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Abstract 
 

Kombucha is commonly known as a fermented tea drink with purported health-giving 

properties. It is brewed using a SCOBY (Symbiotic Culture Of Bacteria and Yeast) in a 

liquid medium with glucose as a carbon source.  A by-product of an extended brewing 

process is the production of a biofilm (or pellicle) containing bacterial cellulose (BC) 

nanofibrils. This can be harvested and used as a textile material without the use of 

synthetic chemicals in its production. The aim of this study is to develop reproducible BC 

pellicles and investigate potential applications of these as a sustainable alternative 

material in the textile industry. 

Optimal growth conditions were explored in the laboratory and via citizen science 

projects (> 200 samples). Sterile black tea with sugar inoculated with a Kombucha 

SCOBY liquid gave the highest yield (p < 0.05) albeit the most variable. There was no 

significant impact (p > 0.05) of incubation time (27 – 42 days) or temperature (room 

temperature vs 30 °C) observed. 

Genetic community profiling revealed that the population tended towards stability after 

three sub-culturing events, with Komagataeibacter xylinus noted as the most abundant 

species.   

Once optimal conditions had been identified the properties of the resultant BC pellicles 

were tested using standard apparel textile testing methods, a unique feature of this 

study, as this type of testing was not recorded in existing literature. The testing revealed 

remarkable abrasion resistance alongside very high-water absorption characteristics (in 

comparison to standard textiles commonly used in apparel). 
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Since a focus of the study was on sustainable approaches, apparel-based textile 

applications were not pursued further as these were likely to require synthetic 

intervention to ensure fitness for purpose in modern apparel products. Instead, the 

hydrophilic nature of the pellicles was explored as an absorbent to remove residual 

colour from dyehouse effluent. Pellicles successfully removed a degree of colour from 

dye solution, thus presenting an innovative application of the sustainably produced 

pellicles in the textile industry as a potential alternative to traditional coloured effluent 

treatments. 

The methods employed using citizen science as a data collection method in this study 

demonstrate how the integration of creative approaches with physical science 

investigation foster deeper levels of enquiry and participant engagement in the research 

process. This methodological approach highlights the potential of interdisciplinary 

practice to broaden public involvement in scientific research, enhancing outcomes and 

diversifying applications. 
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Chapter 1:  Introduction 

 
The environmental and social impacts of the textile industry have reached a critical point, 

with mounting evidence highlighting the unsustainable trajectory of current production 

and consumption patterns. The Ellen Macarthur Foundation estimates that every 

second, the equivalent of a truckload of clothes is either burned or buried in landfill (Ellen 

MacArthur, 2017). Many studies present similarly shocking figures; the European 

Parliament quotes that the average European citizen consumed 391 kg of raw textile 

materials in 2020 (European Parliament, 2023), whilst the United Nations environment 

programme estimates that people are buying 60 % more clothing but wearing these items 

for half as long (U.N. Environment Programme, 2023). Niinimaki et al. (2020) claim that 

fashion brands now produce twice the amount of clothing compared with figures 

calculated before 2001. 

Across the whole textile supply chain there are environmentally polluting practices that 

lead to contaminated wastewater, including toxic dyes and finishing chemicals, and 

microfibre released into the environment (Singh, 2024). Current estimates suggest that 

20 % of global industrial water pollution originates from the textile industry (Drew and 

Yehounme, 2023). A common sight near textile factories is that of dye pollution in the 

waterways, with reports of unnaturally brightly coloured rivers in China, India and 

Bangladesh, all regions of textile manufacturing activity (Regan, 2020; Singh, 2024).  

Aside from the pollutants caused by textile products, the drain on natural resources by 

the manufacture of modern textiles can have devastating impacts on the environment. 

For example, it is estimated that approximately 7500 gallons of water are required to 



 8 

produce one pair of jeans (Ellen MacArthur, 2017). Set on a global scale, estimates range 

between 79 - 93 billion cubic metres of textiles water use per year, potentially leading to 

water scarcity in some regions of the world (Kocabas et al., 2010; UNCTAD, 2020; Singh, 

2024). The impacts can be seen on the natural landscape; the levels of groundwater have 

dropped dramatically in some parts of Bangladesh where textile production is a 

prominent industry (Islam, 2021). 

Additionally, the global fashion industry produced approximately 2.1 billion tonnes of 

greenhouse gases in 2018, equating to 4 % of the global total (Zille & Raoux, 2021; 

McKinsey, 2023). Seventy percent of these emissions were associated with materials 

manufacture. However, this does not consider the emissions produced by the textiles 

that are sent to landfill (estimated in excess of 92 million tonnes per year), incinerated or 

exported to developing countries at the end of their perceived useful life (Niinimäki et al., 

2020; Kew, 2024). 

These facts are alarming, but the trends of pollution and consumption are estimated to 

rise; global annual textile consumption has risen from 5.9 kg (1975) to 13 kg (2018) per 

capita and by 2030 this is estimated to be in the region of 102 million tonnes globally 

(Global Fashion Agenda, 2023; Kew, 2024). This volume of consumption, waste, 

environmental impact, and the associated costs are unsustainable; the textile and 

apparel industries need to change (da Silva et al., 2021; Tessari et al., 2023). 
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1.1 The Definition, Communication and Education of ‘Sustainability’ 
 

‘Sustainability’ is a frequently used word in the modern textile industry, often 

interchangeably, with terms such as eco-friendly, biodegradable, natural- and 

renewable-resources; there is no universally accepted definition and much 

disagreement on its true meaning (Gardetti and Torres, 2013; Henninger et al., 2016). The 

Brundtland Report – Our Common Future, commissioned in 1987, defined sustainability 

as meeting ‘the needs of the present without compromising the ability of future 

generations to meet their own needs’ (Brundtland, 1987). There is some agreement that 

‘sustainability’ implies environmental impacts; however, others argue that 

‘sustainability’ should be used in a wider context and describes fundamental human 

behaviour, being viewed as a paradigm shift in societal behaviours (Birkeland et al., 2018; 

Stephenson, 2023).  

Whilst there is no universally agreed meaning to sustainability, the question therefore 

arises of wider public understanding and engagement with sustainable or 

environmentally responsible practices, particularly those who are not working directly in 

the field (Nerlich et al., 2010; De Meyer et al., 2020). This lack of clarity also affects 

industry action, as businesses face increasing pressure to implement change but are 

often uncertain about the most effective and appropriate steps to take. Although 

significant efforts are being made globally to address the environmentally damaging 

practice of the textile industry, the limited progress in the field highlights the need to 

improve education and communication around emerging innovations that could drive 

systemic change. In the fashion industry, the tendency to separate creativity from 

scientific investigation may represent a missed opportunity for more interdisciplinary 
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approaches and therefore restrict development in sustainable innovations (Brundtland, 

1987; Nisbet, 2009; Fletcher & Grose, 2012; Niinimaki, 2013). 

As the textile industry is under such pressure to reduce its harmful effects on the planet, 

in this thesis the word ‘sustainability’ is used to imply the use of naturally occurring 

products which do not cause negative consequences for the natural environment. 

 

1.2 Traditional Textile Sources 
 

In the textile industry, particularly in the field of apparel, there is an increased focus on 

the sustainability of traditional fibre sources (Fletcher, 2008; Muthu and Gardetti, 2020). 

Whilst the public have a perception that naturally occurring fibres are more 

‘environmentally friendly’ than their oil-derived counterparts (such as polyesters and 

polyaramids), this may not be the case (Sigaard and Laitala, 2023).  

For cotton, a plant cellulose-based fibre, achieving good quality high yield crops is 

dependent on the use of pesticides and chemicals that can be extremely harmful to the 

environment (Gardetti and Muthu, 2019). Organic cotton goes some way to counter this 

(Gardetti and Muthu, 2019; Delate et al., 2021), but the cotton plant itself still requires 

significant amounts of water for growth, and in some parts of the world (e.g. the Aral sea 

in Kazakhstan) this has led to the creation of manmade deserts with the displacement of 

human populations due to the devastating impact on the natural landscape (Kotlyakov, 

1991; Stone, 1999; Waltham and Sholji, 2001). 

The cotton fibre itself is of cellulosic base. However, a proportion of the fibre structure is 

made up of non- cellulosic proteins, amino acids, wax, organic acids, and sugars (Fang, 
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2018). Many of these non-cellulosic components have a negative impact on the 

properties of cotton and need to be removed via a series of cleaning and processing 

techniques before the fibre can be used successfully in a textile form (Sinclair, 2015). 

The process of manipulating the cotton fibre into yarns and fabrics is energy-, chemical- 

and cost- intensive. Once the fibre is cleaned and prepared for yarn spinning, it is 

subjected to a variety of mechanical processes to sort the fibres into appropriate lengths 

and align and twist these into yarns, with the application of synthetic lubricants to assist 

this process and minimise fibre damage (Gordon and Hsieh, 2007). Yarns are then 

manipulated into either knitted or woven structures, again by being passed through a 

variety of mechanical processes and synthetic chemicals. These chemicals then need to 

be removed (with synthetic detergents) before the fabric can be processed for colour 

application (usually via synthetic dyes and auxiliary chemicals). Finally residual 

chemicals are removed via a washing process before the fabric is mechanically dried and 

set. In some cases, further mechanical and chemical processes are applied to impart 

specialist properties to the fabric, such as water repellency (Elsasser and Sharp, 2022). 

In the case of cotton, it is easy to see how the textile industry is so energy - intensive and 

produces such high levels of pollution, even without considering the diverse range of 

natural and synthetic fibres and fabrics commonly found in modern textiles and apparel 

applications.  

Whilst it is accepted that synthetic fibres (such as polyester) are unlikely to biodegrade 

in less than 50 years, a common misconception is that fibres from natural sources (such 

as wool and cotton) biodegrade quickly after synthetic treatments. The heavy synthetic 

processing described above severely impacts the biodegradability credentials of natural 
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fibres. Whilst the natural fibres still break down much more quickly than their synthetic 

counterparts (Blackburn, 2005), the synthetic chemicals present leach out into the soil 

with potentially poisonous effects on the environment. 

 

1.3 Next Generation Materials 
 

Many researchers in textiles and apparel are seeking novel approaches to the industry’s 

problems. A popular approach is to look to the natural world to seek alternative fibre and 

textile sources. The phrase ‘next generation’ (or next gen) textiles is used to describe 

these alternative textile sources which are created with the aim of being sustainable and 

not environmentally harmful. Aside from the potentially positive environmental impact 

of these textiles, many product developers are investigating these alternatives due to 

consumer demand and cost. Examples of cheaper alternatives include where the raw 

materials are based on waste products. However, most of these investigations are early 

stage and some of the benefits of these products are speculative (Biofabricate, 2021; 

Muthu, 2024). 

One such approach is to use living organisms to ‘grow’ materials, often referred to a 

‘biofabrication’ (Biofabricate, 2021). In fashion, alternatives for leather are popular 

because in addition to the chemicals used in leather tanning, there is an increased public 

concern regarding animal welfare. To this end, mycelium has been explored in depth, 

with start-up industries producing ‘mushroom leather’ such as Mylo™ (Bolt Threads, 

2023) and Reishi™ (MadewithReishi, 2023). Both products are grown in agricultural waste 

(Visjager et al., 2019; Williams et al., 2022). Mylo™ has been used by mainstream fashion 

designers (such as Stella McCartney) to create fashion products. However, none of these 
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products have been produced in volume due to perceived problems in manufacture, 

such as scale up from laboratory to bulk production (Kent, 2023). Additionally, these 

products still have some reliance on environmentally harmful production techniques 

(such as synthetic coatings) to ensure the product performs to consumer expectations. 

Another approach is to use microbial species that produce fibres such as bacterial 

cellulose. Early studies suggest that this could be a viable next-gen with start-up 

companies such as Modern Synthesis (2023) and ScobyTec (2022) exploring applications 

such as shoes and handbags; to date none of these products are commercially available. 

However, in a similar fashion to mycelium, bacterial cellulose has been suggested as a 

viable alternative to animal leather and has attracted public interest. 

 

1.4 Bacterial Cellulose – A Potential Solution? 
 

In contrast to cotton plant cellulose, bacterial cellulose production yields cellulose in a 

highly pure state without contaminants (Khan and Kamal, 2022). It possesses properties 

such as a highly crystalline structure, high tensile strength, and considerable water 

retention behaviour (Dufresne, 2012; Khan and Kamal, 2022). Alongside this, the 

considered potential end uses range from food stuffs (such as thickening agents), paper 

manufacturing and pharmaceutical applications (Lin et al., 2013a). Researchers (Czaja 

et al, 2006; Meftahi et al, 2010; Picheth et al., 2017) have explored the application of 

bacterial cellulose in the medical industry as the porosity of the material lends itself well 

to the transfer of medicines into the wound site, ‘whilst providing a barrier to external 

infection’ (Ashjaran et al., 2012:123). Other studies suggest these properties would 

enable the bacterial cellulose to be used as an artificial skin (Alvarez et al., 2004). 
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Outside the medical industry, applications such as acoustic membranes, synthetic fibre 

coatings and nonwoven cloth have been investigated (Czaja et al., 2004; Shoda & 

Sugado, 2005; Ashjaran et al., 2012). An overview of these applications is explained later 

in part two of this thesis. 

Bacterial cellulose is a naturally occurring biopolymer, reportedly synthesised by a 

variety of microorganisms, but studies suggest it is Gluconacetobacter xylinus that 

produces bacterial cellulose in the greatest abundance (Dufresne and Farnworth, 2000; 

Jarrell et al., 2000; Dufresne, 2012; Ovcharenko, 2013; Reva et al., 2015). There have 

been many studies that aimed to define the best / optimal production methods of 

bacterial cellulose, such as static culturing, agitating culture, and airlift reactor (Lin et 

al., 2013a).  

Kombucha, a symbiotic culture of bacteria and yeast (or SCOBY), has been used for 

thousands of years to brew tea and this tea is reported to have health – giving properties 

(Jarrell et al.,2000; Dragana et al.,2012; Jayabalan et al.,2014). As a by-product of the 

extended tea brewing process, a pellicle (also referred to as a biofilm) is formed on the 

top of the tea broth, which can be removed, rinsed, and dried. Analysis of the Kombucha 

SCOBY pellicle reveals the presence of many strains of bacteria, including 

Gluconacetobacter, alongside colonies of yeasts which vary according to the 

geographical location of development of the Kombucha SCOBY pellicle growth (Reva et 

al., 2015). This pellicle has a bacterial cellulose base and can be used as an inoculum to 

brew further batches of tea (Teoh et al., 2004). Upon drying, the pellicle is reported to 

display some properties that can be compared to fine animal hide, such as flexibility, 

sewability and tensile strength. Additionally, the pellicle displays high water retention 
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(Dufresne, 2012). However, the physical and aesthetic characteristics of the pellicle 

substrate can vary from batch to batch. 

As bacterial cellulose possesses enhanced properties in comparison to its plant-based 

counterpart (Khan and Kamal, 2022) and the previous research into potential end uses 

(Chapter five) it is surprising that there is little detailed research conducted to explore its 

uses in the textile industry as both a next-gen and sustainable material. Some limited 

work has explored its production and use in garment applications (Chan et al., 2018; da 

Silva et al., 2021; Lee, 2023), but none has focussed on its reproducibility or performance 

limitations in apparel applications. This thesis will explore both topics and investigate 

ways in which bacterial cellulose could help reduce the polluting nature of textiles. In an 

industry under pressure to become more sustainable, bacterial cellulose presents a 

viable option to produce a material without the use of harmful chemicals. 

 

1.5 Project Aims and Objectives 
 

The overall aim of this work is to establish the optimal growth conditions to create a 

reproducible pellicle from Kombucha or a pure culture starter and explore the versatility 

and suitability of this as a sustainable textile material. This thesis is divided into two parts 

to meet the following objectives: 

Part one: An exploration of bacterial cellulose solid pellicle production. 

• Objective one: Critically analyse previous studies to assess the range of growth 

conditions used to create bacterial cellulose pellicles. 
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• Objective two: Perform laboratory experiments to investigate the optimal growth 

conditions required for this study. 

• Objective three: Using a Kombucha SCOBY or pure culture starter, critically 

evaluate the producibility and development of the bacterial cellulose pellicle. 

• Objective four: Critically analyse the reproducibility of multiple bacterial 

cellulose pellicles inoculated in a public space. 

 

Part two: An evaluation of the current uses of bacterial cellulose and its performance 

properties when considered as a material for use in the textile industry. 

• Objective five: Investigate and critically review current applications of bacterial 

cellulose.  

• Objective six: Evaluate the properties of the pellicle using textile testing methods 

to enable identification of potential uses of bacterial cellulose as a sustainable 

textile. 

• Objective seven: Analyse selected properties of bacterial cellulose in a practical 

application using lab-based methods. 
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Chapter 2:  Methodological Approaches 
 

2.1 Introduction 
 

This chapter explores the methodological approaches adopted for the studies 

undertaken in this thesis, followed by a discussion of the specific methods used. Whilst 

technical detail of methods, where relevant, is explained in each chapter, this part of the 

thesis aims to map the use of the approaches and highlight the route adopted in the study 

for the elucidation of original insights and contributions to knowledge. 

 

2.2 What is research? 
 

Research can be defined as a process or practice by which knowledge is extended and 

answers to questions are sought (Matthews and Ross, 2010; Pole and Lampard 2013), 

and can be considered as follows: 

• Structured and purposeful: Research should always have a purpose, but the 

results do not always have to have a practical application. Research can serve the 

purpose of abstract knowledge development. 

• Rigorous: Research should always be carefully planned with considerations such 

as ethics and experimental design considered equally to data collection and 

analysis 

• Robust and defensible: Research needs to be strong in all its elements so our 

peers and critics can understand how conclusions are derived 
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• Systematic: Everything that is examined in the research is treated in the same 

way, i.e. is subjected to the same level of scrutiny 

 

Research extends beyond the mere collection of facts; it requires a rigorous and 

systematic consideration of all relevant elements to ensure a comprehensive and well-

founded investigation. Additionally,  Bryman et al (2008) suggest that quality research 

should include the following features: 

 

• Accessibility to appropriate audiences 

• Design that addresses the research question 

• Transparency in data collection and analysis 

• Clarity of the research process 

• The contribution to knowledge 

 

The research in this thesis addresses the above using methods that involve both 

materials investigation and knowledge generation across different contexts including a 

literature review, controlled laboratory experiments, citizen science data collection and 

an exploration of BC applications. It is therefore essential to consider the underlying 

research philosophy that underpins this work. 

  



 19 

2.3 Research philosophy 
 

Research philosophy is the set of beliefs and assumptions that guide how research is 

conducted, what is considered valid evidence and how knowledge is created. It 

underpins the methodological choices made in a study and influences how data is 

collected, analysed and interpreted. It ensures there is alignment between research 

questions and data analysis, whilst assisting researchers in the reflections of bias and 

study limitations. 

 It can be broken down into key components: 

Ontology is concerned with the nature of reality and how it is perceived. Researchers 

may view this as objective and independent (positivism), or socially influenced and 

subjective (constructivism). 

Epistemology is a stance which views the perception of valid knowledge and how it is 

acquired. This may be viewed as either empirical observation and measurement, or 

construction through interpretation and experience.  

Different research philosophies align with specific paradigms that further shape 

methodological choices, as illustrated in (Table 1). 
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Table 1. Research Philosophies, Paradigms and Methodological Choices 

 

Paradigm Ontology Epistemology Associated 
Methods 

Positivism 

Objective reality 
exists 

independently of 
perception 

Knowledge is 
gained through 

empirical 
observation and 
measurement. 

Experiments, 
surveys, 

quantitative 
analysis. 

Interpretivism 
Reality is socially 
constructed and 

context dependent. 

Knowledge is 
subjective and 

shaped by 
experience. 

Interviews, case 
studies, qualitative 

analysis. 

Pragmatism 

Reality is both 
objective and 

subjective, 
depending on the 
research context. 

Knowledge is 
acquired through 
multiple methods 
that address real-
world problems. 

Mixed methods, 
experimental and 

contextual 
research. 

 

 

2.4 Research philosophy in this study 

This study involves both materials investigation and knowledge generation across 

different contexts, including a literature review, controlled laboratory experiments, 

citizen science data collection, and an exploration of BC applications.  

The ontological stance in this study can be considered realist, as it assumes that 

bacterial cellulose (BC) exists as a material entity with definable properties, regardless 

of the context in which it is studied. However, there is also a recognition that the 

conditions of production (e.g., controlled lab vs. citizen science) may influence its 

characteristics, leading to context-dependent variations. 
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The epistemological approach is pragmatist which acknowledges that different methods 

provide complementary insights into BC production and applications. By adopting a 

pragmatic approach, an allowance is made for methodological flexibility by integrating 

multiple methods to address complex research questions. Pragmatism focusses on 

what works in practice rather than a strict adherence to a philosophical stance, suiting a 

mixed methods approach that includes fundamental research and real-world 

applications. 

In this study, the three complementary approaches that are used to investigate BC 

production and its potential applications can be considered as follows: 

 

1. Laboratory – based research (Positivist stance) 

Positivism assumes objective measurement and quantification, aligning with the 

lab-controlled study of BC reproducible generation. 

 

2. Citizen science as an empirical data collection method 

Citizen science  often aligns with constructivism, providing insights into the social 

and creative dimensions of scientific research. In this thesis, citizen science was 

used primarily as an alternative method of data collection, rather than a 

participatory knowledge production process. This enables comparisons of BC 

production in different settings, expanding the scope of the investigation. 

 

3. Investigation into BC Applications (Applied pragmatism) 
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Pragmatism is also relevant to the exploration of BC applications as it highlights 

practical outcomes of the relevance of these in a real-world setting. The 

understanding of BC in different contexts requires an understanding of its 

material properties (by scientific testing) to determine its functionality in various 

applications (by practical evaluation). 

 

Pragmatism values methodological flexibility and practical application of knowledge 

across different research settings. While lab-controlled experiments ensure scientific 

rigour, the citizen science method of data collection provides insights into variations in 

BC production and the investigation into applications ensures relevance outside a lab 

environment. Throughout this study, these methods are used in a complementary 

manner (rather than opposing) to develop a contribution to knowledge in the 

understanding of BC production and its potential uses. Thus, whilst pragmatic in 

methodological choices, this research is empirically grounded and ensures findings are 

scientifically rigorous with practical relevance. 

  



 23 

Table 2. Data Collection Methods Mapped Against the Aims of the Research 

Aim Objectives Methods 

A critical evaluation of bacterial 
cellulose solid pellicle production 

Critically analyse previous 
studies to assess the range 

of growth conditions used to 
create bacterial cellulose 

pellicles 

Literature review 

Perform laboratory 
experiments to investigate 

the optimal growth 
conditions required for this 

study 

Laboratory based 
experimentation 

Using a Kombucha SCOBY 
or pure starter culture, 

evaluate the producibility 
and development of the 

bacterial cellulose pellicle 

Laboratory based 
experimentation 

Analyse the reproducibility 
of multiple bacterial 

cellulose pellicles 
inoculated in a public space 

Laboratory based 
experimentation 

‘Citizen science’ – mass 
experimentation in a public 

space 

An evaluation of the current uses of 
bacterial cellulose and its performance 

properties when considered as a 
material for use in the textile industry 

Investigate and critically 
review current applications 

of bacterial cellulose 
Literature review 

Evaluate the properties of 
the pellicle using textile 

testing methods to 
synthesise potential uses of 

bacterial cellulose as a 
sustainable textile 

Laboratory based 
experimentation 

Critically analyse selected 
properties of bacterial 
cellulose in a practical 

application using lab-based 
methods 

Literature review 

Laboratory based 
experimentation 

 

 

However, whilst a pragmatic approach offers methodological flexibility and an ability to 

integrate a variety of perspectives, there are drawbacks to consider by taking this stance. 

The main drawback is that of data reliability, consistency and comparability between 
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modes of measurement (lab-based vs citizen science). The influence of environmental 

and procedural variability cannot be ignored, and this is considered throughout the 

thesis when evaluating data collected via the various methods presented. 

 

 
  



 25 

Part One 

Chapter 3:  Bacterial Cellulose and its Production 

 
3.1 Introduction 

This chapter provides an overview of the molecular structure of bacterial cellulose and 

relevant techniques currently used in its production. Two types of starter culture are 

considered: a pure bacterial culture and a Kombucha SCOBY. The conditions to support 

these two inocula in the production of bacterial cellulose pellicles are evaluated via a 

survey of current literature and laboratory-based experiments. ‘Optimal’ growth 

conditions of BC pellicles will be defined to produce bacterial cellulose pellicles for 

further exploration. 

 

3.1.1 The Cellulose Polymer 

In 1838 Anselme Payan discovered a fibrous component in plant material, naming it 

cellulose (Dima et al., 2017). However, the basic formula of the cellulose polymer, 

(C6H10O5)n, (Figure 1), was not established until 1913 by Willstatter and Zechmeister 

(Kalia et al., 2011). It was later discovered that cellulose is also present in the cell walls 

of algae and some fungi, whilst some bacteria can secrete cellulose as a by-product of 

their own metabolic processes (Dufresne, 2012). 
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Figure 1  Basic Molecular Structural Unit of Cellulose. 

 

The hydroxyl groups in the structure are a key feature of cellulose. The ability of these 

groups to form both inter- and intra- chain hydrogen bonds enable highly crystalline 

structures to be created (Dufresne, 2012). However, the levels of crystallinity can vary 

depending on the packing of the polymeric chains and therefore the numbers of 

hydrogen bonds, resulting in the existence of cellulose in different polymorphs, known 

as cellulose I, II, III and IV. Table 1 illustrates how these polymorphs are related and 

converted. Cellulose II is the focus of this study. 

 

3.1.2 Microfibrillar Structure 

In addition to the occurrence of the inter- and intra- hydrogen bonds, van der Waals 

bonds have also been observed between the layers of cellulosic chains (Schenzel and 

Fischer, 2001). This leads to highly ordered, crystalline regions and the arrangement of 

chains parallel to each other, forming structures referred to as ‘microfibrils’ (Dufresne, 

2012). Yamanaka et al. (2000) state that these microfibrils vary in dimension and 

crystallinity according to the origin of the cellulose, but Nishiyama (2010) observed that 

any crystallinity is diminished if there are twists in the microfibrillar structure.   
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Table 3.  Inter Relationships of Cellulose Polymorphs.  

Adapted from Dufresne (2012) and Ashjaran et al. (2013) 

 

Polymorphs Comments 

Cellulose I 

α Found in cell walls of structures such as algae and bacteria. 

β Found in cell walls of more complex structures such as plants 
and trees. 

Cellulose II 

Created from the treatment of Cellulose I with NaOH, or from 
the dissolution of Cellulose I in a solvent to create 
regenerated fibre such as viscose. Also formed by bacteria 
such as Gluconacetobacter xylinus. 

Cellulose III 

i Created by the treatment of cellulose I α with an amine. The 
least crystalline of all the cellulose structures. 

ii Created by the treatment of cellulose I β with an amine. The 
least crystalline of all the cellulose structures. 

Cellulose IV 

Produced by the treatment of Cellulose III in high temperature 
glycerol. 

 Considered a ‘disordered’ / less crystalline version of 
Cellulose I 

 

 

3.1.3 Bacterial Cellulose 

‘Bacterial (or microbial / nano-) cellulose is a form of cellulose that is produced by 

bacteria’ (Dufresne, 2012: 24). It is a product of a microbial metabolic process and can 

be thought of as a generated protective layer for that microbe because it has reported 

protective properties against ultraviolet light, and promotes retention of moisture 

(Williams and Cannon, 1989). It is generated as micro- (or nano-) fibrils via pores on the 

surface of the microbial cell, generally at the interface of liquid and air (Brown et al., 

1976). Glucose molecules are polymerized, and several polymer chains are held 

together via hydrogen and van der Waals bonds to form the nano-fibrils (Iguchi et al., 
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2000) forming a dense 3D network (Dufresne, 2012; Dima et al., 2017). This network is 

formed as a mat, or pellicle, generally on the surface of the liquid in which the microbes 

are active. 

There have been many studies investigating the production of bacterial cellulose (BC), 

ranging from highly controlled laboratory-based conditions (Schramm and Hestrin, 

1954b; Yamanaka and Sugiyama, 2000) to those using artisanal techniques (Chakravorty 

et al., 2016; Domskiene et al., 2019). This thesis will explore both approaches. 

 

3.2 Production of Bacterial Cellulose from a Single Strain Inoculum 

3.2.1 Single strain inocula 

Whilst several genera of bacteria can produce bacterial cellulose (BC), it is the 

Acetobacteraceae family that is the most prolific (Table 2). More specifically, the 

Komagataeibacter xylinus (reclassified from Acetobacter xylinus and 

Gluconacetobacter xylinus) species have been identified as the most abundant producer 

(Chen and Liu, 2000; Dutta and Gachhui, 2006; Abaci et al., 2022).  Studies agree that a 

liquid medium, an oxygen supply, and a carbon source provide ideal conditions for the 

bacteria to create the BC microfibrillar mat (Schramm et al., 1957; Iguchi et al., 2000; 

Yamanaka and Sugiyama, 2000; Krystynowicz et al., 2002; Dufresne, 2012; Lin et al., 

2013a). Further studies suggest that the presence of a nitrogen source promotes more 

vigorous BC production and thus nitrogen sources such as yeast extract and peptone are 

also added to growth media to improve BC pellicle yield (Mohammadkazemi et al., 2015; 
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Yim et al., 2017). The types of growth media commonly used to support BC development 

with a single strain inoculum will now be discussed. 

 

 

Table 4.  An Overview of Microbial Species Producing Bacterial Cellulose. 

 

Genus / Species Source 

Acetobacter / Gluconacetobacter / 
Komagaeibacter xylinus 

Cakar et al. (2014), Fijalkowski et al., (2016), Hestrin and 
Schramm (1954), Sherif and Sameshima (2005), Kongruang 

(2008) 

Gluconacetobacter swingsii Castro et al. (2011) 

Gluconacetobacter acetii Dayal et al. (2013) 

Gluconacetobacter hansenii Ha et al. (2008) 

Gluconacetobacter oboediens Jahan et al. (2012) 

Gluconacetobacter pasteurianus Kumar et al. (2009) 

Enterobacter sp. Hungund and Gupta (2010) 

Escherichia coli Liu and Catchmark (2019) 

Rhodococcus sp. Tanskul et al. (2013) 

Lactobacillius hilgardii Khan et al. (2020) 

 

 

3.2.2 Lab manufactured media 

In microbiological studies, convention dictates the use of ‘defined’ media, which are 

prepared from highly purified ingredients of known concentrations. Using defined media, 

alongside distilled water to create an aqueous solution (also referred to as liquid 

medium, or broth), which is then sterilized, enables the exact content of the medium to 

be known and thus homogenous conditions created. These types of media are often 
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used to support the growth of microorganisms and usually contain a carbon energy 

source (e.g. glucose), an inorganic nitrogen source (amino acids) and other growth 

nutrients (e.g. vitamins, purified amino acids) (Chauhan and Jindal, 2020). 

To encourage maximum BC yield, several studies have proposed various laboratory 

manufactured broth formulations with glucose and sucrose favoured as carbon sources, 

the addition of polypeptides (peptone / tryptone) and yeast extract as nitrogen based 

nutrient sources (Table 5) (Schramm and Hestrin, 1954a; Krystynowicz et al., 2002; Yim 

et al., 2017). However, the use of yeast extract as a nitrogen source automatically 

renders the growth broth as complex (i.e. undefined). Yeast extract is a mixture of 

hydrolysed yeast cells and therefore the exact chemical composition can be variable. 

Additionally, some broths are created with the addition of acid to lower the pH as it has 

been suggested acetobacter species favour acidic conditions (Schramm and Hestrin, 

1954a). Good yields of BC have been achieved without artificially lowering the pH of the 

broth (Fijałkowski et al., 2016); acetobacter species generate acetic acid as part of their 

growing process and therefore naturally lower the pH of the growing broth medium over 

time. 

The literature has demonstrated that across different methodological approaches, the 

yields of BC were variable, as were the way in which they were reported. For example, 

Shezad et al. (2009) reported a wet pellicle yield of 245.4 g/l, whilst Karahan et al. (2011) 

reported a dry yield of 2.0 g/l. Additionally, some studies reported yields as a percentage 

of the weight of BC pellicle produced by volume of liquid medium (w/v %). The w/v % 

method allows comparison of BC pellicle production regardless of size of growth vessel 
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volume of liquid medium and therefore is adopted throughout this thesis as a means of 

BC pellicle production analysis and comparison. 
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Table 5.  Laboratory Manufactured Growth Media for Bacterial Cellulose Production: Variation in Experimental Conditions. 

Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 

Reported 
Yield 

(g/l) 

Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Singh et.al. 
(2016) 

2% glucose, 

0.5% yeast 
extract, 0.5% 

peptone, 0.27% 
disodium 

phosphate, 

0.15% citric acid 

 

10% (v/v) 

Gluconacetobacter 
xylinus MTCC7795 

variable 30 

 

2 % NaOH for 90 
min @ 100 °C 

3 times rinse 
with H2O 

 

80 °C 

12 hours 
77.0 

Shaker 
incubator 
(agitated) 

Vazquez et.al. 
(2013) 

Gluconacetobacter 
xylinus NRRL B-42 14 28 

2 % NaOH for 90 
min @ 100 °C 

3 times rinse 
with H2O 

37 °C until 
constant 

weight 
ns Static 

Karahan et al. 
(2011) 

Gluconacetobacter 
xylinus NRRL B-759 7 28 

0.1 M NaOH for 
20 min @ 80 °C 

3 times rinse 
with H2O 

80 °C 

8 hours 
2.0 Static 

Setyawati et al. 
(2007) 

Acetobacter xylinum 
BCRC12334 7 30 

1 M NaOH for 20 
min @ 95 °C  

Rinse with H2O 

70 °C 

2 hours 
ns Static and 

agitated 
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Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 

Reported 
Yield 

(g/l) 

Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Wei et al. 
(2011) 

2.5% mannitol, 
0.3% tryptone, 

0.5% yeast 
extract 

Acetobacter xylinum 
(strain 1.128) 30 30 

1.0 % NaOH for 
2 hours @ 100 °C 

Washed in 
distilled H2O 

Freeze dried ns Static 

Tang et. al. 
(2010) 

2.5% glucose, 
1.0% yeast 

extract, 0.75% 
peptone, 1% 

disodium 
phosphate, 1% 

acetic acid 

Gluconacetobacter 
xylinus 5 30 

0.1 M NaOH for 
30 min, rinsed in 

H2O 

80 oC 

(no time 
stated) 

6.2 Static 

Shezad et.al. 
(2009) 

1.0% glucose, 
1.0% yeast 

extract, 0.7% 
peptone, 0.15% 

acetic acid, 
0.02% succinate 

Gluconacetobacter 
hansenii PJK (KCTC 

10505BP) 

 

30 30 

0.3 M NaOH @ 
100 °C for 20 

min. Repeated 
and rinse with 

H2O 

60 oC 

until constant 
weight 

245.4 (wet) Static 

Schramm & 
Hestrin (1954a) 

2.0% glucose, 

0.5% 
bactopeptone,  

Acetobacter xylinum variable 30 Distilled water 
for 90 min 

80 oC 

in vacuo until 
constant 

weight 

42.0 Static 
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Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 

Reported 
Yield 

(g/l) 

Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Fijalkowski et. 
al. (2016) 

 

0.5% yeast 
extract 

Gluconacetobacter 
xylinus ATCC53524, 

Gluconacetobacter 
xylinus DSM46602, 

Gluconacetobacter 
xylinus DSM46604 

31 28 

0.1 M NaOH for 
30 min @ 80 °C   

3 times rinse 
with H2O 

60 oC 

12 hours 
5.5 Static 

Yamanaka et 
al. (2000) 

5% sucrose 

0.5% amino acid 
compound, 

0.3% potassium 
phosphate, 

0.24% 
magnesium 

sulphate, 0.1% 
ammonium 

sulphate 

Acetobacter aceti 
(AJ12368) 

 
30 25 

Rinse with H2O 
for one day. 

