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Abstract: Bacterial Cellulose (BC) is a polymer derived from the bacterium Komagataeibacter xylinus with great
potential for biomedical applications due to its high biocompatibility and biodegradability. In addition, the polymer is
naturally biosynthesized by bacteria as hydrogels which can be used as optimal substrates for wound healing. However,
the drawback of BC is the absence of antibacterial properties. Nowadays, some infections become more prevalent and
harder to treat because of antimicrobial resistance, therefore, it is necessary to develop a strategy for modifying BC
as wound healing that provides protection against bacterial contamination. In this work, silver-based Metal Organic
Frameworks (MOFs) were immobilized into Bacterial Cellulose (BC). MOFs are porous coordination materials
consisting of metal ions and multidentate organic ligands that have the potential as a matrix for metal ions due to their
ability to gradually release metal ions. The structure and morphology of BC@Ag-MOF were successfully confirmed
by Fourier-Transform Infrared spectroscopy (FTIR) and Scanning Electron Microscope (SEM). Evidently, BC@Ag-
MOF exhibited a higher silver content (63.19%) than BC@Ag without immobilization into MOF (48.46%). Therefore,
it indicated that MOF has large pores for enhancing the capacity for silver ion absorption in BC. The modified BC
has never been reported and achieved the highest antibacterial activity of 99.99% against Gram-negative bacteria
Escherichia coli. Moreover, BC@Ag-MOF has a higher antibacterial efficiency of 97% compared to BC@Ag without
matrix. This study expands the potential application of BC modification in the field of biological antibacterial.
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1. Introduction

The development and application of natural polymer-based wound healing have been investigated in recent years.
Bacterial Cellulose (BC) from Komagataeibacter xylinus become one of the excellent wound healing agents.'” The
material is biocompatible, which is non-toxic, does not cause allergies, and can accelerate wound healing.*’ Bacterial
cellulose gel has been utilized in skin transplantation and other wound treatments as a part of the healing process. The
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usefulness of BC as a medical product was investigated in various publications.*” To fulfill standards as a wound healing
agent, it is necessary to modify BC by increasing its antibacterial activity. Microorganisms, especially Escherichia coli
have potential to become a significant public health problem for various diseases such as Urinary Tract Infection (UTI),
cholecystitis, and other clinical infections.” In the majority of biological applications, lowering the risk of infection is
crucial. BC has a high-water holding capacity and porosity, allowing it to absorb and release antimicrobial solutions
gradually. Thus, the synthesis of BC-based antibacterial wound healing can be achieved by antibiotic impregnations,
nanoparticles, or polymers that have antimicrobial activity.”"

Metal nanoparticles have attracted great interest and are typically applied in various industrial sectors because
of their unique optical, catalytic, and biological features.'”'* Currently, microbially synthesized nanoparticles have
been recognized as a cost-effective and environmentally friendly method and are suitable for large-scale production.
Various kinds of microbes such as fungi, algae, and bacteria can release proteins, enzymes, and organic molecules that
work as stabilizing and reducing agents for metal ions.'”'® Among various metal nanoparticles, silver nanoparticles
(AgNPs) have attracted much attention for applications in various fields, including biosensing materials, biomedicine,
and wound dressings.'”"” In addition, AgNPs are known as strong antibacterial agents due to their cytotoxic effects
against various bacteria, the inhibition rate reached 100% at 125 ppm of AgNPs.”” However, AgNPs aggregation in
solution and duration of recovery are considered two critical challenges for the broad application of these nanoparticles.
Therefore, many strategies have been used to overcome this problem, including the encapsulation and immobilization
of AgNPs in various matrices.”” ™ On the other hand, MOFs have been widely applied for the detection of food or
water contaminants, photo-fenton degradation of organic pollutants, the improvement of membranes performance, and
immobilization of metal nanoparticles.*”' MOFs are crystalline compounds consisting of metal ions and organic ligands
and have attracted much attention through its properties such as high porosity and large surface area.”>” One type of
MOF, Zeolitic Imidazolate Framework-8 (ZIF-8), can be used as a promising antibacterial matrix with large pore size
and ability to release metal ions.”*** So far, composite pellicle of BC@Ag-MOF has not been reported yet. The objective
of this research was to investigate novel bacterial cellulose based silver-metal organic frameworks and its potential for
antibacterial wound healing against Gram-negative E. coli.

2. Materials and methods
2.1 Materials and strain

Komagataeibacter xylinus strain ATCC 11142 that produced bacterial cellulose was supplied by Bioresource
Collection and Research Center (BCRC) (Hsinchu, Taiwan). The Hestrin and Schramm (HS) medium, which contains
2.7 g/L Na,HPO,, 5 g/L yeast extract, 1.15 g/L citric acid, 20 g/L glucose, and 5 g/L peptone was used for bacterial
cultivation at 30 °C. All analytical grade chemicals used in this research were obtained from Merck, Sigma, and Acros.

