ABSTRACT
NANDGAONKAR, AVINAV GHANASHYAM. Bacterial Cellulose (BC) as a Functional
Nanocomposite Biomaterial. (Under the direction of Dr. Lucian A. Lucia, Forest
Biomaterials and Dr. Wendy E. Krause, (TECS.))
Cellulosic is the most abundant biopolymer in the landscape and can be found in
many different organisms. It has been already seen use in the medical field, for example
cotton for wound dressings and sutures. Although cellulose is naturally occurring and has
found a number of applications inside and outside of the medical field, it is not typically
produced in its pure state. A lengthy process is required to separate the lignin, hemicelluloses
and other molecules from the cellulose in most renewables (wood, agricultural fibers such as
cotton, monocots, grasses, etc.).

Although bacterial cellulose has a similar chemical structure to plant cellulose, it is
easier to process because of the absence of lignin and hemicelluloses which require a lot of
energy and chemicals for removal. Bacterial cellulose (BC) is produced from various species
of bacteria such as Gluconacetobacter xylinus. Due to its high water uptake, it has the
tendency to form gels. It displays high tensile strength, biocompatibility, and purity
compared to wood cellulose. It has found applications in fields such as paper, paper products,
audio components (e.g., speaker diaphragms), flexible electronics, supercapacitors,
electronics, and soft tissue engineering. In my dissertation, we have functionalized and
studied BC-based materials for three specific applications: cartilage tissue engineering,
bioelectronics, and dye degradation.

In our first study, we prepared a highly organized porous material based on BC by
unidirectional freezing followed by a freeze-drying process. Chitosan was added to impart
additional properties to the resulting BC-based scaffolds that were evaluated in terms of their
morphological, chemical, and physical properties for cartilage tissue engineering. The
properties of the resulting scaffold were tailored by adjusting the concentration of chitosan
over 1, 1.5, and 2 % (by wt-%). The scaffolds containing chitosan showed excellent shape
recovery and structural stability after compressive tests.

In our second study, we developed a one-pot in-situ biosynthetic method to fabricate
structurally controllable bacterial cellulose (BC)/reduced graphene oxide (RGO) composites.
The graphene oxide (GO) was highly reduced during a standard autoclave process using a
traditional mannitol culture medium as the reducing agent. The electrical conductivity of the
RGO was found to be 23.75 S m−1. The final BC/RGO composites were developed in three
distinct forms: 1) sealed structures in the water, 2) aerogels characterized by a porous cross
section and aligned longitudinal structure, and 3) films embedded within the RGO sheets.
Because of the simplicity and non-toxic nature of this work, it can be used in biomedical and
bioelectronics applications.

The last study was on dye degradation using BC as the substrate. The surface of the
BC was chemically oxidized to produce aldehyde groups to successfully covalently crosslink
laccase. TiO2 and laccase (Lac) were co-immobilized on the surface of OBC and the dye
degradation process was carried out under specific conditions. Compared with free laccase,
the optimum pH of the immobilized laccase system shifted to lower pH, while the optimum
temperature decreased from 55 °C to 50 °C. The dye degradation experiments showed that
the optimum pH for dye degradation was pH 5.0-6.0, while the optimum temperature was ca.
40 ºC. Under UV illumination, the dye degradation efficiency significantly improved
characteristic of a synergy in the system.

This dissertation contributes to the basic research of bacterial cellulose which will
result in novel ideas that can possibly result in future industrial applications. The research
provides a fundamental underpinning of specialized structure-property relationships between
BC and the materials used to fabricate the BC nanocomposites that have value-added
applications that are environmentally safe and eco-friendly.
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Chapter 1
Introduction
1.1.General Introduction
Cellulose, the most abundant biopolymer found on earth, is the major constituent of plant
biomass. It is a virtually inexhaustible raw material and a key source for biomass production
and bio-refineries to produce sustainable materials for industrial applications. Over the
centuries, this abundant biopolymer had been used for making textiles clothing and papers
while many researchers have also been trying to utilize its structural features to make new
engineered materials. Much work has been done on the chemical modification of cellulose to
gave rise to industry-based product such as cellulose acetate, cellulose nitrate, methycellulose
which are building blocks for advanced materials in packaging, membranes, thermoplastic
membranes, binders, and controlled drug released tablets.

Considering the hierarchical structure of cellulose fibers which starts from glucose chains
elementary fibrils (3-5 nm), microfibrils (5-30 nm) and ultimately forming the cellulosic
wood fibers by aggregating many microfibrils. Many forms of cellulose materials are now
available as a building block such as cellulose crystals, cellulose whiskers microfibrillated
cellulose (MFC), nanofibrils, and nanofibers. Various methods are available such as
physical/chemical/enzyme for the isolation of nanocellulose from wood and other forest
materials.

1

Considering the nanoscopic size of the material, many researchers are focusing their attention
to make hierarchical composites material which are renewable, for example nano-devices for
diverse functional application such as biomedical, electronics, paper, and filtration industries.
Taking into account the ever increasing needs of daily life, there are many industries which
are now flourishing on cellulose biomaterial because it is readily available. The
methodology, functionalization, fabrication, and their application have been summarized by
many researchers in review articles by Klemm et al., 2011 [1], Klemm et al., 2005 [2], Blaker
et al., 2011 [3], Kalia et al., 2011 [4], Habibi et al., 2010 [5], Siró et al., 2010 [6], and
Eichhorn et al., 2010 [7].

The cellulose produced from wood is not in its neat state. A lengthy process is required to
separate lignin, hemicelluloses, and other molecules from the cellulose in most renewables
(wood, agricultural fibers such as cotton, grasses, etc.). Other sources to obtain cellulose are
from the biosynthetic processes of microorganisms such as algae, fungi, and bacteria. One
such microorganism that can produce cellulose is Gluconacetobacter xylinus which is called
bacterial cellulose (BC). The macromolecular structure and properties of BC differ to a great
extent from plant cellulose. BC possesses a unique three dimensional fibrous porous structure
and distinctively better properties such as high porosity, high wet tensile strength, high
crystallinity, high water adsorption rate, and higher degree of polymerization compared to
plant cellulose.
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Considering opportunities for BC application, it is very important to understand and take full
advantage of the structure and properties of BC nanofibers to develop novel functional
materials. There are number of approaches researchers are now exploring which include
enzyme, chemical, and physical surface modification of BC to make composite materials
compatible with other polymeric and nanomaterials systems. In addition to the BC properties,
the BC surface possesses a high number of hydroxyl groups which can be functionalized.
Therefore, BC can be used as a substrate to immobilize many nanomaterials/polymers to
attain functional products which can be used in a wide array of application in the biomedical,
food, pharmaceutical, etc., industries. Fabrication, synthesis, and application have been
reviewed by many authors; for example, the biosynthesis of BC [8], functionalization [9],
miscellaneous composite preparations [10-11], and biomedical applications [12-13] have
received extensive study. Therefore, it is not surprising to expect the commercialization of
nanocellulose product in our day-to-day life in the near future. Just looking over the past
decades, the number of publications (See Fig 1.1) mainly on BC have increased
tremendously which validates that a new era of cellulosic products is just around the corner.
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Figure 1.1. Illustration of the annual number of publication on BC since year 2000;
which includes patents, research articles, reviews, and conference papers. The data
analysis was completed using SciFinder Scholar search system using the search term,
“bacterial cellulose”.

1.2.Outline of the Thesis
This thesis mainly focuses on the bacterial cellulose nanofibers as a building block for
making three different functional composite materials. As mentioned earlier, cellulose
possesses a unique structure and properties such as a high mechanical stability, threedimensional porous nanofibrous structure, high surface area, high water adsorption rate, and
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most importantly possesses a high number of surface functional groups which be
functionalized depending upon the application. The most important motivation of this work
is the synthesis and study of BC composite materials for a wide variety of objectives which
employ green chemistry principles, use renewable materials, develop novel biomaterials,
establish novel synthesis and fabrication processes, all of which are done in a more ecofriendly way.

The thesis is organized in series of chapter as described below.

Chapter 1 provides a general introduction on cellulose, its application, BC and its increasing
trend in research area. The overall goals of the thesis are mentioned in this chapter.

Chapter 2 provides a literature review on BC, including cellulose biosynthesis, structure,
properties, physical and chemical properties along with surface and bulk modification, and
composite preparations for various medical applications.

Chapter 3 provides a literature review on fabrication techniques for making different types of
cellulosic composites using cellulose fabrics, sponges, nanocrystals, hydrogels, and organic
and inorganic cellulosic and bacterial celluloses for cartilage tissue engineering. A brief
introduction is provided on cartilage anatomy, composition, and the need for tissue
engineering. Considering the unique properties of BC, a review on its biocompatibility,
mechanical properties, and biodegradation is provided.
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Chapter 4 focuses on the preparation and microstructure of a novel porous nanocellulosechitosan composite material fabricated by unidirectional freeze drying. The morphological,
mechanical, physical and mechanism of unidirectional freezing of the prepared scaffolds are
discussed in detail. Due to the limitation of sample and research time, the biological
evaluations of the scaffold for cartilage cell culture were not carried out. A detailed
experimental plan and design for cell culture studies is provided at the end of the chapter
with direct conclusions.

Chapter 5 focuses on the unique fabrication of BC with graphene oxide. A novel one-pot
biosynthesis process is described to reduce the graphene oxide and subsequently the
preparation procedure to make the graphene/BC composite. The main results of the reduced
graphene oxide and the composites are explained in details along with the conclusion and
future outlook of this technique.

Chapter 6 focuses on a unique application of dye degradation where BC was used as a
substrate to immobilize enzyme and TiO2 nanoparticles. The immobilization technique, the
optimum stability of pH, temperature, thermal stability, and kinetics of free and immobilized
are presented in detail and lastly the dye degradation under biocatalytic and photocatalytic
conditions are presented.

Finally Chapter 7 revisits the main objective to summarize all the results and findings from
each application and provides a recommendation for BC as a functional biomaterial.
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1.3. Overall Objectives
The objective of this research is to functionalize BC with another biopolymer (chitosan),
conductive material (graphene), biocatalytic (laccase), and photocatalytic (TiO2) materials.
The unique nano-structural features and biocompatibility, high mechanical strength, high
water absorbance makes BC a suitable candidate for wide variety of applications. The free
hydroxyl groups and the above mentioned properties will be used to prepare nano-structured
composites. So, by carefully tailoring the surface properties by chemical reduction, physical
adsorption, or chemical crosslinking, one can change the properties of the BC substrate to
make functionalized composites. This work will highlight the three potential applications
where BC will be used as substrate which include cartilage tissue engineering, bioelectronics,
and dye degradation as shown in Figure 1.2 along with their specific aims.
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Figure 1.2. The overall objectives of this study by using BC as a substrate.
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Chapter 2
Literature Review on Bacterial Cellulose (BC)
2.1. Relevance, state of the art, and biosynthesis
Cellulose is the most abundant polysaccharide polymer found in nature. The major source of
cellulose in the biosphere is from plants and related macrobiota into which tremendous
research effort has been expended to uncover its structural properties, crystallinity, and
determine its applications. The second most major cellulosic available is known as bacterial
cellulose and comes from a living organism, viz., a bacteria; it is secreted as an extracellular
(exogeneous) product from the cell walls or more specifically very precisely engineered
spinerettes (bacterial organelles). Its structural aspects are shown in the Figure below. Note
that the β-1,4-D-glucopyranose linear arrangement featuring a 180° cork-screw motif
between connected glucose monomers is universal for cellulose no matter the source.

Figure 3.1. Structure of bacterial cellulose.

In 1886, J. Brown discovered a bacterium which can produce a filamentous membrane on the
surface of a carbohydrate (sugar)-rich medium. This organism was named xylinum as its
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chemical nature and output was similar to cotton. Later, it was name as Glucanactobacter
xylinus, a gram-negative bacterium.

Bacterial cellulose has found wide spectrum of different applications in day-to-day life.
However, what has been not known until recently is the effect of different synthetic methods,
acid hydrolysis, surface functionalization, and different media on the overall properties of
BC. The development of a useful and multi-functional composite material requires that the
specific properties of pristine BC be considered. Accordingly, the route for making
composite materials needs to be evaluated in a very methodical and logical manner. BC has
been subject to wide spectrum of research due to its low cost, environmentally friendly
nature, renewability, nanoscale dimensions, biocompatibility, and extremely high
hydrophilicity. These properties have been identified and improved by functionalizing BC for
a number of interesting applications. These applications for the development of truly
innovative materials are only available by enhancing pristine BC properties or combining it
chemically with multiple constituents for unique optical, electrical, magnetic, biological,
and/or catalytic properties.

In this review, therefore, salient biosynthesized features of BC are discussed. A brief
introduction of cellulose and its structure will be covered in the first part to be followed by
the biosynthesis of BC and how cellulose crystallizes and polymerizes. The salient physical
and chemical changes that occur in BC due to the culture conditions and identity/quantity of
carbon source will then be reviewed. Surface and bulk modification to BC by different
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media, organic acids, and polymerization techniques will constitute the next part of the
review. Finally, its relevant applications in a number of fields including the electrical and
biomedical fields will be reviewed.

2.1.1. Cellulose structure
Cellulose synthesized by Acetobacter xylinus is a cellulose I crystalline allomorph by
definition. Cellulose consists of a β-(1-4) linkage that is characterized as a linear chain of
glucose units which are arranged in a parallel manner whose overall long term arrangement
decides the crystalline and non-crystalline nature of cellulose. Cellulose has two sub
allomorph units, viz., cellulose Iα and cellulose Iβ. Cellulose Iα is characterized as a triclinic
unit with single chains that form water-insoluble crystalline microfibrils, whereas cellulose Iβ
has monoclinic unit cells with 2 parallel chains (see Figure 2.2) [1,2].

Figure 4.2. Schematic of chains packing in unit cell of cellulose: a) Triclinic (Iα) and b)
Monoclinic (Iβ) unit cell [3].
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Parallel-up and parallel-down packing in the direction of the cellulose chains had been
proposed earlier with parallel-up consisting of both Iα and Iβ in given microfribils. By using
electron crystallography in conjunction with the reducing end technique, Koyoma et al., were
able to figure out that polymerization by the cellulose synthase enzymes takes place at the
non-reducing end of the growing cellulose chains.

Proteins encoded within genes such as bcsC and bcsD have been identified as active in the
cellulose synthase operon and affect the polymerization and the crystallization process. The
crystallization of cellulose I microfibril occurs in two steps: first, the glucan minisheets are
assembled by Van der waal forces followed by hydrogen bonding [4].

2.1.2. Bacterial cellulose culture conditions
Since 1954, Gluconacetobacter xylinus has been able to produce cellulose from different
carbon sources such as glucose, fructose, and sucrose. Various media have been formulated
and various Gluconacetobacter xylinus strains have been studied in order to optimize
cellulose production [5-11]. For a bacterium to produce cellulose efficiently, the source
glucose must be synthesized from carbon sources and then polymerized into cellulose [10].
Glucose has been found to induce the highest cellulose production source other than glycerol,
fructose, and inositol in a Hestrin-Stramm (HS) medium.

Mannitol has been used in a previous study among different bacterial strains and had been
compared with other carbon source such as sucrose and glucose in a combination with other
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nitrogen sources [6,10]. The analysis of pellicle proteins with glucose, sucrose and mannitol
confirmed previously the presence of higher molecular weight protein on the order of 116
KPa. This is due to the disruption of bacterial cells and desorption of extracellular protein on
fibrils of the cellulose.

Bacterial cellulose can be synthesized by static and agitated conditions. In static conditions,
the BC is formed as a thick pellicle at the air-liquid interface and has been observed by SEM
and TEM images during the early stages of cellulose synthesis [12,13]. These pellicles grow
outside of the cell wall in a ribbon structure consisting of microfibrils. The microfibrils have
a definite crystalline shape that depends upon the genome of the bacterium and the synthesis
conditions.

In agitated conditions, there will be more oxygen for the cells resulting in increased cell
concentrations and cellulose-forming enzymes that will enhance cellulose production.
However, it was not found true in many cases [14,15]. During the cultivation period under
agitated conditions in this study, there is a high oxygen pressure at the surface and it was
expected that cell metabolism would increase and form cellulose pellicles throughout the
flask. Although the cellulose pellicles formed inside the medium, they accumulated as
irregular spherical pellets inside the medium. It was confirmed that, agitated condition
increase the cell number but at the same time decrease the cellulose yield as compared to its
static conditions. This happened due to the spherical pallets growing initially due to agitation,
but as the cultivation time increased, cellulose was produced as irregular pellets. The pallets
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ultimately loss the ability to form cellulose and follows a diffused growth pattern [14,16]. In
addition, it has been hypnotized that low cellulose yield in agitated conditions is not due to
higher oxygen content, but rather to no binding of cellulose to the culture flask at the airliquid interface [16]. Compared to the static culture, it has been observed that, cellulose
formation starts at the air–liquid interface (i.e., binding of a cellulose pellicle to the inside
wall of culture flask) and continues to grow toward the center of the flask occupying the
entire surface area. This phenomenon is confirmed by gently shaking the formed pellicles
after 5 days, allowing the pellicles to settle inside the medium, which ultimately produces
new cells at the surface of media to form new cellulose on the uppermost layer of air-liquid
interface. However, in the agitated culture case, there was no binding of cellulose pellicles to
the inside wall of the flask due to rapid shaking of the media [17].

It is well known that the cellulose production decreases under agitated conditions. However,
the properties of cellulose also differ in terms of morphological changes, crystallinity, and Iα
content. Cellulose synthesized by agitated conditions forms spheres inside the culture
medium. Cells attach to fresh air bubbles and start to reproduce and synthesize cellulose
ribbons. Because of the agitated nature, the cellulose ribbons tend to form more compact
structures. This give rise to crystalline changes in the cellulose produced by the two different
methods. The difference between the Iα and Iβ was more apparent for the cellulose allomorph
produced by the agitated conditions [18]. It has been observed that the percent crystallinity,
as well as the Iα content decreased under agitated conditions [17,18].
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2.1.3. Formation of cellulose microfibrils
Formation of microfibrils in G. xylinum has been widely studied recently. About half of the
glucose is converted to cellulose during the polymerization period. It has been observed that
the cellulose is secreted from pores located on the cell walls. After freeze-etching the cells,
the electron micrograph revealed the presence of 50 individual synthetic sites which are
arranged along the longitudinal axis of the bacteria rod and juxtapose against the outer cell
wall [19]. These pores are in the lipopolysaccharide-membrane having a central opening of
3.5 nm. Each pore secretes approximately 10-15 chains known as tactoidal aggregates. This
forms the initial cellulosic biomaterial that has a microfibril diameter of 1.5 nm. This ribbon
of cellulose grows at the rate 2 um/min which excretes forward from the secretion site in a
parallel mode and forms a band of microfibrils with a diameter of 3.5 nm during the
crystallization of β-(1-4) glucan chains. During this process, the glucose (a lower molecular
weight polymer) is aggregated to the β-(1-4) glucans chains which already have been
incorporated into the microfibrils rather than the outside surface. Therefore, the glucose is
converted into polymer chains and is arranged in the crystalline region of microfibrils that
indicates that the polymerization and crystallization processes are coupled and simultaneous
[20]. Recently, it has been observed that with biosynthesis time, single cellulose microfibrils
with an average diameter of 5.8 ± 0.7 nm can be formed within 2 hours. As the temporal
window enlarges from 6 h, to 16 h, to ultimately 48 h, these single microfibrils combine with
one another and form bundles and ribbons [21].
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Many microfibrils bundle together to finally form a larger twisted ribbon of cellulose. This
step occurs in a hierarchical order rather than in a random fashion [22]. The process had been
confirmed by the application of Calcoflour white brightener that by virtue of its visibility
indicates that polymerization and crystallization are a coupled event. When Calcoflour is
used excess in the medium, it disrupts the crystalline cellulose assembly; however, the β-(14) glucan chains continue to polymerize. The Calcoflour binds immediately to the nascent
hydroxyl group of the 1-5 nm tactoidal aggregate glucan bundles, which overall increase the
rate of polymerization. At this time, the β-(1-4) glucan chains continue to grow; however, at
a higher value of 3.5 nm-sized microfibrils, the crystallizing process to form twisted ribbons
is prevented [23].

2.1.4. Mechanism of biosynthesis of bacterial cellulose
Several studies have been conducted to investigate the glucose metabolisis pathway leading
to cellulose biosynthesis. It is followed by four enzymatic steps to complete the pathway of
cellulose production. The first step requires the phosphorylation by glucose kinase of glucose
in the BC membrane to glucose-6-phosphate (Glu-6-P). Secondly Glu-6-P is isomerized to
glucose 1-phosphate (Glu-1-P) by phosphoglucomutase. Thirdly, the Glu-1-P is converted to
uridinediphosphate glucose (UDPG) by UDP-glucose pyrophosphorylase. And finally,
cellulose is excreted in extra cellular culture by membrane protein complex (cellulose
synthase) from UDP-glucose (see Figure 2.3) [24-26]. The discovery of this protein complex
had lead researchers to uncover the overall enzymatic activity of bacterial cellulose synthesis
in Gluconacetobacter xylinum. By the nucleotide sequence analysis, it was found that the
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cellulose synthase operon consisted of four proteins. These genes are termed as bcsA, bcsB,
bcsC, and bcsD (bcs = bacterial cellulose synthase). Figure 2 depicts the structure of bacterial
cellulose operon, where the second gene in the operon (bcsB) is the catalytic subunit of
cellulose synthase [27]. It has been observed that bcsD alone can lead to a 40% decrease in
biosynthesis of cellulose production [28]. It has also been suggested that UDP-glucose is the
last enzymatic step in cellulose biosynthesis. This protein, when reacted with GTP guanosine
triphosphate (GTP), increases the cellulose synthase activity and converts GTP into cyclic
digluanylate (c-di-GMP) that acts as the activator [29].

Earlier characterization of this enzyme had revealed that cellulose synthase activity was
associated by two major polypeptides having Mw of 83k kDa and 93kDa. The 83 kDa
fraction was found to be glycoprotein by column chromatography [30]. Later, it had been
suggested that 83 kDa subunit acts as catalytic subunit of cellulose synthase after using
photoaffinity labeling [31]. The bcsA gene had been identified for cellulose synthase because
its amino acid sequence was found to be similar to the amino acid sequence of 83 kDa
polypeptide [32]. This subunit of protein was considered to be a proprotein of signaling
sequences synthesized as a precursor, processed, and used in the cytoplasmic membrane. The
protein is anchored to the cell membrane by transmembrane helices at the N-terminal region
and C-terminal regions of high charge density [27].
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Figure 5.6. Pathway of carbon metabolism in Acetobacter xylinus [33].

The cellulose synthase enzyme pathway is considered a complex process of crystallization
and polymerization. It is postulated that a single enzyme complex catalyzes this process and
bcs was considered to be a part of it through a transitionally coupled process [27]. Cloning of
the gene had been carried out in order to regulate and modulate the assembly of cellulose I by
carefully mutating acsD gene (Gluconacetobacter cellulose synthase). Figure 2.4 shows the
organization of cellulose mini-crystal subfibrils formation in a cellulose-synthesizing
complex. The catalytic domain is present in the cytoplasmic membrane along with the c-diactivator. The acsC gene helps to channel the cellulose from plasmic membranes to the outer
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surface of the cell. The acsD gene helps to bind the other two genes. The main function of
gene is to control the intermolecular ordering of the glucan chain by channeling them through
the pores and assembling them into sheets of cellulose minicrystals [1].

Figure 2.7. Proposed organization of cellulose mini-crystal subfibrils formation in a
cellulose-synthesizing complex [1].

2.1.5. Proteins involved in cellulose synthesis
BC consists of many multi-component proteins which are encoded by operons, namely
bacterial cellulose synthase genes (bcsA, bcsB, and acsC). The bcsA is a catalytic subunit
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present and transmembrane pore across the inner membrane and BcsB is a periplasmic
protein that is anchored to the inner wall of the transmembrane helix. This protein helps the
cellulose polymer chains grow outward by the two carbohydrate-binding domains. This
protein is coded by bcsA or bcaAB earlier thought to be the activator c-di-GMP that contains
the PilZ binding domain [34]. Recent studies showed that the BcaA and BcsB are fused
together into a single polypeptide chain. The synthesis had been carried from the purified
BcsA-B complex having a degree of polymerization in the range of 200-300. The BcsA acts a
catalytic subunit, however, it need BcsB (membrane-anchored protein) for catalytic activity
anchored at the C-terminal transmembrane with the preceding amphipathic helix [34].

BcsC is considered to contain large periplasmic N-terminal tetratricopeptide (TPR) domains
that support the assembly of periplasmic and the inner membrane for complex biosynthesis.
With the help of bioinformatics, the structure of this protein is thought to be folded in a β
barrel fashion to regulate the production of cellulose across the outer membrane [35].

BcsD has a significant role in cellulose crystallization because it controls the amount of
cellulose allomorph (cellulose I and cellulose II) produced [28]. Recently, the structure of
this protein was confirmed to have an exquisite cylindrical shape with a right-handed twisted
dimer interface formed by a functional octomer unit consisting of four passageways in which
from each passageway four glucan chains are extruded in a twisted manner [36].
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2.2. The chemical & physical properties of the cellulosic class of biomaterials and
preparation of BC
2.2.1. Physical properties
The physical of BC had been improved by the addition of saccharified food waste in the BC
culture medium by using three culture methods: saccharified food wastes medium + (a) static
culture, (b) shaking, and (c) air circulation culture. Moon et al studied the effect of these
conditions on the degree of polymerization (DOP) and the crystallinity. The DOP was found
to be lowest, for example, 8500, 9500, and 9200, for saccharified food wastes medium + (a)
static culture, (b) shaking, and (c) air circulation culture, respectively. Also, the crystallinity
was found to be 84.1%, 51.2%, and 86.5%, respectively. The decrease in DOP and
crystallinity is due to the disruption of hydrogen bonding between microfibrils and due to the
shear stress of agitation. Above all, the air circulation results have similar trend of DOP and
crystallinity compared to the static culture with and without the addition of saccharide food
waste in addition to its high cellulose production rate [37]. The BC production with food
waste in air circulation results in BC with a higher Young’s modulus, 4.6 MPa, and a higher
tensile strength of 184 MPa.

Brown et al. studied the effect of addition of polyethylene oxide (PEO), a water soluble
polymer, during the culturation of BC to evaluate its thermal and mechanical properties.
Because PEO and BC had favorable interactions due to their hydroxyl groups, their
properties can be altered by the BC growth conditions in a polymer matrix system. The PEO
was used to thermally stabilize BC by careful dispersion of PEO in the growth medium and
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the chemical interaction of BC. The thermal decomposition of the PEO increased by 15% in
the presence of BC. The cellulose clearly shows a thermal stabilization above the melting
point of the PEO as shown from the storage modulus of the nanocomposites [38].

Keshk et al. studied the effect of different carbon sources for bacterial production and its
material properties. In the HS medium, various sources had been added such as glucose,
fructose, glycerol, and inositol. The glycerol gave the highest production efficiency. The
consumption of these carbon sources by the bacteria determines the cellulose production and
the material properties. This consumption of carbon sources can be determined by the change
in the final pH and the color of the medium at the end of culturation. The crystallinity index
of the final BC was determined to be 88, 86, 75, and 78% for glucose, fructose, inositol, and
glycerol, respectively. Therefore, the material properties can be tailored by selecting the
proper carbon source that can facilitate improvement of the thermal and mechanical
properties [8].

El-Saied et al. studied to optimize the BC production by using by-product carbon and
nitrogen sources in culture medium. The studies were carried out to produce economical
bacterial cellulose with improved thermal properties. BC cultured with glucose showed
improved thermal degradation and had twice the activation energy of the two main
degradation stages compared to BC cultured with mannitol as the carbon source. The stability
of the thermal energy also increased when the culture in the presence of corn steep liquor was
similar to that of viscose pulp and microcrystalline cellulose. When BC was produced in a
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medium containing corn steep liquor and H2SO4 heat-treated sugar cane molasses, the BC
sample showed the highest thermal resistivity among all of the BC produced from different
carbon sources and was even higher than cotton linters. The thermographs showed two main
decomposition stages, the second attributed to the formation of BC with different degrees of
degradation. During the second decomposition stage, BC undergoes many changes such as
dehydration, formation of carbonyl and carboxyl groups, and formation of carbonaceous
char. The high thermal resistivity of the samples also indicates that they have high
crystallinity indices compared to plant-derived cellulose that was a result of more hydroxyl
groups participating in the formation of hydrogen bonds. So, it can be concluded that by
changing the medium component, the BC properties can be altered as needed for end uses
[9].

Various studies had been carried out on the effect of carbon source on bacterial cellulose
production. Mikkelsen et al. studied the following different carbon source s: glucose,
mannitol, glycerol, fructose, sucrose, and galactose. The highest cellulose production
(3.83g/L) was found for sucrose. The purity and crystallinity of the cellulose was determined
by 13C-NMR spectrum. With the all the carbon sources, the crystallinities were found to be
similar. Table 2.1 summarizes the crystallinities and Iα/Iβ ratios.
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Table 2.1 Percent Crystallinity and Iα/Iβ ratio by 13C-NMR of BC produced by different
carbon source [10].

