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Abstract

Soft tissue defects in the oral maxillofacial area are critical problems for many patients and, in some cases, patients
require an operation coupled with a performance scaffold substitution. In this research, mimicked anatomical scaffolds
were constructed using gelatin- and chitosan-coated woven silk fibroin fabric. The morphologies, crystals, and structures
were observed and then characterized using scanning electron microscopy, X-ray diffraction, and differential scanning
calorimetry, respectively. Physical performance was evaluated from the swelling behavior, mechanical properties,
and biodegradation, while the biological performance was tested with fibroblasts and keratinocytes, after which cell
proliferation, viability, and histology were evaluated. The results revealed that a coated woven silk fibroin fabric displayed
a crystal structure of silk fibroin with amorphous gelatin and chitosan layers. Also, the coated fabrics contained residual
water within their structure. The physical performance of the coated woven silk fibroin fabric with gelatin showed
suitable swelling behavior and mechanical properties along with acceptable biodegradation for insertion at a defect site.
The biological performances including cell proliferation, viability, and histology were suitable for soft tissue reconstruction
at the defect sites. Finally, the results demonstrated that mimicked anatomical scaffolds based on a gelatin layer on woven
silk fibroin fabric had the functionality that was promising for soft tissue construction in oral maxillofacial defect.
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fit the anatomical structure of soft tissue.” The anatomical
structure of the mucosa has two main phases of keratinocytes
and fibroblasts; however, scaffolds as an anatomical struc-
ture for soft tissue have been rarely reported.® Hence, the
construction of these scaffolds for soft tissue regeneration in
maxillofacial surgery is presented in this research.

Introduction

Currently, many patients suffer from tissue defects at the
mucosa from either trauma or disease in maxillofacial tis-
sue.!=3 In severe cases, patients require surgery using a bio-
material substitution to fit the defect area.* Tissue
engineering scaffolds are attractive biomaterials for the
promotion of new tissue regeneration.’ Therefore, the cre-
ation of surgically functional scaffolds for tissue engineer-
ing in mucosa reconstruction becomes a challenge for
surgeons as well as material scientists.

Tissue engineering scaffolds, for mucosa reconstruction,
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have often been constructed into two-dimensional (2D) lay-
ers.® These sheet structures need to allow for regeneration of
new tissue. Furthermore, 2D scaffolds need the geometry to
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Mimicking is an attractive approach, which has been
used to create performance scaffolds since mimicked scaf-
folds have the unique ability to enhance tissue formation.’
Some research has demonstrated that mimicked scaffolds
could induce tissue formation in soft tissue.!® Therefore,
due to its potential, mimicking was used to create 2D scaf-
folds in this research. Especially, our created 2D scaffolds
mimicked the anatomy of native soft tissue, which has a
bilayer of keratinocytes and fibroblasts.!!

Silk fabric has unique physical, mechanical, and biologi-
cal performance capabilities that are suitable for biomaterial
applications.!? Silk fabrics also show suitable performance
for construction into tissue engineering scaffolds.!? Since
very few reports exist on the application of silk fabric for
soft tissue engineering,'* we present silk fabric as a 2D scaf-
fold for tissue engineering in mucosa surgery.

Gelatin is a natural protein that is often used in biomate-
rial applications!® because of the unique biofunctionality to
induce cell adhesion and proliferation and as such gelatin
has been fabricated into scaffolds for various types of tissue
engineering, particularly in mucosa reconstruction.!%-!7 For
soft tissue engineering, gelatin is often prepared into sheet
scaffolds” and so, based on those unique functionalities,
gelatin was selected as the material to be combined with silk
fabric for the construction of 2D scaffolds in this research.

Chitosan is a natural polymer that is functional, biocom-
patible, biodegradable, and nontoxic. These characteristics
make it suitable for biomaterial applications,'® and for this
reason chitosan is often fabricated into scaffolds for tissue
engineering.'” For soft tissue, chitosan is prepared into sheet
scaffolds to induce new tissue regeneration.?’ Furthermore,
chitosan is chosen in combination with silk fabric for 2D scaf-
folds in the use of tissue engineering for mucosa surgery.

In this research, mimicked anatomical scaffolds of
coated silk fibroin fabric (SF) in combination with gelatin
and chitosan were evaluated for their morphological and
structural organization as well as physical and biological
performance.

