CHAPTER 3
PRE-OPTIMIZATION OF BACTERIAL CELLULOSE PRODUCTION:
INVESTIGATING KEY FACTORS AFFECTING YIELD AND PROPERTIES

3.1 Abstract

Bacterial cellulose (BC) is a high-value biopolymer with broad applications in
food, biomedical, and material sciences. However, its production is constrained by the
high cost of traditional culture media. This study explores the use of Thai tea
kombucha as a low-cost and culturally relevant medium for BC production, with the
goal of identifying favorable conditions for subsequent process optimization. The study
was conducted under static conditions at 30 °C for 15 days using a commercial SCOBY
as the inoculum. Four types of tea—Chinese Black Tea (RBTH), Assamica Black Tea
(BTC), Thai Green Tea (GTC), and Thai Red Tea (RTC)—were evaluated. Among them,
RTC produced the highest wet BC yield (168.00 + 2.93 g/L), making it the most
promising substrate. To further explore yield enhancement, RTC-based media were
supplemented with various additives (ethanol, pure coffee, yeast extract, soy protein
isolate, and vitamin C) and different carbon source combinations. The highest yield
was obtained with ethanol supplementation (RTC-EtOH, 218.36 + 12.85 ¢/L) and the
sucrose-glucose combination (RTC-SGlu, 259.54 + 8.92 ¢/L), though not significantly
different from RTC-sucrose-dextrose. Further investigation of basic fermentation
parameters—including initial pH, tea concentration, cultivation duration, and
harvesting frequency—revealed that unadjusted pH (~5.20), tea concentrations of 2%,
and bi-weekly harvesting over four weeks yielded the best results (368.22 + 28.33 g/L
cumulative). Characterization of the resulting BC using SEM, FTIR, XRD, TGA/DTG, and
nanoindentation confirmed acceptable physical and chemical properties, including

good fiber structure, crystallinity, thermal stability, and mechanical strength. This
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preliminary study establishes the suitability of Thai red tea kombucha as a viable
fermentation medium. It provides essential baseline data to sguide the statistical

optimization in the next phase of research.

Keywords: Bacterial nanocellulose, Thai tea, kombucha, mechanical

properties, nano-indentation

3.2 Introduction

Bacterial cellulose (BC) is a sustainable and multifunctional biomaterial
distinguished by its exceptional mechanical strength, high crystallinity, purity, and
biocompatibility (Lin et al. 2020). Unlike plant-derived cellulose, BC is extracellularly
synthesized by Komagataeibacter spp. as a nanofibrillar network, free of lignin and
hemicellulose contaminants (Gorgieva and Tr¢ek 2019). Its unique properties have
enabled diverse applications in the food industry, where it serves as a food ingredient,
fat replacer, dietary fiber, thickening agent, and stabilizer in emulsions (Reiniati 2017,
Lin et al. 2020). BC has also been incorporated into functional foods and traditional
desserts, as well as employed as a carrier for bioactive compounds such as
antioxidants, probiotics, and enzymes (Khan et al. 2018; Azeredo et al. 2019a; Li et al.

2021).

Despite these advantages, commercial BC production remains limited due to
the high costs associated with conventional media, which typically utilize purified
glucose and refined nutrients (Revin et al. 2018; El-Gendi et al. 2022; Kamal et al. 2022).
In response, research has focused on exploring low-cost substrates such as agricultural
by-products, food industry residues, and waste biomass to reduce production costs
(Tsouko et al. 2015; Waghmare et al. 2018; Akintunde et al. 2022). Among these,
kombucha fermentation—employing a symbiotic culture of bacteria and yeast
(SCOBY)—has gained attention as an eco-friendly, scalable, and cost-effective system
for BC production (Dhali et al. 2021) (Mehrotra et al. 2023). Using simple ingredients
like tea and sugar, kombucha fermentation can produce BC with properties

comparable to those obtained from synthetic media. However, BC yield and quality in
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this system are highly sensitive to multiple variables, including tea type, sugar

composition, fermentation conditions, and microbial dynamics.

Thailand offers a wide diversity of tea products, such as black tea, green tea,
and Thai red tea, that present promising substrates for BC production. Variations in tea
processing methods lead to differences in nutrient composition, potentially influencing
microbial metabolism and BC yield (Shevchuk et al. 2020; Deka et al. 2021). Thai red
tea, often a blend of black tea with herbs, spices, and colorants, may introduce unique
bioactive compounds not present in other teas. While some studies have investigated
black and green teas for BC production, systematic comparisons across diverse Thai

teas remain limited.

Beyond tea type, numerous studies have shown that additives and carbon
source variations can further enhance BC yield and tailor its properties. Additives such
as vitamin C (VC) act as antioxidants and metabolic cofactors, improving crystallinity
and yield (Keshk 2014; Cielecka et al. 2021; Leonarski et al. 2021a). Nitrogen sources
like yeast extract (YE) and soy protein isolate (SPI) supply essential nutrients for
bacterial growth (Aswini et al. 2020; Almihyawi et al. 2024) (Wen et al. 2024). Ethanol
can optimize metabolic pathways, increasing glucose utilization and cellulose
biosynthesis (Kazemi et al. 2015; Agustin and Padmawijaya 2018; Montenegro-Silva et
al. 2024). Similarly, coffee-based additives rich in phenolic compounds serve as
stimulants and alternative carbon sources (De Souza et al. 2021; Jiménez-Sanchez et

al. 2024).

The selection and combination of carbon sources also critically influence BC
production. Different substrates are metabolized via distinct pathways, affecting both
yield and productivity. Glucose and dextrose are quickly utilized through slycolysis,
while fructose contributes via both glycolysis and the TCA cycle (Wang et al. 2018;
Trevino-Garza et al. 2020). Glycerol not only serves as a carbon source but also
promotes microbial viability as an osmoprotectant (Aswini et al. 2020). Various studies

have reported that glycerol consistently enhances BC yield compared to other sugars,
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while optimal sucrose concentrations and honey have also shown promising results

(Kalifawi 2018; Trevino-Garza et al. 2020; De Souza et al. 2021; Amorim et al. 2024).

In addition to substrate composition, process parameters such as initial pH,
fermentation time, tea concentration, and cultivation method play crucial roles in
determining BC productivity and characteristics. Moderate acidity (around pH 5)
generally favors BC synthesis, while extreme pH levels can inhibit microbial growth
(Tsouko et al. 2015). Extended fermentation time allow thicker BC pellicle formation
but may ultimately reduce quality due to nutrient depletion and microbial senescence
(Lin et al. 2013). Tea provides essential bioactive compounds—including polyphenols,
caffeine, and minerals—that stimulate microbial activity, but excessive concentrations
may disrupt fermentation balance (Mann et al. 2017). Cultivation methods also
influence production outcomes: static culture produces high-quality BC but at lower
yields, whereas dynamic systems (agitation or shaking) often enhance yield and
homogeneity at the potential cost of reduced mechanical properties (Wang et al.

2019b; Gao et al. 2020; Lahiri et al. 2021; Akintunde et al. 2022).

This study investigated key factors influencing BC productivity with the aim of
identifying conditions conducive to further optimization. The variables examined
include the type of Thai tea—Chinese Black Tea (RBTH), Assamica Black Tea (BTC),
Thai Green Tea (GTC), and Thai Red Tea (RTC); various additives—vitamin C (VC) as a
metabolic enhancer, yeast extract (YE) and soy protein isolate (SPI) as nitrogen sources,
ethanol (EtOH) as a metabolic modulator, and pure coffee (PC) as a phenolic stimulant;
combinations of carbon sources—sucrose (control), sucrose-glucose (S-Glu), sucrose-
dextrose (SD), sucrose-fructose (SF), and sucrose-glycerol (SGLy); as well as initial pH,
fermentation duration, tea concentration, and cultivation method. The findings are
expected to contribute to the development of optimized and cost-effective strategies

for enhanced BC production.
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3.3 Materials and Methods

The materials used in this study include a commercial kombucha starter
(SCOBY) from Neo Cold Brew Shop (Thailand), sucrose, various teas (red tea-vanilla
flavor (ChaTraMue, RTC), green tea mix (ChaTraMue, GTC), black tea (ChaTraMue, BTQ),
and Chinese black tea (Three Horses brand No. 3, RBTH)), Various of additives (yeast
extract (Merck), ethanol absolute anhydrous (Carlo Erba), commercial vitamin C (Bright
Aromatic and Chemical, Thailand), commercial soy protein isolate (KME Mart, Thailand),
and commercial pure coffee (Nescafe gold brand)), and various carbon sources (D-
glucose (UniVAR, Merck), D-fructose (Carlo Erba), sucrose (ACl Labscan), dextrose
monohydrate (KC, Bangkok Chemical), and glycerol (Merck). Other chemicals include
sodium hydroxide (NaOH, Q RéC™) and hydrochloric acid 37% (HCl, Q ReC™). Water

sources included reverse osmosis (RO) and deionized (DI) water.

Equipment used consisted of a cheesecloth, coffee filter, glass jar, funnel,
autoclave (Biobase), laboratory glassware, biosafety cabinet (Cryste, Puricube Neo),
analytical balance (AE Nimbus NBL 84E), incubator, pH meter (Oakton pH 700),
refractometer, oven dryer (XUEO58, France-Etuves), FT-IR (Bruker VERTEX 70), XRD
(Bruker D8 Advance), SEM (Zeiss AURIGA, Germany), nanoindenter (NanoTest Vantage,
Micro Materials Limited, UK), and HPLC (Hitachi Chromaster: Rl detector 5450, column

oven 5310, auto sampler 5260, and pump 5110).

3.3.1 Experimental Design

This study was designed to systematically evaluate the key factors
influencing BC production in a kombucha-based fermentation system. The primary
objective was to identify the most effective conditions for maximizing BC yield. In
addition to measuring BC yield, selected physicochemical properties of the resulting
BC were characterized, along with kombucha culture parameters to support a more
comprehensive understanding of the fermentation process. The experimental
framework consisted of four main studies, each targeting a different set of variables, as

outlined below:
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1) Effect of Different Thai Tea Types on BC Yield and

Characteristics

This experiment aimed to evaluate the impact of different Thai tea
substrates on BC production through kombucha fermentation. Four commercially
available Thai teas with distinct compositions were selected, including traditionally
used teas—such as Assam-type black tea and Chinese black tea—and flavored blends
that are less common in conventional kombucha fermentation. The selection was
guided by practical considerations, including local availability, affordability, and insights
from previous scientific studies. Market surveys, both online and offline, indicated that
some teas were more accessible and cost-effective, making them suitable candidates
for reducing production costs. All samples were fermented under identical conditions
to assess their influence on BC yield and properties. Detailed descriptions of the tea

types and their compositions are provided in Table 3.1.

Table 3.1 Thai tea type variations and their compositions used as substrates in

kombucha fermentation for BC production

Variation of tea Samples Code Composition of tea*

Chines Black Tea RBTH Dried Chinese tea leaves (100%).
(Three Horses Brand No. 3)

Assamica Black Tea BTC Black tea powder (Assam) (100%).
(ChaTraMue Brand)

Assamica Green Tea Mix GTC Green tea powder (Assam) (94%),
(ChaTraMue Brand) sugar (5%), nature identical flavor,

FD&C Yellow No. 5 (INS 102), FD&C
Yellow No. 6 (INS 110), FD&C Blue
No. 1 (INS 133)

Assamica Red Tea RTC Red tea powder (Assam) 949%, sugar
Powder-Vanilla Flavor 5%, artificial flavors, FD&C Yellow
(ChaTraMue Brand) No. 6 (INS 110)

*Based on product label information available on the packaging.
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The fermentation broth was characterized for pH, total soluble solids
(°Brix), and sugar composition before and after fermentation using standard analytical
methods. The BC produced was evaluated for wet and dry yield, water holding capacity
(WHQ), visual appearance, and color. Surface morphology was examined using scanning
electron microscopy (SEM), and chemical functional groups were identified through Fourier-
transform infrared spectroscopy (FTIR). Crystallinity and crystallite size were determined
using X-ray diffraction (XRD), while thermal behavior was assessed by thermogravimetric

analysis (TGA). Mechanical properties of the BC were measured using nanoindentation.

2) Effect of Different Types of Additives on BC Yield and

Characteristics

This study examined the effects of five different additives—
selected for their distinct nutritional and functional properties—on the productivity
and characteristics of BC. Thai red tea (RTC), identified as the optimal substrate from
the previous experiment, was used as the fermentation medium. The additives were
chosen based on prior studies indicating their potential to enhance microbial growth,
stimulate BC biosynthesis, or improve product quality. Each additive was incorporated

at predetermined concentrations, as detailed in Table 3.2.

Table 3.2 Types of additives incorporated into the fermentation medium for BC

production in Thai tea-based kombucha fermentation

Type of additive Samples code Concentration References
Control* RTC-C - -
Soy protein isolate  RTC-SP! 0.5% (w/v) -
Ethanol RTC-EtOH 1% (v/v) (Kazemi et al. 2015; Cielecka

et al. 2021; Fei et al. 2023)

Vitamin C RTC-VC 0.5% (w/v) (Keshk 2014)
Yeast extract RTC-YE 0.5% (w/v) (Aswini et al. 2020)
Puree coffee RTC-PC 0.8% (w/v) (De Souza et al. 2021)

*) The tea used in this study is based on a previous study, i.e. Thai red tea (ChaTraMue Brand)
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The objective of the study was to assess how these supplemental
ingredients affect BC vyield, structural attributes, and overall production efficiency,
thereby providing insights for optimizing BC fermentation conditions. Each sample was
fermented using the same set of conditions. The characterization parameters for both
the fermentation broth and the BC in this experiment were consistent with those used in
the previous experiment, including pH, total soluble solids (°Brix), sugar composition, wet
and dry yield, WHC, surface morphology, chemical functional groups, crystallinity, thermal
behavior, and mechanical properties. Due to the insignificant changes in color after

purification, BC color analysis was not performed

3) Effect of Carbon Source Combinations on BC Yield and

Characteristics

This study systematically evaluated five carbon source formulations
to optimize BC production (Table 3.3) in Thai red tea fermentation as the selected tea
for BC production. The experimental design leveraged distinct metabolic advantages
of each component: while sucrose (hydrolyzed to slucose and fructose) served as the
foundational carbon source, dextrose and glucose were included to boost UDP-glucose
precursor supply for cellulose polymerization. Fructose supplementation targeted
enhanced energy generation through TCA cycle activity, whereas glycerol provided
dual benefits as both a carbon source and an osmoprotectant. The fermentation

conditions were consistent across all samples.

The characterization parameters for both the fermentation broth
and the BC in this experiment were consistent with those used in the previous study,
including pH, total soluble solids (°Brix), sugar composition, wet and dry yield, WHC,
surface morphology, chemical functional groups, crystallinity, thermal behavior, and
mechanical properties. BC color analysis was not included in this experiment, as

purification resulted in minimal variation.
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Table 3.3  Carbon source combinations tested for BC production in in Thai tea-based

kombucha fermentation.

Carbon source Code Total carbon source (g/100 ml)
Sucrose (S)* RTC-C 10
Sucrose (S) + Fructose (F) RTC-SF 5+5
Sucrose (S) + Dextrose (D) RTC-SD 5+5
Sucrose (S) + Glycerol (Gly) RTC-SGly 5+5
Sucrose (S) + Glucose (Glu) RTC-SGlu 5+5

* Sucrose as control treatment

4) Effect of Process Parameters: initial pH, Harvesting Time, Tea
Concentration, and Cultivation Method on BC yield and WHC

This  multifactorial study examined the influence of key

fermentation parameters on BC yield, using the following experimental variations. This

experiment utilized the optimal tea i.e. Thai red tea.

® Effect of Different Initial pH on the BC Yield and WHC
This experiment investigated the impact of different initial pH
on BC yield and WHC. The pH of the fermentation medium was adjusted to target
values of 5, 6, and 7 by adding either 0.1 N NaOH or 0.1 N HCl until the desired pH was
reached. A control group was included without pH adjustment, maintaining the natural
pH of the medium at approximately 5.2. Prior to and after fermentation, the broth of
each sample was analyzed for pH and total soluble solids (°Brix). Additionally, the yield

of BC and its WHC were measured for each treatment.

® Effect of Different Harvesting Period on BC Yield and WHC

This experiment investigated the effect of different harvesting

periods on BC yield and WHC. Samples were divided into four harvesting groups: 1%
week, 2" week, 3" week, and 4™ week. After the initial harvest, the 1%, 29 and 3

week samples were allowed to continue fermenting and were harvested again along
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with the 4™ week group. For the 1%, 2" and 3" week samples, total BC yield was
calculated by summing the wet weight after purification and the dry weight after drying
from both the first and second harvests. The 4™ week samples were harvested only
once. Before and after fermentation, pH and °Brix values of the sample broths were
measured. BC yield and WHC were subsequently determined for each treatment group.
The experimental design related to the harvesting period variations is summarized in

Table 3.4.

Table 3.4  Experimental design of harvesting period for BC production

Treatment Harvesting time
Harvest 1%t week 7™ day - - 28™ day
Harvest 2" week - 14™ day - 28" day
Harvest 3" week - - 21°" day 28" day
Harvest 4™ week - - - 28™ day

® Effect of Different Tea Concentration on BC Yield and WHC

To evaluate the impact of varying tea concentrations on BC

yield and WHC, a study was conducted using concentrations of 1%, 2%, and 3% (w/v).
Broth samples were analyzed for pH and total soluble solids (°Brix) both before and
after fermentation. The resulting BC yield and WHC were also determined for each

treatment.

® Effect of Different Cultivation Methods on BC Yield and

WHC
The study on various cultivation methods, including static,
shaking, and agitated cultures, was conducted to investicate their effects. Static
cultivation served as the control method, while shaking cultivation was performed
using an orbital shaker at 150 rpm, and agitated cultivation was conducted in a bottle

with a magnetic stirrer at 150 rpm (Zywicka et al. 2015). Broth samples were analyzed
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for pH and total soluble solids (°Brix) at both pre- and post-fermentation stages. The

resulting BC yield and WHC were also measured for each treatment.

3.3.2 Bacterial Cellulose Production
1) Medium Preparation

In general, the fermentation medium was prepared as follows: a
total of 20 ¢ of sucrose and tea extract (at a concentration of 10 g¢/L) were added to a
480 mL glass jar. The tea extract was prepared by brewing 2 g of tea leaves in 180 mL
of hot deionized water (~90 °C) for approximately 15 minutes. After brewing, the tea
was filtered and combined with sucrose in the jar. The mixture was then adjusted to
a final volume of approximately 180 mL using deionized water, stirred until
homogeneous, covered, and sterilized by autoclaving (121 °C, 15 minutes, 1 psi). After

sterilization, the medium was cooled to room temperature (~30-35 °C).

To study the effect of different tea types, the tea component was
substituted with various tea variants (see Table 3.1) at the same concentration (10
g¢/L). Thai red tea (RTC) was identified as the most effective and was subsequently used
in all following experiments using the same formulation (1% tea concentration), except
in experiments investigating the effect of different tea concentrations. For the study
on the harvesting period, the general formulation was also used prior to evaluating its

impact.

For the additive effect study, selected additives were incorporated
into the medium based on the formulations provided in Table 3.2. Yeast extract (YE),
soy protein isolate (SPI), and peptone casein (PC) were added prior to sterilization,
whereas ethanol (EtOH) and vitamin C (VC) were added after cooling, immediately

before inoculation.

For the study on carbon source effects, the carbon sources were
varied according to the combinations detailed in Table 3.3. The general formulation

was also used as the base medium for experiments investigating the effects of initial
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pH, fermentation time, and cultivation method. In the initial pH variation study, the pH
was adjusted to 5, 6, and 7 using 0.1 N HCl or 0.1 N NaOH, while the control
(unadjusted) had an initial pH of approximately 5.20. Acid or base was added dropwise

prior to sterilization, with pH monitored concurrently.

To examine the effect of tea concentration, tea infusions were
prepared at concentrations of 1%, 2%, and 3% using the same brewing method
described in the general procedure. Each sample was adjusted to a final volume of

approximately 180 ml.

2) Regeneration of Kombucha Starter

In the first experiment, designed to study the effect of different tea
types, kombucha cultures were prepared using four types of tea: RTC, GTC, BTC, and
RBTH. The kombucha cultures were prepared in accordance with the tea types used
in the fermentation media. Each sterilized tea medium was inoculated with 20 mL of
commercial kombucha starter, mixed thoroughly, covered with two layers of
cheesecloth, and fermented for 14 days at approximately 30 °C. Based on the results,
Thai red tea (RTC) was selected as the optimal tea. Therefore, in all subsequent
experiments, kombucha cultures were consistently prepared using RTC and
regenerated every two weeks to maintain experimental consistency. Kombucha culture
regeneration was carried out separately for each experimental treatment or study

design.

3) Kombucha Fermentation for BC Production
The sterilized media, prepared according to each experimental
design, were inoculated with 20 mL (10% (v/v)) of regenerated kombucha starter and
gently shaken to ensure thorough mixing. The jars were covered with two layers of
cheesecloth and incubated for 15 days at approximately 30 °C. In the experiment
examining different tea types, a control consisting of a 10% sucrose solution without
tea was included under the same conditions. For all subsequent experiments, a

medium containing Thai red tea (RTC) with 10% sucrose was used as the control for
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BC production. Each experiment was conducted independently and simultaneously in

triplicate, following its respective design.

4) Harvesting and Purification of BC
After around 15 days of fermentation, the BC was separated by
lifting it using tweezers and drained for +10 minutes. The BC was then heated in boiling
water for about 30 minutes and drained for about 10 minutes. The BC is then heated
(~900C) in the alkaline solution (NaOH, 2%) for 120 minutes and rinsed with RO water,
then soaked and changed repeatedly with RO water until the pH is neutral (Yanti et al.
2018; Aswini et al. 2020).

3.3.3 Culture Medium Characterization
The culture media were analyzed both before and after fermentation
to assess key parameters, including °Brix, pH, and sugar composition (sucrose, glucose,
and fructose), depending on the specific experimental design. °Brix was measured using
a refractometer, while pH was determined with a pH meter. Sugar composition was

analyzed using high-performance liquid chromatography (HPLC).

Sugar composition analysis was performed using an HPLC system
(Hitachi Chromaster) equipped with a refractive index (RI) detector (model 5450),
column oven (model 5310), auto sampler (model 5260), and pump (model 5110).
Separation was achieved using an Aminex HPX-42A column with filtered deionized
water (0.22 pm) as the mobile phase, operating at a flow rate of 0.6 mL/min. The
column temperature was maintained at 45°C, with an acquisition time of 22 minutes
and an injection volume of 20 pL. The standard solution for calibration was prepared
by mixing sucrose, glucose, and fructose at a concentration of 60 ¢/L, resulting in a
final concentration of 20 ¢/L for each sugar. A standard curve was constructed using a
series of concentrations: 0, 3, 6, 9, 12, and 15 ¢/L. Samples were diluted by combining
0.1 mL of the sample with 0.9 mL of DI water in Eppendorf tubes. Both standard
solutions and diluted samples were filtered through a 0.22 pm syringe filter prior to

HPLC analysis. Before analyzing the standards and samples, the HPLC system was
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stabilized to ensure a steady baseline. All measurements were conducted in triplicate

to ensure accuracy and reliability.

