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Abstract 

Bacterial cellulose (BC) was biosynthesised by Gluconacetobacter xylinus. The aim of 

this work was to study the effect of surface treatment with 5, 7 and 9 wt.% NaOH on the properties 

and structure of BC. The effect of BC (2, 4, 6 8 and 10 wt.%) as a filler on the mechanical 

properties and biocompatibility of reinforced polycaprolactone (PCL) composites processed by 

electrospinning and twin extrusion followed by injection moulding was also studied.   

FTIR showed an increase in crystallinity and cellulose II/I ratio with increasing NaOH 

concentration and treatment time. Thermogravimetric analysis (TGA) showed improved thermal 

stability of BC with increasing NaOH solution concentration and time. There was a significant 

difference between the viability of bone marrow cells on days 6 and 10 for the samples treated 

with higher NaOH concentration, leading to the conclusion that mercerisation did have a 

significant effect on the biocompatibility, studied by MTT assay. Cryogenic SEM studies showed 

that the morphology of BC changed with NaOH treatments from a dense fibre network to 

randomly distributed fibres with increased porosity.  

PCL-BC composites did not show significant improvement in the thermal stability studied 

by DSC with increasing BC content. An increase in the melting temperature of PCL-BC 

composites with increasing BC content was observed. A decrease in the ultimate tensile strength 

was observed with increasing BC content, whereas the yield strength did not show much change. 

The Young’s modulus increased significantly with increasing BC content.  

The electrospun PCL-BC composites showed a decrease in the degree of crystallinity 

studied by DSC as the BC content increased. Cell studies showed successful cell proliferation 

and viability.  
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CHAPTER 1 

Introduction and Literature Review 

1.1 Biomaterials and tissue engineering 

The term tissue engineering was devised at a national science workshop in 1988. The field 

of tissue engineering is highly multidisciplinary and combines many biochemical factors and the 

knowledge of biomaterials to create substitutes for replacement or restoration of damaged tissue 

for clinical use (O’Brien, 2011; Liu et al., 2007; Langer and Vacanti, 1993). 

In early biomaterial design, the goal was to match mechanical and material properties and 

to achieve a level of functional outcome that adequately matched the native tissue without causing 

tissue damage or a negative host response (Keane et al., 2014). There has been an enormous 

increase in the use of biomedical materials over the last few decades. The use of successful 

biomaterials has led to the increase of patients experiencing pain relief and an improved quality 

of life. The developments in biomedical materials has allowed the growth of living constructs 

outside the body for the use as engineered tissues for repair or replacement of damaged tissues 

(Hench et al., 2004). It can be argued that the most important measure of a scaffold material is 

not its composition, shape, mechanical properties, porosity, or ability to support cell growth, but 

rather the host response to the scaffold material (Keane et al., 2014). 

Every year, millions of people suffer from tissue loss or organ failure (Langer and 

Vacanti, 1993). Current surgical therapies include reconstructive surgery and organ 

transplantation. However, the problem in reconstructive surgery is that mechanical devices are 
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not complete substitutes for functional tissue. Therefore, the shortage of donor organs, together 

with the side effects of the permanent use of immunosuppressive medications in organ 

transplantation implies that these are imperfect solutions (Tabata., 2009; Langer and Vacanti., 

1993). The concept of tissue engineering has been introduced to resolve the issues faced with 

reconstructive surgery. Tissue engineering relies extensively on the use of porous 3D scaffolds 

to provide the appropriate environment for the cells, which are taken from different sources 

(autologous cells from the patient; allogeneic cells from another human with a different immune 

system; xenogeneic cells from a different species), proliferated in vitro and then seeded onto a 

scaffold (Griffith and Naughton, 2002). With the application of chemical, biological, mechanical 

and electrical stimuli, new tissue is formed and implanted into the patient’s body, where natural 

tissue regeneration takes place, new blood vessels form and grow into the scaffold (angiogenesis). 

The scaffold degrades over time, leaving regenerated tissue in its place (Liu et al., 2007). Figure 

1.1 illustrates the general process of tissue engineering (Rabkin and Schoen, 2002; Liu et al, 

2007). Scaffolds play an important role in the tissue engineering process. They serve three key 

purposes: 

➢ First, they provide a space for tissue regeneration (Hollister et al., 2002; Tabata, 2009). 

As a defect is produced in the body, the defect space is rapidly filled with fibrous tissue 

generated by fibroblasts, and ingrowth of this fibrous tissue into that space impairs 

regeneration of the target tissue (Tabata, 2009).  

➢ Second, scaffolds provide a temporary function at the defect site until tissue regeneration 

is complete (Hollister et al., 2002). 

➢ Third, they encourage the ingrowth of tissue and allow for the migration of oxygen and 

nutrients (Hollister et al., 2002; Liu et al., 2007). This is done through a network of 
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interconnected pores; therefore, pore size, shape, interconnectivity and total porosity all 

affect tissue regeneration. A suitable microstructure encourages cells to attach and 

proliferate, and an appropriate molecular structure induces the specific and desired cell 

response. 

.  

Figure 1.1: General process of tissue engineering (Rabkin and Schoen, 2002; Liu et al, 2007). 

For a scaffold to allow tissue regeneration, it should have a three-dimensional template for 

tissue growth, which stimulates new growth in the shape of the scaffold. The template should 

mimic the host tissue and allow the 3D growth of cells. For a tissue to be able to grow in 3D, 

there needs to be a network of large pores (minimum 100µm diameter) connected to each other. 

The interconnected pore network is necessary for cell migration and the passage of nutrients 

through the scaffold to promote tissue growth. Surface topography also plays a key role in the 

cell behaviour and surface roughness at a nanoscale can increase cell activity. Therefore, the 
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optimisation of scaffold pore size and surface topography is important (Hollister et al., 2002 

Gatenholm et al., 2010). 

Bioactivity of an implant material is usually essential to avoid formation of scar tissue around 

the implant. Bioinert scaffolds prevent the regeneration of tissue by isolating the scaffold from 

the host. Therefore, a bioactive scaffold material should be used to prevent the scar tissue 

response.  

Tissue engineering aims to regenerate tissue to restore original state and function as much as 

possible. Therefore, the characteristics of an ideal scaffold could be summarised as high porosity, 

biocompatibility, appropriate mechanical strength, stiffness, surface chemistry, high degradation 

rate with non-toxic by-products and permeability (Hollister et al., 2002; Rabkin and Schoen, 

2002; Liu et al., 2007). 

1.2 Bio-composites 

The word composite means consisting of two or more distinct parts which are combined in a 

controlled way to achieve a mixture having more useful properties than any of the constituents 

on their own (Powel, 1983). In engineering design, composites consist of one or more 

discontinuous phases embedded within a continuous phase. Depending on the purpose of the 

composite, the discontinuous phase, which is usually stiffer and stronger than the continuous 

phase, is called either the reinforcement or filler, while the continuous phase is termed the matrix. 

The term ‘reinforcement’ is often used when the aim is the improvement of mechanical properties 

of the composites, while ‘filler’ is used when the main objective is cost reduction or the 

modification of other (non-mechanical) properties. Fibre-reinforced composite materials consist 

of fibres of high strength and modulus embedded in or bonded to a matrix with distinct interfaces 
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between them. The properties of composites are strongly influenced by the properties of their 

constituent materials, their distribution, processing condition and the interaction between them. 

The properties of a composite are not only dependent on the filler concentration but also on the 

size, shape (aspect ratio), interfacial interaction between filler and matrix, and filler orientation 

(Ratner et al., 1996; Agarwal et al., 1980). For many years, synthetic polymer composites have 

been developed and applied in various fields such as industrial, domestic equipment, the 

automotive industry, and even in aerospace. However, these synthetic materials come from non-

renewable sources which are limited and difficult to decompose by microorganism present in 

nature (Wool and Sun, 2005). 

 

Figure 1.2: Classification of composite materials (Aizenberg et al., 2005; Agarwal and 

Broutman, 1980). 
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A worldwide growing environmental awareness has encouraged researchers and industrialists 

to consider natural plant fibres as an alternative reinforcing agent or filler to produce composite 

materials known as bio-based composites. The idea of using plant-based fibre as reinforcement 

has been around since the beginning of human civilization. Plant fibres have also been used to 

reinforce biodegradable polymers such as cellulose ester, polyhydroxybutyrate (PHB), 

polyesteramide, polylactic acid (PLA) and starch derivatives and blends (Peijs, 2000). A common 

choice for reinforcement of bio-based composites is cellulose. The cellulose fibre family, 

including kenaf, flax, ramie, hemp and jute has been widely used as a composite reinforcement 

for its outstanding properties including good mechanical and thermal stability, non-abrasiveness 

and biocompatibility (Geyer et al., 1994; Bullions et al., 2005; Lin et al., 2014). However, 

because of their hydrophilic nature, these fibres make imperfect bonds with the polymer matrix, 

which is generally of hydrophobic nature. Various ways of improving the interface to overcome 

this problem have been used, such as by the addition of surfactants or compatible agents, and by 

grafting a matrix-compatible polymer onto the fibre surface (Chance Escamilla et al., 1999; Viet 

et al., 2007; Lina et al., 2013).  

1.3  Cellulose 

Cellulose is an abundant polymer which is produced by plants, bacteria and animals. It is a semi 

crystalline high molecular weight homopolymer of β-1,4-linked anhydroglucose (Fengel and 

Wegener, 1983). The hydroxyl groups of cellulose form inter and intra molecular hydrogen 

bonds. These hydrogen bonds obstruct the free rotation of the ring (cellulose linking glucosidic 

bond) resulting in the chain becoming stiff. The hydrogen bonds also contribute to the insolubility 

of the cellulose chains in common solvents. Cellulose is a hydrophilic polymer, with three main 
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hydroxyl groups per glucosidic unit available for water adsorption (Saka, 2001; Haigler and 

Brown, 1986).  The base cellulose molecule is essentially structured on a regular unbranched 

linear sequence of D-anhydroglucopyranose units which are linked together by β (1-4)-D-

glucosidic with a syndiotactic homopolymer configuration (Theo et al., 2013; Jin et al., 2013). 

Its chemical formula is (C6H10O5) n. 

 

Figure 1.3: The cellulose polymer chain structure (Theo et al., 2013; Jin et al., 2013). 

In the last few years the use of cellulose in composites has increased due to its relative 

low price compared to conventional fibre materials such as glass and aramid fibres, the fact that 

they can be burned with energy recovery, and the fact that they compete well in terms of 

mechanical behaviour (Eichhorn et al., 2001; Hon and Shiraishi, 1991; Ding and Himmel, 2006). 

To extend the application of and to achieve better chemical and physical properties, cellulose has 

been transformed into various derivatives including acetate cellulose, cellulose sulphate and 

cellulose palmitate among others (Heinze and Glasser, 1996). 

1.3.1 Sources of Cellulose 

 Cellulose is most frequently isolated from plant cell walls; the most common commercial 

sources of cellulose include wood pulp and cotton linters. Cotton fibres are about 98% cellulose, 

whereas wood is 40-50% cellulose (Whistler, 1997; Ockerman, 1991). Cellulose can also be 
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produced from various other plant fibres, such as sugar cane stalks, wheat straw, rice hull, sugar 

beet, wheat straw, bamboo, and fibres such as flax and ramie as well as others, which is illustrated 

in Figure 1.3.1 (Franz, 1990; Hanna, 2001, Lin et al.,2014). 

The second source of cellulose is biosynthesis by different micro-organisms for example, 

bacteria, algae and fungi (Klemm et al., 2001; Eichhorn et al., 2001). Biosynthesis by the bacteria 

Gluconacetobacter xylinus is the only species which is known to be capable of producing 

cellulose in a commercially achievable quantity. 

 

1.3.1.1 Cellulose derived from plants 

Plant cellulose is never found pure in nature. Cellulose is associated with other substances 

such as lignin and hemicelluloses, both in considerable quantities. Hemicellulose is a common 

name for a large number of different carbohydrate heteropolymers, of which xylans and 

glucommans are the main components. Unlike cellulose which has high crystallinity, and is 

strong and resistant to hydrolysis, hemicellulose is a highly-branched and amorphous structure 

with little inherent strength. Hemicelluloses are more closely associated with lignin than 

cellulose, and exist in amorphous state.  
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Figure 1.3.1: Structure of cellulose; Cellulose nanocrystals (CNC), micro/nanofibrillated 

cellulose (MFC and NFC; bacterial cellulose (BC). TEM of sugar beet MFC, hardwood MFC, 

ramie CNC; and SEM of BC ribbons, nata-de-coco BC, BC pellicle (Lin et al., 2014).   
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The amorphous state of the hemicelluloses is evidently due to the presence of many side 

groups, which inhibit the close link between molecules that is necessary for the formation of 

crystalline regions (Klemm et al., 1998). The chemical structure of hemicelluloses is shown 

below in Figure 1.3.2. 

 

Figure 1.3.2: Chemical structure of hemicellulose (Jin et al., 2013). 

 

The walls of a plant cell most commonly consist of primary and secondary cell wall layers 

as shown in Figure 1.3.3. The secondary layer is composed of three sub-layers known as S1, S2, 

and S3. These sub layers are based on differences in microfibril orientation. 
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Figure 1.3.3: Schematic of cell wall (Chinga-Carrasco, 2011; Fardim, Liebert & Heinze, 2013; 

Fellers & Norman, 1998; Sixta, 2008). 

 

The middle lamella is a layer which forms during cell division and is situated between cells. 

Figure 1.3.4 shows the middle lamella and the primary cell wall which consists of a stiff skeleton 

made up of randomly arranged layers of cellulose. The secondary cell wall is formed after cell 

expansion and it is set down in multi layers inside the wall of the primary cells.  
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Figure 1.3.4: Assembly of plant cellulose chains into microfibrils that build up the plant cell wall 

(Djerbi, 2005). 

 

The layers S1, S2 and S3, within the secondary cell wall are made up of microfibrils 

placed in a well-ordered and parallel organisation (Timell, 1969). These layers vary in thickness 

and up to 80 % of the total cell wall thickness is made up by S2 (Plomion et al., 2001; Timell, 

1969). 

Although cellulose is more readily available from plants, the major problem found in 

plant-derived cellulose is that it is highly bound to lignin, which forms lignocellulose (Sukara 

and Meliawati, 2014). Therefore, cellulose has to be separated from lignin before it can be used 

in industry, which is a difficult and expensive task requiring sophisticated technology and high 

energy input.  
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1.3.1.2 Bacterial Cellulose 

Bacterial cellulose is a polymer produced by some gram-negative bacteria species of the 

genera Acetobacter, Agrobacterium, Aerobacter, Achromobacter, Azotobacter, Salmonella, 

Escherichia, Rhizobium, Pseudomonas, Alcaligenes and gram-positive species of the genus 

Sarcina (Shoda and Sugano, 2005). The most common and effective bacteria species producer 

of cellulose are G. xylinus, A. hansenii and A. pasteurianus (Bielecki et al., 2005). These possess 

the ability to produce cellulose at the surface of a medium containing carbon and nitrogen as a 

food source (Deinema and Avenhuizen, 1971). Bacterial cellulose is synthesised by strains of 

bacterium Gluconacetobacter xylinus (previously A. xylinus), reclassified as the genus 

Gluconacetobacter. It is a Gram negative, rod shape, aerobic bacterium (Joseph, 2001). Bacterial 

cellulose exists as a fibril structure consisting of β-1→4 glucan with molecular formula 

(C6H10O5)n (Esa et al, 2014). The glucan chains are held together by inter- and intra- molecular 

hydrogen bonding (Ul, Islam et al, 2012).  Bacterial cellulose has many advantages, such as; high 

purity, better crystalline property, simple polymerisation, high strength, high water absorbency 

and high bio-compatibility, fibre networks with diameter of 20-100nm and stronger biological 

adaptability (Sukara and Meliawati, 2014, Blӓckdahl et al., 2006, Klemm et al., 2006, Iguchi et 

al, 2000, Wan et al, 2006). 

1.3.1.2.1 History of bacterial cellulose 

A. J. Brown was the first to publish a scientific paper in 1886, describing an extracellular 

gelatinous mat, also referred to as a pellicle produced by Gluconacetobacter xylinus (Brown, 

1886). The solid mass referred to as ‘vinegar plant’ was later identified as bacterial cellulose and 

the bacteria which produced the cellulose was called Gluconacetobacter xylinus. This has since 
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become the official name according to the International Code of Nomenclature of Bacteria. In 

scientific literature this bacterium is treated as a separate species but for the purpose of strict 

classification, it is considered a sub-species of Gluconacetobacter aceti (Cannon and Anderson, 

1991). Between 1946 and 1963 bacterial cellulose production and its characterization was 

described using microscopic examination (Aschner and Hestrin, 1946), closely followed by the 

formation of a thin layer of bacterial cellulose on the surface of the medium (Hestrin et al., 1947). 

This showed that BC could be produced by Gluconacetobacter xylinus by taking advantage of 

various substrates other than glucose. The formation of gas bubbles within the submerged 

cellulose mesh prior to surface film formation was also observed and it was concluded that the 

gas probably floated the cellulose and the bacteria to the surface (Schramm and Hestrin, 1954). 

Observations of the structure, morphology and modification of BC were also conducted. X-ray 

analysis indicated that cellulose strands have a random orientation and are ribbon-like with a 

cross section of 100 x 200 Å, 40 µm in length (Frey-Wyssling and Muhletahler, 1946). 

 Cellulose that is produced in a bacterial cell forms an ultra-fine structure of microfibrils. 

During the culture process, the cell extrudes approximately 14 to 72 molecules of cellulose into 

the culture medium through pores on the cell surface (Zaar, 1979). Cellulose molecules bind to 

each other via hydrogen bonds after biogenesis near the surface of the cell and produce cellulose 

in a pure form (Ross et al., 1991). It is generally accepted that the synthesis of crystalline 

microfibrils by Gluconacetobacter xylinus is an extracellular process. In which the fibrous 

structure consists of a three-dimensional, non-woven nanofibril network, which shares the same 

chemical structure as a plant cellulose. This structure is held together by inter and intrafibrillar 

hydrogen bonds, resulting in a high strength hydrogel (Chawala et al., 2009; Esa et al., 2014; 

Lina et al., 2013). 
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Later research has applied more complex and advanced analysis. Some researchers, for 

instance, have mixed BC with resin to obtain a useful novel composite. By impregnating BC 

sheet with a phenolic resin and compressing it at high pressure, a high strength composite has 

been produced (Nakagaito et al., 2004) while impregnating BC sheet with acrylic resin gave an 

optically-transparent bacterial cellulose-based composite as shown in Figure. 1.3.5. (Yano et al., 

2012). 

 

Figure 1.3.5: Optically transparent bacterial cellulose based composite (Yano et al, 2012). 

The latest research shows that bacterial cellulose can be used in tissue engineering and is safe to 

be implanted into the bodies of living creatures. Through chemical modification, i.e. 

phosphorilation and sulphation, bacterial cellulose has been converted to a new scaffold material 

for tissue engineering of cartilage (Svensson et al., 2005). Composites of hydroxyapatite and 

bacterial cellulose have been synthesised through biometric methods and can be used as artificial 

bone. Through pre-treatment by soaking the BC in 0.1 M CaCl2 solution at 37 °C for 3 days 

apatite is more easily dispersed on the surface of the organic polymer. To trigger hydroxyapatite 
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growth, the treated bacterial cellulose was immersed in de-ionized water and further soaked in a 

1.5 x simulated body fluid (Hong et al., 2006). 

1.3.1.2.2 Mechanisms of bacterial cellulose production 

The methods for producing bacterial cellulose can be either, static culture, rotating disk 

system or shake culture. There are advantages and disadvantages for each method, static culture 

is a simple traditional method but produces a smaller number of pellicles on the surface compared 

to other methods (Son et al., 2001). This is because the bacteria which produces cellulose is an 

aerobic organism and requires sufficient oxygen for growth (Budhiono et al., 1999). Therefore, 

the reason for the slow growth of these aerobic organisms is that the pellicles at the air/liquid 

interface form a barrier between the oxygen in the atmosphere and the nutrient in the culture. 

This reduces the rate at which oxygen penetrates the pellicle to the cells (Dudman, 1960). 

Increasing growth time allows increased bacterial cellulose formation and therefore increase in 

hydrogen and C-H bonding (Sheykhnazari et al., 2011). In shake culture and the rotating disk 

system bacterial cellulose can be produced in a bioreactor or in a flask. These methods are more 

efficient and preferred for the production of bacterial cellulose on a large scale as it increases the 

productivity of bacterial cellulose rather than a process which is continuous (Çakar et al., 2014). 

However, gram negative and rod-shaped Gluconacetobacter xylinus is the only species 

known to be able to produce cellulose in marketable quantities. Particularly in this study, bacterial 

cellulose (BC) produced in static culture is composed of a number of microfibrils in the 

longitudinal axis of its envelope by Gluconacetobacter xylinus. Due to its remarkable mechanical 

properties and ability to form homogeneous membrane sheets after drying under certain synthesis 

conditions and an ultra-fine network structure, bacterial cellulose is useful for a number of 
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applications (Iguchi et al., 2000, Yamanaka et al., 1989) The methods of producing BC have been 

further developed with the intention of improving the structure and yield, as well as other physical 

properties (Ruka et al., 2012; Geyer et al., 1994; Jonas, 1998; Yamanaka et al., 2000). Apart from 

using different methods for production, the pH level, culture medium and the source of carbon 

and nitrogen as the main food for Gluconacetobacter xylinus have all been varied (Masaoka et 

al., 1993). Researchers also focused on the characteristics of BC, carrying out physical, thermal, 

and morphological analysis. 

Previous research has focused on ensuring that the Gluconacetobacter xylinus does not 

undergo genetic mutation (Saxena and Brown, 1995; Wulf et al., 1996). The implications of 

mutation occurring are the growth of a wild type organism which can reduce the ability of 

Gluconacetobacter xylinus to produce cellulose (Schramm and Hestrin, 1954; Valla and 

Kjosbakken, 1982). Other side-effects include affecting the morphological and physiological 

properties of BC (Coucheron, 1991) and a fall in the Young’s modulus of the BC sheet produced 

because of the growth of a by-product known as acetan (Watanabe et al., 1998). Various 

biosynthesis-related methods of ensuring a high productivity of BC from the Gluconacetobacter 

xylinus have been used (Nakai et al., 1999, Krystynowicz et al., 2002). The most recent was 

through cloning of the Gluconacetobacter xylinus whereby the resulting yield of BC was far more 

than that produced by the original bacteria itself (Kawano et al., 2002; Bae et al., 2004).  