Immerse in 5% 
NaOH for15 

hours 

Rinse with H2O 
for three days. 

 

Desiccator @ 
ambient temp 

for 1 day 
ns Static 
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Schramm and Hestrin (1954b) are widely considered the pioneers of bacterial cellulose 

studies, with many researchers referring to their work as a starting point for future 

investigations (Setyawati et al., 2007; Karahan et al., 2011; Singh et al., 2016). Schramm 

and Hestrin’s initial examinations of growth medium formulations led to the 

development of a standard uniform broth, known commonly as Hestrin-Schramm (H&S), 

comprising glucose (as the carbon source), bactopeptone and yeast extract (as nitrogen 

sources) (Schramm et al., 1957). However, Kongruang (2008) criticised this complex 

medium as needing many ingredients and being expensive in comparison to others, 

suggesting that media such as naturally occurring fruit juices may be suitable to support 

BC pellicle development.  

 

3.2.3 Alternative media 

Liquid medium, oxygen supply and carbon source are required to support BC pellicle 

development, with additional nitrogen promoting yield (Schramm et al., 1957; Iguchi et 

al., 2000; Yamanaka and Sugiyama, 2000; Krystynowicz et al., 2002; Dufresne, 2012; Lin 

et al., 2013a). As such, this has led researchers to investigate alternative media to those 

manufactured in a laboratory to support growth.  

Food wastes have been explored as inexpensive alternatives to expensive laboratory 

formulations (Table 6). Foodstuffs such as coconut juice (Kongruang, 2008), beer 

(Shezad et al., 2009) and pear juice (Kurosumi et al., 2009) have been evaluated with 

varying degrees of success in terms of pellicle yield. Media based on food extracts (not 

necessarily waste) have also been assessed, such as beets (molasses, sugar syrup), 

corn (starch, glucose syrup), cactus pear juice (Ayed and Hamdi, 2015), pineapple juice 
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(Neera et al., 2015) and potatoes (Kongruang, 2008). Reported yields vary from 750 g/l 

wet pellicle (Shezad et al., 2009) to 1.56 g/l dry pellicle weight (Zeng et al., 2011). Green 

and black tea (Teoh et al., 2004) have also been investigated as potential liquid media to 

support bacterial growth and cellulose development, with pure strain types as a starter 

culture. Whilst tea can be considered a source of nitrogen and therefore a promoter of 

BC growth (Yim et al., 2017), it is widely accepted that, in some cases, tea has an 

antibacterial effect, due to polyphenol content (Antolak et al., 2021). Nguyen et al. (2008) 

suggest that too high a concentration of tea (and therefore polyphenols) could inhibit 

growth of some bacterial strains, therefore limiting bacterial cellulose yield. 
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Table 6.  Food Waste Growth Media for Bacterial Cellulose Production: Variations in Experimental Conditions. 

Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 
Reported Yield 

(g/l) 
Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Rajwade et al. 
(2015) 

Pineapple / 
Watermelon with 

55 mL sucrose 
and 0.7% 

ammonium 
sulphate 

Komagataeibacter 
hanseii (ATCC 23770) 7 Room 

temp ns ns 
Pineapple 12.5 

Watermelon 
10.0 

static 

Kongruang et 
al. (2008) 

Coconut juice, 1 
% yeast extract, 

14mL of 9 5% 
ethanol 

Gluconacetobacter 
xylinus (TISTR 998) 6 30 

1 % NaOH @ 90 
°C for 30 min 

2 x rinse with 
distilled water 

ns 553.33 (wet) Static 

Ha et al. 
(2008) 

Waste from beer 
culture broth 

1 % glucose 

Gluconacetobacter 
hansenii PJK (KCTC 

10505BP) 
5 30 

0.3 M NaOH @  

100 °C for 5min. 

Rinse with water 
until neutral pH 

Freeze dry 
@ -50 °C 4.52 Static 

Shezad et al. 
(2009) 

Waste from beer 
culture broth 

1 % glucose 

Gluconacetobacter 
hansenii PJK (KCTC 

10505BP) 
30 30 

0.3 M NaOH @ 
100 °C for 20 min. 

Rinse with 
distilled water 

ns 750 (wet) Static 
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Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 
Reported Yield 

(g/l) 
Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Kurosumi et 
al. (2009) 

Orange / Apple / 
Pineapple / Grape 

/ Japanese pear 
juice, 2.0 % 

peptone, 0.5 % 
yeast extract 

0.12% citric acid 

Gluconacetobacter 
xylinus (NBRC 13693) ns ns 

Alternate rinses 
with water, 2 % 

NaOH solution, 2 
% acetic acid 

solution 

80 °C until 
constant 

weight 
5.9 

H&S broth 
added to 
fruit juice 

Rani & Appiah 
(2013) 

Coffee cherry 
husk 

Gluconacetobacter 
hansenii UAC09 ns ns 

1 M NaOH for 1 
day at room temp. 

Rinse with water 
until neutral pH 

60 °C 
between 

filter papers 
until 

constant 
weight 

5.6 Static 

Zeng et al. 
(2011) 

Maple syrup 

20 g fructose 

20 g yeast extract 

1 g ammonium 
sulphate 

0.122 g 
magnesium 

sulphate 

Gluconacetobacter 
xylinus BPR 2001 (ATCC 

700178) 
ns 28 

15 mL 1%w/v 
NaOH @ 90 °C for 

30 min. 

Rinse with 
distilled water 

60 °C for 24 
hours 1.56 Agitated 
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Authors 
Liquid medium 

constituents 
Inoculum 

Incubation 
conditions 

Drying conditions 
Reported Yield 

(g/l) 
Comments 

   Days 
Temp 

(oC) 
Rinse Dry   

Jahan et al. 
(2012) 

Rotten vegetables 
& fruits (apple, 

pineapple, 
orange, lime, 

pomegranate, 
carrot, cabbage, 
tomato, spinach) 

Gluconacetobacter sp. 
F6 7 30 

1.0 M NaOH @  

80 °C for 20 min. 

Neutralise with 
5% acetic acid 

solution. 

2 x rinse with 
water 

Ambient 
temperature 

until 
constant 

weight 

4.5 Static 

Nguyen et al. 
(2008) 

Whey, sucrose, 
black tea 

Komagataeibacter 
xylinus 

15 

 
30 

0.5 % NaOH for 60 
min. 

Rinse with 
distilled water 

until neutral pH. 

Freeze dried 
at -110 °C 
for 24 hr 

12.59 g/l 

(dry) 

Static Whey, apple, 
brewed spent 
grain extract, 

sucrose, black tea 

12.81 g/l 

(dry) 

Castro et al. 
(2011) 

Pineapple peel 
juice and sugar 

cane juice 

Gluconacetobacter 
swingsii 13 28 ns ns 2.8 Static 

Song et.al. 
(2009) 

Saccharified food 
waste 

Gluconacetobacter 
xylinus (KJ1) 

3 30 ns ns 5.6 Agitated 
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3.2.4 Temperature and Time Effects 

There is no consensus on the optimal temperature required to facilitate efficient BC 

pellicle production. In experiments using either laboratory - manufactured formulations 

or food waste to support pellicle growth (Table 5, Table 6), temperatures of between 25 – 

30 °C were used. Only the Yamanaka et al. (2000) study used the lower temperature of 

25 °C; the majority used 28 – 30 °C as an incubation temperature. 

Views on the optimal incubation time for pellicle development are diverse. Lengths of 

between 7 – 30 days are reported for laboratory media, whilst pellicle development is 

seen at an average of 14 days in food - derived media (Table 5, Table 6). 

Inconsistencies in previous research make it impossible to determine optimal time and 

temperature for cellulosic pellicle growth based on a search of literature alone.  It is 

therefore imperative that these two variables are explored in more detail, via laboratory-

based trials, to establish the optimal conditions required to efficiently develop pellicles 

that are suitable for further evaluation as a textile. 

 

3.2.5 Static vs Agitated Incubation 

The formation of the pellicle yields can depend on the method of incubation. Under static 

conditions, the BC begins to form as a solid pellicle on the surface of the supporting 

media. Under agitated conditions, the BC forms as smaller pellets within the growth 

medium (Schramm et al., 1957), affecting the potential applications. In the food industry, 

where BC is used as an additive, smaller pellets are desirable. However, in the medical 

or textile industries where films of bacterial cellulose are more useful (for example, in the 

treatment of burns), a static method of manufacture is more desirable (Lin et al., 2013a). 
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Static methods were therefore chosen for study in this thesis because a flat film is more 

comparable to traditional sheet – like textile materials. 

 

3.2.6 Summary 

• A detailed review of the literature revealed several factors that influence the 

development and yield of a BC pellicle: liquid media, culture type, aerobic 

conditions, incubation time and temperature. 

• Media to support pellicle growth fell broadly into two categories: laboratory - 

prepared and those media relating to liquid foodstuffs. Liquid foodstuffs appear 

to support the greatest yield by weight of BC pellicle. 

• Whilst the literature agrees that optimal incubation temperatures are in the range 

of 28 – 30 °C, there is debate around optimal incubation times for BC growth, with 

times ranging from 3 to 31 days. 

• Due to the vague and often incomplete information, it is not possible to determine 

the best conditions in which to grow BC pellicles to achieve the greatest and most 

consistently reproducible yield by literature review alone. Therefore, a necessary 

first step for this study is to establish the most effective conditions in which to 

develop BC pellicles to conduct further investigations. 
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3.3 Production of Bacterial Cellulose from a Kombucha SCOBY Inoculum 

3.3.1 The History of Kombucha Fermentation 

Kombucha, also traditionally known as Haipao, Kargasok Tea, Tea Fungus, and 

Manchurian Mushroom (Kurtzman et al., 2001; Ovcharenko, 2013), has been used in the 

fermentation of drinks dating back several thousand years. Evidence shows that the 

practice originated in the East and the fermented tea drink is purported to have 

detoxifying and energising properties (Četojević-Simin et al., 2012; Jayabalan et al., 

2014). In modern society such perceived health benefits to drinks are increasingly 

popular and the Kombucha tea fungus has been used for fermentation in various 

formulations (Malbaša et al., 2011) such as milk (Kruk et al., 2021) and coffee (Bueno et 

al., 2021). However, tea remains the most popular medium for the fermentation and 

consumption of Kombucha. Whilst green tea is widely used in health drink preparation 

with studies documenting high bacterial activity in this broth (Nguyen et al., 2008), other 

studies disagree, reporting black tea to be the ‘finest’ substrate to support bacterial 

growth (Jayabalan et al., 2014). There is still much ongoing research investigating the 

benefits of the biological activity of Kombucha, which claims health benefits such as 

anti-ageing, anti-hypersensitivity, and anti-hypertensive activity (Abaci et al., 2022). 

 

3.3.2 Kombucha Fermentation Conditions 

The drink is prepared by placing the tea fungus inoculum (also referred to in literature as 

the starter / mother culture / pellicle / biofilm) into a tea broth, which can be prepared in 

various ways, but most commonly by steeping tea bags in a quantity of hot water for 10 

minutes. The tea bags are removed, and the liquid allowed to cool before the inoculum 
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and sugar are added. The mixture is allowed to ferment over a period of days at room 

temperature. The type of tea, amount of sugar and fermentation time varies. The 

resultant drink is reported to have a ‘pleasantly fruity sour-like sparkling flavour’ 

(Jayabalan et al., 2014: 539). 

During the fermentation process, the starter / mother culture / pellicle inoculum sinks to 

the bottom of the tea broth, whilst a new culture, often referred to as the ‘daughter’ 

culture, forms on the surface of the liquid tea (Jayabalan et al., 2014). After a period of 

fermentation, the daughter culture has developed to such a degree that it is similar in 

size and appearance to that of the mother. Both the mother and daughter cultures can 

then be removed and used as starter cultures for fresh fermentations, albeit some 

methods recommend using a small amount (1% w/v) of the original tea broth alongside 

the solid cultures (Jarrell et al., 2000; Jayabalan et al., 2014). 

The practice described above is in reference to ‘home’ brewing of a Kombucha based 

drink. Commercially, Kombucha is available to buy as a bottled drink in various liquids 

such as lemonade and passionfruit. However, in these cases, the liquid drink has been 

sterilized prior to bottling rendering the potential of further fermentation redundant.  

There have been many studies which attempt to assess the optimal conditions for 

Kombucha fermentation. Some researchers consider that temperature is critical in the 

fermentation of the tea (Petrovic et al., 1995). However, others consider it is the length of 

the fermentation cycle that has the largest impact on bacterial activity (Battikh et al., 

2013). Antolak et al (2021) further suggest that variances in the composition of the starter 

cultures or pellicles also influence the optimal conditions for fermentation.  Table 7 
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provides an overview of conditions used in various studies to ferment Kombucha tea for 

analysis. 
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Table 7.  Kombucha Tea Fermentation Conditions. 

Authors Liquid Medium Carbon 
Source Inoculum Incubation conditions 

   
Kombucha Pellicle  

(wet w/v %) 
Kombucha broth Days Temperature 

(°C) 

Ayed & Hamdi 
(2015) 

4.8 g Russian black tea in 400 mL 
boiling water, steeped for 5min 

40 g 
saccharose 

0.03 10 % tea 15 30 

Battikh et al. 
(2013) 

10 g Les jardins green tea in 1000 
mL boiling water steeped for 15 min 

20 g sucrose 0.1 - 21 not stated 

Chen & Liu 
(2000) 

2 bags black Lipton tea in 1000 mL 
boiling water, steeped for 5 min 

100 g sucrose 0.2 2.5 % tea 14 24 +/- 3 

Cetojevic-Simin 
et al. (2012) 

5 g lemon balm leaves in 1000 mL 
boiling water, steeped for 15 min 

70 g sucrose ns 10 % lemon balm variable 28 

Jarrell et al. 
(2000) 

3 bags black Lipton tea in 1000 mL 
boiling water, steeped for 5 min 

62 g sucrose 0.075 20 % tea 7 28 

Marsh et al. 
(2014) 

0.49 % Barrys original blend black 
tea in 2000 mL boiling water, 

steeped for 15 min 
10 % sucrose 

whole pellicle (size 
not stated) 

10 % tea 10 23 

Teoh et al. 
(2004) 

5.4 g black Lipton tea in 1000 mL 
boiling water, steeped for 15 min 

100 g white 
sugar 

whole pellicle (size 
not stated) 

- 14 22 

Wang et al. 
(2013) 

5.0 g Yunnan Dianhong black tea in 
1000 mL boiling water, steeped for 

15 min 
100 g glucose ns 20 % tea 8 30 
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3.3.3 Kombucha Pellicle Composition  

As discussed in section 1.4, a Kombucha tea fungus, or pellicle, can be considered a 

consortium of yeasts and bacteria (Jarrell et al., 2000; Teoh et al., 2004; Reva et al., 2015), 

leading to it often being referred to as a SCOBY (Symbiotic Community of Bacteria and 

Yeasts). The exact composition of the pellicle is determined by the geographic and 

climatic conditions of cultivation (Jarrell et al., 2000; Antolak et al., 2021; Abaci et al., 

2022), but it is suggested that a Kombucha pellicle consists of a ‘core’ consortium of 

bacteria and yeasts (Reva et al., 2015) which always possess cellulose–forming 

properties (Teoh et al., 2004). Furthermore, it is thought that additional geographically 

local bacteria and yeasts can affect the growth behaviour of the overall pellicle 

community, typically enhancing the ability of the active bacteria to produce a Kombucha 

‘daughter’ pellicle (Reva et al., 2015). Studies have attempted to evaluate the 

composition of the Kombucha cultures (Abaci et al., 2022), both in the tea liquid and in 

the mother / daughter solid tea fungus using genetic sequencing analysis techniques 

(Marsh et al., 2014; Reva et al., 2015; Chakravorty et al., 2016). 

The physical structure of the Kombucha pellicle is a mat of intermeshed bacterial 

cellulose microfibrils, created by acetic acid bacterial species present (Iguchi et al., 

2000; Marsh et al., 2014; Antolak et al., 2021), to which other bacterial cells and yeasts 

are attached (Budhiono et al., 1999; Jayabalan et al., 2014). The composition of the 

Kombucha SCOBY has therefore led to exploration of this being used as a starter to 

produce BC sheets, as illustrated in Table 8. 
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Table 8.  Conditions Used to Cultivate Kombucha Pellicle as a BC Mat. 

Authors Liquid Medium 
Carbon 
Source 

Inoculum 
Incubation 

time 
(days) 

Temperature Reported Yield 

   

Kombucha 
Pellicle 

(wet w/v%) 

Kombucha 
broth    

Domskiene et 
al. (2019) 

1 L water, 4 g green tea, 
100 mL 6 % yeast extract 

100 g sucrose Weight not stated - 7 20 – 24 °C ns 

Yim et al. (2017) 

Green / Black / Rooibos / 
Corn silk tea (0.3 % w/v), 

 

Sucrose / 
fructose / 

corn syrup (5 
% w/v) 

1 % w/v 5 % v/v 12  26 °C 
0.8 – 9.3 % w/v 

Dried for 24 hr @ 25 °C 

Priyadharshini 
et al. (2022) 

Black & Green tea 18 g/l 105 g/l 18 g/l 89 g/l 13.5 27 55 g/l (wet) 

Tran et al. 
(2021) 

Black tea 1 % w/v 60 g /l - 12 % v/v 14 26 °C 

9.3 – 11.2 g (dry) 

178.7 – 462.9 g/l (wet) 
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3.3.4 Bacteria Species Present in Tea and Pellicle 

Several studies have described the bacterial composition of both the Kombucha pellicle 

and the tea medium in which it ferments (Table 7, Table 9). The most frequently observed 

genus is Acetobacter (reclassified as Gluconacetobacter or Komagataeibacter) (Chen and 

Liu, 2000; Dufresne and Farnworth, 2000; Jarrell et al., 2000; Dutta and Gachhui, 2006; Abaci 

et al., 2022), with Lactobacillius often identified (Diez-Ozaeta and Astiazaran, 2022; Mas et 

al., 2022). 

 

3.3.5 Yeast Species Present in Tea and Pellicle  

Researchers have attempted to identify all yeast species found in the Kombucha brewing 

cycle. Generally, the yeast populations are found to be varied from sample to 

sample  (Marsh et al., 2014), with species such as Zygosaccharomyces, Torulaspora, 

Saccharomyces and Pichia Brettanomyces being discovered   (Jayabalan et al., 2014; Marsh 

et al., 2014; Reva et al., 2015) (Table 9). It is thought that the desirable yeast characteristics 

required to promote efficient fermentation are those displaying high levels of 

osmotolerance, acid tolerance and the production of alcohol from the conversion of 

sucrose, such as Schizosaccharomyces pombe and Brettanomyces bruxellensis (Marsh et 

al., 2014; Teoh et al., 2004).  The production of alcohol (specifically ethanol) from sugars by 

yeasts present in the Kombucha SCOBY community is considered key to support the activity 

of the bacterial species responsible for the production of BC (Harrison and Curtin, 2021).   
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Table 9.  Bacteria Commonly Isolated from Kombucha Tea Liquid and Pellicle 
Samples. 

 

Bacteria Source 

Acetobacter xylinum Chen and Liu (2000), Jarrell et al. (2000), Wang and Baoping 
(2013) 

Acetobacter xylinoides Wang and Baoping (2013) 

Gluconacetobacter Jarrell et al. (2000), Ovcharenko (2013), Marsh et al. (2014), 

Lactobacillius Reva et al. (2015) 

Komagataeibacter Kombuchae Dutta and Gachui (2006) 

Gluconacetobacter sacchari Trovatti et al. (2011) 

Acetobacter aceti Abaci et al. (2022) 

Acetobacter nitrogenificans Dutta and Gachui (2006) 

Acetobacter pasteurianus Chen and Liu (2000), Wang and Baoping (2013) 

Acetobacter liquefaciens Wang and Baoping (2013) 
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Table 10. Yeast Commonly Isolated from Kombucha Tea Liquid and Pellicle Samples. 

 

Yeast Source 

Schizosaccharomyces pombe Chen and Liu (2000), Jarrell et al. (2000), Wang and Baoping 
(2013) 

Saccharomyces ludwigii Chen and Liu (2000), Jarrell et al. (2000), Wang and Baoping 
(2013) 

Saccharomyces inconspicus Wang and Baoping (2013) 

Saccharomyces cerevisiae Wang and Baoping (2013) 

Pichia sp. Chen and Liu (2000), Jarrell et al. (2000), Marsh et al. (2014), 
Reva et al. (2015) 

Torula sp. Jarrell et al. (2000), Teoh et al. (2004), 

Brettanomyces bruxellensis Teoh et al. (2004), Reva et al. (2015) 

Zygosaccharomyces sp. Chen and Liu (2000), Marsh et al. (2014) 

Candida tropicalis Wang and Baoping (2013) 

Candida stellate Chen and Liu (2000), Teoh et al. (2004), Wang and Baoping 
(2013) 

 

 

3.4 Production Of Bacterial Cellulose: Establishing Optimal Growth Conditions  

The next stage of this thesis is a practical investigation of experimental variables found in 

literature to identify the most effective method of reproducibly generating BC pellicles and 

specify these conditions for further exploration. 

The detailed review of existing literature revealed that several factors influence the yield of 

BC pellicles. Different types of inocula produced a comparable range of yields of dry pellicle; 

0.8 – 11.2 g/l (0.08 – 1.12 w/v %) for Kombucha and 1.56 – 12.81 g ( 0.16 – 1.28 w/v %) for pure 
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strain culture (Table 5, Table 6, Table 6). It is worth noting that these yields consider the 

pellicle mass as a whole and do not consider the absolute mass (or proportion) of bacterial 

cellulose microfibrils within the structure. For the purposes of this study, this is not a 

concern because the application of the whole pellicle is being considered, not that of the 

pure bacterial cellulose. 

The literature search did not reveal a ‘recommended’ method for pellicle development from 

either inoculum (whether single strain or Kombucha SCOBY) but because both gave very 

similar yield range results, preliminary work was based on a Kombucha SCOBY inoculum 

due to ease of access, maintenance, and use. The methods and findings discussed in this 

section are part of a wider peer - reviewed study (Wood et al., 2022) (appendix 1). 

Existing literature suggested that various factors, aside from inoculum type, could impact 

pellicle development such as aerobic conditions, incubation time, temperature, and culture 

media. To establish optimal growing conditions to further this study, these factors were 

considered in more detail. 

 

3.4.1 Growth Media 

Literature describing media that supported the growth of BC fell into two categories; 

methods using liquid foodstuffs or food waste (Table 4) and those using laboratory prepared 

‘standard’ media (Table 3).  

Liquid foodstuffs often supported the development of a BC pellicle most effectively (Table 

6) and thus three food - based liquids were chosen for preliminary study. 
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• Coconut water due to its ‘natural’ origin (Vitacoco, 2020), 

• Beer contains yeast extract. It is suggested that enhanced yeast extract content 

helps support pellicle development as it is considered a source of nitrogen (Ha et al., 

2008), 

• Sweetened black tea is extensively documented as a medium in which to brew 

Kombucha (and therefore support pellicle development) (Jayabalan et al., 2014). 

As a comparison to these, a medium prepared in a laboratory was also used in preliminary 

explorations, to support the development of BC pellicles (Table 3). The two ‘standard’ 

complex media, referred to most frequently in literature are Hestrin and Schramm (H&S) 

(Schramm et al., 1957) and Yamanaka (Iguchi et al., 2000). However, as discussed in section 

3.2.2 , there is no agreement in the current literature as to which is superior in terms of BC 

yield. Hestrin and Schramm medium was chosen for this study because it was the most 

frequently referred to in the literature reviewed. 

 

3.4.2 Incubation Time 

There is some disagreement in the literature with suggestions of ‘optimal’ incubation times, 

ranging between 3 (Song et al., 2009) and 31 days (Fijałkowski et al., 2016) (Table 5). 

However, the greatest pellicle yields (expressed by either wet or dry weight) were reported 

at >20 days incubation (Schramm and Hestrin, 1954a ; Shezad et al., 2009).  Thus, for this 

thesis, pellicles were sampled at 27-, 34- and 42-days incubation (in accordance with 

laboratory access) and the wet and dry yields compared.  
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3.4.3 Incubation Temperature 

Previous studies indicated that temperatures of between 25 °C and 30 °C had been 

investigated for the effects on BC yield. As most studies (Kongruang, 2008; Ha et al., 2008; 

Nguyen et al., 2008; Shezad et al., 2009; Song et al., 2009; Jahan et al., 2012) used 30 °C and 

this was readily available as a walk-in incubator in the laboratory, this temperature was 

chosen for the study. 

 

3.4.4 Sterile vs Nonsterile Media 

The literature encompasses both sterile and non-sterile conditions (Schramm and Hestrin, 

1954a; Yamanaka and Sugiyama, 2000) for the development of pellicles. For preliminary 

work, the effect on pellicle development and yield in both sterile and non-sterile conditions 

was evaluated.  

 

3.4.5 Aerobic Conditions 

It is well documented that the bacteria responsible for the production of BC are aerobic; that 

is, they need oxygen for survival (Schramm and Hestrin, 1954a; Chao et al., 2000; Dufresne, 

2012; Gullo et al., 2014; Zheng et al., 2018; Aswini et al., 2020). As this is an already proven 

requirement for BC forming bacteria, this condition was not explored, and all experiments 

described in this thesis were conducted under aerobic conditions.  
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3.5 Experimental Details 

3.5.1 Inoculum Preparation 

A commercially available 200 g Kombucha pellicle in 100 mL of green tea was purchased 

from a web-based company Happy Kombucha (2022) producers of Kombucha starter 

culture for the brewing of tea as a health drink. This supplier was chosen as previous 

Kombucha SCOBY had been purchased from here and used successfully to create further 

Kombucha pellicles. However, it should be noted that literature states there is potential for 

variation between sources of Kombucha SCOBY depending on storage and fermentation 

conditions and geographical location (Jarrell et al., 2000; Marsh et al., 2014). 

This pellicle was stored in its original tea broth, in ambient conditions as advised by the 

supplier (room temperature 22 °C + / - 2 °C, on a bench top). The exact composition of this 

tea broth was not known; however, it was assumed to have a base of green tea (according 

to the supplier’s website). To provide a standardised inoculum, 100 g of the starter culture 

pellicle was placed in a sterile pot containing 250 mL Hestrin and Schramm (H&S) medium. 

A lid was loosely placed on the pot. This pot was stored in an incubator (30 °C) for 15 days to 

enable the production of fresh inoculum.  After 15 days, any solid biofilm (pellicle) was 

removed from the pot by filtration, and the remaining filtrate (broth) was used immediately 

as the stock inoculum for the study. 
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Table 11.  Media Used for Pellicle / Biofilm Growth. 

Type of 
Medium 

Preparation Comments 

Coconut water 

Pre-packaged coconut water (Vitacoco, 
2020) was purchased from a local 

supermarket. The liquid was centrifuged 
to extract any residual solids. After preparation / purchase of 

the media, each liquid was 
decanted into separate sterile 

500 mL Duran bottles and 
sterilised in an autoclave for 10 

min @ 115 °C (the lower 
temperature was used to 

reduce risk of glucose 
caramelisation). 

Beer - Bitter 
Own brand bitter - Morrisons 

supermarket (Morissons, 2020) 

Black Tea 

Tea broth was prepared by steeping 1 tea 
bag (Yorkshire brand black tea) in 1 L 

boiling water for 15 min (approx. 3 g / l 
tea). The bag was removed, and 100 g 

glucose added (10 %). 

Hestrin & 
Schramm 

2 % Glucose, 0.5 % Bactopeptone,0.5 % 
Yeast extract added to 1 L distilled, 

deionised water 

 

 

3.5.2 Sample Preparation 

To determine whether sterile conditions were necessary to produce BC pellicles, equal 

volumes were either autoclaved (10 min @ 115 °C) and cooled to ambient temperature, then 

10 mL aseptically transferred into 30 sterile 25 mL containers; or 10 mL aliquots with no 

autoclave treatment were dispensed into 30 sterile 25 mL containers. 

Each container was then inoculated with 1mL of Kombucha pellicle tea broth (prepared as 

described in section 3.5.1) with the lid placed loosely on top, incubated at 30 °C with 

environmental conditions monitored using an USB datalogger (model: Easylog USB, 

manufacturer: Lascar Electronics, Wiltshire, UK).  



 56 

Sampling took place 27, 34 and 42 days after inoculation due to accessibility of the 

laboratory (10 pots per medium per sample date).  

Any pots which failed to develop a pellicle were noted. Visual observations of pellicle 

appearance on the surface of the medium were observed and recorded by photography. 

Pellicle thickness (to the nearest mm) was measured using a ruler on the outside of the pot 

before pellicle removal.  

Pellicles on the surface of the liquid media were removed with sterile forceps and placed on 

dry filter paper to remove any excess surface moisture. The pellicles were then individually 

placed in petri dishes and weighed twice – (i) in the wet state, (ii) after drying for 24 hours in 

a fan oven at 60°C (to constant weight).   

The weight of BC produced per volume of liquid (% w/v) was calculated, in concurrence with 

the method used by several other studies (Schramm and Hestrin, 1954a; Shezad et al., 2009; 

Karahan et al., 2011; Singh et al., 2016).  Mean and standard deviations of the weights and 

thicknesses of pellicles were calculated (any pots which failed to develop a pellicle were 

excluded from the calculation). 

 

3.5.3 Results And Discussion 

3.5.3.1 Pellicle Yield: Thickness 

In all sterile media, every pot developed a pellicle. In unsterile media, all pots containing 

H&S or coconut developed pellicles, whilst one pot of unsterile beer medium (27 days) and 
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seven pots (three (27 days); four (34 days)) of unsterile tea medium failed to produce a 

pellicle.  

Variability in thickness of pellicles was visually noted throughout all the pots at any given 

incubation time (Figure 1). 

In unsterile media, no clear trends of pellicle thickness were observed, either across 

incubation times or growth media (Figure 2). Some significant differences were noted at 27 

days (coconut / H&S and H&S / Beer (p < 0.05)) and some observed at 42 days incubation 

time, but no clear trends could be elucidated from this data. 

In sterile media, some significant differences in pellicle thicknesses were observed, most 

notably, the mean thickness of pellicles grown in tea and coconut were significantly greater 

than beer at 27, 34 and 42 days (p < 0.05 – 0.0001) (Figure 3).
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(a)  

(b)  

(c)  

(d)  

Figure 1.  Variability in Thickness of Pellicles Developed After 27 Days in Sterile 
Broths. 

(a) Coconut, (b) Tea, (c) H&S, (d) Beer 
(universal pot actual size: diameter = 25mm, height = 90mm) 
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(a)         (b)      (c) 

 

Figure 2.  Mean Pellicle Thickness in Unsterile Media Incubated for (a) 27 Days, (b) 34 days, (c) 42 days. 

(error bars = standard deviation (𝜎𝜎), ns = not significant, * = p < 0.05, ** = p <0.01)
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(a)        (b)            (c) 

          

Figure 3.  Mean Pellicle Thickness in Sterile Media Incubated for (a) 27 days, (b) 34 days, (c) 42 days. 

(n = 10 for all media, error bars = standard deviation (𝜎𝜎), ns = not significant, * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** 

= p < 0.0001)
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Whilst increased mean pellicle thickness over incubation time was observed in sterile tea, 

with the thickest pellicles produced after 42 days (tea mean = 9.3 cm) (Figure 4), the trend 

of thicker pellicles over incubation time was not statistically significant (p > 0.05).  

 

 

Figure 4.  Mean Pellicle Thickness in Sterile Tea Medium Over Incubation Time. 

(n = 10 for all timepoints, error bars = standard deviation (𝜎𝜎), ns = not significant) 
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3.5.3.2 Pellicle Yield: Weight 

In unsterile media, no significant trends (p > 0.05) were observed in pellicle wet or dry weight 

across the different media or incubation times.  

Mean wet weight pellicle yields (p < 0.0001) were significantly higher in sterile than those in 

unsterile media. Sterile media observations also revealed that tea produced the largest 

significant yield (p < 0.05 – 0.0001) by wet (mean = > 20 % w/v) and dry (mean = > 1.8 % w/v) 

weight, compared to H&S, coconut, and beer (Figure 5, Figure 6).  
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     (a)      (b)       (c) 

    

Figure 5.  Mean Pellicle Wet Weight Yield in Sterile Media Incubated for (a) 27 days, (b) 34 days, (c) 42 days. 

(n = 10 for all media, error bars = standard deviation, ns = not significant, * = p < 0.05, ** = p <0.01, **** = p < 0.0001)
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          (a)      (b)       (c)

     

Figure 6.  Mean Pellicle Dry Weight Yield in Sterile Media Incubated for (a) 27 days, (b) 34 days, (c) 42 days. 

(n = 10 for all media, error bars = standard deviation, ns = not significant, * = p < 0.05, **** = p < 0.0001)
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In concurrence with pellicle thickness findings, whilst initial observations suggested a trend 

of slight increase in sterile tea pellicle weight yield over time, statistical analysis revealed 

this increase was not significant (Figure 7). 

It is important to note that in some of the literature examined which measured microbial 

activity and BC pellicle development in sweetened black tea, the tea liquid had not been 

autoclaved prior to inoculation; Marsh et al (2014) suggest the sterilization process causes 

a build-up of toxins in the tea that can negatively impact microbial community activity. 

Nguyen et al (2008) concur and postulate that an increase in antimicrobial polyphenols 

present in the tea due to sterilisation could inhibit pellicle growth. However, the 

experimental work discussed in this thesis contradicts this view, with results suggesting that 

sterile tea yields significantly higher and more reproducible pellicles. Conversely, it could 

be argued that an unsterile medium leads to an inadequately controlled environment for the 

study of community changes (due to potential contaminants and lack of control of growing 

conditions) and thus pellicle development.  

