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CHAPTER 1  

INTRODUCTION 

1.1 Rationale for the Research 
Technological developments are accompanied by an increase in various 

material needs, both as raw materials and as intermediate products. One of the most 

needed materials today is cellulose-based products such as nanocellulose and various 

derivatives. Although it had decreased in the 20th century, the use of cellulose is now 

rising, owing to its natural abundance, renewability, biodegradability, and inherent 

biocompatibility, especially with the development of nanotechnology and 

characterization techniques such as isolating, modifying, and characterizing cellulose 

(Jiang et al. 2021). 

Cellulose has been known for a long time—around 150 years ago—as a 

renewable and biodegradable polymer (Börjesson and Westman 2015). Current 

technological developments have succeeded in changing or modifying cellulose 

polymers into various derivative products, and these products are widely used in 

various applications such as coatings, films, membranes, new building materials, drilling 

techniques, pharmaceuticals, and food products (Börjesson and Westman 2015). In 

general, cellulose is one of the main components of lignocellulosic, which is mostly 

part of the plant cell wall along with other components such as hemicellulose, lignin, 

pectin, and wax (Mulyadi 2019). The composition of cellulose can reach one-third of 

the plant tissue and is the main component of several natural fibers such as cotton, 

flax, hemp, jute, and others (Moran et al. 2008). Apart from plant tissue sources, 

cellulose can also be obtained from other sources such as tunicates, algae, and 

bacteria. According to Kargarzadeh et al. (2017), several sources of cellulose other than 
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plants are (1) tunicates, namely a group of invertebrates from marine animals, 

especially from the subphylum of Tunicate group; (2) several types of algae such as 

green, red, gray, and brown algae; and (3) several species of bacteria that can produce 

cellulose, such as the bacteria Gluconacetobacter xylinus.  

Bacteria may create cellulose in a fermentation process, such as when making 

kombucha. Kombucha is a fermented beverage with a long list of health advantages. 

As a by-product of kombucha production, a white pellicle layer (cellulose) known as 

bacterial cellulose (BC) is produced. Bacteria like Acetobacter xylinum can produce BC 

during their metabolism (Jasmania 2018). BC has a unique structure, a better degree of 

purity, and a higher mechanical property, to name a few advantages (Klemm et al. 

2005). The unique characteristics and its potential application are the advantages of 

BC such as biodegradability and high purity (Ludwicka et al. 2020), high flexibility, high 

water holding capacity, hydrophilicity, high crystallinity, moldability, mechanical 

stability, etc. (Gorgieva and Trček 2019; Ullah et al. 2019; Lin et al. 2020; Choi et al. 

2022). 

BC has been used for many applications, including in the food industry. In the 

food industry, cellulose can be utilized as a low-calorie carbohydrate alternative, 

thickener, flavor carrier, and suspension stabilizer (Peng et al. 2011). A study reported 

as well on the application of BC in food industries such as food packaging, dietary food, 

thickening agents, and traditional desserts like nata de coco (Reiniati 2017), fat 

replacers, meat analogs, stabilizers of Pickering emulsions (PEs), rheology modifiers, 

and immobilizers of probiotics and enzymes (Azeredo et al. 2019a). Nanocellulose can 

extend food shelf life and improve food quality by acting as a carrier for active 

ingredients such as antioxidants and antimicrobials (Peng et al. 2011). So, in the 

nutraceutical product, there are such things as an emulsifier, the immobilization of 

bacterial and mammalian cells, the immobilization of enzymes, and the 

immobilization of bioactive agents (Khan et al. 2018). 
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BC has been produced and marketed commercially. One biotechnology 

company, Polybion, has completed the construction of the world's first BC 

biomanufacturing factory (www.prnewswire.com 2022). Even though it has been 

manufactured commercially, the synthesis of BC is claimed to be expensive due to 

the use of expensive medium components (Revin et al. 2018; El-Gendi et al. 2022; 

Kamal et al. 2022). Some studies have been reported about the effort of using low-

cost substrates for BC production, such as agricultural waste or residual biomass 

(Waghmare et al. 2018; Akintunde et al. 2022) and industrial waste and by-product 

streams (Tsouko et al. 2015). 

In the kombucha production process, BC is a by-product that has not been 

used optimally so far. This by-product can increase its value by being made into an 

intermediate product or a final product. Apart from only producing BC as a by-product, 

the kombucha fermentation method is actually very possible to apply to produce BC 

as the main product. BC production by applying this method can be an alternative for 

producing BC with low production costs. The substrate used in BC production media 

through kombucha fermentation generally only consists of sugar (sucrose), tea, water, 

and the addition of microbial cultures. 

Thailand is well known for producing tea (Pongpruttikul and Yamsa-ard 2022). 

Thailand produces some types of tea, which are classified into four major groups based 

on the production methods and product used: green tea, black tea, oolong tea, and 

chewing tea (P. Winyayong 2007). Different types of teas show different nutritional or 

compositional values, such as protein, water content, ash, volatiles, caffeine, and 

minerals (Czernicka et al. 2017). As it is known, production of BC is affected by the 

nutritional value of the medium; thus, different types of tea may affect the yield and 

characteristics of BC. Therefore, an investigation of the effect of the tea on the yield 

and characteristics of BC is necessary. Once the tea is selected, it must also be selected 

for other factors such as the best carbon source, additives, initial pH of the medium, 

tea concentration, fermentation time, and cultivation technique. To get the optimal 
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conditions for BC production, the medium composition and environmental conditions 

must also be optimized.  

Optimization of BC production is essential to improve yield and process 

efficiency, particularly when using alternative substrates or modified culture conditions. 

Response Surface Methodology (RSM) is a widely used statistical approach that enables 

the evaluation of multiple variables and their interactions in a systematic and efficient 

manner. Several previous studies have successfully applied RSM to optimize BC 

production, such as from agro-industrial waste materials (Singh et al. 2017), waste fig 

substrates (Yilmaz and Goksungur 2024), and by modifying the composition of the 

Hestrin–Schramm (HS) medium to enhance culture performance (Aswini et al. 2020). 

In this study, RSM was employed to optimize the production conditions of BC, based 

on selected key factors known to influence microbial cellulose synthesis. 

Once the optimum production conditions were achieved, the next phase of 

this study focused on modifying BC. Although BC is a highly pure, biocompatible, and 

biodegradable biopolymer with excellent native properties, its structure often requires 

further modification to meet specific functional and industrial demands. Various 

physical, chemical, and enzymatic techniques have been explored to tailor its 

morphology and performance. Among these, high-pressure homogenization (HPH) and, 

in particular, high-pressure microfluidization (HPM) are effective physical methods used 

to reduce fiber size and alter surface characteristics, thereby improving material 

functionality (Wang et al. 2015; Mert 2020). These treatments can significantly influence 

properties such as crystallinity, surface area, and mechanical strength, with HPM 

offering particular promise, though its application to BC remains relatively 

underexplored. 

In this study, HPM was employed as a mechanical modification method with 

the aim of investigating how the structural changes in BC affect its performance when 

incorporated into a food matrix. The resulting BC nanofibers (BCNFs) were integrated 

into a jelly candy (JC) formulation to assess their influence on product characteristics 
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such as color and texture. In addition, the jelly candies were analyzed to evaluate the 

BCNFs’ potential role in preserving the bioaccessibility of bioactive compounds—

specifically total phenolic content (TPC), total flavonoid content (TFC), and antioxidant 

activity—during simulated gastrointestinal digestion. This approach enabled a deeper 

understanding of how HPM-treated BC behaves when mixed into food systems, 

highlighting its potential as a functional ingredient. 

1.2 Hypothesis of the Research 
This study aims to explore the following hypothesis: 

1) The use of different types of tea, carbon source combinations, and

variations in additives such as ethanol, yeast extract, vitamin C, soy

protein isolate, and puree coffee will affect the yield and characteristics

of the BC produced.

2) The use of different pH, harvesting times, tea concentrations, and

cultivation methods will affect the yield and characteristics of the BC

produced.

3) Response surface methodology (RSM) can be used for optimization of the

best formulation to increase the yield of BC production.

4) The treatment methods of the high-pressure microfluidizer will result in

different characteristics of the BCNFs produced.

5) BC can be used in the formulation of jelly candy (JC) and can affect its

properties.

1.3 Objective of the Research 
The research aims to achieve the following objectives: 

1) To obtain the best types of tea, carbon sources, and additives on the

yield of BC production.
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2) To obtain the best pH of culture medium, harvesting time, tea

concentration, and cultivation methods on the yield BC production.

3) To obtain the optimum condition for BC production using response

surface methodology (RSM).

4) To obtain BCNFs from BC under different treatments of high pressure

microfluidizer.

5) To develop a jelly candy (JC) formulation containing BC and bioactive

ingredients

1.4 Expected Results of the Research 
The expected results from this study are: 

1) Knowledge on the best type of tea, carbon source combination, and

additive type for the yield and characteristics of produced BC.

2) Knowledge on the effects of pH, harvesting time, tea concentration, and

cultivation methods on the yield and characteristics of the produced BC.

3) Obtaining the best formulation for increasing the yield of BC using

response surface methodology (RSM).

4) Knowledge on the effect of high-pressure microfluidizer treatment on the

characteristics of BCNFs.

5) A prototype of a jelly candy product containing BC and bioactive

compounds.

1.5 Scope of the Research 
BC was produced using the kombucha fermentation method. The microbial 

starter used in this study was a symbiotic culture of bacteria and yeast (SCOBY) 

purchased online from Neo Cold Brew Thailand, a local supplier of kombucha cultures 
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and related products. The SCOBY was used directly after purchase and regenerated 

through standard cultivation methods, without further microbial identification. 

Several experiments were conducted to investigate the effects of different 

types of tea, additives, carbon source combinations, initial pH levels, fermentation 

time, tea concentrations, and cultivation methods on the yield and characteristics of 

BC. Optimization of BC production was performed using response surface methodology 

(RSM) to determine the best production conditions based on these variables. 

After optimization, BC was produced under the best conditions and further 

used to study the effects of mechanical treatment for the production of bacterial 

cellulose nanofibers (BCNFs). BCNFs were obtained from BC pulp using a high-pressure 

microfluidizer method, and their characteristics were examined. The BC pulp and 

BCNFs were first applied in the development of a JC formulation to identify the best 

texture and color properties, aiming to achieve a texture similar to the control sample. 

The optimized JC formulation was combined with selected bioactive ingredients to 

assess the role of BC as an effective delivery carrier. Subsequently, simulated 

gastrointestinal digestion was conducted to evaluate the impact of digestive processes 

on the bioaccessibility of bioactive compounds within the JC matrix. 

1.6 Organization of the Research 
The research comprises seven (7) chapters, structured as follows: 

1) Chapter 1: Research Principles and Justification, including Background

Information, Research Hypothesis, Research Objectives, Expected Results

of the Research, and Research Scope.

2) Chapter 2: Literature Review including overview of the Kombucha (Tea in

Thailand and Kombucha fermentation), BC (BC biosynthesis, BC

production methods, Factors affecting BC production, Production of

BCNFs, and Application of BC in nutraceutical), and Response Surface

Methodology (RSM).
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3) Chapter 3: Investigation of Factors Affecting Bacterial Cellulose

Production and Characteristics from Thai Tea Kombucha, including Tea

Varieties, Carbon Sources, Additives, Initial pH, Harvesting Time, Tea

Concentration, and Cultivation Methods

4) Chapter 4: Study to optimize BC production from Thai red tea kombucha

using central composite design (CCD) in response surface methodology

(RSM)

5) Chapter 5: Study to explore the effect of High-Pressure Micro-fluidization

on the Characteristics of BC Produced from Thai Red Tea Kombucha

6) Chapter 6: Study to explore the effect of high-pressure micro-fluidization

on the characteristics of BC produced from Thai red tea kombucha

7) Chapter 7: Conclusion and Recommendation
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CHAPTER 2 

LITERATURE REVIEWS 

2.1 Kombucha 
Kombucha is a type of fermented beverage product that is quite popular in 

the world community or international market. It originally came from Manchuria 

(northeast China) during the Tsin (Ling Chi) dynasty around 220 BCE and is believed to 

have arrived in Japan in 414 CE (Chakravorty et al. 2019). The name kombucha comes 

from the name of a Japanese physician and is now used to refer to slightly fermented 

teas (Chakravorty et al. 2019). Kombucha is usually made from tea-containing drinks 

such as black tea or green tea with the addition of sucrose and then fermented using 

a starter known as the SCOBY. In its development, kombucha can be made using 

various other ingredients, such as spice teas and other herbal teas.  

2.1.1  Tea in Thailand 

Tea is a popular and well-known beverage among the general 

population. Apart from water, tea is one of the most extensively consumed drinks in 

the world (Suteerapataranon et al. 2009). In general, the term "tea" refers to products 

derived from the leaves of plants belonging to the camellia family. The tea cultivars 

discovered and commercially produced in Thailand include Camellia sinensis var. 

Assamica and Camellia sinensis var. Sinensis, generally known as Chinese cultivars 

(Theppakorn et al. 2014). 

The parts taken from the tea plant are the leaves, especially the top 

two leaves, and the shoots. The leaves are then processed into a variety of dried tea 

leaves, including black tea, green tea, oolong tea, and white tea. Drying, complete 

oxidation, and withering are the steps in the preparation of black tea. Green tea 

bypasses the oxidation process and results in a light green or golden tint. Oolong tea 
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is a mix of colors and flavors between black tea and green tea. Meanwhile, white tea 

is only withered and dried by steaming (Commins and Sampanvejsobha 2008). Assam 

tea is often utilized for green and black tea manufacture, while Chinese tea is mostly 

used for green and oolong tea production (Theppakorn et al. 2014). Assam tea is also 

commonly used to make red tea (Pongpruttikul and Yamsa-ard 2022). 

Thailand is the 15th of the world's largest tea producers in the world 

with the production of 58,803.00 metric ton in 2019 (NationMaster.com 2023). Thai tea 

products such as black tea and green tea have gained popularity in the last three years, 

particularly with buyers from Western and Asian nations (Pongpruttikul and Yamsa-ard 

2022). There are several commercial tea products available on the Thai market with 

different types, packing sizes, and prices, such as green tea, oolong tea, white tea, red 

tea, black tea, and barley tea (Teepprasarn 2015). 

Tea contains nutrients and active components such as polyphenols, 

amino acids, vitamins, proteins, carbs, trace elements, and alkaloids such as caffeine 

(1,3,7-trimethylxanthine), theobromine, and theophylline that are beneficial to health 

(Fatima and Rizvi 2011). Various types of tea are made differently and may contain 

different ingredients. Aside from black and green tea, red Thai tea is a popular form of 

tea in Thailand. Red Thai tea is made with black tea and other herbs and spices, 

including star anise, cardamom, and tamarin seed (Devje 2022). Thai tea is a chilled 

drink made from strongly brewed Assam tea that has been sweetened with sugar and 

condensed milk. Additional ingredients may include orange blossom water, star anise, 

crushed tamarind seed, red and yellow food coloring, and sometimes other spices 

(Teapedia.org 2015). The nutrition facts of black tea, green tea, and spices used as 

additives in red Thai tea are demonstrated in Table 2.1.  
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Table 2.1 Nutritional value of green tea, black tea, and some spices used for additive in red Thai tea 

Nutrient 
Nutritional value per 100g 

Black tea Green tea Star anise Cardamom Cinnamon Cloves Vanilla Extract* 

Net carbohydrates 0.3g 7.16g 35.42g 40.47g 27.49g 31.63g 12.65g 

Protein 0g 0g 17.6g 10.76g 3.99g 5.97g 0.06g 

Fats 0g 0.18g 15.9g 6.7g 1.24g 13g 0.06g 

Carbs 0.3g 7.16g 50.02g 68.47g 80.59g 65.53g 12.65g 

Calories 1kcal 30kcal 337kcal 311kcal 274kcal 274kcal 288kcal 

Fiber 0 0 14.6g 28g 53.1g 33.9g 0 

Fructose 0 3.59g 0 0 1.11 1.07g 0 

Sugar 0 6.87g 0 0 2.17g 2.38g 12.65g 

Calcium 0 3mg 646mg 383mg 1002mg 632mg 11mg 

Iron 0.02mg 0.02mg 36.96mg 13.97mg 8.32mg 11.83mg 0.12mg 

Magnesium 3mg 1mg 170mg 229mg 60mg 259mg 12mg 

Phosphorus 1mg 0 440mg 178mg 64mg 104mg 6mg 

Potassium 37mg 5mg 1441mg 1119mg 431mg 1020mg 148mg 

Sodium 3mg 2mg 16mg 18mg 10mg 277mg 9mg 

14 
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Table 2.1 Nutritional value of green tea, black tea, and some spices used for additive in red Thai tea (Continued) 

Nutrient 
Nutritional value per 100g 

Black tea Green tea Star anise Cardamom Cinnamon Cloves Vanilla Extract* 

Zinc 0.02mg 0.01mg 5.3mg 7.47mg 1.83mg 2.32mg 0.11mg 

Copper 0.01mg 0.01mg 0.91mg 0.38mg 0.34mg 0.37mg 0.07mg 

Vitamin A 0 0 311IU 0 295IU 160IU 0 

Vitamin E 0 0 0 0 2.32mg 8.82mg 0 

Vitamin C 0 7.7mg 21mg 21mg 3.8mg 0.2mg 0 

Vitamin B1 0 0.04mg 0.34mg 0.2mg 0.02mg 0.16mg 0.01mg 

Vitamin B2 0.01mg 0 0.29mg 0.18mg 0.04mg 0.22mg 0.1mg 

Vitamin B3 0 3.06mg 1.1mg 1.33mg 1.56mg 0.43mg 

Vitamin B5 0.01mg 0 0.8mg 0 0.36mg 0.51mg 0.04mg 

Vitamin B6 0 0.65mg 0.23mg 0.16mg 0.39mg 0.03mg 

Vitamin K 0 0 0 0 0 141.8µg 0 

Folate 5µg 0 10µg 0 6µg 25µg 0 

Tryptophan 0 0 0 0 0.05mg 0.03mg 0 

Threonine 0 0 0 0 0.14mg 0.18mg 0 

15 
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Table 2.1 Nutritional value of green tea, black tea, and some spices used for additive in red Thai tea (Continued) 

Nutrient 
Nutritional value per 100g 

Black tea Green tea Star anise Cardamom Cinnamon Cloves Vanilla Extract* 

Isoleucine 0 0 0 0 0.15mg 0.24mg 0 

Leucine 0 0 0 0 0.25mg 0.4mg 0 

Lysine 0 0 0 0 0.24mg 0.37mg 0 

Methionine 0 0 0 0 0.08mg 0.08mg 0 

Phenylalanine 0 0 0 0 0.15 mg 0.23mg 0 

Valine 0 0 0 0 0.22mg 0.34mg 0 

Histidine 0 0 0 0 0.12mg 0.13mg 0 

Saturated Fat 0 0 0.59g 0.68g 0.35g 3.95g 0.01g 

Monounsaturated Fat 0 0 9.78g 0.87g 0.25g 1.39g 0.01g 

Polyunsaturated fat 0 0 3.15g 0.43g 0.07g 3.61g 0 

Source: (Foodstruct.com, 2022), (Nutrition-and-you.com, 2022) 

16 
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2.1.2  Kombucha Fermentation 

Kombucha tea is a traditional beverage product made from the 

fermentation of a tea and sugar solution using a kombucha starter, which contains 

bacteria such as A. xylinum and several other types of bacteria and other yeasts 

(Wistiana and Zubaidah 2015). The result of fermented kombucha tea is a suspension 

that can produce organic acids such as glucuronic acid, acetic acid, lactic acid, and folic 

acid, along with amino acids, vitamins, antibiotics, enzymes, and other products 

(Napitupulu and Lubis 2015). 

Kombucha fermentation occurs in two stages: alcoholic fermentation and 

acetic acid fermentation. Yeast such as S. cerevisiae will break down sugar into alcohol, 

and acetic acid bacteria such as A. xylinum will oxidize the alcohol to acetic acid 

(Ardheniati and Amanto 2009). This continues until the sugar contained in the 

kombucha solution turns into organic acids needed by the body, such as acetic acid 

and others (Kustyawati and Ramli 2008). The resulting kombucha fermentation contains 

two phases: a floating biofilm and a sour liquid phase. The floating biofilm is known as 

BC, and the primary components of the liquid are acetic acid, gluconic acid, and 

ethanol, which are also present in the biofilm due to its high water absorption ability 

(Czaja et al. 2006). 

In the kombucha fermentation process, BC can be produced as a by-

product. This process can be simply illustrated in Figure 2.1. Bacteria can utilize several 

types of sugars, such as glucose and fructose, to be converted into various compounds 

or products, such as cellulose, gluconic acid, acetic acid, ethanol, and CO2 (May et al. 

2019). 
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Figure 2.1 Formation of several types of compounds, including BC, in the 
fermentation of kombucha drinks (May et al. 2019) 

2.2 Bacterial Cellulose 
In general, cellulose is one of the main components of lignocellulosic materials 

and is mostly part of the plant cell wall along with other components such as 

hemicellulose, lignin, pectin, and wax (Mulyadi 2019). The composition of cellulose 

can reach one-third of the plant tissue and is the main component of several natural 

fibers such as cotton, flax, hemp, jute, and others (Moran et al. 2008). However, now 

cellulose has also been produced on a commercial scale using bacteria and is known 

as BC. The chemical structure of the cellulose polymer can be seen in Figure 2.2. 

Figure 2.2  The structure of the cellulose chain composed of glucose monomers 
Source: (Amapex.net 2021) 

BC, also known as bacterial nanocellulose (BNC), is cellulose synthesized by 

certain bacteria during the fermentation process. BC is produced as a metabolite from 

the activity of bacteria such as A. xylinum (Jasmania 2018). Bacteria use glucose or 

other carbohydrate foods to build cellulose through bacterial pathways (Dhali et al. 
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2021). Bacteria build cellulose (nanofiber) with nanoscale dimensions, with a 

nanometer diameter and length up to micrometers (Börjesson and Westman 2015). 

The diameter of BNCs usually ranges between 20 and 100 nm and is arranged in 

different types of nanofiber networks (Klemm et al. 2005). BC is called "bacteria 

nanocellulose" because the bacteria can only make cellulose on the nanoscale (Ho et 

al. 2022). Based on their length, BC can be classified as BCNFs (BC with longer whiskers) 

and BCNCs (BC with shorter whiskers) (Choi and Shin 2020). 

Cellulose nanofibrils (CNFs) are the result of extraction from cellulose, which 

has a length ranging from 500–2000 nm and a width of about 20–50 nm with a flexible 

formation consisting of elementary nanofibrils (aggregates) composed of alternating 

crystalline and amorphous domains (Kargarzadeh et al. 2017). Meanwhile, crystalline 

nanocellulose (CNCs) is a type of nanocellulose that is also often referred to as 

nanocrystalline cellulose, nano whiskers, nanorods, and rod-like cellulose crystals 

(Kargarzadeh et al. 2017). CNCs have an elongated rod-like shape with less flexibility 

than CNFs due to their high crystallinity (Trache et al., 2020). CNCs are nanoparticles 

that range in size from 4 to 70 nm in width and 100 to 6,000 nm in length and have a 

crystallinity index of 54 – 88% (Naz et al. 2019). 

BC is used in many applications due to its unique and good characteristics. 

Some of the unique properties of BC and its potential applications are demonstrated 

in Table 2.2. 

2.2.1  Biosynthesis 

Biosynthesis is a process in the cells of living organisms that is catalyzed 

by enzymes. The process transforms the substrate into a more complex product 

(bio.libretexts.org 2022). By using an envelope-spanning mechanism known as the BC 

complex synthase (BCS), bacteria may synthesize BC. The BCS gene cluster, which was 

initially discovered in Gluconacetobacter (Römling and Galperin 2015), encodes the BC 

complex synthase. In bacterial cultivation, gram-negative bacteria such as 

Gluconacetobacter, Acetobacter, Agrobacterium, Achromobacter, Aerobacter, 
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Sarcina, Azobacter, Rhizobium, Pseudomonas, Salmonella, and Alcaligenes frequently 

create extracellular BC (Chen et al. 2022). 

Table 2.2  The unique characteristic of BC and Its potential application 

Characteristics Potential application Reference 

• Biodegradability
• High purity

• Food packaging (Ludwicka et al. 
2020) 

• High Flexibility
• High Water Holding

Capacity
• Hydrophilicity
• High Crystallinity
• Mouldability
• Mechanical stability
• High tensile strength
• Thermostability
• Biocompatibility
• High degree of

polymerization
• Better biological

adaptability

• Engineering of artificial skin,
artificial blood vessels,
wound dressing, nerve
surgical covering,
hemostatic material,
electronic platforms,
cartilage implants, and
bone repair

(Gorgieva and Trček 
2019) 

• A good prospect for a wide
range of commercialization
opportunities

(Hussain et al. 
2019) 

• Synthetic skin, cartilage,
vessels, wound dressing,
and delivery systems

(Choi et al. 2022) 

• Food industry (Lin et al. 2020) 
• Highly porous structure
• High permeability to

liquids
• Favorable for cell

adhesion and
proliferation

• Physics and chemistry, as
well as medicine and
mechanical engineering

(Volova et al. 2022) 

• Considered as non-
toxicity 

• Food industry (Dourado et al. 
2017) 
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In conclusion, the BC production process can be summarized in two 

major stages: (1) the polymerization of β-1,4-glucan chains; and (2) the assembly and 

crystallization of these cellulose chains (Reiniati 2017). Additionally, Sutherland, (2001) 

outlines four key steps in the BC biosynthesis pathway: (1) activation of 

monosaccharides through the formation of sugar nucleotides; (2) polymerization into 

a repeating glucose chain; (3) elongation by the addition of glucose units; and (4) 

secretion of cellulose fibers through the bacterial cell membrane. The schematic 

representation of these biosynthetic pathways is illustrated in Figure 2.3. 

Figure 2.3  Schematic diagrams of BC biosynthesis by bacteria (Source: Modification 
of (Swingler et al. 2021)) 

2.2.2  Bacterial Cellulose Production 

Bacterial nanocellulose (BNC) is cellulose produced during fermentation 

by certain bacteria. Utilizing glucose or other carbohydrates, bacteria employ bacterial 

processes to create cellulose (Dhali et al. 2021). The fermentation process to produce 

BC can be observed in the kombucha fermentation process, which produces a white 

layer on the surface of the broth. The general process of forming BC is illustrated in 

Figure 2.4.  
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Figure 2.4  Schematic diagram of kombucha fermentation showing the production of 
BC and other compounds (source: modification of (May et al. 2019)) 

There are several cultivation methods that are commonly used in the 

process of producing BC, such as static cultivation, agitated cultivation (Azeredo et al. 

2019a), and cultivation shaking methods (Ullah et al. 2019). Numerous factors, including 

the intended usage, morphology, and desirable BC properties, might affect the choice 

of the growing technique to be employed for the manufacture of BC (Zhong 2020). 

The cultivation method is discussed in more detail as follows: 

1) Static Cultivation

The static cultivation method is a widely used and conventional

approach for BC production (Ullah et al. 2019). In this method, a thick, white, jelly-like 

pellicle forms at the air–liquid interface of the fermentation vessel (Sharma et al. 2021). 

Despite its simplicity and broad application, static fermentation has several limitations, 

including long production times, high costs, uneven yields due to variable oxygen 

exposure among microbes, and depletion of carbon sources during fermentation 

(Swingler et al., 2021). Examples of BC production using this technique are presented 

in Table 2.3. 
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Table 2.3  Examples of some studies of BC production using static cultivation 
methods 

Medium culture Microorganisms / 
starter 

Fermentation 
condition 

Productivity References 

Hestrin-Schramm 
(HS) and its 
modification medium

Gluconacetobacter 
hansenii UCP1619 

10 days, 30oC 51.8±0.6 g/L 
(ww) 

(Costa et al. 
2017) 

Hestrin-Schramm 
(HS) 

G. xylinus (ATCC
No. 23768)

7–15 days, 28°C - (Badshah et 
al. 2018) 

Hestrin-Schramm 
(HS) 

K. sucrofermentans
DSM 15973

7 days, 30oC - (Rovera et 
al. 2020) 

Glycerol and 
Sunflower meal 
hydrolysate 

K. sucrofermentans
DSM 15973 strain

15 days, 30oC Yield 0.6 g 
BC/g glycerol, 
0.8 g/ (L.day) 

(Efthymiou 
et al. 2022) 

2) Agitated Cultivation

Ullah et al. (2019) mentioned that agitation cultivation can be used

to produce BC in the form of granules and has a number of benefits over static and 

shaking cultivation, including a faster production rate, high cell density, and better cell 

contact with oxygen, thereby increasing productivity (Ullah et al. 2019). It has been 

suggested that agitated cultivation can boost production rates and the level of 

dissolved oxygen in the medium (Barja 2021a). BC produced in agitated cultivation has 

a different shape compared to that produced in static cultivation, which has shapes 

such as sphere-like, cocoon-like, or sometimes irregular clumps (Wang et al. 2019b). 

Although agitation cultivation is believed to produce BC in a short 

time with high productivity, several studies report different results. The yield of BC 

produced by G. xylinus in static and agitated cultures was not significantly different 

(Ruka et al. 2015), as was the yield of BC produced by Komagataeibacter sp. 

CCUG73630 (Akintunde et al. 2022). Another study also reported the limitations of 
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agitated cultivation methods. Agitated bacteria can cause the mutation of bacteria into 

non-cellulosic bacteria, thereby reducing the productivity of BC (Barja 2021a; Choi et 

al. 2022). This method cannot be applied to all types of bacteria (Barja 2021a). 

3) Shaking Cultivation 

The shaking cultivation method is used for BC production in the 

form of pellets (Ullah et al. 2019). The expressions "shaking" and "agitated", although 

usually used synonymously to describe a bacterial culture state, are sometimes used 

in reports to denote different culture conditions. For example, the development of 

bacteria or microorganisms in an incubator with a rotator is usually referred to as 

"shaking", but the growth of bacteria or microorganisms in a reactor may be referred to 

as "agitation" (Ruka et al. 2015). 

Ullah et al. (2019) have provided a detailed description of the 

shaking process, including the rate of shaking, which is typically expressed in rotations 

per minute (RPM), the time period of fermentation, which is typically 24 to 36 hours, 

and the BC product, which is in the form of small pellets with a variety of pellet shapes 

depending on the type of microbial strain, the incubation period, and the rate of 

shaking (Ullah et al. 2019). Shaken culture fermentation on BC synthesis was performed 

with A. xylinum bacteria in media containing pineapple waste under optimal conditions 

(pH 5, 120 rpm, 28oC) with the addition of microparticles, raising the BC yield to 15.19% 

(Pa et al. 2007). 

2.2.3  Factor Affecting Bacterial Cellulose Production 

Various factors can influence the fermentation process, including in the 

production of BC. Key parameters such as substrate type and concentration, 

fermentation duration, pH, temperature, and oxygen availability significantly affect 

both kombucha fermentation and BC yield (Villarreal-Soto et al. 2018a). Several 

nutrient sources, such as carbon, nitrogen, and caffeine, affect the fermentation 

substrate (Engström 2019). The surface area of the container and the depth of the 

culture medium are also important parameters (Engström 2019). 
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1) Microbial Starter

Microbial starters for BC production can be in the form of both

monoculture and coculture (igem.org 2022). In the case of BC production using 

kombucha fermentation methods, the starter generally takes the form of a SCOBY. 

SCOBY is a cellulose biofilm generated by monosaccharide polymerization, and 

because of its similar form and look to the fruiting caps of macroscopic mushrooms, 

the SCOBY is also known as the tea mushroom (Kruk et al. 2021).  

The SCOBY produced from kombucha production consists of many 

types of microorganisms from the genera of bacteria and yeast. A study of the 

composition of SCOBY starter cultures used by commercial kombucha brewers in North 

America showed that the most prevalent and abundant SCOBY taxa were the yeast 

genus Brettanomyces and the bacterial genus Komagataeibacter (Harrison and Curtin 

2021). Some types of microorganisms found in kombucha starter, including bacteria 

such as A. xylinum, A. aceti, A. pasteurianus, and Gluconobacter, and yeasts, e.g. 

Brettanomyces, B. bruxellensis, B. intermedius, Candida, C. fatama, Mycodicia, 

Saccharomyces, S. cerevisiae, S. cerevisiae subsp. Aceti, Schizo saccharomyces, 

Torula, Torulaspora delbrueckii, Torupsis, Zygosaccharomyces, Z. bailii, and Z. rouxii 

(Greenwalt et al. 2000). 

Different microbial species may produce BC with different yields 

and characteristics. Several selected bacteria grown in the same production media and 

conditions can produce BC with different yields (Angela et al. 2020). Furthermore, the 

inoculum concentration can affect the output of BC. According to research on different 

Lactobacillus acidophilus inoculum concentrations of 4%, 6%, 8%, and 10% (v/), a 

concentration of 6% (w/w) produces the best BC results of 1.843 g/L (dry weight) after 

14 days fermentation (Jeff Sumardee et al. 2020). 

2) Carbon Sources

Several studies have investigated the effect of different carbon

sources on BC production during kombucha fermentation. While sucrose is the most 
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commonly used carbon source, alternative substrates such as honey have been 

studied for partial or complete substitution. Reported concentrations of sucrose range 

from 70 to 190 g/L, while honey has been tested in the range of 1% to 20% (v/v). Al‐

Kalifawi (2018) reported that 100 g/L sucrose resulted in the highest wet BC yield of 66 

g/L, while 10% (v/v) honey yielded 41.64 g/L. Goh et al. (2012) observed that 9% (w/v) 

sucrose resulted in the highest BC yield after 8 days of fermentation; however, 10% 

was not tested in that study. Optimal conditions for BC production using kombucha 

have been reported as 1% tea and 10% sucrose, with a fermentation time of 18 days 

(Al-Kalifawi and Hassan 2014). A larger surface area was also found to enhance BC 

formation. 

The use of a 5% dextrose concentration in kombucha fermentation 

produced the highest yield of BC compared to glucose, fructose, and sucrose (Trevino-

Garza et al., 2020). The use of glycerol produced the highest yield of BC compared to 

sucrose, fructose, glucose, mannitol, and lactose in a fermentation using K. rhaeticu 

(De Souza et al. 2021). The study of A. xylinum BC production at the same 

concentration from several carbon sources with 5% sucrose as the control medium 

showed that mannitol, fructose, and glycerol yielded 5, 3.5, and 3 times higher, 

respectively, than sucrose, while glucose medium and lactose produced less BC 

compared to the production on sucrose medium Yodsuwan et al., 2012). The 

combination of sucrose and fructose (1:1) at a total of 2% w/v in the BC production 

medium using G. persimmonis GH-2 had the highest yield, followed by fructose : 

lactose and galactose : sucrose (Hungund et al. 2013). 

3) Nitrogen Sources

Another substrate component that impacts the productivity of BC

synthesis is nitrogen. Nitrogen is essential for cell formation and microbial growth 

during the fermentation process with microorganisms (Kim et al. 2021). Nitrogen is 

required for cell metabolism and accounts for 8–14% of the dry cell mass of bacteria 

(Yodsuwan et al. 2012). The utilization of an appropriate nitrogen source will boost BC 
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output (Engström 2019). The addition of a 0.1% (w/v) nitrogen source increased the 

productivity of BC by Komagataeibacter sp. bacteria, where beef extract produced the 

highest number of cellulose, followed by yeast extract, peptone, corn step liquor, and 

ammonium sulfate, respectively (Sutthiphatkul et al. 2020). The addition of some type 

of nitrogen source (at 0.5% concentration) to the HS medium in the fermentation to 

produce BC by A. senegalensis MA1 showed that yeast extract produced the highest 

yield of BC (Aswini et al. 2020). 

4) Caffeine

Caffeine has been identified as a potential stimulator for BC

production (Fontana et al. 1991). Black tea has a role as a source of caffeine in 

kombucha (Miranda et al. 2016). The presence of coffee ground (8 g/L) and sugarcane 

molasses increases the production of BC, but it can still be optimized (De Souza et al. 

2021). The addition of coffee cherry husk (CCH) increased the yield of BC by more than 

three times (Rani and Appaiah 2013). 

5) Trace Elements

The presence of trace elements in the medium has an impact on

the yield of BC produced during fermentation. Almeida et al. reported that a number 

of trace elements were used during coconut water fermentation to produce BC (nata 

de coco). K (69%), Fe (84.3%), P (97.4%), SO2
-2 (64.9%), B (56.1%), NO3

- (94.7%), and 

NH4
+ (95.2%) are the most consumed ions in ripe coconut water fermentation. Na 

(94.5%) and Mg (67.7%) are the most consumed ions in green coconut water 

fermentation. Fermentation of cooked coconut water with the addition of KH2PO4, 

FeSO4, and NaH2PO4 was shown to produce the highest BC (6 g/L) (Almeida et al. 

2013). 

6) Environmental Conditions

Environmental elements including pH, temperature, the length of

the fermentation process, and the presence of oxygen all have an impact on the 

formation of BC. When it comes to BC production, the surface area of the container 
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and the depth of the broth are also important aspects to consider (Goh et al. 2012; 

Al‐Kalifawi 2018). The temperature range for BC production in the kombucha 

fermentation process is 20–50oC; also, 18 days of fermentation and a larger container 

surface area are ideal circumstances (Al‐Kalifawi 2018). Similar results were found in 

another study, which asserted that fermentation in containers with larger surfaces 

results in the production of more BC from the same quantity of substrate (Goh et al. 

