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Abstract

This study presents the green synthesis of bacterial cellulose-zinc oxide (BC-ZnO) composites. Bacterial cellulose
(BC) was produced through the fermentation of Acetobacter xylinum, using tofu liquid waste as a bacterial medium
under optimal conditions. Following purification, BC underwent characterization through Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy-Dispersive
X-ray Spectroscopy (EDX). The results confirmed the successful formation of BC, highlighting its functional groups,
crystallinity, surface morphology, and elemental composition. The BC-ZnO composite was synthesized using an ex-situ
chemical method, with characterization data revealing that ZnO was successfully impregnated onto the BC template,
constituting 40.92% of the BC-ZnO material by mass. The antibacterial efficacy of the BC-ZnO composite was evaluated
against Propionibacterium acnes using the diffusion method. The results demonstrated a significant inhibitory effect,
with a zone of inhibition measuring 18.7 mm, categorizing it as strongly antibacterial.
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1. Introduction

Liquid waste of tofu (LWT) is a by-product of tofu
production. Typically, LWT is not repurposed but rather
discarded into waste disposal sites. However, it is rich in
organic compounds derived from the tofu manufacturings
process, including proteins, nitrogen, carbohydrates, fats,
vitamins, and minerals!!. These nutrients make LWT an
excellent medium for cultivating certain bacteria, such
as Acetobacter xylinum. This bacterium is capable of
producing bacterial cellulose (BC) through fermentation.
Recently, modified BC has found wide-ranging applications
across various sectors, notably in healthcare. It is used in
the manufacture of food packaging, biosensors, wound
dressings, toxic gas adsorbents, among other products®-.
BC offers numerous benefits, such as being non-toxic, easily
modifiable, simple to produce, and cost-effectivel™. In their
study, BC was modified into a composite material through
the addition of ZnO to the BC template. The selection of
ZnO was based on its excellent antibacterial properties,
non-toxicity, and affordability!®. The composite was
created using the ex-situ chemical method, which
involves immersing BC in a solution containing ZnO. This
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method is widely used for large-scale production of BC
composites due to its simplicity, practicality, and ability
to achieve a well-dispersed incorporation of ZnO into
the BC template!”®). Following immersion, the composite
was characterized, and its antibacterial efficacy was tested
against Propionibacterium acnes.

Propionibacterium acnes is an enzyme-producing
bacterium that contributes to the inflammatory process and
can lead to skin issues, notably acne. Acne is a prevalent,
chronic inflammatory condition affecting the pilosebaceous
unit, which comprises hair follicles and sebaceous glands.
It is primarily triggered by increased sebum production,
hyperkeratinization of follicles, bacterial colonization, and
inflammation. The disorder is marked by the chronic or
recurrent appearance of comedones, erythematous papules,
and pustules, mainly on the face, but it can also affect the
neck, trunk, and proximal upper extremities. While acne
vulgaris is often seen as a benign and self-limiting issue, it
can lead to significant psychological distress and disfiguring
scars. This article offers an updated review of acne, with
an emphasis on its management!®'%.

1/6


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1027-0904
https://orcid.org/0000-0003-1050-0431
https://orcid.org/0000-0002-7565-8072
https://orcid.org/0000-0001-9022-0311

Purba, H., Marpongahtun, M., Tamrin, T, & Septevani, A. A.

2. Materials and Methods
2.1 Materials

The materials used include Acetobacter xylinum, anhydrous
ZnCl,, NaOH, Na,CO,, glacial acetic acid, hydrochloric acid,
ammonium sulfate (referred to as zwavelzure ammoniac,
ZA), sucrose, clindamisyn, liquid waste of tofu (LWT),
coconut water and distilled water (aquadest). Table 1 show
that the fuction of all the material for synthesis BC, BC-ZnO
and antibacterial activity test.

2.2 BC synthesis

Bacterial cellulose (BC) was synthesized through the
fermentation of LWT using Acetobacter xylinum. The process
was optimized by adjusting the medium’s acidity to pH
levels of 2, 3, 4, 5 and 6. The ratios of tofu liquid waste to
coconut water tested were 1:0, 1:1, and 3:1 (%v), over a
fermentation period ranging from the 2™ to the 13% days.
LWT was sourced from the waste disposal system of Tofu
Industry Polonia in Medan, North Sumatra Province,
Indonesia, and subsequently filtered using a vacuum filter.
A mixture of 500 mL of LWT and 500 mL of coconut water
was sterilized in an autoclave at 121°C for 15 minutes.
The medium was then adjusted to pH levels between 2 and
6 by adding glacial acetic acid, cooled to room temperature,
and supplemented with 25 grams of sucrose and 5 grams of
ZA. Each culture container received 350 mL of this medium,
to which 15 mL of Acetobacter xylinum starter culture was
added. BC produced from the fermentation was collected
from the 2" to the 13" day!'!l. The BC was then purified
with distilled water and treated with 5% NaOH for 24 h.
Subsequently, the BC was rinsed with distilled water until
it reached a neutral pH level of 7.

