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Abstract 

Bacterial cellulose (BC)-based nanocomposites incorporated with 

inorganic nanoparticles and biopolymers were fabricated by employing 

suitable synthesis strategies, and their potential applications were investigated. 

Firstly, a series of BC nanocomposites containing inorganic nanoparticles 

were synthesized using appropriate methods. BC magnetite nanocomposites 

(MNP-BC) were biosynthesized by incubating bacteria in a medium 

containing magnetic nanoparticles (MNPs). Subsequently, polyaniline (PANi) 

was synthesized on the MNPs-BC nanocomposites by carrying out oxidative 

polymerization of aniline. Magnetic and electrical measurements confirmed 

that the MNP-PANI-BC exhibited the potential to be used as an 

electromagnetic shielding material. Silicon nanoparticles (SiNPs)-BC 

nanocomposites were prepared by dipping BC in the SiNPs dispersion. SiNPs 

were uniformly attached to the BC pellicle surfaces along the nanofibers. The 

conductive PANi-Si-BC composite exhibited stable conductivity under 

repetitive bending stress, confirming its potential for flexible anode 

application. Gold nanoparticles (AuNPs)-BC nanocomposites were prepared 

by employing the in situ polymerization of AuNPs on the BC fibers, which 

could act as a template and an immobilized reducing agent. The surface-

enhanced Raman scattering signals corresponding to molecules to be detected 

on the AuNPs-BC nanocomposite were significantly enhanced due to the 

spatial deformation of the composite. Secondly, a series of BC 

nanocomposites containing biopolymers were synthesized with TEMPO-

oxidized bacterial cellulose (TOBC). TOBC fibers were obtained using a 

TEMPO/NaBr/NaClO system at pH 10 and room temperature. The fibrillated 



ii 

TOBCs mixed with alginate were cross-linked in the presence of Ca
2+ 

solution 

to form hydrogel composites. Alginate/TOBC hydrogel composites exhibited 

improved mechanical and chemical resistance, indicating that the hydrogel 

could be used for cell encapsulation applications. Elastin-like polypeptide 

(ELP)-BC composites were synthesized, which could be used as a 

thermosensitive hydrogel for cell encapsulation applications. Positively 

charged ELP was used as a polymeric cross-linker for conjugating with 

negatively charged cellulose nanofibers. Hydrogel formation was triggered by 

increasing the temperature, and the hydrogel was converted to the liquid phase 

by decreasing the temperature. 

                                                       

Keywords: Bacterial cellulose nanocomposite, Inorganic nanoparticles, 

Magnetite nanoparticles, Silicon nanoparticles, Gold nanoparticles, 

Biopolymer, Alginate, Elastin-like polypeptide  
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1. Introduction 

Biopolymer-based nanocomposite materials have attracted significant 

attention in many industries owing to their impressive and ecofriendly 

properties [1]. Bio-based materials prepared using natural rubber [2-5], chitin 

or chitosan [6-9], polylactic acid [10], polyhydroxybutyrate [11], alginate [12-

14], and cellulose [15, 16] have been extensively investigated. In particular, 

cellulose has received significant attention owing to its abundance in nature, 

sustainability, low cost, biosafety, biodegradability, and high potential in 

various applications [17]. Natural cellulose-based materials have been used 

for engineering and building materials as well as in forest products, paper, and 

textiles for thousands of years [18]. In the last decades, there have been 

several efforts to reduce the diameter of cellulose fibers to prepare cellulose 

nanofibers. Cellulose nanofibers are one of the most attractive materials that 

could satisfy the increasing demands for high-performance materials owing to 

its excellent mechanical properties, biocompatibility, tailorable surface 

modification, and renewable nature [19]. Cellulose nanofibers can be divided 

into three types: cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), 

and bacterial cellulose (BC) [20, 21].  

Among these materials, BC exhibiting unique structural features is 

considered an ideal nanomaterial for fabricating composites with various 

materials [22]. BC exhibits an ultrafine fibrous nano-sized three-dimensional 

(3D) network structure, which could serve as a potential reinforcing matrix in 
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composites. The well-arranged web-shaped fibrous network structure of BC 

fibers can bind or encage with nanoparticles. Besides, the presence of 

hydroxyl groups in the cellulose chain allows it to interact with other 

hydrophilic materials to form stable composites [23]. 

The preparation of BC-based nanocomposites could be categorized into 

four different methods: (1) biosynthesis of BC in a medium containing 

nanoparticles, (2) dipping BC in nanoparticles suspension, (3) in-situ 

synthesis of nanoparticles on the BC fiber surfaces, and (4) blending of 

modified cellulose with other biopolymers. Biosynthesized BC composites 

can be prepared by adding functional materials into the culture medium. 

Dipping of BC in the nanoparticle suspended solution is a simple method. 

However, it is difficult to obtain a uniformly distributed nanocomposite since 

nanoparticles cannot be diffused through the BC layers. The in-situ synthesis 

method enables the production of composites with a high density of functional 

materials. In this process, BC nanofibers are used not only as a template, but 

also as an immobilized reducing agent for synthesizing nanomaterials. 

Meanwhile, the highly networked BC fibers could be surface-modified and 

individually dispersed in aqueous solutions. In the modification and blending 

method, these dispersed BC nanofibers are mixed with other biopolymers to 

form a stable gel-like structure. 

In this thesis, a series of BC based nanocomposites incorporated with 

inorganic nanoparticles or biopolymers and their potential electronics, sensor, 
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and medical applications are discussed. Appropriate methods for the synthesis 

of BC-based nanocomposites were designed by choosing functional materials 

for forming the composites with BC depending on the required applications. 

The best method for preparing composites was selected from the methods 

mentioned above. 

1. Magnetite nanoparticles (MNPs)-BC nanocomposite by biosynthesis 

method. 

An electromagnetic BC composite was synthesized by culturing 

Gluconacetobacter xylinus in a medium containing MNPs. Using comb-like 

polymer (CLP) as a polymer surfactant, the magnetite nanoparticles were 

stably dispersed in the culture medium as magnetite nanoclusters (MNCs). 

Subsequently, PANi was synthesized on the magnetic BC fibers by chemical 

oxidative polymerization. The morphology and electromagnetic properties of 

the BC nanocomposite were investigated.  

2. Silicon nanoparticles (SiNPs)-BC nanocomposite by dipping method. 

A flexible conductive BC composite was synthesized by dipping BC in 

SiNPs suspended solution. BC was used as a template for binding SiNPs. 

Subsequently, PANi was formed on the modified SiNPs and BC fibers by in 

situ polymerization of aniline monomers. The morphology and the electrical 

stability of the BC nanocomposite in the bending state were investigated. 
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3. Gold nanoparticles (AuNPs)-BC nanocomposite by in situ synthesis.  

BC hydrogels containing AuNPs were prepared by in situ synthesis 

method. BC nanofibers were used not only as a template, but also as an 

immobilized reducing agent for preparing the AuNPs-BC hydrogel. The 

increase in the surface-enhanced Raman scattering (SERS) hot spot density 

driven by the spatial deformation of AuNPs-BC hydrogels is discussed. 

4. Alginate/BC nanocomposite using modified BC fibers  

Micro-hydrogels were prepared using BC nanofibers and alginate. 

TEMPO-mediated oxidized bacterial cellulose (TOBC) was used to improve 

the mechanical and chemical stability of the alginate hydrogel. The fibrillated 

TOBCs mixed with alginate were cross-linked in the presence of Ca
2+

 solution 

to form hydrogel composites. The mechanical and chemical stability of 

composites were investigated. In addition, the viability of the cells 

encapsulated in the alginate/TOBC composite was investigated for examining 

the potential biomedical applications of the composite. 

5. Elastin-like polypeptide (ELP)/BC nanocomposite using modified BC 

fibers 

A thermoresponsive polysaccharide hydrogel based on nanofibrous 

cellulose and ELP was prepared. Well-dispersed BC nanofibers were obtained 

by TEMPO mediated oxidation method. ELPs in the composite folded and 
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coacervated when the temperature increased above Tt, causing TOBCs to rope 

together and form a porous hybrid hydrogel of ELP and TOBC. 

Morphological and conformational changes of the composites were analyzed, 

and the biocompatibility of the composites for cell encapsulation was 

investigated. 
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2. Literature survey 

2.1. Cellulose nanofibers 

2.1.1. Cellulose 

Cellulose is considered to be the most abundant biopolymer and an 

important source of sustainable future as alternatives to synthetic products 

[24]. The origin of the word ‘material’ is known to be driven from the Latin 

for ‘trunk of tree’. It shows that there is a deep relationship with the wood and 

material [18]. Indeed, Wood containing cellulose has been used as the most 

representative material for a long time as an energy source, clothing, and 

building materials like timber for house, ship and other various fields. Also, 

since the Egyptian papyri as a paper, cellulose products have played an 

important role in the recording of culture [1]. In nature, cellulose is 

synthesized in large amounts by plants, where it is an essential component of 

the cell walls. Cellulose secreted as an extracellular product imparts 

mechanical strength to the cell wall and determines the direction of cell 

growth [20]. Wood hierarchical structure from tree to cellulose is shown in 

figure 2-1 [25].  

Cellulose is composed of carbon, hydrogen and oxygen and it is 

classified carbohydrate. The repeat unit of the cellulose is cellobiose to 

comprise two anhydroglucose rings joined via a β-1,4 glycosidic linkage. 

Native cellulose is typically called cellulose I. This cellulose I form comprises 



9 

 

 

 

 

 

 

Figure 2-1. Wood hierarchical structure: from tree to cellulose [25]. 
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two allomorphs, called cellulose Iα and Iβ [20, 26]. The ratio of cellulose Iα 

and Iβ is known to differ according to plant species, but cellulose Iα is rich in 

the bacterial cellulose [20, 27]. The crystalline structures of cellulose I 

allomorphs have been characterized with the sophisticated hydrogen bonding 

system which does not allow cellulose to be dissolved in typical aqueous 

solvents immediately (figure 2-2) [20]. In addition, the stable crystalline 

structure makes cellulose have no melting point. Due to this unique structural 

feature, cellulose chains are highly stiff in the axial direction, which is 

essential property for the reinforcing roles of fiber in a composite [28]. 

Wood pulp have been used for some industrial feedstock such as the 

production of paper and cardboard, cellulose regeneration, and the large scale 

synthesis of cellulose derivatives. Apart from plants, some bacteria, fungi, and 

algae produce cellulose as well. Among the bacteria to synthesize the 

cellulose, Gluconacetobacter xylinum (G. xylinum) effectively synthesizes 

cellulose as a primary metabolic product. They are commonly found on fruits 

and can be easily cultivated under laboratory conditions [29].  
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Figure 2-2. Schematics of (a) single cellulose chain repeating unit, 

showing the directionality of the β-(1–4) linkage and intrachain hydrogen 

bonding (dotted line), (b) idealized cellulose microfibril showing one of 

the suggested configurations of the crystalline and amorphous regions, 

and (c) cellulose nanocrystals after acid hydrolysis dissolved the 

disordered regions [20]. 
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2.1.2. Processes of cellulose nanofibers preparation  

In the last decades, there have been efforts to reduce the diameter of 

wood fibers. As a first effort, a micro-fibrillated cellulose (MFC) was 

developed in the early 1980s [18, 30]. Such isolated cellulosic materials have 

nanometer sized diameter are referred to as cellulose nanofibers. Today, there 

are two different ways to prepare cellulose nanofibers with controlled fiber 

diameters [31]. 

One is Top-down process involving physical, chemical, and enzymatic 

method for producing cellulose nanofibers from wood (figure 2-3) [32] and 

the other one is bottom-up synthesis of cellulose nanofibers from glucose by 

bacteria (figure 2-4) [33]. Cellulose nanofibers have unique properties such as 

excellent mechanical property, hydrophilicity, broad chemical-modification 

capacity, and very large surface area, and so on [17].  

2.1.3. Three types of cellulose nanofibers 

The cellulose nanofibers can be divided into three types such as cellulose 

nanocrystal (CNCs), cellulose nanofibrils (CNFs) and bacterial cellulose (BC) 

(Table 1). Different approaches are needed to obtain nanomaterial from 

cellulose sources [1]. Figure 2-5 is electron microscope images of the three 

types of cellulose nanofibers.  
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Figure 2-3. Top-down process for obtaining cellulose nanofibers (CNC 

and CNF) [32].  
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Figure 2-4. Bottom up process for obtaining cellulose nanofibers 

(Bacterial cellulose) [33]. 
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Figure 2-5. Transmission electron micrographs of a) CNFs and b) CNCs, 

c) scanning electron micrograph of BC [1, 54].  

 

 

 

 

 

 

 



17 

 

2.1.3.1. Cellulose nanocrystals  

Cellulose nanocrystals (CNCs) isolated from cellulose can be obtained 

by acid-hydrolysis [34]. Non-crystalline regions of cellulose are hydrolyzed, 

whereas crystalline regions are protected from acid attack [35]. Following an 

acid hydrolysis, rod-like cellulose nanocrystals are obtained. The kinds of acid 

and the acid to cellulose ratio are critical parameters that influence the 

generated chemical character and efficiency of production of CNCs [36]. 

Sulfuric acid has been most widely used for preparing CNCs [37]. Extraction 

of the nanocrystals from cellulose involves selective hydrolysis of amorphous 

regions of cellulose, resulting in crystalline particles with source dependent 

diameter for plant source (from 5-20 nm to 100–500 nm) [20]. Sulfuric acid 

hydrolysis makes negatively charged sulfate ester groups onto the surface of 

the CNCs. The electrostatic repulsion of negatively charged surface act to 

prevent aggregation in aqueous suspension [38]. In addition, the rod-like 

shape of CNCs leads to self-assembly behavior of liquid crystalline [39]. 

CNCs are not soluble in various organic solvents, but can be dispersed in 

water as a colloidal suspension form. The stability of the CNCs suspensions 

depends on several parameters such as the size of polydispersity, dimensions 

of crystallites, and the surface charge [34]. 

2.1.3.2. Cellulose nanofibrils  

Cellulose nanofibrils (CNFs) have micrometer-long entangled fibrils and 
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preserves noncrystalline domains in the microfibril unlike CNC [40]. It is 

worth noting that entanglement of the cellulose nanofibers in aqueous 

suspension gives high viscosity at relatively low concentrations [41]. The 

CNFs can be mainly prepared by three types of processes [24]: 1) mechanical 

treatments (high-pressure homogenization, cryo-crushing, and grinding), 2) 

chemical treatments (TEMPO-mediated oxidation), and 3) combination of 

chemical and mechanical treatments. 

First, there are some mechanical methods for obtaining CNF from the 

pulp. (1) Refining and high-pressure homogenization is general method [42]. 

The principle of the method is that dilute pulp-water suspensions pass through 

a mechanical homogenizer, with a large pressure to facilitate microfibrillation. 

(2) cryo-crushing is used to obtain CNFs [43]. A frozen pulp via liquid 

nitrogen is mechanically crushed. (3) Grinder is used in order to prepare 

CNFs [42]. The cellulose slurry is passed between two a rotating grinder 

stones. Hydrogen bonds are broken down by the shearing forces generated by 

the grinding stones and then nanosized fibers are individualized from the pulp 

[44]. Threadlike long bundles of cellulose molecules are bonded by hydrogen 

bonds between the many hydroxyl groups in the cellulose. After mechanical 

treatment, hydrogen bonds are broken by the shearing forces of the grinding 

stones and then nanosized fibers are obtained from the pulp [45]. As an 

example, CNFs having diameters in the range 20–90 nm were prepared by a 

grinding method [46].  
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Second, chemical treatments were used for obtaining CNFs from pulp. 

The introduction of charged groups into the cellulose fibers could enhance 

delamination of the fiber walls [1]. Through the introduction of carboxyl or 

carboxymethyl groups by TEMPO-mediated oxidation [47] or 

carboxymethylation [48], fully delaminated CNFs may be produced. Such 

groups should be in the form of their sodium salts to cause as much swelling 

of the fibers as possible. Swollen cellulose has low cell-wall cohesion and 

should be easier to delaminate [1].  

Lastly, combinations of chemical treatments and mechanical treatments 

are used to obtain CNFs, especially for enhancing the efficiency [1, 36]. 

Generally, the pre-treatments involve enzymatic modification [49, 50] or an 

introduction of charged groups on the fiber surfaces such as a carboxylation 

by TEMPO-mediated oxidation [51]. These pre-treatment will affect the 

surface properties of the fibers, which can make it easier to peel the fiber in 

the following mechanical process [36]. Therefore, combinations of chemical 

treatment and mechanical treatment allow more efficient preparation process 

of CNFs with less energy, time, and amounts of chemicals [1, 52].  

2.1.3.3. Bacterial cellulose  

Bacterial cellulose (BC) was produced by microorganisms. 

Gluconacetobacter xylinum is the most efficient bacteria to synthesize 

cellulose nanofibers [53]. These bacteria existed in nature where the 
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fermentation of sugars. In contrast to cellulose isolated from plant sources, 

BC is formed as nanomaterial by biotechnological synthesis processes from 

low-molecular weight carbon sources, such as glucose. The bacteria are 

cultivated in aqueous nutrient medium, and the BC is excreted as 

exopolysaccharide at the interface between the air and medium [54]. One of 

initial applications of the natural bacterial cellulose (BC) was a calorie-free 

dessert called Nata de coco [55]. 

2.1.4. Surface modification of cellulose nanofibers 

In many cases, cellulose nanofibers play an important role as the filler in 

the composite material [57]. However, nanoscale crystallites and nano-scale 

fibers can undergo co-crystallization and aggregation [58]. Therefore, 

chemical modification of cellulose has been considered as a solution to 

improve the filler dispersion in polymer matrices [24]. In addition, chemical 

compatibility between the filler material and the continuous matrix material is 

critical in the adhesion and combination between the two materials, resulting 

in the enhancement of mechanical properties [24, 59]. Cellulose nanofibers 

can be derivatized by various direct reactions due to many hydroxyl groups on 

the surface and relatively large specific surface area, providing abundant 

active sites for chemical modification [20, 28]. 