2012). The pH of the production medium is another environmental factor that affects 

the amount of BC produced. According to some studies, the ideal pH for the 

production of BC is 4.5 for A. senegalensis MA1 (Aswini et al. 2020), 5 for 

Bacillus sp. strain SEE-12 (El-Naggar et al. 2022), and 5.45 for G. sucrofermentans B-

11267 (Revin et al. 2018). 

2.2.4  Production of Bacterial Cellulose nanofibrils (BCNFs) 

BCNFs are products derived from BC. BCNF is a fiber with a diameter of 

10–50 nm and a micrometer length that is flexible, contains crystalline and amorphous 

regions, and can be made by mechanical techniques (Zhang et al. 2022d). Several 

methods that can be used for the production of BCNF include high pressure 

homogenizer (HPH), hydrochloric acid hydrolysis, TEMPO ((2,2,6,6-tetramethylpiperidin-

1-yl)oxidanyl) oxidation, or a combination of HPH and TEMPO oxidation (Li et al. 2018, 

2021; Wu et al. 2021). 

High-pressure homogenizer (HPH) is one of the general methods that is 

frequently used for BCNF production (Zhang et al. 2022d). A high-pressure 

microfluidizer (HPM) is a mechanical method that can be used for the manufacture of 

nanomaterials (Yang et al. 2019). A high-pressure microfluidizer works at a high pressure 

of more than 100 MPa (Zhou 2022). One use of these microfluidizer technologies is in 

the development of a drug nano delivery system (Ganesan et al. 2018). The schematic 

for the preparation of nanomaterials with microfluidizer technology is illustrated in 

Figure 2.5. 
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Figure 2.5  Schematic representation of the microfluidization process used to 
prepare the nano delivery system (Ganesan et al. 2018) 

2.2.5  Application of BC in Nutraceutical 

BC has been extensively researched and employed in the nutraceutical 

industry. Indeed, the phrases nutraceutical and functional food are still widely used 

interchangeably. Nonetheless, some literature defines the word nutraceutical. 

According to De Felice, nutraceuticals are "any substance that is a food or part of a 

food and provides medical or health benefits, including the prevention and treatment 

of disease" (DeFelice 1995). A nutraceutical is a substance derived by the isolation and 

purification of foodstuffs that is made in pharmaceutical form, is not related to food, 

and may obviously give physiological advantages or protection against chronic illness 

(Aronson 2017). Nutraceuticals are chemical or bioactive molecules with beneficial 

biological properties (Hoti et al. 2022). 

Cellulosic nanoparticles can be used in nutraceuticals as emulsifiers, to 

immobilize bacterial and mammalian cells, to immobilize enzymes, and to immobilize 

bioactive compounds (Khan et al. 2018). Additionally, BC's inherent properties make it 

an intriguing candidate for use in nutraceuticals as a source of dietary fiber and meal 

replacement (Zhang et al. 2022c, b), immobilization agents (Jayani et al. 2020), and 

emulsifiers and Pickering emulsions (Z. Li et al., 2023). Following are the examples of 

the application of BC for nutraceutical. 
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1) BC for Dietary Fiber

A critical nutrient, dietary fiber, has been associated with reduced

risks of obesity, diabetes, hypertension, coronary heart disease, cardiovascular disease, 

and stroke (Kushwaha and Maurya 2020), as well as enhanced digestive health (Guan 

et al. 2021). According to Shi et al. (2014), BC is a dietary fiber that has a number of 

benefits over other sources of dietary fiber, including high purity, the capacity to keep 

natural taste and color, and the capacity to be made in a variety of forms (Shi et al. 

2014). According to studies, BC is used in foods like Nata de Coco, which is combined 

with other ingredients and processed into a fine powder for quick beverages. The 

instant drink's dietary fiber content ranged from 5.60 to 12.48% (Tangkanakul 2022). An 

ice cream product with a dietary fiber content of 2.39% was produced with the 

inclusion of 30% (w/w) wet BC and 1.4% (w/w) dry inulin in the creation of ice cream 

that was supplemented with dietary fiber (Xavier and Ramana 2022). In a different 

study, a meal replacement powder with a dietary fiber content of 15.09% was created 

by mixing buckwheat powder, fried cooked soybean powder, BC powder, konjac 

purified powder, and xylitol at a mass ratio of 80:60:20:3:1 (Zhang et al. 2022b). 

2) BC for Immobilization Agents

BC and its derivative products have the potential to be used as cell

immobilization agents, enzymes, and bioactive compounds (Khan et al. 2018). The 

purpose of immobilizing these samples is to prolong probiotic cell viability, enhance 

biocatalytic and enzyme processes, and protect enzymes from harmful environmental 

factors (Mitropoulou et al. 2013; Guzik et al. 2014; Maghraby et al. 2023). 

The following research has looked into BC's potential as an 

immobilizing agent: The most efficient method for shielding bacteria from bile salts 

and digestive acids has been to employ BC to immobilize bacteria, such as 

Lactobacillus sp. (Fijałkowski et al. 2016). L. acidophilus 016 was a probiotic bacterium 

that was immobilized on BCNF and could last for up to 24 days, with 71% of the 

population surviving at 35°C (Jayani et al. 2020). Additionally, BC has been designed to 



31 

immobilize "ready-to-use" freeze-dried cultures of lactic acid bacteria, which are 

subsequently utilized in the fermentation of milk (Lappa et al. 2022). Lysozyme, an 

enzyme with antibacterial activity, has been immobilized using BC without significantly 

affecting its function. Additionally, the pH and temperature ranges for appropriate 

activity were widened, and the storage stability of enzymes was improved (Bayazidi et 

al. 2018). 

3) BC for Emulsifier and Pickering Emulsions

Emulsions are dispersion systems composed of two immiscible

liquids, usually water and oil, with the oil phase typically consisting of organic liquids 

(Chen et al. 2020). Pickering emulsions (PEs) are a specific kind of emulsion that is 

solely sustained by solid particles at the oil-water interface (Yang et al. 2017). The food 

sciences have recently been interested in pickling emulsions, a revolutionary 

technology (Chen et al. 2020). The use of BC in the creation of emulsifiers and PEs has 

been documented in a number of investigations. Particle stabilizers for high internal 

phase emulsions (HIPEs) have been made using BCNs and soy protein isolate (SPI) with 

an optimum BCNs/SPI ratio of 7:25, the findings demonstrated that BCNs considerably 

boosted the emulsifying ability (Liu et al. 2021). An increase in curcumin bioaccessibility 

to 30.54% was observed following encapsulation in curcumin-loaded HIPEs stabilized 

by BCNs and SPI colloidal particles, demonstrating high encapsulation efficiency and 

antioxidant activity (Shen et al. 2021). 

4) BC for Personalized Nutrition

A fresh method for BC applications is personalized nutrition, which

is founded on the idea that every individual is different and has distinct needs. In order 

to help an individual achieve personalized nutrition and healthy eating habits, 

personalized nutrition entails gathering genetic, phenotypic, medical, nutritional, and 

other significant facts about the individual that are pertinent (Chaudhary et al. 2021). 

Only a few publications are currently accessible that discuss the use of BC in the 

creation of individualized nutrition. Future applications of BC in the development of 
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customized nutrition can be guided by case studies in the production of low-fat 3D-

printed cheese analogs and low-fat printable casein-based inks (Shahbazi et al. 2021b, 

a). Customized nutrition depending on a person's medical needs may be possible with 

the use of low-fat Pickering emulsions in 3D food printing (Shahbazi et al. 2021a). The 

use of 3D printing technology in the food industry has made edible components easily 

adjustable and capable of taking on a range of visually attractive designs (Shahbazi and 

Jäger 2021). 

2.3 Response Surface Methodology (RSM) 
Response surface methodology (RSM) is a group of mathematical 

and statistical methods used to plan experiments, adapt hypothesized models to data, 

and identify the best conditions to produce the most desired response (Khuri 2017). 

RSM is a technique for conducting design of experiments (DoE). According to Hadiyat 

(2012), RSM was originally introduced by Box and Wilson in 1951 as a version of DoE 

that not only examines the effect of experimental components but can also be used 

to determine the best points from multifactor experiments. DoE is a technique used 

to plan and analyze experiments, allowing a minimum number of experiments and 

varying several experimental parameters systematically and simultaneously (Whitford 

et al. 2018). Design of Experiment (DoE) is used to collect data and identify the principle 

of variables that influence process response, and RSM is used to determine the best 

parameter values to optimize process and equipment design (Hadiyat et al. 2022). 

Central Composite Design (CCD) and Box-Behnken Design (BBD) are the two 

main design types used in RSM. Response surface design experiments using CCDs are 

the most popular. CCD is a factorial or fractional factorial design with a center point 

and a set of axial points (also known as star points) that allow curvature estimation, 

whereas BBD is a type of response surface design that excludes embedded factorial or 

fractional designs (support.minitab.com 2023). On CCD, the response data obtained is 

modeled with appropriate mathematical models such as average, linear, quadratic, 2-

factor interaction (2FI), and cubic (Hidayat et al. 2020). 
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In practice, RSM is carried out using statistical software or programs such as 

SAS, MINITAB, STATISTICA, or Design Expert (Nassiri Mahallati 2020). Design-Expert is one 

such statistical program. It offers integrated design, robust parameter design, mix 

design, screening, characterization, and comparison testing (Tanco et al. 2008). It 

provides a test matrix to screen up to 50 variables and an analysis of variance (ANOVA) 

to ascertain its statistical significance. Tools for data visualization help identify 

abnormalities in the data and show how each factor affects the desired results (Comley 

2009). 

RSM is one of a common method used for optimizing production processes in 

fermentation techniques, including the production of BC. Studies have reported on the 

use of RSM in the production of BC, which primarily aims to increase the yield or 

productivity of BC. The process of cellulose production from G. xylinus C18 was 

optimized using RSM based on the CCD. The result showed that the maximum yield 

of BC (4.34 g/L) was reached at the best conditions, i.e., a sugarcane molasses 

concentration of 10.77% (w/v) supplemented with 12.47% (v/v) corn steep liquor, a 

temperature of 31oC, pH 6.5, and an incubation time of 172 h (Singh et al. 2017). A 

similar approach was applied to maximize BC production using A. senegalensis MA1. 

The ideal fermentation conditions were 50 ml/L of glycerol, 7.50 g/L of yeast extract 

at pH 6.0, and 7.76 g/L of polyethylene glycol 6000, which produced the maximum 

yield of 469.83 g/L (Aswini et al. 2020). Another study optimized the manufacture of 

nitrocellulose (NC) from BC to create a product with a high nitrogen content using the 

CCD of the RSM technique. The highest percentage nitrogen content of NC was 12.64% 

under the predicated ideal circumstances of mole ratio H2SO4/HNO3 = 3:1 mol/mol, 

temperature = 35oC, and duration of 22 min (Roslan et al. 2019) 
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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 g/L) and the 

sucrose-glucose combination (RTC-SGlu, 259.54 ± 8.92 g/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 guide 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 Trček 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-Sánchez 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 glycolysis, 

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, BTC), 

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 (ACI Labscan), dextrose 

monohydrate (KC, Bangkok Chemical), and glycerol (Merck). Other chemicals include 

sodium hydroxide (NaOH, Q RëC™ ) and hydrochloric acid 37% (HCl, Q RëC™ ). 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 (XUE058, 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: RI 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 
(Three Horses Brand No. 3) 

RBTH Dried Chinese tea leaves (100%). 

Assamica Black Tea 
(ChaTraMue Brand) 

BTC Black tea powder (Assam) (100%). 

Assamica Green Tea Mix 
(ChaTraMue Brand) 

GTC Green tea powder (Assam) (94%), 
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 
Powder-Vanilla Flavor 
(ChaTraMue Brand) 

RTC Red tea powder (Assam) 94%, sugar 
5%, artificial flavors, FD&C Yellow 
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 

(WHC), 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-SPI 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 yield, 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 glucose 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: 1st 

week, 2nd week, 3rd week, and 4th week. After the initial harvest, the 1st, 2nd, and 3rd 

week samples were allowed to continue fermenting and were harvested again along 
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with the 4th week group. For the 1st, 2nd, and 3rd 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 4th 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 1st week 7th day - - 28th day 

Harvest 2nd week - 14th day - 28th day 

Harvest 3rd week - - 21st day 28th day 

Harvest 4th week - - - 28th 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 investigate 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 g 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 

(~90oC) 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 μm) 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 μL. The standard solution for calibration was prepared 

by mixing sucrose, glucose, and fructose at a concentration of 60 g/L, resulting in a 

final concentration of 20 g/L for each sugar. A standard curve was constructed using a 

series of concentrations: 0, 3, 6, 9, 12, and 15 g/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 μm 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 40oC 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 5×5 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-1. The resolution was 4 cm-1, 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 2θ diffraction peaks and 

crystallinity index (CI), 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 Kα radiation source (λ = 1.5418 Å) 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 2θ 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. 

𝐶𝐼 =  
𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑃𝑒𝑎𝑘

𝑇𝑜𝑡𝑎𝑙 𝐴𝑟𝑒𝑎 𝑜𝑓 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝐴𝑚𝑝𝑜𝑟𝑝ℎ𝑜𝑢𝑠𝑒𝑃𝑒𝑎𝑘
 𝑥 100%   ................................... (Eq. 3.1) 

𝑑 =  
𝐾𝜆

𝛽 𝑐𝑜𝑠 Ɵ
    .............................................................................................................................. (Eq. 3.2) 

where CI is the crystallinity index, d is the crystallite size, K is the Scherrer constant 

(0.89), λ is the wavelength of the X-ray radiation (1.5418 Å for Cu Kα), β is the full 

width at half maximum (FWHM) of the diffraction peak in radians, and θ is the Bragg 

angle corresponding to the peak position (in radians, i.e., half of the 2θ 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 (N2) 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. 

𝐸 =
(1−𝑣2)

(
1

𝐸𝑟
−

(1−𝑣𝑖
2)

𝐸𝑖
)

  ........................................................................................................ (Eq. 3.3) 

Where E = Young’s Modulus of the sample, ν = Poisson’s ratio of 

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

indenter (0.07) and Ei = 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 yield 

various types of dried tea depending on the processing method, including black, green, 

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/g 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 glucuronic, lactic, malic, tartaric, citric, and succinic acids may also be 

produced, contributing to the overall pH reduction (Neffe-Skocińska 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 oBrix during kombucha fermentation of 
different types of Thai tea for BC production. 

Tea 

Sample 

The Change of the pH The Change of the oBrix 

Medium Before after Medium Before after 

WT 5.31±0.01c 3.05±0.00a 2.33±0.03a 10.50±0.00a 10.40±0.00a 10.40±0.00c

RTC 5.15±0.01b 3.53±0.00c 2.47±0.02b 10.80±0.00b 10.60±0.00c 8.57±0.10a

BTC 5.02±0.00a 3.57±0.00d 2.53±0.02c 10.90±0.00c 10.50±0.00b 8.50±0.15a

GTC 5.37±0.01d 3.53±0.00c 2.70±0.03d 10.80±0.00b 10.47±0.05b 9.30±0.09b

RBTH 5.06±0.02a 3.47±0.00b 2.53±0.04c 10.90±0.08c 10.70±0.00d 9.20±0.23b

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. 

Figure 3.1  The change of pH and degree of oBrix 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. 

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-Skocińska 

et al. (2017) found that after 10 days of Kombucha fermentation at 30oC, 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 

Sample 
Before fermentation After fermentation 

Sucrose Glucose Fructose Sucrose Glucose Fructose 

WT* 9.03±0.36a, B 0.21±0.08a, A 0.05±0.03a, A 5.67±0.23a, A 2.47±0.08c, B 2.67±0.23c, B

GTC 9.43±0.28a, B 2.15±0.16b, A 0.82±0.14b, A 7.88±0.27d, A 2.22±0.11b, A 0.62±0.16a, A

BTC 9.40±0.13a, B 2.53±0.21c, B 1.19±0.05d, A 6.35±0.16b, A 1.98±0.14a, A 0.87±0.35ab, A

RBTH 9.58±0.56a, B 2.27±0.10b, A 0.82±0.08b, A 7.05±0.52c, A 2.32±0.11bc, A 1.03±0.18ab, A

RTC 9.36±0.38a, B 2.21±0.16b, A 1.06±0.07c, B 6.24±0.36b, A 2.04±0.20a, A 0.71±0.11ab, A

*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 (g/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 g/L for wet yield and 3.06±0.21 g/L for dry yield after 10 

days of fermentation (Hamed et al. 2023). Kombucha fermentation using a solution of 

10 g/L black tea and 100 g/L sucrose for 14 days produced wet BC with a yield of 63.58 

g/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). Treviño-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 g/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 30oC. This production produces BC

of 250.00±0.21 g/L (Gayathry 2015). In one study, BC was produced in Hestrin-Schramm

medium using selected bacteria, A. senegalensis MA1. 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 g/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/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/g (Jagannath et al. 

2008). BC from distillery wastewater media had a WHC value of 98.5 g/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/g (Tsouko et al. 2015). BC from kombucha fermentation with black 

tea media has a WHC of 114.01 g/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 ±90oC, 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 (Treviño-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 ΔE value using equation 3.4. The 

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

∆𝐸 =  √∆𝐿∗2 +  ∆𝑎∗2 +  ∆𝑏∗2  ..........................................................................................(Eq. 3.4)
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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 ΔE values of 

four purified BC samples with the NDC as a control. According to Minaker et al. (2021), 
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a ΔE value between 0 and 1.0 is imperceptible to the human eye, while a ΔE between 

1 and 2 is noticeable upon close inspection, and a ΔE between 2 and 10 is easily 

noticeable at a glance (Minaker et al. 2021). The BC samples BTC-P2 and RBTH-P2 have 

ΔE values below 2, indicating a subtle difference visible only upon close observation. 

In contrast, the ΔE 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. 

Samples Code 
Results 

L* a* b* ΔE*** 

Before purification 

RTC-P1 42.53±2.07b 11.16±0.87c 9.2 ±1.01a - 

BTC-P1 42.45±3.40b 2.36±1.14b 7.41±2.30a - 

RBTH-P1 41.80±0.53b 3.29±0.22b 9.09±0.62a - 

GTC-P1 28.37±0.99a -5.52±0.68a 12.02±1.07b - 

After purification 

NDC** 47.96±1.16b -1.62±0.22a -10.38±0.31a control 

RTC-P2 51.07±2.98c -1.95±0.09a -9.79±0.57ab 3.18 

BTC-P2 46.64±3.24b -1.81±0.17a -9.02±0.45b 1.90 

RBTH-P2 47.34±2.64b -1.77±0.10a -8.72±0.38bc 1.78 

GTC-P2 39.27±0.78a -1.06±0.43b -9.24±0.99b 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 

ImageJ 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) (Illa 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. 

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-1. 

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-1. Meanwhile, the fingerprint region covers 

wavenumbers between 1330 and 500 cm-1 (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-1. The strong, broad bands 

at wavenumbers of approximately 3340 and 3232 cm-1 indicate the presence of O-H 

stretching, while the band near 2895 cm-1  corresponds to C-H stretching vibrations 

(Amorim et al. 2023). In the second spectral region, we observed a weak peak at around 

2330 cm-1, 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-1 and 2000 cm-1, with absorption peaks at 

1364 cm-1, 1427 cm-1, 1644 cm-1, and 1725 cm-1. The bands at 1360–1363 cm-1 

correspond to C-H symmetric bending vibrations, while the peak at 1427 cm-1 

represents CH₂ symmetric bending, and the peak at 1644 cm-1 indicates C=O stretching 

vibrations for the glucose carbonyl group (Liu et al. 2023). Figure 3.8 also shows a peak 

at 1725 cm-¹, which appears exclusively in the FTIR spectrum of the BC sample from 

green tea kombucha (GTC). This peak may correspond to carbonyl stretching vibrations 

typically associated with aldehydes (1720–1740 cm-¹), ketones (1705–1725 cm-¹), or 

carboxylic acids (1700–1725 cm-¹) (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-

1, 1315 cm-1, 1279 cm-1, 1203 cm-1, 1159 cm-1, 1106 cm-1, 1053 cm-1, 1028 cm-1, 1002 

cm-1, and 898 cm-1. According to Liu et al. (2023), the peak at 1336 cm-1 corresponds

to OH in-plane bending, while the peak at 1315 cm-1 is attributed to CH2 wagging at C-

6. The peak at 1159 cm-1 represents C-O-C antisymmetric bridge stretching vibrations,

and the one at 1106 cm-1 is associated with ring asymmetric stretching vibrations. The

1053 cm-1 peak corresponds to C-O-C and C-O-H stretching vibrations of the sugar ring,
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and the 1028 cm-1 peak represents C-O stretching vibrations (Liu et al. 2023). The band 

observed at 898–894 cm-1 may be associated with stretching vibrations of the C-O-C 

bond in the β-1,4-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 2θ 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 I (Said Azmi et al. 2023; Hossen et al. 2024). Gaspar et al. (2014) 

identified that the peaks at 2θ 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 (CI) and crystallite size of BC samples. The CI of BC samples from 

BTC, GTC, RBTH, and RTC were 84.17%, 86.50%, 83.01%, and 85.36%, respectively, 

closely matching the CI of NDC, which was 86.66%. These results align with other 

studies, such as BC from pineapple peel waste fermentation with a CI 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 CI 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 (CI), typically ranging from 84% to 90%, due to the absence of 

non-cellulosic components that may disrupt the crystalline structure (Cazón and 

Vázquez 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). 

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. 

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 (Tmax) occurring between 340.17°C (RBTH) and 

356.67°C (BTC). BTC exhibited the highest DTG TMax, suggesting superior thermal 
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stability, while RBTH had the lowest Tmax, indicating decomposition at a slightly lower 

temperature. RTC recorded a DTG TMax of 353.67°C, closely resembling BTC, further 

confirming its thermal resistance. These variations in DTG TMax 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 

Samples 
First stage 

weight loss (%) 

Second stage 

weight loss (%) 

Residue 

(%) 

DTG Peak 

range (oC) 

DTG TMax 

(oC) 

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 TMax 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 β-

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 Araújo Júnior 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 
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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) 

Sample 
MD 

(nm) 
Pl 

(nm) 
ML 

(mN) 
H 

(GPa) 
RM 

(GPa) 
ERP 

CC 
(nm/mN) 

PW 
(nJ) 

EW 
(nJ) 

YM 
(GPa) 

BTC 
3440.51 

±289.23a 

3011.45 

±270.30a 

50.10 

±0.00a 

0.22 

±0.04b 

4.94 

±0.70b 

0.14 

±0.01b 

11.42 

±0.63b 

56.11 

±6.39a 

20.48 

±1.16a 

4.52 

±0.64b 

RTC 
3412.25 

±259.56a 

2980.18 

±253.91a 

50.10 

±0.00a 

0.22 

±0.05b 

4.94 

±0.56b 

0.15 

±0.01b 

11.50 

±0.22b 

54.41 

±4.64a 

20.80 

±0.47a 

4.51 

±0.51b 

NDC 
3612.65 

±162.08a 

3123.34 

±148.57a 

50.10 

±0.00a 

0.20 

±0.02a 

4.14 

±0.31a 

0.16 

±0.00a 

13.02 

±0.41a 

59.92 

±4.09b 

22.90 

±0.80b 

3.78 

±0.28a 

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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Skocińska et al. 2017). Neffe-Skocińska 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). 

Figure 3.11 Changes in pH and oBrix before and after RTC kombucha fermentation 
with different type of additives 
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Table 3.10  Changes in pH and oBrix before and after RTC kombucha fermentation 
with different type of additives 

Samples 
The Change of the pH The Change of the oBrix 

Medium Before after Medium Before after 

RTC 4.83±0.01c 3.72±0.00b 2.34±0.04a 10.10±0.00b 9.93±0.05b 8.97±0.13b 
RTC-PC 4.65±0.02b 4.10±0.00d 2.90±0.01c 10.93±0.05e 10.70±0.00e 8.97±0.00b 
RTC-YE 5.67±0.00e 4.42±0.00f 3.37±0.02e 10.63±0.05d 10.30±0.00c 8.93±0.10b 
RTC-SPI 5.89±0.01f 4.34±0.00e 3.16±0.02d 9.97±0.09a 9.50±0.08a 8.57±0.05a 
RTC-VC 3.33±0.01a 3.18±0.01a 2.41±0.01b 10.60±0.00d 10.33±0.05c 9.47±0.13c 
RTC EtOH 4.93±0.00d 3.77±0.00c 2.36±0.01a 10.40±0.00c 10.43±0.09cd 9.60±0.15d 

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% glucose. 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.  

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, glucose and fructose before and after fermentation. 

Research by Neffe-Skocińska 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  

Samples 
Before fermentation After fermentation 

Sucrose Glucose Fructose Sucrose Glucose Fructose 
RTC 9.45±0.29b,B 0.83±0.08a,A 0.61±0.07c,A 5.93±0.30a,A 1.89±0.12b,B 1.22±0.16bc,B 
RTC-PC 9.20±0.02b,B 2.34±0.14c,B 1.20±0.10d,B 7.49±0.41c,A 1.02±0.07c,A 0.00±0.00a,A 
RTC-YE 10.12±0.56c,B 1.81±0.39b,A 0.10±0.01a,B 8.57±0.45d,A 2.36±0.30bc,B 0.00±0.00a,A 
RTC-SPI 9.64±0.61b,B 1.52±0.64b,A 0.05±0.08a,A 7.53±0.23c,A 2.22±0.20a,B 0.00±0.00a,B 
RTC-VC 8.48±0.07a,B 1.81±0.03b,B 0.33±0.17b,A 5.65±0.60a,A 0.92±0.10ab,A 1.10±0.21b,A 
RTC-EtOH 8.35±0.08a,B 0.57±0.04a,A 0.13±0.09a,A 6.35±0.68ab,A 1.92±0.10c,B 1.39±0.23c,B 

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 40oC, 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 g/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 g/L for RTC-YE to 2.18 ± 0.22 g/L for RTC-EtOH. The WHC of the samples varied 

between 57.49 ± 3.96 g water/g cellulose for RTC-YE and 109.31 ± 8.08 g 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). 

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 g/30 mL to 0.47 g/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-Ramírez 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 (Ryngajłło 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 g 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 g/g 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/g (Wu and Liu 2013). WHC values 

ranging from 102 to 138 g/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/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 g/g (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 - f.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). 
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Figure 3.15  SEM image of BC (a) RTC-control; (b) RTC-SPI; (c) RTC-YE; (d) RTC-PC; (e) 
RTC-VC; (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. 

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. 

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-1, while the fingerprint region 

spans 1330 to 500 cm-1 (Liu et al. 2023). In the feature region, key peaks were observed 

at wavenumbers around 3340 cm-1, 3234 cm-1, and 2895 cm-1. The broad, intense 

bands at 3340 cm-1 and 3234 cm-1 indicate O-H stretching vibrations, while the peak 

near 2895 cm-1 corresponds to C-H stretching (Amorim et al. 2023). Additionally, a weak 

peak around 2330 cm-1 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-1, revealed 

absorption peaks at 1364 cm-1, 1427 cm-1, and 1644 cm-1. The band at 1364 cm-1

corresponds to C-H symmetric bending, while the peak at 1427 cm-1 represents CH2 

symmetric bending. The 1644 cm-1 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-1, 1315 cm-1, 1279 cm-1, 1203 cm-1, 1159 cm-

1, 1106 cm-1, 1053 cm-1, 1028 cm-1, 1002 cm-1, and 898 cm-1. The peak at 1336 cm-1 

corresponds to OH in-plane bending, and the one at 1315 cm-1 is linked to CH2 shifting 

at the C-6 position. The band at 1159 cm-1 is attributed to C-O-C antisymmetric bridge 

stretching, while the peak at 1106 cm-1 corresponds to ring asymmetric stretching. 

Peaks at 1053 cm-1 and 1028 cm-1 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-1 is linked to C-O-C stretching in β-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-1) (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-1, 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 2θ 

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 2θ values of 14.7°, 16.8°, 

and 22.7° correspond to the 100, 110, and 200 crystallographic planes, typical of 

monolithic cellulose type I found in native cellulose (Gaspar et al. 2014). The peak 

appeared at around 22.90° (2θ) 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). 

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 (CI) and 

crystallite size of the BC samples, with the CI values presented in Table 3.12. The CI 

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 CI of 

NDC, which was 86.66%. The RTC-EtOH sample exhibited the lowest CI, likely due to 

the absence of, or a very subtle, peak around 16.89° (2θ). 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 CI 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 CI of 87% (Sardjono et al. 2019), while BC fermented from 

pineapple waste solution had a CI of 82.2% (Pham and Tran 2023). BC derived from 

citrus processing waste or discarded fruits exhibited a CI 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 CI values, such as BC produced using crude distillery effluent, 

which had a CI 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). 

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 β-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 

Samples 
First stage 

weight loss (%) 
Second stage 

weight loss (%) 
Residue 

(%) 
DTG Peak 
range (oC) 

DTG 
TMax (oC) 

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 TMax 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 TMax: 343.67–356.67°C) show slight variations in the 

thermal degradation profiles, with RTC-YE exhibiting the highest DTG TMax (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 TMax values of 343.6°C and 313.4°C (Mohamad et al. 2022a). Additionally, BC 

produced by G. xylinus shows a DTG TMax 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 CI 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 CI of 80.22%, exhibited lower stiffness and hardness 

compared to RTC-VC, which had a CI 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 

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

Sample 
MD 

(nm) 
Pl 

(nm) 
ML 

(mN) 
H 

(GPa) 
RM 

(GPa) 
ERP 

CC 
(nm/mN) 

PW 
(nJ) 

EW 
(nJ) 

YM 
(GPa) 

RTC-EtOH 
3570.13 
±50.11b 

3110.31 
±48.59b 

50.10 
±0.00a 

0.20 
±0.01a 

4.41 
±0.09a 

0.15 
±0.00a 

12.24 
±0.09b 

55.32 
±1.14b 

22.00 
±0.16b 

4.03 
±0.08a 

RTC-VC 
3308.46a 
±145.22 

2870.18 
±121.85a 

50.10 
±0.00a 

0.23 
±0.02a 

5.04 
±0.51c 

0.15 
±0.01a 

11.66 
±0.82a 

52.73 
±3.34ab 

20.90 
±1.30a 

4.61 
±0.47b 

RTC-C 
3412.25 

±259.56ab 
2980.18 
±253.91b 

50.10 
±0.00a 

0.22 
±0.05a 

4.94 
±0.56b 

0.15 
±0.01a 

11.50 
±0.22a 

54.41 
±4.64a 

20.80 
±0.47a 

4.51 
±0.51b 

NDC 
3612.65 

±162.08bc 
3123.34 
±148.57b 

50.10 
±0.00a 

0.20 
±0.02a 

4.14 
±0.31a 

0.16 
±0.00a 

13.02 
±0.41c 

59.92 
±4.09bc 

22.90 
±0.80c 

3.78 
±0.28a 

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). 
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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-Skocińska 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-Skocińska 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 oBrix degree during RTC kombucha fermentation with 
different carbon source combinations. 

Samples 
The Change of the pH The Change of the oBrix 

Medium Before after Medium Before after 

RTC-C 4.84±0.00d 3.65±0.00c 2.52±0.04c 10.70±0.00d 10.60±0.00c 8.57±0.05c 

RTC-SD 4.76±0.00b 3.62±0.00b 2.21±0.01a 10.10±0.00b 10.10±0.00b 8.33±0.09a 

RTC-SF 4.57±0.00a 3.61±0.00a 2.46±0.01b 10.50±0.00c 10.40±0.00a 7.87±0.12b 

RTC-SGlu 4.76±0.00b 3.62±0.00a  2.17±0.01a 10.70±0.00d 10.40±0.00b 8.40±0.08a 

RTC-Sgly 4.78±0.00c 3.66±0.00c 2.66±0.00d 9.70±0.00a 9.70±0.00c 8.60±0.00d 

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

Figure 3.20 Changes in pH and oBrix 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 glucose 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 using 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. 

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

Samples 
Before fermentation After fermentation 

Sucrose Glucose Fructose Glycerol Sucrose Glucose Fructose Glycerol 

RTC-C 
9.05±0.18 

(b, B) 
2.13±0.02 

(b, B) 
1.05±0.03 

(c, A) 
ND 

7.05±0.21 
(d, A) 

1.89±0.08 
(b, A) 

0.74±0.20 
(b, A) 

ND 

RTC-SF 
4.68±0.29 

(a, B) 
0.82±0.23 

(a, A) 
4.92±0.28 

(d, B) 
ND 

3.53±0.06 
(b, A) 

1.02±0.03 
(a, A) 

2.89±0.28 
(c, A) 

ND 

RTC-SD 
4.75±0.26 

(a, B) 
4.91±0.20 

(c, B) 
0.37±0.20 

(b, A) 
ND 

2.30±0.29 
(a, A) 

2.36±0.27 
(bc, A) 

0.83±0.13 
(b, B) 

ND 

RTC-SG 
4.72±0.51 

(a, B) 
5.16±0.54 

(c, B) 
0.33±0.16 

(b, A) 
ND 

2.00±0.20 
(a, A) 

2.22±0.10 
(b, A) 

0.92±0.16 
(b, B) 

ND 

RTC-SGly 
4.41±0.07 

(a, B) 
1.06±0.03 

(a, A) 
0.00±0.00 

(a, A) 
5.40±0.23 

(B) 
3.89±0.29 

(c, A) 
0.92±0.08 

(a, A) 
0.00±0.00 

(a, A) 
4.34±0.18 

(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.
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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 40oC 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 g/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 (g/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 glucose 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 Treviño-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 g/L 

and 11.19 g/L with glucose and 300.74 g/L and 12.12 g/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 g water/g 

cellulose) are consistent with literature reports. Wu and Liu (2013) observed a WHC of 

98.5 g/g in BC from distillery wastewater, while Avcioglu et al. (2021) reported values 

of ~114 g/g 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; Treviño-Garza et al. 2020; Almihyawi et al. 2024; U˘gurel and Ö˘güt 

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 



124 

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. 

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. (Illa 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). 
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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-1, while the fingerprint region extends from 

1330 to 500 cm-1 (Liu et al. 2023). In the feature region, prominent peaks were identified 

at approximately 3340 cm-1, 3234 cm-1, and 2895 cm-1. The broad and intense bands 

around 3340 cm-1 and 3234 cm-1 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-

1 is associated with C-H stretching vibrations, which are characteristic of aliphatic groups 

(CH2 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-1 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. 

 

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-1 i.e. 

1645, 1427, and 1364 cm-1. The peak at around 1645 cm-1 is associated with C=O 

stretching vibrations from the glucose carbonyl group (Leonarski et al. 2021a; Liu et al. 

2023). The peak at 1427 cm-1 represents CH2 symmetric bending, while the peak at 

1364 cm-1 corresponds to C-H symmetric bending (Fatima et al. 2023; Liu et al. 2023). 

In the fingerprint region between 1330 to 500 cm-1, several distinct 

peaks were detected at 1315 cm-1, 1279 cm-1, 1203 cm-1, 1159 cm-1, 1106 cm-1, 1053 

cm-1, 1028 cm-1, 1002 cm-1, and 898 cm-1 The peak at 1336 cm-1 corresponds to OH in-



127 

plane bending (Liu et al. 2023). The peak at 1315 cm-1 is linked to CH2 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-1 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-1. The band

observed at 1159 cm-1 is attributed to C-O-C antisymmetric bridge stretching, while the

peak at 1106 cm-1 represents ring asymmetric stretching. Peaks at 1053 cm-1 and 1028

cm-1 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-1 corresponds to C-O-C stretching in β-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 (CI) and crystallite 

size are presented in Table 3.17. The XRD profiles for all samples consistently display 

three prominent peaks at 2θ 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 I, as 

reported by Gaspar et al. (2014). Notably, the most intense peak, located near 23°, is 

associated with cellulose type I (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 CI 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 CI 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 CI 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 CI 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 CI values of 83%, 90%, 

and 85%, respectively (Molina-Ramírez et al. 2018b). Similarly, BC produced by K. 

hansenii (ATCC 53582) using glucose and glycerol as carbon sources showed CI values 

exceeding 80% (Amorim et al. 2024). Furthermore, BC produced by Komagataeibacter 

sp. W1 in HS medium exhibited CI 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 highlight 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 1.34% 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). 

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 β-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). 

Samples 
First stage 

weight loss (%) 
Second stage 

weight loss (%) 
Residue 

(%) 
DTG Peak 
range (oC) 

DTG TMax 
(oC) 

RTC-C 6.03 71.01 23.01 256 – 384 353.67 
RTC-SD 1.34 70.10 28.52 260 – 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 23.90 258 – 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 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). 

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 TMax of 339.6°C (Jenkhongkarn and Phisalaphong 2023). BC produced 

from different carbon sources, including glucose, 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 TMax: 349.50–359.50°C) exhibit slight variations in the 

thermal degradation profiles, with RTC-SGly showing the highest DTG TMax (359.50°C). 

