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Abstract

Bacterial nanocellulose (BNC) is a microorganism-derived homopolymer with a simpler, less harsh production
route than its typical plant-based counterpart, offering unique properties valuable to high-end industries. This
study aims to isolate and characterize bacteria that produce BNC from fermented rotten fruit waste, highlighting
fermented starfruit as a selective and underexplored source for isolation. Among 80 isolates obtained using
the fermented fruit juice method, strain RM-03 produced the highest cellulose concentration (0.092 g/100 mL)
and was identified as Komagataeibacter hansenii (99.0% similarity). Using HS medium, it produced 0.277 +
0.007 g/100 mL BNC at Day 16, a production within the range reported for some Komagataeibacter strains
cultivated under comparable static, unoptimized conditions. Microscopy characterization revealed a dense
network of nanofibers with an average fibril width of 35 nm. Spectroscopic and diffraction analyses confirmed
cellulose type | with 78.24% crystallinity. The BNC exhibited excellent water-holding capacity (366.24%) and
retained this moisture for up to 65 hours. These findings demonstrate that fermented rotten starfruit is a promising
source for isolating functional BNC producers and that K. hansenii RM-03 shows strong potential for further
bioprocess development and industrial applications.

Keywords: Bacterial Nanocellulose, Field Emission Scanning Electron Microscopy, Fourier Transform Infrared,
Komagataeibacter hansenii, Rotten Starfruit, Transmission Electron Microscopy, X-ray Diffraction.

1. Introduction

Cellulose is a major homopolysaccharide within the extracellular polysaccharides group and is extensively
used as a biopolymer worldwide [1]. Although cellulose is generally from plants, certain bacteria can also produce
cellulose, known as bacterial nanocellulose (BNC). BNC is a microorganism-based homopolymer of B-(1,4)
glucose (CeH100s)n, Synthesized primarily by the genera Komagataeibacter, Rhizobium, Pseudomonas, and
Sarcina [2]. BNC was postulated to protect bacterial cells against harmful ultraviolet rays and furnish bacterial
cells with an oxygen-rich environment [3]. Cellulose from plants and bacteria has different production pathways.
Plant cellulose extraction requires harsh treatments such as acid hydrolysis to separate lignocellulosic components,
which is unsustainable, expensive, and uneconomical due to large acid volumes, high temperatures, and low yield
(~30% by weight) [4]. In contrast, BNC biosynthesis involves only fermentation and purification steps without
any harsh chemicals or treatments.

BNC is increasingly attractive for various applications owing to its renewability and superior properties. Its
dense and well-organized three-dimensional fibril network imparts high crystallinity, thermal stability, high water-



holding capacity, and high mechanical strength compared to plant cellulose [5]. BNC hydrogel also exhibits strong
water absorption, biocompatibility, and partial degradability [6]. Its high elasticity, surface area, and porosity add
significant value to biomedical, pharmaceutical, food, textiles, and cosmetics industries [7]. Despite these
advantages, the number of well-characterized high-productivity BNC-producing strains remains limited,
with Komagataeibacter xylinus being the most commonly studied producer [8]. Conventional isolation sources
such as kombucha, vinegar, and sugarcane juice have been extensively explored and may produce predominantly
similar or closely related strains, potentially limiting the discovery of novel biodiversity.

Rotten fruit waste offers a scientifically distinct and underexplored isolation niche while also representing
a sustainable and low-cost substrate for biotechnological applications. The decomposition of fruit involves active
breakdown of plant polysaccharides by complex microbial communities, creating an environment that naturally
enriches for microorganisms with strong polysaccharide-metabolizing capabilities, including cellulose
producers [9]. During decomposition, microbes compete for resources and space; cellulose-producing bacteria
may gain competitive advantages by forming protective biofilms or floating pellicles that access oxygen [3]. This
natural selection pressure could favor strains with robust cellulose production. Using fruit waste not only provides
a novel ecological source for BNC-producing bacteria but also aligns with waste valorization strategies, reducing
reliance on expensive conventional isolation media. Among various fruit wastes, starfruit represents an
underexplored substrate with natural acidity and fermentable sugars that may promote spontaneous fermentation
and enrichment of cellulose-producing bacteria, yet its use has received limited attention in BNC isolation studies.

Several studies have demonstrated that fruit wastes and fruit-processing residues can serve as low-cost
substrates for bacterial nanocellulose (BNC) production. Agricultural fruit peels such as mango, dragon fruit,
banana, and papaya have been reported to support BNC biosynthesis, with concentrations ranging from
approximately 0.9 to 3.7 g/L depending on the substrate and isolate, indicating that diverse fruit peels can function
effectively as carbon sources for cellulose synthesis [10]. Citrus fruit peel extracts have also been investigated as
an alternative medium, where BNC concentrations of 2.06-3.92 g per 100 g peel were obtained using
Komagataeibacter hansenii GA2016 [11]. In addition, pear juice industry wastewater has been successfully used
as a fermentation medium, producing BNC in the range of 0.27-0.31 g/L using Komagataeibacter strains, further
supporting the feasibility of fruit-related wastes as fermentation substrates [12].

