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Bacterial Cellulose Production from Fermented Fruits and Vegetables
Byproducts: A Comprehensive Study on Chemical and Morphological Properties

Abstract

This study aimed to produce a-cellulose from Bacterial Cellulose SCOBY (BCS) using alternative
substrates from fermented fruit and vegetable byproducts: katuk leaves (KT), kale leaves (KL), guava (JB),
dragon fruit (NG), and banana (PS). BCS production involved juice extraction, SCOBY inoculation, and
sucrose addition, followed by 21 days of fermentation. Initially, the NG medium had the highest
concentration of Total Reducing Sugars (TRS), but all media showed a decline as sugars were consumed.
Fermentation reduced pH and increased total polyphenols, with KL and JB showing the highest rise
(0.13-0.15 mg GAE/mL). Flavonoid levels varied, decreasing in KL and PS but increasing in KL, JB, and
NG. Antioxidant activity decreased in NG (13.21%), while KL increased by 43.49%. BCS characteristics
varied, with KL producing the thickest BCS (3.41£0.40 mm wet, 0.7320.06 mm dry). The JB medium
yielded the highest dry BCS (17.20+1.86%), with lower water content (81.1311.71%). XRD analysis after
alkali treatment revealed increased crystallinity in a-BCS, with crystallite sizes of 4.78 to 8.40 nm, larger
than standard a-cellulose. a-BCS from kale showed higher DMSO compatibility than water. These results
demonstrate the diverse properties of BCS from alternative substrates, highlighting potential industrial
and biomedical applications.

Keywords
-cellulose, Bacterial Cellulose SCOBY, alternative substrates, fermented beverages, physicochemical and
morpho-logical properties.
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Abstract

This study aimed to produce a-cellulose from Bacterial Cellulose SCOBY (BCS) using alternative substrates from
fermented fruit and vegetable byproducts: katuk leaves (KT), kale leaves (KL), guava (JB), dragon fruit (NG), and banana
(PS). BCS production involved juice extraction, SCOBY inoculation, and sucrose addition, followed by 21 days of
fermentation. Initially, the NG medium had the highest concentration of Total Reducing Sugars (TRS), but all media
showed a decline as sugars were consumed. Fermentation reduced pH and increased total polyphenols, with KL and JB
showing the highest rise (0.13—0.15 mg GAE/mL). Flavonoid levels varied, decreasing in KL and PS but increasing in KL,
JB, and NG. Antioxidant activity decreased in NG (13.21%), while KL increased by 43.49%. BCS characteristics varied,
with KL producing the thickest BCS (3.41 + 0.40 mm wet, 0.73 + 0.06 mm dry). The JB medium yielded the highest dry
BCS (17.20 + 1.86%), with lower water content (81.13 + 1.71%). XRD analysis after alkali treatment revealed increased
crystallinity in a-BCS, with crystallite sizes of 4.78—8.40 nm, larger than standard a-cellulose. a-BCS from kale showed
higher DMSO compatibility than water. These results demonstrate the diverse properties of BCS from alternative
substrates, highlighting potential industrial and biomedical applications.

Keywords: a-cellulose, Bacterial cellulose SCOBY, Alternative substrates, Fermented beverages, Physicochemical and
morphological properties

1. Introduction While plants are the main cellulose source, certain
bacteria produce bacterial cellulose (BC), which is
purer than plant-derived cellulose. BC is synthe-
sized by bacterial strains such as Acetobacter, Koma-
gataeibacter, and Lactobacillus [3]. BC has a fibrillar
and semi-crystalline structure due to its molecular
bonding [4], and sustainable production can be
achieved using agricultural waste [5,6].

BC can also be produced as a byproduct of kom-
bucha fermentation using symbiotic cultures of
bacteria and yeast (SCOBY), displaying mechanical
and physicochemical properties suitable for in-
dustries like food and textiles [7,8]. The production

he escalating demand for plant cellulose de-

rivatives has increased the reliance on wood as
a primary raw material, with substances like car-
boxymethyl cellulose (CMC), hydroxyethyl cellulose
(HEC), cellulose acetate, and methyl cellulose used
across industries such as food, pharmaceuticals,
biomedicine, chemistry, and textiles. This reliance
poses environmental risks like deforestation [1]. To
address these concerns, biodegradable materials
promoted through green chemistry aim to reduce
dependence on fossil fuels [2].

Received 7 August 2024; revised 28 September 2024; accepted 1 October 2024.
Available online 5 November 2024

* Corresponding author at: Department of Biology, Faculty of Mathematics and Natural Sciences, Universitas Indonesia, Depok, Jawa Barat, Indonesia.
E-mail address: yasman.si@sci.ui.ac.id (Y. Yasman).
Peer review under responsibility of University of Kerbala.

https://doi.org/10.33640/2405-609X.3376
2405-609X/© 2024 University of Kerbala. This is an open access article under the CC-BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:yasman.si@sci.ui.ac.id
https://doi.org/10.33640/2405-609X.3376
http://creativecommons.org/licenses/by-nc-nd/4.0/

550 Y. Maryati et al. / Karbala International Journal of Modern Science 10 (2024) 549—563

of 79.2 tons of BC in 22 days from a 500,000 L setup
demonstrates its efficiency, compared to plant cel-
lulose yields [9].