2.3 BC-Zn0 synthesis

The BC-ZnO composite was synthesized using an
ex-situ chemical method. Initially, pure bacterial cellulose
(BC) was immersed in a solution of zinc oxide (ZnO)
synthesized from the ZnCl, precursor. A concentration of
100 ppm ZnO was prepared in advance for the immersion
process, ensuring the BC was fully submerged in the ZnO
solution within the crucible. This soaking process was
conducted over a period of 3 days, with each day totaling
24 hours, followed by a purification step using distilled
water. The purified composites were then dried and subjected
to characterization.

Tabel 1. The fuction of material for synthesis BC, BC-ZnO, and
antibacterial activity test.

No Material Function

1 Acetobacter xylinum Bacteria for synthesis BC
2 ZnCl,/Na,CO, Precursor synthesis ZnO
3. NaOH/aquadest Purification BC

4 LWT/coconut water Medium of bacteria

Acetobacter xylinum

5. Clindamisyn Postif control for antibacterial test
6. ZA/sucrose Nutritional for bacteria
Acetobacter xylinum
2/6

2.4 Characterization

The final product of synthesis BC and BC-ZnO with
previous procedure then purification with aquadest untill
reached pH neutral (pH 7). The neutral BC and BC-ZnO
then was dryed by oven at 40°C until reached constant
mass. Then the material was charaterized using FTIR,
XRD, SEM-EDX.

2.5 Antibacterial activity test

The antibacterial efficacy of the BC-ZnO composite
against Propionibacterium acnes was evaluated using the
diffusion method combined with the cup plate technique.
Initially, 1 ml of Propionibacterium acnes bacterial suspension
was integrated into Mueller-Hinton Agar (MHA) media
and homogenized using a vortex mixer. The mixture was
then transferred to a petri dish and allowed to solidify upon
cooling. Wells were created in the solidified media using
a cork borer, and the BC-ZnO composite was placed into
these wells. The setup was incubated at 37°C for 24 hours.
Post-incubation, the formation of clear inhibition zones
around the wells was observed and the diameters of these
zones were measured using Vernier calipers.

3. Results and Discussions
3.7 Synthesis BC

Optimization of bacterial cellulose (BC) production
using liquid waste of tofu (LWT) media by Acetobacter
xylinum involved varying the concentration ratios of LWT
to coconut water, fermentation duration, and media acidity.
Three concentration ratios were tested: 1:0, 1:1, and 3:1.
Analysis revealed that the optimal ratio for BC production
was 1:1, based on the percent yield of each variation. At a
1:0 ratio, no BC formation occurred, likely due to insufficient
nutritional content for Acetobacter xylinum, preventing
fermentation. Additionally, the effect of fermentation time
on BC yield was examined over a period from the 2nd to the
13th day. It was observed that an increase in fermentation
time led to a higher yield of BC, up to a point where the
nutrient content of the media was depleted. The research
findings indicated that by the third day, bacterial cellulose
(BC) transitioned from a gel-like state to a solid form.
This layer of BC, which is white, floated to the top of the
fermentation container. This phenomenon occurs due to
the production of CO, gas from the bacterial metabolic
process, pushing the BC layer to the surface. The medium’s
acidity was adjusted by adding glacial acetic acid, with
pH levels set at 2, 3, 4, 5, and 6. Data (Figure 1) revealed
that the optimal acidity condition for the medium is at
pH 4, aligning with prior studies suggesting Acetobacter
xylinum operates most efficiently at this pH level'?. This
was evidenced by the percent yield of BC produced during
the fermentation process.

3.2 BC-Zn0 synthesis

The BC-ZnO composite was synthesized using chemical
ex-situ methods, with its characteristics confirmed by
instruments such as FTIR, XRD, SEM, and EDX. The key
to the successful synthesis of BC-ZnO was the interaction
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Figure 1. Optimization of BC synthesis (a) concentration variation (b) fermentation time (¢) medium acidity.

of hydrogen bonds between the BC and ZnO materials!'?!.
The reaction mechanism leading to the formation of BC-
ZnO is outlined as follows!*!:

Zn**+BC — Zn*"---BC (1)
Zn**-—BC +2(OH') — Zn (OH), —-BC )
Zn (OH),—BC — ZnO--BC + H,0 3)

The interaction between ZnO and BC is very strong,
preventing the degradation of the composite material. This
robustness makes BC-ZnO a viable option for antibacterial
applications.

3.3 Characterization

The bacterial cellulose (BC) produced through the
fermentation process was analyzed using FTIR, XRD,
SEM, and EDX techniques. The analysis results indicated
the presence of specific functional groups characteristic of
BC. The IR spectrogram (Figure 2) showed that wavelengths
number in the range of 3200-3700 cm!, representing the
-OH functional group, 2800-2950 cm™ indicating the -CH
functional group, and at 1050 cm™ corresponding to the
-C-O-C- functional group. These findings align with the
known functional groups of bacterial cellulose!'*.

