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Abstract

The increasing demand of sustainable biocompatible composites of
bacterial cellulose (BC) and chitosan (C) has grown much attention in
the past years. In this study, a biocompatible bacterial cellulose-
chitosan composite (BCC) was produced from Nata de Coco (NC) and
Squid Gladius (SG) as the source of BC and C respectively. The effects of
varying chitosan concentrations (2%, 5%, 8% w/v) on the composite’s
physicochemical properties—including morphology, water holding
capacity, and tensile strength—along with its biocompatibility in
Simulated Body Fluid (SBF), were investigated. Scanning Electron
Microscopy (SEM) revealed that the BCC composite exhibited a denser
and more homogenized structure compared to the native BC pellicle.
Fourier Transform Infrared Spectroscopy (FTIR) analysis showed
characteristic spectra for the pellicles between 2800 and 1200 cm™,
with distinct bands for amide groups observed at 1613, 1550, and 1337
cm™, indicating the presence of chitosan. Among the composites, the
BCC containing 8% w/v chitosan demonstrated the highest water
holding capacity (581%), while the composite with 5% w/v chitosan
exhibited superior tensile strength. SEM images of BCC samples
subjected to the SBF process showed gradual hydroxyapatite (HAp)
crystal formation, with a Ca-P ratio approaching 1.67 by the third day,
as confirmed by X-ray Fluorescence (XRF), indicating promising
biocompatibility. FTIR analysis also revealed typical absorption bands
of (HAp), including peaks at 3555 and 622 cm™ corresponding to the
stretching and liberation modes of hydrogen-bonded ions, respectively.
The findings of this study highlight the potential of producing
biopolymers from biomass sources, paving the way for their application
in wound dressing materials and other biomedical uses.

1. Introduction

Cellulose is widely known to be the most copious biopolymer present in nature. Originally, cellulose is extracted
from plants and their wastes. Although plants are the major provider of cellulose, bacteria, fungi and algae can
also be considered as substitutes in cellulose production. But among these, cellulose synthesized by Acetobacter
Xylinum bacteria or bacterial cellulose has acquired the attention of many scientists due to its distinctive
physical and mechanical properties and has been extensively studied for the past decades. Acetobacter Xylinum
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is the most efficient BC producer that manages to integrate various sugars and yields high quality cellulose in
liquid medium [1].

It was reported that the distinctive nanofibrillar structure of BC can become a perfect matrix as an optimal
wound healing environment [2]. Particularly notable is the fact that the size of BC fibrils is about 100 times
smaller than that of plant cellulose. Its exceptional morphology results in a large surface area that can store a
large amount of water and at the same time displays great elasticity, high wet strength and conformability [3].
The small size of BC fibrils seems to one of the key factors that determines its remarkable performance as a
wound healing system. Moreover, its membrane is a highly nanoporous material that allows for the potential
transfer of drugs (antibiotics etc.) into the wound while also serving as a proficient barrier against any outside
infection.

Although BC has its unique properties there still exists limitations that inhibits its applications such as lack
of antibacterial properties, optical transparency and stress bearing capability. To overcome these limitations, BC
composites have been introduced. Different ways in improving BC have already been devised in past researches,
as such is the preparation of composites with various biomaterials —one of which is the integration of Chitosan
to BC [4,5].

Sepioteuthis lessoniana, commonly known as the oval squid, is a species found primarily in tropical and
subtropical waters of the Indo-Pacific region. It has been recognized as a viable source of chitosan, a biopolymer
derived from the exoskeletons of crustaceans and mollusks. Chitosan had been incorporated to BC in order to
improve some of the properties of the original BC structures. The cellulose produced was highly transparent,
flexible and displayed better mechanical properties. The morphological analysis performed suggested that
chitosan molecules can go through the BC forming a three-dimensional multilayer structure scaffold [6]. Also,
chitosan has shown to improve other BC’s important properties such as the water holding capacity and the
water release rate of BC.

Biocompatibility does not only refer to the quality of not having toxic effects on biological systems, but also
to the need of having an appropriate reaction to ensure satisfactory performance on a specific application.
Biocompatibility of BC for wound dressings and tissue engineering can then be accounted for its unique physical
properties and similarity in structure with the extracellular matrix components such as collagen. The porosity of
BC networks can influence the response of cells. In the case of BC its loose fibril arrangement, high surface area
per unit mass and hydrophilic nature results in a very high water holding capacity thus accelerating the wound
healing pro-cess [7]. As for BCC composite, biocompatibility was evaluated by cell adhesion studies. Cell
adhesion and proliferation was achieved and in general, BCC composites showed a much better biocompatibility
than pure BC.