Cellulose produced by Gluconacetobacter xylinus does not occur randomly, the highly 

ordered synthesis begins with small glucan chains aggregating by a self-assembly mechanism 

into 3 to 4nm microfibrils. This is followed by the banding of microfibrils into bundles, which 

then form into the complete ribbon with a width (parallel to the longitudinal axis of the cell) 

between 40 and 60nm as seen in Figure 1.3.6 (Cannon and Anderson, 1991; Brown, 1992). 
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Bacterial cellulose synthesised extra-cellularly consists of nano-size extrusions, which 

results in greater hydrogen bonding between fibrils than with plant cellulose. The hydrogen bonds 

due to the hydroxyl group give rise to properties such as a high degree of crystallinity, high water-

holding capacity and high tensile strength. Since BC has unique properties, including high 

hydrophilicity, as well as having a high water-holding capacity and a fine fibre network which 

can be easily shaped into three-dimensional structures during synthesis, it is an excellent 

candidate for use as a scaffold for tissue engineering (Svensson et al., 2005; Helenius et al., 2006). 

The porosity of BC, which is necessary to support cell ingrowths and effective mass transport of 

tissue such as cartilage, makes it a natural medium for growing cells. 

Figure 1.3.6: Assembly of microfibrils by Gluconacetobacter xylinus (Iguchi et al., 2000, Chawla 

et al., 2009). 
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It has been recognised that there are four different structural types of cellulose, different 

properties have been identified: 

❖ Cellulose I: consists of -1,4 glucan chains which are aligned parallel to each other.  

Typically found in nature.  It is the cellulose produced in pellicle form by 

Gluconacetobacter xylinus.  In a wet state, cellulose I can be referred to as ‘native’ 

cellulose (Ross et al., 1991). 

❖ Cellulose II: consists of anti-parallel -1,4 glucan chains. It is found in shaken cultures 

of Gluconacetobacter xylinus or after re-crystallization or mercerisation of cellulose I 

(Ross et al., 1991). 

❖ Cellulose III: chemically treated cellulose I (Haigler and Weimer, 1991). 

❖ Cellulose IV: can be derived from chemically treating cellulose II and is found in the cell 

wall of higher plants (Haigler and Weimer, 1991). 

In the last two decades key advances have been made into the cellular activators that cause 

Gluconacetobacter xylinus to secrete cellulose. The initial breakthrough was the discovery that 

cellulose I actually has two allomorphs that had been confusing crystallography work by causing 

different diffraction patterns (Atalla & Vander Hart, 1984 and 1986).  Cellulose Iα is produced 

predominantly by many algae and bacteria while cellulose Iβ is derived from plants. All native 

cellulose contains measures of both allomorphs (Sugiyama et al., 1991).  This led to the suggested 

of a parallel orientation model of the cellulose chains with Iα containing a triclinic unit cell and 

I monoclinic unit cell (Hieta et al., 1984). 
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In contrast to cellulose extracted from plant cells, bacterial cellulose is completely pure because 

99.8% of its mass is water and 0.2% is an inert polysaccharide, while it contains no lignin, 

hemicelluloses, pectin, and waxes (Klemm et al., 2001). BC has a higher degree of crystallinity 

(above 65%) compared with plant cellulose (<65%). The fibre cross section diameter ranges from 

2-4nm (Nakagaito et al., 2005), the length is several 100µm (Gindle et al., 2004) and the degree 

of polymerisation ranges between 2000 and 6000 (Iguchi et al, 2000). BC fibres exhibit high 

water absorption, excellent shape and strength retention, high mechanical strength and good 

chemical stability (Klemm et al., 2001). The crystalline structure of bacterial cellulose is 

generally cellulose I. Bacterial cellulose is reported to be more crystalline than plant cellulose 

due to the presence of predominant cellulose Iα (Bielecki et al., 2001). The pellicle produced in 

static culture has an ultra-fine network structure, producing ribbons 500nm wide and 10nm thick 

(Brown et al., 1976; Gindle, 2004), thickness of 3-4nm (Bielecki et al., 2004) and diameter of 

24-86nm (Chanliaud et al., 2002). BC is composed of nanosized fibres and the nanofibre 

structuring determines the product properties, this polymer is described as nanocellulose (Klemm 

et al., 2003). Table 1.3 below briefly shows the comparison between the physical properties of 

bacterial cellulose and plant cellulose. 
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Table 1.3: Properties of plant cellulose and BC. 

 

The chemical and physical structure of BC enables it to be modified by various methods to 

improve its mechanical and thermal properties. The modulus of bacterial cellulose sheets can be 

increased by carrying out purification as a result of using alkaline and oxidative agents (Guhados 

et al., 2005). The Young’s modulus of BC fibres is higher than the plant cellulose fibres because 

mainly the latter contain other products such as lignin and waxes, that render the properties of 

the fibres inferior to the purer BC fibres (Bielecki et al, 2004). 

1.3.1.2.3 Bacterial cellulose purification 

Once bacterial cellulose is produced at the surface of the medium, it is collected and purified 

using NaOH and NaOCl to clear it from impurities. If impurities such as nucleic acid, culture 

medium and protein in the cellulose matrix are removed, there will be an increase in the 

intrafibrillar and interfibrillar hydrogen bonds in the network due to the contact between cellulose 

fibrils (Yamanaka et al., 1989). The purification process of bacterial cellulose is different to that 

Properties Plant cellulose Bacterial cellulose Literature 

Fibre width 1.4-4.0 x 10-2 mm 70-80 nm Pecoraro et al, 2008 

Crystallinity 56-65% 65-79% Pecoraro et al, 2008 

Degree of 

polymerisation 

13,000-14,000 2,000-6,000 Pecoraro et al, 2008 

Young’s modulus Cotton 5.5-13 GPa BC sheet 15-30 GPa Bielecki et al, 2004 

 
Jute 27 GPa BC fibre ~120 GPa Yamanaka et al, 

1998 

  Flax 28 GPa BC crystal ~138 GPa Sakurada et al, 1962 

Eichhorn et al, 2010 

Water content 60% 98.50% Pecoraro et al, 2008 
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of plant cellulose because it involves the removal of only the remaining organic material, which 

is a source of food for the microbes in the medium (George et al., 2005).  

The purification of bacterial cellulose by NaOH and NaOCl has been extensively studied 

by Gea et al., to observe the effect on mechanical properties and to see if the structure of bacterial 

cellulose changes from cellulose I to cellulose II. Gea et al., reported two stages in the purification 

of bacterial cellulose, first, washing the pellicle in a 2.5 wt. % NaOH solution and then with a 2.5 

wt. % NaOCl solution overnight sequentially. The use of an alkaline solution followed by the 

NaOCl solution, allows the removal of non-cellulose materials such a proteins and nucleic acids 

from the pellicle to form strong inter and intrafibrillar bonds (Nishi et al., 1990. Gea et al., 2011).  

They found an increase in the Youngs modulus and in tensile strength after treatment with both 

chemicals. A change in the orientation of the microfibrils was also observed but there were no 

changes in the structure of cellulose I to cellulose II (Gea et al., 2011). Purified bacterial cellulose 

can be stored for a longer period without experiencing changes in its quality or colour. 

Studies have shown that using NaOH with concentrations of 6 wt. % and over can 

theoretically change the crystal structure of bacterial cellulose from cellulose I to cellulose II 

(Dinand et al., 2002; Gomes et al., 2007; Mansikkämaki et al., 2005; Oh et al., 2005; Shibazaki 

et al., 1997). It was reported by Laszkiewicz (1997) and Gea et al., 2011, that structural changes 

in BC are also accompanied by molecular changes. Therefore, the structural change in bacterial 

cellulose from cellulose I to cellulose II as a result of the alkalisation process also involves 

breakage of inter and intramolecular hydrogen bonds that are present in cellulose (Laszkiewicz, 

1997. Gea et al., 2011).  
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1.3.1.2.4 Synthesis of Bacterial Cellulose 

There are two main mechanisms involved in the synthesis of bacterial cellulose; the 

production of uridine diphosphoglucose (UDPGIc), followed by the polymerisation of glucose 

into long and unbranched chains (the β-1→4 glucan chain). Despite the high value and 

widespread use of cellulose, the mechanism of its synthesis is relatively poorly understood. This 

is due to the difficulty in directly observing in vitro with higher plant enzyme preparation and 

identifying the proteins involved in the synthesis of cellulose (Delmer and Amor, 1995). To 

overcome this difficulty, for the reason of high purity and crystallinity, BC has been extensively 

used as a model for studying cellulose biogenesis of linear β-1,4 glucan chains and their 

crystallization into cellulose fibrils, and also for studying metabolic processes occurring in the 

bacteria. 

The most important factor for the growth of the bacteria is the acidity of the culture 

medium. Several studies have reported the optimum pH for cellulose production by 

Gluconacetobacter xylinus to be less than pH 7 (Glasser et al., 1958; Hestrin, 1952; Masaoka et 

al., 1993). When a culture medium of pH 4 was used, this strain of bacteria was susceptible to 

mutagenesis, making it a gluconate negative mutant of its parent strain. Therefore, making it a 

potentially non-cellulose producing, or a wild type product (Hwang et al., 1999; Valla and 

Kjosbakken, 1982) or native-band cellulose (Ohad et al., 1962). The change of bacterial cellulose 

structure from Iα to folded-chain cellulose II is a result of the mutagenesis of Gluconacetobacter 

xylinus (Kuga et al., 1993).  

In the initial stage, the bacteria population increases by taking up dissolved oxygen and 

producing a certain amount of cellulose in the entire liquid phase. When there is a lack of 

dissolved oxygen, only the bacteria existing in the area of the surface are able to maintain their 
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production of cellulose. Although they may undergo cell division, the population size in the 

surface area does not increase exponentially but reaches equilibrium as the excess are obstructed 

and sink in the pellicle (Iguchi et al., 2000). The bacteria increase by forming a new branch 

(Brown et al., 1976; Zaar, 1977). The fibrils of BC are formed by the bundling of microfibrils 

that are excreted from the aligned pores on the cell surface along the longitudinal axis. There are 

two reasons for Gluconacetobacter xylinus to produce cellulose; as an environmental defence 

mechanism which allows the bacteria to float at the air/liquid interface so it can access oxygen 

and the media and as a by-product of its metabolism (Nishi, 1990). Kinetically the production of 

cellulose by bacteria has been studied since the 1950s. The yield of the cellulose production 

increases exponentially with time assuming that, during its generation time, the bacteria produce 

a certain number of chain initiators. Monomer units are added to the chain initiators, forming 

cellulose, given that the bacteria obey the law of bacteria growth (Brown et al., 1962; Budhiono 

et al., 2000).  

The advantages of using the bacteria as a model system are that they grow fast under 

controllable conditions and produce cellulose from various carbon sources, such as glucose, 

ethanol, sucrose, and glycerol. Another advantage is that genetic analysis of the bacteria is aided 

by the isolation of a large number of mutants affected in cellulose biosynthesis, and these mutants 

have allowed identification of specific genes involved in this process. In order to understand the 

formation of cellulose ribbon, materials such as hemicelluloses and carboxymethyl cellulose 

(Brown et al., 1976; Haigler et al., 1980), xyloglucan (Hayashi et al., 1989; Whitney et al., 1995) 

were directly added into inoculated-bacteria medium to disrupt the growth of BC crystals. The 

presence of carboxymethyl cellulose in the medium delayed the growth formation of visible 

aggregates of BC and hence the rate of cellulose synthesis increases (Ben-Hayim and Ohad, 
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1965). The inhibition of crystallization, but not polymerization, shows that both processes took 

place consecutively and not simultaneously. From this data, Zaar comes to the conclusion that 

there are two processes involved in the biosynthesis of bacterial cellulose. The first is 

biosynthesis of linear β-1,4, glucan chains catalysed by the enzyme cellulose synthase, followed 

by the biological mechanism of their crystallization to form cellulose microfibrils (Zaar, 1977). 

Brown et al. showed how the synthesis of cellulose is in close contact with the bacterial 

envelope and each bacterium produces a flat ribbon which contains cellulose on its surface 

(Brown et al., 1976). These ribbons are assembled side by side in a horizontal axis producing a 

flat ribbon like structure. It was reported by Haigler and Benziman that the cellulose synthesising 

sites on the cell surface are arranged in a linear row and are made of 3.5 nm pores (Haigler and 

Benziman, 1982). Each of these pores can cover up to a 10 nm particle, which consists of enzymes 

that synthesise cellulose and are involved in the polymerisation reaction. A number of glucan 

chains are produced by each 10 nm particle, these chains form a sub elementary fibril of 1.5 nm 

which together form the microfibril. These microfibrils are connected together by hydrogen 

bonding to create flat layers and pellicle structures. As the microfibrils are very fine in size, they 

are therefore in very close contact with each other. This results in the increased density of the 

interfibrillar and intrafibrillar hydrogen bonding. It is thought that the strong hydrogen bonding 

leads to high water retention and high strength of bacterial cellulose (Iguchi et al., 2000; Klemm 

et al., 2001).  

Various methods have been intensively studied to determine the biosynthetic pathway of 

carbon metabolism in Gluconacetobacter xylinus. The pathway from substrate glucose to 

cellulose involves at least four stages of biochemical reaction. First, the enzyme gluconase 

converts glucose to glucose-6-phosphate; this is followed by the isomerisation of glucose-6-
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phosphate into glucose-1-phosphate by phosphoglucomutase. Thirdly, glucose-1-phosphate is 

converted into UDP-glucose-1-phosphate, before being converted into pyrophosporylase (Lee et 

al., 2014). 

In Gluconacetobacter xylinus this enzyme is activated by cyclic nucleotide (c-di-GMP) 

which is synthesised in Gluconacetobacter xylinus by the enzyme diguanylate cyclise. Its 

concentration is regulated by the action of phosphodiesterase. UDPG is polymerized into 

cellulose by cellulose synthase (Tal et al., 1998). Figure 1.3.7 shows the schematic pathway of 

carbon metabolism in Gluconacetobacter xylinus. The cellulose synthase enzyme plays the most 

important part in the synthesis of cellulose (Brown et al., 1976; Ross et al., 1987 Lee et al., 2014). 

This nucleotide is synthesized from guanosine triphosphate (GTP) by diguanylate cyclase and is 

degraded by phosphodiesterase A and B. This shows that cellulose synthase is further regulated 

at the genetic level (Saxena et al., 1994; Volman et al., 1995). Genetic cloning is a way to improve 

the yield of bacterial cellulose, as results from genetic complementation tests and gene disruption 

studies showing that all four genes in the operon are required for maximal bacterial cellulose 

synthesis in Gluconacetobacter xylinus (Wong et al., 1990). Gluconacetobacter xylinus secretes 

water-soluble polysaccharide acetan during bacterial cellulose production (Lee et al., 2014, 

Couso et al., 1987). The acetan is produced from UDPGIc, which is the starting compound for 

the production of cellulose. Therefore, inhibiting the production of acetan is likely to increase the 

concentration of UDPCIc, which in turn increases the yield of bacterial cellulose (Lee et al., 

2014).  
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Figure 1.3.7: Pathways of carbon metabolism in Gluconacetobacter xylinus (Klemm et al., 

2001). 

1.3.2 Crystalline structure of cellulose 

Cellulose is an aggregate of glucan chains that are arranged in a specific manner to give 

rise to a crystalline state. Despite the fact that all celluloses, whether produced by plants, bacteria 

or other organisms, have the same chemical composition, there are stark differences between 

celluloses from different sources, especially in terms of physical properties such as the glucan 

chain, the crystallinity and the crystalline form of the cellulose product. The crystalline state, 

which defines the physical properties of the product such as its strength, solubility in various 

solvents, and accessibility to various modifying reagents, differs from organism to organism 

(Saxena et al., 1995).  

The crystalline structure of cellulose has been one of the most studied structural problems 

in polymer science. Cellulose consists of both amorphous and crystalline regions (Thygesen et 

al., 2005). It is well known that cellulose can exist as crystalline microfibrils of cellulose I, II, III 



  

42 

 

and IV (Marchessault et al., 1962; Walton et al., 1973). The crystalline fraction is expressed as a 

percentage as the crystallinity index. Various methods of assessing the crystallinity are available, 

X-ray diffraction; CP/MAS C13 solid-state NMR, and Fourier Transform IR-spectroscopy 

(Vander Hart et al., 1984; Segal et al., 1959; Nelson et al., 1964).  

Cellulose I is a native form of cellulose. Based on NMR studies, native celluloses are 

composed of species-specific compositional ratio of two crystalline allomorphs, designate 

cellulose Iα and Iβ (Vander Hart et al., 1984). The two forms of cellulose I have different 

intermolecular hydrogen bonding patterns, although the configurations of the heavy atoms are 

similar. Investigation using electron microbeam diffraction and combined X-ray and neutron 

diffraction has revealed that cellulose Iα has a triclinic unit cell, and that it is predominant in 

celluloses from bacteria and non-charophycean algae, whereas cellulose Iβ has a monolithic unit 

cell and it is the predominant form in higher plant cellulose such as cotton ramie types (Horii et 

al., 1987; Bielecki et al., 2005). These differences may influence the physical properties of the 

cellulose. Cellulose Iβ is more stable than Iα, as is evident from the fact that cellulose Iα is easily 

converted to cellulose Iβ when dissolved in hydrolysis acid (Atalla, 1989), or subjected to steam 

annealing or a solid-state chemical transformation (Horii et al., 1987). A series of investigations 

by Meyer and co-workers led to the postulation of a monoclinic unit cell as shown in Figure 1.3.9 

with axes of a = 8.35Å, b = 10.3Å, c = 7.9Å and β = 84°. The unit cell most probably belongs to 

the space group P2, and contains four glucose residues (Ott et al., 1954). 

 Cellulose II, which is seldom found in nature, is produced by the mercerisation of native 

cellulose or regeneration from cellulose I dissolved in a solvent followed by re-precipitation by 

dilution in water (Kono et al., 2004). Mercerisation involves intracrystalline swelling of cellulose 

in concentrated aqueous NaOH followed by washing and recrystallization. Regeneration involves 
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either preparing a solution of cellulose in an appropriate solvent or the preparation of an 

intermediate derivative followed by coagulation and recrystallization (Langan et al., 2001).  

  

 

Figure 1.3.8: Cellulose unit cell (Gibson et al., 2010). 

 

 

The multiple glucan chains in cellulose I are arranged in parallel (Koyama et al., 1997), 

whereas cellulose II is composed of anti-parallel chains, thought to be as a result of chain folding 

(Kolpack and Blackwell, 1976; Langan et al., 2001; Kuga et al., 1993) as shown in Figure 1.3.8. 
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Figure 1.3.9: Crystal structure models of celluloses Iα (a) and Iβ (b) assignable to the one-chain 

triclinic and two chain monoclinic crystals, respectively (Moon et al., 2011; Koyama et al., 1997). 

 

The lattice structure of cellulose II is usually based on the monoclinic unit cell found by 

Andress with axes: a = 8.14 Å, b = 10.3 Å, c = 9.14 Å and β = 62° Like cellulose I, this unit cell 

contains four anhydroglucose units and most probably belongs to space group P2. The 

arrangement of molecules in the crystal structure of cellulose II is shown in Figure 1.3.10. 

Cellulose II is formed naturally by a mutant bacteria strain of Gluconacetobacter xylinus and 

occurs in the algae Halicysdetis. Both sources are very useful in providing an insight into the 

crystal structure of cellulose II (Klemm et al., 2003; Zugenmaier, 2001). 
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Figure 1.3.10: Suggested arrangement of molecules in crystal of (a) cellulose I and (b) cellulose 

II (Credou et al., 2014). 

 

Cellulose III and IV are derived from cellulose I and II, and they are called III1, IV1, III11, 

and IV11, respectively (Ishikawa et al., 1997). Cellulose III1 and III11 are formed in a reversible 

process from cellulose I and II by treatment with liquid ammonia or small amounts of amines, 

and the subsequent evaporation of excess ammonia. Meanwhile, VI1 and IV11 may be prepared 

by heating cellulose III1 and III11 respectively at 260 °C in glycerol as shown in Figure 1.3.11. 

Published cell parameters for cellulose III1 are a = 1.025; b = 0.778; c = 1.034 nm; and Ɣ = 122.4. 

The model does not show strict P21 chain symmetry (Sarko et al., 1976). Based on 13C NMR 

spectrum of III1 it can be seen that there is no hydrogen bonding in cellulose III1 to increase the 

flexibility of the chains, and the lateral order of the crystallization was eventually lost (Wada et 

al., 2004). 
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Figure 1.3.11: Inter-conversion of the polymorphs of cellulose (Theo et al., 2013) 

 

1.3.3 Converting cellulose I to cellulose II 

One of the most important steps in the production of any cellulose product is the 

purification, known as pulping in the paper making industry. The purification process removes 

all of the residue and chemicals bound to the cellulose fibre. It also removes the impurities that 

occur during processing and converts them into soluble compounds. It is important to remove 

lignin to prevent the discolouration of paper with age, which can be caused by photo-oxidation 

(Robert, 1996). Consequently, many different methods have been developed using different 

chemicals to produce a good quality paper and overcome the possibility of low pulp yields 

(Rashidova et al., 2003; Bajpai, 2005).  

 The most commonly used chemicals in the mercerisation process are alkaline due to their 

ability to hydrolyse cellulose and remove the impurities present in cellulose. The mercerisation 

process if usually accompanied by the unwanted transformation of cellulose I to cellulose II. The 

transformation of the crystal structure from cellulose I to cellulose II depends on the 
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concentration of NaOH. Researchers have reported that the transformation of cellulose I to 

cellulose II occurs at concentrations of NaOH above 6 % (Borysiak, 2003; Moigne, 2009). Many 

studies have researched the purification of cellulose and the effect of immersion time on the 

purification (Table 1.4). There is still ongoing research into the change of cellulose I to cellulose 

II as a result of alkalisation (Oh et al., 2005; Zhou et al., 2004). 

 

Table 1.4: Immersion times of BC in NaOH. 

NaOH Immersion 

Time 

Researchers 

8 min Moharram, 2008  

30 min George et al., 2005 

1 hours Mansikkamäki et al., 2007; Oh et al., 2005; Shibazaki et al., 1997 

2 hours Nakagaito and Yano, 2008 

4 hours Gelin et al., 2007 

24 hours Nishi et al., 1990 

48 hours Saibuatong and Philasapong, 2010, Aziz and Ansell, 2004 

 

 

The transformation of cellulose I to cellulose II consists of some essential steps, the fibre 

swells due to water absorption, which leads to a considerable increase in the mobility of the 

cellulose chains and then the alkaline solution enters the amorphous areas. It then saturates the 

cellulose and disrupts the crystalline region, forming a new lattice. This new crystalline lattice is 

formed after the mercerisation alkaline solution if washed off (Lee et al., 2004; Liu et al., 2008). 

