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Abstract: In this study, hydrogel films of biocomposite comprising bacterial cellulose (BC) and silk (S)
were successfully fabricated through a simple, facile, and cost-effective method via biosynthesis by
Acetobacter xylinum in a culture medium of coconut skim milk /mature coconut water supplemented
with the powders of thin-shell silk cocoon (SC). Coconut skim milk/mature coconut water and SC are
the main byproducts of coconut oil and silk textile industries, respectively. The S/BC films contain
protein, carbohydrate, fat, and minerals and possess a number of properties beneficial to wound
healing and tissue engineering, including nontoxicity, biocompatibility, appropriate mechanical
properties, flexibility, and high water absorption capacity. It was demonstrated that silk could fill
into a porous structure and cover fibers of the BC matrix with very good integration. In addition,
components (fat, protein, etc.) in coconut skim milk could be well incorporated into the hydrogel,
resulting in a more elastic structure and higher tensile strength of films. The tensile strength and the
elongation at break of BC film from coconut skim milk (BCM) were 212.4 MPa and 2.54%, respectively,
which were significantly higher than BC film from mature coconut water (BCW). A more elastic
structure and relatively higher tensile strength of S/BCM compared with S/BCW were observed.
The films of S/BCM and S/BCW showed very high water uptake ability in the range of 400-500%.
The presence of silk in the films also significantly enhanced the adhesion, proliferation, and cell-
to-cell interaction of Vero and HaCat cells. According to multiple improved properties, S/BC
hydrogel films are high-potential candidates for application as biomaterials for wound dressing and
tissue engineering.

Keywords: bacterial cellulose; silk; coconut skim milk; biopolymer; tissue engineering; wound dressing

1. Introduction

Thin-shell silk cocoon (SC) and bacterial cellulose (BC) are biopolymers synthesized
by silkworms and bacteria, respectively. These two biopolymers could be combined as
biocomposites owing to their special properties. For example, the BC-silk fibroin sponge
scaffold exhibited nongenotoxicity with a high potential for tissue generation [1]. Electro-
spun silk—elastin-like protein membrane covered with BC promoted skin cell proliferation,
a promising biomaterial for skin substitution [2]. BC was functionalized with silk sericin
and hyaluronic acid for application as a wound dressing and cosmetic materials [3]. Several
modifications have been made for the improvement of important properties of materials
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applied in biomedical fields, wound dressing, and tissue engineering. The crucial proper-
ties include nontoxicity, biocompatibility, biodegradability, absorption ability, appropriate
mechanical properties, and antimicrobial activity [4-8].

Silk is popularly known in the textile industry. It is also widely used in medical
applications. Silk is obtained from silk cocoons, naturally produced by Bombyx mori
silkworms. The leftover byproduct after the process of removing the silk thread fibers
from the cocoon is a thin-shell silk cocoon (SC), which is composed of two proteins: fibroin
and sericin [9]. Extracts from SC, especially fibroin, have been applied in medical areas
such as wound healing, 3D scaffolds for ligaments, and vehicles for drug delivery [10].
Fibroin, a semi-crystalline protein, provides stiffness and strength to the structure of a silk
cocoon. Fibroin has been actively studied for applications in the forms of bio gel, film,
powder, sponge, fiber, and membrane [11]. On the other hand, sericin is an amorphous
protein acting as an adhesive binder to maintain the structural integrity of the fiber and the
cocoon [12]. Fibroin is rich in amino acids, glycine, and alanine, whereas sericin contains
no fewer than 18 amino acids, including essential amino acids, and is especially rich in
serine [13]. Both fibroin and sericin are biodegradable and biocompatible. Due to its
high promotion of cell adhesion and growth, fibroin has been extracted from the cocoon
and supplemented into other polymers [11,14] using many techniques, i.e., degumming,
extraction by solvent dialysis, and centrifugation [1,15], leading to high production cost
and waste generation.

BC is a cellulose nanofiber network produced by bacteria such as Acetobacter, Agrobac-
terium, Pseudomonas, Rhizobium, and Zoogloea [16]. Acetobacter is widely studied and exhibits
an incredibly high BC yield, making it suitable for commercial production [17]. BC, nanocel-
lulose, consists of repeating units of glucose molecules [18] linked by beta-1,4 glycosidic
linkage. BC has unique properties, including high water-holding capacity, high crystallinity,
high hydrophilicity, high tensile strength, highly pure and ultrafine cellulose fiber network
structure (free of lignin, pectin, and hemicellulose) [19], nontoxicity, and biocompatibility.
In medical fields, BC has been applied as an artificial blood vessel for microsurgery [20],
a scaffold for tissue engineering [21], artificial skin for wound healing [22], and a scaffold
for cartilage and bone regeneration [23,24]. Natural proteins such as collagen, silk peptide,
and silk fibroin have been studied to integrate into BC and polysaccharide composites in
order to improve the biocompatibility of biocomposites [25-27].

Mature coconut water, a byproduct from coconut milk and coconut oil factories,
contains about 5% of the total solids of nutrients, such as various sugars (sucrose, glucose,
fructose, and sorbitol), amino acids, vitamins, and minerals [28]. Coconut water is typically
used as a raw material for BC production because it promotes bacteria growth and enhances
BC synthesis [29]. Another main byproduct from coconut milk and coconut oil factories is
coconut skim milk [30]. Coconut skim milk contains about 1% fat and other nutrients, such
as protein, carbohydrates, and minerals [31]. Coconut skim milk and mature coconut water
have been reported for potential use as a fermentation medium for BC production [32].
Cellulose yield, structure, and characteristics are influenced by the strain of microorganisms,
fermentation conditions, and culture medium.

In this study, S/BC hydrogel films were fabricated by a biosynthesis technique using
coconut skim milk as culture media in comparison with mature coconut water culture
media. The powders of SC were directly supplemented into the medium. The effects of dif-
ferent feedstock and silk concentrations on the mechanical and biological properties of the
composite films were examined. The biocompatibility of the composite hydrogel films was
evaluated with Vero and HaCat cells. This study aims to develop S/BC hydrogels biosyn-
thesized through a simple, facile, cost-effective method by using byproducts of coconut oil
and silk industries as a culture medium for further applications in biomedical areas.
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2. Results and Discussion
2.1. Morphology of Scaffold

A thin-shell silk cocoon (SC) and silk cocoon powder are shown in Figure 1. Surface
and cross-sectional images of BC films from mature coconut water (BCW) and BC films from
coconut skim milk (BCM) with and without adding silk powders are shown in Figure 2.
Without silk supplementation, BCW and BCM were obviously different. BCW surface
(Figure 2A, top) presented an ultra-fibrous network structure with a pore size of 0.08-0.1 um
(measured by Image J 1.54k software). For BCM (Figure 2E, top), small white particles all
over the surface were observed. Constituents of coconut skim milk were approximately
73.3 g carbohydrate/kg, 42.6 g protein/kg, 8.7 g fat/kg, and 8.5 g ash/kg [31]. The
small white particles of coconut skim milk attached to the nanocellulose matrix of BCM
film during the BC biosynthesis process. For a cross-sectional view of BCW (Figure 2A,
bottom) and BCM (Figure 2E, bottom), sheet layers of cellulose were formed, but more
disorders were noticed in BCM. Therefore, particles in coconut skim milk might play an
important role in obstructing the arrangement of the cellulose fibers extruded from bacterial
cell walls.