BC synthesis from SCOBY involves acetic acid
bacteria and yeast, with population variations influ-
enced by geographical and environmental factors
[10—13]. The bacteria polymerize sugars into cellu-
lose, while lactic acid bacteria maintain microbio-
logical conditions [12,14—18]. Pure cultures struggle
to achieve this balance because bacteria and yeast
cannot function optimally in isolation [19]. SCOBY
offers a more practical solution for large-scale pro-
duction, eliminating the need to maintain separate
bacterial and yeast strains for ideal fermentation
conditions. Furthermore, SCOBY maintenance is
more cost-effective and a by-product of kombucha
production, potentially reducing expenses compared
to methods using specialized cellulose culture media
[20]. To maintain consistent quality in SCOBY bac-
terial cellulose production, fermentation optimiza-
tion techniques are employed by adjusting the
temperature, pH, and nutrients. The use of auto-
matic controls in bioreactors also enhances the
consistency of cellulose production [21,22].

The structural development of SCOBY-derived
cellulose is impacted by polyphenols in tea, as well
as fruits and vegetables, which enhance antioxidant
properties [23—25]. SCOBY-based BC (BCS) offers
health benefits such as water retention, low-calorie
fiber content, and safety approval by the FDA
[15,26—29].

Developing cost-effective BC production methods
using agricultural byproducts is crucial for indus-
trial applications [9,28—31]. Various agricultural
sources, including wheat bran, grape extract, coffee
cherry husks, and fruits like pineapple and water-
melon, have been found effective for BC synthesis
[32—34]. This approach aligns with sustainability
goals and promotes large-scale BC production.

Building on research showing kombucha can
enhance phenolic content and antioxidant capacity
in fermented substrates [35—37], this study explores
the use of SCOBY biomass for BC production using
substrates from fermented vegetables and fruits like
katuk leaves, kale leaves, guava, banana and dragon
fruit.

2. Materials and methods

2.1. Preparing the starter culture for kombucha
SCOBY

The initial step involved creating a nutrient-rich
foundation for fermentation by preparing sweet tea
solution. This was achieved by dissolving 10% w/v

sugar in hot water followed by steeping 3% w/v green
tea. Subsequently, commercial SCOBY (10% v/v
liquid portion and 5% commercial SCOBY pellicle)
was added to the sweetened tea, which was crucial for
introducing the necessary microbial diversity [38].
The mixture was then placed in a container, covered,
and left to ferment at room temperature (27—30 °C)
for21 d. During this period, SCOBY grows, rises to the
surface, and forms a thin layer.

2.2. Medium and growth bacterial cellulose SCOBY
production

Juices were extracted from guava, banana, and
dragon fruit harvested at 75% ripeness. For banana
and dragon fruit, the skins were removed, and the
pulp was mixed with sterile water in a 1:6 ratio
before blending. For green leafy vegetables like
katuk and kale, the stems were removed during
cleaning, and the leaves were blended with sterile
water at a 1:10 ratio. Each sample was then filtered
to produce fruit or vegetable juice, followed by an
additional filtration through a 60-mesh sieve to
obtain the final filtrates. Subsequently, the obtained
filtrates underwent pasteurization at 90—100 °C for
5—10 min. Following pasteurization, which had an
initial pH of approximately 5—6, was inoculated
with a SCOBY starter culture (Kombuchaforever)
consisting of 10% v/v acid liquid and 5% SCOBY
pellicle and supplemented with 10% w/v sucrose
and enriched with 10% w/v of sucrose. Fermentation
was conducted at room temperature (27—30 °C) for
21 days. Post-fermentation, the separated filtrates
underwent a comprehensive analysis of their
chemical properties. This included the determina-
tion of protein content using the Lowry method [39],
analysis of total reducing sugars (TRS) via the
dinitrosalicylic acid (DNS) method [40], as well as
assessment of phenolic content [41], flavonoid con-
tent [42], DPPH antioxidant activity [43], and pH
value [44]. The byproduct of this fermentation pro-
cess, recognized as Bacterial Cellulose from SCOBY
(BCS), was collected and subsequently subjected to
analysis. The obtained BCS underwent a thorough
examination, including measurements of thickness.
The thickness of each BCS membrane was
measured at various positions using a thickness
gauge (Mitutoyo micrometer), and the resulting
values were averaged, assessment of moisture con-
tent, determination of yield [45], and calculation of
average production [46]. For morphological charac-
terization, Field-Emission Scanning Electron Mi-
croscope (FE-SEM) was employed, and cellulose
fiber diameters were quantitatively measured using
Image] software. This detailed process aimed to
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provide a comprehensive understanding of the
properties and characteristics of Bacterial Cellulose
from SCOBY derived from diverse fruit and vege-
table substrates, calculated using Equations (1—3).

BCS productivity (g.L™".d) =M, /(V.t) (1)
WetBCS Yield (g.L ") =M,/V (2)
Dry BCS Yield (g.L ') =M;/V (3)

where (M) is the amount of the produced wet BCS
(g), (M,) is the amount of the produced dry BCS (g),
(V) is the production volume (L), and (t) is the
fermentation time (days).

2.3. Isolation of a-bacterial cellulose from SCOBY
(a-BCS)

The process commenced by isolating BCS from
each fermented vegetable and fruit substrate, fol-
lowed by a thorough washing with running water.
Afterward, the BCS underwent a drying phase at
50 °C for 48 h. The resulting dried BCS mass un-
derwent further refinement through blending to
reduce particle size. Subsequently, the BCS powder
underwent boiling in hot water, filtration, and sub-
sequent separation into soluble and insoluble
components.

Advancing in the process, purification took center
stage, focusing on the elimination of any residual
cellular residues. This purification step involved
treating the residue with 2% NaOH for 15 min at
100 °C, followed by meticulous washing with
deionized water until achieving a neutral pH range
of 6—7. The residue then underwent soaking in
17.5% NaOH for 10—15 min, followed by separation
through filtration. Additional washing with deion-
ized water was conducted until reaching a pH of
6—7. The resultant residue, referred to as «-BCS,
was subsequently dried in an oven at 50 °C.