3.3.4 Bacterial Cellulose Characterization
1) Yield and Water Holding Capacity

After the BC was purified and drained for about 10 minutes, it was
weighed to determine the net wet weight. Further, for dry samples, the BC sample was
dried using an oven at a temperature of 40°C until it reached a constant weight (Aswini
et al. 2020). WHC was determined by calculating the mass of water lost during drying,
expressed as the ratio of removed water to the dry weight of the cellulose (g of water
per g of dry sample) (Schrecker and Gostomski 2005). The samples were made in three

replications.

2) The Color of BC

The appearance of wet BC before and after purification was
observed directly and measured using a colorimeter. Observation and analysis was
carried out on the sample after it was boiled in RO water and after it was purified using
NaOH and neutralization. The purified sample was then compared to the commercial
nata de coco (NDC) as a control. The color investigation was determined with a
portable digital colorimeter using the CIELAB color parameters L* (luminosity), a* (-
green to +red), and b* (-blue to +yellow). The details of the method are mode
measurement: RSEX, path length of cell: (-), port size: 0.375 inch, and scale: CIE Lab.

The analysis was made in three repetitions.

3) Morphology Analysis Using Scanning Electron Microscope (SEM)

The surface morphology of BC was analyzed using a scanning

electron microscope (SEM). After the BC samples were dried, the BC sheets were cut
to a size of approximately 5x5 mm, positioned on a sample stage, and coated with
gold. The fiber diameter was determined by analyzing SEM images with Image J
software (Volova et al. 2022). The number of data points taken for fiber diameter

analysis was 50.
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4) Fourier Transform Infrared Spectroscopy Analysis
The functional group of the sample was analyzed using FT-IR
spectroscopy. The spectral data was collected at a wavelength of around 400-4000
cm™. The resolution was 4 cm™, the background and sample scan times were 64, and
the result spectrum was transmittance. The measurements were carried out at room

temperature.

5) X-Ray Diffraction (XRD) Analysis

Crystal characteristics, primarily the 20 diffraction peaks and
crystallinity index (Cl), were analyzed using a Bruker D8 Advance X-ray diffractometer.
The measurements were conducted in Coupled Theta/2Theta scan mode with
Continuous PSD Fast acquisition. A Cu KO radiation source (A = 1.5418 A) was used,
operating at 40 kV and 40 mA (power = 1600 W). The detector employed was a
LYNXEYE 1D position-sensitive detector. Data were collected over a 20 range of 10° to
60° with an increment of 0.0204°, a step count of 2446, and a time per step of 0.400
seconds, resulting in a total scan time of approximately 1035.2 seconds. Crystallinity
index was calculated using Equation 3.1, and average crystallite size was determined
by the Scherrer equation (Equation 3.2), with data processing performed in OriginLab
and Microsoft Excel.

Ccl = Total Area of Crystalline Peak X 100% oo (Eq. 3.1)

Total Area of Crystalline and AmporphousePeak

where (] is the crystallinity index, d is the crystallite size, K is the Scherrer constant
(0.89), A is the wavelength of the X-ray radiation (1.5418 A for Cu KQU), B is the full
width at half maximum (FWHM) of the diffraction peak in radians, and 0 is the Bragg

angle corresponding to the peak position (in radians, i.e., half of the 20 value) (Sardjono

et al. 2019).
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6) Thermogravimetric (TGA/DTG) Analysis
The dynamic weight loss and thermal decomposition behavior of
the BC samples were analyzed using a thermogravimetric analyzer (Mettler-Toledo,
Model TGA/DSC1). The samples were heated on an alumina sampling pan from 28°C
to 600°C at a rate of 10°C/min under nitrogen (N,) gas purging with a flow rate of 30
mL/min. The TGA/DTG data was processed using OriginLab software, and the TDA/DTG

graph was made in MS Excel software.

7) Mechanical Properties analysis Using Nanoindentation

A nanoindenter was used to evaluate the mechanical properties of
BC films, including penetration depth at a maximum load of 50 mN, hardness, reduced
modulus, elastic recovery parameter (ERP), and Young’s modulus. Samples were
prepared by cutting them into circular shapes with a diameter of 0.8 cm and mounted
flat on a clear acrylic holder using white glue (adhesive latex), without additional
treatment. Indentation tests were performed at loading and unloading rates of 0.40
mN/s, with a maximum load of 50 mN. Each BC film was measured at six different
points to calculate average surface property values. Young’s modulus was determined

using the equation presented in Equation 3.3.
(1-v?)

m ........................................................................................................
Er E;

Where £ = Young’s Modulus of the sample, V = Poisson’s ratio of

E =

BC sample (0.3), Er = Reduced modulus of BC sample, Vi= Poisson’s ratio of the

indenter (0.07) and £ = Young’s Modulus of the indenter (1141 GPa) (Roberts et al.
1994; Rabbani et al. 2022).

3.3.5 Statistical Analysis
Analysis of variance was carried out using Ms. Excel software. The
differences between the mean values were analyzed using least significant difference

(LSD) test and the significance level was set at P < 0.05.
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3.4 Results and Discussion
3.4.1 Effect of Thai Tea Types on Bacterial Cellulose Yield and
Characteristics
1) Tea Profile Composition
The term "tea" refers to products derived from the leaves of plants

in the Camellia family. In Thailand, the commercially produced tea cultivars include
Camellia sinensis var. Assamica and Camellia sinensis var. Sinensis, commonly known
as Chinese cultivars (Theppakorn et al. 2014). The same fresh tea leaves can vyield
various types of dried tea depending on the processing method, including black, sreen,
oolong, white, and Thai red tea. These processing methods result in distinct chemical
compositions and nutritional (Naveed et al. 2018; Shevchuk et al. 2020; Deka et al.
2023). The general composition of the teas used in this study was obtained from the

tea packaging labels, as detailed in Table 3.1, in the design experiment section.

Different types of tea have distinct nutritional compositions. For
example, the dried Chinese black tea contains approximately 16.79-23.68% protein,
5.02-7.23% water, 2.67-2.90% volatiles, and 5.43-6.10% ash, while dried Chinese green
tea contains 28.66-41.36% protein, 3.23-6.60% water, 2.41-2.67% volatiles, and 5.06-
6.09% ash (Czernicka et al. 2017). Additionally, Chinese green tea generally has higher
levels of Ca, K, Na, Mg, Zn, and Mn, but lower levels of Al and caffeine compared to
black tea, with similar phosphorus content (Czernicka et al. 2017). Green tea infusion
also contains higher total phenolic content (110.73+22.46 mg/100 mL) compared to
black tea (69.36+16.66 mg/100 mL) (Klepacka et al. 2021). Moreover, dried green tea
has higher levels of epigallocatechin (21.91-37.46 mg/g) and caffeine (21.3-47.47 mg/g)
than dried black tea, which contains 3.5-8.3 mg/g of epigallocatechin and 20.58-24.22
mg/g of caffeine (Wang et al. 2022b).

Comprehensive data on the nutritional composition of Assam black

and green teas remain limited. Nonetheless, a comparative study on carbohydrate

content reported that Assam black tea contains approximately 6.87 + 2.68 mg/g of
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fructose, 1.04 + 0.16 mg/g of maltose, 9.41 + 1.75 mg/¢ of inositol, 6.83 + 4.73 mg/g of
sucrose, and 3.95 + 1.19 mg/g of glucose—values slightly higher than those observed
in Chinese black tea (Shevchuk et al. 2020). In addition to traditional teas, Thai red tea
is widely consumed in Thailand. This type of tea is typically derived from black tea
and blended with various spices, such as star anise, cardamom, and crushed tamarind

seed, as well as food colorants (Devje 2022; Thegreencreator.com 2022).

The distinct nutritional profiles and bioactive compound
compositions of different tea types may significantly influence BC production during
kombucha fermentation. For example, caffeine has been identified as a potential
stimulant for BC synthesis (Fontana et al. 1991). Black tea, in particular, serves as an
important source of caffeine in kombucha fermentation and contributes to the overall

metabolic activity of the microbial consortium involved (Miranda et al. 2016).

2) The Change of pH and Total Soluble Solid (TSS)

The changes in fermentation parameters, including pH and total
soluble solids (TSS), were systematically evaluated in this study to monitor microbial
activity and substrate utilization. Before inoculation, the pH of the tea-based media
ranged from 5.02 to 5.37, depending on the type of tea used. After inoculation with
the starter culture, the pH dropped to 3.05 to 3.57, due to the introduction of an acidic
inoculum typically rich in organic acids from prior fermentation. After 15 days of
fermentation, the pH further decreased to 2.33 to 2.70, primarily due to the microbial
production of organic acids such as acetic acid and gluconic acid, which are commonly
generated by acetic acid bacteria (Aswini et al. 2020; Lee et al. 2021). Other organic
acids such as slucuronic, lactic, malic, tartaric, citric, and succinic acids may also be

produced, contributing to the overall pH reduction (Neffe-Skociriska et al. 2017).

The extent of pH reduction can vary depending on the type of tea
used, as different teas contain varying levels of polyphenols, caffeine, amino acids,
and other bioactive compounds that affect microbial growth and metabolism. For

instance, teas richer in polyphenols and free amino acids may support higher
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metabolic activity, accelerating acid production. Table 3.5 and Figure 3.1 (left side)

illustrate the progression of pH throughout the fermentation process.

Table 3.5 The change of pH and degree of °Brix during kombucha fermentation of
different types of Thai tea for BC production.

Tea The Change of the pH The Change of the °Brix
Sample Medium Before after Medium Before after
WT 531+0.01° 3.05+0.00° 2.33+0.03* 10.50+0.00® 10.40+0.00°  10.40+0.00°
RTC 5.15+0.01° 3.53+0.00° 2.47+0.02° 10.80+0.00° 10.60+0.00°  8.57+0.10°
BTC 5.02+0.00° 3.57+0.00° 2.53+0.02° 10.90+0.00° 10.50+0.00°  8.50+0.15°
GTC 5.37+0.01° 3.53+0.00° 2.70+0.03° 10.80+0.00° 10.47+0.05°  9.30+0.09"
RBTH 5.06+0.02° 3.47+0.00° 2.53+0.04° 10.90+0.08° 10.70+0.00¢  9.20+0.23°

Different lowercase letters within a column indicate significant differences among the five

tea samples (LSD test: P < 0.05).

TSS, expressed in °Brix, serves as an indicator of the sugar content
in the fermentation medium. Prior to inoculation, TSS values ranged from 10.50 to
10.90 °Brix, depending on the tea base and sugar concentration. After fermentation,
TSS decreased to a range of 8.57 to 10.40 °Brix. This reduction reflects microbial
consumption of sugars during fermentation. Although ethanol and organic acid
contents were not directly measured in this study, previous research has shown that
such reductions are typically associated with the conversion of sugars into ethanol and

organic acids by yeast and acetic acid bacteria (Muzaifa et al. 2022).

The rate of TSS reduction is also influenced by the tea composition.
Teas with higher levels of fermentable sugars or compounds that stimulate yeast
activity may experience a more rapid decline in TSS. For example, Zubaidah et al.
(2019) reported that the TSS of snake fruit kombucha dropped from 13.30-14.08 °Brix
to 12.43-12.97 °Brix, while cascara kombucha TSS declined from 10.97 °Brix on day
two to 9.97 °Brix by day eight (Muzaifa et al. 2022). The decrease in TSS is mainly due

to the hydrolysis of sucrose into glucose and fructose, which are then utilized for
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microbial growth and secondary metabolite production (Sinamo et al. 2022). Table 3.5

and Figure 3.1 (right side) present the changes in TSS before and after fermentation.
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Figure 3.1 The change of pH and degree of °Brix during kombucha fermentation of

different types of Thai tea for BC production.

3) The Change of Sugar Composition

Sugar composition, especially sucrose, glucose, and fructose, was
evaluated before and after fermentation using HPLC. The result showed that there
were changes in the concentration of the sugar components before and after
fermentation, as is demonstrated in Figure 3.2 and Table 3.6. The microbial (SCOBY)
used the sucrose in the kombucha as a carbon source. Microbes often require carbon
sources for growth and product formation, among other activities (Shu 2007).
Numerous  yeasts and  bacteria, including  Saccharomyces  cerevisiae,
Schizosaccharomyces, Zygosaccharomyces rouxii, Torulaspora delbrueckii, Acetobcter
xylinum, and Gluconobacter, are found in SCOBY (Greenwalt et al. 2000). Before
fermentation, the concentration of sucrose, glucose, and fructose was 9.03 to 9.58 %,
0.21 to 2.53 %, and 0.05 to 1.19 %, respectively. The presence of glucose and fructose
prior to fermentation may be attributed to both the use of kombucha starter culture
and the partial hydrolysis of sucrose during the autoclaving process. Ball (1953)
reported that autoclaving a 3% sucrose solution resulted in the formation of
approximately 0.7% to 0.9% glucose, indicating that thermal processing can induce

sucrose breakdown. Similarly, de Lange (1989) demonstrated through a
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semiquantitative test that sucrose in an autoclaved medium at pH 2 could be fully
hydrolyzed into glucose and fructose. This hydrolysis was also found to occur, albeit

to a lesser extent, at pH levels between 5 and 7.
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Figure 3.2 The change of sugar composition (sucrose, glucose, and fructose) of

kombucha broth before and after fermentation

In the early stages of kombucha fermentation, microbial cells
hydrolyze the sucrose into glucose and fructose. The subsequent metabolism of
glucose and fructose yields carbon dioxide and ethanol (Wang et al. 2022a). In BC
production, bacteria use some of the available glucose and fructose to synthesize
cellulose. At the end of the fermentation, the concentration of sucrose decreases to
the range of 5.67 to 7.88%. For all the different tea kombucha samples, there are
significant differences in sucrose concentration before and after fermentation. Before
fermentation, the concentration of sucrose in all the samples was not significantly
different (P > 0.05). However, after fermentation, the concentrations of sucrose in the
samples are different. Table 3.6 provides details about the differences in
concentrations of glucose and fructose before and after fermentation. Neffe-Skocinska
et al. (2017) found that after 10 days of Kombucha fermentation at 30°C, the
concentrations of glucose and fructose increased from 0.09% to 0.1% and from 0.07
to 0.87%, respectively, while the concentration of sucrose decreased from 9.97% to

0.74%.
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Table 3.6 The change of sugar composition during kombucha fermentation with

different types of teas

Before fermentation After fermentation
Sample

Sucrose Glucose Fructose Sucrose Glucose Fructose

WT*  9.03+0.36™® 0.21+0.08*" 0.05+0.03*" 5.67+0.23*" 2.47+0.08°°% 2.67+0.23%°
GTC  9.43+0.28>% 2.15+0.16>" 0.82+0.14>" 7.88+0.27%" 2.22+0.11>* 0.62+0.16*"
BTC  9.40+0.13*® 2.53+0.21% 1.19+0.05%" 6.35+0.16™" 1.98+0.14>" 0.87+0.35°*
RBTH  9.58+0.56* % 2.27+0.10>”" 0.82+0.08>" 7.05+0.52% 2.32+0.11°" 1.03+0.18%>"
RTC  9.36+0.38%% 2.21+0.16"" 1.06+0.07%% 6.24+0.36>* 2.04+0.20%* 0.71+0.11%>"

*Sample without tea as a control. Different lowercase letters within a column indicate significant
differences among the five tea samples (LSD test: P, 0.05); different uppercase letters in the same
row indicate the significant differences between the same sugar before and after fermentation
(LSD test: P, 0.05).

4) BC Productivity and Water Holding Capacity (WHC)

Figure 3.3 shows the BC production results from kombucha with
various types of Thai tea. It showed that the generated BC has varying wet yields, dry
yields, and WHC. The wet yields (g/L) of BC from WT, GTC, RBTH, BTC, and RTC are
61.25+10.25, 73.47+£9.94, 74.82+16.14, 158.56+17.30, and 168.00+16.59, respectively.
RTC and BTC produced the highest wet yields, significantly different from WT, GTC, and
RBTH (P<0.05). The wet yields from WT, GTC, and RBTH are not significantly different
from one another (P > 0.05). The dry yield results (¢/L) of WT, GTC, RBTH, BTC, and
RTC are 0.38+0.08, 0.87+0.08, 0.76+0.11, 1.49+0.08, and 1.36+0.10, respectively. The
dry yield from WT is the lowest, and it is significantly different from GTC and RBTH (P
< 0.05). GTC and RBTH are not significantly different from each other; however, they
are significantly different from BTC and RTC. BTC and RTC have the highest dry yield,
and both are not significantly different (P > 0.05).
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Figure 3.3  Wet yield (g/L), dry yield (g/L), and WHC (g water/g cellulose) from BC
produced from kombucha with different types of Thai tea. Different
lowercase letters indicate significant differences between the five BC

sample (LSD test: P < 0.05).

The low BC yield observed in the WT (water treatment) sample is
likely due to the lack of essential nutrients in the medium. As shown in Table 3.6,
there was a marked decrease in sucrose content alongside an increase in glucose and
fructose levels, indicating that while sucrose hydrolysis occurred, the conversion of
available carbon into BC was inefficient. The absence of tea in the WT medium meant
it lacked key compounds such as polyphenols, nitrogen, caffeine, and minerals, all of
which are important for supporting microbial activity and efficient BC production. In
the case of the GTC (green tea) sample, the relatively lower BC yield may be attributed
to green tea's lower ash content, which suggests a limited supply of certain minerals
essential for microbial growth and cellulose biosynthesis (Czernicka et al. 2017).
Likewise, the RBTH sample exhibited reduced BC production compared to BTC,
possibly because Chinese black tea contains lower amounts of sucrose, fructose, and
glucose than Assam black tea (Shevchuk et al. 2020). Furthermore, the RBTH used in
this study was grade 3, which included dried stems along with leaves, potentially
influencing its overall nutrient composition. In contrast, the RTC sample had the
highest BC yield, likely due to its richer nutritional profile. Unlike pure black tea, Thai

red tea often contains added spices, which enhance its vitamin, mineral, and amino
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acid content, creating a more favorable environment for microbial growth and BC

production.

In the previous studies, several BC production results have been
reported, including BC production in a 0.4% black tea solution with 20 g¢/L sucrose.
The result was 17.63+0.50 ¢/L for wet yield and 3.06+0.21 ¢/L for dry yield after 10
days of fermentation (Hamed et al. 2023). Kombucha fermentation using a solution of
10 ¢/L black tea and 100 g/L sucrose for 14 days produced wet BC with a yield of 63.58
¢/L (Al-Kalifawi and Hassan 2014). In green tea fermentation using kombucha culture
with fermentation times of 7, 14, and 30 days, the dry weight yield of BC relative to
the amount of sugar, where BC has not been purified with NaOH, is 0.9, 3.9, and 6.5
g/L (Charoenrak et al. 2023). Trevino-Garza et al. (2020) reported the results of wet-
based BC produced from kombucha green tea using a microbial consortium coded Cor
and CFr, producing between 195.39-301.81 ¢/L and 126.79-300.74 g/L. BC was made
using coconut water with the addition of 10 g/L sucrose and 5 g/L yeast extract, using
G. xylinum bacteria, and fermented for 14 days at 30°C. This production produces BC
of 250.00+0.21 ¢/L (Gayathry 2015). In one study, BC was produced in Hestrin-Schramm
medium using selected bacteria, A. senegalensis MAl. Fermentation was carried out at
optimum conditions, namely pH 4.5 and temperature 33.5°C, for 30 days, and BC was
produced with a wet weight of 469.83 ¢/L (Aswini et al. 2020). The amount of BC
generated may be higher or lower than previously reported. These disparities in
outcomes can be attributed to both internal and external factors. Several factors can
influence BC productivity, including differences in nutrient source and concentration,
as well as other conditions such as pH, temperature, volume, and container surface
area (Al-Kalifawi and Hassan 2014; Villarreal-Soto et al. 2018b). However, in this
situation, the BC findings of kombucha tea with BTC and RTC samples demonstrate

high potential, and productivity may be increased through production optimization.

The WHC of BC from WT, GTC, RBTH, BTC, and RTC samples were
159.26+9.30, 83.99+3.73, 98.10+7.65, 105.21+6.36, and 122.20+10.33, respectively. The
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WT sample has the highest WHC and is significantly different from all the other
samples. The BC samples from the WT sample did not form BC sheets properly, and
the dry yield was also very low. It may be due to the lack of nutrition content in the
broth sample during kombucha fermentation. The WHC from GTC and RBTH are not
significantly different from one another. However, they are significantly different and
have a lower WHC than BTC and RTC samples. These results, in general, follow the
reports from several previous studies, except for BC from the WT samples. The BC
made from fermented coconut water (NDC) has a WHC value of around 87.14 g/¢
(Gayathry 2015). NDC produced with different pH, sucrose, and ammonium sulfate
concentrations had WHC values ranging from 38.7+0.6 to 88.1+2.7 ¢/g (Jagannath et al.
2008). BC from distillery wastewater media had a WHC value of 98.5 ¢/g (Wu and Liu
2013). The WHC value of BC from those studies is comparable to the WHC value of BC
samples from GTC and RBTH. The WHC of BC with different media fermentation of
waste products from biodiesel and confectionery industries had WHC values ranging
from 102 to 138 ¢/g (Tsouko et al. 2015). BC from kombucha fermentation with black
tea media has a WHC of 114.01 g/¢ (Avcioglu et al. 2021). Those WHC values are

comparable to the BC samples from BTC and RTC.

5) The Appearance and Colors of Bacterial Cellulose
The BC sample from the WT medium was quite thin, had a very
high-water content, and had a very low dry weight. It also did not form a proper pellicle
layer on the surface. Hence, we did not include the BC sample in the WT sample for

further characterization. Figure 3.4 displays the BC sample from the WT medium.