Modifications forming covalent bonds, involving oxidation [60], 

esterification [61], etherification [62], polymer grafting [63], and silylation 
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[64], and modifications forming non-covalent bonds [65] are considered as 

reactions to introduce functional groups onto cellulose surfaces or as 

intermediate forms for additional modification. Cellulose surfaces can be 

more hydrophilic by introducing some ionic functional groups such as 

carboxylic and sulfuric groups. The surfaces become to have negative charges 

in their base forms. 

2,2,6,6-tetramethylpiperidine-1-oxyl radicals (TEMPO) was used for 

creating carboxylate and aldehyde functional groups on the cellulosic surfaces 

[66]. Also, cellulose nanocrystal (CNC) from cellulose fibers by the treatment 

with sulfuric acid has negative charges on the cellulosic surfaces [67]. Theses 

hydrophilic properties of modified cellulose nanofibers improve the colloidal 

stability in aqueous solution [1].  

In some occasions, the hydrophilic hydroxyl groups on the CNCs 

surfaces make it difficult to disperse in nonpolar solvents and polymer 

matrices, thus hydrophobization process is often utilized to improve 

compatibility. A number of hydrophobic groups can be introduced by 

acetylation [68], alkylation [69], and fluorine treatment [61].  

Grafting reaction is another technique for cellulose modifications, which 

has been investigated to modify CNCs by ‘grafting-onto’ and ‘grafting-from’ 

techniques. The grafted chains not only improve the interaction between 

polymer matrix and CNC filler, but also enable the stress-transfer contributing 
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to the strength of nanocomposite materials [63, 70].  

Meanwhile, polymer grafting can impart some unique properties to the 

cellulosic surfaces. For instance, CNCs grafted with PNIPAM brushes showed 

thermo-responsive property [71] and CNCs grafted with cationic polymers   

[63] expected to have potential for pH-responsive drug delivery and gene 

therapy. Grafting reaction can be used for attachment of various fluorophores 

on the surface of cellulose nanofibers, including FITC, RBITC, DTAF, 

poly(amidoamine) dendrimers, etc. These fluorescein-labelled nanomaterials 

are expected to have potential in biosensing, bioimaging, and biodetection in 

the medical fields [72, 73].  

Most commonly, surfactant is used to stabilize the cellulose nanofibers 

and modify the surface characteristics of cellulose. Due to its lack of 

dispersibility in organic solvent and polymers, cellulose nanofibers are 

commonly stabilized with surfactants [20]. A variety of studies have reported 

that addition of surfactant improved the stability of cellulose nanofibers in 

solution and compatibility between cellulose nanofibers and matrix polymers 

in the formation of composites. It is proposed that the hydrophilic head group 

of surfactant adsorbs on the cellulose surface while its hydrophobic tail 

interacted with matrix [74].  

Sulfuric acid derived CNCs provide a charged surface to adsorb 

surfactants. Such dispersants as stearic acid and 
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cetyltetramethylammoniumbromide (CTAB) are common [75]. Another 

method using adsorptive modification is through the use of electrostatic 

adsorption. Layer-by-layer (LBL) deposition is commonly used [76]. 

Xyloglucan block copolymers have been used as a non-ionic 

absorbant/dispersant due to its strong and specific adsorption property for 

cellulose [77]. Much less electrostatic stabilization is reported for the CNFs. 

This is likely due to the lower surface charge compared to CNCs. However, 

dispersants derived from guluronic, mannuronic acids, and ethylene-acrylic 

acid copolymers have been used [78]. 

2.2. Bacterial cellulose (BC) 

2.2.1. General information of BC 

The cellulose about the production of vinegar, Nata de coco, and 

Kombucha tea has been observed and used for centuries, even though 

formerly recognized as metabolite of the bacterium [79, 80]. It was firstly 

confirmed as cellulose in 1886 by Brown [54]. Although not yet fully 

understood, there are some theories about the reason why the bacteria produce 

cellulose. The cellulose is thought to help the bacteria to move over the 

surface by entrapment of carbon dioxide produced from the tricarboxylic acid 

cycle. This phenomenon is important to survival of bacteria since the bacteria 

are aerobe. The cellulose also immobilizes the bacteria for protects the 

bacteria from enemies and helps bacteria attach to the surface of objects that 



24 

 

supply the nutrition. In addition, the cellulose can protect the bacteria from 

ultraviolet (UV) light and dehydration [54].  

While researching with acetic acid bacteria, a gel-like solid material was 

found in the process of vinegar fermentation, which was named as vinegar 

plant [81]. This solid mass was recorded that has similar feel of the animal 

tissue with high toughness [82]. Among the bacteria to synthesize the 

cellulose, Acetobacter strains are suitable for the synthesis of cellulose. The 

genus Acetobacter refers to a group of bacteria that has the ability to oxidize 

sugars and produce acetic acid as the major end product. Reclassified as the 

genus Gluconacetobacter strains, especially Gluconacetobacter xylinum (G. 

xylinum) effectively synthesize the cellulose as a primary metabolic product 

[55]. G. xylinum are found on rotting fruits that have fixed sugars. They 

existed at the air-medium interface and their presence can be detected if they 

synthesize a cellulose pellicle or film [54]. G. xylinum are rod-like shaped 

bacteria without a flagellum, and although it is nonmotile, movement of 

bacteria can be observed by microscope during the synthesizing of the 

cellulose ribbon [54]. At stationary culture condition, cellulose is produced 

mat-like pellicle. While in shaking cultures of G. xylinum, cellulose is 

produced as small sphere form. The BC fibrils in sphere form have relatively 

lower cellulose Iα content and have lower Young’s modulus, but higher water 

holding capacity comparing to BC membrane cultured in static condition [83].  

The biosynthesis of cellulose is the exciting option to produce cellulose 



25 

 

by culturing the bacteria in the sense of white biotechnology and to control 

the structure and shape of the cellulose during biosynthesis. The resulting 

cellulose leads to new properties, functionalities, and applications [83]. 

2.2.2. Biosynthesis process of BC 

The synthesis of the BC is based on an accurate and regulated process, 

involving many of enzymes and protein complexes. The biosynthesis of BC 

by bacteria could be divided into four parts, which were polymerizing, 

secreting, assembling and crystallizing [84, 85]. Through microscopic studies 

of the bacterial, the presence of cellulose ribbons attached to the longitudinal 

axis of the cell was found. Also, through a freeze fracture analysis, a linear 

array of pores in the cell envelope of G. xylinus was found [86, 87]. When 

G.xylius is cultivated in glucose based media, essentially four enzymatic steps 

have been found in the pathway from glucose to cellulose. These are the 

phosphorylation of glucose by glucokinase, the isomerization of glucose-6-

phosphate to glucose-1-phosphate by phosphoglucomutase, the synthesis of 

uridine diphosphate glucose (UDP-glucose) form glucose-1-phosphate by 

UDP-glucose pyrophosphorylase and the synthesis of cellulose form UDP-

glucose by cellulose synthase [88]. At the beginning state, about 6-8 glucan 

chains were combined. Polymerization of glucose residues to form a glucan 

chain was taken place in the membrane. Assembling of the cellulose I 

crystallite is proposed to proceed in stages, with the formation of glucan chain 

sheets by hydrogen bonding of molecules. Final crystallization of the glucan 
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chains like a ribbon form into cellulose I occurring in the extracellular space 

[85]. Figure 2-6 shows the way how glucan chains are aggregated together. 

The terminal complex (TC) which was placed at the surface of the cell was 

considered to be the start point of forming cellulose. The TC is comprised of a 

subunits (grouped in triplets) and each subunit in the cytoplasmic membrane 

produces at least 16 cellulose chains that arrange in a mini-crystal (elementary 

fibril). For each triplet subunit, the three elementary fibrils closely stack to 

produce a ribbon like microfibril, and additional stacking of triplet subunits 

produces microfibrils of larger widths, but the thickness remains the same. 

Typically BC obtained by the G.xylium have a rectangular cross-section (6–10 

nm by 30–50 nm), a high crystallinity, and a high fraction of Ia crystal 

structure [20, 54]. Through the further researches on biosynthesis of cellulose 

by G. xylinus, it was proposed that BC biosynthesis system was composed of 

bcs or acs and cdg operons, which are responsible for cellulose synthesis and 

its activation, respectively [89, 90]. The bcs operon is constructed of bcsA, 

bcsB, bcsC and bcsD. BcsA is speculated to play a role in the polymerization 

of uridine diphosphate glucose (UDP-Glc) (Figure 6); bcsB a binding subunit 

of cyclic di-guanosine monophosphate (c-di-GMP), that is an activator of 

cellulose synthesis [91]. The bcsC and bcsD are thought to be located on the 

outer membrane, playing roles in the crystallization and/or extrusion of 

cellulose. The acs operon is consisted of acsAB, acsC and acsD, and their 

translation subunits are thought to be similar to those of the bcs operon.  
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Figure 2-6. Schematic images of the major metabolic pathways of G. 

xylinum and the assembly of cellulose molecules into nanoribbon 

(Modified from [92] and [93]).  
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Up to date, three types of cdg operon have been found. The cdg1 operon 

is composed of pdeA1 and dgc1, with two unknown open reading frames. 

PdeA1 is phosphodiesterase A, and degrades cdi-GMP. Dgc1 is a di-guanilate 

cyclase which synthesizes c-di-GMP. Besides these operons, there are several 

genes for BC production, such as CMCase, β-glucosidase and ORF2 [92, 93]. 

Despite the above researches, the metabolic pathways of BC production 

remain unclear. 

2.2.3. Factors affecting the production capacity of BC 

There are many factors influencing the morphology of the cellulose 

network and the production rate of cellulose [54]. Oxygen is one of the 

important factors that influence on the rate and yield of cellulose production. 

When oxygen tension is greater than 40%, growth rate of G. xylinus and 

production rate of cellulose are higher as compared to the bacteria cultured at 

condition of 15% oxygen tension. Oxygen tension also affect to the branching 

of the cellulose network. When the oxygen tension is about 50%, a denser 

cellulose network is produced compared to cellulose network produced at 

lower oxygen tension [96].  

The thickness of the cellulose is only affected by the branching of the 

network. Prior to cell division, the cellulose-synthesizing complexes are 

doubled and activated after division. Cellulose ribbon don’t be broken at that 

time, just create a branching point [81].  
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The degree of polymerization (DP) of BC is around 2000-4000 and the 

cultivation conditions can influence on the DP of the cellulose. In a static 

culture, the DP of the cellulose produced is higher than for cellulose produced 

in an agitated culture. The decrease in DP, in case of agitated condition, due to 

an increase in the activity of endoglucanases which can have an effect on 

decreased DP [96]. 

The pH also should be concerned for cellulose production. The 

optimized pH for BC production is between pH 4 and 5. When the bacteria 

are cultured under pH3.5, cellulose is not produced and the proliferation of the 

bacteria is negatively affected [97].  

The components of the medium also give a significant effect on BC 

production. The addition of lactate to the medium increases the cellulose 

production because it is associated with the TCA cycle. Extra energy source 

(ATP) generated by lactate increases the concentration of bacteria and BC 

production [54]. 

The oxidation of ethanol can affect the BC production in the similar way 

such as lactate. However the efficiency is smaller than using a lactate. In 

addition ethanol in high concentrations can kill the bacteria [98].  

The concentration of the carbon source could also affect the rate of 

cellulose synthesis. An optimal level of carbon source exists because the 

utilization of the carbon source decreases when too high concentration of 
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carbon source is used [99]. 

The cellulose production is also affected by the production of acetan and 

levan which are water soluble polysaccharides. When sucrose is used a lot of 

water soluble polysaccharides are produced. However, in case of glucose 

medium only small amount of water soluble polysaccharides are produced. 

Therefore, glucose is the most appropriate source for production of BC [54].  

2.2.4. Productivity of BC 

It has been known that the limits of bacterial cellulose related to the 

industrial scale are the yield and rate of the bioprocess. A study was conducted 

to compare the productivity of cellulose from plants and bacteria [83]. In the 

research, productivity of cellulose from plants was about 80 ton of 

cellulose/ha with 7 years from planting to cultivation and yielding 45 % 

cellulose contents. The research group suggests that the same yield could be 

achieved with microorganisms to estimate yield of 15 g/L in 50 h of culture in 

a 500 m
3
 sized bioreactor in 22 days. The productivity of cellulose from 

bacteria is more efficient. Also, cellulose from bacteria is more pure and 

ecologically sustainable comparing to plant cellulose. Especially look up to 

consider the process for obtaining cellulose nanofibers form the pulp, BC is a 

much more efficient way since BC is synthesized to cellulose nanofibers form 

in the first place [53].  

Biosynthesized cellulose by bacteria fermentations offers some 
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advantages compared with the plants celluloses. 1) BC is not dependent on 

regional and climatic conditions, 2) Microorganisms growth rate can be 

controlled to produce BC, 3) Cellulose produced by microorganisms contains 

no lignin or other contaminants so that the additional energy consumption to 

remove impurities can be avoided, 4) Microorganisms can be genetically 

modified to produce BC with desired properties, and 5) Agro-industrial wastes 

can be repeatly used as a growth medium. To establish favorable production 

yields and costs, attention needs to know about the species and genetic 

modification of the bacteria used and the type of reactor for the production 

process [53]. 

2.2.4.1. The species and genetic modification of bacteria 

There are many species of bacteria that have produced extracellular 

cellulose, including those in the genera of Acetobacter, Achromobacter, 

Aerobacter, Agrobacterium, Azotobacter, Escherichia, Rhizobium, Salmonella, 

and Sarcina ventriculi. Among them, Acetobacter xylinus is extensively 

utilized for research and commercial production of cellulose, recently. Other 

genetically modified bacteria can produce cellulose with the high quality and 

yield [83]. For example, De Wulf et al. obtained a ketogluconate by UV 

mutagenesis. It is non-producing mutant from its parent strain, such that 

cellulose production increased from 1.8 g/L to 3.3 g/L after 10 days of 

shaking culture [100]. Another novel method to increase the bacterial 

cellulose production yield from a Gluconoacetobacter xylinus strain was the 
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mutagenesis caused by high hydrostatic pressure treatment. The yield 

increased from 106.03 g/L to 158.56 g/L (in the wet state) [101].  

2.2.4.2. Types of reactors for the production process 

The traditional reactors used for the cellulose production process 

involve the shake flasks and stirred tanks, but these agitated methods have a 

potential for mutation of the bacterial strain [102].  

Another concern of them is that bacterial cellulose can easily attach on 

the shaft of reactors, making it hard to collect the product and clean up the 

reactors [103]. Recently, some effective culture reactors have been designed 

and used for cellulose production under agitated conditions. Among them, 

the spherical type bubble column bioreactor [104], air-lift reactor [105], and 

modified air-lift reactor are most well-known [106] (figure 2-7).  

On the other hand, some of reactors, involving the rotary discs reactor, 

rotary biofilm contactor, aerosol bioreactor, membrane bioreactor and 

Horizontal Lift Reactor (HoLiR) keep the fermentation process under 

relatively static conditions to produce bacterial cellulose in the form of sheets 

and membranes. With rotary discs reactors, an 86.78 % greater yield of 

cellulose than by using traditional static fermentation can be achieved. In fact, 

Yong-Jun Kim et al. reported that a yield of BC 6.17 g/L could be attained by 

using rotary biofilm contactor [107]. Nevertheless it has not been possible to 

increase the BC  
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Figure 2-7. BC produced under static and agitated conditions [81]. 
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yield to a satisfactory level. So further improving the yield and lowering the 

cost for commercial mass production of BC is a challenging goal, which 

requires further persistent hard work. 

2.2.5. Characteristic differences between the plant cellulose and BC 

Bacterial cellulose (BC) synthesized by some bacterial strains, has the 

same chemical structure as plant cellulose composed of linear β-D-glucose 

unit linked by 1-4 glycosidic bonds (Figure 2-8). However, between BC and 

plant cellulose, there are a number of differences are existed in the physical 

and chemical properties (Figure 2-9). The first is its high purity. Unlike the 

plant cellulose (60~70 % cellulose content) which normally has impurities 

such as lignin, hemicellulose, and pectin, BC possesses higher chemical purity 

without any other polymers. As a result, BC does not require extra process to 

remove these impurities. The second is its high water absorbing property. BC 

pellicle is produced as a hydrogel form and BCs’ water holding capacity (up 

to 98.5 %) is higher than plant cellulose (up to 60 %). The third is its excellent 

mechanical property. BC possesses a unique 3D porous network structure, 

which consists of random assembly of ribbon shaped cellulose fibrils. A 

diameter of the fibrils is between 20 and 50 nm, containing a bundle of much 

thinner fibrils. The fibrillar structures provide high mechanical properties. The 

Young’s modulus of single BC filament was measured by a raman 

spectroscopic technique was 114 GPa, which is higher than those of MFC and 

MCC [108]. Also, through the AFM, Young’s modulus of BC fiber was 
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reported that 78 ± 17 GPa [109]. The Young’s modulus of BC sheets was 15 

GPa [110]. The fourth is its high crystallinity. The crystallinity of BC is up to 

80 % which is higher than plant cellulose (50~65 %). The fifth is its high 

thermal stability comparing to plant cellulose. Due to its high crystallinity and 

purity, BC can be a good material as a thermal stabilizer. The sixth is its 

unique 3D-networked highly porous structure and controllable shape. The 

diameters of pores in BC range from several tens to several hundred 

nanometers, the shape of BC can be easily depending on shapes of the culture 

dishes [111].  
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Figure 2-8. General overview of bacterial cellulose structural 

organization [110].  
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Figure 2-9. Unique structures and properties of bacterial cellulose.   
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2.2.6. Applications of BC 

To date, there have been numerous reports on the synthesis of BC 

composites with functional materials to prepare functional nanocomposites. 