2.4. Characterization «-BCS

The meticulous sequence of steps ensured a
comprehensive characterization of «-BCS, empha-
sizing its purity and structural properties. Func-
tional groups of «-BCS were identified through
Fourier-transform infrared spectroscopy (FTIR)
using a Bruker Tensor II instrument with an ATR
accessory, covering the frequency range of
4000—500 cm . ATR-FTIR spectroscopy employs an
ATR crystal to direct infrared light at a specific
angle, causing internal reflection and generating an
evanescent wave that briefly penetrates the sample

in contact with the surface of the crystal [47]. This
interaction produces a spectrum revealing molecu-
lar vibrations, thereby identifying the chemical
bonds and functional groups in the material [48].
The degree of a-BCS crystallinity was determined
using X-ray diffraction (XRD) with a RIGAKU
SMARTLAB Instrument, employin mono-
chromatic Cu Ko radiation (A = 1.54059 A) at 40 kV
and 30 mA, with a scanning speed of 10°/min. The
XRD pattern was scanned from 10 to 50° (20) with a
step interval of 0.02°. When X-rays interact with a
sample, a portion of the rays undergo diffraction by
atoms within the crystal structure, resulting in a
distinctive diffraction pattern [49]. The angle of
diffraction is measured to determine the spacing
between atomic layers in the crystal, which can be
utilized to calculate the crystal grain size using the
Scherrer equation [50]. The determination of the
cellulose crystallinity index from the XRD spectrum
was calculated using the peak height method, ac-
cording to the Segal Equation (4) [51—-53]. In this
method, the Crystallinity Index (CI) is calculated as
the ratio of the peak intensity of the crystalline re-
gion (Ipp2 - Iam) to the total intensity (Ippp) after

subtracting the background signal measured
without cellulose [54].
CI (%) = (IOOZ — IAM) /IOOZ x 100% (4)

Where: CI = Crystallinity Index; Ipp, = Intensity of
the crystalline region at 20 (=22.5); Inp = Intensity
of the amorphous region at 20 (=18.3).

The crystallite size (CrS) is calculated using the
Debye Scherrer's Equation (5):

CrS=k.A/(FWHMCcos ©) (5)

Where (k) is the dimensionless Scherrer constant,
which equals 0.9, () is the wavelength of X-ray
diffraction, (FWHM) is the full width at half
maximum in radians, and (©) is the diffraction angle
in radians.

2.5. Liquid holding capacity (LHC)

The dry a-BCS powder (0.150 g) was immersed in
a solvent consisting of 6 g of distilled water (H,O)
and dimethyl sulfoxide (DMSO). The suspension
was allowed to stand for 24 h. Following this period,
the sample was centrifuged at 5000 rpm for 10 min,
and any excess water was carefully discarded. The
sample was then re-weighed, and its mass (W;) was
duly recorded. Subsequently, the sample under-
went drying in an oven at 60 °C until a consistent
weight (W;) was attained, following the methodol-
ogy outlined in 2019 by Ref. [55]. The entire
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experiment was conducted in triplicate to ensure
robust and reliable results. The water absorption
(%) was calculated based on Equation (6):

LHC (%) =[(W1—W,) / Wq]x 100% (6)
Where W, is the dry weight of a-BCS (g), W is the
wet weight of a-BCS (g).

2.6. Statistical analysis

Statistical analysis of the data was conducted
using Minitab Statistical Software, Release 16 for
Windows. The methods employed were One-way
analysis of variance (ANOVA) and Tukey's HSD
(Honestly Significant Difference) test, with statistical
significance set at p < 0.05.

3. Result and discussions

The chemical composition of fruit and vegetable
extracts in kombucha fermentation varied depend-
ing on the specific fruit and vegetable used. Both
fruits and vegetables provided sugars as energy
sources for microorganisms, including yeast and
acetic acid bacteria, and contribute to the distinct
aroma and flavor profiles of kombucha. Addition-
ally, fruits and vegetables contained bioactive com-
pounds such as flavonoids, polyphenols, and other
phytochemicals, which enhanced flavor and may
offer health benefits. Elfirta et al. (2024) reported that
the type of substrate contributed to the production of
phenolic and flavonoid compounds during fermen-
tation, enhancing antioxidant activity [56]. These
chemical intricacies are outlined in Table 1, which
provides a comprehensive overview of the fermen-
tation process.

The evaluation results showed significant compo-
sition differences among the five fermentation media

Y. Maryati et al. / Karbala International Journal of Modern Science 10 (2024) 549—563

(p < 0.05). Dragon fruit (NG) had the highest TRS
content at 16.98 mg/mL, followed by guava (JB) and
banana (PS), while katuk (KT) had the lowest TRS
content at 1.87 mg/mL. All media experienced a
decline in TRS content during the 21-day fermenta-
tion, with guava (JB) exhibiting the most significant
reduction (ATRS) at 8.42 mg/mL, followed by banana
(PS) and dragon fruit (NG), while kale (KL) had the
lowest ATRS at 1.86 mg/mL. This reduction was due
to simple sugars, primarily sucrose, serving as a
carbon source for microorganisms. As fermentation
progressed, sugars transformed into organic acids
[11], correlating with pH reduction. The initial pH of
kombucha ranged from 2.92 to 3.40, showing further
reduction during fermentation. Excessive pH
decrease disrupted microbial growth, emphasizing
pH control's importance [57,58]. Significant differ-
ences in soluble protein content were observed
(p < 0.05), influenced by raw material composition.
Protein content remained relatively stable during
fermentation. Shifts were noted in kale (KL) and
dragon fruit (NG) media, with minor variations
attributed to microbial activities [59,60]. Fruit and
vegetable kombucha fermentation significantly
influenced polyphenolic compounds and flavonoids
(p < 0.05). While total polyphenols increased, spe-
cific flavonoid levels varied due to fermentation in-
tricacies and microbial activity [61]. Antioxidant
activity consistently demonstrated significant impact
(p < 0.05) during fermentation, with prolonged
fermentation decreasing activity due to compound
degradation [62,63]. Additionally, microbial activity
within kombucha broke down antioxidant com-
pounds into less active forms, thereby diminishing
the overall effectiveness of the antioxidants in
combating oxidation, as elucidated by Ref. [64].