Different silk contents (0.1, 0.15, and 0.2% w/v) were supplemented into BC medium.
From Figure 2B-D, good incorporation between BC and silk was observed in S/BCW and
S/BCM. Silk particles filled the pores of the BC fiber network and dispersed on the BC
surface. The increase in silk loading resulted in a higher amount of silk covering the surface
area, as seen in Figure 2C,D, top. This finding agreed well with BC-silk sericin prepared
by the in situ method, in which sericin covered the surface and assembled fiber to form
a bigger ribbon in the matrix [3]. For S/BCM (Figure 2F-H, top), white particles on the
surface were less observed because of the incorporation of silk, particularly on BCM films
loading with silk at 0.2% w/v (Figure 2H, top). For the cross-sectional area, thin layers
of BC fibrous nanocellulose sheet incorporated with silk were formed in both S/BCW
(Figure 2B-D, bottom) and S/BCM (Figure 2F-H, bottom). Previously, it was reported
that a very well-interconnected porous structure was formed in the BC/silk fibroin sponge
scaffold [33].

A

Figure 1. Thin-shell silk cocoon (A) and silk cocoon powder (B).
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Surface

Figure 2. FESEM images of surface morphologies (top) and cross-section (bottom) at magnification
of 20,000x (A) BCW, (B) 0.10S/BCW, (C) 0.155/BCW, (D) 0.20S/BCW, (E) BCM, (F) 0.10S/BCM,
(G) 0.155/BCM, and (H) 0.20S/BCM.

2.2. Mechanical Properties

The mechanical properties of the films were measured in terms of tensile strength,
Young’s modulus, and elongation at break, as shown in Figure 3. The thickness of BCW and
BCM was around 0.025 mm, and the thickness of S/BCM and S/BCW was 0.040-0.050 mm.
The tensile strength, Young’s modulus, and the elongation at the break of BCM were
212.4 MPa, 10,268.3 MPa, and 2.54%, respectively, whereas the tensile strength, Young’s
modulus, and the elongation at the break of BCW were 135.9 MPa, 9184.0 MP, and 1.47%,
respectively. The tensile strength of BCM was significantly higher than that of BCW,
approximately 56%, whereas the elongation at break of BCM was about 73% higher than
that of BCW. However, an insignificant difference in Young’s modulus of BCM was observed
when compared with that of BCW. BCM could resist higher force tension, which might
be due to its thicker layers of sheet and denser structure. The addition of silk could affect
the formation and arrangement of fiber layers, resulting in significant reductions of tensile
strength and Young’'s modulus of S/BCW and S/BCM owing to the high brittleness of silk
fibroin in dry-state [34]. The elongation at break values of S/BCW was in the same range
as that of BCW, but by adding silk at 0.05-0.2%, a significant increase in elongation at the
break of S/BCM was noticed. Previously, it was reported that fatty acid esters could act as
natural plasticizers to reduce the brittleness of PHB-V films [35]. In this work, fat in coconut
skim milk could incorporate well into hydrogel, resulting in a more elastic structure and
relatively higher elongation at break and tensile strength of S/BCM compared with S/BCW.
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Figure 3. Mechanical properties of dried BC films prepared from mature coconut water (CW) and
coconut skim milk (CM) culture medium supplemented with silk at 0.00-0.25%.

2.3. Fourier Transform Infrared (FT-IR) Spectra

FTIR analysis was performed to investigate the chemical structure and spectra shift
of the BCW, BCM, and the composite films of BC and silk, as shown in Figures 4 and 5.
Characteristic bands of BC were observed in BCW and BCM, including O-H stretching at
3341 cm ! and C=0 vibration at 1644 cm ! [36]. The peak at around 2896 cm ! matched
the stretching vibration of C-H and the asymmetric elongation of CHj,. FTIR spectra of
SC showed characteristic peaks of amide I at 1645 cm™!, amide IT at 1515 cm ™! [37], and
amide A and amide B around 3000-3500 cm ! [38]. The composite films of S/BCW and
S/BCM significantly maintained the characteristic peaks of BC with shifting of the O-H
peaks from 3341 cm ™! to 3342-3343 cm !, and the C=O peak significantly shifted from
1644 cm~! to 1650 cm~! in 0.2S/BCW. The characteristic peaks of silk in the composite
films were unclear, which might be due to the low content of silk in the composite films
and weak interaction between their functional groups without a new chemical bonding.



Gels 2024, 10, 714

6 of 17

BCW
. — ﬂ_—
BN 266 1644.85
0.05S/BCW  3341.29
\/\-/289(;,32 1647.09 =
o |0-10S/BCW 3342 39
Q
g Msm e gee
E |0.158/BCW o 17 8 1644.23
= 5
< Wv— ]
8 [o.205/Bcw  “gayz0p 289586 1644.34
= : i
® \/—\/—
0.255/BCW  “3gipg5  2896.08 1650.56 .
3343.73  2892.00 1596.M
SC N
3400.15 10M
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™1)

Figure 4. FTIR spectra of SC, BCW film, and S/BCW films.
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Figure 5. FTIR spectra of SC, BCM film, and S/BCM films.

2.4. X-Ray Diffraction (XRD)

The XRD patterns of BC and BC-silk composites are shown in Figure 6. BC takes the
cellulose I« crystal form, with a different unit cell than the Ip of higher plants. Thus, the
corresponding planes are (100), (010), and (110) [39]. The XRD peaks of BCW and BCM
consisted of three main peaks at 2 theta, 14.7°, 16.9°, and 22.8°, representing a typical
cellulose profile from the BC cultured in static circumstances [40]. However, the degree
of crystallinity of BCW was relatively higher than that of BCM (Table 1). According to
BCM cross-sectional morphology (Figure 2E, bottom), it was suggested that components



Gels 2024, 10, 714 7of 17

in coconut skim milk might obstruct the fiber formation and arrangement, leading to a
lower crystalline area in BCM compared with those of BCW. Silk had a very low degree of
crystallinity (7.1%); the integration of silk in BCW and BCM affected their degree of crys-
tallinity to some extent. Nonetheless, the crystallinity of BCM and BCW was still in a range
of 60-75%, because only a small amount of silk was added into the biosynthesis medium.