By targeting this niche, the present study addresses the gap in understanding the full diversity of cellulose-
producing bacteria beyond conventional sources and aims to uncover strains with potentially different or enhanced
characteristics. However, it remains unclear whether rotten fruit waste can serve as a reliable source for isolating
bacterial strains capable of consistent bacterial nanocellulose production, with favorable productivity among
isolates recovered from this niche, and desirable structural and functional properties. Addressing this gap is
important for expanding the diversity of BNC-producing bacteria and identifying strains suitable for further
bioprocess and application-oriented studies. This study aims to isolate BNC-producing bacteria from rotten fruit
waste, an underexplored ecological niche, and select a strain showing comparatively higher BNC concentration
among the isolates recovered under identical static screening conditions, rather than to propose a new bacterial
species. Strain selection was based on relative BNC concentration among the isolates recovered in this study under
identical static screening conditions. In this context, “comparatively higher” refers only to within-study screening
performance and does not imply superiority over all previously reported BNC-producing strains. The best BNC
producer was identified through biochemical and molecular approaches. The resulting BNC pellicles were
analyzed using Fourier Transform Infrared (FTIR) spectroscopy, X-ray Diffraction (XRD) analysis, Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM) analysis. Functional characterization
included water-holding capacity (WHC) and water retention rate (WRR). Furthermore, a preliminary kinetic study
was conducted to evaluate the growth, substrate consumption, and BNC production patterns of the selected strain.

2. Materials and methods
2.1 Rotten fruit preparation

Rotten fruits such as apples, oranges, plums, and pineapples were sourced from the Taman Sri Serdang Night
Market (3°00'58.9" N 101°42'43.9" E) while felled starfruits were obtained from Taman Sri Serdang, Selangor,
Malaysia (3°00'18.9" N 101°42'35.9" E). Fruits discarded due to physical damage or decay were chosen and kept
in separate containers to prevent cross-contamination. The collected fruits were ripened beforehand, as they
contained high sugar levels and lower pH, favoring BNC producers’ growth. After collection, the fruits were
cleaned using deionized water to remove dirt, after which 100 g of each fruit was diced (2 x 2 x 2 cm) and stored
at 4 °C for less than 24 h before use.



2.2 Isolation and screening of BNC-producer strains

Two media were used: a modified Hestrin-Schramm (HS) medium and a Fermented Fruit Juice (FFJ) medium.
The HS and FFJ media were prepared according to Park et al. [13] and Lin et al. [14], respectively, with slight
modifications [13-14]. Both media were adjusted to pH 5.5 using acetic acid and autoclaved at 115 °C for 15 min.
Sterile 1.5% v/v ethanol and 0.1 g/L cycloheximide were added to HS media and FFJ media, respectively, after
autoclaving, using the filter sterilization technique. Screening and isolation of BNC producers followed the
methods M1, M2, M3, and M4, according to Park et al. [13] and M5, based on Lin et al. [14]. M1 to M4 approaches
used apples, oranges, plums, and pineapples, whereas M5 used starfruits as isolation source (Figure 1). This
selection was based on prior reports indicating the suitability of HS-based methods for common fruits, while FFJ
medium has been shown to support cellulose-producing bacteria from starfruit effectively
[13-14]. A positive result was indicated by BNC pellicle formation at the air-liquid interface (static) or pellet
formation in submerged culture (shaking). Pellicles that withstood stirring in 0.1 M NaOH at 80°C were confirmed
as BNC. Then, the positive isolates were streaked onto HS agar for three subculture generations to obtain pure
culture, which were then re-inoculated into HS media to reaffirm the pellicle formation and quantify BNC
productivity. The procedure should start with M1, repeated four times, and if the result was negative, the following
method (M2) would be employed to isolate any BNC producer. This sequence of work would continue until
a particular isolation method bore positive results.
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Figure 1 Flowchart of the isolation methods employed in this study.



2.3 Substrate, cell concentration, and BNC quantification

Residual glucose concentration was measured using the 3,5-dinitrosalicylic acid (DNS) method [15]. For cell
concentration and BNC quantification, the method described by Lin et al. [14] was followed.

2.4 Identification of Cellulose-Producing Bacteria
2.4.1 Morphological and Biochemical Identification

The morphological and biochemical characterization followed Bergey’s Manual of Systematic Bacteriology
and identification schemes described by Green [16] and Rosenberg et al. [17]. The tests evaluated included Gram
staining, catalase and oxidation tests, growth on selective media (10% (w/v) glucose agar, GYC (Glucose, Yeast,
Carbon) agar, mannitol salt agar and 10% (v/v) ethanol in Carr and Passmore medium) and growth at room
temperature.