These differences underscore the impact of additives on the thermal behavior of BC. 

BC produced by G. xylinus demonstrates a DTG TMax of 328.36°C (Jia et al. 2017). 

Similarly, BC produced by G. hansenii in HS medium shows DTG TMax 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 TMax values ranging from 327°C to 368°C (Molina-Ramírez 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 TMax 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 TMax 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 TMax 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 (CI) 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 CI and mechanical strength (Adekoya et 

al. 2022). 

In this study, the CI 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. 
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Table 3.19 Mechanical properties of BC from kombucha fermentation of RTC-SD, RTC-SGlu, and RTC-C analyzed using a nano-indenter 

Sample 
MD 

(nm) 

Pl 

(nm) 

ML 

(mN) 

H 

(GPa) 

RM 

(GPa) 
ERP 

CC 

(nm/mN) 

PW 

(nJ) 

EW 

(nJ) 

YM 

(GPa) 

RTC-SD 
3402.68 

±388.52 

2950.54 

±366.31 

50.10 

±0.00 

0.23 

±0.07 

4.844 

±1.02 

0.16 

±0.02 

12.03 

±0.82 

49.29 

±5.30 

21.67 

±1.40 

4.43 

±0.94 

RTC-SGlu 
3206.75 

±250.54 

2754.19 

±240.80 

50.10 

±0.00 

0.26 

±0.05 

5.106 

±0.64 

0.17 

±0.01 

12.04 

±0.65 

51.22 

±4.42 

21.08 

±1.08 

4.67 

±0.59 

RTC-C 
3412.25 

±259.56 

2980.18 

±253.91 

50.10 

±0.00 

0.22 

±0.05 

4.94 

±0.56 

0.15 

±0.01 

11.50 

±0.22 

54.41 

±4.64 

20.80 

±0.47 

4.51 

±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). 
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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 oBrix during RTC kombucha fermentation with 
different initial pH condition 

Sample 
The change of the pH The change of the oBrix 

initial pH final pH initial oBrix final oBrix 

RTC-Control* (pH-5.20) 3.43±0.03a 2.39±0.04a 10.30±0.00a 9.33±0.35ab 

RTC-pH-5 3.41±0.01a 2.48±0.01b 10.40±0.00b 9.17±0.13a 

RTC-pH-6 3.55±0.02b 2.46±0.03b 10.70±0.00d 9.60±0.17b 

RTC-pH-7 3.61±0.03c 2.53±0.03c 10.50±0.00c 9.57±0.22ab 
*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 (Hruška 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 (g/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 g/L and a dry yield of 1.34±0.13 g/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 g/L, and dry yields of 0.86±0.01, 1.01±0.06, and 1.01±0.10 g/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 Ö˘güt 

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 yields (0.86±0.01, 1.01±0.06, and 1.01±0.10 g/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 g 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; Ramírez 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. 

Ramírez 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 oBrix during RTC kombucha fermentation time 

Samples 
The Change of the pH The Change of the oBrix 

Initial 1st harvest final initial 1st harvest final 

Week 1-4 3.58±0.01a 2.84±0.06d 2.26±0.04a 10.70±0.17a 9.93±0.18a 9.73±0.11a 

Week 2-4 3.58±0.01a 2.59±0.02c 2.29±0.02a 10.70±0.17a 9.62±0.10a 9.90±0.17a 

Week 3-4 3.58±0.01a 2.45±0.01b 2.27±0.01a 10.70±0.17a 9.82±0.17a 9.79±0.24a 

Week 4-4 3.58±0.01a 2.33±0.06a 2.33±0.06a 10.70±0.17a 9.83±0.20a 9.83±0.20a 

 

• 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. W4-4 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 g/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 g (7 days) to 3,931 ± 43 g (30 days), while dry yields increased from 120 

± 10 g to 880 ± 27 g (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. 

Figure 3.30 Wet yield (g/L), dry yield (g/L), and WHC (g water / g 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 W4-4), W2-4 had the highest overall yield, with a total wet yield of 

368.22±28.33 g/L and a total dry yield of 3.04±0.38 g/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 g 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 g 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 g 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 goal 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 oBrix (before and after) RTC kombucha 
fermentation with different tea concentration 

Sample 
The Change of the pH The Change of the Brix 

Initial pH final pH Initial oBrix oBrix 

RTC-1% 3.72±0.00a 2.58±0.03a 11.00±0.00a 9.87±0.13a 

RTC-2% 3.94±0.01b 2.94±0.02b 11.10±0.00b 9.83±0.10a 

RTC-3% 4.08±0.00c 3.20±0.03c 11.40±0.00c 10.00±0.07a 

 

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 g/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 g/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.  

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 g/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 g water/g cellulose), 

though it was not significantly different from RTC-2% (117.6±7.12 g water/g cellulose). 
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However, the sample from RTC-3% exhibited the lowest WHC (108.81±3.40 g 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 investigated 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 oBrix 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 oBrix 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 oBrix (before and after) RTC kombucha 
fermentation with different cultivation methods 

Sample 
The Change of the pH The Change of the oBrix 

Initial pH final pH initial oBrix final oBrix 

RTC-static 3.43±0.03a 2.47±0.03a 10.90±0.00a 10.17±0.35a 

RTC-Shaking 3.43±0.03a 2.53±0.02a 10.90±0.00a 12.37±2.32b 

RTC-Agitating 3.43±0.03a 2.51±0.15a 10.90±0.00a 12.96±1.33b 

In terms of oBrix, the initial value for all samples was 10.90±0.00, 

indicating uniform sugar concentration at the start. However, the final oBrix 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 oBrix, suggesting greater sugar consumption 

by microbes due to prolonged fermentation under limited oxygen. In contrast, shaking 

and agitating methods retained higher oBrix 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 g/L and a dry yield of 1.34 g/L, while shaking and agitated cultivation yielded 

of 182.99 g/L and 37.37 g/L for wet yield, respectively and 1.07 g/L and 0.45 g/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 g/g) and agitated (81.09 g/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-Sánchez 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 g/L and dry yield of 0.45 g/L) and the 

lowest WHC. 

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 g/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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CHAPTER 4 

OPTIMIZATION OF BACTERIAL CELLULOSE PRODUCTION FROM 

THAI RED TEA KOMBUCHA USING CENTRAL COMPOSITE DESIGN 

IN RESPONSE SURFACE METHODOLOGY 

4.1 Abstract 
This study optimized bacterial cellulose (BC) production from Thai red tea 

kombucha using response surface methodology (RSM) with a central composite design 

(CCD), based on previous data. Thirty-four runs evaluated the effects of sucrose–

glucose ratio, tea concentration, and ethanol concentration on BC wet yield, dry yield, 

and water-holding capacity (WHC), with emphasis on wet yield. Despite some 

limitations, the model showed acceptable predictive accuracy. During optimization, 

the software generated 53 formulations, from which three—RTC-V1 (recommended), 

RTC-V46 (highest predicted yield), and RTC-V53 (lowest predicted yield)—were 

selected for validation. Observed yields and WHC values closely matched predictions, 

confirming model reliability. RTC-V1 (7.97% (w/v) sucrose, 2.03% (w/v) glucose, 1.41% 

(w/v) tea, 1.56% (v/v) ethanol) achieved a wet BC yield of 621.71 ± 24.06 g/L, a 238% 

increase over the RTC-SGlu formulation. The optimized BC was characterized by SEM, 

FTIR, XRD, TGA, and nanoindentation, confirming a uniform nanofiber network, 

cellulose I structure with high crystallinity (83.23–85.97%), thermal stability, and strong 

mechanical properties. These findings support the effectiveness of CCD-based RSM for 

scalable, high-quality BC production. 

Keywords: Bacterial cellulose optimization, Thai red tea kombucha, Composite 

central design (CCD), Fermentation process, BC production. 
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4.2 Introduction 
Bacterial cellulose (BC) is a microbial exopolysaccharide produced 

predominantly by Komagataeibacter sp. Compared to plant-derived cellulose, BC is 

free from lignin and hemicellulose and possesses superior characteristics, including 

high purity, crystallinity, tensile strength, water-holding capacity (WHC), and 

biocompatibility. These properties make BC a promising material in various sectors, 

such as food, biomedical, and packaging industries (Azeredo et al. 2019b; Barja 2021b; 

Bizeau and Mertz 2021; Padmanabhan et al. 2023). 

Among sustainable production methods, kombucha fermentation has 

attracted growing interest for BC production. Kombucha, a fermented tea beverage, is 

produced by a SCOBY in a sugar-enriched tea medium. During fermentation, the 

microbial community metabolizes the carbon source and forms a cellulose pellicle on 

the surface of the liquid. This process presents a natural, cost-effective, and scalable 

approach to BC production, utilizing readily available substrates such as tea and sugar 

(Cavicchia and de Almeida 2022; Ramírez Tapias et al. 2022; Charoenrak et al. 2023). 

BC production during fermentation is influenced by several factors, including 

the type and concentration of tea, the ratio of carbon sources (glucose and sucrose), 

ethanol supplementation, and fermentation parameters such as time, pH, and 

temperature. Glucose serves as the primary carbon source for BC biosynthesis, whereas 

sucrose must first be hydrolyzed, potentially affecting the fermentation rate. Tea 

provides essential nutrients—including nitrogen, polyphenols, and micronutrients—

that support microbial growth and activity. Low concentrations of ethanol have been 

shown to enhance BC yield, though higher levels may have inhibitory effects (Kazemi 

et al. 2015; Molina-Ramírez et al. 2018b; Fei et al. 2023). 

To maximize BC productivity and reduce production costs, statistical 

optimization approaches like Response Surface Methodology (RSM) have been widely 

employed. RSM is an effective tool to evaluate the effects and interactions of multiple 

variables on a given response. Specifically, Central Composite Design (CCD) within the 
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RSM framework offers an efficient experimental layout for identifying optimal 

conditions with a reduced number of runs. For example, the Box-Behnken design has 

been used to optimize temperature, pH, and agitation speed, resulting in a threefold 

increase in BC yield (Pandey et al. 2024). Likewise, Plackett–Burman and RSM were 

used to optimize BC production by K. rhaeticus N1 MW32270, increasing the yield from 

4.3 g/L to 9.2 g/L (Mohammad et al. 2021). In another study, CCD was applied using 

low-cost nutrient sources like molasses, ethanol, corn steep liquor (CSL), and 

ammonium sulfate, leading to a 6.3-fold increase in productivity compared to the 

standard Hestrin–Schramm (HS) medium (Rodrigues et al. 2019). Optimization of the 

growth medium for A. senegalensis MA1 using CCD-RSM increased BC production up 

to 20 times relative to unoptimized HS medium (Aswini et al. 2020). These findings 

highlight the effectiveness of RSM in elucidating complex parameter interactions and 

improving BC production outcomes. 

Despite the promising use of alternative substrates for BC production, limited 

studies have explored Thai red tea kombucha as a fermentation medium. Thai red tea 

is commercially popular and contains both natural polyphenols and artificial colorants 

such as FD&C Yellow No. 6 (INS 110), which may influence microbial growth and 

cellulose biosynthesis. Furthermore, flavored teas used in this context may introduce 

additional bioactive compounds or fermentation modulators. 

This study aims to optimize BC production from Thai red tea kombucha 

through CCD-RSM. The key variables examined include tea concentration, sucrose-to-

glucose ratio, and ethanol content. Based on previous work, the fermentation was 

conducted at a tea concentration of 2%, ethanol 1%, and a carbon source mixture 

totaling 10% under static conditions for 15 days at pH ~5.20. The objectives are to (i) 

maximize wet and dry BC yield and WHC, (ii) verify the fit between predicted and actual 

results, and (iii) characterize the optimized BC using SEM, FTIR, XRD, TGA, and 

nanoindentation to assess its structural, thermal, and mechanical properties. These 
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findings aim to support the development of a cost-effective, reproducible, and 

industrially scalable BC production method for functional and packaging applications. 

4.3 Materials and Methods 
The materials and equipment used in this stage include commercial kombucha 

starter (SCOBY) bought from Neo Cold Brew Shop (online market, Thailand), sucrose, 

Thai red tea-vanilla flavor (ChaTraMue brand), sucrose, glucose, ethanol, sodium 

hydroxide (NaOH), Hydrochloric acid (HCl), Reverse osmosis (RO) water, Deionized (DI) 

water, cheese cloth, coffee filter, glass jar, funnel, autoclave, laminar air flow, 

laboratory glassware, analytical balance, incubator, pH-meter (Oakton, pH 700), 

refractometer, oven dryer (XUE058, FRANCE ETUVES), FT-IR (Bruker VERTEX 70), XRD 

(Bruker D8 Advance), SEM (FESEM) (Zeiss, AURIGA, Germany), HPLC (Hitachi Chromaster), 

and, nano-indenter (NanoTest Vantage system, Micro Materials Limited in Wrexham, 

UK). 

4.3.1  Experimental Design Using CCD of RSM 

The optimization of BC (BC) production was carried out using Response 

Surface Methodology (RSM) with a Central Composite Design (CCD), developed using 

Design-Expert 11 software. The selection of independent variables and their ranges was 

based on findings from previous experiments (Chapter 3). The optimization aimed to 

maximize BC yield (g/L, wet and dry basis) and water holding capacity (WHC). 

Three independent variables were selected: Thai red tea concentration 

(1–3%, with 2% as the center point), ethanol concentration (0–2%, with 1% as the 

center point), and the ratio of sucrose to glucose as the carbon source, with a fixed 

total sugar concentration of 10%. The goal was to determine the optimal sucrose-to-

glucose ratio within this fixed concentration. These ranges were chosen based on 

previous results showing that a 1:1 ratio (5% sucrose + 5% glucose) yielded favorable 

outcomes. 
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The cultivation conditions were kept constant throughout the 

optimization: unadjusted initial pH (~5.20), static fermentation, room temperature, and 

a 15-day fermentation time. Although a 14-day fermentation had previously been 

found optimal, a 15-day duration was used in this study to maintain consistency with 

earlier experimental protocols and to allow slight flexibility in timing without affecting 

BC quality. The variables and their levels used in the experimental design are 

summarized in Table 4.1, and the full design matrix generated by the software is 

presented in Table 4.2. 

The following is further information on the optimization methods: 

Study Type : Response Surface 

Subtype : Randomized 

Design Type : Central Composite 

Runs : 34 

Design Model : Quadratic 

Blocks : No Blocks 

Table 4.1 The factors used in the design of experiment for BC production from RTC 
kombucha fermentation and its value 

F Name Units Type Min. Max. CL CH Mean SD 

A [Sucrose] % Numeric 0.00 10.00 -1 ↔ 2.03 +1 ↔ 7.97 5.00 2.70 

B [Tea] % Numeric 1.00 3.00 -1 ↔ 1.41 +1 ↔ 2.59 2.00 0.54 

C [Ethanol] % Numeric 0.00 2.00 -1 ↔ 0.41 +1 ↔ 1.59 1.00 0.54 

F = Factors, Min. = Minimum, Max. = Maximum, Cl = Coded Low, CH = Coded high, SD = 
Standard Deviation. 
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Table 4.2 Design of experiment for the optimization of BC production from RTC 
kombucha fermentation 

Std Run 

Factors Responses 

[Sucrose]* [Tea] [Ethanol] Wet yield Dry yield WHC 

% % % g/L g/L g/g 

2 1 2.0270 1.4054 0.4054 

17 2 0 2 1 

11 3 7.9730 1.4054 1.5946 

13 4 2.0270 2.5946 1.5946 

32 5 5 2 1 

1 6 2.0270 1.4054 0.4054 

34 7 5 2 1 

21 8 5 1 1 

20 9 10 2 1 

16 10 7.9730 2.5946 1.5946 

22 11 5 1 1 

27 12 5 2 2 

7 13 7.9730 2.5946 0.4054 

24 14 5 3 1 

30 15 5 2 1 

12 16 7.9730 1.4054 1.5946 

3 17 7.9730 1.4054 0.4054 

29 18 5 2 1 

25 19 5 2 0 

26 20 5 2 0 

8 21 7.9730 2.5946 0.4054 

23 22 5 3 1 

15 23 7.9730 2.5946 1.5946 
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Table 4.2 Design of experiment for the optimization of BC production (Continued) 

Std Run 

Factors Responses 

[Sucrose]* [Tea] [Ethanol] Wet yield Dry yield WHC 

% % % g/L g/L g/g 

28 24 5 2 2    

19 25 10 2 1    

9 26 2.0270 1.4054 1.5946    

18 27 0 2 1    

6 28 2.0270 2.5946 0.4054    

10 29 2.0270 1.4054 1.5946    

33 30 5 2 1    

31 31 5 2 1    

14 32 2.0270 2.5946 1.5946    

4 33 7.9730 1.4054 0.4054    

5 34 2.0270 2.5946 0.4054    
*) Total carbon source is 10%, the glucose was added until total carbon source is 10%. Std 

(standard order) 

4.3.2  Laboratory Experimentation 

For each experimental run, Thai red tea kombucha fermentation was 

prepared according to the designed formula. The fermentation process was conducted 

under controlled conditions, and the BC produced was harvested after a 

predetermined incubation period. The harvested BC samples were washed, purified, 

and analyzed for wet yield (g), dry yield (g), and water holding capacity (WHC, g water/g 

cellulose). 

1) Regeneration of Kombucha Starter 

A 480-ml jar was filled with 40g of sucrose and RTC tea extract, 

prepared by brewing 4g of tea with 360 ml of hot water (T = ±90oC). The tea was 

filtered using coffee filter paper, placed in a jar filled with sucrose, stirred, and sterilized 
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by autoclaving (P=1.2 psi, T = 121oC, t = 20 minutes). The mixture was then cooled to 

near room temperature (30–35oC), inoculated with 40 ml of the previous starter, and 

fermented for 14 days.  

2) Preparation of Medium and Fermentation

A total of 34 jars were prepared, each containing 10 g of a sucrose

and glucose mixture, as specified in Table 4.2. To each jar, 90 ml of Thai red tea 

extract was added according to the treatments outlined in Table 4.2, and the mixture 

was stirred until the sugar completely dissolved. The tea extract was prepared by 

brewing the specified amount of tea in hot water at approximately 90 °C for about 15 

minutes, followed by filtration using coffee filter papers. The jars were covered with 

two layers of cheesecloth and sterilized in an autoclave at 1.2 psi and 121 °C for 20 

minutes. After sterilization, the mixture was allowed to cool to 30–35 °C. Once cooled, 

the appropriate amount of ethanol was added (as shown in Table 4.2), and each jar 

was inoculated with 10 ml of the culture starter. The mixtures were thoroughly mixed 

and allowed to ferment for 15 days at a temperature of 30 °C under static cultivation 

conditions. 

3) Harvesting and Purification of BC

After around 15 days of fermentation, the BC was separated by

lifting it using tweezers and drained for about 10 minutes. The BC was then weighed 

to determine the wet gross weight, heated in boiling water (± 90–95oC) for about 30 

minutes, and drained for about 10 minutes. The BC was then heated at ± 90oC in the 

alkaline solution (NaOH, 2%) for 120 minutes, drained, rinsed with RO water until the 

pH was neutral, and washed with DI water (Yanti et al. 2018; Aswini et al. 2020). After 

that, the BC was then drained for about 10 minutes and weighed to determine the net 

wet weight. Further, for making the dry samples, the BC sample was then dried using 

an oven at a temperature of 40oC until it reached a constant weight (Aswini et al. 2020). 
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4.3.3  Data Analysis and Model Fitting 

The response data (wet yield, dry yield, and WHC) were input into the 

software. Statistical models were developed for each response variable, and their 

adequacy was evaluated using analysis of variance (ANOVA). Response surfaces and 

contour plots were generated to visualize the effect of factors and their interactions 

on BC production. 

4.3.4  Optimization and Solution Validation 

The optimization module of the software was used to determine the 

best formula solution for maximizing the desired responses. The predicted optimal 

conditions were validated by conducting laboratory experiments using the solution 

formula. The experimental data were compared with the predicted values to validate 

the optimization model. 

4.3.5  Bacterial cellulose characterization 

The BC produced using the optimized formula was characterized to 

confirm its quality and properties. The characterization included yield and WHC, as 

well as analyses using scanning electron microscopy (SEM), Fourier-transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and 

nano-indentation. The detailed methods and procedures for these analyses, including 

statistical analysis, have been described in Chapter 3 of this thesis. 

4.3.6  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. 

4.4 Results and Discussion 
4.4.1  Data Analysis of Experimental Design 

A total of 34 experimental runs were generated using a CCD as part of 

the RSM approach. Following a 15-day fermentation, BC samples were purified, and 
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their wet yield, dry yield, and WHC were determined. The resulting response data were 

entered into the software for model development and statistical analysis. A summary 

of the experimental results is presented in Table 4.3. 

In this study, three response variables—wet yield, dry yield, and WHC—

were selected to provide a comprehensive assessment of both BC productivity and 

quality. Wet yield was considered the primary response, as it represents the total 

amount of BC produced under each fermentation condition and is directly relevant for 

industrial and process-scale evaluations. Dry yield and WHC were included as 

secondary responses to offer additional insight into the structural and functional 

characteristics of the produced BC. Dry yield reflects the actual amount of cellulose 

synthesized, independent of water content, and is critical for evaluating true BC 

productivity. WHC, on the other hand, indicates the material’s capacity to retain water, 

an important functional property for applications in food, cosmetics, biomedical 

materials, and other moisture-sensitive products. The combination of these three 

responses allows for a more holistic evaluation of the process, enabling the 

identification of optimal conditions that not only maximize yield but also ensure 

desirable material properties suitable for practical applications. 

Table 4.3  The data of wet yield, dry yield, and WHC from the laboratory experiment 

STD Run 

Factors Responses 

Sucrose* 

(%) 

Tea 

(%) 

Ethanol 

(%) 

Wet Yield 

(g/L) 

Dry Yield 

(g/L) 

WHC 

(g/g) 

2 1 2.0270 1.4054 0.4054 512.36 3.54 143.65 

17 2 0 2 1 466.90 3.78 122.42 

11 3 7.9730 1.4054 1.5946 632.24 5.54 113.18 

13 4 2.0270 2.5946 1.5946 550.64 4.77 114.41 

32 5 5 2 1 570.60 4.32 131.08 

1 6 2.0270 1.4054 0.4054 500.34 3.68 135.15 
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Table 4.3 The data of wet yield, dry yield, and water holding capacity from the 
laboratory experiment (Continued) 

STD Run 

Factors Responses 

Sucrose* 

(%) 

Tea 

(%) 

Ethanol 

(%) 

Wet Yield 

(g/L) 

Dry Yield 

(g/L) 

WHC 

(g/g) 

34 7 5 2 1 597.70 4.63 128.06 

21 8 5 1 1 619.05 4.58 134.05 

20 9 10 2 1 350.63 3.33 104.29 

16 10 7.9730 2.5946 1.5946 594.61 5.37 109.79 

22 11 5 1 1 636.29 4.75 133.04 

27 12 5 2 2 675.54 5.52 121.45 

7 13 7.9730 2.5946 0.4054 612.56 5.94 102.07 

24 14 5 3 1 552.14 4.51 121.45 

30 15 5 2 1 589.35 4.67 125.17 

12 16 7.9730 1.4054 1.5946 679.74 5.87 114.84 

3 17 7.9730 1.4054 0.4054 667.51 3.54 143.65 

29 18 5 2 1 586.55 4.61 126.23 

25 19 5 2 0 372.12 3.38 109.03 

26 20 5 2 0 417.43 4.43 93.25 

8 21 7.9730 2.5946 0.4054 576.29 5.72 99.84 

23 22 5 3 1 529.82 4.36 120.46 

15 23 7.9730 2.5946 1.5946 561.57 5.32 104.62 

28 24 5 2 2 627.10 5.75 107.99 

19 25 10 2 1 426.18 3.74 112.92 

9 26 2.0270 1.4054 1.5946 609.09 5.22 115.66 

18 27 0 2 1 476.86 3.69 128.23 

6 28 2.0270 2.5946 0.4054 551.06 3.94 138.83 

10 29 2.0270 1.4054 1.5946 588.62 5.23 111.46 
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Table 4.3  The data of wet yield, dry yield, and water holding capacity from the 
laboratory experiment (Continued) 

STD Run 

Factors Responses 

Sucrose* 

(%) 

Tea 

(%) 

Ethanol 

(%) 

Wet Yield 

(g/L) 

Dry Yield 

(g/L) 

WHC 

(g/g) 

33 30 5 2 1 642.82 5.03 126.85 

31 31 5 2 1 561.20 4.36 127.69 

14 32 2.0270 2.5946 1.5946 587.45 4.84 120.30 

4 33 7.9730 1.4054 0.4054 668.37 4.92 134.82 

5 34 2.0270 2.5946 0.4054 478.60 3.70 128.53 

* Glucose was added to the sucrose until total weight of carbon source is 10%

In this study, predicted values are not presented in the initial results 

table to maintain clarity and emphasize the actual experimental data used for model 

development. Predicted values are instead reported during the model validation stage, 

where they are compared with experimental results to assess the accuracy and 

reliability of the optimized conditions. 

After inputting and analyzing the data, the software generated a 

summary of the response data, which is presented in Table 4.4. 

Table 4.4 Summary of data analysis from the laboratory experiment 

Res. Obs. Analysis Min. Max. Mean Sd Ratio Trans Model 

Wet yield (g/L) 34 Polynomial 350.63 679.74 560.86 84.33 1.94 None Quadratic 

Dry yield (g/L) 34 Polynomial 3.33 5.943 4.64 0.754 1.78 None Quadratic 

WHC (g/g) 34 Polynomial 93.25 143.65 120.64 12.56 1.54 None Quadratic 

Res. = Response, Obs. (Observation), Min. (Minimum), Max. (maximum), Sd (Standard deviation), 
Trans. (transformation), unit of WHC g/g (g water/g cellulose). 
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Table 4.4 provides detailed information about the response values, 

including minimum, maximum, mean, standard deviation (SD), transformation (Trans), 

ratio, and model. The wet yield from the experiments ranged from 350.63 g/L to 679.74 

g/L, with a mean of 560.86 g/L and a SD of 84.33. The dry yield varied between 3.33 

g/L and 5.943 g/L, with a mean of 4.64 g/L and a standard deviation of 0.754. The ratio 

of wet yield to dry yield was 1.94, reflecting the water content in the BC, which is 

critical for assessing its water retention capabilities. For WHC, the values ranged from 

93.25 g/g to 143.65 g/g, with a mean of 120.64 g/g and a standard deviation of 12.56. 

The ratio for WHC was 1.54. The models developed in this study were quadratic 

polynomial models for all responses, as indicated in the table. 

The 'Transform column in Table 4.4 indicates whether a data 

transformation was applied during the analysis. For all responses (wet yield, dry yield, 

and WHC), the entry 'None' signifies that no transformations were needed. This suggests 

that the raw data met the assumptions required for statistical analysis and model 

development without the need for adjustments such as logarithmic or square root 

transformations. The quadratic polynomial models developed in this study establish a 

mathematical relationship between the independent variables and the responses, 

providing insights into how variations in the medium composition influence BC 

production. These models were found to be statistically significant and were validated 

through ANOVA. 

4.4.2  Response Surface Analysis 

The next phase of this study involved analyzing the data based on 

response parameters obtained from laboratory experiments. A software program was 

used to generate a comprehensive data analysis report, including transformations, fit 

summaries, model evaluations, ANOVA diagnostics, and graphical representations of 

the model. 
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1) Wet Yield Analysis

The Fit Summary for the quadratic model in the wet yield response

demonstrates its suitability for predicting outcomes (Table 4.5). The model was chosen 

based on prior research suggesting a nonlinear relationship between the variables, 

where effects may change direction at a certain point, such as reaching an optimal 

threshold before decreasing. The model explains 54.76% of the variance (R²), with an 

adjusted R² of 37.79%, indicating a moderate fit after accounting for the number of 

predictors. However, the predicted R² of 4.17% suggests that the model may not 

generalize well to new, unseen data, indicating potential overfitting. Additionally, the 

lack of fit value of < 0.0001 suggests that the model does not perfectly capture the 

underlying data patterns, with residuals significantly deviating from the observed 

values. This indicates that the quadratic model might not fully account for all the 

variability in the data. Despite these challenges, the quadratic model remains relevant 

due to its alignment with theoretical expectations of nonlinear effects and the 

possibility of an optimal threshold. The relatively low R², adjusted R², and predicted 

R² values are common in RSM studies involving biological systems like fermentation, 

where inherent variability and unmeasured factors contribute to response fluctuations. 

The ANOVA results (Table 4.6) show that the overall model is 

significant for wet yield analysis (F-value = 3.23, p-value = 0.0105), meaning it explains 

a meaningful amount of variation in the response. Ethanol (C) has a significant effect 

on the response (p-value = 0.0042), while sucrose (A) and tea (B) do not (p-values of 

0.3463 and 0.0793, respectively). The interactions between the factors and the 

quadratic effects of tea and ethanol are not significant. However, the quadratic effect 

of sucrose (A²) is significant (p-value = 0.0092), suggesting a nonlinear relationship. The 

lack of fit is significant (F-value = 22.27, p-value < 0.0001), meaning the model does 

not fully capture the data, and there are differences between observed and predicted 

values. The addition information from the program is about the adequate precision 

(Adeq Precision). The adequate precision value of 5.9319 indicates the model has an 



189 

 

adequate signal for making predictions, although it may need refinement to better fit 

the data. 

Table 4.5 The resume of fit summary report of wet yield analysis 

Source 
Sequential 

p-value 

Lack of Fit 

p-value 
R² 

Adjusted 

R² 

Predicted 

R²  

Linear 0.0226 < 0.0001 0.2694 0.1963 0.035  

2FI 0.5614 < 0.0001 0.322 0.1713 -0.0307  

Quadratic 0.0194 < 0.0001 0.5476 0.378 0.0417 Suggested 

Cubic 0.0071 < 0.0001 0.7689 0.6188 0.2399 Aliased 

 

Table 4.6  ANOVA for Quadratic Model of wet yield analysis 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F-value p-value  

Model 1.285E+05 9 14281.44 3.23 0.0105 significant 

A-[Sucrose] 4082.45 1 4082.45 0.9228 0.3463  

B-[Tea] 14859.54 1 14859.54 3.36 0.0793  

C-[Ethanol] 44281.66 1 44281.66 10.01 0.0042  

AB 4230.79 1 4230.79 0.9563 0.3379  

AC 7656.69 1 7656.69 1.73 0.2007  

BC 455.33 1 455.33 0.1029 0.7511  

A² 35524.13 1 35524.13 8.03 0.0092  

B² 4951.52 1 4951.52 1.12 0.3006  

C² 1056.54 1 1056.54 0.2388 0.6295  

Residual 1.062E+05 24 4423.97    

Lack of Fit 90701.46 5 18140.29 22.27 < 0.0001 significant 

Pure Error 15473.81 19 814.41    

Cor Total 2.347E+05 33     
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To predict the wet yield, the program generated a table displaying 

the final actual equation, which is presented as the Equation (Eq.4.1). In this equation, 

S represents sucrose, T represents tea, and E represents ethanol. It is important to 

note that glucose must be added to ensure the total carbon source combination 

reaches 10% (w/v) of the total formulation. The effects of the interactions among 

sucrose, tea, and ethanol on the wet yield are illustrated in Figure 4.1, highlighting the 

influence of nutritional and additive compositions on the results of the wet yield. 

𝑊𝑒𝑡 𝑦𝑖𝑒𝑙𝑑 = 428.512 + 79.792[𝑆] − 145.806[𝑇] + 198.491[𝐸] − 9.199[𝑆][𝑇] −

12.375[𝑆][𝐸] − 15.087[𝑇][𝐸] − 4.491[𝑆]2 + 41.915[𝑇]2 −

19.362[𝐸]2  .................................................................................... (Eq. 4.1) 

Figure 4.1 Graph model of the effect of formula composition interaction to the wet 
yield of BC. 

The figure illustrates that the wet yield of BC increased due to 

specific interactions between the variables. An interaction between sucrose and tea 

concentrations showed an increase in BC yield, reaching its peak at a sucrose 

concentration of approximately 6.49% and a tea concentration of 1.41%. However, at 
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higher sucrose concentrations, around 7.97%, the yield began to decline (Figure 4.1(a) 

and 4.1(d)). Similarly, the interaction between sucrose and ethanol concentrations 

(Figure 4.1(b) and 4.1(e)) resulted in the highest BC productivity at a sucrose 

concentration of approximately 5% and an ethanol concentration of 1.59%. 

Additionally, the interaction between tea and ethanol concentrations (Figure 4.1(c) 

and 4.1(f)) contributed to an increase in BC yield, with the maximum productivity 

observed at a tea concentration of 1.41% and an ethanol concentration of 1.59%. 

2) Dry Yield Analysis

The Fit Summary for the quadratic model in the dry yield response

underscores its potential suitability for predicting outcomes (Table 4.7). This model 

was chosen based on evidence suggesting that the relationship between variables may 

be nonlinear, with effects reaching a maximum point before declining. The model 

explains 67.71% of the variance (R2) and the adjusted R2 of 55.61% indicates a 

moderate level of explanatory power after accounting for the number of predictors. 

The predicted R2 of 0.3217 suggests the model has reasonable predictive ability for 

new data, though it may still have limitations in generalization. However, the significant 

lack of fit (p < 0.0001) indicates that the model does not fully capture the complexity 

of the data, as the residuals deviate considerably from the observed values. Despite 

these shortcomings, the quadratic model remains relevant, as it aligns with the 

theoretical expectations of nonlinear relationships and provides valuable insights into 

the interactions between variables affecting dry yield. 

Table 4.7 The resume of fit summary report of dry yield analysis 

Source 
Sequential 

p-value

Lack of Fit 

p-value
R² 

Adjusted 

R² 

Predicted 

R² 

Linear 0.0017 < 0.0001 0.3919 0.3311 0.1909 

2FI 0.0885 < 0.0001 0.5205 0.4139 0.2565 

Quadratic 0.0215 < 0.0001 0.6771 0.5561 0.3217 Suggested 

Cubic 0.0166 < 0.0001 0.819 0.7013 0.4166 Aliased 
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The ANOVA results (Table 4.8) demonstrate that the overall 

quadratic model is significant for dry yield analysis, with an F-value of 5.59 and a p-

value of 0.0003. This indicates that the model explains a substantial portion of the 

variation in the response. Among the individual factors, sucrose (A) and ethanol (C) 

significantly impact the dry yield, with p-values of 0.0068 and 0.0001, respectively. 

However, tea (B) does not have a significant effect, as indicated by its p-value of 0.9656. 

For interaction effects, none of the interactions between factors (AB, AC, BC) show a 

significant influence on dry yield, as their p-values exceed the 0.05 threshold. 

Additionally, the quadratic terms (A2), (B2), and (C2) show varying levels of influence 

but do not meet the criteria for statistical significance, with p-values of 0.0578, 0.2974, 

and 0.0844, respectively.  

Table 4.8 ANOVA for Quadratic Model of dry yield analysis 

Source Sum of 
Squares 

df Mean 
Square 

F-value p-value  

Model 12.69 9 1.41 5.59 0.0003 significant 

A-[Sucrose] 2.21 1 2.21 8.78 0.0068  

B-[Tea] 0.0005 1 0.0005 0.0019 0.9656  

C-[Ethanol] 5.13 1 5.13 20.35 0.0001  

AB 0.1875 1 0.1875 0.7435 0.3971  

AC 1.22 1 1.22 4.82 0.0380  

BC 1.01 1 1.01 3.99 0.0572  

A² 1.00 1 1.00 3.97 0.0578  

B² 0.2860 1 0.2860 1.13 0.2974  

C² 0.8175 1 0.8175 3.24 0.0844  

Residual 6.05 24 0.2522    

Lack of Fit 4.89 5 0.9782 16.01 < 0.0001 significant 

Pure Error 1.16 19 0.0611    

Cor Total 18.74 33     
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The lack of fit is significant, with an F-value of 16.01 and a p-value 

of less than 0.0001, suggesting that the model does not fully capture the complexity 

of the data. This indicates discrepancies between observed and predicted values, 

pointing to areas where the model could be refined for improved accuracy. 

Additionally, the model's adequate precision value of 8.6008 exceeds the 

recommended minimum threshold of 4.0, indicating that the model has a sufficient 

signal-to-noise ratio for making reliable predictions. While adequate precision suggests 

the model's predictions are reasonable, the significant lack of fit highlights the need 

for further refinement to better align the model with the observed data.  

To estimate the dry yield, the program provided a table with the 

final actual equation, which is reformulated and shown as Equation 4.2 (Eq. 4.2). In 

this equation, S, T, and E represent sucrose, tea, and ethanol, respectively. 

Additionally, glucose must be incorporated to ensure the total carbon source 

combination equals 10% (w/v) of the overall formulation. Figure 4.9 illustrates the 

impact of interactions between sucrose, tea, and ethanol on the dry yield, emphasizing 

the role of nutritional and additive compositions in influencing the results. 

