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Abstract

Young coconut husk (YCH) is considered one of the largest agro-industry wastes in Asian
countries. This provides opportunities for its further utilisation, such as using YCH as a
carbon source in fermentation media. The present work explores the utilisation of YCH
hydrolysate as a fermentation medium to produce bacterial cellulose (BC) from
Komagataeibacter xylinus strain. BC fermentation was conducted for 10 d, and the highest
BC weight (776.55 mg/L) was observed at day 6 of fermentation. Reduction in glucose
content (from 46.03 to 11.60 mg/mL) and protein concentration (from 3.77 to 0.77 mg/mL)
indicated the utilisation of carbon and nitrogen sources for BC production. Water holding
capacity (WHC) was assessed, resulting in 25.64 mg water/mg BC, providing the capacity
to incorporate antimicrobial agents. Furthermore, the morphology of BC, BCPS, and
BCSB was observed using FESEM micrographs, which revealed a dense and random
arrangement of cellulose nanofibril networks, providing porosity and biocompatibility.
Two antimicrobial agents, potassium sorbate (PS) and sodium benzoate (SB), were
incorporated into BC at different immersion periods to assess the antimicrobial ability
against Salmonella Typhi. Antimicrobial test resulted in larger inhibition for wet BC
soaked with PS (BCPS) at 1,000 mg/mL; 48 h with maximum inhibition zone (25 + 0.35
mm) compared to wet BC soaked in SB (BCSB) at 500 mg/mL, 24 h (16 = 1.41 mm).
Overall, the present work provided a new approach to reduce agro-industrial waste while
exploring the potential of developing active food packaging with antimicrobial properties.

© All Rights Reserved

Introduction

biochar for enhancing soil condition (Abd Wahid et
al., 2025; D’Almeida and de Albuquerque, 2025).

Coconut (Cocos nucifera L.) is one of the
important crops in Asian countries such as Malaysia,
Indonesia, Thailand, and the Philippines that
contribute about 90% of the coconut supply globally
(Wan-Mohtar et al., 2023). The significant increase
in coconut yield, together with poor agricultural
waste management, causes the disposal of 1.2 million
tonnes of coconut waste, such as husks, shells, and
coir, annually (Abd Wahid et al., 2025). Hence, it is
essential to redirect and utilise the abundant coconut
waste for other applications.

Coconut waste, such as coconut husk, is
usually used in biofuels and bioplastic production,
while fibres in the husk are utilised in ropes, mats, and
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Recently, the trend of utilising young coconut husk
(YCH) in producing bioproducts from fermentation
has also received positive attention from researchers
(D’Almeida and de Albuquerque, 2025). Since YCH
is high in lignocellulose, it is suitable for use as a
substrate in fermentation to produce bioproducts such
as bioethanol, bacterial cellulose (BC), and lactic acid
(Vieira et al., 2024; Abd Wahid et al., 2025; Chakane
et al., 2025). However, before YCH can be utilised
for fermentation, it needs to be pre-treated with
various methods, such as alkaline treatment,
enzymatic hydrolysis, or with ionic liquid to break
down lignocellulose into fermentable sugar (Din ef
al.,2021; Anuchi et al., 2022; Vieira et al., 2024).
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The BC is an extracellular fibrous and
gelatinous film produced with high efficiency by
Gram-negative members of acetic acid bacteria, such
as Komagataeibacter sp. (Horue et al., 2020). Among
the main advantages of BC are the purity and high
crystalline structure compared to plant cellulose (e.g.,
without other polymers such as xylans and lignins),
high biocompatibility of BC that allows ex situ and in
situ  modifications, high mechanical strength,
biodegradability, and high water holding capacity
(Horue et al., 2020; Urbina et al., 2021; Infante-Neta
et al.,2024).

The BC can also be produced from waste
hydrolysate, which provides promising results when
conducted in optimum conditions. Some examples of
waste hydrolysate used as a fermentation medium
include apple waste pulp and stale bread for the
valorisation of BC production. This results in BC with
different features compared to control HS media, thus
promising the ability to modify BC characteristics for
specific applications (Esmail et al., 2024). Another
study successfully produced BC from sago liquid
waste, and further developed BC into food packaging
with the addition of carboxymethyl cellulose and
glycerol (Yanti et al., 2021). The results stated that
modified BC from sago liquid waste demonstrated
better physicochemical properties while maintaining
the food quality of meat sausages for a longer period.