Differences in the wet and dry pellicle yields was pronounced, irrespective of media type or 

sterile vs non sterile conditions (Figure 5, Figure 6). The reduction in weight yield from wet to 

dry was in the region of ten-fold, suggesting that the pellicles are capable of absorbing large 

volumes of moisture during the development process concurring with the findings of 

Dufresne (2012) and Rebelo (2018) who have commented on the high water retention 

capacity of BC pellicles. 
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(a) (b)  

 

Figure 7. Mean Pellicle (a) Wet and (b) Dry Weight Yield in Sterile Tea Medium Over Incubation Time. 

(n = 10 for all timepoints, error bars = standard deviation, ns = not significant)
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Sterile black tea produced the highest wet and dry weight yields of pellicle (p < 0.05 – 0.0001) 

across all incubation times. Yim et al. (2017) suggested that the nitrogen content of the tea 

broth supports the development of pellicles. Whilst Marsh et al. (2014) and Nguyen et al 

(2008) acknowledge that sterilisation can produce toxins in tea that could inhibit pellicle 

development, they concede that aseptic conditions are preferable for BC development 

because the presence of contaminants is likely to affect BC yield. Sterilisation has not had 

a negative effect on BC pellicle development in the preliminary experiments conducted as 

part of this thesis. 

Pellicles developed in sterile black tea medium displayed the highest variability in weight 

yield of the pellicles (𝜎𝜎 = 7 – 11 w/v %). It is difficult to find evidence to explain this in terms 

of the growth medium; the sterile tea was prepared for this experiment in one batch and 

sterilisation would provide a degree of homogeneity to the medium.  

Sterile H&S medium produced a significantly lower (p < 0.00001) pellicle yield than black 

tea. Whilst the yeast extract and bactopeptone added to the H&S medium supply a nitrogen 

source to support the pellicle development, and glucose provides a carbon nutrient source, 

there are no known inhibitory components in this broth. It is therefore difficult to conclude 

why lower weight yields were produced by this medium. H&S broth is manufactured using 

laboratory grade ingredients, but, due to the inclusion of yeast extract, this medium is 

complex (and not defined), therefore cannot be reproducibly manufactured. However, in a 

similar way to the tea medium, H&S medium was produced and sterilised in one batch for 

this experiment. 
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Sterile beer medium consistently produced the significantly lowest (p < 0.0001) yield 

compared to tea across all incubation times (Figure 5, Figure 6) and thus was excluded from 

further study. The reasons for poor pellicle production were not clear. As discussed in 

section 3.3.5, the presence of alcohol (specifically ethanol) has been documented as key 

for the support of the microbes in Kombucha responsible for producing BC. In a Kombucha 

SCOBY, it is normally the role of yeasts in the community to convert any sugars present into 

alcohol. The beer used in this part of the study contained 3 % alcohol; Lu et al. (2011) suggest 

that up to 1% alcohol added to the growth medium can improve BC yield when using a pure 

culture inocula. However, Naritomi et al. (1998) postulate alcohol concentrations more than 

1.5 % inhibit BC production. It could be speculated that with alcohol already present in the 

beer liquid medium, the alcohol content was too high when the yeasts in the Kombucha 

SCOBY began to produce alcohol and microbial activity was inhibited and therefore BC 

growth.  

Sterile coconut medium wet and dry pellicle weight yields were not significantly higher (p > 

0.05) than H&S (except for 42 days). However, as they were significantly lower (p < 0.0001) 

than sterile tea at 34 and 42 days (Figure 5, Figure 6) and exhibited high variability in pellicle 

weight (Wet: 𝜎𝜎 = 3.7 – 1.9, Dry: 𝜎𝜎 = 0.2 – 1.4) they were discarded at this stage from further 

investigation. 
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3.6 Summary 

• A survey of the literature to find the incubation conditions used to develop 

consistent, high yield pellicles was inconclusive. Whilst there was some agreement 

for incubation temperature and time, there were conflicting views presented 

regarding growth media and inoculum types. Therefore, a selection of media was 

chosen for further laboratory exploration, based on frequency of use in the literature 

(tea), range of food based (beer, coconut) and lab manufactured (H&S) liquids. Due 

to ease of access, Kombucha was used for the inoculum. 

• Liquid media prepared under sterile conditions produced the highest, most 

significant yield by weight of BC pellicles, concurring with reviewed literature. 

• Pellicles developed in coconut liquid displayed a large degree of variability in yield. 

As one of the aims of this research is to select a growth medium to support 

reproducible pellicle development, coconut water was excluded from further 

investigation.  

• Beer liquid displayed a degree of pellicle formation, but to a lesser extent than the 

other liquid media investigated and thus was excluded from further investigation. 

• Sterile black tea liquid produced the highest yields by weight of BC pellicles 

compared to other liquid media studied and approximately ten times greater yield 

than its non-sterile counterpart.  

• Pellicle yield in black tea was the most variable (displayed the highest standard 

deviation) compared with those of the other liquid media. 
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• H&S broth produced the lowest BC pellicle yield across all incubation times. 

However, H&S could be considered the most consistent medium to support BC 

development because the dry pellicles developed showed the least amount of 

variability in weight (𝜎𝜎 = 0.1 – 0.2 w/v %). 

• No significant differences in incubation time (27 – 42 days) or conditions (room 

temperature vs 30 °C) were observed. 

This preliminary work confirmed the production of pellicles in both laboratory-

manufactured and food-based liquids using a Kombucha inoculum. Whilst it is difficult to 

explain the variation in yield across the different media, it should be noted that this may be 

simply due to the small numbers of samples (n = 10 per variant) studied. A study of a larger 

sample set may enable further evaluation of variability. Equally, the universal pots used in 

this study produced small pellicles; the use of larger vessels would produce larger pellicles 

(due to the increased surface area of the liquid medium in the pot) in which variability may 

be easier to evaluate. Since sterile black tea produced the most significantly highest yield 

and H&S broth produced pellicles with the least weight yield variability, with an incubation 

duration of 30 days at 30 °C, these parameters were chosen to support further exploratory 

work. 
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Chapter 4:  The Reproducibility of the Bacterial Cellulose Pellicle 
Using Community Sequencing 

 
4.1 Introduction 

Chapter two investigated the conditions under which BC pellicles can be most efficiently 

and reproducibly developed, translating findings from the literature review into appropriate 

laboratory methodology.  

Using Kombucha SCOBY as an inoculum, the preliminary laboratory work revealed that the 

highest pellicle yield by weight was produced using sterile black tea and sugar as a growth 

medium, albeit with the largest yield variability. Whilst a lower yield was produced by sterile 

H&S medium, this medium produced pellicles with less yield variability than those in black 

tea. Therefore, sterile black tea and H&S medium were used for further study in this section 

of the thesis. 

As the H&S medium is more ‘defined’ than the black tea (it is produced using standard 

laboratory grade chemicals - bactopeptone and glucose – section 3.2.3) it can be controlled 

to a greater degree, thus limiting variability in pellicle development. As noted in previous 

chapters of this thesis, a degree of complexity is introduced to the medium via the use of 

yeast extract as a nitrogen source to support growth (Schramm et al., 1957). Additionally, 

the Kombucha inoculum itself is not defined, it can also be subject to a great deal of 

variability depending on geographical locations and conditions under which it is produced, 

as discussed by many researchers such as Jarrell et al. (2000), Antolak et al. (2021) and 

Abaci et al. (2022). This is further discussed in section 3.3.3, and is purported to affect 
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pellicle development and consistency. Whilst earlier work in this thesis showed H&S 

medium produces consistent pellicle yield, and black tea with sugar the greatest yield, the 

next stage of this thesis is to assess the effects of inoculum type (Kombucha vs pure culture) 

on pellicle production. 

Section 3.3.4 discussed the diversity of the Kombucha SCOBY, highlighting the community 

of bacteria and yeasts found in the Kombucha BC pellicle. Many studies have explored this 

community in its entirety (Dutta and Gachhui, 2006; Marsh et al., 2014; Zhang et al., 2017; 

Mas et al., 2022), or with specific focus on either the bacterial (Yamada et al., 2012) or the 

yeast (Janke et al., 2004) communities and their specific attributes. There have also been 

specific studies to identify any differences found in the Kombucha liquid compared to that 

of the solid pellicle. Reva et al. (2015) found that microbial diversity was less in the solid 

phase than in the liquid and postulated that more investigation was needed to evaluate the 

core microbial species that are responsible for pellicle formation. Nevertheless, there is 

agreement in the literature that it is the Komagataeibacter genus that is the most prolific 

producer of BC (Dufresne and Farnworth, 2000; Iguchi et al., 2000; Yamanaka and 

Sugiyama, 2000; Dufresne, 2012), thus is essential in a Kombucha pellicle. 

A key focus of this project is to establish the reproducibility of the BC pellicle, with a view to 

creating a sustainable textile material. A potential factor affecting the sustainability of the 

pellicles is the ability to sub-culture; that is to produce subsequent pellicles from an initial 

inoculum. Marsh et al. (2014) suggest that changes in microbial communities (in Kombucha) 

can affect pellicle development. Additionally, as mentioned in section 3.3.2 previous 

studies have used either growth media (liquid) or pellicles (solid) as inocula (Jarrell et al., 
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2000; Marsh et al., 2014); none to date have compared the effectiveness of either inoculum 

in terms of BC yield, or the effectiveness of either method to reproduce subsequent 

pellicles. Some of the work in this chapter is also described in a peer-reviewed paper (Wood 

et al., 2022) (Appendix 1). 

The reproducibility of BC in terms of microbial profile was evaluated using either a pure 

culture (K. xylinus) or a Kombucha SCOBY as an initial inoculum, in both solid pellicle and 

liquid form, and the effects on both yield and subculture over a series of three generations 

was observed. Changes in microbial communities over the three generations were assessed 

using high throughout sequencing techniques to establish the effects that any changes may 

have on pellicle development and yield. Additionally, the effects of subculture and inoculum 

on the structure of the BC nano-fibrils which form the pellicle were observed using scanning 

electron microscopy (SEM), to visualise notable differences which may affect the 

exploration of pellicle use (discussed later in this thesis). 

 

4.1.1 Community Sequencing 

Polymerase chain reaction (PCR) sequencing methods can be used to observe microbial 

communities without the need for culturing, thus allowing deeper insight into the 

community constituents (Harrison and Curtin, 2021). More specifically, 16S rRNA gene 

sequencing is used to observe bacterial communities. Genetic information in a cell is 

encoded in deoxyribonucleic acid (DNA). In a cell, DNA is usually wound into a double helix 

in a specific pattern of nucleic acids, which can be read by the cell’s apparatus as an 
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instruction to build proteins using amino acids as the ‘building blocks’. The cellular 

apparatus that undertakes this task is known as a ribosome and is made of ribonucleic acid, 

termed RNA. These ribosomes are present in both microbial domains of life; prokaryotic 

(bacteria) and eukaryotic (fungi and yeasts) microorganisms. The rRNA in the bacterial cell 

is known as 16S rRNA. The rRNA present in eukaryotic microorganisms is known as 18S 

rRNA. 

The gene that encodes rRNA in prokaryotic and eukaryotic microorganisms can be 

described as a ‘marker gene’. The gene is universal in all microorganisms, and almost 

identical (highly conserved) between different species. However, on the rRNA gene there are 

regions that are unique to a particular species (hyper variable regions). Knowing the 

sequences of these hyper variable regions allow researchers to identify microorganisms to 

species level (Sambo et al., 2018), and knowledge of all 16S genes in a mixed-species 

sample allows identification of different microorganisms at the same time (i.e. identify 

microbial community).  

PCR, which will replicate a specific region of DNA, involves various stages. Firstly, the DNA 

is isolated from the individual cells (usually using an isolation kit or heat to break open cells). 

Once extracted, the DNA is mixed with primers and a PCR ‘mastermix’ which comprises 

thermostable DNA polymerase, deoxynucleotide triphosphates (dNTPs), and MgCl2 in a 

buffer solution. Primers are short pieces of DNA that are complementary (i.e., it matches) to 

the gene of interest (known as the template). Primers are used in pairs, a ‘forward’ and 

‘reverse’ – usually matching a short piece of DNA on either side of the template. For 16S 

analysis, these primers are designed to match two conserved regions within the gene, with 
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a hypervariable section in between. There is a wide choice of primers (Klindworth et al., 

2013; Sambo et al., 2018), from which to select the most appropriate to consider the 

taxonomic coverage required because they will only attach to rRNA strands that are a 

perfect match to themselves and thus the accuracy of the process rests with primer 

selection (Kuczynski et al., 2012).  

To allow this process to occur, the original double stranded DNA must first be split into 

single strands using heat (known as denaturing), breaking the existing hydrogen bonds 

between strands. This enables the primers to bind to the complementary sections of highly 

conserved template. Once the primers are attached, taq polymerase is added, allowing an 

extension phase to occur (Janssen, 2006). This process is repeated upwards of 20 times to 

allow exponential production of template DNA.  

Once the PCR process is complete, there are many millions of copies of target DNA – which 

in the case of 16S, are copies of a hypervariable (and therefore species-unique) region. For 

this to be useful as a taxonomic tool, the order of nucleic acids must be known. This is 

achieved by a process known as ‘sequencing’. 

There are numerous technologies used to sequence and understand genetic information. 

These can be split into three broad categories: 1) Sanger Sequencing, 2) Shotgun, Short-

Read or Next-Gen Sequencing, or 3) Long-Read Sequencing. Each has their own benefits 

and drawbacks, and there is much debate as to the most appropriate sequencing 

technology/platform for any sequencing task. However, for 16S sequencing of a microbial 

community, Short Read/Shotgun Sequencing has become most common, its value in data 
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collection for microbial communities being highlighted in studies such as the Earth 

Microbiome Project (Thompson et al., 2017). These copies of template DNA produced by 

PCR can be large, and first must be cut into random, shorter pieces of DNA. During shotgun 

sequencing, the template DNA must first be randomly cut up or shattered (Figure 8). 

In order to know which DNA belongs to which sample, adapter sequences are then added 

and attached to a device known as a flow cell, which acts as the location for the remainder 

of the sequencing activity. For the sequencer to define the sequence of nucleic acid bases, 

the PCR process occurs once again, adding fluorescent bases one-by-one, creating clusters 

of the original shattered template. As each new base is added, the machine will fire a laser, 

emitting a fluorescent light which is recorded as its corresponding nucleic acid base. Once 

all the shattered DNA has been recorded, this information is entered into a programme 

(bioinformatics) which looks for overlapping segments of the shattered DNA sequences and 

assembles them back into their original length (Figure 8). 
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Figure 8. Step-By-Step Schematic of Next Generation / Shotgun Sequencing, Showing 
the Attachment of Adapters to the Template DNA, PCR Amplification and 

Identification of Nucleic Acid Bases.  

(credit James Redfern, Manchester Metropolitan University) 
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Researchers suggest that the development of more recent high throughput sequencing 

equipment (e.g. Next-Gen and Long-Read), whilst bringing down the cost of sequencing, can 

also lead to an increase in inaccuracies of data (Medlar et al., 2014). It is therefore important 

to minimise these errors by the utilisation of efficient primers for amplification. The process 

of PCR 16S rRNA or marker gene analysis is faster and more cost effective than sequencing 

the whole genome and is often performed when many samples containing multiple species 

or unknown communities are to be studied (Aßhauer et al., 2015). However, other studies 

suggest that there are drawbacks to this type of analysis due to ‘inherent differences 

generated in community profiles when sequencing different hypervariable regions, short 

read lengths and taxonomic classification difficulties due to limited resolution for closely 

related species’ (O’Callaghan et al., 2021). 

Nevertheless, the study of 16S rRNA is considered one of the most insightful when 

investigating microbial biodiversity, with many studies using this approach when evaluating 

microbial communities (Janssen, 2006; Klindworth et al., 2013; De Vrieze et al., 2018). 

Additionally, as the 16S rRNA marker gene has been widely studied, several large databases 

of reference sequences now exist, such as Greengenes (Desantis et al., 2006), SILVA 

(Pruesse et al., 2007) and the Ribosomal Database Project (Cole et al., 2009). 

The process described above focusses on 16S rRNA, however an identical process (albeit 

using different primers) can be used to identify 18S rRNA and therefore gain information on 

the yeast communities present in a sample. 
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4.1.2 Kombucha Community Sequencing 

In the study of the microbial species present in the Kombucha SCOBY community, 16S and 

18S rRNA identification has been conducted using various extraction methods and primers 

(Marsh et al., 2014; Reva et al., 2015; Arıkan et al., 2020; Harrison and Curtin, 2021). Table 

12 provides an overview of some of the approaches. 

 

Table 12.  Extraction Methods and Primers for 16s and 18s rRNA Extraction. 

 

Source 

16s Primers 18s Primers 

Extraction Method 
Dataset 

Used Forward 

 

Reverse 

 

Forward 

 

Reverse 

 

Marsh et 
al. (2014) 

F1 R5 ITS 1F ITS 2R 
Powerfood Microbial 

DNA Isolation Kit 
SILVA 

Reva et al. 
(2015) 

27F 1494R NL1 NL4 
innuSPEED Bacteria / 
Fungi DNA Isolation 

Kit 

Greengenes 
16s 

Arikan et 
al. (2020) 

F5 R5 ITS 1F ITS 2R 
DNeasy PowerFood 

Microbial Kit 
SILVA 

Harrison &. 
Curtin 
(2021) 

926F 1062R F5 R5 
DNeasy PowerFood 

Microbial Kit 
Greengenes 

16s 

  

The Earth Microbiome Project (EMP), founded in 2010, is a collaborative program using 

crowd-sourced samples and DNA sequencing techniques to map patterns of microbial 

ecology across the planet (Thompson et al., 2017). Using shotgun sequencing techniques, 

thousands of samples were analysed, resulting in a large, curated dataset of 16s and 18s 
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rRNA amplicon data which enables the differentiation of microbial and yeast communities. 

The study used the primer pair 515F / 806R for 16s and 1391F / 1510R for 18s because these 

pairs have been reported as the best available for 16s and 18s rRNA study (Eloe-Fadrosh et 

al., 2016).  

 

4.2 Experimental Details 

4.2.1 Starter Culture: Single Strain Isolate 

Komagataeibacter (formerly known as Gluconacetobacter) genus (part of the acetic acid 

bacteria family) is responsible for the production of BC nanofibrils (see section 3.2.1). Whilst 

several species of this genus (such as K. hansenii and K. aceti) have been studied in the 

literature, it is commonly agreed that Komagataeibacter xylinus is the most prolific producer 

of BC. Consequently, Komagataeibacter xylinus (ATCC 23767) (previously referred to in the 

literature as Gluconacetobacter xylinus) was purchased from the American Type Culture 

Collection (ATCC). 

The K. xylinus was stored in cryopreservative solution [3.6 % KH2PO4, 12.6 % K2HPO4, 0.9 % 

Na3C6H5O2, and 1.8 % (NH4)2SO4] at -80 °C. When required, the strain was grown on H&S 

agar, incubated at 30 °C for 24 hours and used to inoculate a liquid culture medium (section 

4.2.3.1) to produce a working liquid K. xylinus inoculant. The liquid inoculant was stored in a 

incubator at 30 °C for 24 hours prior to use. 
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4.2.2 Starter Culture: Kombucha SCOBY 

A Kombucha SCOBY was purchased (Happy Kombucha 2023) (KSC) and stored as per 

manufacturer’s instructions (as described in section 3.5.1) until required. The KSC was 

stored in a sealed container, in tea broth, in ambient conditions as per the manufacturer’s 

instructions. 

 

4.2.3 Development of Pellicles 

4.2.3.1 Liquid Medium 

A H&S culture medium was produced by dissolving glucose (2 %), Bactopeptone (0.5 %) and 

yeast extract (0.5 %) in distilled water (Schramm and Hestrin, 1954b). The solution was 

autoclaved for 10 min at 115 °C (a lower temperature than standard autoclaving of 

microbiological media to prevent caramelization of the glucose) and allowed to cool to room 

temperature before use. 

 

4.2.3.2 Inoculation and Generational Subculture 

Sterile 25 mL universal tubes containing 10 mL H&S broth were inoculated with either 1 mL 

K. xylinus or 1 g KSC pellicle. The tubes were covered with loosely fitted lids (to allow aerobic 

conditions whilst minimizing particulate contamination) and placed in a 30 °C incubator for 

10 days. This was labelled generation zero (G0). After 10 days, pellicles had formed on the 

surface of the broth; these were removed and aseptically equally split into two. One half was 

frozen at -80 °C for DNA extraction and analysis and the other half used as the inoculum for 
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generation 1 (G1P). Further G1 cultures were prepared using the broth produced in the G0 

phase as the inoculum for fresh H&S broth (G1L). Each inoculation was prepared in 

duplicate, thus resulting in eight new cultures inoculated from either the liquid or pellicle 

phase of the communities started by either the K. xylinus or KSC (Figure 9). This process was 

repeated to produce subsequent generations, labelled G2 and G3. 

 

 

 

 

Figure 9. Generation Overview and Sampling Scheme. 

P = use of the pellicle for inoculum; L = use of liquid phase for inoculum. This process 
was followed for each of the two starter cultures. Following G0, each inoculation was 

carried out in duplicate. It should be noted that liquid inoculated samples were 
discarded and not measured at generation 3. 
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4.2.4 Physical Analysis of Samples 

At the end of each generation, the thickness of each pellicle (mm) was measured using a 

ruler before removal from the pot. Thicknesses were recorded and the pellicles 

photographed before and after removal from the pot, noting visual observations such as 

colour and opacity / transparency. 

One sample of each pellicle (approx. 9 mm2) were prepared for scanning electron 

microscopy (SEM) analysis by immersing each sample in 0.1 M glutaraldehyde overnight (to 

fix and preserve the cell structure), removing, and then dehydrating by passing through 

sequential ethanol baths (10 min per bath) of increasing concentrations (50 %/70 %/80 %/90 

%/99.9 %). The samples were kept in a desiccator until ready to be viewed on the SEM (Carl 

Zeiss Ltd., model Supra 40VP). The samples were sputter coated with gold before viewing 

and six images per pellicle taken on the SEM, at x 20k, x 10k, x 5k, x 2.5k, x 1k, x 500 

magnification. 

 

4.2.5 Genetic Analysis of Microbial Communities 

Nucleic acid extractions were carried out using the DNeasy PowerSoil kit (QIAGEN Ltd., 

Manchester), cleaned using the ZR-96 DNA Sequencing Clean-Up kit (Zymo Research, 

United States), and quantified using the Qubit dsDNA high sensitivity assay kit (Invitrogen, 

Paisley). 

Amplicon sequencing of bacterial ribosomal rRNA genes (16S rRNA) was undertaken, as 

previously described (Thompson et al., 2017). Briefly, PCR reactions for initial amplifications 
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consisted of 5 µl NEB Q5 reaction buffer, 0.25 µl NEB Q5 High-Fidelity DNA Polymerase, 0.5 

µl NEB X nM dNTPs, 15 µl DNA template (c. X ngµl−1), and 0.5 µl X pM primers 515F (5′-

GTGYCAGCMGCCGCGGTAA-3′) and 806_R (5′-GGACTACNVGGGTWTCTAAT-3′) or 

EUK1391_F (5′-GTACACACCGCCCGTC-3′) and 1510_R (5′-CCTTCYGCAGGTTCACCTAC -3′) 

for 16S and 18S rRNA genes, respectively, and made up to a final reaction volume of 25 µl 

with nuclease-free water. Cycling conditions comprised an initial denaturation at 94 °C for 

3 min, followed by 35 cycles of denaturation at 94 °C for 45 s, annealing at 50 °C for 60 s, 

and extension at 72 °C for 90 s, with a final extension at 72 °C for 10 min. Amplification was 

confirmed visually by 1.5 % (w/v) Tris-acetate-EDTA (TAE)-agarose gel electrophoresis. A 

second-stage PCR was carried out to attach barcodes for Illumina sequencing. The 

constituents of the second-stage PCR reaction are as follows: 10 µl NEB Q5 reaction buffer, 

0.5 µl NEB Q5 High-Fidelity DNA Polymerase, 1 µl NEB (X nM) dNTPs, 0.5 µl (X pM) forward 

primer, 0.5 µl (X pM) reverse primer, and 20 µl cleaned amplicon template, and they were 

made up to a final reaction volume of 50 µl with nuclease-free water. Cycling parameters 

comprised an initial denaturation at 98 °C for 30 s, followed by 10 cycles of denaturation at 

98 °C for 10 s, annealing at 62 °C for 20 s, and extension at 72 °C for 30 s, with a final 

extension at 72 °C for 2 min. Amplification and attachment were confirmed by 1.5 % (w/v) 

TAE-agarose gel electrophoresis. 

Following second-stage PCR, all amplified DNA strands were normalized using the 

SequalPrep Normalization kit (Fischer Scientific, Loughborough) and pooled into libraries 

for sequencing on a MiSeq Illumina platform with a MiSeq Reagent Kit v2 (300-cycle) flow 

cell. 
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4.2.6 Data Analysis 

Amplicon sequence variants (ASVs) were extracted from the raw sequence data using the 

dada2 pipeline (Callahan et al., 2016) using the default parameters. Taxa were assigned 

using the SILVA database and sequencing information files deposited in the NCBI BioProject 

database (BioProject PRJNA787576; accession numbers SAMN23827663–

SAMN23827813). Relative species abundance in samples was calculated according to the 

number of reads assigned to the ASVs. 

 

4.2.7 Results and Discussion 

4.2.7.1 Pellicle Yield 

Across all generations, the KSC pellicles displayed a consistent pale brown / cream 

appearance, consistent with observations previously documented by earlier studies 

(Domskiene et al., 2019; Jarrell et al., 2000). The K. xylinus pellicles, by contrast, displayed 

visual inconsistencies in the form of white opaque spots (diameter = 1 mm) in the gel-like 

structure as illustrated in Figure 10. This has not been previously documented in earlier 

work, but it is speculated that this could be attributed to either denser areas of formation of 

BC nanofibrils, or a concentration of extracellular polymeric substances (EPS). Additionally, 

in early generation samples (G0 and G1), from both inoculum types, the K. xylinus pellicles 

were translucent and difficult to remove from the pots due to the gel-like adherent quality of 

the pellicles structure. This contrasts with the KSC pellicles, which although were a similar 

thickness to those produced by K. xylinus inocula, were easy to remove from the pots across 

all generations and maintained structural integrity during removal. 
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(a)    (b)

 

Figure 10. Examples of Pellicles Produced in Generation 2 from (a) KSC and (b) K. 
xylinus Isolate. 

Pellicle diameters = 25mm 

 

Across all samples, pellicle thickness increased from 0.5 mm (𝜎𝜎 = 0) observed in generation 

one, to between 2.3 mm (𝜎𝜎 = 0.4) (K. xylinus) and 4.1 mm (𝜎𝜎 = 1.4) (KSC) in generation 3, 

despite all the pots being incubated in the same conditions (Figure 11). The trend of pellicles 

becoming thicker across generations was observed regardless of the starter culture used. 

Additionally, correlations were made of pellicle thickness in relation to starter culture. 

Generation one produced pellicles of the same thickness (0.5 mm), regardless of starter 

culture; in generation two the pellicles of KSC origin were slightly thicker (mean = 2.5 mm) 

compared to those from the K. xylinus starter (mean = 2.2 mm). However, by generation 

three this difference was more marked with KSC mean pellicle thicknesses of 3.8 mm 

compared to mean thickness of 2.4 mm in those of K. xylinus origin. Furthermore, in 

generation three, trends could be seen in line with inoculation type; the pots inoculated with 
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a liquid phase inoculum at any point throughout the process produced thicker pellicles than 

those produced by solid phase inocula only. A possible explanation for this is that the 

bacterial communities responsible for BC production are spread more diffusely in the liquid 

phase and therefore have more access to nutrients; this concurs with the findings of other 

studies (Dima et al., 2017; Blanco Parte et al., 2020). Additionally, a study by Goh et al. 

(2012) reported higher microbial counts in the liquid phase than those in solid Kombucha 

SCOBY; higher microbial concentrations are likely to lead to better cell distribution, higher 

BC production and thus greater pellicle yield.  
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Starter 
Culture 

Generation One Generation Two Generation Three 

KSC 

KP 

 

0.5 mm 
(𝜎𝜎 = 0) 

KP 

 

2.0 mm 
(𝜎𝜎 = 0) 

KP 

 

2.5 mm 
(𝜎𝜎 = 1.5) 

KL 

 

3.0 mm 
(𝜎𝜎 = 1.8) 

KL 

 

4.0 mm 
(𝜎𝜎 = 0) 

KP 

 

3.9 mm 
(𝜎𝜎 = 1.3) 

KL 

 

4.0 mm 
(𝜎𝜎 = 1.6) 

KL 

 

0.5 mm 
(𝜎𝜎 = 0) 

KP 

 

2.0 mm 
(𝜎𝜎 = 0) 

KP 

 

2.6 mm 
(𝜎𝜎 = 0.4) 

KL 

 

3.9 mm 
(𝜎𝜎 = 0.9) 

KL 

 

2.0 mm 
(𝜎𝜎 = 0) 

KP 

 

3.8 mm 
(𝜎𝜎 = 1.8) 

KL 

 

4.1 mm 
(𝜎𝜎 = 1.4) 
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Starter 
Culture 

Generation One Generation Two Generation Three 

KXSC 

KX
P 

 

0.5 mm 
(𝜎𝜎 = 0) 

KX
P 

 

3.0 mm 
(𝜎𝜎 = 1.0) 

KX
P 

 

2.6 mm 
(𝜎𝜎 = 1.5) 

KX
L 

 

1.8 mm 
(𝜎𝜎 = 0.4) 

KX
L 

 

2.0 mm 
(𝜎𝜎 = 0) 

KX
P 

 

2.8 mm 
(𝜎𝜎 = 1.0) 

KX
L 

 

2.3 mm 
(𝜎𝜎 = 0.4) 

KX
L 

 

0.5 mm 
(𝜎𝜎 = 0) 

KX
P 

 

2.0 mm 
(𝜎𝜎 = 1.0) 

KX
P 

 

2.8 mm 
(𝜎𝜎 = 0.8) 

KX
L 

 

2.3 mm 
(𝜎𝜎 = 0.4) 

KX
L 

 

2.0 mm 
(𝜎𝜎 = 0) 

KX
P 

 

2.4 mm 
(𝜎𝜎 = 0.4) 

KX
L 

 

2.5 mm 
(𝜎𝜎 = 0.5) 

 

Figure 11. Observed Mean Thickness and Images of Pellicles. 

KSC = Kombucha SCOBY starter culture; KXSC = Komagataeibacter xylinus starter 
culture; KP = Kombucha SCOBY pellicle; KXP = Komagataeibacter xylinus pellicle; KL 

= Kombucha SCOBY liquid; KXL = Komagataeibacter xylinus liquid; 𝜎𝜎 = standard 
deviation. 
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These findings suggest that a Kombucha-derived bacteria and yeast consortium as a liquid 

inoculum achieve pellicles of greater thickness that those produced from a K. xylinus starter 

culture. In the literature, pellicle weights (either wet or dry) are generally referred to and not 

pellicle thickness (which is a unique feature of this study), so it is not possible to support 

this hypothesis with other studies. This experiment did not weigh the pellicles produced to 

reduce the risk of potential contamination which could affect the sequencing profiles; 

however, pellicle weight measurement could assist with analysis in any future studies of 

pellicle yield. 

 

4.2.7.2 Pellicle Structure. 

When pellicles were observed under the scanning electron microscope, a mesh of 

microfibrils that appear random in distribution were observed regardless of starter culture, 

inoculum phase or generation. The individual microfibrils within the mesh were of 

comparable size and thickness to each other ranging from mean diameters of 81 mm (+/- 

7.8 mm) (n = 20) in K. xylinus to 92.5 mm (+/- 6.6 mm) (n = 20) in KSC derived pellicles. 

At magnifications less than x 20k, it was very difficult to distinguish differences in the 

pellicles derived from the different inocula. However, at x 20k magnification BC pellicles 

developed from K. xylinus appeared ‘cleaner’ than those created from KSC, i.e., they 

appeared to be made up of nanofibrils with very little other material visible (Figure 12). This 

was expected, as there was only a single strain of bacteria used as inoculum, compared to 

the consortium in the Kombucha SCOBY. Additional materials (aside from the nano-fibrils 

of BC) were observed in the pellicles developed from KSC (Figure 12). It is suggested that 
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these are extracellular polymeric substances (EPS), which Jefferson (2004) documented as 

part of the KSC microbial consortium (and therefore are less likely to occur in the single 

strain inoculated pellicles). Additionally, more microbial cells were visible in the KSC 

derived pellicles that those created from K. xylinus. Again, this is not surprising due to the 

complex nature of the KSC inoculum compared to that of the pure strain culture. Pellicles 

derived from K. xylinus pure culture appeared smoother and more consistent with 

nanofibrils of BC clearly visible compared to those derived from KSC; again, this is a likely 

effect of the diverse nature of the KSC consortium.
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 Generation one Generation two Generation three 

Kombucha 
SCOBY 
(KSC) 

   

K. xylinus 

(KX) 

   

 

Figure 12.  SEM Images X 20 K Magnification of Pellicle Development Across Generations. 
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4.2.7.3 Community observations – bacterial species 

Genetic sequencing data revealed a dominance of Komagataeibacter genus in all 

samples, (irrespective of inoculum origin i.e. KSC or KX) liquid and solid, concurring with 

previous studies (Jarrell et al., 2000; Marsh et al., 2014; Gaggìa et al., 2019) (Table 13, 

Table 14). Greater diversity was observed in the liquid samples compared to the solid, 

concurring with previous studies (Goh et al., 2012). 

 

Table 13.  Relative Abundancies (%) in Pellicle Samples Across Generations. 

 KSC KX 

Komagataeibacter Others Komagataeibacter Others 

Generation 0 94.06 5.94 99.39 0.61 

Generation 1 99.01 0.99 96.94 3.06 

Generation 2 81.64 18.36 87.70 12.30 

Generation 3 90.71 9.29 94.12 5.88 

 

 

Table 14.  Relative Abundancies (%) in Liquid Samples Across Generations. 

 KSC KX 

Komagataeibacter Others Komagataeibacter Others 

Generation 0 80.56 19.44 83.11 16.89 

Generation 1 93.99 6.01 67.43 32.57 

Generation 2 78.20 21.8 76.39 23.61 
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Whilst the dominant genus observed was Komagataeibacter, other genera were noted in 

abundances higher that 1 % (genera occurring at less than 1 % were disregarded due to 

the low number of amplicon sequence variant (ASV) readings for these types) (Table 15). 

 

Table 15.  Relative Abundancies of Genus Types Observed in Pellicle Samples. 

 Generation 0 Generation 1 Generation 2 Generation 3 

KSC KX KSC KX KSC KX KSC KX 

Komagataeibacter 94.06 99.39 99.01 96.94 81.64 87.70 90.71 94.12 

Streptococcus - - - - 4.54 4.18 - - 

Carnobacterium - - - - 2.22 - - - 

Yersinia - - - - 2.08 - - - 

Staphylococcus - - - - 1.02 1.20 - - 

 

Table 16.  Relative Abundancies of Genus Types Observed in Liquid Samples. 