These functional materials could be divided into a range from nanoparticles to 

bulk polymers. The BC composites have been widely used in various 

applications including clothes, food, cosmetics, electronics and biomedical 

field. There are some examples of BC composites that have led to 

improvements in physicomechanical properties, biomedical applications, and 

conducting capabilities of BC. 

2.2.6.1. Composites with high mechanical strength  

BC nanocomposites with high mechanical properties have potential 

applications in a various industries. BC composite with pulp significantly 

enhanced the strength and fire resistance properties of the pure paper sheets. 

Thus, these composites could be a good candidate in the quality paper fields 

[113]. Nanocomposites with improved properties based on PLA matrix and 

BC were reported [114]. Acetylated BC was mixed with melting PLA. The 

acetylation of BC increases its compatibility and adhesion with the PLA 

matrix. PLA-BC nanocomposites have considerably improved mechanical 

properties as evidenced by the significant increase both in the Young’s 

modulus and in the tensile strength. The preparation and characterization of 

chitosan (CH) and BC nanocomposite films were described [115]. The 
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purpose of CH-BC films is improved mechanical properties while keeping 

their thermal stability and transparency. Novel pullulan-BC (PBC) 

nanocomposite films were reported [116]. The incorporation of BC nanofibers 

into the pullulan matrix improves considerably both Young’s modulus and 

tensile strength. The mechanical properties of phenolic resin/BC composites 

were studied. It was found that BC composites are stronger than MFC 

composites. BC nanocomposites with acrylic resins were transparent and had 

great potential for utilization in optoelectronic devices [117].  

2.2.6.2. Separation and waste purifications 

BC has the potential to be used as a membrane for purification or 

separation. BC composite with acrylicacid (AAc) was prepared for ion 

exchange. The BC-AAc composite membranes possessed excellent absorption 

capability for heavy metals [118]. BC molecularly imprinted polymers (MIP) 

composite membranes were developed for the separation of S-propranolol 

enantiomer. The composites were successfully utilized for enantioselective 

separation [119]. BC and MIP composite membrane have great potential for 

application as a transdermal enantioselective system for racemic propranolol 

[119]. 

2.2.6.3. Conducting materials and electrical devices 

BC, non-conducting in nature, could be converted to electrically 

conductive materials by incorporation of some conductive materials. The 
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MWCNTs-BC was prepared by dipping a BC pellicle in an aqueous MWCNT 

dispersion containing a CTAB surfactant [120]. Recently, the polyaniline 

(PANI)/BC and polypyrrole (PPy)/BC composites have been intensively 

studied [121, 122]. The resulting nanocomposites had higher bulk 

conductivity. These types of nanocomposites has potential applications in 

biosensors, flexible electrodes, flexible displays, platform substrates to 

evaluate the effects of electrical signals on cell activity, and to guide desired 

cell function for tissue engineering applications [121, 123]. 

Organic light emitting diode (OLED) devices based on flexible BC 

substrate have been reported [124]. Moreover, OLED displays based on 

cellulose and acrylic resin nanocomposite was successfully fabricated. These 

devices are useful in numerous applications including e-newspapers, e-book, 

dynamic wall papers, and learning tools [125]. BC composite with graphene 

oxide (BC-GO) greatly enhanced the conducting properties while imparting 

increased mechanical properties. The flexible and electrically conductive BC-

GO composite film with striking mechanical properties is a candidate for 

advanced biochemical and electrochemical devices [126]. Potential 

applications of BC for fuel cells have been studied [127]. They found that BC 

possesses reducing groups capable of catalyzing the precipitation of palladium 

from aqueous solution. Their experiments showed that palladium-BC can 

catalyze the generation of hydrogen when incubated with sodium dithionite 

and can generate an electrical current from hydrogen. This technique may be 
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available in fuel cell development. 

AuNPs are used in electronics, sensors, catalysis, and several related 

fields. BC-Au composites using BC nanofibers as biotemplates were used for 

the construction of H2O2 biosensors [80]. 

2.2.6.4. Biomedical applications 

Application of BC in the biomedical field have been gaining relevance in 

the last years [128]. BC is widely used as a dressing material in medical fields. 

BC composites with polymeric or nonpolymeric compounds were prepared to 

impart antimicrobial and biocompatible properties in BC. BC-Chitosan 

composites increased the cell adhesion and proliferation properties with 

antibacterial effect. BC/Chitosan can be applied to the treatment of skin ulcers, 

bedsores, burns, and wounds dressing [129]. BC-gelatin composites produced 

similar effects during cell adhesion and proliferation. Fibroblast cells showed 

definite adhesion and proliferation when incubated with BC-gelatin composite 

for 48 h. The composite biocompatibility was much better than that of pure 

BC. Accordingly, the prepared BC-gelatin scaffolds are bioactive, indicating 

that they can be used for wound dressing and as tissue engineering scaffolds 

[80]. Tissue replacement through newly developed biomaterials is an 

important aspect of the present advances in biomedical fields. However, the 

replacement materials should possess mechanical properties equivalent to 

those of body tissues. BC composites with polyvinyl alcohol were prepared 
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for development of such biomaterial devices that could replace the tissue 

[131]. BC/collagen composites were synthesized for potential tissue 

engineering applications through an in situ composite synthesis strategy. The 

high biodegradability, low antigenicity and cell-binding properties of collagen 

are important characteristics for a biomaterial from a medical point of view 

[129]. BC/polyethylene glycol (PEG) composite prepared by immersing wet 

BC pellicle in PEG aqueous solution was reported [132]. These novel 

BC/PEG scaffolds showed the potentiality to be used for wound dressing or 

tissue engineering applications. Similar strategy was developed for BC in 

presence of alginate, and the BC/alginate hybrid matrix is able to increase 3 

times the load of the anticancer drug doxorubicin and the device showed 

molecular controlled release of the load [133]. 

2.2.6.5. Food applications 

BC is hydrogels and its rheological properties have led to uses in the 

food application as gel called Nata de coco which is eaten as a healthy dietary 

dessert. Similarly, a cellulose synthesized in black or green tea containing 

sucrose named Kombucha. After a period of two-weeks, the cellulose 

membrane on surface is removal and the liquid phase ready to drink. 

Additionally, BC can be used as thickening agent, stabilizing agent, gelling 

agent in some foods [83].  

Food packaging is another application of BC composites. Addition of BC 
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fibers in starch and PLA film increased thermoresistance, transparency and 

reduces diffusibility of gases and water sensitivity [134, 135]. 
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Chapter 3 

Electromagnetic BC nanocomposite using 

magnetite nanoclusters and polyaniline 
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3.1. Introduction 

Since electromagnetic interference (EMI) induced by electric and 

magnetic fields causes energy losses and bad effects on human health, EMI 

shielding materials have attracted attention recently. It is known that 

conducting materials can effectively shield electromagnetic waves, while 

electromagnetic waves generated from a magnetic source, particularly at low 

frequencies, can only be effectively shielded by magnetic materials [136]. 

Thus, a composite of a conducting polymer and magnetic material used as an 

EMI shielding material can have excellent shielding effectiveness for various 

electromagnetic sources. However, it is critical to develop reinforced 

composites due to the relatively poor mechanical properties of conductive 

polymers [121, 137-141]. Bacterial cellulose (BC) provides an ultrafine 

nanosized 3D network fibrous structure that could serve as a potential 

reinforcing matrix of composites.  

In this chapter, electromagnetic BC composites were synthesized using 

magnetite nanoparticles (MNPs) and polyaniline. In biosynthesis method, 

nanoparticles are dispersed in the culture medium to produce BC composites. 

In this case, it is important to consider dispersibility and the size of particles 

because non-dispersed particles make it difficult to obtain uniform composite 

and too small particles about smaller than tens of nanometer sized 

nanoparticles may come out through the space between BC 3D-network. For 

preparing electromagnetic composite, magnetic BC was synthesized firstly. 
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After synthesizing magnetic BC composites previously, a conductive polymer 

was synthesized at the surface of the BC fiber. At that time, magnetic 

nanoparticles should be placed between the networks of BC fibers. Therefore 

the biosynthesis method was chosen for preparing electromagnetic composite. 

In this process, MNP clusters uniformly dispersed with about 200 nm size 

using amphipathic polymer. Subsequently, PANi was synthesized on the 

magnetic BC fibers by chemical oxidative polymerization (Figure 3-1).  
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Figure 3-1. Preparation of electromagnetic BC nanocomposites. (A) 

Dispersion mechanism of MNPs using CLP stabilizer, (B) addition of 

aniline to BC membrane, and (C) oxidative polymerization by 

ammonium persulfate.  
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3.2. Materials and method 

3.2.1. Preparation of highly dispersive magnetite nanoparticles 

(MNPs) 

A comb-like polymer (CLP) as a polymer surfactant was synthesized via 

free radical polymerization as previously described. Methyl methacrylate 

(MMA, Sigma Aldrich), poly(ethylene glycol) methacrylate (Sigma Aldrich, 

Mn 360 g/mol, n = 6), poly(ethylene glycol) methyl ether methacrylate 

(Sigma Aldrich, Mn 475 g/mol, n = 9) and azoisobutyronitrile initiator (AIBN, 

Samchun Chemical) were dissolved in 500 mL tetrahydrofuran (THF, Sigma 

Aldrich), and poured into a four-neck round-bottom flask. The mixture was 

polymerized for 18 hours at 70 °C with vigorous stirring. The resulting 

polymer was purified by three precipitations in 8:1 (v/v) petroleum 

ether/methanol (Sigma Aldrich) and dried in a vacuum drying oven at 40 °C 

for 24 h. 

MNPs were prepared by a coprecipitation method. First, 0.2 mol 

FeCl2·4H2O (99 %; Sigma Aldrich) and 0.4 mol FeCl3·6H2O (98 %; Aldrich) 

were dissolved in 10 mL deionized water. This solution was added drop-wise 

to an aqueous solution of ammonium hydroxide (28 %; Duksan) with 

vigorous stirring. The precipitated MNPs were washed three times with 

deionized water by centrifugation and sonication. The washed MNPs were 

dispersed using CLP solutions with different concentrations.  
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3.2.2. Biosynthesis of MNP-incorporated BC (MNP-BC) 

nanocomposites 

G. xylinus (KCCM 40216) was obtained from the Korean Culture Center 

of Microorganisms. The bacteria were cultured on a mannitol medium 

composed of 2.5 % (w/w) mannitol, 0.5 % (w/w) yeast extract, and 0.3 % 

(w/w) Bacto Peptone. The culture media were sterilized in an autoclave at 

120 °C for 20 min. A single G. xylinus colony grown on agar culture medium 

was transferred to a Petri dish filled with liquid mannitol medium and 

incubated for one day to create a cell suspension. Then, the cell suspension 

was introduced into the MNP-dispersed culture medium at 28 °C and 

incubated for five days. The MNP-incorporated BC (MNP-BC) membrane 

that was biosynthesized in the medium was purified by 1 wt% sodium 

hydroxide for 24 h at room temperature. Subsequently, the membrane was 

washed repeatedly with distilled water until its pH was 7.0 and then stored in 

distilled water. 

3.2.3. Polymerization of polyaniline (PANi) on the MNP-BC (PANi-

MNP-BC) nanocomposites 

Aniline (Sigma Aldrich) was added to 50 mL of 1 N HCl solution 

containing 0.1 g of BC and MNP-BC membranes. Then, the solution was 

stirred for 10 min to enable the aniline monomer to disperse well within the 

BC membrane. Next, 0.2 mol of ammonium persulfate (APS; Duksan Pure 
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Chemical) as the oxidant was added to the solution for polymerization. The 

polymerization of aniline was carried out at 4 °C for 2 h. After polymerization, 

the composites were purified by a methanol, distilled water and HCl solution. 

3.2.4. Characterizations of nanocomposites 

The polymer compositions were characterized by nuclear magnetic 

resonance spectrometry (1H-NMR; 500 MHz, Avance 500, Bruker) using 

deuterated acetone. The molecular weights (Mw) of the polymers were 

determined by gel-permeation chromatography [GPC; KF 804 column, 

intelligent refractive index detector (RI930), intelligent HPLC pump (PU980), 

Jasco]. The long-term stability of the MNP suspensions was characterized by 

measuring the optical density at 350 nm (OD350) of tightly sealed samples in 

a single cuvette using an Optizen 2120UV UV-VIS spectrophotometer 

(Mecasys Co.). The chemical structures of the samples were characterized by 

Fourier transform infrared spectroscopy (FTIR; M2000; Midac, Hamamatsu) 

from 4000 to 400 cm−1 using powdered samples pressed into KBr pellets. 

The surface morphologies of the samples were observed at an acceleration 

voltage of 5 kV using field emission scanning electron microscopy (FE-SEM; 

JSM-6330F, JEOL). Thermal degradation of the samples was measured by 

thermogravimetric analysis (TGA; TGA Q5000, TA Instruments). The degree 

of magnetization in the samples was measured with a superconducting 

quantum interference device (SQUID)-based magnetometer (MPMS-XL; 

Quantum Design). The electrical conductivity of the samples was measured 
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by a four-probe technique with a picoammeter containing an internal voltage 

source (2400 Source Meter, Keithley). 

3.3. Results and discussion 

3.3.1. Enhancement of the colloidal stability of MNP solutions 

The stable dispersion of MNPs in an aqueous solution is critical for 

practical applications due to their strong tendency to aggregate. We used a 

polymeric surfactant of amphiphilic CLP based on an MMA backbone for the 

dispersion of MNPs (Figure 3-2A). The CLP was characterized by 1H-NMR 

to confirm its chemical composition. The composition ratio of 

MMA:HPOEM:POEM was determined to be 4:1:1 by comparing the specific 

peaks in the spectra, and the Mw as measured by GPC was 45,000 

(polydispersity index = 2.73). 

In Figure 3-2A, MNPs are temporarily untangled by mild sonication and 

form nanoclusters in aqueous solution. The attachment of CLP molecules to 

MNP nanoclusters enables long-term stability of the colloidal dispersion 

because the hydrophilic side chains are released freely into the aqueous 

environment, thereby impeding the aggregation of the MNPs. The CLP-

modified MNP solutions maintained their well-dispersed state for a long time 

due to the repulsive interactions among the polymer-decorated particles. All 

MNP solutions (10 mg/mL) prepared with different concentrations of CLP 

were well dispersed initially after sonication. However, visible aggregation 
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was observed after one week in the MNP solutions prepared with 2-8 mg/mL 

CLP. On the other hand, MNPs dispersed in CLP solutions over 10 mg/mL 

maintained their colloidal stability for two weeks (Figure 3-2B). Figure 3-2C 

was filtration result of MNP solution and CLP-modified MNP solution. After 

mild sonication, each solution was filtered using a 0.8 μm pore sized syringe 

filters. The MNPs in no CLP solution was almost filtered and the color of 

filtered solution was transparent pale yellow. But, the MNPs in the CLP-

MNPs solution could pass through the filter and the color of the filtered 

solution was same as the initial solution. The distinct difference in colloidal 

stability was clearly indicated by relative UV absorbance, as shown in Figure 

3-2D. The solution of unmodified MNPs showed rapid aggregation in one day, 

while MNPs modified with a CLP solution (10 mg/mL) showed good 

colloidal stability for a long period. For successful fabrication of BC 

membranes embedded with MNP clusters, the MNP clusters should be 

sufficiently dispersed during the incubation and embedding processes.  
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Figure 3-2. (A) Dispersion mechanism of MNP using CLP stabilizer, (B) 

Optical images of an aqueous MNPs solution at different concentration of 

CLP, (C) Filtration test of (a) MNP solution and (b) CLP-modified MNP 

solution, and (D) Relative UV absorbance of MNP and CLP-MNP 

solution as a function of storage time (SD, n=5). 
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3.3.2. Biosynthesis of MNP-BC nanocomposites 

The pre-cultured bacterial cell suspension was introduced into a culture 

medium containing CLP-MNPs and incubated under static conditions for five 

days. As shown in Figure 3-3B, yellow BC pellicles formed and were 

compared with BC pellicles biosynthesized in the culture medium without 

MNPs (Figure 3-3A). 

For successful fabrication of BC membranes embedded with MNP 

clusters, the MNP clusters should be sufficiently dispersed during the 

incubation and embedding processes. The hydrophobic MMA backbone of 

CLP can be chemophysically attached to the surface of MNP clusters and the 

hydrophilic side chains can be released freely toward the aqueous solution. 

This approach is advantageous over other methods because it is nontoxic and 

can minimize damage to the inherent properties of the nanoparticles. The 

hydrophobic MMA backbone of CLP can be chemophysically attached to the 

surface of MNP clusters and the hydrophilic side chains can be released freely 

toward the aqueous solution. This approach is advantageous over other 

methods because it is nontoxic and can minimize damage to the inherent 

properties of the nanoparticles. 

The morphologies of the MNP-BC composites were investigated using 

FE-SEM. Figure 3-4A shows the FE-SEM image of BC membrane surface. 

The BC membrane consists of nanofibers with diameters ranging from 10 to 

50 nm, which forms an ultrafine network structure. Figure 3-4B shows MNP-
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BC cultured in an unmodified MNP solution. The MNPs tended to aggregate 

rapidly in an aqueous solution and large MNP aggregates were adsorbed on 

the surface of the BC fibers. In contrast, MNP clusters cultured with CLP-

MNP were tightly embedded in a BC nanofiber network like a “fishing net”. 