2.2.2. Chemical properties
Various components have been added into the culture medium to alter the properties of pure
BC or to improve the BC composite properties. The fiber morphology of the BC has already
been tailored by the addition of water-soluble polymers such as PEO in the culture medium.
Brown et al. used PEO that in addition to its water solubility, is also biocompatible and can
change the crystallization of BC to improve its thermal and mechanical properties. By the
FT-IR results, a C-O-C bond was observed at 1148cm-1 in the PEO/BC nanocomposites. This
came about because of hydrogen bonding between the cellulose and PEO. The Iα/Iβ ratio was
increased when the PEO concentration increased that indicated a more stable Iβ allomorph
formation during crystallization [38].

Seifert et al. studied the effects on the properties of BC after adding the following water
soluble polymers: carboxymethylcellulose (CMC), methylcellulose (MC), and polyvinyl
alcohol (PVA) to the culture solution during cultivation of bacterial cellulose to control the
water content of never dried BC and reswollen BC. The crystal modification had been
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studied by the solid-state 13C-NMR spectroscopy. Several Gaussian lines decomposed for Cα
and Cβ to determine the Iα/Iβ ratio and the amorphous region. For the BC-CMC samples,
there had been a decrease in Cα which indicated an increase in the amorphous part. However,
for BC/PVA there was no change in the Iα/Iβ ratio [39].

Different culturation conditions such as static, agitated and bioreactors have been applied
with the aim to increase BC production. Static methods had been successfully used to
commercialize bacterial cellulose products such as observed for the food product, nata de
coco, used in the Phillipines. However, this method required a long time, large surface area,
and high manpower. To overcome this problem, the agitated method has been used on a
commercial scale that gives advantage over the static method because it is able to produce
more BC.

Zhou et al. incorporated sodium alginate in the culture medium under agitated conditions to
increase the BC production and get rid of the clump formation of BC due to agitation. The
sodium alginate promotes the growth of BC at a level 1.7 fold higher compared to the
control. However, the crystallinity was found to be 59% compared to 89.7% without the
addition of sodium alginate. This was due to the addition of sodium alginate which formed
small size crystallites (5.8 nm for pure BC and 5.1 nm for BC produced with sodium
alginate). Therefore, the additions of water-soluble polysaccharide can improve BC
production with modified cellulose structure [40].
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Various studies were carried out to increase BC production; however, sparse information is
available on its physical properties. Cheng et al. studied the effect of different additives such
as agar, carboxymethylcellulose (CMC), microcrystalline cellulose, and sodium alginate on
its material properties. The highest BC production was obtained with CMC which bound to
the surface of BC fibrils. This incorporation slightly reduced the crystallinity from 85% (Pure
BC) to 80% with concomitant small-sized crystallites. However, the decrease was small
compared to the effect of sodium alginate. The CMC addition improved the water retention
property to 98% due to increased microporosity and change in material microstructure. From
the thermographs, CMC-altered BC showed higher thermal resistivity; however, the
mechanical strength of BC was low when produced by agitated conditions compared to pure
BC with static conditions because of the decrease in glucose polymerization [41].

In vitro structural modification has been carried out on cellulose by Whitney et. al. by adding
xyloglucan which is a major hemicellulose component in the primary cell wall in the culture
medium. The presence of tamarind xyloglucan resulted in the formation of thick pellicles
which had short linkages with the connecting ribbons. From the 13C-CP/MAS spectrum, the
signals at C-1 and C-4 sites gave a crystalline content of 50-55% in presence of xyloglucan
compared to pure BC whose crystalline content was 80-85%. There was a significant
decrease in the Iβ content. The Iα/Iβ ratio for Pure BC was 70/30; however, the crystalline
form ratio changed to 40/60 ratio, an increase in Iβ (more stable than Iα). After the molecular
structure determination, it was found out that the cellulose is composed of 57% Iα, 25% Iβ,
and 18% non-crystalline for cellulose in the absence of xyloglucan and 21% Iα, 32% Iβ and
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47% non-crystalline for cellulose grown in the presence of xyloglucan. These studies suggest
the nature of self-assembly of cellulosic molecular organization which was quite similar to
those in primary cell walls in plants [42].

It has confirmed that the cellulose crystal formed from cellulose Iα to Iβ by adding some
additives in the culture medium of Gluconacetobacter xylium. The Iβ allomorph should be
assigned to a monoclinic unit cell and Iα should be assigned to an allomorph having a onechain triclinic unit cell. Iα/Iβ ratio in cellulose differs greatly in nature depending upon the
nature and species of bacterium. Various studies had been carried out to understand the twophase crystallization process in BC.

Yamamoto and Horii studied the effect of polymeric additives, stirring, and temperature on
the crystal formation of Iα and Iβ. With an increase in polymer concentration of xyloglucan or
carboxymethyl cellulose, the mass fraction of cellulose Iα decreased remarkably. This
decrease occurred due to the differences in crystallization induced in fibrillar units of
different sizes. The crystallization process occurred when there were 16 cellulose chains
enzymatically produced from the catalytic sites on the longitudinal axis of
Gluconacetobacter xylinus cell. These cellulose chains extrude from the pores of bacterium
into the culture medium to form sub-elementary fibrils. These sub-elementary fibrils
aggregate to form microfibrils and finally to cellulose ribbons. Under the stirring conditions
in presence of xyloglucan or CMC, a prominent decrease in Iα was observed because of the
higher molecular weight of xyloglucan and adequate stirring and homogenous mixing of
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xyloglucan which adheres to the surface of a growing fibrillar unit. The temperature had a
profound effect on the mass fraction of Iα. The cellulose Iα content increased from 56% to
72% with a decrease in culture temperature (40–10 °C). However, the maximum bacterial
cellulose was found at 28 °C [43].

In another study, Yamamoto et al. found a correlation between the crystalline size of
microfibrils with a mass fraction of cellulose Iα and Iβ. From CPMAS 13C-NMR analysis, an
Iα proportional decrease had been confirmed with an increase in annealing temperature.
CMC with different degrees of polymerization (DP) and substitutions (DS) was added to the
culture medium to study its effect on the two crystalline allomorphs. The lowest DP and DS
induced the lowest cellulose Iα mass fraction of ca. 0.2. This was due to the crystallization of
Iβ in presence of CMC. Thus, a decreased Iα mass fraction correlates with an enhanced
crystallization of Iβ. In addition, the increasing concentration of CMC caused a decrease in
the crystallite size from 6.5 nm to 4.0 nm. This decrease also correlates with the decrease in
width of microfibrils from 27 nm to about 7 nm. The decrease in cellulose Iα mass fraction
also correlates with a decrease in crystallite size. Thus, the cellulose Iα tends to crystallize
into wider microfibrils, and Iβ preferably to smaller size. This might be due to the lower DP
of CMC with no aggregation of microfibrils at the surface of microfibrils [44].

From the TEM observation, it has been confirmed that the microfibril size changes according
to the mass fraction of cellulose Iα in the presence of polymer additives such as CMC.
Without any additives, the bacterium was able to produce a ribbon assembly of 40-60 nm in
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size. However, in the presence of CMC, separate microfibrils, of 6-12 nm were produced
having small sizes and narrow distributions. The CMC were able to prevent the aggregation
of microfribils by attachingto the surface of microfibrils through hydrogen bonding [45].

Horii et al. came up with the model for the crystallization of cellulose Iα and Iβ. They
proposed that this hydrogen bonding model helps to explain how the different sized
microfibrils form different crystallites. The helical twisting of the normal ribbon assembly
before crystallization due to shear stress can lead to form different crystals on cellulose. The
stress-induced crystallization gave rise to Iα due to shifting of the (1 1 0) planes. In contrast,
when the shear stress is partially or fully relaxed after the crystallization of cellulose Iα, the
remaining part of the cellulose chain of the non-crystallization region in the central region
relaxes to give rise to stress-free crystallization processes that form cellulose Iβ [46].

Among all the different forms of cellulose, cellulose I and II are the most studied. Cellulose I
consists of metastable crystals with highly ordered cellulose parallel strand sheets with no
inter-sheet hydrogen bonding. Cellulose I have two different kinds of allomorph, Iα (triclinic)
and Iβ (monoclinic), with varying proportions depending upon the species and culture
conditions.

Cellulose I can be converted to cellulose II by recrystallization to produce
thermodynamically more stable crystallites with an anti-parallel arrangement of cellulose
sheets via inter- and intra-hydrogen bonding.
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Cellulose I and Cellulose II have been produced by changing the temperature of incubation
using Gluconacetobacter xylinum ATCC 23769. When the cells were cultured at 4 °C for 1
hour, the cellulose chains were extruded as banded material perpendicular to the long axis of
cell having width and length of 1.5um and 0.36 um, respectively. However, when it was
incubated for 5 hours, a dense product formed. By the electron diffraction pattern evaluation,
this material was found to be cellulose II whose reflection was indexed as (1 1 0), (1 1 0),
and (0 2 0). When the same cell was incubated at 28 °C for 7 min, the band material extruded
and formed a ribbon assembly. The cellulose I had been confirmed by electron diffraction
pattern having reflection indices of (0 1 0) and a (1 1 4) plane for triclinic cellulose Iα (see
Figure 2.5). Hence, by changing the temperature of incubation, the cellulose structure can be
changed from cellulose I to cellulose II or vice versa. From the light microscope observation,
it has been observed that when the cells start to rotate along their longitudinal axis at room
temperature, they spontaneously form a ribbon assembly. Therefore, rotation of cells during
culturation is an important factor in the crystallization of cellulose Iα and cellulose Iβ [47].
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Figure 2.8. Selected area electron diffraction pattern of cellulose produced at a) 4 °C for
5 hours. c) 28 °C for 7 min [47].

The mechanical properties of the cellulose sheets after post treatment such as air-drying and
hot pressing at different conditions had been tested. A very high Young’s modulus of 18.8
GPa was observed when hot pressed. This high modulus was due to the super-molecular
structure. When hot pressed, the crystallographic c- axis lay randomly perpendicular to the
thickness and (1 1 0) plane was oriented parallel to the surface [48].

Bacterial cellulose had been compressed to improve the mechanical properties of the BC film
and to study its structural-mechanical properties relationship. The BC film was compressed
at 10, 50, 100 MPa at 70°C. The compression changed the crystallinity index of the cellulose
from 71% (uncompressed) to 84.3% due to the reorientation of the cellulose crystallites and
increased size of existing crystallite domain. The increased compression pressure showed
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higher deformation at break as well as higher tensile strength (182.5 MPa at 100 MPa
compression pressure) and modulus (10.6 GPa at 100 MPa compression pressure). This was
due to the reduced porosity at higher compression pressure that allowed for better interfibrillar bonding [49].

Physiological conditions such as oxygen tension had been studied on the efficiency of
cellulose production and its physical properties. When the oxygen tension was 10% -15%
lower than atmospheric level, there was 25% increased cellulose production observed.
However, a denser network of cellulose fibrils was observed at highest oxygen tension (50%)
characterized by a modified network with no change in the width of individual fibrils [50].

BC has been cultured in tubular forms on the top of silicone tubes of different shapes and
connection (see Figure 2.6) by varying the tension of oxygen (21%, 35%, 50%, and 100%).
The mechanical properties such as burst pressure increased to 880 mmhg when oxygen
concentration was 100% due to the increased wall thickness. However, the Young’s modulus
of all the tubes produced at different oxygen concentration was 5 MPa [51].
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Figure 2.9. Cellulose tubes with different inner diameters. B) Connecting BC tubes
produced at 100% oxygen concentration [51].

As it has been observed, the ribbon structure and dimension can be altered by changing the
culture conditions and can consequently alter the physical properties of the final product.
Yamanaka et al. used chemical reagents (antibiotics) such as nalidixic acid and
chloramphenicol in the culture medium to change the cell structure in the longitudinal
direction to produce wider cellulose ribbons.

It is well known that bacteria grow by cell division (“binary fission”). At each cell division
cycle, the cell bacterium divides into two along the longitudinal direction. In this way, the
bacteria producing cellulose ribbon also split into two causing narrowing of the cellulose
ribbon. However, in presence of antibiotics, the cells stop dividing which aggregates the cells
and produces much wider cellulose ribbons. The width of control cellulose ribbon was found
to be 98-140 nm as compared to 110-200 nm for nalidixic acid-treated samples and 130-330
nm for chloramphenicol-treated samples. The increase in cellulose ribbon improved the
Young’s modulus of the BC. For the control, the Young modulus was 13.7 GPa, for nalidixic
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acid it was found to be 19.4 GPa and for chloramphenicol it was 18.4 GPa. Overall, a 3442% increase in Young’s modulus was observed. This resulted due to an increase in the
effective cross-sectional area of the cellulose ribbon and better uni-planar orientation [52].

Raman spectroscopy has been used to estimate BC sheets strength from hot pressing. From a
typical Raman spectrum, a peak was observed at 1095 cm-1 which corresponds to the C-O or
C-C bond stretching along the cellulose polymer chain. Under tension, a peak shift was
observed indicative of direct molecular stressing whose modulus for a single bacterial
cellulose filament is 114 GPa [53].

Effect of post –synthetic methods such as drying the sample by different conditions have
proven useful to improve the mechanical properties of BC. A BC sample has been freeze
dried, dried at room temperature (25 °C), and dried at elevated temperature (50 °C) to alter
the structural morphology and consequently the mechanical properties. The crystallinity of
such a BC sample was found to be 47.20%, 59.16%, and 64.60% when dried by freeze
drying, room temperature (25 °C), and at elevated temperature (50 °C), respectively. The
increase in crystallinity with increasing temperature was due to the annealing of the polymer
chains in which the cellulose crystals pack and arrange themselves in a more perfect lattice
and also because of close packing of the BC fibrils that increases hydrogen bonding among
fibrillar structures. This effect was also observed on the tensile strength of BC where the
maximum tensile strength was found to be 29.75 MPa for freeze dried BC, 39.04 MPa for
air-dried BC (25 °C), and 40.76 MPa for BC dried at elevated temperature (50 °C),
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respectively. The increase in mechanical property was due to the water removal leading to
compacting of the BC fibrils at higher temperatures [54].

Different approaches other than physiological conditions have been applied to increase BC
production. A biofilm reactor showed enhanced production of BC by using a plastic
composite support (PCS) that is a mixture of polypropylene and nutrition compounds (such
as soybean flour, cellular nutrients such as bovine albumin, red blood cells, yeast extract and
peptone) in the culture medium. The PCS acts as a physical support for biofilm formation
and also provides nutrient components for cells to grow. The BC yield increased to 7.05 g/L
compared to the control (2.82 g/L). The crystallinity increased from 85% to 93% when PCS
was used as a solid support in the culture medium, possibly due to longer polymerization of
BC; however the crystal sizes were the same (5.2 nm for < 2 0 0>) in both BC samples. The
DMA results showed that the stress at break increased from 2.8 to 34.2 MPa, the Young’s
modulus increased from 286 to 2401 MPa, and strain at break increased from 0.8 to 1.4%
when PCS used as solid support in the culture medium. These increases were due to higher
glucose polymerization and PCS incorporation in a biofilm reactor [55].

Other than the biofilm reactor, different strategies had been utilized such as batch and feedbatch cultivation, using a chemically modified medium (CDM) and waste from beer
fermentation broth (WBFB). The new medium and feed-batch strategy greatly influence the
chemical structure, and the physio-chemical properties of the BC. The XRD pattern of BC
samples produced using CDM in batch and fed batch cultivation mode in CDM and WBFB
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showed a cellulose Iα fraction of 55-58%. The lowest Iα fraction was found for the batch
cultivation. This difference clearly showed that the cultivation mode had a significant effect
on cellulose Iα and cellulose Iβ fraction. Moreover, the culture medium CDM and WBFB had
a significant effect on the crystallize size and crystallinity index. In terms of mechanical
strength, the BC sheets prepared by feed-batch cultivation using CDM had a higher
mechanical strength than BC sheets prepared using WBFB probably due to the uni-planar
orientation of microfibrils [56].

2.3. Significant chemical modifications to surface and bulk structure
2.3.1. Surface modification using different media and organic acids
BC has attracted lot of attention because of its unique characteristics. It contains two
crystalline allomorphs, Iα and Iβ, terms that define its crystallinity percentage. The
crystallinity of the BC governs its mechanical, swelling and other properties. So these
physico-chemical properties can be altered by modifying BC through chemical treatment.
Wu et al. treated BC with acidic, alkaline, and redox solution as possible means for BC
modification.
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Figure 2.10. XRD patterns of (a) pure BC, BC treated with (b) HCL (c) NaOH (d)
H2SO4 (e) Na2SO3.

Figure 2.11. Chemical changes to the BC after different treatment [57].
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From the XRD in Figure 2.7, it can be observed that the crystallinity of the pure BC sample
decreased to 53% and 59% in presence of NaOH and H2SO4 solution, respectively, from
76%. This happened due to an increase in inter-planar spacing. A new peak observed at
11.759 for the (0 0 1) plane was typical of cellulose II. So, these results indicate that cellulose
I can be changed to cellulose II in the presence of a strong alkaline solution. The crystallinity
of the BC increased to 87% and 93% in the presence of HCl and Na2SO3, respectively,
because it reduced the –OH linked to the C-O-C and disrupted the inter-molecular hydrogen
bonding. The detailed chemical changes to the BC after treating it with different media are
depicted in Figure 2.8. Most importantly, the crystalline form of BC and the peak position
did not change after chemical treatment with HCl and Na2SO3. With all of these treatments,
the water retention rate was increased. The most significant result was found for the Na2SO3
treatment due to the disruption of hydrogen bonds that caused loss of hydrated water. All of
there results are important to consider before treating BC samples with any medium [57].

Surface acetylation of the BC had been done to improve the adhesion to hydrophobic
matrices without disrupting the microfibrillar morphology of BC. The BC sample treated
with anhydrous acetic acid to yield a degree of substitution of 2.77 which is characteristic of
cellulosic triacetate. However, the core of the sample was found to be cellulose I. This results
indicates that only surface of BC fibrils can be acetylated to make them compatible with
hydrophobic materials [58].
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The acetylated BC was used with acrylic resin (tricyclodecane dimethanol dimethacrylate
(TCDDMA) to prepare optically transparent composites films. The degree of substitution
was found to be 1.76. The surface as well as the core of BC was acetylated which collapses
the structure of cellulose I. The untreated BC had a transmittance of 78.2% which was
improved to 87.8% when the degree of substitution was 0.74. This way the transparency of a
composite can be controlled by the degree of acetylation [59].

Heterogeneous surface esterification of BC nanofibers was heretofore done with acetic,
hexanoic, and dodecanoic acids to improve the hydrophobicity of the BC. The esterification
reaction introduced the hydrophobic group on the surface of BC and the water contact angle
increased with the increasing chain length of organic acids that were used to modify the
surface of BC. Surface hydroxyl group availability had been determined by the
hydrogen/deuterium exchange method. It was found out that the neat BC had values of 1.24
accessible hydroxyl groups. With surface modification, these values decreased, evidence of
the reduction of surface hydroxyl group and an increased packing efficiency due to the
grafted long chain hydrocarbon tails of the organic acids. The XRD results confirmed that the
BC had been only surface-modified, as there was no peak shift, except for the BC sample
treated with strong acetic acid. The crystallinity reduced from 74% (neat BC) to 59%. This
reduction was due to the high reactivity of acetic acid leading to more ester bond formation
on the BC surface [60].
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More work had been done by the same authors to see the effect of esterification with organic
acids (hexanoic acid) on never-dried and freeze-dried BC. It has been found out that after the
chemical modification, the crystallinity of the freeze-dried BC decreased to 53% compared to
never dried BC (91%). This phenomenon indicates that the freeze-dried BC underwent bulk
modification compared to never-dried BC which displays only surface modified by
esterification. Various questions arise why the two BC samples undergo different
modifications. The authors had speculated many different theories but their results are
contradictory such as the residual water on starting BC can affect the equilibrium of the
esterification reaction, availability of hydroxyl group might be different for never dried and
freeze-dried samples, exposed surface area might be different for BC samples which affects
the esterification reaction, or the crystallinity changes after drying with different solvents.
For the XRD results, two different peaks observed for d1 and d2 with are composites of Iα
and Iβ reflection, where d1 corresponds to Iα (1 0 0) and Iβ (1 -1 0) whereas, d2 corresponds
to Iα (0 1 0) and Iβ (1 1 0) were observed. The Z values calculated by the d spacing confirm
that never dried BC was rich in Iβ, whereas freeze-dried was rich in Iα. This result confirms
that freeze-dried BC was more susceptible to the esterification reaction [61].

BC possesses a lot of surface hydroxyl groups which are useful for bone-like hydroxyapatite
formation on the BC substrate. Nge et al. modified the BC surface with carboxymethyl
groups, TEMPO oxidation to introduce carboxyl groups, and TEMPO oxidized cellulose
with calcium ions to create more nucleation sites. The apatite deposited on the functional BC
surface after soaking the samples in simulated body fluid (SBF) for 21 days. The ionic
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interaction of the calcium and phosphate ion with the BC surface functional group is
illustrated in Figure 2.9.

Figure 2.12. Illustration of the possible interaction of calcium and phosphate ions with
the BC surface functional groups as initial step for apatite formation in SBF [62].

The BC-TEMPO sample contained uniform and a high number of carboxylate groups
compared to BC-CMC in which the carboxylated groups are randomly distributed on the BC
fibrillar subunits for apatite nucleation. The BC-TEMPO oxidized-Ca, had already a
preexisting group, BC-COOCa+ which facilitates easier and smaller apatite globular
formation compared to BC samples because Ca+2 is one the mineral necessary for apatite
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formation. This study can be used for bone like apatite formation in osteological applications
in which the amount of functional groups can be change by modifying the BC substrate [62].

BC had been surface modified by chemically grafting aminoalkyl groups on BC fibers that
can mimic the inherent antibacterial property of chitosan. The BC treated with 3aminopropyltrimethoxysilane (APS) to introduce aminoalkyl groups on BC surface as shown
in Figure 2.10.

Figure 2.13. Schematic of introduction of NH2 on the BC surface by chemical grafting
using APS as the active reagent [63].

The siloxane bridges (Si-O-Si) grafted onto cellulose nanofibrils through Si-O-C bonds. This
modified membrane showed good antibacterial property by the reduction of E. Coli and S.
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aureus bacterial viability. This modified material can be used as potential candidate for tissue
engineering applications [63].

A BC composite had been prepared by ATRP (atom transfer radical polymerization) sleeving
of BC by immobilizing the initiators (2-bromoisobutyryl bromide) onto the BC membrane
and then ATRP polymerizing the methyl methaacrylate and n-butyl acrylate (see Figure
2.11).

Figure 2.114. (Step 1-Bacterial cellulose membrane functionalized with 2bromoisobutyryl bromide (ATRP initiator). Step 2-The functionalized BC membrane
grafted with MMA or BA [64].

The living characteristic of the composite system was successfully verified by the growth of
the PBA block on the BC-g-PMMA membrane. This method had increased the
hydrophobicity, thermal stability, and flexibility of the BC sample. This kind of surface
modification is beneficial for a living system where BC membrane can be functionalized to
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tune the mechanical, thermal, and other properties of the composite according the specific
application [64].

A different approach had been used to graft polymerize the acrylic acid to introduce the
carboxylic group on the surface of BC because a carboxylic group dissociates partially in
SBF solution and can act as a nucleation site for calcium phosphate. The BC has been treated
with ozone first and then immersed in monomer solution to graft the acrylic on the BC
surface. From the SEM images, it can be observed that BC nanofibers had been grafted
which forms a thin film between and on the BC nanofibrils. The calcium crystallization had
been confirmed by EDS having smaller and greater number of crystals. This BC-calcium
phosphate sample would be useful for bone tissue regeneration [65].

BC surface had been modified with nitrogen plasma to increase adhesion in cell affinity
experiments. The nitrogen plasma facilitates the introduction of amino group on the
substrates to thus change its reactivity and wettability. The hydrophilicity slightly decreased
after plasma treatment due to the removal of residual water and other volatile molecules.
From XPS analysis, the concentration of surface nitrogen was found to be 5.90% that did not
show any change even after 180 days [66].

Bulk modification of BC nanofibers had been done by dissolving BC nanofibers in Nmethylmorpholine-N-oxide (NMMO) to the cast film. This dissolution broke the hydrogen
bonds, which ultimately decreased the crystallinity of BC from 79% to 38%. This means that
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most of the crystal structure is disrupted and converted into amorphous regions. After the
dissolution, the supramolecular structure of cellulose I changed to cellulose II with
concomitant smaller crystallites. Figure 2.12 shows the complex formation between BC and
NMMO [67].

Figure 15.12. Illustration of the dissolution of BC in NMMO that forms a complex by
virtue of new hydrogen bonds [67].

2.3.1.1. Other Methods
A very new method had been used to alter the morphology of the BC (porosity, roughness,
and crystallinity) that is known as ultrasound treatment. The ultrasound energy is transferred
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to polymer chains of BC resulting in the fusion of adjacent cellulose ribbons due to the
cavitation effect. Tischer et al. studied the effect of ultrasound treatment on BC for different
time intervals and it was found that the width and height of cellulose ribbons increased. From
the XRD results, the average crystalline size and the crystallinity also increased. This
happened due to the energy provided by cavitation from ultrasonic treatment and it was
mostly localized in the amorphous regions where water can penetrate causing thicker
crystallite formation as shown in Figure 2.12 [68].

Figure 16.117. Illustration of cellulose ribbon modification by ultrasonic treatment [68].
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This method was further utilized for the incorporation of nanocrystalline ZnO particles into
BC pellicles by an in situ process. The BC pellicles were immersed in zinc acetate solution
first, followed by immersing them in a NaOH solution using ultrasonic treatment at different
time intervals. The ZnO particles were of the same size as those of the BC nanofibers and
grew perpendicular to the alignment of the BC nanofibrils (Figure 2.13). The BC-ZnO
composite showed good antibacterial properties against strains of E. coli and S. aureus [69].

2.3.2. Cross-linking of bacterial cellulose
It has been observed that BC can be modified because of the presence of surface hydroxyl
group along its backbone structure. These groups can be cross-linked by various materials
such as glyoxal, gluteraldehyde, gelatin, etc. Quero et al. studied the mechanical properties of
the BC cross-linked with glyoxal that works to increase the stress transfer efficiency of wet
BC-cross-linked. The glyoxal molecules impregnate into the fibrous network of BC and from
the XRD results, the crystallinity did not change; this indicates only the surface of BC fibrils
and the amorphous regions were cross-linked during the heterogeneous modification. The
stress at failure of wet modified BC increased by 137% compared to unmodified wet BC due
to the impregnation of glyoxal that prevented the cellulose fibrils from slippage and maintain
the strength of the network [70].

Bacterial cellulose had been cross-linked with PVA to make three types of thin membranelike composites, BC-based biodegradable composites, BC-PVA composites, and partially and
highly cross-linked composites using glutaraldehyde (GA) via the immersion method. The
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BC content was controlled by changing the PVA solution concentration. The PVA
completely penetrated the fibrous network of BC. From the FT-IR results, there were
diminished O-H groups after cross-linking with GA. The crystallinity decreased from 62.5%
to 12.7% due to the changes in morphology and destruction of crystallites. When the BC
content was 50% and 75% in the composite, the Young’s modulus was 1590 and 2473 MPa,
respectively. Even, the thermal stability increased with the after the cross-linking of BC-PVA
composites [71].

BC had been surface cross-linked with gelatin using procyanidin to improve the bioactivity
for potential tissue engineering applications. From the FT-IR results, the BC-gelatin
composite showed distinct peaks of amide I and II which confirmed the presence of surface
cross-linking. The electrostatic nature of BC can cause the quaternized N group of
nephelauxetic gelatin molecules to absorb onto the BC surface. Those quaternized molecules
then cross-link with PA through possible hydrogen bonding interactions. Therefore, the BC
was surface cross-linked through a gelatin coating [72].

A BC-gelatin composite had been prepared by cross-linking with transglutaminase, genipin,
and EDC. It had been observed that the crystallinity decreased after the introduction of
gelatin because gelatin possesses very low crystallinity. The crystallinity further decreased
when cross-linked with EDC, as it compacted the gelatin molecules and structure of BC.
However, the composite storage moduli increased by 2-3 fold because of the compact
interpenetrating network of gelatin molecules into the BC fibrous network. The lower
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crystallinity increased the amorphous region in the composite to facilitate water adsorption
during rehydration [73].