Methods
Coating the SF

The SF was cut into 1.0 X 1.0cm? pieces. These pieces
were then coated with 3% (w/v) of gelatin and chitosan
solutions. The gelatin solution was prepared by dissolving
gelatin powder (gelatin from porcine skin; Sigma—Aldrich)
in distilled water at 50°C for 15min.2! For preparation of
the chitosan solution, acetic acid (0.1 M) was used to dis-
solve the chitosan (%DD =90%; Marine Bio Resources
Co., Ltd. Thailand).2? Afterwards, the chitosan solution
was filtered with cheesecloth. For the coating of SF, there
were two steps. First, each SF was immersed in each solu-
tion for 30 min at 37°C. Second, the immersed SF was put
in hydrophobic plastic molds before 1 mL of each solution
was dropped onto the top of the pieces of fabric. Then,

Table I. The experimental groups.

Groups Detail

SF Silk fabric

SF-GT Gelatin-coated silk fabric
SF-CS Chitosan-coated silk fabric

they were allowed to dry at room temperature for 24 h. The
experiment groups are as shown in Table 1.

Scanning electron microscope

In all the groups, the surface and morphological structures of
the fabrics were observed with a scanning electron micro-
scope (SEM; Quanta400; FEI, Czech Republic). The samples
were coated with gold using a gold sputter coater machine
(SPI Supplies, Division of Structure Probe Inc., USA).

Swelling property

All groups of fabrics were soaked in a phosphate-buffered
saline (PBS) solution at different time points: 0.5, 1, 2, 4,
8, 12, and 24 h. The weights of the fabrics were collected
at before and after soaking in the PBS. The swollen sam-
ples were weighed immediately and the swelling ratios
were calculated using the following equation??

Ws —Wd

Swelling ratio =
Wwd

where Ws and Wd are the weights of the swollen scaffold
and the dry scaffold, respectively.2*

Degradation properties

Lysozyme powder was dissolved at a concentration of
4mg/mL (pH 7.4) with distilled water at room tempera-
ture. Then, the 1 X 1 cm? pieces of scaffolds were immersed
in the lysozyme solution and incubated at 37°C for 7, 14,
21, and 28 days. Afterwards, the scaffolds were washed in
distilled water 2-3 times and frozen at —20°C prior to
freeze-drying. The weight loss was calculated using the
following equation

Percentage of weight loss =
(Initial weight — Weight after degradation) x 100
Initial weight

Tensile property testing

The silk fabric was cut into 1 X 5cm? pieces and fixed with
glue onto a plastic plate. The tensile property of the sample
was evaluated by a Lloyd Instrument under the condition
of 10 N/min.
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Fourier transform infrared characterization

Molecular organization of the woven SF, woven SF coated
with gelatin (SF-GT), and woven SF coated with chitosan
(SF-CS) were analyzed by Fourier transform infrared
(FTIR) spectrophotometer using the EQUINOX 55
(Bruker Optics, Germany). The samples were prepared
into a KBr pellet before being analyzed with an FTIR
spectrophotometer in the range of 4000—400cm™!.

Differential scanning calorimetry
characterization

The membranes were kept in a desiccator for 24h. The
membranes were then cut into small pieces and the samples
were weighed and put into an aluminum pan. Differential
scanning calorimetry (DSC; DSC7; PerkinElmer, USA)
was used for sample characterization. The heat scanning
was done from 20°C to 350°C.

X-ray diffraction characterization

The structures of the SF, SF-GT, and SF-CS were analyzed
by X-ray diffraction (XRD; X’Pert MPD; Philips, The
Netherlands). Samples were placed in the XRD instrument,
whereas diffraction patterns were measured over a 26 range
of 50 —900 with a step size of 0.056 coupled with time per
step of 1s.

Cell culture experiments

In this study, the murine fibroblast L929 cell line was used
for the biological function of the fabrics. The murine fibro-
blast 1929 cell line was cultured in alpha-minimum essen-
tial medium (a-MEM; Gibco Ltd and Invitrogen, USA)
with the addition of 1% penicillin/streptomycin, 0.1%
amphotericin B, and 10% fetal bovine serum at 37°C in a
humidified 5% of CO, and 95% air incubator. The murine
fibroblast L929 cell line was seeded with a 2 X 10%/silk
fabric and the medium was changed every 3—4 days.?