Figure 3.4 The appearance of BC from WT sample in a medium fermentation and

after drained
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The BC from various Thai tea kombucha fermentations has distinct
hues. After harvesting, RTC produced red-orange BC, GTC produced green BC, and BTC
and RBTH produced brownish white BC (Figure 3.5.a). Then, after boiling in RO water
for 30 minutes at +900C, the color of BC slightly faded (Figure 3.5.b). The BC color
becomes translucent white after purifying it with 2% sodium hydroxide and rinsing it
with RO water until the pH is neutral (refer to Figures 3.5.c and 3.5.d). Figure 3.5.e
displays the appearance of BC after oven drying at 40 °C until a consistent weight was
achieved. We compared the characteristics of BC produced through the fermentation
of kombucha tea with BC from commercial NDC. The studies of BC production using
green tea reported a picture of BC with a greenish-white color (Fahim and Montazer
2020) and a brownish color (Trevifo-Garza et al. 2020). The BC from kombucha
fermentation using black tea has a brownish-white color (Sharma et al. 2021). None of
the studies reported BC production using Thai red tea. In this study, the BC from green
tea kombucha exhibited a more pronounced green color compared to previous
studies, likely due to the presence of coloring agents such as FD&C Yellow No. 5 (INS
102), FD&C Yellow No. 6 (INS 110), and FD&C Blue No. 1 (INS 133). In some previous
studies, the color of BC from black tea kombucha was similar to that of BC from black
tea in this study. The BC from Red Thai Tea Kombucha might have a red-orange color

due to the presence of the coloring agent FD&C Yellow No. 6 (INS 110).

The color of BC samples after boiling in RO water (P1) and after
purification with NaOH (P2) was analyzed using the CIELAB Lab* system. L* indicates
lightness (<50: dark, >50: light), a* represents red (+) to green (-), and b* represents
yellow (+) to blue (=) (hunterlab.com, 2023). We then compared the four purified
samples to the NDC control by calculating the AE value using equation 3.4. The

summary results of the color analysis are shown in Table 3.7.

AE = VAL 4 AG 2+ AD*2 ooeoeoeoeeesesesesss st seess st (Eq. 3.4)



3

RTC

i RBTH l

Figure 3.5 The appearance of BC (a) BC after harvesting, (b) sliced BC after harvesting
and boiling in RO water, (c) sliced BC after purification using NaOH and RO
water, (d) BC sheet after purification using NaOH and RO water, and (e)
dried BC sheet.

Before purification, the BTC-P1 and RBTH-P1 samples had similar
colors and were not significantly different (P<0.5). The L* and b* values in the RTC-P1
sample are not significantly different; however, the value of a* is greater and
significantly different when compared to BTC-P1 and RBTH-P1 (P<0.5). The GTC-P1
sample exhibited significantly different L*, a*, and b* values than the RTC-P1, BTC-P1,
and RBTH-P1 samples (P<0.5). After purification, the color values of the BTC-P2 and
RBTH-P2 samples did not differ significantly (P<0.5). Sample RTC-P1 contains a* and b*
values that are not significantly different, but L* values that are greater and significantly
different from BTC-P2 and RBTH-P2 (P<0.5). The GTC-P2 sample shows significantly
different L* and a* values, but the b* value is not statistically different when compared
to the RTC-P1, BTC-P1, and RBTH-P1 samples (P<0.5). "We compared the AE values of

four purified BC samples with the NDC as a control. According to Minaker et al. (2021),



74

a AE value between 0 and 1.0 is imperceptible to the human eye, while a AE between
1 and 2 is noticeable upon close inspection, and a AE between 2 and 10 is easily
noticeable at a glance (Minaker et al. 2021). The BC samples BTC-P2 and RBTH-P2 have
AE values below 2, indicating a subtle difference visible only upon close observation.
In contrast, the AE values for RTC-P2 and GTC-P2 are 3.18 and 8.78, respectively,

making them readily distinguishable.

Table 3.7  Summary of BC color investigation of kombucha with various types of tea

before and after purification.

Results
Samples Code P » " Arerr
Before purification
RTC-P1 42.53+2.07°  11.16+0.87¢ 9.2 +1.01° -
BTC-P1 42.45+3.40° 2.36+1.14° 7.41+2.30° -
RBTH-P1 41.80+0.53P 3.29+0.22° 9.09+0.62° -
GTC-P1 28.37+0.99°  -552+0.68°  12.02+1.07° -
After purification
NDC** 47.96+1.16° -1.62+0.22° -10.38+0.31° control
RTC-P2 51.07+2.98° -1.95+0.09°  -9.79+0.57%° 3.18
BTC-P2 46.64+3.24° -1.81+0.17° -9.02+0.45° 1.90
RBTH-P2 47.34+2.64° -1.77£0.10°  -8.72+0.38" 1.78
GTC-P2 39.27+0.78° -1.06+0.43°  -9.24+0.99° 8.78

Different lowercase letters within a column indicate significant differences among the five BC

samples (LSD test: P < 0.05).

Previous research has provided limited information on the color of
BC or NDC before drying. One study investigated how different carbon sources—
glucose, sucrose, mannitol, and fructose—affected the color of wet BC, reporting L*,
a*, and b* values ranging from 24.7 to 48.48, -4.29 to 0.95, and -21.59 to 1.67,

respectively (Shim and Kim 2019). These values are similar to those found in this study.
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Other research has focused on the color of BC after drying. For example, Amorim (2022)
reported that untreated BC had L%, a* and b* values of 51.5+3.5, 14.8+0.6, and
31.5+2.1, respectively, while alkaline-treated BC had values of 83.6+1.0, 1.5+0.4, and
13.1+0.7 (Amorim et al. 2022).

6) Morphology Analysis
The morphology of BC  samples produced from kombucha
fermentation media with various types of tea, along with commercial NDC samples,
was analyzed using SEM. Figures 3.6.(a.1) to 3.6(e.2) present each sample at
magnifications of 10,000x and 30,000x. Higher magnifications of 50,000x and 100,000x
were applied to the RTC samples (Figure 3.6.(e.3) and 3.6.(e.4)) to observe the
cellulose fiber arrangement in greater detail. Fiber diameters were measured using

ImagelJ software, and their size distribution is illustrated in Figure 3.7.

Figure 3.6 The SEM images of BC samples: (a) NDC; (b) GTC; (c) BTC; (d) RBTH; and
(e) RTC. The images are shown at varying magnifications: (1) 10,000x; (2)
30,000x; (3) 50,000x; and (4) 100,000x.

Overall, the BC samples exhibit a consistent fiber pattern, aligning
with the findings of Brandes et al. (2020), Nguyen and Nguyen (2022), and Illa et al.
(2019) (IUla et al. 2019; Brandes et al. 2020; Nguyen and Nguyen 2022). However, in the
samples of Figure 3.6.c (BTC) and 3.6.d (RBTH), residues or insoluble materials persist

after alkali purification, as also reported by Amorim et al. (2023) (Amorim et al. 2023).
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This residual material obscures the fiber arrangement, particularly in Figures 3.6.c.2
and 3.6.d.2. In the RTC samples, magnified at 50,000x and 100,000x, the detailed

arrangement of cellulose fiber units is more distinctly observed.
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Figure 3.7  Graph of poly distribution diameter size of BC samples from NDC, RTC,
GTC, BTC, and RBTH.

The polydistribution graphs of BC fiber diameters (Figure 3.7)
revealed that fiber sizes range from 18.13+6.46 nm to 58.84+9.19 nm, with average
diameters between 30.65+6.46 nm and 39.14+7.78 nm. The diameters of RTC, GTC,
BTC, and RBTH are 30.65+6.46, 34.86+9.19, 39.14+7.78, and 31.47+5.70 nm,
respectively. The fiber diameters of BC produced from kombucha tea are comparable
to those of NDC (35.17+9.70). These results are consistent with the findings of Illa et

al. (2019), who reported that BC produced by K. hansenii 23769 (ATCC) and an isolated
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cellulose-producing strain from grape juice (GBHS) exhibited fiber diameters ranging
from 10 to 60 nm (Illa et al. 2019). Specifically, oven-dried BC from the ATCC strain
had an average diameter of 28.9+5.6 nm, while the GBHS strain had an average
diameter of 28.6+6.7 nm. Similarly, BC produced by A. pasteurianus MGC-N8819 using
lotus rhizome as a culture medium showed fiber diameters ranging from 28+1.5 nm to
57+1.2 nm (Nie et al. 2022). Furthermore, BC produced by K. saccharivorans MD1 using
HS medium supplemented with palm date exhibited fiber diameters ranging from 10

to 90 nm (Abol-Fotouh et al. 2020).

7) Fourier Transform Infrared Spectroscopy
Figure 3.8 presents the FTIR spectra of BC samples obtained from
different tea-based kombucha fermentations. Overall, all BC samples exhibit similar
spectral bands. However, a noticeable difference is observed in the BC sample from

GTC, which displays a distinct peak at approximately 1725.95 cm™.
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Figure 3.8 FTIR spectra of BC produced from different Thai tea kombucha

fermentations

The FTIR spectra analysis is divided into two regions: the feature
region and the fingerprint region. The feature region corresponds to high-frequency
wavenumbers between 4000 and 1330 cm™. Meanwhile, the fingerprint region covers

wavenumbers between 1330 and 500 cm™ (Liu et al. 2023). The FTIR spectra of the BC
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samples reveal the following key features: In the first spectral region, peaks were
observed at wavenumbers around 3340, 3232, and 2895 cm™. The strong, broad bands
at wavenumbers of approximately 3340 and 3232 cm™ indicate the presence of O-H
stretching, while the band near 2895 cm™ corresponds to C-H stretching vibrations
(Amorim et al. 2023). In the second spectral region, we observed a weak peak at around
2330 cm™, suggesting the presence of functional groups associated with triple bonds,
specifically C=C and C=N (Srivastava and Mathur 2022). The third region in our FTIR
spectra was observed between 1350 cm™ and 2000 cm™, with absorption peaks at
1364 cm, 1427 cm’, 1644 cm™, and 1725 cm™. The bands at 1360-1363 cm!
correspond to C-H symmetric bending vibrations, while the peak at 1427 cm
represents CH, symmetric bending, and the peak at 1644 cm™ indicates C=0 stretching
vibrations for the glucose carbonyl group (Liu et al. 2023). Figure 3.8 also shows a peak
at 1725 cm™, which appears exclusively in the FTIR spectrum of the BC sample from
green tea kombucha (GTCQ). This peak may correspond to carbonyl stretching vibrations
typically associated with aldehydes (1720-1740 cm™), ketones (1705-1725 cm™), or
carboxylic acids (1700-1725 cm™) (Yao et al. 2015). The presence of this peak in the
GTC sample could be attributed to specific compounds originating from green tea or
intermediate metabolites produced during fermentation. Alternatively, it may indicate
residual compounds or impurities that were not fully removed during purification.
Further analysis would be required to determine the exact origin of this absorption

peak.

In the fingerprint region, several peaks were observed at 1336 cm’
', 1315 cm™, 1279 cm™, 1203 cm™, 1159 cm™, 1106 cm™, 1053 cm, 1028 cm™, 1002
cm'!, and 898 cm. According to Liu et al. (2023), the peak at 1336 cm™ corresponds
to OH in-plane bending, while the peak at 1315 cm™ is attributed to CH, wagging at C-
6. The peak at 1159 cm™ represents C-O-C antisymmetric bridge stretching vibrations,
and the one at 1106 cm™ is associated with ring asymmetric stretching vibrations. The

1053 cm! peak corresponds to C-O-C and C-O-H stretching vibrations of the sugar ring,
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and the 1028 cm™ peak represents C-O stretching vibrations (Liu et al. 2023). The band
observed at 898-894 cm™ may be associated with stretching vibrations of the C-O-C

bond in the B—l,ﬁl—glycosidic linkages, indicating an amorphous absorption band
(Ciolacu et al. 2011).

8) X-Ray Diffraction (XRD) Analysis

Figure 3.9 presents the X-ray diffraction (XRD) patterns of various
BC samples, with a commercial NDC product used as a reference. It shows that the
three distinctive peaks appear consistently in all samples at 20 values of
approximately 14.78° 16.89°, and 22.90°. This indicates the crystalline structure of all
the BC samples (Said Azmi et al. 2023). These XRD profiles are consistent with those
reported for BC by Said Azmi et al. (2023), Jittaut et al. (2023), and Revin et al. (2018)
(Revin et al. 2018; Jittaut et al. 2023; Said Azmi et al. 2023). While the X-ray patterns
confirm the same cellulose chemical structure across all samples, they reveal
variations in diffraction intensities. The highest intensity peak at around 23° corresponds
to cellulose type | (Said Azmi et al. 2023; Hossen et al. 2024). Gaspar et al. (2014)
identified that the peaks at 20 values of 14.7°, 16.8°, and 22.7° correspond to the 100,
110, and 200 crystallographic planes of monolithic cellulose type I. This is typical of
native cellulose (Gaspar et al. 2014). The variation in relative peak intensity likely
reflects small differences in chain orientation among the samples (Said Azmi et al.
2023). This finding suggests that BC produced from different tea kombucha
fermentations maintains a well-ordered crystalline structure, essential for its

mechanical strength and WHC.

The data from the XRD analysis were then used to calculate the
crystallinity index (Cl) and crystallite size of BC samples. The Cl of BC samples from
BTC, GTC, RBTH, and RTC were 84.17%, 86.50%, 83.01%, and 85.36%, respectively,
closely matching the ClI of NDC, which was 86.66%. These results align with other
studies, such as BC from pineapple peel waste fermentation with a Cl of 87% (Sardjono

et al. 2019), BC from pineapple waste solution fermentation at 82.2% (Pham and Tran
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2023), BC produced from citrus processing waste or discarded fruits with a Cl of 86.9%
(Andritsou et al. 2018), and BC from HS-medium with varying carbon sources, which
exhibited crystallinity ranging from 57% to 85% (Heydorn et al. 2023). BC can exhibit a
high crystallinity index (Cl), typically ranging from 84% to 90%, due to the absence of
non-cellulosic components that may disrupt the crystalline structure (Cazén and
Véazquez 2021). Further analysis of the average crystallite size of the BC samples
revealed values of 2.60, 2.13, 3.34, 3.15, and 3.54 nm for BTC, RBTH, GTC, RTC, and
NDC, respectively. For comparison, BC produced by G. xylinus InaCC B404 in HS
medium was reported to have a crystallite size of 3.06 nm (Agustin et al. 2021).
Additionally, BC derived from black tea kombucha after 3 and 5 days of fermentation

showed crystallite sizes of 3.29 nm and 4.80 nm, respectively (Balistreri et al. 2024).
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Figure 3.9 XRD spectra of BC produced from different types of tea kombucha

fermentation

Differences in diffraction intensity and crystallite size (2.13-3.54 nm)
suggest slight variations in molecular structure, likely influenced by fermentation
conditions and tea type. The GTC sample had the highest CI (86.50%) and a larger
crystallite size (3.34 nm), indicating improved crystallinity. Overall, the XRD results
confirm that BC from kombucha tea fermentations has a highly crystalline structure,

similar to commercial NDC. This makes it suitable for applications like food packaging,
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biomedical materials, and nanocomposites. Further research on fermentation

conditions could help enhance BC properties for specific uses.

9) Thermogravimetric (TGA/DTG) Analysis

Figure 3.10 presents the thermogravimetric (TG) and differential
thermal degradation (DTG) curves of BC samples, obtained through thermogravimetric
analysis (TGA). The thermal degradation of all BC samples occurred in two distinct
stages. The first stage (28-240°C) involved weight loss ranging from 2.25% to 7.52%,
primarily due to moisture evaporation and the loss of low-molecular-weight
compounds. The second stage (240-600°C) showed a significant weight loss between
67.69% and 73.61%, corresponding to cellulose decomposition. At 600°C, the residue
weight varied from 23.07% to 27.36%, as detailed in Table 3.10.
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Figure 3.10 TGA (left) and DTG (right) thermographs of BC samples produced from

kombucha fermentation using different types of tea

In the first stage, weight loss ranged from 2.25% (BTC) to 7.52%
(NDC), with RTC showing a relatively high loss (6.03%), likely due to differences in
residual moisture or volatile content. The second stage exhibited the most substantial
degradation, with weight loss ranging from 67.69% (NDC) to 73.61% (GTC). At 600°C,
the residual weight varied between 23.01% (RTC) and 27.36% (RBTH), indicating

differences in thermal stability and carbonization potential among samples.

DTG curves provide further insight into the degradation behavior,
with peak degradation temperatures (T,,,) occurring between 340.17°C (RBTH) and
356.67°C (BTC). BTC exhibited the highest DTG Ty, suggesting superior thermal
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stability, while RBTH had the lowest T, indicating decomposition at a slightly lower
temperature. RTC recorded a DTG Ty, of 353.67°C, closely resembling BTC, further
confirming its thermal resistance. These variations in DTG Ty, can be attributed to
differences in cellulose crystallinity, molecular structure, and residual compounds

from the fermentation process.

Table 3.8  The details of data decomposition during the TGA process of BC samples

from kombucha fermentation with different types of tea

First stage Second stage  Residue DTG Peak DTG Tyax
Samples
weight loss (%) weight loss (%) (%)  range (°C) (°O)

GTC 3.45 73.61 23.51 255 - 379 349.67
BTC 2.25 71.99 26.37 255 - 382 356.67
RBTH 3.06 69.55 27.36 252 - 386 340.17
RTC 6.03 71.01 23.01 265 — 381 353.67
NDC 7.52 67.69 24.76 255 - 387 344.33

The findings align with previous research. BC produced by G. xylinus
AGR 60 showed a first-stage mass loss of 6.2%, a second-stage loss of 64.0%, and a
residue of 22.8% at 600°C, with DTG a Ty, of 339.6°C (Jenkhongkarn and Phisalaphong
2023). Similarly, BC from A. xylinum AGR60 exhibited a first-stage loss of about 6%, a
second-stage loss of 74%, and a residue weight of approximately 20% at 700°C, with
major decomposition occurring between 300 and 360°C (Potivara and Phisalaphong
2019). Our results are consistent with these studies, where the initial weight loss is
attributed to dehydration and volatilization of low-molecular-weight components or
residual water in the BC matrix (Teixeira et al. 2019; Mohamad et al. 2022a). The
significant weight loss in the second stage corresponds to the decomposition of B—
glucan chains and oxidation of cellulosic materials into carbonaceous residue

(Mohammadkazemi et al. 2015; Mohamad et al. 2022a). Additionally, the minor weight
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loss between 400°C and 600°C is associated with the degradation of carbonaceous

residues (De Araujo Junior et al. 2016; Teixeira et al. 2019).

The TGA results confirm that BC derived from kombucha
fermentation exhibits good thermal stability, making it suitable for applications
requiring heat resistance, such as food packaging and biomedical materials. BTC and
RTC demonstrated the highest thermal stability, with RTC emerging as a promising

alternative due to its comparable performance and lower production cost.

10) Mechanical Properties Analysis Using Nanoindentation
Nanoindentation analysis was conducted to assess the nanoscale
mechanical properties of BC samples. This highly precise and sensitive technique
enables the measurement of local mechanical responses—such as hardness and
elastic modulus—at both the micro- and nanoscale. Such detailed evaluation is
essential for applications that require materials with excellent mechanical strength,
flexibility, and structural integrity, including advanced food packaging, biomedical

devices, and nanocomposites.

The BC samples used in this analysis were obtained from kombucha
fermentation using Thai Red Tea (RTC) and Thai Black Tea (BTC), selected for their
potential as cost-effective and efficient sources of BC. These tea types also offer
distinct chemical profiles, providing a meaningful basis for comparing the resulting BC
properties. The full results of the nano-indentation analysis are presented in Table

3.9.

The data show no significant differences (P > 0.05) in the
mechanical properties of BC from BTC and RTC. This indicates that both types of tea
produce BC with similar properties at the nanoscale. The similarity may be due to the
comparable composition of the fermentation medium, suggesting that the type of tea
does not greatly affect the mechanical characteristics of the BC. The microbial activity

during kombucha fermentation seems to create a uniform cellulose network, leading



84

to similar properties in both BTC and RTC samples. In contrast, Nata de Coco (NDC)
shows significant differences (P < 0.05) in some properties compared to BTC and RTC.
For example, the reduced modulus is lower in NDC (4.14 GPa) than in BTC and RTC
(around 4.94 GPa), and the Young's modulus for NDC is also lower (3.78 GPa) compared
to BTC (4.52 GPa) and RTC (4.51 GPa). Since the drying process is the same for all
samples, these differences may be due to variations in the fermentation medium, the
bacterial strain used, or the purification process. These factors can affect the density

and arrangement of the cellulose in the final BC product.

Table 3.9  Mechanical properties data analysis using nano-indenter of BC from

kombucha fermentation of BTC, RTC, and commercial product (NDC)

MD Pl ML H RM CcC PW EW YM

Sample ERP
(nm) (nm) (mN) (GPa) (GPa) (nm/mN) (nJ) (n)) (GPa)

3440.51 3011.45 50.10 0.22 4.94 0.14 1142  56.11 2048 4.52

BTC
+289.23% +270.30° +0.00° +0.04° +0.70° +0.01° +0.63° +6.39° +1.16° +0.64°
3412.25 2980.18 50.10  0.22 494 015 1150 5441 2080 451

RTC
+259.56° +253.91° +0.00° +0.05° +0.56° +0.01° +0.22° +4.64° +0.47% +051°
3612.65 312334 50.10  0.20 414 016  13.02 5992 2290 3.78

NDC

+162.08° +£148.57° +0.00° +0.02° +0.31® +0.00° +0.41*° +4.09° +0.80° +0.28°

MD: maximum depth, Pl: plastic, ML: maximum load, H: hardness, RM: reduced modulus, ERP:
elastic recovery parameters, CC: contact compliance, PW: plastic work, EW: elastic work, and YM:
Young’s Modulus. The different lowercase letters within the same column indicate statistically
significant differences (P < 0.05).

Several factors can influence BC's mechanical properties, including
cultivation methods (Krystynowicz et al. 2002), bacterial strains (Zeng et al. 2014; Chen
et al. 2018a), NaOH concentration during purification (Suryanto et al. 2019; Chen et al.
2021), carbon sources (Chibrikov et al. 2023), nutrient composition (Betlej et al. 2020),
and drying methods (Zeng et al. 2014). The mechanical properties of BC are closely
related to its network structure, such as porosity, including intrafibrillar and interfibrillar

spaces (Wang et al. 2023b). The Young's modulus values for BTC (4.52 GPa) and RTC
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(4.51 GPa) are consistent with previous studies. For example, BC produced from
different Komagataeibacter strains shows a range of 1.10 to 5.56 GPa (Chen et al.
2018a), and BC from A. xylinum AGR60 in coconut water reaches 9.14 GPa (Potivara
and Phisalaphong 2019). Our results for BTC, RTC, and NDC fall within these ranges,
suggesting that different fermentation conditions can still produce high-quality BC.
However, other studies, like Zeng et al. (2014), report different ranges, with Young's
modulus between 198 to 659 MPa and hardness between 19 and 39 MPa for BC from
different strains and drying methods (Zeng et al. 2014). Research using nano-
indentation for BC is limited, with Zeng et al. (2014) being one of the few studies found.
Most other studies use conventional methods like tensile strength tests, making it
difficult to directly compare our results. Still, our study adds valuable new data by
using nano-indentation to measure BC’s properties. This method could be very useful

for BC research, but more studies are needed to confirm our findings.

