradation rate of BC [12, 13].

On the other hand, the nanoporous structure of BC
constitutes a much bigger problem. The size difference
between the pore size and the cell could be due to block
cell viability and migration. For this reason, controlled
3-D microporosity via surface modification techniques
is required for potential tissue engineering applications
of BC. Freeze-drying is an ex-situ surface modification
technique that is used for making macroporous BC
scaffolds (MBCSs) [14, 15, 16]. Poly (ethylene) glycol
(PEG) is a synthetic polymer that has been used to
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camouflage proteins from the immune elements of
human body. As a result, PEG 400 administration to BC
has enhanced the biocompatibility, porosity, and
surface area of BC [14, 17].

A completely differentiated epidermis, which consists
of a basal, spinous, granular, and cornified layer, has not
yet been able to be mimicked. The culturing of
keratinocyte cells is the first step that must be taken
when making an artificial epidermal layer [2, 5, 7]. To
generate the epidermis on 3-D MBCS with epidermal
cells, the culture media has to be supplemented with
various growth factors, such as the epidermal growth
factor (EGF), insulin like growth factor (IGF), and
keratinocyte growth factor (KGF). These requirements
necessitate the cultivation of keratinocytes in a special
medium. Keratinocyte growth medium-gold (KGM-
Gold) is a special medium that has fulfilled these
requirements. Working with cell lines has provided
some advantages for researchers, such as enhanced
reproducibility, independence of donor alterations, and
accessibility [18]. For this reason, the human foreskin
origin keratinocyte cell line (Ker-CT) was used in this
work.

This study proposed a new approach to conventional
methods for making a cheap and biocompatible scaffold
without disrupting the purity of the BC. Moreover, the
most suitable pore size via alteration of the
concentrations of BC for the proliferation of the human
keratinocyte cell line for skin tissue engineering
applications was investigated for the first time.

Methods

Production of BC

Gluconacetobacter xylinus, which produce cellulose
with high efficiency, was purchased from the American
Type Culture Collection (ATCC 10245, ABD). The
bacteria were cultured using Hestrin-Schramm broth
(HSB). The HSB contained (w/v) 2% glucose, 0.5% yeast
extract, 0.5% peptone, and 0.5% Na:HPO4 0.115% citric
acid at a pH of 6.0 [19]. The solution was sterilized via
autoclaving. Next, 5% Gluconacetobacter xylinus
suspension was cultured in the HSB for 10 days at 30°C
under static conditions. After the incubation, the BC
film was harvested under aseptic conditions.

Preparation of MBCS samples
The MBCS samples were prepared as defined by Gao et
al., with minor modifications.
First, the BC pellicle was boiled in deionized water for
2h, followed by 0.5 M NaOH for 15 min. The pellicle was
stored in 1% NaOH for 2 days. Next, the pellicle was
rinsed with deionized water several times until reaching
the neutral pH. The BC pellicle was frozen and
lyophilized at —50°C for 1 day.
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The lyophilized BC pellicle was soaked in PEG 400 for 1
day and the BC pellicle was stored in deionized water to
remove the PEG 400. Finally, the BC pellicle was
lyophilized for another day wunder the same
lyophilization conditions.

For molding of the BC pellicle, the lyophilized BC
pellicle was blended with deionized water using a
Heidolph homogenizer (Fisher Scientific, Goteborg,
Sweden) at high speed for 10 min to prepare 0.25%,
0.50%, and 0.75% (w/v) BC suspensions. The BC
suspension was transferred into a 24-well plate and
freeze-dried under the same conditions[14, 15]. The
scaffold size was 1 cm3. The scaffolds were sterilized via
autoclaving.

Scaffold characterization and cell
observation with FESEM

The MBCS samples were coated with an ultrathin layer
of platin using a Q150 ES ion sputter (Quorum
Technologies Ltd., Laughton, East Sussex, England). The
surface morphology of the MBCS samples was observed
under a Supra 55 field emission scanning electron
microscope (FESEM; Carl Zeiss NTS GmbH, Oberkochen,
Germany).

For observation of the MBCS-KER-CT complex, the
samples were dehydrated by serial acetone
administrations and air-dried using an Emitech K850
dryer (Quorum Technologies Ltd.) and were sputter-
coated with platinum (Quorum, Q150 ES) and then the
samples were observed using the aforementioned
FESEM.

morphology

Cell seeding and cell viability assay

Human foreskin keratinocyte cell line (Ker-CT, ATCC
CRL-4048) was used in this study to investigate the
optimal pore size for making an artificial epidermis
prototype.