The H357 keratinocyte cell line was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) combined
with Ham’s F-12 nutrient mixture, which was supplemented
with 10% fetal calf serum, epidermal growth factor (10ng/
mL), hydrocortisone (0.5g/mL), penicillin (100 U/mL),
streptomycin (100 g/mL), and amphotericin B (2.5 g/mL).2¢

Cell proliferation assay (PrestoBlue®; days 1, 3,
5,and 7)

The cell proliferations of the L929 and H357 cell lines in
each SF were observed by PrestoBlue assay?’ (PrestoBlue
Cell Viability Reagent; Invitrogen) according to the manu-
facturer’s instructions.

After cell seeding at days 1, 3, 5, and 7 the media was
removed and washed twice with 1X PBS upon which

1/10th volume of PrestoBlue reagent was added directly
into the complete media and incubated for 1h at 37°C. The
proliferation rates of the cells were measured by monitor-
ing the wavelength absorbance at a 600 nm emission.

Cell viability (fluorescence microscope on days
3,5,and 7)

Since fluorescein diacetate (FDA) stains the extracellular
matrix, FDA was used to observe the cell migration as well
as the viability of the L929 fibroblasts and H357 keratino-
cytes in the silk fabrics. FDA powder was dissolved in
acetone at Smg/mL. A quantity of 5puL of FDA solution
was added to the silk fabric in 1 mL of fresh media. After
that, the excess FDA was removed by washing with 1X
PBS. Following this, the fabrics were put on glass slides
and observed under a fluorescence microscope.8

Histology

In all groups of silk fabric, the L929 fibroblast cells and
H357 keratinocytes were stained with haematoxylin and
eosin (H&E) at days3 and 5 for observation of the mor-
phologies. Moreover, the collagen deposition of L929
fibroblasts was detected with Masson’s trichrome staining
on days 14 and 28. All groups of fabrics were immersed in
paraffin after fixing with 4% formaldehyde at 4°C for 24 h.
The paraffin blocks were then cut into 5-um sections and
positioned on glass slides. The slides were deparaffinized
and hydrated for H&E and Masson’s trichrome staining.?*

Statistical analysis

Statistical methods were used to analyze the mechanical
properties, swelling, degradation, and cell proliferation.
Five samples were used for each test. The samples were
measured and statistically compared by one-way analysis of
variance (ANOVA) and Tukey’s honestly significant differ-
ence (HSD) test (SPSS 16.0 software package). A p-value
less than 0.05 was accepted as statistically significant.

Results

Morphology of the scaffolds

After construction of the silk fabrics into mimicked ana-
tomical biphasic scaffolds (Figure 1), their morphological
structures were observed by SEM. The results revealed
that the SF had the geometry of a woven structure (Figure
2(a)—(d)). The morphological structures of the SF-GT and
SF-CS showed coated fiber bundles of woven SF (Figure
2(e)—(j)). Some free spaces between the bundles of fiber
were filled by gelatin and chitosan. The coatings of gelatin
and chitosan covered the entire woven SF (Figure 2(g)-
(1)). Some areas of the covered surface had a twisted pat-
tern of fiber bundles (Figure 2(h) and (1)).
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Figure I. (a, d) Non-coated side of silk fabric. (b) Non-coated side of silk fabric with gelatin. (c) Non-coated side of silk fabric with
chitosan. (e) Coated side of silk fabric with gelatin. (f) Coated side of silk fabric with chitosan.

Crystal structure characterization with XRD

The crystal structures of the mimicked, anatomical, bipha-
sic scaffolds were characterized by XRD (Figure 3). The
crystal analysis showed a peak at around 20°. Furthermore,
this peak indicated that the beta-sheet conformation of silk
fibroin was to be found in all groups.’® The SF-GT and
SF-CS had shoulders at around 20°—40°.

Molecular structural characterization with DSC

The structural formations on mimicked, anatomical, bipha-
sic scaffolds were characterized by DSC (Figure 4).
Scanning was done in the temperature range of
27°C-300°C, which covered the thermal behaviors of gel-
atin and chitosan.3! The DSC thermograms showed that all
samples had peaks at around 50°C-60°C. The peaks at
65.4°,63.6°C, and 59.4°C represented the hydration of the
SF, SF-GT, and SF-CS, respectively.3?-34

Swelling behavior of the scaffolds

The swelling behavior was chosen to evaluate the physical
performance of the mimicked, anatomical, biphasic scaf-
folds (Figure 5). In the first 30 min, the SF revealed higher
water absorption than either the SF-GT or SF-CS. This
occurred because of the free spaces between the bundles of

the woven SF. Furthermore, the loose structure in those
bundles also supported water absorption. The coated
SF-GT fabric showed greater swelling than the SF-CS,
which indicated that the gelatin coating had more water
absorption than the chitosan coating. The SF-GT showed
rapid swelling at around 30—60 min.