2.4.2 Molecular Identification of Isolates Using 16S rRNA

The genomic DNA extraction followed the method of Poblet et al. [18]. An overnight-grown sample was
centrifuged at 10,000 g, and pellets were washed thrice using distilled water. The washed pellet was then mixed
with 300 pL of 3% (w/v) SDS-TE buffer (10 mmol/L Tris-HCI, pH 7.5, and 1 mmol/L EDTA), 200 pL TE buffer
and 500 pL of phenol-chloroform-isoamyl alcohol (25:24:1, v/v). The mixture was centrifuged for 10 min at
10,000 g and the aqueous phase was mixed with isopropanol and washed with 70% (v/v) ethanol. Finally, the
DNA was resuspended in 20 uL TE buffer and stored at -20 °C before proceeding with amplification. PCR
amplification of the 16S rRNA gene was carried out using universal primers 9F and 1510R [19]. The reaction
mixture containing 100 ng of DNA, 1.25 U of Ex Taqg DNA Polymerase, 200 uM dNTP Mix, Taq buffer, 10 uM
of each primer, and distilled water was subjected to PCR. The cycling program started with an initial denaturation
at 94 °C for 3 min, continued with amplification for 30 cycles, each consisting of 94 °C for 30 seconds, 58 °C for
40 seconds, and 72 °C for 1 minute. Finally, an extension at 72 °C for 5 min was conducted. The PCR product
was verified on agarose gel electrophoresis (1.5% w/v agarose and TBE) at 110V for 40 minutes and purified with
GFX PCR DNA and Gel Band Purification Kit (Amersham Biosciences, USA). The resulting purified 16S rRNA
genes were sequenced with an ABI PRISM Big Dye Terminator v3.1 Cycle Sequencing Ready Reaction Kit on
an ABI PRISM model 310 Genetic Analyzer (Applied Biosystems, USA). Primers 9F, 1510R, and 520F were
used for sequencing. Sequences were then submitted to GenBank and subjected to BLAST analysis. Next, multiple
sequence alignments were constructed using Molecular Evolutionary Genetics Analysis (MEGA) v4.1. Although
this version is older, it provides reliable neighbor-joining, maximum parsimony, and maximum likelihood
analyses. To ensure the robustness of the phylogenetic results, 1,000 bootstrap replicates were performed,
confirming the stability of the tree topology. Phylogenetic trees were constructed using the neighbor-joining,
maximum parsimony, and maximum likelihood methods. Pairwise sequence similarities were calculated for the
three highest BNC producers (RM-01, RM-02, and RM-03) using DNAMAN 6.0.

2.5BNC Characterization

The morphology of air-dried BNC pellicles was examined using a FESEM microscope (JSM-7600F, JEOL,
Japan) at 5 kV after platinum coating to prevent electron charging. A droplet of homogenized and sonicated BNC
suspensions was placed on a carbon-coated copper grid and visualized using a TEM microscope (Hitachi H-7100)
at 100 kV. FTIR spectra were recorded using a Perkin EImer Spectrum 100 spectrometer with ATR accessory at
4 cm resolution (16 scans, 4000 to 6000 cm™). The crystallinity and structural analysis were carried out using
a Philips PW 3040/60 MPD X’Pert High Pro PANalytical diffractometer in theta-theta configuration, with
a secondary monochromator, CuKa radiation (A = 0.154 nm), and a solid-state pixel detector, operated at 40 kV,
40 mA, scanning 20 = 5°—70°. The crystallinity index was determined using the method described by Segal et al.
(1959) [20]. WHC and WRR of the BNC pellicle were determined as described by Lin et al. [14]. For WHC,
homogenized BNC pellicle was centrifuged for 10 min at 10,000 rpm to remove free and loosely bound surface
water, ensuring that the measured wet mass represented water retained within the BNC network. The initial wet
sediments were weighed. Then, the dried sediment (with water completely removed) was weighed upon drying at
60 °C for 48 h. For WRR test, the dried BNC (1 g) was subsequently immersed in distilled water under shaking
conditions (100 rpm) at room temperature for rewetting. After rewetting was completed, the samples were
centrifuged for 10 min at 10,000 rpm and analyzed for WRR by continuously measuring their weights at various
time intervals at ambient temperature until they were completely dry. The weights of the BNC samples at different
time intervals were plotted against time. WHC and WRR measurements were performed in triplicate (n = 3), and
the results were expressed as mean + standard deviation.



3. Results and Discussion
3.1 Screening, isolation, and identification of bacterial nanocellulose producers

Among five isolation methods (M1 - M5) tested (Figure 1), only the M5 method yielded positive results.
The M5 method utilized fermented starfruit juice as the isolation source, produced thick and robust pellicles at
the medium surface, indicating the presence of BNC producers [21]. The pellicles maintained their structure after
30 min boiling in 0.1M NaOH, confirming BNC production since this technique removes cells and protein
agglomerates [22]. Eighty colonies were isolated from the M5 method based on the distinctive morphology of
Komagataeibacter, characterized by raised, convex to umbonate, smooth to rough, entire to irregular, and
butyrous features [15].