The high  water holding capacity,
biocompatibility, and biodegradability of BC offer
promising characteristics for development in active
food packaging with biodegradable properties. A
study suggested that the addition of cerium oxide
nanoparticles to BC composite enhanced the BC
properties, such as antimicrobial and antioxidant
activity, and thus can be developed as food wrapping
when tested on bread slices (Mesgari et al., 2024).
Another study suggested that oxidised BC with a
prodigiosin composite could be developed into active
food packaging suitable for foods that require
antimicrobial action (Amorim et al., 2023). Chen et
al. (2024) discussed in their paper that oil-infusion
BC improved food-keeping performance of BC by
reducing mouldiness and maintaining food freshness
for a longer period. This was tested on foods such as
strawberries, pork cut, and vegetables, while
maintaining the high degradability of BC. Thus, it is
proven that developing BC from agro-waste can be
used in active packaging with many additional
properties compared to conventional fermentation
media.

Therefore, the objectives of the present work
were to produce BC from YCH hydrolysate, and to
determine its potential as a carrier for antimicrobial
agents in food packaging applications.

Materials and methods

Materials

The YCH was obtained from a market in
Selangor, Malaysia, and washed with distilled water
before drying at 70°C for 24 h. The dried YCH was
then ground and sieved using a pulveriser (GmbH
Fritsch Pulverisette 19, Germany) into a 1 - 2 mm
size, and stored in an airtight container at room
temperature (25°C).

Inoculum preparation

Komagataeibacter xylinus was purchased from
Malaysian Agricultural Research and Development
Institute (MARDI), Selangor, Malaysia. The
inoculum was prepared by inoculating 5 mL of K.
xylinus strain into 45 mL of sterilised MRS media
(Merck, Germany) at a 1:10 ratio (v/v), and
incubating at 30°C for 48 h in shaking conditions (150
rpm) (Zaki et al., 2023).

Production of YCH hydrolysate

YCH at 10% (w/v) was pre-treated with 5%
sodium hydroxide (NaOH) at 121°C for 15 min (Din
et al, 2021). The solid was then recovered by
centrifugation at 10,000 rpm for 20 min (4°C) and
washed with distilled water until the pH was reduced
to ~7. The pre-treated YCH was then dried and stored
in a sealed container at room temperature (Zaki et al.,
2023).

A weight of 0.2 g pre-treated YCH was
hydrolysed with 10% (w/v) Acellerase® 1500 at 50°C
for 24 h in shaking conditions (300 rpm). The solution
was then heated at 95°C for 10 min to deactivate the
enzyme activities, followed by centrifugation at
10,000 rpm for 10 min to obtain the hydrolysate.
Subsequently, the YCH hydrolysate was used for BC
production (Din ef al., 2021).

BC production from YCH hydrolysate

Yeast extract (Oxoid, France) was added to
YCH hydrolysate at 1% (w/v) concentration before
autoclaving (Hirayama HVE 50, USA) at 121°C for
15 min. K. xylius inoculum (10%) was added to the
sterile YCH hydrolysate and fermented for 10 d under
static fermentation at 30°C. After 10 d, the BC
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pellicle layer produced on the surface was harvested,
then washed with distilled water. BC was then
immersed in 0.1 M NaOH at 80°C for 2 h to remove
any bacterial cells or other impurities. The pellicles
were then rinsed with distilled water several times.
The weight of wet BC was measured first, and dried
BC was measured after drying at 60°C overnight
(Zaki et al., 2023).

Determination of reducing sugar

The determination of reducing sugar in
fermentation media on days 2, 3, 6, 7, 9, and 10 was
determined using the DNS method according to Zaki
et al. (2023) with slight modifications. Accordingly,
1 g of DNS was dissolved in 20 mL of 2 M NaOH
and stirred using a magnetic stirrer (Solution A).
Meanwhile, 30 g of sodium potassium tartrate was
dissolved in 50 mL of distilled water to produce
Solution B. Slowly, 50 mL of Solution B was poured
into Solution A and diluted to 100 mL with distilled
water.