Biodegradation of the scaffolds

Lysozyme was used to evaluate the degradation in the
biphasic sheets. After degradation with lysozyme, the SF
did not degrade as much as the others (Figure 6), whereas
high degradation was found in the groups of SF-GT and
SF-CS. On day7, degradation of the SF-GT was signifi-
cantly higher than the SF-CS because the gelatin was
actively degraded by the lysozyme at an early stage.
However, degradation of the gelatin showed a similar rate as
the chitosan after a prolonged time.

Mechanical behavior of the scaffolds

In this research, tensile testing was selected to evaluate the
mechanical properties of the mimicked scaffolds. The ini-
tial results showed that the SF had greater extension at an
earlier stage than the others as according to the stress—strain
curve (Figure 7). This might have arisen from the loose
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Figure 2. Surface morphology of coated silk fabric. (a—d) Non-coated side of silk fabric. (e, f) Non-coated side of silk fabric with
gelatin. (g, h) Coated side of silk fabric with gelatin. (i, j) Non-coated side of silk fabric with chitosan. (k, I) Coated side of silk fabric
with chitosan.
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Figure 3. XRD spectra of silk fabric: SF, SF-GT, and SF-CS. Temperature (°C)

Figure 4. DSC thermograms of silk fabric: SF, SF-GT, and

structure between the bundles of fibers leading to the SFCS

greater extension of the SF at the early stage. Also, the SF
had more difficult extension than the others, since the
extension started after around 3% of strain. This possibly  alignment could induce rapid stress increase, which in turn
came from the loose structure of the SF, which showed led to the difficult extension. Afterwards, the SF started to
more alignment of the fibers than the others. Therefore, that break at a lower extension than the others. Again, this could
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Figure 5. Swelling properties of silk fabric in all groups from
30 to 720 min in a PBS solution.
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Figure 6. Degradation of silk fabric by lysozyme at different
time points on days7, 14, 21, and 28.

have occurred because of the uncoated SF fiber which was
not shielded by the coatings. This was possibly the cause
for the SF breaking at the lower extension. However, the
SF-CS and SF-GT had hard extensions at the early stage
but the SF-GT had a more difficult extension than the
SFE-CS at the early stage. Next, the mechanical properties
were presented as a histogram (Figure 7(b)—(d)). The results
showed that SF had the highest Young’s modulus. However,
SF-GT showed the lowest Young’s modulus. Stress at the
maximum load of SF-CS showed the highest value. There
was no significant difference in stress at the maximum load
between the SF and SF-GT. Finally, the results demon-
strated that the SF-GT and SF-CS had more strain at the
maximum load than the SF.

Fibroblast cell proliferation of the woven SF layer

Fibroblast proliferation on the woven silk layers of the
SF-GT and SF-CS groups continuously increased from
daysl to 5 and then decreased on day7. On dayl,

proliferation on the SF-GT was significantly higher than
the SF and SF-CS (Figure 8). This was possibly derived
from the bioactive functionality of gelatin and silk fibroin
which can induce cell proliferation.3>-36 On day 3, all groups
revealed a similar action of cell proliferation with the
exception of the SF-CS. Proliferation on the SF-GT was
significantly higher than in the other groups and was repre-
sentative of the cell behavior on day 5. Cell proliferation on
day 7 of the SF was significantly different than in the other
groups with a slight increase in the SF-GT. However, the
SF-CS showed a decrease in cell proliferation.

Fibroblast cell viability of the woven silk fabric
layer

Cell viability was selected to evaluate the biological per-
formance of the mimicked, anatomical, biphasic scaffolds.
The results showed fibroblast adhesion on the surface of
the uncoated SF as well as the coated silk woven fabrics
(Figure 9). The SF and SF-GT showed more unique fibro-
blast adhesion on the surface than the SF-CS from days 1
up to 7. The SF-GT had more fibroblast adhesion than the
SF in the early stage at day 1.