The amorphous and crystalline regions covering the upper surface of the cellulose structure 

usually react with the alkali solution. They are removed when the solution is washed off (Gassan 

& Bledzki, 1999; Liu et al., 2008). The transformation from cellulose I to cellulose II is a 

polymorphic transformation in which a change in the conformation occurs from parallel to anti 
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parallel. This transformation is accompanied by the breaking of many primary inter- and intra-

molecular hydrogen bonds in cellulose I. This transformation is a secondary occurrence, which 

would not take place without first breaking the primary hydrogen bonds in cellulose I 

(Laszkiewicz, 1997). As a result of this transformation, there is a significant decrease in 

mechanical properties. It was reported that Young’s modulus of a single ramie fibre decreased 

from 27 GPa (cellulose I) to 21 GPa (cellulose II) (Ishikawa and Okano, 1997). The use of wide 

angled X-ray diffraction can easily detect the appearance of cellulose polymorphs 

(Mansikkamäki et al., 2005; Zugenmaier, 2008). X-Ray diffraction method was used by Matsuo 

et al., (1990) to measure single cellulose fibres. It was observed that the cellulose I fibre had a 

modulus of 120-135 GPa and cellulose II had a modulus of 106-112 GPa. The moduli of both 

polymorphs have also been reported to be 130-137 GPa and 71-90 GPa for cellulose I and II, 

respectively (Kroon-Batenburg and Kroon, 1997).  

An enhancement in mechanical and thermal properties of processed bacterial cellulose 

sheets is visualised by preserving the more high-performance cellulose I crystal phase in the 

bacterial cellulose microfibrils (George et al., 2005; Hsieh et al., 2008; Nishi et al., 1990; 

Shibazaki et al., 1997; Yamanaka et al., 1989),  

1.3.4 Surface modification of Bacterial Cellulose 

Bacterial Cellulose (BC) is one of the materials showing potential for use as a scaffold. 

BC is a polysaccharide (Backdahl et al., 2006) and is a form of completely pure cellulose 

synthesized extracellularly as nanofibrils by Gluconacetobacter xylinus. In BC, a network of 

these fibrils generates high mechanical strength and water content. Hydrogen bonds from the 
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hydroxyl groups hold the cellulose chains together and produce materials with a high degree of 

crystallinity, low solubility and very low degradation rate (Helenius et al., 2006).   

The structural modification of cellulosic materials can be achieved by alkali treatment. 

The bacterial cellulose produced by Gluconacetobacter xylinus is in the form of cellulose I 

allomorph (Yu and Atalla, 1996), which is the predominant form of native cellulose. However, 

cellulose I can be converted into the more stable polymorph, cellulose II, by mercerisation. 

Mercerisation is the swelling of cellulose I fibres in sodium hydroxide solution, allowing for 

reorganisation of the chains and subsequent conversion of cellulose I to cellulose II when the 

solution is removed. In this conversion, additional interchain hydrogen bonding is formed, which 

leads to higher stability and improvement of the properties of cellulose II (Kolpak et al., 1978). 

Various modifications have been made to improve the mechanical, chemical, structural and 

biological properties and production yield of BC. Some researchers have altered the synthesis of 

bacterial cellulose using different carbon resources such as fructose, mannitol, corn syrup, 

alcohol, organic acid and glucose as shown in Table 1.5. Tonouchi et al., found that glucose 

enhances cellulose yield by activating phosphoglucose isomerase and UDPGLc 

pyrophosphorylase (Tonouchi et al., 1996). BC production using fructose as a carbon source was 

10% lower than in a glucose containing medium. In other studies, molasses were used as a carbon 

source. As a result, the yield increased by 76% and the specific growth rate increased two-fold 

compared with untreated molasses (Bae and Shoda., 2004). With carboxymethylated cellulose 

and glucose added into the medium as a carbon source, the process produces an extracellular 

polysaccharides carboxymethylated-BC. This material has the capability to act as an ion 

exchange with enhanced specific adsorption for lead and uranyl ions (Sakairi et al., 1998b). 

Another way to increase the yield of production of bacterial cellulose on the static culture is to 
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use a cylindrical fermentation vessel. The bottom of the container can be lined with a silicone 

sheet of ~100 µm thickness. To facilitate the absorption of oxygen by the medium, the apparatus 

is equipped with tortuous airflow silicone constructed from a silicone framework of 0.5 mm 

thickness, of which both sides are attached to a silicone membrane of 100 µm thickness. The rate 

of BC production increased to approximately five times higher than usual. 

Table 1.5: Production yield of BC based on the various carbon sources (Masaoka et al., 1993). 

Carbon Source Cellulose yield (relative %) 

Monosaccharides:        D-fructose 92 

                                        D-galactose 15 

                                        D-glucose 100 

                                        D-mannose 3 

                                        D-xylose 11 

                                        L-arabinose 14 

                                        L-sorbose 11 

Disaccharides:               lactose 16 

                                        maltose 7 

                                        sucrose 33 

Polysaccharides:           Starch 18 

Alcohols:                       Ethanol 4 

                                       Ethylene glycol 1 

                                       Diethylene glycol 1 

                                       Propylene glycol 8 

                                       Glycerol 93 

                                       Myo-inositol 17 

Organic acids:              Citric acid 20 

                                       l-Malic acid 15 

                                      Succinic acid 12 

Other:                           D-glucono lactone 62 

No carbon source 2 

 

The mechanical properties of BC can be improved by adding agents which allow the bacteria to 

produce cellulose fibrils that are much longer and thinner than usual into the medium during 

culture. Adding agents such as chloramphenicol or nalidixic acid allows the shape of the BC fibre 
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to be lengthened by 2-4 times from its original size, giving a BC with superior mechanical 

properties (Ishihara and Yamanaka, 2002). 

1.3.5 Applications of Bacterial Cellulose 

Bacterial cellulose can, in general, be applied in areas where plant cellulose is used. As a 

result, it has many useful applications in biotechnology and biomedical science and has a wide 

range of applications in tissue engineering (George et al., 2005; Jonas, 1998; Chang et al., 2011; 

Lina et al., 2013). Because of its unique properties, such as ability to absorb fluids, good 

histocompatibility with living tissue and high purity with a crystalline structure, it has great value 

in medicine, particularly as artificial skin and as a wound dressing. 

The use of bacterial cellulose as a wound healing dressing has been successful due to 

bacterial cellulose having high water holding capacity (Sulaeva et al, 2015).  The ability to absorb 

water also provides the possibility of loading liquid drugs and bioactive compounds into the 

structure of the bacterial cellulose dressing material (Shah et al, 2013). Bacterial cellulose wound 

dressings are also favoured more due to their ability to retain a wet environment, preventing the 

dressing from sticking to the wound. Therefore, protecting the wound as well as reducing pain 

during change of dressing and it also shortens the healing time or wound closure when compared 

to standard care for non-healing ulcers (Czaja et al., 2006, Czaja et al., 2007, Ovington, 2007). 

For example, Biofill®, Gengiflex®, and XCell® are developed for such purposes (Fontana et al., 

1991; Novae et al., 2000). Modifying BC with the aim to improve wound dressing characteristics 

are generally related to enhancing its properties, such as; biocompatibility, liquid holding and 

release capacity and impregnation with antimicrobial components (Sulaeva et al, 2015). There 

are many studies outlining the numerous parameters that affect the formation of the bacterial 
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cellulose network (Chawla et al, 2009. Dufresne, 2012. Keshk, 2014. Krystynowicz et al, 2002). 

The scope of BC utilisation in the biomedical field can be extended by controlling the 

characteristics of the material (Sulaeva et al, 2015. Ul-Islam et al, 2012). 

It is also used as a controllable delivery system and other applications in tissue 

engineering, sensor, blood purification, agriculture, and water purification (Lina et al., 2013, 

Chang et al., 2011). 

The application of bacterial cellulose in commercial food production is a traditional 

dessert in the Philippines known as ‘nata de coco’. It is prepared using sucrose as the growth 

medium for the bacterial cellulose producing bacteria, with either coconut water or coconut milk 

(Figure 1.3.12). Nata de coco is becoming increasingly common beyond Asia and it is believed 

that the consumption of the dessert pellicles protects against, arteriosclerosis, bowel cancer, and 

coronary thrombosis, and also prevents the sudden increase of glucose level in the urine (Bielecki 

et al., 2005). 

 

 

Figure 1.3.12: Nata de coco (https://nurfaiyah33.files.wordpress.com/2010/04/127.gif) 
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Disintegrated bacterial cellulose makes an excellent component in the production of 

paper, resulting in paper with superior mechanical properties. Microfibrils of the BC (are 

connected by hydrogen bonds) polymer form a great number of hydrogen bonds when the paper 

is subjected to drying, therefore giving improved chemical adhesion and tensile strength, leading 

to a stronger paper. BC-containing paper shows a more elastic, air permeable and better retention 

of solid additives, such as filler and pigments. It is also resistant to forces such as tearing and 

bursting (Iguchi et al., 2000). Bacterial cellulose-based composites have been made, with water-

soluble polymers for special applications such as a filtration material, using carboxymethyl 

chitin, carboxymethyl cellulose, and other cellulose-based polymers. These polymers were added 

into the medium by in situ processes (Shibazaki et al., 1993; Takai, 1994). 

An edible bacterial cellulose is produced by treating BC with alginate or ethanol. This 

makes the bacterial cellulose softer and gives it a texture similar to fruit and other foods. This 

mechanism forms a gel by immobilising the water, which leaves it easier to chew and bite 

(Okiyama et al., 1992). Bacterial cellulose can also be used as a thickener in food and cosmetics 

to maintain its viscosity (Jonas and Farah, 1998; Kent et al., 1991). 

There has been much work focused on designing an ideal biomedical device from 

bacterial cellulose, such as artificial; blood vessels, skin, cornea, urethra, bone, heart valve 

prosthesis, cartilage, drug delivery, hormones and protein (Lina et al., 2013; Halib et al., 2009; 

Oshima et al., 2011; Peterson et al., 2011; Wang et al., 2010). 

1.3.6 Bacterial Cellulose composites 

Bacterial cellulose has a natural porous arrangement of fibres which acts as a matrix for 

framing particles from a variety of different reinforcement materials (Esa et al., 2014). The 
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generation of composites is another way of utilising bacterial cellulose based materials (Sulaeva 

et al, 2015). The approach of composite formation usually occurs through reinforcement of 

nanoparticles or liquid into the BC structure (Sulaeva et al, 2015. Hu et al, 2014). Pysico-

chemical interactions of these substances with the BC interfibrillar network are the main 

mechanisms of composite formation (Hu et al, 2014). Favier et al., were the first to apply 

cellulose whiskers extracted from marine life as a reinforcing phase, which they added to latex 

obtained by the copolymerization of styrene (35 wt.%) and butyl acrylate (65 wt.%) as a matrix 

to make a new nanocomposite. Even with a small percentage of cellulose whiskers (1 to 12 wt. 

%) added into the matrix, the mechanical properties of this nanocomposite were improved 

substantially (Favier et al., 1995). The tensile strength properties of whiskers are believed to be 

far beyond those of the current high-volume content reinforcement and allows composites to be 

processed with the highest possible strengths (Samir et al., 2005). This invention opened the way 

to cellulose nanocomposite technology, which is widely used in various applications, such as 

agro-based composites, automotive parts, aircraft, railways, furniture, and sports clothing and 

equipment (Dahlke et al., 1998; Herrmann et al., 1998). 

As mentioned by Klemm et al., (2000), bacterial cellulose is composed of nanosized 

fibres, described as nanocellulose, and the nanofibre structuring determines the properties of the 

product. Nishi et al., (1990) reported a strikingly high dynamic Young’s modulus close to 30 GPa 

for dried sheets acquired from processed bacterial cellulose pellicle. Due to this incredible 

modulus, bacterial cellulose is an ideal candidate as raw material to further enhance the Young’s 

modulus of high strength biobased nanocomposites. The microfibril ribbons are roughly 3-4 nm 

(thickness) x 10-130 nm (width) (Bielecki et al., 2005; Jonas and Farah, 1998; Yamanaka et al., 

2000). The model created by Iguchi et al., (2000), as shown in Figure 1.3.6 assists in the 
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understanding of bacterial cellulose microfibrils and has been cited by a number of researchers 

interested in this field.  

The use of cellulose microfibrils obtained from bacterial cellulose in various applications 

has been reported in a great deal of publications. Nakagaito and Yano, have produced optically 

transparent composites based on both bacterial cellulose and micro-fibrillated plant cellulose. 

Their composites have a remarkable strength comparable to magnesium alloy (over 400 MPa) 

(Nakagaito and Yano, 2006). By mixing acrylic resin with bacterial cellulose acetylated 

nanofibres, Ifuku et al., produced optically transparent composites (Ifuku et al., 2007). In 

biomedical applications, fibrillated bacterial cellulose has been used as reinforcement for 

poly(vinyl alcohol) (PVA) as a matrix (Wan et al., 2006). In contrast, there has so far been very 

limited literature regarding the preparation of nanocomposites using nanocellulose fibres 

obtained from bacterial cellulose. This is because of the difficulties in extracting nanocrystals 

from bacterial cellulose, the result of which being that the cost of production is higher than for 

plant cellulose. However, some researchers have extracted cellulose nanocrystal from 

commercial bacterial cellulose by following the classic method, i.e. acid hydrolysis, which was 

developed by Rånby and Ribi in the early 1950s. It is now the most widely used procedure for 

the extraction of cellulose nano-whiskers (CNW) and involves acid treatment with sulphuric acid, 

followed by a filtration or centrifugation process. Acid hydrolysis leads to a stable aqueous 

suspension of cellulose nanocrystals. These cellulose nanocrystals are negatively charged, 

therefore they do not have a tendency to aggregate. In the course of the hydrolysis process, 

esterification of the surface hydroxyl groups from cellulose takes place, introducing sulfate 

groups as a result (Rånby, 1949). Regardless of the advantage of attaining a stable suspension, 

the presence of the sulfate groups in the outer surface of the material has proven to decrease the 
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thermal stability of the material (Roman, 2004). This is also an important factor when planning 

to use cellulose nano whiskers for nano-reinforcement. A common method for the extraction of 

cellulose nano whiskers involves centrifugation after the hydrolysis process to remove acid and 

the degraded material. Cellulose nano whiskers are usually acquired from the liquid supernatant 

after several centrifugation cycles, leaving behind the larger cellulosic material fractions and 

some impurities in the solid precipitate. Taking into consideration that in the there is no 

hemicellulose or lignin to remove from bacterial cellulose, previous research has proposed an 

extraction method in which bacterial cellulose nanosized whiskers are obtained in the 

centrifugation precipitate instead of the supernatant. Therefore, the yield can be as high as 90% 

based on the dry weight of bacterial cellulose (Martínez-Sanz et al., 2010; Olsson et al., 2010) 

compared to around 1–5% when the whiskers are obtained from the liquid supernatant. However, 

in comparison to this, strong hydrolysis condition are needed to break down the fibril bundles in 

the highly crystalline network structure of bacterial cellulose. Individual nanofibrils cannot be 

produced without degradation and partial carbonization of the material (Olsson et al., 2010).  

Grunet and Winter, successfully produced cellulose whiskers from bacterial cellulose 

using cellulose acetate butyrate (CAB) as a matrix to produce the nanocomposite (Grunet and 

Winter, 2002). In combination with the same matrix, Roman and Winter, were able to extract 

nanocrystal cellulose from bacterial cellulose (Roman and Winter, 2006). Orts et al., also 

hydrolysed needle-like nanocrystal cellulose from bacterial cellulose and used these in 

combination with starch as a matrix (Orts et al., 2005). One important point mentioned by the 

latter is that the addition of reinforced microfibrils obtained from bacterial cellulose does not 

always improve the modulus to the same extent as cotton or soft wood fibre. As unmodified 

microcrystalline cellulose (MCC) is generally hydrophobic in nature, it is likely to be difficult to 
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get a good degree of compatibility using bacterial cellulose-nano-cellulose as a reinforcement 

agent with a hydrophilic matrix. In order to reduce its hydrophobic nature, cellulose nanocrystals 

from BC have been topochemically Trimethylsilylated (Grunet and Winter, 2002; Roman and 

Winter, 2006). Degradable polymers are thoroughly explored as biomaterials in the field of 

reconstructive surgery (Sarasam et al., 2005). Polycaprolactone (PCL) is a semi-crystalline 

biodegradable thermoplastic polymer with low melting point (~67°C) and a glass transition 

temperature in the range of -65 to -60°C. PCL has received a lot of attention due to its 

biodegradability, favourable miscibility with other polymers and low temperature adhesiveness 

(Wu, 2005; Chandra et al., 1998; Zhong et al., 2001; Jimenez et al., 1997; Corradini et al., 2004). 

PCL is relatively hydrophobic and has a slow degradation rate, ideal for use as bone substitutes 

and sustained release drug carriers (Chen, 2005).  

Many attempts have been made in the past to blend plastic materials such as PCL with 

cheaper, biodegradable natural biopolymers such as cellulose, starch and chitin (Wu, 2005; 

Olabarrieta et al., 2001; Li et al., 2002; Suryadiansyah, 2002; Wu et al., 2002). Interest in the 

production of biodegradable polymers using these renewable resources is growing (Cho et al., 

2000). A great deal of research has been carried out on improving the properties of PCL (Zhong 

et al., 2001; Jimenez et al., 1997; Corradini et al., 2004; Hao et al., 2002). Zhong et al., 

investigated the properties of soy protein isolate/polycaprolactone blends (SPI/PCL) 

compatibilized by methylene diphenyl diisocyanate (MDI). It was found, that mechanical 

properties of 50/50 (SPI/PCL) blends increased with increasing MDI concentrations and 

elongation increased with increasing PCL concentration (Zhong et al., 2001). 

In a study by Jimenez et al., the structure and properties of PCL-clay blends were 

investigated. From isothermal crystallisation experiments, it was found that a small amount of 
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clay in the blend accelerated the crystallisation of PCL, whereas a large amount of clay delayed 

it (Jimenez et al., 1997). However, in a study by Corradini et al., blends of PCL with zein 

(PCL/zein) were produced and the mechanical and thermal properties were investigated. Zein 

represents about 80% of the total proteins in corn grains; due to its hydrophobicity, 

thermoplasticity and impermeability to gases it is a potential material for use in the production 

of biodegradable polymers. Blends of PCL/zein showed a reduced tensile strength and elongation 

at break, but the Young’s modulus had increased when compared to the pure polymers. Analysis 

of the morphology revealed good dispersion of the zein in the polymers, but weak interfacial 

adhesion between PCL and zein. Therefore this experiment showed that PCL and zein were 

incompatible (Corradini et al., 2004). Hao et al., used a solvent-cast technique to produce 

nanocomposites of PCL and hydroxyapatite (PCL/HA). The study showed that the melting point 

increases with increasing HA content, while the tensile modulus for the nanocomposites also 

increases with increasing HA content. The yield stress was almost invariant with composition 

(Hao et al., 2002).  

The main limitation of PCL is the low melting temperature (Tm~ 65ºC), which can be 

overcome by blending it with other polymers. Blending two polymers is an approach to 

developing new biomaterials exhibiting combinations of properties that could not be obtained by 

individual polymers (Sarasam et al., 2005). Blends made of synthetic and natural polymers can 

consume the wide range of physicochemical properties and processing techniques of synthetic 

polymers as well as the bio-compatibility and biological interactions of natural polymers. The 

addition of relatively small amounts of nano-sized fillers in PCL can lead to dramatically 

improved mechanical properties and heat distortion temperatures. Several synthetic and mineral 

nano-fillers (as layered silicate montmorillonite) (Pantoustier et al., 2002; Chen and Evans., 
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2006) have already been studied as reinforcement for PCL, but an increasing interest is rising in 

bio-nanocomposites in which bio-sourced nano-scaled fillers are used as reinforcement 

(Berglund and Peijs, 2010; Eichhorn et al., 2010; Bordes et al., 2009).  

Due to its abundance, renewability, hydrophilic nature and good mechanical properties, 

cellulose is the main fibre source for the preparation of such bio-nanocomposites (Peijs, 2000; 

Berglund et al., 2010; Bledzki and Gassan, 1999; John et al., 2007). Over the last few years, 

researchers have developed procedures to isolate nano-crystals of cellulose, known as cellulose 

whiskers, which are derived from various origins such as plants and tunicates (Favier, 1995; 

Oksmann, 2001). Chitin whiskers, have already been used as reinforcement fillers for PCL bio-

nanocomposite (Wu et al., 2007). Cellulose nanofibres can also be directly obtained from some 

bacteria (e.g. Gluconacetobacter xylinus), which under special static culturing conditions 

produce a fine fibrous network of cellulose nanofibres. Elastic moduli of bacterial cellulose 

nanofibrils between 78GPa (Guhados et al., 2005) as measured by AFM nano-bending tests, and 

114 GPa (Hsieh et al., 2008) as measured using Raman spectroscopy, have already been reported. 

The nano-structured network of bacterial cellulose nanofibrils, which interact with a high density 

of hydrogen bonds, is as important as the characteristics of isolated nanofibrils and can justify 

some interesting physical properties. Young’s moduli and stress to failure of as much as 30 GPa 

and 200 MPa, respectively, have been found for 2D-isotropic bacterial cellulose films (Iguchi et 

al., 2000; Gea et al., 2007). 

 Yano et al., have reported bacterial cellulose composites prepared via impregnation of 

thermoset resins (up to 70 wt. % bacterial cellulose content), which showed optical transparency, 

low coefficient of thermal expansion (comparable with silicon) and mechanical strength 

comparable with mild steel (Yano et al., 2005). A non-trivial challenge is how to transfer the BC 
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nanofibres into a thermoplastic matrix and at the same time preserving the fibrous network 

structure. Impregnation by a polymer solution is a viable route (Righdal et al., 1983) but it 

requires long preparation times and the use of solvents, which can draw environmental concerns. 

Bacterial cellulose has been applied in different fields such as; blood vessel regeneration and 

wound dressings, (Wippermann., 2009, Muangman et al., 2011). Table 1.6 below shows bacterial 

cellulose composites and their various functions (Esa et al., 2014). 