Double network hydrogels had been prepared with BC and gelatin that possessed high
mechanical strength. The gelatin-immersed BC was cross-linked with N-(3dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC). The BC-gelatin composite
after crosslinking can still hold water under pressure and recover its original shape. The
compression modulus was found to be 1.7 MPa in a direction perpendicular to the stratified
structure, more than the original BC (0.007 MPa). From the SEM image (Figure 2.14), the
pores of BC were completely covered with gelatin as part of a BC-gelatin composite [74].
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Figure 2.118. BC, Gelatin, BC-gelatin samples at (a) before compression, (b) during
compression (c) after compression (d) SEM images (e) XRD pattern [74].

A composite of sodium alginate/carboxymethylcellulose/BC was prepared by cross-linking
Ca+2 to the biopolymers to form a semi-interpenetrating polymer network. In Figure 2.15, the
G block of SA forms ionic crosslink through Ca+2 while the CM-BC is trapped between the
G-blocks. The CaCl2 on the CM-BC becomes inverse–phase cross-linked with the alginate to
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form calcium alginate spheres on the surface of CM-BC. With an increase in CM-BC
concentration, the swelling ratio and tensile modulus increased [75].

Figure 2.119. Illustration of semi-interpenetrating network of sodium alginate (CMCBC composite. Upper figure is the schematic of an MGM alternating block of sodium
alginate [75].

Bacterial cellulose/fibrin composites had been prepared by cross-linking with glutaraldehyde
through covalent bonds. The tensile strength and the time-dependent viscoelastic properties
were comparable to that of native small-diameter blood vessels [76].

Because BC does not have any bioactivity, it had been combined with other biomaterials
such as HA [77] and chitosan to make it more biocompatible. Cross-linking the BCcomposite with EDC also improved its mechanical properties [78].
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2.3.3. Gene modification to enhance BC biodegradability
BC undergoes degradation by certain enzymes, or fungi. Because bacterial cellulose does not
contain any impurities such as hemicelluloses and lignin, pure BC is more susceptible to
degradation than plant cellulose. Pure BC possesses very high wet mechanical properties and
good biocompatibility. However, its high crystallinity prevents it use for biomedical
application due to poor in vivo or in vitro degradation.

Recently, BC had been metabolically engineered to produce a BC which is more degradable
and enzyme-susceptible. N-acetylglucosamine (GlcNAc) had been introduced in the cellulose
biopolymer during a de novo synthesis from Gluconacetobacter xylinus to redesign the
cellular metabolites. The presence of GlcNAc made BC more lysozyme-susceptible and also
decreased the stability of fibril-fibril interactions and altered the hydrogen bonding leading to
lower crystallinity. The metabolically engineer BC (MBC) had two additional peaks at 17
and 21.8 for the reflections at (0 0 2) and (1 11), respectively which are representative of
cellulose II. Therefore, GlcNAc changed its pristine cellulose Iα allomorph to a less
crystalline cellulose II allomorph to reduce the original crystallinity from 70% to 35%.
Figure 2.16 shows the photographic images of BC and MBC cultured with glucose and
GlcNAc [79].
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Figure 2.120. Preparation of BC (A) production of BC and MBC with glucose and
GlcNAc as the carbon sources. (B) Photographic image of BC and MBC after
lyophilization [79].

BC had been oxidized to make it biodegradable. Li et al. improved the in vitro
biodegradability of BC through periodate oxidation to make the 2,3-dialdehyde BC which
can degrade in a phosphate buffer saline (PBS) and synovial body fluid (SBF). After
periodate oxidation, the crystallinity of BC decreased due to the opening of gluco-pyranose
rings and destruction of ordered packing. Also, after the degradation in water and PBS, the
BC maintained its characteristic peaks and only the amorphous regions degraded. The
modified sample that degraded in SBF formed hydroxyapatite crystals with an average
crystallite size of 20 nm. Therefore, an improved degradation of BC can be of potential use in
tissue engineering applications [80].
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Recently, a new method was introduced to oxidize the BC cellulose using nitrogen dioxide.
The degradation rate can be tailored by changing the amount of oxidation reaction time.
Figure 2.17 shows the oxidation reaction of BC by NO2.

Figure 2.121. Illustration of oxidation of primary alcohol groups at C6 of BC to convert
it into the carboxylate form which can hydrolyze much more easily [81].

The diffraction peaks remained unchanged after oxidation which indicated the retention of
cellulose I form with little statistical difference in crystallinity. The mass loss greatly
increased with degradation time when kept in PBS. The hydroxyls group oxidized by NO2
can form carboxylate that can hydrolyze rapidly. Therefore, modified BC can swell and
degrade faster. Also a 45% mass loss of modified BC might be due to the high susceptibility
of cellulose chains toward oxidation in the amorphous regions, crystal defects, and micro and
nanofibrils interface. Therefore, this method has the potential to control the degradation rate
of BC by tailoring the oxidation rate and time [81].

Another study by Darwis et al. [82] on BC modification by gamma irradiation to improve
biodegradability has been carried out. The irradiated samples had been kept in SBF for 6
months to evaluate degradation rate. However, the weight loss reached only 18% and 25% by
irradiating the membrane with 25 kGy and 50 kGy, respectively. The irradiation process
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broke the fibrils network of cellulose causing degradation of cellulose in SBF. However, the
weight loss was still very low for a period of 6 months, too low to be considered feasible
compared to other nitrogen oxidation methods [81].

A detailed analysis has been done on the degradation of BC by immersing it in PBS for 33
weeks to reveal no modification whatsoever to BC. The PBS contains water and inorganic
salts which can affect the degradation of BC in tissue fluid (PBS). It had been found out the
crystallinity decreased over time from 78% (0 hours) to 26% (after 33 weeks) due to the
swelling and fragmentation of BC fibrils.

Figure 2.122. Schematic of step-by-step degradation process of BC in PBS solution [83].
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The water molecules tended to break the hydrogen bonds causing the crystal regions to
become amorphous regions. The molecular chains in amorphous region break down due to
infinite swelling which later hydrolyzes to cellobiose and glucose. Over longer exposure
times, the intramolecular chains weaken and disconnect the partial C-O-C bonds causing a
huge degradation of BC in PBS solution (see Figure 2.18 for detailed structural changes in
BC during degradation) [83].

2.4. Composite preparations, new functionalities introductions, and its applications
Bacterial cellulose has found different application because of its many unique properties,
such as its unique nanostructure, high wet tensile strength, hydrophilicity, and
biocompatibility. BC has been applied for use in paper, filtration/separations, and food
products [84]. Tremendous research went into to the application of BC in biomedical field
such as wound dressing, blood vessels, eyes corneals, and cartilage tissue engineering [8587].

However, BC still needs improvement for use in other applications because it displays no
antibacterial, electrical and magnetic properties. Therefore, BC had been modified to impart
specific functionalities within these applications. Surface and bulk modification had been
carried to make composite materials. Different techniques to make composites are discussed
which include incorporation of organic and inorganic materials both during and after the
biosynthesis of BC. The nano-structural formation and incorporation of these materials can
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be done by reduction, precipitation, and sol-gel that have been discussed in a review paper
[88].

2.4.1. Incorporation of inorganic materials during biosynthesis of BC
Various inorganic materials had been incorporated into the culture medium during the
biosynthesis of BC such as metals, metal oxides, and solid materials. These nanoparticles are
incorporated into the fibrous network of BC. The nanoparticles can enhance its mechanical,
optical, antibacterial, and electrical properties. The following studies will describe the
incorporation of these nanoparticles according to various methods and their use in various
applications.

Silica sol was incorporated during bio-synthesis of BC. The silica particles interfere the
preferential orientation of the (1 -1 0) plane that is induced by the disruption of the ribbon
structure as shown in Figure 2.19. The higher concentration of silica decreases the peak
intensity of the (1 -1 0) plane. However, the elastic modulus increased when the
concentration of silica was optimum [89].
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Figure 2.123. Illustration of silica particles incorporation in BC fibrils (a) The BC
fibrils arranged in as flat sheet; (b) disruption of fibrillar network by incorporation of
silica particles [89].

Bio-composites of Fe3O4/ BC were formed by agitation fermentation for absorption of heavy
metal ions such as for Pb+2, Mn+2, and Cr+3. The continuous pH decrease during bio-synthesis
encourage the FeSO3particles to disperse in the culture medium which glom onto the
hydroxyl groups of the BC fibrils by hydrogen bonding leading to a decrease in crystallinity.
The BC uptake of FeSO3 reached adsorption capacity of 90% that can be recycled and used
repeatedly by removing the heavy metal ions via magnetic field separation. Figure 2.20
shows the digital images of pure BC pellicles and FeSO3/BC composites [90].
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Figure 24.20. Photos of (a) bacterial cellulose pellicles and (b) FeSO3/BC composite [90].

A BC-TiO2 composite had been prepared by inoculation of titanium (IV) bis-(ammonium
lactato) dihydroxide (Ti-BALDH), a kind of aqueous soluble titanium precursor. The
composite showed a unique reticulated and micro-layered structure with interconnected
branched fibers. The amide II peaks shift indicated that the proteins in BC-TiO2 had strong
interactions with TiO2 nanoparticles with no change in crystallinity. The incorporation of
TiO2 increased thermal stability. This is the first study where TiO2 nanoparticles are created
by the in situ process. The –OH groups on BC fibers help nucleate the growth sites of TiO2
nanoparticles. These methods facilitate the formation of energy-efficient and environmentally
friendly formation of BC-inorganic composites [91].

Serafica et al. studied the incorporation of solid materials into BC by culturing it in a rotating
bioreactor with multiple discs. The rotating disc helps reduce solid particles precipitation that
does not happen in a static culture. Various solid particles of different shapes and sizes were
incorporated in a bioreactor after the initial thin BC film formation including aluminum, iron,
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Sephadex™ exchangers, resins, silica gels, glass beads, paper fibers, talc, and CaCO3.
However, due to the variance in size and weight of particles, the incorporation was not
homogenous for some inorganic materials. But this method requires only 3-4 working days
for composite formation as compared to static cultivation [92].

2.4.2. Incorporation of organic materials during biosynthesis of BC
BC has a 3-dimensional structure which can be used for the incorporation of different
nanomaterials and polymers. During any in situ process, the nanomaterials and polymers at
the nanoscopic size can be introduced in the nanospaces between BC fibrils. As the BC
production is in process, the nanoparticles can be easily attached onto the surface of BC
fibrils. In this way, the fibrils can be functionalized and BC can still retain its 3-dimensional
architecture without the agglomeration of nanoparticles.

Different nanomaterials such as multi-walled carbon nanotubes (MWCT), Tween™ 80, urea,
fluroscent brighter, hydroxypropylmethyl cellulose (HPMC) and carboxymethyl cellulose
(CMC), [93] MMT, and chitosan, etc., can be incorporated into BC. These nanomaterials are
added to impart electrical, mechanical, and biological functionalities by getting entrapped
between the fibrils of the BC to form composites.

Acid treated multi-walled carbon nanotubes (MWCT) are added in the culture medium
during the biosynthesis of cellulose under static conditions. The presence of the MWNT may
have contributed to a reduction in the bacterial motility and therefore changes the formation
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of the cellulose ribbon assembly. Also the acid treated MWNTs have hydroxyl groups which
are uniformly dispersed and interact with the sub-elementary fibrils of BC. MWNT
decreased the crystallinity and the Iα content of the BC composite [94].

MWNT are also cultured in agitated condition during the bio-synthesis of BC. The stress
induced on the BC fibril during the synthesis influences the agglomeration and crystallinity
of the BC composite. The crystallinity index, cellulose Iα, and the crystal size are reduced
due to the change in pattern of intermolecular hydrogen bonds [95].

2.4.3. Incorporation of polymeric materials during biosynthesis of BC
The properties of the BC had been altered by the addition of organic substances during the
biosynthesis of BC. Different waste carbons sources had been added to increase the cellulose
production which changes the structural as well as thermal, mechanical, and water adsorption
properties of native BC [8,9,37].

Various water soluble polymers have also been added to BC such as carboxymethylcellulose
(CMC), methylcellulose (MC), and poly(vinyl alcohol) (PVA), PEO, PVA, sodium alginate,
xyloglucan, PEG, hemicelluloses and pectin [38-40].

The fiber morphology had been altered by the addition of PEO that improved the thermal and
mechanical properties of the BC/PEO composites. Water-soluble polymers such as
carboxymethylcellulose (CMC), methylcellulose (MC), and polyvinyl alcohol (PVA)
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increased the water holding and retaining properties of BC. However, the addition of these
materials decreased the crystallinity of the composite indicative of an increase in the
amorphous regions. Therefore, they help retain water content [38]. The addition of CMC
improved water retention to 98% by increasing the microporosity and imparting to the
microstructure higher thermal resistivity [41]. The addition of PEG improved the
interconnected porous network of BC/PEG composite. However, the crystallinity of the
composite decreased which ultimately decreased the mechanical strength. The
biocompatibility of the composite was evidenced by good cell proliferation and adhesion
compared to native BC [96].

Different sphere-like assemblies of BC nanofibers had been formed by the addition of
xyloglucan, xylan, arabinogalactan and pectin under agitated conditions. Dense cellulose
fibrils with fewer interconnections were formed with xyloglucan and pectin. The higher
molecular weight and viscosity of pectin was able to stimulate the growth of BC [97].

Water insoluble polymers can be incorporated in the culture medium such as bioplastic poly3-hydroxybutyrate (PHB) to alter the morphology and crystallinity of the composite. As there
are insoluble particles, they settled to the bottom of flask and become incorporated to the
bottom of BC surface. The in situ modification increases the elongation at yield % value.
Therefore, such modifications during BC biosynthesis can be a good source of reinforced
composite applications [98].

63

PVA solution had been added during biosynthesis of BC and compared with the composite
prepared by impregnating PVA solution into the BC network. The presence of PVA acts as
plasticizer that resulted in the reduction of Young’s modulus and increased toughness
especially in situ prepared BC/PVA composite. However, the optical transparency was better
for impregnating BC compared to in situ modified BC [99].

In another study, the presence of PEG 4000 and β-cyclodextrin reduced the pore size of the
composite due to the inhomogeneous fiber structure and extensive agglomeration of isolated
ribbons [100]. Starch 2-hydroxy-3-trimethylammoniumpropyl starch chloride was added
during biosynthesis of BC. The upper part of the BC/starch composite consisted of an
irregular distribution of pore sizes within a thin film structure composed of solvated shells of
prepolymer. The starch/BC composite showed 10-time higher water holding capacity and
better re-swelling properties [100].

Other organic materials had been investigated such as Tween™ 80, urea, fluorescent
brightener, and hydroxypropylmethyl cellulose (HPMC), and CMC. The mechanical
properties decreased except for the urea/BC composite. The fiber diameters increased in
presence of fluorescent brightener, hydroxypropylmethyl cellulose (HPMC), and CMC. The
crystallinity of the composite also decreased in presence of HPMC and CMC with an
increase in amorphous regions that caused improvement in the rehydration ability of the
composites [93].

64

2.4.4. Incorporation of organic and inorganic material after biosynthesis of BC
Because of their toxicity, agglomeration, and big particles size, some organic materials
cannot be directly added into the culture medium during the biosynthesis of BC. This
limitation can be overcome by immersion methods that can be further modified by reduction,
sol-gel, or precipitation reaction to add functionalities to the BC membrane. The methods
have added advantages such as the BC film can be coated with polymer solutions to make
reinforcement composites. Nanoparticles can be impregnated in the porous nanofibrous
structure by physical adsorption methods, hydrogen bonding, and covalent bonding.
Furthermore, the BC sheets of specific size can be used instead of having no control on the
sample size in the case of an in situ incorporation method.

The BC sheet had been immersed into silica sol to which gets trapped in the spaces of the BC
fibrils. The modulus and the strength of the composite increased. However, the silica
particles cannot be loaded more than 10% by mass [89].

In a later study, the incorporation of silica particles had been improved by immersing the BC
in an aqueous solution of tetraethoxysilane (TEOS) at different concentrations and then hot
pressing at 120 °C at different time intervals. The silica particles cross-linked with cellulose
chains by possible hydrogen bonding between organic and inorganic phases (see Figure
2.21). Young’s modulus and the tensile strength of composite increased to 1.46 GPa and 113
GPa, respectively, at TEOS 7% concentration at a press time of 8 min [101].
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Figure 25.21. Possible cross-linking of SiO2 with cellulose chains [101].

Flexible aerogels had been prepared with silica in an interpenetrating network of bacterial
cellulose through a sol-gel process followed by freeze-drying. This method overcomes the
fragility of silica aerogels. The composite aerogels showed low density, high surface area,
and low thermal conductivity. The silica agglomerations in the confined spaces of BC
network during freeze drying helps the composite to maintain its integrity. The composite
aerogels withstand large capillary forces to show excellent flexibility when immersed in a
liquid phase. These types of aerogels were further utilized for oil adsorption from the water
surface by hydrophobization of the aerogels. Figure 2.22 shows the formation mechanism of
BC-SiO2 aerogels [102].
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Figure 26.22. a ) SEM image of a) BC ,b) BC-SiO2 composite.(c-f) illustration of
formation mechanism of BC-SiO2 aerogels [102].
Acid-treated MWNT nanotubes were incorporated into a BC fibrous network with the help of
surfactants (CETL trimethylammonium bromide) solution to prepare an electrically
conductive film. The immersion technique is depicted in Figure 2.23 that generally applied to
possible incorporation of other organic/inorganic materials.
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Figure 27.23. Illustration of the incorporation of MWNT into a BC fibrous network
[103].

The surfactant helps to migrate the MWNT into the inside of BC fibrils and is attached to the
BC surface because of the interaction of oxygen-containing groups of MWNT by acid
treatment and hydroxyl groups of BC. The electrical conductivity of the BC was found to be
1.4×10-1 S/cm [103].
Flexible and conductive composite films have been prepared by BC and graphene oxide
(GO). BC suspension and GO solutions were added at respective percentages to form a film
and then reduced by hydrazine to prepare BC/graphene composites. A layer-by-layer
structure composite film has been obtained. The Young’s modulus and tensile strength
increased with an increase in GO percentage while the conductivity of the composite film
was 1.1×10-4 S/m, six orders of magnitude higher than pristine BC [104].
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Graphite nanoplatelets (GNP) were incorporated into a BC membrane by an immersion
method at different time intervals, sonication, and then followed by air-drying. The GNP was
then inserted into the porous network of BC. The GNP covalently attached to the OH groups
of BC. The electrical conductivity increased from 1.6 to 4.5 S/cm compared with the
immersion method without sonication [105].

Highly conductive and stretchable conductors were prepared from BC by pyrolysis at 6001450 °C. To make it stretchable, pyrolyzed BC (p-BC) was infiltrated with
polydimethylsiloxane (PDMS) and then degassed in vacuum. Figure 2.24 show the
mechanism of making flexible conductive BC. BC used a precursor material because of its
low cost and high mechanical properties and very distinct 3-D network structure. The pBC/PDMS showed a high electrical conductivity of 0.20–0.41 S/cm with very high
electromechanical stability even at high tensile and bending strain. This material showed a
potential application for making foldable, stretchable, conductive material for industrial
applications [106].
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Figure 28.24. Shows the illustration of step-by-step procedure of making flexible
conductive BC [106].

Pyrolyzed BC had been studied for making a Lithium Ion Battery (LIB) anode. The BC first
freeze-dried, pyrolyzed, and incorporated with anode material SnO2 and Ge nanoparticles by
an in situ method (see Figure 2.25). The specific capacity of the composite material increased
to 967 mAhg-1 after the incorporation of Ge nanoparticles. This method proved to be a very
low cost and environmentally friendly process to make a LIB anode material with improved
electromechanical performance using naturally occurring materials [107].
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Figure 29.25. Illustration of formation of LIB anode material from pure BC [107].

Aerogels from BC had been manufactured by pyrolysis demonstrating ultralight and flexible
mechanical properties. After pyrolysis, the super hydrophilic pure BC turned hydrophobic as
demonstrated by a contact angle of 128.64° that increased with increasing pyrolysis
temperature. The aerogels showed excellent mechanical properties because of the flexibility
of their nanofibers and interconnected 3-D network having high porosity. The aereogels
showed remarkable uptake of organic liquids up to 106-312 times their own weight,
beneficial for removal of pollutants and oils (see Figure 2.26) [108].
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Figure 30.26. Uptake of organic liquid by pyrolyzed BC in 10 sec. (The layer of oil was
colored with Sudan III dye) [108].

Conductive films of TiO2/BC composite had been prepared by a sol-gel technique.
Electrostatic force microscopy (EFM) had been used to measure the conductive properties.
When negative applied voltage had been applied, the EFM image showed higher contrast,
indicating the response of TiO2 nanoparticles. These TiO2 nanoparticles are located on the
surface of BC fibers by H-bonding between the BC fibers and hydrophilic inorganic TiO2
sol-gel network (see Figure 2.27) [109].

Figure 31.27. Illustration of the synthesis of TiO2 nanoparticles on BC surface by a sol gel technique [109].
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Similarly, a solvent exchange and sol-gel techniques had been used to prepare
inorganic/organic composite such as TiO2/BC, vanadium oxide (V)/BC and hybrid
TiO2/V/BC (2np) composite (Figure 2.28). The hydrogen bond formation and between OH
and hydrophilic sol-gel network decreased the crystallinity of composite materials. The
2np/BC composite showed increase in mechanical and reversible photochromic property
[110].

Figure 32.28. Illustration of the mechanism of composite nanopapers formation by
solvent exchange and a sol-gel technique [110].

Bacterial cellulose had been used as a substrate to prepare BC/TiO2 hydrid fibers by
controlled surface hydrolysis for the photocatalytic degradation of methyl orange. Uniform
and well-defined hybrid nanofibers structures were prepared by arraying the spherical TiO2
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nanoparticles on the BC nanofibers. The disordered water molecules were orderly arranged
by a solvent exchange method and then dispersing in a mixture of titanium butoxide
(Ti(OBu)4) in an ethanol/urea solution for TiO2 nanoparticles to deposit on BC nanofibers
with molecular precision as shown in Figure 2.29. The high specific surface area and smaller
crystallite size resulted in higher photoacatalytic activity under UV light [111].

Figure 2.233. Illustration of arraying the TiO2 nanoparticles on the BC nanofibers by
solvent exchange, surface hydrolysis, and followed by a hydrothermal process [111]

2.5. Conclusions and Outlook
The review summarizes the different effect of culture conditions, surface and bulk
modification and how these modifications affect the final properties of BC and highlight the
new opportunities for the development of new products for diverse applications from BC.
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The review attempted to capture a number of the possible scientific and engineering
pathways available to enhance the properties of BC. The chemical modification of BC to
either surface or bulk had led to the development of hydrophobic materials, flexible displays,
and bio-apatite growth. Furthermore, chemical modification of BC will facilitate
incorporation of other materials that can encourage future applications of BC to a broader
area. Controlling the microstructure, chemical properties (crystallinity), biosynthesis pathway
will open up new possibilities for facile and more economical and environmentally friendly
routes to sustainable products. Therefore, more emerging and industrial research and
development need to be pursued to further enhance the chemical, physical, and biological
properties of BC.
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Chapter 3
Fabrication of Cellulosic Composite Scaffolds for Cartilage Tissue Engineering
3.1. Introduction
Cartilage injuries and associated diseases are frequent and extensive health issues in the US.
The rupture of such tissue causes pain, reduction in joint mobility, and billions of dollars in
medical and surgical treatment costs (Yelin et al., 2007) alone. Unfortunately, articular
cartilage has a limited intrinsic capacity to self-repair because it has an avascular nature and
relatively very low cellular mitotic activity. Various techniques have been implemented to
repair damaged cartilage tissue that include microfacture, autologous chondrocyte
transplantation, and prosthetic joint replacement (Redma et al., 2005). However, despite the
application of these techniques, the progression of cartilage degeneration is inevitable and
ultimately gives rise to fibrous or osseous cartilage which is biomechanically inferior to those
of hyaline cartilage (Marsano et al., 2007).

The current trend for a more robust and successful treatment of damage cartilage or diseased
cartilage is within the domain tissue engineering, a relatively new discipline, which is based
on the principles of the life sciences & engineering. This discipline aims to elaborate the
basic science, engineering, and technology required to regenerate damaged tissue instead of
wholesale replacing them, by fabricating a substrate (scaffold) onto which targeted guest
cells can restore, maintain, or improve tissue functions (O'Brien, 2011). The major criteria
that characterize a successful tissue scaffold are sufficient mechanical properties (relative to
the type of biomechanical stresses exerted), high porosity (for cell percolation and adhesion,
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nutrient delivery, and waste expulsion), good biocompatibility (within the temporal window
necessary for successful tissue incorporation), and ultimately, but not trivially,
biodegradability (to ensure its sorption or removal without interfering with the natural
regenerated tissue). The Extra Cellular Matrix (ECM) is a complex biochemical
environment within tissue whose individual components are arranged in a particular
organizational motif within a hierarchical zonal organization of cartilage and as such, it
becomes extremely difficult to mimic cartilaginous structure without compromising other
unique, select properties of the scaffold (Murugan & Ramakrishna, 2007; Steward et al.,
2011).

ECM generally provides the required structural support for the cartilage in addition to
providing other useful functional properties. The main component of ECM is a collagen type
II fibrous molecule which constitutes approximately 90-95% of the macrofibrilar network
and possesses a fiber diameter of roughly 50-100 nm. It is responsible for providing the
requisite tensile strength of articular cartilage (AC).

Our current attention has been focused on utilizing cellulosic materials for tissue engineering
applications because its native chemical structure is quite similar to that of collagen and quite
feasibly, it can be used as collagen-mimicking substrate (Bäckdahl et al., 2008; Bhosale &
Richardson, 2008). Various studies as early as 2000 have been executed in which cellulose
for cartilage tissue engineering has been exploited (Ko & Iwata, 2001). Within a short time,
cellulosic materials were modified chemically and physically to meet specific scaffolding
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(biochemical and biophysical) requirements. Our current overview focuses on the science
and engineering of cellulosic materials for fabricating scaffolds such as cellulose fabrics,
sponges, hydrogels, composite materials, and the unique nanofibrous material known as
bacterial cellulose (BC). We will show that the overall biocompatibility of the cellulose
fabric and sponge were enhanced through the additions of calcium phosphate and collagen
types, respectively. We will also demonstrate that cellulose nanocrystals can be effectively
used to improve the mechanical properties of the latter materials. Various derivatives of
cellulose such as methylcellulose (MC), hydroxypropylcellulose (HPMC), ethyl cellulose
(EC), and carboxymethylcellulose (CMC) have already been used as an injectable hydrogels
after chemical modification through silane grafting. Cellulosic composite hydrogels have
been prepared with organic and inorganic materials that include polymers, biomolecules, and
mineral particles. Various in vivo and in vitro studies will be discussed as feasible cartilage
repair systems. We were able to compare the properties of these cellulosic materials with
unique BC, a substance that possesses superior properties to plant-derived cellulose. Various
examples of in vivo and in vitro studies of BC and its associated scaffold preparations are
discussed with respect to biocompatibility, mechanical strength, and biodegradation.

3.2. Structure, composition, and anatomy of articular cartilage
Cartilage is a flexible connective tissue that can be found principally in three histologically
distinct regions in the body: 1) hyaline cartilage in articular joints, invertible disks; 2) elastic
cartilage in tendons and ligaments; and 3) fibrocartilage in ears. Articular cartilage (AC)
covers the surface of long bones and tends to be translucent (glass-like) with a high
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opalescence due to high proteoglycan content that absorbs copious amounts of water.
Because of its high water holding capacity, AC acts a shock absorber, gliding surface, and
load distribution nexus between the articulation of two bones during motion (Spiller et al.,
2011; Athanasiou et al., 2009).

Articular cartilage is an avascular tissue that is mainly composed of ECM and water.
Approximately 70-80% of the tissue is composed of water (constituting a gel) which helps to
transfer nutrients and distribute loads. The solid contents of the cartilage are embedded inside
the ECM in addition to residence of a single population of chondrocytes. The ECM and
chondrocytes corresponds to 20-30% of the AC, while the ECM consists of different types of
macromolecules such as proteoglycans (15-30%), collagen type II (main type), IX, and XI,
water, and other non-collagenous components which are normally synthesized by the
chondrocytes. All these components embedded inside the network provide the mechanical
strength and elasticity to the AC during joint motion (Steward et al., 2011; Athanasiou et al.,
2009; García-Carvajal et al., 2013).