Histological organization on the woven silk
fabric layer

The morphology of the fibroblast was observed on the
uncoated side at days3 and 5 (Figure 10). On day3, the
results showed that the SF and SF-GT groups clearly had
cell adhesion coupled with elongation on the surface. The
SF-CS had clusters of cell aggregation; however, these
were not elongated on the surface. This indicated that the
surfaces of the SF and SF-GT showed suitable structures
plus characteristics to promote both adhesion and elonga-
tion of the fibroblasts. On day5, the dense cell adhesion
and elongation was found on the surfaces of the SF and
SF-GT. The fibroblasts showed a deeper migration into the
bundles of the silk fibers of the SF-GT compared with that
of the SF and SF-CS.

Masson’s trichrome staining was used to evaluate the
deposited collagen®’, which was synthesized by the fibro-
blasts on the silk fabrics in all groups (Figure 11). On
day 14, it was clear that the SF-GT revealed more colla-
gen deposition than the others. However, no collagen
deposition was evident on the surface of the SF-CS. The
cells expressed distribution over the entire surface of the
SF and SF-GT, whereas the SF-CS had clusters of cell
aggregation on the surface. On day 28, the SF-GT clearly
showed collagen deposition that adhered to the fibrous
bundles on the surface of the woven silk fabric.
Furthermore, the collagen was diffused and deposited
into the free spaces of the fibrous bundles. The SF dem-
onstrated collagen and matrix nodules which adhered and
spread on the fibrous bundles. Little collagen deposition
was found in the SF-CS.
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Figure 8. Fibroblast cell proliferation in the silk fabric on
days|, 3,5,and 7.

Keratinocyte cell proliferation on the coated layers

The cell proliferation of the keratinocytes on the coating
layer was performed on days 1, 3, 5, and 7 (Figure 12). On
day 1, the SF-GT showed more cell proliferation than the
other groups. Contrary to this, the SF-CS showed the least
amount of cell proliferation. The highest cell proliferation
was clearly found on day5, and the SF-GT had the highest
amount of cell proliferation.

Keratinocyte cell viability of the coating layer

Keratinocyte staining with FDA was used to observe the
cell viability on the silk fabrics for all groups on days 1, 3,
and 5 (Figurel3). The SF and SF-GT clearly showed more
cell attachment on the surface than the SF-CS at all time
points. The SF and SF-GT showed cell migration which
covered the entire surfaces on days3 and 5.

Histological organization on the coating layer

The morphologies of the keratinocytes on the coated layers
were observed at days3 and 7. The results showed that the
SF, SF-GT, and SF-CS supported cell adhesion as well as
migration. On day7, the SF-GT had more cell attachment
than the SF and SF-CS. The morphology of the keratinocytes
showed a spherical pattern compared with the fibroblast
cells; in addition, the SF-GT also showed the greatest cell
aggregation compared to the others (Figure 14).

Discussion

Morphological and structural formation of the
mimicked scaffolds

The mimicked anatomical scaffolds for soft tissue defect
surgery were constructed in two parts. The first part was
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Figure 9. (a—) Fibroblast cell viability staining with FDA on the silk fabric. (d—f) Gelatin-coated silk fabric. (g-i) Chitosan-coated

silk fabric.

designed to be in contact with fibroblasts, while the second
part was designed to be attached to keratinocytes. The main
function of the first part is to act as a substrate to induce
tissue formation from fibroblasts. The second part is
intended to enhance tissue formation from keratinocytes.
In the case of the first part, the results from the morpho-
logical observations indicated that the gelatin and chitosan
showed a thin layer that covered the bundles of fibers and a
smooth film that covered the surface of the woven struc-
ture. The thin layer on the bundles of fibers and the smooth
film on the woven fabric might be clues that indicate effects
on the biological performance of mimicked anatomical
scaffolds. Therefore, to clarify the crystal structure and the
molecular organization is important to explain the struc-
ture—function relationship of those clues. In this research
the XRD and DSC clarified the crystal structures and
molecular organizations. The results revealed that gelatin
and chitosan had amorphous structures related to the broad
peak of XRD.3¥ The results also demonstrated that the
SF-CS showed a broader shoulder than the SF-GT. This
indicated that the chitosan formed a more amorphous struc-
ture other than the gelatin. The DSC results further demon-
strated that the SF had greater water structure and stability
than the SF-GT and SF-CS. Interestingly, some research

demonstrated that the amorphous structures, water struc-
ture, and stability of the substrate are the clues that relate to
the physical and biological performance of scaffolds.340