𝐷𝑟𝑦 𝑦𝑖𝑒𝑙𝑑 =  2.975 + 0.368[𝑆] − 0.864[𝑇] + 1.850[𝐸] + 0.061[𝑆][𝑇] −

0.156[𝑆][𝐸] − 0.709[𝑇][𝐸] − 0.024[𝑆]2 + 0.319[𝑇]2 + 0.539[𝐸]2 

........................................................................................................................(Eq. 4.2)

The figure demonstrates that the dry yield of BC is influenced by 

interactions between the variables. The interaction between sucrose and tea 

concentrations led to an increase in BC dry yield, peaking at a sucrose concentration 

of approximately 7.97% and a tea concentration of about 2.59% (Figure 4.2(a) and 

4.2(d)). The interaction between sucrose and ethanol concentrations resulted in the 

highest dry yield at a sucrose concentration of approximately 5.00% and an ethanol 

concentration of 1.59% (Figure 4.2(b) and 4.2(e)). Furthermore, the interaction 

between tea and ethanol concentrations contributed to an enhanced BC yield, with 
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maximum productivity observed at a tea concentration of 1.41% and an ethanol 

concentration of 1.59% (Figure 4.2(c) and 4.2(f)). 

Figure 4.2 Graph model of the effect of formula composition interaction to the dry 
yield of BC. 

3) Water Holding Capacity (WHC) Analysis

The Fit Summary for the quadratic model in the WHC response

highlights its potential suitability for understanding the interactions among variables 

(Table 4.9). This model was selected as it aligns with theoretical expectations of 

nonlinear relationships, where effects may increase to a maximum point before 

declining. The model explains 70.4% of the variance (R²), while the adjusted R² of 

59.3% reflects a moderate explanatory power after accounting for the number of 

predictors. The predicted R² of 0.3665 suggests the model has reasonable predictive 

ability for new data, though its generalization may still be limited. However, the 

significant lack of fit (p = 0.0001) indicates that the model does not fully capture the 

complexity of the data, as residuals deviate substantially from observed values. 

Despite these limitations, the quadratic model provides valuable insights into the 
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nonlinear interactions influencing WHC and remains a relevant tool for exploring 

variable relationships. 

Table 4.9 The resume of fit summary report of dry yield analysis 

Source 
Sequential 

p-value

Lack of Fit 

p-value
R² 

Adjusted 

R² 

Predicted 

R² 

Linear 0.0101 < 0.0001 0.3102 0.2412 0.0921 

2FI 0.0328 < 0.0001 0.4983 0.3868 0.2421 

Quadratic 0.0048 0.0001 0.704 0.593 0.3665 Suggested 

Cubic 0.0002 0.0655 0.8981 0.8318 0.6588 Aliased 

The ANOVA results (Table 4.10) confirm that the quadratic model 

is significant for the analysis of WHC, with an F-value of 6.34 and a p-value of 0.0001. 

These results indicate that the model accounts for a substantial portion of the 

variability in WHC. Among the individual factors, sucrose (A) and tea (B) have significant 

effects on WHC, with p-values of 0.0021 and 0.0039, respectively. In contrast, ethanol 

(C) does not exhibit a statistically significant effect, as indicated by its p-value of 0.0907.

Significant interactions are also observed. The interaction between 

sucrose and tea (AB) is notable, with a p-value of 0.0155, as is the interaction between 

tea and ethanol, with a p-value of 0.0210. Additionally, the quadratic effect of ethanol 

(C²) is significant, with a p-value of 0.0014, suggesting the presence of a nonlinear 

relationship between ethanol concentration and WHC. These findings underscore the 

importance of considering both individual factors and their interactions when 

evaluating WHC. 

The lack of fit is significant (F-value = 9.45, p-value = 0.0001), 

indicating that the model does not fully capture the complexity of the data and that 

discrepancies exist between the observed and predicted values. However, the 

adequate precision value of 9.040 exceeds the recommended threshold of 4.0, 
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indicating that the model has a sufficient signal-to-noise ratio and is reliable for 

predictive purposes. While the significant lack of fit suggests room for improvement, 

the model's overall performance justifies its continued use. The model provides 

valuable insights into the factors influencing WHC and offers a reliable foundation for 

further refinement and optimization. 

Table 4.10 ANOVA for Quadratic Model of WHC 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F-value p-value  

Model 3662.98 9 407.00 6.34 0.0001 significant 

A-[Sucrose] 761.53 1 761.53 11.87 0.0021  

B-[Tea] 653.03 1 653.03 10.18 0.0039  

C-[Ethanol] 199.39 1 199.39 3.11 0.0907  

AB 435.91 1 435.91 6.79 0.0155  

AC 151.15 1 151.15 2.36 0.1379  

BC 391.75 1 391.75 6.10 0.0210  

A² 189.73 1 189.73 2.96 0.0984  

B² 12.19 1 12.19 0.1900 0.6669  

C² 837.94 1 837.94 13.06 0.0014  

Residual 1540.18 24 64.17    

Lack of Fit 1098.58 5 219.72 9.45 0.0001 significant 

Pure Error 441.60 19 23.24    

Cor Total 5203.16 33     

 

The program generated a table with the final actual equation for 

estimating WHC, which has been reformulated and presented as Equation 7.3. (Eq. 4.3) 

In this equation, S, T, and E correspond to sucrose, tea, and ethanol, respectively. 

Furthermore, glucose is included to ensure that the total carbon source combination 

reaches 10% (w/v) in the overall formulation. Figure 4.3 highlights the interactions 
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between sucrose, tea, and ethanol on WHC, showcasing the influence of both 

nutritional and additive compositions on the observed outcomes. 

𝑊𝐻𝐶 = 147.174 + 5.673[𝑆] − 15.775[𝑇] − 6.743[𝐸] − 2.953[𝑆][𝑇] +

1.739[𝑆][𝐸] + 13.996[𝑇][𝐸] − 0.328[𝑆]2 + 2.080[𝑇]2 − 17.243[𝐸]2  ........ 

 ................................................................................................................... (Eq. 7.3)

Figure 4.3 Graph model of the effect of formula composition interaction to WHC of 
BC. 

The Figure 4.3 demonstrates that the WHC of BC is influenced by 

interactions between the variables or factors. The interaction between sucrose and tea 

concentrations led to an increase in WHC, peaking at a sucrose concentration of 

approximately 5.00% and a tea concentration of about 1.41% (Figure 4.3(a) and 

4.3(d)). Similarly, the interaction between sucrose and ethanol concentrations resulted 

in the highest WHC at a sucrose concentration of approximately 5.00% and an ethanol 

concentration of 1.59% (Figure 4.3(b) and 4.3(e)). Furthermore, the interaction 

between tea and ethanol concentrations contributed to an enhanced BC yield, with 

maximum productivity observed at a tea concentration of 1.41% and an ethanol 

concentration of 1.59% (Figure 4.3(c) and 4.3(f)). 



198 

4.4.3  Optimization of Formula, Validation, and Data Confirmation 

The formula optimization was performed using the software by 

establishing specific criteria for the process. The primary objective was to maximize the 

wet yield of BC production, with the assumption that the dry yield would correlate 

closely with the wet yield due to the WHC values remaining within the specified range. 

The goal is to achieve the highest yield while utilizing raw materials economically and 

efficiently. The summary of the criteria setting and its constraints are presented in 

Table 4.11. The optimization process results (generated by the software) were 

presented in a Table containing multiple alternative medium formulations (See 

Appendix C, Table 6.). Among these, one formula was highlighted as the most 

optimal, featuring the highest desirability value (close to 1). The software generated 

approximately 53 formulations. From these, three sample formulas were selected for 

experimental testing: the most frequently recommended by the program (RTC-V1), the 

formulation with the highest predicted yield (RTC-V46), and the one with the lowest 

predicted yield (RTC-V53). These codes (RTC-V1, RTC-V46, RTC-V53) serve as identifiers 

for the experiments to facilitate easier reference. The letter “V” denotes the validation 

step, and the number following it indicates the solution or formula order. Details of 

the selected formulations and their predicted responses are presented in Table 4.12. 

The selected formula was validated through laboratory experiments, 

and the experimental results were used to confirm the predictions provided by the 

software. The confirmation data is presented in Table 4.13, demonstrating that the 

experimental outcomes align well with the predicted values. These findings validate 

the accuracy of the equation and the selected formula for BC production. Notably, the 

most recommended formula achieved a wet yield of 621.71 g/L, representing a 

238.54% increase compared to the highest yield obtained in the preliminary study 

(RTC-SGlu), discussed in an earlier chapter of this thesis. Similarly, the dry yield 

increased by 214.67%, while the WHC results were comparable to the previous 

findings. 
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Table 4.11 Summary of the criteria and constraints for optimizing the medium 
formulation. 

Name Goal 
Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

A: [Sucrose] maximize 2.027 7.973 1 1 5 

B: [Tea] minimize 1.405 2.594 1 1 3 

C: [Ethanol] is in range 0.405 1.594 1 1 3 

Wet yield maximize 350.62 679.74 1 1 5 

Dry yield is in range 3.33 5.94 1 1 3 

WHC is in range 93.25 143.65 1 1 3 
Glucose was added to the sucrose solution to reach a final concentration of 10%. The lower and 

upper limits for the optimization variables were automatically determined by the software based 

on prior experimental data from laboratory experiment. 

Table 4.12  Software-Generated Optimal Formula and Predicted BC Production 

No/Code Sucrose Tea Ethanol 
Wet 
yield 

Dry 
yield 

WHC 
Desira-
bility 

RTC-V1 7.973 1.405 1.595 630.159 5.238 119.265 0.939 
RTC-V46 7.260 1.407 1.595 645.117 5.35 119.754 0.912 
RTC-V53 7.973 1.405 0.580 593.081 4.446 130.125 0.889 

Codes (RTC-V1, RTC-V46, RTC-V53) identify experiments; “V” indicates the validation step, and the 

number represents the solution order of the selected formula 

RSM has been widely recognized as an effective tool for optimizing BC 

production. This study successfully increased BC productivity, aligning with previous 

research that demonstrated the efficacy of RSM in enhancing BC yields. Approaches 

such as CCD and Rotatable CCD have consistently resulted in significant improvements 

in BC productivity under optimized conditions (Hegde et al. 2013; Singh et al. 2017; 

Rodrigues et al. 2019; Aswini et al. 2020; Yilmaz and Goksungur 2024). 
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Table 4.13 Software-Generated Data Confirmation Output 

Sample 
Code 

Response 
Predicted 

Mean 
n 

95% PI 
low 

Actual Mean 
95% PI 
high 

RTC-V1 

Wet yield 630.16±54.37 3 517.94 621.71±24.06 742.37 

Dry yield 5.24±0.41 3 4.39 5.56±0.50 6.09 

WHC 119.27±6.55 3 105.75 107.32±8.01 132.78 

RTC-V46 

Wet yield 645.12±51.31 3 539.22 658.66±34.91 751.02 

Dry yield 5.35±0.39 3 4.55 5.56±0.33 6.15 

WHC 119.77±6.18 3 107.02 115.08±8.81 132.53 

RTC-V53 

Wet yield 593.19±50.85 3 488.16 593.88±39.27 698.06 

Dry yield 4.45±0.38 3 3.65 5.09±0.92 5.24 

WHC 130.13±6.12 3 117.49 115.60±17.24 142.77 

Two-sided Confidence = 95%, n = the number of replications. Unit for yield (g/L) and unit 

for WHC (g water/ g cellulose) 

4.4.4  Characterization of BC Product Resulted from Selected Formula 

1) BC productivity and water holding capacity

BC produced from kombucha fermentation with different

composition of the medium formulation on the wet yields, dry yields, and WHC, as 

shown in Figure 4.4. The results showed that different formulation that was suggested 

by the program i.e. RTC-V1, RTC-V46, and RTC-V53 are not significantly different (P > 

0.05) in the wet yield (P = 0.135), dry yield (P = 0.377), and water holding capacity (P 

= 0.544). 

RSM has been used to optimize BC production. In earlier studies, 

the CCD, a form of RSM, was applied to optimize BC production, resulting in a sixfold 

increase (0.318% to 1.72% (w/v)) in BC productivity (Hegde et al. 2013). Using the 

Rotatable Central Composite Design (RCCD), RSM successfully increased BC production 

by optimizing five independent variables—temperature, pH, incubation time, molasses 

concentration, and corn steep liquor concentration—each at five levels, achieving a 
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maximum yield of 4.34 g/L (dry weight), compared to a regular yield of approximately 

3.85 g/L after 172 hours of fermentation (Singh et al. 2017). CCD has also been reported 

to significantly enhance BC productivity (Rodrigues et al. 2019). Optimization using RSM 

under optimal conditions yielded the highest BC productivity of approximately 469.83 

g/L (wet weight) (Aswini et al. 2020). An RSM-based study further enhanced BC 

productivity, achieving a fivefold increase compared to the regular medium, reaching 

8.45 g/L (dry weight) (Yilmaz and Goksungur 2024). The WHC of BC observed in this 

study is comparable to or within the range of results reported in the previous chapter. 

Figure 4.4 Wet yield (g/L), Dry yield (g/L), and WHC (g water/g cellulose) of purified 
BC from kombucha fermentation with different type of tea. 

2) Morphology Analysis (SEM)

The morphology of BC samples produced from kombucha

fermentation using various medium formulations—RTC-V1, RTC-V46, and RTC-V53—

was examined through scanning electron microscopy (SEM). Each sample was observed 

at magnifications of 10,000x, 30,000x, and 50,000x (Figure 4.5). The fiber diameter 

distribution of dried BC was analyzed using the ImageJ software, and the results are 

presented in Figure 4.6. For comparison, RTC-C was included in this analysis. Overall, 

the SEM images revealed similar morphologies among the samples, displaying a 

uniform fiber pattern consistent with findings from previous studies.(Illa et al. 2019; 



202 

Brandes et al. 2020; Nguyen and Nguyen 2022). However, the BC fiber size appeared 

larger after optimization compared to the RTC control, likely due to differences in 

medium composition. This observation is supported by the fiber diameter analysis, 

which showed that the fiber diameters of RTC-V1, RTC-V46, and RTC-V53 were 37.85 ± 

6.46 nm, 38.42 ± 7.52 nm, and 38.87 ± 6.91 nm, respectively, significantly larger than 

the RTC-C control, which had a fiber diameter of 30.65 ± 6.46 nm. In a previous chapter, 

BC produced using a medium containing a combination of sucrose and glucose (RTC-

SGlu) had a fiber diameter of 34.33 ± 7.56 nm, while BC produced with ethanol as an 

additive (RTC-EtOH) exhibited a fiber diameter of 45.98 ± 9.38 nm. 

Figure 4.5 SEM image of BC from (a) RTC-C, (b) RTC-V1, (c) RTC-V46, and (d) RTC-V53. 
(1) 10k, (2) 30k, and (3) 50k magnifications.

The results of this study align with previous findings on BC fiber 

diameters. K. hansenii 23769 (ATCC) and a strain isolated from grape juice (GBHS) 

produced BC fibers with average diameters of 28.9 ± 5.6 nm and 28.6 ± 6.7 nm, 

respectively (Illa et al. 2019). Similarly, K. rhaeticus PG2 cultivated in HS medium using 

glucose and glycerol as carbon sources produced BC fibers with diameters of 30–60 

nm (Thorat and Dastager 2018). BC nanofibers derived from HS medium and waste fig 

medium had average diameters of 36 nm and 44 nm, respectively (Yilmaz and 
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Goksungur 2024). In low-cost media like date syrup and cheese whey, K. xylinus 

produced fibers averaging 45–55 nm (Raiszadeh-Jahromi et al. 2020). Wang et al. (2018) 

also reported BCNFs with diameters of 35–50 nm using various carbon sources (Wang 

et al. 2018).. In contrast, glucose supplemented with 1.5% ethanol resulted in larger 

fiber diameters of 64.1 ± 5.11 nm to 82.3 ± 3.28 nm, which increased further with 3% 

ethanol (Fatima et al. 2023). These findings highlight the influence of carbon source 

composition and ethanol supplementation in the optimized formulation on BC fiber 

morphology. 

Figure 4.6  Graph of the polydispersity in fiber diameter for BC samples: (a) RTC-V1, 
(b) RTC-V46, (c) RTC-V53, and (d) RTC-C.

3) Fourier Transform Infrared Spectroscopy Analysis

Figure 4.7 shows the FTIR spectra of BC samples produced from

various optimized medium kombucha fermentation with i.e. RTC-V1, RTC-V46, and RTC-

V53. RTC-C is used for comparison. The FTIR spectra of the BC samples reveal distinct 
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differences, particularly in the optimized samples compared to RTC-C. These 

differences highlight the impact of adding glucose and ethanol to the medium, in 

addition to sucrose and Thai red tea solution used in the control sample (RTC-C). 

Figure 4.7 FTIR spectra of BCs from various of medium formulations i.e. RTC-V1, RTC-
V46, RTC-V53, and RTC-C. 

Some keys observation is the appearance of a band at 2972 cm-1 

(particularly in RTC-V53) and then peak at around 2360 cm-1, 2336 cm-1, and 1726 cm-

1. The peaks observed at approximately 3339 cm-1 and 3232 cm-1 correspond to O-H

stretching vibrations, which are characteristic of hydroxyl groups. The subtle differences

in peak intensity suggest variations in the hydrogen bonding network among the

samples. Additionally, the peak around 2895 cm-1 is attributed to C-H stretching

vibrations, which are typically associated with aliphatic groups such as CH2 or CH3

(Leonarski et al. 2021a; Fatima et al. 2023).

The peak observed at 2972 cm-1 (in RTC-V53) is likely due to the 

stretching vibrations of C-H bonds in methyl and methylene groups, which may result 

from the addition of ethanol to the fermentation medium. However, this band is 

absent or less pronounced in the control sample (RTC-C) and the other optimized 

samples (RTC-V1, RTC-V46). The faint peaks observed around 2360 cm-1 and 2336 cm-

1 in optimized BCs suggests the presence of triple-bond functional groups, such as C≡C 
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or C≡N (Srivastava and Mathur 2022). These groups could originate from polyphenols 

and other organic compounds, protein, yeast cell, and bacteria (Amarasekara et al. 

2020). The same observation was reported in previous studies, such as BC derived from 

nata de coco (Fuller et al. 2018; Rachtanapun et al. 2021). Fuller et al. (2018) noted 

that this peak was present in samples contaminated with residual proteins, nucleic 

acids, and whole cells (Fuller et al. 2018). The incorporation of these impurities into 

the BC matrix may be attributed to the thick and dense structure of the pellicle, which 

can hinder complete removal during the purification process. Evidence of such 

impurities can also be seen in the SEM images (Figure 4.5). 

The peak around 1726 cm-1 in purified BC  is likely attributed to the 

C=O stretching vibration of carbonyl groups, which are commonly found in aldehyde 

groups (1720–1740 cm-1), ketones (1705–1725 cm-1), and carboxylic acids (1700–1725 

cm-1) (Yao et al. 2015). These groups may originate from polyphenols and other organic

compounds, as well as proteins, yeast cells, and bacterial components (Amarasekara

et al. 2020). Fuller et al. (2018) reported that the presence of impurities contributes to

the emergence of bands between 1800 cm-1 and 1500 cm-1, which are attributed to

functional groups such as NH2, C–N, and C=O, originating from lipids, proteins, and

nucleic acids (Fuller et al. 2018).

4) X-Ray Diffraction (XRD) Analysis

The XRD analysis of BC samples, including optimized (RTC-V1, RTC-

V46, RTC-V53) and control (RTC-C) formulations are demonstrated Figure 4.8. The 

Crystallinity index and the crystallite size of BC the optimized BC samples and control 

of BC from Thai red tea kombucha are presented in Table 4.14. The XRD spectra 

visualized the characteristics diffraction peaks at around 14.54°, subtle peak at around 

17.11°, and 23.03° (2θ). 
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Figure 4.8  XRD spectra of BCs from various of medium formulations i.e. RTC-V1, RTC-
V46, and RTC-V53. 

The observed peaks confirm the crystalline structure characteristic 

of BC, consistent with previous findings reported by Said Azmi et al. (Said Azmi et al. 

2023). The XRD profiles closely match those described in earlier studies on BC (Revin 

et al. 2018; Jittaut et al. 2023; Said Azmi et al. 2023), as well as the results presented 

in the previous chapter of this study. While the XRD patterns confirm the uniform 

chemical structure across the samples, variations in diffraction peak intensities are 

noticeable, suggesting subtle differences in the cellulose chain orientation (Said Azmi 

et al. 2023). The most prominent peak observed near 23° corresponds to the 

characteristic cellulose type I (Said Azmi et al. 2023; Hossen et al. 2024). According to 

Gaspar et al. peaks at 2θ values of 14.7°, 16.8°, and 22.7° can be attributed to the 100, 

110, and 200 crystallographic planes, which are typical of native cellulose type I 

(Gaspar et al. 2014). Similarly, the peak appearing at approximately 22.90° (2θ) further 

confirms the crystalline nature of the cellulose samples (Samuel and Adefusika 2019). 

These results align with previous observations, reinforcing the consistency of BC’s 

structural properties across various studies. 

The CI and crystallite size of BC samples were calculated from the 

XRD data using the Segal method, which involves assessing the peak height and 

subtracting baseline intensity. As shown in Table 4.14, the results reveal slight 
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variations in peak intensities, indicating changes in crystallinity. The control sample 

(RTC-C) exhibits the highest crystallinity index (86.74%) with the most intense peaks, 

suggesting a more ordered cellulose structure. In comparison, the optimized samples 

display slightly reduced crystallinity, with RTC-V1, RTC-V46, and RTC-V53 showing 

values of 83.23%, 84.46%, and 85.97%, respectively. This reduction is likely due to the 

inclusion of ethanol and glucose in the fermentation medium, which may disrupt the 

alignment of cellulose chains during synthesis. This observation is consistent with 

findings from the previous chapter, where the use of a combination of sucrose and 

glucose as carbon sources, as well as ethanol as an additive, resulted in BC samples 

with lower crystallinity (around 86.00% and 80.22%, respectively). 

Table 4.14  CI and crystallite size of BC samples from various of medium formulations 
i.e. RTC-V1, RTC-V46, and RTC-V53.

Parameter RTC-C RTC-V1 RTC-V46 RTC-V53 

Crystallinity index (%) 89.54 83.23 84.46 85.97 

Crystallite size (nm) 3.34 3.19 3.33 3.30 

The CI results of this study are consistent with those reported in 

previous research. For instance, BC produced from pineapple peel waste fermentation 

achieved a CI of 87% (Sardjono et al. 2019), while BC derived from pineapple waste 

solution had a CI of 82.2% (Pham and Tran 2023). Similarly, BC obtained from citrus 

processing waste exhibited a CI of 86.9% (Andritsou et al. 2018). Heydorn et al. reported 

a CI range of 57% to 85% for BC produced in HS medium using various carbon sources 

(Heydorn et al. 2023). In addition, BC without interfering components demonstrated a 

CI of 84%–90%, as observed by (Cazón and Vázquez 2021). Slightly lower CI values 

were noted in BC produced from crude distillery effluent (80.2%) (Gayathri and 

Srinikethan 2019), and wastewater from Arenga starch production (79.6%) (Rahmayetty 

and Sulaiman 2023). These findings further validate the results presented in the 

previous chapter of this study. 
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Further analysis of the average crystallite size of BC (Table 4.14), 

which reflects the dimension of ordered crystalline regions, reveals minor variations 

among the samples. The control sample has the largest crystallite size (3.34 nm), while 

the optimized samples exhibit slightly smaller sizes: 3.19 nm for RTC-V1, 3.33 nm for 

RTC-V46, and 3.30 nm for RTC-V53. This reduction can be attributed to the altered 

fermentation medium, where ethanol and glucose may have influenced the 

biosynthetic process of cellulose, leading to finer crystalline structures.  

Several of the previous studies reported the average of BC diameter 

size from the lower to the higher results. BC produced by G. xylinus InaCC B404 in HS 

medium has average crystallite size of 3.06 nm for BC produced by (Agustin et al. 2021). 

Average crystallite sizes of BC range from 3.29 nm and 4.80 nm were observed in BC 

produced from black tea kombucha after 3 and 5 days of fermentation, respectively 

(Balistreri et al. 2024). More results of the studies reported the higher average crystallite 

size such as BC derived from K. xylinus strains using fructose and glucose as carbon 

sources exhibited crystallite sizes ranging from 4.7 to 6.8 nm (Singhsa et al. 2018). BC 

produced by Lactobacillus plantarum in a green tea leaf solution (1% green tea, 10% 

sucrose) had 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 produced under different 

conditions also exhibited crystallite sizes of 5.6 nm (Jia et al. 2017) and 8.36 nm 

(Gayathri and Srinikethan 2019). These results highlight the impact of fermentation 

medium composition on the structural characteristics of BC. The crystallinity of BC can 

be influenced by several factors, including carbon and nitrogen sources, type of 

additives, bacterial strains, fermentation conditions such as temperature and duration, 

and the methods used in post-production processing (Zeng et al. 2011; Thielemans et 

al. 2023). 

5) Thermogravimetric (TGA/DTG) Analysis

Figure 4.9 depicts the thermogravimetric (TG) and differential

thermal degradation (DTG) curves for BC samples. The results were gathered using 
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thermogravimetric analysis (TGA). From the spectra graph, it is observed that overall 

optimized BC has similar spectra pattern. However, a slightly distinction is observed in 

the graph, particularly in DTG graph, optimized BC has lower DTG TMax temperature 

compare to control (RTC-C). The analysis detail of TGA and TG analysis result is 

summarized in Table 4.15. 

Figure 4.9  TGA (a) and DTG (b) thermograph of optimized and control BC samples 

In the TGA analysis, the first-stage weight loss, ranging from 5.25% 

to 7.47%, is attributed to the dehydration and volatilization of low-molecular-weight 

components or residual water within the BC matrix (Teixeira et al. 2019; Mohamad et 

al. 2022a). RTC-V1 and RTC-V46 exhibited first-stage weight losses of 5.25% and 5.62%, 

respectively, which were slightly lower than that of RTC-C (6.03%). In contrast, RTC-

V53 demonstrated a higher weight loss of 7.74%. This value exceeds the range reported 

by Gismatulina and Budaeva (1 – 2%) (Gismatulina and Budaeva 2024) but aligns closely 

with findings from Mohamad et al., who observed a weight loss of 5 – 9% (Mohamad 

et al. 2022a). 

The second-stage weight loss, occurring between 240°C and 600°C 

across the samples, exhibited relatively consistent values ranging from 69.70% to 

71.35%. The remaining material (residue) after decomposition at 600°C ranged from 

21.14% to 25.02%. Compared to previous experiments, BC produced using RTC-SGlu 

and RTC-EtOH showed second-stage weight losses of 73.90% and 68.13% and residues 

of 20.92% and 28.52%, respectively. In earlier results, RTC-C demonstrated a higher 

(a) (b) 
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second-stage weight loss and lower residue, whereas RTC-EtOH exhibited the opposite 

trend, with lower weight loss and higher residue. These findings suggest that using a 

combination of sucrose and glucose as carbon sources tends to increase the second-

stage weight loss while reducing the residual content. In contrast, the addition of 

ethanol appears to reduce the weight loss and increase the residue in BC samples. 

This study's findings comparable to previous research. BC from A. 

xylinum AGR 60 exhibited a first-stage mass loss of 6%, a second-stage loss of 74%, 

and a residue of 20% at 700°C, with major decomposition between 300°C and 360°C 

(Potivara and Phisalaphong 2019). BC produced by G. xylinus AGR 60 showed a first-

stage loss of 6.2%, a second-stage loss of 64.0%, and a residue of 22.8% at 600°C 

(Jenkhongkarn and Phisalaphong 2023). BC produced from various carbon sources, 

including glucose, fructose, sucrose, and glycerol, had residuals at 600°C ranging from 

15.2% to 23.1% and a similar decomposition pattern (Tureck et al. 2021). In contrast, 

BC from kombucha fermentation of green tea showed three decomposition stages at 

152°C, 267°C, and 359°C, with a total weight loss of 74.42% and 25.58% residue (Lima 

et al. 2023), differing from the two-stage decomposition observed in this study. 

Table 4.15 Detail parameter of TGA/DTG analysis of BC samples from optimized 
kombucha 

Samples 
First stage 

weight loss (%) 
Second stage 

weight loss (%) 
Residue 

(%) 
DTG Peak 
range (oC) 

DTG 
TMax (oC) 

RTC-V1 5.62 70.69 23.66 272 – 378 336.50 
RTC-V46 5.25 69.70 25.02 266 – 378 323.50 
RTC-V53 7.47 71.35 21.14 260 – 378 333.33 
RTC-C 6.03 71.01 23.01 265 – 380 353.67 

 

The DTG TMax results demonstrate the impact of carbon sources on 

the thermal stability of BC. In this study, optimized BC samples (RTC-V1, RTC-V46, RTC-

V53) showed lower DTG TMax values (336.50°C, 323.50°C, and 333.33°C, respectively) 
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compared to RTC-C (353.67°C). In previous experiments reported in the earlier chapter, 

RTC-SGlu exhibited a higher DTG TMax (356.83°C) than RTC-C, while RTC-EtOH showed 

a lower value (347.50°C), suggesting that sucrose-glucose combinations improve 

thermal stability, whereas ethanol reduces it. For comparison, prior studies reported 

DTG TMax values of 328.36°C for BC produced by G. xylinus (Jia et al. 2017), 354.5°C–

355.4°C for BC from G. hansenii in HS medium (Vasconcellos and Farinas 2018), BC 

produced by K. medellinensis from various waste and agricultural by-products exhibits 

DTG TMax values ranging from 327°C to 368°C (Molina-Ramírez et al. 2018a), and 366°C 

for kombucha-fermented green tea BC (Lima et al. 2023). These findings indicate that 

both carbon source combinations and fermentation conditions influence BC's thermal 

properties. 

6) Mechanical Properties Analysis Using Nanoindentation

In this study, the sample of BC from RTC-V1 as the most suggested

formulation is selected as representative of the optimized BC sample. RTC-C sample 

is included as a control for comparison. The detailed findings are summarized in Table 

4.16. This table shows that the optimized BC sample (RTC-V1) exhibits no significant 

differences in mechanical properties compared to the control sample (RTC-C) across 

all parameters. Similarly, in the previous chapter, BC produced using a sucrose-glucose 

combination as the carbon source (RTC-SGlu) also showed no significant differences 

from RTC-C, while BC produced with ethanol as an additive (RTC-EtOH) displayed the 

highest number of parameters that were not significantly different from RTC-C. These 

findings suggest that using sucrose-glucose or ethanol as additives does not significantly 

impact the mechanical properties of BC produced from Thai red tea kombucha 

fermentation. 

The Young’s modulus values observed in this study fall within a 

wide range, similar to those reported in previous research, with some values being 

lower or higher than others. For example, BC produced from various Komagataeibacter 

strains showed a range of 1.10 to 5.56 GPa (Chen et al. 2018a), while BC from different 
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strains and drying methods exhibited values between 198 and 659 MPa (Zeng et al. 

2014). BC produced by A. xylinum E25 under static and rotating cultivation conditions 

showed Young’s modulus values of 2.7 GPa and 0.3 GPa, respectively (Krystynowicz et 

al. 2002). Some studies report even higher values, such as A. xylinum AGR60 in coconut 

water, which achieved a Young’s modulus of 9.14 GPa (Potivara and Phisalaphong 

2019), and BC from kombucha fermentation, which reached 8.0 ± 1.9 GPa (Oliver-

Ortega et al. 2021).  
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Table 4.16 Mechanical properties data analysis using nano-indenter of BC from kombucha fermentation of RTC-V1 and RTC-C. 

Sample 
MD 

(nm) 

Pl 

(nm) 

ML 

(mN) 

H 

(GPa) 

RM 

(GPa) 
ERP 

CC 

(nm/mN) 

PW 

(nJ) 

EW 

(nJ) 

YM 

(GPa) 

RTC-V1 
3534.23 

±565.98 

3124.20 

±567.15 

50.10 

±0.00 

0.22 

±0.09 

5.10 

±1.08 

0.14 

±0.03 

10.91 

±0.85 

54.78 

±7.74 

19.64 

±1.29 

4.66 

±0.99 

RTC-C 
3412.25 

±259.56 

2980.18 

±253.91 

50.10 

±0.00 

0.22 

±0.05 

4.94 

±0.56 

0.15 

±0.01 

11.50 

±0.22 

54.41 

±4.64 

20.80 

±0.47 

4.51 

±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). 
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4.5 Conclusion 
This study employed Central Composite Design–Response Surface 

Methodology (CCD-RSM) to optimize BC (BC) production from Thai red tea kombucha. 

The effects and interactions of sucrose–glucose, tea, and ethanol concentrations were 

evaluated in relation to wet yield, dry yield, and WHC. 

Although the model exhibited some limitations—such as relatively low R², 

adjusted R², predicted R² values, and a significant lack of fit—the quadratic model was 

still considered relevant. This is due to its theoretical suitability for capturing nonlinear 

effects and identifying potential optimal thresholds. Furthermore, the adequate 

precision value indicated that the model possessed an acceptable signal-to-noise ratio 

for predictive purposes. 

Three formulations were selected from the optimization results for validation: 

RTC-V1 (the most recommended by the model), RTC-V46 (predicted to produce the 

highest yield), and RTC-V53 (predicted to produce the lowest yield). The validation 

results showed wet yields of 593.88 ± 39.27 to 658.66 ± 34.91 g/L, dry yields of 

5.09 ± 0.92 to 5.56 ± 0.50 g/L, and WHC of 107.32 ± 8.01 to 115.60 ± 17.24 g water/g 

cellulose. No significant differences were observed among the three formulations, and 

all results fell within the predicted ranges, confirming the model’s validity. 

Characterization of the optimized BC further confirmed its quality. SEM analysis 

revealed uniform nanofiber networks with larger diameters (37.85–38.87 nm) 

compared to the control (30.65 nm). FTIR and XRD analyses indicated high crystallinity 

indices (83.23%–85.97%) and crystallite sizes ranging from 3.19 to 3.33 nm. Thermal 

analysis (TGA) showed lower DTG Tmax values, while mechanical properties remained 

comparable across samples. 

In conclusion, CCD-RSM proved to be an effective strategy for optimizing BC 

production from Thai red tea kombucha fermentation. Despite certain model 
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limitations, the approach yielded robust, reproducible, and scalable results, 

highlighting its strong potential for future industrial applications. 
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CHAPTER 5 

IMPACT OF HIGH-PRESSURE MICROFLUIDIZATION TREATMENT ON 

THE PROPERTIES OF BACTERIAL CELLULOSE DERIVED FROM THAI 

RED TEA KOMBUCHA 

5.1 Abstract 
This study investigates the effect of high-pressure microfluidization (HPM) on 

the characteristics of bacterial cellulose (BC) produced from optimized Thai red tea 

formulations. BC was purified, blended, and subjected to HPM at 10,000 Psi for 10, 15, 

and 20 cycles. The treatment significantly altered BC properties, reducing moisture 

content (96.85%–98.96%) and water-holding capacity (WHC), with untreated BC (96.58 

± 13.91 g/g) exhibiting higher WHC than HPM-treated samples (30.93 ± 3.05–31.04 ± 

3.18 g/g). Fiber diameter decreased with increased HPM cycles, from 37 nm (untreated) 

to 24.99 nm (BCH-20-FD), especially in freeze-dried samples. Particle size analysis 

showed smaller, more uniform particles post-HPM, though polydispersity index and 

zeta potential indicated partial re-aggregation. Scanning electron microscopy (SEM) and 

X-ray diffraction (XRD) confirmed morphological and crystallinity changes, with freeze-

drying enhancing fibril refinement and porosity, while oven-drying yielded denser

structures. Thermogravimetric analysis (TGA) indicated reduced thermal stability in

freeze-dried BC. These findings highlight HPM and drying as key factors influencing BC’s

physical, structural, and thermal properties, offering adaptable strategies for optimizing

BC in various applications.

Keywords: Thai red tea, bacterial cellulose, high-pressure microfluidic, BC 

properties, freeze drying 
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5.2 Introduction 
BC is a unique biopolymer distinguished by its high purity, biocompatibility, 

flexibility, nano-porosity, and biodegradability, setting it apart from plant-derived 

cellulose (Hussain et al. 2019; Yilmaz and Goksungur 2024). These attributes have led 

to its wide application across various industries, including food, packaging, cosmetics, 

biomedical, pharmaceutical, textiles, and electronics (Hussain et al. 2019; Zhong 2020; 

Choi et al. 2022). Its nanofibrillar network provides an excellent platform for developing 

advanced functional materials, particularly when modified through post-production 

treatments. 

Although BC exhibits impressive native properties, its structure often requires 

further modification to meet the demands of specific industrial applications. High-

pressure techniques such as high-pressure homogenization (HPH) and high-pressure 

microfluidization (HPM) have emerged as effective physical treatments for altering 

cellulose morphology. These methods apply intense shear forces under high pressure 

to reduce particle and fiber sizes, improving functionality (Wang et al. 2015; Mert 2020). 

Notably, HPM differs from HPH in its use of a specialized interaction chamber with 

microchannels, allowing for finer and more uniform particle breakdown through 

combined shear, impact, and cavitation forces (Guo et al. 2020). 

Several studies have investigated the use of HPH and HPM to alter the structure 

and properties of cellulose, including BC. These treatments can modify critical 

characteristics such as fiber diameter, crystallinity index, and thermogravimetric 

properties, demonstrating significant potential for diverse applications (Wang et al. 