A

BCW

0.055/BCW

0.10S/BCW

Intensity (a.u)

0.155/BCW

0.20S/BCW

0.25S/BCW

T T T T
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Figure 6. XRD patterns: BCW and S/BCW films (A); BCM and S/BCM films (B).
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Table 1. Crystalline and amorphous areas, degree of crystallinity, and water absorption capacity [41]
of dried films of BCW, S/BCW, BCM, S/BCM, and silk (S).

Crystalline Amorphous Degree of
Sample ryArea Arl;a Crystallginity * (%) WAC™ (%)
BCW 8208 2501 76.65 629.79 + 0.12
0.10S/BCW 6295 2159 74.46 493.38 £+ 0.09
0.155/BCW 4597 2346 66.21 483.19 £ 0.05
0.20S/BCW 6518 2456 72.63 397.30 £ 0.02
BCM 4821 2515 65.72 534.65 £+ 0.03
0.10S/BCM 5707 2632 68.44 480.38 £+ 0.08
0.155/BCM 4586 2423 65.43 451.695 + 0.05
0.20S/BCM 4207 2847 59.64 421.85 +£0.13
S 577.2 7457 7.18 -

* Degree of crystallinity = Crystalline area/Total area. ** Data were the averages for 5 specimens.

2.5. Water Absorption Capacity (WAC)

WAC results are summarized in Table 1. The film of BCW shows the highest WAC
(630%) due to its high hydrophilicity and its excellent porous structure, while the WAC of
BCM was 530%. The WAC of S/BCW and S/BCM films were in the range of 400-500%.
According to the components in coconut skim milk (protein, fat, etc.), BCM had a higher
hydrophobicity than BCW. Therefore, the WAC of BCM was relatively lower. For S/BCW
and S/BCM, because of silk-filled pores and the covered surface of BC, the porosity of films
was relatively reduced, leading to a decrease in WAC. As previously noticed in BC/silk
fibroin sponge, the reduction in BC pores by silk fibroin addition also caused a decline in
WAC [1]. Generally, the fluid absorption capacity of commercial absorbent dressings was
found in a range of 50-220% [42,43]. According to the values of WAC of BCW, S/BCW,
BCM, and S/BCM, the BC-silk composite films developed in this work could have potential
application as absorbent dressing.

2.6. Cytotoxicity

The cytotoxicity of the composite films was characterized using an indirect method
against Vero, L929, and HaCat cells for 24 h (Figure 7A) and 48 h (Figure 7B). The films
were immersed in the DMEM medium to extract soluble components from the films. The
concentration of living cells cultured with the film extract was compared with that cultured
with pure DMEM medium. After 24 h, it was clear that the extracts from BCM and S/BCM
promoted Vero and 1929 cell growth with cell viabilities of approximately 103-128%,
which were slightly higher than those from BCW and S/BCW (96-116%), revealing their
nontoxicities and good biocompatibilities. The cell viability of Vero and L929 was still high
after 48 h of cultivation with the film extract. The components extracted from the BCM
and S/BCM films could be protein, fat, etc. Proteins such as albumin and lysine have been
commonly used as a supplement in culture media to enhance the growth of mammalian
cells. Silk sericin and fibroin also promoted the proliferation of several mammalian cell
lines [44,45]. The cell viability of HaCat cells cultured with the extracts for 24 and 48 h
was 80-97%, which was relatively lower as compared to that of Vero and L929 cells. If cell
viability was more than 80% relative to that of the nontreated cells, the tested material was
considered noncytotoxic. Therefore, all the films in this work were noncytotoxic against
Vero, 1929, and HaCat cells.



Gels 2024, 10, 714 90f17

A 140
120
100

80

Cel viability (%)

BCW 0.10S/BCW 0.15S/BCW  0.20SBCW BCM 0.10SBCM 0.159BCM  0.20S/BCM

Overo 1929 [DHaCat

Cell viability (%)

BCW 0.10S/BCW 0.15SBCW 0.20SBCW BCM 0.10SBCM 0.15SBCM 0.208/BCM

CVero [IL929 [JHaCat

Figure 7. Toxicity test against Vero, L929, and HaCat cell lines on BCW, S/BCW, BCM, and S/BCM
films for (A) 24 h and (B) 48 h.

2.7. Biocompatibility

BCW, BCM, S/BCW, and S/BCM films were tested for their biocompatibility with
Vero and HaCat cells using a cover glass slide as a control. SEM images of the cells cultured
on the glass slide for 48 h are shown in Figure 8. Both cells attached and proliferated almost
entirely on the glass slide surface. Vero cells proliferated and connected with each other
with lots of pseudopodia. HaCat cells grew in multi-layers with low connection between
the cells.

100x 1000x

Figure 8. SEM images of Vero (up) and HaCat (down) cell adhesion on the cover glass (control) for
48 h at magnification of (A,C) 100 xand (B,D) 1000x.
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SEM images of Vero cells grown on the BC composite films are gathered in Figure 9. In
comparison, between BCW (Figure 9A) and BCM (Figure 9E), relatively less cell attachment
was noticed on the BCM surface without silk supplementation. Low wettability of the
material could decrease the cell attachment [46]. According to WAC results, BCW (629.8%)
could absorb significantly more water than BCM (534.6%). The rounded morphology of
cells was displayed on BCM, indicating a better cell-to-cell interaction than that of the
cell-to-matrix [47,48]. The results also demonstrated that with supplementation of silk,
cell density gradually increased with the enhancement of silk concentration. Better cell
proliferation with many pseudopodia formations was observed on all S/BCW than on
BCW. The presence of silk in BCM also significantly promoted cell attachment, proliferation,
and cell-to-cell interaction. Rounded cells on BCM gradually stretched their morphology
with an increase in silk concentration, and cells started to connect to each other at a
silk concentration of 0.15%. Amino acids (glycine, alanine, and serine) contained in silk
fibroin were suggested as an important set suitable for application as a controlled-release
biomaterial and scaffold for tissue engineering. Previously, by soaking BC in silk fibroin
solution, it was shown that the cell attachment on BC/silk fibroin sponge surface was better
than on the pure BC one, suggesting that the presence of fibroin improved cell attachment
of 1929 cells [1]. Sericin, another form of protein in silk, was reported to promote the
growth of L929 fibroblasts [34,38].