Figure 3-4C shows FE-SEM images of MNP-BC composites incubated in a 

medium containing CLP-MNP; MNP clusters 200 nm in size were tightly 

bound inside the BC network, creating a porous 3D structure. 
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Figure 3-3. Optical images of (A) pure BC, (B) MNP-BC, and (C) PANi-

MNP-BC. (b) is optical images for showing the magnetic property of 

MNP-BC using a magnetic bar. 
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Figure 3-4. SEM images of (A) pure BC, (B) MNP-BC without CLP and 

(C) MNP-BC with CLP. 

 



58 

 

3.3.3. Synthesis of PANi-MNP-BC nanocomposites 

The surface of the BC “fishing net” was used as a template for the 

synthesis of conductive polymers. Using the surface of BC fibers as 

polymerization sites, PANi nanoparticles were created, forming a 3D network 

(Figure 3-5). The SEM images show that MNP nanoclusters are embedded 

well in the bacterial cellulose enabling the uniform coverage of PANi in the 

nanofibrous membrane without the development of surface roughness during 

the polymerization of PANi. The hydrogen bonds between the hydroxyl 

groups of BC and the amine groups of aniline might serve as a traction force 

to assist the growth of continuous PANi fibers over cellulose and to help 

prevent aggregate formation [121, 123]. We found that the nanofibers acted as 

a suitable template for polymerization.  

The aniline was able to permeate through the inner structure of the BC 

membranes. At the same time, the hydroxyl groups of the BC molecules were 

able to interact with the amine groups of aniline to form hydrogen bonds. 

Right after the oxidant solution was added, PANi was polymerized on the 

fibers of BC and some of the PANi particles were adsorbed on the MNPs, as 

illustrated in Figure 3-1B and C. As shown in Figure 3-3C, the PANi on the 

BC showed was a characteristic dark green, verifying the successful 

polymerization of the aniline monomers.  

A strong peak at 3410 cm
-1

 arose from the stretching of hydroxyl groups 

in BC [19]. The peaks at 2900 cm
-1

 originated from C-H stretching and the  
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Figure 3-5. SEM images of (A) PANi-BC and (B) PANi-MNP-BC, (C) 

magnified image of A and, (D) magnified image of B. 

 

 

 

 



60 

 

peak at 1372 cm
-1

 is attributed to the O-H bending (Figure 3-6). The peak at 

1157 cm
-1

 corresponds to the C-O asymmetric bridge stretching. The strong 

peak at 1060 cm-1 was due to the C-O-C pyranose ring skeletal vibration. The 

characteristic peak of pure PANi appears at 803 cm
-1

, corresponding to the 

out-of-plane bending vibration of the C-H band of the p-disubstituted benzene 

ring [142]. Peaks at 1121 and 1294 cm
-1

 due to the stretching of the C-N band 

and vibration of C-H in the benzene ring, respectively, were also observed 

(Figure 3-6). The peaks around 1486 and 1578 cm
-1

 are assigned to the 

stretching vibrations of N-B-N and N=Q=N structures, respectively (B and Q 

represent benzenoid and quinoid moieties in the PANi chains) [24]. Compared 

with the spectra of MNP-BC, it was found that the absorption peak at 3410 

cm
-1

 in the spectrum of BC was shifted to 3350 cm
-1

 in the spectrum of the 

PANi-MNP-BC composite. The shift resulted from the activation of BC by 

acids and cleavage of intermolecular hydrogen bonds [121]. This implies that 

more hydroxyl groups became accessible, enabling the uniform dispersion of 

PANi in the nanofibrous membrane. Overall, the intensity of the characteristic 

absorption peaks in BC became weaker with the introduction of PANi on the 

BC surface, confirming the complete surface coverage. 

Figure 3-7 shows the TGA curve of the BC, MNP-BC, PANi-BC and 

PANi-MNP-BC. TGA can be used to characterize the weight change upon 

heating and to detect the phase changes due to decomposition processes. The 

BC underwent one main degradation at about 342 °C, apart from a minor  
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Figure 3-6. FT-IR spectra of (A) BC and (B) PANi-MNP-BC. 
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mass loss at about 100 °C, which can be attributed to water evaporation. 

Thermal degradation of the MNP-BC occurred at 100 °C and 341 °C, as for 

BC alone. However, since MNPs have high thermal stability, its weight loss 

was smaller than that of BC. The PANi-BC composite also showed first-stage 

weight loss at 100 °C and second-stage weight loss at 216 °C due to the BC, 

impurities, or polyaniline side chains. This resulted from the weaker inter- and 

intramolecular hydrogen bonding of BC in the PANi-BC. The third weight 

loss stage was evident at 340 °C and was due to the thermal-oxidative 

degradation of the main polyaniline chains. The PANi-MNP-BC degraded at 

273 °C due to the same reasons as for PANi-BC, showing the best thermal 

stability among the samples. 
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Figure 3-7. TGA curves of (A) BC, (B) MNP-BC, (C) PANi-BC and (D) 

PANi-MNP-BC. 
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3.3.4. Electromagnetic properties of nanocomposites 

To investigate the magnetic behavior of the nanocomposites, 

magnetization measurements were taken using SQUID. Figure 3-8 shows the 

hysteresis curves obtained with the nanocomposites. The saturation 

magnetizations of MNP, MNP-BC and PANi-MNP-BC as determined by the 

hysteresis loops were 10 emu/g, 8.4 emu/g and 2 emu/g, respectively, which 

confirmed the characteristic superparamagnetic properties of the MNPs. As 

the magnetic field decreased, the degree of magnetization decreased to zero 

and the saturation magnetizations of MNP-BC and PANi-MNP-BC showed 

the same characteristic superparamagnetic properties as MNP. The electrical 

conductivities of PANi-BC and PANi-MNP-BC were 0.31 S/cm and 0.43 

S/cm, respectively, whereas BC was insulating. The increase in conductivity 

with PANi-MNP-BC resulted from the MNPs connecting the BC fibers coated 

with the conducting polymer, PANi. 
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Figure 3-8. Magnetic hysteresis curves of BC nanocomposites. 
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3.4. Summary 

The amphiphilic polymer surfactant was effective in increasing the 

colloidal stability of magnetic nanoparticle clusters for a long period. 

Magnetic BC was biosynthesized by culturing Gluconacetobacter xylinus in a 

medium containing well-dispersed MNPs. Conductive and magnetic BC was 

synthesized by the chemical oxidative polymerization of aniline on the BC 

fibers with MNPs, which were embedded in the networked fiber structure. BC 

fibers were fully coated with PANi particles and the introduction of MNPs 

and PANi enhanced the thermal stability of the composites. Magnetic and 

electrical measurements confirmed that the PANi-MNP-BC composite is 

electromagnetic and can be a potential shielding material. 
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Chapter 4 

Flexible conductive BC combined with     

silicon nanoparticles and polyaniline 

 

 

 

 

 

 

 



68 

 

4.1. Introduction 

Lithium ion batteries (LIBs) are one of the most promising systems for 

energy storage. [143, 144]. Due to increasing demand for LIBs with low cost, 

high energy density and long cycle life, the development of new materials 

with high performance is required [145, 146]. The energy density of LIBs is 

able to be improved by replacing the graphitic carbonaceous anode with 

advanced anode materials which yield much higher capacities.  

Silicon is a very promising anode material for Li-ion rechargeable 

batteries because its specific capacity is higher than that of graphite [147-149]. 

However, silicon has poor conductivity and exhibits significant volume 

expansion upon Li-ion insertion, and these properties have restricted its 

application in anode materials [150, 151]. Recently, major efforts have been 

undertaken to address the conductivity problems of SiNPs using conducting 

polymers [152-154]. PANi is a popular option for increasing the conductivity 

of anode materials because it is chemically stable, lightweight and easy to 

synthesize. However, PANi is brittle and therefore cannot be used in 

applications like flexible batteries [155, 156]. The fracture of electrodes can 

be prevented by introducing a flexible supporting matrix, which can dissipate 

stresses around the structure. A three-dimensionally networked fibrous 

structure can provide both flexibility and stress dissipation. BC can be a good 

supporting matrix for flexible conductive composites because of its unique 

3D-networked structure and high mechanical and flexible properties [24, 157, 
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158].  

In this part, dipping method was used for synthesis Si/BC composite. 

Biosynthesis method has a drawback that the silica nanoparticles (SiNPs) 

could melt during the purification process using NaOH. In situ method for 

synthesis SiNPs is difficult and has harsh condition. However, dipping method 

is very simple and gives less damage to BC unlike the biosynthesis or in situ 

method. In addition, SiNPs can be introduced into the BC network due to its 

size about 100nm. Therefore, dipping method was chosen for introduction of 

silicon nanoparticles (SiNPs) to BC network structure and the conformal 

coating of polyaniline (PANi) to the SiNPs-bound BC composites (Si-BC) for 

application in flexible electrode of LIBs (Figure 4-1). 
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Figure 4-1. Schematic representation of the process for preparing PANi-

Si-BC composite.  
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4.2. Materials and method 

4.2.1. Preparation of the silicon nanoparticle-embedded BC (Si-BC) 

nanocomposites  

Forty milligrams of silicon nanoparticles (SiNPs) (APS≈100 nm, Alfa 

Aesar, USA) were dispersed in 100 mL deionized water by ultrasonicating for 

3 min. Subsequently, 200 μL phytic acid (Sigma-Aldrich, USA) was added 

and the mixture was vigorously agitated using a magnetic stirrer for 1 h at 

room temperature. These SiNPs were collected by centrifugation at 1000 rpm 

and re-dispersed in the DI-water. BC pellicles were cut into 4 cm x 4 cm 

square pieces, which were then immersed in the SiNPs dispersion solution for 

1 day with stirring. The Si-BC composite was washed with deionized water 

and stored in water for further experiments. 

4.2.2. Polyaniline (PANi) polymerization with BC (PANi-BC) and 

Si-BC nanocomposites (PANi-Si-BC) 

 Aniline (0.91mL, Sigma Aldrich, USA) was added to 50 mL of a 0.5 N 

HCl solution containing BC and Si-BC composites. Then, the solution was 

stirred for 1 h to disperse the aniline monomers in the BC membranes. 

Subsequently, 2.28 g of ammonium persulfate (Duksan pure chemical, APS, 

Korea), was added to the solution as an oxidant to initiate the polymerization. 

The polymerization of aniline was carried out at 20 °C for 1 h. After 
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polymerization, the composites were purified using methanol, distilled water 

and a 0.1 N HCl solution. The samples were dried in a vacuum oven or in a 

freeze dryer. Before characterization of the composites, All samples were 

stored in the desiccator that maintained 20 % relatively humidity at room 

temperature to minimize the effect of moisture on cellulose characterization of 

the composites. 

4.2.3. Characterization of nanocomposites 

The morphologies of the samples were observed using field emission 

scanning electron microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss, Germany). 

The freeze-dried samples were cut into 1 cm x 1 cm sized pieces and were 

placed on conductive adhesive tape on aluminum stubs. To obtain the cross-

sectional images of a BC hydrogel and SiNPs bound BCs, the samples were 

broken immediately after dipping in liquid nitrogen. The sample surfaces 

were coated with platinum using a sputter coater (SCD 005, BAL-TEC GmbH, 

Germany) before imaging. The imaging was performed in the “Inlens mode” 

at an acceleration voltage of 2 kV.  

Electron transmission images of samples were captured by energy-

filtering transmission electron microscopy (EF-TEM, LIBRA 120, Carl Zeiss, 

Germany). The Si-BC, PANi-BC, and PANi-Si-BC samples were immersed in 

separate vials with DI water and were ultrasonicated (VCX130, Sonic & 

Materials, USA) for 3 min at 40 W. Then, the solution with dispersed particles 
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was dropped onto copper grids. The images were obtained at an acceleration 

voltage of 200 kV. 

The crystal structure of the SiNP bound BCs was determined using a 

high-resolution x-ray diffractometer (XRD, D8 DISCOVER, Bruker, 

Germany). For XRD experiments, 1 cm x 1cm samples were cut from vacuum 

dried specimens. X-ray diffractometry (XRD) was performed using Cu Kα 

radiation. 

Thermal degradation stability was measured by thermogravimetric 

analysis (TGA, TGA Q5000, TA Instruments, USA). About 10 mg of a 

vacuum dried sample was placed in an alumina crucible and was heated from 

room temperature to 600 °C at a heating rate of 10℃ min
−1

 under flowing 

nitrogen. 

The electrical conductivity of the composites after exposure to flexural 

stress was measured by bending the samples using a universal testing machine 

(UTM, GB/LRX Plus, Lloyd, UK). To perform this test, 4 cm x 1 cm vacuum 

dried specimens were loaded into the machine and were bent at a constant 

speed of 50mm min−1 in constant temperature and humidity room which had 

20% relatively humidity at 24 °C. A 3 cm x 1 cm piece of aluminum foil was 

bonded to each end of the sample using silver paste (ELCOAT P-100, CANS, 

Korea) to allow connection of a digital multimeter (Chekman, Tae Kwang 

Electronics, Korea) for measuring the electrical conductivity. The bending 
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radius of the samples was calculated as suggested in the literature [159]. 

Specifically, the radius of the curvature (bending radius) was calculated as 

follows: 

R= (𝑑2 + 4ℎ2)/8ℎ 

Here, d and h are the diameter and height of a dome, respectively. The change 

in electrical conductivity of the composites was measured after 100 repetitive 

bending cycles.  

The percentage change in resistance was calculated as follows: 

△ R (%) = {(𝑅0 − 𝑅𝑛) 𝑅𝑛} × 100⁄  

where R0 is the electrical resistance of the pristine composite, and Rn is the 

electrical resistance of the composite after bending n times. 

4.3. Results and discussion 

4.3.1. Preparation of the Si-BC composites  

The adsorption of phytic acid on the SiNP surfaces resulted in a 

phosphoric acid-tagged SiNP surface. This allowed for immobilization of 

SiNPs onto the BC fibers through hydrogen bonding between the phosphoric 

acids of SiNPs and hydroxyl groups in the cellulose nanofibers (Figure 4-2). 

Figures 4-3A and B show optical images of the pure BC and a Si-BC  
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Figure 4-2. Hydroxyl groups were introduced on the surface of SiNPs as a 

result of modification with phytic acid. Hydroxyl groups of SiNPs can 

form hydrogen bonds with BC nanofibers. 
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Figure 4-3. Optical images of (A) pure BC, (B) Si-BC composite and (C) 

the weight percentage of SiNPs bound to BC in Si-BC composite as a 

function of incubation time in SiNPs-dispersion solution.  
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composite. SiNPs were introduced into a BC hydrogel by immersing the 

biosynthesized BC hydrogel into a well dispersed SiNP solution containing 

phytic acid for 1 day. The initially translucent BC hydrogel became opaque 

and brown because of the adsorption of SiNPs into the BC nanofibers. The 

content of SiNPs in Si-BC was about 28.9 % of the total weight by comparing 

the weights of BCs before and after SiNPs adsorption (Figure 4-3C). Silicon 

dioxide formed on the surface of SiNPs can interact with the phosphoric acid 

groups of phytic acid via hydrogen bonding (Figure 4-2) [160]. Though the 

hydrogen bonding between silicon dioxide and phosphoric acid is weak, the 

six phosphoric acid groups on a single phytic acid provide stable interactions 

between the phytic acid and SiNPs [160]. Oxygen atoms in silicon dioxide 

can act only as acceptors during hydrogen bonding, but SiNPs modified with 

phytic acid have numerous hydroxyl groups that can serve as hydrogen 

bonding acceptors and donors [161]. Therefore, more SiNPs were adsorbed on 

the BC nanofibers after the modification of SiNPs with phytic acid than pure 

SiNPs during preparation of Si-BC. FT-IR spectrum of Si-BC was compared 

with that of BC bound with pure SiNPs without phytic acid to confirm the 

increase of hydrogen bonding between SiNPs and cellulose fibers. 

Unfortunately, it was not possible to obtain the evidence for the increased 

hydrogen bonding because the signal to noise ratio from the SiNPs surfaces 

was very low. 

BC had a unique 3D-networked nanofiber structure, wherein the fiber 
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diameters were several tens of nanometers (Figure 4-4A). Cross-sectional 

images of BC showed a multilayered structure of cellulose with a spacing of 

about 5 µm as shown in Figure 4-4C. SiNPs were well distributed over the BC 

membranes and were attached to the surface along the BC nanofibers without 

severe aggregation (Figure 4-4B). We found SiNPs bound to the inner layer, 

the surface (through the relatively large pores), and the spacing between 

layers (Figure 4-4D). Severe aggregation of SiNPs was not observed in the 

inner layers, and the space between the cellulose layers remained even after 

the attachment of SiNPs.  
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Figure 4-4. FE-SEM images of BC and Si-BC composite. (A) Surface and 

(C) cross section of freeze-dried BC. (B) Surface and (D) cross section of 

freeze-dried Si-BC composite. 
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4.3.2. Synthesis of PANi-Si-BC nanocomposites 

To impart conductivity to the Si-BC composite, PANi was polymerized at 

the nanofiber surface, which served as a template for PANi polymerization. 