 Generation 0 Generation 1 Generation 2 

KSC KX KSC KX KSC KX 

Komagataeibacter 80.56 83.11 93.99 67.43 78.20 76.39 

Streptococcus 3.53 8.97 1.31 8.02 5.46 8.18 

Carnobacterium - - - - 2.42 - 

Yersinia - - - - 2.30 - 

Staphylococcus - - - 3.21 1.22 2.01 

Bacillaceae - - - 4.39 - - 

Actinobacillus - 1.32 - - - - 

Prevotella - 1.32 - - - - 

Sphingomonas - 1.32 - - - - 

Pseudomonas - - - 3.06 - - 

Haemophilus - - - 1.29 - 1.30 

Veillonella - - - - - 1.27 
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Arikan et al. (2020) discovered Acidobacteria, Actinobacteria, Armatimonadetes, 

Bacteroidetes, Deinococcus-Thermus, Firmicutes, Proteobacteria, and 

Verrucomicrobia phyla when using 16S rRNA analysis of Kombucha, as their study did 

not allow genus classification, but did assign 99% of the sequencing data to the 

acetobacteraceae family. As previously discussed in this thesis, this family contains the 

bacteria responsible for the most prolific production of BC and it is the one in which 

Komagataeibacter, (the dominant genus found in the study in this section of the thesis) 

is part.  

Previous studies using 16S rRNA sequencing techniques on BC pellicles identified the 

occurrence of genera such as Lactobacillus, Lactococcus and Enterococcus (Marsh et 

al., 2014); Seto et al (2006) suggest that the presence of Lactobacillus enhances 

cellulose production by Gluconacetobacter species. However, Lactobacillus was not 

identified in the sequencing in this work. It is documented that the Kombucha SCOBY 

bacterial and yeast community can vary due to the geographical location and climatic 

conditions of the SCOBY (section 3.3.3). Studies such as those conducted by Marsh et 

al., (2014) and Gaggia et al., (2019) also commented on the diversity of the species 

identified by 16S rRNA sequencing; Table 15 and Table 16 show the relative abundancies 

of genus types observed per sample in this study. Whilst it is acknowledged that 

Kombucha SCOBY is a community of bacteria and yeasts and therefore microbial 

diversity is expected, the number of bacterial species present in the samples generated 

from the Gluconacetobacter xylinus starter were surprising (albeit less diverse than the 

Kombucha SCOBY). These could be attributed to some contamination of the samples, 

but also to some of the difficulties experienced with 16S rRNA analysis as described in 

section 4.1.1. 
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In the pellicle samples, the highest microbial diversity can be seen by generation two, 

regardless of starter inoculum (Figure 13). A large spike in microbial diversity is seen in 

pellicles from both starters in generation two, which then drops down by generation 

three. This study was conducted using H&S as a liquid growth medium, but in previous 

studies monitoring the microbial communities in Kombucha tea liquid, Marsh et al. 

(2014) and Chakravorty et al. (2016), agree that there are critical times in fermentation at 

which the microbial community is most stable; Chakravorty et al. (2016) suggest that this 

stabilization occurs after approximately 21 days. It is postulated that the drop in diversity 

in pellicles grown in H&S liquid medium in generation three is due to community 

stabilisation, concurring with the findings of Chakravorty et al. (2016) and thus a 

community stabilisation period in the region of 20 – 30 days is required to observe 

consistent BC pellicle production. Further work continuing the study to a further 

generation of sampling is suggested to verify this hypothesis. 
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Figure 13.  Number of Bacterial Species Found in Pellicle Samples. 

KSC = Kombucha SCOBY starter culture; KX = Komagataeibacter xylinus starter 
culture. 

 

 

In the liquid samples, similar trends to those for the solid pellicles were noted. Microbial 

diversity continued an upward trend until generation two. No liquid samples were 

measured in generation three due to the limitations in capacity of sequencing 

consumables; this study focussed on solid pellicles. It should be noted that more 

diversity was noted in the genera in the liquid samples (Figure 14) concurring with the 

findings of Marsh et al., (2014), however, the Komagataeibacter genus remained 

dominant. 
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Figure 14.  Number of Bacterial Species Found in Liquid Samples. 

KSC = Kombucha SCOBY starter culture; KX = Komagataeibacter xylinus starter 
culture 

 

The Bray-Curtis similarity index is used to describe the similarity in species abundance, 

where zero means the two samples have the same species composition and 1 means 

there is no similarity of the species in the samples. In this case, the Bray-Curtis index was 

used to explore the difference in the communities across generations, relative to the 

previous generation. The rate of species composition change between generations was 

similar, regardless of starter culture type, demonstrated by the trend lines displayed in 

Figure 15. The bacterial communities became more similar to the previous generation 
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(there was less change between generations) as more subculturing took place (as the 

plot is trending from one towards zero), leading to the hypothesis that the bacterial 

communities become more stable over time. 

 

 

Figure 15. Trend in Changes in Pellicle Bacterial Community Relative to the 
Previous Generation Using the Bray-Curtis Index. 

 

 

Using the Bray-Curtis similarity index to analyse the generational shift from the original 

inoculum (Figure 16), the gradient of the plot from one towards zero is steeper. This 

suggests there is a more marked drift from the original community across generations of 

Kombucha derived pellicles than those originating from K. xylinus. This leads to the 

hypothesis that there are species in the microbial community in the Kombucha SCOBY 

that are becoming more dominant over time. Since an increase in pellicle thickness was 
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also seen over time, it could be speculated that the dominant species are BC-forming 

(e.g. K. xylinus). 

 

 

 

Figure 16. Trend in Changes in Pellicle Bacterial Community Relative to the Original 
Inoculum using the Bray-Curtis Index. 

 

 

4.2.7.4 Community Observations – Yeast Species 

Malassezia was the dominant yeast species observed in all samples, regardless of 

starter inoculum (Table 17 and Table 18). Additionally, in the liquid samples, Candida 

was present in all, with Saccharomyces present in all but one of the pellicle samples (it 

was not found in Generation 0 KX inoculated pellicle). In most cases, as expected, there 
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were more yeast species present in Kombucha SCOBY inoculated samples than those 

inoculated with pure culture. 

In a similar way to the observations made of microbial communities, yeast species 

present in a Kombucha SCOBY are dependent on the geographic and climatic conditions 

of the environment. However, there should be no yeasts present in the pellicles of liquid 

developed from a pure KX starter culture, if handled under sterile conditions, therefore it 

is speculated that some environmental contamination could have occurred. It is 

speculated that as Malassezia is commonly found on human skin (Boekhout et al., 2010), 

and was found in both liquid and pellicle samples regardless of inoculum, human skin 

contamination could be the source of the yeast found in all the samples. However, the 

largest quantity of Malassezia was found in generation 0 samples, and the relative 

abundance of this species declines over subsequent generations; therefore, the 

contamination could have already been present in the pure culture sample before its use 

as an inoculant, rather than poor aseptic lab practice. It can also be postulated that this 

yeast species begins to be outcompeted by other species as the community finds 

stabilisation (in a similar way to the microbial communities discussed in section 4.2.7.4). 

Other studies have found similar yeast species present in Kombucha SCOBY based 

pellicles as found in Table 18 such as Saccharomyces (Jarrell et al., 2000; Wang et al., 

2014) and Candida (Teoh et al., 2004; Wang and Baoping, 2013). 
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Table 17.  Relative Abundance (%) of Yeast Types Identified in Liquid Samples. 
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Table 18.  Relative Abundance (%) of Yeast Types Identified in Solid Pellicle Samples. 
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4.3 Summary 

• This chapter focused on the development of BC pellicles from either a single 

isolate K. xylinus (KX) or a Kombucha SCOBY (KSC) starter, studying the changes 

in the microbial communities over three generations, and any changes that may 

arise from using either a liquid or solid inoculum on BC pellicle development in 

H&S medium. 

• Pellicle development from both starter cultures was initially consistent and 

comparable. Whilst pellicle yields continued to increase across subsequent 

generations, it was the Kombucha-based pellicles that were the thickest by 

generation three. 

• K. xylinus was present in greatest relative abundance in all samples, but it is 

suggested that it is the consortium of microbial species in the KSC that promotes 

community stabilization and in turn, greater yields of pellicles in comparison to 

those produced by a K. xylinus single isolate.  

• Community stabilization may have occurred by three generations in this 

experiment. However, further work over subsequent generations is required to 

assess the impact of these on pellicle production. 

• Yeast species found such as Candida and Saccharomyces were found in 

concurrence with previous studies. More yeast species were found in Kombucha 

SCOBY inoculated samples than those in pure culture samples. 

• These findings lead to the hypothesis that the extracellular polymeric substances 

and bacterial and yeast species found in the KSC, and subsequent pellicles 

inoculated by Kombucha could be a contributing factor to enhanced pellicle 

development and yield.  
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• Highest pellicle yield was achieved when a combination of pellicle and liquid 

inocula across generations were used. The microbial dispersion through a liquid 

allows easier access to carbon sources and better cell distribution facilitates 

growth (pellicle development); it is therefore suggested this enables quicker and 

more prolific BC pellicle production. 

 

This thesis aims to assess the uses of bacterial cellulose as a sustainable textile 

material. A critical factor in this analysis is establishing the production and subsequent 

reproducibility of a consistent pellicle for evaluation. This section of the thesis has 

established that it is possible to develop reproducible pellicles using a Kombucha starter 

culture and inoculating further broth with a liquid inoculum over at least three 

generations. Thus, sub-culture does not hamper the development of a pellicle and 

appears to be beneficial (although further work across multiple generations would be 

required to prove this hypothesis). Additionally, a Kombucha SCOBY yields higher weight 

and more reproducible pellicles than those from a single strain isolate. 

In conclusion, from the findings of chapters two and three, sterile black tea with sugar 

will be used as a culture medium, inoculated with Kombucha SCOBY liquid, and 

incubated for 30 days at 30 °C for the further stages of this study, as these conditions 

enable the production of the highest pellicle yield with the most consistent growth. 
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Chapter 5:  Reproducibility of the Bacterial Cellulose Pellicle in a 
Public Space 

 
5.1 Introduction 

Previous studies, such as those conducted by Lee (2023), Fernandes et al. (2019), Garcia 

et al. (2019), and Chan et al. (2018) have alluded to the concept of ‘growing your own 

clothes at home’, exploring the potential of using bacterial cellulose pellicles in 

applications such as jackets and shoes. This illustrates the importance of using creativity 

in the wider communication of scientific principles, and how creative subjects can spark 

an interest in ‘traditional’ science outside the laboratory environment. However, the 

underlying principle of the research conducted in this thesis is one of sustainability, 

eliminating the use of synthetic chemicals to produce apparel and textiles. 

Previous studies have used a Kombucha SCOBY in green or black tea as a starter to 

produce larger pellicle sheets to create garment shapes (Chan et al., 2018; Fernandes et 

al., 2019; García and Prieto, 2019; Lee, 2023). They also explored techniques common in 

the fashion industry such as stitching and shaping, alongside the addition of trims such 

as zippers, buttons, and ribs. The concept has captured the interest of some mainstream 

media outlets (Shaw, 2012), with ‘recipes’ for growing Kombucha pellicles being 

circulated publicly on sites such as Pinterest (Ross, 2023) and Materiom (Aberg, 2023).  

This adds further gravitas is added to the lab-based findings of earlier chapters in this 

thesis; BC pellicle production is more vigorous when Kombucha is used as an inoculum 

compared to a pure culture. However, the work has either been carried out in a 

laboratory, or at small batch scale in a workshop. Whilst there are some researchers 

speculating the possibilities of Kombucha-based BC ‘fabric’ manufacture on a larger 
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scale (Lee, 2016; Chan et al., 2018), there is no work in the current literature exploring 

the replication and variability of BC pellicles in the public space (i.e. by non-experts).  

This chapter of the thesis aims to assess the reproducibility of multiple bacterial 

cellulose pellicles inoculated in a public space, and the use of fashion as a context by 

which to drive public interest and engagement. The chapter contains published work 

from peer reviewed papers (Wood et al., 2022; Verran et al., 2023a; Verran et al., 2023b) 

(appendix 1).  It evaluates the reproducibility of BC pellicles when a range of media are 

inoculated with Kombucha as part of ‘citizen science’ events, one as part of a school 

science club and the other as part of a city-wide public engagement science festival.  

 

5.2 Linking Creativity, Science and Technology in Education (STEM and STEAM) 

STEM is an acronym for Science, Technology, Engineering and Maths education, first 

introduced in the United States in the 1990s by the National Science Foundation (NSF) 

(Delahunty and Ríordáin, 2023, Sanders, 2008). Globally, there are varied approaches to 

STEM education but no internationally approved definition Decoito et al., 2024). 

However, the term is commonly used to define educational policy or curriculum 

development and is thought to have initially been driven to address shortages of such 

skills in the workforce (Kelley and Knowles, 2016). Although originally introduced in the 

US, European STEM educators also highlighted a growing skills gap in the workforce and 

efforts to enhance STEM education are increasingly motivated by economic 

considerations in both developing and emerging nations (Kennedy and Odell, 2014). 

However, there is still much debate on the most effective method by which to implement 

STEM learning. Sanders (2008) and Abell and Lederman (2011) both suggest that whilst 
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STEM education is often used to imply innovation in learning approaches, the individual 

subjects still remain disconnected. In contrast, Kennedy and Odell (2014) argue that 

STEM has become a ‘meta discipline’ which breaks down the barriers between its 

component subjects and presents the opportunity to tackle complex problems using 

existing tools and technologies. Furthermore, STEM education ‘can link scientific 

enquiry, by formulating questions…. Before they [the students] engage in the engineering 

design process to solve problems’ (Kennedy and Odell, 2014, p.246). This perspective 

introduces the importance of design thinking integration as a component of STEM 

education, and the application of this to real-world contexts in order to foster a deeper 

level of subject understanding. Stohlman (2012) agrees, further explaining that 

integration can provide a more engaging student experience whilst developing higher 

level critical thinking and problem-solving skills and improving knowledge retention. 

The acknowledgment of the importance of design thinking integration in STEM learning 

has led to a debate regarding the separation of science- and arts-based subjects. Some 

educators argue that arts and science should not be taught in isolation as their 

integration provides a holistic approach to learning (Burrows & Borowczak, 2022). 

Marmon (2019) and Khine (2019) suggest that STEAM (Science, Technology, Engineering, 

Arts and Maths) educational approaches promote an ‘imagination through innovation’ 

view to solve STEM related problems, providing an intersection between the highly 

technical and highly creative.  

As mentioned above, there is no internationally agreed definition of STEM and the 

subjects included, which had led to debate regarding social sciences (e.g. psychology, 

sociology and economics) as these subjects are sometimes excluded from the ‘hard’ 
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science (e.g. chemistry, physics and biology) subjects and categorised as arts based. 

Nevertheless, a STEAM approach would allow inclusion of social science, and thus, 

according to some scholars, the enrichment of the curriculum and learning experience 

(Lansiquot, 2016; Marmon, 2019, Khine, 2019). This, in turn has led to a variety of 

acronyms being developed globally to describe approaches to curriculum development 

(Table 19). 

The approaches of STEM, STEAM, and other related frameworks are designed to address 

real-world challenges through the adoption of a multidisciplinary approach (Mastacusa 

& Snyder, 2011). While these frameworks provide valuable insights for educational 

practice, they also have the potential to extend to collaborative, community-based 

efforts, such as citizen science. More specifically, a citizen science approach presents a 

means to apply STEM and STEAM principles within public settings, enabling individuals 

to actively participate in data collection and problem-solving processes. This integration 

fosters broader engagement and enhances the applicability of these frameworks beyond 

formal educational contexts. 
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Table 19. An Overview of Acronyms Used for Educational and Curriculum 
Development Approaches. 

Adapted from Abell and Lederman, 2011, Han et al., 2022, Kelley and Knowles, 
2016, Marmon, 2019, Sanders, 2008. 

Acronym Subjects included Comments 

STEM science, technology, engineering and 
mathematics 

previously known as SMET 

A-STEM arts, science, technology, engineering, 
and mathematics 

 focus on arts and humanities–
based subjects 

eSTEM environmental STEM  

GEMS girls in engineering, mathematics, and 
science 

used to encourage girls into 
scientific fields 

MINT mathematics, informatics, natural 
sciences, and technology 

 

SHTEAM science, humanities, technology, 
engineering, arts, and mathematics 

 

STEAM science, technology, engineering, arts, 
and mathematics 

‘A’ has also been referred to as 
‘agriculture’ or ‘applied 
mathematics’ 

STEEM science, technology, engineering, 
economics, and mathematics 

 

STEMIE science, technology, engineering, 
mathematics, invention, and 
entrepreneurship 

 

STEMM science, technology, engineering, 
mathematics, and medicine 

 

STM scientific, technical, and mathematics or 
science, technology, and medicine 

 

STREAM science, technology, robotics, 
engineering, arts, and mathematics or 

science, technology, reading, 
engineering, arts, and mathematics or 

science, technology, recreation, 
engineering, arts, and mathematics 

addition of either robotics, 
reading or recreation to STEAM 
subjects 
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5.3 Citizen Science 

Citizen science is a term that is used in relation to large scale public participation in 

research projects (Dickinson et al., 2012). It is a term that is distinct from ‘amateur 

science’ in that whilst the participant does not need specific scientific knowledge (Land-

Zandstra et al., 2021), the project is set up by professional researchers with a clear 

methodology and specific aims in place, often with a view to creating a publishable set 

of data and findings. It is not a new concept, with the earliest examples noted as Europe-

wide bird surveys in the eighteenth century or the creation of the Astronomical Society of 

the Pacific in 1889 (Dickinson et al., 2012). Historically, citizen science projects have 

been part of ecological or environmental studies, but with the increase of the reach of 

the internet, these types of projects have gained popularity in a diverse spectrum of 

disciplines. Today there are networks such as the global Citizen Science Association 

(CSA) (www.citizenscience.org) and the European Citizen Science Association (ECSA) 

(www.ecsa.ngo)  which provide platforms for the sharing of ideas and development of 

best practice. The ECSA have developed a framework for citizen science practice, ‘The 

Ten Principles of Citizen Science’ (ECSA, 2015). These principles aim to cover the 

diversity of citizen science practice across a variety of disciplines as follows: 

 

1. Citizen science projects actively involve citizens in scientific endeavour that generates 

new knowledge or understanding. Citizens may act as contributors, collaborators, or as 

project leader and have a meaningful role in the project.  

2. Citizen science projects have a genuine science outcome. 

3. Both the professional scientists and the citizen scientists benefit from taking part.  

http://www.citizenscience.org/
http://www.ecsa.ngo/


 113 

4. Citizen scientists may, if they wish, participate in multiple stages of the scientific 

process.  

5. Citizen scientists receive feedback from the project.  

6. Citizen science is considered a research approach like any other, with limitations and 

biases that should be considered and controlled for.  

7. Citizen science project data and meta-data are made publicly available and, where 

possible, results are published in an open access format.  

9. Citizen science programmes are evaluated for their scientific output, data quality, 

participant experience and wider societal or policy impact.  

10. The leaders of citizen science projects take into consideration legal and ethical 

issues surrounding copyright, intellectual property, data sharing agreements, 

confidentiality, attribution, and the environmental impact of any activities. 

(adapted from ECSA (2015)) 

Following on from the ten principles, the practice of citizen science can broadly fall into 

three models: contributory, collaborative and co-creation. The contributory model uses 

participants as ‘data collectors’, and participants are given clear guidelines in the 

methods by which specific information should be gathered. The other two models, 

collaborative and co-creation, involve the participants to a much greater degree. Whilst 

these types of projects are still closely supervised by professional researchers, 

participants are much more involved with the methods and analysis stages of the 

activity. However, collaborative and co-creation concepts are rapidly developing in the 

wake of open access platforms (e.g. www.github.com, www.instructables.com) freely 

http://www.github.com/
http://www.instructables.com/
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accessible on the internet, encouraging ‘amateur’ researchers to share knowledge and 

develop their own individual fields of enquiry. 

There is some debate on the quality of data generated from citizen science projects 

(Vohland et al., 2021). There is no doubt that the extensive data sets that can be 

produced by such projects would be prohibitively expensive to collect by other means. 

However, careful planning and method consideration is required if the data produced 

from a citizen science project is to be of high quality i.e. accurate, complete, and relevant 

(Balaz et al., 2021). Reproducibility is also an important consideration, but not one that 

is unique to a citizen science project. A study reported by Baker (2016) claimed that over 

70 % of researchers were not able to reproduce the experiments of others, and over 50 

% failed to reproduce their own work. 

A further consideration is the use of the data. Balaz et al. (2021) suggest that ‘not one size 

fits all’ in citizen science projects, and whilst data collection protocols may not be 

suitable for one discipline, they may be entirely relevant to another. 

When designing a citizen science project, it is important to consider the target 

participants and how they will engage (De Moor et al., 2019). From a recruitment 

perspective, Ponciano et al. (2014) and Sauermann and Franzoni (2015) suggest that it is 

smaller groups of participants that make the greatest contributions, whilst larger groups 

the least. Some participants may be happy to interact at a superficial level, and this may 

still generate valuable data for the project. However, other participants (where the level 

of engagement is deeper) will want to become more involved and actively seek 

opportunities for this e.g. ‘through interaction in an online forum, by becoming a 

moderator or trainer, or in small-scale workshops on data interpretation or policy 
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involvement’ (Land-Zandstra et al., 2021). It is important to consider potential further 

engagement of participants when designing experiments and activities, particularly 

when considering the reasons for further engagement requests. Several studies have 

attempted to examine this and suggest that it is participants feeling of contributing to 

‘real science’ or being able to see the impact of the project outcomes that are considered 

the motivational drivers (West and Pateman, 2016; Frensley et al., 2017). Another 

consideration is when longer term engagement is a requirement of the project from a 

data collection perspective. As De Moor et al. (2019) explain, the voluntary nature of 

citizen science projects means they have no formal contracts of monetary rewards, so 

engagement throughout the life of the project is key from a data collection perspective. 

The tenth part of the ‘The Ten Principles of Citizen Science’ framework (ECSA, 2015) 

refers to ethical considerations and the protection of participants from harm whilst 

maintaining standards of integrity in the collection of quality data. Each citizen science 

project and event should be considered from this perspective as part of the 

methodological approach to the experiment. 

The next part of this thesis will describe a citizen science event and a schools science 

club in which the public participants and school students respectively were engaged as 

‘contributors’ to data collection. The data collected was used to compare and validate 

findings of literature and lab work discussed in previous chapters and further explore 

objective four: the reproducibility of multiple bacterial cellulose pellicles inoculated in a 

public space. 
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5.3.1 Manchester Science Festival 

Manchester Science festival has taken place annually since 2007 and hosts a city-wide 

schedule of events in a range of venues. It is based on the concept of bring practical 

science activities to a wide range of public audiences across the city. Whilst many of the 

activities are promoted as giving people the ‘chance to get up close and hands-on with 

all things loud, lively, explosive and experimental’ (Gill, 2015) it has also been used as a 

platform to host large scale citizen science projects such as Turing’s Sunflowers (Ochu, 

2012) and Hooked On Music (Morgan, 2015). 

 

5.3.2 HandsOnBiofilm! Event 

This event was created across various disciplines: microbiology, fashion, and food, and 

was funded by a grant received from the National Biofilms Innovations Centre (BBSRC 

grant number BB/R012415/1 PE014). The aim was to raise public awareness of the role 

of biofilms in these disciplines via a series of engaging activities, whilst encouraging 

participation in a wider citizen science project; producing data on the conditions 

required to develop pellicles with the highest and most reproducible yield by weight. The 

event was held at the Manchester Science and Industry Museum in October 2022. 

The event attracted approximately 1200 visitors, predominantly in family groups and 

comprised of a series of ‘stalls’ with activities relevant to each theme as follows: 

• The microbiology section allowed participants to first create a model of a biofilm 

using ‘bunchems’ (plastic balls that clip together to create 3D shapes, 

(Spinmaster, 2022). 
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• Participants were then asked to choose a liquid broth for inoculation (beer, 

coconut water, black tea with sugar, H&S), choose an inoculum (Kombucha 

pellicle or liquid) and decide at which temperature they would like to incubate 

their selection (room temperature or 30 °C). These variables were chosen 

because they were reflective of previous studies in literature and the evaluation 

work undertaken previously detailed in this thesis. Thus, the findings of this citizen 

science activity could be compared to those found in the initial lab work as part of 

this thesis. 

• The fashion section encouraged participants to draw a piece of apparel and use 

these to instruct researchers to build a 3D model of their design on a quarter scale 

mannequin using larger pieces of BC pellicle. This activity was designed to 

encourage participants to engage with sheets of BC ‘fabric’ and imagine their use 

in clothing in a creative context. 

• The food section provided participants with information on the role of bacteria 

and fermentation in nutrition, offering participants a bottle of Kombucha drink on 

successfully completing all activities in the event. Whilst this part of the event 

engaged and educated visitors, findings from this activity were not evaluated as 

part of this thesis. 

 
 

5.4 Experimental Details 
 

5.4.1 Event preparation 

Five weeks prior to the event, two five litre Kilner jars containing black tea and sugar (as 

described in section 3.5.1) were inoculated with a Kombucha pellicle and the tea in 
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which it was delivered (Happy Kombucha 2022) (pellicle = 16 cm diameter / 1.5 cm thick, 

the broth = 50 mL). The jars were and stored at room temperature (22 +/- 2 °C) to produce 

both a solid pellicle and liquid inoculum for the event. After five weeks, aliquots of the 

liquid medium and portions of the pellicle developed on the surface of this were removed 

for use as inocula. The newly formed pellicle was cut into 1 g portions prior to the event 

and stored in a petri dish until required. 

Three hundred 25 mL universal pots were prepared containing sterile culture medium as 

follows: 

• 75 x black tea with sugar 

• 75 x beer 

• 75 x coconut water 

• 75 x H&S 

 

5.4.2 Inoculation and Incubation Conditions 

An A1 poster board was created to inform participants of their choices for growth 

medium, inoculum and incubation conditions (Figure 17). Participants were advised to 

select a culture medium, inoculate this with their chosen inoculum, and indicate which 

incubation temperature they would like to be used. Each inoculated universal tube was 

given a unique reference number, which was marked on the side of the bottle, a record 

given to the participants, and the variables independently noted.  

The lids of the universal pots were screwed on tightly to avoid spillage during 

transportation and taken back to the laboratory for incubation. However, the tightly fixed 
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lids limited the oxygen supply in the pot and therefore after five weeks incubation, very 

little pellicle development had occurred. This supports previous work reported in 

literature that describe the importance of aerobic conditions in BC pellicle development 

due to the nature of the microbes responsible for this (section 3.4.5) (Schramm and 

Hestrin, 1954a; Chao et al., 2000; Dufresne, 2012; Gullo et al., 2014; Zheng et al., 2018; 

Aswini et al., 2020). The lids were loosened to allow the ingress of oxygen from the 

atmosphere and thus provide aerobic conditions. Incubation continued for a further 

three weeks after which pellicle development was observed. 
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Figure 17.  Poster Board from the Citizen Science Project Detailing Incubation and 
Inoculation Choices. 
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5.4.3 Pellicle Assessment 

After a total of eight weeks photographs were taken of all the universal pots. Any pots 

that had not successfully developed pellicles were discarded (n = 140). The thickness of 

any developed pellicles (n = 81) was recorded using a ruler on the outside of the pot. 

Pellicles were then extracted from the pots and placed on filter paper to remove excess 

surface water. The pellicles were then weighed (wet), dried in a fan oven at 60 °C for 48 

hours (to constant weight) and their dry weight recorded. 

Evaluation of the data collected revealed the most popular inoculum, growth medium 

and incubation conditions alongside the most successful combination of these for 

pellicle development in terms of dry weight yield. 

 

5.4.4 Ethical considerations 

This project was assessed and approved by the Manchester Metropolitan University 

Ethics Committee (application number 41586), which included the retention of personal 

data for purposes of contacting visitors after the event. Health and safety risk 

assessments were conducted as required by Manchester Science and Industry Museum. 

 

5.4.5 Results and discussion 

221 bottles were inoculated, with coconut water the most popular medium, liquid the 

most popular inoculum and 30 °C the most popular incubation temperature (Figure 18). 

Whilst there is no conclusive evidence as to why these choices proved most popular, it 

can be speculated that coconut water could have been most chosen as participants 
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would associate this as ‘natural’ and therefore link this to a more environmentally 

friendly product. 

 

 

Figure 18.  Number of Samples, Media and Incubation Conditions Selected by 
Citizen Science Participants. 

 

 

12.7 % of coconut water (n = 28) and 12.2 % of tea broth (n = 27) pots inoculated produced 

pellicles compared to only 4.5 % beer (n = 10) and 7.2 % H&S (n = 16) (Figure 19). It is well 

documented that tea is the most widely used liquid medium to support the fermentation 

of Kombucha and thus the most used to support Kombucha pellicle production 

(Jayabalan et al., 2014; Coelho et al., 2020), so this result was not surprising. As coconut 

water is likely to provide a highly nutritious environment to support pellicle growth, the 
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high number of successful pots in this case was again not surprising, concurring with the 

initial work as part of this thesis where coconut water was identified as a viable 

supporting liquid broth for pellicle development. However, the possibility of the failure of 

pellicle growth in any medium due to anoxia cannot be conclusively discounted. 

 

 

Figure 19.  Successful Pellicles by Medium Type and Incubation Conditions Grown 
in Citizen Science Experiment. 

 

The lower number of pellicles developed in beer broth agreed with initial observations in 

this thesis. It is not clear why beer ‘broth’ does not support pellicle growth in the same 

way as other liquid media explored. An observation (also discussed in section 3.5.3) is 

that there is alcohol present the beer broth, which is not present in other media explored. 
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Several studies have reported the beneficial effect of additional ethanol in the growth 

medium in the production of BC (Lu et al., 2011; Agustin and Padmawijaya, 2018) stating 

that yield is improved because the alcohol is considered a nutrient for the active bacterial 

species. However, Naritomi et al. (1998) suggest that increased concentrations of 

alcohol beyond a threshold of 15 g/l (1.5 %) cause BC production to be inhibited. A 

speculation is that the level of alcohol already present in the beer (27 g/L, 2.7 %) used in 

this study is beyond the threshold level observed by Naritomi et al., (1998) thus inhibiting 

the production of BC, impacting pellicle development and concurring with findings 

discussed in section 2.5.3.2. 

However, as H&S broth has been developed specifically to support the growth of BC 

pellicles, it is difficult to explain the poor success rate in comparison to the other growth 

media used in this experiment (and that observed in section 4.2.3).  A possible 

explanation is that H&S was developed for aseptic laboratory use. Whilst the H&S broth 

was sterilised prior to the event, the inoculation was not conducted under aseptic 

conditions and therefore contamination could have entered the pots. However, this was 

the case for all broths inoculated and it is therefore postulated that H&S broth has a 

lower resistance to contaminants than the other broths explored. This theory is 

supported by the findings of the preliminary work in Chapter Two of this thesis. 

Preliminary work inoculated H&S, beer, tea, and coconut broths under aseptic 

conditions; there was no failure of pellicle production in any of the H&S pots.  

Findings in chapter two suggested that liquid inoculum produces higher yield pellicles 

than solid inoculum. When considered as a proportion of the total number of successful 

pellicles, liquid inocula produced 92.9 % (n = 26) in coconut, 87.5 % (n = 14) in H&S, 80 
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% (n = 8) in beer and 100 % (n = 27) in tea, although it should be noted that no inoculations 

were selected for a solid inoculum in tea medium (Figure 19).  However, statistical 

analysis of these measurements shows in most cases the variations between liquid and 

solid inocula (and incubation conditions) are not significant (p > 0.01) (except for coconut 

and beer media inoculated with liquid and incubated at room temperature vs 30 °C, and 

H&S media inoculated at room temperature). Tea could not be analysed as there were 

no solid inoculations (Figure 20). 

Comparison of the pellicles harvested from the different growth media revealed that 

those grown in tea produced the thickest and heaviest pellicles (p < 0.0001) (Figure 21), 

agreeing with work described earlier in this thesis (section 2.5.3.2). 

Variability in pellicle yield by weight also concurred with earlier findings in this thesis; 

whilst tea gave the highest weight /volume % dry yields (1.433 % at room temperature 

and 1.873 % at 30 °C with a liquid inoculant), this medium also displayed the highest 

variability (𝜎𝜎 = 0.327 and 0.487 respectively), whilst pellicles developed in H&S medium 

were the lightest and least variable (Figure 21).
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(a) 

 (b)  

(c)  

Figure 20.  Mean Dry Weight Yield of Pellicles Grown in (a) Beer, (b) Coconut, (c) 
H&S by Inoculation Type and Incubation Conditions. 

(error bars = standard deviation, ns = not significant, * = p < 0.05, ** = p <0.01) 
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Figure 21.  Mean Dry Weight Yield of Pellicles by Medium Type and Incubation 
Conditions. 

(error bars = standard deviation) 

 

5.5 STEM in Secondary Education 

Science, technology, engineering, and mathematics (STEM) are core parts of the 

secondary curriculum. Several studies (section 5.2)  have investigated the importance of 

the types of activities involved in ensuring an inclusive environment in the classroom for 

the communication of important STEM concepts (Chan et al., 2020; Banks and Barlex, 

2021). The role of ‘real world’ experiences for pupils studying STEM subjects is also well 

documented, with UK initiatives, such as STEM ambassadors (2024) encouraging 

industry professionals from  outside the educational system to engage with school pupils 

to offer ‘real life’ experiences of STEM professions. Alongside traditional careers fairs, 
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initiatives such as STEM ambassadors encourage industry professionals to go into 

schools to engage with pupils in their own environment and deliver activities relevant to 

the specific profession.  

Textiles and fashion technology fall into the category of STEM subjects in the UK national 

curriculum, and the development of BC using the techniques described earlier in this 

thesis straddles learning outcomes for key stage three in both biology and textiles. An 

activity was therefore devised to be delivered in a secondary school to meet the needs of 

the national curriculum and to gather further data regarding the inoculation of media in 

a public space to develop BC pellicles. 

 

5.5.1 School Science Club 

A local secondary school was chosen as it was known to the author and therefore 

provided ease of access. The school runs a science club for year seven pupils covering 

topics in chemistry, biology, and physics. A project was devised to run over six 

consecutive weeks whereby the participants would be introduced to the concepts of 

environmental pollution by the fashion and textiles industry and then invited to explore 

BC as a novel material that could be grown in the school laboratory. 

The participants were 15 year seven students (a mix of genders) who regularly attended 

a lunchtime science club on a voluntary basis. The student group had been provided with 

basic details of the activities to ascertain their interest in the project and asked to commit 

to attending all 3 sessions across a 6-week period. 
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5.5.2 Event Preparation 

As described previously (Table 11) five litres of sterile black tea with sugar and five litres 

of H&S liquid medium were prepared to support pellicle growth. Forty sterile 500 mL 

Kilner jars (www.kilnerjar.co.uk) were filled with either 250 mL black tea or 250 mL H&S 

medium and the lids securely sealed (thus creating 20 jars per medium).  