3.4.2 Effect of Different Types of Additives on Bacterial Cellulose Yield
and Characteristics
1) The Change of pH and Total Soluble Solid (TSS)

The study examined changes in pH and TSS throughout the
fermentation process. Initially, before inoculation, the pH of the medium ranged from
3.33 to 5.90. After adding the starter culture, the pH dropped slightly, ranging from 3.18
to 4.42. By the end of the 15-day fermentation, the pH further decreased, ranging from
2.34 to 3.37. Among the additives, the medium with vitamin C (VC) showed the lowest
pH, while the soy protein isolate (SPI) maintained the highest pH. The changes in pH

over time are detailed in Table 3.10 and shown in Figure 3.11 (left).

The initial pH decrease following inoculation is primarily due to the
starter culture's naturally lower pH. Organic acids like acetic and gluconic acid,
produced as fermentation progresses, contribute to a further reduction in pH (Aswini
et al. 2020; Lee et al. 2021). Additional organic acids such as glucuronic, lactic, malic,

tartaric, citric, and succinic acids may also be formed during this process (Neffe-
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Skocinska et al. 2017). Neffe-Skocifska et al. (2017) observed a similar pH shift, noting
a decrease from 3.04 to 2.63 after 10 days of kombucha fermentation. In a study using
HS medium supplemented with vitamin C, the pH decreased from 6.0 to a range of
3.9 to 4.9 after one week of fermentation with six different G. xylinus strains (Keshk
2014). This result highlights the typical pattern of acid production during kombucha

fermentation.

In addition of pH observation, we also monitored the total soluble
solids (TSS) of the fermentation broth. Initially, before adding the inoculum, TSS values
ranged from 9.97 to 10.90 °Brix. After inoculation, TSS levels varied from 9.50 to 10.70
°Brix. Following fermentation, TSS values declined to a range of 8.57 to 9.60 °Brix, as
shown in Figure 3.11 (right) and Table 3.10 TSS is an important measure that reflects
the sugar concentration in a solution (Muzaifa et al. 2022). A decrease in TSS during
fermentation is common. A study conducted by Zubaidah et al. (2019) reported a
reduction in TSS for various snake fruit kombucha from 13.30-14.08 °Brix to 12.43-
12.97 °Brix (Zubaidah et al. 2019). Similarly, a study reported a drop in TSS for cascara
kombucha from 10.97 °Brix on the second day to 9.97 °Brix by the eighth day (Muzaifa
et al. 2022). This decline in sugar levels is attributed to the activity of microorganisms,
which convert sugars into glucose and other compounds that are then utilized for their

growth and metabolic processes (Sinamo et al. 2022).
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Figure 3.11 Changes in pH and °Brix before and after RTC kombucha fermentation

with different type of additives
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Table 3.10 Changes in pH and °Brix before and after RTC kombucha fermentation

with different type of additives

The Change of the pH

The Change of the °Brix

Samples
Medium Before after Medium Before after

RTC 4.83+0.01° 3.72+0.00° 2.34+0.04° 10.10+0.00°  9.93+0.05° 8.97+0.13°
RTC-PC 4.65+0.02° 4.10+0.00° 2.90+0.01° 10.93+0.05° 10.70+0.00°  8.97+0.00°
RTC-YE 5.67+0.00° 4.42+0.000 3.37+0.02° 10.63+0.05° 10.30+0.00° 8.93+0.10°
RTC-SPI 5.89+0.017 4.34+0.00° 3.16+0.02°  9.97+0.09°  9.50+0.08°  8.57+0.05°
RTC-VC 3.33+0.017 3.18+0.01% 2.41+0.01° 10.60+0.00° 10.33+0.05°  9.47+0.13¢
RTC EtOH 4.93+0.009 3.77+0.00° 2.36+0.01° 10.40+0.00° 10.43+0.09°  9.60+0.15°

Different lowercase letters within a column indicate significant differences among the five tea

samples (LSD test: P < 0.05).

2) The Change of Sugar Composition

Sugar composition, especially sucrose, glucose, and fructose, was
evaluated using HPLC. The result showed that there were changes in the concentration
of the sugar components before and after fermentation, as is demonstrated in Figure
3.12 and Table 3.11. The SCOBY used the sucrose in the kombucha as a source of
carbon. The SCOBY utilized sucrose in the kombucha as a carbon source, essential for
microbial growth and product formation (Shu 2007). It contains various yeasts and
bacteria, including Saccharomyces cerevisiae, Zygosaccharomyces  rouxii,
Schizosaccharomyces, Torulaspora delbrueckii, A. xylinum, and Gluconobacter
(Greenwalt et al. 2000). Before fermentation, the concentration of sucrose, glucose,
and fructose was 9.03 to 9.58%, 0.21 to 2.53%, and 0.05 to 1.19%, respectively. The
presence of glucose and fructose prior to fermentation may be attributed to both the
use of kombucha culture and the hydrolysis of sucrose during the autoclaving process.
Ball (1953) reported that autoclaving a 3% sucrose solution resulted in partial
hydrolysis, yielding approximately 0.7-0.9% g¢lucose. Similarly, de Lange (1989)
demonstrated that autoclaving sucrose solutions at pH 2 could lead to complete

hydrolysis into glucose and fructose, as confirmed by semi-quantitative analysis.
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Notably, sucrose hydrolysis was also observed at pH values ranging from 5 to 7, albeit

to a lesser extent.
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Figure 3.12 Changes in sugar composition (sucrose, glucose, and fructose) in RTC
kombucha broth before and after fermentation with different types of

additives.

In the early stage of kombucha fermentation, microorganisms
hydrolyze sucrose into glucose and fructose, which are metabolized into carbon
dioxide and ethanol (Wang et al. 2022a). In BC production, bacteria utilize these sugars
for cellulose synthesis. At the end of the fermentation, the concentration of sucrose
decreases to the range of 5.65 to 8.57%. For all the different additives, there are
significant differences in sucrose concentration before and after fermentation. Before
fermentation, the concentration of sucrose in all the samples was not significantly
different (P > 0.05). However, after fermentation, the concentrations of sucrose in the
samples are different. Table 3.11 provides details about the differences in
concentrations of sucrose, slucose and fructose before and after fermentation.
Research by Neffe-Skocifska et al. (2017) revealed that over 10 days of Kombucha
fermentation at 30°C, the glucose concentration rose from 0.09% to 0.1%, and fructose
levels increased from 0.07% to 0.87%. Meanwhile, the sucrose concentration

significantly dropped from 9.97% to 0.74%.
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Table 3.11 Changes in sugar composition in RTC kombucha broth with different types

of additives before and after fermentation

Before fermentation After fermentation
Samples
Sucrose Glucose  Fructose Sucrose Glucose Fructose
RTC 9.45+0.29°% 0.83+0.08*" 0.61+0.07%" 5.93+0.30** 1.89+0.12°% 1.22+0.16°°F

RTC-PC  9.20+0.02°% 2.34+0.14“® 1.20+0.10%® 7.49+0.41°* 1.02+0.07°* 0.00+0.00**
RTC-YE  10.12+0.56°® 1.81+0.39°" 0.10+0.01%® 8.57+0.45% 2.36+0.30°“® 0.00+0.00**
RTC-SPI  9.64+0.61° 1.52+0.64°" 0.05+0.08*" 7.53+0.23%* 2.22+0.20*® 0.00+0.00*®
RTC-VC  8.48+0.07%% 1.81+0.03°® 0.33+0.17°" 5.65+0.60*" 0.92+0.10°°* 1.10+0.21°"
RTC-EtOH 8.35+0.08%% 0.57+0.04** 0.13+0.09°" 6.35+0.68™" 1.92+0.10°% 1.39+0.23°®

Different lowercase letters within a column indicate significant differences among the five tea
samples (LSD test: P < 0.05); different uppercase letters in the same row indicate the significant

differences between the same sugar before and after fermentation (LSD test: P < 0.05).

3) The Appearance of Bacterial Cellulose

The appearance of BC produced from Thai red tea kombucha
fermentation with different uses of additives are presented in Figure 3.13. The
appearance of BC before purification exhibited distinct color variations depending on
the additive used (Figure 3.13(a) and 3.13(b)). As previously reported, BC from the
Thai red tea kombucha showed a characteristic red-orange color. RTC-EtOH exhibited
a similar red-orange hue to the control. RTC-VC resulted in a noticeably lighter orange
shade. In contrast, BC from RTC-SPI, RTC-PC, and RTC-YE displayed significantly lighter
colors, ranging from pale white to white-orange, indicating a reduced uptake or masking

of natural tea pigments and artificial colorant.

The color variations observed in BC are influenced by the
interaction of natural pigments from tea, artificial colorants, and fermentation
additives. Thai red tea, in particular, is made from black tea and contains added
artificial flavors and colorants. Tea leaves, rich in catechin polyphenols, undergo
chemical transformations during black tea processing (Deka et al. 2021; Ito and Yanase

2022). Oxidase enzymes convert catechins into reddish-orange theaflavins and brown
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thearubigins, the key pigments in black tea (Izawa et al. 2010; Deka et al. 2021; Ito and
Yanase 2022). These water-soluble pigments easily incorporated into the BC matrix
during fermentation. Additionally, FD&C Yellow No. 6 (INS 110), an artificial orange-red
colorant in Thai red tea, enhances the coloration. The combination of natural and

synthetic pigments gives the control BC its distinctive red-orange hue.

Figure 3.13 The appearance of BC sample from RTC kombucha fermentation with
different type of additives: In fermentation process (a), before purification

(b), after purification with sodium hydroxide (c), and after oven drying (d).

RTC-EtOH results suggest that ethanol had minimal impact on
pigment absorption in BC. Color differences likely stem from interactions between tea
pigments, additives, and microbial activity. In control and ethanol-treated samples,
pigments remained more available, giving BC a red-orange hue. In contrast, SPI, YE, and
PC-treated samples appeared lighter, possibly due to these additives affecting pigment
solubility or binding. Interactions between tea polyphenols and artificial colorants may

further reduce pigment absorption, as polyphenols form complexes with these
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additives through hydrophobic, electrostatic, and hydrogen bonding (Shahidi and
Dissanayaka 2023). Covalent interactions, which can occur during processes like heating
and enzymatic reactions, may also contribute to reduced pigment incorporation in

these additives-treated samples (Zhang et al. 2024).

After purification with 2% sodium hydroxide and drying in the oven
at 40°C, the BC exhibits a consistent white, opaque color (Figure 3.13(c) and 3.13(d)).
This post-purification color aligns with the findings reported in most BC studies. Sodium
hydroxide plays a vital role in BC purification by effectively removing tannins,
polyphenols, residual bacteria, yeast cells, and proteins present in trace amounts
within the kombucha pellicle (Amarasekara et al. 2020). It also facilitates the
elimination of residual organic compounds, nucleic acids, and proteins produced by

microbes during the fermentation process (Kamal et al. 2020).

4) BC Productivity and Water Holding Capacity

BC generated through kombucha fermentation exhibited distinct
variations in wet yields, dry yields, and WHC based on the type of additives used, as
depicted in Figure 3.14. The wet yields ranged from 61.73 + 9.58 ¢/L for RTC-YE to
218.36 + 12.85 g¢/L for RTC-EtOH. In a similar vein, the dry yields varied from 1.06 +
0.10 ¢/L for RTC-YE to 2.18 + 0.22 ¢/L for RTC-EtOH. The WHC of the samples varied
between 57.49 + 3.96 ¢ water/¢ cellulose for RTC-YE and 109.31 + 8.08 ¢ water/g
cellulose for RTC. Notably, the addition of certain additives, such as vitamin C and
ethanol, significantly increased the wet productivity of BC compared to the RTC-C, with
RTC-VC and RTC-EtOH showing significantly different results (P < 0.05). Conversely, the

use of PC, SPI, and YE led to significantly lower wet yields compared to the control.

The dry yield of BC generally improved with the incorporation of
most additives, except for YE, which produced the lowest dry yield among all samples.
The highest dry yields were recorded for RTC-VC and RTC-EtOH, which did not differ
significantly from each other (P > 0.05). Furthermore, WHC was highest in the RTC
control, followed by RTC-EtOH, RTC-VC, RTC-SPI, RTC-PC, and RTC-YE, respectively. The
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RTC-PC and RTC-SPI samples displayed similar outcomes across all measured

parameters, with no significant differences observed (P > 0.05).
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Figure 3.14 Wet yield (g/L), dry yield (g/L), and WHC (g water/g cellulose) from BC
produced from RTC kombucha with different types additives.

Previous studies have reported varying effects of additives,
including coffee grounds, yeast extract, vitamin C, and ethanol, on BC production.
Some studies indicate that vitamin C can both enhance and reduce BC productivity.
For instance, Keshk (2014) found that adding 0.5% (w/w) vitamin C increased BC
production from 0.25 ¢/30 mL to 0.47 ¢/30 mL. Similarly, tropical fruits rich in vitamin
C, such as mango, guava, and creole cherry, were shown to enhance BC production
(Perna Manrique et al. 2018). Another study reported that a medium containing
molasses with 0.5% ascorbic acid produced BC approximately three times higher than
a control HS medium using G. sucrofermentans (Atykyan et al. 2020). In contrast, the
addition of vitamin C to the medium of BC production using K. hansenii SI1 and K.
xylinus PTCC 1734 resulted in lower BC productivity (Raiszadeh-Jahromi et al. 2020;
Cielecka et al. 2021). In contrast, ethanol supplementation has consistently shown a
significant increase in BC production. For example, the addition of 1% ethanol to the

growth medium increased BC production by 57.7% using G. xylinus PTCC (Kazemi et
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al. 2015). Similarly, a 1% ethanol supplementation in HS medium led to a 279%
increase in BC production by K. medellinensis (Molina-Ramirez et al. 2018b). Moreover,
in another study using K. nataicola, the addition of 1% ethanol increased BC yield by

48 + 3% compared to the control (Fei et al. 2023).

The addition of 0.5% vitamin C and 1% ethanol in this study
resulted in a notable increase in BC production. Compared to the control, the wet
yield increased by 11.50% with vitamin C and 39.79% with ethanol, while the dry yield
rose by 42.23% and 53.72%, respectively. These results align with previous studies
suggesting that ethanol and vitamin C can enhance BC synthesis through different

metabolic and regulatory mechanisms.

Ethanol has been shown to serve as an alternative energy source,
reducing the reliance on glucose for ATP production and allowing more glucose to be
diverted toward cellulose biosynthesis. Ethanol is metabolized via pyrroloquinoline
quinone-dependent alcohol dehydrogenase (PQQ-ADH), which is linked to the electron
transport chain and leads to increased ATP generation. Elevated ATP levels inhibit
glucose-6-phosphate dehydrogenase, thereby decreasing flux through the pentose
phosphate pathway and promoting the conversion of glucose into UDP-glucose, a
direct precursor for cellulose synthesis (Montenegro-Silva et al. 2024). In addition,
ethanol has been reported to upregulate genes involved in glucokinase activity, UDP-
glucose biosynthesis, and BC production, while also enhancing cellular stress tolerance
by promoting the expression of genes related to protein synthesis, iron uptake, and

general metabolic stability (Ryngajtto et al. 2019).

In contrast, the stimulatory effect of vitamin C appears to be
primarily associated with its role in reducing gluconic acid accumulation in the culture
medium. By limiting gluconic acid production, vitamin C creates a more favorable pH
environment and supports better bacterial growth and metabolic activity, which

ultimately contributes to increased BC yield (Keshk 2014).
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The WHC of BC resulted from RTC-C, RTC-PC, RTC-YE, RTC-SPI, RTC-
VC, and RTC-EtOH was found to be 109.31+8.08, 66.79+4.74, 57.49+3.96, 69.94+6.11,
85.48+7.19, and 99.32+5.98 ¢ water/g cellulose, respectively. The addition of various
additives significantly reduced WHC values compared to the control sample, RTC-C (P
< 0.05). Among the samples, those supplemented with nitrogen sources (RTC-YE and
RTC-SPI) and RTC-PC exhibited the lowest WHC values, with RTC-YE showing the
minimum WHC. The variation in the WHC of BC samples with different additives can
be attributed to the structural and compositional changes induced during
fermentation. A study reported that the addition of a higher concentration single sugar-
linked glucuronic acid-based oligosaccharide (SSGO) to the synthetic medium resulted

in a lower WHC value of BC (Ul-Islam et al. 2012).

The addition of SPI, YE, and PC are known to affect the metabolic
activity of cellulose-producing bacteria, leading to a denser BC matrix with reduced
porosity. This structural compactness limits the availability of hydrophilic sites for water
retention, thereby decreasing WHC. In contrast, samples containing vitamin C and
ethanol retained relatively higher WHC. BC from media containing vitamin C and
ethanol holds more water likely because these additives make the BC structure more
hydrophilic and better at forming hydrogen bonds with water. In addition, BC with
Vitamin C, has smaller BC fiber among others thus increase the surface area. The higher
surface area the higher the three-dimensional nanofibril structure the more water
molecules trapped on the matrix (Ul-Islam et al. 2012). Ethanol, on the other hand,
reduces the crystallinity of BC, making the cellulose network looser and exposing more

hydrophilic sites.

These findings align with previous studies. For instance, Gayathry
(2015) reported a WHC of approximately 87.14 g/g for BC produced from fermented
coconut water (NDC) (Gayathry 2015). WHC values for NDC varied between 38.7+0.6
and 88.1+2.7 ¢/¢ when different pH levels, sucrose concentrations, and ammonium

sulfate were used during production (Jagannath et al. 2008). Similarly, BC synthesized
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using distillery wastewater achieved a WHC of 98.5 g¢/¢ (Wu and Liu 2013). WHC values
ranging from 102 to 138 g¢/¢ were observed for BC produced in fermentation media
derived from biodiesel and confectionery industry waste (Tsouko et al. 2015). Higher
WHC values have also been documented, such as 114.01 g/¢ for BC produced via
kombucha fermentation using black tea as the substrate (Avcioglu et al. 2021). BC
synthesized from co-cultures of K. hansenii and Rhizobium sp. showed WHC values of
115 to 130 ¢/¢ (Almihyawi et al. 2024), higher compare to this study. These studies
collectively highlight the variability of WHC based on fermentation conditions, bacterial

strains, and additive use.

5) Morphology analysis
The morphology of BC samples produced from RTC kombucha
fermentation with various types of additives was examined using scanning electron
microscopy (SEM). Each sample was magnified 10,000 and 30,000 times (Figures 3.15
(a.1 - £.2)). The distribution size of the diameter of dried BC fiber was observed using

ImageJ application and the results is depicted in Figure 3.16.

Based on the visual image, while there are similarities in the basic
fiber form, differences in the finer details of structure suggest that the fiber morphology
is not identical across all the samples. Overall, the BC samples exhibit a consistent
fiber pattern, consistent with the findings of the previous studies (Illa et al. 2019;
Brandes et al. 2020; Nguyen and Nguyen 2022). The BC sample of RTC-SPI (Figure
3.15(b.1 an b.2)) showed residues or insoluble materials persisting after alkali
purification, likely due to the attachment of protein molecules to the fiber. This
attachment of residual materials to BC fibers was also reported by Amorim et al. (2023)

(Amorim et al. 2023).



Figure 3.15 SEM image of BC (a) RTC-control; (b) RTC-SPI; (c) RTC-YE; (d) RTC-PC; (e)
RTC-VG; (f) RTC-EtOH: (1) magnification of 10000 x; (2) magnification of
30,000x.

The polydispersity graphs of BC fiber diameters (Figure 3.16)
indicate that the fiber sizes range from 13.74 nm to 68.44 nm, with average diameters
varying between 25.49 + 6.92 nm and 45.98 + 9.38 nm. The average diameters of RTC-
EtOH, RTC-SPI, RTC-YE, RTC-VC, RTC-PC, and RTC-C are 45.98 + 9.38 nm, 40.92 + 10.90
nm, 33.85 + 4.91 nm, 25.50 + 4.92 nm, and 29.70 + 5.17 nm, respectively. Among the
additives, VC produced BC with the smallest fiber diameters, while ethanol resulted in
the largest. Sample with SPI, YE, and PC produced BC fibers with diameters larger than
the RTC control but smaller than those in the RTC-EtOH sample. These findings

demonstrate the significant role of additives in influencing BC fiber morphology.

The mechanisms by which additives affect BC fiber diameter remain
unexplored. Among all the treatments, ethanol had the most significant impact on BC
fiber morphology by markedly increasing fiber diameters. This observation supports
previous findings by Fatima et al. (2023) who reported that ethanol concentrations of

1.5% and 3% led to increased fiber diameters ranging from 64.1-82.3 nm and 71.6—
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88.6 nm, respectively. The underlying mechanism is thought to involve ethanol’s

disruption of hydrogen bonding during cellulose assembly, which interferes with the

orderly formation of microfibrils and promotes the development of thicker fibers.
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Figure 3.16 Graph of poly distribution size of BC samples diameter from RTC

kombucha fermentation with various types of additives.

In contrast, the addition of VC resulted in the production of

considerably thinner fibers. This effect may be linked to vitamin C’s function as an

antioxidant, which helps create a more favorable oxidative environment for bacterial

metabolism during fermentation. By minimizing oxidative stress, VC can support

enzymatic activity and stabilize the cellulose biosynthesis process. Moreover, it may

enhance glucose metabolism and influence the crystallization and polymerization

behavior of cellulose chains. Keshk (2014) reported that VC supplementation not only

boosted BC yield but also altered its crystalline structure, suggesting that it plays a role

in fine-tuning fiber assembly and promoting the formation of finer nanofibrils.
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In comparison, samples containing YE, SPI, and PC exhibited
moderately increased fiber diameters. This may be attributed to the nutritional
contributions of nitrogen sources, peptides, and polyphenols present in these
additives. Nitrogen-rich compounds such as YE and SPI are known to support microbial
growth and biosynthetic activity, which can indirectly affect fiber thickness and
structure (Said Azmi et al. 2023). Additionally, bioactive compounds in PC may interact
with microbial cells or enzymes, subtly modifying the organization and bundling of

cellulose fibrils.

Consistent with these observations, Illa et al. (2019) reported BC
fiber diameters ranging from 10 to 60 nm, produced by K. hansenii 23769 (ATCC) and
a cellulose-producing strain isolated from grape juice, with average diameters of 28.9
+ 5.6 nm and 28.6 + 6.7 nm, respectively (Illa et al. 2019). The study highlighted the
influence of microbial strain and cultivation medium on fiber dimensions. Similarly,
Abol-Fotouh et al. (2020) showed that BC fibers produced by K. saccharivorans MD1
cultivated in HS medium with palm date supplementation ranged from 10 to 90 nm,
illustrating how nutrient supplementation can modulate bacterial activity and BC

properties (Abol-Fotouh et al. 2020).