First, Si-BC was dipped into the aniline solution. The aniline monomers 

permeated into the porous BC membranes, and amine groups on the aniline 

monomers formed hydrogen bonds with the hydroxyl groups of BC [121] and 

the phosphoric acid groups of SiNPs coated with phytic acid[160]. After 

adding an oxidant solution of APS, PANi polymerized on both the BC 

nanofibers and SiNPs (Figure 4-5). The optimal conditions of polymerization 

(reaction time: 1h, molar ratio of APS to aniline: 1:1, reaction temperature: 

20 °C) were obtained by varying the molar ratio of APS to aniline monomer, 

the reaction temperature and the reaction time at the constant HCl 

concentration (Figure 4-6). The amount of PANi increased as the molar ratio 

of APS to aniline increased, but the conductivity of the composites showed a 

maximum value at the molar ratio of APS to aniline of 1. The conductivity of 

PANi increased as PANi was polymerized on the BC nanofibers. The 

conductivity did not increase at the longer polymerization time than 1h. The 

weight percent of PANi did not increase at the polymerization time longer 

than 1h. The temperature of PANi polymerization was optimized at 20 °C 

because the conductivity of the composites showed a higher value at 20 °C, 

while the amount of PANi polymerized was similar at the temperature of 5, 20 

and 40 °C. 
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Figure 4-5. After adding aniline monomer and APS, PANi was 

polymerized on both BC nanofibers and SiNPs. The BC structure can 

serve as the template for both the adsorption of SiNPs and the 

polymerization of PANi. 
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Figure 4-6. (A and B) Conductivity and contents of PANi/BC with moral 

ratios of APS to anliline from 0.25 to 2. (Polymerization time was 1h and 

reaction temperature was 20 ℃), (C and D) Conductivity and contents of 

PANi-Si-BC with reaction time from 0.5h to 2h. (Molar ratio of oxidant 

(APS) to monomer (aniline) was 1 and reaction temperature was 20 ℃), 

and (E and F) Conductivity and contents of PANi-Si-BC with different 

reaction temperature 5 ℃ and 30 ℃. (Molar ratio of oxidant (APS) to 

monomer (aniline) was 1 and reaction time was 1h.  
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Compared with PANi on BC nanofibers alone (PANi-BC), PANi 

polymerized on Si-BC (PANi-Si-BC) had thicker granular structures along the 

fibers (Figure 4-7). The typical spherical structure of SiNPs was not observed 

in PANi-Si-BC, but the surface of SiNPs was coated with PANi, which 

formed a porous, granular structure (Figure 4-7B). The porous structure of 

PANi at the SiNPs enhanced the Li-ion diffusion and electrolyte penetration 

into the electrode, and provided free space for volume expansion of the SiNPs 

during electrochemical cycling when the material is used in Li-ion batteries. 

As shown in the cross-sectional image of PANi-Si-BC, aniline monomers 

diffused inside of the BC pellicles and polymerized to form highly porous 

PANi, which filled the spaces in the BC pellicles (Figure 4-7C).  

SiNPs coated with PANi were observed in the TEM images shown in 

Figure 4-8. SiNPs were immobilized on the surface of the networked BC 

nanofibers, which showed reasonable stability after harsh ultrasonication 

(Figure 4-8A). When aniline monomers were polymerized with unmodified 

SiNPs, PANi was not observed on the surface of the SiNPs. Instead, PANi 

with a branch-like morphology was formed in the bulk, as shown in Figure 4-

8B. SiNPs were encapsulated well by PANi when aniline monomers 

polymerized in the presence of phytic acid, (Figure 4-8C). The increased 

affinity of SiNPs to PANi could be attributed to the hydrogen bonding 

between phosphoric acid groups of phytic acid at the SiNPs surface and amine 

groups of aniline monomers (Figure 4-5). The gaps between the SiNPs in the  
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Figure 4-7. SEM images of composites. (A) Surface image of PANi-BC, (B) 

surface image of PANi-Si-BC, and (C) cross sectional images of freeze-

dried PANi-Si-BC. 
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Figure 4-8. TEM images of composites. (A) Si-BC and (B) PANi-Si 

without phytic acid. (C) PANi-Si and (D) PANi-Si-BC with phytic acid. 
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Si-BC samples were filled with PANi, which would provide the composite 

with better conductivity due to its compact structure (Figure 4-8D).  

The presence of SiNPs in the PANi-Si-BC composites was confirmed by 

XRD analysis (Figure 4-9A). The XRD spectrum of the BC had two 

characteristic peaks at 2θ = 14.6°, 22.6°, indexed to (1Ī0) and (200) 

reflections of cellulose I, respectively [162]. PANi-BC showed broad peaks at 

2θ = 14.7°, 20.3°, 25.2°, but the degree of crystallinity of the PANi was very 

low. The two broad peaks at 20.3° and 25.2° were caused by the periodicity 

parallel and perpendicular to the polymer chain, respectively [122, 163]. The 

intensity of the BC peaks decreased as the amorphous PANi was synthesized 

on the BC nanofibers. PANi-Si-BC showed three additional peaks indexed to 

the (111), (200) and (311) planes of Si while PANi-BC without SiNPs did not 

show the assigned peaks for Si [164, 165]. These observations confirmed that 

the SiNPs were well encapsulated in PANi on the BC composites. However, 

the presence of SiNPs in the composites reduced the ratio of the peak intensity 

at 2θ = 14.6° to the peak intensity at 2θ = 22.6° while the ratio of the peak 

intensities didn’t change for pure BC and phytic acid treated BC (Figure 4-

9B). It resulted from the restricted intermolecular interactions between the 

cellulose nanofibers whose space was occupied with ~100 nm size of SiNPs. 

Figure 4-10 shows TGA curves of the BC, Si-BC, and PANi-Si-BC. All 

samples showed a weight reduction of about 4 % below 150 °C, which was 

attributed to water evaporation. The degradation of BC occurred at about 
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Figure 4-9. XRD patterns of composites. (A) SiNPs, BC, PANi-BC, and 

PANi-Si-BC. (B) Change of crystallinity after the incorporation of SiNPs 

in BC. 
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Figure 4-10. Thermal stability of the composites. Thermogravimetric 

curves of BC, Si-BC and PANi-Si-BC were obtained using 10 mg of a 

vacuum dried sample in the range of temperature from 25 °C to 600 °C at 

a heating rate of 10 °C min
−1

 under flowing nitrogen. 
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342 °C due to the cleavage of cellulose chains [166]. The residue of BC was 

4.7 % of the total weight at 600 °C. When normal BCs are dried, inter-and 

intramolecular hydrogen bonding occurs between the cellulose chains [167]. 

In the case of Si-BC, the presence of SiNPs restricted the packing of cellulose 

chains during dehydration. For this reason, the first thermal degradation of Si-

BC occurred at 331 °C, which was about 11 °C lower than the BC. However, 

the weight loss of Si-BC was smaller than BC due to the high thermal stability 

of SiNPs.  

The weight residue of the Si-BC (initial weight percent SiNPs 28.9 %, 

BC 71.1 %) was 30.7 % of the total weight at 600 °C (Figure 4-10). 

Considering  4.7 % of BC residue at 600 °C in the TGA curve, the weight 

residue of BC in Si-BC composite would be 3.3 %. Therefore, the actual 

weight residue of SiNPs in the Si-BC composite was determined to be 27.4%. 

It was in agreement with 28.9 % of the initial weight percent of SiNPs in the 

Si-BC composites. 

The first degradation of PANi-Si-BC (initial weight percent PANi 63.5 %, 

SiNPs 10.5 %, BC 25.7 %) occurred at 248 °C, which was much lower than 

normal BC or Si-BC. The degradation at lower temperature was associated to 

the weakened intermolecular hydrogen bonding of BC in the PANi-BC 

composite [121], low molecular weight of polyaniline and dopant evaporates 

[168, 169]. The weight loss at 517 °C was attributed to the thermal 

degradation of polyaniline chains, and the weight residue of PANi-Si-BC was 
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54.4 % at 600 °C [122, 163].  

The effect of phytic acid on the degradation of cellulose was investigated 

by the morphological change of the cellulose which was immersed in 0.2 % 

phytic acid solution for 1 day (Figure 4-11A). Since the phytic acid was used 

for the modification of SiNP surfaces rather than for the modification of 

cellulose fibers, the possibility of the direct degradation or catalytic 

degradation of cellulose chains would be negligible. XRD data didn’t show 

any significant difference between the BC and phytic acid treated BC 

confirming the chemical stability of BC. We also confirmed the thermal 

stability of BC immersed in phytic acid solution through the thermal 

decomposition behavior by TGA (Figure 4-11B). The phytic acid treated BC 

showed a similar thermal decomposition behavior to normal BC and no 

significant difference could be found in the TGA curves. 
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Figure 4-11. Effect of phytic acid on the composites. (A) Morphological 

change and (B) the thermal stability of composites. 
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4.3.3. Conductivity of nanocomposite under bending stress 

Stable electrode conductivity is a critical factor because the brittleness of 

PANi is the main barrier to its use in flexible batteries. Therefore, we 

investigated the conductivity of BC composites under bending stress. Prior to 

the conductivity measurement, we found out that the electrical properties of 

the composites could be changed by the moisture adsorption due to the 

sensitivity of cellulose to the moisture. First, samples were stored in 

desiccator until the use and the measurement of electrical conductivity was 

performed at 20% relative humidity and room temperature. PANi-Si-BC 

composites were bent while the conductivity was continuously measured. The 

radius of curvature was calculated based on a diagram of a dome formed 

during application of the bending stress (Figures 4-12A). As shown in Figure 

4-12B, PANi-Si-BC composites did not show significant changes in resistance 

over the whole range of bending curvature. Based on these data, we concluded 

that BC provided mechanical stability to the composites by providing a 

characteristic 3D networked structure. Stable conductivity under repetitive 

bending stress is important for reliable electrical applications. PANi-Si-BC 

retained its initial conductivity for 100 bending stress cycles, which confirmed 

its reliability as a flexible electrical component (Figure 4-12C). 
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Figure 4-12. Electrical stability of the composites to bending stress. (A) 

Optical images of bending process using UTM and parameters for the 

calculation of the bending radius, (B) resistance variation of PANi-Si-BC 

composite for changes in bending radius, and (C) the percentage of 

resistance change of the composite according to bending cycles up to 100 

cycles. 
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4.4. Summary 

BC was used both as a binding template for SiNPs and as a template for 

in situ polymerization of 3D networked PANi. SiNPs were uniformly attached 

to the surface of BC pellicles along the nanofibers. Phytic acid enhanced the 

binding efficiency of SiNPs to both BC nanofibers and aniline by providing 

increased hydro-gen bonding. The conductive PANi-Si-BC composite showed 

stable conductivity under repetitive bending stresses, which confirmed its 

potential for use as a flexible anode component in flexible recharge-able 

batteries. 
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Chapter 5 

 Surface-enhanced Raman scattering sensor 

based on a BC hydrogel 
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5.1. Introduction 

Surface-enhanced Raman scattering (SERS) has drawn great attention as 

a sensitive and label-free analytical tool due to its high sensitivity, specificity, 

and rapid response in the detection of chemical and biological analytes [170-

172]. Critical to the organization of the SERS-sensor is increasing the density 

of SERS hot spots, which have relevance to the strong electromagnetic field 

associated with the surface plasmon resonance of metal metal nanostructures 

[173]. Hot spots are normally formed at the interstices adjoining metal 

nanoparticles, and enhance the Raman signal of the adsorbed analytes [171]. 

Many studies have been conducted on the design of 2D SERS substrates; 

controlling the size and shape of the nanoparticles, as well as the interparticle 

distances for the optimization of hot spots [174-176]. 3D SERS substrates are 

currently receiving attention because of their potential to maximize hot spot 

numbers when compared with 2D substrates [171, 173]. A variety of 

substrates, such as AgNPs-decorated Au-nanotip arrays for label-free DNA 

detection, AgNPs-decorated ZnO-nanorod arrays for polychlorinated 

biphenyls detection, porous structures of nanowire networks, vertically-

aligned CNTs, and AuNPs-deposited filter papers, have been investigated 

[177-181]. In comparison with 2D nanostructures, 3D nanostructures have the 

associated advantages of larger surface area, allowing a larger number of 

SERS hot spots as well as sites for adsorbing analytes [182]. 3D substrates 

can also supply spaces for capturing analytes, which 2D substrates cannot 
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capture effectively. 

The application of cellulose as a template for the synthesis of metal 

nanoparticles has been attempted [183-186]. BC is considered a better 

candidate for metallic support than other plant cellulose [187-190]. Since the 

nanoparticles were synthesized and immobilized on the substrate, the 

aggregation of nanoparticles in the process of detection was avoided. Another 

advantage of this process is that the contraction of BC layers was also 

determined to be part of the process used to confirm the advantages of BC-

metal hybrids. A logical expectation was that variations in deformation would 

generate SERS hot spots and enhance the SERS intensity.  

In this part, increasing of SERS intensity as driven by the spatial 

deformation of AuNPs-BC hydrogels was described. The interlayer distances 

of AuNPs-BC could influence the SERS signal due to the decrease of inter-

particle distance of AuNPs within BC. For preparing AuNPs-BC hydrogel, in 

situ synthesis method was used. In this process, BC nanofibers were used not 

only as a template, but also as an immobilized reducing agent to synthesize 

the high density of AuNPs with 20nm size. Many hydroxyl groups of BC 

fibers could provide reducing power for metal synthesis without a reducing 

reagent (Figure 5-1). 
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Figure 5-1. Schematic representation of the process for preparing AuNPs-

BC hydrogel. 
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5.2. Materials and method 

5.2.1. In situ synthesis of gold nanoparticles (AuNPs)-BC 

AuNPs-BC hydrogels were synthesized via the reduction of HAuCl4 on 

the BC fibers. A mixed solution of 46.7 μL of HAuCl4 (21.4 %) and 99 mL of 

DI water was heated to boiling. After a yellowish suspension was formed, the 

purified BC hydrogel (5 mm  5 mm  3 mm) was added to the solution with 

vigorous stirring. AuNPs were grown on the BC for 10, 30 and 60 min, and 

washed with DI water to stop the reaction. The AuNPs-BC hydrogel was 

stored in DI water until use. 

5.2.2. Characterization of AuNPs-BC nanocomposites 

The UV-Visible absorption spectra of the samples were obtained using a 

UV-Visible spectrophotometer (Optizen 2120UV, Mecasys), and the crystal 

structure of the samples was determined using a high-resolution x-ray 

diffractometer (XRD, D8 DISCOVER, Bruker). Transmission electron 

microscopy (TEM, Leo-EM912 Omega, Carl Zeiss) was conducted at an 

acceleration voltage of 200 kV. The surface and cross-sectional morphology 

of the samples was obtained at an acceleration voltage of 2 kV using field 

emission-scanning electron microscopy (FE-SEM, JSM-6330F, JEOL). 

Raman measurements were taken using a micro-Raman system (JY-Horiba, 

LabRam 300) equipped with a thermoelectrically-cooled (-70 °C) CCD 
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detector. The signal was collected by a ×50 objective lens (Olympus, 0.55 NA) 

with back-scattering geometry. The 647 nm laser line from a Kr ion laser 

(Coherent, Innova 300C) was used as the excitation source. An acquisition 

time of 1 s was used with a laser power at the sample of 0.55 mW. 

5.2.3. SERS experiments 

Solutions of 4-FBT and PAA at different concentrations (10
-7

 and 10
-3

 M) 

were prepared in water. The AuNPs-BC hydrogel was immersed into 1 mL of 

solution for 30 min. After soaking in analyte solution, the samples were rinsed 

several times with DI water and freeze-dried or heat-dried at 80 °C for 3 h. 

AuNPs-attached cover glass was prepared as a control surface for the SERS 

substrate. For Raman measurement, an excitation laser source of 647 nm was 

employed due to the plasmon absorption of AuNPs within the BC hydrogel. 

The acquisition time was 1 s, and the power at the sample was 0.55 mW for 

each measurement. 

5.3. Results and discussion 

5.3.1. In situ synthesis of AuNPs-BC hydrogel 

BC nanofibers were used not only as template but as immobilized 

reducing agent to in situ synthesize the AuNPs-BC hydrogel. This method is a 

simple and environment-friendly hydrothermal synthesis technique because 

lots of hydroxyl groups of BC fibers could provide reducing power for metal 
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synthesis without reducing reagent [172, 190]. After the BC hydrogel was 

added into the boiling HAuCl4 solution, the reaction occurred immediately 

and the color of the BC hydrogel gradually changed from white to purple, 

which is characteristic of surface plasmon resonance of AuNPs, and indicated 

the formation of the AuNPs in the BC hydrogel (Figures 5.2A and B). Pure 

BC hydrogel showed no absorption bands in the range from 400 to 800 nm. 

However, AuNPs-BC hydrogel showed a typical plasmon extinction of 

AuNPs at 550 nm (Figure 5.2C). Since the color of the solution did not 

change at all during the reduction process, the color change of BC hydrogel 

revealed that AuNPs had grown on the surface nanofibers within BC hydrogel. 

This result indicated that cellulose was able to reduce Au
+
 ions to Au under 

hydrothermal environment. The XRD spectrum of pure BC nanofibers (Figure 

5.2D) had three peaks at 14°, 16°, 22°, indexed to (1Ī0), (110), and (200) 

reflections of cellulose I, respectively [188, 191]. Besides these peaks of BC, 

the XRD spectrum of the AuNPs-BC hydrogel had additional four peaks 

indexed to the (111), (200), (220), and (311) planes of face-centered cubic (fcc) 

Au [188]. The XRD analysis confirmed that AuNPs were well synthesized on 

the BC nanofibers in the composites.  

The AuNPs were immobilized stably on the nanofiber surface even after 

the harsh ultrasonication. The AuNPs synthesized at different reaction time on 

the BC fibers of hydrogel were characterized by TEM. The size of AuNPs was 

less than 15 nm in diameter at the reaction time of 5 min but it increased as 
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Figure 5.2. Preparation of highly dispersed AuNPs-BC. Optical image of 

normal BC (A) and AuNPs-BC (B). (C) Absorption spectra of AuNPs-BC 

and normal BC and (D) characteristic XRD peaks of AuNPs-BC and 

normal BC. 