Physical performance of the mimicked scaffolds

The swelling behavior, biodegradation, and mechanical
properties were chosen to clarify the physical performance
of mimicked scaffolds. With regard to the swelling behav-
ior, the results demonstrated that the SF-GT had a greater
unique swelling behavior than the others. This possibly
arose from the unique, molecular flexibility in addition to
the unstable gelatin which led to high water absorption, and
which in turn had a greater effect on the swelling behavior
than the SF-CS.#! Some studies have reported that the mem-
branes inserted for mucosa reconstruction in the maxillofa-
cial area needed to show suitable, physical function similar
to natural tissue. The first physical performance requires
that the membranes have a certain swelling behavior for tis-
sue reconstruction similar to the native mucosa layer in the
maxillofacial area.*> The second physical performance is
degradation. The results demonstrated that the coating layer
of gelatin had unique degradation. This was due first to its
molecular characteristics that allow for easy enzyme
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Figure 10. Fibroblast cell morphologies by H&E staining on days 3 and 5. Blue arrows indicate fibroblasts; black arrows indicate silk

fibers, and green arrows indicate chitosan.

digestion.** The second reason comes from its molecular
flexibility and the instability of gelatin. Interestingly, some
research demonstrated that a certain degree of degradation
of the scaffolds is important for the promotion of cell prolif-
eration.* In this research, the coated woven silk fabrics
could coincide with tissue formation of the native mucosa.
The thin, coated layer represented the part in contact with
the keratinocytes. Principally, that layer has to show a deg-
radation period that is suitable for complete tissue regenera-
tion.*> However, silk fabric was proposed to be in contact
with fibroblasts because silk fabric has a stable structure that
can maintain the contour shape of the defect until the com-
pletion of the new tissue formation. Furthermore, silk fabric
also has sufficient space for a fibroblast growth layer which
is similar to the anatomical structure of natural, soft tissue.
Notably, the thin coating layer that covered the fiber bundles
of the silk fabric might be the clue to induce fibroblast cell
adhesion with proliferation. However, to prove this a
hypothesis was undertaken.

The mimicked scaffolds were tested for tensile behav-
ior as the third physical performance. In the case of the
SF-GT, the tensile behavior showed difficult extension at
the early stage. This was possibly due to the effect of the
gelatin coating on the surface. Gelatin has a unique func-
tionality of adhesion, which can strictly bond to the silk
fabric.#® Then, for the second stage the coated silk fabrics
of the SF-CS and GT showed a gradual increase in the
stress, which then led to greater extension over the SF.
This demonstrated that the chitosan adjoined with gelatin
coatings disturbed the alignment of the fibers during exten-
sion. Therefore, the SF-GT plus CS had no rapid stress
increase. In the last stage the results showed that the coated
silk fabric broke at a greater extension point than the
uncoated silk fabric. This indicated that chitosan, with a
gelatin coating acted as a “shielding” force, and this shield-
ing could prolong the breaking of the silk fabric to a greater
extension point. The results of the mechanical behavior
indicated that the coated fabrics had unique mechanical
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Figure I1. Masson’s trichrome staining on days 14 and 28 to detect collagen deposition: black arrows indicate silk fibers, red

arrows indicate the collagen matrix, and blue arrows indicate fibroblast cells.
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Figure 12. Keratinocyte cell proliferation in silk fabrics on
days|, 3,5,and 7.

properties, especially SF-GT, which showed low Young’s
modulus and high strain at maximum load. This showed a
flexible behavior similar to soft tissue.’ The further results

indicated that the SF-GT had certain, mechanical charac-
teristics for insertion into a defect area for soft tissue
reconstruction.

Biological functionality of mimicked anatomical
scaffolds

Cell viability, proliferation, and histology of the mimicked
scaffolds were observed for biological functionality. The
biological functionality of the mimicked scaffolds was
evaluated by cell culturing. The uncoated layer of the scaf-
folds was tested with fibroblasts and the coated layer of
silk fabric was tested with keratinocytes.