The liquid inoculum for each of the tea or H&S culture media was taken from a Kombucha 

pellicle culture which had been stored for 30 days in a quantity of tea and sugar mixture 

(as advised by the pellicle manufacturer). A total of 40 × 25 mL sterile ‘universal’ tubes 

(25 mL total possible volume) were filled with 10 mL of the inoculum and stored at room 

temperature. 

 

5.5.3 Ethical Considerations 

As this activity took part on a school premises, ethical protocols were put into place by 

the school; the observer was DBS checked (DBS certificate number 001800326153) and 

was always chaperoned by a DBS checked member of school staff. Pupils’ personal data 

was not recorded. 

 

5.5.4 Inoculation and Incubation Conditions 

In the first session, the students engaged in a brief discussion of the impacts of the textile 

and fashion industries on the environment and were asked to participate in an activity of 

exploring a different way of producing textiles (the development of BC pellicles). Each 

student was then provided with two pre-prepared Kilner jars, one containing tea culture 

http://www.kilnerjar.co.uk/
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medium and one containing H&S culture medium, alongside two universal sample pots 

containing the inoculum mixture. Each student inoculated each Kilner jar by pouring in 

the contents of one of the universal sample pots, closing (but not sealing) the Kilner jar 

after inoculation. Each jar was labelled with the student’s name and placed on a shelf in 

the biology classroom at room temperature (approx. 22 °C). 

 

5.5.5  Pellicle Assessment 

Two weeks later, the students returned to the science club to evaluate the activity in the 

inoculated Kilner jars. The students used free text to note their comments and discussed 

their observations with their fellow participants. The jars were then closed again for 

further incubation at room temperature. After another two weeks had passed the activity 

in the jar was noted via free text. The thickness of any developed pellicles was measured 

before the pellicles were removed for weighing and photographing. The pellicles were 

then dried (to constant weight) at room temperature on a bench top for 48 hours and 

photographed before weighing again. The weight measurements were converted to 

percentage yield weight / volume to allow comparisons with previous work in the 

literature and earlier in this thesis (section 2.2.2). 
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Figure 22.  H&S Pellicles (a) Wet and (b) Dry.  

Pellicle Diameter = approx. 4 cm. 

 

 

 

Figure 23.  Black Tea Pellicles (a) Wet and (b) Dry.  

Pellicle Diameter = approx. 4 cm. 

 

5.5.6 Results and Discussion 

In the first session the students were keen to discuss the environmental impact of their 

clothing and were knowledgeable about the need to take action to reduce textile 

pollution. Linking the real-world knowledge of the students to scientific principles 

connected the learning and promoted the enquiry conversations in the classroom, 
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illustrating the importance of linking creative thinking with scientific practice  and further 

illustrating the importance of the STEAM principles of learning discussed in section  5.2. 

All students inoculated one jar each of H&S and black tea growth medium with the pre 

prepared Kombucha SCOBY liquid inoculum. 

The second session was designed for the students to monitor the progress of the pellicle 

development in the jars. In the jars containing the inoculated tea culture medium, all 

students could see the development of a transparent film on the surface of the culture 

medium, measuring between 1 and 5 mm in thickness. The students commented on the 

jelly-like consistency of the pellicle, and many mentioned the vinegar-like smell of the 

culture medium when the pots were opened. 

In the second session, the students observed that half (n = 10) of the jars containing the 

H&S culture medium had not developed a pellicle and there were instances of 

contamination with the development of obvious fungal growth in these jars. In these 

cases, the students were advised not to open the jars (to prevent the release of spores). 

These jars were removed, and the contents safely disposed. This engaged the students 

in conversation with their biology teacher regarding the development of fungal spores 

into mould, linking to previously covered year seven curriculum topics. These 

observations also correlated with the results obtained from the citizen science project 

(section 5.4.5) where a reduced number of H&S inoculated medium were seen to have 

any pellicle development. In a similar manner to the citizen science event, the H&S broth 

was sterile, but was not inoculated under aseptic conditions, further supporting the 

speculation that sterile H&S broth has a lower resistance to contaminants than sterile 

tea broth. 
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Figure 24.  Contaminated H&S Medium in Kilner Jar. 

 

In the last session with the students, they observed that some of the remaining H&S jars 

not disposed of in session two had developed fungal contamination and these jars (n = 

6) were removed and disposed of appropriately. However, four of the H&S jars had 

developed pellicles and the students noticed vigorous development of these; the 

pellicles were opaque, white in colour and 10 mm thick.  

Most tea culture medium pellicles had developed further (n = 15), with students noting 

bubbles in the liquid underneath the pellicle, and pellicles measuring approximately 10 

mm in thickness. It was also noted that some jars contained multiple thinner pellicles, 

rather than one thicker sheet. 

In terms of yield mean dry pellicle weights by volume measured 0.344 % in H&S and 0.592 

% in tea growth media (Figure 25). Variability was greater in tea medium (n = 15, 𝜎𝜎 = 0.377) 

compared to H&S (n = 4, 𝜎𝜎 = 0.1). This concurs with earlier findings in this thesis, tea 

growth medium supports greater yield by weight pellicle development (Chapter 2). 
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Figure 25.  School Science Club: Dry Pellicle Weight by Volume Measurements.  

(error bars = standard deviation) 

 

 

5.6 Participant Engagement 

Whilst there was a large degree of engagement in the HandsOnBiofilm! event (over 1200 

interactions) and the school science club was at maximum capacity (15 students), it was 

noted that it was difficult to maintain long term participant interest. For the 

HandsOnBiofilm! event, whilst over 200 inoculations took place which yielded valuable 

data in terms of optimum growth conditions for pellicle development, there was 

relatively little engagement post event. Participants had the opportunity to view the 

photographs of their pots after the incubation period (Figure 17), but there was low 

engagement with the Flickr site on which the images had been uploaded. It was only after 
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reminders were sent out that hits on the site improved, resulting in a total of 5340 views 

from 122 individuals (Verran et al., 2023a). 

Equally, whilst engagement in the activity during the lunchtime science club was good, 

with all students inoculating pots in week one, subsequent attendance started to fall in 

the following weeks. Due to half term holidays, the students were not able to harvest the 

pellicles themselves, although the dried pellicles were returned to the students for them 

to further explore in their own time (and potentially via their timetabled textiles classes). 

Whilst the difficulties in long term participant engagement concur with findings in 

literature (West and Pateman, 2016; Frensley et al., 2017), group size in this case did not 

have bearing on data quality, disagreeing with the findings of Ponciano et al. (2014) and 

Sauermann and Franzoni (2015). Each set of participants provided valuable data on 

optimal incubations conditions and yield. The citizen science experiments also provided 

valuable insights into the behaviour of the inoculated media in a public space which was 

a key purpose of the experimental design.  

Engagement with both sets of activities was excellent at the point of delivery and assisted 

data collection for the thesis. However, when considering future citizen science projects 

(Citizen Science, 2023), strategies for longer term engagement will need to be 

considered more carefully. One approach for consideration could be that of using future 

participants as co-creators in future activities; an observation from the school science 

club was one of enhanced interest once the biofilms (or pellicles) had started to develop 

in their pots and there was a tangible output to the inoculation experiment. Future citizen 

science activities could involve participants growing BC pellicles for a specific end use 

e.g. making an item of apparel, thus potentially deepening both engagement and lines of 
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enquiry. Additionally, the influence of creative practice in conjunction with physical 

science cannot be overlooked. Participant engagement in all events was at its highest 

when the growing of the pellicles (the ‘science’) was contextualised in fashion 

sustainability and creativity. This further supports the thinking discussed in section 5.2; 

creative and science subjects can serve to enhance outputs when considered as 

subjects together, rather than isolation. 

  

5.7 Summary 

• The findings of the lab-based work to establish the conditions that reproducibly 

developed the greatest yield by weight of BC pellicle were explored in the public 

arena via a citizen science event. The event, which attracted in the region of 1200 

visitors, invited participants to choose a broth to inoculate, choose an inoculum 

and then select incubation conditions to support pellicle development. This 

resulted in the inoculation of 221 bottles of pre prepared sterile broth (black tea 

with sugar, H&S, coconut water and beer) with either a Kombucha solid pellicle or 

liquid broth inoculum. Inoculated pots were incubated for six weeks at either 30 

°C or at room temperature (22 °C + / - 2 °C). 

• Whilst coconut water was the most popular broth, the least successful was beer 

and it is postulated that the alcohol content in the beer has an inhibitory effect on 

BC production.  

• H&S is more susceptible to the effects of contamination when not inoculated 

under aseptic conditions. This was supported by the results of both events, where 
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H&S medium showed a higher susceptibility to contamination (and therefore less 

development of pellicle) than the pots containing black tea. 

• No significant differences were found between liquid and solid inocula or 30 °C 

and room temperature incubation conditions. 

• Black tea with sugar, inoculated with liquid Kombucha produced the greatest 

yield by dry weight of pellicles, albeit also displaying the highest variability in 

weight. 

 

The findings of part one of the thesis conclude that sterile black tea with sugar, 

inoculated with a Kombucha SCOBY (liquid or solid) inoculum and incubated for 30 days 

at a temperature of 30 °C provide the conditions to reproducibly develop the greatest 

yield by weight of BC pellicles. These conditions will be used to develop pellicles for 

further exploration in the next part of this thesis. 

The engagement of the participants of the citizen science projects were mixed and a 

future approach may be that of engaging the participants as co-creators of or 

collaborators, using the approach of STEAM subject delivery in the experiments. This 

could lead to better engagement with the growing of the biofilm (or pellicle), but 

importantly, could also lead to deeper understanding by the public of the advantages and 

disadvantages of BC pellicles as sustainable textiles for clothing. 
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Part Two 

Chapter 6:  Uses and application of Bacterial Cellulose 

 
6.1 Introduction 

Textiles produced from ‘non-traditional’ routes (i.e., those not created using plant or 

animal fibres / skins or those created from fossil fuel origins) are often referred to as ‘next 

generation’ textiles. They are seen as an environmentally friendly or sustainable 

alternative to current production routes. However, many do not live up to these claims 

and use harmful synthetic chemicals to render them fit for purpose. 

BC as a next generation material has great potential, with several studies reviewing 

current and speculated applications (Laavanya et al., 2021; Choi et al., 2022; Mishra et 

al., 2022). The explored uses of BC are diverse, ranging from biomedical applications to 

uses in food, electronics, and textiles. The interest in BC stems from its ability to be 

manufactured without contaminants associated with plant cellulose, its enhanced 

strength (Dufresne, 2012) and moisture absorbency properties (Rajwade et al., 2015), 

and the purported ease with which it is able to biodegrade in the natural environment 

(Gallegos et al., 2016). The latter renders BC a material which could impact many 

industries seeking to reduce their environmental footprint in terms of the effects of waste 

products and end of life disposal. Another attractive feature of BC is its potentially 

relatively low cost in manufacture (Yim et al., 2017); lab-based formulations to support 

growth can be costly and difficult to procure, however many studies (including part one 

of this thesis) have illustrated how BC can be produced relatively cheaply using food-

based liquids. 
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This chapter provides an overview of some of the current uses of BC, alongside those 

being explored, presenting BC as a novel alternative to current practice, thus addressing 

objective five: review current applications of bacterial cellulose. 

 

6.2 Biomedical 

BC has been used widely and in a variety of ways in the biomedical industry. According 

to Davis et al. (2003) and Rajwade et al. (2015) ideal biomaterials should display 

properties such as biocompatibility (not toxic to the biological system, thus minimising 

adverse tissue reaction); promotion of cellular interaction and tissue development; 

biodegradability; have inherent porous structure and exhibit good wear resistance and 

mechanical properties. Many studies have shown that BC displays all the above 

properties and therefore is suitable for biomedical applications (Mohite and Patil, 

2014a).  Whilst examples of these applications will now be discussed, it is worthy of note 

that the field of biomedical applications for BC is already well developed and therefore 

will not be a focus of further exploration in this thesis, beyond this brief overview. 

 

6.2.1 Artificial skin / Wound dressing 

The main goal of a wound healing structure is to create a skin like protective barrier 

against infection (Huang et al., 2014), whilst allowing the regeneration of the epidermis 

and repair of the dermis (Mohite and Patil, 2014a). There are many different wound 

healing dressings on the market but the most effective are those that most closely 

resemble skin in terms of structure and function (Mohite and Patil, 2014a; Torres et al., 

2019). BC has been considered as a ‘semi-permanent artificial skin’ (Huang et al., 2014: 
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8) and has been explored as a treatment for damage to epithelial skin layers by enhancing 

the BC with additives such as collagen (Lin et al., 2013b). The ability of the BC dressing 

to retain moisture provides a favourable moist environment for wound healing (Hoenich, 

2006; Chawla et al., 2009) and has been trialled as a treatment for severe second degree 

burns and diabetic foot ulcers (Picheth et al., 2017). Improved performance over 

conventional dressings was observed in terms of adherence to the contours of the 

wound site, moist environment maintenance, pain reduction, increase in epidermal 

regeneration rate, reduction in scar tissue formation and assistance in the removal of 

necrotic residues (Czaja et al., 2007; Mohite and Patil, 2014a; Picheth et al., 2017). BC 

sheets, depending on preparation techniques, can also be transparent, allowing wound 

healing to be observed without the removal of the BC dressing. Additionally, when BC is 

in contact with blood, it reduces the tendency to clot (Fink et al., 2010), which is often a 

point of failure in biomedical materials (Braune et al., 2018).  

However, mass market development of the products has been limited, due to prohibitive 

problems with the development of efficient bulk manufacture techniques (Hoenich, 

2006; Czaja et al., 2006; Czaja et al., 2007). Johnson & Johnson developed BC based 

wound care products in the early 1980s and a US company, Xylos licensed the 

technology to manufacture the XCell® range of dressings (Czaja et al., 2006; 

xcellbiologix, 2019). Rival brands such as Gengiflex®, Biofill®, Bionext® and Membracell® 

have also been brought to market and are claimed to be more effective than traditional 

gauze rivals, but, the market reach and development of these products still appears 

stifled (Picheth et al., 2017).  
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Additionally, the BC dressing can be enhanced with additives to further promote healing 

or administer drugs to the wound site (Mohite and Patil, 2014a). Whilst BC is 

biocompatible and non-toxic (Dufresne, 2012), it does not possess any inherent anti-

microbial activity (Huang et al., 2014). The ideal anti-microbial should ‘be inexpensive, 

non-toxic, non-carcinogenic, fast acting and not interfere with the wound site’ (Sulaeva 

et al., 2015: 1560). 

Amalgamation of silver nanoparticles (which have inherent anti-microbial activity) into 

the BC structure using precipitation (Yang et al., 2011) and ultrasonic methods (Cai and 

Yang, 2011) have attempted to address this issue with encouraging results achieved by 

Yang et al. (2011) who found a 99.2 % reduction in Escherichia coli activity using silver 

particles. Chitosan also shows inherent anti-microbial activity, and BC – Chitosan 

composites have displayed some success in inhibiting the growth of Staphylococcus 

aureus and E. coli (Lin et al., 2013b; Sulaeva et al., 2015; Wahid et al., 2019), whilst BC – 

Chitosan – Nanodiamond composites have also showed promise when used as a wound 

dressing (Ostadhossein et al., 2015). 

Immersion of the BC membrane in antimicrobial agents (such as benzalkonium chloride) 

also displayed promising results with effects of up to 24 hours when exposed to the 

bacterium S. aureus and Bacillus subtilis after exposure to the agent (Wei et al., 2011). 

The broad-spectrum antibiotic, chloramphenicol was embedded into a BC membrane 

and showed prolonged effectiveness against E. coli, Staphylococcus. aurae and 

Staphylococcus pneumoniae (Sulaeva et al., 2015) and work by Juncu et al. (2016) 

successfully embedded ibuprofen into a composite carboxymethyl cellulose / bacterial 

cellulose structure. 
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Wu et al (2014) and Moritz (2014) both claim that the microporous structure enables slow 

release of drugs at the wound site to counteract unwanted microbial activity. However, 

other studies have suggested that the release of antimicrobial agents and other drugs 

embedded into the BC membrane is too rapid and is therefore restricting the wider scale 

use of BC in wound dressings (Picheth et al., 2017). 

 

6.2.2 Tissue engineering 

Treatment of coronary heart diseases using replacement blood vessels often relies on 

the creation of these replacements using synthetics such as polyethylene terephthalate 

(PET) or expanded polytetrafluoroethylene (ePTFE) (Rosamond et al., 2008; Fink et al., 

2010). Whilst these materials are useful for larger blood vessels, they have limited 

success in vessels < 5mm in diameter (Fink et al., 2010; Huang et al., 2014). BC has 

potential in this field; it can be shaped into tubes and diameters of almost any dimension 

(Bodin et al., 2007). Trials of BC tubes have shown good blood compatibility (Esguerra et 

al., 2010; Fink et al., 2010) and the mechanical properties of BC are similar to those of 

arteries (Bäckdahl et al., 2008). Recent developments using BC as a composite structure 

with Polyvinyl alcohol (PVA) have been promising in the replacement of cardiovascular 

tissues where they have shown very similar characteristics (Torres et al., 2019).  

In addition to the already mentioned characteristics of BC (high water retention, good 

thermal stability, and high strength), a BC / PVA composite also displays high visible light 

transmittance and good UV absorbance. This placed the composite as a promising 

candidate for cornea replacement in work by Wang et al. (2010), although the study does 

recognise the need for further development to ensure the material is entirely suitable. 
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However, it is suggested that the BC composite could go some way to ‘reducing rejection 

rates of transplanted corneas’ (Picheth et al., 2017: 101). Other studies in the field of 

ophthalmology have used different BC composites to treat a variety of eye conditions. 

The versatility of BC in the manufacture of a variety of 3D shapes has found application 

in contact lenses (Patchan et al., 2016) with US patents being filed in this field (Li et al., 

2011), whilst post-operative wounds have been dressed with BC composites and a 

reduction in recovery times have been noted (Picheth et al., 2017) 

This work has led to explorations of BC in wider tissue engineering applications such as 

tissue scaffolds and nerve surgery (Petersen and Gatenholm, 2011). The microfibrillar 

network structure of BC lends itself well to tissue scaffolding applications as it has a 

similar microfibrillar structure to that of collagen, but the pore size of BC is measured on 

the nanoscale. This means that the pores are often too small to allow efficient 

penetration of human cells, thus restricting the growth of new tissue and thus 

developments in this field were somewhat restricted (Ludwicka et al., 2016). Bäckdahl et 

al. (2008) suggested a novel method by which paraffin wax and starch were introduced 

during the growth period of BC from Acetobacter xylinum, thus altering the porosity of the 

structure to promote the cellular in-growth of smooth muscle tissue, whilst Rambo et al 

(2008) used a physical template of pins (60 – 300 µm in diameter) to impart additional 

porosity. Chemical modification of porosity has also been developed, with acetylation 

and alkaline pre-treatment being two of the areas successfully explored (Petersen and 

Gatenholm, 2011).  

Whilst porosity has limited some development, BC has been used as cartilage 

reconstruction material. When used as a meniscus replacement, the small pore size and 
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improved mechanical properties of BC have been advantageous; in clinical trials the BC 

has been able to withstand wear and tear at the joint site, allowing cells to penetrate the 

scaffold, albeit at a reduced rate. This means that the cartilage renewal takes place more 

slowly, but the growth is protected by the sturdy BC structure (Ludwicka et al., 2016). 

 

6.3 Cosmetics and Beauty Care 

In a similar way to textiles, the cosmetics industry is seeking to reduce its environmental 

impact by investigating alternatives to traditional approaches in beauty care (Bianchet et 

al., 2020). As BC can biodegrade in the natural environment, it is attractive to industries 

wishing to use products that cause less environmental harm at the end of their useful 

lives.  

As a material with a potential to impact the sustainability of the beauty industry, it is 

interesting to note that food waste has been explored as a medium via which BC can be 

produced for facemasks, in a similar way to pellicle production described in chapter two. 

Guo et al. (2019) filed a patent for a method to produce BC masks using fermented 

banana skin waste, thus addressing some of the principles of environmentally harmful 

practices being used in the manufacturing of beauty products. 

As BC is reported to have an enhanced ability to retain moisture (Dufresne, 2012; 

Rajwade et al., 2015; Wood et al., 2023) it has been trialled in cosmetic applications such 

as beauty treatment face masks where this ability ‘enhances moisture uptake by facial 

skin’ (Amnuaikit et al., 2011; Mohite and Patil, 2014a: 105). However, trials report that 

whilst the BC mask did improve skin moisture uptake, in comparison to the application 

of a moist towel it did not improve other qualities such as skin texture and elasticity and 
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therefore needs more development to be an innovative product in this field (Amnuaikit et 

al., 2011). A study by Almeida et al. (2014) added glycerine to the BC mask and found this 

to have a significant effect in improving moisture retention by the skin, whilst Chi et al. 

(2016) reported the addition of ginseng extract improved skin elasticity. Pacheco et al. 

(2018) reported positive feedback from users of BC facemasks, with trial volunteers 

responding positively to the comfort aspects of using these types of products. 

There are some BC beauty face masks commercially available, with the suggestions that 

the presence of nanofibers in the structure are of benefit, as their size (<100nm) means 

they can penetrate the pores of human skin. It is thought that the nanofibers also help 

with the addition of supplementary ingredients which are claimed to impart additional 

benefits (such as vitamins B and C to alleviate uneven skin tone appearance or liquorice 

root extract acting as an anti-inflammatory and skin brightener) (Ludwicka et al., 2016). 

The above studies have focussed on the beauty industry; however, other studies suggest 

such face masks may be useful in the treatment of medical conditions such as 

dermatitis, psoriasis, eczema and even scar reduction (Ludwicka et al., 2016; Ullah et 

al., 2016). In these cases, the approaches have been twofold; those which aim to treat 

the condition using BC facemasks to administer medication directly to the skin, and 

applications which aim to treat skin discolouration because of these conditions. This is 

an emerging market for the use of BC in facemasks for medical applications, with patents 

being filed for masks which facilitate the lightening of the skin (Jiong et al., 2018). 

However, whilst BC does offer enhanced benefits (such as moisture retention) over 

current materials used in the cosmetic industry, there have been no studies to date 

analysing its impact on this industry as a biodegradable material. 
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6.4 Food and Packaging 

When not used in sheet or pellicle form, the gel like texture of BC enables its use as a 

thickener, stabiliser, gelling and suspending agent in foods (Chawla et al., 2009; Shi et 

al., 2014; Ullah et al., 2016). Its increase in volume on contact with moisture, high fibre 

content and its indigestibility in the human intestinal tract means it is also useful as a 

bulking agent in dietary foods such as lower calorie ice creams and desserts, as a fat 

replacement in food products such as meatballs and as the basis for the development 

of vegetarian meats (Ng and Shyu, 2004; Dufresne, 2012; Shi et al., 2014; Choi et al., 

2022). Its high fibre content is also reported to have beneficial health properties such as 

decreasing the risk of obesity, diabetes, cholesterol, and cardiovascular disease (Torres 

et al., 2019; Choi et al., 2022).  Traditionally, it is consumed in Southeast Asia as ‘nata de 

coco’ in the form of a gelatinous cube, synthesised as a static culture from coconut 

water and served in a sugar syrup (Chawla et al., 2009; Esa et al., 2014). The BC takes on 

the flavour of its growth medium and in recent times new desserts, such as ‘nata de pina’ 

(grown in pineapple juice) have become popular (Shi et al., 2014).                     

As previously mentioned, BC is also used directly in drinks, commonly known as 

Kombucha or Manchurian tea. It is thought to have originated in Japan and uses a 

symbiotic culture of yeast and bacteria (SCOBY) to ferment the tea and sugar liquid. The 

fermented liquid is consumed (not the cellulose) (Dufresne and Farnworth, 2000; 

Chawla et al., 2009). It is purported that the fermented tea has a variety of health 

benefits. 

BC has also been explored as a potential alternative to plastic food packaging. There are 

rising concerns in the food industry regarding the waste generated from oil-based 
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packaging and biodegradable options are a viable alternative (Esa et al., 2014). BC is 

biodegradable and exhibits the required strength properties for such an end use. 

However, in its pure form it does not exhibit inherent anti-microbial or antioxidant 

properties, which are crucial for food preservation and restriction of contamination. BC 

composites have been explored to alleviate this issue (Gao et al., 2014), with BC / nisin 

composites addressing the anti-microbial (Nguyen et al., 2008) and BC / polylysine 

composites exploring biodegradability issues (Zhu et al., 2011). Composites of polylactic 

acid (PLA) and BC have also been tested showing good mechanical properties, whilst 

‘retaining transparency and biocompatibility’ (Xiao et al., 2012; Shi et al., 2014: 543) 

whilst composites of BC / Chitosan have also been explored with limited success 

(Ashrafi et al., 2017). A study by Abral et al. (2020) compressed paper made from BC and 

impregnated this with ZnO, suggesting that the resultant improved properties of higher 

moisture resistance and tensile modulus made the composite an ideal candidate for 

exploration as food packaging. 

Whilst active food packaging aims to increase the shelf life of food products via 

antimicrobial activity, it can also be used to indicate food safety (Shi et al., 2014). 

Kuswandi et al. (2014) added methyl red to BC film during manufacture, creating a sensor 

which changed colour as changes in pH due to microbial activity were detected. This, 

when used in the packaging of chicken, alerted consumers to the freshness of the meat. 

Kuswandi et al. (2012) also developed a BC / curcumin membrane that reacted with 

similar colour change on contact with volatile amines produced by out-of-date fish. In 

the same field, a BC / bromophenol blue film indicated the freshness of guava fruit 

(Kuswandi et al., 2013). A more recent study by Pirsa et al. (2018) suggests that using 

composites such as BC / polypyrrole / zinc oxide could lead to the development of active 
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food packaging, with preliminary studies showing links between the conductivity of the 

composite film and indicators of food spoilage such as volatile compound presence and 

pressure. 

 

6.5 Paper 

BC has found use as an enhancement to the performance of functional paper when 

added during the pulp phase as a binder (Huang et al., 2014; Torres et al., 2019). The 

microfibrillar structure can lead to a paper product with enhanced strength (Surma-

Ślusarska et al., 2008; Campano et al., 2018) and durability (Dufresne, 2012; Hervy et al., 

2018; Urbina et al., 2019). However, this is dependent on the effective dispersion of the 

BC microfibrils throughout the paper structure, an issue addressed in a study by Xiang et 

al. (2019) via the addition of additives such as glucomannan and polyethylene oxide. 

Additionally, by modification of the BC polymeric chain, other properties can be 

introduced. Basta and El-Saied (2009) used glucose phosphate as the carbon source 

during BC production, resulting in the addition of phosphorus to the BC polymeric chain. 

When this was added to the paper pulp, it significantly reduced smoke production and 

enhanced flame retardancy properties, without the production of toxic effluent (which is 

common in traditional processes). Studies have highlighted the potential of these 

developments in currency and high strength speciality paper (Iguchi et al., 2000), 

however, the costs of BC production are still a prohibitive factor to mainstream 

application (Lee, 2018). 

In a study by Sriplai et al. (2018), layers of BC sheets with CoFe2O4   incorporated within 

the BC structure were used to create a white magnetic paper. This paper showed 
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advantages over magnetic papers currently on the market as it visually appears very 

similar to ‘regular’ paper, was magnetic on both sides and could be produced at a 

reduced cost. Additionally, the BC paper held its white appearance, which has not been 

achieved by other methods to date. Sriplai et al. (2018) suggest that this development 

could make a real contribution in the field of counterfeit detection. 

Fluorescent papers are traditionally manufactured by coating a paper base with a 

fluorescent material. However, this is a costly process resulting in a finish with poor 

durability (Zhang et al., 2019). Using a composite of Eutropium (an earth element with 

good photoluminescent properties) and bacterial cellulose in combination with plant 

cellulose, Zhang et al. (2019) produced a paper displaying high fluorescent intensity 

whilst maintaining good stability and durability. Additionally, the combination with plant 

cellulose gave the material the stiffness properties associated with traditional paper 

products. 

Luo et al. (2019) used graphene dispersed in BC sheets to create a composite paper, in 

addition to the enhanced strength properties already reported, this work developed a 

conductive yet flexible BC paper product. The researchers claim that this could have 

impacts in fields such as electromagnetic interference shielding and energy storage. 

Developments in this specific field are discussed in the next section. 

 

6.6 Electrical 

BC composites can be widely found in developments for flexible electronic substrates. 

Shim et al. (2019:1) suggest that ‘from the variety of compounds that might be 

incorporated into BC, …. conductive substrates represent an important market niche… 
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still poorly explored’. As electrical applications cover a variety of end uses, the following 

section aims to give a brief overview of the major findings in these fields. 

 

6.6.1 Energy Storage 

BC is non-conducting in its pure state, but conductive properties can be imparted via 

coatings such as polypyrrole (PPy) and polyaniline (PANI) (Huang et al., 2014), whilst 

Yoon et al. (2006) developed a BC conductive film via the incorporation of carbon 

nanotubes.  

Super capacitors have been developed by Bai et al. (2019) by incorporating both 

graphene nanotubes and PPy to develop a flexible BC film and by Hu et al., (2016) using 

carbon nanowires derived from BC, whilst Hosseini et al. (2019) used a BC aerogel 

containing silver nanoparticles and polyaniline (PANI) to explore this field. The high 

degree of flexibility and good levels of conductivity combined with the enhanced 

mechanical properties of BC make this type of development suitable for exploration in 

wearable electronic applications (Bai et al., 2019). Studies by Shim et al., (2019) support 

this and suggest that combining polyaniline and BC provide a viable conductive 

alternative for ‘technical textiles, wearables and other applications’ (Shim et al., 2019:1) 

Additionally, Celik et al. (2018) made use of the non-conductivity of BC in the 

development of lithium sulphur batteries, which are currently being explored for mobile 

technologies requiring high energy storage, such as electric car batteries. 

BC membranes have also been used as flexible substrates in the manufacture of Organic 

Light Emitting Diodes (OLEDs). Legnani et al. (2019) used a BC composite as a substrate 
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coated with silicon dioxide and indium tin oxide, achieving results within 14% efficiency 

of those measured using traditional glass substrates. This suggests that a BC composite 

could be a viable proposition for flexible, biocompatible OLEDs. 

 

6.6.2 Sensors 

The large number of hydroxyl groups in the BC structure contribute to its high moisture 

absorbency and retention and it is this sensitivity to moisture that suggests BC could be 

used as a humidity sensor. Hu et al. (2011) and Jia et al. (2016) found success using this 

principle and created simple formaldehyde and ammonia sensors respectively by 

coating a quartz crystal microbalance with BC nanofibers. Both studies suggest that the 

BC sensors have potential to provide a real alternative to expensive monitoring 

equipment currently employed and suggested methods by which the sensors could be 

mass produced (Hu et al., 2011; Jia et al., 2016). 

 

6.6.3 Acoustics 

BC maintains ‘high sonic velocity over a wide frequency range’ (Ashjaran et al., 2013: 

127) and has therefore found applications in audio speaker diaphragms. Acoustic 

membranes need a material with high Youngs modulus and high sound propagation 

velocity and paper was traditionally used because it can be processed into a lightweight 

membrane. In addition to the enhanced sonic velocity values, BC has good dimensional 

stability and better Youngs modulus than paper. The Sony Corporation of Japan found BC 

in this application to have superior performance (Torres et al., 2019), but the elevated 

costs of manufacture did not justify mainstream production (Iguchi et al., 2000). 
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6.6.4 Conductivity 

In addition to the development of conductive BC paper by Luo et al., (2019) discussed 

above, other researchers have investigated the potential of BC composites as 

electrically conductive materials. Yoon et al., (2006) created electrically conductive BC 

membranes (grown from Gluconacetobacter xylinus) by incorporating carbon 

nanotubes. However, Marins et al., (2006) developed an electrically conductive BC 

membrane by coating the BC with polyaniline. Both studies suggested that whilst the 

membrane was found to be conductive, it could also have applications as an 

electromagnetic shield (Yoon et al., 2006; Marins et al., 2014) 

 

6.7 Wastewater and Toxic Spill Treatments 

The characteristics of high porosity, high tensile strength and high moisture absorbency 

place BC perfectly as a bio adsorbent (Zhu et al., 2011; Mohite and Patil, 2014a), with 

particular use as a heavy metal remover from wastewater (Torres et al., 2019). Bio 

adsorbency studies with heavy metals such as chromium (Kumar et al., 2009; Stoica-

Guzun et al., 2016), arsenic (Ramezani et al., 2016), cadmium (Mohite and Patil, 2014a) 

and lead (Zhu et al., 2011) all showed some degree of success, leading to suggestions 

that this approach could be further widened to that of toxic spill clean-up and mineral 

recovery from oil mining. A study by He et al., (2018) used a three-dimensional skeleton 

of BC to support a silica aerogel. This structure displayed large compressive strain 

resistance, allowing shape recovery whilst exhibiting super-hydrophobicity and super-

oleophilicity. The impact of this is excellent oil and organic solvent absorption rates with 

the ability to recover absorbed materials by mechanically squeezing the filter, leading to 
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the possibility of oil recovery and oil – water separation (He et al., 2018). A different 

approach was adopted by Luo et al. (2018), who combined a three-dimensional BC 

structure with two-dimensional graphene oxide to create an aerogel. The researchers 

reported a structure with ‘multi-scaled pores and a large specific area’ (Luo et al., 

2018:824), which can absorb various oils and organic solvents and describe the potential 

of the aerogel as a ‘superior all-carbon absorbent for environmental protection’ (Luo et 

al., 2018:824) 

 

6.8 Fabrics and Dyes 

6.8.1 Garment Applications 

As the textile and fashion industry increasingly focus on the idea of ‘sustainable fashion’ 

(Henninger et al., 2016), BC has been investigated as a candidate in this arena with items 

such as shoes, jackets and blouses being developed to a conceptual stage (Launch, 

2019). Exploratory projects with groups such as fashion designers and professional 

milliners (Wood et al., 2022; Appendix 1) have illustrated the diversity of the potential 

applications in fashion and apparel through conceptual design led projects.  

BC has often been referred to as ‘vegetable leather’ (as a potential replacement for 

animal leather) but research conducted as part of this thesis has indicated BC is 

considerably weaker in terms of tensile and tear strength when subjected to apparel 

standard tests, compared to animal leather counterparts of a similar mass and thickness 

(Chapter Six). Whilst early testing work suggests BC displays superior abrasion 

resistance properties compared to animal leather (Wood et al., 2023; Appendix 1), well 

documented hydrophilic properties of BC inhibit its use as an apparel textile (Rajwade et 
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al., 2015). Textiles with a high propensity to retain moisture cause high levels of wear 

discomfort in clothing (Fourt and Hollies, 2002; Almeida, 2015; Watkins and Dunne, 

2015). 