First, the scaffolds were soaked with complete growth
medium (KGM-Gold, Lonza) and the cell suspension,
which included 10° Ker-CT cells that were inoculated on
each scaffold. The scaffolds were cultured for 1, 3, 5, 7
days at 37°C in a 5% COz incubator. For the cell viability
assay, the culture medium was aspirated and the
scaffolds were transferred into a 96-well plate, and then
30 pL 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H
tetrazolium (MTS) solution was pipetted each well (The
CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, MTS, Promega). The plate was incubated for 1 h
at 37°C in a 5% CO:2 incubator. The optical density (OD)
was detected at 490 nm.

Cell imaging with Light Microscope

At the end of the aforementioned culturing period, the
medium was removed and the scaffolds were washed
with phosphate buffered saline. Then, freshly prepared

%4 paraformaldehyde was added for fixation for 48 h.
Next, 20% sucrose was added to the samples for 24 h.
Following this, 30% sucrose, containing sodium azide,
was added and kept at 4°C until sectioning. Sections that
were 10 um thick were placed onto adhesive slides that
were coated with gelatin using a Leica CM1900 cryostat
(Leica Microsystems, Wetzlar, Germany). Hematoxylin-
eosin (H&E) staining was then performed. The sections
were observed under an Olympus BX50 light microscope
with an Olympus LC30 camera attachment (Olympus
Scientific Solutions, Shinjuku, Tokyo, Japan).

Statistical analysis

The MTS experiment conducted in replicates of six and
the pore size evaluation was performed using 20
measurements. Statistical analysis was conducted using
SPSS. P <0.05 was accepted as statistically significant.

Results

Preparation of MBCS and its structural pore size analysis
The pore size, which supports cell growth,
differentiation, and colonization in the scaffold, varies
depending on the cell type. For these reasons, this study
focused on determining the optimal pore diameter for
human skin keratinocyte cell growth, proliferation, and
colonization.

The average pore diameter was calculated according to
FESEM measurements and shown as the mean pore
diameter on the graph. Although the pore diameter and
distribution were random, the pore diameter was
significantly reduced at 0.25% MBCD in 0.50% and
0.75% MBCD samples.
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Figure 1: Average pore size distribution of the different
concentrations of the MBCS samples.

Fig. 1 shows the average pore size of the different BC
concentrations of MBCS. The average pore sizes of the
0.50% and 0.75% MBCS were significantly different that
of the 0.25% MBCS (P < 0.05). Figs. 2a—2c. show the
FESEM micrographs of the 0.25%, 0.50%, and 0.75%
MBCS, respectively.
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Figure 2: FESEM micrographs of the different concentrations of
MBCS. A. 0.25% MBCS, B. 0.50% MBCS, and C. 0.75% MBCS.

Cell proliferation and MTS assay

Fig.3 demonstrates the proliferation of the KER-CT cells
on the MBCS on days of 1, 3, 5, and 7. The results of the
MTS assay showed that the human keratinocyte cells
could proliferate and grow in all of the concentrations of
the MBCS. However, the 0.75% MBCS showed a
significantly different increase when compared to the
other concentrations of the scaffold. The number of
proliferated KER-CT cells increased by approximately 3-
fold when compared with day 1 of incubation. The MTS
results of this study were supported by the FESEM and
light microscopic observations in terms of cell viability,
adhesion, and biocompatibility.

_ .
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Figure 3: Cell viability of the KER-CT cells with different
concentrations of MBCS after culturing for days 1, 3, 5, and 7.

Observation of cell morphology on MBCS with FESEM
and Light microscope

The cell morphology of the MBCS was examined via
FESEM and a light microscope at the aforementioned
incubation times. The results are shown in Figs. 3 and 4.

Figure 4: FESEM images of the KER-CT cells on the MBCS scaffold.
(A) FESEM micrograph on day 3 of incubation, KER-CT cells and
0.75% MBCS, and (B) KER-CT cells on 0.75% MBCS on day 7 of
incubation.
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Figure 5: Photomicrographs of the MBCS and KER-CT cells under
light microscope x400 on days 1 (a), 3 (b), 5 (c), and 7 (d) of
incubation.