2.2 Synthesis of BC@wAg-MOF

After 1 week of cultivation, the BC membrane was separated from the media and pre-treated with alkaline method
to remove the residual biomass. Cellulose pellicle was treated with 1 M NaOH for 2 h at 90 °C three times and rinsed
with distilled water until a neutral pH was reached. The BC pellicle obtained was 1.5 x 1.5 cm® according to the
diameter of the test tube used.

ZIF-8 crystals were synthesized by slowly pouring of 10 mmol of Zn(NO,),-6H,0 into 40 mmol of
2-methylimidazole and stirred the mixture for 5 minutes. Finally, the mixture was allowed to stand for 24 hours at
room temperature, centrifuged at 6,000 rpm, and dried at 50 °C overnight to obtain ZIF-8 crystals. In the Ag-MOF
synthesis, the material was prepared by mixing AgNO; and MOFs solutions (1:1 ratio) with various concentrations of
each component 5, 15, and 25 mM. Then, the mixture was stirred using a magnetic stirrer at room temperature (150
rpm) for 2 hours. Subsequently, the BC pellicle was immersed in Ag-MOF solution for 2 hours. The modified material
(BC@Ag-MOF) was rinsed with distilled water three times followed by drying process using a freeze dryer prior to
characterization.
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2.3 Characterizations

Field Emission Scanning Electron Microscopy (FE-SEM) was used to determine the surface morphology of
modified BC samples (JSM-6500F, JEOL, Japan). While Fourier-Transform Infrared spectroscopy (FTIR) (FTS 3500,
Bio-Rad Laboratories Sadtler Division, USA) was employed to analyze the chemical composition of samples with the
wavenumber of 4,000-400 cm’™.

2.4 Antibacterial test

The antibacterial activity of modified BC was tested against Gram-negative Escherichia coli by the following two
methods. In disc diffusion method, the samples were sterilized by autoclaving for 15 minutes at 120 °C. A total of 100
uL E. Coli solution with ODy, 0.1 was spread onto an agar plate, then the samples were attached to the agar surface and
incubated at 37 °C overnight to form inhibition zone.

In Colony Forming Unit (CFU) method, E. coli cultures were inoculated in Luria Broth (LB) media at 37 °C
overnight. The Bacterial cells were separated from the media by centrifugation and washed twice with NaCl solution pH
6.5. The bacterial solution was diluted to a final concentration of ODy,, 1 with NaCl solution. Samples were mixed with
a total of 10 mL bacterial solution for 30, 60, and 120 minutes at 37 °C. Subsequently, 100 uL of bacterial supernatant
with appropriate dilution was added to the LB agar plate. The samples were incubated at 37 °C and bacterial colonies
were counted after 24 hours of incubation.

NTUST S 15.0kV  x

SEI 15.0kV % 25,000 1 um WD 10.6 mm

Figure 1. SEM analysis of (a) BC (10,000x), (b) BC@Ag with concentration of AgNO; 25 mM (10,000%), (c) ZIF-8 (25,000x), (d) BC@Ag-MOF
with concentrations of AgNO; and ZIF-8 (1:1) 25 mM (1,000%)
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Figure 2. Elemental analysis (EDX) spectrum of (a) BC@Ag, (b) ZIF-8, (c¢) BC@wAg-MOF
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3. Results and discussion
3.1 Synthesis and characterization of BC@Ag-MOF

In this study, BC as wound healing has been modified by the addition of immobilized silver into ZIF-8 matrix.
The synthesis of this composite was carried out by mixing AgNO,; and ZIF-8 solutions (ratio 1:1) with various
concentrations by rapid stirring at room temperature. Furthermore, the modified material was characterized using SEM/
EDX and FTIR to confirm the structure and morphology of the material.

Figure 1 shows the morphology and structure of various modified BC by SEM analysis. Bacterial cellulose has
a smooth fibril-like structure with a nanometer size as shown in Figure la. The addition of silver ions caused the
morphology of the cellulose to become rough due to the attachment of silver particles on the surface. Figure 1b indicates
the SEM analysis of BC@Ag before being incubated into E. coli solution where silver nanoparticles (AgNPs) had not
been formed. The formation of ZIF-8 crystals varied with the duration of synthesis process.”” SEM has confirmed the
morphology of ZIF-8 with rhombic dodecahedron shape and a crystal size about 400-600 nm obtained after 24 h of
reaction time (Figure 1¢). For SEM analysis of BC@Ag-MOF, the BC surface was covered by Ag and MOF particles
uniformly (Figure 1d). The result was evidenced by the presence of Zinc (Zn) and Ag elements in the EDX analysis
(Figure 2c¢). Interestingly, the modified cellulose (BC@Ag-MOF) exhibited a greater silver content (63.19%) than BC@
Ag without immobilization into MOF (48.46%). Therefore, it can be proven that MOF has large pores for increasing the
silver ion absorption capacity in BC, as conducted by previous studies.”*”’