Table 1.6: Bacterial cellulose composites and their applications (Esa et al., 2014) 

Application Field Reinforcement 

material 

Function References 

Electronic Graphite nanoplatelet Electrical conductivity Zhou et al., 2013 

Electronic Poly-4-styrene sulfonic 

acid 

Redox flow battery Gadim et al., 2014 

Biomedical/Industrial Chitosan Nanofilm Fernandes et al., 2009 

Biomedical Hydroxyapatite Bone tissue engineering Tazi et al., 2012 

Biomedical Silver nanoparticles Antimicrobial wound 

dressing 

Wu et al., 2014, Zhang et al., 

2014 

Biomedical Paraffin Bone scaffolding Zaborowska et al., 2001 

Electronic Polyurethane Film substrate of light 

emitting diode 

Ummartyotin et al., 2012 

 

1.3.7 Bacterial cellulose based scaffolds for tissue engineering.  

Tissue engineering is a field that combines the knowledge and technology of cells, 

suitable biochemical factors, and engineering materials to regenerate damaged tissue and create 

artificial tissues and organs (Langer et al., 1993, Liu et al., 2007). Scaffolds can be synthetic or 

natural materials. Synthetic biopolymers do offer an advantage over natural materials because 

they can be specially tailor made to serve a wide range of properties and there are many methods 

which can process biomaterials into scaffolds. Some techniques are conventional, such as 
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impregnation and sintering ceramic scaffold, phase separation, solvent casting and fibre knitting 

to name a few. Techniques such as fibre networking, use biodegradable fibres to fabricate 

scaffolds by either fibre binding routes or knitting (Cooper et al., 2005, Freed et al., 2006).  

Electrospinning is a method reported to fabricate polymer fibres which range from a few 

nanometres to microns (Xu et al., 2004). Another great potential in electrospun fibres is in the 

region of bioengineering. In biomedical applications, the materials used have to be 

biocompatible. Therefore, natural polymers have an advantage over synthetic because most 

natural polymers can be degraded by naturally occurring enzymes. It can be used in drug delivery 

or in applications where temporary implants are required. The degradation rate of the implanted 

polymer can also be controlled by chemical crosslinking or other chemical modifications, which 

allow greater versatility in the design of the implant (Atala et al., 2002). 

Electrospun fibres form nanostructured networks that are expected to influence 

mechanical properties such as the tensile strength, elongation, etc. Elastomer-based electrospun 

fibres have shown a 40% reduction in the peak tensile strength and 60% reduction in elongation 

at maximum applied stress. Wang et al., reported that mechanical properties of electrospun 

nanofibres are closely related to the fibre orientation, bonding between fibres and fibre slippage 

rather than the mechanical properties of individual fibres within the web (Wang et al., 2008; 

Favier et al., 1997). 

 Previous studies have demonstrated that 2D and 3D micro/nanofibrous scaffolds can 

improve cell attachment and spread significantly due to surficial nano-topography and an 

enlarged inner surface of the structure (Kim et al., 2010; Park et al., 2008). In particular, 3D 

scaffolds with oriented fibres or microgrooves could induce a uniform cell alignment as well as 
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directional cell migration and even guide the cell outgrowth (Badrossamay et al., 2010; Uttayarat 

et al., 2010; Wang et al., 2009).  

Electrospinning process creates nanofibres through an electrically charged jet of polymer 

solution or polymer melt. In electrospinning, a high voltage is applied to a polymer fluid such 

that the fluid will induce charges. When charges within the fluid reach a critical point/amount, a 

fluid jet will erupt from the drop that is formed at the tip of the needle which results in the 

formation of a Taylor cone (Sun et al., 2014).  

The electrospinning jet travels towards the region of lower potential, which in most cases 

is the ground collector. Many parameters influence the morphology of the resulting electrospun 

fibres, from beaded fibres to fibres with pores on its surface (Lyons et al., 2004; Larrondo and 

Manley, 1981). Most electrospinning is carried out using polymer solutions. Therefore, the 

parameters affecting electrospinning of polymer solutions is of great interest. Varying the 

parameters can create nanofibres with different morphology (Huang et al., 2003). The Surface 

tension has a part to play in the formation of beads along the fibre length. The viscosity of the 

solution and its electrical properties will determine the extent of elongation of the solution; this 

will affect the diameter of the resultant electrospun fibres. One of the factors affecting the 

viscosity of the solution is the molecular weight of the polymer. When a polymer of higher 

molecular weight is dissolved in a solvent, its viscosity will be higher than a solution of the same 

polymer but of a lower molecular weight. One of the conditions necessary for electrospinning to 

occur where fibres are formed is that the solution must consist of a polymer of sufficient 

molecular weight and the solution must be of a sufficient viscosity (Ramakrishna et al., 2005, 

Sun et al., 2014). 
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Figure 1.3.13: Potential applications of electrospun polymer nanofibers (Huang et al., 2003). 

The electrospinning technique can serve various purposes, such as the fine control of the 

fibre diameters, the production of defect-free or defect-controllable fibre surface, and the 

formation of continuous single nanofibres (Jin et al., 2005). The outstanding properties of 

polymer nanofibres include their extensive surface area, flexibility of surface functionalities, and 

good mechanical performance (Kim et al., 2005). Polymer nanofibres can be used in a broad 

range of applications such as artificial tissue for membrane separation, texturing filters, porous 

electrodes, biomaterials and composite reinforcement (Jin et al., 2005; Kim et al., 2005; Vepari 

et al., 2006). Three-dimensional printing is an innovative technology which is pioneering in 

engineering, manufacturing and product design. It has also been a great promise to for ground 

breaking medical research. The process of 3D printing involves printing a single material or a 

combination of multiple materials in a layer by layer manner to generate the shape of every 

individual layer which eventually results in a 3D complex structure that has limited restrictions 

on its spatial arrangements (Chia et al., 2015; Bose et al., 2013). There are many different types 

of 3D printing techniques, such as stereolithography (SLA) which was one of the first in 3d 
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printing technology (Hull, 1986; Chia et al., 2015), Selective laser sintering (SLS) and fused 

deposition modelling (FDM) (Chia et al., 2015).  

 

Figure 1.3.14: Fused deposition modelling schematic (Van, 2012; Chia et al., 2015) 

 

FDM involves the use of a computer aided file (CAD) to provide information for the 

production of the 3D printed object.  It involves heating an amorphous thermoplastic filament to 

a semi-liquid viscous state, which is then extruded through two heated extrusion heads with a 

small orifice and deposited slowly through an aperture onto a non-sticky substrate to build objects 

layer by layer in a specific laydown pattern (Figure 1.3.14) (Zein et al., 2002).   

The 3D printing approach offers significant advantages for tissue engineering and 

biomedical devices due to be able to produce specific and distinct parts (Chia et al., 2015). 

Although 3D printing offers excellent potential for applications in the medical field, there are still 

issues that need to be overcome before it can be considered as a common bio fabrication 

technology in medicine.  
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1.3.8 Cellular interactions with bacterial cellulose 

BC has been studied for use as a scaffold in skin tissue engineering (Sanchavanakit et al., 

2006), blood vessels (Klemm et al 2001), tissue engineered blood vessels (TEBV) in small calibre 

grafts (Backdahl et al., 2006) and cartilage tissue engineering (Svensson et al., 2005), as well as 

in bone in the form of a HA/BC nanocomposite (Wan et al., 2006). 

Research on the growth of human skin fibroblasts on BC shows that fibroblasts attach 

together over time and detach from the BC scaffold. This suggests insufficient adhesion between 

the fibroblasts and BC surface. In order for cells to integrate into a scaffold, they must first adhere 

to the surface to be able to grow and proliferate (Svensson et al., 2005); however, if the surface 

charges are too strong, the proliferation is inhibited. The network density of the hydrogel 

nanofibrils can also affect the attachment and proliferation of the cells. 

Other studies have reported that different cells such as human embryonic kidney cells 

(Grande et al., 2009), human smooth muscle cells (Petersen et al., 2011), bone forming 

osteoblasts and fibroblasts (Chen et al., 2009), can grow in the presence of bacterial cellulose 

scaffolds. Human vein endothelial cells have also shown great proliferation in a bacterial 

cellulose hydrogel (Jeong et al., 2010; Recouvreux et al., 2011). Hu et al., studied the growth of 

human osteoblast cells on bacterial cellulose and showed that the osteoblast cells were able to 

attach and spread well on larger bacterial cellulose particles (Hu et al., 2014). Studies have 

demonstrated that 2D and 3D micro/nanofibrous scaffolds can improve cell attachment and 

spread significantly due to surface nano-topography and an enlarged inner surface of the structure 

(Kim et al., 2010; Park et al., 2008).  
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1.4 Aims and Objectives  

The aim of this study was to grow and characterise bacterial cellulose (BC) from 

Gluconacetobacter xylinus and then carry out appropriate modification of the bacterial cellulose 

(BC) for use as a potential scaffold in tissue engineering. BC has a positive charge that would 

repel proteins from attachment on the surface, therefore one option would be to chemically 

modify the bacterial cellulose surface and consequently change the positive surplus to negative 

one. To achieve this, the bacterial cellulose surface was treated by varying concentrations of 

NaOH (5, 7 and 9%) over different time periods (5, 10 and 12 hours) to achieve a negative surface 

charge. The surfaces were then characterised in order to identify any chemical changes in the 

structure of bacterial cellulose. The main objectives of this research are listed below:  

• To grow and preserve bacterial cellulose from Gluconacetobacter xylinus. 

• To purify bacterial cellulose by eliminating bacteria and other bacterial components 

• To characterise bacterial cellulose before and after purification. 

• To determine the mechanical properties of bacterial cellulose before and after 

purification. 

• To modify the surface of purified BC by mercerisation in varying concentrations of NaOH 

aqueous solutions. 

• To study the effect of the above modifications on the properties and structure of BC. 

• To observe transformation of cellulose I to cellulose II caused by mercerisation. 

• To observe and compare Cell-cellulose interactions on BC and NaOH Surface modified 

BC. 
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The BC was grown and the morphology of the bacteria was observed using SEM analysis. 

The mechanical properties and morphology were also investigated after the purification treatment 

to study the effect of the purification steps and to prove that the purification steps do not transform 

cellulose I to cellulose II.  

Surface modification of BC using varying concentrations of NaOH (5, 7 and 9%) was 

investigated at different time intervals (5, 10 and 12 hours). The morphology of the treated and 

untreated samples was observed using SEM analysis. FTIR was used to analyse the chemical 

changes and conversion of cellulose I to cellulose II with the treatment of NaOH. Surface 

topography was assessed using white light interferometry.  

The cellular compatibility was tested on treated and untreated samples and analysed using 

phase contrast imaging and MTT assay.  

A preliminary study in the use of BC as an electrospun nanocomposite with PCL is also 

studied. BC and PCL composites were also produced in order to study the effect of BC as a filler 

and observe changes in the mechanical properties. A thermal analysis was also conducted for 

both PCL-BC composites (electrospun nanocomposites and micro composites) to determine the 

effect of increased bacterial cellulose content on the thermal stability of composites.   
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CHAPTER 2 

Materials and Methods 

2.1 Culturing Bacteria 

Bacterial cellulose was produced from Gluconacetobacter xylinus strains supplied by the 

Microbiology Laboratory of the Institute of Agriculture, Indonesia. The culture medium 

(prepared at University of Birmingham metallurgy and materials) was made up using the 

following chemicals; magnesium sulphate, ammonium sulphate, potassium hydrogen 

orthophosphate, glucose and yeast extract (Sigma Aldrich). The chemicals used for the agar solid 

media were mannitol, peptone and agar powder (Sigma Aldrich) as a setting agent. The chemicals 

used in the purification process, sodium hydroxide and sodium hypochlorite were received from 

VWR. Additional vitamins such as B1, B3 and B5 (Sigma Aldrich) were used to promote growth 

following Iguchi et al., (1988).  

2.1.1 Preservation of the Gluconacetobacter xylinus 

To ensure ease of storage and longevity, the bacteria were kept in a solid agar medium 

(the preservation was carried out at Queen Mary University in London).  For every 3 litres of 

distilled water, 5g of yeast extract, 3g of peptone, and 25g of mannitol were added, with 15g of 

agar powder as a hardener. Glacial acetic acid was added into the medium to adjust its acidity. 

After being sterilised, the medium was placed in a laminar flow hood equipped with UV light 

under aseptic conditions where the bacteria were transferred to fresh medium. After being 

refreshed three times, the bacteria should be tested by isolation of individual colonies and 
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verification of the phenotype. If a colony of different morphology is detected, this shows that the 

bacteria have been contaminated. 

Another way to store the bacteria is by placing them in a vial of 2-5 ml volume which is 

then frozen in liquid nitrogen and kept in cold storage at -70 °C. This allows storage of the 

bacteria for up to one year. The observation of the Gluconacetobacter xylinus colony obtained 

from the surface of the Petri dish or tilted tube (as shown in fig 2.2) was carried out using optical 

microscopy. In order to maintain the integrity of the colony, part of the agar medium containing 

the colony was removed using a sharp knife and transferred to a glass slide. Here it was spread 

evenly over the glass slide in order for it to be viewed under an optical microscope. 

A lot of research has been carried out into BC with the aim of improving the quality and 

properties, as well as the production methods. Previous researchers have described some 

physiological parameters and investigation related to the metabolism of glucose in the Schramm-

Hestrin medium and modified media. The strain of the bacteria, source of carbohydrates, acidity, 

temperature and culture methods are all important parameters for the production of cellulose by 

Gluconacetobacter xylinus (Masaoka et al., 1993; Geyer et al., 1994). 

The strain of Gluconacetobacter xylinus used was a stock supply from the Laboratory of 

Microbiology, Institute of Agriculture, Bogor. This strain was originally supplied by the National 

Institute of Science and Technology, Manila, and is usually used for commercial purposes in the 

processing of ‘nata de coco’, a low calorie dessert in South East Asia (Budhiono et al., 1999). 

There was no further treatment applied and it was used as received. 

For the preparation of a new starter or broth seed, a colony of Gluconacetobacter xylinus 

(Figure 2.1 and Figure 2.2) was gently transferred from the surface of solid agar, using an 

inoculating-hand loop and then transferred into culture medium. This is done to replenish the 
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bacteria and also to keep them viable and in good condition. Based on experience, the bacteria 

can be kept for 2 months in the agar solid in a fridge. If the colour of the agar solid turns pale, it 

indicates that the viability of the bacteria has decreased and they must be transferred to a new 

medium. 

 

Figure 2.1: Transfer process of the bacteria onto the surface of solid agar media by an 

inoculating - hand loop under aseptic condition. 

 

 

 
 

Figure 2.2: Bacteria kept in tilted test tubes to provide a larger surface area of solid agar media. 
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Figure 2.3: Gluconacetobacter xylinus bacteria colony growing and can be observed by eye 

(https://www.uni-weimar.de/kunst-und-gestaltung/wiki/images/1-1_Gluconacetobacter_xylinus.jpg). 

 

 

 

 

Figure 2.4: SEM Micrograph of Gluconacetobacter xylinus bacteria (Kato et al., 2007). 
 

 

https://www.uni-weimar.de/kunst-und-gestaltung/wiki/images/1-1_Gluconacetobacter_xylinus.jpg
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2.1.2 Gram staining 

Gram staining reflects fundamental differences in the biochemical and structural 

composition of bacteria and it is used to identify possible contamination of the bacteria cell 

culture. Gluconacetobacter xylinus is a gram-negative bacterium with a rod-shaped cell 

(Deinema et al., 1971; Zaar et al., 1979; Sutherland, 2001; Saxena et al., 2005; Barud et al., 2008). 

Gram staining was carried out to check that the organisms were Gram negative rods and were not 

contaminated as shown in Figure 2.5 below. 

 

 

Figure 2.5: Gram stain of individual cells from after gram staining the colony of bacteria 

obtained from the surface of solid agar media from a tilted test tube or a Petri dish. 
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2.2 Culture medium 

The culture medium was prepared according to the method outlined by Iguchi et al., 

(2000) and Gea et al., (2011). For every litre of distilled water, 5g of ammonium sulphate, 4g of 

potassium hydrogen orthophosphate, 0.1g of magnesium sulphate, 50g of glucose and 5g of yeast 

extract were added. Once prepared, the culture medium was then autoclaved for 2 hours at 121°C. 

it was then cooled to ambient temperature before the vitamins B1, B2, and B5 were added 

following the method by Iguchi et al., (1998). Glacial acetic acid was used to adjust the acidity 

of the medium to pH 4. This type of medium will be referred to hereafter as medium 1. This 

medium can be stored for several months in a dark bottle covered by sterilised cotton and a layer 

of aluminium foil (Iguchi et al., 1988 and 1998). 

2.2.1 Preparing the seed broth 

In a laminar flow hood, 100 ml of medium 1 was placed in a sterilised container. The agar 

containing the Gluconacetobacter xylinus was sterilised using UV light. A handle loop was used 

to sweep bacteria from the surface of the agar and mixed into the medium. In order to ensure that 

the bacteria was distributed well, the container was shaken for 4 hours, before it was placed in an 

incubator at 28 °C for 4 days. After 4 days in the incubator, a thin white layer appeared on the 

surface of the medium. The white layer was removed from the container and this remaining broth 

could be used as a starter to grow the bacterial cellulose pellicle again. This bacteria containing 

medium is referred to as medium 2 (Iguchi et al., 1988). 
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2.2.2 Pellicle of BC 

Medium 2 was added into the culture medium (medium 1) in a ratio of 1:10 and the glass 

covered by porous paper that had been placed in an autoclave at 121 °C for 2 h. The resultant 

medium (medium 3) was kept at a temperature between 28°C-30°C for 21 days. The culture time 

can be adjusted depending on the required thickness of the pellicle.  

2.3 Purification Treatment of Bacterial Cellulose 

After collection some of the bacterial cellulose pellicles were left on a sieve to allow 

drainage of the liquid growth medium from the pellicles without any treatment. These samples 

were then labelled untreated BC. However, the purification of the remaining pellicles involved 

firstly washing the pellicles under running tap water for 6 hours before immersing them overnight 

in 2.5 wt. % NaOH. The final purification step was to prepare the samples in the same way as the 

NaOH treated bacterial cellulose and then treat them with 2.5 wt% NaOCl. After the final step, 

the BC pellicles were washed under running tap water to remove the solvent until neutral pH 

conditions were achieved. This method was followed from Gea et al., 2011. 

2.4 Preparation of BC Sheet 

The bacterial cellulose samples were prepared in the form of sheets for experiments such 

as thermal, structural and mechanical analysis. However, the samples were left in the form of a 

pellicle for morphological analysis specimen preparation. Bacterial cellulose sheets were 

prepared by placing a pellicle between two, 20mm thickness stainless steel plates with a wire 

mesh, at 115°C, up to 70MPa pressure for 5 minutes to squeeze out any water. 
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2.5 Morphological analysis 

Morphological analysis of all the bacterial cellulose samples was investigated by using a 

cryo-field emission scanning electron microscope (FESEM) Quanta 3D ESEM FEI. Samples 

were carefully cut and mounted onto a sample holder and then frozen in liquid nitrogen. This 

sample was then transferred into the cryo-SEM sample preparation chamber under vacuum. The 

temperature of the sample was constantly maintained at -150°C via a cold stage and the anti-

contaminator in the sample preparation chamber was maintained at a temperature of -190 °C. A 

clean surface of frozen BC was revealed by fracturing the sample using a cold knife (kept at -

150°C). Once the sample temperature was steady at -135°C, it was then sputter-coated for 1 

minute at 11mA to deposit a fine layer of conductive platinum onto the sample surface. The 

sample was then imaged at an accelerating voltage of 2 kV and at a working distance of 6-8 mm. 

2.6 Tensile testing 

Tensile testing was undertaken at room temperature and at a speed of 10mm.min-1 using 

an Instron 5566 equipped with a 1kN static load cell. The sheets (0.2-0.4mm thick) were cut into 

strips (30mm by 5mm). All measurements and tensile tests were performed at room temperature 

and at five samples were used to calculate the average value. 

2.7 Thermogravimetric analysis (TGA) 

A thermogravimetric analyser (TA Instrument Q500 thermal analyser) was used to 

measure the effect of the chemical treatment on the mass loss and decomposition of BC and PCL-

BC composites. The initial weight of each sample was approximately 5mg. The samples were 

kept in alumina crucibles and heated from 30°C to 700°C in a furnace, flushed with argon gas at 
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the rate of 100ml/min. The percentage weight loss and derivative weight loss were plotted against 

the temperature. 

2.8 X-ray diffraction analysis 

Bacterial cellulose sheets were mounted onto the sample holder directly to analyse the 

crystalline structure (Siemens D5000 XRD). The scanning step was 0.02° with a scan time of 2.5 

seconds per step and the aperture slits were set at 0.1°. The X-ray beam was Ni-filtered Cu Kα 

(λ=0.154nm) and radiation operated at 40 kV with a filament of 40 mA. 

2.9 FT-IR analysis 

Samples of BC sheet were mounted in the sample holder and spectra were obtained in the 

mid infrared region (4000-800cm-1) at 8 cm-1 resolution and averaging of 128 scans. Fourier 

transfer infrared (FT-IR) spectra was obtained using a Nicolet 8700 FT-IR spectrometer (Thermo 

Electron Corporation, UK) in combination with an MTEC Photoacoustic Spectrum (PAS) cell.  

For the FTIR and thermal analysis of the surface modified samples, the samples were 

dried between filter papers in an oven at 80 °C for 10-12 hours and the FT-IR spectra were 

obtained in the mid infrared region (4000-800cm-1) at 8 cm-1 resolution and averaging of 128 

scans. 

2.10 Surface modification treatment of Bacterial Cellulose 

 In this study, BC used was produced as described in 2.2. The purification and treatment 

was carried out using sodium hydroxide (NaOH) and sodium hypochlorite (NaOCl) as described 

in 2.3. The BC pellicles were treated using sodium hydroxide (NaOH) to modify the surface 
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charge and structure. The pellicles were immersed in three different concentrations (5%, 7% and 

9% w/v) for 5, 10 and 12 hours. They were washed with tap water for several minutes to remove 

the excess of NaOH and to achieve pH neutrality. Table 2.1 shows the treatment period and 

concentration for each sample. 

Table 2.1: Treatment period and % concentration for the BC pellicles 

NaOH  Concentration 

(W/v %) 

Treatment 

Period (hrs) 

 

 

5 

 

 

7 

 

 

9 

5 BC-A BC-D BC-G 

10 BC-B BC-E BC-H 

12 BC-C BC-F BC-I 

Untreated BC-J 

 

2.11 Cell Culture 

Samples were cut into 5mm x 5mm squares using scissors and a scalpel and autoclaved 

at 120°C at 18 psi for 20 minutes in deionised water. Before seeding the cells, the sterilised 

samples were cut into very small sections and aseptically transferred to 96-well plates. Care was 

taken to ensure uniformity of sample size. Human primary cells, Synovial, bone marrow and skin 

fibroblast cells were taken from a male donor of Age 35 with rheumatoid arthritis. These cells 

were provided by the Welcome Trust at the University of Birmingham by Dr Andrew Filer who 

had already obtained ethical approval. The details of the ethical approval are as follows: 

➢ The ethics is still current and samples are still being analysed 

➢ Ethical committee: West Midlands Black Country Research Ethics Committee 
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➢ Name of Project: Origins and roles of stromal cells in chronic inflammatory 

Arthritis 

➢ REC Reference: 07/H1204/191. 