Table 1 summarizes the number of isolates obtained from different methods. Among the 80 isolates,
RM-01, RM-02, and RM-03 had BNC-producing capability. The observed mean cellulose concentrations were
0.0827 g/100 mL for RM-01, 0.0733 g/100 mL for RM-02, and 0.092 g/100 mL for RM-03 (Figure 2). While the
differences are modest and no formal statistical comparison was performed, RM-03 was selected for further study
as it consistently showed the highest mean BNC production. This practical selection approach allowed focus on
the most promising isolate for detailed characterization. Future studies may include additional replicates and
statistical analysis to rigorously compare BNC productivity among isolates. HS medium is a well-established
medium for cultivating cellulose-producing bacteria; however, its performance during isolation is strongly
influenced by the microbial background of the substrate. In methods M1-M4, apples, oranges, plums, and
pineapples introduced diverse and rapidly growing indigenous microorganisms that likely dominated the HS
medium, limiting the growth and detection of slow-growing cellulose-producing bacteria despite prolonged
incubation. In contrast, method M5 employed clarified fermented starfruit juice supplemented with additional
sugars and cycloheximide, which reduced fungal contamination and microbial competition while maintaining an
acidic environment favorable to cellulose-producing bacteria. This fermented juice acted as the enrichment and
isolation medium, allowing Komagataeibacter spp. to dominate and form robust pellicles, resulting in successful
recovery of BNC-producing isolates. These findings demonstrate that the selective advantage arises from the
combined effects of substrate composition, fermentation-driven enrichment, and inhibitory conditions against
competing microbes. A similar study by Singh et al. (2017) obtained a BNC producer from fresh fruit waste [23].
In addition, Komagataeibacter sp. SFCB22-18 was isolated from ripened persimmons [24] and G. xylinus
ZHCJ618 from kombucha [22]. Thus, fruit waste, either fresh or fermented, is a suitable source for isolating BNC
producers as their high sugar content and acidic conditions provide favorable conditions for Komagataeibacter
growth [17].

Table 1 Number of isolates obtained from various sources by different isolation methods.

Method Isolation Source Isolation Media NIUS rglt;i;:f Number of positive Isolates
M1 Apple, Orange, Plum, Pineapple Hestrin-Schramm 235 0
M2 Apple, Orange, Plum, Pineapple Hestrin-Schramm 254 0
M3 Apple, Orange, Plum, Pineapple Hestrin-Schramm 267 0
M4 Apple, Orange, Plum, Pineapple Hestrin-Schramm 319 0
M5 Starfruit Fermented Fruit Juice 80 RMO01, RM02, RM03
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Figure 2 Comparison of BNC production after 5 days for RM01, RM02 and RMO3. The error bars represent the
standard deviations about the mean (n=3)



Figure 3 displays the growth profile of RM-03 in batch cultivation using HS medium during inoculum
development. The growth profile started with a lag phase (0 - 4 h), followed by exponential growth (4 - 32 h) and
a stationary phase until 40 h. The glucose consumption profile mirrored the growth pattern, indicating active use
as a carbon source by the microbe. Hence, the optimal inoculum incubation time is 32 h, as the highest cell count
was observed at this point. During static fermentation, BNC biomass increased considerably until Day 13 before
plateauing at Day 16 (Figure 4A). The highest BNC concentration obtained at Day 16 (0.277 £ 0.007 g/100 mL)
under static conditions is comparable to values reported for Komagataeibacter species cultivated in Hestrin—
Schramm medium under similar conditions [25]. Concurrently, glucose consumption was rapid until Day 4, then
gradually declined. The cell count increased drastically between Days 1 and 2, followed by a steady decrease until
Day 15, and plummeted on Day 16 (Figure 4B). Moreover, a significant decrease in pH was observed from Day
1 (5.13) to Day 4 (4.06), followed by a gradual drop to 3.74 (Day 10) and remained constant until Day 16. The
rapid initial glucose consumption supports active cell growth and metabolism during the exponential phase. Part
of the glucose was oxidized to gluconic acid, resulting in a sharp drop in pH. This acidification created
increasingly unfavorable conditions for cell proliferation, slowing growth and stabilizing cell density. Meanwhile,
BNC biosynthesis continued as cells redirect carbon flux toward extracellular cellulose production, particularly
under static conditions where oxygen at the air-liquid interface favors pellicle formation. The plateau and slight
decline in BNC production after Day 13 likely resulted from a combination of substrate limitation, accumulation
of acidic byproducts, and reduced metabolic activity in stationary-phase cells. Similar observations have been
reported using G. xylinus PTCC 1734, where BNC biosynthesis occurred steadily until Day 14, and declined
thereafter [25].
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The 16S rRNA sequence of RM03 (1356 bp) displayed 99% similarity to K. hansenii NBRC 14820 (Figure
5). Hence, the strain was identified as Komagataeibacter hansenii RM-03. Table 2 summarizes the biochemical
and morphological characteristics of K. hansenii RM-03. K. hansenii RM-03 formed irregular, cream-to-beige
colonies (2-3 mm) with a smooth and shiny texture on HS agar. Gram staining confirmed K. hansenii RM-03 as
a Gram-negative, rod-shaped bacterium (0.4 — 0.6 x 1.0 — 1.5 um). Moreover, K. hansenii RM-03 is non-motile,
catalase-positive, and oxidase-negative, consistent with other Komagataeibacter spp. The strain is also able to
use mannitol (forming a yellow color zone around the colony on mannitol salt agar), glucose (clear zone formation
around colony on calcium carbonate agar) and ethanol (forming a yellow color zone around the colony on Carr—
Passmore agars) [19]. It also tolerated up to 0.35% acetic acid (pH 3.7) and synthesized a thick, robust pellicle on
the medium surface.