The data of X-ray diffraction (XRD) analysis of the
sample revealed specific diffraction peaks at 20 degrees of 14°
and 22°, indicating the presence of bacterial cellulose (BC)
with a crystallinity of 81% (Figure 3). These results confirm
the successful production of BCI'*!®!. Scanning Electron
Microscopy (SEM) analysis of the surface morphology, as
illustrated in Figure 4, showed that BC had a fibrous structure
with an average particle size of 94.47 nm (using imageJ
software analysis). Elemental analysis by Energy-Dispersive
X-ray Spectroscopy (EDX) data at Figure 5 indicated that the
primary elements of BC, carbon (C) and oxygen (O), were
present at 43.21% and 51.29%, respectively. This elemental
composition closely matches theoretical calculations,
with carbon and oxygen mass percentages expected to be
44.4% and 49.4%, respectively. These findings support
the conclusion that BC was successfully produced through
the fermentation process. Subsequently, BC was modified
into a BC-ZnO composite using chemical ex-situ methods.
This modification resulted in a change in the color of BC,
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Figure 3. X-ray diffractogram of BC and BC-ZnO.

indicating the formation of the BC-ZnO material, which
was then characterized for its properties.

The analysis of the BC-ZnO composite was conducted to
examine properties such as particle size, surface morphology,
crystallinity, and functional groups. The identification of
functional groups in the BC-ZnO composite through IR
spectroscopy revealed that the characteristic wavelength
numbers associated with BC were present in the IR spectrum.
This indicates that the functional groups of BC remained
unchanged in the BC-ZnO composite. The characteristics
of ZnO within the BC-ZnO composite were identified
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Figure 5. Elemental analysis of BC (left) and BC-ZnO (right) by EDX.

by wavelength numbers between 500 cm™ and 800 cm,
attributed to the vibration of the Zn-O bond. Peaks observed
at 910, 1020,2918 cm! were due to the presence of C-O and
C-H vibrations!"! (Figure 2). The X-ray diffraction (XRD)
diffractogram of BC-ZnO ilustrated as Figure 3 showed that the
characteristic 20 degrees of BC at 14° and 22° were retained.
Additionally, characteristic peaks of ZnO appeared at 20 =
31.8,34.5,36.2,47.8, 56.5, 62.8, and 68.0°, corresponding
to the ZnO crystal structure. The emergence of these new
peaks confirmed the presence of both BC and ZnO, largely
maintaining their original forms within the composite!?*2!,

The data of morphological analysis show in Figure 4,
It was indicates that bacterial cellulose (BC) possesses a
fibrous structure. Similarly, the BC-ZnO composite retains
the fibrous morphology of the BC template, aligning with
previous findings that BC is characterized by its fibrous
forml!®,

ZnO was incorporated into the BC template using
chemical ex-situ methods. Elemental analysis by EDX
show at Figure 5 revealed that the mass percentage of Zn
in the BC template was 40.92%, confirming the successful
impregnation of ZnO onto the BC template.
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3.4 Antibacterial activity test

The antibacterial mechanism of BC-ZnO against
Propionibacterium acnes''® operates as follows:

ZnO+hv (1388 nm) e +h’ )
H,0+h" —» H'+HO* 5)
0, te = 0,- (6)
0, +H > HO,* ™
HO,* +¢ — HO, @®)
HO, + H" - H,0, ©)

The antibacterial activity test at Table 2, conducted
using diffusion methods, demonstrated that the BC-ZnO
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Figure 6. BC-ZnO antibacterial activity test against Propionibacterium acnes.

Table 2. Antibacterial activity test with diffusion method.

Inhibiory Zone Diameter (mm)

No. Material attemptl attempt2 attemp3 Average (mm) Category
1. BC-ZnO 20.3 18 17.8 18.7 strong
2. clindamisyn 28.4 28.4 27.7 28.1 very strong
3. BC 0 0 0 0 no activity

composite inhibits the growth of Propionibacterium acnes,
as evidenced by the diameter of the clear zone around the
disc. The antibacterial effect of BC-ZnO is attributed to the
generation of highly reactive species such as superoxide,
hydrogen peroxide, and hydroxyl radicals on the ZnO
surface, activated by UV and visible light. The production
of H,0, on the ZnO surface plays a crucial role in bacterial
growth inhibition[?.

The antibacterial activity of a material can be seen
from the diameter of the clear zone in the well method or
diffusion method. It can be seen from Figure 6 that there
was a clear zone in the BC-ZnO antibacterial activity test
with a diameter of 18.7 mm. This shows that the material
was antibacterial in the strong category

4. Conclusions

Optimal conditions for BC production were identified
as a 1:1 ratio of LWT to coconut water, a medium acidity
of pH 4, and an observation that longer fermentation
times yield greater amounts of BC. Characterization
data confirmed the successful synthesis of both BC
and BC-ZnO, as evidenced by the results from FTIR,
XRD, and SEM-EDX analyses. The antibacterial test,
utilizing the diffusion method, categorized the BC-ZnO
composite as having strong antibacterial activity against
Propionibacterium acnes.
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