The fermentation process of kombucha signifi-
cantly influences the content of sugar, pH, protein,

Table 1. Transformation of chemical properties in fruit and vegetable medium before and after fermentation.

Time of Medium

fermentation KT KL IB NG PS

(days)
Total reducing 0 4.44 + 0.25¢ 3.12 + 0.14¢ 11.67 + 0.25°  16.98 + 1.03*  8.46 + 0.26°

sugar (TRS) (mg/mL) 21 1.87 + 0.13%¢ 1.26 + 0.06° 3.25 + 0.11° 11.33 + 537 2.72 + 0.04°

Protein (mg/mL) 0 459 + 0.20% 1.51 + 0.20¢ 2.69 + 0.25° 2.15 + 0.11°¢  1.96 + 0.07°¢

21 422 + 0.03 315 +0.02°* 334 +0.16° 3.82+1.06° 150 + 0.03°
pH 0 3.40 + 0.09% 3.26 + 0.01* 292 +0.02°  330+003 3.22+0.03

21 3.28 + 0.02° 3.11 + 0.09* 1.99 + 0.01° 1.85 + 0.01°  2.65 + 0.05°
Total polyphenol (mg GAE/mL) 0 0.35 + 0.10° 0.16 + 0.00°  0.28 + 0.01*  0.17 £ 0.03®  0.24 + 0.04°°

21 0.42 + 0.03%° 0.29 + 0.00°°  0.44 + 0.13° 0.22 + 0.04°  0.29 + 0.02°¢
Flavonoid (ug/mL) 0 1118.20 + 40.019  102.50 + 1.13° 22520 + 1.84° 13.90 + 1.70°  333.00 + 11.17°¢

21 965.70 + 10.18%  183.20 + 3.54° 367.00 + 1.27° 5430 + 1.41*  136.00 + 14.00°
Antioxidant DPPH (%inhibition) 0 88.23 + 1.25% 38.64 + 1.98°  85.86 + 354  57.57 + 2.83° 85.39 + 1.94°

21 79.05 + 3.63% 55.44 + 1.82°  81.56 + 4.68°  49.96 + 1.56°  84.04 + 0.09°

b4 The mean values followed by different letters in the same row indicate significant differences (p < 0.05).
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polyphenol compounds, flavonoids, and antioxidant
activity, with these alterations closely associated
with the activity of microorganisms during
fermentation. The influence of phenolic compounds
and flavonoids on bacterial cellulose production is
complex and varies based on factors such as the
type and quantity of compounds, bacterial strains,
and environmental conditions. Generally, low con-
centrations of these substances are advantageous,
whereas high concentrations may suppress their
production. Studies have demonstrated that
increasing the bioactive components in growth
media can enhance bacterial cellulose synthesis.
Lima et al. (2023) discovered that higher levels of
sucrose and kombucha in culture media led to
increased total phenolic compounds and flavonoids,
thereby enhancing bacterial cellulose production
[65]. Kim et al. (2023) observed that fermenting
specific combinations of acetic acid bacteria and
yeast increased total phenolic and flavonoid content,
improving the antioxidant properties of kombucha
[66]. Certain phenolic compounds, such as catechins
and gallic acid, are associated with increased cellu-
lose production owing to their involvement in
metabolic pathways that support bacterial growth
and cellulose synthesis. Furthermore, Tapias et al.
(2022) reported that polyphenol-rich herbal in-
fusions enhance the antioxidant activity of bacterial
cellulose films, suggesting a synergistic effect on

cellulose production [6]. However, some phenolic
compounds can inhibit bacterial growth. Zhang
et al. (2014) discovered that coniferyl aldehyde and
vanillin significantly impede the growth of Gluco-
nacetobacter xylinus, which is the primary bacterium
responsible for BC production [67]. Coniferyl alde-
hyde completely inhibited BC production at low
concentrations, while vanillin reduced BC yield by
approximately 60% at higher concentrations.

All five types of kombucha media (comprising
fruits and vegetables) that underwent a 21-day
fermentation period demonstrated the capacity to
generate BCS pellicles on the liquid surface. The
overall morphology of both wet and dry BCS
products is visually depicted in Fig. 1.

The thickness of each BCS membrane was
measured at various positions using a thickness
gauge, and the resulting values were averaged.
Comparative analysis of the wet and dry thickness
values revealed significant differences in the growth
capability of BCS across the five media (p < 0.05)
(Table 2). The banana (PS) and kale (KL) media
exhibited the highest wet and dry thickness values,
along with the highest average productivity of BCS,
signifying superior growth capability. Following
closely were the guava (JB) and katuk (KT) media,
while the dragon fruit (NG) medium displayed the
lowest thickness values. Moisture content exhibited
significant variations across all five media (p < 0.05),

Fig. 1. Morphological characteristics of produced films: Wet BCS (upper row) and dry BCS (lower row), derived from fruit and vegetable fermentation

byproducts.