Komagataeibacter europaeus strain DSM 6160 (NR 112539.1)

Komagataeibacter europaeus strain DES11 (NR 026513.1)

Komagataeibacter swingsii strain JCM 17123 (NR 113400.1)

Komagataeibacter swingsii strain DST GL01 (NR 042762.1)

Komagataeibacter sucrofermentans strain JCM 9730 (NR 113267.1)

Komagataeibacter xylinus strain NCIB 11664 (NR 036787.1)

Komagataeibacter rhaeticus strain JCM 17122 (NR 113396.1)
Komagataeibacter oboediens strain JCM 16937 (NR 113397.1)

2 L| Komagataeibacter intermedius strain JCM 16936 (NR 113394.1)
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Figure 5 Neighbor-joining tree derived from 16S rRNA sequence data of RM-03 (triplicate) and other closely
related species retrieved from NCBI GenBank. Bootstrap values (expressed as percentages of 1000 replications)
are shown next to the branches.

Table 2 Biochemical and morphological characteristics of K. hansenii RM03.

Characteristic Value

Shape Rod

Size 04-06x1.0-15um
Gram stain test Negative

Catalase test Positive

Oxidase test Negative

Growth in the presence of 0.35% acetic acid Positive

Cellulose production Positive

Growth on mannitol agar Positive

Color change on CaCOj3 agar Positive

Color change on Carr Passmore agar Positive

Motility Non-motile

Brown pigmentation Negative

Elevation Convex

Texture Smooth

Optical property Opaque

Pigmentation Non-pigmented (cream)
Form Irregular

3.2 Characterization of bacterial nanocellulose

To determine the physicochemical properties of BNC, surface, polymer, and functional characterization is
essential. Surface characterization generally describes the morphology and structure; polymer characterization
explains the chemical and crystalline features while functional characterization evaluates the performance-related
properties of BNC. This comprehensive characterization is crucial, particularly when integrated with industrial



applications such as wound dressing, suture materials, scaffolds, and artificial corneas, which relate to attributes
such as tensile strength, water-holding capacity, and permeability. Thus, BNC produced in this study underwent
surface characterization using FESEM and TEM, polymer characterization using XRD and FTIR, while functional
characterization included WHC and WRR.

FESEM images (Figure 6) revealed a dense, fibrous, ribbon-like network of ultrafine cellulose microfibrils
forming a mat-like structure, with most fibers averaging 35 nm in diameter (based on 200 samples). Similar
nanofibril networks have been reported for BNC by Komagataeibacter sp. SFCB22-18 [24]. Thus, BNC by
K. hansenii RM-03 falls within the range of 1 to 100 nm and is therefore classified as a nanoparticle [26].
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Figure 6 FESEM micrograph of BNC from K. hansenii RM-03 taken at 10,000x (A), 25,000x (B) and 50,000x
(C) magnification; and the size distribution at the 50,000x magnification (D).

TEM further confirmed the elongated ribbon structure of BNC (Figure 7). At higher magnifications (10000
- 25000x) the BNC strands appeared bundled, forming a highly entangled network with an average width of
35 nm (based on 200 samples). Numerous similar cellulose fiber bundles were observed by Machado et al. (2018)
in BNC from Komagataeibacter rhaeticus using TEM [27].

(A) (B)

Figure 7 TEM micrograph of BNC from K. hansenii RM-03 taken at 5,000x (A), 10,000x (B) and 25,000x
(C) magnification; and the size distribution at the 25,000x magnification (D).
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Figure 7 TEM micrograph of BNC from K. hansenii RM-03 taken at 5,000x (A), 10,000x (B) and 25,000x
(C) magnification; and the size distribution at the 25,000x magnification (D). (Conf.)

The dense and interconnected fibrillar network of BNC contributes to its strong mechanical integrity, making
it ideal for lightweight and durable applications [6]. XRD is a commonly used technique to examine the
crystallinity of BNC structures, which is closely linked to their mechanical strength and material performance.
XRD analysis (Figure 8A) showed three characteristic peaks at 14.4° 16.9° and 22.9° corresponding to the
primary diffraction of (100), (010), and (110) planes of cellulose Io and cellulose Ip [28-29]. The dominant
intensity at 14.4° indicates a predominance of cellulose Ia, generally found to be higher in bacterial cellulose.
The Z-discriminant function yielded a Z-value of 5.021 (Table 3), confirming high Ia content, consistent with
earlier Komagataeibacter-produced BNC studies [3], which reported a Z-value of 4.5. The higher intensity at
14.4° also implies that the BNC crystallites have a rectangular cross-section [29]. The crystallinity index (CI),
calculated using the Segal method, was 78.24%, comparable to the CI reported for BNC produced by K. hansenii
GA2016 (79.48%) by Guzel and Akpinar [11].

(A) (B)
3000 — 777 710) 120
2500 22.9°(200) 100

=
S 2000 < =0
< £
- >
2 1500 £ 60
= L
] L
= 1000 5 40
o
20
500
0 © (110} 0
16.9°(110
0 20 40 50 20 100 3200 2200 1200 200
Pos. ["2Th.] Wavenumber, cm
(©)
100
90
— 80
e
w 10
=
_E.C) 60
o 50
o
« 40
z
o 30
= 20
10
0

0 10 20 30 40 50 60 70 80

Hours
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RM-03 using HS medium after 16 day.
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Table 3 XRD analysis results of BNC produced by K. hansenii RM-03.