2.11.1 Cell culture medium 

The cells were grown in complete fibroblast medium (S-RPMI), which was made up of; 

RPMI 1640 and supplemented with the addition of 10% foetal calf serum, 1% MEM non-

essential amino acids, 1% sodium orthopyruvate, 2mM glutamine, 100U/ml penicillin and 

100μg/ml streptomycin (Sigma Aldrich). 

2.11.2 Cell seeding 

The cells were grown in the culture medium until they were sufficiently confluent to seed 

onto the scaffolds. The cells were removed from the culture substrate by first removing the 

medium and then washing twice with 10ml 1% PBS to remove the excess medium and dead cells. 

The cells were then incubated at 37°C for 1 minute with 1ml trypsin and 9ml of S-RPMI. The 

suspension was centrifuged at 1000rpm for 3 minutes, after which the trypsin and S-RPMI were 

removed via pipette. The resulting pellet was then re-homogenised with 10ml of S-RPMI.  

The cells were then seeded on the samples at a density of 2.4 × 106  cells/cm2. During 

preparation, 100μl of S-RPMI were added to each well and an additional 100 μl were added every 

48 hours for the duration of the experiment. 
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2.12 Phase-contrast imaging 

The morphology of the dermal and bone marrow cells seeded on the scaffolds was 

examined using an inverted optical microscope (Zeiss Axiovert 200) in Phase Contrast mode, 

controlled by Simple PCI version 5.0.0.1503. 

2.12.1 Preparation of cells for Phase contrast imaging 

The cells were grown directly on a cover slip immersed in cell culture medium to form a 

monolayer. The cell culture medium provided all the nutritional requirements for the cells to 

divide and grow. When the cells reached the preferred population, the cover slip was removed 

from the cell culture medium and mounted upside down on a microscope slide. The specimen 

was then viewed in the microscope. 

2.13 MTT Assay 

In the MTT assay, a yellow tetrazolium salt (dimethylthiazol diphenyl tetrazolium 

bromide) (supplied by sigma) is reduced to purple formazan crystals by dehydrogenase enzymes 

in metabolically active cells. The amount of produced formazan is directly proportional to the 

number of viable cells.  

The substrates were placed in 96-well plates and seeded as described above. An MTT 

solution was prepared in PBS using 5 g/mL and sterilised by filtration. The culture medium was 

then aspirated and replaced by 25 μL MTT solution. The samples were incubated at 37 °C in a 

5% CO2 atmosphere for 4-5 hours. The samples were removed to clean wells (days 6 and 10 

only). The S-RPMI and MTT solution were removed from the wells and 150 μL dimethyl 

sulfoxide (DMSO) was added to dissolve the formazan crystals. The samples were placed on a 
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shaker for 5 minutes to ensure complete dissolution of the formazan and then the absorbance was 

measured at 540 nm using a Multiscan Ascent 96-well plate reader (Thermo Labsystems). 

Triplicate samples were used for the cell culture studies in the analysis of cell viability. 

The statistical significance was tested by ANOVA-single factor. P <0.05 was considered highly 

significant for dermal cells. P <0.05 was not significant for bone marrow cells. 

2.14 Cell count 

The haemocytometer and cover slip were firstly prepared by spraying with 70% alcohol 

and then carefully drying with tissue. The coverslip was then fixed on the haemocytometer by 

moving it back and forth whilst exerting slight pressure until Newton’s rings (rainbow effect) 

appear at the sides of the cover slip. A small aliquot (20μl) of cell suspension was removed to a 

microfuge tube and a same volume (20 μl) of trypan blue was added to the tube and mixed 

thoroughly. A pipette was used to place a small volume of the cell mixture onto the counting 

platform, allowing it to run under the cover slip. The number of cells present in the 5-square 

counting grid were counted. Dead cells were also excluded from the count as indicated by the 

deep staining. The number of cells per ml in the total suspension was calculated using the steps 

shown in Figure 2.8. 
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Figure 2.8: Calculation of cell density. 

2.15 Differential scanning calorimetry for composites 

 The Differential scanning calorimetry (DSC), works on the principle of relative heat flow 

between two chambers, the aluminium pan containing the polymer sample (sample pan) and an 

empty pan (reference pan). The DSC results are in the form of curves showing the amount of heat 

energy put into the sample pan to keep both pans at the same temperature. When the polymer 

sample crystallises, it is an exothermic process, therefore the heat energy required to keep the 

sample pan temperature the same as the reference pan drops, hence a trough is seen on the DSC 

graphs (Hone, 1996). DSC was performed using water as the cooling fluid. Each sample was 

heated from -60ºC to 120ºC at a heating rate of 10ºC min-1. The melting temperature (Tm) will 

be taken as the peak temperature of the melting endotherm. Then, the sample was cooled down 

to -60ºC and heated again to 120ºC at a heating rate of 10ºC min-1. The area under the melting 

Number of cells in 5 
squares

Number of cells in 1 
square

X2 (dilution to 
trypan)

X103 (µl → ml 
conversion)

X(n) (total volume of 
suspension)                

109

21.8 x 2 = 43.6 cells/10-4ml

109/5 = 21.8 cells

43.6 cells= 43.6 x 104 ml

4.36 x 104 x 1 = 4.36 x 104  

cells per ml
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endotherm will be used to determine the degree of crystallinity of the nanocomposite. The degree 

of crystallinity was calculated using the equation below assuming that 100% crystalline PCL has 

a value of ∆H = 136J/g. 

Degree of crystallinity (x%) = (∆H1/∆H) x 100 

Where ∆H1 = integral/sample weight and ∆H = 136J/g. The integral value is obtained from the 

DSC curves produced. 

2.16 Extraction of bacterial cellulose whiskers 

The bacterial cellulose whiskers were extracted by acid hydrolysis in 65wt% sulphuric 

acid at 40°C for 16 hours with continuous stirring. The reaction was quenched by dipping the 

flask in cold water. The cellulose whiskers were acquired by centrifugation and dialysis.  

2.17 TEM of BC whiskers 

Cellulose whiskers were examined using transmission electron microscopy (Phillips CM 

200 instrument). A droplet of the diluted suspension was placed onto a copper grid covered with 

a carbon film and samples were then stained by allowing the grids to float in a 2wt% solution of 

uranyl acetate for 3 min.  

2.18 Electrospinning nanocomposites 

The bacterial cellulose whiskers/PCL blends were prepared at Queen Mary University by 

dissolving PCL in chloroform and adding the extracted BC whiskers (wt. %) to the dissolved 

PCL. The PCL/BC solutions were prepared at different concentrations (2wt. %, 4wt. %, 6wt. %, 

8wt. %, 10wt.%) for electrospinning. Electrospinning was performed using a steel capillary tube 
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with a 1.5mm diameter tip mounted on an electrically insulated stand. The capillary tube was 

connected to a syringe filled with 10ml of a bacterial cellulose/PCL blend. 

 

Figure 2.9: Schematic diagram of electrospinning method (Bhardwaj et al., 2010). 

The distance between the tip and the collector (aluminium foil) was 20 cm, and flow rate of the 

fluid was 0.03 mL/min. The potential difference between the capillary tip and the aluminium foil 

was gradually increased from 10 to 25 kV/cm. 
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Figure 2.10:  Electrospinning setup used for this study (Queen Mary University equipment). 

Electrospinning is a process that creates nanofibers through an electrically charged jet of 

polymer solution or polymer melt.  

 

2.19 Composite samples for mechanical testing 

Composites for mechanical testing were made by twin extrusion and this work was carried 

out using the HAAKE minilab Thermo scientific mini twin-screw extruder at Warwick 

University/ Warwick Manufacturing Group (WMG). The extruder temperature was 135˚C and 

the screw-speed was 50 RPM. The extruded samples were then injection moulded into test 

samples using the following conditions; Cylinder temperature, 135˚C, Mould temperature, 40˚C, 

Pressure was 80bar. The composites were made up using microcrystalline (approximately 100 

µm in length and 10 µm in diameter) bacterial cellulose and PCL for the following compositions; 

PCL-BC 2, 4, 6, 8 and10 wt.%. 
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At least 5 samples were tested for each composition. Width and thickness of each sample 

was measured before testing and they had an average thickness of 3.20mm, width of 3.20mm and 

gauge length of 15.3mm. A speed of 10 mm.mm-1 was used throughout the testing.  
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CHAPTER 3 

Results and Discussion 

3.1 Bacterial cellulose 

3.1.1 Formation of BC pellicles 

Medium used in the fermentation process was inoculated with medium containing 

bacteria, which had previously undergone inoculation with bacteria stored in agar in a ratio of 

1:10 v/v. This previous inoculation serves to control the number and growth of bacteria in the 

medium, which is indicated by the same thickness of pellicle. Four days after inoculation, a thin 

white layer called pellicle (gel-like substance) appears on the surface of medium (Figure 3.1). 

This layer is then removed and the remaining solution is used as a starter (seed broth). 

 

 

Figure 3.1: The white layer appeared on medium after four days of inoculation in static 

conditions. 

 

 By culturing Gluconacetobacter xylinus into the medium containing glucose as a main 

source of food of the bacteria, bacterial cellulose pellicles have been successfully produced by a 

static culture method. Using an agar media in a Petri dish or a tilted test tube, the bacteria are 
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easily collected or transferred to another container to prepare a new seed broth which becomes a 

new starter for further culturing. In order to guarantee that the bacteria retain a high level of 

viability and to avoid genetic mutation, the bacteria were continually transferred to new agar 

media. The results of tests confirmed that the Gluconacetobacter xylinus used in this work is a 

rod-shaped Gram-negative bacterium (see section 2.1.2). The length of culturing depends on the 

required thickness of the BC pellicle. 

3.2 Characterisation of Bacterial Cellulose  

3.2.1 Purification of BC 

The rod-shape bacteria of Gluconacetobacter xylinus, which is shown in Figure 3.2 can 

be seen on the surface of untreated bacterial cellulose pellicle. 

 

   

Figure 3.2: Cryo-Field Emission Scanning Electron Microscopy micrograph of untreated BC. 
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The purification method was chosen to maintain the three-dimensional structure of the bacterial 

cellulose pellicle, which allows easier observation of the internal structural network. It is 

impossible to directly study the internal structure/network of untreated bacterial cellulose due to 

the surface being opaque, as seen in Figure 3.3 (a and b).  

 

 

Figure 3.3: (a) Cryo-Field Emission Scanning Electron Microscopy micrograph of NaOH 

treated BC; (b) Cryo-Field Emission Scanning Electron Microscopy micrograph of NaOH + 

NaOCl treated BC. 

 The pores of the surface were covered in organic impurities from the medium used in the culture 

process, as well as the rod-shaped Gluconacetobacter xylinus. This prevented contact between 

fibres in the network, resulting in a dramatically reduced number of hydrogen bonds, therefore 

reducing the strength of bacterial cellulose sheets (Yamanaka et al., 1989). Investigation of the 

untreated bacterial cellulose by Gea et al., (2011), confirmed this theory. Young’s modulus values 

reported by Gea et al., 2011 were compared with the 2.5 wt.% NaOH treated bacterial cellulose 
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in Figure 3.3.a, where the rod-like shape of Gluconacetobacter xylinus and other impurities were 

no longer seen on the surface, revealing the internal structure of the pellicle. Nanofibres of 

bacterial cellulose was clearly seen in the pellicle, which was then further treated with the 2.5 wt. 

% NaOCl (shown in Figure 3.3.b). This displayed the effectiveness of NaOCl as a bleaching 

agent and its ability to remove impurities, which were unable to be removed by the single 

treatment with NaOH. To reinforce this argument, Tomasino et al. reported that when NaOCl 

dissolves in water, hypochlorous acid (HOCl) is formed (Tomasino, 1995). Hypochlorous acid 

is a major inorganic bactericidal compound of innate immunity, which is effective against a broad 

range of microorganisms (Wang et al., 2007). 

3.3 Surface modification of BC by mercerisation 

3.3.1 FT-IR analysis 

The samples were treated with NaOH for surface modification as described in section 

2.10. The FTIR spectra of treated (surface modified) and untreated samples are shown in two 

separate regions, 3500-1600 cm-1 and 1500-870 cm-1 in Figures 3.4 and 3.5 respectively. The 

infrared spectra can be used as a measure of the degree of crystallinity, as well as a measure of 

the lattice type change (conversion of cellulose I to cellulose II) of the components consisting of 

cellulose I, cellulose II or a mixture of both lattices (Nelson and O’Connor 1964).  

The effect of NaOH treatment and purification of bacterial cellulose has been extensively 

studied as mentioned earlier (section 1.3). A more closely related study by Gea et al., (2011) is 
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used as a reference in this study to support the findings and further reiterate the purpose of 

modification of bacterial cellulose. 

FT-IR spectroscopy of bacterial cellulose and surface modified bacterial cellulose was 

carried out in order to determine any changes in the peaks that could be accredited to NaOH 

treatment for purification and mercerisation for surface modification. Gea et al. reported that the 

hydrogen-bonded O-H stretching vibrations at 3800 – 2900 cm-1 in BC shifted to a higher wave 

number and the intensity of O-H stretch of cellulose type I at 3345 cm-1 increased due to the 

purification process using NaOH. A shift in the peak area was also observed in this region, which 

could be due to the disappearance of the N-H stretch related peak from amino acids and proteins 

at 3150- 3220 cm-1 (Gea et al., 2011). The peaks at 3488 cm-1 and 3447 cm-1 assigned for –OH 

stretching intramolecular hydrogen bonding as typical for cellulose II (Carillo et al., 2004) were 

not found in the spectrum shown in Figure 3.5. The purification of bacterial cellulose led to an 

increase in the intensity of 1156 cm-1 assigned to the asymmetric stretch of C-O-C and CH2 

deformation. FTIR of the mercerisation of bacterial cellulose are shown in Figure 3.5 and 3.6. 
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Figure 3.4: FT-IR spectra of NaOH treated and untreated BC (3500-1600 cm-1). 

 

 

Figure 3.5: FT-IR spectra of NaOH treated and untreated BC (1500-870 cm-1). 
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Nelson & O’Connor proposed a ratio of infrared bands located at 1375 cm-1 and 2900 cm-

1 to measure the crystallinity of cellulose samples. They proved that the values of this ratio ranks 

the cellulose samples in the same order as the crystallinity parameters derived from X-ray 

diffraction (Nelson and O’Connor 1964a). They noted that the absorbance of the group of bands 

in the 1200-1400 cm-1 region were affected by the crystallinity and not by the lattice type 

(cellulose I and II). From the four bands in this region (1315, 1335, 1372 and 1429 cm-1), which 

were assigned to C-H and O-H bending and CH2 wagging, the band at 1372 cm-1 (assigned to C-

H bending) was chosen to be the most suitable indicator of crystallinity. The band at 1335 cm-1 

assigned to O-H in plane bending could be affected by the amount of water absorbed and the 

bands at 1315 and 1429 cm-1 (CH2 wagging and CH2 scissoring, respectively) could be affected 

by the change in the lattice type. 

The absorbance ratio of this band to 2900 cm-1 (C-H and CH2 stretching) was calculated 

by drawing a convenient baseline. For the band at 1372 cm-1, a line was drawn between the 

minima at approximately 1300 and 1400 cm-1, to give a common baseline for the three bands in 

this region. For the band at 2900 cm-1, the adjacent minima at 3000 cm-1 was chosen as the base 

(Nelson and O’Connor 1964a). Values for this ratio total Crystallinity Index (TCI) (Carrillo et al 

2004) are listed in Table 3.1 (refer to table 2.1 for treatment time and concentration). 

The TCI values were plotted in two separate figures in order to study the effects of both 

the sodium hydroxide concentration and the period of treatment on BC scaffolds. As shown in 

Figure 3.6 by increasing the concentration of sodium hydroxide, the crystallinity of the samples 

tended to increase. As shown in Figure 3.7, as the period of treatment with 5 w/v% NaOH 

increased, the crystallinity tended to decrease slightly; whereas, for treatment with 7 and 9 w/v% 

NaOH, the TCI tended to increase slightly. The fitting of the trend lines for crystallinity is not as 
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exact as one may desire, particularly for samples treated for 10 hours and those treated at a 

concentration of 5%. However, it shows that, overall, the general trend was a slight increase in 

crystallinity after each treatment. As the bacterial cellulose is highly crystalline cellulose I, this 

conversion to cellulose II would mean transformation of one crystalline lattice to another, and 

not an amorphous phase to a crystalline one. This could be the reason that the increase in 

crystallinity is very small. 

 

 

Table 3.1: Crystallinity indices (1373/2900 cm-1) for treated and untreated BC 

Sample TCI(A1372/A2900) 

BC-A 0.88 

BC-B 1.43 

BC-C 0.64 

BC-D 0.61 

BC-E 0.73 

BC-F 0.57 

BC-G 0.69 

BC-H 0.66 

BC-I 0.63 

BC-J 0.60 
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Figure 3.6: Effect of sodium hydroxide concentration on the crystallinity of scaffolds treated for 

5, 10 and 12 hours. 

 

Figure 3.7: Effect of sodium hydroxide treatment period on the crystallinity of scaffolds treated 

with 5, 7 and 9% NaOH. 
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XRD of the treated and untreated bacterial cellulose samples exhibit three main peaks, 

located at 2θ = 14.7°, 16.2° and 22.4° (Gea et al., 2011). These are in agreement with previously 

reported data which relates to the primary diffraction of the (1ī0), (110) and (200) planes of 

cellulose I polymorphs (Klechkovskaya et al., 2003; Sugiyama et al., 1991; Zugenmaier., 2008). 

This exhibits that the initial two step purification process does not alter the structure of bacterial 

cellulose from cellulose I to cellulose II. However, a change that appears in the diffractograms 

of single-step treated bacterial cellulose and two-step treated bacterial cellulose after purification 

is an increase in the intensity of their peaks compared with untreated bacterial cellulose. This 

means that during the purification process a change in orientation of the cellulose fibre takes 

place (Gea et al., 2011). 

3.3.2 Lattice Type (Cellulose I and Cellulose II) 

By comparing the infrared spectra of highly crystalline cellulose I and II, Nelson and 

O’Connor, showed that the spectra of cellulose I differs distinctively from cellulose II at 1430, 

1111 and 897 cm-1. These bands were observed in cellulose I, while they were shifted to 1420, 

1007 and 893 cm-1, respectively, in cellulose II (Nelson and O’Connor, 1964). It was also 

suggested that the band at 1155 cm-1 for cellulose I shifts to 1162 cm-1 in cellulose II (Carillo et 

al., 2004). These bands, therefore, can be used to study the type of crystalline lattice in treated 

and untreated scaffolds. 

The band at 1430 cm-1 assigned to the symmetric bending of CH2 at C-6 (Oh et al, 2005), 

was observed at 1427-1428 cm-1 for all of the treated and untreated samples. This suggested the 

predominant presence of cellulose I. If the amount of cellulose II was significant, then this band 

would shift to 1420 cm-1. The band at 1111 cm-1 (ring asymmetric stretching) was observed at 
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1106-1107 cm-1, and the band at 897 cm-1 assigned to COC stretching at the β-glycosidic linkage, 

COC stretching, CCO stretching and CCH stretching at C-5 and C-6 (Oh et al, 2005) was detected 

at 897-900 cm-1, which confirmed the predominance of crystalline cellulose I.  

In addition, the hydrogen bonding is different in cellulose I and II and this difference is 

shown by the intensities and frequencies of the absorption bands in the O-H stretching region. In 

cellulose I, the band assigned to intra-chain hydrogen bonded hydroxyls is located at 3350 cm-1, 

while for cellulose II, it is located at 3488 cm-1 (Nelson and O’Connor, 1964). This band was 

observed for all of the samples at 3333-3340 cm-1. The absorbance bands at 3488, 3447 and 3175 

cm-1 are typical of the –OH stretching intra-molecular hydrogen bonds and are only observed in 

cellulose II. These bands were not detected in either the treated or untreated samples in this study. 

However, the band at 1155 cm-1, assigned to C-O-C asymmetric stretching at the β-glucosidic 

linkage, was observed at 1162 cm-1 in all treated and untreated samples. Bands at 1315, 1280 and 

1205 cm-1, characteristic of cellulose II, were also observed in all treated and untreated samples. 

These indicated a mixture of cellulose I and II lattices. 

The absorbance ratio of the bands at 1430 and 900 cm-1 can be used to follow any 

transformation in crystalline lattice structure from cellulose I to cellulose II. This ratio was 

proposed by O’Connor and named Lateral Order Index (LOI) by Hurtubise and Krassig in 1960. 

Later, by comparisons with the diffraction patterns, Oh et al. (2005) confirmed that the ratio 

A1430/A900 is related to the proportion of cellulose I. Values of this ratio for all treated and 

untreated samples are listed in Table 3.3. As with crystallinity, these values were used to evaluate 

both the effect of time and concentration of the treatments on the transformation of cellulose I to 

cellulose II.  
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Table 3.2: Absorbance ratio 1430 to 900 cm-1 for treated and untreated samples 

 

 

 

 

 

 

 

 

Figure 3.8: Effect of sodium hydroxide concentration on the proportion of cellulose I after 5, 10 

and 12 hours. 

Sample LOI (A1430/A900) 

BC-A 0.65 

BC-B 0.87 

BC-C 0.91 

BC-D 0.66 

BC-E 0.94 

BC-F 0.75 

BC-G 0.63 

BC-H 0.78 

BC-I 0.97 

BC-J 1.20 
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As shown in Figure 3.8, the proportion of cellulose I tended to decrease with the 

increasing concentration of sodium hydroxide. As can be seen from Figure 3.9, with the increased 

period of treatment with NaOH, the amount of cellulose I followed a decreasing pattern, and 

therefore, conversion to cellulose II increased, as expected. 

The FTIR spectra of BC samples treated with 5, 7 and 9 w/v% NaOH for 10 hours (B, E 

and H, respectively) were compared with the untreated sample (J) in the 1500-870 cm-1 region, 

as shown in Figures 3.10, 3.11 and 3.12 respectively.  

 

 

Figure 3.9: Effect of sodium hydroxide treatment period on proportion of cellulose I with 5, 7 

and 9% NaOH. 
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Figure 3.10: Comparison of FTIR spectra - samples B and J in 1500-879 cm-1. 