Table 2. Physical properties of BCS kombucha byproducts derived from fruits and vegetables following a 21-day fermentation period.

Medium Wet Thickness Dry Thickness Moisture% Wet BCS Dry BCS Productivity
(mm) (mm) Yield (g.L’j) Yield (g.L’j) (g.L’j.d)

KT 1.61 + 0.30° 0.46 + 0.20° 89.61 + 0.83%° 87.00 + 8.58° 9.04 + 1.20° 0.43 + 0.02°

KL 3.41 + 0.40° 0.73 + 0.06* 87.11 + 0.63° 117.39 + 17.93% 15.10 + 2.58%° 0.72 + 0.04°

1B 1.52 + 0.06°¢ 0.41 + 0.09° 81.13 + 1.71° 90.36 + 3.31° 17.20 + 1.86° 0.82 + 0.01°

NG 0.85 + 0.11¢ 0.15 + 0.02° 90.13 + 1.37° 48.31 + 6.70° 5.04 + 0.18¢ 0.24 + 0.15¢

PS 431 + 0372 0.72 + 0.07% 87.08 + 2.02° 95.58 + 12.40° 12.35 + 2.66° 0.22 + 0.03°

*bcd The average values followed by different letters in the same column indicate a significant difference (p < 0.05).
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impacting the resulting yield. The dragon fruit (NG)
medium yielded the highest moisture content in the
BCS pellicle, registering at 90.13 + 1.37%, while the
guava (JB) medium recorded the lowest at
81.13 + 1.71%. The kale (KL) medium demonstrated
the highest wet BCS yield, directly correlating with
the wet BCS thickness, with a value of
117.39 + 17.93 g/L, while the dragon fruit (NG)
medium displayed the lowest wet BCS yield at
48.31 + 6.70 g/L (Table 2). Conversely, the dry BCS
yield exhibited an inverse relationship with mois-
ture content. Higher moisture content resulted in
lower dry BCS yield and vice versa. The guava (JB)
medium yielded the highest dry BCS yield at
1720 + 1.86 g/L, whereas the dragon fruit (NG)
medium recorded the lowest at 5.04 + 0.18 g/L.

According to Ref. [68], the biomass yield is influ-
enced by the characteristics of the substrate, which
was also demonstrated in this study. Wet and dry
bacterial cellulose synthesis (BCS) membranes
produced from treatments with various substrates
after washing are shown in Fig. 1. The thickness of
BCS is affected by nutritional elements such as
polyphenols, which create optimal conditions for
the growth of cellulose-producing bacteria. The
membranes obtained from this process exhibited
remarkable flexibility.

The production of SCOBY bacterial cellulose was
influenced by the choice of fruit and vegetable
media used. This variation stems from the diverse
carbon sources present in the different raw mate-
rials, leading to disparities in BC quantity and
SCOBY thickness. Furthermore, differences in water
retention capabilities and structural characteristics
affect both wet and dry weights, as well as overall
productivity. The thickness of SCOBY is linked to
fermentation duration and bacterial density, which
in turn affects wet and dry weights. This is evi-
denced by studies showing that beet skin media
yields 11.57 g/L, whereas glucose produces 13.07 g/L
[69]. Additionally, mango skin waste hydrolysate
significantly boosted BC yields from 0.52 g/L to
1.22 g/L through optimization [22]. Generally, a
thicker SCOBY results in higher yields owing to
increased biomass. Variations in SCOBY thickness
can also influence the mechanical properties of the
resulting cellulose, impacting its potential use [70].
Moreover, static fermentation affects the physical
attributes of BC, leading to a more robust structure.

3.1. FE-SEM analysis of BCS
Surface morphology characteristics of Bacterial

Cellulose from SCOBY (BCS) were scrutinized
using Field-Emission Scanning Electron Microscopy

(FE-SEM) at a magnification of 20,000x and 3.0 kV,
as depicted in Fig. 2. The image illustrates that the
membrane structure of BCS, generated across the
five samples under investigation, showcases fine
and densely packed cellulose fibers. Additionally,
layers of cellulose intertwine, crisscross, and
randomly stack, forming structures commonly
recognized as micro fibrils.

Determining the distribution of micro fibril widths
proves challenging due to the frequent twisting of
cellulose ribbons by bacteria. This intricate network
of cross-linked cellulose fibers exhibits diverse pat-
terns and sizes. The BCS-KT (Fig. 2a) and BCS-NG
(Fig. 2d) produced the largest average fiber diameter
at 0.181 pm and 0.182 pm, respectively, followed by
BCS-KL (Fig. 2b) and BCS-PS (Fig. 2e) at 0.110 pm
and 0.111 um. These BCS variants feature more
pronounced pores, enhancing their water retention
capacity.

Conversely, BCS-JB generated thinner or finer
cellulose fibers, boasting an average size of 0.079 um
(Fig. 2c). This correlation between fiber diameter
and polymer surface area influenced water vapor
permeability. The findings aligned with the obser-
vations of [71,72], where thinner fibers contributed
to increased surface area, imparting tensile strength
and polymer elongation properties, resulting in a
larger and porous hydrogel layer.