According to the FESEM and light microscope
observations, the KER-CT cells attached onto the MBSC
surface and micropores after day 1 of incubation, and in
the progressing days of incubation, the number of
colonized cells increased, as shown Fig. 5.

Discussion
The pore diameters we obtained in the MBCS samples,
was produced in this study, support the proliferation
and colonization of keratinocyte cells, considering the
average size of a mammalian cell. The pore size
measurements via the FESEM demonstrated that the
average pore sizes of the 0.50% and 0.75% MBCS were
significantly different when compared to that of the
0.25% MBCS. Figs. 1 and 2 show that increasing the BC
concentration in the freeze-dried MBCS samples was a
simple and effective method to reduce the average pore
size of the MBCS. Our previous study showed that the
average pore size which was 540u in 0.25% MBCS,
decreased to 405p in 0.50% MBCS samples and to 206pu
in 0.75% MBCS samples [20]. As shown in Fig. 1, the
average pore size of the 0.25% MBCS was about 500 p,
and although the pore size formation was random, the
result was in agreement with the previous studies of our,
Gao et al. and Xiong et al [14, 15, 20]. Our previous
studies also compared that, to the 30-day in vitro
degradation period of BCF and MBCS samples. The
result indicated that the increased surface area and
macroporous structure of MBCS can contribute to
reducing the degradation process positively. However,
the increased degradation rate of MBCS is still not ideal
for tissue engineering applications [20].Further studies
on the subject will be beneficial in terms of cumulative
scientific progress.

The first report was published about keratinocyte
(CRL-2309, ATCC) cell viability on unmodified BC film
by Sanchavanakit et al. (2006) [21]. According to the
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results of their study, the keratinocytes covered the
surface of an unmodified BC film and at the end of 48 h
of incubation, the keratinocytes reached confluency.
The phase-contrast microscopy of the study indicated
that the keratinocyte cell line had good biocompatibility
with the unmodified BC film. Contrary to the results of
their study, the MTS results herein indicated that the
confluence of the KER-CT cells was realized on day 7 of
incubation. The difference in the confluence times
might have been based on the dimensional difference
between the BC film and the 3-D MBCS.

The previous report of Khan et al. (2018) reported
much better cell viability on a microporous BC-gelatin
composite scaffold with HaCaT cells. The MTT results of
their study showed that the number of HaCaT cells
increased by 9-fold when compared with that on day 1 of
incubation [22]. The difference between their study and
that herein may have arisen from the effect of the
gelatin and the type of keratinocyte cell line. More
detailed and comparative studies might be useful to
determine the optimal keratinocyte cell line type
scaffold specifically.

The experimental design, which included the FESEM
observations and cell viability assay, allowed the
discovery of the adhesion of the cells that held it to the
surface of the scaffold and the viability capability on the
scaffold surface. Moreover, the light microscopic
sections allowed for an observation of the deeper layers
of the MBCS. Fig. 5 demonstrates the colonization of the
KER-CT cells inside the MBCS pores and on the fibers via
light microscopic observations.

Freeze-drying is a traditional method that is used for
making 3-D scaffolds. This study proposed a simple and
applicable modification to the freeze-drying method.
The method not only reduced the pore size of the BC, but
also improved its biocompatibility with PEG
administration.

According to the MTS assay results, the 0.75% MBCS
had the most appropriate pore size for human
keratinocyte cell growth and proliferation. The FESEM
and light microscopic observations indicated that the
concentration of 0.75% BC was the best for the human
keratinocyte cell morphology and adhesion. The SEM
and light microscopic observations in this study
demonstrated that the KER-CT cells most often
penetrated into the pores of the MBCS when compared
to attaching on the surface. As a result, modified and
improved 0.75% MBCS might be an epidermal graft in
skin tissue engineering applications. Further and more
detailed studies are suggested to determine the
potential applications of MBCSs for skin tissue
engineering scaffolds.

The FESEM micrographs in the current study showed
that at the end of 7 days of incubation, the KER-CT cells
did not reach their original shape. The cells had a round

shape and were loosely attached to the surface of the
MBCS; hence, the filopodia formation was not observed
(Fig. 4). On the other hand, according to the light
microscopic observations, the KER-CT cells frequently
attached on the inter-layer pores of the MBCS. These
results were supported by the previous study of Khan et
al [22]. According to the dataof our study and the
previous studies, MBCSs can be a good scaffold
candidate for skin tissue engineering.
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