Nevertheless, there have been some studies exploring the use of BC in garments (da Silva 

et al., 2021). A common approach to minimising environmental impact in garment design 

is the ‘zero waste’ principle which employs pattern cutting and design techniques to 

ensure none of the materials used in construction are wasted (Ramkalaon and Sayem, 

2021). To this end, a study by Chan et al. (2018) explored the development of BC pellicles 

on the surface of a tea liquid medium inoculated with a Kombucha SCOBY in a method 

similar to that discussed in section 2.5. The growth medium was incubated in a vessel 

prepared by an injection moulding technique to create a pot in the shape of a garment 

panel. Several vessels were made to reflect all the panel shapes required to create a 

shirt. In tandem to this, garment panel shapes were also developed in square vessels, 

this time the specific shapes created by ‘blocking off’ areas of the surface of the growth 

medium. This restricted the oxygen supply to the BC forming bacteria and thus only BC 

pellicle formed at the exposed areas of the surface. Both methods produced the panels 

of BC in the shapes required, thus achieving the goal of zero waste, and the authors 

claimed the panels could be manipulated and stitched in the same way as a traditional 

textile. However, the resultant BC garment needed to be lined to provide wearer comfort, 

and the issues of hydrophilicity remained problematic. To address the issues resulting 

from the hydrophilic nature of BC, Kaminski et al. (2020) treated BC sheets with glycerol 

and stearic acid. Whilst there were some term effects on the durability of the BC in terms 

of flexibility and water repellency, these effects were tested on wristbands and not full 
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garments; further work is required to fully assess the suitability of BC sheets in whole 

garment applications. 

BC has also been investigated as a potential alternative for animal leather used in shoes. 

Lee (2023) first explored this concept, creating a shoe to explore the aesthetic 

capabilities of the material. However, there have only been further explorations in shoe 

applications using BC as a composite with synthetic chemicals such as 

perfluorocarbons, which reduce the hydrophilic properties of the BC (Fernandes et al., 

2019). Whilst Fernandes et al. (2019) suggest the application of these chemicals renders 

BC a viable material for shoe manufacture, the composite nature of BC with synthetics 

negates its ‘environmentally friendly’ credentials and thus its impact in reducing the 

polluting nature of the textile and leather industries. 

 

6.8.2 Textile Colouration and Processing 

Whilst the enhanced hydrophilic nature of BC has limited the development of 

mainstream apparel (Wood, 2019), it has not inhibited the exploration of colouration 

techniques normally attributed to standard textile manufacture. Costa et al. (2019) dyed 

BC pellicles (before drying) with natural dyes such as those extracted from the Hibiscus 

rosa-sinensis flowers, reporting that natural pigments can be used successfully to colour 

BC sheets, eliminating the need for harsh polluting chemicals normally associated with 

textile dyeing. Similarly, Song et al (2018) explored the potential of flavonoids in the 

colouration of BC sheets, discovering strong depths of colour and high resistance to 

fading by washing. Traditional preparation for dyeing techniques has also been explored 

on BC sheets, with Han et al. (2018) reporting effective removal of residual impurities 
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from the growing process (e.g. bacterial cells) using treatments of NaOH and H2O2. 

However, this study also reported an increase in crystallinity of the BC sheets after 

treatment which could affect dye absorbency, although this has not yet been explored. 

Shim and Kim (2019) explored industrial dyestuffs – direct, acid and reactive – in the 

colouration of BC sheets, suggesting that more effective dye take up is achieved by 

adding the dyestuff to the growing medium (during pellicle development) than attempting 

to dye the pellicle after it has been formed. Reactive dyes (those which form a covalent 

bond with a fibre) produced the greatest dye exhaustion and deepest hues in this study. 

Traditional colouration techniques of textiles often result in dyestuffs being discarded in 

effluent and there is increasing pressure across the global textile industry to address this 

practice and its harmful environmental effects (Muthu, 2018). Mohite and Patel (2014b: 

106) state that BC ‘is one of the new biosorbents … showing renewable, biodegradable 

and biocompatible qualities.’ This suggests that as well as the previously mentioned 

application of BC as a heavy metal adsorbent, BC could be used as a potential effluent 

filter in the textile industry, removing excess dyestuff before release into the water 

system. Experiments with aniline Blue (Mohite and Patil, 2014a) and Dimarene Red 

(Vyjayanthi and Suresh, 2010) both showed 90% effluent decolourisation in under 30 

minutes. 

 

6.9 Summary 

BC has been explored by a diverse range of industries and product manufacturers as an 

innovative material with the potential to relieve some of the pressures of waste reduction 

and end of life product disposal due to the ease with which BC biodegrades. As 
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illustrated in part one of this thesis, BC can be manufactured in a sustainable manner 

and replicated over multiple generations with little impact on the yield or the properties 

of the resulting pellicle. 

 

• Biomedical applications appear to be the most researched, advanced, and 

successful areas of use, due to the observed biocompatibility of BC with human 

tissue. However, whilst the uses in this area are diverse and widespread, none of 

the literature refers to the sustainable manufacturing or the end-of-life disposal 

credentials of products developed in this field.  

• Cosmetic and beauty applications have found use for BC in products such as 

facemasks due to its superior moisture retention properties. However, whilst this 

industry is also scrutinized for its single use products and therefore huge amounts 

of waste generated, there is no evidence in the literature to suggest these 

credentials for BC are being utilized.  

• Paper, electronics, sensors, and acoustics have all explored BC from the ‘novel 

materials’ perspective, rather than as a material with any specific environmental 

impact credentials. In these fields, many of the applications identified required 

BC to be a composite material to ensure fitness for purpose.  

• Food applications have identified the potential of BC to impact on their 

environmental footprint. Whilst already used widely in foodstuffs, BC shows 

promise in biodegradable food packaging.  

• It should be noted that in all the applications discussed above, BC has been 

developed using pure culture types in laboratory manufactured media (except for 

beauty face masks, where food wastes were explored). 
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Fashion and textiles have been highlighted as one of the most polluting industries on the 

planet (Ellen MacArthur, 2017). Alongside its novelty as a textile, BC has also been 

evaluated from a sustainable angle, with its relatively low natural resource requirements, 

ability to be developed with zero waste, and ease of end-of-life disposal very attractive 

to both product developers and manufacturers. Additionally, the production of BC for 

clothing has been approached from a sustainable angle, using food waste, or naturally 

occurring liquids (such as fruit juices) to support pellicle development, and often using a 

reproducible Kombucha SCOBY as an inoculum in an uncontrolled environment, rather 

than a pure culture which requires costly carefully controlled conditions for pellicle 

growth. Nevertheless, BC still encounters problems in apparel applications due to its 

high hydrophilicity. Whilst the hydrophilic issue can be addressed by using synthetic 

finishes well established in textile and clothing production (usually based on 

hydrocarbons) this does negatively affect the environmental impact of the finished 

material. There are some ‘natural’ solutions, such as beeswax, which would not impair 

the environmental credentials of BC, but these are generally less durable than their 

synthetic counterparts. 

Nonetheless, there has been very limited research in terms of BC performance as an 

apparel textile. Most research to date has focused on the design and creation aspects of 

apparel, but there has been no consideration of the performance characteristics of BC 

in this application. The next chapter of this thesis will address this issue and explore the 

performance characteristics of BC when compared to textiles used in apparel 

applications. 
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Chapter 7:  Part 1 - Evaluation of the Properties of Bacterial 

Cellulose Pellicles Using Textile Testing Methods 

 

7.1 Introduction 

The previous chapter reviewed the applications of BC revealing that current and 

predicted uses are varied, ranging from biomedical (Mohite and Patil, 2014a), food and 

packaging (Chawla et al., 2009; Pirsa et al., 2018), paper (Torres et al., 2019), electronics 

(Shim et al., 2019) through to textile applications (da Silva et al., 2021). In biomedicine, 

BC has been explored in depth and is already widely used in wound dressings and tissue 

engineering. However, in terms of textile applications, although BC has been explored by 

artisans as a fashion material (and a suggested animal leather alternative) there is very 

little research on its performance properties as an apparel textile. 

Part one of this thesis focused on the most efficient methods to reproducibly 

manufacture BC pellicles. A review of literature and small batch laboratory-based 

techniques revealed that a liquid medium comprising sterile black tea and sugar 

inoculated with Kombucha SCOBY and incubated at either 30 °C or room temperature 

for 30 days reproducibly produced the greatest yields by pellicle weight. Observations of 

16s rRNA sequencing data showed that the microbial community in the Kombucha 

SCOBY reached a stabilisation point after approximately 30 days incubation and that the 

most effective sub - culturing to reproducibly manufacture further BC pellicles was 

achieved using Kombucha SCOBY liquid inoculum.  
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This chapter contains peer reviewed published work (Wood et al., 2022) (appendix one) 

and is split into two parts. In the first part of this chapter, BC pellicles are produced using 

the methods described in part one of the thesis and the resultant material is explored 

under the lens of textile testing for apparel. The properties of the pellicle are evaluated 

using textile testing methods to enable identification of potential uses of bacterial 

cellulose pellicle as a textile. In the second part of this chapter, the hydrophilic nature of 

the BC pellicle is explored as a potential material for the reduction of colour in dyehouse 

effluent. 

 

7.2 Experimental Details 

7.2.1 Bacterial Cellulose Sheet Production 

A Kombucha SCOBY pellicle was purchased from Happy Kombucha (2022) as the starter 

culture for the experiments. 100 g of SCOBY was placed in a 500 mL sterile pot containing 

250 mL sterile H&S medium and stored for 15 days in a 30 °C incubator to produce a 

standardised inoculum. After 15 days any solids were removed from the pot by filtration 

(section 3.5.1) and the remaining liquid broth used as an inoculum. 

As previously discussed in part one of this thesis, BC growth is supported in a variety of 

media, and sterile black tea with sugar has been shown to produce the greatest yield by 

weight. Therefore, for the textile testing evaluation, 5 L sterile tea broth was inoculated 

with the standardised liquid inoculum in a ratio of 1: 10 (inoculum: tea) in sterile plastic 

containers (170 (l) x 50 (d) x 110 (w) mm). Lids were loosely placed on the containers, and 

the containers incubated for 30 days at 30 °C to create larger sheets of BC than those 

produced previously in this thesis. After 30 days the sheets were removed from the pots, 
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rinsed with water, and left to dry on a bench top in ambient conditions for 1 week, to 

constant weight. In total, five sheets were produced. 

 

7.2.2 Selection of Samples for Comparison 

When manufacturing apparel, textiles are chosen in line with both physical performance 

and comfort properties to meet the wearer’s expectations. The tests to evaluate these 

properties are selected with consideration of the physical structure of the textile, 

alongside the desired properties for analysis. 

As BC has been introduced to apparel as a ‘vegetable leather’ (Wood, 2019; Lee, 2023) it 

was deemed pertinent to compare its properties to traditional animal leathers used in 

clothing, thus two types of cow hide (a ‘natural grain’ skin and a napped surface suede) 

were selected for comparison. Additionally, under an electron microscope, BC structure 

is revealed as that of a dense mat of microfibrils, and therefore structurally not 

comparable to either knitted or woven fabrics commonly found in apparel. However, the 

microfibrillar structure is similar to that found in non-woven products (such as felted 

wool or fusible linings used in apparel) and therefore its performance was compared to 

non-woven fabrics in this evaluation. Three non-woven fabrics were selected for 

comparison, a plant-derived 100 % cellulose fibre sheet (mechanically manufactured), 

a 100 % wool felt (mechanically manufactured) and a polyamide (PA) sheet (thermally 

and chemically manufactured). The comparison fabrics were all sourced from university 

stores. 

When selecting the ‘traditional’ fabrics for comparison to BC, care was taken in selection 

to ensure that fabrics of a mass per unit area and thickness were as close to that of the 
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BC samples used in the test to reduce any variability in performance that could be 

attributed to these factors.  

Figure 26 presents the fabrics used in the analysis of performance properties and their 

mass per unit area and thicknesses. Mass per unit area was measured in accordance 

with BS EN 12127 (1998) using a Ohaus precision balance (Scales and Balances, UK). 

Fabric sample thickness was measured in accordance with BS 2544 (1954) using an 

Oxford thickness gauge (Cromwell, UK). Visual appearance of the surface of each 

sample was recorded in daylight at 2 x magnification using a Samsung SM-N950F 

camera. 
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Sample 

(image x 2 magnification) 

Mean (n = 3)  

mass per unit area (g/m-2) 

Mean (n = 3)  

thickness (mm) 

Bacterial cellulose 

 

323.67 (𝜎𝜎 = 2.87) 0.62 (𝜎𝜎 = 0.14) 

Animal skin 
(suede) 

 

234.64 (𝜎𝜎 = 0.47) 0.60 (𝜎𝜎 = 0.02) 

Animal skin 
(leather) 

 

685.00 (𝜎𝜎 = 0.82) 1.31 (𝜎𝜎 = 0.06) 

Cellulose 
nonwoven 

 

178.67 (𝜎𝜎 = 2.36) 1.88 (𝜎𝜎 = 0.14) 

Polyamide 
nonwoven 

 

208.33 (𝜎𝜎 = 0.47) 0.95 (𝜎𝜎 = 0.03) 

Wool felt 

 

169.00 (𝜎𝜎 = 2.83) 1.09 (𝜎𝜎 = 0.04) 

 

Figure 26.  Mass per Unit Area and Thickness of Samples.  

(𝜎𝜎 = standard deviation). 
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7.2.3 Selection of Tests for Evaluation 

The claim that BC could be used as a replacement for animal leather (Lee, 2023) 

suggests that it could be used for specific purposes in apparel, such as outerwear (e.g., 

jackets and coats). Apparel performance testing for outerwear consists of assessing 

characteristics such as strength (tensile), resistance to abrasion and, in some cases, 

resistance to water. However, assessment of physical performance in apparel is only 

part of the picture.  The comfort of the wearer is an essential part of garment 

development and therefore fabric selection. Critical considerations pertaining to wearer 

comfort are moisture vapour transfer (breathability) and moisture retention (Watkins and 

Dunne, 2015). Therefore, to assess BC as a potential textile for apparel, tests were 

selected to evaluate reaction to moisture, abrasion durability and tensile strength and 

elongation. All test methods were selected and performed in line with commonly used 

industry standards described in the following sections. 

 

7.2.3.1 Tensile Strength and Elongation (BS EN ISO 13934) 

In accordance with the specified method, three specimens were taken at randomized 

points from each sample fabric. Samples were marked on the fabric using a rectangular 

template (300 mm x 50 mm) and cut using scissors. The samples were mounted on the 

tensile tester (Instron, UK; model 33R4465), with a jaw separation width of 200 mm. The 

machine was set to an extension rate of 100 mm/min and all specimens were extended 

to breaking point with maximum force at break (N) and breaking elongation (mm) 

recorded. 
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7.2.3.2 Martindale Abrasion (BS EN ISO 12947-1) 

In accordance with the specified method, three specimens were taken at randomized 

points from each sample fabric. Samples were marked on the fabric using a circular 

template (40 mm diameter) and cut using scissors. The samples were mounted on the 

Martindale Abrasion tester (James Heal, UK: model NU 864) in accordance with test 

standard BS EN ISO 13934 and the machine set to rub at 5000 revolution intervals against 

an abrasive cloth (James Heal, UK: original SM25), with a 9 kPa weight per specimen. The 

specimens were assessed after each 5000 rubs and removed at the point of destruction 

with the number of rubs recorded. 

The test was repeated using a 12 kPa weight for the animal skin and BC specimens only 

and specimens were assessed after each 5000 rubs and removed at the point of 

destruction with the number of rubs recorded. 

 

7.2.3.3 Taber Abraser (BS EN ISO 17076-1:2020) 

In accordance with the specified method, three specimens were taken at randomized 

points from the animal leather, animal suede and BC sample fabrics. Samples were 

marked on the fabric using a circular template (100mm diameter) and cut using scissors. 

The samples were mounted on a Taber Abraser (Taber Industries, USA; model 5135), 

using Calibrase CS-10 (Taber Industries) abrasive wheels, 1000 g weights and a textile 

specimen clamp with double-sided tape to ensure no movement of the sample on the 

mount during the test. The appearance and weight of each sample was assessed and 

noted before the test and at 1,000 revolution intervals until the sample broke down or a 

total of 10,000 revolutions was reached. 
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7.2.3.4 Breathability: Water Vapour Transmission (BS 7209: 1990) 

In accordance with the specified method, three 90 mm diameter circular specimens 

were taken at randomized points from each sample fabric and individually weighed. Each 

sample was mounted on an individual pot containing 40 mL distilled water and a gauze 

cover affixed covering the fabric sample and the pot. Each pot was weighed, mounted on 

the rotating disc for 24 hours, removed and reweighed, in accordance with test standard 

BS 7209:1990. The fabric samples were removed from the pots and reweighed 

immediately. 

The water vapor transmission (WVT) of each fabric was calculated by comparing the 

mass of the pot at the start and end of the test and using the following calculation: 

 

WVT=𝑀𝑀/𝐴𝐴 

where M is the mass lost (g), d is the diameter (mm) A is the area (m2) (A = (πd2/4) * 10−6) 

of the dish (mm). 

 

As an additional measure in this test (additional to the standard test method), each fabric 

sample was weighed before and after the test was completed, and these weights 

compared to establish the moisture retention of the material. Water vapor absorbed by 

the fabric and still present at the end of the test was calculated as a percentage mass by 

weight as follows: 

 

𝑀𝑀𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀𝑀𝑀

 * 100 
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where MST is the mass of the sample at the start of the test (g), MET is the mass of the 

sample at the end of the test (g). 

 

7.2.4 Results and Discussion 

7.2.4.1 Tensile Strength and Elongation 

The most common tests for establishing the tensile strength and elongation of textiles 

for clothing use one of two techniques, a strip or a grab test. A strip of fabric of a standard 

measurement is fixed between the jaws of the machine (set at a predetermined distance 

apart) and the jaws moved apart, subjecting the fabric to a force until the sample 

ruptures. In the grab test, the rate at which the jaws move apart is set so that the sample 

ruptures in 20 (+/- 3) seconds. The strip test moves the jaws apart at a constant rate until 

the point of fabric rupture. There are slight nuances in sample preparation for both tests, 

depending on the fabric structure. 

As there was no information in previous literature to indicate that BC had been tested as 

a textile for clothing, there was no pre-existing information to indicate the most suitable 

test method. However, the strip test (cut strip method) is commonly used for both non-

woven and leather fabrics, so this method was selected for evaluation of BC. As this 

method uses a constant rate of extension (CRE) (500 mm / min), this allowed the mode 

of breakdown of the samples to be observed. 

The animal leathers and BC sheet all performed in a similar fashion in terms of rupture 

under tensile force. ‘Clean’ breaks at failure were observed in all samples (Figure 27). 

However, the force required for rupture was considerably lower for the BC sheet 

(0.196kN) than either of the tested animal leathers (0.844 kN for leather, 0.515 kN for 
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suede) or the force to rupture animal leathers found in existing literature (Von Hoven, 

2002). Additionally, elongation at break was lower for the BC sheet than the animal 

leather or suede (17.85 mm, 29.77 mm, 59.32 mm respectively) (Figure 28).  

 

 

Bacterial cellulose 

 

 

 

Animal skin (leather) 

  

 

Animal skin (suede) 

 

 

PES non-woven 

 

 

Wool felt 

 

 

 

Cellulose non-woven 

 

 

 

Figure 27.  Physical Sample Breakdown Appearance After Tensile Test. 
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Figure 28.  Tensile Strength and Elongation Performance at Break of Samples. 

 

 

The wool, PA and cellulose non-woven fabrics all displayed gradual breakdown at low 

force (rather than the abrupt rupture of the leather and BC samples, indicated by the 

sudden drops in the plots displayed in Figure 28). This is unsurprising as non-woven 

structures do not usually display high tensile strength characteristics. However, it should 

be noted that the mode of breakdown is different from that of the BC, suggesting that in 

terms of tensile strength, it is not appropriate to consider BC as a non-woven textile, 

regardless of its nanofibrillar structure. 
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However, whilst the results of the tensile and elongation tests suggest that it would not 

be appropriate to use BC as a replacement for animal leather in applications such as 

outerwear or close-fitting garments, it could be used in looser clothing, where resistance 

to tensile stress is less critical. 

 

7.2.4.2 Abrasion Resistance 

Textile testing for apparel uses the Martindale abrasion test to establish the potential of 

the fabric to ‘wear out’ over a lifetime of use, for example under the arms where sleeves 

rub against a garment body, or between the legs where thighs rub together in trousers, 

thus assessing the quality and consistency of the fabric. The test consists of the fabric 

sample mounted in a holder and rubbed against a standard abradant cloth under a 

standard pressure (specified in the standard test method, either 9 kPa or 12 kPa), for a 

predetermined number of cycles. The rubbing action follows a Lissajous figure to 

maintain consistency of abrasion across the fabric and abradant cloth. Industrial 

standards for fashion apparel set Martindale abrasion standards (at 9 kPa pressure) at 

20,000 rubs before failure (fabric breakdown); higher performance garments (such as 

workwear or protective garments) can approach pass standards of 50,000 rubs. 

However, for textiles in which a higher abrasion resistance is required (for example 

upholstery applications), Martindale testing can be performed at a higher pressure (12 

kPa), or a harsher test method can be adopted, such as the Taber Abrader test.  

The Taber Abrader test is usually reserved for applications where exceptionally high 

abrasion resistance is required (such as plastics, ceramics, carpets, and leather), as it is 

a more destructive test using a series of abrasive papers. In contrast to the Martindale 
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method, the Taber Abrader test sample is cut into a disc shape and mounted on a 

turntable. Two abrading wheels (covered with standard abrasive paper) are lowered onto 

the disc. The turntable rotates, moving the abrasive wheels in opposite directions thus 

creating a motion that allows abrasion at all angles of the test specimen. The device is 

also fitted with a vacuum hose placed close to the abrasion site, removing any debris 

that may alter the abrasive action. Additionally, the abrasive wheels are balanced to 

ensure consistency of load across the test specimen. Each wheel applies a 250 g load to 

the specimen; this load can be increased by the application of additional auxiliary 

weights to the wheels. Common practice to assess the deterioration of specimens due 

to the abrasive action of the test can be performed visually, or the specimen can be 

removed and weighed at predetermined points in the test to assess the loss of mass of 

the material. 

Non-woven fabrics are well known for their poor abrasion properties in comparison to 

‘traditional’ textile structures (such as knit or woven). When testing using the Martindale 

system, the non-woven fabric broke down rapidly; cellulose at 5000, PA at 10000 and 

wool felt at 15000 rubs (9 kPa). This performance behaviour concurs with the literature 

(Textor et al., 2019). No further abrasion testing was performed on the non-woven 

samples. 

However, animal leather is noted for its resistance to high level of abrasion (BNP Media, 

2011). The BC, animal leather and animal suede all resisted abrasion to a high number 

of rubs in the Martindale test at 9 kPa; animal leather and suede showed signs of 

breakdown at 90,000 rubs at 9 kPa, whilst at 150,000 rubs BC still maintained structural 

integrity and thus the test was abandoned. When the Martindale test was performed at 
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12 kPa pressure, failure points for BC, animal leather and animal suede were observed 

at 105,000, 92,000 and 15,000 rubs respectively. Apart from the suede, this still showed 

a high degree of abrasion resistance. However, it should be noted that 15,000 rubs at 12 

kPa is still in line with acceptable industry standards for some types of home furnishings 

(such as bedding or curtains) (Figure 29).
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Animal skin 
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nonwoven 
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nonwoven 
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Rubs to 
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5,000 

 

 

 

 

 

15,000 

 

 

Rubs to 
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@ 12 kPa 

105,000 

 

 

 

92,000 

 

 

15,000 

 

 

n/a n/a n/a 

 

Figure 29.  Physical Appearance of Samples at Points of Breakdown after Martindale Abrasion Test. 

(* = test abandoned) 
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The BC, animal suede and animal leather were then subjected to the Taber Abraser test. 

As the suede broke down earlier than the other specimens, it was unsurprising that it 

reached a point of failure at 2000 revs at 100 g load, much earlier than the BC or animal 

leather samples. Whilst the animal leather showed signs of surface disruption at 1000 

revs, breakdown of the textile did not occur until 10,000 revs, when all the surface of the 

leather had been removed. At this point, the BC material was still intact, albeit showing 

some degree of abrasion. The BC and animal leather showed a steady and comparable 

degree of mass loss throughout the test (Figure 30). The test was abandoned at 10,000 

revs as the animal leather had failed, thus BC had been shown to be superior in terms of 

abrasion resistance (Figure 31). As an indication of performance level, European 

standards (EN388-2016) dictate that a textile should withstand over 8000 revs at 1000 g 

if it is to be considered suitable for protective gloves against mechanical risks (such as 

protective motorcycle gloves). The BC exceeded the performance expectations of this 

standard. 
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Figure 30.  Taber Abraser Sample (n = 3) Mass Loss Throughout Duration of the Test. 
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Figure 31.  Physical Appearance of Samples at Points of Breakdown after Taber Abrader Test. 
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7.2.4.3 Moisture Performance 

 When discussing the reaction of textiles to moisture, it is important to first define key 

terms used in this field. 

Waterproofness is the impermeability of the textiles to any penetration of water in either 

liquid or gaseous form. Waterproofing in textiles is commonly addressed by the 

application of a coating such as polyurethane or polyvinyl chloride, creating a solid 

barrier to oils, aqueous liquids, and gases (Williams, 2018). As the coating is nonporous, 

it prohibits any breathability characteristics and is therefore seldom used in apparel 

contexts due to the resultant comfort issues (section 7.2.3) (Özek, 2018). Waterproof 

textiles are commonly found in technical applications such as awnings or inflatable 

boats, and only in apparel for extreme weather protective clothing such as rainsuits for 

commercial fishermen (Özek, 2018). Textile waterproofness is measured by resistance 

to hydrostatic pressure. 

In apparel, the term waterproof is often used when referring to clothing, when the 

garment is water resistant. The difference is that the garment is not completely 

impermeable to water in liquid or vapour form but can repel liquid water for the working 

period of the garment. For example, a fashion raincoat may be marketed as ‘waterproof’ 

as it offers protection from a light rain shower but will not offer protection from extreme 

weather conditions (such as those experienced during winter hillwalking). Conversely, a 

textile used in a hill walking jacket will have a much higher resistance to water but will 

also have specific elements of garment construction engineering to further enhance its 

protection for the wearer against the elements (such as taped seams or waterproof zips). 
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Inherent water repellency is achieved by considering the textile structure and 

composition. Whilst many synthetic fibres (such as polyester) are hydrophobic, this will 

not impart water repellency alone; the structure of the textile must be dense enough to 

not allow liquid water through. For example, cotton, whilst an absorbent fibre, can still 

offer a degree of water repellency when woven into a dense structure, such as Ventile® 

(McLoughlin and Sabir, 2017). Water repellency, if not inherent, can be imparted onto a 

textile by a finishing process. The finishing process usually involves the application of a 

synthetic chemical, often fluorocarbon or silicone based, both of which are documented 

for their poor environmental impacts (Williams, 2018). Natural alternatives to these 

chemicals do exist, such as beeswax but this is less durable than its synthetic 

counterparts. 

Water vapour transmission (WVT) (also referred to as moisture vapour permeability 

(MVP)) measures the rate of water vapour transmission through a material; in textiles, 

this is referred to as the breathability of the fabric. In apparel applications, breathability 

of textiles is important as it contributes to the comfort of the clothing. To ensure wearer 

comfort, moisture vapour emitted by the skin (perspiration) needs to escape through the 

garment to assist the body in cooling; if the moisture cannot escape, it builds up in the 

area between the garment and the skin (referred to as the microclimate). As the relative 

humidity of the microclimate increases, the thermal conductivity also increases and 

makes the clothing uncomfortable to wear (Qu and Ruckman, 2006; Watkins and Dunne, 

2015). 

In modern performance wear, the sweating guarded hotplate is commonly used to 

measure the breathability of textiles used in apparel. This is also referred to as the ‘skin 
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model’ and is capable of measuring both thermal and moisture vapour properties of a 

textile worn against the body (SDL Atlas, 2023). Thermal and moisture vapour 

characteristics are considered in tandem in this test and are considered co-dependent 

when evaluating the comfort properties of a textile used in clothing (Huang, 2006).  

However, although this test is considered the most accurate in terms of evaluating 

clothing comfort from a moisture transmission perspective, it requires a relatively large 

fabric sample size (300 x 300 mm2) and complex equipment to be performed. In contrast, 

the upright cup or turl dish method requires smaller fabric samples (90 mm diameter) 

and is comparatively straightforward and inexpensive to carry out (McCullough et al., 

2003). Additionally, the turl dish method is commonly used in fabric samples that are not 

considered for use in performance wear i.e. it is assumed the wearer is not excessively 

perspiring and the skin is in a state of equilibrium in terms of moisture loss (McCullough 

et al., 2003; Huang and Qian, 2008). The test is therefore deemed appropriate for 

‘fashion’ apparel. 

The turl dish test consists of filling small pots with water and sealing the fabric to be 

tested over the surface of the pot. The pot is then mounted on a turntable that rotates for 

24 hours. The pots are weighed before and after the test and the change in weight 

determines the amount of water lost over the 24-hour period, which is used to calculate 

the breathability of the fabric. 

In clothing the test is used to assess the rate at which perspiration moisture can move 

away from the body, through the clothing and evaporate out into the atmosphere (Hu, 

2008). 
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However, as an additional measure in this work, the fabric samples were weighed 

individually before and after the test to establish how much moisture was physically 

retained in the fabric structure. 

In this test, all the traditional non-woven structures tested as the most breathable, with 

mean results of 647.10, 586.32 and 690.06 g/m-2.24h obtained for the cellulosic, PA and 

wool fabrics respectively (Figure 32).  
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Figure 32.  Moisture Vapour Transmission (MVT) of Fabric Samples. 

(n = 3 for each fabric, error bars = standard deviation, ns = not significant, * = p < 
0.05, *** = p <0.001, **** = p < 0.0001) 

 

This was unsurprising as these types of non-woven structures have large gaps between 

the fibres, allowing the moisture vapour to pass through easily. Whilst animal leather and 

suede displayed similar breathability characteristics (animal leather 688.49 g/m-2.24h 

and animal suede 531.30 g/m-2.24h) to the non-woven samples, it was the BC material 
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that gave the significantly lowest readings (p < 0.0001) in the test, 205.40 g/m-2.24h. 

indicating the lowest level of moisture vapour transmission of all samples tested. This 

can be explained when looking at the residual moisture levels in the samples at the end 

of the test (Figure 33).  

Animal fibres are susceptible to atmospheric moisture absorption with the wool felt and 

both animal skins retaining between 3.18% and 5.31%. However, at the end of the test, 

BC material retained 14.67%, a significantly (p < 0.0001) higher amount of moisture than 

the other samples tested. Whilst the ability of the BC to absorb moisture is not surprising 

(this feature is well documented in the literature, section 3.1.3), it does present an issue 

when considering the BC for clothing because if a fabric does not allow moisture to 

readily move from the body and out into the atmosphere, wearer discomfort is caused. 

However, this characteristic could be advantageous in other applications where a high 

levels of moisture absorbency is required, such as beauty, sanitary or wound dressing 

applications. 
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Figure 33.  Residual Water Retention of Samples After Moisture Vapour 
Transmission Test. 

(n = 3 for each fabric, error bars = standard deviation, ns = not significant, * = p < 
0.05, **** = p < 0.0001) 
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7.3 Summary 

• This section focussed on the use of BC in apparel, using standard textile testing 

methods performed in industry to assess the suitability of the textile for a specific 

application. As BC has been purported as a replacement for animal leather in 

fashion apparel it was tested as such; durability was assessed using tensile and 

abrasion testing whilst moisture transfer properties were evaluated as one of the 

key indicators of wearer comfort. Under a microscope, BC is a mat of random 

microfibrils, similar to the formation of fibres found in non-woven fabrics, albeit 

its physical appearance is leather-like. Thus, the performance of the BC was 

compared to both leather and non-woven structures.  

• Tensile strength and elongation testing revealed that BC behaved in a similar way 

to leather (and not non-woven structures) in that it broke down abruptly, albeit 

under considerably less force than the animal skins used in the test. This suggests 

that BC would not be suitable for close fitting garments, but may be suitable in 

looser fitting designs, where tensile strength is not a prohibitive factor. 

• The moisture vapour transfer properties of the BC were much poorer than any of 

the other samples tested, indicating that the BC would impart a level of wearer 

discomfort if used in clothing, particularly clothing worn directly against the skin. 

However, there could be a potential application in looser fitting outerwear, where 

moisture transfer or repellency is not a key consideration (such as fashion 

clothing without wet weather protection).  

• BC showed exceptionally high abrasion resistance, considerably outperforming 

all the other samples tested and exceeding one of the most rigorous European 

standards for abrasion resistance in clothing textiles. This finding suggests that 
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there could be an application for the BC in protective clothing. However, the 

issues of tensile strength and moisture absorbency would need to be addressed 

if this type of clothing were close fitting; textiles for garments must have a balance 

of the properties required by the end user / application (Williams, 2018). 

Nevertheless, this issue could be remedied by lamination of the BC with another 

textile, or the creation of a composite as discussed in chapter five, for end uses 

such as energy storage and sensors. Whilst this has potential to impart greater 

strength to the BC pellicle, the high hydrophilicity could still cause problems in 

apparel due to a reduction in wearer comfort (section 7.2.4.3). One suggestion 

could be to encapsulate the BC to prevent moisture ingress, whilst still retaining 

the high abrasion characteristics thus rendering the BC useful in garments such 

as motorcycle wear in which there are areas of padding design for impact 

protection and abrasion resistance. 

 

As has been noted previously, fashion and apparel are just one area in which BC could 

be used. As BC pellicles have not previously been tested using standard methods to 

assess performance in apparel, this work provides useful indications of the 

characteristics of BC pertinent to the apparel context. 

The relatively poor strength performance and moisture vapour transfer renders the BC 

unsuitable for apparel applications without (potentially synthetic) intervention which 

could affect the sustainable aspect of the BC in terms of production and environmental 

impact. The aim of this thesis was to explore the use of BC in textile applications whilst 
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making use of its sustainable credentials. Therefore, synthetic treatments and 

modifications will not be considered in the context of this study. 