Acetobacter xylinum has been proven that it has the capability to replace plant as another source of cellulose
through oxidative fermentation under static and agitated conditions. However, the high-cost and low-yield
productions have limited its commercialization. According to Gorgieva and Trcek [2], the final price of these
biomaterials will strongly depend on the efficient strains which do not undergo changes over time, nutrition
media that are based on inexpensive sources of carbon and nitrogen, and the efficient large-scale fermentation
processes. In addition to that, economical composite sources are also required for further commercialization of
these biomaterials. Hence, researchers are now tasked to focus mainly on agricultural wastes and industrial by-
products as new cost-effective raw material sources [8].

Recent studies on the synthesis of bacterial cellulose (BC) and chitosan composites have explored various
methods to enhance their properties for biomedical and industrial applications. For instance, Zao et al.
synthesized via biological self-generation process and in situ reduction of a silver (Ag)-polydopamine
(PDA)/bacterial cellulose (BC)-chitosan (CTS) composite film with strong antibacterial properties, high
biocompatibility, and structural integrity [9]. In addition, a green approach for production of BCC composite in
the presence of carbonic acid under high pressure COz was reported by Novikov et al. highlighting that the
chitosan impregnation increased the specific surface area of the material [10]. On the other hand, a chemical
approach was done wherein an antimicrobial film were produced by combining a bacterial cellulose (BC)
suspension as the base material, chitosan for its natural antimicrobial properties, carboxymethyl cellulose (CMC)
to ensure uniform distribution, and glycerol to enhance flexibility [11]. Finally, facile method was used to create
a series of zwitterionic hydrogels made from bacterial cellulose (BC) and chitosan, where the hydrogels formed
in situ through a Schiff base reaction between partially oxidized BC and chitosan, resulting in materials with
good mechanical properties. In this study, a direct slow mixing approach fermented BC and extracted C was
employed to ensure mechanically stable composite with antimicrobial property.
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2. Materials and Methods

2.1 Extraction of Chitosan

The extraction of chitosan was adapted from the work of Li et al. with modification [12]. The squid gladius (S.
lessoniana) was boiled with 3% NaOH (analytical grade, 297.0%, Sigma-Aldrich, St. Louis, Missouri, USA) for 30
minutes to eliminate proteins. The materials were cooled and washed with deionized water to remove all traces
of alkali. The deproteinized shells were transferred to a mild steel vessel lined with fiber glass and were treated
with 3 wt% HCI (analytical grade, 98%, Sigma-Aldrich, St. Louis, Missouri, USA) for 30 minutes with occasional
stirring to eliminate minerals. The excess acid was decanted and the residue was washed until the pH level is
normal. Next, the excess water was removed using a screw press, and chitin was obtained. Lastly, the chitin was
heated at 90-95°C for about 90 minutes with 40 wt% NaOH (analytical grade, 297.0%, Sigma-Aldrich, St. Louis,
Missouri, USA) in a mild steel vessel. Chitosan was obtained after the removal of the water.

2.2 Preparation of Bacterial Cellulose (BC) and BCC Composite (BCC)

The preparation of the BC and C composite was adapted from the work of Ambaye at al. with modification [13].
The Acetobacter xylinum was used as the acetic acid bacteria strain for the production of the bacterial cellulose.
Freshly collected coconut water was filtered using a clean cheesecloth. It was then added by 550 g of sugar
forming a 5L sugar-coconut water solution. The solution was transferred to a clean and heat resistant glass jar
covered with clean cheesecloth. It was then pasteurized by heating in a water bath for 15-20 minutes and
allowed to cool to room temperature. Then glacial acetic acid was added (8 mL per liter of coconut water) and
nata starter (20% of the volume of coconut water solution). The containers were covered with sheets of paper
and left undisturbed for 7-10 days to ferment at 30-32°C forming some bacterial cellulose (BC) pellicles.
Harvesting was done when the pellicles reached the approximate size of 3-7 mm in thickness, 400mm in length
and 250mm in width.

The BC pellicles were collected and rinsed with deionized water several times in order to remove the
remaining bacteria and nutrients. The wet BC pellicles obtained were sterilized by an autoclave and compressed
to remove excess water by a compressor and freeze dried and stored at room temperature prior to use. Chitosan
was dissolved in 1% citric acid aqueous solution. Different amounts of chitosan were used to produce 2%, 5%,
8% concentrations of Chitosan. The BC pellicles were immersed in the different Chitosan solution for 12 hours
forming the BCC. The end products were freeze-dried.

2.3 Characterization of BC and BCC Composite

The BC and BCC were characterized according to their morphology depending on the effect of the chitosan
contents, water holding capacity, and their tensile. The sur-face morphology of the BC and BCC pellicles were
analyzed with a Jeol 5300 scanning electron microscope (SEM). The chemical structure of BC and BCC pellicles
were analyzed by Fourier transform infrared spectrophotometer (FTIR). Using a Spectrum 2 FT-IR at the
Chemistry Laboratory in Adamson University, FT-IR spectra were recorded from KBr pellets at room
temperature. The data were collected over 20 scans at 0.5cm! resolution and were analyzed over the range of
550-4000 cm-1.