2000x= . 500 2000

I I I
500 um 50 pm 500 pm 50 pm

Figure 9. Vero cell adhesion on (A) BCW, (B) 0.10S/BCW, (C) 0.155/BCW, (D) 0.20S/BCW, (E) BCM,
(F) 0.10S/BCM, (G) 0.155/BCM, and (H) 0.20S/BCM after cultivation for 48 h.
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500x

For HaCat cells cultured on the films (Figure 10), similar phenomena were observed
on BCW and BCM. Without the supplementation of silk, the cells cultured on BCW showed
better attachment and proliferation with a higher cell density than those on BCM. Round-
shaped cells were noticed more on BCM. Cell density substantially increased on 0.1S/BCW,
and the cell almost completely spread over the surface. The incorporation of silk into BCM
also obviously promoted the growth, adhesion, and proliferation of HaCaT cells. Pseudopo-
dia started to form on 0.15/BCM surface. Cells became fully spread on 0.155/BCM and
0.25/BCM. Cell density on S/BCM was increased with the increase in silk concentration.
Therefore, the supplementation with silk in the form of thin-shell silk cocoon powder
in the culture medium in the biosynthesis of BC films could promote cell adhesion and
proliferation on the composite films. Previously. it was reported that the integration of silk
fibroin into polycaprolactone could promote the cell growth and proliferation of human
adipose-derived mesenchymal stem cells (hRADMSC) [49]. When the silk cocoon membrane
was exposed to water, the water molecules diffused into its porous matrix and interacted
with ion-forming elements like Na, K, and Cl, as well as the protein matrix, resulting in
the generation of charged ionic species [50]. The attachment of cells to the material was
influenced by the physicochemical properties of interactions such as ionic and van der
Walls forces [51]. The cell membrane had negative charges, simply binding with positive
charges on the material surface [52-54].

2000x

500> 2000

I
500 pm 50 pm 500 pm 50 um

Figure 10. HaCat cell adhesion on (A) BCW, (B) 0.10S/BCW, (C) 0.155/BCW, (D) 0.20S/BCW,
(E) BCM, (F) 0.10S/BCM, (G) 0.15S/BCM, and (H) 0.20S/BCM after cultivation for 48 h.
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3. Conclusions

The S/BC composite films were fabricated through simple techniques using coconut
water/coconut skim milk as a cost-effective culture medium. The powder of thin-shell
silk cocoons, a byproduct from the silk textile industry, was used as the source of silk.
Compared with BCW film, the structure of BCM film displayed a less orderly and denser
structure. It was suggested that the components contained in coconut skim milk (protein,
fat, etc.) could partially disturb the nanocellulose fiber synthesis of the bacteria A. xylinum.
From the incorporation of silk into BCW and BCM, the surface became smoother, and
the fiber layers became denser with increasing silk concentration. Because of the high
brittleness of silk, the mechanical strength of S/BCW and S/BCM films was relatively
lower than that of the BC films without adding silk. However, it was demonstrated that fat
in coconut skim milk could incorporate well with silk and act as a natural plasticizer to
enhance the elasticity of S/BCM films. The integration of silk into the BC matrix reduced
the WAC of the composite films to some extent; nonetheless, the values of WAC of S/BCW
and S/BCM were in the high range of absorbent dressings. In addition, the composite
films of S/BCW and S/BCM were nontoxic against Vero, L929, and HaCat cells. Better
cell attachment and proliferation with good cell-to-cell interaction were noticed on the
surfaces of films supplemented with silk. For Vero and HaCat cells, the silk concentrations
of 0.15-0.20% (w/v) for the BC biosynthesis significantly promoted cell adhesion and cell-
to-cell interaction on the BCW and BCM films. From the results, it can be concluded that
the composite films of BCM and BCW incorporated with silk have potential properties that
are promising for application as wound dressings and scaffolds for tissue engineering.

4. Materials and Methods
4.1. Materials

Thin-shell silk cocoon was obtained from the Queen Sirikit Department of Sericulture,
Saraburi, Thailand. The thin-shell silk cocoon was fragmented into 140 mesh using a ball
mill and was kept in a desiccator until used. The average size of silk cocoon powder parti-
cles was about 0.1 mm. Nitrogen, carbon, and hydrogen contents in silk powder determined
by Elemental analyzer (CHNS) were 16.13%, 43.64%, and 6.44%, respectively [13]. The stock
culture of Acetobacter xylinum (AGR60) was kindly provided by Pramote Thamarat (Institute
of Research and Development of Food Product, Kasetsart University, Bangkok, Thailand).
The tests for cytotoxicity and biocompatibility were performed by the service from Scientific
Instruments Center KMITL (Sci-Ins KMITL), Faculty of Science, King Mongkut’s Institute of
Technology (Ladkrabang District, Bangkok, Thailand) using African green monkey kidney
fibroblast (Vero): CLS605372, mouse subcutaneous connective tissue (1L929): CLS400260,
and human keratinocyte immortal cells (HaCat).

4.2. Fabrication of BC and S/BC Films

The culture medium for film preparation via biosynthesis technique was mature
coconut water or coconut skim milk supplemented with 5% w/v sucrose, 0.5% w/v ammo-
nium sulfate, and 1% v/v acetic acid [55]. The media were sterilized at 110 °C for 5 min.
Stock culture of Acetobacter xylinum (AGR60) of 2 mL was added into 40 mL of the sterilized
medium in a 14 cm diameter Petri dish and then was incubated at room temperature (about
30 °C) for 5 days. For S/BC film, thin-shell silk cocoon powder was added into the steril-
ized medium in different concentrations of 0, 0.1, 0.15, and 0.2% w/v, which are marked
as (for films prepared from coconut water) BCW, 0.1S/BCW, 0.155/BCW, and 0.25/BCW,
respectively, and (for films prepared from coconut skim milk) BCM, 0.1S/BCM, 0.155/BCM,
and 0.25/BCM, respectively. After the pellicles were formed, they were purified by rinsing
with DI water and treating with 1% w/v sodium hydroxide solution for 24 h. Then, they
were rinsed with DI water until pH reached 7. Finally, the purified pellicles were dried in a
hot air oven at 35 °C overnight to obtain the composite films. The summarized procedure
for the fabrication process of BC and S/BC films is shown in Figure 11.
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Figure 11. Schematic diagram of the fabrication process of BC and S/BC films.

4.3. Morphology

The morphological structure of BC and S/BC films was analyzed by Field Emission
Scanning Electron Microscopy, FESEM (JEOL JSM-7610F, Tokyo, Japan). The accelerating
voltage was controlled at 5 kV.

4.4. Mechanical Test

The mechanical tests of BC and S/BC films were performed by Instron Universal
testing machine (UTM) following ASTM D882 guidelines. The samples were cut into
strip-shaped specimens of 10 mm in width and 10 cm in length. Five specimens were used
for each condition.