 

Figure 3.11: Comparison of FTIR spectra - samples E and J in 1500-879 cm-1. 
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Figure 3.12: Comparison of FTIR spectra - samples H and J in 1500-879 cm-1. 
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Table 3.3: FTIR band assignments of cellulose I and II 

Wavenumber 

(cm-1) 

Assignment Reference 

3352 stretching OH (hydrogen bonded) in Cellulose I Oh et al. 2005 

2892 stretching CH in Cellulose II Oh et al. 2005 

1431 bending CH2 (sym) at C-6 in Cellulose I Oh et al. 2005 

1373-1376 bending C-H Oh et al. 2005 

1278 bending C-H in Cellulose I Oh et al. 2005 

Colom & Carrillo 

2002 

1236 bending COH in plane at C-6 → Cellulose I Oh et al. 2005 

Colom & Carrillo 

2002 

1162 stretching COC at beta-glucosidic linkage in 

Cellulose I 

Oh et al. 2005 

1100-1111 
stretching (C-O), stretching (C-O) – 

ring symmetric stretching 
Marta Kacurakova et 

al. 2002 

Colom & Carrillo 

2002 

895 stretching (C-1-H) → Beta-anomeric link→ 

origin C, COC in plane, symmetric stretching 

Marta Kacurakova et 

al. 2002 

Colom & Carrillo 

2002 

 

The two-step purification process is able to produce purified bacterial cellulose samples, 

which are shown by SEM images, FTIR and TGA. This purification process greatly improved 

the mechanical and thermal performance of native BC. The structure of cellulose did not change 

from cellulose I to cellulose II by using a concentration of 2.5 wt. % NaOH followed by 2.5 wt. 

% NaOCl. The FTIR spectrum gave no suggestion of the formation of cellulose II. In addition, 
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the Young’s modulus of NaOH-treated BC increased when compared to untreated bacterial 

cellulose because there was no disruption of the intermolecular and intramolecular hydrogen 

bonding between and within the fibres in the H-bonded network. As expected, a further increase 

in tensile strength was observed for the two-step treated BC, since the polymorphic 

transformation from cellulose I to other less performing cellulose types was prevented, while at 

the same time a stronger network was formed (Gea et al., 2011; Chiaoprakobkij et al., 2011). 

One of the most important steps in improving mechanical properties of bacterial cellulose is the 

purification of the pellicle (Yamanaka et al., 1989; Gea et al., 2011). Young’s modulus, tensile 

strength, and strain at break of every sample are revealed in Table 3.4 below. 

 

Table 3.4: Mechanical properties of treated and untreated Bacterial Cellulose. 

  

Bacterial Cellulose Young’s 

Modulus 

(GPa) 

UTS 

 (MPa) 

Elongation 

at break 

(-) 

Untreated 8.7 90.0 0.013 

Treated with 2.5 wt% NaOH 15.2 140.1 0.014 

Treated with 2.5 wt% NaOH 

and 2.5 wt% NaOCl 

20.1  209.1 0.016 

 

The mechanical properties increased significantly after purifying bacterial cellulose. BC 

pellicles treated with 2.5 wt.% NaOH release impurities which are still trapped at the surface and 

in the pellicle. As a result, increased hydrogen bonding within these BC pellicles can occur 

because of the absence of impurities that will hinder bonding between BC fibrils. Gea et al., 

reported that the Young's modulus of 2.5 wt.% NaOH treated BC was doubled compared to 
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untreated BC and the best properties of the samples were observed after further overnight 

purification with 2.5 wt. % NaOCl (Gea et al., 2011). This is in agreement with the results in 

Table 3.4 above, which shows that the Young’s modulus and the ultimate tensile strength both 

increased after treatment with NaOH and then NaOCl. This further confirms that purification of 

bacterial cellulose does improve the mechanical properties.   

3.3.3 Thermal Analysis 

 Thermogravimetric analysis (TGA) can be used to characterise a material which 

displays weight change when it is heated and to also detect phase change due to the process of 

decomposition. The TG weight loss curves and the corresponding derivative curves were 

obtained by plotting the percentage of weight loss and percentage of weight loss per minute 

against temperature, respectively. The maximum decomposition temperature, which is known as 

a criterion for thermal decomposition, was obtained from DTG (derivative TG) data. Figure 3.14 

below, indicates that the bacterial cellulose which was not modified by mercerisation started to 

degrade at 240 °C, while the treated/modified samples started degradation at significantly higher 

temperatures. This is in agreement with the investigation by Gea et al., (2011). 
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Figure 3.13: TGA curve of untreated (purified) bacterial celliulose, sample J. 

 Purified bacterial cellulose endures a main degradation at around 360 °C, which is typical of 

cellulose breakdown apart from a small loss of mass at around 100 °C, which may be the result 

of water evaporation (Roman, 2004, Gea et al., 2011). 
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Figure 3.14: (a) TG curves for samples B, E and H (treated with 5, 7 and 9% NaOH for 10 

hours) and untreated BC (b) DTG curves. 

The NaOH treated samples tolerate a lower temperature before the main degradation takes place 

(320 °C), with a shoulder at around 400 °C (Gea et al., 2011). The degradations between 145 °C 

and 255 °C can be due to protein impurities, whereas the main degradation of cellulose can be 



  

106 

 

found at a temperature as low as 290 °C. The residue value decreases from around 35% for 

untreated bacterial cellulose to 16% for purified bacterial cellulose. This can be due to the 

presence of phosphorous compounds, which can greatly enhance the char formation. According 

to Table 3.5, by increasing the intensity of treatment, the temperature at 20% weight loss and the 

decomposition temperature increased before a slight decline in sample H (NaOH 9 w/v% treated 

for 10 hours). 

 

Table 3.5: Decomposition temperature, weight loss at 300 °C and temperature at 20% weight 

loss for treated and untreated BC. 

Sample 

Temperature at 

5% weight loss 

(°C) 

Temperature at 

20% weight loss 

(°C) 

Weight loss 

(%) at 300  

(°C) 

Decomposition 

temperature 

(°C) 

BC-J 240.42 321.67 10.77 355.57 

BC-B 296.219 341.019 5.36 356.97 

BC-E 298.72 342.32 5.12 362.57 

BC-H 290.87 335.068 5.93 360.72 

 

 Table 3.6: Treatment period and % concentration for the bacterial cellulose pellicles 

 

 

 

NaOH 

Concentration 

(W/v %) 

Treatment 

Period (hrs) 

 

 

5 

 

 

7 

 

 

9 

5 BC-A BC-D BC-G 

10 BC-B BC-E BC-H 

12 BC-C BC-F BC-I 

Untreated BC-J 
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Thermal degradation behaviour is influenced by factors such as molecular weight, 

crystallinity and orientation of the chains (George et al., 2005). The initial increase in the 

decomposition temperature of treated samples compared to untreated samples confirms an 

increase in crystallinity and/or increase in the proportion of cellulose II polymorph, as discussed 

in the FTIR results. Cellulose II is the most thermodynamically stable allomorph of cellulose 

(Brown, 1999), which corroborates the increase in thermal stability with alkali treatment. The 

slight decrease in decomposition temperature for the most extensively treated sample (here H) 

may suggest degradation or a collapse in cellulose structure caused by this treatment. 

3.3.4 Cryo-SEM characterisation 

Figure 3.15 show the effect of NaOH on the morphology of treated (BC-A to BC-I) and 

untreated BC (BC-J) samples studied by cryo-SEM. 

 

 

BC-J (untreated bacterial cellulose) 
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BC-A (5 w/v% NaOH treated for 5 hours) 

 

BC-B (5 w/v% NaOH treated for 10 hours) Red arrow indicates lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 
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BC-B (5 w/v% NaOH treated for 10 hours) Red arrows indicate lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 

 

 

BC-C (5 w/v% NaOH treated for 12 hours)  
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BC-D (7 w/v% NaOH treated for 5 hours) Red arrows indicate lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 

 

 

BC-D (7 w/v% NaOH treated for 5 hours) Red arrows indicate lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 

 



  

111 

 

 

BC-E (7 w/v% NaOH treated for 10 hours)  

 

BC-F (7 w/v% NaOH treated for 12 hours)  
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BC-G (9 w/v% NaOH treated for 5 hours) 

 

BC-G (9 w/v% NaOH treated for 5 hours) Red arrows indicate lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 
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BC-H (9 w/v% NaOH treated for 10 hours)  

 

 

BC-H (9 w/v% NaOH treated for 10 hours) Red arrows indicate lamellae-like structure with 

parallel layers of compact fibres and looser fibres in between. 
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BC-D (9 w/v% NaOH treated for 12hours)  

Figure 3.15: Representative Cryo-SEM images of treated and untreated samples. 

 

 

BC-I (9 w/v% NaOH treated for 12 hours) 

Figure 3.16: ESEM image of a treated sample (BC-I) clearly showing the layers of fibres in the 

swollen state. 



  

115 

 

Figure 3.15 BC-J (untreated BC) shows the structure of the untreated sample with a dense 

interconnected network of fibres. From Figure 3.15 BC-B, it is clear that the bacterial cellulose 

scaffold consisted of a lamellae-like structure with parallel layers of compact fibres indicated by 

red arrows (seen also in Figure 3.16 an ESEM image of BC structure) with looser fibres in 

between. As the concentration/period of treatment increased, the loose fibres tended to degrade 

while the layers remained intact. This can be seen by comparing Figure 3.15-BC-D with Figures 

3.15-BC-H and BC-I, which were treated with higher concentrations of sodium hydroxide. 

Therefore, it is possible to conclude that the compact layers of fibres were crystalline regions 

with amorphous areas between them. The amorphous and crystalline regions covering the surface 

of the cellulose structure reacted with the alkali solution and were removed when the solution 

was washed off (Gassan & Bledzki, 1999; Liu et. al., 2008). Haigler et al., proposed that 

Gluconacetobacter xylinus extrudes cellulose in the form of 1.5 nm nanofibrils (Haigler et al, 

1980; Yu and Atalla 1996), as also observed in the Cryo-SEM images in this study. An 

interconnective channel of pores, a fibrous fracture surface and a relatively dense network of 

fibrils were observed in samples J to F (refer to Table 3.6 for sample treatment times), while this 

network tended to collapse in samples G, H and I, which were treated with higher concentrations 

of NaOH. Images of samples H and I clearly showed a less dense network of fibres with a greater 

number of broken fibrils.   
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3.3.5 Cell Culture  

3.3.5.1 MTT Assay & Phase-contrast Imaging of Dermal Fibroblasts 

As can be seen from the representative phase-contrast images in Figure 3.17, dermal 

fibroblasts adhered and proliferated on all of the samples and most had grown to or near 

confluence after 10 days. 

 

 

Figure 3.17 (a): Representative optical images of dermal fibroblast proliferation, sample A (5 

wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.17 (b): Representative optical images of dermal fibroblast proliferation, day 10, 

sample B, 5 wt.% NaOH for 10 hours (scale bars represent 10 µm). 

 

Figure 3.17 (c): Representative optical images of dermal fibroblast proliferation, sample C (5 

wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.17 (d): Representative optical images of dermal fibroblast proliferation, sample D (7 

wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.17 (e): Representative optical images of dermal fibroblast proliferation, sample E (7 

wt.% NaOH for 10 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.17 (f): Representative optical images of dermal fibroblast proliferation, sample F (7 

wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.17 (g): Representative optical images of dermal fibroblast proliferation, sample G (9 

wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.17 (h): Representative optical images of dermal fibroblast proliferation, sample H (9 

wt.% NaOH for 10 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.17 (i): Representative optical images of dermal fibroblast proliferation, sample I (9 

wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 



  

121 

 

 

Figure 3.17 (j): Representative optical images of dermal fibroblast proliferation, sample J 

(untreated), day 10 (scale bars represent 10 µm). 

 

 The MTT results showed the relative viability of dermal fibroblasts growing on scaffolds 

with different alkali treatments. The results are comparable because the same number of cells 

was seeded onto all samples. It can be seen from Figure 3.18 that the viability of the dermal cells 

growing on tissue culture plastic was significantly higher than those on the BC samples. It can 

be seen that the viability of cells after 6 days of cultivation was higher on all of the treated samples 

(except for sample I, with the most extensive treatment) compared to the untreated sample J. 

After 10 days, the scaffolds treated with 9 w/v% NaOH for 5, 10 and 12 hours showed lower 

viability than the untreated sample J.  
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Figure 3.18: MTT results of the viability of human dermal fibroblasts after 6 and 10 days on 

BC with different treatments. Absorbance readings at 540 nm. *p < 0.05 compared with the 

control. 

Comparing the MTT results and optical images with the images obtained from the Cryo-

SEM, it appeared that the rather dense network of fibres in sample A had the most suitable 

microstructure for cell attachment and proliferation at day 6. However, this network of dense 

fibres might be responsible for the significant decrease in the viability of cells on scaffold A at 

day 10.  A study by Backdahl et al., suggested that the definition of a pore size in a fibrous 

hydrogel is not relevant, because the migrating cells can push aside the nanofibrils and grow into 

the hydrogel. Since their experiment was done with Smooth Muscle Cells (SMCs), the ability to 

push the fibrils aside might depend on the strength of the migrating cells. However, they proposed 

that the density of the nanofibrils network affect the extent to which the cells could migrate into 

the scaffold. Therefore, although a dense network of fibrils is beneficial for cell attachment, a 
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more porous scaffold with more free space more readily allows the ingrowth of cells and their 

further proliferation (Backdahl et al., 2006).  

The dense network of fibrils in scaffold A could have inhibited the ingrowth of the cells, 

and the fibroblast cells could simply not be strong enough to push the fibrils aside. Therefore, the 

fibroblast cells easily attached to the surface of scaffold A, proliferated until the surface was 

covered, but were not able to migrate into the scaffold and, hence, the proliferation stopped. The 

best balance of free spaces and network density of nanofibrils was exhibited by scaffold D, as it 

showed the highest viability of cells after 10 days. 

 

Table 3.7: Treatment period and % concentration for the BC pellicles 

NaOH Concentration 

(Wt %) 

Treatment 

Period (hrs) 

 

 

5 

 

 

7 

 

 

9 

5 BC-A BC-D BC-G 

10 BC-B BC-E BC-H 

12 BC-C BC-F BC-I 

Untreated BC-J 
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Figure 3.19: Representative images for Day 6 (a) Dermal cells (b) Bone marrow cells (scale 

bars represent 10 µm). 

 

Figure 3.19 show dermal cells (a) and bone marrow cells (b) proliferating on sample E on day 

6, the images for all samples looked similar, therefore only two were selected to represent day 6 

cell culture. 

The surface charges of treated BC may have led to stronger adherence of cells on the 

scaffold, but if the adhesion is too strong, the growth and proliferation is inhibited (Svensson et 

al., 2005). Therefore, in addition to the surface morphology, this may also justify the higher cell 

viability on samples treated with lower intensities compared with higher intensities (especially 

on day 10 where proliferation is the dominant factor). 

 

Dermal-E-6 Bone Marrow-E-6 



  

125 

 

3.3.5.2 MTT Assay & Phase-contrast Imaging of Bone Marrow Fibroblasts 

As can be seen from the representative phase-contrast images of bone marrow fibroblasts 

on the treated and untreated samples in Figure 3.20 (a-j), the cells appear to have attached to the 

scaffold and proliferated, however, to a lesser extent than the dermal cells.  

 

Figure 3.20: (a) Representative optical images of bone marrow fibroblast proliferation, sample 

A ( 5wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.20: (b) Representative optical images of bone marrow fibroblast proliferation, sample 

B ( 5wt.% NaOH for 10 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.20: (c) Representative optical images of bone marrow fibroblast proliferation, sample 

C ( 5wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.20: (d) Representative optical images of bone marrow fibroblast proliferation, sample 

D ( 7 wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.20: (e) Representative optical images of bone marrow fibroblast proliferation, sample 

E ( 7 wt.% NaOH for 10 hours), day 10 (scale bars represent 10 µm). 



  

128 

 

 

Figure 3.20: (f) Representative optical images of bone marrow fibroblast proliferation, sample 

F ( 7 wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.20: (g) Representative optical images of bone marrow fibroblast proliferation, sample 

G ( 9 wt.% NaOH for 5 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.20: (h) Representative optical images of bone marrow fibroblast proliferation, sample 

H (9 wt.% NaOH for 10 hours), day 10 (scale bars represent 10 µm). 

 

Figure 3.20: (i) Representative optical images of bone marrow fibroblast proliferation, sample 

I ( 9 wt.% NaOH for 12 hours), day 10 (scale bars represent 10 µm). 
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Figure 3.20: (j) Representative optical images of human bone marrow fibroblast proliferation 

on treated and untreated BC. 

The MTT cell viability results from the different samples are shown in Figure 3.21. It can 

be seen that after 6 days of cultivation, all of the treated samples showed fairly similar, or higher, 

cell viability than the untreated sample. The viability of fibroblasts growing on sample D was 

very similar to that of tissue culture plastic (TCP), a frequently used substrate for cell cultivation 

(Svensson et al, 2005). It was noted that after 10 days of cultivation, the viability of cells on all 

of the treated samples was higher than that of the untreated sample, this may be due to low seeding 

density.  

The same argument that applies to dermal cells can also be applied to bone marrow 

fibroblasts. From the MTT result in Figure 3.21, it is clear that after 6 days, the cells showed the 

highest viability on scaffold D, and after 10 days on scaffold H. Cryo-SEM images in Figure 3.15 

show the differences in morphology of these two samples. This again suggests that the least dense 
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network of sample H (9 w/v% NaOH for 10 hours) provided a better environment for 

proliferation of bone marrow cells and showed the most viable cells. The slight decrease in 

survival of the cells on the control sample from day 6 to day 10 suggested that proliferation of 

bone marrow fibroblasts is generally more difficult. Higher cells viability on sample H compared 

to TCP implies that 9 w/v% NaOH (sample H) for 10 hours could be proposed as an optimum 

treatment for cultivation of bone marrow cells. 

The results were very similar in both cell types apart from the significantly higher survival 

rate of the bone marrow cells on sample H, and the dermal cells showing slightly higher viability 

in general on the control cultures. It can be concluded that while the samples treated with lower 

concentrations of NaOH were beneficial for survival of dermal cells, higher NaOH 

concentrations promoted higher viability for bone marrow cells. There was a significant 

difference (t-test statistical analysis values are shown in appendix) between the cells treated with 

higher NaOH for bone marrow cells on day 6 and day 10. 
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Figure 3.21: MTT results for the viability of human bone marrow fibroblasts after 6 and 10 

days on BC with different treatments. Absorbance readings at 540 nm. *p < 0.05 compared 

with the control. 

When conducting MTT assays on days 6 and 10, the scaffolds were removed to new wells 

in order to avoid false signals from the cells at the bottom of the well. However, the MTT data 

for day 3 represents the viability of cells both on the scaffold and in the well. Therefore, this data 

is not directly comparable to the viability on days 6 and 10.  Cells were not growing maybe due 

to low seeding density. 
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3.4 Polycaprolactone-Bacterial Cellulose nanocomposites 

3.4.1 Acid hydrolysis of BC 

The treatment of bacterial cellulose/cellulose materials with sulfuric acid is an extensively 

used method of extraction for cellulose nanocrystals. This is because it causes a preferential 

hydrolysis of disordered or amorphous regions of the material by surface reactions (De-Souza et 

al., 2004). 

 Figure 3.22 and Figure 3.23 show TEM images of BC whiskers prepared from a diluted 

suspension of BC whiskers by acid hydrolysis for 24 hours. The suspension displayed colloidal 

behaviour due to the existence of the positive charges on the surface of the whiskers.  

 

Figure 3.22: TEM of bacterial cellulose whiskers after 48 hours magnification x10,000. 
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Figure 3.23: TEM of bacterial cellulose whiskers after 48 magnification x50,000. 

In this work, a trend of decreasing bacterial cellulose nano whiskers length was observed 

when increasing the hydrolysis time (Figure 3.24). This has been previously reported when 

cellulose samples were treated with strong acids, which produce disordered regions along the 

cellulose fibrils, consequently resulting in shorter nanocrystals (Azizi et al., 2005). Martines et 

al., also reported a trend of decreasing bacterial cellulose nanowhiskers length with increasing 

hydrolysis time (Martines-Sans et al., 2011).  
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Figure 3.24: TEM of BC whiskers after acid hydrolysis for (a) 2h, (b) 4h, (c) 6h, (d) 8h, (e) 12h 

and (f) 24h. 

 

Extraction of the whiskers was performed at different time intervals to examine the effect 

of the acid hydrolysis on the whisker length. The samples show a change in the whisker length 

a b 

c d 

e f 
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as the time of immersion increases.  TEM analysis of the whisker suspension was analysed at 

different time interval to observe any changes that occurred in the whisker length. Figure 3.24 

shows the distribution of whiskers after (a) 2h, (b) 4h, (c) 6h, (d) 8h, (e) 12h and (f) 24h of acid 

hydrolysis. 

3.4.2 Electrospinning PCL-BC fibres 

Fibres of polycaprolactone (PCL) and bacterial cellulose whiskers (BC) with varying 

compositions were prepared using electrospinning (Figure 3.25). 

 

Figure 3.25: Electrospun PCL collected on aluminium foil. 
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Figure 3.26 (a): Scanning electron microscope images of electrospun PCL. 
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Figure 3.29 (b): Scanning electron microscope images of electrospun PCL-2%BC. 
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Figure 3.29 (c): Scanning electron microscope images of electrospun PCL-4%BC. 
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Figure 3.29 (d): Scanning electron microscope images of electrospun PCL-6%BC. 
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Figure 3.29 (e): Scanning electron microscope images of electrospun PCL-8%BC. 
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Figure 3.29 (e): Scanning electron microscope images of electrospun PCL-10%BC 
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Analysis of the images in Figure 3.29 (a) - (e), revealed that the diameter range of fibres 

from PCL solution was about 100-200 µm. However, an increased fibre diameter was observed 

as the BC content in the nanocomposites increased, leading to a broader size distribution. Figure 

3.29 (a, b, c, d and e) show an uneven size distribution amongst the fibres produced. This indicates 

that the parameters for the electrospinning setup are not fully optimised and therefore need more 

experimental work to be able to produce electrospun fibres of even size distribution. The 

formation of beads which can be seen along some of the electrospun fibres, may be a result of 

the viscoelastic relaxation. It may also be due to the surface tension upon the reduction of the 

coulombic force once the fibres are in contact with the grounded target that drives the formation 

of beads (Arayanarakul et al., 2006). 

3.4.3 White light interferometry 

The surface roughness of PCL and PCL-BC composites was observed using white light 

interferometry. The topography of the materials is shown in Figure 3.30 and the numerical values 

of the measurements are presented in Table 3.13. 

 

Pure PCL 
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Figure 3.27: Interferometry images of PCL, PCL-BC4 wt. % and PCL-BC10 wt. % showing 

surface of electrospun sheets. 