Parameter Value
1200 2761.45
lam 600.78
Cl 78.24
d-spacing (A) (110) (dy) 6.12
d-spacing (A) (200) (d,) 5.312
Z-value 5.021

FTIR spectra (Figure 8B) exhibited characteristic cellulose type | bands. A broad absorption at 3301 cm™ was
attributed to OH stretching [30]. Notably, the absence of bands at 3488 cm™ and 3447 cm™?, confirmed the absence
of cellulose type Il [31]. The bands at 2889 cm™ and 2854 cm™* were related to CH symmetric stretching of CH,
group and CH; asymmetric stretching, respectively [32]. Besides, peaks at 1642 cm™, 1341 cm™, 1313 cm™, 1097
cm™, 1427 cm™ and 1128 cm™ corresponded to absorbed water [33], CH bending and CH, wagging [34-35],
COC stretching [36], CH2 symmetric bending [37] and COC asymmetric stretching [38], respectively, typically
found in cellulose type I. These results align with previous FTIR findings, for instance, BNC produced by
G. hansenii NCIM 2529 shows similar bands at 3350 cm™, 2960 cm™, 1653 cm™, as well as a characteristic
region between 1500 cm™ to 1235 cm™ and 1068 cm™ [39]. Similarly, BNC produced by K. saccharivorans BC1
has peaks at 3300 cm™, 2930.10 cm™?, 1645.23 cm™, 1439.39 cm™?, 1167.83 cm™%, 1102.49 cm?, and 1026.55
cm*[3].

While the morphological and structural features observed here (FESEM, TEM, XRD, FTIR) are consistent
with typical Komagataeibacter-derived BNC, the novelty of this study lies in the isolation of BNC-producing
bacteria from a locally fermented starfruit substrate, an agro-waste, rather than in the production process itself.
Unlike conventional approaches that rely solely on expensive HS medium for isolation and production, this study
demonstrates a practical strategy for selectively enriching cellulose-producing bacteria from underexplored, low-
cost fruit-based substrates. However, HS medium was subsequently used for BNC production to ensure high-
quality material for detailed characterization. This approach highlights a sustainable and resource-efficient method
to expand the diversity of BNC sources.

BNC possesses a remarkable ability to hold a large volume of water, an essential functional property for its
numerous applications in pharmaceutical and medical industries. BNC biosynthesis by K. hansenii RM-03 showed
a high WHC (366.24), where 0.251 g of dry BNC could hold up to 91.9 g of water. This result is comparable to
other BNC produced by G. hansenii NCIM 2529 (WHC=400) [39], K. xylinus 0416 (WHC=316) [40] and
G. hansenii PJK (WHC=296) [41]. The WRR analysis showed that BNC from K. hansenii RM-03 required
approximately 65 hours to dry completely, indicating a prolonged moisture retention ability (Figure 8C). This
drying duration is within the range reported for other BNC sources, which fully release water at approximately
50-70 hours [42,43]. These functional properties are directly related to the dense, porous, and highly entangled
microfibrillar network observed via FESEM, which allows water to be retained through hydrogen bonding and
slows its release. This combination of high WHC and slow WRR indicates that BNC from RM-03 performs
comparably to other BNC sources and is suitable for moisture-sensitive applications, such as wound dressings.

4. Conclusion

In summary, only rotten starfruit using the M5 fermented fruit juice method yielded BNC-producing isolates,
supported by pellicle formation. Among the 80 isolated colonies, only three produced BNC, and the isolate
showing the highest mean BNC concentration under the screening conditions (0.092 g/100 mL) was selected for
further characterization and identified as Komagataeibacter hansenii RM-03 (99.0% 16S rRNA similarity).
During static fermentation in HS medium, K. hansenii RM-03 produced the highest BNC (0.277 + 0.007 g/100
mL) on Day 16. FESEM and TEM confirmed the nanocellulosic morphology (=35 nm), while XRD and FTIR
analysis indicated cellulose type I, with a Cl of 78.24%. The BNC exhibited WHC of 366.24% and retained water
for up to 65 hours. Importantly, this study provides a novel insight by demonstrating that low-cost agro-waste
substrates, such as fermented starfruit juice, can be effectively used to selectively enrich and isolate BNC-
producing bacteria. This practical strategy expands the diversity of potential BNC sources and offers a sustainable,
resource-efficient approach for future production.

5. Acknowledgments

This research was funded by the Malaysian Industry-Government Group for High Technology (MIGHT) under
TUBITAK-MIGHT Collaboration 2.0: Grand Challenge grant (MIGHT/100/IC-001/01/2024/006), as well as the
essential facilities made available for the successful conduct of this research by UDRP Bioprocessing &
Biomanufacturing Research Group, BBRG, Universiti Putra Malaysia.



11

6. Authors contributions

Zahimi, MI.: Conceptualization, Methodology, Resources, Data curation, Formal analysis, Investigation,
Visualization, Writing - original draft preparation; Nor, NM.: Methodology, Resources, Validation; Rahim, NFC.:
Methodology, Resources, Validation; Pannerchelvan, S.: Validation, Writing - review and editing; Tan, JS.:
Validation, Writing - review and editing; Mohamad, R.: Conceptualization, Project administration, Methodology,
Resources, Validation, Writing - review and editing, Funding acquisition, Supervision; Mohamed, MS.:
Methodology, Resources, Validation, Writing - review and editing. All authors have read and agreed to the
published version of the manuscript.