The water retention ratio or degree of swelling is an experimental measure of the capacity of the fiber to
hold water where calculated using equation 1. While the moisture content property is determine using equation
2. Finally, Tensile test specimens were prepared by cutting the pellicles to 10 mm wide and 65 mm long strips
using a precise cutter. Young’s modulus of samples was determined from the tensile test conducted according to
ASTM D-882-97 as a standard test method for tensile elastic properties of thin sheeting.

Wipee — Wy ry

Water Retention Ratio (04) =
Wdrr

% 100 (1)

Moisture Content Ratio (%) = ( ] x 100 (2)

2.4 Biocompatibility Test via Simulated Body Fluid

Simulated body fluid was used to determine the biocompatibility of the BCC composite base on the protocol
established by Kokubo et al. [9]. The best concentration of the BCC was soaked in different time variations of 1,
2, and 3 days. After soaking the samples were freeze dried and undergone SEM-EDX and FT-IR for morphological
and elemental effects determination.
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3. Results and Discussion

3.1 Effect of Chitosan on the Morphology of BCC

SEM images of the BCC at different chitosan content at 5000 magnifications is shown in Fig. 1. It can be observed
that increasing the chitosan content from 0 % to 8 % shown a significantly denser and more homogenous
structure as the concentrations of Chitosan increases. The chitosan penetrated into the pores of bacterial
cellulose and interact with the microfibrils, which affected the physicochemical properties of the pellicles [10].
The BCC pellicles had appeared to be thicker due to the coverage by a thick layer of Chitosan. Also, the porous
structure remains while the pore size becomes much bigger [11]. It can also be noted that in the BC and BCC
composite has well interconnected pore network structure and large surface area necessary for better cellular
attachment.

o d.

Fig. 1 SEM images of Surface morphology of the pellicles in 5,000 magnifications, (a) BC -0% Chitosan; (b) BCC-2%
Chitosan; (c) BCC -5% Chitosan; (d) BCC-8% Chitosan

The FTIR (Fourier-transform infrared) spectra of BC (bacterial cellulose) and BCC (bacterial cellulose
composite) at varying chitosan concentrations illustrate distinct spectral features attributed to both cellulose
and chitosan is presented in Fig. 2. A broad absorption band at 1613 cm~! (amide I), 1550 cm-! (amide II), and
1377 cm~! (amide III) was observed, which corresponds to the characteristic amide groups present in chitosan.
These amide groups represent the peptide linkages that form the backbone of chitosan, indicating its presence
and interaction within the composite. Additionally, a significant band around 1640 cm-! was assigned to the
glucose carbonyl group in cellulose. In particular, for the BCC sample containing 5% chitosan, an intense peak at
1639.1 cm! was recorded, further confirming the glucose carbonyl group of cellulose. This indicates that the
carbonyl functionality in cellulose is well-preserved even in the presence of chitosan.

Moreover, the chitosan-specific absorption bands around 1556 cm-!, which are attributed to the amino
groups of chitosan, showed a slight shift with increasing concentrations of chitosan in the composite. With the
addition of 2%, 5%, and 8% chitosan, the band shifted from 1556 to 1560 cm~! and 1559.8 cm™!, respectively.
This shift suggests an intermolecular hydrogen bonding interaction between the amino groups in chitosan and
the hydroxyl groups of cellulose, which likely enhances the overall structural integrity of the composite.

These findings imply that as the concentration of chitosan increases, its interaction with cellulose becomes
more pronounced, likely resulting in improved properties of the pellicle formed in the BCC compared to the pure
bacterial cellulose sample. The hydrogen bonding between the two components contributes to better composite
formation and performance, potentially yielding a more stable material for biomedical applications.
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Fig. 2 FTIR analysis of characteristic bands for BC and BCC composite, (a) BC pellicle; (b) BCC -2% Chitosan; (c)
BCC -5% Chitosan; (d) BCC -8% Chitosan

3.2 Effect of Chitosan on the Moisture Content and Water Retention of BCC

The mean moisture content (MC) and water retention (WR) ratio of BCC at different chitosan concentration as
illustrated in Fig. 3. It was observed that a sudden increase of MC (Fig. 3a) was observed when the chitosan
content was increased from 0 to 2%, and a steady MC increase as the chitosan concentration was increased to 8
%. This was due to the increasing homogeneity of the BCC in terms of chitosan accumulation in each pellicle
resulting to the increase of water molecule in the composite [13]. In addition, all BBC exhibit increasing moisture
content as the chitosan concentration increases resulting to increasing trend of water retention (Fig. 3b). The
water absorption of the composite is mainly due to the cellulosic material. This increases the rates of water
uptake by forming the hydrogen bonding between water and the hydroxyl group from cellulosic cell wall fiber
[14].
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Fig. 3 Data for (a) moisture content ratio; and (b) water retention of BCC at different chitosan concentration