2015, 2019a; Li et al. 2020; Suryanto et al. 2021; Muhajir et al. 2022). Specifically, HPH 

has been shown to reduce the crystallinity index and porosity of BC, especially at 

higher pressures (Muhajir et al. 2022). The number of HPH cycles is a critical factor 

influencing BC properties, affecting film tensile strength, surface roughness, porosity, 

crystallinity index, and crystallite size (Suryanto et al. 2021). Adjusting processing 

parameters such as pressure levels, number of cycles, and initial BC characteristics can 
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further refine BC properties. Increasing the number of HPH cycles progressively 

decreases fiber size, modifies crystallinity, and increases surface area, thereby 

influencing properties like water-holding capacity, mechanical strength, and rheological 

behavior (Suryanto et al. 2021; Muhajir et al. 2022). While HPH has been extensively 

studied, particularly for plant-based cellulose, research on the effects of HPM on BC 

properties remains limited. 

This study aims to address this gap by investigating the impact of high-pressure 

microfluidization on BC produced from Thai red tea kombucha. Building on a 

previously optimized fermentation formula, the research evaluates structural and 

functional changes in BC under varying HPM conditions. The findings aim to contribute 

to the development of post-processing strategies that enhance BC’s applicability 

across multiple sectors. 

5.3 Materials and Methods 
The materials and equipment used in this study include commercial 

kombucha starter (SCOBY) bought from Neo Cold Brew Shop (online market, Thailand), 

Thai red tea-vanila flavor ChaTraMue brand (RTC), commercial white sugar (sucrose), 

glucose, ethanol, sodium hydroxide (NaOH, Merck), Reverse osmosis (RO) water, 

Deionized (DI) water, cheesecloth, coffee filter, glass jar, funnel, autoclave, laboratory 

glassware, laminar air flow, analytical balance (Mettler Toledo), incubator, pH-meter 

(Oakton, pH 700), refractometer, Electric-Hydraulic Microfluidizer Processor 

Homogenizer (M-110EH-30, Microfluidics, USA), centrifugal machine (Avanti JXN-26, 

Beckman Coulter, USA), Oven dryer (XUE058, FRANCE ETUVES), freeze dryer (SJ-10N-

60A Vacuum Freeze Dryer), FT-IR (Bruker VERTEX 70), XRD (Bruker D8 Advance), 

SEM/FESEM (Zeiss, AURIGA, Germany), TGA-instrument, and nano particle size and zeta 

potential analyzer (Malvern/Zetasizer-ZS). 
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5.3.1  Bacterial Cellulose Production 

1) Medium Preparation and Fermentation 

BC production was carried out based on the procedure outlined in 

the previous chapter (Chapter 3), using the optimized medium formula (RTC-V1) 

identified as the most suitable. The medium for Thai red tea kombucha fermentation 

consists of 7.97% (w/v) sucrose, 2.03% (w/v) glucose, 1.41% (w/v) Thai red tea, and 

1.60% (v/v) ethanol, with a final volume of 2 to 4 liters per batch. The fermentation 

vessel was a plastic box measuring 44 x 31 x 12 cm (length x width x height). 

Prior to BC production, an inoculum was prepared, comprising 10% 

(v/v) of the total fermentation medium. The inoculum was prepared using the RTC-C 

formula, which included 10% (w/v) sucrose and 1% (w/v) Thai red tea, inoculated with 

10% of the culture from the previous fermentation, and incubated for 14 days. For 

medium preparation, sucrose and glucose were added to a 5L Duran bottle. Thai red 

tea was brewed with hot deionized water (approximately 90°C) to around 60% of the 

final volume for 15 minutes. The tea was then filtered using coffee filter paper, and 

the volume was recorded. The residue was further rinsed with a small amount of hot 

deionized water (approximately 90°C) and shaken for about 1 minute to complete the 

extraction, achieving a final volume of tea extract equal to 80% of the total volume. 

The tea extract was then poured into the Duran bottle with sucrose and glucose and 

mixed well. The solution was sterilized by autoclaving at 121°C and 1 psi for 15 

minutes. After sterilization, the medium was allowed to cool to room temperature 

(35–40°C) before being inoculated with the prepared inoculum. The medium was 

carefully shaken, transferred from a 5 L Duran bottle to a plastic box, and fermented 

for 15 days at 30°C. 

2) BC Harvesting and Purification 

After 15 days of fermentation, the BC was carefully removed from 

the fermentation batch. The BC was then cut into small pieces, approximately 2 x 2 x 

2 cm, depending on its thickness. The sample was boiled in water for 30 minutes, 
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drained for 10 minutes, and treated with a 2% NaOH solution at approximately 90°C 

for 120 minutes to remove impurities. Following this, the BC was thoroughly rinsed 

with reverse osmosis (RO) water and soaked in RO water with frequent changes until 

the pH became neutral (Yanti et al. 2018; Aswini et al. 2020). The purified BC was then 

stored for further processing and analysis. 

5.3.2  Bacterial cellulose nanofibrilation 

The purified BC slice was crushed using a blender. Approximately 250 

grams of BC (wet weight) were placed in a blender, mixed with RO water at a ratio of 

1:2, and ground for about 10 minutes. BC suspension was then separated using a 

stainless-steel strainer with a mesh size of approximately 2 x 2 mm. The resulting 

filtrate suspension was used for high-pressure micro-fluidization (HPM) treatment. 

To investigate the effects of HPM, approximately 3000 ml of the BC 

suspension was processed using a high-pressure microfluidizer (M-110EH-30, 

Microfluidics, USA) at 10,000 psi for varying cycles: 10 cycles (BCH-10), 15 cycles (BCH-

15), and 20 cycles (BCH-20). The resulting BC nanofibers (BCNFs)/BCH were separated 

by centrifugation at 6000 rpm for 30 minutes at 25°C using a centrifuge (Avanti JXN-26, 

Beckman Coulter, USA). A sample of the BC suspension without HPM treatment was 

also centrifuged under the same conditions and labeled as BCP (BC-pulp). The sample 

of BCP and BCH were stored in jars at a temperature of 4–6°C. For analysis, some of 

the BCNFs samples were dried using two different methods: oven drying at 40°C and 

freeze-drying. 

5.3.3  Characterization of BC and BCNFs 

1) Moisture Content and WHC

The WHC of the samples was determined by drying the purified BC

and BCNFs samples. For BC, approximately one slice of purified samples weighing 

about 10 grams per slice was used, while for BC pulp and BC-HPM, around 5.00 grams 

(wet weight) of samples were prepared. All samples were dried in an oven at 40°C until 

a constant dry weight was achieved. The measurements were performed in triplicate, 
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and the moisture content and WHC were calculated using Equations below (Eq. 5.1 

and Eq. 5.2). 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =  
𝑤𝑒𝑡 𝑤𝑖𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
𝑥 100%  ................................................. (Eq. 5.1)

𝑊𝐻𝐶 =  
𝑤𝑒𝑡 𝑤𝑖𝑔ℎ𝑡−𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
 ............................................................................................. (Eq. 5.2)

2) Characterization of BC Particles

BC-pulp and BC-HPM samples were prepared for particle size

analysis by dispersing them 50 times. Specifically, 1 gram of each sample was diluted 

in a 50 ml volumetric flask with deionized (DI) water. The sample was stirred at 300 

rpm for 15 minutes, sonicated for 10 minutes, and then stirred again for 10 minutes. 

The size distribution of nanoparticles was measured using a Malvern Zetasizer Nano 

ZS (Malvern Instruments Ltd., UK) employing the dynamic light scattering (DLS) 

technique. The parameters for the BC sample were set to an absorption of 0.0000 and 

a refractive index of 1.618, while the dispersant (water) parameters were set to a 

refractive index of 1.330 and a viscosity of 0.8882 cP. The analysis was performed at a 

temperature of 25°C, using a disposable sizing cuvette, with a measurement duration 

of 60 seconds and a measurement position of 4.65 mm. The size distribution graphs 

were recorded.   

The samples were diluted 100 times for zeta potential analysis and 

prepared using the same procedure as for particle size analysis. The dispersant (water) 

parameters were set to a refractive index of 1.330, a viscosity of 0.8872 mPa.s, and a 

dielectric constant of 78.5. The analysis was conducted at a temperature of 25°C using 

a zeta dip cell, with 12 zeta runs and a measurement position of 4.5 mm. 

3) Other Characterization of BC

Additional characterization of BC was performed using SEM, FTIR,

XRD, and TGA. The detailed methods and procedures for these analyses are provided 

in Chapter 3 of this thesis. 
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5.3.4  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. 

5.4 Results and Discussion 
5.4.1  Moisture Content and Water Holding Capacity 

The moisture content and water-holding capacity (WHC) of the BC 

samples, including purified BC sheets (BCC), centrifuged blended BC suspensions (BCP), 

and centrifuged microfluidized BC suspensions (BCH-10, BCH-15, and BCH-20), are 

summarized in Table 5.1. 

Table 5.1 Moisture content and WHC of BC pulp and microfluidized BC 

Samples Moisture content (%) WHC (g water/g cellulose) 

BCC 98.96±0.15 96.58±13.91 

BCP 97.60±0.11 40.70±1.93 

BCH-10 96.85±0.32 30.93±3.05 

BCH-15 96.86±0.24 31.01±2.53 

BCH-20 96.87±0.21 31.04±2.21 

 

The moisture content of the samples ranged from 96.85% to 98.96%. 

BCC exhibited the highest moisture content (98.96±0.15%), indicating its high capacity 

to retain water in its purified sheet form. In contrast, BCP, a centrifuged BC suspension, 

had slightly lower moisture content (97.60±0.11%), likely due to partial dehydration 

during the centrifugation process. The microfluidized BC samples (BCH-10, BCH-15, 

BCH-20) showed the lowest moisture content, ranging from 96.85% to 96.87%.  

The reduction in moisture content in BCP and microfluidized samples 

can be attributed to mechanical processes such as blending and HPM. The blending 

process applies mechanical shear forces that partially disrupt the cellulose network, 
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reducing its ability to retain water. HPM further intensifies this structural disruption, 

leading to enhanced water release. Additionally, the centrifugation process expels 

loosely bound water through centrifugal force. Similar effects of mechanical processing 

on cellulose structure and water retention have been reported (Betlej et al. 2021). 

Despite these reductions, the high overall moisture content in all samples reflects the 

inherently hydrophilic nature of BC, attributed to its porous, three-dimensional 

network structure (Fang and Catchmark 2014; Gayathry and Gopalaswamy 2014; R. 

Rebelo et al. 2018; Widyastuti and Kartika Fitri 2023). Variations in moisture content 

among the samples underscore the significant role of processing techniques in 

modulating BC's water retention properties. 

WHC values showed significant variation among the samples, ranging 

from 96.58±13.91 g water/g cellulose in BCC to 30.93±3.05 g water/g cellulose in BCH-

10. BCC demonstrated the highest WHC, reflecting its intact, undisturbed network

structure in sheet form, which can trap and retain a large amount of water. On the

other hand, BCP, with a WHC of 40.70±1.93 g water/g cellulose, exhibited a lower

capacity due to partial disruption of the network due to the centrifugation, which

reduced the size of BC, its porosity, and water retention ability. The microfluidized BC

samples (BCH-10, BCH-15, BCH-20) showed the lowest WHC, approximately 30.93–

31.04 g water/g cellulose. This significant reduction in WHC can be attributed to the

microfluidization process, which breaks down the cellulose fibers into smaller

fragments and disrupts the interconnected network. The mechanical forces during

homogenization reduce porosity and the surface area available for water entrapment

(Suryanto et al. 2021; Muhajir et al. 2022; Tomkowiak et al. 2024). The similarity in WHC

values among the microfluidized samples suggests that the degree of microfluidization

(10, 15, or 20 passes) had minimal additional impact on WHC beyond the initial

disruption caused by the process.
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5.4.2  Particle Analysis 

The particles of BCP and microfluidized BC samples were analyzed for 

particle size distribution, polydispersity index, and zeta potential. The results of the 

particle analysis are summarized in Table 5.2, with the particle size distribution also 

visualized in graphical form (Figure 5.1). 

Table 5.2 Results of polydispersity index analysis of BC from different mechanical 
treatments 

Samples 
diameter average (nm) % intensity 

PDI 
ZP 

(mV) peak 1 peak 2 peak 3 peak 1 peak 2 peak 3 

BCP 4968.33 132.23 1.39 69.53 27.67 2.80 0.997 -14.133

±208.80 ±52.11 ±2.41 ±6.71 ±3.21 ±4.85 ±0.01 ±1.60 

BCH-10 4570.67 253.80 25.63 51.83 37.23 8.87 0.813 -5.830

±177.39 ±16.60 ±11.95 ±4.20 ±1.84 ±2.15 ±0.09 ±0.43 

BCH-15 5501.67 248.90 19.62 28.07 62.37 9.77 0.993 -6.773

±101.04 ±20.87 ±10.10 ±1.77 ±15.79 ±1.46 ±0.01 ±0.167 

BCH-20 247.43 34.81 10.07 58.53 33.90 7.57 0.935 -5.357

±72.61 ±26.59 ±8.86 ±0.64 ±40.41 ±1.74 ±0.07 ±0.94 

BC suspensions showed significant differences in particle size 

distribution between non-microfluidized (BCP) and microfluidized (BCH) samples. BCP 

exhibited a broad size distribution with large aggregates (4968.33 ± 208.80 nm) and 

smaller peaks (132.23 ± 52.11 nm and 1.39 ± 2.41 nm), indicating high polydispersity. 

Micro-fluidized samples showed progressive size reductions: BCH-10 had peaks at 

4570.67 ± 177.39 nm, 253.80 ± 16.60 nm, and 25.63 ± 11.95 nm; BCH-15 had peaks at 

5501.67 ± 101.04 nm, 248.90 ± 20.87 nm, and 19.62 ± 10.10 nm; BCH-20 showed the 

most significant reduction with peaks at 247.43 ± 72.61 nm and smaller peaks 

dominating the distribution. These results confirm that high-pressure, especially HPM, 

effectively reduces BC aggregates, producing smaller, more uniform particles, 
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consistent with previous studies on biopolymer suspensions (Suryanto et al. 2021; 

Muhajir et al. 2022). 

Figure 5.1  Graph of poly distribution particle size from BC-Pulp and microfluidized 
BC suspension 

The polydispersity index (PDI) further supports these observations. The 

BCP sample exhibited a PDI of 0.997 ± 0.01, confirming its highly polydisperse nature. 

With microfluidization, the PDI values decreased, indicating improved uniformity in 

particle size distribution. BCH-10 had a PDI of 0.813 ± 0.09, reflecting the reduction in 

size variability. However, BCH-15 showed a slight increase in PDI to 0.993 ± 0.07, likely 

due to the dominance of a large primary peak alongside smaller peaks, suggesting 

partial re-aggregation during processing. BCH-20 exhibited a PDI of 0.935 ± 0.07, 

indicating a relatively uniform size distribution compared to BCP but still reflecting a 

polydisperse system. The PDI value ranges from 0.0, indicating a perfectly uniform 

sample in terms of particle size, to 1.0, representing a highly polydisperse sample with 

a wide range of particle size populations (Danaei et al. 2018). A similar trend of the 

result was also reported in a study. Microfluidized BC with HPM in 1, 10, and 25 cycles 

has a PDI value of 1.000, 0.154, and 0.551 (Dima et al. 2017). 

The ZP values provide insights into the stability of BC suspensions. The 

BCP sample exhibited a ZP of -14.133 ± 1.60 mV, indicating moderate stability due to 

limited electrostatic repulsion between particles. After microfluidization, BCH-10 
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showed a slight improvement to -5.830 ± 0.43 mV, while BCH-15 and BCH-20 had the 

ZP values of -6.773 ± 0.167 mV and -5.357 ± 0.94 mV, respectively. Despite significant 

size reduction, the relatively low ZP values across all samples indicate that 

microfluidization does not enhance suspension stability. A ZP of at least ±30 mV is 

typically required for high colloidal stability (Yan et al. 2016). For comparison, previous 

studies reported ZP values of -10.4, -10.2, and -13.1 mV for microfluidized BC after 1, 

10, and 20 passes, respectively (Dima et al. 2017). 

Information on the specific effects of HPM on the size, PDI, and zeta 

potential of BC remains limited in previous studies. However, some research has 

explored nanoparticle synthesis from BC using alternative methods. For instance, 

nanocellulose produced through a wet milling process followed by chemical and 

filtration treatments exhibited average particle sizes of 44.06 nm (peak 1), 132.1 nm 

(peak 2), and 637.4 nm (peak 3), with PDIs of 10.4%, 16.9%, and 12.8%, respectively 

(Nurfadila et al. 2019). Similarly, BC aqueous suspensions treated with HCl hydrolysis 

yielded BC nanoparticles (BCNPs) with average sizes of 590.9 nm and 221.4 nm for 

untreated and treated samples, respectively, PDIs of 0.37 and 0.18, and zeta potentials 

of −21.36 ± 3.32 mV and −39.50 ± 4.01 mV, respectively (Zhai et al. 2020). Additionally, 

BCNPs produced via shaking methods followed by alkaline treatment, dialysis, 

sonication with polysorbate 80 surfactant, and filtration through a 200 nm syringe filter 

showed a particle size of 478.9 ± 129.6 nm and a zeta potential of −14.1 ± 4.2 mV, 

closely matching values reported in this study (Balistreri et al. 2024). 

In summary, HPM had variable effects on BC suspensions. BCH-20 

demonstrated a significant reduction in particle size, indicating the effectiveness of 

HPM in breaking down aggregates. However, the PDI of BCH-15 and BCH-20 remained 

comparable to that of BCP, suggesting inconsistent improvements in size uniformity 

across the samples. Additionally, the low ZP values observed for all samples indicate 

limited electrostatic stabilization, pointing to poor suspension stability. These findings 

emphasize the need for further optimization, such as incorporating stabilizing agents, 
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surfactants, or pH adjustments, to enhance both the stability and functionality of BC 

suspensions, which are critical for their application in industrial and biomedical fields. 

5.4.3  BC Morphology  

The SEM images show the structural differences in BC sheets after 

various treatments (Figure 6.2). These include HPM at 10, 15, and 20 passes and two 

drying methods: oven-dried and freeze-dried. The non-microfluidized BC (BCP-O and 

BCP-FD) displays dense and compact fibril networks, with the freeze-dried sample 

showing slightly more porosity than the oven-dried sample. After microfluidization, 

BCH-10-O shows disrupted fibril arrangements, while BCH-10-FD has a more open and 

porous structure. In BCH-15 and BCH-20, higher microfluidization intensity causes finer 

and more fragmented fibril networks. Freeze-dried samples are consistently more 

porous and less compact than oven-dried ones, showing the drying method strongly 

affects the microstructure. The BCC samples, used as a control, demonstrate a well-

preserved fibril network in the oven-dried state. These results highlight the significant 

influence of microfluidization intensity and drying methods on the BC microstructure. 

Higher microfluidization intensities lead to finer and more fragmented fibril networks, 

while freeze-drying, observed in other samples, promotes a more porous morphology. 

The result of this study is in accordance with the previous study on the effect of HPM 

(Suryanto et al. 2021; Muhajir et al. 2022) and on the effect of different drying method 

(Zhang et al. 2011; Andree et al. 2021; Mohamad et al. 2022b). 

The SEM image analysis was further utilized to determine the fiber 

diameter of BC. The results are summarized in Table 5.3, while the graphs illustrating 

the fiber size distribution of BC are presented in Figure 5.2. 



235 

Figure 5.2  SEM image of BC sample BC sheet (BCC), BCP, HPM1, HPM2, dan HPM3. 
The symbol of O (oven drying), and FD (freeze dried) 

Table 5.3 Resume of the diameter size of the dried BC samples with different 
mechanical treatment and drying methods. 

Diameter (nm) 
Oven Dried (O) Freez Dried (FD) 

BC-C BCP BCH-10 BCH-15 BCH-20 BCP BCH-10 BCH-15 BCH-20 
Mean 37.00 37.15 31.61 30.57 26.72 33.26 31.33 26.71 24.99 

Min. 26.65 23.80 18.87 23.32 19.24 24.67 22.28 18.78 16.49 

Max. 51.24 53.76 46.75 45.24 35.06 46.30 39.68 39.78 39.24 

Sd 4.77 7.18 6.38 4.55 3.92 5.17 4.46 4.06 3.98 

Min = minimum, Max = maximum, Sd = standard deviation 
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Figure 5.3  Fiber size distribution of BC-C, BCP, and microfluidized BC samples (BCH-
10, BCH-15, and BCH-20), with "O" indicating oven-dried and "FD" indicating 
freeze-dried samples.  

The BCC-O (control) and BCP-O samples have similar average fiber 

diameters of around 37 nm, while the BCP-FD sample is slightly smaller at 33.26 nm. 

As microfluidization intensity increases, the average fiber diameter decreases. The BCH-

10-O and BCH-10-FD samples have average diameters of 31.61 nm and 31.33 nm, 

respectively. With stronger microfluidization, the diameters shrink further, with BCH-15-

O and BCH-15-FD averaging 30.57 nm and 26.71 nm, respectively. The smallest 

diameters are in BCH-20-O and BCH-20-FD samples, with averages of 26.72 nm and 

24.99 nm. Freeze-dried samples consistently have smaller fibers than oven-dried ones, 

indicating that the drying method affects fiber size. Standard deviations show less 

variation in fiber size with higher microfluidization, suggesting more uniform fiber sizes. 

The narrowing size range supports this trend.  
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The finding of this study is comparable with some of the previous 

studies. The HPH of 150 bar and 5 cycles effectively reduced the diameter of BC fiber 

size from a range of 75 to 100 nm into the range size of 30 to 35 nm (Sardjono et al. 

2019). The HPH in 150 bar pressure decrease diameter of fiber size from 61.7±36.98 

nm (control) to 53.24±27.05, 49.82±19.32, 47.2±15.34, and 46.38±17.18 nm for 5, 10, 

15, and 20 cycles, respectively (Suryanto et al. 2021). This study indicates that 

microfluidization can effectively reduce the fiber size of BC, with freeze-drying resulting 

in more porous and smaller fibers compared to oven drying. 

5.4.4  Fourier Transform Infrared Spectroscopy (FT-IR) Analysis 

The FTIR spectra reveal slight differences among BC samples, including 

BCC, BCP, and microfluidized samples (BCH-10, BCH-15, BCH-20), with oven-dried (O) 

and freeze-dried (FD) treatments (Figure 5.4(a, b, and c). A prominent band around 

3430 and 3234 cm cm-1 corresponds to O–H stretching vibrations, indicating hydrogen 

bonding in the cellulose structure. The signal at approximately 2890 cm-1 arises from 

C–H stretching in CH2 groups (Suryanto et al. 2021). Two distinct bands at 2360 and 

2324 cm cm-1  suggest the presence of triple-bond functional groups, such as C≡C or 

C≡N, which may originate from polyphenols, organic compounds, proteins, yeast cells, 

or bacteria (Amarasekara et al. 2020; Srivastava and Mathur 2022).  These bands were 

previously observed in BC produced with ethanol or sucrose-glucose combinations in 

the fermentation medium (reported in previous chapter). Similar findings have been 

reported in studies on nata de coco-derived BC, where residual proteins, nucleic acids, 

and microbial cells contributed to these signals (Fuller et al. 2018; Rachtanapun et al. 

2021). The presence of these impurities in the BC matrix may be due to the thick and 

dense structure of the pellicle, which can impede their complete removal during the 

purification process. 



238 

Figure 5.4 FTIR spectra of BC-C, BCP, and microfluidized BC samples (BCH-10, BCH-
15, and BCH-20), with "O" indicating oven-dried and "FD" indicating freeze-
dried samples 

The band observed around 1640 cm-1 expressed the O-H signal of 

absorbed water (Suryanto et al. 2021). The band observed at 1427 cm-1 represents CH2 

symmetric bending, while the band at 1364 cm-1 corresponds to C-H symmetric 

bending (Fatima et al. 2023; Liu et al. 2023). In the fingerprint region between 1330 

and 500 cm-1, several distinct bands were observed, including those at approximately 

1317, 1169, 1051, and 898 cm-1. The band near 1317 cm-1 is associated with CH2 

wagging at the C-6 position (Liu et al. 2023) or could correspond to C–OH deformation 

vibrations (Wu et al. 2014). The band observed at 1051 cm-1 and 1028 cm-1 is associated 

with C-O-C stretching vibrations within the sugar ring (Liu et al. 2023). Additionally, the 

band at around 899cm-1 corresponds to C-O-C stretching in β-1,4-glycosidic linkages, 

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

characteristic signals observed at 899 cm–1 and approximately 1423 cm–1 confirm that 

the samples are of cellulose type I (Kawee et al. 2018).

Mechanical treatment significantly impacts the FTIR spectral intensity of 

BC samples. The BCP and the BCH, processed using HPM, display a progressive 

reduction in peak sharpness and intensity compared to the untreated control sample 

(BCC). Prominent changes are observed in peaks around 3340 cm-1 (O–H stretching), 
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2890 cm-1 (C–H stretching), and 1159–1051 cm-1 (C–O–C and C–O stretching). Despite 

these intensity differences, the spectra retain the characteristic features of cellulose 

type I. The FTIR results indicate that although there is a slight reduction in 

transmittance peak intensity, the HPM process does not impact the chemical group of 

the BC sample. This result align with the previous finding (Kawee et al. 2018; Suryanto 

et al. 2021; Mohamad et al. 2022b). 

The reduced intensity of the peaks at 3340 cm-1 and 3234 cm-1, 

corresponding to hydroxyl group stretching vibrations, may result from the high 

pressure during HPM, which disrupts the cellulose network and induces defibrillation 

into nanofibrils (Kawee et al. 2018). The decrease in O–H bonding intensity is likely 

associated with the smaller fiber size, which limits the formation of extensive hydrogen 

bonding networks. The increased surface area exposes more hydroxyl groups that are 

not strongly bound within the network, further contributing to the observed reduction. 

These structural changes may lower the density of the crystalline structure, decreasing 

the number of O–H bonds. Additionally, smaller fibers are less capable of retaining 

bound water, which may also explain the reduced O–H stretching intensity observed 

in the spectra (Kawee et al. 2018).

The drying method significantly influences the intensity of the FTIR 

spectra of BC. In the 3000–3500 cm-1 region, corresponding to O–H stretching vibrations 

associated with hydrogen bonding in cellulose, freeze-dried samples exhibit sharper 

and more defined peaks compared to oven-dried ones. This suggests that freeze-drying 

affects the hydrogen bonding network differently, potentially preserving more hydroxyl 

groups in a less disrupted state. A similar phenomenon is observed in the 900–1200 

cm-1 region, associated with C–O–C stretching and C–H deformation vibrations of the

cellulose backbone. The more pronounced peaks in freeze-dried samples may indicate

a looser, less compact structure with greater distances between cellulose

macromolecules, leading to weaker hydrogen bonds (Zhang et al. 2011). These findings

are consistent with previous studies (Zhang et al. 2011; Mohamad et al. 2022b).
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5.4.5  X-Ray Diffraction (XRD) Analysis 

The XRD patterns, (Figure 5.5), illustrate the effects of mechanical 

treatment, particularly HPM, and drying methods (oven-drying and freeze-drying) on 

the crystalline structure of BC. All the BC samples exhibit crystalline peaks 

characteristic of cellulose type I, with prominent reflections at 2θ values of ~14.56°, 

16.72°, and 22.80°, corresponding to the (100), (010), and (110) crystallographic planes, 

respectively (Gaspar et al. 2014). The most intense peak, near 23°, is a defining feature 

of cellulose type I (Said Azmi et al. 2023; Hossen et al. 2024), confirming its crystalline 

structure (Samuel and Adefusika 2019). While the peak positions are consistent across 

samples, variations in their relative intensities and overall crystallinity indicate 

differences in cellulose chain orientation and structural properties (Said Azmi et al. 

2023). 

 

Figure 5.5  XRD spectra from the BC samples with different mechanical treatments 
and drying methods. 

After mechanical treatments (BCP and BCH), a noticeable reduction in 

peak intensity and sharpness is observed, especially in BCH samples, indicating partial 

disruption of the crystalline structure. This disruption is attributed to defibrillation and 

fiber size reduction caused by HPM, which alters the ordered hydrogen bonding 

network in cellulose and lowers crystallinity (Kawee et al. 2018; Suryanto et al. 2021; 

Muhajir et al. 2022). Supporting data show that BCP and BCH samples have lower 
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crystallinity indices (CI) compared to the control (BCC), with BCH samples exhibiting 

progressively lower CI as the number of HPM cycles increases (Table 4). Previous 

studies align with these findings: the CI of BC and BCNFs after 10, 20, and 30 HPH cycles 

decreased from 85.65% to 76.99% (Kawee et al. 2018), while HPM pressures of 0–600 

bar reduced CI from 87% to 70% (Muhajir et al. 2022). Similarly, BCNFs subjected to 5–

20 HPH cycles at 150bar showed a CI decrease from 83% to 74% (Suryanto et al. 2021). 

These results confirm that increasing HPM intensity reduces the crystallinity of BC 

fibers. 

Comparing the drying methods, freeze-dried samples (denoted by "-FD") 

exhibit broader and less intense peaks compared to oven-dried samples ("-O"). Freeze-

drying appears to create a looser structure, possibly due to the sublimation of water, 

which minimizes compression and retains a more disordered arrangement of cellulose 

molecules. This aligns with the crystallinity index results, where freeze-dried samples 

generally have lower crystallinity compared to oven-dried counterparts (Zhang et al. 

2011). Oven-drying, in contrast, may promote tighter packing of cellulose chains due 

to water removal under thermal conditions, preserving or even enhancing crystalline 

regions. 

Further analysis of the XRD data reveals the average crystallite size of 

BC under various processing conditions, as summarized in Table 5.4. The data highlight 

the influence of HPM and drying methods on the crystalline structure of BC. Among 

the oven-dried samples, BCC (control) exhibits the largest crystallite size at 3.46 nm, 

indicating the crystalline domains remain largely undisturbed. In the case of BCP-O, the 

crystallite size decreases slightly to 3.41 nm, likely due to the blending processes. 

These treatments introduce mild mechanical forces, which may cause minor disruption 

to the crystalline regions without significant structural alteration. A more pronounced 

reduction in crystallite size is observed in BCH-10-O (3.08 nm), the lowest among oven-

dried samples. This reduction is attributed to the mechanical shear forces exerted 

during 10 cycles of HPM, which fragment the cellulose fibrils and disrupt the crystalline 
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structure. Interestingly, additional HPM cycles (15 and 20) lead to an increase in 

crystallite size to 3.45 nm and 3.46 nm, respectively, nearly returning to the control 

value. This phenomenon suggests that extended mechanical treatment may promote 

reorganization or partial aggregation of cellulose chains during oven drying. 

Table 5.4  Crystallinity index and average crystallite size of dried BC with various 
mechanical treatment and drying methods 

Samples Average Crystallite Size (nm) Crystallinity Index (%) 

BCC 3.46 86.33 

BCP-O 3.41 82.73 

BCP-FD 2.01 80.48 

BCH-10-O 3.08 81.82 

BCH-10-FD 2.16 74.69 

BCH-15-O 3.45 78.75 

BCH-15-FD 2.17 73.35 

BCH-20-O 3.46 78.28 

BCH-20-FD 2.14 71.82 

For freeze-dried samples, the crystallite sizes are consistently smaller 

than oven-dried sample, highlighting the significant impact of the freeze-drying process 

on BC’s crystalline structure. BCP-FD shows the smallest crystallite size (2.01 nm), 

indicating that the sublimation process during freeze drying disrupts hydrogen bonding 

and crystalline domains more effectively. BCH-10-FD, BCH-15-FD, and BCH-20-FD 

exhibit a slightly larger crystallite size (2.16 nm, 2.17 nm, and 2.14 nm, respectively) 

compared to BCP-FD, but it is still significantly smaller than oven-dried samples with 

little variation among them. This suggests that freeze drying limits the potential for 

chain reorganization regardless of the number of HPM cycles.  

In summary, HPM reduces crystallite size by fragmenting fibrils, with the 

greatest reduction at 10 cycles (BCH-10). Beyond 10 cycles (15 and 20), some recovery 



243 

occurs during oven drying, likely due to chain reorganization. Freeze drying consistently 

produces smaller crystallites, as the sublimation process limits chain reorganization. 

The smallest crystallite size is in BCP-FD (2.01 nm), while BCH-10-O has the lowest 

crystallite size (3.08 nm) among oven-dried samples. 

5.4.6  Thermogravimetric (TGA/DTG) Analysis 

The TGA and DTG results in Figure 5.6 and Table 5.5 show how 

mechanical treatments and drying methods affect the thermal stability and 

decomposition of BC from Thai red tea kombucha. The control sample (BC-C), which 

was oven-dried without mechanical treatment, is used as a baseline for comparison. 

These results highlight the impact of different processes on the thermal behavior of 

BC. 

Thermogravimetric analysis reveals that the thermal decomposition of 

BC occurs in two main stages. The first stage, occurring below 150°C, corresponds to 

the evaporation of moisture physically bound to the BC (Teixeira et al. 2019; Mohamad 

et al. 2022a). The second stage, spanning from 250°C to 600°C, involves the thermal 

degradation of cellulose, including the breakdown of glycosidic bonds, 

depolymerization, and the release of volatile compounds, followed by the oxidation 

of residual cellulose and β-glucan chains into carbonaceous char (Mohammadkazemi 

et al. 2015; Teixeira et al. 2019; Mohamad et al. 2022a). The effect of mechanical 

treatment, including HPM, appears minimal in samples subjected to oven drying 

(Figure 5.6(a)). Within these oven-dried samples, HPM cycles show only a subtle 

impact on peak degradation temperatures, with higher cycles causing slight shifts in 

the degradation profiles (Figure 5.6(b)). The first weight loss ranged from 4.68% to 

5.69%, while the second weight loss ranged from 71.63% to 73.89%, leaving a residual 

weight between 21.23% and 22.82%. These findings are corroborated by the DTG 

analysis (Figure 5.6(d) and (e)), which shows that the maximum degradation 

temperatures (DTG max) for all oven-dried samples are within a comparable range of 

approximately 275–385°C. The DTG TMax values are closely clustered, spanning from 
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341.67°C to 343.67°C. Compared to freeze-dried samples (e.g., BC-P-FD and BC-HPM10-

FD), which exhibit higher DTG TMax values (ranging from 356°C to 371.17°C), oven-dried 

samples (e.g., BC-P-O and BC-HPM10-O) demonstrate slightly lower peak thermal 

stability. However, oven-dried samples exhibit higher onset degradation temperatures, 

likely due to their denser structure, which may provide greater resistance to initial 

decomposition. 

Figure 5.6 TGA (a) and DSC (b) results of dried BC from optimized RTC kombucha 
with various treatments and drying methods. 
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Table 5.5 Detail parameter of TGA/DTG analysis of BC samples with different 
mechanical treatments and drying methods 

Samples 
First stage 
weight loss 

(%) 

Second stage 
weight loss (%) 

Residue 
(%) 

DTG Peak 
range (oC) 

DTG TMax 
(oC) 

BCC 4.68 73.86 21.43 275 – 385 342.67 
BCP-O 4.86 73.89 21.23 275 – 385 343.67 
BCP-FD 2.80 85.80 11.31 285 - 382 356.67 
BCH-10-O 5.52 71.63 22.82 275 – 385 343.17 
BCH-10-FD 3.55 90.46 5.85 265 - 385 359.17 
BCH-15-O 5.69 71.76 22.53 275 – 385 342.17 
BCH-15-FD 3.09 92.55 4.25 266 - 403 371.17 
BCH-20-O 5.59 71.77 22.73 275 – 385 341.67 
BCH-20-FD 6.53 91.50 1.93 265 - 399 371.17 

In contrast, samples prepared using freeze-drying methods show more 

varied TGA and DTG results across all samples. Mechanical treatments significantly 

influence these analysis results. Microfluidized BC samples (BCH-10-FD, BCH-15-FD, 

BCH-20-FD) exhibit higher weight loss during the second stage of decomposition and 

leave less residual material after cellulose decomposition at 600°C (Figure 6(a)). As the 

number of HPM cycles increases, the weight loss becomes greater, and the residual 

values decrease (Figure 6(c)). The DTG profiles of freeze-dried samples vary 

considerably, with peak temperatures ranging from approximately 265°C to 403°C. The 

DTG TMax values for these samples fall between 356°C and 371.17°C, which are 

relatively higher than those of oven-dried samples. While freeze-dried samples are 

more porous, their DTG TMax values indicate that they can exhibit higher peak 

degradation temperatures than oven-dried samples. This suggests that while porosity 

might accelerate degradation under direct flame exposure, the intrinsic stability of the 

material in controlled thermal analysis may be slightly better due to structural 
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modifications. Freeze-dried samples also display sharper DTG peaks compared to 

oven-dried samples, suggesting a faster degradation rate due to their porous structure 

resulting in a lower effect of flame retardant (Dai et al. 2018; Mohamad et al. 2022b). 

The porous structure is a result of sublimation during the freeze-drying process. 