ECM has a molecular porous structure which retains water and synovial fluid ingredients.
The main component of the synovial fluid is water (70-80% of total mass). It contains other
nutrients and minerals such as sodium, calcium, and potassium. Because of the avascular
nature of the AC, it is not self-sufficient with respect to nutrient management. The ECM acts
as a sieve and as such, the chondrocytes derive their nutrients by diffusion from the synovial
fluid through the pores of the ECM. This diffusion system also removes waste from the
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cartilage under a compression mode. During this latter mode, fresh nutrients enter into
cartilage and exchange with the waste by-products. The synovial fluid contains lubricating
molecules such as hyaluronan and proteoglycans that provide a low friction gliding surface to
prevent two articulating bones from inter abrasion (Schmidt et al., 2007). The highest content
of articular cartilage is water that corresponds to the 65-80% of the wet weight of cartilage.
The water percent is different in different zones of load deformation. However, the water
content increases to 90% during an osteoarthritis (OA) stage and causes degradation of the
ECM to result in an inferior mechanical strength of cartilage (Bhosale & Richardson, 2008;
Newman, 1998). Collagen is a fibrous molecule having a triple helix structure and constitutes
60% of the dry weight of the articular cartilage. The collagen fibrils are distributed uniformly
throughout the articular cartilage and are arranged in a specific order according to the
different zones. In general, these biomaterials provide the stiffness and mechanical strength
of the articular cartilage. There are different collagen types presents in AC; however,
collagen type II corresponds to 90% of the total collagen content responsible for the tensile
strength of AC. Type IV collagen is present in the pericellular matrix and helps chondrocytes
attach to the matrix. Type IX is crosslinked to the surface of the macrofibril and is
responsible for the tensile strength and the inter-fibrillar connections. Type X is present near
the cells of calcified region and is responsible for cartilage mineralization (Bhosale &
Richardson, 2008; Buckwalter, et al., 2005). Proteoglycans correspond to the 15-20% of the
dry weight which is responsible for providing compressive strength to the AC. Proteoglycans
have a protein core and many sulfated polysaccharide glycoaminoglycans (GAGs) chains.
The different types of proteoglycans are chondroitin sulfate, keratan sulfate, and hylauronan
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(see Fig.3.1). These GAGs are disaccharide molecules bound to the protein core by sugar
bonds ultimately forming an aggrecan molecule. The hyaluronan, which is non-sulfated, is
attached to the protein core to stabilize this chain and form an intricate GAG molecular.
Because proteoglycans are negatively charged, they attract ions which maintain the fluid and
electrolyte balance in the articular cartilage. The negatively charged carboxylate groups and
sulfates provide a net negative charge that is known as the fixed charge density of the
cartilage extracellular matrix. The negative charge causes osmotic imbalances and the
proteoglycans is compressed by the collagen framework. The damaged collagen fibers then
allow proteoglycans to expand which lead to absorption of water to help hydrate thus
inducing swelling of the tissue which in turn increases the resistance of the tissue against
compression (Steward et al., 2011; Bhosale & Richardson, 2008; Buckwalter & Mankin,
1998).

Figure 34.1. Sketch of how proteoglycans aggregate. It consists of a central hyaluronan
chain on which GAG molecules such as chondroitin and keratin sulfate are attached by
a central linker protein. Reprinted with permission from Morgan & Claypool
Publishers (Athanasiou et al., 2009).
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The main component of the ECM is chondrocytes that are essential components for ECM
production. Chondrocytes are the primary source of cells in cartilage tissue that correspond to
1-5% by volume with a wide distribution throughout the AC. They synthesize the matrix
components such as type II collagen, proteoglycans, and some non-collagenous proteins and
regulate the matrix metabolism (Bhosale & Richardson, 2008). The articular chondrocytes
from different regions (viz., superficial, middle, or deep zones) have specific morphologies
and functions. Also, the cells have different shapes and diameters according to their specific
zonal functions (Aydelotte & Kuettner, 1988).

AC is a highly ordered structure divided into different zones. These zones differ in the
composition and orientation of the collagen fibers with respect to their proliferation from the
upper surface of cartilage to the bone. In each zone, the cells have a different shape, size, and
orientation, all of which contribute to specific metabolic activity and thus, the AC properties
change according to the depth of each of the zones that are listed below (see Fig. 3.2).
•

Superficial zone

•

Transitional zone

•

Middle or Deep Zone

•

Calcified cartilage zone
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Figure 35.2. Structure of the articular cartilage. Left Side: Chondrocytes arrangement
in different zones, Right Side: Collagen fiber arrangement and distribution throughout
the articular cartilage. Reprinted from Journal of the American Academy of
Orthopaedic Surgeons (Buckwalter, Mow & Ratcliffe 1994). Copyright © Wolters
Kluwer Health.

The superficial zone is the thinnest layer of all zones consisting of 10-20% of the total
cartilage thickness. This zone has a high collagen and low proteoglycan content. The
collagen fibers are densely packed and arranged parallel to the surface so that they can resist
shear stresses (Jadin et al., 2007). Any alteration to the native parallel assembly can
substantially reduce the mechanical strength and thus give rise to osteoarthritis. In general,
the cells are flattened and ellipsoids in shape arranged parallel to the collagen fibers, and are
covered by synovial fluid. This provides the requisite gliding surface to avoid friction
between articulating bones during joint movement (Bhosale & Richardson, 2008;
Buckwalter, et al., 2005). The transitional zone is the middle zone between the superficial
and deep zone. It constitutes 40-50% of the total AC thickness. The cells there display a
spheroidal shape with a concomitant low density and are embedded in the ECM. These cells
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produce larger diameter collagens fibers (30-80 nm) and higher proteoglycan content both of
which are arranged randomly relative to the superficial zone. In the middle zone, the collagen
fibers are more or less randomly arranged. The random arrangement of the collagen fibers
and chondrocytes in this zone facilities load distribution. The cells possess a spheroidal shape
with a relatively low density as compared to those in the superficial zone. The deep zone is
the last zone of AC and by default contributes to 30-40% of the AC thickness. The water
content and cell density is the lowest of all three zones. The cells and collagen fibers are
arranged perpendicularly relative to the surface of the AC to resist the compressive forces
exerted (Bhosale & Richardson, 2008; Athanasiou et al., 2009; Jadin et al., 2007). The
calcified zone separates the AC from the subchondral bone. It consists of only 5-10%
thickness of the total AC. The chondrocytes embedded in the calcified matrix possess a low
density. They synthesize type X collagen that acts as a structural support and shock absorber.
The collagen fibers therein provide the needed mechanical support from the cartilage to the
bone. The cartilage in the calcified zone is separated from the deep zone by a thin
demarcation termed as “tidemark”, a volume space that is rich in collagen fibers and
hyaluronic acid (Bhosale & Richardson 2008; Weiss et al., 2010).

3.3. Motivation for cartilage tissue engineering
Senescence is one of the major factors which can lead to OA. In addition, AC injuries can be
caused in many ways from repeated loading, ageing, trauma, and mechanical misalignment
of the joint. These types of injuries often lead to osteoarthritis over time. The rupture of this
tissue can cause pain, reduction in mobility, and billions of dollars in medical costs and
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associated surgeries (Athanasiou et al., 2009). The degradation and degeneration of articular
cartilage from excessive mechanical stresses such as high impact sports, ageing, and genetic
factors may all give rise to OA (Athanasiouet al., 2009). It is the second most common
disease after cardiovascular disease and affects nearly 15% of US population with an annual
cost of around $128 billion to the US economy (Yelin et al., 2007). With a burgeoning
ageing population, this value is expected to only to continue to rise in the coming years
(Hootman & Helmick, 2006). Articulate cartilage lacks a good arterial blood supply, venous
and lymphatic drainage, and only obtains its nutrition from synovial fluid. Therefore, it has a
very limited capacity for self-repair because of its avascular nature and low cellular mitosis
activity. Osteochondral lesions tend to form fibrocartilage which is mechanically inferior and
can breakdown under normal shear. Numerous techniques have been used to repair the
damaged cartilage tissue: microfacture, autologous implants, chondrocyte transplantation,
and prosthetic joint replacement (Redman et al., 2005; Newman, 1998). However, each
technique has distinct limitations. Autografting is expensive and is limited due to patient
morbidity. Allografts show a high risk of rejection of donor tissue, in addition to contracting
infections (O'Brien, 2011). Moreover, these techniques have limited success in producing
long-lasting cartilage. Cartilage produced from these methods results in the formation of a
mixture of collagen type I that is biochemically inferior (Marsano et al., 2007; Chung &
Burdick, 2008). Remarkably, cartilage tissue is considered a simple tissue, but biomedical
scientists have always faced very high barriers and challenges in engineering this tissue.
What is the basis for the lack of adequate engineering? Although a complex question, the
solutions lies mainly in the fact that the tissue has a hierarchical structure composed of
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different molecules. The main type of cells in this avascular cartilage tissue is the
chondrocyte cells. However, no one fully understands how the cells maintain their
population. An ideal cell source, a three dimensional network with controlled porosity, more
specifically a suitable scaffold material, and the necessary growth factors are among the
parameters required for maintaining chondrocyte differentiation and proliferation. Therefore,
an ideal approach in cartilage tissue engineering (TE) is to regenerate the damaged tissue
instead of replacing it.

3.4. Cartilage tissue engineering
Tissue Engineering is an emerging field whose objective is to regenerate damaged tissue by
seeding appropriate cell types onto a specific biomimetic (ECM-like) substrate (scaffold).
Developing a successfully engineered tissue requires certain factors such as 1) appropriate
cell type 2) scaffolds that can behave as substrates for cell seeding and structural support, and
3) a cell-matrix interactions for tissue growth with appropriate biomechanical and
biochemical signals to maintain cell metabolism and cell phenotype (Murugan
&Ramakrishna, 2007; Steward et al., 2011).

3.4.1. Requirement of scaffold
Articular cartilage tissue engineering is based on the principle of seeding the chondrocytes or
differentiated stem cells onto biodegradable/bioresorbable scaffolds that are implanted at the
joint defect site. The scaffold is a three-dimensional, interconnected, and porous network
supporting cellular growth, proliferation, and differentiation to form new cartilage. Factors
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related to nutrient supply such as porosity, pore size, pore structure, and void volume are
critical. Improving these factors is beneficial for cellular attachment, growth, and ECM
production (Dutta et al., 2011). Without question, and sometimes overlooked, the mechanical
properties of scaffolds greatly affect the biological functions of cells within the implanted
tissue scaffold (Carletti et al., 2011). During the construction of scaffolds for tissue
engineering applications, material properties, porosity, surface area, morphology,
biodegradability, and mechanical properties are paramount.

However, there is no such characteristic requirement that defines an ideal scaffold. The ECM
of our bodies displays a complex microenvironment with specific tissue functions. The
scaffold should match with the native ECM properties possessing nano-pore dimensions.
However, mimicking the natural ECM is non-trivial, but with current advances in tissue
engineering, certain basic characteristics of the scaffolds can be achieved.

The scaffold should be biocompatible, i.e., it should be non-hypoallergenic and thus not
provoke any immune or inflammatory responses. It should have 3-D architecture to guide the
cell and ingrowths and should transport promote nutrients and oxygen through is
interconnected porous structure. The porous structure helps the cell to attach, migrate,
proliferate or differentiate. The second requirement of a scaffold is that it should be
biodegradable. It should not remain in body after a cell regenerates its own extracellular
matrix of tissue. The by-product of the scaffold should also be nontoxic, i.e., it should not
compromise the function of the developing tissue or other organs. They must be
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mechanically strong enough to withstand in vitro biological forces. The mechanical
properties of the scaffolds can be achieved at the expense of losing its porosity or vice versa.
There is a tradeoff between mechanical properties and the porosity of the cell (for
infiltration) (O'Brien, 2011; Murugan & Ramakrishna, 2007).

3.5. Cellulose-based materials for cartilage tissue engineering
Cellulosic materials are ubiquitous in the plant kingdom while they can also be found in
many different animal-based organisms. They have already seen traditional use in the
medical field such as cotton for wound dressing and sutures. Though cellulose is naturally
occurring and has found a number of applications inside and outside of the medical field, it is
not typically produced in its neat state. A lengthy process is required to separate lignin,
hemicelluloses, and other molecules from the cellulose in most renewables (wood,
agricultural fibers such as cotton, grasses, etc.). Other sources to obtain cellulose are from the
biosysthetic processes of microorganisms such as algae, fungi, and bacteria. There are many
highly desirable traits for cellulose that can validate its potential as a tissue engineering
scaffold:

1) the chemical composition of cellulose is biocompatible for use in a three-dimensional
tissue engineering application. Regenerated cellulose having a high amount of
hydroxyl groups possesses a sufficiently enhanced surface activity that allows the
immobilization of fibronectin to help cells attach well compared to native cellulose
(Ko &Iwata, 2001).
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2) because of the high hydroxyl group content, cellulose tends to absorb water and
create a humid environment for the cellulose scaffold. Also, cellulose shows a high
mechanical property even under a wet state, a property that is essential for cartilage
regeneration (Svensson et al., 2005; Petersen & Gatenholm, 2011).
3) the chemical structure of cellulose fiber is similar to that of collagen and therefore it
can be used as a collagen-mimicking substrate given that the articular cartilage
composition consists of 60% by dry weight of collagen, responsible for providing the
requisite mechanical strength (Bäckdahl et al., 2008).
4) because cellulose is hard to degrade in vivo, it can be removed from the implant site
when it is no longer needed (Ko & Iwata, 2001).
5) cellulose can undergo etherification, i.e., the hydroxyl groups of cellulose chemically
react with relatively electropositive carbons in specific organic species (e.g., alkyl
halides) to give rise to cellulose derivatives such as methylcellulose (MC),
hydroxypropylcellulose (HPMC), ethyl cellulose (EC) and carboxymethylcellulose
(CMC) (Sannino et al., 2009). These functionalities have found wide applications in
different arenas including cartilage tissue engineering. Several of the applications and
properties of these materials will be discussed in the latter half of this chapter.

3.5.1. Cellulose fabric and sponge
Cellulose is a linear homopolymer of glucose and the most abundant polysaccharide in
nature. It can be engineered into different shapes and sizes as found in knitted, non-woven,
woven, or sponges depending upon the application. The biocompatibility of pure cellulose
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can be improved by coating it with other biomaterials. Muller et al. (2006) used nonwoven II
fabric coated with calcium phosphate for cartilage regeneration. The adherence of the
chondrocyte cells improved after the coating as evidenced by the homogenous distribution
and collagen type II expression, an observation that proves the biocompatibility of cellulose
fabric as a potential biomaterial for cartilage tissue engineering (Muller et al., 2006).
Pulkkeinen et al. (2006) used a viscose cellulose sponge into which was incorporated
collagen type II. The results showed that after four weeks of cultivation with chondrocytes,
cell attachment was only 60% due to small pore sizes. However, the sponges coated with
collagen type II maintained chondrocyte phenotype. Nevertheless, it induced stiffness in the
scaffold and lacked proper ECM composition (Pulkkinen et al., 2006).

3.5.2. Cellulose nanocrytals
Cellulose nanocrystals (CNCs) have been used to as a reinforcement agent in composite
materials or hydrogels to improve their mechanical properties, thermal stability, and/or water
absorption properties. In one of the studies, (Wang & Chen, 2011) CNCs were used to
prepare an all-cellulose composite material by adding CNCs from 0-50 wt-% via rapid
thermal induced phase separation. The CNCs acted as a bridge to crosslink the cellulose
chains during the gel formation process. The resultant gels showed a very porous structure
with improved mechanical properties similar to those of PLA-PEO-PLA hydrogels and PLAfibrin gels that were conjectured to be cartilage tissue engineering materials (SanabriaDeLong et al., 2008; Zhao et al., 2009).
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Hydrogels of hemicellulose and CNCs were prepared by in situ radical polymerization. The
hemicelluloses were modified by reaction with 2-hydroxyethylmethacrylate before
adsorption onto the CNCs. The resulting hydrogels showed improved toughness, good
recovery behavior, and acceptable swelling and mechanical properties. Based on these
properties, it has been hypothesized that these hydrogels have potential for use in loadbearing biomedical applications such as AC replacement (Karaaslan et al., 2011).

3.5.3. Chemically modified cellulose–based hydrogels
Hydroxypropylmethylcellulose (HPMC) is a precursor of cellulose and is modified with
small amounts of propylene glycol ether groups attached to the anhydroglucose terminus of
the cellulose. It is a self-hardening hydrogel having silane grafted along the Si-HPMC chains
(Fatimi et al., 2008). Vinatier et al. (2005) were among the first to mention its use as a
potential cartilage tissue material. They have done singular research on injectable and selfsetting hydrogels of hydroxypropyl methylcellulose grafted with silanol groups (Si-HPMC)
for cartilage tissue engineering. The crosslinking and the self-hardening of the hydrogels
depend upon the pH of the environment and also on the silanol condensation from the silane
grafted onto the cellulose backbone. The chondrocytes isolated from rabbit articular cartilage
(RAC) and two human chondrocytic cell lines (SW1353 and C28/I2) maintain a
chondrocyte-specific phenotype and express type II collagen and aggrecan. Although the
hydrogel showed its potential for cartilage regeneration, its actual pH as an injectable
hydrogel during the time of injection will differ from the physiological pH of the implant site
(Vinatier et al., 2005). A later study by Vinatier et al. (2007) showed that the Si-HPMC

100

encouraged the maintenance and recovery of human nasal chondrocytic phenotypes. After 3
weeks of in vivo culturing of cells in nude mice, the hydrogel was able to form a
cartilaginous tissue, an appreciable result that demonstrates a feasible approach for cartilage
tissue engineering (Vinatier et al., 2007). Extended work with injectable self-setting
cellulose-based Si-HPMCs has been carried out to repair articular cartilage defects of rabbits
in which Si-HPMC-containing autologous rabbit nasal chondrocytes (RNC) are used. An
analysis of the post-operative recovery of the articular cavity within 6 weeks revealed no
signs of inflammation and found that the site has a structurally organized tissue resembling
hyaline-like cartilage (Vinatier et al., 2009). This innovative hydrogel could be used as a
transplantation hydrogel for in vivo cartilage tissue engineering.

The same research group extended their work on adipose tissue stem cells (ATSC) with SiHPMC in the presence of a chondrogenic culture medium and under hypoxia (5% O2). The
ATSC underwent a chondrogenic differentiation and favored type II collagen and aggrecan
mRNA expression. An in vivo experiment was carried out in which ATSC/Si-HPMC system
was injected into subcutaneous pockets in nude nice. After 21 days of culture, ATCS was
able to form a cartilaginous tissue when implanted with SiHPMC hydrogel (Merceron et al.,
2010). Again the same group carried out further research exploring oxygen tension to
determine its effect on the regenerative potential of MSC for cartilage repair. MCS from
human and rabbit adipose stromal cells (ACS) that was injected in Si-HPMC hydrogel and
later preconditioned formed a cartilaginous tissue regardless of the oxygen tension. In a 3D
in vitro culture, 5% O2 enhances the chondrogenic differentiation; however, it does not
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enhance their in vivo chondrogenesis. This confirms the potential of Si-HPMC in cartilage
repair when used with preconditioned appropriate cells (Portron et al., 2013).

In another study, two GAG-like marine exopolysaccharides, HE800 and GY785, with at
most 0.67%, were incorporated in Si-HPMC for 2D and 3D culture studies of chondrocytes
C28/I2. The incorporation of exopolysaccharides significantly improved the mechanical
properties (10.25 KPa) similar to native cartilage and with a better dispersion of cells on the
surface of these hydrogels in a 2D culture. While in a 3D culture, the C28/I2 cells dispersed
in the environment, leading to cluster formation. This happened because of the small pores
sizes in the course of the preparation of the scaffold; however, the scaffold showed higher
mechanical properties compared with the Si-HPMC scaffold alone (Rederstorff et al., 2011).
Therefore, from the latter work, it can deduce that an ideal scaffold should have an open
porous structure to help cell to infiltrate and migrate within the scaffold and allow for
adequate mechanical strength.

One particular cellulose derivative, carboxymethylcellulose (CMC), had been modified by
converting a large percentage of the native carboxylic groups (50%) into amidic groups and
trying to mimic the hyaluronan macromolecule which is an essential component of AC. The
resultant modified polysaccharide was further crosslinked to obtained hydrogels containing
NH2 groups. The hydrogels showed a viscous-elastic solid-like behavior as verified by
rheological characterization and can serve as a potential filler for cartilage defects (Leone et
al., 2008a). In later studies on the same hydrogels, the thixotropic (flow) behavior showed
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that the hydrogels recover their original shape after removing a mechanical stressor, a finding
that proves its potential to be injectable. This hydrogel was further analyzed by in vitro
studies of normal human articular chondrocytes obtained from human knee. The results
showed that the hydrogels with chondrocytes showed increased production of ECM
components rich in collagen and proteoglycans. This hydrogel also compared well with
hyaluronan hydrogels as a substitute. An in vivo study carried out on adult male rabbit for 50
days showed from the results of histological sectioning that the amidated
carboxymethylcellulose (CMCA)-treated defect had a layer of mixed fibro cartilaginous and
hyaline-like tissue with a regular and smooth surface. The chondrocytes showed cluster and
columnar formations in the new hyaline cartilage as seen in Fig. 3.3c. The hydrogels showed
similar behavior compared to hyaline hydrogels (Leone et al., 2008b).

Figure 36.3. Histological section of the chondrol defects of male rabbit after 50 days of
in vivo studies. a) Control defect with no hydrogels b) CMCA hydrogels showed a mixed
layer of fibrocartilaginous and hyaline like tissue. c) chondrocytes showing cluster and
columnar formations in new hyaline like matrix. (magnification: 5x). Reprinted with
kind permission from Springer Science and Business Media (Leone et al., 2008b).
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3.5.4. Cellulose organic and inorganic composite hydrogels
Cellulosic composite materials have been prepared to enhance the functional as well as the
biological properties of the cellulose fraction. Alone, cellulose cannot overcome limitations
such as low mechanical properties and no antibacterial properties; therefore, cellulose has
been endowed with more bioactivity by combination with other natural biopolymers and
nanomaterials.

In situ gelling of natural polymers is a fascinating topic because these polymer solutions can
encapsulate live cells and form gels at body temperature and physiological conditions
without invasive surgeries and are known to accommodate the defect at the required shape
and size. A composite scaffold of chitosan/glycerol/phosphate solution with hydroxyethyl
cellulose (HEC) was prepared. The gel proved its worth by engaging in cartilage matrix
deposition with articular chondrocytes and was able to partly retain the full thickness of the
chondral defects in a living rabbit for 1-7 days (Hoemann et al., 2002; Hoemann et al.,
2005). A small amount of glyoxal permitted the gel formation, viable cell encapsulation, and
cell proliferation. However, the gelation temperature was 70°C beyond that of normal body
temperature (Hoemann et al., 2007).

Because the physical and chemical properties of a number of injectable polymer hydrogels
are pH and temperature dependent, a new copolymer of poly (N-isopropylacrylamide)-gmethylcellulose (PNIPAAm-g-MC) has been explored as a 3D scaffold for articular cartilage
regeneration. In this system, PNIPAAm has a lower critical solution temperature (LCST) of
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approximately 33°C and undergoes a liquid-to-gel reversible phenomenon while also having
the added advantage of a LCST very close to body temperature. Fig. 3.4 shows the images of
PNIPAAm hydrogel at different temperatures. Encapsulated ATDC5 chondrogenic cells
within the hydrogel are able to retain their viability and maintain their chondrogenic
phenotype, spherical morphology, while promoting ECM production (Sá‐Lima et al., 2011).
A novel, thermally sensitive pH dependent hydrogel of CMC/chitosan has been prepared as
an injectable hydrogel for cartilage repair. This gel is in the liquid state at room temperature
into which living chondrocytes were encapsulated. Remarkably, at physiological pH and
body temperature during in vivo injection, the liquid became a hydrogel (implant) in situ.
Therefore, this novel polyelectrolyte hydrogel demonstrated great potential as an injectable
hydrogel under physiological conditions (Chen & Fan, 2008).

Figure 37.4. Images of (PNIPAAm-g-MC) copolymers system at (A) room temperature
(B) at body temperature 37 °C. Reprinted from permission of Journal of Biomedical
Materials Research (Sá‐Lima et al., 2011). Copyright © 2011 Wiley Periodicals, Inc.
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Hydrogels should demonstrate adequate mechanical strength along with biocompatibility. A
composite hydrogel of poly(acrylamide) and cellulose was prepared mainly for its
mechanical characteristics compared to various natural ACs. The hydrogels were quite
similar to cartilage in terms of compressive properties while simultaneously demonstrating
very good viscoelastic behavior (Buyanov et al., 2013). A composite scaffold of cellulose
and gelatin was prepared because gelatin can impart a 3D architecture to the scaffold by
virtue of its own structure, it is a derivative of collagen (an essential component of the AC),
and it is biodegradable. The scaffold had an open porous and rough structure, factors which
played important roles in cell adhesion. The scaffold showed 3-8 times greater mechanical
strength as a function of the increase in the amount of added cellulose. The scaffold
supported human mesenchymal stem cells and ECM formation with extensive F-actin
expression (Xing et al., 2010). Starch-based scaffolds have been prepared with incorporation
of cellulose nanofibers using film casting, salt leaching, and freeze drying methods. The
scaffolds have adequate mechanical strength and possess among the highest compressive
moduli (10.41 MPa), in the range of the window of compressive moduli for human articulate
cartilage (1.9–14.4 MPa). Chondrocytes from rabbit knee after four days culture showed
spherical morphology, were well attached to the scaffold, and the MTT assay showed no
toxicity from salt leaching that proves the biocompatibility of cellulose/gelatin scaffolds
(Nasri-Nasrabadi et al., 2014).

Other than polymers, other biomolecules were also incorporated into cellulose such as
chondroitin 4-sulfate (C-4S), a sulfated and carboxylated GAG, that has already been
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delineated as an important structural component of cartilage. Cellulose was modified with
quaternary amino groups to make it more highly cationic in nature and thus interact more
strongly with oppositely charged chondroitin 4-sulfate (C-4S). This kind of complex system
may serve as a treatment for osteoarthritis and articular degenerative diseases (Bierbrauer et
al., 2014).

Other inorganic materials, such as biphasic calcium phosphate (BCP) with CMC have been
prepared for new classes of composite materials. Multiphasic materials such as bioceramic
show high compressive properties in addition to containing water soluble polymers and are
considered good ionic carries for the formation of ECM. This composite material provided
adequate injectable properties and non-toxic responses, demonstrating its potential for the
repair of articular cartilage (De Freitas et al., 2012).

3.6. Bacterial cellulose properties and suitability as a medical implant for cartilage
tissue engineering
While bacterial cellulose (BC) displays a similar chemical structure to plant cellulose, it has a
much higher natural availability because of the absence of lignin and hemicelluloses which
require a lot of energy and chemicals for their removal from their native lignocellulosic
“cage”. This is rather big distinction between the cellulose found in bacteria vs. that found in
plants. The macromolecular structure of BC is also quite different from plant cellulose. BC
chains combine to form sub-fibrils of a width of approximately 2 nm at most. These
subfibrils then crystallize into microfibrils, and further into ribbons of approximately 4 nm to
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100 nm, a size much smaller than what is found in wood cellulose (Yamanaka & Sugiyama,
2000). BC is produced from various species of bacteria such as Gluconacetobacter xylinus (a
gram negative bacterial strain) during the fermentation process. Due to the high water uptake
of cellulose, it has a tendency to form gels. It has high tensile strength, a high crystallinity
index, excellent biocompatibility, and very high purity. BC has found applications in fields as
diverse as pulp & paper products, audio components (the diaphragm for speakers), and soft
tissue engineering (Petersen & Gatenholm, 2011; Malcolm, 2013). BC has a unique 3D fibril
structural network similar to the ECM component (collagen) of naturally occurring tissue. It
is approximately of the same size (100 nm in diameter) (Backdahl et al., 2006) and has a
mesh-like appearance and woven network structure that result in high porosity and attendant
large surface area. Also, such an arrangement of fibrils gives rise to high mechanical
properties (Yamanaka & Sugiyama 2000; Malcolm, 2013 ).

3.6.1. Biocompatibility
BC has been investigated for a number of biomedical applications such as wound dressing,
blood vessel formation, and bone reconstruction (Czaja et al., 2007). Recently, an in vivo
study of subcutaneous BC implantation in rats was carried for 12 weeks and no microscopic
signs of inflammation, exudation, fibrotic capsulation, or giant cell formations were
observed, proving its biocompatibility (Helenius et al., 2006). The biocompatibility of a BC
scaffold has already been well studied (Muller et al., 2006; Pulkkinen et al., 2006; Kim et al.,
2010).
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Svensson et al. (2005) used unmodified and modified (chemical sulfation and
phosphorylation) BC to study the cell culture of bovine chondrocytes with incorporation of
collagen and alginate. They found that unmodified BC supports chondrocyte proliferation on
50% of the collagen type II substrate. Fig. 3.5(a) shows the SEM image of chondrocytes
attached to a BC scaffold that show a round morphology. Modified BC showed no effect on
chondrocyte growth after chemical sulfation and phosphorylation (Svensson et al., 2005).
Andersson et al. (2010) used human chondrocytes on porous BC scaffolds to regenerate
articular cartilage. Paraffin wax microparticles were incorporated in glass tube bioreactors
with a silicone tube to generate larger pore sizes in the scaffold. The pore size of the scaffold
was around 15—300 µm, but was not evenly distributed. Also, the cell seeding was uneven
throughout the scaffold due to an uneven surface of the material. However, the
interconnectivity of the pores allowed cells to enter deeply into the scaffold. The
chondrocytes were also able to produce ECM within the scaffold. Fig. 3.5(b) shows the SEM
image of the chondrocytes filling a single pore of a BC scaffold (Andersson et al., 2010).
Bacterial cellulose sponges with a hierarchical pore structure were prepared by an emulsion
freeze-drying technique to give a high surface area of 92.81 ± 2.02 m2/g and a high porosity
of 90.42 ± 0.25%. The synovial-derived mesenchymal stem cells (MSCs) were cultured on
sponges and after 7days, it was found out that MSCs can proliferate well and grow inside the
BC sponges with a maximum in-growth of 150 µm (Cai Zhijiang et al., 2012). A three
dimensional scaffold of BC seeded with equine bone marrow mesenchymal stem cells
showed excellent biocompatibility for bone and cartilage tissue engineering. The scaffolds
were cytocompatible and supported cellular adhesion and proliferation. The cells spread out
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fully on the surface of the BC nanofibres, maintained a round morphology, and allowed
osteogenic and chondrogenic differentiation after 14 days of culture (Favi et al., 2013).