 

 

 



103 

 

the reaction time increased. (Figure 5.3) Although the particle density in the 

hydrogel also increased as the reaction time increased, the size distribution of 

AuNPs became broader at the reaction time of 30 min (Figure 5.3C). For the 

uniformity of AuNPs (20.67 nm ± 3.62 nm), the AuNPs-BC prepared at the 

reaction time of 10 min was used for the further experiments. Figure 23 D 

shows the energy-dispersive spectrum (EDS) from SEM of same sample of 

figure 2B. This spectrum had only C, O and Au elements in the composites. It 

means that the AuNPs-BC composites have been fabricated successfully by in 

situ synthesis of AuNPs. 
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Figure 5.3. TEM images of AuNPs-BC synthesized with different reaction 

time. (A) 5, (B) 30 and (C) 60 min. Inserted micrographs are SEM images 

of each samples. (D) EDS spectrum from SEM image of sample (B) 
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5.3.2. SERS measurement using undeformed AuNPs-BC 

The BC hydrogel had a unique 3D network structure consisting of 

nanofibers whose diameter was several tens of nanometers. Cross-sectional 

image of freeze-dried AuNPs-BC hydrogel showed a unique multilayered 

structure of ultrathin layers spacing regularly by 6.25 μm apart (Figures 5-4A 

and B). Figure 5-4C is graph of thickness of BC hydrogel as a function of 

cultivation time. 2 days cultured BC was not well formed and very thin almost 

62 μm. The thickness of 3 days cultured BC was 180 μm, 4 days cultured BC 

was 277 μm, and 6 days cultured BC was 304 μm. In figure 33, 32 layers are 

existed in 208 μm size. Therefor the number of layers and the thickness of 

each sample could be calculated. The number of BC layers increased 

proportionally as the cultivation time increased. Four BC hydrogels with 

different number of layers (about 10, 30, 40 and 50 layers) were prepared for 

AuNPs formation. Because of a highly porous structure, gold ions could be 

easily infiltrated into the interlayer of BC hydrogel and formed a 

homogeneous 3D AuNPs-BC hydrogel with SERS activity. The SERS 

intensity could be influenced by the number of BC layers. Raman signals of 4-

FBT were measured with undeformed AuNPs-BC substrates that had different 

number of BC layers. Typical SERS spectrum was obtained as shown in 

Figure 5-5A. Increasing the BC cultivation time caused the larger number of 

layer, which increased the capacity of AuNP-BC for 3D SERS substrates 

(Figure 5-5B).  
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Figure 5.4. The multilayer structure of the BC hydrogel. (A) The cross-

sectional SEM image of the freeze-dried BC hydrogel, (B) spacing 

between BC layers, and (C) the thickness of the BC hydrogel as a 

function of cultivation time. 
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Figure 5-5. SERS measurement with undeformed AuNPs-BC hydrogel. 

(A) Typical Raman spectrum 4-FBT on AuNPs-glass and undeformed 

AuNPs-BC. (B) Effect of layer number on SERS intensity. SERS signal at 

1075 cm
-1

 was compared. 
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Also, SERS intensity depending on concentration of 4-FBT shows 

linearity in the range from 1.0 x 10
-6

 M to 1.0 x 10
-3

 M (Figure 5-6) thus this 

substrates is expected to make quantitative measurements possible. For 

comparison, detection of 4-FBT using two dimensional SERS substrate also 

attempted. 2D substrate was fabricated on the 3-aminopropyltriethoxysilane-

coupled glass with ~20 nm AuNPs in a simple way. The 2D substrates were 

treated with analyte solution in the same way as AuNPs-BC and the SERS 

measurement condition was also same, but the result was quite different. Any 

trend in intensity of SERS spectra for different concentration of 4-FBT could 

not be observed well (figure 5-6A). Control of hot spot in this type of 2D 

substrate seemed to be difficult and also the signals were weak relatively. Au 

NPs should be heavily attached for large signal enhancement, which causes 

heterogeneous sensor surfaces and randomly located hot spots. On the other 

hand, the tendency of signal intensity displayed in AuNPs-BC (figure 5-6B) is 

thought to arise from controlled fabrication of many hot spot sites utilizing 3D 

networked BC substrates containing AuNPs.  
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Figure 5-6. SERS spectra of different concentrations of 4-FBT obtained 

with (A) two dimensional AuNPs-attached glass substrate, and (B) 

undeformed AuNPs-BC. 
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5.3.3. SERS measurement using deformed AuNPs-BC 

Enhancement of SERS signal depends on the density of SERS hot spots 

that are located at nanogap between particles and sharp edge of nanostructures. 

From the feasibility test, we found out that SERS hot spot density within the 

AuNPs-BC could be increased by contracting the 3D structure of AuNPs-BC 

hydrogels. In natural, AuNPs-BC shrinks in the drying process and the 

interlayer distance tends to decrease. The morphological difference between 

hydrated and dehydrated AuNPs-BC hydrogels was clearly observed in the 

SEM images (Figure 5-7). BC nanofibers of hydrated BC were loosely 

tangled and each layer was spatially separated by 6.5 nm (Figure 5-7A and B). 

In the middle of dehydration of BC hydrogels, AuNPs in the BC layers could 

be closely packed as shown in Figure 5-7C and D. Furthermore, the close 

packing of AuNPs could increase the possibility for the analytes confined 

between the BC layers to be detected by SERS. The effect of contracting 

AuNPs-BC on SERS enhancement was significant as shown in Figure 5-8 and 

5-9. The SERS intensity of AuNPs-BC increased up to 10 times by spatial 

deformation (5-8).  

Figure 5-9D shows that the SERS intensities comparison for three 

substrates and the signal intensity can be significantly amplified by change of 

dimensional characteristics due to increase of analyte molecules in the focal 

volume. 



111 

 

 

 

 

 

 

Figure 5-7. FE-SEM images of AuNPs-BC composites. Top view (A) and 

cross-section (B) of hydrogel-state of Au30-BC. Top view (C) and cross-

section (D) of spatially deformed Au30-BC. 
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Figure 5-8. Effect of spatial deformation of AuNPs-BC hydrogel on SERS 

signal. SERS spectra of 4-FBT obtained with undeformed AuNP-BC, and 

spatially deformed AuNP-BC. 4-FBT concentration: 10
-3

 M. 
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Figure 5-9. Detection of 4-FBT with AuNPs-BC composites (A) Schematic 

description for additional enhancement of SERS in case of the molecules 

which have strong affinity to noble metal surface such as 4-FBT (B) 

SERS spectra of 4-FBT obtained with undeformed AuNP-BC substrates, 

(C) SERS spectra of 4-FBT obtained with spatially deformed AuNP-BC 

substrates, and (D) SERS intensities comparison for three substrates. 
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5.3.4. Detection of molecules with weak affinity to Au surfaces 

In general, SERS effect is less significant for chemicals which have little 

affinity to metal surface. PAA is one of the chemicals showing weak affinity 

to the gold surface. This analyte was chosen for the feasibility study of 

contraction-mediated SERS enhancement (5-10). As shown in Figure 5-10D, 

no specific band was observed from PAA (1 x10
-7

 M) with undeformed 

AuNPs-BC. On the contrary, several characteristic SERS signals were 

detected clearly with a spatially deformed AuNPs-BC hydrogel as shown in 

Figure 5-10D. Specifically, a band at 997 cm
-1

 could be assigned to in-plane 

bending mode and a broad band at 1500 ~ 1600 cm
-1

 was determined to be a 

characteristic feature of photo-decomposed carbons of benzene ring [192-

194]. The significant enhancement of SERS signal resulted from locating the 

molecules in a close proximity to AuNPs by contracting AuNPs-BC hydrogel 

(Figure 5-10). 

The 3D networked structure of BC hydrogel interposes water due to its 

highly nanoporous structure and characteristic of fibers which displays a good 

sorption of water. Because most biomolecules are active in wet condition, 

AuNPs-BC hydrogel can be a good substrate for functional SERS detection. 

SERS signal enhancement in wet condition is in progress.  
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Figure 5-10. Detection of PAA with AuNPs-BC composites (A) Schematic 

description for additional enhancement of SERS in case of molecules 

which have weak affinity to noble metal surface such as PAA (B) SERS 

spectra of PAA obtained with unmodified AuNP-BC substrates and (C) 

SERS spectra of PAA obtained with spatial deformed AuNP-BC 

substrates (D) SERS spectrum of PAA with concentration of 1 x 10
-7

 M. 
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5.4. Summary 

AuNP-BC hydrogels were fabricated via the reduction of AuNPs on BC 

fibers. The SERS signal could be significantly enhanced by spatially 

deforming the hydrogels in the process of drying. The BC hydrogel had a 

unique microstructure of multilayers with regular spacing. The spacing 

between layers could be reduced in the process of drying, and AuNPs on the 

BC nanofibers could form a number of hotspots as a result. SERS signal 

enhancement was confirmed with 4-FBT and PAA. PAA in particular, which 

did not have affinity for the AuNP surface, could be successfully detected by 

contracting the AuNP-BC hydrogels. 
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Chapter 6 

Oxidized BC/alginate hydrogel for             

cell encapsulation 
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6.1. Introduction 

Cell encapsulation has been interested in a technology to provide 

immunoprotection for transplanted cells. The cells are able to be protected 

from the immune systems by semipermeable membrane that let nutrients and 

secreted proteins permeate while isolating the cells from hostile immune 

reaction. Therefore transplantation of encapsulated cells has been suggested to 

be a promising cell-based treatment for a variety of diseases such as diabetes, 

metabolic deficiencies, liver failure, cancer, and neurodegenerative and 

cardiovascular diseases [195-198]. Alginate is a biopolymer that forms a 

hydrogel in the presence of divalent cations, such as Ca
2+

 [199]. Because 

alginate hydrogels have excellent biocompatibility, they have been 

preferentially used to protect transplanted cells from immune rejection and as 

a matrix to increase the cell viability in cell encapsulation. However alginate 

has not sufficient mechanical and chemical resistance properties to achieve 

long-term transplantation. Consequently many researches are conducted to 

overcome the limitation by adding other polymers such as chitosan, cellulose, 

pectin, starch in alginate matrix. 

Superior properties of BC make it as a promising material for not only 

reinforcing matrix but also functional materials. However, BC is difficult to 

convert into materials for components of composites due to its high 

crystallinity and interconnected 3D structure owing to large number of 

hydrogen bonds. Thus, so far various systems have been investigated to make 
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individualized cellulose fibrils dispersed in water. Such modifications could 

make it possible to loosen the adhesion between cellulose fibrils by breaking 

the interfibril hydrogen bonds. Among the many methods, TEMPO-oxidation 

process is a good way to modify some surface of cellulose for obtaining well 

dispersed fibrils without significant aggregation cellulose due to the 

electrostatic repulsion of nanofibers. TEMPO-oxidation method is easily 

reacted under mild condition, environment friendly compared to other 

methods.  

Therefore, in this part, a novel approach to design alginate-cellulose 

membrane for cell encapsulation was attempted. 6,6-tetramethylpiperidine-1-

oxylradical TOBC was used to obtain improved properties of hydrogel for cell 

encapsulation. Both TOBC and alginate have similar chemical structure and 

they can participate in divalent calcium ions (Ca
2+

) crosslinking process. 

Carboxyl groups on the surface of TOBC can participate in the forming of an 

alginate based composite and play important roles in the structural, 

mechanical and chemical stability (Figure 6-1). 
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Figure 6-1. Schematic representation of alginate and TOBC beads. (A) 

Optical microscopy image of alginate bead and scheme of surface 

structure of alginate bead, (B) scheme of the structure of egg-box 

junction zones of alginate. (C) Optical microscopy image of 

alginate/TOBC bead and scheme of surface structure of alginate/TOBC 

bead, (D) scheme of the structure of egg-box junction zones of 

alginate/TOBC. 
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6.2. Materials and method 

6.2.1. Preparation of TEMPO-mediated oxidized BC (TOBC) 

The bacterial cellulose were oxidized by a 2,2,6,6-tetramethylpiperidine-

1-oxyl (TEMPO)-mediated system. To obtain TEMPO-oxidized BC, 20 g 

hydrogels (wetting weight) were cut into small pieces then suspended in 500 

mL distilled water containing 20 mg TEMPO and 0.5 g NaBr. And 15 mL 5% 

NaClO solution was added to the BC suspension to start the oxidation. The 

pH value was maintained at 10 using a NaOH solution. The mixture was 

vigorously agitated using a magnetic stirrer bar for 1 day. At the end of a 

reaction time, the oxidation was quenched by adding ethanol to the suspension. 

The products were collected by centrifugation at 15000rpm for 15min and 

dialyzed in a cellulose tube (Spectra/Por® , Spectrum Laboratories, Inc., USA, 

molecular weight cut off 12,000-14,000) against circulating purified water for 

2 days at room temperature, and finally autoclaved at 120 °C for 20 min. 

6.2.2. Preparation of alginate/TOBC beads 

The extrusion technique was used for the preparation of the 

alginate/TOBC beads. Briefly, 2mL of cell suspension was mixed with 2 mL 

of autoclaved (121 °C, 20 min) sodium alginate solution containing with 

various content of TOBC. The cell suspension/polymer mixture (1 mL) was 

extruded through a capillary and dropped with N2 gas blowing into a calcium 

chloride (2 %) bath for gelation. Following the encapsulation step, beads were 
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transferred to a tissue culture plate. The CaCl2 solution was removed and the 

beads were washed with PBS (Gibco). The PBS was removed and replaced 

with cell culture medium. 

6.2.3. Characterization of alginate/TOBC beads 

Transmission images of both alginate/TOBC beads and encapsulated 

cells were captured under light microscope Transmission electron microscopy 

(TEM, Leo-EM912 Omega, Carl Zeiss) was conducted at an acceleration 

voltage of 200 kV to observe the morphology of BC and TOBC. The 

morphologies of the samples were observed at an acceleration voltage of 2 kV 

using field emission scanning electron microscopy (FE-SEM, JSM-6330F, 

JEOL). The mechanical properties of alginate/TOBC beads (compression test) 

were investigated using a dynamical mechanical analyzer fitted with a 10 N 

load cell. For compression testing, the samples were prepared as sphere 2 mm 

in diameter and compressed to 40 % of their original thickness with a constant 

crosshead speed of 0.005 mm/s at room temperature. Three specimens were 

tested for each sample. Means and standard deviations are reported. Chemical 

resistance property was observed by soaked the beads for 1 h in 40 mM 

sodium citrate solution. Morphological changes of the beads were observed 

after soaking. 

To evaluate the diffusion properties of alginate/TOBC beads, model 

molecules with different molecular weights were used; Dextran (Mw 4 kDa) 
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conjugated FITC, dextran (Mw 150 kDa) conjugated FITC. These were 

incubated 2 h with alginate/TOBC beads and their permeabilities were 

determined using confocal microscopy. 

6.2.4. Viability and proliferation of encapsulated cells 

Encapsulated cells were cultured in a humidified 5 % CO2 incubator at 

37 °C for 1, 3, and 5days until examination. After incubation as function of 

days, encapsulated cells in same volume medium were recovered using 80mM 

sodium citrate and trypsin followed by centrifugation. The cells were 

calculated used by Petroff-Hausser counting chamber. To investigate the 

viability of encapsulated cells, cells were recovered using 80mM sodium 

citrate and centrifugation. And then Live/Dead fluorescence assay was 

performed and observed by an Olympus fluorescence microscope. 

6.3. Results and discussion 

6.3.1. Preparation of alginate/TOBC beads 

The selective oxidation of BC at the C6 carbon was successfully 

performed using TEMPO (Figure 6-2). Figure 6-2B shows a relationship 

between the amount of added NaClO as the primary oxidant and carboxylate 

content. The carboxylate content was clearly increased by the addition of 5% 

NaClO up to 12 mL and slight increase in carboxylate content was observed 

during the addition of NaClO from 18 to 24 mL. The carboxylate content at 
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the point of 18 mL was 0.938 mmol/g which corresponded to approximately 

one carboxylate group per 3 cellulose repeating units on average. FT-IR 

spectra presented the modification of chains by carboxyl group asymmetric 

stretching band at 1602 cm
-1

. On the other hand, stretching vibration band of 

C−H at 2896~2990 cm
-1 

and stretching vibration band of −OH groups around 

3345~3539 cm
-1 

were reduced after the modification into TOBC [200-202] 

(Figure 6-2C). The effect of oxidation on the crystalline structure of BC was 

further investigated with XRD and TEM analysis. Because the TEMPO 

mediated oxidation of BC fibers only occurred at the surface of cellulose 

fibers, the original morphology such as aspect ratio of fibers and the integrity 

of the crystal were maintained. As shown in Figure 6-2D, TOBC still 

distinctly presented the diffraction peaks of BC at 2theta angles around 14, 16, 

and 22 [188, 200].  
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Figure 6-2. Selective oxidation of C6 primary hydroxyls of cellulose to 

carboxylate groups by TEMPO/NaBr/NaClO oxidation in water at pH 10. 

(A) Chemical structures of pure BC and TOBC, (B) A relationship 

between the amount of NaClO and the carboxylate content of the 

oxidized cellulose, (C) FT-IR spectra for pure BC and TOBC, and (D) X-

ray diffraction patterns of the pure BC and TOBC. 
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Figure 6-3 showed the changes of morphology and dimension of BC 

before and after oxidization. Pure BC exhibited an entangled network-

structure with a several micrometer in length and tens of nanometer in 

diameter. Although the length of fibers was slightly decreased, the fiber 

structure was maintained. The introduction of carboxyl groups at the surface 

of the BC fibrils increased the gaps between adjacent fibers as a result of 

repulsive interaction of anionic charges, thus forming a well dispersed state. 

TOBC nanofibers with a high aspect ratio were morphologically similar to the 

BC fibers but less bundles and networkings were observed due to the lack of 

adhesion between nanofibers.  

Figure 6-4 shows the SEM images of the beads formed with different 

amount of TOBC in alginate/TOBC composite. While the surface of alginate 

beads was porous, the surface of alginate/TOBC beads became nonporous 

after TOBC was introduced into alginate because the mixture of TOBC 

nanofibers and alginate created the networked structure by coupling with 

divalent ions.   