A volume of 1 pL of fermentation media and 1
puL of DNS solution were mixed in a 10 mL tube.
Then, the tube was soaked in a water bath at 100°C
for 5 min and left to cool at room temperature. A
volume of 10 mL of distilled water was added and
mixed well before reading the absorbance at a 540 nm
wavelength using a spectrophotometer (InnovaTM
4200 New Brunswick Scientific, USA).

Determination of protein content

The protein content of the fermentation media
was determined according to Yi et al. (2022) with
slight modifications. A volume of 25 pL of
fermentation media was added to 750 uL of
Coomassie solution (Bradford) and incubated at 37°C
for 10 min. Next, 25 pL of distilled water was used as
a negative control to replace 25 uL of the
fermentation media. Then, the solution was read at a
wavelength of 595 nm using a spectrophotometer.
The protein content in the sample was determined by
comparing the absorbance value to the standard curve
of the Bovine Serum Albumin (BSA).

Determination of pH

The pH meter of Mettler Toledo, Switzerland
was used to determine the pH of the fermentation
media.

Water holding capacity (WHC)
The WHC of BC was calculated using Eq. 1:

WHC =

Bacteria cellulose wet weight—Bacteria cellulose dry weight

Bacteria cellulose dry weight

(Eq. 1)

Morphology analysis

BC was immersed with potassium sorbate at
1,000 mg/mL (BCPS) (Thong Sheng Food
Technology, Penang) and sodium benzoate at 500
mg/mL (BCSB) (BDH Laboratory Supplies, Uganda)
for 24 h. Wet BC was pre-dried by freeze-drying
before being analysed, while dried BC was dried
beforehand by oven drying at 60°C overnight. The
morphology analysis of BC, BCPS, and BCSB was
conducted using field emission scanning electron
microscopy (FESEM) under 15,000% magnification.

Disk impregnation with antimicrobial agent

Antimicrobial agents were prepared in various
concentrations of PS (100, 250, 500, 750, and 1,000
mg/mL) and SB (100, 250, 350, 450, and 500
mg/mL). The dried and wet BC was then soaked in
PS and SB of different concentrations for 0, 2, 5, 24,
and 48 h. Then, the BC was rinsed to remove excess
antimicrobial agent before drying at 60°C for 5 h (Yi
etal.,2022).

Antibacterial activity

The antibacterial activities were determined
using the disk diffusion method described by
Isopencu et al. (2023) with modifications against
Salmonella Typhi. Three to four colonies of S. Typhi
were inoculated in the 2 mL nutrient broth and
incubated until the growth in the broth was equivalent
to the Mac-Farland standard (0.5%). About 1 mL of
inoculum was placed on a Muller-Hinton agar plate
and spread using a sterile cotton swab to produce an
even bacterial lawn. The 6 mm diameter discs of wet
and dried BC, BCPS, and BCSB were sterilised
beforehand, and were placed aseptically on the
nutrient agar containing S. Typhi. Ciprofloxacin was
used as a positive control, while BC without an
antimicrobial agent was used as the negative control.
The plates were then incubated at 37°C for 24 h, and
the zone of inhibition was measured afterward.

Statistical analysis

The data obtained were analysed using a One-
way analysis of variance (ANOVA) with SPSS
software. The data were expressed as mean value +
the standard deviation (SD). Significant differences
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were determined using the Tukey’s test at the mean
confidence level of 95% (p < 0.05).

Results and discussion

BC production from YCH hydrolysate

The weight of wet and dry BC was measured
during a 10-d fermentation process. BC produced on
the surface of fermentation media is displayed in
Figure 1A. Figure 1B illustrates the weight of wet and
dry BC, and pH throughout the 10-d fermentation
period.