However, hydrophilicity is an outstanding property of the BC pellicle and whilst this is a 

disadvantage in apparel, it could be capitalised in other applications. Chapter five of this 

thesis reviewed the current uses of BC and reflected on applications, such as beauty and 

medical textiles, which take advantage of its hydrophilic nature. Nevertheless, the 

hydrophilic feature suggests BC could also have applications which could impact the 

global textile industry without it being considered as a textile itself.  As discussed in the 

introduction to this thesis, environmental pollution (for example the coloured effluent 

discharge from dyehouses), is a problem for the global textile industry. This leads to the 

suggestion that the hydrophilicity of BC could be used in the treatment of such effluent; 

this hypothesis will be explored in the next part of this chapter. 
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Chapter 6: Part 2 – A Preliminary Investigation of Bacterial 
Cellulose Pellicles as Colour Removers from Dyehouse Liquid 

Effluent 

 
7.4 Introduction 
 

Previous chapters in this thesis have discussed the devastating impact of the textile 

industry in terms of waste fabrics and garments. However, another area of the industry 

which causes severe environmental damage is that of the disposal of the by-products of 

textile manufacture (Al-Tohamy et al., 2022). Environmental pollution in the textile 

industry due to the discharge of liquid effluent is a global issue, one which varied 

approaches have attempted to resolve. It is possible that BC could offer a solution by 

utilising its excellent moisture absorption properties to store effluent for future safe 

extraction and disposal or reuse. Studies such as those conducted by Costa et al. (2019), 

Shim and Kim (2019) and Song et al. (2018) suggest that BC pellicles are receptive to 

traditional dyestuffs in terms of dyeing the pellicles for apparel applications. The next 

part of this chapter will address objective seven: analyse a selected properties of 

bacterial cellulose in a practical application using lab-based methods, by exploring the 

use of the BC pellicle from the angle of removal of colour from dye solutions and thus its 

suitability as a potential effluent treatment. 

 

7.5 Effluent Treatment in the Textile Industry 
 

Fibres used in the textile industry can be categorized into three main types: natural 

cellulosic (e.g., cotton, linen), natural protein (e.g. wool, silk) and synthetic (including 
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modified fibres - e.g. polyester, nylon, acrylic, acetate, viscose) (Yaseen and Scholz, 

2019). Most textiles require colour to be imparted on the fibres and the techniques and 

chemicals used to undertake this process are varied (Holkar et al., 2016; dos Santos et 

al., 2018). Many end-uses require fabrics consisting of a mixture of fibre types, thus there 

are a mixture of dyestuffs and chemicals used in any one process to achieve the desired 

output. 

The process of dyeing and finishing textiles require large volumes of water, with 

estimates suggesting 120 – 220 L required per kilo of fabric (Öner and Sahinbaskan, 

2011). Traditional methods generate vast quantities of highly polluted liquid waste or 

effluent (Holkar et al., 2016; Yaseen and Scholz, 2019; Al-Tohamy et al., 2022). This waste 

contains a diverse spectrum of organic and inorganic chemicals in both dissolved and 

suspended solid form, such as sizing agents, finishing agents, inhibitors, salts, chlorine 

compounds and phosphates alongside the actual colour (Khandegar and Saroha, 2013; 

Shehzadi et al., 2014; Holkar et al., 2016; Yaseen and Scholz, 2019; Kishor et al., 2021). 

The composition of the effluent is highly dependent on the specific manufacturing 

process, and it is not uncommon to see large fluctuations in pH, colour, salinity, 

temperature, biochemical oxygen demand (BOD) and chemical oxygen demand (COD), 

which are all strictly measured before the liquid is deemed safe for discharge (dos Santos 

et al., 2018; Yaseen and Scholz, 2019). Discharge of effluent into natural waterways, 

untreated to a sufficient standard, can cause irreversible damage to aquatic life and 

potable water (Masmoudi et al., 2014; Kishor et al., 2021). Figure 34 illustrates the 

dramatic effects of dyehouse effluent discharge on the river Trent (Staffordshire, UK) in 

2023; the UK Environment Agency claimed there had been no damage to aquatic life on 

this occasion but advised the public to avoid the area. 
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Figure 34.  The River Trent (Staffordshire, UK) Contaminated with Dyehouse 
Effluent.  

(credit BPM Media) 

 

Whilst traditional dyestuffs from natural sources are still used, most modern dyehouses 

use synthetic dyestuffs (Khehra et al., 2005).  Cao et al. (2019) estimate that globally, in 

the region of 280,000 tonnes of these dyes are annually discharged as waste. They are 

categorized according to their chemical structure (e.g., azo, anthraquinone, sulphur) and 

mode of application (e.g., reactive, basic, disperse, acid) (Best, 2012; Popli and Patel, 

2015). For example, reactive dyes react with fibres to form covalent links and thus are 

suitable for cellulosics, whilst acid dyes are applied in a dyebath with a low pH to 

promote adherence to the fibre and are generally used to dye fibres of a protein base. 

Dyes are developed to improve ease of application (Kishor et al., 2021) and to resist 

breakdown by exposure to sunlight, water, soap, bleaching and perspiration to improve 

the colour’s longevity, performance and customer satisfaction of the product (McKay et 

al., 1999; Cristea and Vilarem, 2006) Dyestuffs displaying these properties are complex 
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structures with a high molecular weight and therefore a high biodegradability index 

(Seshadri et al., 1994; Holkar et al., 2016).  For example, anthraquinone – based dyes 

have an aromatic molecular structure and are more resistant to breakdown in nature, 

whilst some metal dyes are based on chromium and release carcinogenic chromium into 

the environment upon breakdown (Banat et al., 1996). Christie (2001) suggests azo 

compounds make up approximately 65% of commercially used textile dyes as they 

provide a wide range of hues with high colour intensity. Azo compounds, characterized 

by a -N=N- linkage, often contain two or more aromatic ring structures and therefore can 

be difficult to breakdown by natural processes. However, if they are broken down, they 

can release potentially toxic by-products, underlining the importance of the removal of 

these compounds from effluent. Whilst there is a general trend in the industry to seek 

alternatives to some of the more toxic dyes and chemicals (with some already banned 

from use), another issue is the amount of dyestuff that is not fixed to the textile during the 

dyeing process and therefore is discharged in effluent.  

The textile industry is constantly evolving in line with developing technologies to address 

the issue of effluent, but it is still the case that colour is often the most visual and obvious 

contaminant (Chatzisymeon et al., 2006). There is some uncertainty of how much colour 

is discharged in effluent, with studies suggesting that anything between 15 % - 50 % of 

dyestuffs used do not fix to the fibre and are therefore discharged as waste (Kalyani et 

al., 2008; Harrelkas et al., 2009). Dong et al. (2019) suggest that in the case of reactive 

dyes used for cotton fibre, a fixation (or exhaustion) rate of 50 – 85% is achieved, thus 15 

– 50 % of dyebath colour could be discharged as effluent, which if not treated or 

captured, could cause contamination of the natural environment.  Other studies suggest 

that this could be in the region of 280,000 tons of textile dyes worldwide every year (Maas 
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and Chaudhari, 2005). However, the presence of less than 1 ppm of dyestuff can still be 

highly visible, affecting the aesthetic merit of the water (Banat et al., 1996; O’Neill et al., 

1999). Whilst this is not always the most toxic element of the effluent, the presence of 

colour can provide an indication of water pollution (Figure 34) and affect gas solubility in 

natural waterways (Kishor et al., 2021) Additionally, some dyestuffs can degrade into 

toxic by-products when exposed to sunlight and water (Ahlström et al., 2005). Therefore, 

the removal of colour is often the primary concern in textile effluent treatment, and is a 

serious environmental challenge, although other colourless soluble organic chemicals 

present may pose a much greater risk to the environment (Banat et al., 1996; Baldrian 

and Gabriel, 2003). As global standards become more restrictive, the adoption of 

effective colour removal technologies becomes more important (O’Neill et al., 1999).  

 

7.6 Global Standards 

Legislation around the globe regarding the discharge of effluent is managed by local 

government bodies (Kishor et al., 2021). For example, in the UK, the Environment Agency 

(EA) has responsibility for adherence to effluent legislation and issues compliance 

permits for the levels of various contaminants in water discharges from dyehouses. As 

an example of the limits, effluent colour content is assessed by light absorbance and 

should read < 0.1 when measured in the wavelength range of 400 - 800 nm (Environment 

Agency, 2009).  

As mentioned previously, standards for effluent discharge around the globe vary 

according to geographical location, but are also dependent on different processes, dyes 

and chemicals used, depending on the nature of the textile being manufactured (Holkar 
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et al., 2016). In some countries, there are either few or no standards, or the practice is 

not strictly monitored, leading to non-adherence. For example, in Nigeria, the practice of 

discharging untreated dyehouse effluent is widely accepted, causing public and 

environmental concerns (Okareh et al., 2017). This practice is emulated in countries 

such as India, Bangladesh, Pakistan, and China, which are major contributors to global 

textile production and are undergoing rapid economic development (Wu et al., 2012; 

Kishor et al., 2021; Al-Tohamy et al., 2022). It is suggested that the standard physio-

chemical treatments available for water treatment are expensive to maintain and 

therefore not widely adopted (Okareh et al., 2017; Hussein and Scholz, 2018).  

The impact of continued water pollution across the globe is causing not only 

environmental damage but is detrimental to human health; Table 20 illustrates some of 

the detrimental effects of chemicals associated with imparting colour onto textiles. 

Additionally, environmental impacts include increased mortality rates and changes in 

shape and size in aquatic life, decreased growth rate and metabolic process alterations 

in aquatic microorganisms, and necrosis, chlorosis and damaging of root systems in 

plants (Al-Tohamy et al., 2022). However, it should be reiterated that whilst colour in 

effluent is responsible for some of the environmental damage there are many other 

(colourless) chemicals involved in the finishing of textiles (e.g., to impart properties such 

as stain- and water-resistance), that also cause severe environmental impacts. It is 

therefore important that reliable and cost-effective techniques are developed to allow 

the efficient treatment of dyehouse effluent (Wang, 2019). 
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Table 20.  Toxic Effects of Textile Chemicals. 

Adapted from Kishor et al. (2021). 

Chemical Use Toxic Effects (Human) 

Chlorine based solvents 

 

scouring 

 

central nervous system 

liver 

kidneys 

Carbon disulphide 
viscose yarn 
manufacture 

neurological, psychiatric, gastrointestinal, 
reproduction, birth defects, leukaemia, skin, 

kidney 

Alkylphenols 
wool scouring, dye 

dispersing agent 
endocrine, breast cancer, neuro-developmental 

delays 

Chlorobenzenes 
dye carrier, dyestuff, 

azo pigments. 
carcinogenic, liver, thyroid, endocrine 

Phthalates 
printing / dyeing / 
coating to soften 

textile 

carcinogenic, endocrine disruptor, reproductive 
system 

Heavy metals 
preparation for 

pigments & dyes 
carcinogenic, respiratory, reproductive system, 

dna damage, kidney, liver 

Azo dyes 
dyes (wool, silk, 

viscose, synthetics) 
carcinogenic, respiratory 

Volatile organic 
compunds 

solvent based inks 
*skin / eye irritation, depression, dizziness, 

headaches, drowsiness, numbness in fingers and 
toes 

Organophosphorous 
compounds 

preparation for 
pigments 

eye, nose, skin irritation 

*Common effects from gas, but can be found in water  
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7.7 Current Effluent Treatment Techniques 

Traditional wastewater treatments can be inefficient in the removal of many dyestuffs 

from effluent (Banat et al., 1996; Zheng et al., 2013). Methods such as flotation, 

flocculation, ion-exchange, precipitation, and adsorption using activated carbon have 

been explored with varying degrees of success (McKay et al., 1999; Malik et al., 2007; 

Harrelkas et al., 2009; Santos and Boaventura, 2015; Oluwakemi Kehinde and Abdul Aziz, 

2016). However, no one technique alone has been completely successful, leading to the 

conclusion that perhaps a combination of treatments is appropriate for colour removal. 

Additionally, the cost and complexity of the processes are generally considered to be 

prohibitive (Mohite and Patil, 2014b; Nawaz and Ahsan, 2014).  A coagulation-

flocculation technique was found to be effective in the removal of disperse dyes from 

wastewater, but less effective with reactive and vat dyes (Yeap et al., 2014). Adsorption 

techniques using activated carbon have found varying degrees of success with effluent 

containing a mixture of dyestuffs, but activated carbon is deemed expensive for 

commercial applications (Mohite and Patil, 2014b; Holkar et al., 2016). Other materials 

such as food wastes (e.g., ground nut shells, date stones, potato waste) have been 

explored as adsorbents with varying degrees of success (Holkar et al., 2016). However, 

all adsorption techniques produce significant amounts of sludge (a viscous mixture of 

solid and liquid waste), which needs to be disposed of at the end of the process (Holkar 

et al., 2016). Additionally, this sludge can contain many soluble dyes, which are not 

extracted and recycled, contributing to the unnecessary waste and unsustainable 

practice of the textile industry (Hussein and Scholz, 2018). 
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7.7.1 Physical Techniques 

Physical effluent removal techniques do not use chemicals. An example of a physical 

technique is that of membrane nano-filtration (Masmoudi et al., 2014). The reduced pore 

size of the filter is a successful solution for catching small particles of colour but fouling 

and therefore blocking of the filter membrane is high, thus reducing its useable life 

(Masmoudi et al., 2014). Nevertheless, when this technique is used in combination with 

an activated sludge method (sludge containing aerobic microorganisms), around 90 % 

of colour can be removed (Fersi and Dhahbi, 2008).  In other studies, a coagulation / 

flocculation technique was used in combination with a membrane nano-filter and again, 

approximately 90 % of colour was removed whilst reducing the amount of fouling of the 

filter (Riera-Torres et al., 2010; Zahrim et al., 2011). A colour reduction of 99 % was 

achieved by Aouni (2009), when using the membrane nano-filter alongside an electro 

coagulation technique. Masmoudi (2014) demonstrated a near 100 % colour removal 

rate when combining membrane nano- and micro- filters.  Whilst these studies have all 

shown high degrees of success, each of the methods proposed are expensive and, in 

some cases, complicated. It is acknowledged that simpler and cheaper methods need 

to be further investigated and researched (Masmoudi et al., 2014).  

 

7.7.2 Chemical Treatments 

Chemical techniques used in the treatment of textile effluent can alter the molecular 

structure of the waste compound to render it harmless to the natural environment. 

Oxidation techniques using reagents such as Fenton’s reagent have proved effective in 
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treating dyebath additives, but sludge is still generated due to residual dye molecules 

(Babuponnusami and Muthukumar, 2014).  

 

7.7.3 Biological Techniques 

Biological techniques for decolouration of dyes include biosorption, enzymatic 

degradation, or a combination of both (Wu et al., 2012; Imran et al., 2015). The 

techniques can be classified as aerobic, anaerobic, or facultative (Holkar et al., 2016; 

Zabłocka-Godlewska et al., 2018) depending on the physiology of bacterial strain being 

utilised (Masi et al., 2019).  

Biological techniques are usually most effective in dealing with dissolved matter (Holkar 

et al., 2016) and are more suitable for acid and reactive dye classes (Willmott et al., 

1998). Biological techniques are found to be more eco-friendly, cheaper and produce 

less sludge when compared to other chemical or physical techniques (Wang et al., 

2009a; Hayat et al., 2015), particularly when used in conjunction with other methods 

such as adsorption (Masi et al., 2019). Studies have shown that biological techniques 

such as treatment wetlands have proved successful in the removal of water-soluble Acid 

Orange (Ong et al., 2010), Basic Red and Acid Blue azo dyes (Hussein and Scholz, 2018). 

Further studies have been conducted to find the bacterial species responsible for the 

decolourisation of dyestuffs in waste, with bacterial species being isolated from in 

wetlands, polluted rivers and sludges resulting from other treatment processes 

(Zabłocka-Godlewska et al., 2018). Zablocka-Godlewska et al., (2018) found the most 

effective bacteria to decolourise triphenylmethane, fluorone, and azo dyestuffs were 

Gram-negative, rod shaped facultative anaerobic species. 
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Imran (2015), states the selection of the bacteria, either as a single species or as a 

consortium, is critical to the successful decolourisation and degradation of the 

dyestuffs. This is further supported by studies evaluating the treatment of azo dyes. 

Synthetic azo dyes are widely used in the textile industry due to their versatility and high 

degree of durability and degradation resistance to UV light, and microbiological attack 

(Patel and Vashi, 2015). Whilst biological processes have difficulty breaking down 

synthetic dyes (Cao et al., 2019), Mishra (2018) suggests the decolourisation of the dye 

can be achieved either by adsorption or biological degradation of the molecular 

structure, with careful selection of bacterial strains. Table 21 presents an overview of 

some of the studies in this field. However, these approaches should be taken with 

caution; anaerobic digestion causes decolourisation, but the by - products are aromatic 

amines which are carcinogenic, toxic, and prone to further mutation (Cao et al., 2019). 

Nevertheless, aerobic degradation has proven successful in breaking down such 

structures rendering them inert (Solís et al., 2012).  

Additionally, studies using strains of strains of algae and fungi (Table 22) have indicated 

that it is the production of extracellular ligninolytic enzymes which are critical in the 

degradation of the complex dye molecular structures (Sen et al., 2016).  However, Mishra 

and Maiti (2018) argue that the long growth times of algae and fungi (in comparison to 

bacterial species) reduce their efficacy at decolourisation, as they remove dye 

predominantly by adsorption, rather than degradation.  
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Table 21.  Treatment of Dyestuffs with Bacterial Strains. 

Bacterial 
Species 

Experimental 
Conditions 

Initial Dye 
Concentration 

Efficacy of Colour 
Removal Dyestuff Source 

Escherichia coli 
Static incubation 

20 – 45 °C, 10 
hours 

2000 ppm 100 % Reactive Red 22 Chang and Kuo (2000) 

Pseudomonas 
luteola 

Static incubation 

37 °C, 20 hours 
200 ppm 90 % 

Reactive Red 22 

azo 
Chang et al. (2001) 

Pseudomonas 
sp 

Static anaerobic 

30 °C, 1 hour 
50 ppm 99.28 % Reactive Red BL1 Kalyani et al.  (2008) 

Static 

30 °C, 114 hours 
5 ppm 80 % Reactive Red 2 Kalyani et al. (2009) 

Pseudomonas 
aeruginosa 

Static 

30-40 °C, 5.5 
hours 

300 ppm 91 % 
Reactive Red BS 

Ci 111 
Sheth and Dave (2009) 

Citrobacter 
Anaerobic 

33 °C, 25 hours 
1000 ppm 95 % Reactive Red 180 Wang et al. (2009a)  

Brevibacillus 
laterosporus 

Static 

30 °C, 48 hours 
50 ppm 87 % Reactive Golden Yellow HER Gomare et al. (2009) 
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Bacterial 
Species 

Experimental 
Conditions 

Initial Dye 
Concentration 

Efficacy of Colour 
Removal Dyestuff Source 

Bacillus lentus 
Static anaerobic 

35 °C, 12 hours 
1500 ppm 92 % Reactive Red 120 Oturkar et al. (2011) 

Enterobacter sp 
Anaerobic 

35 °C, 30 hours 
50 ppm 91.4 % 

Reactive Black 5 

diazo 
Chen et al. (2011) 

Alcaligenes 
faecalis 

Anaerobic 

37 °C, 16 hours 
400 ppm 98.2 % Reactive Orange 13 Shah et al. (2012) 

Bacillus sp 

Static 

40 °C, 120 hours 
100 ppm 95 % 

Reactive Black 5 

azo 
Wang et al. (2013) 

Static 

35 °C, 4 hours 
200 ppm 100 % Reactive Red Padmanaban et al. (2016) 

Lysinibacillus sp 
Static 

30 °C, 24 hours 
50 ppm 100 % 

Remazol Red 

azo 
Saratale et al. (2013) 

Morganella sp 
Static anaerobic 

30 °C, 24 hours 

10 ppm 
97 % 

Reactive Black B 

azo 
Pathak et al. (2014) 

Aeromonas 
hydrophilia 

Static 

35 °C, 24 hours 

100 ppm 
76 % Reactive Black 5 El Bouraie and El Din (2016) 
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Table 22.  Decolourisation of Dyes Using Fungal Species. 

Adapted from Sen et al. (2016). 

Yeast 
Method of 

Decolourisation 
Experimental 

Conditions 
Initial Dye 

Concentration 

Efficacy 
of 

Colour 
Removal 

Dyestuff Source 

Candida 
tropicalis Adsorption 

28 °C 

2 days, 120 rpm 
10 ppm 85.3 % Basic Violet 3 Das et al. (2011) 

Candida utilis Adsorption 
25 °C 

10 days, 140 rpm 
50 ppm 82 % Remazol Turquoise 

Blue-G 
Gönen and Aksu 

(2009) 

Pichia 
fermentans Adsorption 

28 °C 

2 days, 120 rpm 
10 ppm per 

dye type 

100 % 

95 % 

70 % 

Acid Blue 93 

Direct Red 28 

Basic Violet 3 

Das et al. (2010) 

Rhodotorula 
mucilaginosa Adsorption 

30 °C 

6 days, 100 rpm 
389 ppm 96 % Remazol Blue Ertuğrul et al. 

(2008) 

Trichosporon 
akiyoshidainum 

Adsorption and 
aerobic 

degradation 

26 – 35 °C 

9 days, 250 rpm 
200 ppm per 

dye type 

100 % 

100 % 

100 % 

Reactive Blue 221 

Reactive Red 141 

Reactive Black 5 

Pajot et al. (2011) 

Candida 
rugopelliculosa 

Anaerobic 
degradation 

28 °C 

48 h, 120 rpm 
2000 ppm 90 %  Reactive Blue 13 Liu et al. (2011) 
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Yeast 
Method of 

Decolourisation 
Experimental 

Conditions 
Initial Dye 

Concentration 

Efficacy 
of 

Colour 
Removal 

Dyestuff Source 

Galactomyces 
geotrichum 

Anaerobic 
degradation 

30 °C 

24 h, 120 rpm 

10 ppm per 
dye type 

88 % 

Remazol Red 

Golden Yellow HER 

Rubine GFL 

Scarlet RR 

Methyl Red 

Brown 3 REL 

Brilliant Blue 

Waghmode et al. 
(2011) 

Candida 
Tropicalis 

Anaerobic 
degradation 

28 °C 

30 h, 120rpm 

50 ppm per 
dye type 

100 % 

100 % 

90 % 

Acid Blue 93 

Direct Red 28 

Basic Violet 3 

Das et al. (2011) 

Candida sp., 
Williopsis 
californica 

Aerobic 
degradation 

25 °C 

24 h, 250 rpm 

 

200 ppm per 
dye type 

96 % 

Reactive Yellow 84 

Reactive Black 5 

Reactive Blue 221 

Reactive Red 141 

Grassi et al. 
(2011) 

Candida 
albicans 

Adsorption 
35 °C 

72 h, 150 rpm 
100 ppm 73.2 % Direct Violet 51 

Vitor and Corso 
(2008) 
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7.8 Use of Bacterial Consortia for Colour Removal 

As several bacterial and/or fungal species are often required to efficiently break down a 

dyestuff, some studies have focused on a consortium approach, using various co-existing 

microbial species (Suvilampi et al., 2003). Table 23 presents an overview of these studies. 

These consortia are often found in natural aquatic eco- systems and water- treatment 

techniques such as activated sludge and constructed wetlands (Suvilampi et al., 2003). The 

microbes in these consortia are often a mix of structures (e.g. branched, filamentous, 

spherical, oval, mushroom, sheet, irregular) (Wu et al., 2012) and adapt their activities 

depending on the surrounding conditions (Khatoon et al., 2007). Sen (2016) states that this 

gives more stability against environmental fluctuations therefore improving the efficacy and 

durability of the treatment but also concedes that evaluation of this type of treatment is still 

at an early stage.  Wu (2012) suggests that when conditions are favourable, the mix of 

microbes exhibit enhanced performance (compared to single species treatments) in terms 

of adsorption and degradation of contaminants and therefore can prove useful in the 

removal of pollution in wastewater. The consortium is often consolidated by extra polymeric 

substances (EPS), forming a ‘microbial aggregate’ and as Wu (2012) postulates, the EPS is 

usually made up of proteins and carbohydrates. This combination is otherwise known as 

biofilm or pellicle. Sheng (2010) further explains that the content and physical structure of 

the EPS is critical in terms of the adsorption ability, surface characteristics and formation of 

the microbial community. Sharma (2018) suggests that the effluent treatment performance 

is enhanced by the microbes being considered ‘immobile’ due to the EPS structure. This can 
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allow the consortium to be used for multiple treatment cycles, thus reducing the cost of the 

process.
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Table 23.  Colour Removal Using Microbial Consortia. 

Consortium Method of 
Decolourisation 

Experimental 
Conditions 

Efficacy of 
Colour Removal Dyestuff Source 

Alpha, Beta, Gamma 
proteobacteria Aerobic degradation 

pH 7 

27 °C, 24 h 
100 % Reactive Blue 59 Kolekar et al. (2012) 

Penicillium sp., 

Exiguobacterium sp., 
Pseudomonas sp. 

Anaerobic degradation 
pH 7 

30 °C, 48 h 

97 % 

100 % 

Reactive Dark Blue 

Reactive Orange 
Jadhav et al. (2010) 

Fungi and Bacteria Aerobic degradation - 
94 % 

65 % 

Acid Red 249 

Reactive Red M3BE 
Yang et al. (2009) 

Irpex lacteus 

Mixed bacterial 
communities 

Not stated 
pH 7.0 

9 – 20 days 

98.4 % 

98.5 % 

Reactive Orange 16 

Remazol Brilliant 
Blue R 

Novotný et al. (2011) 

Pseudomonas 
aeruginosa, 

Rhodobacter 
sphaeroides, Proteus 

mirabilis, Bacillus 
circulans 

Anaerobic / Aerobic 
pH 7.0 

37 °C, 24 h 
>90 % Remazol Black Dafale et al. (2008) 

Pseudomonas 
aeruginosa, Bacillus 

flexus, Staphylococcus 
lentus 

Aerobic 
pH 7.0 

37 °C, 16 h 
93.7 % Acid Blue 113 Shanmugam and 

Mahadevan (2015) 

Pseudomonas stutzeri, 
cineobacter baumannii  

pH 8.0 

37 °C, 5 days 

97 % 

95 % 

Congo Red 

Gentian Violet 
Kuppusamy et al. (2017) 
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Consortium Method of 
Decolourisation 

Experimental 
Conditions 

Efficacy of 
Colour Removal Dyestuff Source 

Diverse community 
including 

Streptococcus, 
Lactobacillus, 
Clostridium, 

Enterococcus 

Aerobic 
pH 7.5 – 9.5 

35 - 40 °C, 48 h 
90.74 % Direct Blue 2B Cao et al. (2019) 
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Additionally, Peinado (2006) claims the EPS helps the consortium withstand the toxic nature 

of the dyestuffs, thus further improving the durability of the treatment. 

Other studies further support these claims. Kurade (2019) described how a consortium of 

bacteria (Brevibacillus laterosporus) and yeast (Galactomyces geotrichum) immobilized in 

various matrices (calcium alginate (CA), polyvinyl alcohol (PVA), polyurethane foam and a 

stainless-steel sponge) were used to decolourise a reactive azo dye (Remazol Red). This 

combination showed 100 % colour removal in 11 hours, whilst a similar result took 24 hours 

to achieve with CA and PVA alone. Kurade (2019) also studied the action of free cells on the 

decolorization of Remazol Red but found those cells which were ‘immobile’ to be much 

more effective, postulating that this was due to the adsorption action of the matrices in 

which they were held. 

Azo dyes such as Direct Blue have been treated by microbial communities in a batch-fed 

reactor, with a study by Cao (2019) showing a consortium consisting of Bordetella, 

Gammaproteobacteria, Betaproteobacteria, Enterococcus, Bacilliacinetobacter, 

Escherichia-Shigella, and Lysinibacillus to be effective, with a result of over 90 % 

decolourisation. Cao (2019) concluded that this technique could have decolourisation 

applications for a range of azo dyes. 

 

7.9 Use of Bacterial Cellulose for Dyehouse Effluent Treatment  

BC has been explored in water treatment applications as an adsorbent and nano-filter due 

to its enhanced strength, surface area, water absorbency and lack of contaminants 

https://www-sciencedirect-com.mmu.idm.oclc.org/topics/earth-and-planetary-sciences/bacillus
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compared to its plant cellulose counterpart (Wang, 2019). Additionally, its non-toxicity and 

bio-adsorption ability makes it suitable as a water purifying membrane (Menon et al., 2017). 

Mohite and Patil (2014b) produced BC using Gluconacetobacter hanseii grown in H&S 

medium and measured the efficiency of the ‘pure’ BC structure (any residual microbes 

present after the BC pellicle formation were removed by rinsing with NaOH) in removing 

Aniline Blue azo dye. The dye was shown to adsorb onto the surface of the nanofibres and a 

colour reduction rate of 80 % was recorded after 60 min when the dye solution was 

measured with a spectrophotometer. Additionally, Mohite and Patil (2014b) found BC had 

the potential to adsorb lead, cadmium, and nickel ions. 

Whilst the structure of a bacterial cellulose can act as a nano-filter (section 7.7.1), 

functionalization of the cellulosic structure can lead to enhanced filtration and adsorption 

properties. Functionalisation using carboxyl, phosphonate and sulphonate groups has led 

to selective uptake and adsorption of contaminants ‘such as metal ions, dyes and microbes 

for water purification’ (Wang, 2019). 

Carboxylated nanocellulose has shown promise in the removal of lead (Abou-Zeid et al., 

2018), (Saito and Isogai, 2005), silver (Saito and Isogai, 2005; Karim et al., 2017), lanthanum 

(Saito and Isogai, 2005), copper (Sehaqui et al., 2014; Karim et al., 2017), cadmium (Sharma 

et al., 2018), iron (Karim et al., 2017) and calcium ions (Abou-Zeid et al., 2018). More 

specifically in terms of dyestuffs, carboxylated cellulose has shown good adsorption of 

cationic dyes such as Methylene Blue (Leung et al., 2011; Batmaz et al., 2014) Crystal Violet 

and Malachite Green (Qiao et al., 2015). 
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Succinylation of the cellulose has been indicated as an efficient adsorbent, attracting lead, 

cadmium nickel and chromium ions which were subsequently harvested and recycled (Yu 

et al., 2016). Additionally, functionalization with positively charged groups has shown some 

success in attracting anionic metallic ions such as arsenates and chromates (Hasani et al., 

2008). Nanocellulose functionalized with amino groups are useful for the adsorption of 

anionic dyes such as Congo Red (Pei et al., 2013; Jin et al., 2015; Zhu et al., 2016), Acid Green 

(Pei et al., 2013), Acid Red, Reactive Light Yellow (Jin et al., 2015) and Cationic Base Yellow 

(Zhu et al., 2016). 

 

7.10 The Potential Use of a Kombucha SCOBY as a Colour Remover 

The previous sections have described the use of BC as an adsorbent for dyestuffs and the 

use of various bacterial consortia as effluent treatments, but no evidence can be found in 

the literature to suggest that these have been tried in tandem. 

A BC pellicle developed from a Kombucha SCOBY inoculum contains the BC nanofibrils 

discussed previously in microfilter approaches to colour removal (section 7.7.1), and 

comprises EPS (extra polymeric substances) but additionally hosts a community of bacteria 

and yeasts (section 3.3.3). Some of these species have previously been explored as colour 

removers, such as Pseudomonas sp., Bacillaceae and Candida sp., but not in combination 

(Table 21, Table 22).  

Sequencing performed as part of this thesis revealed that Komagataeibacter xylinus is the 

dominant species in BC pellicles developed from Kombucha SCOBYs, in agreement with 
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existing literature (Marsh et al., 2014; Gaggìa et al., 2019). No evidence could be found in the 

literature of this species being used to remove colour from dyehouse effluent. Additionally, 

the Kombucha SCOBY consortium has never been examined to extract colour from dye 

solutions, although other bacteria / yeast consortium approaches have been considered by 

some studies with positive results (Table 23). 

Whilst there have been some studies exploring the most effective ways of imparting colour 

onto BC pellicles (section 6.8.2), all of these have focussed on the colour of the pellicle, 

rather than the (lack) of colour remaining in the dye solution after the process. For example, 

Kim et al. (2022) studied the effects of a BC pellicle as an adsorbent for Methylene Blue, but 

this work assessed the efficiency of the dye adsorption rate in relation to dye concentration. 

It used pellicles that had been pre-dyed with coffee extract and then treated with aluminium 

potassium sulphate, copper sulphate or iron sulphate which are commonly known as 

’mordants’ in the textile dyeing industry and are traditionally used to improve dye adherence 

to a textile. This work did show the potential of BC to adsorb Methylene Blue, a synthetic dye 

used on cotton, wool and silk (Oladoye et al., 2022) with the aid of mordants. However, no 

analysis of exhaustion rate was provided and, the modification of the BC using the 

mordanting chemicals did introduce an additional potential environmental pollution 

hazard, thus negating some of the benefits of the colour removal from the solution. Similarly, 

Shim and Kim (2018) and Costa (2019) assessed the effectiveness of dye uptake of the BC 

pellicles with synthetic and natural dyes respectively but did not analyse the remaining dye 

solution. 
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As there is no existing work investigating the potential of the BC nanofibrillar structure mixed 

with the microbial community, as found in a Kombucha SCOBY pellicle, this part of the 

thesis aims to examine the potential use of the Kombucha SCOBY pellicle as a colour 

reducer of dyehouse effluent.  The work will not examine microbial metabolic degradation 

mechanisms but will focus preliminary explorations of the efficacy of the pellicle to reduce 

colour from dye solution and note any potential additional effects of the microbial 

community in colour reduction. 

 

7.11 Experimental Details 
 

7.11.1 Dye Treatment Selection 
 

The effects of the nanofibrillar BC structure, the live bacterial and yeast community, and a 

combination of both on the dye uptake of pellicles was examined. In brief, these were 

prepared as follows: 

• Nanofibrillar BC pellicle only – pellicles were cleaned using NaOH to lyse any 

bacterial or yeast cells (in line with methods documented in literature (Table 5). 

• Live bacterial and yeast community only - a sample of liquid growth medium used to 

prepare solid pellicles (as described in section 7.11.3), which could be considered a 

liquid phase of the Kombucha SCOBY consortium. 

• Combination nanofibrillar BC and live bacterial and yeast community - pellicles 

taken directly from the growing medium without any subsequent treatment. 
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7.11.2 Dye Class Selection 
 

In textile processing, cellulosic fibres are commonly (but not exclusively) dyed with reactive 

classes of dyes. These dyes are water-soluble and form covalent bonds with the cellulose 

fibre, imparting a degree of colour fastness (durability) to the textile.  As BC is of cellulosic 

base, the reactive dye class was deemed appropriate for further examination as it would be 

likely to have affinity for the cellulose nanofibrils in the pellicle. Commercially, the 

application of colour using reactive dyes also requires auxiliary chemicals to be added to 

the dyebath to optimise colour uptake (as discussed in section 7.4). However, for the 

purposes of this experiment, the dye solution was examined without the addition of the 

auxiliaries because effluent colour is often the factor of most concern in effluent discharge, 

as previously discussed in section 7.5. Procion Reactive Navy MX (Reactive Blue 4) was 

chosen as an example of a reactive dye for exploration as this was easily accessible through 

university stores. 