 The intermolecular interactions between alginate and TOBC components 

were confirmed by FTIR analysis (Figure 6-5A). The peak at 1598 cm
-1 

is a 

characteristic carbonly group of alginate. As the amount of TOBC added to 

alginate increased, the characteristic band shifted toward higher wavelength. 

Specifically, a peak located at 1598 cm
-1 

in alginate shifted to 1603 cm
-1 

with 

adding TOBC. The shift indicated that the carboxylic groups in TOBC could 
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be attributed to crossliking network with alginate through ionic interactions 

[200]. Although alginate showed an amorphous structure, the crystallinity of 

alginate/TOBC composites gradually increased with the increase of cellulose 

content. It was confirmed from the diffraction peaks at 14°, 16°, and 22°, 

which were characteristic to the crystalline cellulose (Figure 6-5B). 
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Figure 6-3. Preparation of the TOBC. (A) Optical image of pure BC, (B) 

TEM images of pure BC, and (C) TOBC. 
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Figure 6-4. SEM images of surface morphology of alginate/TOBC 

microbeads regarding the TOBC content. (A) alginate beads, (B) alginate 

/TOBC10 beads and (C) alginate /TOBC20 beads. Inserted micrographs 

are optical images of each samples. (D~F) are magnified images of (A~C). 
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Figure 6-5. (A) FT-IR spectra for alginate /TOBC composites with 

various cellulose contents. (B) XRD patterns for alginate/TOBC 

composites with various TOBC contents. 
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6.3.2. Mechanical and chemical stability of alginate/TOBC 

The compressive mechanical property of the alginate/TOBC composites 

was evaluated. As expected, the mechanical property of the composites 

depended on the contents of the TOBC. The compressive stress−strain curves 

showed that the addition of less than 20 % of TOBC formed more robust 

beads than the beads formed with alginate only. The compressive modulus of 

beads also increased as the contents of TOBC increased up to 20 % (Figure 6-

6B). The results showed that introducing low content TOBC in the alginate 

hydrogel matrix enhanced the mechanical strength of the composites. TOBC 

could participate in the crosslinking reaction and make good conjunction with 

alginate playing a role of structural frames. However, the addition of more 

than 30 % of TOBC deteriorated the compressive strength of beads (Figure 6-

6A). It was caused by the smaller number of COO
-
 groups in TOBC available 

for the ionic crosslinking with the alginate. The TOBC chains not involved in 

crosslinking made the composite have low mechanical strength.  

The chemical stability of the beads was evaluated by soaking the beads in 

an aqueous solution of 40 mM sodium citrate for chelating with calcium. The 

morphological changes of the gel beads were observed after 6 and 60 min 

(Figure 6-7). The alginate beads soaked for 6 min in the solution were 

disintegrated and lost their spherical shape due to drastic swelling caused by 

the chelation of calcium ions (Figure 6-7B). 40 mM sodium citrate was found 

to be sufficient to extract most of calcium ions from alginate beads.  
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Figure 6-6. (A) Compressive stress-strain curves for various 

alginate/TOBC beads. (B) Compressive Modulus of various 

alginate/TOBC beads. 
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It is undesirable in biomedical applications because it would lead to lose 

immunoprotective properties and enhance host responses in body. The further 

exposure of the alginate beads to the sodium citrate solution for 60 min made 

them completely dissolved (Figure 6-7C). In contrast, the alginate/TOBC 

beads were observed to keep their spherical shape even after 60 min (Figure 

6-7E and F). The existence of TOBC was effective in protecting from the 

swelling of alginate beads due to the tightly packed nanofibric structure 

(Figure 6-7G and H).  
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Figure 6-7. Microscopy images of alginate and alginate /TOBC20 

microbeads as formed (A, D), after being exposed to 40mM sodium 

citrate in 6min(B, E) and 60min (C, F). Scale bar = 500μm (G) SEM 

images of alginate /TOBC20 microbeads after being exposed to 40mM 

sodium citrate in 60min. (H) is magnified images of (G). 
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6.3.3. Permeability of alginate/TOBC beads 

Alginate/TOBC composite membrane could be permeable to small 

molecules like oxygen (16 Da), glucose (180 Da) or large molecules (growth 

factor ~30 kDa) for maintenance of cellular viability and function. Also, the 

BC composite membrane should not be permeable to host IgG antibodies (150 

kDa) to protect the encapsulated cells from the host immune system. In 

addition, the alginate/TOBC composite membrane must be permeable to the 

therapeutic molecules (dopamine 153 Da, insulin 6 kDa) for the clinical 

application. To find out the permeable property of BC composite membrane, 

the permeability of alginate/TOBC beads was evaluated using 4 and 150 kDa 

FITC-dextran. Figure 6-8 is fluorescence microscopic images of beads 

containing 4 and 150 kDa FITC-dextran. Samples were incubated in water to 

investigate the permeability of samples. In all cases, 4 kDa FITC Dextran 

could release out of the beads. While, 150 kDa FITC-Dextran could not 

release out of the beads. Therefore, green fluorescence only existed inside of 

beads. Figure 6-9 is cross-sectional confocal images of beads to illustrate the 

permeability of different molecular weight FITC–dextran for all samples. 

Small molecules (4 kDa FITC-dextran) could penetrate the entire all beads 

within 2 h. Images showed high permeability of 4 kDa FITC–dextran for all 

samples (Figure 6-9A, C, and E). However after 2 h incubation, the bigger 

sized molecules (150 kDa FITC-dextran) could not penetrate into all beads. 

Therefore green fluorescence only existed outside of beads and the inside of 

the beads looked black (Figure 6-9 A, C, and E). Such a semi-permeable 
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property of alginate/TOBC would play an important role in protecting 

encapsulated cells from immune biomolecules but permeating oxygen and 

low molecular weight of biological compounds and secretary proteins needed 

the cells to survive and function [203].  
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Figure 6-8. Fluorescence microscopic images for permeability assessment 

of various alginate/TOBC microbeads. Alginate beads with 4kDa FITC-

Dextran (A) and 150kDa FITC-Dextran (B) was immersed in water. After 

30min, 4kDa FITC-Dextran was released out of the beads (A2). 150kDa 

FITC-Dextran could not be released out of the beads. (B2). (C) and (D) 

are alginate/TOBC10 samples. (E) and (F) are alginate/TOBC20 samples. 
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Figure 6-9. Confocal microscopy section images for permeability 

assessment of various alginate/TOBC microbeads. Alginate beads 

incubated with 4 kDa FITC-Dextran (A) and 150 kDa FITC-Dextran (B). 

Alginate/TOBC10 beads incubated with 4 kDa FITC-Dextran (C) and 

150 kDa FITC-Dextran (D). Alginate/TOBC20 beads incubated with 4 

kDa FITC-Dextran (E) and 150 kDa FITC-Dextran (F). Scale bar = 50 

μm 
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6.3.4. Viability and proliferation of encapsulated cells 

Figure 6-10 A to C are optical microscopy images of cells encapsulated 

in alginate, alginate/TOBC10, and alginate/TOBC20 beads after the 

incubation for 5 days. Cells were well encapsulated in each bead and 

proliferated by forming cell clusters as shown in the images. The cells from 

each bead incubated for a different day were collected and counted (Figure 6-

10D). Cells encapsulated in alginate/TOBC10 and alginate/TOBC20 were 

more proliferated than cells in alginate beads.  

Live/Dead staining experiments were conducted to investigate the 

viability of the cells encapsulated in beads (Figure 6-11). Cells recovered 

from the beads were still alive and the number of cells encapsulated in the 

beads containing TOBC nanofibers was larger than alginate beads. The cells 

could efficiently be encapsulated within the alginate/TOBC beads, retained a 

high level of cell viability and preserved their ability to proliferate. General, 

isolated single cells encapsulated in beads showed lower cell viability than 

aggregated cells. It meant that forming 3D aggregated cells was helpful to 

survive and proliferate since the nanofibrous structure of TOBC could 

improve the cell proliferation. 
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Figure 6-10. Optical microscopy images of cells encapsulated in alginate 

(A), alginate/TOBC (B), and alginate/TOBC20 (C). Cell numbers for 

various alginate/TOBC beads as function of cultured days. Scale bar=250 

μm 
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Figure 6-11. After recovering the cells from beads, Live/Dead staining 

were conducted. The fluorescence images are the staining results of cells 

encapsulated in alginate (A), alginate/TOBC10 (B), and alginate/TOBC20 

beads (C). Scale bar=250 μm 
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6.4. Summary 

TEMPO-mediated oxidized bacterial cellulose (TOBC) improved the 

mechanical and chemical stability of the alginate beads. The incorporation of 

TOBC and SA was confirmed via the analysis of the chemical structure and 

crystallinity of the composite. The cells encapsulated in the beads tended to 

aggregate and form a cluster. Specifically, the cells encapsulated in the 

alginate/TOBC beads were more viable and proliferated more readily than 

were the cells in the SA beads due to the 3D fibrous contribution of TOBC, 

which was similar to the extracellular matrix. Alginate/TOBC composites are 

a potential candidate for the encapsulation of cells. 
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Chapter 7 

Thermoresponsive hybrid hydrogel of oxidized BC 

using a elastin like polypeptide 
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7.1. Introduction 

Cellulose nanofibers-based hydrogel can be fabricated from disintegrated 

cellulose suspensions [35, 204], cellulose derivatives [205, 206], and 

cellulose-polymer blending [207, 208]. Recently, stimuli responsive cellulose-

based hydrogels have been fabricated through chemical modifications or 

incorporating of polymers [209, 210]. Interestingly, carboxymethyl cellulose 

can be pH-responsive, with pKa around [186, 211]. Hydroxypropylmethyl 

cellulose is a temperature-responsive cellulose derivative exhibiting a sol-gel 

transition in aqueous solution at 41 °C [212, 213]. However, the gelation 

temperature is too high to encapsulate cells. UV light or electron-beam 

irradiation was reported for the fabrication of responsive cellulose hydrogels, 

but in situ encapsulation would be harmful to cells [209, 210].  

Elastin-like polypeptide (ELP), an artificial smart polypeptide, has 

successfully prepared by a number of different strategies. ELPs are 

biopolymers of the pentapeptide repeat Val-Pro-Gly-Xaa-Gly derived from 

human tropoelastin, where the “guest residue” Xaa can be any of the natural 

amino acids except for Pro. Besides biocompatibility, biodegradability, and 

non-immunogenicity, stimuli-responsive characteristics, in particular their 

thermo-responsive characteristic, make ELPs a very promising candidate for 

drug delivery and other biomedical applications [214-217]. ELPs are soluble 

in aqueous solution below the inverse transition temperature (Tt), and once the 
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temperature is increased above Tt, ELPs will undergo a sharp phase transition 

accompanied by aggregation.  

In this part, a thermoresponsive polysaccharide hydrogel based on BC 

and ELP was prepared for cell encapsulation. The thermoresponsive 

polysaccharide hydrogel of TOBC and ELP is unique because of reversible 

sol-gel transition by temperature and noncytotoxicity. Compared to permanent 

hydrogels using smaller size of crosslinkers, the polysaccharide hydrogel of 

TOBC and ELP is dissolvable to medium by simply decreasing a temperature. 

When TOBC and ELP were mixed together at lower temperature than Tt of 

ELPs, positively-charged ELPs were spontaneously grafted on the surface of 

negatively-charged TOBC due to the electrostatic interaction. ELPs took a 

role of “rope”, they folded and coacervated when temperature increased above 

Tt, leading TOBCs to be roped together and thereby a porous hybrid hydrogel 

of ELP and TOBC was formed (Figure 7-1). It will be a promising material in 

biotechnology and life sciences requiring smart properties such as cell 

encapsulation, tissue engineering and controlled drug release in the future. 
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Figure 7-1. Schematic representation of the process for preparing 

ELP/BC hydrogel. 
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7.2. Materials and method 

7.2.1. Elastin like polypeptide (ELP) synthesis 

The ELP gene [(VPGVG)14(VPGKG)]8[VPGVG]40 was oligomerized by 

recursive directional ligation and transformed into E. coli strain BLR (DE3) 

(Novagen, USA) for expression. The ELP was purified by inverse transition 

cycling and the collected ELP was freeze dried.  

7.2.2. Sol-gel transition 

TOBC/ELP solution (2 wt%, TOBC:ELP = 1:1) was prepared at 4 °C and 

then transferred to an incubator at 37 °C to trigger sol–gel phase transition. 

For comparison, pure TOBC and ELP solutions with a concentration of 1 wt% 

were also prepared at 4 °C and transferred to an incubator at 37 °C. After 

these solutions were heated to 37 °C and equilibrated for 30 min, the sol–gel 

transition was determined by vial inversion, which is a visual inspection of the 

sol–gel phase transition. After invert the vials, if samples can flow to the 

bottom, corresponding to solution, whereas, lack of flow corresponding to gel. 

7.2.3. Characterization of ELP/TOBC 

To determine the Tt of ELP and TOBC/ELP solution, OD350 was 

monitored by a UV–visible spectrophotometer equipped with a water 

circulating temperature controller (Mecasys, South Korea). The samples were 
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heated at a rate of 1 °C /min.  

To further confirm hydrogel formation, dynamic rheological analysis was 

performed to determine the change in sample viscoelasticity as a function of 

temperature. Rheological measurements of ELP (2 wt%), TOBC (2 wt%) and 

TOBC/ELP (2 wt% for a 1:1 TOBC–ELP mixture) were performed using the 

Advanced Rheometric Expansion System (Rheometric Scientific, UK). 

Measurements were carried out by increasing temperature in the range of 25–

40 °C at an angular frequency of 1.0 rad/s and a shear stress of 2.0 Pa.   

Secondary ELP structure was determined by circular dichroism (CD) 

(Applied photophysics, UK) at different temperatures. ELP (0.5 mg/mL) and 

TOBC/ELP (1 mg/mL for a 1:1 TOBC-ELP mixture) solutions were prepared 

for CD analysis. 

Zeta-potentials of ELP, TOBC and TOBC/ELP complexes were 

measured by dynamic light scattering (Zetasizer Nano, Malvern, UK) to 

determine the electrophoretic mobility of samples. All samples were 

suspended in deionized water, and measurements were carried out at 20 °C 

with folded capillary cells.Sample surface morphologies were imaged by 

atomic force microscopy (AFM, Park Science) with a non-contact mode (tip 

model, spring constant 42 N/m) in air. The pure TOBC and TOBC/ELP 

solutions were casted on a mica surface and dried at room temperature prior to 

AFM imaging. The inner morphologies of the TOBC solution, the TOBC/ELP 
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solution and the TOBC/ELP hydrogel were observed by imaging the cross-

section of the samples by scanning electron microscope (SEM). SEM images 

were acquired with a SUPRA 55VP fieldemission SEM (Carl Zeiss, Germany). 

After samples were equilibrated at given temperatures, they were dipped into 

liquid nitrogen and freeze-dried. Freezedried samples were coated by gold 

sputter prior to SEM observation. 

7.2.4. Cell viability and proliferation 

NIH-3T3 fibroblast cells were chosen to perform MTT assay. The cells 

were maintained in Dulbecco minimal essential medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS), penicillin (100 U/mL), 

streptomycin (100 μg/mL), and HEPES (7.5 mM). Briefly, 200 μL of NIH-

3T3 fibroblast cells were seeded on a 96 well plate at a density of 4 Х 10
4
 

cells /well and incubated (37 °C, 5% CO2) overnight to allow the cells to 

attach to surface of the wells. Sequentially, the medium was removed and the 

wells were washed with PBS. And then, 100 μL of fresh medium was added to 

each well followed by adding 100 μl of sterilized TOBC/ELP aqueous 

complex at a concentrations of 0.02–5 mg/mL, leading to a final 

concentrations of 0.01, 0.1,0.5,1.0, and 2.5 mg/mL. As a control, instead of 

TOBC/ELP aqueous complex, 100 μl of sterilized DW was added to the well 

and mixed with 100 μl fresh medium. And then, incubated for another 48 h in 

5 % CO2 at 37 °C. 20 μl of MTT solution (5 mg/mL in PBS) was added to 

each well and incubated for another 4 h. Next, the medium containing MTT 
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solution was aspirated and the crystallized product was dissolved in 100 μL of 

DMSO and the absorbance of the suspension was measured at 570 nm using a 

plate reader. Cell viability (%) was calculated as (OD value of experimental 

sample/OD value of control sample) Х 100 %. 

The encapsulated cell’s viability and proliferation was also evaluated. 

TOBC/ELP aqueous complex for cell encapsulation was autoclaved. NIH-3T3 

fibroblast cells were seeded into the TOBC/ELP aqueous complex at 20 °C 

with a final concentration of 2Х10
6
cells/mL. And then, the cell-containing 

TOBC/ELP complex was transferred to 37 °C humidified environmental 

incubator and incubated for 30 min in order to trigger the sol-gel transition. 

After confirming the cells were entirely encapsulated, the cells-containing gel 

was rinsed with pre-warmed DMEM medium prepared with the same method 

as mentioned in MTT assay section for several times in order to eliminate the 

remained water inside hydrogel. Encapsulated cells were cultured in a 

humidified 5 % CO2 incubator at 37 °C for 2, 5, or 7 days until examination. 

A live/dead viability fluorescence assay was performed by staining cells 

with a live/dead viability/cytotoxicity kit for mammalian cells (Invitrogen, 

USA). The combined live/dead assay reagents were added to cover hydrogel 

containing cells and then incubated for 30 min at room temperature in the 

dark. Cell viability was observed by fluorescence microscopy (BX51, 

Olympus, Japan). Fibroblast cells seeded and spread in a hydrogel were fixed 

with 2 % aqueous glutaraldehyde solution for 30 min followed by washing 
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with DI water and freeze-drying. Cell morphology in hydrogel was observed 

by FE-SEM (Carl Zeiss, Germany). 