The functional groups of modified bacterial cellulose were confirmed using FTIR analysis as shown in Figure 3.
The composite of BC@Ag-MOF consists of ZIF-8 compounds, for example, absorption bands at 3,092.08 cm™ and
2,927.20 cm™ which indicate C-H stretching. The band at 1,577.20 cm™ is associated with C = N stretching of imidazole
ring, while the band at 422.32 cm™' exhibits N-Zn stretching. The band at 1,307.20 cm™ shows the C-H bending
vibration of -CH, and the band at 984.64 cm™' is associated with the N-H swing. The position of this band is similar to
previous research.””*' Furthermore, the bands at 1,464.88 cm™ and 1,165.36 cm™ indicate the bending of the O-H group
and the C-O group (-glycosidic bond) which is characteristic of cellulose. The addition of Ag ions also gives a band at
1,382.80 cm™ which exhibits a C-N group.
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Figure 3. FTIR spectrum of modified bacterial cellulose
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3.2 Antibacterial activity against Escherichia coli

The antibacterial activity of materials against Gram-negative E. coli was performed by disc diffusion and CFU
methods. For disc diffusion method (Figure 4), BC@Ag-MOF has the largest inhibition zone (28.98 mm + 0.11)
compared to BC@Ag (27.13 mm + 0.07). Whereas the inhibition zone of BC sample as control was much smaller.
Additionally, it was found that Ag” ions in BC@Ag-MOF accepted electrons and were reduced (Ag’) to AgNPs through
enzymes secreted by E. coli.*>* Figure 4 shows the appearance of brownish color in the BC pellicle where the BC@Ag-
MOF sample exhibited darker color than BC@Ag without MOF. Therefore, AgNPs were successfully immobilized into
the MOF matrix, which was characterized by increased uptake of these nanoparticles into the BC, thereby enhancing the
antibacterial efficacy.

Figure 4. Antibacterial activity of modified bacterial cellulose by disc diffusion method. BC@Ag and BC@Ag-MOF were performed using
concentration of 25 mM and incubation time of all samples was 2 hours in E. coli solution

The antibacterial activity by the CFU method was carried out using various concentrations of AgNO, and MOF (5,
15, 25 mM), as well as incubation time of the samples into E. coli solution (30, 60, 120 min). E. coli and BC were used
as experimental controls because both samples did not have antibacterial activity. According to the results, the higher
concentration of both materials and the longer incubation time of samples caused the higher reduction of bacteria (CFU/
mL) due to an increase in silver absorption into the BC pellicle (Figure 5). It is known that silver nanoparticles can
release silver ions continuously. Silver ions can enter the bacterial cell membrane and bind to membrane proteins that
are responsible for the transport of substances in and out of the bacterial cell. In addition, silver ions are also transported
into the cell and will block cell division by binding to DNA. Furthermore, the respiration of the bacteria would be
disturbed and thus destroy the energy production of the cell. Eventually, the bacterial cell membrane will break and
result in bacterial death.” Here, BC@Ag-MOF sample had the highest percentage of bacterial reduction up to 99.99%
at the concentration of 25 mM and incubation time of 2 hours. This result proved that the immobilization of AgNPs
into the BC matrix could increase the stability of silver ions release, thus enhancing the antibacterial activity. Under
optimum conditions, 25 mM of BC@Ag and BC@Ag-MOF showed antibacterial activity results of 79 CFU/mL and 2.4
CFU/mL, indicating the efficiency of BC@Ag-MOF was 97% higher than BC@Ag.

4. Conclusions

In this work, the composite material (BC@Ag-MOF) exhibited a high antibacterial efficiency against Gram-
negative Escherichia coli up to 99.99% at concentrations of 25 mM of Ag-MOF after 2 h incubation. Interestingly, the
presence of MOFs matrix could release silver ions continuously in modified BC thereby enhancing the antibacterial
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activity compared to BC without MOF (BC@Ag). This study showed that BC@Ag-MOF has the potential as a
promising antibacterial wound healing, especially in the biomedical applications. For further study, bacterial cellulose
can be modified with various types of MOFs (HKUST-1, UiO-66, MIL-100, etc.) for metal nanoparticles immobilization
to increase the stability of metal ions resulting in higher antibacterial activity.
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Figure 5. Antibacterial activity (CFU/mL) using variations of (a) materials concentration and (b) incubation time in E. coli solution
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