Yilmaz and Goksungur (2024) further demonstrated that BC
nanofibers derived from HS medium exhibited fiber diameters between 18 and 69 nm,
averaging 36 nm. BC fibers from a waste fig medium had larger diameters, ranging from
23 to 90 nm, with an average of 44 nm. The larger fiber diameters in the waste fig
medium may result from its complex composition, which could enhance nutrient
availability and alter the cellulose biosynthesis pathway. In summary, the BC fiber
diameters obtained from Thai red tea kombucha with different additives are consistent
with those reported in earlier studies. These results confirm that the type and

concentration of additives play a significant role in shaping BC fiber morphology.
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6) Fourier Transform Infrared Spectroscopy Analysis
Figure 3.17 presents the FTIR spectra of BC samples produced from
RTC kombucha fermentation with various additives, alongside the spectra of a BC
sample from NDC for comparison. Overall, all BC samples exhibit similar spectral

bands, but the intensity of these bands varies among the samples.
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Figure 3.17 FTIR spectra of BCs from RTC kombucha fermentation with various types

of additives

The FTIR spectra analysis of BC samples are divided into two main
regions: the feature region and the fingerprint region. The feature region encompasses
high-frequency wavenumbers between 4000 and 1330 cm™, while the fingerprint region
spans 1330 to 500 cm™ (Liu et al. 2023). In the feature region, key peaks were observed
at wavenumbers around 3340 cm™, 3234 cm™, and 2895 cm™. The broad, intense
bands at 3340 cm™ and 3234 cm™ indicate O-H stretching vibrations, while the peak
near 2895 cm™ corresponds to C-H stretching (Amorim et al. 2023). Additionally, a weak
peak around 2330 cm! suggests the presence of triple-bond functional groups, such

as C=C and C=N (Srivastava and Mathur 2022).

Another significant region, between 1350 and 2000 cm™, revealed
absorption peaks at 1364 cm™, 1427 cm’, and 1644 cm™’. The band at 1364 cm™
corresponds to C-H symmetric bending, while the peak at 1427 cm™ represents CH,

symmetric bending. The 1644 cm™ peak is associated with C=O stretching vibrations
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from the glucose carbonyl group (Liu et al. 2023). In the fingerprint region, several
distinct peaks were detected at 1336 cm™, 1315 cm™, 1279 cm™, 1203 cm™, 1159 cm’
1, 1106 cm™, 1053 cm™, 1028 cm™, 1002 cm, and 898 cm’. The peak at 1336 cm™
corresponds to OH in-plane bending, and the one at 1315 cm™ is linked to CH, shifting
at the C-6 position. The band at 1159 cm™ is attributed to C-O-C antisymmetric bridge
stretching, while the peak at 1106 cm™ corresponds to ring asymmetric stretching.
Peaks at 1053 cm™ and 1028 cm™ are associated with C-O-C and C-O-H stretching
vibrations in the sugar ring, as well as C-O stretching, respectively (Liu et al. 2023). The
peak between 898 and 894 cm™ is linked to C-O-C stretching in B-1,4-glycosidic
linkages, indicating the presence of an amorphous absorption band (Ciolacu et al.

2011).

The impact of additives on the FTIR spectra of BC is primarily
reflected in variations in band intensity, rather than shifts in peak positions. Additives
such as phenolic compounds (PC, e.g., caffeine), ethanol (EtOH), yeast extract (YE),
vitamin C (VC), and soy protein isolate (SPI) can disrupt the hydrogen-bonding network
within the BC matrix, as evidenced by the reduced intensity of the O-H stretching
region (~3300-3400 cm!) (Moura et al. 2019; Feng et al. 2021; Wang et al. 2023, 2024;
Liu et al. 2025). This suggests diminished hydroxyl group interactions and potentially
increased hydrophobicity. As reported by Fornaro et al. (2015), hydrogen bonding
significantly influences IR spectra by modifying both the frequency and intensity of
bands associated with vibrational modes of directly involved functional groups. The
observed spectral changes, particularly with ethanol treatment, support its role in

weakening hydrogen bonding in the cellulose matrix.

A distinct peak at approximately 1645 cm™, observed across all
samples, is attributed to the H-O-H bending vibration of water adsorbed by the
hydroxyl-rich cellulose network (Zheng et al. 2019). Its consistent presence indicates
that moisture remains associated with the BC structure regardless of the additive.

However, variations in its intensity among different treatments reflect differences in
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water retention capacity or the interaction of functional groups introduced by each

additive, affecting the hydration behavior of the BC matrix.

7) X-Ray Diffraction (XRD) Analysis

Figure 3.18 illustrates the X-ray diffraction (XRD) patterns of
different BC samples, highlighting three prominent peaks consistently observed at 20
values of approximately 14.78° 16.89°, and 22.90°. These peaks confirm the crystalline
structure characteristic of BC (Said Azmi et al. 2023). The XRD profiles align closely with
those previously reported for BC (Revin et al. 2018; Jittaut et al. 2023; Said Azmi et al.
2023). Despite the uniformity in chemical structure indicated by the XRD patterns,
variations in diffraction peak intensities are evident among the samples. The most
intense peak near 23°, is associated with cellulose type I (Said Azmi et al. 2023; Hossen
et al. 2024). According to Gaspar et al. (2014), the peaks at 20 values of 14.7°, 16.8°,
and 22.7° correspond to the 100, 110, and 200 crystallographic planes, typical of
monolithic cellulose type | found in native cellulose (Gaspar et al. 2014). The peak
appeared at around 22.90° (20) indicate that the celluloses are crystalline in nature
(Samuel and Adefusika 2019). Differences in relative peak intensity among the samples

likely reflect subtle variations in cellulose chain orientation (Said Azmi et al. 2023).
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Figure 3.18 XRD spectra of BC from Thai red tea kombucha with different type of
additives
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The XRD data was used to calculate the crystallinity index (Cl) and
crystallite size of the BC samples, with the Cl values presented in Table 3.12. The Cl
was determined using the Segal peak height method, yielding values ranging from
80.22% to 87.65%. All BC samples, except for RTC-EtOH, closely resembled the ClI of
NDC, which was 86.66%. The RTC-EtOH sample exhibited the lowest Cl, likely due to
the absence of, or a very subtle, peak around 16.89° (20). Several factors are known
to influence the crystallinity of BC. These include the type of carbon and nitrogen
sources, the use of various additives, the bacterial strain, fermentation conditions (such
as temperature and duration), and post-production treatments (Zeng et al. 2011,
Thielemans et al. 2023). Some previous studies reported that the effect of ethanol
lead to decrease of crystallinity index of BC (Zeng et al. 2011; Cielecka et al. 2021;
Wang et al. 2021). This reduction in crystallinity suggests that the cellulose structure
becomes more disordered and less compact, possibly as a result of hydrogen bond

disruption caused by ethanol treatment (Wang et al. 2021).

The Cl results of BC in this study are consistent with findings from
various other studies. For example, BC produced from pineapple peel waste
fermentation achieved a Cl of 87% (Sardjono et al. 2019), while BC fermented from
pineapple waste solution had a Cl of 82.2% (Pham and Tran 2023). BC derived from
citrus processing waste or discarded fruits exhibited a Cl of 86.9% (Andritsou et al.
2018), and BC produced in a HS-medium with different carbon sources showed a
crystallinity ranging from 57% to 85% (Heydorn et al. 2023). Other studies have
reported slightly lower Cl values, such as BC produced using crude distillery effluent,
which had a Cl of 80.2% (Gayathri and Srinikethan 2019), and BC derived from
wastewater of Arenga starch production, which had a CI of approximately 79.6%

(Rahmayetty and Sulaiman 2023).
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Table 3.12 Crystallinity index and average crystallite size of dried BC from Thai red

tea kombucha fermentation with different type of additives.

Sample Crystallinity Index (%) Average Crystallite Size (nm)
RTC-C 85.36 3.512
RTC-PC 86.48 3.162
RTC-YE 87.65 3.356
RTC-SPI 85.30 3.302
RTC VC 85.71 3.286
RTC-EtOH 80.22 3.165
NDC 86.66 3.544

XRD analysis was performed once; therefore, variance data are not available

Further analysis is the average of the crystallite size of BC samples
as shown in Table 3.12. The size of the crystallite ranging from 3.162 to 3.512 nm,
slightly lower than crystallite size of NDC, 3.544 nm. This results in accordance with
some of previous studies. BC produced by G. xylinus InaCC B404 in HS medium has a
crystallite size of 3.06 nm (Agustin et al. 2021). In comparison, BC produced from black
tea kombucha after 3 and 5 days of fermentation has crystallite sizes of 3.29 nm and
4.80 nm, respectively (Balistreri et al. 2024). However many studies reported the higher
of crystallite size such as 4.9 and 4.76 nm (Sardjono et al. 2019), 5.6 nm (Jia et al.
2017), and 8.36 nm (Gayathri and Srinikethan 2019).

8) Thermogravimetric Analysis (TGA/DTG)

Figure 3.19 presents the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of the BC samples, analyzed using thermogravimetric
analysis (TGA). Table 3.13 shows the data of the decomposition change during analysis
process. The data reveal the thermal stability and decomposition behavior of BC
samples, including RTC-C, RTC-PC, RTC-YE, RTC-SPI, RTC-VC, and RTC-EtOH. The data
from NDC was included for comparison. TGA and DTG analyses are crucial for studying

BC applications. They help assess the purity, composition, drying behavior, and ignition
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temperatures of materials. Additionally, these analyses provide insights into the
thermal stability of BC, which is important for evaluating the effectiveness of chemical
treatments that enhance bonding between natural fibers and polymer or synthetic

fiber matrices (Nurazzi et al. 2021).

The first-stage weight loss, ranging from 1.42% to 7.52%,
corresponds to the dehydration and volatilization of low-molecular-weight
components or residual water in the BC matrix (Teixeira et al. 2019; Mohamad et al.
2022a). RTC-PC showed the lowest first-stage weight loss (1.42%), likely due to
reduced moisture retention from the additive. This result relatively close result to

previous result i.e. 1-2% (Gismatulina and Budaeva 2024) and 5-9% (Mohamad et al.

2022a).
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Figure 3.19 TGA (left) and DTG (right) thermographs of BC samples from RTC

kombucha fermentation with different types of additives.

The second-stage weight loss, corresponding to the thermal
decomposition of cellulose, ranged from 68.13% (RTC-EtOH) to 76.48% (RTC-YE),
reflecting variations in thermal stability influenced by the additives. Nitrogen-based
additives (RTC-PC, RTC-YE, RTC-SPI) generally showed higher second-stage losses,
indicating enhanced cellulose decomposition under thermal stress. Residual weights
at 600°C varied between 20.37% (RTC-YE) and 29.08% (RTC-VC), suggesting differences

in the formation of thermally stable by-products. This stage represents the most

significant weight loss, primarily driven by the breakdown of B—glucan chains and the
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oxidation of cellulosic materials into carbonaceous residues (Mohammadkazemi et al.

2015; Mohamad et al. 2022a).

Table 3.13 The details of data decomposition during the TGA process of BC samples

from RTC kombucha fermentation with different types of additives

First stage Second stage  Residue DTG Peak DTG
Samples
weight loss (%) weight loss (%) (%) range (°C)  Tyax (°C)

RTC-C 6.03 71.06 23.07 255 - 379 353.67
RTC-PC 1.42 73.90 25.30 285 - 396 347.50
RTC-YE 3.09 76.48 20.37 270 - 389 356.67
RTC-SPI 2.94 74.81 22.21 271 - 384 352.67
RTC VC 2.60 68.27 29.08 258 - 378 354.17
RTC-EtOH 3.25 68.13 28.52 270 - 380 347.50
NDC 7.52 67.69 24.76 255 - 387 343.67

The findings of this study are consistent with previous research. For
instance, BC produced by G. xylinus AGR 60 exhibited a first-stage mass loss of 6.2%, a
second-stage mass loss of approximately 64.0%, and a residue of around 22.8% at
600°C, with a DTG Ty, of 339.6°C (Jenkhongkarn and Phisalaphong 2023). Similarly, BC
from A. xylinum AGR 60 showed a first-stage mass loss of about 6%, a second-stage
loss of approximately 74%, and a residue weight of around 20% at 700°C, with major
thermal decomposition occurring between 300°C and 360°C (Potivara and Phisalaphong

2019).

The DTG peak temperature range (255-396°C) and maximum
degradation temperatures (DTG Ty, 343.67-356.67°C) show slight variations in the
thermal degradation profiles, with RTC-YE exhibiting the highest DTG Ty, (356.67°C).
These differences highlight the influence of additives on the thermal behavior of BC.
The results align with previous studies, which report DTG peak ranges of 186-363°C
and 199-347°C for BC treated by freeze-drying and hot-press drying, respectively, with



106

DTG Tyax Values of 343.6°C and 313.4°C (Mohamad et al. 2022a). Additionally, BC
produced by G. xylinus shows a DTG Ty, at 328.36°C (Jia et al. 2017).

9) Mechanical Properties Analysis Using Nanoindentation
Nanoindentation analysis was utilized to evaluate the nanoscale
mechanical properties of BC samples. This highly precise technique measures local
mechanical responses at micro- and nanoscale levels, making it essential for
applications requiring durability and flexibility. BC samples selected for this analysis
included RTC-EtOH and RTC-VC, chosen for their higher productivity, alongside control

(RTC-C) and NDC samples for comparison. Detailed results are presented in Table 3.14.

The data show that in general, mechanical properties of RTC-EtOH
and RTC-VC are quite different in many parameters such as maximum depth, plastic,
reduced modulus, elastic recovery parameter, elastic work, and young’s modulus. This
indicates that both types of additives produce BC with quite different mechanical
properties at the nanoscale. The differences in the mechanical properties of both
could be attributed to the effects of the additives used during the fermentation
process. Ethanol (EtOH) and vitamin C influence BC structure differently, impacting its
mechanical behavior. Compare to RTC-C and NDC, some parameters show significantly

different value, while others parameters are not significantly different.

The mechanical properties of BC are influenced by various factors,
including cultivation methods, bacterial strains, purification processes, carbon sources,
nutrient composition, and drying methods. Different cultivation techniques and
bacterial strains affect the structure and quality of BC, impacting its strength and
crystallinity (Krystynowicz et al. 2002; Zeng et al. 2014; Chen et al. 2018a). The
purification process, particularly the concentration of NaOH used, determines the
removal of impurities, influencing fiber quality (Suryanto et al. 2019; Chen et al. 2021).
Additionally, the type of carbon source and nutrients, such as nitrogen, used during
fermentation can affect BC's yield and mechanical properties (Betlej et al. 2020;

Chibrikov et al. 2023). Drying methods also play a crucial role, in altering porosity and
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density, which directly impact BC's flexibility, strength, and network structure, including
intrafibrillar and interfibrillar spaces (Zeng et al. 2014; Wang et al. 2023b). These

combined factors determine the unique mechanical characteristics of BC.

Another important factor to consider, complementing the earlier
discussion, is the Cl which plays a crucial role in determining the mechanical properties
of BC. Research has shown that a higher CI generally results in increased stiffness and
hardness while reducing ductility (Dusunceli and Colak 2008). Additionally, an increase
in crystallinity has been linked to a higher Young's modulus (Adekoya et al. 2022). In
this study, RTC-EtOH, with a Cl of 80.22%, exhibited lower stiffness and hardness
compared to RTC-VC, which had a Cl of 85.71%. The Young's modulus (YM) of RTC-
EtOH was 4.03 GPa, whereas RTC-VC displayed a higher YM of 4.47 GPa. Although the
difference in hardness (H) was not statistically significant, RTC-EtOH showed a lower
hardness value (0.20 GPa) compared to RTC-VC (0.23 GPa). Furthermore, the reduced
Cl in RTC-EtOH contributed to greater plasticity, as evidenced by its higher contact
compliance (CC: 12.24 nm/mN) compared to RTC-VC (11.66 nm/mN). The plastic work
(PW: 55.32 nJ) and elastic work (EW: 22.00 nJ) of RTC-EtOH were also higher than those
of RTC-VC (PW: 52.73 nJ, EW: 20.90 nJ), indicating an increased energy absorption
capability. Further supporting the notion that higher crystallinity contributes to

enhanced stiffness and mechanical strength (Dusunceli and Colak 2008).

Young’s modulus values for RTC-EtOH were lower than those of
RTC-VC and RTC-C but comparable to the NDC sample. Generally, these values align
with previous studies. For instance, BC produced from various Komagataeibacter
strains exhibits a Young's modulus range of 1.10 to 5.56 GPa (Chen et al. 2018a), while
BC derived from A. xylinum AGR60 grown in coconut water reaches 9.14 GPa ((Potivara
and Phisalaphong 2019).. The values observed for RTC-EtOH, RTC-VC, and RTC-C are
within these ranges, indicating that different fermentation conditions can still yield

high-quality BC. However, other studies, such as Zeng et al. (2014), report lower values,
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with Young's modulus ranging from 198 to 659 MPa and hardness between 19 and 39

MPa, depending on the strain and drying methods used (Zeng et al. 2014).



Table 3.14 Mechanical properties data analysis using nano-indenter of BC from kombucha fermentation of RTC-C, RTC-EtOH, RTC-VC,

and NDC.
MD Pl ML H RM cC PW EW YM
Sample ERP
(nm) (nm) (mN) (GPa) (GPa) (nm/mN) (nJ) (nJ) (GPa)
3570.13 3110.31 50.10 0.20 4.41 0.15 12.24 55.32 22.00 4.03
RTC-EtOH
+50.11° +48.59° +0.00° +0.012 +0.09° +0.00° +0.09° +1.14° +0.16° +0.08°
3308.46°  2870.18 50.10 0.23 5.04 0.15 11.66 52.73 20.90 4.61
RTC-VC
+14522  +121.85° +0.00? +0.022 +0.51¢ +0.012 +0.822 +3.343b +1.30° +0.47°
3412.25 2980.18 50.10 0.22 4.94 0.15 11.50 54.41 20.80 4.51
RTC-C
+259.56®®  +253.91° +0.00? +0.05° +0.56° +0.012 +0.22° +4.642 +0.472 +0.51P
3612.65 3123.34 50.10 0.20 4.14 0.16 13.02 59.92 22.90 3.78
NDC
+162.08°°  +148.57° +0.00° +0.02° +0.312 +0.00° +0.41¢ +0.095° +0.80° +0.28°

MD: maximum depth, Pl plastic, ML: maximum load, H: hardness, RM: reduced modulus, ERP: elastic recovery parameters, CC: contact

compliance, PW: plastic work, EW: elastic work, and YM: Young’s Modulus. The different lowercase letters within the same column indicate

statistically significant differences (P < 0.05).

601
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3.4.3 Effect of Carbon Source Combinations on Bacterial Cellulose Yield
and Characteristics
1) The Change of pH and Total Soluble Solid (TSS)

This study investigated how various carbon sources influenced pH
changes during a 15-day kombucha fermentation. The initial pH values of the media
before inoculation ranged from 4.57 to 4.84, showing some statistically significant
differences among groups. After inoculation with the kombucha culture, the pH
dropped immediately to a range of 3.61 to 3.66, which can be attributed to the
naturally acidic nature of the starter itself. Over the course of fermentation, the pH
continued to decrease significantly, with final values ranging from 2.17 to 2.66 by day

15.

The reduction in pH is primarily due to microbial metabolism,
particularly the activity of acetic acid bacteria (AAB) and yeasts that convert sugars into
organic acids. As fermentation progresses, these microorganisms produce compounds
such as acetic acid and gluconic acid, both of which contribute to the acidification of
the medium (Aswini et al. 2020; Lee et al. 2021). Other minor acids like glucuronic,
lactic, malic, citric, tartaric, and succinic acids may also be formed, further lowering the

pH (Neffe-Skocinska et al. 2017).

The choice of carbon source significantly influenced the final pH
levels, reflecting distinct metabolic behaviors during fermentation. RTC-SGlu (sucrose-
glucose) and RTC-SD (sucrose-dextrose) yielded the lowest final pH values (2.17 + 0.01
and 2.21 + 0.01, respectively; P > 0.05), indicating pronounced acid production. This
aligns with the rapid fermentability of glucose and dextrose, which are readily
metabolized by microbial communities to support efficient growth and acid generation.
In contrast, RTC-SGly (sucrose-glycerol) exhibited the highest final pH (2.66 + 0.00),
suggesting limited acidification due to the slower assimilation of glycerol by acetic acid
bacteria (AAB) and yeasts. RTC-SF (sucrose-fructose) demonstrated intermediate

acidification (pH 2.46 + 0.01), likely attributable to fructose’s preferential uptake over
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sucrose, which requires prior hydrolysis. The control (RTC-C, pH 2.52 + 0.04) displayed
a typical fermentation profile but with marginally lower acid production compared to
glucose- or dextrose-amended groups, underscoring the metabolic advantage of

monosaccharide supplementation.

These findings are consistent with previous research showing that
pH consistently declines during kombucha fermentation due to the production of
organic acids. For example, Neffe-Skocifiska et al. (2017) observed a pH drop from 3.04
to 2.63 after 10 days of fermentation. Yilmaz and Goksungur (2024) also reported final
pH values between 3.51 and 4.54 when using K. xylinus with different initial pH levels
(4.0-7.0), emphasizing the influence of starting conditions. Other studies have reported
similar final pH ranges after 14 days of kombucha fermentation, such as 3.36 to 3.82
(Vohra et al. 2019) and 2.91 to 3.74 (Zhao et al. 2018). Chong et al. (2024) documented
a pH decrease from 3.19-3.27 to 2.72-2.79 within 10 days when using black, green,
and oolong teas. These comparisons highlight a consistent trend of acid production in

kombucha systems.

In this study, Table 3. summarizes pH values before and after
inoculation, as well as at the end of fermentation, showing statistically significant
differences across treatments. Figure 5.1 (left side) illustrates the progression of
acidification over 15 days. The sharp pH decline observed in RTC-SGlu compared to
the more gradual decrease in RTC-SGly clearly demonstrates how different carbon

sources affect the rate and extent of acid production during fermentation.

For the TSS observation, initial values ranged from 9.70+0.00 to
10.70+0.00 °Brix before inoculation. After adding the inoculum, the TSS remained
relatively stable, ranging from 9.70+0.00 to 10.60+0.00 °Brix. However, by the end of
the fermentation process, TSS values decreased significantly, reaching a range of
7.87+0.05 to 8.60+0.00 °Brix, as presented in Table 3.15 and illustrated in Figure 3.20
(right).
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Table 3.15 Changes in pH and °Brix degree during RTC kombucha fermentation with

different carbon source combinations.