The size of cellulose fibers generated by SCOBY
bacteria vary considerably depending on the nutri-
tional sources used during fermentation, particu-
larly fruits and vegetables. Specific biochemical
pathways are activated by different carbon sources,
which influence the production and structure of
bacterial cellulose (BC). Wang et al. (2018) demon-
strated that various carbon sources resulted in
diverse BC characteristics, with fructose producing
the highest yield [73]. A study by Ref. [74] revealed
that industrial byproducts, such as beet molasses
and vinasse, affect BC polymerization and crystal-
linity. Hasanin et al. (2023) observed that BC nano-
fibers derived from mango peel waste had a
diameter of approximately 10 nm, while other
sources yielded fibers of varying sizes [22]. Costa
et al. (2017) found that BC produced from non-
conventional media displayed improved thermal
stability and crystallinity, which affected the fiber
diameter and mechanical properties [75].

3.2. FTIR analysis

The outcomes from the Fourier Transform Infrared
(FTIR) spectrum analysis of «-BCS, encompassing
stretching and bending vibrations of different bonds,
offered valuable insights into the chemical structure
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Fig. 2. FE-SEM analysis of bacterial cellulose from SCOBY (BCS) produced through fermentation of kombucha derived from fruits and vegetables.

and functionality of bacterial cellulose (Table 3). Fig. 3
illustrates the FTIR spectra produced by various
media as byproducts of fermented beverages for the
cultivation of a-BCS. The wavenumbers falling within
the range of 3329.20—3338.12 cm ™}, situated in the

3200—3600 cm ' range, signify O—H stretching,
indicating the presence of O—H bonds in water
molecules (H20) contained within a-BCS. This peak
provided insights into the water content within the
sample. In the sample, wavenumbers spanning
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Table 3. FTIR peaks generated by a-BCS from fruit and vegetable byproducts.

Functional Group Wavenumber (cm™1)

Std. a—Cellulose a-BCS PS a-BCS NG a-BCS KT «-BCS KL a-BCS JB
O—H stretching 3329.20 3338.12 3338.22 3337.98 3336.96 3336.96
C—H stretching 2886.94 2893.85 2893.82 2891.34 2891.77 2892.95
O—H bending water H20) 1639.63 1646.64 1643.81 1643.67 1643.65 1641.20
O—H bending (carboxylic acid)/ 1427.61 1426.88 1427.53 1426.23 1426.08 1427.01
C—H bending

O—H bending (phenol) 1314.78 1313.90 1313.93 1313.63 1313.48 1313.89
C—O stretching (primary alcohol) 1156.93 1053.05 1053.71 1053.70 1052.78 1052.69
C—H bending (B-glicosidic) 897.16 900.04 899.49 900.01 899.95 899.31

C—H “out of plane bending” 662.23 662.39 663.92 663.56 663.01 661.08

Std a-Cellulose

Transmittance (%)

BCS-JB

' )
(0H)

T T T T T T T T T T T T T T T T
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FTIR spectra of the a-BCS kombucha byproduct from fruits and
vegetables.

2886.94—2893.85 cm™ represented C—H stretching
vibrations associated with organic structures (C—H
stretching). These peaks typically manifested across
different frequency ranges, depending on the types of
C—H bonds involved, signifying the presence of hy-
drocarbon groups in a-BCS.

Wavenumbers in the range of
1639.63—1646.64 cm ' denoted O—H bending vi-
brations of water (H20) within the sample, appear-
ing in the 1600—1800 cm ' range. This implied the
presence of O—H bond vibrations originating from
water molecules (H20) and was linked to the water
content in the sample. Within the range of
1426.88—1427.61 cm ', the bending vibrations of
O—H in carboxylic acid groups or C—H bending
vibrations of hydrocarbon groups were observed.
The presence of this peak suggested the potential
existence of carboxylic acid groups in a-BCS. This
specific wavenumber range, 1420—1430 cm ', was
also recognized as the crystallinity peak [76,77].

Wavenumbers spanning 1313.48—1314.78 cm™
represent the bending vibrations of O—H linked to
phenolic groups. The presence of this peak

1

indicated the existence of phenolic groups in com-
pounds within «-BCS. Wavenumbers between
1052.69 and 1156.93 cm ' signified C—O stretching
vibrations (primary alcohol), materializing within
the 1000—1300 cm ' frequency range. This sug-
gested the possible presence of C—O bonds in pri-
mary alcohol groups within a-BCS. The absorption
peak corresponding to the B-glycosidic cellulose
bond (C—H bending) become evident at wave-
numbers between 894.84 and 900.04 cm !, indi-
cating the potential presence of C—H bonds
involved in glycosidic bonds within a-BCS. This was
also referred to as the amorphous absorption peak
[78].

Finally, the wavenumbers falling within the range
of 661.08—663.92 cm™ signified “out of plane
bending” C—H vibrations. This bending vibration
encompassed various types of C—H bending vibra-
tions occurring outside the molecular plane, indic-
ative of the presence of C—H bonds in various
orientations.

3.3. Analysis Liquid Holding Capacity (LHC)

Liquid Holding Capacity (LHC) denoted the
ability of a material, specifically cellulose in this
instance, to retain or absorb liquid. This quantifi-
cation measured the volume of liquid that cellulose
could absorb or retain under specific conditions.
Despite cellulose's typically insoluble nature in most
organic solvents owing to its crystalline structure
[79], cellulose can exhibit swelling in certain sol-
vents [55,80]. The depiction of a-BCS LHC is pre-
sented in Fig. 4.

The findings indicated a significant difference
(p < 0.05). Among «-BCS-KT, a-BCS-PS, «-BCS-]B,
and a-BCS-NG, DMSO's solvent absorption capac-
ity allowed for the absorption of more liquid
compared to water (H,O). However, only a-BCS-KL
demonstrated a greater ability to absorb water sol-
vents than DMSO. This distinction may have been
attributed to the heightened hydrophilicity of
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Fig. 4. LHC of the a-BCS kombucha byproduct from fruits and vege-
tables. Means indicated by distinct lowercase letters in the same color
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ences (p < 0.05).

a-cellulose in a-BCS-KL, suggesting a stronger af-
finity for water. In contrast, other a-BCS variants
may have possessed specific structural or chemical
characteristics in bacterial a-cellulose, making them
more compatible with DMSO than water. DMSO
exhibited greater polarity characteristics than other
aprotic organic solvents, facilitating enhanced
interaction with a-cellulose.