4.5. Fourier Transform Infrared (FT-IR) Spectroscopy

The chemical functional group and interaction between BC and thin-shell silk cocoon
were analyzed by Nicolet FTIR Spectrometer (5X-170, Thermo fisher scientific, Waltham,
MA, USA). The FTIR analysis was performed by the technicians at the Scientific and
Technological Research Equipment Centre, Chulalongkorn University (STREC CHULA,
Bangkok, Thailand, https://strec.chula.ac.th, accessed on 1 November 2024). The FT-IR

spectra were collected in the range of 4000-500 cm ! at a resolution of 1 cm™1.

4.6. X-Ray Diffraction (XRD) Analysis

X-ray diffraction characterization of crystallinity was conducted by the technician at the
Scientific and Technological Research Equipment Center, Chulalongkorn University (STREC
CHULA, Bangkok, Thailand, https:/ /strec.chula.ac.th, accessed on 1 November 2024). X-ray
patterns were obtained using an X-ray diffractometer (XRD, Bruker AXS Model D8 Dis-
cover, Karlsruhe, Germany) equipped with VA® NTEC-1 super speed detector under the
voltage of 40 kV, at a current of 40 mA and angle (26) of 5-40°. The relative intensity was
recorded in a step of 0.02°. The degree of crystallinity of composite films was calculated
using the ratio of the crystalline peak areas and the total XRD profile area after subtracting
the background intensity acquired by TOPAS Rietveld analysis software. Rietveld analysis
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of the XRD data using the fundamental parameters approach (FPA) for peak fitting and the
Chebychev polynomial for background subtraction [56]. The Rietveld method optimizes
variables to fit a diffraction pattern, and it uses all of the diffraction peaks [39]. Profile
fitting and crystallinity (%) calculations were performed with TOPAS (version 3.0) software.

Degree of crystallinity (%) = Cry Sta;,l;;:l a/:(;Za x 100

(1)

4.7. Water Absorption Capacity

The dried films were weighted (W) before they were immersed in DI water at room
temperature until equilibrium. Then, the swollen films were removed from water and
blotted out with Kim wipes. The weight of the swollen film (W},) was measured. WAC was
calculated using the following formula:

Wy, — Wy)

_
WAC = X 100 )

4.8. Cytotoxicity Test

The cytotoxicity of composite films was determined using mouse fibroblast (L929 cells)
and African green monkey kidney fibroblast (Vero cells). To obtain the film extract, the films
were soaked in Dulbecco’s modified eagle medium (DMEM) and incubated at 37 °C for 24 h.
The 1.929 and Vero cells of 1 x 10° cells/mL were cultured in a 96-well plate with 100 pL of
DMEM in a CO, incubator at 37 °C, 5% CO, for 24 h. After that, the culture medium in
each well was replaced by 100 pL of 1000 ug/mL of the film extract and then was further
incubated at 37 °C for 24 and 48 h. The 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to quantify the number of living cells. The extract was
firstly removed, and then 10 uL of 5 mg/mL MTT solution was added into each well and
then incubated at 37 °C, 5% CO, for 4 h. Afterward, MTT solution was removed, and
150 pL of dimethyl sulfoxide (DMSO):10% SDS (in a ratio of 9:1) was added into each well.
Then, the sample was shaken for 5 min before the optical density (OD) was measured by a
microplate reader (EZ Read 2000, biochrom, Cambridge, UK) at a wavelength of 570 nm.

4.9. Biocompatibility Test

The BC film and S/BC film were cut to a circle-shape of 15 mm in diameter and were
sterilized at 121 °C for 25 min. The sterilized films were placed on a 24-well tissue culture
plate, and a metallic ring was placed on top. After that, 0.5 mL of DMEM containing 10%
Fetal bovine serum (FBS), 100 U/mL Penicillin, and 100 pug/mL Streptomycin was added
into each well and then incubated at 37 °C, 5% CO, for 1 h. The DMEM was removed, and
2 x 10° cells of Vero or HaCat cells were seeded on the film. The incubation was performed
for 48 h to examine the cell attachment and proliferation using FESEM.

4.10. Statistical Analysis

Statistical analysis was presented as mean = the standard deviation (SD) and obtained
from at least three independent tests. All data were analyzed using Minitab 17 software.
Error bars represent SD. The differences were considered to be statistically significant at
the value of p < 0.05.

Author Contributions: Conceptualization, ].C. and M.P.; methodology, ].C. and M.P.; software, ].C.,
PP.P. and M.P; validation, P.P.P, S.K. and M.P;; formal analysis, ].C. and PP.P; investigation, J.C. and
M.P; resources, ].C. and M.P,; data curation, J.C. and M.P,; writing—original draft preparation, J.C.
and PPP,; writing—review and editing, S.K. and M.P,; visualization, ].C.; supervision, M.P,; project
administration, M.P.; funding acquisition, M.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Thailand Science Research and Innovation Fund, Chula-
longkorn University [FF68].



Gels 2024, 10, 714 15 0f 17

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Barud, H.O.; Barud, H.d.S.; Cavicchioli, M.; do Amaral, T.S.; de Oliveira Junior, O.B.; Santos, D.M.; Petersen, A.L.d.O.A.; Celes, F;
Borges, V.M.; de Oliveira, C.I. Preparation and characterization of a bacterial cellulose/silk fibroin sponge scaffold for tissue
regeneration. Carbohydr. Polym. 2015, 128, 41-51. [CrossRef] [PubMed]

Feng, Z.; Wang, S.; Huang, W.; Bai, W. A potential bilayer skin substitute based on electrospun silk-elastin-like protein nanofiber
membrane covered with bacterial cellulose. Colloids Surf. B Biointerfaces 2024, 234, 113677. [CrossRef] [PubMed]

Wang, X.; Tang, J.; Huang, J.; Hui, M. Production and characterization of bacterial cellulose membranes with hyaluronic acid and
silk sericin. Colloids Surf. B Biointerfaces 2020, 195, 111273. [CrossRef] [PubMed]

Ullah, S.; Hussain, Z.; Ullah, I.; Wang, L.; Mehmood, S.; Liu, Y.; Mansoorianfar, M.; Liu, X.; Ma, E.; Pei, R. Mussel bioinspired,
silver-coated and insulin-loaded mesoporous polydopamine nanoparticles reinforced hyaluronate-based fibrous hydrogel for
potential diabetic wound healing. Int. J. Biol. Macromol. 2023, 247, 125738. [CrossRef]

Ullah, S.; Xu, H.-T.; Shen, J. ROS-degradable polythioketal urethane scaffold for porcine wound repair. Acta Pharm. Sin. B 2024,
14, 4628-4631. [CrossRef]