Figure 38.5. (a) SEM image of chondrocyte attached to the surface of BC scaffold.
Reprinted with permission from Elsevier (Svensson et al., 2005) (b) SEM image of
chondrocytes filling the single pore of BC scaffold. Reprinted from permission of
Journal of Biomedical Materials Research (Andersson et al., 2010). Copyright © 2010
Wiley Periodicals, Inc.

In another study, a composite 3D scaffold of BC and agarose showed better cell attachment
and proliferation because of the higher surface area of the scaffold. The higher porosity
promoted cell viability and agarose helped phenotype maintenance in addition to improving
the strength and biocompatibility of the scaffold compared to a pure BC scaffold (Yang et
al., 2011). Other studies have shown the incorporation of biomolecules such as growth factor
TGF-β1 which helps in the differentiation, proliferation, and matrix synthesis. A new method
was proposed for in vitro bovine cartilage regeneration using a punch model for focal
cartilage defects where a central defect was filled with non-resorbable BC. The chondrocytes
on the surface of the BC showed re-differentiation with increased aggrecan/collagen type II
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mRNA expression over time. However, the chondrocytes did not immigrate into the central
BC area because of small pores sizes (2-5 µm) (Pretzel et al., 2013).

Very recently, the problem of small size and heterogeneity of the pores in BC was overcome
by a laser perforation technique. Fig. 3.6 illustrates the preparation technique of
unidirectional and 3D laser perforation in BC. The right column shows how BC was prepared
in culture plates over 14 days, the middle column shows how the unidirectional perforation
were performed, and the last column shows the 3D perforation in which the laser cutting was
done on the other side of the cuboids. This technique is versatile in that it is able to fabricate
different shapes and architectural patterns. Compared with in situ modification of BC such as
paraffin wax, this method had the added advantage of time-saving while providing a
controlled architecture and rapid prototyping. Fig. 3.7 shows a SEM image of a 3D lasermodified BC hydrogel which shows a channeled pattern. This scaffold showed high
biocompatibility with cartilage-specific matrix production and indicated that the
chondrocytes differentiated to provide a compressive strength similar to that of unmodified
BC. The perforation of the resulting channels provided a short diffusion distance for nutrients
and ECM components. Therefore, this technique, when done in conjunction with BC
hydrogels, is well suited for in vivo cartilage repair (Ahrem et al., 2014).
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Figure 39.6. Schematic illustration of the preparation technique of unmodified and
laser structured BC samples. The holes of the modified BC do not represent the actual
size in the experimental section. Reprinted with permission from Elsevier (Ahrem et al.,
2014).

Figure 40.7. SEM image of structural 3D laser modified BC scaffold. Reprinted with
permission from Elsevier (Ahrem et al., 2014).
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3.6.2. Mechanical properties
AC is a very hydrated connective tissue providing low friction, good load bearing, and high
wear resistance at the synovial joints, while also showing characteristically good mechanical
properties. During a normal walking cycle, AC can bear upto four times its own weight, but
as such, it can endue significant abrasive/friction forces depending on the load and speed. In
one of the studies, the friction and wear behavior of BC was investigated in AC by studying
the tribological response. Synovial fluid is a lubricating agent in AC to help facilitate the
sliding of two articulating bones through reducing the coefficients of friction. In this study,
BC exhibited values in the range of 0.046-0.058, with decreasing friction coefficient as the
contact pressure increased, thus acting as an excellent biomimetic of the lubricating effect.
This might be due to the 3D nanofibril network and its excellent water holding capacity
given that BC consists of more than 90% water and only 1% solid (Klemm et al., 2011).
Therefore, it can be reasonably concluded that BC (gel) can be used as a potential AC
scaffold for articular joints (Lopes et al., 2011).

BC-based scaffolds have excellent tensile strengths and Young’s moduli; however, they
exhibit low compressive properties in the perpendicular direction. This prevents more
extensive use of BC because of its lack of compression and shear resistance. Currently, there
are numerous studies to improve these properties by the incorporation of fillers or other
polymers. Additionally, BC has an asymmetric network structure composed of many lamellar
layers that give rise to many small voids. Therefore, a uniform pore structure is also needed
for cellular infiltration without compensating mechanical properties. Scaffolds of TEMPO-
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mediated BC mixed with chitosan have already been prepared by a two-step chemical
modification. The scaffolds showed lower compressive moduli than human and animal
cartilage specimens because of less cellulose content. Therefore, a better fabrication method
is still needed to overcome this deficiency (Nge et al., 2010).

Hydrogels with an interpenetrating polymer network have been developed with
polyacrylamide (PAAm) and BC which has demonstrated mechanical properties similar to
natural cartilage. Concentrated PAAm solution impregnated into a BC layer and crosslinked
with N,N’methylenebisacrylamide (MBA), a component which governs the swelling and
mechanical properties. The hydrogels showed anisotropic behavior as shown by the higher
resilience of specimens cut in a direction perpendicular to the top and bottom parts of BC as
compared to a specimen cut in the parallel direction. Also, hydrogels with a higher BC
content showed higher moduli and strengths. These samples were subjected to fatigue tests
up to 6,000 cyclic compression-unloading to compare with natural AC and showed no large
depression. This anisotropic behavior was due to the unique BC 3D structure. BC possesses
tunnel-like lacunae, normal to the surface of the BC pellicle, arranged in the axis
perpendicular to the surface of BC pellicles, a very unusual property of BC compared to plant
cellulose. These hydrogels have a compression in the range of 1.9 to 14 MPa, quite similar to
the compressive modulus of a human joint cartilage (Buyanov et al., 2010).

AC displays non-linear, viscoelastic, and strain-rate dependent properties, in addition to the
anisotropy properties. These strain-rate properties are important because they enable
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continuous joint function throughout the wide range of loads from walking, running, and
other physical activities. PVA has limited strain-rate dependence under unconfined
compression and also shows very low wear resistance and friction compared to a clinically
available material of ultra-high molecular weight polyethylene (UHMWPE). Adding small
amount of BC with a PVA matrix increased the viscoelasticity and stiffness when the number
of cycles increased from 1 to 6 compared to pure PVA, a trend quite similar to natural
cartilage. However, the stiffest PVA-BC scaffold showed slightly lower elastic modulus than
that of AC. Therefore, by altering the number of thermal cycles and PVA or BC
concentration, it is possible to increase the range of moduli (Millon et al., 2009). Other
promising candidates include methacrylate for the preparation of BC–composite hydrogels.
BC–methacrylate hydrogel composites were prepared by UV radical crosslinking
polymerization. The compression moduli ranged from 2 to 5.5 MPa for composites swollen
to equilibrium having 20-70 wt-% water by simply introducing 1%-2% BC. Thus, BC can be
a reinforcing biomaterial with strong interfacial interactions with other polymer matrices
(Hobzova et al., 2012).

Another commonplace strategy is to make double network (DN) hydrogels that are quite
different than common interpenetrated polymer network for fiber reinforced hydrogels. DN
hydrogels consist of two hydrophilic polymers with a combination of a stiff and brittle first
network and a soft and ductile second network. One such DN hydrogel was prepared by
combining BC and poly dimethylacrylamide (PDMAA) whose wear property was evaluated
by a pin-on-flat-type wear test. These hydrogels showed excellent cyclic friction that was
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quite comparable to that of (UHMWPE) and showed a greater degree of resistance to wear
(Yasuda et al., 2005). Therefore, by improving the processing strategies, concentration, and
polymer chemical structures, an ideal hydrogel can be prepared that mimics the natural
cartilage in terms of friction, wear, viscoelastic, and load bearing properties.

3.6.3. Biodegradation
In addition to biocompatibility and high mechanical strength, a scaffold for cartilage tissue
engineering should demonstrate adequate biodegradability. BC is very crystalline with a
compact structure. It is susceptible to cellulolysis induced by various fungi and bacterial
species. However, these enzymes are not present in animal and the degradation of cellulose is
limited in vivo because of the absence of the required cellulase. BC has varying surface and
structural characteristics depending upon its cultivation conditions that can imbue it with
varying degrees of degradation. Various in vivo and in vitro studies have been carried out to
evaluate the degradability of BC: an in vivo study of subcutaneous BC implantation in rats
was carried for 12 weeks that showed no sign of BC degradation; however, 12 weeks was a
very short time to claim any biodegradability (Helenius et al., 2006). The enhancement of
biodegradation of BC was done in vitro (in water, phosphate buffer saline, simulated body
fluid). Yet, BC showed negligible degradation compared to biodegradable polymers like
polyglycolic acid and polylactic acid (Li et al., 2009).

One of the biggest mysteries for a scaffold for cartilage tissue engineering is whether it
should be biodegradable. A major problem with a biodegradable scaffold is that it follows a
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non-synchronized degradation of the seeded scaffold and subsequent regeneration of
damaged tissue. However, for cartilage to be fully functional, it usually requires months or
even years. Thus, bacterial cellulose is a suitable candidate. Therefore, a BC scaffold should
have adequate mechanical strength and a porous structure with an architectural pattern for the
migration of local cells in the defect-filling implants to synthesize newly cartilage matrix
(Pretzel et al., 2013).

On the other hand, the degradation of the BC can be changed metabolically by the
incorporation of N-acetylglucosamine (GlcNAc) residues during de novo synthesis from
Gluconacetobacter xylinus. This modified BC is less crystalline, but more susceptible to
lysozyme (an enzyme found in human body) compared to a control BC (Yadav et al., 2010;
Yadav et al., 2011). Adult human mesenchymal stem cells (ahMSCs) were successfully
adhered, proliferated, and differentiated in these modified scaffolds. The chondrocytes were
able to synthesize ECM containing proteoglycan and type II collagen with the added
advantage of lysozyme susceptibility for degradation, an outcome that can prove useful for in
vivo studies (Yadav et al., 2013).

3.7. Conclusions and future outlook
The goal of this chapter was to give an overview of cartilage-related health diseases and
injuries and develop an understanding of cellulosic materials for their potential fabrication as
scaffolds for cartilage tissue engineering. Cellulose appears to be a suitable candidate for this
application because of its chemical structural similarity to collagen. The properties of the
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scaffold can be tuned by various chemical modifications, architectural patternings, and
combination with other polymers to improve the biocompatibility and mimic the natural
ECM. Injectable hydrogels of cellulose derivatives (Si-HPMC) appear to provide a potent
combination of ECM environment with an ability to fill the defect area by in situ crosslinking
under physiological regimes, provide viable cell encapsulation, and are able to support
chondrocyte proliferation and adhesion for the cartilage regeneration. However, the problem
of limited cell migration because of small pore size and lower mechanical strength is
persistent with this type of scaffold. A combination with other natural polymers such as
chitosan, gelatin, and starch can improve the mechanical strength and biocompatibility;
however, the collapse of the porous structure can be observed because of the solubility of
these latter polysaccharides. This problem can be solved by introducing an interpenetrating
polymer network to form a stable hydrogel (Buyanov et al., 2010). Another interesting
biopolymer that has gained tremendous attention is bacterial cellulose (BC) which has proven
to be suitable candidate because of its smaller fibril size (ranging from 20 nm -100 nm) and
3D nanofibrous architecture that remarkably mimics the ECM of cartilage. However, in
addition to very small pore sizes, an in vivo characterization and the performance of the BC
scaffold (for a long period of time in a large animal model) is still needed to address the
future clinical suitability application for cartilage tissue regeneration.

Noting the ever-increasing research in cartilage tissue engineering using cellulose materials,
an improved and alternative method is still needed and there is plenty of room for
improvements. Researchers should consider the following aspects for preparing practical
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scaffolds that mimic the natural ECM: (1) Improving the porous structure of the BC scaffold.
Recently, new technique was developed which can create a 3D porous scaffold by laser
perforation. This scaffold has porous channels that can help transfer nutrients and other
essential ECM components. This technique does not induce any toxicity and is free of the
residual solvent removal. The added advantage of rapid prototyping with consistent pore size
makes this technique a viable process at the industrial scale (Ahrem et al., 2014); (2)
Biocompatibility can be further enhanced by incorporation of ECM supporting molecules
and growth factors such as chondroitin 4-sulfate and TGF β1, respectively, to favor cartilage
regeneration. The cell-scaffold interaction should be monitored to fully understand cell
attachment and cartilage formation during the early stage of implantation. Again, the
interaction will depend upon scaffold architecture properties such as pore size and surface
area; (3) Scaffold biodegradation for cartilage regeneration is still questionable. Cartilage
needs at least several months to one year to fully recover. During this period, the scaffold
should support ECM formation without degradation. Therefore, the degradation proprieties
of cellulose may be tuned by either chemical (Li et al., 2009) or biological means (Yadav et
al., 2010).
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Chapter 4
Preparation and Microstructure of Novel Nanocellulose-Chitosan Based Unidirectional
Porous Biomaterials
4.1. Abstract
Bacterial cellulose (BC) nanofibers, secreted by Gluconacetobacter xylinus 10245, were
successfully used alone or in combination with chitosan to prepare highly organized porous
materials by a very specific and highly successful unidirectional freeze-drying method. The
morphology and physical properties of the resulting biomaterials were modified by adjusting
the concentration of chitosan over a range of 1, 1.5, and 2% (by wt-%) and observed by
Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET), and X-ray
diffraction analyses. The SEM images of the prepared structured proposed as scaffolds
showed excellent alignment of fibrils along the freezing directional axis, while it was found
that the incorporation of chitosan formed a dense network in the scaffold as shown by the
SEM images. The FT-IR results confirmed the presence of chitosan by the intermolecular
hydrogen bonding between chitosan and BC. As the chitosan concentration increased, the
crystallinity index decreased from 89% to 79%. The scaffolds containing chitosan showed
excellent shape recovery and structural stability after compressive tests. The current findings
provide an excellent opportunity for further study and development of engineered tissue
scaffolds from bacterial cellulose nanofibers.
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4.2. Introduction
Cellulosic materials are ubiquitous in nature, a fact attesting to their important role in living
systems, while they continue to provide a platform for the advancement of civilization. A
rather involved and tedious process is typically required to separate the cellulose polymer
that is typically encrusted among lignin, hemicelluloses and other biomacromolecules in
many renewable materials (wood, agricultural fibers such as grasses, etc.). Although bacterial
cellulose has the same chemical structure of plant-based cellulose, it is altogether much
easier to process because of the absence of lignin and hemicelluloses whose removal
generally requires a non-trivial expenditure of energy and chemicals for separation. Bacterial
cellulose (BC) can be produced from various species of bacteria such as Glunconacetobacter
xylinus. G. xylinus, when grown in a controlled environment that contains sufficient nutrient
sources such as carbon and nitrogen and has a reasonable oxygen tension, can form a highly
porous fibrous network. Due to cellulose’s high water uptake, it has the tendency to form
gels possessing high tensile strength, biocompatibility, and purity. BC has found applications
in fields such as paper and paper products, audio components, conductive materials, and soft
tissue engineering (Lin et al. 2013, Nandgaonkar et al. 2014, Petersen and Gatenholm 2011).
BC also has unique morphological and mechanical properties (fibrillar structure at the
nanoscale dimension, high tensile strength) as well as biocompatibility, which makes it very
similar to the most important extracellular matrix (ECM) component of naturally occurring
tissues, i.e., collagen. These properties make BC a very interesting building block in soft
tissue engineering (Backdahl et al. 2006, Kim et al. 2010, Muller et al. 2006, Petersen and
Gatenholm 2011, Pulkkinen et al. 2006, Svensson et al. 2005).
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Unlike BC, chitosan has been widely known for its biomedical applications. It is linear
polysaccharide composed of glucosamine and N-acetyl glucosamine linked in a β-(1-4)
regular structural motif such as shown by cellulose. It is cationic in nature because of the
pendant –NH2 group that is responsible for electrostatic interactions with anionic
glycosaminoglycans (GAGs), proteoglycans, and other negatively charged molecules. This
property is of great importance because most of the growth factors are associated with GAG,
which may therefore help the chitosan-based scaffolds to maintain the growth factors
secreted by cells (Madihally and Matthew 1999). In addition, it displays other attractive
characteristics applicable for tissue engineered scaffolds such as enhanced wound healing,
drug delivery, and antibacterial properties.

Engineered polymer-based materials find increasing interest as tissue engineering scaffolds
because they can be easily modified to accommodate successful tissue growth. Among the
prerequisites for successful implementation, they must be a viable platform for cell seeding,
growth, and proliferation. Human cells require complex polymer fiber topography consisting
of pores and ridges within an extracellular matrix. As such, factors driving cell attachment,
migration as well as nutrient supply to transplanted cells, including fiber dimension, porosity
(pore size and structure), void volume, network organization are critical (Dutta et al. 2011).
Scaffold porosity is one of the most important parameters for cells migration and for
vascularization. If the scaffold is highly porous, it will allow easy diffusion of nutrients,
oxygen, and waste products from the implanted tissue. A high specific surface area will also
allow for cell attachment and firm anchorage (Carletti et al. 2011, Dutta et al. 2011). A
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critical point is that the phenotypic cell expression can change if the fiber diameter does not
match the pre-requisite cellular dimension within the extra cellular matrix (Boland et al.
2001).

Furthermore, fiber orientation is a highly important parameter for successful tissue
engineering. Fiber orientation not only influences the cell phenotypic expressions, cell
attachment, proliferation, but also the scaffold mechanical properties and ultimate tissue
functionality (Frenot and Chronakis 2003, Ma et al. 2005, Subramanian et al. 2005).

Different techniques have been recently introduced to optimally mimic natural tissue
properties such as pore size and fiber orientation. They include gas foaming (Harris et al.
1998), solvent casting/particulate leaching (Xiang et al. 2006), phase separation (Smith et al.
2007), fiber meshes (Brown et al. 2000, Chen et al. 2001), and electrospinning (Chen and
Abatangelo 1999). Each method has advantages and disadvantages. In the gas-foaming
technique, the scaffolds show closed cellular structures, whereas in solvent
casting/particulate leaching, the morphology of the resulting scaffold cannot be controlled
because chemical modifications occur during dissolution and removal of the volatile solvent
that may alter the final properties of the materials (Carletti et al. 2011). Although the
electrospinning and fiber mesh techniques facilitate fiber orientation, the resulting scaffolds
often lack structural stability as well as sufficient mechanical robustness (B. Subia et al.
2010).
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The freeze-drying method has been extensively used to produce porous scaffolds because of
its simplicity, low-cost, and straightforwardness. In addition, it requires solvent sublimation
under controlled temperature and pressure over a specific period of time, but does not
involve any chemical reaction. Thus, scaffold properties such as pore structure, pore size, and
interconnectivity can be controlled and more importantly easily fine-tuned (Carletti et al.
2011). This method is considered among the rare methods that allow the production of
porous materials with a unidirectional morphology. In fact, the aligned porosity of a scaffold
is of high importance for the viability of cells (Zhang et al. 2005). Different unique and
highly functional types of biopolymer-based composite scaffolds with tailored microstructure
and physical properties have already been prepared by freeze-drying (Ko et al. 2010).

Previously, pure bacterial cellulose and its composite scaffolds had been prepared by freezedrying (Andersson et al. 2010, Zhijiang et al. 2012, Svensson et al. 2005, Ul-Islam et al.
2011). However, the morphology of the structures was neither aligned nor unidirectional.
Homogenous and well-structured foams of cellulose had been prepared by dissolving the
cellulose in specific solvents to develop cellulose gels. Unidirectionality in cellulose
nanofibers was obtained by dispersing the fibers in water by high-pressure homogenization.
However, this caused BC to lose its attractive physical and chemical characteristics (Yin et
al. 2012).

This study aims to introduce a new porous material based on BC using a unidirectional
freezing technique followed by a freeze-drying process. Chitosan was added to the system to
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impart attractive biological properties to the resulting BC-based scaffolds whose resultant
morphological, chemical, and physical characteristics were evaluated.

4.3. Experimental Section
4.3.1. Materials
Gluconacetobacter xylinus (ATCC 10245) was purchased from American Type Culture
Collection. Yeast extract, bacto-peptone (becton, Dickinson and Company), di-sodium
phosphate, and citric acid were used for preparing the culture medium. All the reagents were
purchased from Sigma unless otherwise stated. Chitosan obtained from the Vanson company.
Methanol (99%) was used to wash the chitosan samples. Hydrochloric acid solution, 0.1N
(N/10) (Certified) and sodium hydroxide solution 0.1 N (N/10) (Certified), both obtained
from Fisher Chemical, were used in acid-base titration method to determine the degree of
deacetylation (DD) which was 90%. Sodium acetate anhydrous (Fused Crystals/Certified
ACS) was obtained from Fisher Chemical. All reagents and polymers were used as received
unless stated otherwise.
4.3.2. Methods
4.3.2.1. Cell culture and preparation of bacterial cellulose pellicles
Gluconacetobacter xylinus (ATCC 10245), was grown on a media consisting of 2.5% DMannitol, 0.5% yeast extract, and 0.3% bacto-peptone all dissolved in deionized water at an
initial pH of 6.5. All the cells were pre-cultured in a test tube for 1 day at 110 rpm at 30 °C to
increase the number of bacteria for the main inoculation. The suspension passed through 16
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layers of gauze as inoculums for future cultivations (Son et al. 2001). The small pellicle
formed in the test tube was then inoculated into a 500 ml Erlenmeyer flask containing 100 ml
of culture broth. Static cultivations were carried out at 30 °C for 14 days.

The BC pellicles after the cultivation period were sterilized by washing with a 1N NaOH
solution at 80 °C for 90 min. to dissolve the remaining bacteria. The samples were rinsed
with deionized water until they demonstrated normal pH. The purified BC was dried to
constant weight at 80 °C and then weighed to determine the production of BC. Also, the
purified wet cellulose pellicles were stored in distilled water at 4 °C for future experiments.
4.3.2.2. Characterization and deacetylation of chitosan
The as-obtained chitosan with a degree of deacetylation of 70% was further deacetylated by
an alkaline treatment using 50 wt-% NaOH according to a reported procedure (Nandgaonkar
and Krause 2011). Briefly 100 g of chitosan was suspended in 1.1 L of 50% aqueous NaOH
solution and stirred at 110 °C for two hours. Nitrogen gas was continuously purged into the
mixture to avoid degradation of sample. The mixture was allowed to cool down to 80 °C.
The sample was then rinsed in water until the water had pH 7 and then air-dried for two days.
Subsequently, it was washed with methanol to remove impurities. Afterwards, the sample
was subjected to a water rinse until the water had neutral pH and then air dried for two days.

The degree of deacetylation was measured by the acid-base titration method. A detailed
explanation is provided elsewhere (El-Tahlawy and Hudson 2006, Nandgaonkar and Krause
2011). Briefly, a fixed amount of chitosan was placed in a 250 ml beaker. The chitosan was
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then dissolved by adding 10 ml of 0.1 N hydrochloric acid. Subsequently, 90 ml of distilled
water was added to the beaker. A few drops of phenolphthalein were added as an indicator.
The conductivity meter (Orion conductivity cell, model 013030) was immersed into the
solution and the solution was kept at constant stirring. The solution was then titrated with 0.1
N NaOH solution with the help of a 10 ml burette. The readings were noted after adding the
NaOH solution. The readings were plotted as volume of NaOH solution versus conductivity.

The molecular weight of chitosan was determined by viscosity measurements (Ubbelohde
viscometer). A series of dilute solutions with increased chitosan concentrations were
prepared by dissolving chitosan in 0.2 M CH3COOH/0.1 M CH3COONa. A solution of 10 ml
was placed into a Cannon-Ubbelohde semi-micro viscometer (size 75 J-134) and the
instrument was immersed into a constant water bath at 30 °C. It was kept immersed for 20
min to equilibrate before the readings were recorded. The viscosity average molecular weight
(Mv) was then calculated from the measured intrinsic viscosity [η] by application of the Mark
Houwink Sakurada equation, [η] = kMa [where k = 1.64 × 10-30 × (%DD) and a = −1.02 × 102

× (%DD) + 1.82] to be 8.2 × 105 (Zhang et al. 2005).

4.2.2.3. Preparation of BC and BC-Chitosan composites
The wet BC pellicle was placed on a glass rod for ten minutes to remove extra water. Then
the BC pellicle was placed inside a polypropylene tube (dimensions: 10 mm in diameter and
40 mm in length) filling it up to the 20 mm mark. The polypropylene tube was then placed
inside an insulating Styrofoam container such that only the bottom surface of the
polypropylene tube was exposed (Wu et al. 2010). This Styrofoam container that housed the
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tube was then allowed to float on liquid nitrogen (-196 °C) for 15 minutes (see Figure 4.1).
During this process, the BC pellicle inside the tube was instantly unidirectionally frozen from
the bottom to the top via water crystal vectorial growth. The solidified BC was then
lyophilized at -40 °C for 2 days to remove ice crystals by sublimation.

Figure 41.1. a) Schematic procedure of preparing unidirectional porous sample. b)
represents a digital photograph of the freeze-dried sample.

To fabricate a composite scaffold of chitosan, the wet BC pellicle was placed between two
filter papers to remove excess water. Then the BC pellicle was immersed in a 1% chitosan
solution dissolved in 1% aqueous acetic acid at 50 °C for 24 hours. Afterwards, the BC
pellicle was withdrawn from the chitosan solution beaker and the excess chitosan solution
was removed by filter paper. Afterwards, the BC pellicle immersed in chitosan solution was
put in polypropylene tube and unidirectionally frozen in a similar manner as described above
(vide supra). In this way, BC-Ch-x was prepared in which BC is bacterial cellulose, Ch is
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chitosan and x represents the wt-% of the chitosan solution. The BC and BC-Ch-x scaffolds
after freeze-drying were removed and stored in silica gel desiccators for further
characterization.
4.3.3. Characterization
4.3.3.1. Scanning Electron Microscopy (SEM)
Oven dried and freeze-dried samples of pure bacterial cellulose and BC-Chitosan scaffolds
were analyzed by SEM (Field Emission Inc, FEI Phenom). The samples were mounted on a
metal stub and then coated with a layer of gold approximately 100 Å thick using a gold
sputtering machine to reduce charge interruptions. Samples were viewed at magnifications
between 5,000-20,000 times their original sizes. Those images were used to evaluate the fiber
diameter and consistency. Revolution software and ImageJ software were used to
deconvolute the SEM images and determine the surface morphology and obtain the cross
sectional images of BC and the composite scaffolds. Fifty readings were measured from two
different SEM images and the readings were averaged to determine the mean fiber diameter
and fiber distribution. The porosity of the scaffolds was analyzed based on a literature
method using ImageJ software (Thoppey et al. 2012). The SEM images were first converted
into gray scale images and then the threshold value was adjusted to see the first layer of the
porous structure to measure the number of filled versus unfilled pixels.
4.3.3.2. Absorption Properties
The absorption properties were determined by placing the cylindrical dried sample of 8 mm
diameter × 6 mm height in phosphate buffer saline (PBS) for 24 hours at 37 °C in order to
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simulate as body fluid. The cylindrical wet samples were taken out and the excess surface
fluid was removed by placing the samples on filter paper before weighing.

The percent adsorption was calculated using following equation

(1)
where 𝑊𝑊0 and 𝑊𝑊𝑡𝑡 are the weights of the sample before and after the absorption test,
respectively. All the results are the mean value of four samples.
4.3.3.3. Mechanical Properties
Compression moduli of the scaffolds were tested on an Instron Model 5544 using the
BluehillTM version 1.00 software with a cross-head speed of 2 mm/min at room temperature.
The testing machine was equipped with a 100 N load cell. Samples with an 8 mm diameter ×
6 mm height dimension were tested in both dry and wet state. For the wet state, the scaffolds
were immersed in PBS and incubated for 24 hours at 37 °C in order to simulate in vivo
conditions. Before the compression test, excess surface fluid was removed by dabbing the
scaffold with filter paper. Four samples were used to obtain mean values.
4.3.3.4. Fourier Transform Infrared Spectroscopy (FTIR)
The spectra of samples of pure BC and BC-chitosan were obtained using a Nicolet 510P
FTIR spectrometer. Scans were completed between 4000-400 cm-1 with 16 convolutions and
a resolution of 4 cm-1. A total 64 scans were completed for each sample. The baselines of all
the samples were corrected and samples were analyzed using Omnic software.
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4.3.3.5. X-Ray Diffractometry
X-ray diffraction (XRD) patterns of BC and BC-composites were recorded using a Siemens
type F X-ray diffractometer which is equipped with Ni-Filtered Cu Kα radiation at a
wavelength of 1.54Å. The X-ray generator voltage and current were 40 kV and 20 mA,
respectively. The diffractograms were recorded with 2θ angular scanning angle of 5-40° with
a 0.05 step size. The X-ray data were used without baseline correction.