The results of cell viability and proliferation of the
uncoated layers indicated that the fibroblasts rapidly
adhered as well as proliferated in the early stages on the
woven SF layer of the SF-GT. This was possibly due to the
arginine—glycine—aspartate (RGD) groups, which can pro-
mote cell adhesion leading to enhanced cell viability and
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Figure 13. Keratinocyte cell viability staining with FDA. (a—c) Silk fabric. (d—f) Gelatin-coated silk fabric. (g—i) Chitosan-coated silk

fabric at days 3, 5, and 7.

proliferation.*® In the case of SF-CS, the results of cell
viability and proliferation were not unique. This possibly
arose because chitosan has no RGD groups. This led to
less than desirable cell attachment, which resulted in
decreased cell proliferation.

In the case of histological organization, the results indi-
cated that the surfaces of the SF and SF-GT showed suita-
ble structures and characteristics to promote both adhesion
and elongation of the fibroblasts in the early stages of
day3. At the later stage of day5, the unique migration of
SF-GT possibly came from the free spaces of dissolved
and degraded gelatin, during the culture period. Those free
spaces could enhance cell migration.*’ In comparison, the
dense clusters of cell aggregation of SF-CS were possibly
due to the low degradation of chitosan, which covered the
surface of the silk fabric. The low degradation led to the
formation of fewer free spaces, which resulted in no cell
migration into the fibrous bundles of the SF-CS.
Importantly, the results demonstrated that the morphologi-
cal formation of the SF-GT could induce cell adhesion.
The fibrous, bundle structures promoted cell migration®®
which, in turn, led to cell adhesion and migration and
enhancement in soft tissue regeneration.’® The results
demonstrated that the SF-GT induced collagen deposition

which was synthesized from the fibroblasts. A study
reported that gelatin could stimulate collagen deposition
from fibroblast cells by the RGD sequence and promote
wound healing during soft tissue regeneration.” However,
the SF-CS had cell migration which covered some areas on
the surface at all time points. This may have occurred
because chitosan has no RGD groups which led to less cell
adhesion and spherical formation of the cells.’!

Interestingly, the SF-GT showed a suitable, biological
function for soft tissue regeneration which would be suit-
able for surgery. For good surgical performance, the early
stage for soft tissue regeneration of the fibroblasts, which
are in the thick layer of the defect, should be provoked to
express their functionality for maintaining contour shape.
This support the regular formation of the keratinocytes
thin layer, which is sensitive to the lower layer organiza-
tion of fibroblast.>?

The SF-GT had dominant cell viability and the highest
amount of keratinocyte cell proliferation. A report demon-
strated that RGD sequences in gelatin promoted cell prolif-
eration along with the attachment of keratinocytes.>> The
results indicated that the layer of gelatin had suitable bio-
logical performance for soft tissue regeneration, particu-
larly in the keratinocyte layer. Notably, in terms of surgical
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Figure 14. Keratinocyte cell morphologies on the silk fabric scaffolds on days 3 and 5, by H&E staining. The black arrows indicate
keratinocyte cells, blue arrows indicate silk fibroin fibers, and green arrows indicate chitosan.

performance the gelatin layer can act as a temporary,
boundary layer between the keratinocytes and fibroblasts.
This temporary, boundary layer can possibly guide regular
tissue formation at the interfacial area leading to a postop-
erative regular contour shape.>*

Conclusion

Mimicked anatomical scaffolds were fabricated with
woven SF coated with gelatin and chitosan. The morphol-
ogies of the scaffolds were divided into two phases: woven
SF and the coating layer. The woven SF layers showed
covered fiber bundles with gelatin and chitosan. The coat-
ing layers, which covered the entire surfaces of the fabrics,
had a twisted pattern of fiber bundles. The coated silk fab-
rics had a crystal structure of the silk fibroin, in addition to
amorphous structures from the gelatin and chitosan. The
coating layer of the gelatin showed a highly, stable water
structure. The physical performance demonstrated that the
coated woven SF with gelatin had suitable swelling
behavior and biodegradation to perform as a scaffold for

reconstruction of soft tissue. The biological performance
of the coated woven SF scaffold demonstrated suitable cell
proliferation, viability, and morphology for reconstruction
of soft tissue. Finally, this research demonstrated that
mimicked anatomical scaffolds based on woven silk
fibroin coated with gelatin have promising functionality
for reconstruction of soft tissue in maxillofacial defect.
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