7. Conflicts of interest
The authors declare that they have no conflict of interest.

8. References

[1] Liu Y, Ahmed S, Sameen DE, Wang Y, Lu R, Dai J, et al. A review of cellulose and its derivatives in
biopolymer-based food packaging applications. Trends Food Sci Technol. 2021;112:532-546.

[2] Felgueiras C, Azoia NG, Gongalves C, Gama M, Dourado F. Trends on cellulose-based textiles: raw
materials and technologies. Front Bioeng Biotechnol. 2021;9:608826.

[3] Gopu G, Govindan S. Production of bacterial cellulose from Komagataeibacter saccharivorans strain
BC1 isolated from rotten green grapes. Prep Biochem Biotechnol. 2018;48(9):842—-852.

[4] Doérame-Miranda RF, Gamez-Meza N, Medina-Juarez L, Ezquerra-Brauer JM, Ovando-Martinez M,

Lizardi-Mendoza J. Bacterial cellulose production by Gluconacetobacter entanii using pecan nutshell
as carbon source and its chemical functionalization. Carbohydr Polym. 2019;207:91-99.

[5] Moniri M, Moghaddam AB, Azizi S, Rahim RA, Ariff AB, Saad WZ, et al. Production and status of
bacterial cellulose in biomedical engineering. Nanomaterials. 2017;7(9):257.
[6] Samyn P, Meftahi A, Geravand SA, Heravi MEM, Najarzadeh H, Sabery MSK, et al. Opportunities for

bacterial nanocellulose in biomedical applications: Review on biosynthesis, modification and
challenges. Int J Biol Macromol. 2023;231:123316.

[7] Kamal T, Ul-Islam M, Fatima A, Ullah MW, Manan S. Cost-effective synthesis of bacterial cellulose
and its applications in the food and environmental sectors. Gels. 2022;8(9):552.
[8] Ptoska J, Garbowska M, Scibisz I, Stasiak-Rozanska L. Study on obtaining bacterial cellulose by

Komagataeibacter xylinus in co-culture with lactic acid bacteria in whey. Appl Microbiol Biotechnol.
2025;109(1):191.

[9] Rangaswamy BE, Vanitha KP, Hungund BS. Microbial cellulose production from bacteria isolated
from rotten fruit. Int J Polym Sci. 2015;2015:280784.

[10] Singhaboot P, Kroeksakul P. High performance of bacterial strain isolated from bio-extract for cellulose
production. Pertanika J Trop Agric Sci. 2022;45(4):1161.

[11] Giizel M, Akpmar O. Production and characterization of bacterial cellulose from citrus peels. Waste
Biomass Valorization. 2019;10:2165-2175.

[12] Yan Y, Chen T, Tan R, Han S, Zhang X, Shen Y, et al. In situ production of bacterial nanocellulose-

activated carbon composites from pear juice industry wastewater by two new Komagataeibacter
intermedius and Komagataeibacter xylinus isolates for heavy metal removal. Environ Technol Innov.
2024;33:103497.

[13] Park JK, Park YH, Jung JY. Production of bacterial cellulose by Gluconacetobacter hansenii PJIK
isolated from rotten apple. Biotechnol Bioprocess Eng. 2003;8:83-88.
[14] Lin SP, Huang YH, Hsu KDi, Lai YJ, Chen YK, Cheng KC. Isolation and identification of cellulose-

producing strain Komagataeibacter intermedius from fermented fruit juice. Carbohydr Polym.
2016;151:827-833.

[15] Nielsen SS. Phenol-sulfuric acid method for total carbohydrates. In: Food analysis laboratory manual.
Boston: Springer; 2010. p. 47-53.

[16] Green PN. Genus [: Methylobacterium. In: Bergey’s Manual of Systematic Bacteriology. Volume Two:
The Proteobacteria, Part C. 2nd ed. New York: Springer; 2005.

[17] Rosenberg E, Lory S, Stackebrandt E, Thompson F. The prokaryotes: Alphaproteobacteria and
betaproteobacteria. 4th ed. Berlin: Springer-Verlag; 2013.

[18] Poblet M, Rozés N, Guillamén JM, Mas A. Identification of acetic acid bacteria by restriction fragment

length polymorphism analysis of a PCR-amplified fragment of the gene coding for 16S rRNA. Lett
Appl Microbiol. 2000;31(1):63-67.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]

12

Ge HJ, Du SK, Lin DH, Zhang JN, Xiang JLe, Li ZX. Gluconacetobacter hansenii subsp. nov., a high-
yield bacterial cellulose producing strain induced by high hydrostatic pressure. Appl Biochem
Biotechnol. 2011;165:1519-1531.

Segal L, Creely JJ, Martin AE, Conrad CM. An empirical method for estimating the degree of
crystallinity of native cellulose using the X-ray diffractometer. Text Res J. 1959;29(10):786-794.
Semjonovs P, Ruklisha M, Paegle L, Saka M, Treimane R, Skute M, et al. Cellulose synthesis by
Komagataeibacter rhaeticus strain P 1463 isolated from Kombucha. Appl Microbiol Biotechnol.
2017;101(3):1003-1012.

Zhang W, Wang X, Qi X, Ren L, Qiang T. Isolation and identification of a bacterial cellulose
synthesizing strain from Kombucha in different conditions: Gluconacetobacter xylinus ZHCJ618. Food
Sci Biotechnol. 2018;27(3):705-713.