3.3 Effect of Chitosan on the Tensile Strength of BCC

It was observed that the tensile strength is directly affected by the amount of chitosan used for the production of
composites (Fig. 4). The highest tensile strength recorded was 8.15 MPa with 5% chitosan content. This is
because chitosan has excellent film forming capability resulting to stable hydrogen bonding with the cellulose.
Also, it was observed that the composites endure more force than the negative cellulose due to their denser and
thicker structure.
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Fig. 4 Effect of chitosan content on the tensile strength of BCC

3.4 Characterization of BCC-5% Chitosan Soaked in SBF

The SEM micrographs of the BCC-5% soaked at 1, 2, and 3 days in SBF is presented in Fig. 5. It can be observed
the formation of significantly denser structure of hydroxyapatite crystals as the days of soaking was increased
from one to three days. The estimated particle size obtained was from 30-80 nm. In addition, more and more
crystals were formed for each soaking time performed. This was reported by Lin et al. that the BC nanofibers can
mimic collagen nanofibers for Ca-P minerals deposition via biomineralization [15]. In addition, behavior of this
Ca-P minerals is platelet-like calcium-deficient hydroxyapatite (HAp), similar to the hydroxyapatite found in
natural bone.

38 nm

22 nm

78 nm

2 60 nm
40 nm

Fig. 5 SEM images of BCC-5% soaked in SBF for (a) 1 day; (b) 2 days; and (c) 3 days at 5000x magnification

This was confirmed by the FTIR spectra as shown in Fig. 6. the BCC cellulose immersed in SBF and gives
broad peaks and an infrared reflection peak at 1400 cm-!, which is caused by a CO- group. The characteristic
bands showed in the sample spectra exhibited two bands observed at 3555 and 622 cm due to the stretching
mode of hydrogen-bonded OH-ions and liberational mode of hydrogen bonded OH- ions, respectively; the band
at 1040 cm! arises from PO43the bands at 603 and 561 cm'! arise from PO43. The FTIR analysis showed all
typical absorption characteristics of hydroxyapatite. In addition, some carbonate content also was seen CO32
peak around 1600 cm', which an indication of the presence of carbonate apatite [16]. This might have
originated through the absorption of carbon dioxide from the atmosphere. Therefore, according to these
explanations, it is obvious that the synthesized powder is certainly hydroxyapatite.

The EDX analysis of BCC-5% Chitosan soaked in SBF for 1, 2 and 3 days as shown in Fig. 7. The analysis
showed a decreasing value of Ca-P ratio from around 15 to as low as 6.7, nearing the ideal 1.67 Ca-P ratio of
Hydroxyapatite formation. Although there had been trace elements formed, they have not interfered in the
synthesis reaction and are most likely that they would not react during the synthesis, staying in the amorphous
phase [17]. As they are in the range of parts per million, they will not alter the overall biocompatibility response
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of the material. From existing literature, the best time span of soaking was that of 24 days to maximize the even
formation of the hydroxyapatite crystals throughout the surface of the BCC composite. The images from the
Scanning Electron Microscopy clearly showed the formation of hydroxyapatite crystals from the consumption of
calcium phosphate from the SBF.
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Day 2 BCC Pellicle 5% Chitosan .

= Day 3 BCC Pellicle 5% Chitosan
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4000 3500 3000 2500 2000 1500 1000 500

Wavelength, cm™

Fig. 6 FTIR spectra of BCC -5% Chitosan soaked in SBF for (a) 1 day; (b) 2 days; and (c) 3 days
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Fig. 7 EDX analysis of BCC -5% Chitosan soaked in SBF for (a) 1 day; (b) 2 days; and (c) 3 days

4. Conclusion

The study showed the successful synthesis of dense and porous pellicle biocompatible bacterial cellulose with
chitosan as confirmed by the SEM and FTIR results. The formation of a more homogenous BCC composite was
obtained with BCC- 5% Chitosan content. In the tensile strength test, the pellicles with 5% and 8% chitosan
content yielded almost the same results, although the BC-5% chitosan exhibited a slightly better tensile strength
and good water retention and moisture content property. In addition, BCC-5% Chitosan exhibits a biocompatible
property with a crystal structure formation of nearing to 1.67 Ca-P ratio as the soaking days is increasing. The

results of this study could be beneficial to researches gearing toward biomedical applications of cellulose based
biofilm.
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