The Change of the pH

The Change of the °Brix

Samples

Medium Before after Medium Before after
RTC-C  4.84+0.00¢ 3.65+0.00° 2.52+0.04° 10.70+0.00° 10.60+0.00° 8.57+0.05°
RTC-SD  4.76+0.00° 3.62+0.00° 2.21+0.01* 10.10+0.00° 10.10+0.00° 8.33+0.09°
RTC-SF 4.57+0.00° 3.61+0.00° 2.46+0.01° 10.50+0.00° 10.40+0.00* 7.87+0.12°
RTC-SGlu  4.76+0.00° 3.62+0.00° 2.17+0.01° 10.70+0.009 10.40+0.00° 8.40+0.08?
RTC-Sgly 4.78+0.00° 3.66+0.00° 2.66+0.00¢ 9.70+0.00° 9.70+0.00° 8.60+0.00°

Different lowercase letters within a column indicate significant differences among the five

tea samples (LSD test: P < 0.05)
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Figure 3.20 Changes in pH and °Brix degree during RTC kombucha fermentation with

different carbon source combinations.

The reduction in TSS during fermentation is mainly driven by

microbial activity. In kombucha, yeasts break down complex sugars into simpler ones

like glucose and fructose. These are then further metabolized by acetic acid bacteria

into organic acids and other by-products (Muzaifa et al. 2022), resulting in a decrease

in soluble sugar concentration and, consequently, °Brix values.
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The extent of TSS reduction varied depending on the carbon
source, reflecting differences in sugar utilization efficiency. RTC-SF showed the greatest
decline, from 10.40+0.00 to 7.87+0.12 °Brix, indicating a strong microbial preference
and rapid metabolism. RTC-SD (dextrose) and RTC-SGlu had similar final values—
8.33+0.09 and 8.40+0.08 °Brix, respectively—suggesting that both monosaccharides
were efficiently utilized. The RTC-C dropped from 10.60+0.00 to 8.57+0.05 °Brix,
reflecting normal microbial activity without added sugars. Meanwhile, RTC-SGly
showed the smallest reduction, ending at 8.60+0.00 °Brix, possibly due to slower or

more selective microbial metabolism of glycerol.

The structural similarity between dextrose and slucose likely
accounts for their comparable fermentation behavior. In contrast, the more complex
structure or lower fermentability of glycerol may have limited its consumption. These
results are consistent with earlier studies (e.g., Zubaidah et al. 2019; Muzaifa et al.
2022), which highlight the influence of carbon source composition on microbial activity

and sugar conversion during kombucha fermentation (Sinamo et al. 2022).

These findings are consistent with previous kombucha studies. For
example, (Zubaidah et al. 2019) reported a TSS decrease from 13.30-14.08 °Brix to
12.43-12.97 °Brix in snake fruit kombucha, while (Muzaifa et al. 2022). observed a
reduction in cascara kombucha from 10.97 °Brix on day two to 9.97 °Brix on day eight.
Such comparisons reinforce the role of microbial metabolism in altering sugar profiles
and show that the degree of TSS reduction varies by both fermentation duration and

substrate type (Sinamo et al. 2022).

2) The Change of Sugar Composition
The sugar profile, including sucrose, glucose, fructose, and glycerol,
was analyzed before and after fermentation wusing high-performance liquid
chromatography (HPLC). Significant changes in sugar concentrations were observed

following fermentation, as illustrated in Figure 3.21 and detailed in Table 3.16.
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Sucrose served as the primary carbon source for the SCOBY, promoting microbial

growth and the synthesis of various metabolites, including BC (Shu 2007).

Before fermentation, the sucrose content in the control sample was
9.05 + 0.18%, whereas in the sugar combination samples it ranged from 4.41% to
4.75%. Glucose levels ranged from 0.82% to 5.16%, and fructose from 0.00% to 4.92%.

Glycerol was detected only in the RTC-SGly sample, at 5.40 + 0.23%.

The presence of glucose and fructose in samples without added
glucose or dextrose likely results from sucrose hydrolysis during autoclaving, as well
as from enzymatic activity by the kombucha culture. Similar findings were reported by
Ball (1953), who observed that autoclaving a 3% sucrose solution produced 0.7-0.9%
glucose. Additionally, de Lange (1989) showed that sucrose can be completely
hydrolyzed into glucose and fructose at pH 2 during autoclaving, with partial hydrolysis
occurring at pH 5-7. These results align with observations discussed in the previous

experiments of this study.
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Figure 3.21 Change of sugar composition of RTC kombucha broth with different types

of carbon sources combinations before and after fermentation

During kombucha fermentation, normally, sucrose serves as the
primary carbon source. It is enzymatically hydrolyzed by yeasts into glucose and

fructose through the action of invertase (Gao et al. 2019; Lee 2023). These simpler
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sugars especially glucose are metabolized preferentially, providing energy and
substrates for microbial activity (Gao et al. 2019). Under anaerobic conditions, yeasts
convert glucose and fructose into ethanol and carbon dioxide (Wang et al. 2022a).
Subsequently, acetic acid bacteria oxidize ethanol into acetic acid in the presence of
oxygen, contributing to the characteristic tartness of kombucha (Wang et al. 2022a). If
glucose, dextrose, and fructose are already present in the fermentation medium,
microorganisms prioritize these simpler carbon sources over sucrose because they can
be directly metabolized without enzymatic hydrolysis. This metabolic preference is
demonstrated by the higher consumption of dextrose, glucose, and fructose compared
to sucrose in various carbon source combinations. These results underline the
efficiency of microbial metabolism in utilizing readily available simple sugars when

presented in the fermentation medium.

All kombucha samples showed a significant reduction in sucrose
levels post-fermentation, primarily due to invertase-mediated hydrolysis and microbial
uptake. The largest decrease occurred in the control (RTC-C), where sucrose dropped
from 9.05% to 7.05%. Despite overall sucrose consumption, the relatively high residual
level in RTC-C suggests slower fermentation in the absence of added monosaccharides.
Since sucrose requires hydrolysis before utilization, the lack of readily available simple
sugars likely delayed microbial activity. In contrast, RTC-SGlu and RTC-SD exhibited
similar and more efficient sugar consumption, with glucose levels falling from 5.16%
to 2.22% in RTC-SGlu and from 4.91% to 2.36% in RTC-SD. The absence of a significant
difference (P > 0.05) supports their metabolic equivalence and highlights the microbial

preference for readily assimilable monosaccharides over disaccharides like sucrose.

In the RTC-SF sample, a substantial reduction in fructose
concentration was observed—from 4.92% to 2.89%—indicating its active involvement
in microbial metabolism. However, the remaining fructose suggests a relatively slower
utilization rate compared to glucose, aligning with previous findings that yeasts tend

to metabolize glucose more efficiently than fructose (Wang et al. 2022a). The RTC-SGly



116

sample exhibited a modest decrease in glycerol levels, from 5.40% to 4.34%, implying
partial microbial usage. Glycerol is generally considered a secondary carbon source in
kombucha fermentation, as it enters metabolic pathways differently and is not a
primary substrate for most SCOBY microbes. The persistence of elevated glycerol
levels post-fermentation suggests limited microbial affinity under the given conditions,

potentially due to its lower energy yield and the availability of more favorable sugars.

These findings are consistent with those of Neffe-Skocifiska et al.
(2017), who reported a substantial decrease in sucrose concentration—from 9.97% to
0.74%—over a 10-day kombucha fermentation, highlighting the active hydrolysis of
sucrose. Although the reduction observed in our study was less pronounced, the
overall trend of sucrose consumption aligns with their results. However, due to the
limited number of studies directly examining the effect of added monosaccharides on
sucrose reduction in kombucha fermentation, direct comparisons remain challenging.
Nonetheless, available evidence supports the idea that the presence of readily
fermentable monosaccharides can accelerate fermentation by providing immediate
energy sources, whereas reliance solely on sucrose may lead to slower sugar

utilization.



Table 3.16 The change of sugar composition during RTC kombucha fermentation with different types of carbon source combinations

Before fermentation

After fermentation

Samples
Sucrose Glucose Fructose Glycerol Sucrose Glucose Fructose Glycerol
9.05+0.18 2.13+0.02 1.05+0.03 7.05+0.21 1.89+0.08 0.74+0.20
RTC-C ND ND
(b, B) (b, B) (c, A) (d, A) (b, A) (b, A)
4.68+0.29 0.82+0.23 4.92+0.28 3.53+0.06 1.02+0.03 2.89+0.28
RTC-SF ND ND
(a, B) (a, A (d, B) (b, A) (a, A (c, A
4.75+0.26 4.91+0.20 0.37+0.20 2.30+0.29 2.36+0.27 0.83+0.13
RTC-SD ND ND
(a, B) (c, B) (b, A) (a, A) (bc, A) (b, B)
4.72+0.51 5.16+0.54 0.33+0.16 2.00+0.20 2.22+0.10 0.92+0.16
RTC-SG ND ND
(a, B) (c, B) (b, A) (a, A) (b, A) (b, B)
L 4.41+0.07 1.06+0.03 0.00+0.00 5.40+0.23 3.89+0.29 0.92+0.08 0.00+0.00 4.34+0.18
RTC-SGly
(a, B) (a, A (a, A (B) (c, A (a, A (a, A (A)

Different lowercase letters within a column indicate significant differences among the five tea samples (LSD test: P < 0.05); different uppercase

letters in the same row indicate the significant differences between the same sugar before and after fermentation (LSD test: P < 0.05). ND = not

detected.

L17
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3) The appearance of Bacterial cellulose
The appearance of BC produced from Thai red tea kombucha
fermentation with different uses of carbon sources combinations are presented in

Figure 3.22.

Figure 3.22 BC appearance at different stages of RTC kombucha fermentation with
various carbon source combinations: (a) during fermentation, (b) before
purification, (c) after purification with sodium hydroxide, and (d) after

oven drying.

The appearance of BC before purification shows red-orange colors
with the BC from RTC-SD, RTC-SGlu, and RTC SF show slightly darker compare to RTC-
C and RTC-Gly (Figure 3.22(a) and (b)). The red-orange color of the BC samples
produced during Thai red tea kombucha fermentation can be attributed likely to the
combined effect of natural tea pigments, artificial colorants. Thai red tea, made from
black tea with added artificial flavor and FD&C Yellow No. 6 (INS 110), contributes to

the color. Black tea leaves contain catechins, which, through oxidation, are converted
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into theaflavins (reddish-orange pigments) and thearubigins (brown pigments) during
processing (Deka et al. 2021; Ito and Yanase 2022). These pigments are water-soluble
and can be absorbed into the BC matrix during fermentation. Additionally, the
presence of FD&C Yellow No. 6 enhances the orange-red hue of the BC samples (Izawa
et al. 2010; Deka et al. 2021; Ito and Yanase 2022). The same results were also reported

in the previous chapter of this thesis.

In the next steps, after purification using sodium hydroxide solution
(2% w/v) the BC exhibits a similar white color (Figure 3.22(c)) and after drying in the
oven at 40°C showed consistent white, opaque color (Figure 3.22(d)). This post-
purification color aligns with findings reported in most BC studies. Sodium hydroxide
plays a vital role in BC purification by effectively removing tannins, polyphenols,
residual bacteria, yeast cells, and proteins present in trace amounts within the
kombucha pellicle (Amarasekara et al. 2020). It also facilitates the elimination of
residual organic compounds, nucleic acids, and proteins produced by microbes during

the fermentation process (Kamal et al. 2020).

4) BC Productivity and Water Holding Capacity

Figure 3.23 presents the wet yield, dry yield, and WHC of BC
produced from Thai red tea kombucha (RTC) using various carbon source
combinations: RTC-C, RTC-SF, RTC-SD, RTC-SGlu, and RTC-SGly. The wet yields of BC
for these treatments were 167.44 + 24.00, 193.87 + 36.68, 234.87 + 39.10, 259.54 +
8.92, and 74.53 + 8.95 g/L, respectively, while the corresponding dry yields were 1.72
+0.19, 1.88 + 0.23, 2.20 + 0.54, 2.59 + 0.16, and 0.66 + 0.03 ¢/L. The WHC values were
109.31 + 4.65, 101.92 + 9.12, 105.79 + 25.13,99.07 + 2.85, and 112.44 + 17.49 g water/g

cellulose, respectively.
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Figure 3.23 Wet yield (g/L), dry yield (¢/L), and WHC (g water/g cellulose) of BC
produced from RTC kombucha using different combinations of carbon

sources.

Among the treatments, RTC-SGlu resulted in the highest wet and
dry BC yields, significantly exceeding those of RTC-C, RTC-SF, and RTC-SGly (P < 0.05),
though not significantly different from RTC-SD (P > 0.05). This enhancement can be
attributed to the efficient microbial metabolism of glucose, which serves as a direct
substrate for the biosynthesis of cellulose. As reported by Gao et al. (2019), simple
sugars such as ¢lucose and fructose are metabolized more efficiently than
disaccharides like sucrose, accelerating the formation of cellulose precursors like UDP-
glucose. In treatments such as RTC-SD and RTC-SGlu, sucrose likely underwent
enzymatic hydrolysis by invertase into glucose and fructose, with glucose being
preferentially utilized by the microbial consortium for cellulose biosynthesis (Wang et
al. 2022a). As shown in Table 3.16, the higher consumption of carbon sources,
particularly sucrose and glucose, in RTC-SD and RTC-SGlu likely contributed to the

enhanced cellulose production observed in these treatments.

RTC-SF showed moderate increases in yield compared to the
control, although the difference was not statistically significant. The use of fructose in
combination with sucrose may have supported BC formation, as fructose is also

metabolizable, though generally less efficiently than glucose (Gao et al. 2019). The
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control group (RTC-C), containing sucrose alone, had lower yields, suggesting that

additional monosaccharides improve sugar utilization and enhance BC biosynthesis.

In contrast, RTC-SGly showed the lowest wet and dry yields. This
suggests that glycerol is a less favorable carbon source under the tested conditions,
possibly due to slower metabolic conversion into cellulose precursors or inhibitory
effects at the concentration used. While previous studies have reported high BC
production with glycerol under optimized conditions (Keshk and Sameshima 2005;
Tabaii and Emtiazi 2016; Agustin et al. 2018; Thorat and Dastager 2018; Amorim et al.
2019; Ho Jin et al. 2019), differences in bacterial strains, pH, and medium composition

may explain the lower performance in this study.

These results align with those from Trevifio-Garza et al. (2020), who
found that glucose yielded the highest BC production, followed by dextrose, fructose,
and sucrose in kombucha systems. Specifically, wet and dry yields reached 301.81 ¢/L
and 11.19 ¢/L with glucose and 300.74 ¢/L and 12.12 ¢/L with dextrose. Similarly,
(Amorim et al. (2024) reported that glucose supported higher BC yields than other
carbon sources such as raffinose and glycerol. Thorat and Dastager (2018) also
observed that K. rhaeticus produced maximum BC (~8.7 g/L) at 3% glycerol, but yields
dropped at concentrations above 4%. In addition, Adnan et al. (2015) reported that
the highest BC yield was obtained at a glycerol concentration of 2%, while yields

decreased at concentrations of 3% and above.

Regarding WHC, no statistically significant differences were observed
among the treatments, indicating that carbon source type primarily affects BC yield
but not its water-holding functionality. WHC is influenced more by the nanofiber
structure, porosity, and surface area of the dried BC, which remained comparable
under similar culture conditions. The WHC values in this study (99.07-112.44 ¢ water/g
cellulose) are consistent with literature reports. Wu and Liu (2013) observed a WHC of
98.5 ¢/g in BC from distillery wastewater, while Avcioglu et al. (2021) reported values

of ~114 ¢/¢ in kombucha using black tea. Other studies noted WHC ranges from 90 to
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200 g/g depending on the bacterial strain, fermentation time, and drying method
(Tsouko et al. 2015; Trevifio-Garza et al. 2020; Almihyawi et al. 2024; U~gurel and O~gut
2024).

In summary, this study demonstrates that the choice of sugar
significantly affects BC yield, with glucose and dextrose promoting the highest
productivity. Fructose and sucrose supported moderate yields, while glycerol was least
effective under the tested conditions. However, WHC was not significantly impacted,
suggesting that yield improvements can be achieved without compromising the BC’s

functional properties.

5) Morphology Analysis Using SEM

Figure 3.24 presents SEM images showing the surface morphology
of BC produced using different carbon sources. These images were captured at
magnifications of 10,000x and 30,000x for all samples. Additionally, magnification at
50,000x was applied to RTC-C and RTC-SGlu to provide a more detailed view of their
fiber structures. Overall, the BC samples exhibit a consistent fiber pattern, consistent
with the findings of the previous studies (Illa et al. 2019; Brandes et al. 2020; Nguyen
and Nguyen 2022).

The RTC-C sample exhibits a dense and compact fibril network at
10,000x%, with higher magnifications (30,000x and 50,000) revealing tightly packed and
uniform cellulose fibrils. For RTC-SF, the structure is less dense at 10,000x, with more
visible voids and irregular fibril arrangements at 30,000x. RTC-SD displays a highly
interconnected and dense network at 10,000x, while the fibrils are smooth and
regularly arranged at higher magnifications, indicating uniform cellulose synthesis. The
RTC-SGlu sample shows a tightly interwoven fibril network at 10,000x, with well-
organized and continuous fibrils visible at higher magnifications, suggesting high-quality
BC formation. In contrast, RTC-SGly demonstrates a disrupted network with larger gaps
between fibrils at 10,000x, and irregular shapes and uneven fibril distributions are

observed at 30,000, indicating less effective cellulose production. Overall, the images
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highlight the significant influence of the carbon source on BC morphology, with RTC-
SG and RTC-SD producing denser and more organized fibril networks, while RTC-SGly
results in a looser and less uniform structure. The denser fibril networks observed in
RTC-SD and RTC-SGlu are likely due to the thicker BC layers formed before drying,
while the thinner network in RTC-SGly reflects a less compact structure. This difference
aligns with the wet yield results, where BC from RTC-SD and RTC-SGlu had the highest
wet yields, whereas RTC-SGly had the lowest. These findings suggest that the initial
wet thickness of BC significantly influences its final structure and density. Some
impurities are visible in the SEM images especially in RTC-C sample, likely representing

residues or insoluble materials remaining after alkali purification.

Figure 3.24 SEM image of BC (a) RTC-control; (b) RTC-SF; (c) RTC-SD; (d) RTC-SG; and
(e) RTC-SGly; (1) magnification of 10000 x; (2) magnification of 30,000x; (3)

magnification 50.000x.

The analysis following SEM imaging focused on the polydispersity
of BC fiber diameters, as shown in Figure 3.25. The polydispersity graphs reveal that
fiber diameters ranged from 19.35 nm (RTC-C) to 63.28 nm (RTC-SD), with average
diameters varying between 29.70 + 5.17 nm (RTC-C) and 40.39 + 8.65 nm (RTC-SD).

Compared to RTC-C, the use of sugar combinations resulted in slightly larger BC fiber
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diameters. Among the sugar combination samples, the average diameters ranged from
34.34 + 7.56 nm (RTC-SG) to 40.39 + 8.65 nm (RTC-SD). These findings suggest that,
although sugar combinations slightly increased fiber size, the effect was not as
pronounced as the variations caused by different additives discussed in the previous
section. Overall, the use of different carbon source combinations had a relatively minor

impact on BC fiber diameter.
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Figure 3.25 Graph of poly distribution size of BC samples diameter from RTC
kombucha fermentation with various types of carbon source

combinations.

Previous studies support the findings on BC fiber morphology
observed in this study. The BC fibers produced by K hansenii 23769 (ATCC) and a
cellulose-producing strain isolated from grape juice exhibited diameters ranging from
10 to 60 nm. (Ila et al. 2019). Similarly, BC produced by K. saccharivorans MD1
cultivated in HS medium with palm date supplementation exhibited fiber diameters
between 10 and 90 nm (Abol-Fotouh et al. 2020). In another study, BC nanofibers
synthesized in HS medium had fiber diameters between 18 and 69 nm, with an average
diameter of 36 nm, while BC derived from a waste fig medium ranged from 23 to 90

nm, with an average diameter of 44 nm (Yilmaz and Goksungur 2024).



125

BC fiber produced by K. rhaeticus PG2 in HS medium using glucose
and glycerol as carbon sources demonstrated a similar diameter range of
approximately 30-60 nm (Thorat and Dastager 2018). Additionally, BC synthesized in
low-cost media, such as date syrup and cheese whey, by K. xylinus exhibited nanofiber
diameters averaging 45-55 nm across all samples (Raiszadeh-Jahromi et al. 2020). Wang
et al. (2018) reported that BC membranes produced using various carbon sources were
composed of nanofibrils with average diameters ranging from 35 to 50 nm (Wang et al.

2018).

In conclusion, the BC fiber diameters obtained from Thai red tea
kombucha using different carbon sources align well with the ranges reported in
previous studies. This consistency suggests that the BC produced in this study exhibits
comparable morphological characteristics to those synthesized using diverse bacterial

strains and cultivation conditions in earlier research.

6) Fourier Transform Infrared Spectroscopy Analysis
Figure 3.26 presents the FTIR spectra of BC samples produced from
RTC kombucha fermentation with various carbon source combinations (RTC, RTC-SD,
RTC-SGlu, RTC-Sgly, and RTC-SF). Overall, all BC samples exhibit similar spectral bands,
but the intensity of these bands varies among the samples. The FTIR spectra reveal
characteristic absorption bands associated with cellulose, with notable variations in
peak intensities and positions such as have been reported in some previous studies

(Wang et al. 2018; Adekoya et al. 2022; Razali et al. 2022).

The FTIR spectra of BC samples can be categorized into two primary
regions: the feature region and the fingerprint region. The feature region covers the
high-frequency range from 4000 to 1330 cm?, while the fingerprint region extends from
1330 to 500 cm™ (Liu et al. 2023). In the feature region, prominent peaks were identified
at approximately 3340 cm™, 3234 cm™, and 2895 cm™. The broad and intense bands
around 3340 cm™ and 3234 cm™ are attributed to O-H stretching vibrations, typical of

hydroxyl groups. The slight variations in peak intensity indicate differences in the
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hydrogen bonding network among the samples. Additionally, the peak near 2895 cm’
Yis associated with C-H stretching vibrations, which are characteristic of aliphatic groups
(CH, or CH3) (Leonarski et al. 2021a; Fatima et al. 2023). The image shows comparable
intensities across the spectra, although RTC-SD exhibits slightly reduced absorption,
potentially due to altered C-H interactions. Furthermore, a faint peak detected at
around 2340 cm™ indicates the possible presence of triple-bond functional groups,
such as C=C or C=N (Srivastava and Mathur 2022). These functional groups may come
from polyphenols and other organic compounds in Thai red tea, fermentation
byproducts, or the activity of the kombucha's microbial community, which may

contribute to their incorporation into the BC matrix.
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Figure 3.26 FTIR spectra of BCs from RTC kombucha fermentation with various of

carbon sources combinations.