Singh O, Panesar PS, Chopra HK. Isolation and characterization of cellulose-producing bacterial isolate
from rotten grapes. Biosci Biotechnol Res Asia. 2017;14:373-380.

Park MS, Jung YH, Oh S-Y, Kim MJ, Bang WY, Lim YW. Cellulosic hanomaterial production via
fermentation by Komagataeibacter sp. SFCB22-18 isolated from ripened persimmons. J Microbiol
Biotechnol. 2019;29(4):617-624.

Salari M, Sowti Khiabani M, Rezaei Mokarram R, Ghanbarzadeh B, Samadi Kafil H. Preparation and
characterization of cellulose nanocrystals from bacterial cellulose produced in sugar beet molasses and
cheese whey media. Int J Biol Macromol. 2019;122:280-288.

Daud AD, Rahman NA, Foo HL, Mohamad R. Bacterial nanocellulose (BNC) biosynthesis by
Komagataeibacter hansenii RM-03 using agricultural waste as substrates and BNC-silver
nanocomposite preparation. Asia-Pac J Mol Biol Biotechnol. 2024;32(2):1-14.

Machado RTA, Meneguin AB, Sabio RM, Franco DF, Antonio SG, Gutierrez J, et al.
Komagataeibacter rhaeticus grown in sugarcane molasses-supplemented culture medium as a strategy
for enhancing bacterial cellulose production. Ind Crops Prod. 2018;122:637-646.

Costa L, Carvalho AF, Fernandes AJS, Campos T, Dourado N, Costa FM, et al. Bacterial nanocellulose
as a simple and tailorable platform for controlled drug release. Int J Pharm. 2024;663:124560.

Lee CM, Gu J, Kafle K, Catchmark J, Kim SH. Cellulose produced by Gluconacetobacter xylinus
strains ATCC 53524 and ATCC 23768: Pellicle formation, post-synthesis aggregation and fiber
density. Carbohydr Polym. 2015;133:270-276.

Alex AM, Mathew MS, Kuruvilla KJ, Appukuttan S, Joseph K, Thomas S. Protein and enzyme
protected metal nanoclusters. In: Luminescent Metal Nanoclusters. Cambridge: Woodhead Publishing;
2022. p. 303-348.

Dahlstrom C, Duan R, Eivazi A, Magalhdes S, Alves L, Engholm M, et al. Stacking self-gluing
cellulose Il films: A facile strategy for the formation of novel all-cellulose laminates. Carbohydr Polym.
2024;344:122523.

Mehra S, Chadha P. Alterations in structure of biomolecules using ATR-FTIR and histopathological
variations in brain tissue of Channa punctatus exposed to 2-naphthalene sulfonate. Toxicol Res
(Camb). 2020;9(4):530-536.

Fadzil NF, Othman SA. Fourier transform infrared spectroscopy analysis of bio-based composite
utilizing citrus waste: a comparative study. Food Res. 2024;8:50-54.

Ou R, Xie Y, Shen X, Yuan F, Wang H, Wang Q. Solid biopolymer electrolytes based on all-cellulose
composites prepared by partially dissolving cellulosic fibers in the ionic liquid 1-butyl-3-
methylimidazolium chloride. J Mater Sci. 2012;47:5978-5986.

Yadav A, Rai M. Bioreduction and mechanistic aspects involved in the synthesis of silver nanoparticles
using Holarrhena antidysenterica. J Bionanoscience. 2011;5:70-73.

Shao W, Liu H, Liu X, Wang S, Zhang R. Anti-bacterial performances and biocompatibility of bacterial
cellulose/graphene oxide composites. RSC Adv. 2015;5(7):4795-4803.

Persson BNJ, Ganser C, Schmied F, Yang YP, Zhang Y, Lang YX, et al. Structural ATR-IR analysis
of cellulose fibers prepared from a NaOH complex aqueous solution. IOP Conf Ser Mater Sci Eng.
2017;213:012039.

Bahadur A, Shoaib M, Saeed A, Igbal S. FT-IR spectroscopic and thermal study of waterborne
polyurethane-acrylate leather coatings using tartaric acid as an ionomer. E-Polymers. 2016;16(6):463-
474,

Mohite BV, Patil SV. Physical, structural, mechanical and thermal characterization of bacterial
cellulose by G. hansenii NCIM 2529. Carbohydr Polym. 2014;106:132-141.

Supian M, Radzuan N, Maskat MY, Yusop SM, Luthfi AAI, Hussin NEC, et al. Bacterial cellulose
containing antimicrobial agent from expired drinks as sustainable food absorbent pad. Food Packag
Shelf Life. 2025;49:101497.



[41]
[42]

[43]

13

Machado RTA, Gutierrez J, Tercjak A, Trovatti E, Uahib FGM, Moreno GP, et al. Komagataeibacter
rhaeticus as an alternative bacteria for cellulose production. Carbohydr Polym. 2016;152:841-849.
Lin D, Li R, Lopez-Sanchez P, Li Z. Physical properties of bacterial cellulose aqueous suspensions
treated by high pressure homogenizer. Food Hydrocoll. 2015;44:435-442.

Ul-Islam M, Khan T, Park JK. Water holding and release properties of bacterial cellulose obtained by
in situ and ex situ modification. Carbohydr Polym. 2012;88(2):596-603.