Overall, freeze-drying combined with mechanical treatments reduces the thermal 

stability of BC compared to oven drying. 

5.5 Conclusion 
This study demonstrates that mechanical treatment, particularly high-pressure 

microfluidization (HPM), plays a critical role in modifying the physicochemical, 

structural, and thermal properties of bacterial cellulose (BC). HPM treatment led to a 

significant decrease in moisture content and water holding capacity (WHC), likely due 

to the disruption of the cellulose fiber network. Notably, the highest WHC was 

observed in the untreated BC (96.58 ± 13.91 g water/g cellulose), whereas 

microfluidized samples exhibited markedly lower capacities. 

Increasing HPM cycles resulted in reduced fiber diameters, from 37 nm in the 

control to 24.99 nm in the most treated samples. The method of drying also 

influenced BC morphology: freeze-drying produced finer fibrils and enhanced porosity, 

while oven drying led to denser structures. Particle size analysis confirmed that HPM 

generated smaller and more uniform particles, although PDI and zeta potential values 

indicated moderate stability due to partial re-aggregation. 

Structural modifications were supported by SEM and XRD analyses, revealing 

distinct morphological and crystallinity shifts depending on treatment intensity and 

drying method. Thermal analysis further confirmed that freeze-dried BC, despite being 

more porous, demonstrated higher degradation temperatures (DTG Tmax 341.67°C–

371.17°C) than oven-dried counterparts. 

In conclusion, the combination of HPM and appropriate drying techniques 

offers a versatile approach to tailoring BC characteristics. These modifications are 
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crucial for expanding BC’s potential in various industrial applications, particularly where 

specific structural and thermal attributes are required. 
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CHAPTER 6 

EFFECTS OF BACTERIAL CELLULOSE NANOFIBRILS ON JELLY 

CANDY PROPERTIES AND BIOACTIVE COMPOUND PROFILES 

DURING SIMULATED DIGESTION 

6.1 Abstract 
This study developed jelly candy (JC) enriched with bacterial cellulose 

nanofibrils (BCNF) and bioactive ingredients, evaluating their effects on texture, color, 

and compound bioaccessibility during simulated digestion. BCNF, produced via 

microfluidic homogenization, was added at 5–20 g concentrations. Although it 

minimally affected appearance, higher homogenization and concentration reduced a* 

and b* values. Texture analysis showed BCH10 improved firmness and chewiness, with 

JC-BCH20-5 closely matching the control. Four bioactive ingredients—vitamin C (VC), 

vitamin E (VE), butterfly pea flower powder (BF), and tomato extract powder (TOM)—

were added to assess their impact on texture and bioaccessibility; BF and TOM served 

as natural bioactive sources. VE produced the firmest texture, while VC and TOM led 

to softer gels. In vitro digestion revealed JC-VENBC retained the highest total phenolic 

content (TPC) and antioxidant activity, while others showed reduced TPC, especially 

during the gastric phase. Total flavonoid content (TFC) remained low across samples, 

possibly due to low flavonoid levels or assay limitations; more sensitive methods like 

HPLC may be needed. BCNF improved antioxidant retention in VC formulations, 

suggesting a protective effect, but its influence was limited in BF and TOM compared 

to non-BC counterparts. These findings highlight BCNF’s potential to modulate texture 

and bioaccessibility, supporting its use as a functional ingredient in healthy jelly candy. 

Keywords: bacterial cellulose nanofibrils, jelly candy, gastrointestinal, 

bioaccessibility, s profile, bioactivity 
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6.2 Introduction 
Bacterial cellulose, a dietary fiber, has gained significant attention for its 

versatility and broad applications in the food, nutraceutical, and pharmaceutical 

industries. Derived from sources such as coconut water (e.g., nata de coco), BC is prized 

for its high purity, ability to retain natural flavor and color, and its contribution to 

enhancing firmness, water retention, and texture—making it ideal for functional food 

development (Shi et al. 2014; Choi et al. 2022). In the food sectors, BC is commonly 

featured in products like nata de coco, incorporated into instant beverages, and 

utilized in ice cream formulations, showcasing its potential to enhance product quality 

and consumer appeal (Tangkanakul 2022; Xavier and Ramana 2022). 

Structurally, BC offers unique properties that enable it to function as a carrier 

for active compounds, an immobilization matrix, an emulsifier, and a stabilizer in 

Pickering emulsions. For example, curcumin-loaded emulsions stabilized with BC and 

soy protein particles have shown high encapsulation efficiency and significantly 

improved curcumin bioaccessibility, increasing it to 30.54% (Shen et al. 2021). 

Moreover, lysozyme immobilized in BC nanofibers (BCNF) exhibited antimicrobial 

activity against Staphylococcus aureus, Escherichia coli, and Aspergillus niger (Bayazidi 

et al. 2021). These findings illustrate BC’s potential in delivering bioactive compounds 

within food and pharmaceutical products. 

Recent advancements in BC research have also explored its applications in 

drug delivery systems. BC-based materials have been used for controlled-release 

applications, improving drug bioavailability and stability. For instance, cellulose 

nanofibril aerogels achieved a 69.2% drug release rate within 24 hours, with a 3.25-fold 

increase in drug bioavailability (Bhandari et al. 2017). Similarly, nanocomplexes of BC 

nanocrystals (BCNC) and bioactive compounds have shown promising results in 

enhancing therapeutic efficacy while reducing toxicity (Soeiro et al. 2021). Such findings 

underscore BC's multifunctionality across different industries. 
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Furthermore, BC’s nano- and micro-scaled forms enhance its functional 

performance. Milling BC increases its surface area and swelling capacity, improving 

water retention, bile acid and sugar binding, and the production of short-chain fatty 

acids. These features contribute to health benefits such as improved laxation, 

cholesterol reduction, and glucose regulation (Dubey et al. 2018). Smaller BC particles 

also improve texture and rheological properties, making them especially well-suited 

for use in confectionery products like jelly candy (Blok et al. 2023). Variations in high-

pressure microfluidization (HPM) treatments can produce BCNFs with different sizes 

and characteristics, which may further influence JC properties. Additionally, differences 

in BCNF concentration could also impact JC quality attributes. 

This study aims to develop JC enriched with BCNF and bioactive ingredients. 

Initially, various homogenization treatments and BCNF concentrations were evaluated 

for their effects on JC properties, including color and texture. The formulation 

exhibiting texture closest to the control was selected for further analysis. 

Subsequently, the study investigated the impact of BCNF-enriched JC containing 

bioactive ingredients (vitamins and plant extracts) on texture and the bioaccessibility 

of the bioactive compounds during in vitro simulated gastrointestinal digestion. This 

research underscores the potential of BCNF as a functional ingredient in innovative 

confectionery products with enhanced health benefits. 

6.3 Materials and Methods 
The materials used in this study are BC pulp as a control (BCP) and BCNF (BC 

pulp with different  HPM treatment (BCH)), gelatin, sucrose, glucose, sorbitol, extra 

virgin olive oil, citric acid, vitamin C (VC) spray-dried Butterfly pea flower (Clitoria 

ternatea) extract (BF), freeze-dried Tomato extract (TOM), vitamin E (VE), alfa-amylase 

from porcine pancrease 10 U/mg soilid (Sigma, A3176-1MU), pepsin porcine gastric 

mucosa 424 U/mg solid (Sigma Aldrich, P7000), pancreatin from porcine pancreas 

(Sigma, P1750), methanol (RCI-Labscan, AR1115-P2.5L), ethanol (RCI-Labscan, AR1069-

P4L), alumunium chloride hexa-hydrate (Al.Cl3.6H2O, Univar), sodium nitrite (NaNO2, 
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Carlo Erba), sodium carbonate (Na2CO3, Carlo Erba), sodium hydroxide pellet (NaOH, 

Carlo Erba), sodium phosphate monobasic (NaH2PO4, Carlo Erba), sodium phosphate 

dibasic (Na2HPO4, Carlo Erba), gallic acid (Acros-Organic, 410860050), catechin powder 

(Sigma-Aldrich, C1251), 2,2-diphenyl-1-picrylhydrazyl (DPPH) (C18H12N5O6, Alfa Aesar), 

trolox (C14H18O4, Acros-Organics), RO water, and DI water. 

The instruments used in this study include a water bath (Julabo), silicon mold, 

texture analyzer (TA.XT Plus), colorimeter (HunterLab ColorQuest XE), digital balance 

(Mettler Toledo, New Classics MS), sonicator (Ultrason-P Selecta), centrifuge (Thermo 

Scientific, Sorvall Legend Mach 1.6R), mini centrifuge (MIULAB, MU-E23-91357), water 

bath shaker (Julabo, SW22), spectrophotometer (Thermo Scientific, Genesys 150), and 

pH meter (SevenCompact Duo, Mettler Toledo) 

6.3.1  Experimental Design 

1) Effect of Different BCNF Treatments and Concentrations on

Jelly Candy Properties

This study aimed to determine the optimal formulation of JC based

on different BC treatments (BCNF) and their concentrations. The BC samples used in 

the study consist of four types: BC-Pulp and BC samples after homogenization using 

high-pressure microfluidization for 10, 15, and 20 cycles at a pressure of 10,000 Psi, 

coded as BCH-10, BCH-15, and BCH-20. The JC formulations are shown in Table 6.1. 

The resulting jelly candies were primarily evaluated for texture characteristics, including 

hardness, chewiness, adhesiveness, cohesiveness, gumminess, springiness, and 

resilience, as well as for color. The best formulation identified from this study will be 

used for subsequent experiments. 

2) Profiling of Bioactive Compounds During In Vitro

Gastrointestinal Simulation

This study aimed to evaluate the effects of in vitro gastrointestinal

digestion on the profile and bioaccessibility of bioactive compounds in JC. The 
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bioactive ingredients included a water-soluble vitamin (vitamin C, VC), a fat-soluble 

vitamin (vitamin E, VE), and plant extracts from spray-dried butterfly pea flower (BF) 

and freeze-dried tomato (TOM). JC samples were analyzed for color, texture, and 

bioactive compound profiles, including antioxidant activity (AA), total phenolic content 

(TPC), and total flavonoid content (TFC), both in the final product and throughout 

digestion. Each formulation was designed to provide the recommended daily intake, 

containing 1350 mg of VC, 450 mg of VE, 3000 mg of BF, or 3000 mg of TOM. A control 

sample (JC-C) was prepared using the same base formula as a previous study but 

without BC or bioactive ingredients. 

6.3.2  Jelly Candy Production 

The JC preparation process followed the method described by (Teixeira-

Lemos et al. 2021) with modifications(Teixeira-Lemos et al. 2021). Gelatin was placed 

in a 200 mL beaker, while the other ingredients—BC, sucrose, glucose, sorbitol, citric 

acid, essential oils, and 200 mL of water—were mixed in separate beakers. The mixture 

was heated and stirred at approximately 80°C for 10 minutes. Meanwhile, the gelatin 

was soaked in deionized water for 10 minutes and then heated at the same 

temperature until fully melted (approximately 3 minutes). The melted gelatin was 

combined with the other ingredients and heated together for an additional 5 minutes. 

The final mixture was poured into silicone molds (120 x 120 x 100 mm per cavity) and 

cooled to room temperature. The samples were then refrigerated at 4°C overnight. 

Once set, the jelly candies were removed from the molds, sealed in airtight PET plastic, 

and stored in the refrigerator at 4°C for further analysis. For samples containing 

bioactive ingredients, each bioactive ingredient was pre-mixed with BC  and gently 

stirred for 10 minutes before incorporating the remaining ingredients.
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Table 6.1 JC formulation based on different BC treatment and its concentration 

Sample 

code 

Ingredients (%) 

Gelatin 

(g) 

Sucrose 

(g) 

Sorbitol 

(g) 

Glucose 

(g) 

Citric acid 

(g) 

Essential 

oil (g) 

Total (dry 

weight) (g) 

BC 

(g) 
%BC 

Water 1 

(ml) 

Water 2 

(ml) 

JC-Ctrl 0 9.00 30.00 3.00 24.00 2.00 2.00 70.00 0.00 0.00 20.00 10.00 

JC-BCP 

5 9.00 30.00 3.00 24.00 2.00 2.00 70.00 5.00 7.14 20.00 10.00 

10 9.00 30.00 3.00 24.00 2.00 2.00 70.00 10.00 14.29 20.00 10.00 

15 9.00 30.00 3.00 24.00 2.00 2.00 70.00 15.00 21.43 20.00 10.00 

20 9.00 30.00 3.00 24.00 2.00 2.00 70.00 20.00 28.57 20.00 10.00 

JC-

BCH10 

5 9.00 30.00 3.00 24.00 2.00 2.00 70.00 5.00 7.14 20.00 10.00 

10 9.00 30.00 3.00 24.00 2.00 2.00 70.00 10.00 14.29 20.00 10.00 

15 9.00 30.00 3.00 24.00 2.00 2.00 70.00 15.00 21.43 20.00 10.00 

20 9.00 30.00 3.00 24.00 2.00 2.00 70.00 20.00 28.57 20.00 10.00 

JC-

BCH15 

5 9.00 30.00 3.00 24.00 2.00 2.00 70.00 5.00 7.14 20.00 10.00 

10 9.00 30.00 3.00 24.00 2.00 2.00 70.00 10.00 14.29 20.00 10.00 

15 9.00 30.00 3.00 24.00 2.00 2.00 70.00 15.00 21.43 20.00 10.00 

20 9.00 30.00 3.00 24.00 2.00 2.00 70.00 20.00 28.57 20.00 10.00 

258 
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Table 6.1 JC formulation based on different BC treatment and its concentration (Continued) 

Sample 

code 

Ingredients (%) 

Gelatin 

(g) 

Sucrose 

(g) 

Sorbitol 

(g) 

Glucose 

(g) 

Citric acid 

(g) 

Essential 

oil (g) 

Total (dry 

weight) (g) 

BC 

(g) 
%BC 

Water 1 

(ml) 

Water 2 

(ml) 

JC-

BCH20 

5 9.00 30.00 3.00 24.00 2.00 2.00 70.00 5.00 7.14 20.00 10.00 

10 9.00 30.00 3.00 24.00 2.00 2.00 70.00 10.00 14.29 20.00 10.00 

15 9.00 30.00 3.00 24.00 2.00 2.00 70.00 15.00 21.43 20.00 10.00 

20 9.00 30.00 3.00 24.00 2.00 2.00 70.00 20.00 28.57 20.00 10.00 

BC = Bacterial cellulose, Water 1 was used for soaking gelatin and water 2 was added to sugar. Source of JC formulation 

(Jiamjariyatam 2018; Lorenz 2021) with modification. 
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6.3.3  Selection of the Optimal Jelly Candy Formulation Incorporating BC 

The selection of the JC formula was based on the Euclidean Distance 

Method (EDM), which was applied to the texture properties data of the JC samples. 

The texture properties of the JC-C sample were used as the control, with each 

parameter set to 100%. The values of the other samples were then converted into 

percentages by comparing them to the control. The sample selection was determined 

by calculating the total value (i.e., the minimum distance, D) of all parameters that 

most closely matched the control sample. The Euclidean distance equation (Eq. 6.1) 

used for this calculation is as follows (Koshti et al. 2022): 

𝐷(𝑥, 𝑦) = √∑ (𝑦𝑖 − 𝑥𝑖)2𝑛
𝑖  .................................................................................. (Eq. 6.1) 

Where: D is the Euclidean distance, xi is the value of the control for each parameter, 

yi is the value of the sample for each parameter, n represents the total number of 

texture property parameters. 

6.3.4  In Vitro Gastrointestinal Digestion Simulation 

The JC sample underwent simulated digestion based on the methods 

described by Sopade and Gidley (2009) and Na-Nakorn (2019), with modifications. In 

the gastric step simulation, 0.5 g of the JC sample was mixed with 1 mL of α-amylase 

solution (250 U/mL in phosphate buffer, pH ~7) and incubated for 15 to 30 seconds. 

Next, 5 mL of pepsin solution (7.37 mg of pepsin (424 U/mg) per mL of 0.02 M HCl, pH 

2) was added, and the mixture was shaken with glass balls at 170 rpm and 37°C for 30

minutes. The phosphate buffer used was prepared from 0.02 M phosphate buffer and

0.76 mM sodium chloride. After incubation, the sample was neutralized with 5 mL of

0.02 M NaOH and centrifuged at 2000 g for 10 minutes.

For the intestinal step, a new sample was prepared following the same 

procedure as the gastric step until it was neutralized with NaOH. Then, 20 mL of 0.1 M 

phosphate buffer (pH ~7) and 5 mL of pancreatin solution (2 mg/mL pancreatin in 0.1 

M phosphate buffer) were added. The mixture was then shaken at 170 rpm and 37°C 
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for 240 minutes. Samples were collected at each digestion stage for subsequent 

analysis (Sopade and Gidley 2009; Na-Nakorn et al. 2019). 

Phosphate buffer (0.02 M, pH ~7) was prepared by dissolving 3.82 g of 

sodium phosphate dibasic (Na2HPO4·12H2O), 1.29 g of sodium phosphate monobasic 

(NaH2PO4·H2O), and 0.39 g of sodium chloride in 800 mL of DI water. The solution was 

mixed thoroughly and then adjusted to a final volume of 1000 mL with DI water. 

Hydrochloric acid (0.02 M) was prepared by diluting 0.417 mL of 37% HCl in a 250 mL 

volumetric flask, then filling it to the final volume with DI water. For the 0.1 M 

phosphate buffer (pH ~7), 5.15 g of Na2HPO4·2H2O and 2.91 g of NaH2PO4·H2O were 

dissolved in 400 mL of DI water, and the solution was then diluted to a final volume 

of 500 mL with DI water. Enzyme solutions for α-amylase and pancreatin were 

prepared by dissolving the enzymes in a suitable solution. Pepsin enzyme was 

prepared by dissolving it in the HCl solution. To separate any undissolved components, 

the enzyme solutions were centrifuged at 2000 g for 10 minutes. 

6.3.5  Analysis of Jelly Candy Product 

1) Texture Characterization

Texture Profile Analysis (TPA), was performed using the “TA.XT

Plus” Texture Analyzer. Before analysis, samples were removed from refrigeration and 

allowed to equilibrate at room temperature (±23°C) for approximately 4 hours. The 

TPA was conducted using a two-cycle test to determine the hardness, adhesiveness, 

springiness, cohesiveness, gumminess, chewiness, and resilience. The procedure began 

by powering on the UPS and the texture analyzer. Once the machine’s “busy” light 

turned off, the computer was started. A folder was created to save the data, followed 

by launching the “Texture Experiment 32” software. The probe (P/50 aluminum 

cylinder) was then attached. Calibration was performed by selecting the “TA” button, 

setting the return distance to 15 mm, return speed to 10 mm/sec, and contact force 

to 1 g. Next, test parameters were configured by navigating to “TA Setting” and 

selecting the “TPA” option (Sample TPA PRJ). The test parameters were set as follows: 
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pretest speed = 1 mm/sec, test speed = 1 mm/sec, post-test speed = 1 mm/sec, strain 

= 50%, time = 5 sec, trigger type = auto with a trigger force of 5 g, tare mode = auto, 

and advance option = on. The test was initiated by selecting “Test Configuration,” 

followed by “Probe Selection” (P/50), and then “Archive Information” to define the 

file ID and path. Autosave was enabled, and the test was run. This process was 

repeated for 10 samples per treatment. The texture profile data was automatically 

calculated by the software. For statistical analysis, data was processed using Microsoft 

Excel and SPSS to calculate averages and Sd and perform ANOVA and Duncan’s 

multiple range test. 

2) Color Analysis

Color Analysis of the JC was conducted using a HunterLab

ColorQuest XE colorimeter. The device, along with the associated computer, was 

connected to a power outlet and allowed a warm-up period of approximately 10 

minutes to stabilize the light source. After the connection between the instrument and 

computer was established, the software was launched to control the device and 

record data, ensuring that a flash drive was inserted before starting the software. 

Calibration was performed by selecting the appropriate mode 

within the software (Sensor; Set Mode; RSEX_SAV; Sensor; Standardize) and following 

the on-screen instructions. Once calibration was successfully completed, the samples 

were prepared for measurement. The measurement mode was configured via the 

software interface (Right-click; Configure; Select “CIELAB (A, B, C); Illuminant Observers 

“D65/10”; OK). Each sample was placed at the reflectance port, and the measurement 

was initiated by either pressing the measurement button or using F3. 

Color values were displayed on the computer screen and saved or 

exported as needed. This process was repeated for 10 samples per treatment, with 

recalibration performed as required throughout the analysis. Once all measurements 

were completed, the device was powered off and unplugged, and the sample holder 

and calibration standards were cleaned. The equipment and data were stored in a 
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clean, dry location. The collected data were analyzed using Microsoft Excel and SPSS 

for calculating averages, SD, conducting ANOVA, and performing Duncan’s multiple 

range test. 

3) Sample Preparation for Analysis of Bioactive Compound

Profiles

A 400 mg sample was weighed and diluted with 10 mL of

methanol-water solution (80:20) in a 15 mL Falcon tube. Then, 0.1 mL of 37% HCl was 

added. The sample was sonicated for 15 minutes at approximately 20–25°C, followed 

by storage at ~4°C for 24 hours. After the incubation, the sample was re-sonicated for 

an additional 15 minutes at the same temperature and centrifuged at 2580 g at 4°C for 

10 minutes. The supernatant was collected, stored at –20°C, and used for further 

analysis. This method was adapted from Aiello et al et al. (2024) with modifications 

(Aiello et al. 2024).  

During the in vitro gastrointestinal simulation, samples were 

collected at each digestion stage—gastric and small intestinal phases—for the analysis 

of total phenolic content (TPC), total flavonoid content (TFC), and antioxidant activity. 

The analytical procedures are detailed in the following sections. All measurements 

were performed in triplicate to ensure data accuracy and reliability. 

4) Total Phenolic Content (TPC) Analysis

The TPC was determined using a modified version of the Folin–

Ciocalteu (F-C) method. In a 10-mL reaction tube, 2.5 mL of distilled water, 120 µL of 

sample extract, and 400 µL of F-C reagent were combined. After 8 minutes, 0.6 mL of 

sodium carbonate solution (1:5 w/v) was added, and the mixture was incubated at 

room temperature (~25°C) for 2 hours. The absorbance was measured at 760 nm using 

a UV-VIS spectrophotometer. Gallic acid served as the standard, and a calibration curve 

(R² = 0.999) was constructed. Results were expressed as milligrams of Gallic Acid 

Equivalent (GAE) per 100 grams of candy (mg GAE/100g). This method was adapted 

from Cedeño-Pinos et al. (2020) with modifications (Cedeño-Pinos et al. 2020). 
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5) Total Flavonoid Content (TFC) Analysis

The flavonoid content was determined using a spectrophotometric

method, with modifications based on the procedure described by Aiello (2024). In a 

10-mL reaction tube, 0.25 mL of each sample solution was mixed with 75 µL of NaNO₂

aqueous solution (15% w/v) and 1.0 mL of deionized (DI) water. After 6 minutes, 75 µL

of AlCl₃ solution (10% w/v) was added. Following another 6 minutes, 1.5 mL of NaOH

solution (4% w/v) was added. The mixture was left in the dark for 15 minutes, and the

absorbance was then measured at 510 nm using a spectrophotometer. The results

were expressed in milligrams of catechin equivalent per gram of JC (mg CE/100g), based

on a calibration curve (Aiello et al. 2024).

6) Antioxidant Activity (AA) Analysis

Antioxidant activity was assessed using the 2,2-Diphenyl-1-

Picrylhydrazyl (DPPH) Radical-Scavenging Activity assay, adapted from the method 

described by Cedeño-Pinos et al. (2020). A DPPH solution was prepared by dissolving 

3.9 mg of DPPH in 100 mL of methanol-water (80:20) and allowing it to stand in the 

dark for 30 minutes. For the assay, 0.30 mL of the sample extract was mixed with 1.97 

mL of the DPPH solution and incubated in the dark for 10 minutes. Absorbance was 

measured at 517 nm using a spectrophotometer. Antioxidant activity was quantified 

using a calibration curve (R² = 0.999), with results expressed as milligrams of Trolox 

Equivalent (TE) per 100 grams of JC (mg TE/100 g). 

6.3.6  Statistical Analysis 

Statistical analyses were performed using Microsoft Excel and IBM SPSS 

Statistics software, depending on the type and complexity of the data. For datasets 

with a limited number of treatments, such as bioactive compound profiles, one-way 

analysis of variance (ANOVA) was conducted using Microsoft Excel. Differences among 

treatment means were further evaluated using the least significant difference (LSD) test 

at a significance level of P < 0.05. 
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For more complex datasets involving a larger number of treatments—

such as texture profile and color measurements—analysis was conducted using IBM 

SPSS Statistics. One-way univariate ANOVA was used to assess treatment effects. When 

significant differences were observed (α = 0.05), Duncan’s multiple range test was 

applied as a post hoc analysis to determine statistical differences between treatment 

means. 

6.4 Results and Discussion 
In this study, gelatin-based jelly candies were formulated using various types 

and concentrations of BCNFs produced from Thai red tea kombucha fermentation. The 

BC types included BC pulp and BC pulp subjected to high-pressure homogenization 

for 10 (BCH-10), 15 (BCH-15), and 20 (BCH-20) cycles at a pressure of 10,000 psi. The 

characteristics of BCNF were detailed in the previous chapter, highlighting properties 

such as particle size, water content, and water-holding capacity, which may influence 

the quality of the JC. Wet BC was incorporated into the basic formula (total dry weight 

of 70 g) at concentrations of 5 g (BC5), 10 g (BC10), 15 g (BC15), and 20 g (BC20), based 

on preliminary experiments. 

6.4.1  The effect of different BC treatment and its concentration on the 

characteristics of JC 

1) Visual Appearance of the Jelly Candy 

Both the JC made from the basic formula (BC0) and those with 

added cellulose, visually, exhibited relatively similar colors, as shown in Figure 6.1. 

Visual observation revealed that the color of the JC was translucent white with a slight 

yellowish tint, likely due to the presence of gelatin and virgin olive oil. This color is 

consistent with gelatin-based JCs made from the basic formula, as reported in previous 

studies (Čižauskaite et al. 2019; Vojvodić Cebin et al. 2024). 
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Figure 6.1  Image of JC products with the addition of BC (JCBC) and without the 
addition of BC (JC-Control). The numbers 5, 10, 15, and 20 indicate the 
concentration of wet BC (g) added to the formula. 

2) Color Characteristics of Jelly Candy

To distinguish the color clearly, color analysis was conducted with

the scale of CIELAB / L*, a*, b*. The mean color analysis data, along with the results 

of statistical analyses, including standard deviation, the result of ANOVA/Univariate 

analysis, and Duncan post-hoc tests, are summarized in Table 6.2. For visual 

representation, the mean L*, a*, and b* values are also shown in Figures 6.2, 6.3, and 

6.4, respectively. 
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Table 6.2 Summary of L, a, b* Values from JC with different type and concentration 
of BC addition 

Sampel 
Mean of L* Value 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

34.68±3.53 

28.65±1.88 27.34±1.48 27.72±0.98 28.83±1.31 A 

JC-BCH10 26.99±1.63 27.15±1.37 28.34±1.56 30.79±2.10 A 

JC-BCH15 27.09±1.33 27.86±1.64 28.22±1.83 29.13±1.77 A 

JC-BCH20 27.77±1.54 27.92±1.26 28.31±1.95 28.60±1.51 A 

R a c c c b 

Sampel 
Mean of a* Value 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

-

0.29±0.12ab 

-0.52±0.09de -0.62±0.09ef -0.93±0.11h -1.11±0.19jk B

JC-BCH10 -0.22±0.12a -0.56±0.10de -0.98±0.14hi -1.17±0.12jkl A

JC-BCH15 -0.37±0.08bc -0.69±0.08fg -1.05±0.18ij -1.24±0.17l BC

JC-BCH20 -0.45±0.09bc -0.74±0.09g -1.10±0.11jk -1.20±0.10jk C

R a b c d e 

Sampel 
Mean of b* Value 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

3.81±0.60a 

3.84±0.40a 3.15±0.40b 1.63±0.19e 0.94±0.21f A 

JC-BCH10 3.69±0.60a 2.32±0.39c 1.01±0.18f 0.21±0.10i B 

JC-BCH15 4.06±0.51a 2.09±0.51cd 0.67±0.20f 0.26±0.10i B 

JC-BCH20 4.03±0.62a 1.83±0.62de 0.75±0.17fg 0.36±0.17gh B 

R a a b c d 

The lowercase letters in the bottom row indicate significant differences between different 
BC concentrations. The capital letters in the right column denote significant differences 
between different types of BC. Additionally, the lowercase letters within each column 
indicate significant differences between samples. R = remark. 
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For JC samples with varying types and concentrations of BC, the L* 

values range from 26.99±1.63 to 30.79±2.10, a* values from -1.24 to -0.22, and b* 

values from 0.21 to 4.06. These values have not been reported in previous studies, as 

no prior research has explored the incorporation of BC into JC formulations. Univariate 

analysis using SPSS showed that the type of BCNF does not significantly affect the L* 

value (P > 0.05). However, BCNF concentration has a significant impact: the control JC 

exhibits the highest L* value, differing significantly from all other samples (P < 0.05). 

Among the BC samples, BC5, BC10, and BC15 are not significantly different from each 

other but differ from BC20, which has a higher L* value, likely due to its greater BC 

content. Since there was no significant interaction between BC type and concentration, 

Duncan's post-hoc analysis was not performed. Figure 6.2 visually represents the 

effects of BC type and concentration on L* values in this study. 

 

Figure 6.2 The effect of different type and concentration of BC to the L* value 
characteristics of JC. Data are presented as mean ± SD (n = 10). 

Univariate analysis of the a* value revealed that the type and 

concentration of BC, as well as their interaction, significantly affect the a* value (P < 

0.05) (Table 6.2). Among the BC types, BCH-10 has the highest a* value and significantly 

differs from all other types. BCP and BCH-15 do not differ significantly from each other, 

and BCH-15 and BCH-20 also show no significant difference. However, BCP and BCH-20 

differ significantly. Concerning BC concentrations, all samples exhibit significant 
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differences, with higher concentration of BC leading to lower a* values. Duncan’s post-

hoc analysis, detailed in Table 6.2 (mean of a* value), further clarifies these 

differences. Figure 6.3 provides a visual representation of the impact of BC type and 

concentration on a* values in this study. 

Figure 6.3 The effect of different type and concentration of BC to the a* value 
characteristics of JC. Data are presented as mean ± SD (n = 10). 

The subsequent univariate analysis focused on the b* value. The 

results indicated that the type and concentration of BC, as well as their interaction, 

significantly affect the b* value (P < 0.05) (Table 6.2). Generally, BCP exhibits the 

highest b* value and significantly differs from all other samples. In contrast, BCH10, 

BCH15, and BCH20 do not show significant differences among themselves. This suggests 

that BC treated with micro-fluidic homogenization results in a lower b* value for JC. 

The effect of BC concentration on the b* value follows a similar trend to that observed 

for a*, with higher BC concentrations leading to lower b* values. Duncan’s post-hoc 

analysis, presented in Table 6.2, provides additional details on these differences. 

Figure 6.4 visually depicts the impact of different BC types and concentrations on the 

b* values observed in this study. 
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Figure 6.4 The effect of different type and concentration of BC to the b* value 
characteristics of JC. Data are presented as mean ± SD (n = 10). 

The reduction in L*, a*, and b* values in JC with added wet BCNF 

is due to increased light scattering and higher moisture content. The fibrous structure 

of BCNF scatters light more effectively than the smooth jelly matrix, reducing 

transparency and lowering the lightness (L*) value. Additionally, BCNF’s high water-

holding capacity increases moisture content, further diffusing light and muting colors, 

leading to lower a* (red-green) and b* (yellow-blue) values. Similar effects have been 

observed in nanocellulose-containing films, where added fibers decrease 

transmittance and make colors appear less vivid (Snyder et al. 2013; Jaiswal et al. 2021; 

Kaschuk et al. 2024). 

3) Textures Profile of Jelly Candy

Texture is a critical quality attribute in both the fresh and processed

food industry, playing a significant role in determining consumer acceptability (Alemu 

2023). Textural analysis is primarily conducted in the food and pharmaceutical 

industries to assess digestibility and to identify the sensory characteristics of products 

(Srilakshmi 2020). The graph result from the texture analysis is presented in Figure 6.5. 

The general result of the texture profile analysis from the JC of this study are 

demonstrated in Figure 6.6.  
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Figure 6.5  Illustration of the graph obtained from the texture analysis of JC using a 
texture analyzer. 

Hardness: Hardness measures the force needed to compress food, 

experienced during biting and chewing (Szczesniak, 2002). In JC, it reflects firmness 

between the teeth or tongue and the mouth's roof (Cruz et al., 2015). In this study, 

hardness ranged from 1699.71±107.81 to 4208.09±231.22 g, with the control at 

1761.53±94.26 g. ANOVA showed that both BC type and concentration, and their 

interaction of them significantly affected hardness (P < 0.05). JC-BCP exhibited the 

highest hardness, significantly differing from other JC-BCH types. JC-BCH10 had lower 

hardness than JC-BCP but was higher than both BCH15 and BCH20, which did not show 

significant differences (P > 0.05). In terms of BC concentration, BC0 had the lowest 

hardness, which was significantly different from all other samples. BC10 exhibited the 

highest hardness, showing significant differences compared to all other concentrations 

(P < 0.05). Figure 6.6(a) shows how BCNF types and concentrations affect JC hardness, 

while Table 6.3 outlines the interaction effects between BCNF types and 

concentrations. 
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Figure 6.6  Texture profile analysis result of JC with various BCNF and its 
concentration (a) hardness, (b) adhesiveness, (c) springiness, (d) 
cohesiveness, (e) gumminess, (f) chewiness, (g) resilience. Data are 
presented as mean ± SD (n = 10). 

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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Table 6.3 The data of JC hardness as the effect of the type of BC, concentration of 
BC, and their interaction. 

Samples 
Hardness (g) 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

1761.53 
±94.26hij 

3545.97 
±258.1bc 

4208.09 
±231.22a 

3675.52 
±223.07b 

3512.91 
±332.02c 

A 

JC-BCH10 
2242.73 

±151.19de 
2369.84 

±136.81d 
2114.74 

±114.26ef 
1991.38 

±142.15fg 
B 

JC-BCH15 
1918.01 

±100.44ghi 
1944.69 

±173.86g 
1858.12 

±123.63ghij 
1699.71 
±107.81j 

C 

JC-BCH20 
1866.83 

±80.42ghij 
1935.94 

±234.43gh 
1860.18 

±207.93ghij 
1759.02 
±99.34ij 

C 

R d b a b c 
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 

The addition of BCP to the formulation significantly increased the 

hardness of the JC, with BCH10 also showing a notable rise in hardness. The increased 

hardness observed with BCP and BCH10 can be attributed to their ability to effectively 

reinforce the gel network structure. The larger fiber size of BCP and BCH-10 contribute 

to forming a stronger and more cohesive gel matrix, resulting in a substantial increase 

in hardness. In contrast, the addition of BCH-15 and BCH-20 did not result in significant 

changes compared to the sample without BC. Undergoing more homogenization cycles 

may have led to excessive fiber breakdown, thereby reducing their reinforcing effect 

on the gel structure. This aligns with the findings of Avelar and Efraim (2020), who 

reported that hydrocolloids can enhance the hardness of JC (de Avelar and Efraim 

2020). Although the hardness values for BCH15 and BCH20 were higher than the 

control, they were not statistically significant. These results are comparable to previous 

studies: gelatin-based jelly candies incorporating berries and aromatic plants exhibited 
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hardness values ranging from 22.8 to 30.3 N (2324.95 to 3089.74 g) (Guiné et al. 2020), 

those containing grape pomace extract ranged from 6.3 to 17.1 N (642.42 to 1743.71 

g) (Spinei and Oroian 2024), and those with varying concentrations of pomegranate

juice, sugar, and citric acid had hardness values ranging from 743 to 3664 g (Cano-La

Madrid et al. 2020).

Adhesiveness: adhesiveness reflects the effort needed to detach 

JC from surfaces like teeth or the tongue, indicating stickiness (Bourne 2002). In this 

study, JC adhesiveness ranged from -114.00±16.31 to -98.82±13.02 g, with no significant 

differences between samples (P > 0.05). The addition of BC in varying sizes and 

concentrations likely did not alter the adhesiveness of the JC, as adhesiveness is more 

influenced by the gel’s moisture content and surface properties. BC primarily 

strengthens the gel structure but does not significantly affect its stickiness. Additionally, 

because BC retains water well, it helps stabilize the gel without altering its adhesive 

properties. For comparison, gelatin-based JC with pomegranate juice showed 

adhesiveness from -3.3 to -2.9 N (-336.50 to -295.72 g.s-1) (Spinei and Oroian 2024), 

while other pomegranate-based JCs ranged from -2,138 to -9,898 g.s-1(Cano-La Madrid 

et al. 2020). Lower values were found in JC with berries and aromatic plants, between 

-0.03 to -0.16 N (-3.05 to -16.31 g.s-1) (Guiné et al. 2020). Figure 6.6(b) illustrates the

effects of BCNF types and concentration on JC adhesiveness. Details on the effects of

BCNF types and concentrations to the adhesiveness are presented in Table 6.4.
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Table 6.4 The data of JC adhesiveness as the effect of the type of BC, concentration 
of BC, and their interaction. 