Khattak, S.; Ullah, L; Xie, H.; Tao, X.-D.; Xu, H.-T; Shen, J. Self-healing hydrogels as injectable implants: Advances in translational
wound healing. Coord. Chem. Rev. 2024, 509, 215790. [CrossRef]

Zheng, Q.; Zhang, W.; Wang, L.; Wen, X.; Wu, J.; Ren, Y.; Fu, R. Functional dyeing of cellulose macromolecule/synthetic fibers
two-component fabrics with sustainable microbial prodigiosins. Int. J. Biol. Macromol. 2024, 278, 134964. [CrossRef]

Zhao, M.; Kang, M.; Wang, J.; Yang, R.; Zhong, X.; Xie, Q.; Zhou, S.; Zhang, Z.; Zheng, J.; Zhang, Y.; et al. Stem Cell-Derived
Nanovesicles Embedded in Dual-Layered Hydrogel for Programmed ROS Regulation and Comprehensive Tissue Regeneration
in Burn Wound Healing. Adv. Mater. 2024, 36, €2401369. [CrossRef]

Kunz, R.I; Brancalhao, R.M.; Ribeiro, L.F; Natali, M.R. Silkworm Sericin: Properties and Biomedical Applications. Biomed. Res.
Int. 2016, 2016, 8175701. [CrossRef]

Wenk, E.; Merkle, H.P.; Meinel, L. Silk fibroin as a vehicle for drug delivery applications. J. Control. Release 2011, 150, 128-141.
[CrossRef]

Altman, G.H.; Diaz, F; Jakuba, C.; Calabro, T.; Horan, R.L.; Chen, J.; Lu, H.; Richmond, J.; Kaplan, D.L. Silk-based biomaterials.
Biomaterials 2003, 24, 401-416. [CrossRef] [PubMed]

Ude, A.; Eshkoor, R.; Zulkifili, R.; Ariffin, A.; Dzuraidah, A.; Azhari, C. Bombyx mori silk fibre and its composite: A review of
contemporary developments. Mater. Des. 2014, 57, 298-305. [CrossRef]

Kittithanesuan, N.; Phisalaphong, M. Enhanced acetone-butanol production from sugarcane juice by immobilized Clostridium
acetobutylicum (ATCC 824) on thin-shell silk cocoons. Biotechnol. Bioprocess. Eng. 2015, 20, 599-607. [CrossRef]

Fang, Q.; Chen, D.; Yang, Z.; Li, M. In vitro and in vivo research on using Antheraea pernyi silk fibroin as tissue engineering
tendon scaffolds. Mater. Sci. Eng. C 2009, 29, 1527-1534. [CrossRef]

Abdulkhani, A.; Sousefi, M.D.; Ashori, A.; Ebrahimi, G. Preparation and characterization of sodium carboxymethyl cellulose/silk
fibroin/graphene oxide nanocomposite films. Polym. Test. 2016, 52, 218-224. [CrossRef]

Jonas, R.; Farah, L.F. Production and application of microbial cellulose. Polym. Degrad. Stab. 1998, 59, 101-106. [CrossRef]
Wang, S.-S.; Han, Y.-H.; Chen, J.-L.; Zhang, D.-C.; Shi, X.-X.; Ye, Y.-X.; Chen, D.-L.; Li, M. Insights into bacterial cellulose
biosynthesis from different carbon sources and the associated biochemical transformation pathways in Komagataeibacter sp. W1.
Polymers 2018, 10, 963. [CrossRef]

Hoemann, C.D.; Sun, J.; McKee, M.; Chevrier, A.; Rossomacha, E.; Rivard, G.-E.; Hurtig, M.; Buschmann, M.D. Chitosan-glycerol
phosphate/blood implants elicit hyaline cartilage repair integrated with porous subchondral bone in microdrilled rabbit defects.
Osteoarthr. Cartil. 2007, 15, 78-89. [CrossRef]

Barud, H.S.; Souza, J.L.; Santos, D.B.; Crespi, M.S.; Ribeiro, C.A.; Messaddeq, Y.; Ribeiro, S.J. Bacterial cellulose/poly
(3-hydroxybutyrate) composite membranes. Carbohydr. Polym. 2011, 83, 1279-1284. [CrossRef]

Klemm, D.; Schumann, D.; Udhardt, U.; Marsch, S. Bacterial synthesized cellulose—Artificial blood vessels for microsurgery.
Prog. Polym. Sci. 2001, 26, 1561-1603. [CrossRef]

Svensson, A.; Nicklasson, E.; Harrah, T.; Panilaitis, B.; Kaplan, D.L.; Brittberg, M.; Gatenholm, P. Bacterial cellulose as a potential
scaffold for tissue engineering of cartilage. Biomaterials 2005, 26, 419-431. [CrossRef] [PubMed]

Czaja, W,; Krystynowicz, A.; Bielecki, S.; Brown Jr, R.M. Microbial cellulose—The natural power to heal wounds. Biomaterials
2006, 27, 145-151. [CrossRef] [PubMed]

Phatchayawat, P.P.; Khamkeaw, A.; Yodmuang, S.; Phisalaphong, M. 3D bacterial cellulose-chitosan-alginate-gelatin hydrogel
scaffold for cartilage tissue engineering. Biochem. Eng. |. 2022, 184, 108476. [CrossRef]


https://doi.org/10.1016/j.carbpol.2015.04.007
https://www.ncbi.nlm.nih.gov/pubmed/26005138
https://doi.org/10.1016/j.colsurfb.2023.113677
https://www.ncbi.nlm.nih.gov/pubmed/38043505
https://doi.org/10.1016/j.colsurfb.2020.111273
https://www.ncbi.nlm.nih.gov/pubmed/32721822
https://doi.org/10.1016/j.ijbiomac.2023.125738
https://doi.org/10.1016/j.apsb.2024.05.034
https://doi.org/10.1016/j.ccr.2024.215790
https://doi.org/10.1016/j.ijbiomac.2024.134964
https://doi.org/10.1002/adma.202401369
https://doi.org/10.1155/2016/8175701
https://doi.org/10.1016/j.jconrel.2010.11.007
https://doi.org/10.1016/S0142-9612(02)00353-8
https://www.ncbi.nlm.nih.gov/pubmed/12423595
https://doi.org/10.1016/j.matdes.2013.12.052
https://doi.org/10.1007/s12257-014-0709-x
https://doi.org/10.1016/j.msec.2008.12.007
https://doi.org/10.1016/j.polymertesting.2016.03.020
https://doi.org/10.1016/S0141-3910(97)00197-3
https://doi.org/10.3390/polym10090963
https://doi.org/10.1016/j.joca.2006.06.015
https://doi.org/10.1016/j.carbpol.2010.09.049
https://doi.org/10.1016/S0079-6700(01)00021-1
https://doi.org/10.1016/j.biomaterials.2004.02.049
https://www.ncbi.nlm.nih.gov/pubmed/15275816
https://doi.org/10.1016/j.biomaterials.2005.07.035
https://www.ncbi.nlm.nih.gov/pubmed/16099034
https://doi.org/10.1016/j.bej.2022.108476