Figure 3.27 shows that there is a visible difference in the appearance of the samples as 

the BC content increases. The numerical values in Table 3.9 also highlight the changes in surface 

roughness as the BC content increases, therefore indicating that the fibres are not as uniform as 

they were in pure PCL. 

 

PCL-BC4% 

PCL-BC10% 
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Table 3.9: Numerical values of Sa and Sq 

Sample Sa (nm) Sq (nm) 

PCL 98.7 142 

PCL-BC4% 325 413 

PCL-BC10% 382 486 

 

The surface roughness of the PCL-BC composites increases as the BC content increases. 

The Sa difference between PCL and PCL-BC4 wt. % is 226.3nm, the Sq difference 271nm, 

respectively. The Sa difference between PCL and PCL-BC10 wt. % is 238.3nm, the sq difference 

is 344nm, respectively. The increase in roughness may be a result of the changes in fibre diameter 

as the content of BC is increased in the nanocomposites. This may play an important role in the 

cell adhesion and proliferation. 

It has been suggested that suspension instabilities cause aggregation by the reduction in 

the polarity of the dispersion of electrospun nanofibers (Zoppe et al., 1996) and it may be that the 

electrospinning conditions are optimised for the high-molecular-weight PCL matrix but may not 

be the optimum conditions suitable for the BC whiskers. The conditions required to preserve the 

integrity of the electrospun PCL-BC nanofibers are expected to be different because of the 

different respective rheological behaviour. Therefore, different morphologies that have been 

observed by increasing the BC content for composite fibres can be a consequence of the different 

crystallization rates for different PCL chains.  

3.4.4 DSC of PCL nanocomposites 

The addition of relatively small amounts of nano-sized fillers in PCL can lead to 

dramatically improved mechanical properties and heat distortion temperatures. Several synthetic 
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and mineral nano-fillers (Pantoustier et al., 2002; Chen and Evans, 2006) have already been 

studied as reinforcement for PCL, but an increasing interest is rising in bio-nanocomposites in 

which bio-sourced nano-scaled fillers are used as reinforcement (Berglund and Peijs, 2010; 

Eichhorn et al., 2010; Bordes et al., 2009). It can be observed in Figure 3.28 that there is a 

decrease in PCL crystallinity as the content of BC increases in the nanocomposites. 

 

 

Figure 3.28.  The effect of BC content on the crystallinity of PCL. 

In Figure 3.28 pure PCL shows a crystallinity of 35.05% during heating in the DSC. 

However, increasing the BC content, the crystallinity decreases. These results are in agreement 

with the results found by Wu et al., (2005). The decrease in the degree of crystallinity could be 

due to the fact that BC might slow the crystallisation kinetics of PCL. 
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Figure 3.29: DSC curves for PCL and PCL-BC electrospun composites. 

Due to the presence of intermolecular hydrogen bonds between the carbonyl groups of 

PCL and hydrogen donating groups of BC, hydroxyl, amide and amine groups are formed. With 

increasing concentration of BC, the intermolecular hydrogen bonds might become strong enough 

to prevent the crystallisation of the polymer. The hydrogen bonding interaction leads to the 

formation of a miscible phase between the PCL and BC, resulting in the suppression of PCL 

crystallisation. Another factor other than hydrogen bonding, which lowers the degree of 

crystallinity of PCL, is the difference in the molecular mobility between PCL and BC (Yang et 

al, 2003 and Senda et al, 2002). 
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3.4.5 MTT Assay & Phase-contrast Imaging 

Cell culture experiments with human bone marrow and dermal fibroblast cells were 

carried out in order to assess the biocompatibility of the electrospun nanocomposites and to 

evaluate the ability and extent to which the cells are able to attach to the materials surfaces and 

remain viable. MTT was carried out after 24 and 48 hours of culture to evaluate viable cell 

numbers. MTT assay data and microscopic observations of the cells seeded on the samples, 

confirmed that the PCL and PCL-BC composites did appear to support the growth and spreading 

of human fibroblasts (Dermal cells and bone marrow cells). Phase contrast images of cell 

proliferations at 24 hours and 48 hours after seeding of human dermal and bone marrow fibroblast 

cells on the PCL and PCL-BC scaffolds are shown in Figure 3.30 and 3.31, respectively.  

 

 

BM-PCL 
D-PCL 

BM-PCL-BC4% D-PCL-BC4% 
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Figure 3.30: Phase contrast imaging of Bone marrow and Dermal fibroblast cells after 24 hours 

(scale bars represent 10µm). 

 

 

 

BM-PCL D-PCL 

BM-PCL-BC10% D-PCL-BC10% 

BM-PCL-BC4% 

D-PCL-BC4% 



  

150 

 

 

Figure 3.31: Phase contrast images of Dermal and bone marrow cells after 48 hours (scale bars 

represent 10µm). 

 

Dermal and bone marrow cells show a higher or more successful proliferation on all the 

samples when compared with the culture plastic (control). This is in agreement with a study by 

Svensson et al., where the proliferation tests of bovine chondrocytes showed that the percentage 

of relative cell viability on BC scaffolds were greater than those on tissue culture plastic and 

calcium alginate (Svensson et al., 2005).  

The distribution of dermal cells seemed to be denser than the bone marrow cells (figures 

3.30 and 3.31) and all the cells had a flat appearance with clear extended processes attached to 

the surface of the PCL-BC composites. This indicated healthy cells with a good adherence to the 

material. If the cells achieve confluence it is a good indicator that they are proliferating and 

remaining viable. MTT analysis also shows that there is an obvious difference in the high 

percentage of dermal cell viability in all the samples in comparison to the bone marrow cells 

(Figure 3.17 and 3.20). 

 

BM-PCL-BC10% 

D-PCL-BC10% 
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Figure 3.32: MTT results of the viability of human dermal fibroblasts and bone marrow 

fibroblasts after 24 hours. Absorbance readings at 540 nm. *p < 0.05 compared with the 

control. 

 

 

Figure 3.33: MTT results of the viability of human dermal fibroblasts and bone marrow 

fibroblasts after 48 hours. Absorbance readings at 540 nm. *p<0.05 compared with the 

control.  
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Longer cell culture times could allow the cells to synthesise and release some kinds of 

extracellular matrix (ECM), which could promote cell proliferation and migration on the surface 

of the scaffolds (Sun et al., 2014). Comparing the images in Figure 3.30 and Figure 3.31 it can 

be observed that there is an increase in cell proliferation after 48 hours of cell culture in the PCL-

BC composites with increasing BC content.  

Other studies have confirmed that different cells such as human embryonic kidney cells 

(Grande et al., 2009), human smooth muscle cells (Petersen et al., 2011), bone forming 

osteoblasts and fibroblasts (Chen et al., 2009), can grow in the presence of bacterial cellulose 

scaffolds. Therefore, suggesting that bacterial cellulose has great potential as a scaffold for tissue 

engineering purposes.  

The outcome of this study further reiterates the importance of continued research into BC 

and BC related materials as potential tissue engineering scaffolds. The microscopic analysis after 

24 and 48 hours of cell seeding, showed that cells were as adherent and confluent on the PCL-

BC as on the control substrate, which is known to have successful fibroblast adherence.  

3.4.6 PCL-BC composites 

In order to 3D print, homogeneous filaments were required with a diameter of 1.75mm. A 

large twin extruder and filament machine were used at the University of Warwick (Prof. Tony 

McNally, Nanocomposite Research Group at WMG), where numerous problems were faced due 

to the size and processing of the machine. The correct dimensions of the filaments were not easily 

achieved for the FDM. A smaller filament diameter (1.75mm) gives better flexibility with 3D 

printing flow rates as it has a higher surface to volume ratio, which also allows faster melting in 
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the nozzle. The reason the filaments were required to be made and not bought from suppliers was 

in order to maintain the consistency of the experimental PCL used in this study. The attempts to 

produce the correct filament diameter were not successful as it was a large industrial sized 

machine. This was time consuming and further led to the unsuccessful use of the FDM. There 

were attempts made to trial any small amounts of filament which measured close enough to the 

required diameter for the FDM. However, this was also not successful. Figure 3.34 shows the 

structure that was aimed to be replicated for the 3D scaffolds.   

 

 

Figure 3.34: Structure that was aimed to be replicated for 3D printing PCL-BC scaffolds 

(http://www.3dbiotekstore.com/index.php?main_page=index&cPath=10). 

 

PCL and bacterial cellulose composites were extruded and then injection moulded, to produce 

samples for mechanical testing. Tensile testing and TGA were performed on the composite 

samples. The samples tested were Pure PCL, PCL-2%BC, PCL-4%BC, PCL-6%BC, PCL-8%BC 

and PCL-10%BC (%wt).  

http://www.3dbiotekstore.com/index.php?main_page=index&cPath=10
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3.4.7 Tensile testing PCL-BC composites 

Bacterial cellulose and PCL composites were prepared for tensile testing by extrusion and 

injection moulding. All samples were repeated 5 times and the gauge length and thickness were 

individually measured. The effect of bacterial cellulose on the mechanical properties of PCL is 

shown in the figures below. From Figure 3.35 and 3.36, it can be observed that there is a decrease 

in the ultimate tensile strength with increasing the BC content, whereas the yield strength does 

not show much change. This may be due to the mixing process that did not allow even distribution 

of BC in PCL. A combination however of PCL and bacterial cellulose gives an advantage as far 

as biocompatibility is concerned (Torres et al., 2012; Limongi et al., 2015).  

 

Figure 3.35: Yield strength of PCL and PCL-BC composites. 
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Figure 3.36: Ultimate tensile strength of PCL and PCL-BC composites. *p < 0.05 compared 

with the control. 

There is a general decrease in the ultimate tensile strength which may be due to the 

intermolecular Interactions in the composites. There is a significant difference in the decrease in 

ultimate tensile test values for all the samples (which are shown in the appendix) showing 

statistical analysis of t-test values p < 0.05. Chiaoprakobkij et al., studied BC-Alginate 

composites and tested mechanical properties, reporting that bacterial cellulose composites show 

a decrease in their mechanical properties (Kanjanamosit et al., 2010; Phisalaphong et al., 2008; 

Wu et al., 2004). This suggests that the hydrogen bonding of cellulose may be disrupted or broken 

down to form cellulose-alginate hydrogen bonds. These intermolecular hydrogen bonds can 

reduce the crystallinity and mechanical strength of the composite material (Chiaoprakobkij et al., 

2011). Gea et al., investigated bacterial cellulose and PCL composites with bacterial cellulose 

content as high as 50 vol%. They observed an improvement in the mechanical properties of PCL. 
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A higher tensile strength and strain at break were observed but the Young’s modulus wasn’t 

reported to have much change (Gea et al., 2010).  

 

Figure 3.37: Youngs Modulus of PCL and PCL-BC composites. *p < 0.05 compared with the 

control. 

Figure 3.37 shows that Young’s modulus increases with higher bacterial cellulose content 

in the composites. There was a significant difference (t-test statistical analysis values are also 

shown in appendix) in Young’s modulus, comparing composites with higher BC content with the 

lower bacterial cellulose content. PCL-BC composites were prepared by extrusion and injection 

moulding for mechanical testing. Tensile testing was carried out to observe the effect of bacterial 

cellulose on the mechanical properties of PCL. The samples showed a decrease in the ultimate 

tensile strength with increasing BC content. The yield strength did not show much change. This 

could be due to the nucleation effect of BC and the mixing process, which may not have allowed 

even distribution of the BC in PCL. The bacterial cellulose content may not be enough for the 

strengthening effect of PCL, which could be the reason for the mechanical properties. Fu et al., 
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studied the effect of particle size, particle/matrix adhesion and particle loading on the composite 

stiffness, strength and toughness range of particulate composites containing micro and nano-

fillers with small aspect ratios (Fu et al., 2008). It was reported that there is a critical particle size 

(usually nano size), below which the composite stiffness is greatly enhanced due to the significant 

effect of the particle size, probably caused by the much larger surface areas (Fu et al., 2008). 

Table 3.14: Tensile test results for PCL and PCL-BC composites 

Sample Yield Strength 

(Mpa) 

UTS (MPa) Youngs Modulus 

(GPa) 

PCL 14.38 35.09 1.22 

PCLBC2% 15.1 30.61 1.35 

PCLBC4% 14.15 28.57 1.29 

PCLBC6% 14.79 24.68 1.27 

PCLBC8% 15.17 21.12 1.5 

PCLBC10% 14.01 17.94 1.67 

 

 

3.4.8 Thermogravimetric analysis PCL-BC composites 

Thermal degradation of PCL and PCL-bacterial cellulose composites was investigated by 

thermogravimetric analysis under argon flow. The curves of mass loss at a heating rate of 

20˚C.min-1 are shown below in Figure 3.38. 
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Figure 3.38: TGA curve for PCL and PCL-BC composites. 

 Figure 3.38 indicates that there is not much difference in the degradation pattern for the 

composites in comparison to Pure PCL. Thermal degradation behaviour is influenced by factors 

such as molecular weight, crystallinity and orientation of chains (George et al., 2005). From the 

thermogravimetric curves it can be seen that bacterial cellulose is less thermally stable than PCL, 

with a main degradation present at about 375˚C. The curves do not show much improvement in 

the thermostability as the bacterial cellulose content is increased. In section 3.4.4 (Figure 3.28) it 

can be observed that the increase in BC content in the composite has an effect on the crystallinity 

of PCL. The crystallinity on heating shows a general decrease as the content of BC increases in 

the PCL-BC composites made by electrospinning (Figure 3.27). 
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Figure 3.37: TGA curve 300-500˚C of PCL and PCL-BC samples. 

There is a slight shift in the curve showing 8% BC content in PCL, this seems to 

decompose earliest. The complete thermal degradation of the samples occurs in the range of 

430˚C and 550˚C, when chemical bonds of polymer chains break. 

 

Figure 3.40: TGA 0-300˚C curves of PCL and PCL-BC composites. 
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Figure 3.41: Melting point curves of PCL and PCL-BC composites. 

 

 

Figure 3.42: Melting points for PCL and PCL-BC composites. 

 

 The melting temperature shows a general increase with increased bacterial cellulose 

content, with the exception of PCL-BC4% an PCL-BC6%, which show a lower melting point 

than PCL. It has been previously reported that melting temperature shows an increase with 
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cellulose incorporation with PCL, due to the formation of crystals and the crystallinity index of 

the corresponding nanocomposite (John et al., 2002).  

 

 

Figure 3.43: Area under the melting curve. 

 

Area under the curve increases with increasing bacterial cellulose content in the PCL-BC 

composites, which could indicate that the degree of crystallinity increases. 
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Figure 3.44: DSC curves showing decomposition of PCL and PCL-BC composites. 

 

PCL has mainly one peak in the region of 300˚C-550˚C whereas the composites show a 

number of peaks and shoulders. This may be because bacterial cellulose degrades earlier than 

PCL, which can also be noted in Figure 3.44 above that the composite peaks all show earlier 

degradation in comparison to the PCL sample. 

The variations in the results are most likely caused by the poor dispersion of bacterial 

cellulose in the PCL, however this may not be the only factor contributing to the results. It should 

be taken into consideration that the samples were processed through extrusion and injection 

moulding, which can contribute to the possible decrease in the properties and ageing of the 

polymer. This cause the various peaks and shoulders in the decomposition region between 300˚C 

and 550˚C.  
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GENERAL DISCUSSION 

Successful biosynthesis of bacterial cellulose was achieved, and the purification process 

was assessed in order to observe any changes in the internal structure and properties. From Figure 

3.15 and Table 3.4, it is clear that the mechanical properties increased significantly after the 

purification. The FTIR spectra did not suggest cellulose II formation, therefore indicating that 

the structure of bacterial cellulose did not change from cellulose I to cellulose II after the 

purification process. When bacterial cellulose was treated with 2.5 wt.% NaOH, impurities were 

released from the surface of the pellicle. The absence of these impurities resulted in increased 

hydrogen bonding between the bacterial cellulose fibrils. Gea et al., reported an increase in 

Young’s Modulus when comparing unpurified bacterial cellulose and purified bacterial cellulose 

(Gea et al., 2011).  

Studies have shown that using a higher concentration of NaOH with concentrations of 6 

wt.% and over can cause changes in the crystal structure of bacterial leading to transformation 

from cellulose I to cellulose II (Dinand et al., 2002, Gomes et al., 2007, Manisikkamaki et al., 

2005, Oh et al., 2005, Shibazaki et al., 1997). Changes at the molecular level also accompany 

structural changes in bacterial cellulose. Therefore, the changes in the structure from cellulose I 

to cellulose II involved breaking of inter and intramolecular hydrogen bonds that are present in 

cellulose (Laszkiewicz, 1997, Gea et al., 2011). Bacterial cellulose was further treated with 

higher concentrations of NaOH (5, 7 and 9 wt.%) to study changes in the mechanical and 

structural properties. Each treatment with a higher concentration of NaOH resulted in a slight 

increase of the crystallinity of bacterial cellulose which was expected as bacterial cellulose is 

already a highly crystalline material. Conversion of cellulose I to cellulose II was clearly 
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observed by FTIR (Figure 3.4 and 3.5) and TCI (Table 3.1) studies that showed clearly 

transformation from the one type of crystal structure to the other. The absorbance ratio of the 

bands at 1430 and 900 cm-1 was used to follow any transformation in crystalline lattice structure 

from cellulose I to cellulose II. The values for this ratio A1430/A900 are listed in Table 3.2 and 

were used to evaluate crystallinity and effect of time of treatment and concentration of NaOH 

solution on bacterial cellulose. The proportion of cellulose I decreased with increasing the 

concentration of NaOH treatment solution (Figure 3.8 and 3.9). The formation of cellulose II 

from cellulose I was also evidenced by the thermal decomposition temperature (Table 3.5) that 

increased in the case of treated cellulose compared with the untreated cellulose suggesting an 

increase in crystallinity and increase in the proportion of cellulose II. The thermal degradation 

behaviour is influenced by factors such as crystallinity and orientation of chains as reported by 

George et al. (George at al., 2005). Cellulose II is the most thermodynamically stable allomorph 

of cellulose (Brown, 1999), which is in agreement with the results showing an increase in thermal 

stability with alkali treatment. 

The SEM micrographs (Figure 3.15) showed that the modified bacterial cellulose 

consisted of micro- and nano-fibres, which formed a three-dimensional network. Comparing the 

cryo-SEM images of the treated bacterial cellulose samples shown in Figure 3.15, it can be 

concluded that samples treated with lower concentration of NaOH showed a denser network 

compared to the samples treated with higher concentrations of NaOH. Haigler et al. proposed 

that Gluconacetobacter xylinus extrudes cellulose in the form of nanofibrils (Haigler et al., 1980). 

This is in good agreement with the Cryo-SEM images in Figure 3.15. Bacterial cellulose has a 

natural porous arrangement of fibres which acts as a matrix for framing particles from a variety 

of different reinforcement materials (Esa et al., 2014). Santos et al. observed an increase in the 
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porosity of bacterial cellulose structure after alkali treatment with NaOH which is in agreement 

with previous studies suggesting that the purification helps to release space which is usually 

occupied by microorganisms/impurities (Nishi et al., 1990, Gea et al., 2011, Santos et al., 2015). 

This can lead to the conclusion that the purification conditions for harvesting bacterial cellulose 

membranes can also affect the porosity of the final product.  

According to Vincent and Engler, the biocompatibility of a material can be determined 

by its physical properties, such as; porosity, surface morphology, fibre structure and elasticity 

(Vincent and Engler, 2011). In vivo and in vitro studies on bacterial cellulose have shown 

successful cell viability and cell proliferation. However, this depends on the physical and 

chemical characteristics of bacterial cellulose, such as fibre morphology (Helenius et al., 2006), 

pore size distribution (Zaborowska et al., 2001) and the presence of reactive sites introduced 

through chemical modifications (Pertile et al., 2010). Hue et al., studied the growth of human 

osteoblast cells on bacterial cellulose and showed that the osteoblast cells were able to attach and 

spread well on the larger bacterial cellulose particles (Hue et al., 2013). Other studies have 

confirmed that different cells such as human embryonic kidney cells (Grande et al., 2009), human 

smooth muscle cells (Petersen et al., 2011), bone-forming osteoblasts and fibroblasts (Chen et 

al., 2009), can grow in the presence of bacterial cellulose scaffolds suggesting that bacterial 

cellulose has great potential as a scaffold for tissue engineering purposes. The results presented 

in Figures 3.17 and 3.18 are in agreement with these studies, as human cells were successfully 

grown, and cells were still viable after ten days of culture. The results were very similar in both 

cell types apart from the significantly higher survival rate of the bone marrow cells on sample H. 

The dermal cells showed slightly higher viability in general for the control cultures. It can be 

concluded, that while the samples treated with lower concentrations of NaOH were beneficial for 
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the survival of dermal cells, higher NaOH concentrations promoted higher viability for bone 

marrow cells. There was a significant difference (t-test statistical analysis values are shown in 

Appendix) between the viability of bone marrow cells on days 6 and 10 for the samples treated 

with higher NaOH concentration. This could be attributed to the formation of more attachment 

sites due to the treatment that created more lamellar-like structures on the surface as well as 

exposed looser fibres in between parallel layers of compact fibres. Previous studies have 

demonstrated that 2D and 3D micro/nanofibrous scaffolds can improve cell attachment and 

spread significantly due to surface topography and an enlarged inner surface of the structure (Kim 

et al., 2010; Park et al., 2008). In addition, Innala et al. and Jonsson et al. reported that chemical 

modifications (e.g., phosphorylation, acetylation, mercerisation) and protein coating of cellulose 

materials can improve significantly the cell-scaffold interactions (Innala et al., 2014, Jonsson et 

al., 2015). Svensson et al. reported that chemical sulphation and phosphorylation of bacterial 

cellulose can add a surface charge to the surface of bacterial cellulose and mimic the 

glycosaminoglycans of the in vivo cartilage tissue. This however, did not enhance chondrocyte 

growth (Svensson et al., 2005).  

The approach of composite formation usually occurs through reinforcement of 

nanoparticles or liquid into the BC structure (Sulaeva et al., 2015. Hu et al., 2014). Physico-

chemical interactions of these substances with the BC interfibrillar network are the main 

mechanisms of composite formation (Hu et al., 2014). Polycaprolactone - Bacterial cellulose 

composites (PCL-BC) produced in this project by electrospinning and by injection moulding 

showed that even a slight amount of filler in PCL can lead to changes in the mechanical 

properties. The mechanical characteristics of bacterial cellulose can complement and also 



  

167 

 

enhance the biological properties of the components and also extend their potential to be used in 

biomedical applications (Hu et al., 2014). Electrospinning composites have been favoured due to 

being able to produce fibres which can mimic the extracellular matrix and therefore aid wound 

healing (Mogosanu and Grumezescu, 2014). Electrospun PCL-BC samples were produced and 

Figure 3.26 (a-e) shows that the diameter range of fibres was about 100-200µm. A broader size 

distribution was observed with increasing BC content, which suggested that the parameters were 

not fully optimised. Figure 3.28 showed that there was a decrease in PCL crystallinity as the 

content of bacterial cellulose increased in the electrospun composite. Bacterial cellulose has a 

hydrophilic nature, which can lead to the conclusion that the decrease in the degree of crystallinity 

may be due to the bacterial cellulose slowing down PCL crystallisation kinetics (Wu et al., 2005). 