7.3. Results and discussion 

7.3.1. Gel formation of ELP/TOBC 

Pure ELP, pure TOBC and ELP/TOBC mixture solutions in vials all 

showed fluid-like states when the vials were inverted at 20 °C. The turbidity 

of pure ELP solution abruptly increased at 37 °C due to the hydrophobic 

aggregation of ELP molecules, but this mixture was still a fluid-like ELP 

suspension. Conversely, the temperature increase enabled hydrogel formation 

form the ELP/TOBC mixture, as shown in Figure 7-2. To determine the 

critical temperature that induces hydrogel formation, changes in the turbidity 

of ELP/TOBC mixtures were measured with thermo-regulated UV/vis 

spectrometer at 350 nm as a function of temperature. The phase transition of 

ELP/TOBC complexes started at around 26 °C, a much lower temperature 

(Figure 7-3B) than the pure ELP solution (Figure 7-3A). ELPs were adsorbed 

onto the surface of TOBCs due to electrostatic interactions, leading to a very 

high local concentration of ELPs on the surface of TOBC.  
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Figure 7-2. Temperature-triggered sol-gel transition of the ELP/TOBC 

complex. (A) TOBC only, (B) ELP only, and (C) ELP/TOBC. 
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Figure 7-3. Turbidity variations of ELP (A) and ELP/TOBC (B) solution 

as a function of temperature (OD at 350 nm, Heating: 1 °C/min). 
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7.3.2. Rheological analysis of ELP/TOBC hydrogel 

Dynamic rheology is one of the most direct and reliable way to determine 

the sol–gel transition of polysaccharide hydrogels [218, 219]. The rheological 

properties of the cellulose suspensions [220] and the aggregation of the 

cellulose fibers [221] have been studied by mixing different polymers with 

cellulose suspension. Hydrogel formation was confirmed by dynamic 

rheological analysis, which determined the change in sample viscoelasticity as 

a function of temperature. Measurements were carried out at angular 

frequency of 1.0 rad/s and shear stress of 2.0 Pa. For both TOBC/ ELP 

complex and pure TOBC solutions, the elastic modulus (G’) was always 

higher than the viscous modulus (G”) throughout the whole temperature range, 

as shown in Figure 7A and B, indicating that elasticity was dominant at both 

low and high temperatures [219]. In other words, either the TOBC/ELP 

complex or the pure TOBC solution was not a free-flowing fluid but a viscous 

semi-solid or semi-transparent swollen gel at temperatures lower than the Tt 

of ELP [49, 220]. This is possibly due to the high concentration and relatively 

large size of TOBCs. For the TOBC/ELP complex, G’ increased dramatically 

as temperature increased. This is due to the transition of semitransparent 

swollen gel to nontransparent shrunken/solid gel. The decline of both G’ and 

G” at temperatures above the Tt of ELP was due to phase separation, leading 

to the formation of a biopolymer-rich phase and water-rich phase. The sharp 

enhancement of G’ at around 30 °C was caused by the folding and 
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coacervation of ELPs adsorbed onto the surface of TOBC, which acted as a 

physical crosslinker between TOBC chains. Meanwhile, G’ and G” of 

TOBC/ELP complex were significantly decreased after the transition 

compared with pure ELP solution (Figure 7-4A and C). It resulted from 

relatively stiff cellulose nanofibers to hinder aggregation of ELP molecules 

adsorbed onto the surface [220]. The sharp enhancements of both G’ and G” 

were not observed for pure TOBC solution as temperature increased (Fig. 3b). 

However, a sharp enhancement in G’ was observed for pure ELP solution as 

temperature increased. This indicates that colloidal ELP particles precipitated 

when the temperature increased, leading to a gel-like film on the detecting 

plate surface. 
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Figure 7-4. Oscillatory temperature ramp measurements to confirm 

hydrogel formation. (A) ELP/TOBC complex, (B) pure TOBC solution, 

(C) pure ELP solution.  (Heating rate: 2 °C /min. Concentration of 

samples: 2 wt%). 
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7.3.3. Morphological analysis of ELP/TOBC hydrogel 

After the temperature change of TOBC solution, TOBC/ELP solution and 

TOBC/ELP hydrogel, the samples were immediately dipped into liquid 

nitrogen and then freeze-dried to keep the morphological differences at the 

temperatures. As shown in FE-SEM images, TOBC fibers were closely 

packed in pure TOBC (Figure 7-5A and A1). The density of TOBC fibers 

stored in TOBC/ELP solution at 20 °C was lower than the density in pure 

TOBC solution (Figure 7-5B and B1). TOBC, ELP and water were evenly 

mixed together to form a single aqueous phase system. The phase separation 

phenomenon occurred as the hydrogel was formed at 37 °C, leading to two 

aqueous phases inside the hydrogel, the biopolymer (ELP and TOBC)- rich 

phase and water-rich phase. The water-rich phase formed pores after freeze-

drying due to the removal of water from the region (Figure 7-5C and C1). 

ELPs were adsorbed onto the surface of TOBCs by electrostatic interactions 

(Figure 7-5B2), just as with previously reported protein/polysaccharide 

systems [222-224]. When the temperature increased above Tt, ELP 

transitioned from hydrophilic to hydrophobic states by exposing its 

hydrophobic side groups, driving ELPs to fold and coacervate by hydrophobic 

interactions. Therefore, TOBCs were held together when temperatures 

increased above Tt due to the coacervation of ELPs adsorbed onto their 

surface. In addition, strong hydrophobic interactions between ELPs led to the 

formation of TOBC/ELP hybrid hydrogel by crosslinking TOBCs tightly 

(Figure 7-5C2). Due to high water content in the water-rich phase, pores were 
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left by water sublimation after lyophilization, as shown in Fig. 7-5C and C1. 
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Figure 7-5. FE-SEM images of freeze-dried TOBC (A and A1), 

ELP/TOBC solution (B and B1), and ELP/TOBC shrunken hydrogel (C 

and C1). Schematic representation of TOBC (A2), ELP/TOBC solution 

(B2), and ELP/TOBC hydrogel (C2).   
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7.3.4. Mechanism of TOBC/ELP hydrogel formation  

Zeta potential is widely used for quantification of the magnitude of the 

electrical charge at the double layer. Although zeta potential is not equal to the 

electric surface potential in the double layer, zeta potential is often the only 

available path for characterization of double-layer properties. From the 

experimentally-determined electrophoretic mobility, pure ELP showed a 

positive surface potential (or surface charge) in distilled water at pH 6 due to 

its lysine residues (Figure 7-6A). Conversely, TOBC had a very strongly 

negative surface potential at pH 6 as a result of TEMPO-oxidation. When 

TOBC and ELP were mixed together, this strongly negative surface potential 

became weakened dramatically. AFM height images verified the 

morphological differences between pure TOBC and TOBC/ELP complex 

(Figure 7-6B). The root mean square roughness (Rq) of a TOBC/ELP layer 

was ~11 nm. It showed a smoother surface compared with a TOBC layer (Rq 

~ 13 nm). TOBC nanofibers became thicker due to ELP molecules adsorbed 

onto the surface. The obvious difference in morphology was another strong 

evidence that positively-charged ELPs were spontaneously adsorbed onto the 

surface of negatively-charged TOBC nanofibers through the electrostatic 

interaction. 

When the positively charged ELPs were deprotonated at high pH, the 

TOBC/ELP mixture lost its ability to form a hydrogel. The pKa of the α-

amino group at the ELP N-terminus and the ε-amino group in the ELP lysine 
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Figure 7-6. (A) Zeta potential for individual biopolymers and biopolymer 

composites at 20 °C, and (B) AFM images of TOBC and ELP/TOBC 

composites. 
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are 8.9 and 10.5, respectively. The medium was adjusted to pH 12 to eliminate 

positive surface charges of ELP derived from primary amines. As shown in 

Figure 7-7, a free-flowing milky suspension was formed instead of a shrunken 

hydrogel when the temperature increased to 37 °C. This was similar to the 

behavior of pure ELP solution, shown in Figure 7-2. ELPs were adsorbed onto 

the TOBC surface through electrostatic interactions at pH 6 to form a 

polypeptide-polysaccharide complex [224]. Although phase separation is a 

very common phenomenon in biopolymer mixtures, many researchers have 

demonstrated that this is not the case for mixtures consisting of 

protein/polypeptide and charged polysaccharide [225-227]. To confirm 

whether ELP chains were adsorbed onto the surface of TOBC backbones, the 

secondary ELP structure was determined through CD and fluorescence 

measurements in the presence and absence of TOBC (Figure 7-8). Pure ELP 

had a disordered secondary structure with a negative peak around 198 nm at 

10 °C. However, the intensity of this negative peak was enhanced when pure 

ELP was mixed with TOBC, indicating that the random-coil based disordered 

structure of ELP increased dramatically. Altered secondary structure in the 

presence of TOBC was consistent with previous reports by other groups that 

reported that the extent of protein secondary structures increased with 

interactions between protein and polysaccharide [224]. ELP molecules 

transitioned into a more ordered state with a positive peak around 212 nm 

when the temperature increased to 50 °C, indicating a beta-turn structure 

[228-230]. The more interesting result was that ELPs were more disordered in 
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the presence of TOBC despite the high temperature. This result was in the 

opposite direction of pure ELP. This extraordinary phenomenon was attributed 

to the strong electrostatic interaction between ELP and TOBC. 
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Figure 7-7. Effect of pH at pH12 on the formation of ELP/TOBC 

hydrogels. The ELP/TOBC solution was adjusted to pH 12 to eliminate 

positive charges on the ELP molecules. The resulted in the inability to 

form a hydrogel despite increased temperature.  
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Figure 7-8. CD spectra of ELP/TOBC and ELP obtained at different 

temperatures in water. ELP concentration was 0.5 mg/mL in both the 

ELP/TOBC and pure ELP solutions.  
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7.3.5. Viability and proliferation of cells 

MTT assay was used to assess the biocompatibility of TOBC/ELP 

complexes and the proliferation of NIH- 3T3 fibroblast cells. Cell viability (%) 

was calculated as the ratio of experimental sample OD value to the control 

OD value. High fibroblast viability was observed regardless of TOBC/ELP 

concentration, as shown in figure 7-9A, indicating that the TOBC/ELP 

complex was not cytotoxic. The viability of encapsulated cells was 

investigated by live/dead staining. As shown in figure 7-9B and C, the number 

of green spots inside the hydrogel increased after 7 days of incubation, 

indicating that most encapsulated cells remained alive and continued to 

proliferate inside the hydrogel. 
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Figure 7-9. (A) MTT results of ELP/TOBC solution, (B, C) Fluorescence 

microscopic images of fibroblast cells encapsulated in a ELP/TOBC 

hydrogel after (B) 1 day and (C) 7 days of incubation (cells were live/dead 

stained). 
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7.4. Summary 

A thermoresponsive hybrid hydrogel was prepared by mixing negatively 

charged TOBC nanofibers and positively charged ELP molecules containing 

lysine residues. Positively charged ELPs were bound to the surface of 

negatively charged TOBC by electrostatic interactions to form a single phase. 

Increased temperature triggered ELP folding and aggregation, leading to the 

formation of a TOBC/ELP hybrid hydrogel. Conformational analyses based 

on CD supported the occurrence of electrostatic interactions between TOBC 

and ELP. A cytotoxicity test showed that the TOBC/ELP hydrogel was 

suitable for encapsulating cells, indicating its potential for biomedical 

applications. 
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Chapter 8 

Conclusions 
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8. Conclusions 

The aim of this study was to design a variety of functional 

nanocomposites based on BC and motivate the application of BC composites. 

The studies on the synthetic methods and the applications of the BC 

nanocomposites were the key factors to contribute in broadening the 

knowledge about BC. Three different methods were used to introduce 

nanoparticles in BC: (1) biosynthesis, (2) dipping, and (3) in-situ synthesis 

method. To select an appropriate method among these, several factors such as 

the synthesis conditions, size, dispersibility in the nanoparticle medium, and 

affinity with BC fibers and nanoparticles should be considered. In the 

biosynthesis method, nanoparticles were dispersed in a culture medium to 

produce BC composites. In this case, it was important to consider the 

dispersibility and the size of particles because non-dispersed particles hinder 

the production of uniform composite and too small-sized particles (<100 nm) 

could come out from the space between BC 3D-network. Dipping is a simple 

and mild method for introducing nanoparticles in BC. However, the diameter 

of the particles used in dipping should be smaller than 200 nm to assure the 

penetration into the inner parts of the BC membrane, which exhibits a pore 

size of several tens to several hundred nanometers. With the in-situ methods, 

nanoparticles with a very high density were synthesized on the fibers. In this 

process, the BC nanofibers were used not only as a template but also as an 

immobilized reducing agent owing to the presence of abundant hydroxyl 
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groups on the BC fibers. To obtain homogenous BC composites with 

biopolymers in solution, the BC fibers were also well dispersed in biopolymer 

solutions. In this case, the dissolved or colloidal suspended BC could be 

effective. To produce individual cellulose fibrils dispersed in water, the 

TEMPO-oxidation process was employed because this oxidation process 

could reduce the adhesion between the cellulose fibrils by breaking the inter-

fibril hydrogen bonds by electrostatic repulsion of nanofibers. In this study, a 

series of BC based nanocomposites incorporated with inorganic nanoparticles 

or biopolymers were successfully prepared by employing suitable synthesis 

methods. Their potential applications in electronics, sensor, and medical fields 

were examined as follows: (1) composites exhibiting both magnetic and 

electrical properties, which could be used as an electromagnetic shielding film, 

were prepared by the biosynthesis method, (2) flexible and conductive 

composites those could be used as flexible electrodes of lithium ion batteries 

were prepared by the dipping method, (3) composites for the surface-

enhanced Raman scattering (SERS) sensor applications were prepared by the 

in-situ method, (4) composites for improved cell encapsulation, and (5) 

thermosensitive hydrogel composites for cell encapsulation were prepared by 

modification and blending method. These BC composites not only improved 

the natural properties of the materials (such as physical, chemical and 

biological properties), but also imparted new properties such as magnetic, 

conductive, sensing, and thermoresponsive properties to BC. The findings in 

this study indicated that BC exhibits a great potential for producing novel 
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composite materials, thereby opening new opportunities in the development of 

nanomaterials with designed functionalities. By combining the unique 

physicochemical properties of BC and various functionalities of guest 

substrates, significant synergetic effects can be obtained. The designing of 

several synthetic methods and the examination of the applications of various 

BC composites compiled in these studies would provide valuable insights in 

developing BC composites in the future. 
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초록 

본 논문에서는 적합한 합성전략을 통해 박테리아 셀룰로오스에 무

기나노입자와 바이오폴리머를 도입한 나노복합체를 제작하였고, 그 응

용가능성을 평가해 보았다.  

첫 번째로 자성나노입자, 실리콘나노입자, 금나노입자를 각각 박테

리아 셀룰로오스와 복합화하였다. 자성 박테리아셀룰로오스 복합체는 

자성나노입자가 함유된 배지에 박테리아를 배양하는 생합성 방법을 

통하여 제조하였고, 아닐린 모노머를 도입하여 전도성 고분자인 폴리

아닐린을 중합하였다. 전자기 차폐막으로의 응용가능성을 파악하기 위

해 자성과 전기전도성 측정 실험을 수행하였고, 합성된 복합체는 전도

성과 자성을 모두 가졌다. 실리콘나노입자가 함유된 박테리아 셀룰로

오스 나노복합체는 안정적으로 분산된 실리콘나노입자 분산용액에 박

테리아셀룰로오스를 담침시키는 방법으로 제조하였다. 실리콘 나노입

자들은 셀룰로오스 나노섬유에 균일하게 도입되었다. 이 후, 폴리아닐

린을 중합하여 복합체에 전도성을 부여하였다. 완성된 복합체는 반복

적인 구부림 시험에서 일정한 전기 전도성을 나타내었다. 이를 통하여 

유연성 전극으로 응용이 가능함을 확인하였다. 금나노입자-박테리아셀

룰로오스 복합체는 in situ 합성법을 통해 제조되었다. 셀룰로오스 나

노섬유는 합성 과정에서 지지체이자 환원제로서 역할을 하였다. 제조

된 복합체의 구조적 변형을 통하여 분석물질의 표면 증강 라만 산란 

신호를 크게 증가시킬 수 있었다.  

두 번째로, TEMPO/NaBr/NaClO 산화 시스템을 통해 개질된 박테

리아셀룰로오스와 바이오폴리머를 이용한 복합체를 제작하였다. 수용

액에 잘 분산된 산화 박테리아셀룰로오스를 알지네이트와 섞고, 칼슘

이온에 의한 이온가교를 유도하여 하이드로젤 형태로 제조하였다. 형
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성된 복합체는 기계적∙화학적 저항성이 증가하였고, 세포 담지체로서

의 응용가능성이 평가되었다. 수용액상에서 양전하를 갖는 엘라스틴 

유래 폴리펩타이드와 음전하를 갖는 산화 박테리아 셀룰로오스를 이

용하여 온도민감성 하이드로젤 복합체를 제조하였다. 온도가 증가함에 

따라 엘라스틴 유래 폴리펩타이드가 물리적 가교제로 작용을 하여 하

이드로젤이 형성되고, 온도가 낮아짐에 따라 젤-졸 전이가 일어났다. 

이 후 세포 실험을 통하여 하이드로젤 내부에서 세포를 안정적으로 

성장시킬 수 있었다. 

위와 같은 적합한 합성전략을 통한 다양한 박테리아셀룰로오스 기

반 나노복합체 연구들은 소재로서의 박테리아 셀룰로오스에 대한 이

해를 넓혀주고, 다양한 분야로의 응용 가능성을 높여 줄 수 있을 것으

로 기대한다. 
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