Gels 2024, 10, 714 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Gutiérrez-Hernandez, J.M.; Escobar-Garcia, D.M.; Escalante, A.; Flores, H.; Gonzalez, FJ.; Gatenholm, P.; Toriz, G. In vitro evalua-
tion of osteoblastic cells on bacterial cellulose modified with multi-walled carbon nanotubes as scaffold for bone regeneration.
Mater. Sci. Eng. C 2017, 75, 445-453. [CrossRef]

Adhikari, J.; Dasgupta, S.; Barui, A.; Ghosh, M.; Saha, P. Collagen incorporated functionalized bacterial cellulose composite:
A macromolecular approach for successful tissue engineering applications. Cellulose 2023, 30, 9079-9111. [CrossRef]

Zhang, S.; Yu, F; Chen, J.; Yan, D.; Gong, D.; Chen, L.; Chen, J.; Yao, Q. A thin film comprising silk peptide and cellulose
nanofibrils implanting on the electrospun poly(lactic acid) fibrous scaffolds for biomedical reconstruction. Int. J. Biol. Macromol.
2023, 251, 126209. [CrossRef]

Wang, Y.; Wang, H.; Lu, B,; Yu, K; Xie, R;; Lan, G; Xie, J.; Hu, E.; Lu, F. A sandwich-like silk fibroin/polysaccharide composite
dressing with continual biofluid draining for wound exudate management. Int. J. Biol. Macromol. 2023, 253, 127000. [CrossRef]
Tuyekar, S.N.; Tawade, B.S.; Singh, K.S.; Wagh, V.S.; Vidhate, PK; Yevale, R.P.; Gaikwad, S.; Kale, M. An overview on coconut
water: As a multipurpose nutrition. Int. J. Pharm. Sci. Rev. Res. 2021, 68, 63-70. [CrossRef]

Santos, J.L.; Bispo, V.S.; BC FILHO, A.; Pinto, LE,; Dantas, L.S.; Vasconcelos, D.F,; Abreu, EF.; Melo, D.A.; Matos, I.A.; Freitas, EP.
Evaluation of chemical constituents and antioxidant activity of coconut water (Cocus nucifera L.) and caffeic acid in cell culture.
An. Acad. Bras. Ciéncias 2013, 85, 1235-1247. [CrossRef]

Andasuryani; Kasim, A.; Rahmi, L.D.; Derosya, V. Characteristics of Nata de coco of three types coconut fermentation media. Res.
J. Pharm. Biol. Chem. Sci. 2017, 8, 659-665.

Naik, A.; Venu, G.; Prakash, M.; Raghavarao, K. Dehydration of coconut skim milk and evaluation of functional properties.
CyTA-]. Food 2014, 12, 227-234. [CrossRef]

Setiaji, B.; Setyopratiwi, A.; Cahyandaru, N. Exploiting a benefit of coconut milk skim in coconut oil process as nata de coco
substrate. Indones. J. Chem. 2010, 2, 167-172. [CrossRef]

Lustri, WR.; Barud, H.; Barud, H.d.S.; Peres, M.F,; Gutierrez, J.; Tercjak, A.; De Oliveira, O.B.; Ribeiro, S.J.L. Microbial
cellulose—Biosynthesis mechanisms and medical applications. Cellul.-Fundam. Asp. Curr. Trends 2015, 1, 133-157. [CrossRef]
Zhou, L.; Wang, Q.; Wen, J.; Chen, X.; Shao, Z. Preparation and characterization of transparent silk fibroin/cellulose blend films.
Polymer 2013, 54, 5035-5042. [CrossRef]

Nosal, H.; Moser, K.; Warzata, M.; Holzer, A.; Stariczyk, D.; Sabura, E. Selected fatty acids esters as potential PHB-V bioplasticizers:
Effect on mechanical properties of the polymer. J. Polym. Environ. 2021, 29, 38-53. [CrossRef]

Taokaew, S.; Seetabhawang, S.; Siripong, P.; Phisalaphong, M. Biosynthesis and characterization of nanocellulose-gelatin films.
Materials 2013, 6, 782-794. [CrossRef]

Wang, R.; Zhu, Y,; Shi, Z.; Jiang, W.; Liu, X.; Ni, Q.-Q. Degumming of raw silk via steam treatment. ]. Clean. Prod. 2018,
203, 492-497. [CrossRef]

Zhao, R.; Li, X.; Sun, B.; Zhang, Y.; Zhang, D.; Tang, Z.; Chen, X.; Wang, C. Electrospun chitosan/sericin composite nanofibers
with antibacterial property as potential wound dressings. Int. J. Biol. Macromol. 2014, 68, 92-97. [CrossRef]

French, A.D. Increment in evolution of cellulose crystallinity analysis. Cellulose 2020, 27, 5445-5448. [CrossRef]

Czaja, W.; Romanovicz, D.; Brown, R M. Structural investigations of microbial cellulose produced in stationary and agitated
culture. Cellulose 2004, 11, 403—411. [CrossRef]

Kuijpers, A.; Van Wachem, P.; Van Luyn, M.; Brouwer, L.; Engbers, G.; Krijgsveld, J.; Zaat, S.; Dankert, J.; Feijen, ]J. In vitro and
in vivo evaluation of gelatin—-chondroitin sulphate hydrogels for controlled release of antibacterial proteins. Biomaterials 2000, 21,
1763-1772. [CrossRef] [PubMed]

Cutting, K.F,; Westgate, S.J. Super-absorbent dressings: How do they perform in vitro? Br. |. Nurs. 2012, 21, S14-519. [CrossRef]
Chiaoprakobkij, N.; Seetabhawang, S.; Sanchavanakit, N.; Phisalaphong, M. Fabrication and characterization of novel bacterial
cellulose/alginate/gelatin biocomposite film. J. Biomater. Sci. Polym. Ed. 2019, 30, 961-982. [CrossRef] [PubMed]

Ogawa, A ; Terada, S.; Kanayama, T.; Miki, M.; Morikawa, M.; Kimura, T.; Yamaguchi, A.; Sasaki, M.; Yamada, H. Improvement
of islet culture with sericin. J. Biosci. Bioeng. 2004, 98, 217-219. [CrossRef]