The highest BC production was determined on
day 6, with the highest BC weight recorded at 776.55
mg/L (wet BC) and 29.15 mg/L (dry BC) compared
to the other days significantly (p < 0.05). However,
on day 7, the BC weight decreased to 312.7 mg/L (wet
BC) and 18.8 mg/L (dry BC). A decrease in BC
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weight on day 9 and 10 indicated the consumption of
nutrients that were increasingly limited with a longer
fermentation period. A study by Francis ef al. (2022)
stated that BC production from expired drinks was
found to be optimum at day 6 to 10 of fermentation.
Further fermentation process caused a decrease in BC
weight due to acid shock from by-products of
fermentation that lowered the pH of the media.
Alemam et al. (2021) discovered that effective
culture parameters play a vital role in BC production,
where optimised conditions at day 8 of fermentation
demonstrate better yield compared to non-optimised
conditions. Another study by Rodrigues et al. (2019)
discussed how inexpensive nutrients such as
molasses, ethanol, corn steep liquor, and ammonium
sulphate can provide optimum conditions to produce
BC, which increases linearly with surface area,
medium depth, and fermentation period.
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Figure 1. (A): Formation of BC pellicle. (B): Weight of dried and wet BC produced, and pH values of
fermentation media throughout 10-d static incubation at 30°C.
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Effects of BC production on pH, protein, and glucose

Figure 1B presents the weight of BC (wet and
dry) and the pH of the medium throughout 10 d of
fermentation. Days 2 to 6 recorded the increase in BC
weight as the pH was maintained around 5.1.
However, the weight of BC decreased after the pH
slightly increased to 5.2 on day 7. The increase in pH
was still maintained within a suitable pH range for
optimum BC production, which is around pH 4 to 7,
as pH outside this range could result in the disruption
in BC production (Wang et al., 2019). Usually, the
fermentation process experiences a lower pH with the
longer fermentation period due to the production of
metabolites such as acetic or gluconic acid. As the
fermentation occurs, carbon sources will be utilised
for BC production and produce organic acids, such as
acetic or gluconic acids. This reduces the pH below
the optimal pH value, thus impairing BC production
(El-Gendi et al., 2022).

Figure 2 illustrates the protein and glucose
contents in the fermentation media throughout 10 d of
fermentation. The protein content decreased from
3.77 mg/mL on day 0 to 0.77 mg/mL on day 10,
indicating the use of nitrogen as energy to repair and
build new cell tissue to aid the BC production. The
addition of yeast extract as a nitrogen source in
fermentation media increased BC production more
efficiently. As discussed by Aswini et al. (2020), the
BC produced using yeast extract yielded 522 mg/mL
BC, while only 100 mg/mL BC was produced when
using peptone.
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The decrease in glucose content from 46.03
mg/mL on day 0 to 11.60 mg/mL on day 10 was also
observed. A previous study reported that carbon
sources such as glucose and mannitol were reported
to be efficient in producing higher BC yield compared
to other carbon sources (Alemam et al., 2021). The
assimilation of glucose produces UDP-glucose,
which will be polymerised into a chain of B-1,4-
glucan, thus forming ribbons of cellulose chains
(Aswini et al., 2020). A study by Din et al. (2021)
presented findings that YCH hydrolysate produces
89.49% sugar recovery with 20.05 g/L glucose
content after being treated with 10% (w/v) enzyme
loading for 24 h. This suggests that high glucose
content in YCH hydrolysate can provide a good
carbon source for BC production. This is supported
by Gorgieva and Tréek (2019), who stated that
glucose is the best energy source for BC production,
as glucose is used as a cellulose precursor.

Thus, glucose obtained from the hydrolysate
media of YCH in the present work proves that
agricultural waste, i.e., YCH, has the potential to be
used as an alternative carbon source in the production
of BC.

The BC production from YCH hydrolysate was
demonstrated to produce the highest yield on day 6 of
fermentation. The decrease in glucose and nitrogen
contents proves the use of carbon and nitrogen
sources for BC formation, indicating a success in BC
production from YCH hydrolysate.