Acid dyes are used in the colouration of protein (wool and silk) and nylon fibres. Due to the 

molecular structure of these dyes, they are not used to dye cellulose because they are not 

able to form chemical bonds with the fibre. If acid dyes are used with cellulose, light staining 

occurs which is quickly removed by washing because the lack of chemical bonding means 

the dye molecule has no permanent adherence to the fibre. Acid Brilliant Blue (Acid Blue 9) 

was used for exploration (due to ease of access through university stores) as an example of 

an acid dye to assess the effect of BC pellicle and the associated microbial community on 

this class of dye.  
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7.11.3 Pellicle Preparation 
 

In brief, 800 mL of sterile black tea with sugar, and 800 mL H&S medium were prepared as 

discussed in part one of this thesis. 200 mL medium was decanted into a 500 mL sterile pot 

(4 pots each of black tea with sugar and H&S) and inoculated with 20 mL of Kombucha 

SCOBY liquid. The lids of the pots were loosely attached, and the pots placed in a 30 °C 

incubator for 30 days. After the incubation period, pellicles had developed on the surface of 

the sterile media and were removed from the pots. 

Once removed, one pellicle per growth medium was treated by either:  

i) The pellicle was cut into 1 g pieces and stored in sterile water until needed 

(untreated control). 

ii) The surface liquid media was removed by pressing the pellicle between filter 

paper sheets. The pellicle was cut into pieces weighing 1 g each. The pieces 

were placed on a petri dish and dried in a 60 °C fan oven for 24 hours. The dried 

pieces were stored in a petri dish in a desiccator until needed (dry). 

iii) The pellicle was placed in a conical flask, containing 300 mL 0.1 M NaOH. The 

conical flask was placed in a water bath and heated to 80 °C for one hour. The 

flask was removed from the water bath, allowed to cool and the pellicle 

removed. The surface liquid of the pellicle was removed by pressing the pellicle 

between filter paper sheets. The pellicles were then cut into pieces weighing 1 g 

each. The pieces were placed on petri dishes and dried in a 60 °C fan oven for 24 
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hours. The dried pieces were stored in a petri dish in a desiccator until needed 

(NaOH dry). 

iv) The pellicle was placed in a conical flask, containing 300 mL 0.1 M NaOH. The 

conical flask was placed in a water bath and heated to 80 °C for one hour. The 

flask was removed from the water bath, allowed to cool and the pellicle 

removed. The pellicle was cut into 1 g pieces and stored in sterile water until 

needed (NaOH wet). 

This resulted in four sets of prepared pellicles per growth medium. 

The liquid growth media from the pots in which the pellicles were developed was also 

reserved for subsequent inoculation into dye solutions. 

 

7.11.4 Dye Solution Preparation 
 

To create the dye solutions for testing with the Kombucha SCOBY pellicle and liquid inocula, 

3 L of dye solution per dye (Reactive Navy and Acid Blue) was prepared by dissolving 20 ppm 

powdered dyestuff in distilled water. The absorbance of the dye solution was measured 

using a Jenway 6305 spectrophotometer (Fischer Scientific, Leicestershire, UK). 

15 mL of dyestuff was decanted into universal tubes and the lids tightly screwed on until 

ready for use. Three pots per inoculum type per sample timepoint were prepared (a total of 

120 pots per dye type). 

 



 215 

7.11.5 Inoculation 
 

Each universal tube of dyestuff was inoculated with either 1 g pellicle or 1 mL of reserved 

growth medium, as described in Table 24.  The lids of the universal tubes were replaced 

loosely to support the aerobic activity of the microbial consortium. Each sample was 

replicated in triplicate. Five sets of triplicate samples were prepared per dyestuff type and 

placed in a 30 °C incubator. One set per dyestuff was removed after one, two, four, six, and 

eight weeks to assess the effect of both the inoculum and incubation time on the colour 

intensity of the liquid. 
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Table 24.  Details of Inoculum Preparation. 

Inoculum Growth Medium Preparation Reference 

Solid pellicle 

H&S 

Surface liquid removed 
and dried at 60 °C for 24 

hours and stored in a 
desiccator. 

H&S (dry) 

Placed in distilled water H&S (wet) 

Treated with NaOH (0.1M) 
for 1 hour at 80 °C. Dried 
at 60 °C for 24 hours and 

stored in a desiccator. 

H&S (NaOH dry) 

Treated with NaOH (0.1M) 
for 1 hour at 80 °C. Placed 

in distilled water. 
H&S (NaOH wet) 

Black tea with sugar 

Surface liquid removed 
and dried at 60 °C for 24 

hours and stored in a 
desiccator. 

Tea (dry) 

Placed in distilled water Tea (wet) 

Treated with NaOH (0.1M) 
for 1 hour at 80 °C. Dried 
at 60 °C for 24 hours and 

stored in a desiccator. 

Tea (NaOH dry) 

Treated with NaOH (0.1M) 
for 1 hour at 80 °C. Placed 

in distilled water. 
Tea (NaOH wet) 

Liquid medium 

H&S 
Decanted from growth 

pot 
H&S liquid 

Black tea with sugar 
Decanted from growth 

pot 
Tea liquid 
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7.11.6 Sample Evaluation 
 

At the end of incubation period the pellicles were removed and placed with sterile forceps 

onto a petri dish, photographed, visual observations recorded, and the pellicles allowed to 

dry in ambient conditions.  

Remaining liquid in each of the universal pots was photographed and visual observations 

recorded. The liquid was then sampled, placed into a cuvette and light absorbance 

measured on a Jenway 6305 spectrophotometer (Fischer Scientific, Leicestershire, UK) at 

597 nm for Acid Blue and at 583 nm for Reactive Navy dye samples. Each measurement was 

performed in duplicate, from opposite sides of the cuvette. The Beer - Lambert law was used 

to translate absorbance data into concentration (parts per million) dyestuff remaining in the 

dye solution as follows: 

 

C = 𝐴𝐴 𝜀𝜀𝜀𝜀�  

Where: A = absorbance; 𝜀𝜀 = molar absorptivity; b = length of light path; C = dye 

concentration. 

 

On the spectrophotometer used, the light path length was 10mm. The molar absorptivity (𝜀𝜀) 

had been previously calculated by plotting the measured absorptivity against a range of 

known concentration of each dyestuff and calculating the gradient of the slopes. R2 
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indicates ‘goodness of fit’ of the linear slope to the plotted points. In both cases, this is close 

to 1, indicating the slope is an accurate representation of the trend of the plotted 

measurements (Figure 35, Figure 36). 

 

 

 

Figure 35.  Acid Blue Solution Absorbance vs Concentration at 597 nm. 

𝜀𝜀 = 0.01318, R2 = 0.9770. 
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Figure 36.  Reactive Navy Solution Absorbance vs Concentration at 583 nm. 
𝜀𝜀 = 0.02416, R2 = 0.9881. 

 

 

 

The photographs of the pellicles and liquids were processed and analysed using Image J 

open-source software visual analysis tool (www.imagej.net) to facilitate visual comparison 

of hue changes. 

 

http://www.imagej.net/
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7.11.7 Results and Discussion 

As previously stated, these experiments were designed as a preliminary exploration into the 

potential of the BC pellicles (a mix of BC microfibrils and a microbial consortium) as a 

treatment to remove colour from dyehouse effluent. Whilst the data collected has been 

analysed, it should be considered preliminary data only, and used as a foundation for future 

further experimental design. 

 

7.11.7.1 Colour Loss in Dye Solutions  

Using the Beer Lambert law, absorbance was used to determine colour loss, in line with 

industrial techniques used and those noted in previous studies (Oturkar et al., 2011; Kalyani 

et al., 2009; Environment Agency, 2009). When measured on the spectrophotometer, the 

calculated concentration of the prepared and untreated dye liquid at the start of the 

experiment was 16.59 ppm for Acid Blue (absorbance = 0.147 @ 597 nm) and 12.98 ppm 

(absorbance = 0.297 @ 583 nm) for Reactive Navy. This was below the anticipated level of 

20 ppm (acid blue absorbance = 0.267 @ 597 nm, reactive navy absorbance = 0.483 @ 583 

nm). This discrepancy was attributed to experimental error in measuring the quantities of 

dyestuff when making the solutions (section 7.11.4). The calculated dye concentration was 

used as the benchmark against which to measure the effects of the various inocula over 

time. 

Following the capture of digital images of each container, the most commonly occurring hue 

in the pixels of the images was identified using ImageJ software (Figure 37 and  Figure 38). 
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Absorbance measurements showed that the dye solutions with the lowest concentration of 

colour remaining were observed after 14 days in the case of every inoculum, with the 

exception of H&S NaOH dry in Reactive Navy (Figure 39, Figure 40). 
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Figure 37.  Colour (Hue and Intensity) Change of Acid Blue Dye Solution After Pellicle 
Inoculation. 

Images Produced Using Image J Software (www.imagej.net). 
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Figure 38.  Colour (Hue & Intensity) Change of Reactive Navy Dye Solution After 
Pellicle Inoculation. 

Images Produced Using Image J Software (www.imagej.net). 
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Figure 39. Dyestuff Concentration (ppm) Acid Blue.  

Dotted Line Shows Measured Concentration of Initial Dyestuff Prior to Inoculation. Error bars = standard deviation. 



 
Figure 40. Dyestuff Concentration (ppm) Reactive Navy.  

Dotted Line Shows Measured Concentration of Initial Dyestuff Prior to Inoculation. Error bars = standard deviation. 
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7.11.7.1.1 Acid Blue 

Acid Blue solution inoculated with pellicles developed in tea broth (tea pellicles) that had 

not been treated with NaOH visually displayed a reduction of colour intensity and hue 

(Figure 37). As these pellicles had not been treated with NaOH, they were deemed to contain 

active microbial communities. This colour reduction observation was supported by the 

measurements of dyestuff concentration (Figure 39) where a significant difference (p < 

0.0001) can be seen in the solutions inoculated with tea pellicles compared to all other 

inocula types; less colour remained in these solutions. The change in colour concentration 

ranged from 79 % reduction in tea (dry) after 7 days to 61 % in tea (wet) after 56 days.  

This finding showed that the treatment was less effective than for the single fungal species 

approaches used in Table 22, where up to 100 % colour removal in Acid Blue dyestuff 

solution was achieved using Candida tropicalis (Das et al., 2010).  As there has been 

relatively little study on the effect of microbes on the reduction of colour in acid dye 

solutions, evidence could not be found in the literature of a single strain bacterial approach 

to reducing the colour of acid dye.  

The results of the study in this thesis revealed less of an effect of a consortium approach 

than those reported by Yang et al. (2009) who achieved a colour reduction of 94 % on Acid 

Red (Table 23). However, the colour reduction in the Yang et al. (2009) study focussed on the 

effects of the fungal communities in the consortium used.  

As the tea pellicles had not been treated with NaOH and therefore still contained active 

microbial communities, the findings in this part of the thesis indicate that it is the pellicle 
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and the microbial communities working in tandem to reduce colour and hue intensity in the 

acid dye solution. 

Anomalies were seen in several of the Acid Blue inoculations at 28 days where there were 

spikes in the graphs, indicating an apparent increase in dyestuff concentration (Figure 39). 

This was not possible as no extra dyestuff had been added, so these are attributed to a 

degree of microbial contamination in some of the samples and therefore turbidity in the 

liquid. This is likely to have affected both the behaviour of the colour in the solution and the 

spectral readings. It is also worthy of note that these anomalous results also displayed high 

standard deviations (illustrated by the errors bars in Figure 39) showing a high variability in 

the measurements. 

This does indicate a weakness in this method of data collection. Any microbial 

contamination of the samples will affect the light absorbance behaviour of the liquid by 

changing its colour or turbidity and potentially not accurately reflect colour reduction (Figure 

41). Further work would be required to identify the microbial contaminants and their origin, 

assess their growth, and evaluate their environmental toxicity and thus their impact in 

colour treatment for effluent. 
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Figure 41.  Dye Solution Inoculated with H&S (wet) at 14 Days Incubation Displaying 
Microbial Contamination and Turbidity of Dye Solution. 

 

 

In contrast to the tea pellicle inocula, the pellicles developed in H&S liquid medium (H&S 

pellicles) did not reduce colour in the Acid Blue dye solutions to the same degree. Visually, 

the H&S pellicle inoculated solutions showed little change across the sampled timepoints, 

except for H&S (dry) which showed a shade change to a green / brown hue (Figure 37). It is 

postulated that residue (microbial cells or extra polymeric substances as described in 

section 7.8) on the surface of the pellicle inoculum could be responsible for this colour 

change in the dye solution, as the greatest visual changes were noted where the pellicle 

inocula had not been treated with NaOH (the NaOH treatment process is used to lyse any 

residual cells from the surface of the pellicle). As acid dyes are not used to impart colour on 

cellulose, it was not expected that acid dye solutions would experience a reduction in colour 

when treated with a BC pellicle. However, in the study in this thesis, Reactive Navy solutions 

Clusters of microbial 
contamination 
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treated with H&S pellicles not treated with NaOH behaved in a similar way to Acid Blue 

solutions treated in the same way giving further grounds for speculation that it is residual 

microbial cells or other contamination on the surface of the pellicle are responsible for this 

visual change (Figure 41).  

 

7.11.7.1.2 Reactive Navy 

Reactive Navy dye solutions visually displayed a change when inoculated with different 

pellicle types (Figure 38). In this study, the best colour reduction both visually (Figure 38) 

and according to light absorbance measurements (Figure 40) was achieved in solutions 

inoculated with tea pellicles not treated with NaOH (63.5 %  - tea (dry) - 42 days).  This is a 

lower change than reported in other studies. There have been considerably more 

publications on the effect of bacterial species on the colour reduction of reactive dyes (than 

those on acid), with rates of 87 % (Gomare et al., 2009) to 100 % (Chang and Kuo, 2000) on 

Reactive Golden Yellow and Reactive Red 22 respectively.  

Treatment of reactive dyes with fungal species have reported a 100 % reduction in colour on 

Reactive Blue dye solution (Pajot et al., 2011) using Trichosporon akiyoshidainum; this strain 

was not identified as present in the Kombucha SCOBY community used in this thesis. No 

studies can be found in literature of the effects of the yeast species present in the Kombucha 

SCOBY (identified in Chapter 3) on reactive dyes. 

As observed with Acid Blue, there was a marked change in hue for the Reactive Navy dye 

solutions treated with H&S pellicles not treated with NaOH, from blue at the start of the 
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experiment to a brown shade at 14, 28, 42 and 56 days (Figure 38). These solutions also 

showed discolouration with a shade change to green / brown, further supporting the 

hypothesis that microbial residue or extra polymeric substance on the pellicle inocula is 

responsible for this shade change. The effect of the residue is supported by the appearance 

of the dye solutions treated with H&S pellicles that had been rinsed with NaOH; hue change 

was not apparent in these (Figure 38). Other studies have reported a change in hue of black 

reactive dye solution (from black to purple)  when treated with yeast species (Martorell et 

al., 2017), so some effects of the yeast community in the inoculum cannot be discounted. 

In order to verify the effects of microbial residue, further microbiological testing on the dye 

solutions would be required. This would need to assess the effect of each microbial strain 

found in the consortium on the shade change of each dyestuff. To facilitate this, each 

microbial strain would need to be isolated and identified and the dyestuff treated with each 

isolate independently with shade changes observed and measured across a period of time, 

using similar methods to those described in this thesis. 

 

7.11.7.2 Observed Differences Between Wet and Dry Pellicle Inocula 

In the dyeing of cellulosic fibres, dye uptake is generally improved by the ‘wetting out’ or pre 

swelling of the fibres before the dye is introduced as this increases the surface area of the 

fibre and improves diffusion of the dye into the fibre structure (Chen et al., 2011; Mao et al., 

2014). When viewing the data collected in this study, it is noted that this principle applies to 

the measurements of the colour remaining in the liquids; wet pellicles used as inocula 

reduced colour intensity of dye solutions more than those used dry, with wet tea pellicle 
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inocula (not treated with NaOH) significantly more effective (p < 0.0001) (Figure 39, Figure 

40).  

The effect was not observed to such a degree in the pellicles treated with NaOH. NaOH is 

commonly used in the dyeing of cellulose to swell the fibres (this is referred to as 

mercerisation when used on cotton fibre (Clark, 2011; Chakraborty, 2014) and therefore it 

was anticipated that treating the pellicles with NaOH would improve their uptake of dye. 

However, this was not the case; no significant improvements in colour reduction were 

observed in NaOH treated pellicles compared to those untreated. For example, in Acid Blue, 

tea (dry) pellicles reduced colour by 79 % compared to tea (dry NaOH) 15 %; in Reactive 

Navy the maximum reduction was achieved by tea (dry), 63.5 %, whilst tea (dry NaOH) 

achieved 29.5 %. In the case of this experiment, NaOH was primarily used to lyse any 

residual bacterial cells within the pellicle (as detailed in existing literature, Table 8), thus the 

effects of a BC pellicle without a residual bacterial community (NaOH treated) could be 

compared to one with an active community (untreated). It has been suggested that 

treatment with NaOH could affect the molecular structure of BC by increasing its crystalline 

area (Suryanto et al., 2019; Younesi et al., 2019) and thus reduce its ability to take up dye, 

which could explain the differences observed in this study. However, the absence of 

residual microbes (due to the NaOH treatment) cannot be disregarded in analysing the 

decreased ability of the NaOH treated pellicles to reduce colour intensity in the dye solution. 

The results further suggest that it is a combination of the BC pellicle developed in tea and 

the active microbial community that have the highest efficacy in colour reduction in dye 

solution in the cases of both Acid Blue and Reactive Navy. In accordance with these results, 
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Suvilampi (2003) states that the most effective colour reduction occurs when a variety of 

bacterial and fungal species are used to treat dye solutions. Additionally, this concurs with 

the findings of Wang et al. (2009b), Hayat et al. (2015) and Masi et al. (2019) who all agree a 

biological approach to the removal of colour from effluent is most effective when combined 

with other approaches, such as adsorption. 

 

7.11.7.3 Colour Absorbance by Pellicles 

After removal from the dye solution, as the pellicles dried, they became wrinkled (i.e. did not 

have a flat surface) therefore collection of light absorbance data using a spectrophotometer 

was not possible because inconsistent results were achieved due to the uneven surface of 

the pellicles. 

Visual analysis (by eye) was conducted, with Reactive Navy and Acid Blue tea pellicles 

darkest in appearance, supporting the findings (above) of the reduction in colour of the dye 

solutions. Additionally, images of the pellicles were processed using ImageJ software 

(section 7.11.7.1) and the results presented in Figure 42 and Figure 43. 

In general, pellicles were more heavily stained with colour from the Reactive Navy compared 

to those submerged in the Acid Blue solution, in contrast with the measurements of dye 

remaining in the liquids when the pellicles were removed (Figure 39, Figure 40) (colour 

intensity was less in Acid Blue solution compared to Reactive Navy solution after pellicle 

treatment). However, the dyes are different in terms of hue (shade); Acid Blue visually 

appears a ‘weaker’ or ‘paler’ shade than that of Reactive Navy and this could account for the 
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visual appearance of the pellicles submerged in Acid Blue solution appearing less 

pronounced.  

As Acid dyes are unable to form chemical bonds with the BC fibres (compared to reactive 

dyes which form covalent bonds with the hydroxyl groups found in the cellulosic structure), 

it is suggested that the dye molecules are trapped within the fibrillar network of the pellicle 

and therefore there may be less colour bound to the pellicles.  

As discussed in section 7.11.2, Reactive dyes are used commonly in the textile industry to 

dye cellulosic fibres and form covalent bonds with the fibre, and it is therefore anticipated 

that the dye in solution could bond to the cellulosic fibres within the pellicle. Another 

common feature of reactive dyeing is the hydrolysis of the dye molecules in the dye solution; 

some dye molecules can preferentially bond with water, rather than the fibre (Best, 2012). If 

the reactive dye molecules in solution are able to bond with the cellulosic fibres in the 

pellicle and any hydrolysed dye molecules are trapped within the pellicle structure, two 

mechanisms of colour capture are available and potentially a more effective method of dye 

removal from solution. As discussed above, (section 7.11.7.2) it is the combination of 

microbial and physical approaches (e.g. adsorption) that have been found to be most 

effective at colour removal from effluent (Wang et al., 2009a; Hayat et al., 2015; Masi et al., 

2019).  

With the exception of H&S (dry) pellicles, colour adsorption was observed in all pellicles 

submerged in Reactive Navy dye solution. However, as noted in the discussion of the dye 
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solution colour changes, the H&S pellicle colours could have been affected by 

contamination (section 7.11.7.1.1).  
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Figure 42.  Colour (Hue & Intensity) Change of Pellicle Inocula Removed from Acid 
Blue Dye Solution. 

Images Produced Using Image J Software (www.imagej.net). 
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Figure 43. Colour (Hue & Intensity) Change of Pellicle Inocula Removed from Reactive 
Navy Dye Solution. 

Images Produced Using Image J Software (www.imagej.net). 
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7.11.7.4 Effects of Liquid Inocula 

Colour change was observed in the dye solutions treated with the liquid growth media 

(microbial community) alone (Figure 44, Figure 45). 
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Figure 44.  Colour (Hue & Intensity) Change of Acid Blue Dye Solution After Growth 
Liquid Inoculation. 

Images Produced Using Image J Software (www.imagej.net). 
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Figure 45.  Colour (Hue & Intensity) Change of Reactive Navy Dye Solution After 
Growth Liquid Inoculation. 

Images Produced Using Image J Software (www.imagej.net). 
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Acid Blue dye solutions were affected in a similar way by tea-based and H&S-based liquid 

inocula. Initially, visual observations (both by eye and using ImageJ software) noted an 

increase in colour intensity in Acid Blue dye solution; after 42 days a decrease in intensity 

was observed for both tea-based and H&S-based liquid inocula (Figure 44). This agrees with 

light absorbance measurements of the dye solutions; clear trends in colour intensity across 

all sample points were difficult to detect (Figure 39). The light absorbance measurements 

indicate that the tea-based liquid inoculum (50.7 % colour reduction after 14 days) was 

more significantly (p < 0.0001) effective at reducing colour than the H&S-based (15 % 

reduction after 14 days) inoculum in Acid Blue dye solution. This effect was likely due to the 

biological degradation of the dye molecule (section 7.7.3) and beyond the scope of further 

invetigation in this thesis. 

Effects on colour for Reactive Navy dye solution were similar for both tea-based and H&S-

based liquid inocula; whilst changes in hue were visually observed, visual reductions of 

colour intensity were not noted (Figure 45). When treated with H&S-based liquid inocula, the 

change of the dye solution hue over time (from blue to brown) was similar to that observed 

when Reactive Navy dye solution was treated with a H&S solid pellicle not treated with 

NaOH (Figure 45). Absorbance data for tea-based and H&S-based liquid inocula showed no 

significant trends in colour intensity reduction across the period of the experiment for 

Reactive Navy (Figure 40) . 

These observations indicate that whilst suspended microbial and yeast communities could 

have an impact on colour intensity reduction in Acid Blue dye solution, there is little impact 

on Reactive Navy in terms of intensity of colour, albeit the hue is changed which could 
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indicate some microbial degradation effect on the dye molecular structure. Ali (2010) and 

Mishra (2018) agree that hue change can occur due to microbial breakdown of the dye 

structure and whilst this leads to colour change, it does not necessarily lead to loss of colour 

intensity and could even produce toxic by-products.  

The dyes in this study were of anthraquinone (Reactive Navy) and azo (Acid Blue) molecular 

structure, both of which have shown a degree of resistance to breakdown by microbial 

processes in the natural environment (Banat et al., 1996; Holkar et al., 2016). Nevertheless, 

in other studies, it has been noted that Pseudomonas sp. and Candida sp. are effective in 

colour reduction of reactive dye solution. Pseudomonas sp. reduced colour intensity by  80 

- 99 %  in Reactive Red solution (Kalyani et al., 2009; Sheth and Dave, 2009)  and Candida 

sp. reduced colour intensity by 90 % in Reactive Blue solution (Liu et al., 2011). 

Pseudomonas sp. and Candida sp. were both identified in the communities of bacteria 

present in the Kombucha SCOBY used in this study (Chapter 3). However it may be that a 

particular strain of these species is most effective, which were used in previous studies but 

not found in the consortium used in this work, but as the reviewed literature did not state 

specific strains, it is difficult to specifically conclude this. Nevertheless, a change in hue, 

rather than a reduction in colour intensity is not useful for effluent treatment, regardless of 

possible molecular breakdown, as colour intensity reduction is critical before liquid waste 

can be discharged into the environment (section 7.5). 

There is no previous work in the current literature examining the effects of the microbial 

communities described in this thesis which specifically focusses on acid dyes. However, it 

should be remembered that dyes are classed according to two methods, mode of 
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application (e.g. acid, reactive) and molecular structure (e.g. azo, anthraquinone). Whilst 

microbial effects have been discussed from the angle of molecular structure, acid dyes are 

also worthy of further exploration because some trends of colour intensity reduction of Acid 

Blue solution were observed, particularly when the dye solution was treated with solid tea 

pellicles. 

 

7.12 Summary 

• BC pellicles were prepared using a Kombucha SCOBY as an inoculum and either 

sterile H&S lab manufactured or sterile black tea with sugar as growth media. After 

incubation at 30 °C for 30 days the BC pellicles were either rinsed in water and dried, 

or washed with NaOH and dried. The resultant pellicles were used to treat dye 

solutions of Acid Blue and Reactive Navy to assess the effects of these on the 

concentrations of colour remaining in the solutions after set periods of time, i.e. the 

amount of dye absorbed by the pellicles. 

• The observations were made over 56 days but greatest amount of colour intensity 

reduction from the solutions was noted at 14 days, indicating this could be the 

optimal time for treatment of dye solutions with Kombucha SCOBY derived pellicles.  

• The pellicles developed in tea (and not treated with NaOH thus containing an active 

microbial community) reduced colour intensity to the greatest degree from the dye 

solutions. The pellicles with the least effect were those developed in H&S medium 
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and treated with NaOH. Wet pellicles used as inocula, rather than dry, also had the 

greatest effects of reducing colour intensity. 

• In dye solutions inoculated with liquid growth media, there was limited effect in terms 

of colour intensity in Reactive Navy solutions. However, there was a decrease in 

intensity in Acid Blue solution inoculated with tea liquid growth medium indicating 

possible dye degradation due to microbial activity. 

• The greatest reduction in intensity was that of the ‘active’ tea derived pellicles (not 

treated with NaOH), suggesting that it is the combination of the microbial community 

and the BC pellicle itself that are most effective at colour removal from acid dye 

solution.  

• Whilst BC developed from a Kombucha SCOBY has not been specifically investigated 

as a colour remover of acid dyes in previous studies, Pseudomonas sp. and Candida 

sp. have both been explored in previous work with varying degrees of success (Table 

21, Table 22). Both of these genera were found in the sequencing work of the 

Kombucha SCOBY conducted in chapter 3 of this thesis, suggesting that their 

presence may have affected the reduction of colour in Acid Blue dye solution.   

• In exisiting literature, the effect of microbial removal of colour from acid dye 

solutions is limited compared to that of reactive dyes; this study has shown that the 

effect of a microbial consortium in a BC pellicle on removal of both types of dye is 

worthy of further exploration. 
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Chapter 8:  Conclusions and Recommendations for Future Work 

 

This thesis has explored the use of BC as a sustainable material for the textile industry. BC 

pellicles offer a diverse range of properties such as enhanced moisture absorbency and 

abrasion resistance and the potential to be cheaply and relatively easily manufactured 

without contaminants and or the intervention of synthetic chemicals. Thus, they have 

potential to be considered a ‘next generation’ textile and improve the environmental 

credentials of the textile industry. 

The thesis first investigated the production of BC pellicles using both pure culture and a 

Kombucha SCOBY (symbiotic culture of bacteria and yeasts) as inocula and evaluating the 

most suitable type of growth medium and conditions. Sterile black tea with sugar produced 

the greatest yields of BC pellicles by weight, although the lab manufactured medium, H&S, 

produced pellicles more consistently, albeit with a lower yield. This section of the thesis 

discovered that it was the pellicles developed from the microbial consortium Kombucha 

SCOBY inoculum that were the most consistently reproducible when the liquid growth broth 

(rather than the solid pellicle) was used to inoculate subsequent generations, illustrating 

the potential sustainable manufacture of such material. Additionally, when used to 

inoculate black tea with sugar growth medium, this method could be used to reproduce 

pellicles in a public space, with minimal effects of contamination compared to those 

observed with lab manufactured (H&S) growth medium. This is an exciting contribution to 

knowledge as it further illustrates the potential of BC pellicles to be produced in non-sterile 
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conditions, using easily accessible and relatively cheap growth media, and a constant 

source of inoculum, opening the possibility to manufacture in relatively uncontrolled 

environments. 

Furthermore, the utilisation of a citizen science method to collect data regarding the 

replication of BC pellicles (via a school science club and science festival event) 

demonstrated that engagement was significantly enhanced when scientific enquiry   is 

either contextualised with or embedded in creative discourse. The integration not only 

yielded greater interest and participation from the public (non-experts) but also highlighted 

the potential of combining science with arts-based subjects to develop a more dynamic and 

engaging learning experience. These findings could be used to support the development of 

STEAM curricula, illustrating how creative approaches can deepen scientific enquiry and 

learning. This could provide a pathway to further develop the findings of this study in terms 

of community-based data collection and interdisciplinary engagement. 

The thesis then examined the uses and applications of BC. Already widely used in the 

medical, beauty and food industries, these applications make use of the exceptional 

hydrophilic characteristics of the BC and largely use pure culture (bacteria) to produce the 

pellicles in carefully controlled conditions. Additionally, many of these applications are for 

single use products which impacts both cost and environmental impacts of such items. 

Whilst there has been some exploration of BC in clothing applications, these have been 

restricted to conceptual pieces and have yet to reach the mainstream market. In 

contribution to knowledge, part two of the thesis explored some of the reasons why this is 

the case from an apparel textile performance point of view; at the time of writing there is no 
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evidence that BC has been tested as an apparel textile in current literature aside from the 

outcomes of this thesis. Apart from high hydrophilicity causing potential issues with wearer 

comfort, the pellicles were also considerably weaker than animal leather in terms of tensile 

strength. BC has been labelled ‘vegetable leather’ by some researchers; the reduced tensile 

strength compared to that of animal leather limits its application in some clothing 

applications, particularly those that fit more closely to the body. However, this part of the 

thesis revealed the exceptional abrasion properties of BC, where it outperformed animal 

leathers of a similar weight and thickness. This discovery suggests BC could be suitable for 

applications such as protective clothing if the issues with hydrophilicity could be addressed. 

One remedy to this could be the application of synthetic finishes, although this would 

compromise the ‘environmentally friendly’ credentials of the pellicles, which are produced 

using natural (i.e. tea and sugar) and renewable (i.e. Kombucha SCOBY) resources. 

As the textile industry has a problem with coloured dyehouse effluent discharge polluting 

the natural environment, the next part of the thesis examined the role of BC in the treatment 

of this, utilising its exceptional hydrophilic properties. It was hypothesised that hydrophilic 

BC pellicles and their inherent active microbial communities (when developed from a 

bacterial and yeast consortium) have potential in removal of colour from dyehouse effluent. 

An opinion in current literature is that the more effective method of decolourisation of dye 

solutions is using microbes under anaerobic conditions, but this method frequently 

produces toxic by-products (Zabłocka-Godlewska et al., 2018). Solis (2012) agrees but 

proposes that more research into microbes active under aerobic conditions is required, as 

the by-products of their action of dyestuffs are usually inert. The BC pellicle and the active 
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microbial community (all aerobic) had more effect on reducing the colour intensity in Acid 

Blue solutions compared to Reactive Navy, whilst changing the hue of Reactive Navy with 

limited effect on colour intensity. This was contrary to expected results; Reactive Navy is 

used to dye cellulosic fibre, and it was anticipated that the BC pellicle would therefore 

attract the dye molecules from solution to a greater degree than those from Acid Blue 

solution, resulting in a greater reduction in colour intensity of Reactive Blue solution at the 

end of the experiment. This final section of the thesis contributes to knowledge by indicating 

that the microbial consortium and the BC nanofibrillar structure in the pellicle work in 

tandem to reduce colour intensity in Acid dye solution via both microbial metabolic and 

pellicle absorbance mechanisms. 

This work could be explored further; the focus of most studies to date have been to evaluate 

the cleanliness of the water after treatment (Holkar et al., 2016), without considering the 

dyestuffs or other additives captured by the various systems. The reuse or recycling of these 

dyestuffs and additives is an area worthy of exploration in line with the ‘technical, 

environmental, and economical performance of textile industries’ and the adoption of 

cleaner production strategies and sustainable approaches indicated by the Waste 

Resources Action Plan (WRAP) (2021). It should also be noted that not all the extracted 

products have the potential for reuse; for example, reactive dyes left in effluent can become 

non-reactive due to the hydrolysis process undertaken as part of the dyeing mechanism and 

therefore cannot be recycled (Hassan and Carr, 2018). Much of the work in the field has 

focussed on the degradation of reactive dyes, possibly due to their ease of mode of 

application (a neutral dyebath) and their prevalence in the modern industry in the dyeing of 
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cellulosic based fibres. Acid dyes are not used in the colouration of cellulosics but are 

widely used in the dyeing of protein fibres (e.g. silk and wool) and synthetics (e.g. nylon). A 

novel and unexpected finding in this thesis has illustrated how a BC nanofibrillar structure 

and microbial consortium in a pellicle can be used in tandem to capture acid dye from 

solution. Whilst this could be viewed as a method of using dyestuff waste to dye BC pellicles 

for use in other textile applications, with implied impacts on both cost and reduction of 

waste, further work could explore the extraction of these dyes from the pellicles, with a view 

to recycling and reuse. 

In summary, further work should focus on: 

• The exploration of embedding creative practice more deeply into citizen science 

projects and the assessment of the impact on the quality of data collected in the 

context of communicating sustainable practice and environmental responsibility to 

a non-expert audience. 

• To consider BC as a true sustainable replacement to animal leather in clothing, the 

attributes of hydrophilicity and reduced tensile strength need to be addressed 

without compromising the non-toxic characteristics of untreated BC pellicles. In the 

shorter term, BC could be incorporated into clothing as patches in key areas to 

provide enhanced protection; methods of encapsulation of the pellicle would need 

to be explored to prevent degradation of properties due to environmental exposure. 

• Investigation and clarification of the effectiveness of the BC nanofibrillar structure, 

microbial consortium, BC nanofibrillar structure and microbial consortium 
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combined, and individual specific bacterial / yeast strains found in the consortium 

on the adsorption (and therefore dye solution decolourisation) of a range of dye 

classes. Assessment of the by-products of this mechanism is also necessary to 

ensure that the resultant solution is safe for discharge into the natural environment. 

• Evaluation of the BC pellicle after being used to treat dye solution as a colour 

extraction method, with a view to either removing the dye for subsequent re-use, re-

using the BC pellicle to absorb more dye, or using the BC pellicle as a textile material 

which has been dyed using by-products of earlier textile manufacture. This could find 

a place for BC in the revolution of the textile industry. 
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