The crystallinity index (CI) was obtained from X-ray diffraction data accruing to Segal et al
method using equation 2 (Segal et al. 1959).
𝐶𝐶𝐶𝐶 =

𝐼𝐼(2 0 0) − 𝐼𝐼(𝑎𝑎𝑎𝑎)
𝐼𝐼(2 0 0)

× 100

(2)

where 𝐼𝐼(2 0 0) is the intensity at (2 0 0) peak at 22.93° and 𝐼𝐼(𝑎𝑎𝑎𝑎) is the minimum peak between
(1 1 0) and (2 0 0).

4.3.3.6. Brunauer-Emmett-Teller (BET) Surface Area
The surface area of pure and BC-chitosan scaffolds was measured using Autosorb-1C
instrument equipped with an ASWin software package (Quantachrome Instruments, FL,
USA). The samples were degassed at room temperature (25°C) for 5 hours to remove the
moisture and have precision and accuracy in all of the experiments. Nitrogen
adsorption/desorption isotherms were performed on each sample. The experiments analyzed
the surface area (m2/gm) by N2 adsorption at 77 K by using multipoint Brunauer-EmmettTeller theory.
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4.4. Results and Discussion
The morphology of BC pellicles that was neither aligned nor unidirectional was oriented by a
unique unidirectional freeze-drying method to improve final scaffold morphology. Chitosan
was added to the BC hydrogels for a number of reasons, but one of them was because it
behaved as a reinforcing polymer in the BC network to help it recover its original shape after
compression. Additionally, it helps retain the scaffold structural dimensions while imbuing
the system with powerful the biological properties mentioned earlier (vide supra).

4.4.1. Morphological analysis of bacterial cellulose nanofibers by SEM
SEM was used to observe the bacterial cellulose pellicle after purification and drying. Fig.
4.2 shows the SEM image of the resulting sponge-like material that may be described as an
interconnected, nonwoven nanofibrous pellicle. The average diameter of the fibers was found
to be 64 ± 15 nm. The overall final morphology of BC is generally controlled by bacterial
activity during the cellulose biosynthesis process. Imposed control of the orientation of the
fibers is generally a difficult proposition. However, unidirectional method described in this
work has demonstrated a very notable effect on their orientation.
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Figure 42.2. SEM image of BC produced by Glucanacetobacter xylinus a) at 5,000 × and
b) 15,000 × magnification.

The freeze-drying process involved freezing the gel at a specific temperature followed by
drying it below the glass transition or melting temperature to sublimate the frozen solvent.
The removed frozen solvent creates void spaces to provide a porous structure (Qian and
Zhang 2011). Composite biomaterials based on BC nanofibers have been prepared according
to the above method. Various loadings of chitosan have been added and freeze-dried, after
which morphological analyses were carried out by SEM to reveal the porous structure of the
materials (Fig. 4.3).
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Figure 43.3. SEM photographs of freeze-dried pure BC and BC-Ch composites with
different amounts of chitosan (a, b: Pure BC; c, d: BC-Ch-1%; e, f: BC-Ch-1.5%; g, h:
BC-Ch-2%). Top row is the cross section and bottom row is the inner wall. (All images
are at 5,000 × magnification).

Figs. 4.3a, b, c, and d all show cross sections of the pure BC and BC-chitosan scaffolds. Pure
BC (Fig. 4.3a) has pores that are not circular; rather they are a combination of circular and
oval shapes with an interconnected network. Pores were created in the cross sectional area
perpendicular to the freezing direction. The channel-like porosity was created in the sample
in the cross section parallel to the freezing direction and can be seen in Fig. 4.3b. The
channel pores are connected to each other with short nanofibrils in which the red arrow
indicates the direction of aligned porosity in the sample. This alignment of porosity was not
present earlier in the bacterial cellulose pellicle (refer to Fig. 4.2). The bottom surface was
the first to contact liquid nitrogen that then induces the fibers to stretch and display random
nonwoven morphology as the ice crystals grow from underneath. There was a thin film
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formation on the outer scaffold surface that was in contact with the inner wall of the
polystyrene/glass tube. The film shows a nonwoven nanofibrous morphology; however, it did
not display any pore formation. Similar results have been found in other reports (Madihally
and Matthew 1999, Wu et al. 2010).

The SEM analyses were done to determine the effect of chitosan concentration on the
morphological changes inside the scaffold. Fig. 4.3c shows that the interconnected pores are
part of a three-dimensional network. The structure of the pure BC nanofibrils was lost due to
the incorporation of chitosan. The inner section of BC-Ch-1% shows the alignment of
porosity. The channel-like formation was due to the unidirectional freezing of the sample as
the porosity propagated from the bottom to the top. From the SEM images, BC with 1 wt-%
chitosan (Fig. 4.3c) was even more porous than the other two samples that had chitosan
concentrations of 1.5 and 2 wt-% (Fig. 4.3e and 4.3g). They displayed an interconnected
porous network in a three-dimensional network similar to the pure BC scaffold. The distance
between two channels was large due to chitosan penetration inside the bacterial cellulose
pores to form a coating on the individual surfaces. The surfaces became more compact when
the chitosan concentration increased (Ul-Islam et al. 2011). The mean pore diameter and the
porosity of BC and composite scaffolds are shown in Figs. 4.4a and b. As the concentration
of chitosan increased to 1.5%, the distance between the two channels became smaller
because of chitosan aggregation inside the channel (see Fig. 4.3f). The channels displayed a
specific degree of alignment due to the increased penetration of chitosan at 2 wt-% (see Fig.
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4.3h), that caused layer formation on the BC pellicles. However, the channels were still
interconnected by the small cellulose nanofibrils.

From the cross-sectional SEM images, mean pore diameter (Fig. 4.4a), and porosity (Fig.
4.4b), the pores at 1 wt-% chitosan appeared to be larger when compared to pure BC. The
mean pore diameter and porosity in the pure scaffold was 2 ± 1 µm and 75 ± 2%,
respectively, whereas for BC-Ch-1%, it was 4 ± 2 µm and 87 ± 1%. The increase in pore
diameter and porosity was due to increased chitosan concentration and scaffold viscosity that
facilitated the BC pellicles to rearrange themselves into highly oriented pores and channels
where water acted as a solvent during the BC scaffold preparation. Many small size ice
crystals tended to form during the freezing process to induce small pores and reduced
porosity. The porous structure, however, was surprisingly reduced as the chitosan
concentration increased from 1 to 2 wt-% as shown in Figs. 4.3c, e, and g and Figs. 4.4a and
4.4b. The pore diameter and the porosity of BC-Ch-1.5% was found to be 2.5 ± 1 µm and 80
± 1%, while for BC-Ch-2%, it was found to be 1.4 ± 1 µm and 74 ± 2%, respectively. This
may be due to a threshold (increased) chitosan concentration that interferes with ice crystal
growth during the freezing step. Water and acetic acid as the solvents are sequestered by the
bacterial cellulose and chitosan macromolecules due to the rapid freezing and thus prevent
the water molecules from rearranging and forming larger ice crystals. Another reason for the
random and reduced pore distribution might be due to the viscosity of the chitosan solution.
As the concentration increased, the viscosity of the solution also increased. So, during the
freezing step, the higher viscosity sample prevented the water molecules from rearranging
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and ceased the ice crystal growth to produce random crystal shapes (Wu et al. 2010).
Therefore, as the concentration of chitosan increased, the distance between two juxtaposing
channels decreased as did the pore size. The 2 wt-% chitosan sample had a random
distribution of channels with relatively small pore size. However, all the scaffolds still had a
definitive porous structure. This had been observed in a previous effort (Wu et al. 2010). This
result indicates that adjusting the chitosan concentration can control the nano-structure of the
BC/chitosan scaffold. The reduced pore size might be of significance to retain introduced
matrix molecules (Grad et al. 2004). The porous structure and the interconnection of fibrils
are also important for cellular attachment and proliferation.
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Figure 44.4. a) Mean pore diameter b) Porosity c) Absorption properties of pure BC
and composite scaffolds with different weight percentages of chitosan (1%, 1.5%, and
2%).

4.4.3. Absorption analysis
The absorption properties of pure BC and associated composite scaffolds were tested by
immersing them in PBS at 37 °C for 24 hours. The results showed that pure BC has the
highest absorption percentage because of numerous hydrophilic groups. In addition, because
the scaffold dimensions are fixed before adsorption, the scaffold tended to swell,
accommodating as much as water inside the porous network of scaffold as possible and
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thereby increasing its volume. During absorption, the hydroxyl groups not only attracted
water, but also formed hydrogen bonds. When chitosan (1, 1.5, and 2 wt-%) was introduced
into the scaffold, the absorption reduced as shown in Fig. 4.4c. The water penetration was
limited into the scaffold due to two principal reasons: bond formation between (NH2) groups
of chitosan and hydroxyl groups of BC and the retention of the original porous structure by
chitosan thereby limiting the swelling of scaffold because the chitosan has a tendency to
retain the original porous structure/dimensions. Though the absorption properties decreased
with the inclusion of chitosan, this can be justified by favorable biological activities (vide
supra) that BC does not have. In addition, the chitosan acted as a structural stabilizer,
necessary for tissue engineering applications.
4.4.4. Mechanical analysis
Compressive properties were tested on both the dry and wet states. The wet studies were
specifically carried out as closely to in vivo conditions as possible. Table 4.1 shows the
compressive moduli of pure BC and composite scaffolds. The mechanical strength of pure
BC was highest, 9.51 ± 0.23 MPa, among all the scaffolds in the dry state. This was due to
the reduced pore size and porosity of the scaffold. The addition of chitosan tended to
decrease the compressive modulus, but the values were approximately similar for BC
containing 1% and 1.5% chitosan. The addition of chitosan increased the structural integrity
and formed networks within BC nanofibrils, except for the scaffold containing 2% chitosan.
This reduction in dry state might be due to the coating of individual BC nanofibrils that upon
drying become brittle and under normal loading display lower compressive strengths. Similar
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results were also found for similar systems in which increased chitosan lowered the
mechanical strength (Nge et al. 2010).

Table 4.2. BET surface area, crystallinity index, and compressive modulus of pure BC
and composite scaffolds with different weight-percentages of chitosan in both the dry
and wet states.
Sample
Name

Surface Area
(m²/g )

Crystallinity
Index
(%)

BC
BC-Ch-1%
BC-Ch-1.5%
BC-Ch-2%

201
29.5
22.06
19.85

89.45
83.57
83.94
79.46

Dry
Compressive
Modulus
(MPa)
9.51±0.23
8.04±0.47
9.13±0.40
4.74±1.00

Wet
Compressive
Modulus
(MPa)
37.32±1.07
0.58±0.17
0.82±0.15
9.64±0.46

The compressive properties of the scaffold displayed mixed results in the wet state. For pure
BC, the modulus increased 3.6 times compared to its dry state. This is because BC has high
hydrogen bonding tendencies and thus a strong affinity for water that fills the empty pores
and swells, thereby increasing its volume and directly affecting the mechanical properties. In
addition, the scaffold undergoes many physical and chemical changes during water
absorption, highest for pure BC. Though the pure BC has high mechanical strength, the
scaffold was unable to recover its original shape even after 2 hours at room temperature
(Chiciudean et al. 2011). The compressive moduli for BC-Ch-1% (0.58±0.17) and BC-Ch1.5% (0.82±0.15) were found to be much lower than in their dry states. The compressive
strength of the scaffolds was ultimately reduced because there was a lubricating effect
between the chitosan molecules and BC nanofibers resulting in a reduced internal friction
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(Molladavoodi et al. 2013). The wet compressive modulus of the BC-Ch-2% was higher
(9.64±0.46) than its dry state (4.74±1.00) despite its lower absorption properties. This might
be due to the highly deacetylated chitosan used (a degree of deacetylation of 90%), which
indicates that is abundant in amino groups. Moreover, the chitosan had an entanglement
concentration of 1.85 wt-%. Above this concentration, the chitosan forms a charged complex
in acidic solution that causes an increase in intermolecular hydrogen bonding and restriction
of individual polymer chains. In addition, the lower pore size facilitates the viscous chitosan
charged complex inside the porous network upon uniform compressive loading, ultimately
increasing its compressive strength (Nandgaonkar and Krause 2011). All the wet scaffolds
showed higher compressive moduli and the same order of magnitude compared to native
human cartilage (0.677±0.198) (Jurvelin et al. 1997). They also showed excellent 100%
recovery to their original shape in two minutes after removing the load as shown in Fig. 4.5.
This type of shape-memory scaffold is useful for waste removal during compression,
diffusion, and exchange of nutrients during the recovery of scaffolds because natural articular
cartilage lacks sufficient vascularization for effective nutrient transport.
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Figure 45.5. Photographs of BC-Ch-1% scaffold (8 mm diameter × 6 mm height)
showing the shape recovery at different time intervals after the compression testing.

4.4.5. Surface area analysis
The pure BC scaffold has a more open structure than the BC-chitosan scaffold as probed by
BET. From Table 4.1, the total surface area of pure BC was 201 m2/g; however, the total
surface area drastically reduced with the incorporation of chitosan in the BC. The total
surface areas were 29.5 m2/g for BC-Ch-1%, 22.06 m2/g for BC-Ch-1.5%, and 19.85 m2/g for
BC-Ch-2%. Because the chitosan was in solution form, it facilitated chitosan macromolecule
penetration inside the BC interconnected fibrils to block empty pores. Moreover, a higher
content of chitosan decreased the pore size, a result that can clearly seen in Fig. 4.3. The
fibrils having close arrangement became dense and compact, ultimately leading to lower
surface area. Additionally, the strong interaction of chitosan molecules with BC forms a
dense network of fibrils in which chitosan fills the empty spaces in the BC fibrils causing a
reduction in total surface area (Ul-Islam et al. 2012).
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4.4.6. XRD analysis of prepared scaffolds
XRD was used to measure the difference in intensity of the highest peak (2 0 0) and the
lowest peak attributed to the amorphous region to quantitate crystallinity differences. The
XRD of BC films were recorded by orienting the sample films parallel to the X-ray beam.
Fig. 4.6 shows the XRD pattern and Table 4.1 shows the crystallinity index of pure BC and
composite scaffolds. For the pure BC and composite scaffolds, three majors peaks were
found with their respective crystallographic planes: 14.80° was assigned to (1-1 0), 16.6° was
assigned to (1 1 0), and 22.93° was assigned to (2 0 0). This confirms the presence of
cellulose I in both films (Zhijiang et al. 2012, Castro et al. 2012, Ul-Islam et al. 2011). The
crystallinity of the composite scaffolds decreased with the increase in chitosan concentration;
for example, the crystallinity index of pure BC was 89.45% that reduced to 83.57% for BCCh-1%, 83.94% for BC-Ch-1.5%, and then to 79.46% for BC-Ch-2%. This indicated that the
high crystallinity of the pure BC can be reduced by chitosan. Other similar results were found
for the crystallinity index for other additives (Zhijiang et al. 2012, Castro et al. 2012, UlIslam et al. 2011). This decrease in crystallinity index was due to the penetration of chitosan
molecules inside the BC inter-fibrillar network. The chitosan molecules interacted with the
BC network through intermolecular hydrogen bonding disturbing the original network and
resulting in a lower crystallinity index.
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Figure 46.6. XRD patterns of pure BC and BC-chitosan scaffold with different weightpercentages of chitosan.

4.4.7. FTIR analysis of prepared scaffolds
Fig. 4.7 shows the FTIR spectra of pure BC and BC-chitosan composite scaffolds with
different weight percentages of chitosan. The results for pure BC confirmed the presence of
stretching vibrations for O-H and C-H at 3347 cm-1 and 2897 cm-1, respectively. A sharp and
intense band appears at 1651 cm-1 correlated to the glucosyl carbonyl (C=O) of cellulose.
Two important bands appeared at 1427 cm-1 and 1364 cm-1 characteristic of the symmetric
deformation and bending vibration of C-H, respectively. The sharp band at 1033 cm-1
represents the C-O-C stretching (Ul-Islam et al. 2011). (see Table 4.2).
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A spectral analysis of BC-Ch shows all the characteristic bands of BC. For the BC-chitosan
scaffold, a broad band appears at 3245 cm-1 (combination of O-H stretching and N-H
stretching). C-O- stretching of BC-CH decreased due to increased hydrogen bonding in the
composite and more interactions between BC and Ch molecules. NH2 deformation vibration
at 1555 cm-1 verified the presence of chitosan molecules inside BC. C-N stretching at 1409
cm-1 was due to the presence of primary amides. All the data indicated that the chitosan
molecules interacted with BC through intermolecular hydrogen bonding networks and
penetrated well within the BC fibrils (Ul-Islam et al. 2011).

Table 4.3. Spectral peak assignment of pure BC and BC-chitosan (1 wt-%) scaffolds
prepared by unidirectional freeze-drying.
Pure BC sample wave
number
(cm-1)
3346
2896
1651
1427
1370
1035

Functional group
O-H/N-H
C-H
C=O
NH2
C-H deformation
C-H Bending
C-N stretching
(Primary amide)
C-O-C

BC-Ch sample wave
number
(cm-1)
3345
2894
1555
1373
1409
1034
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Figure 47.7. FTIR spectra of pure bacterial cellulose and BC-chitosan scaffold with
different weight-percentages of chitosan.

4.4.8. Mechanism of unidirectional freezing
The freezing step is the most critical step for creating a porous scaffold. The water content in
BC eventually becomes ice crystals during freezing in liquid nitrogen. The initially randomly
distributed web of bacterial cellulose nanofibers (Fig. 4.2) was aligned by unidirectional
freeze-drying. The solute in this case was the BC pellicles and the solvent was water. The
solute became segregated during the freezing process at liquid nitrogen temperature to cause
rapid formation of ice nuclei from the solvent (water) that grew in the direction of freezing
(Qian and Zhang 2011). The directionality of the freezing had a profound impact on the
alignment. The samples were frozen unidirectionally in liquid nitrogen and the ice crystals
grew in the vertical direction parallel to the direction of freezing (i.e., from low temperature
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to high temperature). After the drying step, the porosity of the scaffold displayed a highly
unidirectional alignment.

The rapid cooling of the samples in liquid nitrogen caused formation of many small size
nuclei that lead to a scaffold riddled with numerous small pore sizes. From Fig. 4.8 the wet
BC swollen pellicle is frozen unidirectionally. The ice crystals started to grow from the
bottom of the substrate to the top due to a temperature gradient. Thus, the random nonwoven
BC pellicle fibrils stretched due to the ice crystal growth and aligned themselves parallel to
the freezing direction. Otherwise, the chitosan macromolecules tended to separate from the
frozen solvent due to rapid crystal formation (green dot in Fig. 4.8). The chitosan
macromolecules aggregated and aligned themselves around the ice crystals and into the pores
of the BC fibrils. This method is thus beneficial for obtaining aligned porosity from a random
nonwoven cellulose pellicle.
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Figure 48.8. Mechanism of orienting randomly distributed bacterial cellulose/composite
scaffold by the unidirectional freeze-drying method. During freezing, ice crystals grow
in freezing direction (vertically) that exclude the bacterial cellulose fibrils and chitosan
molecule and align themselves in the space between the ice crystals (parallel direction of
freezing) (Han et al. 2013).

4.5. Future Work
Based on the results of the composite scaffolds, they will be further evaluated for cell culture
studies.
4.5.1. Bovine articular condrocytes culture
Chondrocytes will be isolated from the calf knee by the enzymatic digestion. Briefly, the
cartilage will be collected and sliced using scapel and will be digested with type II
collagenase for 6 hours. Around 0.1 g of cartilage will then be washed with phosphate buffer
saline (PBS) and resuspended with chondrocyte proliferation medium containing Dulbecco’s
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modified Eagle medium (DMEM), 10% fetal bovine serum, vitamin C, and 100U/mL
penicillin/streptomycin. Finally, cells will be seeded on tissue culture plates and will be
incubated in a humidified atmosphere with 5% CO2 at 37 °C. The media culture will be
changed every 3 days.
4.5.2. Cell culture studies on BC-composite scaffolds
4.5.2.1. Experimental design
The biological properties (cell proliferation, viability, and differentiation) of scaffolds for
articular cartilage tissue engineering (TE) applications will be studied and evaluated in this
aim. Prior to cell seeding, the scaffolds will be sterilized with 70% (v/v) ethanol for 2 hour
and will be pre-wetted in the culture medium overnight and then will be put in the 48-well
culture plate before cell seeding. A 100 µL of cultured chondrocytes suspension cells (5 ×
105 cells/scaffold) will be cultured on prepared scaffolds in TE lab. The scaffolds containing
the cell suspension can be transferred to culture plate for 4 hour and the culture medium can
be changed after every third day. The incubator with the humidified condition of 5% CO2
containing cultures will be incubated at 37°C. The reason chondrocytes chosen over
mesenchymal stem cells (MSC) is that, the chondrocytes can recover their collagen type II
expression and produce proeteoglycans which are similar to natural chondrocytes.

Chondrocytes can maintain their phenotypes expression when cultured on different scaffold
such as collagen, hyaluronic acid, and chitosan (Weiss et al. 2010; Verga et al. 2012). The
biological assays will be assessed to analyze the cell viability, proliferation, and adhesion of
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chondrocytes. The cell adhesion and proliferation can be observed with scanning electron
microscopy with prior treatment. Live/dead and MTT assays will be performed on an interval
of 1, 3, 7, 14 and 21 days. For live/dead assays, scaffolds will be incubated in 48-well plate
with chondrocyte proliferation medium along with ethidium homodimer-1 (6 µM) and
calcein AM (4mM) for 30 min in the dark at 37 °C in 5% CO2. Scaffolds will be immediately
take n out and will be examined under an inverted fluorescent microscope in conjunction
with a color camera (Nikon FDX-35) and QCapture software to capture the images (Correia
et al. 2011). For MTT, scaffold will be incubated in 48-well plate with 1 mL of chondrocyte
proliferation medium along with 20 µL MTT solution per well for 2 hours at 37 °C in 5%
CO2. The viability of the cell through MTT assay will be done by a microplate reader
(Correia et al. 2011). Experiments will be conducted three times and the results will be
expressed as the mean ± standard deviation. Statistical analysis will be done with the student
t-test.

The chondrocytes adhesion on scaffold will be analyzed by SEM. Firstly; the scaffold will be
formalin overnight at 4 °C. After this, the scaffold will be dehydrated in increasing
concentrations of ethanol of 50%, 70%, 95%, and 100% for 15 minutes each, and then with
then critical point dried (CPD) with CO2. The scaffolds will be sputter-coated and analyzed
as previously described.
4.5.2.2. Anticipated results
From the biological studies, the scaffolds will show good viability of chondrocytes
throughout the scaffold. According to the SEM images, the scaffolds will show good cell
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adhesion attached to scaffold wall. The porous structure will help the cell to infiltrate more
into the scaffold which will help in increasing the population of chondrocytes.
4.5.2.3. Potential problems
During the cultivation period the chondrocytes can undergo a change in phenotype
expression on the surface of the scaffold which tends to become fibroblastic which is
biomechanically inferior for cartilage. This can be avoided if the cells can infiltrate deep
inside the scaffold where cell can produce collagen II and can maintain a more spherical
morphology (Svensson et al. 2005).
4.5.2.4. Time frame
An in vitro test has to be done to determine the propensity of cells attachment and
proliferation on the prepared scaffolds. To arrive at concrete conclusions, experiments need
to be repeated to reproduce the data that will take at least four months to complete.

4.6. Conclusions
Pure BC and BC-Chitosan scaffolds were prepared by a unique unidirectional freeze-drying
method. The incorporation of chitosan inside the BC network increased the interaction
between BC hydroxyl groups and chitosan macromolecules. All the scaffolds displayed very
uniform alignment of fibrils along the freezing direction while prepared scaffold morphology
such as pore size and adjusting chitosan concentration could alter distance between channels;
however, the crystallinity index tended to decrease with increasing chitosan concentration as
a result of hydrogen bonding disruptions within the cellulose chains. The chitosan
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penetration inside the BC fibrils facilitated the formation of a dense network that helped the
BC-Ch composite scaffolds maintain their structural integrity and mechanical properties after
load removal, a result that was comparable to native human cartilage modulus. These unique
properties for the newly prepared scaffolds may be useful for cartilage tissue regeneration
work.
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Chapter 5
A One-Pot Biosynthesis of Reduced Graphene Oxide (RGO)/Bacterial Cellulose (BC)
Nanocomposites
5.1. Abstract
Here, we report for the first time a one-pot in-situ biosynthetic method to fabricate
structurally controllable bacterial cellulose (BC)/reduced graphene oxide (RGO) composites.
The graphene oxide (GO) was highly reduced during a standard autoclave process using a
traditional mannitol culture medium as the reducing agent. The RGO sheets prepared exhibits
a high carbon to oxygen ratio of 3.1 as compared 1.8 for GO determined by X-ray
photoelectron spectroscopy. The electrical conductivity of the RGO was found to be 23.75 S
m-1. The final BC/RGO composites were developed in three distinct forms: sealed structures
in the water, aerogels characterized by a porous cross section and aligned longitudinal
structure, and films embedded within the RGO sheets. Because of the simplicity and nontoxic nature of this work, this process can be used in biomedical and bioelectronics
applications, which can be placed within the context of novel biocompatible materials.

5.2. Introduction
Graphene, a reduced chemical form of graphene oxide (GO), consists of carbon atoms
arranged in a single sheet-like layer that is best characterized as a honeycomb structure [1].
Graphene has gained a tremendous amount of recent research and societal notoriety because
of its unique electrical, thermal, and mechanical properties. A number of efforts have
attempted to utilize it in preparing aerogels for super capacitance [2], light and flexible
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conductors [3,4], and photoconductors of nitrogen and oxygen gases [5]. A significant
amount of research time has been expended recently in targeting the reduction of GO.
Different methods have been utilized to reduce GO and functionalize it which includes
among the following: hydrothermal reduction [6], electrochemical vapor deposition [3,7],
photochemical reduction [8], burn-quench method [9], and chemical reduction [4]. However,
the latter methods typically involve the need for expensive equipment; tend to be
complicated processes to implement; utilize hazardous chemicals; involve a long reducing
time; and necessitate high temperatures, all of which are not environmentally sustainable, nor
suitable for large scale industrial production. Numerous "green" methods have been
investigated to reduce GO which could be more advantageous than other methods for its
future production. Biocompounds such as amino acids [10], vitamin C [11], BSA (bovine
serum albumin) [12], lysozyme [13], and green tea [14] have all been used as reducing agents
for GO. These products are quite safe and non-toxic as compared to hydrazine and other
chemical reducing agents; however, several of these reducing agents can require one day or
longer for a useful reduction of GO. Therefore, a simple and more environmentally friendly
process is needed to reduced GO which can be embedded in-situ to prepare bacterial
cellulose (“vinegar” bacteria produce nano-cellulose) graphene composite during the
culturation period which had added advantage of biocompatibility and cost efficiency for
various applications.

A green, economical, and scalable process for the fabrication of aerogels can developed by
utilizing bacterial cellulose, a natural biomaterial which as a general material (in trees and
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plants as well) is the world's most abundant renewable material. Bacterial cellulose (BC) is
produced from various species of bacteria such as Gluconacetobacter xylinus. Due to
cellulose’s high water uptake capacity, it has the tendency to form gels. It possesses high
tensile strength, biocompatibility, and purity. BC has found various applications in fields
such as paper and paper-based products, audio components, and soft tissue engineering [15,
16]. Apart from these applications, BC has also been widely used for highly conductive and
stretchable conductors [17], lithium ion battery anodes [18], conductive and pressure sensing
aerogels [19], and fire-resistant aerogels [20]. However, these methods are not
straightforward to apply because they require additional time-consuming, energy-intensive,
or expensive steps such as pyrolization at very high temperatures, the application of curing
agents, or chemical modification at the very least. Post treatments have been carried on
cellulose to prepare a composite film of cellulose and reduced graphene for applications in
supercapacitance [21] and flexible and conductive films [22]. In-situ synthesis of bacterial
cellulose in conjunction with various types of reagents/nutrients/chemical additives in the
culture solution has also been carried out to further exploit and enhance the final properties
of bacteria cellulose. Multi-walled nanotubes (MWNT), for example, have been incorporated
inside a BC culture medium to produce composites of BC/MWNT as a biomaterial [23, 24],
anatase nanoparticles were incorporated to form photocatalytically active hybrids [25], and
silica nanoparticles were utilized to improve the elasticity and mechanical strength of
bacterial cellulose [26].
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Recently, yeast extract has been shown to act as a reducing agent [27, 28], biocatalyst, and
mediator [29, 30]. Because yeast extract is a nutrient component for the culturation of
bacterial cellulose and tends to be therefore rich in amino acids, it can be ideal as a reducing
agent. So far, no research had been accomplished to reduce GO via yeast extract. Herein, we
present a one-pot in situ biosynthesis of GO utilizing yeast extract during an autoclave
process. This method is an in situ process in which the GO was reduced and consequently
attached to the 3D interconnected fibrous network of bacterial cellulose during the cultivation
period.