4.5
-
3.5 gﬂ
-
25 %
2 5
2
1.5 8
(¢ 1 o
) '5
% 0.5 8
=9

0

6 8 10

—~— Protein

Figure 2. Concentrations of glucose and protein in fermentation media throughout 10-d static incubation

at 30°C.
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Water holding capacity (WHC) of BC

BC is widely documented to have high WHC,
as the structure of a highly porous network allows
more water molecules to be trapped with hydrogen
bonds (Potivara and Phisalaphong, 2019; Infante-
Neta et al., 2024; Sozcu et al., 2024). From Figure
1B, the weights of wet BC (776.55 mg/L) and dry BC
(29.15 mg/L) were used to calculate the WHC. The
WHC of BC calculated was 25.64 mg of water/mg
BC. This indicates that BC produced in the present
work can expand about 25 times in weight when
absorbing water. The larger the surface area and pore
size, the greater the amount of water that can be
absorbed and trapped in the BC matrix. The three-
dimensional fibril network formed by the entangled
nanofibril contributes to the absorption and retention
properties of water in BC (Corzo Salinas et al., 2021).
The trapped water molecule is held strongly by the
hydroxyl group in the cellulose chain, providing the
hydrophilic characteristic of BC that allows it to hold
water more than 100 times its dried weight, even
stronger than plant-produced cellulose. A study by
Esmail et al. (2024) discovered that BC produced
from apple pulp and bread hydrolysate has a WHC
value of 87 + 2 g water/g BC and 75 + 8 g water/g
BC, respectively. Another study by Amorim et al.
(2023) using a tea mixture and apple waste produces
BC with high WHC of 148.20 + 0.87 and 115.50 +
2.61 g/g, respectively. This suggests that BC
production from other waste materials can also
produce high-quality BC that can retain more water
compared to using commercial fermentation medium.

Furthermore, the WHC of BC depends on the
size and arrangement of the fibrils and the surface
area of BC. In situ modification during BC production
might change the WHC, as reported by Szymanska et
al. (2022), where the addition of silicone polyether
surfactant in HS medium managed to increase WHC
by 1.4 times compared to the control condition. A
study by Corzo Salinas et al. (2021) discussed that the
arrangement of the fibril network was influenced by
the incubation period. Longer incubation days cause
the membranes in BC to become less shafted and the
structure of the nanofibril network to be denser,
which results in less WHC.

Morphological analysis of BC from YCH hydrolysate

Table 1 displays wet and dry BC, BCPS, and
BCSB surface micrographs at 15,000x magnification
with BC nanofibril diameter distribution. The results
revealed that the structure of all BC in both wet and

dry conditions consisted of three-dimensional fibrils
stacked in random order. Table 2 illustrates the
average diameter of BC nanofibrils, with the largest
diameter being dry BCPS (53.57 £ 12.16 nm), and the
smallest diameter was dry BC (41.80 £ 11.11 nm).
The diameter of BC nanofibril recorded in the present
work was found to be in accordance with the average
BC nanofibril diameter reported by Cazén and
Vazquez (2021), which is around 40 to 70 nm.

The dry BCs membrane structure shows larger
pores compared to wet BCs because wet BCs fibrils
form a dense reticulated structure and are stabilised
by extensive hydrogen bonding (Vasconcellos and
Farinas, 2018). Morphological changes in BCSB
indicated the formation of crystals in the membrane.
The images obtained in the present work align with
the surface of the BC-based hydrogel membrane
supplemented with silver nanoparticles, as reported
by Mokhtarom and Lazim (2018). The authors
explained that during the absorption activity, BC
releases energy and heat through the transition phase
of solids by recrystallising the fibrils into a different
order. The curved fibrils on wet BC in Table 1 are
likely to indicate that cellulose fibrils have expanded
during the absorption of antimicrobial agents
(Gedarawatte et al., 2021).

In addition, BC produced under different
incubation conditions, such as agitated and static,
results in different morphologies of BC. BC produced
in static conditions resulted in a uniform film that
neatly thickened over time, while under agitated
conditions, it formed BC pellets in a spherical shape
that tangled and clumped into irregular masses
(Cazén and Vazquez, 2021).

Antimicrobial activity of BC

BC has the potential to become an active food
packaging by incorporating an active ingredient
through several techniques, such as immersion, spray,
wrapping, and others. The present work used
immersion techniques at room temperature using
different concentrations of PS (100, 250, 500, 750,
and 1,000 mg/mL) and SB (100, 250, 350, 450, and
500 mg/mL) for 2, 5, 24, and 48 h to compare the
effectiveness of antimicrobial activity. Note that
1,000 mg/mL SB was not used as the maximum
concentration since 1,000 mg/mL exceeded the
solubility value of SB in water at room temperature,
and achieving complete solubility was not possible.