Sample 
Adhesiveness (g.s-1) 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

-104.29 
±13.02 

-106.07 
±9.23 

-103.26 
±14.32 

-98.82 
±13.02 

-100.36 
±11.18 

A 

JC-BCH10 
-112.45 
±13.22 

-109.39 
±14.08 

-104.21 
±14.69 

-105.87 
±15.55 

A 

JC-BCH15 
-111.51 
±16.33 

-111.85 
±10.62 

-108.00 
±10.79 

-106.09 
±11.80 

A 

JC-BCH20 
-114.00 
±16.31 

-110.56 
±19.25 

-109.08 
±21.50 

-108.90 
±14.05 

A 

R a a a a a  
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 

Springiness: springiness refers to the candy's ability to return to its 

original shape after compression, indicating its elasticity (Cruz et al. 2015). While Figure 

6.6(c) shows similar springiness values across all samples, statistical analysis reveals 

significant differences. The type and concentration of BCNF significantly affect 

springiness (P < 0.05), though their interaction is not significant (P = 0.49). Springiness 

values range from 91.48±1.55% to 95.75±1.73%, with the highest values observed in 

the control sample (JC-BC0) and homogenized BC samples (JC-BCH10, JC-BCH15).  

Compared to BCP, BCH samples exhibit higher springiness, 

suggesting that the homogenization process positively influences elasticity. The 

addition of BC at a concentration of 5 g does not significantly alter springiness. 

However, increasing the BC concentration (especially at 10 g or more) results in a 

reduction in springiness. This decline is likely due to the increased water content in 

BC, which makes the matrix denser and less flexible. For example, JC-BC15 
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(92.71±1.81%) and JC-BC20 (91.48±1.55%) exhibit significantly lower springiness than 

JC-BC5 (94.28±2.71%) and JC-BC10 (94.28±2.71%). In comparison with other studies, 

gelatin-based JC with pomegranate juice reported springiness values ranging from 83% 

to 89% (Spinei and Oroian 2024), while other pomegranate-based jelly candies ranged 

from 55% to 108% (Cano-La Madrid et al. 2020). Lower springiness values were 

observed in jelly candies with berries and aromatic plants, ranging from 88.4% to 91.8% 

(Guiné et al. 2020). The results of this study show relatively higher and more consistent 

springiness values than those reported in the literature. 

Overall, the findings indicate that BC incorporation does not 

enhance JC springiness. Instead, higher BC concentrations (≥10 g) negatively impact 

elasticity due to increased water content. However, homogenization of BC appears to 

mitigate some of this effect, leading to slightly higher springiness values in BCH 

samples. These results highlight the importance of optimizing BC concentration and 

processing methods to balance texture and elasticity in JC formulations. Detailed 

effects of BCNF types and concentrations on springiness are shown in Table 6.5. 

Table 6.5 The data of JC springiness as the effect of the type of BC, concentration 
of BC, and their interaction. 

Sample 
Springiness (%) 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

95.59±0.87 

95.59±1.79 94.28±2.71 92.71±1.81 91.48±1.55 B 

JC-BCH10 95.61±0.70 95.70±1.15 92.97±2.12 92.80±1.76 A 

JC-BCH15 94.82±1.69 94.60±2.64 92.02±3.27 92.01±1.70 A 

JC-BCH20 95.09±1.62 95.75±1.73 92.15±2.48 91.84±1.71 AB 

R a ab b c c 
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. R = remark. 



277 

Cohesiveness: cohesiveness measures how well the candy 

withstands breaking under compression, reflecting its structural integrity (Cruz et al., 

2015). Figure 6.6(d) illustrates the cohesiveness of the JC samples in this study, with 

values ranging from 74.67±4.57% to 94.12±2.33%. The JC control had the highest 

cohesiveness at 94.12±2.33%. Statistical analysis revealed that adding cellulose 

decreased cohesiveness. JC-BCP consistently showed lower cohesiveness, which was 

significantly different (P < 0.05) from all JC-BCH samples. The cohesiveness of JC-BCP 

samples did not differ significantly from each other (P > 0.05) at different 

concentrations. The results in JC-BCH sample, these suggests that water content plays 

an important role in reducing cohesiveness. Higher water content weakens the gel 

structure, making it less cohesive. Overall, higher BCNF concentrations led to lower 

cohesiveness, likely because the increased water content disrupts the gel network and 

reduces its cohesion. Table 6.6 presents a detailed statistical analysis of JC 

cohesiveness with various BCNF types and concentrations. 

Table 6.6 The data of JC cohesiveness as the effect of the type of BC, concentration 
of BC, and their interaction 

Sample 
Cohesiveness (%) 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

94.12±2.33a 

77.90±5.10de 78.06±6.95de 75.60±5.43e 74.67±4.57e B 

JC-BCH10 87.99±4.01b 85.21±3.51bc 82.65±5.87c 82.28±4.60c A 

JC-BCH15 88.49±1.97b 88.27±3.93b 83.36±4.86c 82.34±3.09c A 

JC-BCH20 87.92±1.99b 87.10±4.26b 82.53±3.85c 81.53±1.71cd A 

R a b b c c 

Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 

Compared to other studies, gelatin-based JC with pomegranate 

juice showed cohesiveness values between 0.23 and 0.25 (23–25%) (Spinei and Oroian 

2024). Other pomegranate-based JCs had a wider range of 0.26 to 0.71 (26–71%) (Cano-
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La Madrid et al. 2020). In contrast, JCs made with berries and aromatic plants exhibited 

higher cohesiveness, ranging from 76.4% to 76.7% (Guiné et al. 2020). The cohesiveness 

of JC observed in this study is relatively higher than that reported in previous research. 

Gumminess: gumminess is a combination of hardness and 

cohesiveness, representing the energy needed to break down a semi-solid food until 

it is ready for swallowing (Bourne 2002). Figure 6.6(e) shows the gumminess 

measurements of JC in this study, with detailed statistical analysis provided in Table 

6.7. The gumminess pattern closely mirrors those of hardness and chewiness. Among 

the BCNF types, JC-BCP exhibited the highest gumminess, followed by JC-BCH10, with 

significant differences between them (P < 0.05). JC-BCH15 and JC-BCH20 showed lower 

gumminess, with no significant difference between them. The addition of 10 g BCNF 

had the greatest impact on gumminess, followed by the 5 g addition, while 15 g and 

20 g additions resulted in lower gumminess values. 

Table 6.7 The data of JC gumminess as the effect of the type of BC, concentration 
of BC, and their interaction 

Sample 
Gumminess (g) 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

1657.02 
±70.41efg 

2760.41 
±249.75bc 

3280.47 
±297.42a 

2774.12 
±201.46b 

2622.66 
±290.03c 

A 

JC-BCH10 
1971.45 

±132.92d 
2018.86 

±134.98d 
1749.46 

±177.54e 
1635.13 

±94.60efg 
B 

JC-BCH15 
1697.29 

±96.09efg 
1718.00 

±184.55ef 
1549.28 

±139.41fgh 
1397.89 
±70.58h 

C 

JC-BCH20 
1641.03 

±74.29efg 
1682.08 

±189.94efg 
1535.60 

±191.46gh 
1434.12 
±89.63h 

C 

R e b a c d 
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 
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In comparison to other studies, gelatin-based JC with pomegranate 

juice had cohesiveness values between 48.9 N and 55.2 N (equivalent to 4986.41 to 

5628.83 N) (Spinei and Oroian 2024). Cohesiveness in other pomegranate-based JCs 

ranged from 203.4 to 847.8 g (Cano-La Madrid et al. 2020). Additionally, JCs prepared 

using various mixing techniques, gelatin concentrations, and fruit juices exhibited 

gumminess values ranging from 830.69±111 to 1425±102 g (Mutlu et al. 2018). 

Chewiness: chewiness builds on gumminess and springiness, 

representing the overall effort required to chew the food (Bourne 2002). In general, 

the form of graph from chewiness in this study has the same pattern to those of 

hardness and gumminess. So, thus with the statistical analysis result. Figure 6.6(f) 

present the value of the chewiness of JC with various of BCNF types and concentration. 

The details of statistical analysis are presented in Table 6.8. 

Table 6.8 The data of JC chewiness as the effect of the type of BC, concentration 
of BC, and their interaction 

Sample 
Chewiness 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

1583.83 
±70.05ef 

2603.15 
±248.39b 

3044.98 
±322.19a 

2540.21 
±222.97bc 

2406.75 
±286.09c 

A 

JC-BCH10 
1884.95 
±129.28d 

1932.12 
±132.11d 

1624.55 
±143.84e 

1517.98 
±102.00efg 

B 

JC-BCH15 
1610.52 
±114.85e 

1628.41 
±210.16e 

1426.19 
±145.90fgh 

1286.00 
±64.67h 

C 

JC-BCH20 
1560.65 
±79.67efg 

1608.72 
±165.89e 

1413.86 
±168.67gh 

1317.41 
±89.62h 

C 

R d b a c d 
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 
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The chewiness of JC was significantly influenced by both BC 

concentration and the extent of BC homogenization. The chewiness of the JC with 

various of BCNF types and concentration ranged from 1286.00±64.67 to 

3044.98±322.19 g. JC-BCP exhibited the highest chewiness across all concentrations, 

likely due to its larger, less processed BC fibers, which reinforced the gel structure 

more effectively. In contrast, JC-BCH samples showed lower chewiness, particularly at 

higher homogenization cycles (15 and 20), as increased processing reduced BCNF fiber 

size, weakening the gel network. Higher BC concentrations also resulted in increased 

water content due to BC’s high water-holding capacity. While moderate BC addition 

(up to 10 g) enhanced chewiness by strengthening the gel matrix, excessive BC (15–20 

g) disrupted the structure, leading to a softer texture.

Previous studies about gelatin-based JC production reported the 

chewiness value such as JC with pomegranate juice exhibited chewiness ranged from 

209.5 to 900.8 g.mm-1 (Cano-Lamadrid, 2020) and JC with berries and aromatic plants, 

ranging from 1764.11 to 2141.40 g (Guiné et al. 2020). The various of JC made with 

different mixing techniques, gelatine doses and fruit juices have the gumminess ranged 

from 809.27±115.37 to 1485±91 g (Mutlu et al. 2018). These findings highlight the 

importance of balancing BC concentration and fiber size to optimize JC’s texture. 

Resilience: resilience is how quickly the candy recovers its shape 

after deformation, indicating its ability to return to its original form (Bourne 2002). The 

resilience of JC with the addition of various BCNF types and concentrations ranging 

from 45.00±4.81 to 65.08±1.74 %. The control sample JC has a resilience of 

71.50±4.77% and is significantly different from all of the other samples (P < 0.05). The 

addition of JC in various types and concentrations decreased resilience, in general. The 

bigger the size and the more concentration of BCNF, the lower the resilience value of 

JC. Figure 6.6(g) visualizes the value of resilience from JC with the addition of various 

BCNF types and concentration. The detail of the statistical analysis is demonstrated in 

Table 6.9. A study reported a lower resilience value of JC that was made with the 
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addition of berries and aromatic plants, ranging from 37.9 to 43.8% (Guiné et al. 2020). 

Healthy JC containing orange juice with honey and containing red fruit puree without 

honey has a resilience of about 63.95±7.73% and 48.51±5.42%, respectively (Teixeira-

Lemos et al. 2021). Higher Resilience indicates that the JC recovers more quickly and 

completely after being deformed (compressed), giving it a more elastic, bouncy 

texture. This is often desirable in jelly candies, as it makes the product feel firmer and 

more elastic when chewed, which is generally associated with freshness and quality in 

gel-based confections. 

Table 6.9 The data of JC resilience as the effect of the type of BC, concentration of 
BC, and their interaction. 

Sample 
Resilience 

BC0 BC5 BC10 BC15 BC20 R 

JC-BCP 

71.50±4.77a 

48.46±6.25e 48.71±5.54e 45.11±6.02e 45.00±4.81e C 

JC-BCH10 62.22±5.47bc 58.77±4.45cd 54.54±4.22d 55.90±4.92d B 

JC-BCH15 65.08±1.74b 63.36±4.84b 56.21±5.20d 57.95±3.23cd AB 

JC-BCH20 64.06±2.65b 62.13±3.65bc 56.21±3.35d 56.63±1.98d A 

R a b b c c 
Lowercase letters in the bottom row show significant differences between BC concentrations. 
Capital letters in the right column highlight significant differences between BC types. Within each 
column, lowercase letters indicate significant differences between samples. R = remark. 

Texture profile of JC can be affected by several factors such as 

gelatin concentration, type and sugar compositions, water content, additive materials, 

and processing conditions. In this study the discussion mainly focused on the effect of 

addition of various BCNF size and concentration. The higher size of BCNF, the higher 

value of hardness, gumminess, and chewiness and the higher size of BCNF the lower 

cohesiveness and resilience. Different size (types) of BCNFs not significantly affect the 

adhesiveness and springiness. Related to the BCNF concentration, the addition of 5 

and 10 g of BCNF to the basic formula tends to produce higher JC hardness, 
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gumminess, and chewiness. In the higher concentration of BCNF (15 g and 20 g), the 

hardness, gumminess, and chewiness of JC tends to decrease. 

6.4.2  Selection of the best JC formulation 

JC formula selection was conducted using Euclidean Distance Method 

(EDM). The EDM is a mathematical approach used to measure the similarity or 

difference between multiple data points (Koshti et al. 2022). In the context of JC 

formula selection, this method quantifies how close or far a given formulation is from 

an ideal or reference formulation based on multiple texture parameters. The result of 

analysis is presented in Table 6.10. 

The EDM results show that JC-BCP has a very high ED value, ranging from 

133.5 to 196.8, indicating significantly different texture properties compared to the 

control sample. JC-BCH10 closely resembles the control in terms of adhesiveness (JC-

BCH10-15) and springiness (JC-BCH10-5). JC-BCH15 most closely matches the control 

for cohesiveness and resilience (JC-BCH15-5). JC-BCH20 is most similar to the control 

for hardness (JC-BCH20-20), chewiness, and gumminess (JC-BCH20-5). Overall, the JC-

BCH20-5 formula, with the lowest D value of 14.6, exhibits the closest texture 

properties to the control sample. These results suggest that smaller BC particle sizes 

have less impact on JC texture properties. Therefore, the selected formula for the next 

experiment is JC-BCH20-5. The EDM is a good choice for selecting the best JC formula 

based on texture properties because it compares the differences between different 

formulations and the ideal texture profile. It looks at all texture factors at once and 

helps identify the formulation that is closest to the desired result. This method is 

commonly used in food science for making decisions when multiple factors need to 

be considered. 
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Table 6.10  Analysis result for selected formula determination using EDM 

Samples H A Ch G S Co R ED 

Control 100.0 100.0 100.0 100.0 100.0 100.0 100.0 0.0 

JC-BCP 

5 201.3 101.7 164.4 166.6 98.6 82.8 67.7 142.1 

10 238.9 99.0 192.3 198.0 97.0 82.9 68.1 196.8 

15 208.7 94.7 160.4 167.4 95.7 80.3 63.1 147.6 

20 199.4 96.2 152.0 158.3 95.9 79.3 62.9 133.5 

JC-BCH10- 

5 127.3 107.8 119.0 119.0 100.0 93.5 87.0 41.7 

10 134.5 104.9 122.0 121.8 100.1 90.5 82.2 50.8 

15 120.1 99.9 102.6 105.6 97.3 87.8 76.3 34.0 

20 113.0 101.5 95.8 98.7 97.1 87.4 78.2 28.9 

JC-BCH-15- 

5 108.9 106.9 101.7 102.4 99.2 94.0 91.0 15.9 

10 110.4 107.2 102.8 103.7 99.0 93.8 88.6 18.7 

15 105.5 103.6 90.0 93.5 96.3 88.6 78.6 28.0 

20 96.5 101.7 81.2 84.4 96.3 87.5 81.0 33.8 

JC-BCH-20- 

5 106.0 104.7 98.5 99.0 99.5 93.4 89.6 14.6 

10 109.9 106.0 101.6 101.5 100.2 92.5 86.9 19.1 

15 105.6 104.6 89.3 92.7 96.4 87.7 78.6 29.0 

20 99.9 104.4 83.2 79.5 96.1 86.6 79.2 36.7 
Remark: H = hardness, A = adhesiveness, Ch = chewiness, G = gumminess, S = springiness, Co = 
cohesiveness, R = resilience, and ED = Euclidean distance value. The bolded number in each 
parameter represents the ED value most similar to the control sample. 

6.4.3  Investigation of Bioactive Compound Profiles During In Vitro 

Gastrointestinal Simulation 

1) Production of Jelly Candy Containing BC and Bioactive

Ingredients

In the gastrointestinal digestion effect simulation study, JC samples

with the addition of bioactive ingredients were used, based on the selected formula. 

JC-BCH20-5, a selected formula from a previous study, is the basic formula for JC with 
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BC, which includes the addition of 5 g of BCH-20 to the total formula. For the JC 

without BC, JC-control (JC-C) was used as the basic formula. The bioactive ingredients 

used in this study include vitamin C (VC), vitamin E (VE), freeze-dried tomato extract 

powder (TOM), and spray-dried Butterfly Pea flower extract powder (BF). 

2) Appearance and Color Profile of Jelly Candy with Various

Bioactive Ingredients

The appearance of JC is visualized in Figure 6.7. JC with the addition

of VC (JCVC) and VE (JCVE) has a similar color to JC control (JC-C). In JC with the 

addition of TOM and BF (JCTOM and JCBF) shows relatively similar color with the color 

of their powder. JC-C, JCVC, and JCVE have a translucent white color with a slight 

yellow. JCTOM has an orange color and JCBF has a blue-purple color. For each group 

of the sample, the treatment was distinguished by the addition of BC (JC-BC) and 

without BC (JC-NBC). 

Figure 6.7 Appearance of JC products (JC-BC and JC-NBC) with the addition of 
different bioactive ingredients 

The sample's color was analyzed using the CIELAB system, and the 

results, along with the statistical analysis, are presented in Figure 6.8. This analysis 

evaluated the color characteristics of each sample, comparing those with BCNF (JCBC) 

to those without BCNF (JCNBC) on both the top and bottom surfaces. For the control 
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sample (JC-C), the L*, a*, and b* values on the top surface were 37.53 ± 5.83, -0.30 ± 

0.09, and 3.87 ± 0.55, respectively, while the bottom surface exhibited values of 31.84 

± 2.13, -0.27 ± 0.07, and 7.32 ± 1.68. 

Across all samples, noticeable differences were observed between 

JCNBC and JCBC. For the JCNBC group, the top surfaces had significantly higher L* 

values (indicating a lighter color) than the bottom surfaces (P < 0.05). In contrast, JCBC 

samples displayed lower and more uniform L* values across both surfaces, with no 

significant differences (P > 0.05). This uniformity is likely due to the bubbles formed 

from gelatin during heating, which accumulated on the JC surface during the molding 

process in the JCNBC samples. The addition of BCNF appeared to prevent bubble 

formation during heating, resulting in a more uniform appearance. Regarding the a* 

values, the JCVC and JCVE samples (both with and without BCNF) showed no significant 

differences between the top and bottom surfaces (P > 0.05). However, in the JCTOM 

and JCBF samples without BCNF, the bottom surfaces exhibited significantly higher a* 

values compared to the top surfaces (P < 0.05). In contrast, samples with BCNF showed 

no significant differences in a* values between the top and bottom surfaces. For the 

b* values, in the JCVC and JCVE samples without BCNF, the bottom surfaces exhibited 

significantly higher b* values compared to the top surfaces. However, in samples with 

BCNF, no significant differences were observed between the top and bottom surfaces. 

For the JCTOM and JCBF samples, both with and without BCNF, no significant 

differences in b* values were observed across all samples. These findings indicate that 

the addition of BCNF to the JC formulation led to a more uniform color distribution 

across both surfaces. The BCNF likely facilitated a more even dispersion of particles, 

reducing color variability and preventing the accumulation of bubbles during the 

heating and molding process. This resulted in a more consistent appearance 

throughout the JC. 
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Figure 6.8 Color analysis results of JC-BC and JC-NBC with the addition of different 
bioactive ingredients. Data are presented as mean ± SD (n = 10) 

3) Texture Properties of JC Containing Various Bioactive

Ingredients

Texture profile analysis (TPA) was performed to evaluate the

texture characteristics of JC samples (JCBC and JCNBC), each containing various 

bioactive ingredient. The results, along with the statistical analysis, are presented in 

Figure 6.9. Consistent with previous studies, the texture profile parameters measured 

include hardness, adhesiveness, springiness, cohesiveness, gumminess, chewiness, and 

resilience. A concise description of the texture analysis is provided for reference. 
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Figure 6.9 Texture properties analysis results of JC-BC and JC-NBC with the addition 
of different bioactive ingredient. Data are presented as mean ± SD (n = 
10). 

The texture of the JC in this study, in general, was significantly 

influenced by the addition of BC and bioactive ingredients materials. The control 

sample (JC-C) had the lowest hardness (1668.09 g), indicating the softest texture. The 

addition of VC or TOM moderately increased hardness, with BC further enhancing the 
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firmness of these samples. BF had minimal impact, resulting in hardness levels similar 

to the control in NBC samples but slightly higher with the inclusion of BC. VE had the 

most pronounced effect, yielding the highest hardness, particularly in BC-containing 

samples. Overall, BC consistently increased the hardness of all formulations, 

highlighting its potential as a reinforcing agent to enhance the structural integrity of JC, 

with the combination of BC and VE producing the firmest texture. 

The increase in hardness can be attributed to the specific 

interactions between BC and bioactive ingredients within the gel matrix. The addition 

of VC to gelatin-based jelly candies enhances hardness by promoting hydrogen 

bonding and cross-linking within the gelatin structure (Guerrero et al. 2020). VC interacts 

with gelatin molecules, facilitating the formation of covalent cross-links, which may 

strengthen the gel network, resulting in a more compact, rigid structure and increased 

hardness. Similarly, the hydrophobic interaction between VE and gelatin reduces water 

activity within the gelatin matrix, enhancing hardness. VE’s hydrophobic nature 

interacts with gelatin, decreasing free water and promoting a denser, more compact 

gel network, which may also encourage additional cross-linking, further enhancing 

rigidity and firmness (Chen et al. 2018b; Takei et al. 2020). The TOM contributes to 

increased hardness in JC. It contains water-soluble compounds such as sugars, organic 

acids, vitamins (including VC), lycopene, lycopene, minerals, amino acids, and insoluble 

fibers like pectin and cellulose. These compounds may interact with the gelatin matrix, 

improving gel strength and stability (Lavelli et al. 2001; Farooq et al. 2020; Fei et al. 

2021). In contrast, BF has a minimal effect on JC hardness. While BF can reduce water 

content by binding free water, its high carbohydrate content (98.5%) does not 

effectively interact with the gelatin matrix, resulting in only a slight increase in hardness 

when combined with BC (Darroca et al. 2024). 

Gumminess and chewiness are important textural properties that 

are closely related to hardness but influenced by additional factors such as 

cohesiveness and elasticity. While hardness refers to the force required to compress a 
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material, gumminess represents the energy needed to break down a semi-solid food, 

and chewiness describes the effort required to chew a solid food until it is ready for 

swallowing (Bourne 2002). In gelatin-based systems, BC generally enhances hardness 

by reinforcing the gel network through hydrogen bonding and cross-linking interactions, 

increasing structural rigidity (Chen et al. 2018b; Takei et al. 2020). However, in the JCVE 

and JCTOM samples, the addition of BC resulted in decreased gumminess and 

chewiness despite an increase in hardness. This can be attributed to BC's strong water-

holding capacity, which competes with gelatin for water, thereby reducing 

cohesiveness and leading to a weaker gel matrix. Additionally, the hydrophobic nature 

of Vitamin E and the presence of polyphenols in tomato extract may interfere with 

gelatin cross-linking, causing phase separation and reducing the elasticity of the gel. As 

a result, while BC strengthens the gel structure and increases resistance to deformation 

(hardness), it simultaneously disrupts gel uniformity and elasticity, leading to lower 

gumminess and chewiness in certain formulations. These findings highlight the complex 

interactions between BC, gelatin, and bioactive ingredients in determining the final 

texture of food products. 

The adhesiveness of the JC formulations varies depending on the 

presence of BC and plant extracts. The JC-C sample, which does not contain BC, shows 

no significant difference in adhesiveness compared to other samples without BC, such 

as JCVC-NBC, JCVC-BC, JCVE-NBC, JCVE-BC, and JCBF-NBC, indicating that these 

additives have minimal impact on adhesiveness. However, JC-C demonstrates 

significantly higher adhesiveness than JCTOM-NBC, which exhibits the lowest 

adhesiveness among all non-BC samples. In contrast, JC-C is significantly less adhesive 

than both JCBF-BC and JCTOM-BC, highlighting the notable increase in adhesiveness 

when plant extract samples are combined with BC. The minimal differences in 

adhesiveness observed between JC-C, JCVC, JCVC-NBC, JCVE-NBC, and JCBF-NBC 

suggest that the additives alone have limited interactions with the gelatin-sugar matrix. 

VC and VE, being hydrophilic and hydrophobic, respectively, may influence water 
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distribution and matrix interactions differently, but these effects seem insufficient to 

significantly alter adhesiveness in the absence of BC. The lower adhesiveness of the 

JCTOM-NBC sample may be attributed to the organic acids, polyphenols, and fibers in 

tomato extract (Darroca et al. 2024), which could disrupt the gelatin-sugar matrix by 

binding water molecules and reducing the availability of free water, ultimately 

decreasing stickiness. On the other hand, the significant increase in adhesiveness in 

samples containing both plant extracts and BC (JCBF-BC and JCTOM-BC) suggests a 

synergistic effect. BC, known for its high WHC, likely forms strong hydrogen bonds with 

the matrix, enhancing the gel network's integrity when combined with plant extracts 

rich in polyphenols and fibers. Although direct studies on these interactions in JC are 

limited, food chemistry principles suggest that BC plays a crucial role in reinforcing the 

product's structure. By improving the matrix structure and enhancing water retention, 

BC stabilizes the gel and contributes to increased adhesiveness. Additionally, 

polyphenols in plant extracts may interact with the matrix, further enhancing its 

cohesiveness and adhesiveness (Phan et al. 2015; Liu et al. 2017; Fernandes et al. 

2021). 

The figure of cohesiveness illustrates the cohesiveness of various 

JC samples, including the control (JC-C), samples without BC (NBC), and samples with 

BC, combined with different bioactive ingredients (VC, VE, BF, and TOM). The control 

sample (93.36%) exhibited the highest cohesiveness, while NBC samples showed 

similar values, indicating that the addition of VC, VE, and plant extracts alone did not 

significantly impact cohesiveness. 

However, incorporating BC led to a reduction in cohesiveness across 

all samples. For JCVC, NBC-JCVC (92.22%) remained close to the control, whereas BC-

JCVC (87.18%) showed a noticeable decrease. A similar trend was observed in JCVE, 

where NBC-JCVE (91.51%) maintained high cohesiveness, but BC-JCVE (83.80%) 

experienced a significant drop. This pattern was consistent in JCBF and JCTOM, where 

NBC samples (93.03% and 92.52%, respectively) retained high cohesiveness, while BC 
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samples (83.63% and 83.12%) demonstrated a marked reduction. This reduction can 

be attributed to BC’s ability to stabilize the gel and retain water while increasing 

firmness. The increased firmness strengthens the gel but reduces flexibility, limiting the 

smooth interaction of gel components and leading to lower cohesiveness. Additionally, 

BC’s high water-holding capacity tightly binds water molecules, reducing free water 

availability and restricting gel component mobility, further decreasing cohesiveness. 

Interactions between BC and bioactive ingredients may also 

contribute to this effect. Hydrophilic additives like VC and hydrophobic additives like 

VE influence water distribution, while polyphenols and organic acids in plant extracts 

modify the gel network. These interactions alter the cohesive properties of the gel. 

Overall, BC incorporation consistently reduces cohesiveness in JC, likely due to its high 

water-holding capacity affecting gel flexibility and structure. The effect was most 

pronounced in samples containing VE, BF, and TOM, whereas VC had a comparatively 

milder impact. This suggests that BC interacts with both the gel matrix and bioactive 

ingredients, modifying the cohesive properties of the product. 

For the springiness, observations show that all the samples are 

consistently high, ranging between approximately 94% and 97%. The control sample 

(97.16%) exhibited springiness similar to all other samples, regardless of the type of 

additive or the presence of BC. The addition of BC did not significantly alter the 

springiness, and minor differences in springiness percentages (e.g., JCTOM-BC at 

94.51%) were not statistically significant. In conclusion, the results indicate that the 

addition of BC and various additives does not significantly affect the springiness of JC, 

suggesting that the gel matrix retains its elastic properties across all formulations. This 

underscores the structural integrity of the JC, regardless of the type of additive or the 

presence of BC. 

The resilience of JC samples is influenced by the type of additive 

and the presence of BC. The results indicate that NBC samples generally exhibit higher 

resilience compared to their BC-containing counterparts, with JCBF-NBC (81.52%) 
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showing the highest resilience among all samples. This suggests that the powder of BF 

extract enhances the gel network's elastic recovery properties, aligning with studies 

highlighting the structural reinforcement potential of plant-based additives in a gel or 

hydrocolloid systems (Sharma et al. 2022; Chang et al. 2024). In contrast, the addition 

of BC consistently reduces resilience across all formulations, with BC-containing 

samples showing significantly lower resilience values compared to JC-C (76.30%) and 

their NBC counterparts. This reduction may be attributed to the disruptive interactions 

between BC fibers and the gel matrix, which contains a high-water content (Figiel and 

Tajner-Czopek 2006). Notably, JCVC-BC (64.11%) and JCTOM-BC (62.71%) exhibited the 

lowest resilience, highlighting that both the type of additive and the inclusion of BC 

affect the gel's structural properties. 

The texture of JC was significantly influenced by the addition of BC 

and bioactive ingredients. BC consistently increased hardness across all formulations, 

enhancing the structural integrity of the gel, with VE having the most pronounced 

effect. However, BC reduced gumminess, chewiness, and cohesiveness due to its high 

water-holding capacity, which interfered with gel flexibility and cohesion. On the other 

hand, BC combined with plant extracts like BF and TOM increased adhesiveness, likely 

due to improved water retention and the reinforcing effect of BC on the gel network. 

Springiness remained stable across all samples, and resilience was lower in BC-

containing formulations, suggesting that BC disrupts the gel's elastic recovery. Overall, 

BC enhanced the gel's firmness but impacted its elasticity and cohesiveness, while VE 

contributed to a firmer texture. 

4) Bioactive Compound Profiles in Jelly Candy Product and

During In Vitro Gastrointestinal Digestion Simulation

This study investigated the TPC, TFC, and AA in the JC samples both

before (as the JC product) and after digestion simulation in the gastric and intestinal 

steps. For JCVC, only AA was analyzed, as vitamin C does not contain phenolic or 

flavonoid compounds. For JCVE, the characterization included AA and TPC, as vitamin 
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E does not contain flavonoid compounds. Meanwhile, for JCBF and JCTOM, all 

parameters— TPC, TFC, and AA —were evaluated. 

Total Phenolic Content Profile: Total Phenolic Content (TPC) 

analysis was conducted using the F-C method on samples containing VE, BF, and TOM. 

The sample with VC was excluded from the analysis because ascorbic acid does not 

inherently contain phenolic compounds and its reaction with the F-C reagent could 

lead to inaccurate results. The F-C assay measures total phenolic content based on 

electron transfer. Phenolic compounds reduce the F–C reagent, causing a color change 

from yellow to blue, proportional to phenolic concentration. The reaction occurs 

under alkaline conditions and is measured at 760 nm, with results expressed as gallic 

acid equivalents (GAE) (Pérez et al. 2023). The TPC analysis outcomes are presented in 

Figure 6.10. 

Figure 6.10 TPC of JC with and without BC, incorporating various additives (control, 
VE, BF, and TOM), across the product, gastric, and intestinal phases. Data 
are presented as mean ± standard deviation (n = 3). 

The bar chart presents the TPC of various JC samples across three 

phases: product, gastric, and intestinal. JC-VENBC exhibited the highest TPC in the 

product phase (904.92 mg/100g), which decreased during the gastric phase 

(771.82mg/100g) and remained relatively stable in the intestinal phase (719.71 mg/100 

g). In contrast, all other samples exhibited lower total TPC values across all phases. 
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Most samples exhibited a decrease in TPC during the gastric phase, followed by an 

increase during the intestinal phase, with the exception of JC-VENBC. The reduction in 

TPC during the gastric phase is primarily attributed to the low pH, which can lead to 

the degradation or reduced solubility of certain phenolic compounds. The acidic 

environment facilitates the cleavage of phenolics bound to proteins and carbohydrate 

polymers (İlbay et al. 2014). While gastric enzymes like pepsin do not directly degrade 

polyphenols, the conditions of the gastric phase may still influence their overall 

availability (Oteiza et al. 2018). 

The increasing of TPC during the intestinal phase is likely due to 

interactions between free amino acids and peptides from gelatin with the F-C reagent, 

potentially inflating TPC values artificially (Diep et al. 2022). A similar phenomenon was 

reported in a study examining the gastrointestinal effects on TPC in cinnamon extract, 

where TPC increased after digestion simulation, particularly in samples combined with 

yogurt (Helal and Tagliazucchi 2018). Amino acids such as tyrosine and tryptophan 

have been confirmed to interfere with TPC analysis using the F-C reagent, producing a 

blue coloration in the solution (Sánchez-Rangel et al. 2013; Bastola et al. 2017). The 

consistently lower TPC observed in JC-VEBC, despite containing the same amount of 

vitamin E, suggests that BC may encapsulate phenolic compounds, preventing their 

release. Furthermore, the absence of cellulase in the digestion simulation limits the 

breakdown of the BC matrix, further restricting phenolic availability. These findings 

suggest that BC inhibits the release of phenolic compounds in the JC-VEBC sample.  

Total Flavonoid Content Profile: the study of TFC content from 

the JC shows a very low result as depicted in Figure 6.11. As VC and VE were 

considered to have no flavonoid content, these samples were excluded. It was known 

that butterfly pea flower (C. ternatea sp) and tomato have a flavonoid content 

(Lakshmi et al. 2014; Silva-Beltrán et al. 2015). The availability of flavonoids in the 

extract depends on the extraction method. The analysis of TFC relies on the reaction 

between flavonoids and sodium nitrite (NaNO2), followed by complexation with 
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aluminum ions (Al³⁺) under acidic conditions. Initially, flavonoids react with NaNO2, 

forming nitroso derivatives that generate an orange color. Upon the addition of Al³⁺, a 

stable complex is formed, which, in the presence of sodium hydroxide (NaOH), shifts 

to a pink hue. The intensity of this color is measured spectrophotometrically, enabling 

flavonoid quantification using a standard curve, typically based on catechin (Shraim et 

al. 2021). 

Figure 6.11 TFC of JC with and without BC, incorporating various additives (control, 
BF and TOM), across the product, gastric, and intestinal phases. Data are 
presented as mean ± standard deviation (n = 3). 

Figure 6.11 shows the TFC values in the product and gastric phases 

for JC-C and JC-TOMNBC samples. TFC levels were higher in the product phase but 

significantly decreased after digestion. No detectable TFC was found in the gastric 

phase for most samples, except JC-C and JC-TOMNBC, and none was detected in the 

intestinal phase. This decline in TFC after gastric digestion follows a similar pattern 

observed in TPC analysis, likely due to comparable degradation mechanisms. 

Flavonoids, such as flavonols, are inherently unstable and prone to 

degradation during digestion. Bioactive compounds like anthocyanins, typically present 

in glycosylated forms (e.g., cyanidin-3-xylo-rutin, delphinidin-3-xylo-rutin), are 

particularly susceptible to hydrolysis. During the intestinal phase, the alkaline 

environment and enzymatic activity, such as trypsin-mediated hydrolysis, lead to the 
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breakdown of ester bonds linking glycosides. This process results in significantly lower 

TFC levels in the intestinal phase (Luo et al. 2022). Furthermore, the presence of BCNFs 

did not appear to affect the loss of TFC, as no notable differences were observed. 

The extremely low TFC values observed in this study are attributed 

to minimal absorbance at 510 nm, with most samples exhibiting absorbance below 

0.003. These findings suggest that flavonoid concentrations in the samples were 

minimal, likely near or below the detection limit of the aluminum chloride assay, 

raising concerns about the reliability of these measurements (Sultana et al. 2024). 

Consequently, the results should be interpreted with caution. While the assay offers a 

preliminary indication of flavonoid presence, the consistently low absorbance values 

highlight the need for more sensitive analytical techniques, such as high-performance 

liquid chromatography (HPLC), to confirm the findings and more accurately quantify 

flavonoid content. 

Antioxidant Activity profile: AA analysis was conducted using 

DPPH assay. The DPPH assay checks how well antioxidants can neutralize free radicals. 

DPPH is a purple-colored free radical that absorbs light at 517 nm. When an antioxidant 

donates a hydrogen atom or electron, DPPH turns into a stable form, changing color 

from purple to pale yellow. This color change is measured using a spectrophotometer, 

and a bigger color change means stronger antioxidant activity (Sadeer et al. 2020). 