DMSO had the capability to disrupt strong
hydrogen bonds, effectively intervening in the
hydrogen bonds between a-cellulose molecules.
This property allowed o-cellulose to retain more
liquid in DMSO than in water. These observations
were consistent with earlier research highlighting
DMSO's high hydrogen bonding capacity [79,81]
and the overall proficiency of all -BCSs in retaining
DMSO at a relatively higher rate than other liquids.

Liquid Holding Capacity (LHC) is of critical
importance across various industries, including
food, chemical, pharmaceutical, and textile sectors.
In the food industry, LHC serves as a crucial metric
for evaluating the capacity of materials, such as di-
etary fibers, to absorb water or fat, thereby influ-
encing the texture and overall quality of food
products [82,83]. In the textile sector, LHC plays a
pivotal role in assessing the ability of fabrics or
textile fibers to absorb perspiration and other fluids,
directly impacting user comfort and experience
[84—86]. Simultaneously, within the pharmaceutical
industry, LHC emerges as a critical factor governing
the controlled release of drugs from various dosage
forms, profoundly affecting both the efficacy and
safety of pharmaceutical products [87—89]. LHC

stands as a pivotal parameter with far-reaching
implications across diverse industries, playing a
vital role in product design, quality assurance, and
material performance.

3.4. XRD (X-ray diffraction) of a-BCS

XRD analysis serves the purpose of elucidating a
material's crystal structure and X-ray diffraction
pattern, particularly distinguishing between crys-
talline and amorphous structures. The data obtained
from this analysis were instrumental in interpreting
the crystallinity index and crystallite size of «-BCS.
The degree of crystallinity is pivotal as it plays a
crucial role in delineating the crystalline and
amorphous regions within the molecules [90]. -
BCS derived from the byproducts of fruit and
vegetable beverages exhibited three prominent
peaks at 20 angles. The X-ray diffraction pattern of
a-BCS, produced by media KT, KL, JB, NG, PS, and
standard o-cellulose, is visually represented in
Fig. 5. These three significant peaks d1 (101 = 14.4°),
d2 (10i = 16.6°), and d3 (002 = 22.5°) were prevalent
in the products from all five media, signifying the
cellulose type I (Table 4). Cellulose Ia was charac-
terized by parallel chains that interact through
intermolecular hydrogen bonds, stabilized by van
der Waals interactions [91]. Within this context, the
crystallinity index (CI) is defined as the ratio of
crystalline regions to the overall polymer structure,
accounting for both crystalline and amorphous
regions.

Among the three crystalline peaks, the highest
peak (002) was considered for calculations, as it was
the primary indicator of cellulose crystallinity [92].
These three peaks were recognized as the charac-
teristic peaks for cellulose. The crystallinity index
is computed based on the peak intensity data, uti-
lizing the Segal method [52,53]. The minimum po-
sition between peaks 002 and 101, denoted as Iam
(located around 18.3° in Fig. 5), represented a peak
that was not parallel to the maximum height of the
amorphous peak. Peaks originating from amor-
phous cellulose were likely to have values higher
than 18.3°.

The crystallinity index of BCS derived from the
five alternative media did not exhibit significant
differences. However, the CI values for a-BCS
across all five media surpassed 90%, in contrast to
the standard a-cellulose (77.50%). Although o-BCS-
JB achieved the highest crystallinity index, it did not
significantly differ from o-BCS-KL and a-BCS-NG,
each displaying values of 93.87%, 93.50%, and
93.12%, respectively. a-BCS-PS and a-BCS-KT fol-
lowed closely with values of 91.75% and 91.62%. The
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X-ray diffraction peak intensity on the (002) crystal
plane (26 = 22.5) was more pronounced than on the
(101) (26 = 14.3) and (10i) (26 = 16.6) crystal planes in
the «-BCS products.

Fig. 5. XRD of the a-BCS kombucha byproduct from fruits and vegetables.

Various factors impact Bacterial cellulose (BC)
crystallinity, including culture method, carbon
source, pH, agitation speed, temperature, fermen-
tation time, and drying method [55]. Additionally,

Table 4. Three main peak positions (20), Full width at half maximum (FWHM), the crystallite size (CrS) and crystallinity index (CI) of the a-BCS
kombucha byproduct from fruits and vegetables.

Medium (Crstaline peak) Peak position (26) FWHM? (20) CrS® (nm) CI (%)

Std. Alpha cellulose d1 (101) 14.94 1.28 6.54 77.50
d2 (10i) 16.70 2.30 3.65
d3 (002) 22.42 2.55 3.32

KT d1 (101) 14.44 1.75 4.78 91.62
d2 (10i) 16.69 1.00 8.40
d3 (002) 22.54 1.51 5.61

KL d1 (101) 14.39 1.68 4.99 93.50
d2 (10i) 16.55 1.20 7.01
d3 (002) 22.51 1.47 5.77

JB d1 (101) 14.39 1.69 4.95 93.87
d2 (10i) 16.62 1.29 6.52
d3 (002) 22.53 1.42 5.94

NG d1 (101) 14.40 1.65 5.07 93.12
d2 (10i) 16.65 1.14 7.36
d3 (002) 22.53 1.48 5.73