5.3. Experimental Section
5.3.1. Materials
Gluconacetobacter xylinus (ATCC 10245) was purchased from American Type Culture
Collection. Yeast extract, bacto-peptone (becton, Dickinson and Company), di-sodium
phosphate, and citric acid were used for preparing culture medium. All the reagents were
purchased from Sigma unless otherwise stated. Hydrochloric acid solution, 0.1N (N/10)
(Certified) and sodium hydroxide solution 0.1 N (N/10) (Certified), both obtained from
Fisher Chemical, were used in acid-base titration method to determine the DD. Sodium
Acetate Anhydrous (Fused Crystals/Certified ACS) was obtained from Fisher Chemical. All
reagents and polymers were used as received.

166

5.3.2. Methods
5.3.2.1. In-situ Biosynthesis Process
The BC/RGO composites were produced by the Gluconacetobacter xylinus (ATCC 10245)
bacterial strain in mannitol culture medium containing yeast (0.5%), bacto-peptone (0.3%),
D-mannitol (2.5%) [45] and GO dissolved in de-ionized water having initial pH of 6.5. Four
different culture solutions (30 mL) with final concentrations of were used: GO 0.05 mg/mL
(sample 1), 0.1 mg/mL (sample 2), 0.15 mg/mL (sample 3), 0.5 mg/mL (sample 4). The
culture solutions were autoclaved at 121 °C for 15 min, and a black RGO precipitation was
formed during the process. To fully disperse the newly-formed RGO, the solutions were
magnetically stirred for 1 hour and sonicated for another 1 hour. Then the solutions were
autoclaved again to remove any possible contamination, followed by gentle sonication for 35 min until uniform solutions were obtained. For the main culture, all the cells were precultured in a test tube for two days at 110 rpm @ 30 °C to maximize the number of bacteria
for the main inoculation. The small pellicle formed in the test tube was inoculated into a 125
ml Erlenmeyer flask containing 30 ml of culture medium and RGO. Main cultivations were
carried out @ 30 °C for 7 days under agitated conditions at 110 rpm. The samples obtained
were washed in a 1N NaOH solution at 80°C for 1 hour to dissolve the bacteria followed by
repeated washing with de-ionized water until the sample had neutral pH according to the
standard procedure [23], and storage in de-ionized water for future usage and
characterization. All wet samples were transferred into a polypropylene tube having the
approximate dimensions of 10 mm diameter × 40 mm height and followed by freeze-drying
to obtained 3D graphene-based aerogels.
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5.3.3. Characterization
5.3.3.1. Atomic Force Microscopy (AFM)
AFM measurements were performed with a Bruker Dimension 3000 in tapping mode. In
general, a liquid droplet sample of GO dispersed in water, RGO dispersed in the culture
medium, and a purified BC/RGO composite film were placed on freshly cleaved mica
substrates and then dried by oven. The measurements were all performed in air at ambient
temperature and pressure.
5.3.3.2. Fourier Transforms Infrared Spectroscopy
The ATR-FTIR spectra were obtained using a Perkin Elmer Frontier FTIR spectrometer.
Scans were completed between 4000- 400 cm-1 with 16 convolutions and a resolution of 4
cm-1. A total of 64 scans were completed for each sample. The baselines of all the samples
were corrected and analyzed using Omnic software.
5.3.3.3. X-Ray Photoelectron Spectroscopy
X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted on PHOIBOS 150
analyzer using dual anode monochromated Al/Ag radiation. The RGO was washed filtered
and washed several times before analysis. The pure GO sample was used for XPS
measurement without any treatment.
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5.3.3.4. Raman Spectra
Raman spectra were recorded from 1000-2000 cm-1 on a Renishaw Raman microscope. The
laser used has a wavelength of 514 nm and a spot size of ~1-2 μm. GO and purified RGO
films were used for the Raman analysis.
5.3.3.4. Ultraviolet-visible (UV-vis) Spectra
Ultraviolet-visible (UV-vis) spectra were obtained using a Varian Cary 300 UV-vis
spectrometer. De-ionized water was used as the reference for the aqueous suspension of GO
and RGO samples, and the culture medium was used as the reference for the suspension of
GO and RGO dispersed in culture medium.
5.3.3.5. Scanning Electron Microscopy
Scanning electron microscope of freeze-dried samples of BC/RGO composites were analyzed
using an FEI Phenom. Cylindrical samples were cut cross-sectionally and longitudinally
(along the length of sample). The samples were mounted on a metal stub and were coated
using a gold sputter machine with a layer of gold approximately 100 Å thick to reduce charge
interruptions. Samples were viewed at magnification between 5,000-20,000 × their original
sizes. Revolution software and ImageJ software were used to deconvolute the SEM images
and thereby analyze the surface morphology and cross sectional images of the BC/RGO
composites.
5.4. Results and Discussion
Culture medium may be defined as a cocktail of carbohydrates, proteins, peptides, amino
acids, vitamins, etc., most of which have been proved to be effective reduction agents for
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producing RGO from GO [10-12]. Additionally, a hydrothermal-based process had also been
reported as an environmentally friendly method to induce GO reduction [6]. Thus, in the
current process, the conditions were ideal for the reduction of GO: application of a richly
reducing culture medium within a hydrothermal environment, and the combinative effects of
these two processes lead to highly effective reduction of GO compared to other methods
[Supplemental Information-Table 5.S1]. Figure 5.1 displays an illustration of GO reduction
by an autoclave process (see Methods for details). First, an aqueous solution of GO having a
maximum absorption wavelength at 228 nm was added into the culture medium (maximum
absorption wavelength: 262 nm). The hybrid solution demonstrated a new, strong absorption
peak at 297 nm which was still extant after the autoclave process. This peak was attributed to
an n-π* transition [10], while the strong intensity of this peak indicated that approximately 35 conjugated π bonds were in this newly formed structure, from which it can be conjectured
that several amino acids from the yeast extract may have engaged in π-π interactions with the
graphene sheet [11, 12, 31]. After the autoclave process, a black precipitate of RGO was
observed which could be well dispersed by stirring and sonication. After it was washed
repeatedly with deionized water, the RGO showed an absorption peak at 268 nm, which is
quite similar to what has been observed with reduction from to hydrazine (270 nm), and
relatively strong in comparison to all of the “green” reduction processes available
[Supplemental Information, Table 5.S1]. From the UV-vis spectra obtained with different
autoclaving time [Supplemental Information Figure 5.S1], it can be concluded that the
reduction can be completed within 15 min, because no peak shift was observed beyond this
time.
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Figure 49.1. A schematic illustration of the deoxygenation of graphene oxide to
graphene during the autoclave process at 121°C for 15 min.

To further elucidate the reduction process witnessed, the three ingredients in the culture
medium, i.e., yeast extract, mannitol, and peptone were separately added into an aqueous
solution of GO [see Supplemental Information Figure 5.S2]. After autoclaving, the pure GO
displayed a darker color, but no precipitation. Compared with the pure GO solution, the
mannitol system displayed a lighter color, while the peptone had a darker color. The most
notable change was noted for the yeast extract solution containing GO. After the autoclave
process, black precipitation formed in the solution. Thus, at first blush, it was possible to
conclude that the yeast extract played a significant role in dehydration of GO.
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The yeast extract is known to be comprised of a cocktail of protein/polypeptides, amino
acids, carbohydrates, vitamins, etc. [28]. However, a detailed composition of the yeast extract
is not so easily gleanable. Thus, the mechanism has not been fully explored and understood
at this time and will certainly require further investigation. However, yeast extract is
typically recognized by the biochemical community as a combination of reduction agent [27,
28], stabilizer [11], as well as redox mediator [32]. In the current hydrothermal process,
water behaves as a strong electrolytic medium, having a high diffusion coefficient and
dielectric constants, which allows the catalysis of a variety of reactions that involve
heterolytic bond cleavage and thus facilitating the removal of oxygen groups via dehydration
reactions [33].
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Figure 50.2. Characterization of GO and RGO.(a) FTIR spectra & (b) Raman spectra
of GO before and after reduction.(c) AFM topography and cross-section (d) phase (e)
corresponding 3D topography images of RGO.

The RGO was characterized by FTIR to confirm changes in its chemical structure before and
after deoxygenation. As shown in Figure 5.2 (a), the GO showed a strong and broad band at
3000-3500 cm-1, which can be assigned to the stretching vibration of hydroxyl groups. The
peak at 1724 cm-1 is attributed to the classical C=O stretching vibration of carboxylic acid.
The characteristic peaks at 1205 cm-1 and 1047 cm-1 can be attributed to the epoxy C-O
stretching vibration and the alkoxy C-O stretching vibration, respectively [34]. Finally, the
peak at 1400 cm-1 is indicative of the deformation vibration of tertiary alcohol C-OH [35].
After reduction, the peaks for oxygen-containing groups significantly decreased or
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disappeared, the characteristic peak of C=C stretching vibration at 1624 cm-1 increased,
illustrative of the removal of most oxygen-containing groups and restoration of π-conjugation
[10]. In addition, the FTIR spectrum of RGO possesses similar spectral features to that of
Vitamin C-reduced RGO that is stabilized by L-tryptophan [11], supporting the premise that
the RGO obtained in the current process may also be coated by biomolecules from the
culture medium.

Figure 51.3. XPS spectra of GO and RGO, survey scan (a), and in the region of C 1s.

Table 5.4. Elemental composition of pure GO and RGO as determined by XPS analysis.
Sample
Graphene Oxide
(GO)
Reduced
Graphene Oxide
(RGO)

Carbon
(at %)

Oxygen
(at %)

Nitrogen
(at %)

C/O ratio

62.1

35

1.6

1.8

69.2

22.3

8.5

3.1
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The graphene oxide reduction had been confirmed by the XPS results. Figure 5.3a and Table
4.1 show the elemental analysis of pure GO and RGO confirm the successful reduction of
graphene oxide. The C/O ratio increased after the reduction process for 15 mins by using
yeast extract. Furthermore, figure 5.3b shows the XPS spectra of pure GO and RGO in C 1s
regions. The C 1s peak of GO was observed at 284.8 eV and C 1s of C-O was observed at
286.6 eV [11]. The change in the peak shift for pure GO and RGO were due the different
chemical environment. The chemical valences did not change for the RGO. However, the
intensity of the C 1s of epoxy group significantly reduced, which indicates the effective
reduction of graphene oxide using yeast extract.

Micro-Raman spectroscopy was used to evaluate the quality of the RGO obtained in the
current process (Figure 5.2b). The typical features in the Raman spectra are the G band and D
band, which are respectively attributed to the E2g phonon of C sp2 atoms and the breathing
mode of k-point phonons of A1g symmetry [36]. A prominent D band is indicative of a
decrease in the average size of in-plane sp2 domain of the GO or RGO [37], originating from
defects associated with vacancies, grain boundaries, and amorphous carbon species [6]. The
intensity ratio (ID/IG) of D band to G band of the GO was about 0.98. After reduction, the
intensity ratio slightly increased to 0.999. This event indicates the presence of unrepaired
defects that remained after the removal of oxygen moieties. However, compared with other
chemical methods [Supplemental information, Table 5.S1], the increased intensity ratio was
very low, so it can be inferred that the culture medium produces higher quality graphene
nanosheets from GO with respect to defects/disorder [38].
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AFM images of GO and RGO were taken to determine the thickness, phase change, and the
topography of the samples. GO was dispersed in water, while RGO was dispersed in culture
media. A droplet of these solutions were placed on mica disks and then oven dried. Figure
5.2 (c-e) shows the topographic images of the as-prepared RGO and its corresponding phase
and 3D images. A cross-sectional height analysis demonstrated that the thickness of RGO is
different. From left to right, the Vert distances are 0.708 nm, 4.329 nm, and 1.810 nm,
respectively. Because the UV-vis and FTIR had already provided compelling evidence that
RGO was coated by biomolecules, different thicknesses from the current measurement can
only be explained as arising from surface coatings that presumably originate from different
amounts of biomolecules. Compared to the original thickness of GO (1 nm, provided by
XFnano), the RGO sheet with the thickness of 0.708 nm may be treated as the blank RGO
without any biomolecules coating(s), an inference that was confirmed by the phase image.
Blank RGO had a higher phase than biomolecule-decorated RGO, while the corresponding
3D topographic image confirmed that the coating layer was not uniform. This type of
structure will clearly contribute to a higher native biocompatibility for the RGO sheets [11,
12], making the in situ biosynthesis of BC/RGO composites more feasible.

To examine the electrical conductivity of the RGO, the RGO sheets were pressed into a film
and then tested by four-point probe instrument. From the results, the average conductivity of
the RGO sheet was found to be approximately 23.75 S m-1. Although, the electrical
conductivity of the RGO sheet is lower than the other methods such as Vitamin C [11], it is
comparable with that made from other green methods [14]. Therefore, it is demonstrated that
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the yeast extract can reduced the graphene oxide which can provide unique electrical
properties. Note that the culture medium molecules are heavily adsorbed on the graphene
surface which can interfere with the electrical conductivity measurements to some extent.
However, considering the biocompatibility of the culture medium, the RGO functionalized
with these biomolecules can be used for bioapplications.

The Gluconacetobacter xylinus bacterial strain can produce a gelatinous membrane (pellicle)
at the air-liquid interface under static conditions [39]. However, it has been verified that
agitated conditions encourage higher cellulose yields from a practical perspective [40],
although it was discovered that the overall cellulose quantity was slightly reduced under
agitated conditions [39, 41]. In the current work, the effect of agitated conditions was studied
to better understand the adsorption behavior of the reduced graphene during the growth of
bacterial cellulose. Moreover, it is known that other chemical properties can be tuned under
agitated conditions such as crystallinity, crystal size, and cellulose Iα content [42]. Further
studies on the absorption of RGO under static conditions are currently on going in our
laboratories.
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Figure 52.4. Growth of bacterial cellulose in the presence of reduced graphene oxide
(RGO) sheets: (a) photographic image of the 7 day track of bacterial cellulose growth in
presence of RGO under agitated conditions, (b) schematic illustration of formation of
bacterial cellulose and the integration of graphene sheets into the 3D interconnected
fibrous network of BC.

After two cycles of stirring and sonicating, it was possible to obtain a stable dispersion of
graphene in the culture solution. The culture solutions were stable even at relatively high
concentrations of GO (0.5mg/mL), while the color of the culture solution was found to be jet
black reflective of a homogeneous dispersion of graphene sheets. After the dispersion of the
RGO in the culture medium, a two-day old bacterial cellulose culture supernatant was added
into the flask. Figure 5.4a illustrates the bacterial cellulose growth track containing 0.1
mg/mL of RGO for 7 days. On the first day, the solution was black in color with little or no
bacterial cellulose growth. As time progressed (days 2-3), the black color solution became
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clearer and showed very small uneven bacterial growth under visible light. On day 4, a single
black bacterial cellulose pallet was observed in the culture solution. The black color was due
to the incorporation of RGO to the bacterial cellulose. From day 5-7, the culture solution
became more clear (same as the original culture color), indicating the incorporation of
remaining RGO to the monolithic BC pallet. A similar phenomenon was reported for BC
cultured with MWNTs [23, 24].

The morphology changes have been analyzed by SEM to illustrate any disturbance in the
fibrous arrangement of BC. The particular arrangement of BC fibrils with RGO can be
explained by schematic illustration (Figure 5.4b). On the first day, G. xylinus and RGO were
distributed into the culture solution. The free bacteria firstly attached to the surface of air
bubbles and started to multiply and produce bacterial cellulose fibrils [42]. As the number of
bacteria increased, the BC fibrils attached to the RGO sheets creating a more compact
structure. Because of the continuous agitation nature of the system, the cellulose fibrils and
RGO entangled in each other and created an agglomeration that was indicative of a BC/RGO
composite. Because the cellulose-forming rate is slow, the RGO absorbed on the BC fibrils;
however, at the same time, bacteria gathered around the BC/RGO composite and started to
produce BC fibrils. This process of absorption of RGO on the BC and formation of new BC
on the existing composite was continuous until a more compact structure formed. The entire
agitation culture process resulted in an irregular shaped composite with a random overlapped
structure.
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Figure 53.5. The morphology of three different BC/RGO composites. (a-d) gelatinous
BC/RGO composites with sealed structure. The digital images of the BC/RGO
composites with increasing concentration of graphene 0.05 mg/mL (a), 0.1 mg/mL (b),
0.15 mg/mL (c), 0.5 mg/mL (d) was added into the culture medium). (e-g) BC/RGO
composite aerogels. (e) The digital photograph of sample (a) after freeze drying. (f) and
(g) are the representative SEM images of cross section and longitudinal structure of
sample (e). (h-j) BC/RGO composite film. (h) AFM topography (i) phase, and (j)
corresponding 3D topography image.

After a culturation period of seven days, the samples were washed by sodium hydroxide to
dissolve the bacteria embedded inside the matrix of BC/RGO composite. Figure 5.5 (a-d)
represents the digital images of never-dried gelatinous sample containing GO with increasing
concentration of GO under agitated condition. The sample shown in Figure 5.5a contains
only 0.05 mg/mL of GO and it was like a “gelatinous-packet” which had semi-transparent
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membranes outside covering the BC/RGO composite. This kind of structure is unique in its
own way because all the RGO was encapsulated inside a thin layer of BC. This may have
huge potential for diffusion-controlled release of biocompounds present on the surface of
RGO through a biocompatible BC membrane. Figure 5.5e displays the freeze-dried sample of
5.5a. The outer surface contains only bacteria cellulose that had an aligned structure [see
Supplemental information Figure 5.S3-b] due to the one directional agitated motion of
pellicles during cultivation. When the concentration of GO increased in the culture media,
there were sufficient RGO nanosheets present that attached to the newly formed BC. Because
of the agitation action and flat surface of graphene, the RGO nanosheets formed a thin
membrane outside, which maintains the overall structural integrity (Figure 5.5b and c). All
the samples had an irregular shape and the color of the samples became darker with an
increase in RGO concentration. As the RGO (0.5 mg/mL) was stable in the medium before
the inoculation, it was attempted to inoculate the bacteria at this high concentration.
However, the BC formed in this process was not enough to adsorb all the RGO, and the as
prepared BC/RGO composite was not stable and compact. Figure 5.5f shows the cross
section and Figure 5.5g shows the longitudinal view of sample 5.5e which had a directional
porosity inside the sample. The sheet-like pore structure was due to the flat surface of
graphene which was connected with small interconnected BC fibrils. This showed that the
RGO had been thoroughly dispersed in the BC network. Due to the porous structure and high
specific surface area in the range of 150- 201 m2/g, this product may be beneficial for
supercapacitance applications [21].
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Atomic force microscopy (AFM) was used for the determination of absorption of RGO. For
this specific end, wet purified BC/RGO composite film was placed on mica disk and then
later air-dried. It is widely known that bacterial cellulose possesses a random nanofibrillar
structure [43]. From the AFM images, (Figure 5.5 h, i, j) the topography, phase change, and
3D topography image of BC/RGO composite film can be seen. It can be readily ascertained
that the incorporation of RGO in the culture media did NOT influence the BC nanofibrous
structure. From the phase change image, it can be observed that the RGO sheets are
randomly embedded inside the BC network. The RGO sheets assembled each other into
larger sheets because of the agitated motion of the entire culture medium. The RGO sheets
may be attached by hydrogen bonding between the hydroxyl groups of cellulose and the
surfaces of the RGO sheets. At high concentrations of RGO, a jet black sheet of BC/RGO
formed, and encapsulated the entire composite (see Figure 5.5c) which showed that RGO has
strong affinity to BC and also with other RGO sheets. This kind of structure may have future
application in binder-free lithium ion batteries as anode materials (see Figure 5.5h inset) by
incorporating nanoparticles such as tin-dioxide, silicon, etc. [44].

5.5. Conclusions and future outlook
In conclusion, a highly novel, versatile, environmentally-friendly, and economically feasible
method is introduced to reduce GO utilizing bacterial cellulose culture media. In addition, an
in-situ biosynthesis method is proposed for producing three different kinds of BC/RGO
composites: gelatinous sealed packets, BC/RGO composite aerogels, and composite films.
The novel structures of the materials are conjectured to have potential applications in
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diffusion- controlled release of biocompounds, super capacitors, and lithium ion batteries in
addition to potential areas. This work offers an inexpensive, simple, and potentially
significant protocol to generate biocompatible cellulose-based nanoelectronic devices for use
as flexible electronics in a number of biomedical applications that include nerve cell
signaling, muscle cell actuation, and heart cell innervation.
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5.7. Supporting Information

Figure 54.S1. UV-vis spectra of RGO aqueous dispersion as a function of reaction time.
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Figure 55.S2. The aqueous solutions of graphene oxide containing a single composition
of culture medium (from left to right are: reference (i.e., original), mannitol, yeast
extract, and peptone) before (a) and after (b) the autoclave process.
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Figure 56.S3. Cross-sectional SEM image (a) of BC/RGO composite aerogel, the outer
layer of the cellulose-only area (b), the aligned longitudinal structure of the aerogel (c),
larger magnification of (c)

Table 5.S5. Chemical and green methods used to reduce the graphene oxide.

Reaction Conditions
Methods

UV-Vis
absorption peak

ID/IG

Reference

95

270

Unreported

1

Material Used
Temperature (°C)

Time (minute)

Room
Temperature

Chemical

Hydrazine

26±2
80

4320
1440

270
Unreported

1.17
1.752

2
3

Green

Amino Acid
L-ascorbic Acid
Bovine Serum
Albumin (BSA)
Lyzozyme
Green Tea

55-90

180-1440

268

Unreported

4

80
100

1440
480

266-271
271

1.7
Unreported

5
6

Yeast extract

121

15

268

0.999

Present work
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Chapter 6
Laccase Immobilization BC/TiO2 Composite Membrane and its Application in Dye
Degradation
6.1. Abstract
In this work, bacteria cellulose (BC) was prepared by the fermentation of the
Glucanacetobacter xylinus. Via surface oxidation, the hydroxyl groups of BC were
successfully oxidized into aldehyde groups, which contributed to a covalent immobilization
of the laccase on the surface of the oxidized BC (OBC). TiO2 and laccase were coimmobilized on the surface of OBC and the dye degradation process was carried out under
specific conditions. Atomic Force Microscopy (AFM) and Scanning Electron Microscope
(SEM) confirmed the existence of both TiO2 and laccase on the surface of BC or OBC
nanofibers. The optimum pH, optimum temperature, temperature stability, operational
stability of the OBC/Lac and OBC/TiO2-Lac were also studied in detail. In addition, the
effect of the temperature and pH on dye degradation process was also analyzed. The results
showed that the oxidation process successfully introduced the aldehyde group into the BC
(FT-IR), and also improved the stability of the immobilized laccase. Compared with free
laccase, the optimum pH of the immobilized laccase shifted to lower pH, while optimum
temperature were decreased from 55 ºC to 50 ºC. The dye degradation experiments showed
that the optimum pH for dye degradation was pH 5.0-6.0, and optimum temperature was
about 40 ºC. Under UV illumination, the dye degradation efficiency was significantly

191

improved. Therefore, this method with bacterial cellulose nanofibers may be a good
candidate for industrial textile dye degradation.
6.2. Introduction
Water pollution had gained serious attention over the past five decades around the world.
Many industries are accountable for this alarming problem which includes food, leather,
paper, cosmetics, paints, and textiles. Among this, the major contributing sector in industrial
water pollution is the textile dyeing and finishing [1]. More amounts of toxic chemicals are
released from dyeing, printing, and finishing than other industries and cannot be easily
removed or filtered. The dyes are highly colored substances that contain one chromophore
(color bearing group) and one auxochrome (color inducing side/anchiomeric groups) which
helps to intensify the colors [2]. The waste water coming from the sources contain low
concentrations of dyes of approximately 10% -30% of initial dyestuffs [3]. However, they are
highly visible, have good photolytic stability, are hot, very alkaline, and are typically heavy
dissolved solid materials which affect sunlight penetration and ultimately damage marine life
and the food web. These dyes are ionic and contain aromatic organic compounds with aryl
rings [1,4]. These latter issues have forced international standards to become more and more
stringent to control the amount of discharged colored waste water in the environment that
address the degradation of harmful products with concomitant secondary pollution. However,
there are more than 100,000 commercial dyes available which includes reactive, basic,
disperse, and sulfur dyes at a production of more than 105 metric tons per year for different
purposes which makes dye removal a complicated process because of the sheer variety and
quantity of different dyes [3-5].
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Various methods had been used to degrade dyes which include physical-chemical
decoloration, adsorption, coagulation-flocculation, ion exchange, biological methods, and
oxidation. However, they are not able to effectively degrade them because of their complex
structure; indeed, the likelihood of generating hazardous secondary pollutants by inefficient
degradation is a constant threat [6-8]. Therefore, this is serious environmental concern
principally because the protection of aquatic life is paramount to maintaining viable
ecosystems in which are included human beings.

The use of enzymes is very prevalent for the decoloration of dyes. The most common
enzyme employed is the laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) which is
a multi copper oxidase produced by plants and fungi that catalyzes a wide variety of phenolic
groups avoiding the co-formation of toxic aromatic amines. Various supports systems have
been used to immobilize laccase such as porous glass, chitosan, silica nanoparticles, and
nanoporous gold [9-12]. However, due to low surface area or without the substrate, the
degradation reaction takes quite a long time [13,14]. A longer period of oxidation can result
in polymerization of reaction products which retains the azo group integrity and limits the
overall bioremediation property available from laccase [15]. Therefore, a reaction time
should be significantly reduced to completely degrade the dyes, a scenario that is only
possible by immobilization of laccase on substrates having very high surface areas.

Titania is well known for its photocatalytic degradation of textiles dyes due to its excellent
chemical stability, nontoxicity, high thermal stability, and photocatalytic properties. The
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photocatalytic reaction of TiO2 (semiconductor) occurs when radiation of ultraviolet rays
encounter the surface of TiO2. TiO2 has an energy band gap of 3.2 eV that can be fulfilled by
electromagnetic radiation under a wavelength of 387.5 nm. However, under sunlight, only 45% of the incident solar radiation can be used by TiO2 [5]. Under appropriate optical
irradiation, the increase in the semiconductor band gap results in the formation of conduction
band electron and valance band holes which can act as a reductant and oxidant, respectively
[16].

High surface area to volume ratio can enhance the photocatalytic property of TiO2 from
increased reaction between surface-adsorbed molecules and the radicals forming during UV
illumination to ultimately enhance degradation levels [5].

TiO2/UV photocatalysis has proved to be effective, non-toxic, and environmentally friendly
for water treatment. However, the process faces the problem of TiO2 agglomeration while
they are also difficult to remove after reaction. Various attempts have been made to
immobilize it on different substrates such as stainless steel, zeolite, and clays [17-19].
However, due to low surface area, the TiO2 cannot be fully immobilized.

Bacterial cellulose, a natural biopolymer produced from Gluconacetobacter xylinus possesses
appealing properties as a titania support given its high wet mechanical strength, high surface
area-to-volume ratio with a fiber diameter in the range of 40-70 nm, and inducible
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superhydrophilicity. Finally, the hydroxyl binding sites and fine network of fibrous network
helps TiO2 to adsorb on the surface [20].

To improve the degradation ability, the combination of laccase and TiO2 was attempted. In
previous work [21], laccase immobilized on a TiO2-MMT (montmorillonite) complex was
studied. A higher level of enzyme immobilization was found on TiO2-MMT complex
compared to MMT alone. In addition, the activity of laccase was pH dependent, a very
important criterion because methylene blue adsorption on the TiO2 surface and subsequent
degradation depends upon pH due to amphoteric nature of TiO2 [21,22].