Yamada, H.; Igarashi, Y.; Takasu, Y.; Saito, H.; Tsubouchi, K. Identification of fibroin-derived peptides enhancing the proliferation
of cultured human skin fibroblasts. Biomaterials 2004, 25, 467-472. [CrossRef]

Zheng, C.; Nie, F; Zheng, Y.; Cheng, Y.; Wei, S.; Valiev, R. Enhanced in vitro biocompatibility of ultrafine-grained biomedical NiTi
alloy with microporous surface. Appl. Surf. Sci. 2011, 257, 9086-9093. [CrossRef]

Kumbar, S.G.; Nukavarapu, S.P; James, R.; Nair, L.S.; Laurencin, C.T. Electrospun poly(lactic acid-co-glycolic acid) scaffolds for
skin tissue engineering. Biomaterials 2008, 29, 4100-4107. [CrossRef]

Sanchavanakit, N.; Sangrungraungroj, W.; Kaomongkolgit, R.; Banaprasert, T.; Pavasant, P.; Phisalaphong, M. Growth of human
keratinocytes and fibroblasts on bacterial cellulose film. Biotechnol. Prog. 2006, 22, 1194-1199. [CrossRef]

Qi, Y,; Wang, C.; Wang, Q.; Zhou, F; Li, T.; Wang, B.; Su, W.; Shang, D.; Wu, S. A simple, quick, and cost-effective strategy
to fabricate polycaprolactone/silk fibroin nanofiber yarns for biotextile-based tissue scaffold application. Eur. Polym. ]. 2023,
186, 111863. [CrossRef]

Tulachan, B.; Meena, S.K,; Rai, R K.; Mallick, C.; Kusurkar, T.S; Teotia, A.K.; Sethy, N.K.; Bhargava, K.; Bhattacharya, S.; Kumar,
A.; et al. Electricity from the Silk Cocoon Membrane. Sci. Rep. 2014, 4, 5434. [CrossRef]

Anselme, K. Osteoblast adhesion on biomaterials. Biomaterials 2000, 21, 667—-681. [CrossRef] [PubMed]


https://doi.org/10.1016/j.msec.2017.02.074
https://doi.org/10.1007/s10570-023-05407-1
https://doi.org/10.1016/j.ijbiomac.2023.126209
https://doi.org/10.1016/j.ijbiomac.2023.127000
https://doi.org/10.47583/ijpsrr.2021.v68i02.010
https://doi.org/10.1590/0001-37652013105312
https://doi.org/10.1080/19476337.2013.833296
https://doi.org/10.22146/ijc.21912
https://doi.org/10.5772/61797
https://doi.org/10.1016/j.polymer.2013.07.002
https://doi.org/10.1007/s10924-020-01841-5
https://doi.org/10.3390/ma6030782
https://doi.org/10.1016/j.jclepro.2018.08.286
https://doi.org/10.1016/j.ijbiomac.2014.04.029
https://doi.org/10.1007/s10570-020-03172-z
https://doi.org/10.1023/B:CELL.0000046412.11983.61
https://doi.org/10.1016/S0142-9612(00)00064-8
https://www.ncbi.nlm.nih.gov/pubmed/10905458
https://doi.org/10.12968/bjon.2012.21.Sup14.S14
https://doi.org/10.1080/09205063.2019.1613292
https://www.ncbi.nlm.nih.gov/pubmed/31043124
https://doi.org/10.1016/S1389-1723(04)00270-1
https://doi.org/10.1016/S0142-9612(03)00540-4
https://doi.org/10.1016/j.apsusc.2011.05.105
https://doi.org/10.1016/j.biomaterials.2008.06.028
https://doi.org/10.1021/bp060035o
https://doi.org/10.1016/j.eurpolymj.2023.111863
https://doi.org/10.1038/srep05434
https://doi.org/10.1016/S0142-9612(99)00242-2
https://www.ncbi.nlm.nih.gov/pubmed/10711964

Gels 2024, 10, 714 17 of 17

52.

53.

54.

55.

56.

Nwe, N.; Furuike, T.; Tamura, H. Selection of a biopolymer based on attachment, morphology and proliferation of fibroblast
NIH/3T3 cells for the development of a biodegradable tissue regeneration template: Alginate, bacterial cellulose and gelatin.
Process Biochem. 2010, 45, 457-466. [CrossRef]

Kingkaew, J.; Jatupaiboon, N.; Sanchavanakit, N.; Pavasant, P.; Phisalaphong, M. Biocompatibility and growth of human
keratinocytes and fibroblasts on biosynthesized cellulose-chitosan film. J. Biomater. Sci. Polym. Ed. 2010, 21, 1009-1021. [CrossRef]
[PubMed]

Taokaew, S.; Phisalaphong, M.; Newby, B.Z. Modification of Bacterial Cellulose with Organosilanes to Improve Attachment and
Spreading of Human Fibroblasts. Cellul. (Lond.) 2015, 22, 2311-2324. [CrossRef] [PubMed]

Suratago, T.; Panitchakarn, P.; Kerdlarpphon, P.; Rungpeerapong, N.; Burapatana, V.; Phisalaphong, M. Bacterial cellulose-alginate
membrane for dehydration of biodiesel-methanol mixtures. Eng. . 2016, 20, 145-153. [CrossRef]

Supanakorn, G.; Taokaew, S.; Phisalaphong, M. Ternary composite films of natural rubber, cellulose microfiber, and carboxymethyl
cellulose for excellent mechanical properties, biodegradability and chemical resistance. Cellulose 2021, 28, 8553-8566. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.procbio.2009.11.002
https://doi.org/10.1163/156856209X462763
https://www.ncbi.nlm.nih.gov/pubmed/20507705
https://doi.org/10.1007/s10570-015-0651-x
https://www.ncbi.nlm.nih.gov/pubmed/26478661
https://doi.org/10.4186/ej.2016.20.5.145
https://doi.org/10.1007/s10570-021-04082-4

	Introduction 
	Results and Discussion 
	Morphology of Scaffold 
	Mechanical Properties 
	Fourier Transform Infrared (FT-IR) Spectra 
	X-Ray Diffraction (XRD) 
	Water Absorption Capacity (WAC) 
	Cytotoxicity 
	Biocompatibility 

	Conclusions 
	Materials and Methods 
	Materials 
	Fabrication of BC and S/BC Films 
	Morphology 
	Mechanical Test 
	Fourier Transform Infrared (FT-IR) Spectroscopy 
	X-Ray Diffraction (XRD) Analysis 
	Water Absorption Capacity 
	Cytotoxicity Test 
	Biocompatibility Test 
	Statistical Analysis 

	References