Analysis result is presented in Figure 6.12. From this figure it is known that the addition 

of VC, VE, BF, and TOM can increase the profile of AA in the JC products. In the JC-C, 

VEBC, BFNBC, BFBC, TOMNBC, and TOMBC there are significant AA reduction during 

digestion simulations. A unique thing occurred in the VCNBC, VCBC, and VENBC sample. 

In these sample, AA increased significantly in the gastric simulation step and decrease 

significantly after intestine simulation steps.  

To assess the impact of BC on the bioacessibility of AA, the 

percentage change was calculated across the digestion simulation: from the product 

to the gastric phase, from the gastric phase to the intestinal phase, and the total 
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change during digestion. In the JC-C sample, AA decreased by 88.34±3.38% during the 

gastric phase compared to the product, followed by an additional reduction of 

84.82±8.08% in the intestinal phase, resulting in a total AA loss of 98.01±1.21%. The 

AA in JC-C was primarily attributed to olive oil, a key ingredient in the formulation that 

may contain vitamin E. The reduction in AA during digestion was likely due to the 

degradation of vitamin E under digestive conditions and potential lipid oxidation, which 

diminished its bioaccessibility and antioxidant activity (Jiménez-Monreal et al. 2025). 

Figure 6.12 AA of JC with and without BC, incorporating various additives (VC, VE, BF, 
and TOM), across the product, gastric, and intestinal phases. Data are 
presented as mean ± standard deviation (n = 3). 

In JCVC samples, AA increased during the gastric phase by 

23.69±1.94% (JC-VCNBC) and 14.70±2.19% (JC-VCBC) compared to the product phase, 

with BC moderating the increase. This is likely due to the low pH of the stomach, which 

helps stabilize and release antioxidants, enhancing their bioaccessibility. However, 

during the intestinal phase, AA decreased significantly by 85.21±1.33% (JCVC-NBC) and 

82.65±1.79% (JCVC-BC) relative to the gastric phase, leading to total reductions of 

81.70±1.80% and 80.07±1.47%, respectively. BC reduced both the AA increase in the 

gastric phase and the AA loss in the intestine, suggesting it may protect antioxidants 

during digestion by slowing their degradation or maintaining their stability. The increase 

in AA during the gastric phase is consistent with findings from studies on phenolic 
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compounds in Kadsura coccinea fruits (Luo et al. 2022) and from Sorghum (Sorghum 

bicolor (L.) Moench) (Ziółkiewicz et al. 2023). Despite these changes, the final AA 

bioaccessibility in the intestine was not significantly different between JCVC-NBC 

(18.30±1.80%) and JCVC-BC (19.93±1.47%), indicating that BC influenced AA dynamics 

but did not alter overall antioxidant bioaccessibility. This decline in AA during the 

intestinal phase is likely due to the more neutral or alkaline pH, which reduces 

antioxidant activity as some compounds degrade or become less active in the higher 

pH environment.  

The antioxidant activity (AA) of JCVE-NBC and JCVE-BC differs 

significantly across all phases, despite containing the same amount of vitamin E. In the 

product phase, JCVE-NBC shows higher AA, suggesting that BC in JCVE-BC may interfere 

with vitamin E’s accessibility or activity, possibly through interactions with the BC 

matrix. In the gastric phase, JCVE-NBC experiences a larger increase in AA (3.74±2.50%) 

compared to the product phase, indicating that the absence of BC allows for better 

release and stabilization of vitamin E in the acidic environment. In contrast, BC in JCVE-

BC may restrict vitamin E's release or reduce its activity. In the intestinal phase, AA 

decreases for both (by 83.43% for JCVE-NBC and 100% for JCVE-BC) compared to the 

gastric phase, but remains higher in JCVE-NBC (by 17.20±1.60%), further supporting the 

idea that BC limits vitamin E’s bioaccessibility. The reduction in antioxidant activity (AA) 

observed in JCVE samples may be attributed to the decreased efficacy of vitamin E, 

influenced by factors such as pancreatic lipase activity and pH variations, which are 

key determinants of vitamin E bioaccessibility (Catelli Rocha Torres et al. 2022; 

Jiménez-Monreal et al. 2025). Overall, these findings suggest that BC interferes with 

the antioxidant performance of vitamin E, whereas its absence in JCVE-NBC enhances 

vitamin E’s effectiveness during digestion. The increase in AA during the gastric phase 

is consistent with the results observed in the JC-VC sample in this study, as well as 

findings from studies on phenolic compounds in K. coccinea fruits (Luo et al. 2022). 
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An intriguing observation in this experiment was that when VE and 

BC were combined and incorporated into the gelatin-based JC, the antioxidant activity 

of VE was absent at every stage of the experiment. This absence of activity in the 

product phase is likely due to the inability of VE to be released from the BC matrix. 

Potential interactions between BC and VE, such as encapsulation or complex 

formation, may hinder VE’s release and chemical availability. BC’s porous and 

hydrophilic structure can encapsulate VE, limiting its solubility and accessibility in the 

extraction solvent (methanol: water: HCl). Under specific conditions, VE and cellulose 

can form a complex that is significantly different from a simple physical mixture. For 

analytical purposes, the release of VE from this complex requires enzymatic hydrolysis 

to break down the cellulose structure (Li et al. 2024). Furthermore, during the digestion 

simulation (gastric and intestinal phases), the absence of enzymes that degrade the BC 

matrix, particularly cellulase, prevents the release of VE from the complex. Without 

cellulases or similar enzymes, the VE-BC complex remains intact, restricting VE’s 

release into the digestive environment. These combined factors help explain the 

undetectable antioxidant activity, as well as TPC of vitamin E in the product phase and 

throughout the digestion simulation. 

In the JC samples with added plant extracts, both BF and TOM 

extracts significantly increased the antioxidant activity (AA) in the product phase 

compared to JC-C. This increase can be attributed to the higher levels of bioactive 

compounds, such as polyphenols and flavonoids, present in BF and TOM extracts, 

which are known for their antioxidant properties (Ahmad et al. 2019; Farooq et al. 2020; 

Darroca et al. 2024). During the gastric phase, the AA in JC-BFNBC and JC-BFBC 

decreased by 84.07±2.90% and 86.26±0.75%, respectively, compared to the product 

phase, with no significant difference between the two samples (P > 0.05). Similarly, the 

AA in JC-TOMNBC and JC-TOMBC decreased by 79.74±1.95% and 82.43±0.48%, 

respectively, compared to the product phase, again showing no significant difference 

between the samples. This reduction in AA during the gastric phase may be due to the 
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degradation of antioxidant compounds under acidic conditions and the presence of 

pepsin, which can impact the stability of polyphenols (Wanyo et al. 2024). In the 

intestinal phase, none of the samples exhibited any detectable AA, likely due to the 

further breakdown or transformation of antioxidant compounds under the alkaline 

conditions of the intestinal environment (Luo et al. 2022). These results suggest that 

the addition of BC to the JC (JC) did not significantly affect the bioaccessibility of 

antioxidant compounds from the plant extracts during digestion, as the observed 

changes in antioxidant activity (AA) were consistent regardless of the presence of BC. 

6.5 Conclusion 
This study highlights the impact of microfluidic-treated bacterial cellulose (BC) 

on jelly candy (JC) formulations, particularly in terms of texture, color, and the 
bioaccessibility of incorporated bioactive ingredients. Although BC did not visibly alter 
the overall appearance, color analysis revealed that increasing treatment cycles and 
concentrations led to decreased a* and b* values. 

Texture analysis showed that both BCP and BCH10 enhanced hardness, 
gumminess, and chewiness, while reducing adhesiveness, cohesiveness, and resilience. 
The optimal formulation—BCH20 containing 5 g of bacterial cellulose nanofiber 
(BCNF)—exhibited texture characteristics most similar to the control. When combined 
with bioactive ingredients, BC further increased hardness, with vitamin E (VE) resulting 
in the firmest texture. In contrast, vitamin C (VC) and tomato extract (TOM) had milder 
effects. BC also consistently reduced gumminess, chewiness, cohesiveness, and 
resilience, while having minimal influence on springiness. 

During in vitro digestion, JC-VENBC maintained a high total phenolic content 
(TPC), whereas JC-VEBC showed significantly lower levels, suggesting that BC limited 
phenolic compound release and reduced bioaccessibility. JC-C, JC-BF, and JC-TOM had 
low initial TPC, which declined in the gastric phase but slightly increased during the 
intestinal phase. 

Total flavonoid content (TFC) remained consistently low across all JC samples, 
indicating the need for more sensitive detection techniques such as HPLC. Regarding 
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antioxidant activity, BC in JC-VC helped minimize antioxidant loss, suggesting a 
protective effect. However, JC-VEBC exhibited significantly lower antioxidant activity 
compared to JC-VENBC. In JC-BF and JC-TOM, the protective role of BC was minimal 
compared to the non-BC (NBC) formulations. 

In summary, microfluidic-treated BC influenced JC formulations by altering 
textural properties and modulating the bioaccessibility of bioactive compounds, with 
its effects varying depending on the type of bioactive ingredient used. 
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CHAPTER 7 

CONCLUSION AND RECOMMENDATION 

7.1 Conclusion 
This thesis presents a comprehensive exploration of optimizing bacterial 

cellulose (BC) production using kombucha fermentation technology based on Thai tea, 

followed by structural modification and application in jelly candy as a nutraceutical or 

functional food model. 

7.1.1  Pre-Optimization of Bacterial Cellulose Production: Investigating 

Key Factors Affecting Yield and Properties 

The research successfully optimized BC yield by leveraging different 

Thai tea substrates, additives, and carbon source combinations. Among the four tea 

types examined, Thai Red Tea (RTC) and Assamica Black Tea (BTC) demonstrated the 

highest BC production, with yields of 168.00 ± 2.93 g/L and 158.56 ± 3.96 g/L, 

respectively. Yield was further improved through the use of additives, particularly 

ethanol (RTC-EtOH), which produced 218.36 ± 12.85 g/L of BC. Among carbon source 

combinations, sucrose-glucose (RTC-SGlu) resulted in the highest BC yield at 259.54 ± 

8.92 g/L, outperforming sucrose-dextrose (RTC-SD), although the difference was not 

statistically significant. 

Subsequently, essential cultivation parameters, including initial pH, 

harvesting period, tea concentration, and cultivation method, were systematically 

studied. Optimal BC yield was obtained at an unadjusted initial pH of ~5.20, a tea 

concentration of 2%, and biweekly harvesting over four weeks in each separated 

experiment. Static cultivation proved most effective for producing uniform, dense BC 

pellicles, while shaking conditions enhanced water-holding capacity (WHC).
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7.1.2  Optimization of Bacterial Cellulose Production from Thai Red Tea 

Kombucha Using Central Composite Design in Response Surface 

Methodology 

Further statistical optimization through response surface methodology 

(RSM) developed a highly efficient formulation (RTC-V1) comprising 7.97% 9w/v) 

sucrose, 2.03% (w/v) glucose, 1.41% (w/v) tea, and 1.56% (v/v) ethanol, achieving a 

remarkable wet BC yield of 621.71 ± 24.06 g/L, representing a 238% increase compared 

to the RTC-SGlu sample. The optimized BC displayed desirable physical and chemical 

properties, including well-defined nanofiber morphology, high crystallinity, thermal 

stability, and strong mechanical performance. 

7.1.3  Impact of High-Pressure Microfluidization Treatment on The 

Properties of Bacterial Cellulose Derived from Thai Red Tea 

Kombucha 

To improve BC versatility, high-pressure microfluidization (HPM) was 

applied to reduce fiber size and tailor material properties. Treatment at 10,000 psi for 

10 to 20 cycles effectively reduced fiber diameters from 37 nm to approximately 25 

nm and decreased WHC from 96.58 ± 13.91 g/g to about 31 g/g. These modifications 

were confirmed through SEM, XRD, and TGA analyses, establishing HPM as a practical 

tool for producing bacterial cellulose nanofibrils (BCNFs) with controlled structural and 

functional characteristics. 

7.1.4  Effects of Bacterial Cellulose Nanofibrils on Jelly Candy Properties 

and Bioactive Compound Profiles During Simulated Digestion 

In the final phase, microfluidic-treated bacterial cellulose nanofibrils 

(BCNF) were incorporated into jelly candy (JC) to evaluate their effects on texture and 

bioactive compound bioaccessibility. BCNF did not affect appearance but reduced 

color a* and b* values as treatment cycles and concentration increased. Texture 

analysis showed BCNF increased hardness, gumminess, and chewiness while reducing 
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adhesiveness, cohesiveness, and resilience; the BCH20 formula (5 g BCNF) achieved 

the best texture balance. 

During digestion simulation, JC with vitamin E and BCNF (JC-VEBC) 

showed minimal or no release of active compounds, indicating limited bioaccessibility, 

whereas the sample without BCNF (JC-VENBC) exhibited the highest total phenolic 

content and better antioxidant release. The consistently low flavonoid levels across 

samples likely reflect low concentrations, suggesting more sensitive analytical methods 

are needed to confirm their presence. BCNF protected antioxidant activity in the 

vitamin C formulation (JC-VCBC) better than its non-BCNF counterpart (JC-VCNBC), but 

no antioxidant release was observed in JC-VEBC, possibly due to protective 

interactions. BCNF provided limited antioxidant protection in jelly candies containing 

butterfly pea flower powder (BF) and tomato extract (TOM). Overall, microfluidic BCNF 

influences texture and modulates bioaccessibility depending on the bioactive 

ingredient. 

7.2 Recommendations 
Building on the successful optimization of bacterial cellulose (BC) production 

from Thai red tea kombucha fermentation and its structural modification through high-

pressure microfluidization, several avenues are recommended to advance research 

and application: 

1) Scale-Up of Bacterial Cellulose Production

To meet future industrial needs, it is recommended that the optimized

bacterial cellulose (BC) production process developed in this study be scaled up to 

pilot or industrial levels. The key parameters established—namely fermentation 

duration, substrate composition, and harvesting intervals—should be further validated 

under larger-scale conditions to ensure consistent yield, quality, and reproducibility. 

For effective scale-up, the implementation of real-time monitoring and process control 

strategies is also strongly advised. 
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2) Expanding Functional Food Applications and Bioactive Delivery

Future research should explore the interactions between bacterial

cellulose (BC) nanofibrils and various bioactive ingredients—such as vitamins, 

antioxidants, and plant-based extracts—within different food matrices. This includes 

potential applications in beverages, gummies, dairy-based products, and other 

functional food systems. Understanding how BC influences the stability, release 

behavior, and bioaccessibility of these compounds during processing and digestion will 

be crucial for the development of targeted, health-promoting foods with enhanced 

nutritional value and consumer appeal. 

3) In Vivo Evaluation of Digestibility and Health Benefits

Although in vitro digestion studies offered valuable preliminary insights

into the effects of BC nanofibrils (BCNF) on bioaccessibility, in vivo studies are strongly 

recommended to validate these findings under physiological conditions. Such studies 

are essential to further evaluate the digestibility, safety, and health impacts of BC-

enriched foods. They will also help clarify how BC interacts within the digestive system, 

its effect on nutrient absorption, and its potential role in modulating gut health. 

Ultimately, this will support the evidence-based development of BC as a functional 

ingredient in nutraceutical and health-oriented food products. 

4) Product Development and Consumer Acceptance

Further research into the sensory attributes—particularly texture and

mouthfeel—shelf-life stability, and consumer acceptance of bacterial cellulose (BC)-

containing products is essential to ensure successful market introduction. 

Understanding consumer preferences, especially among target groups such as children, 

the elderly, and health-conscious individuals, will guide the development of 

formulations that meet their expectations. Additionally, expanding BC applications 

beyond jelly candy into diverse food formats, including functional beverages, dairy 

alternatives, and bakery products, can significantly broaden its commercial potential 

in the functional and health food markets. 
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APPENDIX A

STANDARD CURVE FOR SUGAR ANALYSIS 

Table 1 Standard Curve Data for Sucrose, Fructose, and Glucose in Sugar Analysis 
for BC Production with Various Teas and Additives. 

Sugar (g/L) 
Peak Area 

Sucrose Glucose Fructose 
0 0 0 0 
3 136,661 235,880 192,231 
6 262,110 488,085 394,293 
9 409,466 713,853 580,040 
12 547,536 950,286 771,482 

RL Equation y=45596x - 24208 y = 79285x + 1911.8 y = 64359x + 1454.6 
R2 0.9994 0.9998 0.9998 

Remark: Retention times (minutes) of spectra peaks for Sucrose (±14.94), Glucose (±16.14), and 

Fructose (± 17.89). and Glycerol (±18.70) 
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Figure 1.  Standard Curve for Sugar Analysis of Kombucha Samples with Various 
Types of Tea and Additives. 

Table 2 Standard Curve Data for Sucrose, Fructose, Glucose, and Glycerol in Sugar 
Analysis for BC Production with Various Carbon Sources Combinations. 

Sugar (g/L) 
Peak Area Glycerol 

(g/L) 
Peak Area 

Sucrose Glucose Fructose 

0 0 0 0 0 0 

3 136,661 235,880 192,231 2.5 117,356 

6 262,110 488,085 394,293 5.0 239,595 

9 409,466 713,853 580,040 7.5 352,241 

12 547,536 950,286 771,482 10.0 470,883 

RL Equation y=45596x-

24208 

y = 79285x 

+ 1911.8

y = 64359x 

+ 1454.6

RL 

Equation 

y = 47066x + 

684.8 

R2 0.9994 0.9998 0.9998 R2 0.9999 

y = 45296x + 2779.2
R² = 0.9996
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Figure 2  Standard Curve for Sugar Analysis of Kombucha Samples with Various 
Types of Carbon Sources Combinations. 
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APPENDIX B 

DATA OF THE FIBER SIZE ANALYSIS OF BC FROM SEM IMAGE 

USING “ImageJ” SOFTWARE 

 

Table 3  Data analysis of the BC particle size distribution from kombucha with 
different types of tea 

No 
Diameter size (nm) 

NDC -Fiber RTC-C GTC BTC-30k RBTH 

1 21.148 18.127 19.866 25.953 22.009 

2 21.960 19.654 21.645 27.815 22.009 

3 23.212 20.668 23.392 28.230 22.848 

4 24.199 23.464 24.492 28.562 24.241 

5 24.383 23.742 24.561 28.930 24.369 

6 24.866 23.945 25.146 29.874 24.561 

7 25.133 24.538 25.255 30.483 24.832 

8 25.588 24.803 25.499 31.899 25.315 

9 26.318 24.884 25.850 32.050 25.514 

10 26.445 25.779 26.907 32.329 25.645 

11 27.586 26.424 27.727 32.743 26.488 

12 28.067 26.483 27.954 32.842 26.945 

13 28.272 26.504 28.774 32.892 26.945 

14 28.435 26.586 29.034 33.083 27.721 

15 28.435 26.656 29.040 33.139 27.840 

16 28.724 26.764 30.617 34.501 27.942 

17 28.915 26.779 31.132 34.752 28.085 
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Table 3 Data analysis of the BC particle size distribution from kombucha with 
different types of tea (Continued) 

No 
Diameter size (nm) 

NDC -Fiber RTC-C GTC BTC-30k RBTH 

18 29.271 26.948 31.192 34.940 28.427 

19 30.024 27.022 31.445 35.090 28.746 

20 30.842 27.669 31.601 35.426 29.042 

21 31.034 27.880 31.843 36.347 29.912 

22 31.656 28.166 32.265 36.471 30.197 

23 31.908 28.166 32.691 37.115 30.280 

24 32.001 28.186 32.832 37.640 30.572 

25 32.019 28.706 33.297 37.813 30.632 

26 32.279 29.522 33.746 38.100 30.979 

27 34.958 29.592 34.059 38.290 31.089 

28 35.651 29.923 34.099 38.573 31.742 

29 36.094 31.002 34.324 39.759 31.993 

30 36.248 31.075 34.602 40.122 32.188 

31 36.248 32.718 35.185 40.663 32.540 

32 36.656 32.836 35.978 41.035 33.096 

33 36.656 32.874 36.016 42.151 33.251 

34 36.800 33.973 36.061 42.479 34.047 

35 37.109 34.052 36.136 42.699 34.223 

36 37.813 34.262 36.262 43.139 35.215 

37 37.948 34.393 38.606 43.440 35.489 

38 39.013 34.700 38.614 44.202 35.537 

39 40.213 34.878 39.460 44.725 35.587 

40 40.213 35.855 39.835 45.720 36.299 

41 40.982 35.892 40.389 46.446 37.351 
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Table 3 Data analysis of the BC particle size distribution from kombucha with 
different types of tea (Continued) 

No 
Diameter size (nm) 

NDC -Fiber RTC-C GTC BTC-30k RBTH 

42 48.399 36.095 41.249 47.830 37.367 

43 48.766 36.334 42.340 48.130 37.610 

44 49.425 36.805 47.401 48.328 37.867 

45 50.913 38.562 47.861 51.230 38.330 

46 53.643 39.047 51.356 51.470 38.782 

47 53.864 41.530 51.598 51.569 41.651 

48 55.709 44.263 57.119 54.948 41.855 

49 56.134 46.506 57.548 55.187 43.135 

50 56.134 47.139 58.844 56.031 44.903 

Mean 35.166 30.647 34.855 39.144 31.465 

SD 9.700 6.463 9.189 7.782 5.692 

Min 21.148 18.127 19.866 25.953 22.009 

Max 56.134 47.139 58.844 56.031 44.903 

Table 4 Data analysis of the BC particle size distribution from kombucha with 
different types of additives 

No 

Diameter size (nm) 

NDC-

Fiber 

RTC-

EtOH 
RTC-SPI RTC-YE RTC-Vit C RTC-PC RTC-C 

1 21.148 30.658 23.353 25.005 13.738 21.322 19.356 

2 21.960 30.918 23.508 25.422 15.520 26.946 19.825 

3 23.212 32.039 27.525 26.858 18.050 41.898 20.019 

4 24.199 33.709 27.688 26.909 19.352 35.927 21.460 
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Table 4  Data analysis of the BC particle size distribution from kombucha with 
different types of additives (Continued) 

No 

Diameter size (nm) 

NDC-

Fiber 

RTC-

EtOH 
RTC-SPI RTC-YE RTC-Vit C RTC-PC RTC-C 

5 24.383 34.218 27.902 27.073 20.059 37.38 22.108 

6 24.866 34.462 28.609 27.574 20.063 31.424 22.608 

7 25.133 34.833 29.360 27.640 20.219 41.356 23.862 

8 25.588 35.866 30.533 27.662 20.875 34.507 24.307 

9 26.318 36.783 30.697 27.711 21.008 27.184 25.022 

10 26.445 36.923 31.373 28.096 21.313 30.696 25.423 

11 27.586 38.506 32.385 28.469 21.757 27.335 26.638 

12 28.067 38.746 32.540 28.676 22.450 18.004 26.693 

13 28.272 39.565 33.124 30.286 22.450 28.792 26.895 

14 28.435 39.763 33.136 30.716 22.838 51.847 26.912 

15 28.435 39.768 33.751 30.786 23.009 45.053 27.177 

16 28.724 40.842 33.751 31.123 23.182 36.859 27.919 

17 28.915 40.842 33.751 31.137 23.250 29.021 28.312 

18 29.271 41.242 33.916 31.265 23.564 38.862 28.328 

19 30.024 41.349 34.508 31.351 23.599 54.841 28.554 

20 30.842 43.283 37.132 32.361 23.812 39.52 28.740 

21 31.034 43.578 37.392 33.088 24.413 30.906 28.775 

22 31.656 43.725 37.491 33.180 24.779 40.168 28.815 

23 31.908 44.776 37.767 33.381 25.725 45.017 28.970 

24 32.001 44.883 38.267 34.209 25.918 43.411 29.347 

25 32.019 45.346 38.788 34.457 25.959 40.168 29.447 

26 32.279 45.467 39.684 34.590 25.965 34.131 29.661 

27 34.958 45.663 40.964 34.878 25.965 34.554 29.736 
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Table 4  Data analysis of the BC particle size distribution from kombucha with 
different types of additives (Continued) 

No 

Diameter size (nm) 

NDC-

Fiber 

RTC-

EtOH 
RTC-SPI RTC-YE RTC-Vit C RTC-PC RTC-C 

28 35.651 46.705 40.964 35.095 25.986 31.424 29.873 

29 36.094 47.115 41.594 35.187 25.986 47.731 29.912 

30 36.248 47.285 43.970 35.367 26.132 45.854 30.027 

31 36.248 47.420 44.165 36.097 26.681 38.341 30.046 

32 36.656 47.791 44.195 36.464 26.816 34.751 30.951 

33 36.656 48.722 44.595 36.529 27.145 40.876 31.118 

34 36.800 48.886 44.991 36.547 27.164 52.215 31.146 

35 37.109 49.180 45.393 36.794 27.241 56.299 31.465 

36 37.813 49.538 45.905 36.862 27.448 28.842 31.726 

37 37.948 50.149 46.028 37.094 27.661 36.107 32.602 

38 39.013 50.943 47.934 37.211 27.703 39.101 33.723 

39 40.213 51.841 48.765 37.451 27.774 32.357 33.965 

40 40.213 52.429 49.032 37.516 27.788 28.06 34.132 

41 40.982 54.207 49.065 37.646 27.979 28.06 34.333 

42 48.399 54.207 49.328 37.763 27.985 17.964 34.533 

43 48.766 54.473 50.042 38.524 28.368 32.335 34.914 

44 49.425 56.553 51.063 39.528 31.125 29.627 35.445 

45 50.913 60.047 51.816 39.965 31.418 41.898 36.180 

46 53.643 60.896 56.807 39.984 33.059 41.003 36.287 

47 53.864 61.211 57.849 41.459 34.218 36.107 36.524 

48 55.709 66.050 62.746 41.621 35.201 30.591 37.999 

49 56.134 67.230 66.053 42.830 36.380 32.534 39.138 

50 56.134 68.436 74.896 44.859 38.461 21.928 44.216 
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Table 4 Data analysis of the BC particle size distribution from kombucha with 
different types of additives (Continued) 

No 

Diameter size (nm) 

NDC-

Fiber 

RTC-

EtOH 
RTC-SPI RTC-YE RTC-Vit C RTC-PC RTC-C 

Mean 35.166 45.981 40.922 33.846 25.491 37.737 29.703 

SD 9.700 9.380 10.923 4.901 4.915 6.447 5.172 

Min 21.148 30.658 23.353 25.005 13.738 24.112 19.356 

Max 56.134 68.436 74.896 44.859 38.461 53.342 44.216 

Table 5 Data analysis of the BC particle size distribution from red Thai tea 
kombucha with different types of carbon source combination. 

No 
Diameter size (nm) 

NDC -Fiber RTC-C RTC-SD RTC-SF RTC-Gly RTC-Glu 

1 21.148 19.356 26.756 22.237 22.413 23.317 

2 21.960 19.825 27.199 22.801 25.275 23.374 

3 23.212 20.019 28.585 24.524 25.431 24.485 

4 24.199 21.460 28.794 25.779 26.419 24.919 

5 24.383 22.108 29.464 27.746 26.737 24.919 

6 24.866 22.608 30.305 28.128 26.868 25.208 

7 25.133 23.862 31.944 28.441 27.460 25.389 

8 25.588 24.307 32.055 29.835 27.538 26.213 

9 26.318 25.022 33.216 30.257 27.560 26.898 

10 26.445 25.423 33.333 30.334 27.848 27.494 

11 27.586 26.638 33.355 30.875 28.017 27.577 

12 28.067 26.693 34.090 31.406 28.081 28.496 

13 28.272 26.895 34.359 32.994 29.095 29.589 
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Table 5  Data analysis of the BC particle size distribution from red Thai tea 
kombucha with different types of carbon source combination (Continued) 

No 
Diameter size (nm) 

NDC -Fiber RTC-C RTC-SD RTC-SF RTC-Gly RTC-Glu 

14 28.435 26.912 35.240 33.526 29.830 30.072 

15 28.435 27.177 35.395 34.682 31.023 30.175 

16 28.724 27.919 35.675 34.725 31.868 30.553 

17 28.915 28.312 36.285 34.759 31.868 30.715 

18 29.271 28.328 36.770 35.113 31.944 30.945 

19 30.024 28.554 36.924 35.113 31.944 31.357 

20 30.842 28.740 37.268 35.749 32.268 31.887 

21 31.034 28.775 37.287 35.913 32.320 32.234 

22 31.656 28.815 37.590 37.071 33.827 32.268 

23 31.908 28.970 37.881 37.233 34.151 32.338 

24 32.001 29.347 38.114 38.190 35.592 32.926 

25 32.019 29.447 38.341 38.190 35.659 33.000 

26 32.279 29.661 38.392 38.308 36.413 33.323 

27 34.958 29.736 38.434 38.776 36.529 33.803 

28 35.651 29.873 38.631 38.969 37.620 33.866 

29 36.094 29.912 39.930 39.544 37.892 34.489 

30 36.248 30.027 41.071 40.035 37.956 35.020 

31 36.248 30.046 41.802 40.334 38.225 35.044 

32 36.656 30.951 41.802 40.594 38.852 35.714 

33 36.656 31.118 41.807 41.618 40.001 35.725 

34 36.800 31.146 41.938 41.763 40.293 36.047 

35 37.109 31.465 42.333 41.942 40.346 36.498 

36 37.813 31.726 42.857 42.193 41.058 37.363 

37 37.948 32.602 44.176 43.353 41.247 37.477 
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Table 5 Data analysis of the BC particle size distribution from red Thai tea 
kombucha with different types of carbon source combination (Continued) 

No 
Diameter size (nm) 

NDC -Fiber RTC-C RTC-SD RTC-SF RTC-Gly RTC-Glu 

38 39.013 33.723 45.527 43.353 41.888 38.852 

39 40.213 33.965 46.360 45.020 41.960 39.698 

40 40.213 34.132 46.975 45.220 42.075 39.819 

41 40.982 34.333 48.049 47.173 42.744 40.540 

42 48.399 34.533 48.082 48.088 42.913 41.190 

43 48.766 34.914 48.343 48.555 43.956 41.494 

44 49.425 35.445 52.732 48.555 43.984 41.773 

45 50.913 36.180 53.093 48.679 44.011 42.075 

46 53.643 36.287 54.222 49.657 44.353 43.918 

47 53.864 36.524 54.398 53.785 46.324 44.713 

48 55.709 37.999 57.143 55.329 47.558 50.862 

49 56.134 39.138 61.652 55.600 49.071 53.891 

50 56.134 44.216 63.275 55.923 54.868 57.335 

Mean 35.166 29.703 40.385 38.560 35.863 34.338 

SD 9.700 5.172 8.654 8.514 7.357 7.564 

Min 21.148 19.356 26.756 22.237 22.413 23.317 

Max 56.134 44.216 63.275 55.923 54.868 57.335 
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APPENDIX C 

DATA ON THE OPTIMIZED SOLUTION FORMULA FOR BC 
PRODUCTION GENERATED BY SOFTWARE 

Table 6. Predicted Optimized Formula Solution for BC Production Generated by 
Software 

No Sucrose Tea Ethanol 
Wet 
yield 

Dry 
yield 

WHC Desirability 

1 7.973 1.405 1.595 630.159 5.238 119.265 0.939 

2 7.973 1.405 1.589 630.061 5.231 119.423 0.939 

3 7.973 1.405 1.581 629.927 5.221 119.643 0.939 

4 7.973 1.405 1.573 629.787 5.210 119.864 0.939 

5 7.973 1.405 1.566 629.668 5.201 120.046 0.938 

6 7.947 1.405 1.595 630.790 5.243 119.289 0.938 

7 7.973 1.405 1.557 629.507 5.190 120.29 0.938 

8 7.951 1.406 1.595 630.571 5.242 119.275 0.938 

9 7.973 1.405 1.543 629.228 5.171 120.686 0.938 

10 7.932 1.405 1.590 631.076 5.239 119.436 0.938 

11 7.923 1.405 1.595 631.377 5.247 119.312 0.938 

12 7.973 1.410 1.595 629.580 5.236 119.214 0.938 

13 7.973 1.405 1.519 628.78 5.142 121.289 0.937 

14 7.973 1.405 1.505 628.487 5.123 121.66 0.937 

15 7.973 1.405 1.474 627.831 5.086 122.427 0.936 

16 7.973 1.405 1.449 627.281 5.056 123.016 0.935 

17 7.847 1.405 1.595 633.162 5.260 119.378 0.935 

18 7.973 1.405 1.444 627.171 5.050 123.129 0.935 
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Table 6. Predicted Optimized Formula Solution for BC Production Generated by 
Software (Continued) 

No Sucrose Tea Ethanol 
Wet 
yield 

Dry 
yield 

WHC Desirability 

19 7.973 1.405 1.436 626.996 5.041 123.304 0.935 

20 7.84 1.405 1.589 633.224 5.254 119.539 0.935 

21 7.973 1.418 1.595 628.637 5.231 119.131 0.935 

22 7.973 1.405 1.415 626.502 5.017 123.774 0.934 

23 7.926 1.405 1.461 628.616 5.078 122.787 0.934 

24 7.973 1.405 1.406 626.299 5.008 123.961 0.934 

25 7.968 1.42 1.595 628.480 5.231 119.109 0.934 

26 7.791 1.405 1.595 634.458 5.269 119.425 0.933 

27 7.973 1.405 1.349 624.844 4.945 125.153 0.932 

28 7.973 1.43 1.594 627.133 5.223 119.004 0.931 

29 7.973 1.405 1.278 622.875 4.872 126.466 0.93 

30 7.973 1.437 1.595 626.274 5.22 118.918 0.928 

31 7.973 1.405 1.212 620.884 4.81 127.523 0.927 

32 7.598 1.405 1.595 638.700 5.301 119.571 0.927 

33 7.973 1.405 1.158 619.093 4.761 128.294 0.925 

34 7.536 1.405 1.595 639.992 5.31 119.612 0.924 

35 7.973 1.405 1.133 618.231 4.74 128.613 0.924 

36 7.973 1.405 1.11 617.452 4.722 128.877 0.922 

37 7.493 1.405 1.594 640.876 5.317 119.645 0.922 

38 7.973 1.405 1.104 617.225 4.717 128.949 0.922 

39 7.973 1.405 1.068 615.902 4.689 129.335 0.92 

40 7.973 1.405 1.061 615.624 4.683 129.409 0.92 

41 7.826 1.405 1.16 621.87 4.778 128.511 0.919 
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Table 6. Predicted Optimized Formula Solution for BC Production Generated by 
Software (Continued) 

No Sucrose Tea Ethanol 
Wet 
yield 

Dry 
yield 

WHC Desirability 

42 7.973 1.405 1.02 614.071 4.654 129.777 0.918 

43 7.969 1.466 1.589 622.673 5.196 118.736 0.918 

44 7.973 1.405 0.971 612.104 4.62 130.147 0.915 

45 7.973 1.405 0.936 610.653 4.598 130.359 0.913 

46 7.260 1.407 1.595 645.117 5.35 119.754 0.912 

47 7.973 1.405 0.881 608.26 4.565 130.609 0.91 

48 7.973 1.405 0.855 607.104 4.551 130.69 0.909 

49 7.973 1.405 0.812 605.083 4.529 130.775 0.906 

50 7.973 1.405 0.787 603.91 4.518 130.795 0.904 

51 7.973 1.405 0.777 603.406 4.513 130.796 0.903 

52 7.973 1.405 0.638 596.306 4.461 130.465 0.894 

53 7.973 1.405 0.580 593.081 4.446 130.125 0.889 

Glucose was added to sucrose to achieve a total sugar concentration of 10%. Formulas No. 1, 

46, and 53 were selected for laboratory validation



328 

BIOGRAPHY 

Mr. Wawan Agustina was born on August 29, 1981, in Brebes District, Central 

Java, Indonesia. He completed his elementary education at SD Negeri Pabuaran 2, 

continued to SMP Negeri 02 Salem for junior high school, and graduated from SMA 

Negeri Kota Tegal for senior high school. In 2005, he earned a Bachelor's degree in 

Chemistry from Jenderal Soedirman University, Purwokerto. Motivated by a deep 

interest in life sciences and applied biotechnology, he pursued further studies at the 

School of Life Sciences and Technology (SITH), Institut Teknologi Bandung (ITB), where 

he obtained his Master’s degree in 2019. 

He is currently a researcher at the National Research and Innovation Agency 

(BRIN) in Indonesia, specializing in bioprocess technology, with a particular focus on 

fermentation technology and functional food. His research explores the development 

of sustainable food processing methods and the enhancement of nutritional and 

functional properties through microbial fermentation and biotechnological 

approaches. 

In parallel with his professional role, Mr. Wawan is pursuing a Doctoral degree 

at the School of Biotechnology, Institute of Agricultural Technology, Suranaree 

University of Technology, Thailand. His current research focuses on the production, 

optimization, and functional application of bacterial cellulose derived from Thai tea 

kombucha fermentation. He has authored several scientific publications, which are 

accessible through his Google Scholar profile. 


	Cover
	Approved
	Abstract
	Acknowledgement
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Chapter5
	Chapter6
	Chapter7
	Appendix
	Biography