Bone marrow and dermal cells both showed a higher and successful cell proliferation on all 

samples when compared with the control. This may be due to the increased roughness as the BC 

content increases (Table 3.9).  

A combination of PCL and bacterial cellulose fibres gives an advantage as far as 

biocompatibility is concerned (Torres et al., 2012; Limongi et al., 2015). It was noted, that 

bacterial cellulose was less thermally stable than PCL, and there was not much improvement seen 

in the thermal stability with increasing bacterial cellulose content, as shown in Figure 3.37 and 

3.38, respectively. There was a significant decrease in the ultimate tensile strength values for all 

samples with increasing BC concentration from 2-10% as shown in Table 3.10. This was likely 

attributed to the mixing process (extrusion followed by injection moulding) that resulted in 

uneven distribution of bacterial cellulose in PCL. Gea et al., produced PCL composites with 

higher BC loading (up to 50 wt. %) and reported improved mechanical properties of PCL-BC 

composites (Gea et al., 2010). Therefore, this can suggest that the loading of bacterial cellulose 
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in this study may not have been enough to provide a good strengthening effect in the composite. 

On the other hand, the Young’s modulus increased (Figure 3.35) with increasing bacterial 

cellulose content. This may have been due to the nucleation effect in the PCL matrix provided 

by the fine particles of bacterial cellulose (Gea et al., 2010). Fu et al., reported that composite 

strength increased with decreasing particle size for a given particulate volume fraction because 

smaller particles have a higher total surface area for a given particle loading, indicating that 

strength increases with increasing surface area of the particles (Fu et al., 2008). However, Fu et 

al., also noted that larger particles (larger than 80 nm), reduced composite strength with 

increasing particle size (Fu et al., 2008). It can be related to this study where the ultimate tensile 

strength decreased with increasing BC content, as suggested earlier this can be due to the mixing 

process, which caused uneven particle distribution. 

There have been many approaches to influence the structure of bacterial cellulose to 

improve its biocompatibility towards desired cell lines. Improving the biocompatibility can 

define the primary direction of bacterial cellulose as a scaffold for tissue engineering, a wound 

dressing material or as a substitute for damaged cartilage, skin or blood vessels (Sulaeva et al, 

2015). Observing the growth of dermal and bone marrow cells (Figure 3.17 and 3.20) on 

mercerised bacterial cellulose has shown that bone marrow cells grow better on BC treated with 

higher concentrations of NaOH. This may be due to the changes in the surface morphology of 

the bacterial cellulose, therefore allowing better cell adhesion. 

Overall, bacterial cellulose structure can provide ideal features for potential as a tissue 

engineering scaffold. There has been sufficient evidence in this study to suggest that BC has great 

potential as a tissue engineering scaffold. Studies have reported many applications of bacterial 

cellulose for medical uses, such as; a nano composite using BC and Poly (vinyl alcohol) for soft 
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tissue replacement applications (Wan and Millon, 2005), BC complexes with many different 

materials, for example, nano-silver (Wang et al., 2011a, Wang et al., 2011b), collagen (Zheng et 

al., 2012). As well as soft tissue repair, BC can also be used for hard tissue repair and for tissue 

engineering scaffolds. Composites based on BC, collagen and hydroxyapatite have been used for 

applications in bone and connective tissue repair (Saska et al., 2011b). Despite the substantial 

progress in the field of tissue engineering, there still aren’t any materials which can completely 

capture the intricate nature of the native tissue or restore function to an ideal level. Therefore, the 

challenges remain, to invent new composite materials with nanoscale engineering to make fully 

biomimetic tissues. Advances in the use of bacterial cellulose in the medical field are ongoing 

and the characteristics of bacterial cellulose can be improved to meet the demands of required 

applications (Haung et al., 2014). Current advances include development of drug delivery 

systems (Saska et al., 2011b), wound dressings (Yang et al., 2011, Cai et al., 2011), artificial skin 

(Lin et al., 2011) and preparation of implants and grafts, such as vascular (Fink et al., 2010, 

Esguerra et al., 2010) and bone repair (Wang et al., 2010). Many companies have introduced 

commercial bacterial cellulose products, especially in wound healing.  
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CHAPTER 4 

Conclusions  

By culturing Gluconacetobacter xylinus into the medium containing glucose as a main 

source of food of the bacteria, BC pellicles were successfully produced by a static culture method.  

A two-step purification process is required to produce purified bacterial cellulose (BC) 

samples as demonstrated by SEM images, TGA and FTIR. This resulted in improved mechanical 

and thermal performance of native BC. A purification treatment with a 2.5 wt. % NaOH followed 

by 2.5 wt. % NaOCl, did not affect the structure of cellulose I as native cellulose as indicated by 

the FTIR studies. Further treatment with higher concentrations of NaOH and for longer time 

periods, resulted in an obvious conversion of cellulose I to cellulose II as shown by the FTIR 

studies. The amount of cellulose II increased with increasing concentrations of NaOH and 

increasing duration of the treatment period, as expected during mercerisation. However, cellulose 

I remained the predominant structure in all of the scaffolds. 

The change in the crystallinity of scaffolds treated with sodium hydroxide was very small. 

The suggested reason is that the bacterial cellulose in its native form is a highly crystalline 

cellulose I, and alkali treatment can partially change the structure from one crystalline form to 

another (cellulose II), without involving transformation of amorphous phase to the crystalline 

phase and therefore, a very slight increase in crystallinity was observed. 

The Young’s modulus of NaOH-treated BC sheets increased by a factor of two compared 

to the untreated BC sheets. This was because there was no disruption of the intermolecular and 

intramolecular hydrogen bonding between and within the fibres in the H-bonded network. As 
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expected, a further increase in tensile strength was observed for the two-step treated BC sheets, 

since the polymorphic transformation from cellulose I to other less performing cellulose types 

was prevented, while at the same time a stronger network was created. Some change of 

orientation of the BC ribbons was revealed as indicated by a difference in the intensity of the 

peaks of the diffractograms, as shown by XRD data. 

The onset of decomposition temperature and the maximum decomposition temperature 

of bacterial cellulose increased significantly with treatment. This confirmed the conversion of 

cellulose I to II, as cellulose II is the most thermally stable form of cellulose. 

Cryo-SEM images showed a two phase lamellae-like structure of compact layers of fibres 

with some entangled fibres between them. The treatment affected the entangled fibres first and, 

therefore, it is possible to designate this phase as the amorphous phase and the layers as the 

crystalline phase. Samples treated with lower concentrations of NaOH, showed a higher density 

of fibre networks, while this network appeared to collapse for samples treated with higher 

concentrations of NaOH, where more loose-end fibres were observed. 

Cell culture studies using NaOH treated BC showed that the viability of the cells was 

dependent on a combination of surface charges and the morphology of the BC pellicle. Surface 

charges are necessary for the attachment of cells but if too strong, they prevent proliferation. The 

cell study showed that a dense network of fibres enhanced cell attachment, while a more porous 

one improved cell proliferation. 

Dermal cells attached and proliferated on both treated and untreated samples, with higher 

viability on most of the treated ones. The scaffold treated with 5 w/v% NaOH for 5 hours and 

with 7 w/v% NaOH for 5 hours showed the highest viability on day 6 and day 10, respectively 

and therefore the above treatments are the optimum for cultivation of dermal fibroblasts. 
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Bone marrow cells showed the highest viability on the scaffold treated with 7 w/v% 

NaOH for 5 hours after 6 days of cultivation and on the scaffold treated with 9 w/v% NaOH for 

10 hours after 10 days. The latter was even higher than the tissue culture plastic, hence proposed 

as the optimum alkali-treatment for cultivation of bone marrow fibroblasts. 

Bacterial cellulose whiskers were extracted by acid hydrolysis. The hydrolysis time was 

varied to study the effect of acid on the length of the whiskers. This showed that the length of 

bacterial cellulose whiskers decreased with increased hydrolysis time. TEM analysis of the 

whisker suspension was analysed at varied time (2, 4, 6, 8, 12 and 24 hours) intervals to observe 

the changes in whisker length.  

Electrospinning was used to prepare PCL-BC composite nanofibres. SEM images of the 

fibres showed that the electrospun fibres produced had randomly distributed tangled fibres with 

a broad diameter range. There was a slight difference in the fibres produced using PCL compared 

with PCL-BC composites. An increased fibre diameter was observed as the bacterial cellulose 

content increased, leading to a broader size distribution. This indicated that the electrospinning 

parameters were not optimised to achieve the best possible scaffold with uniform fibres and even 

size distribution. White light interferometry was used to observe the surface roughness of the 

electrospun composites. This showed that surface roughness increased as the content of BC 

increased in the electrospun composites. This may be due to the changes in fibre diameter and 

the formation of beading along fibre lengths.  

The effect of bacterial cellulose on the crystallinity of PCL was studied by DSC analysis. 

There was a general decrease in the degree of crystallinity as the BC content increased. With 
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increasing the concentration of bacterial cellulose, the intermolecular hydrogen bonds might 

become strong enough to prevent the crystallization of the polymer.  

Cell culture experiments with human bone marrow and dermal fibroblast cells were 

carried out to assess the biocompatibility of the electrospun nanocomposites and to evaluate cell 

viability and attachment. Phase contrast imaging and MTT assay was carried out to evaluate cell 

viability after 24 and 48 hours. It was observed that bone marrow and dermal cells both showed 

successful cell proliferation and the cells were viable.  The distribution of dermal cells was seen 

in the images by phase contrast microscopy to be denser than bone marrow cells. MTT analysis 

also showed that there was an obvious difference in the high percentage of dermal cell viability 

in all the samples in comparison to the bone marrow cells. It was also noted that the cell viability 

was higher for the dermal cells for composites with a higher BC content. The outcome of this 

study further reiterates the importance of continued research into BC and BC related materials as 

potential tissue engineering scaffolds. 

There was an attempt to produce 3D scaffolds by FDM. The 3D printer required a specific 

filament diameter (1.75mm). This was not successfully achieved as the extruder used was a large 

industrial sized machine. 

PCL-BC composites were formed by extrusion and injection moulding to form samples 

for mechanical testing. A decrease in the ultimate tensile strength was observed as the bacterial 

cellulose content increased, whereas the yield strength did not show much change. The Young’s 

modulus increased with increasing bacterial cellulose content in the composites. However, 

increasing bacterial cellulose content within the PCL composites did not improve the 
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thermostability of the samples. Thermal degradation behaviour of the PCL-BC composites was 

studied. There was not much noticeable difference between the curves. It was noted that BC is 

less thermally stable than PCL, with a main degradation present at around 375˚C. Overall, the 

curves did not show much improvement in the thermal stability as the bacterial cellulose content 

increased. There was a slight shift in the curve for PCL-8%BC, showing an early decomposition. 

The melting points on the DSC curves showed a general increase in melting temperature with an 

increase in the bacterial cellulose content. However, the variations in the results is most likely 

caused by the poor dispersion of bacterial cellulose in the PCL. This may not be the only 

contributing factor, it should be noted that the samples were processed through extrusion and 

injection moulding, which can contribute to the possible decrease in the properties and 

decomposition. 
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CHAPTER 5 

Future work 

Surface modification of bacterial cellulose study needs some extensive research into mechanical 

properties by making sheets. The effect of surface modification on surface charge is also an area 

of interest as this would affect the ability of cells to attach and proliferate. Further cell culture 

with SEM images to show cell attachment and proliferation is necessary to assess the 

biocompatibility of modified bacterial cellulose. 

 Further extensive research is still needed to expand the electrospinning study and produce 

directional fibres. This is still a challenge for tissue engineering of nanocomposite fibres, 

therefore a greater focus on the parameters involved with electrospinning is required for the 

optimisation of electrospun fibres. This would further help determine the range of diameter size 

that can be produced/achieved and the effect of this on cell adhesion. Further research on the 

physical and chemical as well as the mechanical properties would be required as well as a more 

detailed cell culture study. Bacterial cellulose nanocomposites need further development with 

higher concentrations of bacterial cellulose in PCL to evaluate the effect of particle loading on 

mechanical properties and the effect of the nano filler aspect ratio and particle size.  

The challenge to produce successful 3D printed nanocomposite scaffolds needs to be 

overcome with varying structures and dimensions for tissue engineering. This needs to be 

followed up with cell culture and analysis to see the potential of bacterial cellulose 

nanocomposites as scaffolds. 3D scaffolds are of great interest for the future of biomedical 



  

176 

 

research and therefore needs more attention. Using bacterial cellulose as the filler, many 

alternative polymers can be explored and extensively studied to determine the best 

nanocomposite for particular tissue engineering applications. However, obstacles such as the 

issue of biocompatibility and material properties may hinder the combination of BC and any 

other material. This is an area of great interest and can be further investigated to extend the study 

and possibly look to produce biodegradable scaffolds for tissue engineering.  
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Appendices 

Appendix I 

FTIR- Full List of Band Assignments 

 

Wavenumber 

(cm-1) 

Assignment Reference 

3352 stretching OH (hygrogen bonded) in CelluloseI (Oh et al. 2005) 

2892 Stretching CH in Cellulose II (Oh et al. 2005) 

1738-1709 C=O stretch in unconjugated ketons, carbonyls and in 

ester groups 

(Schwanninger et al. 

2004) 

1431 bending CH2 (sym) at C-6 in Cellulose I (Oh et al. 2005) 

1426 symmetric-bending CH2 (Marta Kacurakova 

et al. 2002) 

1362 symmetric-bending CH2 , wagging (Marta Kacurakova 

et al. 2002) 

1373-1376 bending C-H 
 

1336 C-OH in plane bending Colom & Carrillo 

2002) 

1317 symmetric-bending CH2 , wagging (Marta Kacurakova 

et al. 2002) 

1319 bending CH2 (wagging) at C-6 -in Cellulose I (Oh et al. 2005) 

1282 bending C-H --> Cellulose I (Oh et al. 2005) 

1236 bending COH in plane at C-6 --> Cellulose I (Oh et al. 2005) 

1235 C-OH in plane bending Colom & Carrillo 

2002) 

1202 bending COH in plane at C-6 / OH plane deformation (Oh et al. 

2005)(Schwanninger 

et al. 2004) 

1162 stretching COC at beta-glucosidic linkage in Cellulose I (Oh et al. 2005) 

1160 asymmetric-stretching (C-O-C) --> glycosidic link, ring (Marta Kacurakova 

et al. 2002) 

1100 stretching (C-O),stretching (C-O) --> ring -->origin P (Marta Kacurakova 

et al. 2002) 

1111 ring asymmetric stretching- cel1-> 1111 , cel2--> 1007 collom, carrillo 

(2002) 

1060 stretching (C-O),stretching (C-C) --> C-3_O-3 (Marta Kacurakova 

et al. 2002) 
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1055 C-O stretching , cell 1 and cel2 collom, carrillo 

(2002) 

1030 stretching (C-O),stretching (C-C) --> C_6-H2_O-6 (Marta Kacurakova 

et al. 2002) 

1032 stretching CO at C-6 --> Cellulose II (Oh et al. 2005) 

1000 stretching (C-O),stretching (C-C) --> C_6-H2_O-6 --> 

origin C 

(Marta Kacurakova 

et al. 2002) 

983 stretching CO at C-6 in Cellulose I (Oh et al. 2005) 

895 stretching (C-1-H) --> Beta-anomeric link--> origin C, 

XG 

COC in plane, symmetric stretching 

(Marta Kacurakova 

et al. 2002) (Colom 

& Carrillo 2002) 

 

Appendix II 

TG and DTG curves for samples B, E and H, respectively. 

TG and DTG curves for BC-B (5%-10 hours). 

 

 

TG and DTG curves for BC-H (9%-10 hours). 
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TG and DTG curves for BC-E (7%-10 hours). 
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 Appendix III 

MTT results of day 3 

The MTT results for cell viability of dermal and bone marrow fibroblasts on and around 

scaffold are shown below: 

 

 

 

Statistical analysis for MTT for surface modified bacterial cellulose 

 

T Test Bone Marrow day 
6 

Bone Marrow 
day 10 

Dermal day 6 Dermal day 
10 

a-b 0.00001460 0.000156 0.24091 0.0284 

a-c 0.00003535 0.023710 0.01132 0.0066 

a-d 0.00000570 0.000051 0.00012 0.0047 

a-e 0.00000972 0.012448 0.00060 0.1209 

a-f 0.00057928 0.000878 0.00021 0.5000 

a-g 0.00008016 0.058058 0.00027 0.0011 

a-h 0.00003130 0.000000 0.00010 0.0003 

a-i 0.00001263 0.172636 0.00003 0.0007 

a-j 0.00028100 0.000005 0.00004 0.0124 

a-control 0.00000291 0.000005 0.0000002 0.0000 

b-c 0.00156279 0.002795 0.00375 0.3459 

b-d 0.00000056 0.065889 0.00003 0.0011 

b-e 0.00052529 0.000996 0.00034 0.1151 

0
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0.1

0.15

0.2

0.25
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b

so
rb

an
ce

Sample

BM-day3



  

215 

 

b-f 0.40124101 0.103076 0.00005 0.0212 

b-g 0.01673587 0.000571 0.00006 0.0064 

b-h 0.03338327 0.000005 0.00002 0.0026 

b-i 0.00109606 0.000948 0.00001 0.0041 

b-j 0.00374522 0.000106 0.00001 0.4208 

b-
control 

0.00000038 0.000052 0.00000003 0.0000 

c-d 0.00000348 0.000949 0.00003 0.0001 

c-e 0.38382196 0.383822 0.00085 0.0334 

c-f 0.00954103 0.012741 0.00007 0.0029 

c-g 0.03696309 0.137288 0.00010 0.0039 

c-h 0.00736030 0.000004 0.00002 0.0003 

c-i 0.13728831 0.027520 0.00001 0.0020 

c-j 0.00044919 0.003591 0.000003 0.1439 

c-control 0.00000255 0.000025 0.00000001 0.0000 

d-e 0.00000092 0.000304 0.07751 0.0017 

d-f 0.00002544 0.017055 0.03524 0.0025 

d-g 0.00000541 0.000193 0.01066 0.0002 

d-h 0.00000168 0.000193 0.14393 0.0000 

d-i 0.00000106 0.000470 0.00039 0.0001 

d-j 0.00000421 0.000045 0.00375 0.0002 

d-
control 

0.00388130 0.000065 0.000000013 0.0000 

e-f 0.00806504 0.005723 0.40745 0.0963 

e-g 0.03233845 0.143932 0.32166 0.0021 

e-h 0.00402495 0.000001 0.03338 0.0005 

e-i 0.14393207 0.025687 0.00065 0.0013 

e-j 0.00019253 0.001801 0.00523 0.0775 

e-control 0.00000067 0.000012 0.00000014 0.0000 

f-g 0.07407407 0.002892 0.14393 0.0008 

f-h 0.18695048 0.000008 0.01066 0.0001 

f-i 0.01568787 0.002512 0.00019 0.0005 

f-j 0.02568722 0.000393 0.00066 0.0057 

f-control 0.00001734 0.000058 0.00000001 0.0000 

g-h 0.13728831 0.000001 0.00402 0.3065 

g-i 0.09450183 0.058058 0.00014 0.4450 

g-j 0.00193142 0.004025 0.00034 0.0027 

g-control 0.00000383 0.000010 0.00000002 0.0000 

h-i 0.01065582 0.000007 0.00060 0.2209 
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h-j 0.00180112 0.000001 0.01245 0.0002 

h-
control 

0.00000117 0.000949 0.000000013 0.0000 

i-j 0.00030409 0.186950 0.00128 0.0014 

i-control 0.00000076 0.000027 0.00000003 0.0000 

j-control 0.00000267 0.000006 0.000000004 0.0000 

 

 

Appendix IV 

T-Test values for PCL-BC composites cell culture 

T-Test Bone Marrow 
24 hours 

Bone Marrow 
48 hours 

Dermal 24 hours Dermal 48 hours 

PCL-PCLBC2% 0.021 0.045 0.06336 0.0928 

PCL-PCLBC4% 0.010 0.052 0.00039 0.0365 

PCL-PCLBC6% 0.121 0.492 0.33336 0.0043 

PCL-PCLBC8% 0.003 0.395 0.00003 0.0013 

PCL-PCLBC10% 0.115 0.285 0.00005 0.0005 

PCLBC2%-PCLBC4% 0.018 0.011 0.00330 0.2945 

PCLBC2%-PCLBC6% 0.068 0.401 0.18482 0.0548 

PCLBC2%-PCLBC8% 0.062 0.057 0.00170 0.0548 

PCLBC2%-PCLBC10% 0.015 0.153 0.00101 0.0083 

PCLBC4%-PCLBC6% 0.015 0.305 0.28988 0.0733 

PCLBC4%-PCLBC8% 0.025 0.040 0.04970 0.1248 

PCLBC4%-PCLBC10% 0.007 0.034 0.00620 0.0133 

PCLBC6%-PCLBC8% 0.053 0.490 0.22024 0.1523 

PCLBC6%-PCLBC10% 0.193 0.464 0.14732 0.1351 

PCLBC8%-PCLBC10% 0.006 0.362 0.01504 0.0026 
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TGA curves for PCL and PCL-BC composites 

  

  

PCLBC2% 

Pure PCL 
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Statistical analysis for PCL-BC mechanical testing.  

Samples T-test 

Young’s 

Modulus 

T-test  

Ultimate 

Tensile 

strength 

T-test 

Yield 

Strength 

    

PCL and BC2% 0.147 0.0146 0.262 

PCL and BC4% 0.242 0.0003 0.410 

PCL and BC6% 0.331 0.0002 0.326 

PCL and BC8% 0.033 0.0005 0.060 

PCL and BC10% 0.004 0.0001 0.299 
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2% and 4% 0.259 0.1574 0.250 

2% and 6% 0.020 0.0225 0.416 

2% and 8% 0.065 0.0021 0.476 

2% and 10% 0.010 0.0002 0.182 

4% and 6% 0.340 0.036 0.323 

4% and 8% 0.017 0.001 0.198 

4% and 10% 0.002 0.000 0.451 

6% and 8% 0.010 0.040 0.352 

6% and 10% 0.003 0.004 0.234 

8% and 10% 0.069 0.017 0.074 

 