A distinct band arose at around between 1350 and 2000 cm™ i.e.
1645, 1427, and 1364 cm™’. The peak at around 1645 cm™ is associated with C=0
stretching vibrations from the glucose carbonyl group (Leonarski et al. 2021a; Liu et al.
2023). The peak at 1427 cm™ represents CH, symmetric bending, while the peak at
1364 cm™ corresponds to C-H symmetric bending (Fatima et al. 2023; Liu et al. 2023).

In the fingerprint region between 1330 to 500 cm™, several distinct
peaks were detected at 1315 cm™, 1279 cm™, 1203 cm, 1159 cm™, 1106 cm™, 1053

cm™, 1028 cm™, 1002 cm™, and 898 cm! The peak at 1336 cm™ corresponds to OH in-
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plane bending (Liu et al. 2023). The peak at 1315 cm™ is linked to CH, wagging at the
C-6 position (Liu et al. 2023) or maybe C-OH deformation vibrations (Wu et al. 2014).
The peak observed around 1247 cm™ remains unidentified. A similar peak was reported
by Wang et al. (2018) in BC samples produced using glucose, fructose, sucrose, and
glycerol as carbon sources, appearing at a wavenumber of 1248 cm™. The band
observed at 1159 cm™ is attributed to C-O-C antisymmetric bridge stretching, while the
peak at 1106 cm™ represents ring asymmetric stretching. Peaks at 1053 cm™ and 1028
cm are associated with C-O-C and C-O-H stretching vibrations within the sugar ring
and C-O stretching, respectively (Liu et al. 2023). Additionally, the peak between 898
and 894 cm! corresponds to C-O-C stretching in B-1,4-glycosidic linkages, signifying the

presence of an amorphous absorption band (Ciolacu et al. 2011).

7) X-Ray Diffraction (XRD) Analysis

The X-ray diffraction (XRD) patterns of BC samples obtained from
Thai red tea kombucha fermentation using different carbon source combinations are
illustrated in Figure 3.27. Further analysis result of crystallinity index (Cl) and crystallite
size are presented in Table 3.17. The XRD profiles for all samples consistently display
three prominent peaks at 20 values around 14.74°, 17.03°, and 22.90°, indicative of the
crystalline structure characteristic of BC (Said Azmi et al. 2023). These peaks correspond
to the 100, 110, and 200 crystallographic planes of monolithic cellulose type |, as
reported by Gaspar et al. (2014). Notably, the most intense peak, located near 23°, is
associated with cellulose type | (Said Azmi et al. 2023; Hossen et al. 2024), confirming
its crystalline nature (Samuel and Adefusika 2019). Despite similarities in peak positions,
differences in relative intensities and overall crystallinity among the samples suggest
variations in cellulose chain orientation and structural properties (Said Azmi et al.

2023).
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Figure 3.27 XRD spectra of BC from RTC kombucha fermentation with different

carbon sources combinations

In the provided XRD spectrum, variations in peak intensities are
evident among samples, with RTC-SD exhibiting the highest overall intensities. Such
differences likely reflect variations in the degree of crystallinity and cellulose chain
orientation, influenced by the type of carbon source used during fermentation (Said
Azmi et al. 2023). The peaks at 14.74° and 17.03° exhibit minor shifts in intensity across
the samples, further emphasizing these structural differences. Despite these variations,
the XRD profiles align closely with previously reported patterns for BC, reinforcing the
consistent crystalline structure typical of this material BC (Revin et al. 2018; Jittaut et
al. 2023; Said Azmi et al. 2023). The peak at 22.90°, which consistently appears across
all samples, highlights the crystalline properties of the cellulose, in agreement with

findings by Samuel and Adefusika (2019).

The Cl and crystallite size of the BC samples were calculated from
the XRD data using the Segal peak height method, which involves subtracting the
baseline intensity (Table 3.17). The Cl values ranged from 84.74% RTC-SGly) to 89.54%
(RTC-C). Among the samples, RTC-SD and RTC-SF exhibited relatively similar CI values.
Notably, all BC samples produced with carbon source combinations showed relatively
lower Cl compared to RTC-C, which used sucrose as the sole carbon source. Various

factors can affect the crystallinity of BC, including the type of carbon and nitrogen
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sources, the addition of specific additives, the bacterial strain used, fermentation
conditions (such as temperature and duration), and post-production treatments (Zeng

et al. 2011; Thielemans et al. 2023).

Table 3.17 Crystallinity index and average crystallite size of dried BC from RTC

kombucha fermentation with different carbon source combinations

Samples Crystallinity Index (%) Average Crystallite Size (nm)
RTC-C 89.54 3.194
RTC-SF 88.35 3.112
RTC-SD 88.17 3.181
RTC-SGlu 86.00 3.327
RTC-SGly 84.74 3.069

XRD analysis was performed once; therefore, variance data are not available.

The Cl results in this study align with findings from some previous
researchs. For instance, the use of glucose, fructose, and sucrose as carbon sources in
HS medium for BC production by K. medellinensis resulted in Cl values of 83%, 909%,
and 85%, respectively (Molina-Ramirez et al. 2018b). Similarly, BC produced by K
hansenii (ATCC 53582) using glucose and glycerol as carbon sources showed Cl values
exceeding 80% (Amorim et al. 2024). Furthermore, BC produced by Komagataeibacter
sp. W1 in HS medium exhibited ClI values of 74%, 89%, 86%, and 87% with sucrose,

fructose, glucose, and glycerol as carbon sources, respectively (Wang et al. 2018).

The results indicate that while sucrose as the sole carbon source
produced BC with the highest crystallinity (89.5%), combinations with glucose or
fructose resulted in only slight reductions (86-88%). In contrast, RTC-SGly showed a
more noticeable decrease (84.7%), likely due to glycerol’s less efficient metabolic
conversion. These findings suggest that the choice of carbon source—particularly the
inclusion of glycerol—can affect BC's structural properties. Nevertheless, all samples
maintained high crystallinity (>84%), highlighting the robust crystalline nature of BC

across different carbon sources.
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Further analysis is the average of the crystallite size of BC samples
as shown in Table 3.17. The average crystallite size of BC varies depending on the
carbon source and fermentation conditions, as demonstrated in this study and
supported by previous research. In this study, BC samples produced using different
carbon source combinations exhibited average crystallite sizes ranging from 3.069 to
3.327 nm. Comparatively, BC produced by G. xylinus InaCC B404 in HS medium had a
crystallite size of 3.06 nm (Agustin et al. 2021). BC derived from K. xylinus strains using
fructose and glucose as carbon sources showed crystallite sizes between 4.7 and 6.8
nm (Singhsa et al. 2018). BC produced by Lactobacillus plantarum in a green tea leaf
solution (1% green tea, 10% sucrose) displayed crystallite sizes of 5.36, 5.94, and 5.98
nm after 7, 14, and 30 days of fermentation, respectively (Charoenrak et al. 2023). BC
from black tea kombucha exhibited crystallite sizes of 3.29 nm and 4.80 nm after 3
and 5 days of fermentation, respectively (Balistreri et al. 2024). Other average crystallite
sizes have been reported in other studies such as with values of 4.9 nm and 4.76 nm
(Sardjono et al. 2019), 5.6 nm (Jia et al. 2017), and 8.36 nm (Gayathri and Srinikethan
2019). This comparison highlights the significant influence of carbon source selection
on the crystallite size of BC, with variations reflecting differences in substrate
composition, microbial activity, and fermentation conditions. The consistent findings
reinforce that carbon source plays a crucial role in determining the structural

characteristics of BC.

8) Thermogravimetric (TGA/DTG) Analysis
Figure 3.28 illustrates the thermogravimetric (TG) and derivative
thermogravimetric (DTG) curves of the BC samples, analyzed through
thermogravimetric analysis (TGA). Table 3.18 summarizes the decomposition data
observed during the analysis. The results highlisht the thermal stability and
decomposition patterns of BC samples, including RTC-C, RTC-SF, RTC-SD, RTC-Glu, and
RTC-Gly. TGA and DTG analyses play a vital role in evaluating BC for various

applications, as they provide valuable information on the material's purity,
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composition, drying behavior, and ignition temperatures. Moreover, these analyses
offer insights into the thermal stability of BC, which is crucial for assessing the
effectiveness of chemical treatments designed to improve bonding between natural

fibers and polymer or synthetic fiber matrices (Nurazzi et al. 2021).

The first-stage weight loss, ranging from 1.3d% to 6.03%,
corresponds to the dehydration and volatilization of low-molecular-weight
components or residual water in the BC matrix (Teixeira et al. 2019; Mohamad et al.
2022a). RTC-SD showed the lowest first-stage weight loss (1.42%), likely due to
reduced moisture retention from the sample. This result relatively close result to

previous result i.e. 1-2% (Gismatulina and Budaeva 2024) and 5-9% (Mohamad et al.

2022a).
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Figure 3.28 TGA (left) and DTG (right) thermographs of BC samples from RTC

kombucha fermentation with different combinations of carbon sources.

The second stage of weight loss, attributed to the thermal
decomposition of cellulose, ranged from 70.10% in RTC-SD to 73.90% in RTC-SGlu.
These values indicate slight variations in thermal stability influenced by the different
carbon sources, though the differences are not particularly pronounced. The residual
weights at 600°C varied from 20.92% for RTC-SGlu to 28.52% for RTC-SD, reflecting
differences in the formation of thermally stable by-products. This stage accounts for

the most substantial weight loss, driven primarily by the breakdown of B-glucan chains
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and the oxidation of cellulosic materials into carbonaceous residues

(Mohammadkazemi et al. 2015; Mohamad et al. 2022a).

Table 3.18 Thermal decomposition of BC produced from RTC kombucha
fermentation using different carbon source combinations, as analyzed by

thermogravimetric analysis (TGA).

First stage Second stage  Residue DTG Peak DTG Tyay
Samples
weight loss (%)  weight loss (%) (%)  range (°C) (°O)

RTC-C 6.03 71.01 23.01 256 - 384  353.67
RTC-SD 1.34 70.10 2852 260 - 391 349.50
RTC-SF 3.60 73.43 22.94 267 - 390 353.33
RTC-SGlu 5.14 73.90 20.92 268 -389  356.83
RTC-SGly 4.15 71.92 2390 258 -388  359.50

The findings of this study align with previous research. BC from A.
xylinum AGR 60 showed a first-stage mass loss of about 6%, a second-stage loss of
approximately 749%, and a residue weight of around 20% at 700°C, with major thermal
decomposition occurring between 300°C and 360°C (Potivara and Phisalaphong 2019).
Similarly, BC produced by G. xylinus AGR 60 exhibited a first-stage mass loss of 6.2%,
a second-stage mass loss of approximately 64.0%, and a residue of around 22.8% at
600°C, with a DTG Ty, of 339.6°C (Jenkhongkarn and Phisalaphong 2023). BC produced
from different carbon sources, including g¢lucose, fructose, sucrose, and glycerol,
showed residual BC at 600°C ranging from 15.2% to 23.1% and exhibited a
decomposition pattern similar to that observed in this study (Tureck et al. 2021).
Slightly different, BC produced through kombucha fermentation of green tea
undergoes three decomposition stages at 152°C, 267°C, and 359°C, with a total weight
loss of 74.42% and 25.58% residue remaining, differing from this study, which typically

observed only two stages of thermal decomposition (Lima et al. 2023).
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The DTG peak temperature range (256-391°C) and maximum
degradation temperatures (DTG Ty, 349.50-359.50°C) exhibit slight variations in the
thermal degradation profiles, with RTC-SGly showing the highest DTG Ty, (359.50°C).
These differences underscore the impact of additives on the thermal behavior of BC.
BC produced by G. xylinus demonstrates a DTG Ty, of 328.36°C (Jia et al. 2017).
Similarly, BC produced by G. hansenii in HS medium shows DTG Ty, values of 354.5°C
and 355.4°C after freeze-drying and oven-drying, respectively (Vasconcellos and Farinas
2018). The BC produced by K. medellinensis from various waste and agricultural by-
products exhibits DTG Ty, values ranging from 327°C to 368°C (Molina-Ramirez et al.
2018a). Studies report DTG peak ranges of 186-363°C and 199-347°C for BC treated
with freeze-drying and hot-press drying methods, yielding DTG Ty, values of 343.6°C
and 313.4°C, respectively (Mohamad et al. 2022a). Furthermore, BC produced through
kombucha fermentation of green tea reaches a DTG Ty, of 366°C (Lima et al. 2023).
The DTG analysis indicates that different carbon sources have a slight impact on the
thermal stability of BC, as evidenced by the small variations in DTG Ty, values. While
RTC-SGly showed the highest DTG Max, the narrow range of differences suggests that

the influence of carbon source on thermal properties is relatively minor.

9) Mechanical Properties Analysis Using Nanoindentation
Nanoindentation analysis was utilized to evaluate the mechanical
properties of BC samples at the nanoscale. This precise technique measures localized
mechanical responses with high accuracy at micro- and nanoscale resolutions, making
it an essential tool for assessing materials designed for applications requiring both
strength and flexibility. The analysis focused on BC samples RTC-SD and RTC-SGlu,
selected for their higher productivity, with the RTC-C sample included as a control for

comparison. The detailed findings are summarized in Table 3.19.

The mechanical properties of BC samples, including RTC-SD, RTC-
SGlu, and the control (RTC-C), were no significant differences across all parameters,

such as maximum depth, plastic indentation depth, hardness, reduced modulus, and
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Young’s modulus (P > 0.05). This indicates that the different carbon sources used,
particularly sucrose, combination of sucrose-dextrose (SD), and combinations of
sucrose-glucose (SGlu), do not result in distinct variations in the mechanical properties
of BC. These findings suggest that the choice of carbon source in these cases has
minimal impact on the nanoscale mechanical behavior of BC. Actually, carbon source
is one of the factor affect the mechanical properties of BC (Betlej et al. 2020; Chibrikov

et al. 2023). However, in this case, the effect is not significantly different.

Various factors can affect the mechanical properties of BC such as
bacterial strains, cultivation methods, purification, nutrient composition including
carbon and nitrogen sources, and drying techniques. Cultivation methods and bacterial
strains significantly affect the structure and crystallinity of BC, which in turn impacts its
strength (Krystynowicz et al. 2002; Zeng et al. 2014; Chen et al. 2018a; Betlej et al.
2020; Chibrikov et al. 2023). The NaOH concentration during purification is essential for
removing impurities, directly affecting the quality and properties of BC fibers (Suryanto
et al. 2019; Chen et al. 2021). Drying methods affect BC's porosity and density, which
are crucial for its flexibility, tensile strength, and the organization of intra- and

interfibrillar spaces (Zeng et al. 2014; Wang et al. 2023b).

The mechanical properties of BC are closely linked to its
crystallinity, which plays a significant role in determining material strength and stiffness.
Studies have shown that an increase in the crystallinity index (Cl) generally enhances
stiffness and hardness while reducing ductility (Dusunceli and Colak 2008).
Furthermore, higher crystallinity has been associated with an increase in Young’s
modulus, reinforcing the connection between Cl and mechanical strength (Adekoya et

al. 2022).

In this study, the Cl values of RTC-C, RTC-SD, and RTC-SGlu samples
are relatively similar and show no significant differences in relation to their Young’s
modulus values. The Young’s modulus values of the BC samples vary, with some

falling within, below, or above the ranges reported in previous research.



Table 3.19 Mechanical properties of BC from kombucha fermentation of RTC-SD, RTC-SGlu, and RTC-C analyzed using a nano-indenter

MD Pl ML H RM CC PW EW YM
Sample ERP
(nm) (nm) (mN) (GPa) (GPa) (nm/mN) (nJ) (nJ) (GPa)
3402.68 2950.54 50.10 0.23 4.844 0.16 12.03 49.29 21.67 4.43
RTC-SD
+388.52 +366.31 +0.00 +0.07 +1.02 +0.02 +0.82 +5.30 +1.40 +0.94
3206.75 2754.19 50.10 0.26 5.106 0.17 12.04 51.22 21.08 a.67
RTC-SGlu
+250.54 +240.80 +0.00 +0.05 +0.64 +0.01 +0.65 +4.42 +1.08 +0.59
3412.25 2980.18 50.10 0.22 494 0.15 11.50 54.41 20.80 4.51
RTC-C
+259.56 +253.91 +0.00 +0.05 +0.56 +0.01 +0.22 +4.64 +0.47 +0.51

MD: maximum depth, Pl plastic, ML: maximum load, H: hardness, RM: reduced modulus, ERP: elastic recovery parameters, CC: contact
compliance, PW: plastic work, EW: elastic work, and YM: Young’s Modulus. Based on the statistical analysis, there were no significant differences

among the samples across all parameters (P < 0.05).

Gel
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For instance, Chen et al. (2018a) reported Young’s modulus values
ranging from 1.10 to 5.56 GPa for BC produced from various Komagataeibacter strains.
Zeng et al. (2014) observed lower values, between 198 and 659 MPa, depending on
the bacterial strains and drying methods used. Krystynowicz et al. (2002) found that
BC produced by A. xylinum E25 under static and rotating conditions exhibited Young’s
modulus values of 2.7 and 0.3 GPa, respectively. At the higher end, A. xylinum AGR60
cultured in coconut water reached 9.14 GPa (Potivara and Phisalaphong 2019), while
kombucha-derived BC was reported to have a Young’s modulus of 8.0 + 1.9 GPa

(Oliver-Ortega et al. 2021).

3.4.4 Effect of Process Parameters: pH, Harvesting Time, Tea
Concentration, and Cultivation Method on Bacterial Cellulose
yield and Water Holding Capacity
1) Effect of Initial pH on the Yield and WHC of BC

® Profile of Fermentation Broth

The pH and °Brix of the kombucha fermentation broth were
measured at the beginning and after 15 days of fermentation. The initial pH of the
medium was adjusted to 5, 6, 7, and a control value of 5.20 for the respective
treatments. After inoculation with a kombucha starter, the pH dropped significantly to
acidic levels of 3.40, 3.55, 3.61, and 3.41, respectively. After 15 days of fermentation,
the pH further decreased to 2.48, 2.46, 2.53, and 2.39. These changes, along with the

°Brix data, are presented in Table 3.20.

A similar pH trend has been observed in previous studies on
kombucha fermentation, where the pH typically drops to around 3.5 shortly after
inoculation and reaches approximately 2.8 within five days (Petrosian 2021). In black
tea kombucha fermentation, the pH was reported to decrease from 4.6 + 0.1 to 3.6
following the addition of a kombucha starter and further to 2.8 after 30 days
(Charoenrak et al. 2023). The continued decline in pH during fermentation is attributed

to the production of organic acids, including acetic and gluconic acids, by
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microorganisms in the SCOBY acid (Aswini et al. 2020; Lee et al. 2021). These
microorganisms thrive in acidic conditions, typically within a pH range of 2-4 (Goh et
al. 2012), which protects the fermentation medium from contamination by undesirable
microbes (Petrosian 2021; Wang et al. 2023a). Additionally, the presence of
polyphenols in the medium supports the growth of the SCOBY while inhibiting the

proliferation of other microorganisms (Jayabalan et al. 2014).

Table 3.20 The change of pH and °Brix during RTC kombucha fermentation with

different initial pH condition

The change of the pH The change of the °Brix

Sample
initial pH final pH initial °Brix  final °Brix
RTC-Control* (pH-5.20) 3.43+0.03°  2.39+0.04° 10.30+0.00*  9.33+0.35%
RTC-pH-5 3.41+0.01°  2.48+0.01° 10.40+0.00°  9.17+0.13
RTC-pH-6 3.55+0.02°  2.46+0.03° 10.70+0.00¢  9.60+0.17°
RTC-pH-7 3.61+0.03°  2.53+0.03° 10.50+0.00°  9.57+0.22%°

*The control sample was prepared without pH adjustment. Different lowercase letters within a
column indicate significant differences among the four treatments, as determined by the LSD test
(P < 0.05).

Despite the initial adjustments of pH using HCl (acid) and NaOH
(base), the pH of the medium after inoculation dropped to a similar range (3.40-3.61)
across all treatments. This suggests a buffering effect likely caused by organic acids in
the kombucha starter, as reported in other studies (Hruska et al. 1999; Dartiguenave et
al. 2000; Zheng et al. 2023). Kombucha cultures are known to stabilize the pH around
this acidic range regardless of initial pH adjustments, driven by microbial metabolic

pathways that favor acid production (Teoh et al. 2004; Jayabalan et al. 2007).

The initial pH values recorded in this study align with prior research,
which reported ranges such as 3.19-3.27 (Chong et al. 2024), 3.85-4.99 (Phung et al.
2023), and 3.24-3.34 (Leonarski et al. 2021b). However, the final pH values in this

study—2.48, 2.46, 2.53, and 2.39—are lower than those in some studies, such as black,
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green, and oolong tea fermentations (2.72-2.79) (Chong et al. 2024), black tea
fermentation after 30 days (2.8) (Charoenrak et al. 2023), and beverages made from
black tea and pineapple (2.95-3.30) (Phung et al. 2023). Similar final pH values have
been reported in acerola byproduct-based fermentations (2.49-2.58) (Leonarski et al.
2021b), while others have documented even lower values, such as 1.88 after 21 days

of fermentation (Chakravorty et al. 2016).

These findings emphasize the critical role of pH control in BC
production. Kombucha fermentation media typically maintain pH levels between 3
and 4, which is conducive to BC synthesis. This observation is consistent with previous
studies, such as those by Oliver-Ortega et al. (2021), which identified similar pH

conditions as optimal for BC production (Oliver-Ortega et al. 2021).

In addition to pH, we also measured the total soluble solids (TSS)
of the broth before and after fermentation (Table 3.20). Initially, TSS ranged from 10.30
to 10.70 °Brix, but after fermentation, it dropped to 9.17 to 9.60 °Brix. TSS indicates
sugar concentration in the solution (Muzaifa et al. 2022). Similar reductions in TSS
during fermentation have been reported in other studies, such as snake fruit
kombucha, where TSS decreased from 13.30-14.08 °Brix to 12.43-12.97 °Brix (Zubaidah
et al. 2019), and cascara kombucha, which dropped from 10.97 °Brix to 9.97 °Brix over
eight days (Muzaifa et al. 2022). This decrease is due to microbial activity, which
converts sugar into glucose for microbial growth and development (Sinamo et al. 2022).
Although the TSS values remain relatively high, they no longer accurately reflect the
original sugar content, as the broth volume has significantly decreased during

fermentation, resulting in an actual reduction in total sugar.

® The Yield and WHC of BC

This study examined the impact of pH on the yield and water-
holding capacity (WHC) of BC by adjusting the medium'’s initial pH using HCl for pH 5
and NaOH for pH 6 and 7. Figure 3.29 shows the effect of different pre-inoculation

medium pH on the yield and water-holding capacity of BC.
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Figure 3.29 Wet yield (g/L), dry yield (¢/L), and WHC of BC samples from RTC

kombucha fermentation with different pH conditions.