Table 3 presents the diameter of the inhibition
zone after wet and dry BC were immersed in various
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Table 1. Micrograph of wet and dry BC surfaces at 15% magnification in different conditions.

Wet BC Dry BC

Without
antimicrobial agents

BCPS

BCSB

Table 2. Diameter distribution and average diameter of BC nanofibrils.
Sample Diameter distribution Average diameter (nm)
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concentrations of PS and SB at different soaking
times (0, 2, 5, 24, and 48 h). As expected,
ciprofloxacin, which was used as a positive control,
produced a uniform inhibition zone of 40 mm, and
BC without any antimicrobial agent did not
demonstrate any inhibitory zone. Dry BCPS only
presented an inhibition zone on S. Typhi after 48 h of
immersion. Results revealed that wet BCPS had a
better antimicrobial effect on S. Typhi compared to
dried BCPS. Wet BCPS showed a positive reaction at
every immersion hour with a minimum inhibition
zone of 13.25 + 0.35 mm in 2 h (250 mg/mL), while
the maximum inhibition zone of 25 + 0.35 mm was
shown after 48 h (1,000 mg/mL). For dried BCPS, the
antimicrobial effect only occurred at 48 h for
concentrations 250 mg/mL (5.5 = 2.12 mm), 500
mg/mL (9 £ 1.42 mm), 750 mg/mL (11 + 1.42 mm),
and 1,000 mg/mL (16 £ 1.42 mm). A smaller
inhibition zone was obtained for dried BCPS due to
the structure of dried BC with a fragile fibril structure
and less surface area from the shrinkage of the fibril
during the drying process in the oven, which limited
antimicrobial agent absorption (Bodea et al., 2021).

Based on the statistical analysis conducted, it
was observed that there was a significant difference
(p <0.05) between the concentration of PS at 250 and
1,000 mg/mL, while 500 and 750 mg/mL presented
no significant difference (p > 0.05). It can be
concluded that the longer the wet BC was immersed
in a higher concentration of PS, the greater the
inhibition zone produced. A study by Santiesteban-
Lopez et al. (2019) discussed their findings that PS at
7,000 ppm can cause sublethal damage to bacterial
cells, such as a collapsed cell wall and dense DNA in
E. coli, while SB with the same concentration barely
resulted in any damage to bacterial cells. PS was also
proven to prevent the growth of yeast in food, as
discussed by Awaad et al. (2023), where PS alone or
mixed with chitosan was proven to inhibit the growth
of yeast in cheese more efficiently compared to
control conditions.

The positive effects of the antimicrobial
characteristics of BC using SB in the present work
were found only in wet BCSB. Results by SB
suggested that there was an inhibition zone by wet
BCSB for 24 h in 350, 450, and 500 mg/mL; 12.5 +
0.71, 13.5 £ 0.71, and 16 £+ 1.41 mm, respectively,
while at other concentrations and immersion hours
demonstrated a negative reaction to S. Typhi with no
significant difference (p > 0.05) of all the inhibition
zones.

Based on the results obtained, wet and dry BC
displayed antimicrobial activity after immersion in
PS and SB. This could have been due to the high
WHC of BC, which can effectively absorb
antimicrobial agents. Thus, BC from YCH
hydrolysate has the potential to be used as a carrier
for applications as an active food wrapper. However,
the present work produced limited results on
antimicrobial activities as it was tested against only
one bacterial strain, S. Typhi. Further studies can be
planned on exploring the antimicrobial action of BC
produced from YCH hydrolysate on different
bacterial strains and a possible yeast strain.

Conclusion

The present work successfully produced BC
from YCH hydrolysate, achieving promising BC
morphology results comparable to previous studies. It
was also observed that BC incorporated with PS
could inhibit the growth of S. Typhi in wet and dried
forms better than SB, suggesting its antimicrobial
activities. However, there were some limitations in
the present work, such as the antimicrobial activity
was only assessed on one bacterial strain. This would
provide opportunity for further exploration of BC
production from YCH for food applications, such as
testing the antimicrobial activities on more bacterial
strains, and exploring natural antimicrobial agents.
The optimisation of BC fermentation can also be
explored by adjusting different parameters, such as
pH, glucose, and protein contents for future upscaling
objectives.
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