PS d1 (101) 14.40 1.66 5.04 91.75
d2 (10i) 16.66 1.15 7.27
d3 (002) 22.53 1.33 6.35

? Measured at half of the max intensity height.
P Calculated using the Debye Scherrer equation based on the XRD diffraction pattern.
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Fig. 6. The a-BCS derived from byproducts of Kombucha from fruits and vegetables.

the type of fermentation media, nutrient parame-
ters, and drying methods play a pivotal role in
determining the crystallinity ratio of BCs [93]. Prior
studies have highlighted how the crystallinity of
BCs produced with different microorganism strains
and carbon sources also influences crystallinity,
with media contributing to cellulose production [94].
Furthermore, crystallinity is vital in determining the
mechanical properties of any macromolecule. In this
study, the choice of media significantly influenced
the crystallinity of the resulting o-BCS. The
byproducts from fruit and vegetable fermentation
exhibit unique characteristics, offering potential
applications in the food, pharmaceutical, and pack-
aging industries. This opens avenues for product
innovation and diversification, highlighting the
versatility of these byproducts in developing valu-
able materials for various industrial sectors.

The crystal size was calculated using equation (5),
which was based on the wavelength, full width at
half maximum (FWHM), and 20 values extracted
from the XRD test results on the cellulose samples
produced. Table 4 provides details on the crystallite
size (CrS) and full width at half maximum (FWHM)
of a-BCS from various sources. The results indicated
that the crystallite size ranged from 4.78 to 8.40 nm,
surpassing the standard a-cellulose. These values
underscored the effectiveness of alkali hydrolysis
treatment in eliminating the amorphous component
of cellulose. Alteration in the XRD pattern at the
characteristic cellulose peaks signified alterations in
crystallinity index and crystal size, as evidenced by
the sharper peak intensity values.

Crystal size refers to the dimensions of crystalline
particles within the cellulose material. A larger
crystal size implies larger crystalline particles,
reflecting the level of regularity in crystal arrange-
ment, as manifested by the width of the peak in the
XRD spectrum (FWHM). A narrower peak signifies
a more uniform distribution of crystal sizes and a
higher degree of crystallinity. Conversely, a broader
peak indicates a wider distribution of crystal sizes,
potentially corresponding to lower crystallinity. A
narrower FWHM implies a more homogeneous

distribution of crystal sizes and a higher degree of
crystallinity [95]. Fig. 6 visually illustrates the isola-
tion of a-cellulose from the produced BCS samples.

4. Conclusion

In conclusion, this research successfully achieved
the production of Bacterial Cellulose from fer-
mented beverage byproducts using kombucha
SCOBY (BCS) with diverse vegetable and fruit
substrates. This research demonstrates that bacterial
cellulose from SCOBY (BCS) production from fer-
mented beverage substrates results in BCS with
distinct chemical and morphological characteristics
during the fermentation process, depending on the
specific substrate. Notably, total reducing sugars
(TRS) decreased, protein levels remained relatively
stable, and phenolic content increased. Fluctuations
were observed in flavonoid levels and antioxidant
activity throughout fermentation. Additionally, the
thickness and moisture content of BCS varied across
fermentation substrate media, and morphological
analysis showcased differences in cellulose fiber
size. FTIR analysis identified distinct functional
groups in a-BCS, reflecting the presence of C—H
stretching bonds, O—H bending, C—H, bending,
C—O stretching, and C—H bending (B-glycosidic).
XRD results demonstrated that all o-BCS substrates,
derived from both vegetable and fruit substrates,
exhibited a high crystallinity index (Crl >90%), with
o-BCS-JB having the highest crystallinity index
among the substrates. This study provides valuable
insights into the production of a-BCS from alter-
native sources, offering a comprehensive under-
standing of its chemical and morphological
properties. The implications of these findings
extend to diverse fields, including food, pharma-
ceuticals, biomedicine, and composite materials.
The successful production of BCS from varied sub-
strates presents opportunities for novel applications
and sustainable practices in material science and
biotechnology. Multiple biological and pharmaceu-
tical properties are essential to establish guidelines
for BCS applications.
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Abbreviations and glossary

BC Bacterial Cellulose
BCS Bacterial Cellulose from SCOBY

a-BCS  alpha - Bacterial Cellulose from SCOBY
SCOBY Symbiotic culture of bacteria and yeast
CMC Carboxymethyl cellulose

HEC Hydroxyethyl cellulose

KT Katuk leaves
KL Kale leaves
JB Guava

NG Dragon fruit
PS Banana

DNS 3, 5-dinitrosalicylic acid

TRS Total Reducing Sugar

DPPH  2,2-diphenyl-1-picryl-hydrazyl-hydrate
FE-SEM Field-Emission Scanning Electron Microscope
NaOH Sodium hydroxide

XRD X-Ray Diffraction

ATR Attenuated total reflection

FTIR Fourier-transform infrared
CI Crystallinity Index
Too2 Intensity of the crystalline region at 20 (=22.5°)

IAM Intensity of the amorphous region at 26 (=18.3°)
CrS Crystallite size

(k) constant (dimensionless Scherrer constant, which
equals 0.9)

™) lambda (wavelength of X-ray diffraction)

FWHM full width at half maximum in radians

(©) theta (the diffraction angle in radians)

LHC Liquid holding capacity

DMSO  Dimethyl sulfoxide

H,O Hydrogen oxide (water)

ApH delta pH (change in potential of Hydrogen referred to
as acidity or basicity)

d means of diameter fibers

20 twotheta (2 0 is the angle between transmitted beam
and reflected beam)

d1,d2,d3 crystalline peaks(101,101,002)
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