The control sample (pH = 5.20), with the lowest final pH of 2.39,
produced the highest wet yield at 185+17.28 ¢/L and a dry yield of 1.34+0.13 ¢/L. In
contrast, the pH 5, 6, and 7 samples had lower wet yields of 150+13.73, 151+16.17,
and 132+11.51 ¢/L, and dry yields of 0.86+0.01, 1.01+0.06, and 1.01+0.10 ¢/L,
respectively. Despite these variations, the wet yields of the pH 5, 6, and 7 samples
were not significantly different from each other (P > 0.05), suggesting that adjusting the
initial pH with HCl and NaOH had minimal impact on overall yield. The fermentation
process caused the pH to drop to similar levels, which normalized microbial activity
across all samples (Table 3.20). The result of this study show that the pH of around
3.40 is ideal for BC production in kombucha fermentation, as the microorganisms in
the SCOBY thrive in pH conditions of 2 to 4 (Goh et al. 2012). This range is typical for
BC production using kombucha. However, different bacterial strains and media can
require higher pH levels. For example, K. xylinus produced BC optimally at a pH of
6.05 using fig waste as the medium (Yilmaz and Goksungur 2024). Other research
indicates that a pH range of 4 to 6 is optimal for BC fermentation (Lahiri et al. 2021).
Strains like A. xylinum thrive at pH levels between 5.5 and 7.5 (Son et al. 2001; Junaidi
and Azlan 2012), while A. senegalensis MA1 and K. rhaeticus K23 require pH levels of
4.5 and 5.5, respectively, for optimal production (Aswini et al. 2020; U gurel and O~gut
2024).
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The dry yield followed a similar pattern to the wet yield. The
control had the highest dry yield (1.34+0.13 g/L), while the pH 5, 6, and 7 samples had
lower vyields (0.86+0.01, 1.01+0.06, and 1.01+0.10 ¢/L). There was no significant
difference between the pH 6 and 7 samples (P > 0.05), but the pH 5 sample had the
lowest dry yield (P < 0.05). For WHC, the pH 5 sample had the highest value at
174+14.29 ¢ water/g cellulose, while the pH 6, 7, and control samples had lower WHC
values (150+7.58, 132+20.42, and 137+1.23 g water/g cellulose) with no significant
differences (P > 0.05). The low dry yield and high WHC of the pH 5 sample maybe due
to the addition of HCl, which could increase WHC by promoting structural changes,
enhancing hydrophilic properties, and affecting microbial activity, leading to a BC
network better suited for water retention. These findings provide insights into how pH,
chemical additions, and fermentation dynamics influence BC production in terms of

wet yield, dry yield, and WHC.

2) Effect of Harvesting Period on the Yield and WHC of BC

The objective of this study was to have information about the effect
of the harvesting period on the yield of BC from Thai red tea kombucha fermentation.
Many previous studies conducted BC fermentation through kombucha fermentation
for around one to four weeks (AL-Kalifawi and Hassan 2014; Ramirez Tapias et al. 2022,
Charoenrak et al. 2023). After being harvested at a certain time, usually, the
fermentation broth is still left over and can be continued to the next fermentation to
produce more BC. This study conducted the experiment on various harvesting times

during four weeks.

® Profile of fermentation broth
Table 3.21 presents the analysis of pH and °Brix changes during
the fermentation process. The results indicate a consistent decrease in both pH and
°Brix values over time. It is important to note that the final °Brix value does not
necessarily reflect the total residual sugar content, as sugars are metabolized by

microbial activity and water content may also decrease during fermentation.
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The initial pH prior to fermentation was 3.58 + 0.01, which
gradually declined to 2.84 + 0.06 in the week 1-4 sample, 2.59 + 0.02 in the week 2-
4 sample, 2.45 + 0.01 in the week 3-4 sample, and 2.33 + 0.06 in the week 4-4 sample.
These reductions were statistically significant across all sampling intervals. After 28
days of fermentation (week 4), all samples exhibited a relatively similar pH range (2.26-
2.33), with no statistically significant differences among treatments. Several previous
studies have reported comparable trends in pH reduction during kombucha
fermentation. Charoenrak et al. (2023) reported a decrease in pH from approximately
3.6 on day 0, to 3.2 on day 7, 3.0 on day 14, and 2.3 after 30 days of fermentation.
Ramirez Tapias et al. (2022) observed final pH values ranging from 2.37 to 2.65 after 21
days of herbal infusion fermentation. Similarly, Chakravorty et al. (2016) reported pH

values of 2.28, 1.98, and 1.88 after 7, 14, and 21 days of fermentation, respectively.

In addition to pH, TSS evaluation showed that the initial °Brix
value for all samples was 10.70 + 0.00, indicating uniform sugar concentrations at the
start of fermentation. Following the first harvest, a decrease in °Brix was observed,
likely due to microbial sugar metabolism. However, °Brix values remained relatively
stable from the first to the final harvest. No statistically significant differences were
detected among the samples after either the first or final harvest. This stabilization
may be explained by a balance between ongoing microbial sugar consumption and
water loss through evaporation. As the fermentation progressed under static conditions
in open vessels, water evaporation likely contributed to a slight concentration of the
fermentation broth, partially offsetting further reductions in °Brix. This effect could
have masked continued sugar depletion, resulting in relatively unchanged °Brix

readings despite ongoing microbial activity.
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Table 3.21 The change of pH and °Brix during RTC kombucha fermentation time

The Change of the pH The Change of the °Brix
Samples
Initial 15t harvest final initial 1%t harvest final

Week 1-4  3.58+0.01*° 2.84+0.06° 2.26+0.04° 10.70+0.17° 9.93+0.18%  9.73+0.11°
Week 2-4  3.58+0.01° 2.59+0.02° 2.29+0.02® 10.70+0.17% 9.62+0.10°  9.90+0.17°
Week 3-4  3.58+0.01*° 2.45+0.01° 2.27+0.01° 10.70+0.17° 9.82+0.17%  9.79+0.24°
Week 4-4  3.58+0.01° 2.33+0.06° 2.33+0.06* 10.70+0.17% 9.83+0.20°  9.83+0.20°

® The Yield and WHC of BC

Figure 3.30 shows the effect of different harvesting times on
the yield and water-holding capacity of BC from Thai red tea kombucha fermentation.
Samples W1-4, W2-4, and W3-4 were harvested twice: once at their assigned week
(week 1, 2, or 3) and again in the fourth week. Wi4-4 was harvested only once in the
fourth week. The results indicate that harvesting time significantly affects BC yield, with
higher yields observed for samples harvested later, especially W4-4. This aligns with
studies showing increased BC production with extended fermentation, as Acetobacter

continues producing cellulose with adequate nutrients and sugar.

For both wet and dry yields, samples harvested after longer
fermentation time (W3-4 and W4-4) consistently show higher yields than those
harvested earlier (W1-4 and W2-4). The W4-4 sample, which was harvested after four
weeks without interruption, achieved the highest wet yield (268.39+35.02 ¢/L) and dry
yield (2.35+2.35 g¢/L). This trend is expected because BC production typically
accelerates after the initial microbial adaptation phase. Previous studies have reported
similar increases in yield with extended fermentation time, where wet yields rose
from 1,162 + 28 ¢ (7 days) to 3,931 + 43 ¢ (30 days), while dry yields increased from 120
+ 10 ¢ to 880 + 27 ¢ (Charoenrak et al. 2023). Comparable growth trends were also

documented over 8, 12, and 20 days of fermentation (Petrosian 2021). This consistent
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pattern occurs because bacteria continue synthesizing cellulose until nutrient

depletion or the accumulation of inhibitory byproducts limits further production.
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Figure 3.30 Wet yield (g/L), dry yield (g/L), and WHC (g water / ¢ cellulose) of BC
samples from RTC kombucha fermentation with different harvesting

period

Comparing the total yields across the different samples (W1-4,
W2-4, W3-4, and Wid-4), W2-4 had the highest overall yield, with a total wet yield of
368.22+28.33 ¢/L and a total dry yield of 3.04+0.38 ¢/L. This suggests that harvesting
after the second week may strike a balance between maximizing yield and allowing
sufficient time for bacterial growth. While W4-4 achieved the highest yields for a single
harvest, the cumulative yield from earlier harvesting periods in W2-4 was superior. This
finding aligns with some studies where BC production increased until about 15 days of
fermentation, and further increases in yield were minor (Yanti et al. 2018; Aswini et al.

2020; Photphisutthiphong and Vatanyoopaisarn 2020).

The WHC trends show a different pattern compared to the
yield data (Figure 3.20). Initially, the WHC decreases as the fermentation progresses.
For example, W1-4 had the highest WHC at the first harvest (139.01+4.77 ¢ water/g
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cellulose), while W4-4, which was harvested after the longest period, had the lowest
WHC (113.61+3.73 ¢ water/g cellulose). The average WHC values for the samples
followed a similar trend, with the earliest sample (W1-4) having the highest average
WHC (122.42+7.37) and the later samples (W2-4, W3-4, and W4-4) having lower WHC
values (120.84+5.38, 112.84+4.93, and 113.61+3.73 ¢ water/g cellulose, respectively).
This finding is align with a previous study (Charoenrak et al. 2023). The reduction in
WHC over time could be related to structural changes in the BC matrix. Longer
fermentation times allow for more extensive cross-linking of cellulose fibers, leading
to a denser structure that holds less water. The reduction of WHC with the age of BC
suggests that the nanoribbons arrangement must have significantly varied with
incubation time, conditioning the weight of water held per unit weight of cellulose
(Corzo Salinas et al. 2021). Previous investigations on sheet BC pellicles have shown
that increasing fermentation times, more micro-fibrils were secreted by bacteria,
resulted in membranes with a less porous and more compact nanoribbons network
structure which in turn affected the water holding capacity (Tang et al. 2010; Cerrutti
et al. 2016).

Overall, the results suggest that harvesting time plays a critical role
in determining the yield and WHC of BC from kombucha fermentation. Extended
fermentation times increase both wet and dry yields but reduce the WHC due to
structural changes in the cellulose matrix. Optimal harvesting times depend on
whether the g¢oal is to maximize yield or maintain higher WHC properties. Future
studies should further investigate the balance between yield and WHC to optimize BC

production for specific applications.

3) Effect of Tea Concentration on the Yield and WHC of BC
In kombucha fermentation, tea concentration plays a critical role in
BC production. A concentration of 1% (w/v) is most commonly used in previous
studies, as it provides essential nutrients—particularly polyphenols—that support the

growth of Komagataeibacter species, the primary producers of BC. This level is
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generally considered optimal due to its balance between microbial growth support
and cost-effectiveness. However, the impact of higher tea concentrations—such as 2%
and 3%—on BC production, particularly using Thai red tea, remains largely unexplored.
This study aims to investigate the effects of increased tea concentrations on both the
yield and WHC of BC. The goal is to determine whether a greater supply of nutrients
from higher tea concentrations can enhance BC production or influence its physical

characteristics.

® Profile of Fermentation Broth

The changes in pH and °Brix before and after fermentation are
presented in Table 3.22. The observed decrease in °Brix aligns with results reported in
previous studies. Regarding pH, the initial values of the tea infusions at 1% (RTC-1%),
2% (RTC-2%), and 3% (RTC-3%) concentrations before inoculation were approximately
5.22,5.20, and 5.19, respectively. After inoculation, the pH values shifted to 3.72, 3.94,
and 4.08, respectively. Notably, higher tea concentrations corresponded with higher
pH values after both inoculation and fermentation. This trend may be attributed to
the buffering capacity of soluble compounds present in the tea infusions. Previous
research has demonstrated that components such as carboxyl and amino groups in
green tea extracts contribute to buffering effects—organic acids and carboxylic groups
of amino acids buffer around pH 3.7, while catechins, theanine, and amino groups

contribute to buffering near pH 9.3 (Yamano and Miyagawa 1997).

In contrast, the °Brix values decreased after fermentation across all
samples but remained statistically similar, ranging from approximately 9.8 to 10.0 °Brix.
This suggests that sugar consumption during fermentation was relatively consistent

despite variations in initial pH and tea concentration.
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Table 3.22 The change of pH and ©°Brix (before and after) RTC kombucha

fermentation with different tea concentration

The Change of the pH The Change of the Brix
Sample
Initial pH final pH Initial °Brix °Brix
RTC-1% 3.72+0.00° 2.58+0.03° 11.00+0.00? 9.87+0.13°
RTC-2% 3.94+0.01° 2.94+0.02° 11.10+0.00° 9.83+0.10?
RTC-3% 4.08+0.00° 3.20+0.03¢ 11.40+0.00° 10.00+0.072

Overall, these results indicate that while initial pH and tea
concentration influence the acidity attained during fermentation, their effect on
residual sugar content (as measured by °Brix) is less significant. Microbial activity lowers
pH through acid production, but sugar consumption, reflected by the decrease in °Brix,

appears to be relatively uniform across treatments.

® The Yield and WHC of BC

The effect of varying tea concentrations on the wet yield, dry yield,
and WHC of BC from Thai red tea kombucha is presented in Figure 3.31. The data
reveal distinct trends that align with findings from prior studies on kombucha

fermentation and BC production.

The wet yield results indicate that increasing tea concentrations do
not necessarily improve BC production. The 2% tea concentration (RTC-2%) yielded
the highest wet yield at 195.72+18.53 g/L, although this was not significantly different
from the 1% tea sample (177.36+13.72 g/L). Interestingly, the 3% tea concentration
(RTC-3%) produced the lowest wet yield (157.60+8.01 ¢/L), significantly lower than
both the 1% and 2% samples (P < 0.05). For the dry yield, the RTC-2% sample again
showed the highest value at 1.66+0.24 g/L, significantly greater than RTC-1% (1.40+0.03
g/L) and RTC-3% (1.53+0.01 ¢/L). While RTC-3% had a slightly higher dry yield than

RTC-1%, the difference was not statistically significant (P > 0.05). These findings suggest
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that moderate tea concentrations, between 1% and 2%, provide optimal conditions

for cellulose synthesis by balancing nutrient availability and microbial activity.
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Figure 3.31 Wet yield (g/L), dry yield (g/L), and WHC of BC samples from RTC

kombucha fermentation with different tea concentration

This study differs slightly from previous research, where a 1% tea
concentration (10 ¢/L tea infusion) was considered optimal and commonly used for
BC production through kombucha fermentation (AL-Kalifawi and Hassan 2014; Kalifawi
2018; Avcioglu et al. 2021; China et al. 2021; Oliver-Ortega et al. 2021). Further
investigation is necessary to determine the optimal tea concentration for BC
production, particularly using Thai red tea kombucha. Notably, the Thai red tea used
in this experiment contains 94% Assam red tea powder, 5% sugar, and 1% other
ingredients such as artificial flavoring and coloring agents (as indicated on the
packaging). Research findings indicate that higher tea concentrations can reduce the
efficiency of cellulose-producing bacteria, possibly due to excess polyphenols and
other compounds interfering with fermentation. This inverse relationship between tea
concentration and BC yield has been observed in previous studies, where excessive

tea inhibited the growth of microbes like G. xylinus (Nguyen et al. 2008).

The trend in WHC shows a clear decline with increasing tea
concentrations. RTC-1% had the highest WHC (125.91+11.63 ¢ water/g cellulose),

though it was not significantly different from RTC-2% (117.6+7.12 ¢ water/g cellulose).
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However, the sample from RTC-3% exhibited the lowest WHC (108.81+3.40 ¢ water/g
cellulose), with a significant difference from the other samples (P < 0.05). The decrease
in WHC with higher tea concentrations may be due to the denser and less porous
structure of the BC matrix formed in the presence of higher levels of polyphenols.
These polyphenols can bind to cellulose, reducing its ability to retain water. Several
studies have reported on the interaction between polyphenols and the cellulose
matrix, supporting this explanation (Phan et al. 2015; Liu et al. 2017, 2018; Makarewicz
et al. 2021). Although NaOH is used to purify BC, some polyphenols may remain bound
to the cellulose structure. Stable polyphenols can form strong bonds with cellulose,
making them hard to remove completely. Further investigation is necessary to

determine whether polyphenols exist in purified BC.

4) Effect of Cultivation Methods on the Yield and WHC Of BC

This study investicated the effects of different cultivation
methods—static, agitated, and shaking—on the yield and WHC of BC. The choice of
cultivation method is a critical factor in BC production, as it influences not only the
yield but also the structural properties and suitability of the material for various
applications. Static cultivation is often favored for its simplicity and the high-quality
cellulose it produces, though it generally results in lower yields (Wang et al. 2019b;
Gao et al. 2020; Lahiri et al. 2021). In contrast, shaking and agitation methods improve
oxygen and nutrient availability, which can enhance productivity levels (Lahiri et al.
2021; Akintunde et al. 2022). This study compares the impact of static, agitated, and
shaking cultivation methods on the yield and WHC of BC from Thai red tea kombucha
fermentations, aiming to understand how different conditions affect production
efficiency. The shaking method was performed using an orbital shaker at 150 rpm,

while the agitation was carried out with a magnetic stirrer, also set to 150 rpm.

® Profile of Fermentation Broth
The changes in pH and °Brix during Thai red tea kombucha

fermentation under different cultivation methods (static, shaking, and agitating) are
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presented in Table 3.23. The results show consistent trends with previous
experiments, where the final pH and °Brix values varied depending on the cultivation
method. The initial pH for all samples was consistent at 3.43+0.03. After fermentation,
the static method resulted in the lowest final pH (2.47+0.03), followed by agitating
(2.51+0.15) and shaking (2.53+0.02). However, the differences in pH among the
methods were not statistically significant (P > 0.05). The slightly lower pH in the static
method may be attributed to the accumulation of organic acids produced during

fermentation, as static conditions limit oxygen availability, promoting acid production.

Table 3.23 The change of pH and °Brix (before and after) RTC kombucha

fermentation with different cultivation methods

The Change of the pH The Change of the °Brix
Sample
Initial pH final pH initial °Brix final °Brix
RTC-static 3.43+0.03° 2.47+0.03° 10.90+0.00° 10.17+0.35°
RTC-Shaking 3.43+0.03° 2.53+0.02° 10.90+0.00° 12.37+2.32°
RTC-Agitating 3.43+0.03° 2.51+0.15° 10.90+0.00° 12.96+1.33°

In terms of °Brix, the initial value for all samples was 10.90+0.00,
indicating uniform sugar concentration at the start. However, the final °Brix values
varied significantly: static (10.17+0.35), shaking (12.37+2.32), and agitating (12.96+1.33).
The static method showed the lowest final °Brix, suggesting greater sugar consumption
by microbes due to prolonged fermentation under limited oxygen. In contrast, shaking
and agitating methods retained higher °Brix levels, which may be due to water
evaporation during fermentation, leading to increased sugar concentration, or
improved oxygen and nutrient distribution slowing sugar utilization. These findings align
with previous studies, where static conditions promote acid production and sugar
consumption, while agitated or shaken methods enhance oxygen availability,

potentially altering fermentation dynamics. Further research is needed to fully
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understand the impact of cultivation methods on microbial behavior and BC

production efficiency.

® The Yield and WHC of BC

Figure 3.32 visualized the effect of different cultivation methods
on the yields and WHC of BC from Thai red tea kombucha fermentations. In this study,
static and shaking cultivations resulted in comparable wet and dry yields, with no
significant difference between them (P > 0.05). Static cultivation produced a wet yield
of 185.45 ¢/L and a dry yield of 1.34 g/L, while shaking and agitated cultivation yielded
of 182.99 ¢/L and 37.37 g/L for wet yield, respectively and 1.07 ¢/L and 0.45 ¢/L for
dry yield, respectively. These results contrast with several previous studies, which
generally report that shaking provides the highest productivity due to enhanced
oxygenation and nutrient dispersion (Ullah et al. 2019; Barja 2021a). However, our
findings indicate that under specific conditions, such as optimized inoculum

concentration or nutrient availability, static cultivation can match shaking in yield.

Despite the similarity in yields, the WHC results showed significant
differences among the cultivation methods. Shaking produced the highest WHC at 171
g/g, which is significantly greater than that of static (137 ¢/¢) and agitated (81.09 ¢/g)
cultivations (P < 0.05). This higher WHC under shaking conditions aligns with previous
research indicating that shaking promotes a more porous BC structure, enhancing its
water holding capacity (Krystynowicz et al. 2002). Conversely, the agitated method,
using a magnetic stirrer, had the lowest yield and WHC, likely due to the shear forces
and limited oxygenation disrupting BC fibril formation. Many previous studies also
emphasize that agitation often leads to lower BC yields compared to both static and
shaking methods, due to the excessive shear forces that can inhibit proper cellulose
formations (Zhang et al. 2022a). Agitated cultivation presents a challenge in BC
production due to the potential for cellulose-producing cells (Cel+ cells) to mutate
into non-producing mutant cells (Cel- mutants) ) (Moon et al. 2006; Jacek et al. 2019).

This genetic instability often results in reduced yields of BC (Martirani-VonAbercron and
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Pacheco-Sanchez 2023). Additionally, Furthermore, not all bacterial strains are suitable
for cultivation using agitation methods (Barja 2021a), which limits their application in
certain cases. Our study supports this trend, with the agitated samples showing

significantly lower yields (wet yield of 37.37 ¢/L and dry yield of 0.45 ¢/L) and the

lowest WHC.
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Figure 3.32 Wet yield (g/L), dry yield (g/L), and WHC of BC samples from RTC

kombucha fermentation with different cultivation method

3.5 Conclusion

This study has demonstrated that Thai red tea kombucha constitutes a
promising and economically viable medium for bacterial cellulose production. Among
the four tea varieties evaluated—Chinese Black Tea, Assamica Black Tea, Thai Green
Tea, and Thai Red Tea—the latter yielded the highest BC production of 168.00 + 2.93
g/L, which was further enhanced by supplementation with ethanol and specific carbon
source combinations, achieving a maximum yield of 259.54 g/L. Optimization of critical
fermentation parameters, including maintaining the unadjusted initial pH (~5.20), tea
concentrations of 1-2%, cultivation duration, and bi-weekly harvesting over four weeks,
significantly increased the cumulative BC yield to 368.22 + 28.33 ¢/L under static
cultivation at 30 °C. Comprehensive characterization of the produced BC confirmed its
favorable physicochemical properties, including a well-defined fiber morphology, high

crystallinity, thermal stability, and satisfactory mechanical strength. These results
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validate the suitability of Thai red tea kombucha as a culturally relevant and cost-
effective substrate for BC biosynthesis. The present study provides essential baseline
data to guide subsequent statistical optimization and scale-up efforts aimed at

improving BC production efficiency for diverse industrial applications.
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