Thus, we present a new combined technique of using very high surface area-to-volume ratio
and fine fibrous network of bacterial cellulose with high availability of hydrogen bonds as a
substrate to immobilize TiO2 nanoparticles and laccase. This method will allow for the
combined advantages of the biocatalytic properties of laccase as well as the photocatalytic
properties of TiO2 for the degradation of textile reactive dye, in this case X-3B was chosen as
a representative colored waste dye. In this study, the optimum pH and temperature, pH and
thermal stability, and operational stability will be evaluated for free and immobilized enzyme
in dye degradation studies.
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6.3. Experimental Section
6.3.1. Materials
Gluconacetobacter xylinus (ATCC10245) was purchased from American Type Culture
Collection. Yeast extract, bacto-peptone (becton, Dickinson and Company), di-sodium
phosphate, and citric acid were used for preparing the culture medium. All the reagents were
purchased from Sigma unless otherwise stated. Hydrochloric acid solution, 0.1N (N/10)
(Certified) and sodium hydroxide solution 0.1 N (N/10) (Certified), were both obtained from
Fisher Chemical. Sodium Acetate Anhydrous (Fused Crystals/Certified ACS) was obtained
from Fisher Chemical. Glacial acetic acid, ethanol, sodium periodate (NaIO4), tetra-n-butyl,
and diethanolamine were obtained from Sinopharm Chemical Reagent Co., Ltd. ABTS (2,2’azino-bis-(3-ethylbenzthaiazoline-6-sulfonic acid)), was purchased from Sigma, China.
Laccase with the activity ≥ 10 U/mg was purchased from Sigma, China. All reagents and
polymers were used as received.
6.3.2. Methods
6.3.2.1. Preparation of BC pellicles
Gluconacetobacter xylinus (ATCC 10245), was grown on a media consisting of 2.5% Dmannitol, 0.5% yeast extract, and 0.3% bacto-peptone dissolved in de-ionized water at initial
pH 6.5. All the cells were pre-cultured in a test tube for 1 day at 110 rpm @ 30 °C to increase
the number of bacteria for the main inoculation. The suspension passed through 16 layers of
gauze as inoculums for future culturations. The small pellicle formed in the test tube was
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then inoculated into a 500 ml Erlenmeyer flask containing 100 ml of culture broth. Static
cultivations were carried out at 30 °C over 14 days.

The BC pellicles after the cultivation period were sterilized by washing in 1N NaOH solution
at 80 °C for 90 min. to dissolve the remaining bacteria. The samples were rinsed with
deionized water until neutral pH. The purified BC was dried to constant weight at 80 °C and
then weighed to determine production of BC. Also, the purified wet cellulose pellicles were
stored in distilled water at 4 °C for further experiments.
6.3.2.2. Oxidation of BC (OBC)
For the oxidation reaction, 840 mg of NaIO4 was weighed and placed into 200 mL of
deionized water, while the bacterial cellulose was suspended in a solution of NaIO4 at room
temperature with magnetic stirring. To avoid the influence of light on NaIO4, the oxidation
reaction was carried out under dark conditions with two layers of aluminum foil tightly
wrapped around the beaker. This agitation process was continued for seven hours. Changes
in the molecular structure of bacterial cellulose nanofibers were observed using FT-IR.
6.3.2.3. Preparation of TiO2 sol
The low-temperature TiO2 sol was prepared by adding 8mL Ti(OC4H9)4
dropwise into a mixed solution of 46 mL of 1 M HCl and 55 mL of water. After magnetically
stirring until it became homogeneous, the solution was aged at room temperature for 5 days.
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6.3.2.4. Preparations of BC/TiO2, OBC/TiO2, and OBC/TiO2-Lac composite membrane
The BC membrane was immersed in 20 ml TiO2 sol and left there for 36 hours until the sol
was fully adsorbed onto the BC surface as shown in Figure 6.1. Then, the composite
membrane was taken out from the sol and washed by deionized water completely. The as
prepared BC/TiO2 composite material was kept in deionized water at room temperature for
further experiments. The OBC-TiO2 samples were prepared in the same manner as discussed
above.

Figure 57.1. BC in TiO2 sol at different time interval

Immobilization of laccase through covalent crosslinking: Preparation methods

(1) Preparation of buffer solutions
(a) 8.203 gram of anhydrous sodium acetate was dissolved with 1000 ml of
deniozed water in volumetric flask to obtain 100 mM/L of sodium acetate
buffer solution
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(b) 5.72 ml of glacial acetic acid was mixed with 1000 ml of deniozed water in
volumetric flask to obtain 100 mM/L of acetic acid buffer solution.
(c) A mixed solution of sodium acetate and acetic acid was prepared to obtain
final pH of 3.95
(2) Preparation of laccase solution
A sample of 10 mg of laccase was taken and dissolved in buffer solution for a concentration
of 0.3 g/L. During the process of mixing, the beaker was kept on an ice bath with a magnetic
stirrer for 0.5 hour to ensure homogenous mixing of laccase.
(3) Laccase immobilization
Approximately 30 ml of prepared laccase solution was placed into a Petri dish and the
oxidized BC was immersed at 4 °C for 12 hours. The reaction was continued by adding 1 ml
of 25% glutaraldehyde solution at room temperature for 1 hour. Then, laccase immobilized
OBC was taken out and washed with buffer solution and kept at 4 °C for further usage.
6.3.2.5. Determination of enzyme activity
15mM/L of ABTS solution was prepared by mixing 82.305 mg of ABTS with 10 ml of
deionized water in a centrifuge tube. The activity of free and immobilized laccase was
determined according to established assay methods [23]. Briefly the reaction assay consisted
of 0.1 mM ABTS, 100 mM sodium acetate buffer (pH = 4.5) and a suitable amount of free
and immobilized laccase. The assay was run by adding 0.1 mL 15 mM 2,2- azinobis-(3ethylbenzthiazoline-6-sulphonate) (ABTS) as a substrate into 2.9 mL sodium acetate buffer
containing a certain amount of free or immobilized laccase and the absorbance was
monitored by UV spectrophotometry (Varian Cary 300) at a maximum absorbance
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wavelength of 420 nm. For the immobilized laccase, the sample was centrifuged at 12,000
rpm for 40 sec, and the supernatant was used for monitoring laccase activity.
6.3.2.6. Optimum pH and temperature of immobilized laccase
In a 5 ml centrifuge tube, 2.8 ml of buffer solution (pH of 4.5) was added with 0.1 ml of free
and immobilized laccase and kept at different temperature from 25 to 75 °C for 5 min. Later,
0.1 ml of ABTS solution was added and the reaction mixture was kept for 3 min at required
temperature. The immobilized laccase was taken out and the supernatant was used for
monitoring laccase activity to obtain an optimum temperature. Similarly, the optimum pH of
free and immobilized laccase was obtained by evaluating the laccase activity at 30 °C from
pH 1.5 to 7.
6.3.2.7. Thermal stability of the immobilized laccase.
The thermal stability of the free and immobilized laccase was determined by measuring the
residual activity at 35 °C and 55 °C as described in section 6.3.2.6. The laccase activity was
measured after every specified period of time at least 10 times each.
6.3.2.8. Operational stability of immobilized laccase
For reusability, the reaction mixture was prepared according to what is described in section
6.3.2.6 at 30 °C and the resultant laccase activity was measured. After each reaction run, the
immobilized laccase was washed with buffer solution and further reacted and the activity of
immobilized laccase was verified each time by the method described in section 6.3.2.6 to
check the reusability.
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6.3.2.9. Kinetic studies
Michaelis-Menten kinetic parameters (Kmax and Vmax) of the free and the immobilized laccase
were determined by the measuring the reaction rates using ABTS as a substrate in the range
of 0.0025 – 0.20 mM at 30 °C at optimum pH. The kinetic parameters were determined by
plotting the nonlinear curve fitting of reaction rates versus substrate concentration. Here Vmax
is the maximum rate achieved by the bio-catalytic system and Kmax is the substrate
concentration at which the reaction rate is half of the Vmax and often used as the indication of
the enzyme’s affinity toward substrate.
6.3.2.10. Degradation of reactive red X-3B dye at different temperature and pH
For the dye degradation, a certain amount of reactive red dyestuff powder X-3B was taken
and dissolved in deionized water until the configuration of the dye absorbance peak value
was 1.5. Then 3 ml of the dye solution was taken in centrifuge tube with 10 µL ABTS
solution and the immobilized laccase was put in the reaction mixture to degrade the dye
solution at 25 °C, 30 °C, 40 °C, 50 °C, and 60 °C. After every 30 min, an aliquot of degraded
solution was taken and measured at a wavelength of 520 nm for absorbance value.

A series of different pH (2-7) solutions were made by mixing acetic acid and sodium acetate
buffer solution with a specified amount of dye. 3 ml of this dye solution was placed into a
centrifuge tube with 10 µL ABTS solution and the immobilized laccase was put in the
reaction mixture and allowed to stand at 40 °C to degrade the dye solution at their respective
pH value. After every 30 min, an aliquot of the degraded solution was taken and measured at
a wavelength of 520 nm for an absorbance value.
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6.3.2.11. Degradation of reactive red X-3B dye under simultaneous photocatalyticenzymatic condition.
A series of different pH (2-7) solutions were made by mixing acetic acid and sodium acetate
buffer solution with a specified amount of dye. 3 ml of this dye solution was taken in
centrifuge tube with 10 µL ABTS solution and then immobilized laccase was put in the
reaction mixture and allowed to stand at certain temperature and UV irradiated to degrade the
dye solution at a respective pH value. After every 30 min, an aliquot of the degraded solution
was taken and measured at a wavelength of 520 nm for an absorbance value.
6.3.3. Characterization
6.3.3.1. Scanning Electron Microscopy
Air dried samples of pure bacterial cellulose and BC/TiO2, OBC, OBC/TiO2 were analyzed
using FEI Phenom. The samples were mounted on metal stub and then coated with a layer of
gold approximately 100 Å thick using a gold sputter machine to reduce charge interruptions.
Samples were viewed at magnification between 5,000-20,000 × their original sizes. Those
images were the used to evaluate the fiber diameter and consistency. Revolution software and
ImageJ software were used for the SEM images to determine the surface morphology of BC
and composite samples. The readings were averaged to determine mean fiber diameter and
distribution.
6.3.3.2. Fourier Transforms Infrared Spectroscopy
The samples of pure BC, OBC, BC/TiO2, and OBC/TiO2 were analyzed using a Nicolet 510P
FT-IR spectrometer. Scans were completed between 4000- 400 cm-1 with 16 convolutions
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and a resolution of 4 cm-1. Total 64 scans were completed for each sample. The baselines of
all the samples were corrected and samples were analyzed using Omnic software.
6.3.3.3. Atomic Force Microscopy
AFM measurements were performed on BC, OBC, OBC/TiO2, OBC-Lac, and OBC/TiO2Lac. The atomic force scanning parameters were: resolution of 512; scan range 5000 nm;
scanning frequency 1.2 Hz; reference point 0.80; integral gain 200; proportional gain 200;
and low-pass filter 1.
6.4. Results and Discussion
A cellulose based polymer system was prepared by culturing BC and then oxidizing it to
immobilized catalyst laccase enzyme and TiO2 nanoparticles. In addition to the support
system, the catalytic properties of the laccase and TiO2 were observed and used for the
degradation of reactive dye.
6.4.1. Morphological analysis
To immobilized the catalyst, (laccase and TiO2), we used bacterial cellulose as a substrate. In
this method, we chemically oxidized the BC substrate to generate the aldehyde group on the
surface of BC nanofibers to act as a binding site by attaching via the amine group of laccase.

Fourier Transforms Infrared Spectroscopy (FT-IR) spectra of pure BC, OBC, BC-TiO2, and
OBC/TiO2 samples are shown in Figure 6.2. For pure BC, the FTIR results confirmed the
presence for stretching vibrations of O-H and C-H at 3347 cm-1 and 2897 cm-1, respectively.
A sharp and intense peak appears at 1651 cm-1 represents the glucose carbonyl (C-O) of
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cellulose. Two important peaks appeared at 1427 cm-1 and 1364 cm-1 showed the symmetric
deformation and bending vibration of C-H respectively.

Figure 58.2. FTIR of BC and OBC.

After oxidation of BC, a new band appeared at 1726 cm-1 for the C=O stretching vibration
characteristic of aldehyde groups. Here, the 1,2-dihydoxyl groups located on the C2 and C3
positions of the glucose ring of BC were converted to dialdehydes by the oxidation reaction.
These aldehyde groups were later then bound to the primary amino groups of the laccase
molecule which developed a signal at 1560 and 1640 cm-1 that can be attributed to the N-H
stretching vibration band. This shows the laccase can covalently attach to the BC substrate
after surface modification. Therefore, BC can be an excellent candidate for the laccase
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immobilization because of its ease of chemical modification, large surface area, and very fine
nanofibers.

As it is shown in photograph (Figure 6.1), the BC was immersed in TiO2 sol for 36 hours.
The color of the TiO2 sol changed after the 36 hours from milky and opaque to transparent
indicateing that most of the TiO2 nanoparticles were adsorbed on the surface and throughout
the BC network.

After the purification and drying stages, the cellulosic pellicles were observed under SEM.
Figure 6.3 (a and b) shows the SEM image of the resulting material that is composed of
interconnected nonwoven nanofibrous mat. The average diameters of the fibers were found
to be 64 ± 15 nm. The interconnection and spaces in between the fibers allows the
incorporation of TiO2 nanoparticles. Figure 6.3b clearly shows that the surface of BC is
completely covered with TiO2 nanoparticles because of the small size of TiO2. The TiO2
nanoparticles were well distributed without any agglomeration on BC because of the very
fine and interconnected fibrous network.
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Figure 59.3. SEM image of BC (at) and BC/TiO2 (b) at a magnification of 15,000 ×.

To observe the fiber structure of BC nanofibers and prepared composites, AFM
characterization were performed. Figure 6.4 shows the representative AFM images. Figure
6.4(a), is an AFM image of dry BC fiber membrane. As can be seen from the figure, the
bacterial cellulose fibers arranged themselves in a random manner to demonstrate a threedimensional network structure. Fibers were overlapping with one another and intertwined.
And the resultant fiber diameters were found to be between 50-150 nm. Figure 6.4(b) is an
AFM image of the oxidized bacterial cellulose nanofiber membrane; it shows that due to
oxidation, the fiber diameter shrank and became finer. But oxidation treatment did not
change the three-dimensional network structure of the bacterial cellulose fibers, a finding that
provides favorable conditions for laccase attachment onto the BC surface. On average, the
fiber diameter of oxidized bacterial cellulose was found to be between 40-100 nm. These
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fibers are therefore formed by the attachment of 3-5 microfibrils held together by
electrostatic forces.

The oxidized BC (OBC) was treated with the TiO2 sol gel to immobilize TiO2 nanoparticles
on its surface. This is because OBC has numerous hydroxyl groups on its surface and
therefore facilitates the H-bonding between OBC nanofibers and the hydrophilic inorganic
TiO2 sol gel. The free –OH groups’ present on the OBC help TiO2 nanoparticles to deposit
onto its surface [25]. After the deposition, the OBC membrane color changed from
transparent to white and opaque due to TiO2 adsorption. From the AFM image (Figure 6.4c)
of OBC-TiO2, the surface of the OBC was completely covered with TiO2 nanoparticles as
evidenced by the granular irregularities and lost fibrillar structure of BC. This confirms the
OBC can acts as hydrophilic substrate to immobilize the TiO2 inorganic nanoparticles.

Figure 6.4(d) and (e) show the AFM images of laccase being immobilized on OBC and
OBC/TiO2 substrates, respectively. Here, the pristine BC surface was chemically modified
and activated after the oxidation step. The fibers became very fine and increased the surface
area of the overall BC surface. This promoted the covalent crosslinking of laccase amine
groups with the aldehyde groups of OBC. The surface of the OBC was completely covered
with laccase after immobilization and formed aggregates with some open fibrous structures
(See Figure 6.4 d). After the laccase immobilized on the OBC/TiO2 (Figure 4e), the surface
was completely covered with laccase. Because the TiO2 are hydrophilic in nature and possess
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high surface area, laccase can easily be loaded onto its surface. In addition, TiO2 and laccase
can engage in covalent binding to minimize the laccase detachment [26].

Figure 60.4. AFM images of (a) BC, (b) OBC, (c) OBC/TiO2, (d) OBC-Lac, and (e)
OBC/TiO2-laccase.
6.4.2. Effect of pH and temperature on laccase activity
The catalytic and binding interactions between the enzyme and the support depends upon
many operational and material factors such as nature of support, techniques used for
immobilization, type of enzymes, pH, and temperature. In most of the cases the pH value
affects the enzyme conformation and only at specific pH values it shows the highest enzyme
activity.
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In this study, the free and immobilized laccase were incubated at 30 °C in 100 mM acetic
acid-sodium acetate buffer solution at different pHs ranging from 2.5-7 to determine the
optimum pH. Figure 6.5 shows the effect of pH on the relative activities of free and
immobilized laccase. The optimum pHs with the highest enzyme activities were found to be
3.5, 3.0, and 2.5 for free, OBC-Lac, and OBC/TiO2-Lac, respectively. This pH shift might be
due the higher charged density of the OBC which can change the enzyme microenvironment.
However, it should be noted that in more acidic microenvironments such as pH 2.5, the free
laccase losses 60% of its activity, while the immobilized laccase OBC/TiO2-Lac and OBCLac showed nearly unity activity, 100% and 98%, respectively. Under more neutral
conditions (pH 7), the immobilized laccase OBC/TiO2-Lac losses 70% of its activity as
compared to free laccase which losses around 90% of its activity. Overall, OBC/TiO2-Lac
showed a higher pH stability compared with free and OBC-Lac system, a finding that can be
attributed to the charge of the oxidized BC and the good affinity of TiO2 towards laccase
[27]. Therefore, OBC/TiO2-Lac exhibited the best tolerance over a boarder range of pH value
a very useful finding for practical applications.
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Figure 61.5. Effect of pH on laccase activity of free and immobilized preparations.

Figure 6.6 shows the effect of temperature on the relative activities of free and immobilized
laccase. The optimum temperatures with highest enzyme activities were found to be 55, 50,
and 50 °C for free, OBC-Lac, and OBC/TiO2-Lac, respectively. Usually, after the
immobilization process, the best temperature is a higher value than found for free laccase.
However, in our case, the maximum activity of the temperature shifted from 55 °C to 50 °C
after immobilization. The extent of this shift is very low and does not affect the operational
stability of the immobilized enzyme. In general, the thermal stability of OBC/TiO2-Lac was
found to be superior compared to free laccase. The free laccase lost 70% of its activity at 25
°C and 90% at 75 °C, while OBC/TiO2-Lac lost 40% at 25 °C and 30% at 75 °C. This might
be due to the TiO2 affinity towards laccase and covalent bonding of the enzyme with OBC
restricting molecular mobility and thus preventing denaturation of the enzyme at higher
temperatures. In addition, bacterial cellulose provides a better microenvironment for the
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enzyme and protect it from the environmental factors that tend to reduce enzymatic activity
[28].

Figure 62.6. Effect of temperature on laccase activity of free and immobilized
preparations.

6.4.3. Effect of thermal stability
Thermal stability was carried out with free and immobilized laccase at two different
temperatures (35 °C and 55 °C). From Figure 6.7(a), the immobilized laccase OBC-Lac
showed higher thermal stability as compared to free and OBC/TiO2-Lac after incubation at
35 °C for 9 hours with only 20% loss of activity and maintaining above 80 % after 9 hours.
This could be due to the restricted conformational mobility of the laccase molecule which
prevented denaturation [29]. The enhanced thermal stability after immobilization is of great
advantage in industrial applications. However, at 55 °C (Figure 6.7(b)), the relative activities
of all the free and immobilized laccase were lost – more than 60% of its activity in one hour
and practically inactivated after incubation for 9 hours.
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Figure 63.7. Thermal stability of laccase activity of free and immobilized preparations
at different temperatures (a) 35 °C and (b) 55 °C.

6.4.4. Effect of operational stability
The operational stability (reusability) of the immobilized laccase after ten consecutive cycles
of ABTS oxidation was carried out and the results are shown in Figure 6.8. The reusability
and operational stability are very important factors for commercial applications as they can
significantly reduce cost. It can be seen from the Figure that laccase activity reduced after
several uses. The relative activities of the immobilized laccase were 50% and 70% after 6
cycles and 40% and 57% after ten cycles for OBC and OBC/TiO2, respectively. The loss of
activity could be due to inactivation of the enzyme from denaturation of the protein and deanchoring of enzyme from the support system. After kinetic studies, the OBC/TiO2 showed
higher affinity for laccase as compared to the OBC which indicates that the TiO2 helped to
protect the enzyme activity after repeated usage. According to past reports, the reusability
found in our work was much higher than the nylon nanofibrous system which had 29%
activity after seven cycles [30]. The operational stability of the laccase is still higher or equal
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to as compared to the laccase immobilization in other systems having residual activity lower
than 40% for cellulosic nanofibers [31], 50% for poly (D-L-lactide) microfibers [32].
Therefore, comparatively, laccase immobilized on OBC/TiO2 may be considered a promising
combined use of photo and biocatalysis for industrial waste stream degradation applications.

Figure 64.8. Reusability of immobilized laccase on different support system.

6.4.5. Kinetic parameters
The steady state kinetics of the free and the immobilized laccase were obtained. The kinetic
data for the ABTS oxidation were fitted by Michaelis-Menten and are reported in Table 6.1.
From Table 1, the Kmax value of the free laccase was found to be 0.11905 and Vmax was found
to be 59.5230. Laccase immobilized on OBC with Kmax of 1.64543, which are much higher
than that of free laccase. When laccase was immobilized onto OBC/TiO2, it showed a Kmax of
0.906065 and Vmax of 4.28633. In both the cases of immobilized laccase, the Kmax values were
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higher as compared to free laccase, a finding that is representative of the decreased binding
affinity towards its substrate. This might be due to the diffusional limitation of the substrate
[33], restricted conformational mobility of the enzyme after immobilization, variations in the
microenvironment, or steric constraints imposed by the support all of which may result in
lower chances of forming a substrate-enzyme complex. Similar results were also found with
increased Kmax and decreased Vmax values after the immobilization on poly (ethyleneimine)
microcapsules and polystyrene (PS) and poly(styrene-co-maleic anhydride) (PSMA)
nanofibers[34-35]. The Vmax of free laccase was found to be higher than immobilized laccase,
which might be due to diffusional limitations of the substrate because the enzymes penetrate
inside the OBC network becoming less accessible to the substrate; additionally, the
diminished results may be due to lower optimum pH used in the system. The Kmax value of
OBC/TiO2 is lower than the OBC, which proves a greater affinity of OBC/TiO2 towards
laccase; thus, it is useful for simultaneous photo and bio catalytic degradation of dyes.

Table 6.6. Stability and kinetic profile of free and immobilized laccase.
Optimum
Sample

Optimum pH

Kinetic Parameters

Temperature

Kmax

Vmax

(°C)

(mM/L)

(mol/L min)

Free Laccase

3.5

55

0.11905

59.5230

OBC/Lac

3.0

50

1.64543

10.27749

OBC/TiO2-Lac

2.5

50

0.90656

4.28633
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6.4.6. Effect of pH and temperature on dye degradation
Figure 6.9 shows the effect of the pH on dye degradation using different substrates. The dye
degradation tests were performed on OBC and OBC/TiO2 with immobilized laccase at pH
ranges 3-7. Although, the optimum pH for the laccase activity was highest at pH 2.5 and 3,
these pH value are not ideal for dye degradation. Figure (6.9a) shows the effect of pH with
OBC as a substrate. The results showed that the dye was degraded to more than 20% during
the first hour and remained constant after three hours. The optimum pH for immobilized
laccase with OBC was found to be pH 5 and 6. For the laccase immobilized on OBC/TiO2
(Figure 6.9b), the optimum pH was 5 at a degradation efficiency of 70% within the first hour.
The lower degradation efficiency at pH <4 and pH>6 might be due to the suppressed activity
of the immobilized laccase [28].

Figure 65.9. Effect of pH on the dye degradation efficiency using laccase immobilized
on (a) OBC and (b) OBC/TiO2.
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Figure 6.10 shows the effect of temperature on dye degradation using different substrates.
Dye degradation tests were performed on OBC and OBC/TiO2 with immobilized laccase at
temperature ranges over 25 °C to 60 °C. From the Figure 6.10 (a), at lower temperature, the
dye degradation rate was slow, but as the temperature increased to 50 °C, i.e., the optimum
temperature for OBC-Lac, the dye degradation efficiency increased to 80%. For the
OBC/TiO2-Lac system (Figure 6.10 b), the optimum temperature was 40 °C with a
degradation efficiency of 70% within the first hour that maintained for a long period of time.
The lower efficiencies at 25 °C and 60 °C were likely due to the change in enzyme structure.

Figure 66.10. Effect of temperature on the dye degradation efficiency using laccase
immobilized on (a) OBC and (b) OBC/TiO2.
6.4.7. Effect of dye degradation under UV illumination
Figure 6.11 show the dye degradation efficiency of different support systems in addition to
UV irradiation. OBC/TiO2 immobilized with laccase showed a combined biocatalytic and
photocatalytic dye degradation. Under UV illumination, free laccase and OBC immobilized
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laccase support system achieved a degradation efficiency of 70% after 2 hours and 95% for
OBC/TiO2, while the OBC/TiO2 in the absence of UV illumination achieved 80%
degradation efficiency. Clearly, UV irradiation accelerates degradation efficiency. Therefore,
by adding TiO2 in the enzyme immobilization carrier material, the immobilized enzyme can
improve application performance through the combination of photocatalytic and biological
methods to save energy.

Figure 67.11. Dye degradation under the UV using different support system.

6.5. Conclusions
Bacterial cellulose nanofibers produced by the fermentation of Glucanacetobacter xylinus
were chemically modified by oxidation to generate aldehyde groups on the surface of BC,
that were successfully applied for laccase immobilization via crosslinking. Composites of
OBC/TiO2-Lac were also prepared by co-immobilizing laccase and TiO2 on OBC. The
kinetic studies showed that the developed system has efficient catalytic competency as
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compared to free laccase because of the high surface area and chemical binding sites.
Compared with the free laccase, the immobilized laccase showed better pH and temperature
stability. Furthermore, the immobilized laccase showed excellent reusability as evidenced by
its retained relative activity of 67% after 10 cycles. The method described here offers a
simple technique that takes advantage of the biocatalytic property of laccase and the
photocatalytic property of TiO2 for dye degradation. The OBC/TiO2-Lac support system
under UV irradiation demonstrated a very promising 95% dye degradation efficiency within
3 hours.
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Chapter 7
Overall Conclusions and Future Outlook
Looking over the results summarized, the biosynthesis or chemical modification and the
incorporation of polymer and biomaterials into guest bacterial cellulose substrate
demonstrate the applicability of bacterial cellulose as a building block for developing nanostructured functional and responsive materials. Just by combining the unique BC properties
and the biocompatibility of chitosan, electrical conductivity of graphene, biocatalytic of
laccase, and the photocatalytic of TiO2, we observed a synergetic effect from the composite
materials.

As shown in the first application, pure BC and BC-Chitosan scaffolds were prepared by a
unique unidirectional freeze-drying method. The incorporation of chitosan inside the BC
network increased the interaction between BC hydroxyl groups and chitosan
macromolecules. The unidirectional freezing allowed the scaffold to show very uniform
alignment of fibrils along the freezing direction. Furthermore, the pore structure, pore size,
surface area, and water absorbance could be controlled by the chitosan concentration in the
BC scaffold. Because the scaffold should not be brittle, increased chitosan concentration
facilitated reduction in crystallinity from 90% to 70%. All the wet scaffolds showed higher
compressive moduli and the same order of magnitude as compared to native human cartilage.
The native BC scaffold showed negligible compression recovery as compared to scaffold
containing chitosan which showed full recovery within 2 mins. These unique properties of
the prepared scaffolds may be useful for cartilage tissue regeneration. Future work should
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consider the biological evaluation of the scaffold in order to evaluate the biocompatibility.
Furthermore, the main aim of this study was to generate cartilage tissue, but it still requires
additional work to fully understand the structure-property relationship of composite scaffold
which can help to understand the cartilage cell proliferation, viability, and nutrient transfer
inside the scaffold. As the scaffold as small pore size which can cause limited cell migration,
a better scaffold fabrication technique is still needed as mention in chapter 3 last section. And
lastly, the scaffold degradation studies should be evaluated as cartilage usually needs several
months to one year to fully recover.

The second study involved the use of graphene oxide (GO) to prepare a BC composite. A
one-pot in situ biosynthetic method was used to fabricate a structurally controllable bacterial
cellulose (BC)/reduced graphene oxide (RGO) composite. The GO was successfully reduced
during a standard autoclave process using a traditional yeast extract as the reducing agent.
However, the mechanism has not been fully explored and understood at this time and will
certainly require further investigation. Compared with the other chemical and green reduction
processes, the method described here is completely novel and eco-friendly. After the
inoculation of bacteria and seven day culture period, BC had been fully functionalized by in
situ process. Three different kinds of BC/RGO composites were prepared: gelatinous sealed
packets, BC/RGO composite aerogels, and composite films. For the future studies, the novel
structures produced by this method using BC substrate are conjectured to have potential
applications in diffusion-controlled release of biocompounds, super capacitors, and lithium
ion batteries in addition to other potential areas. This work offers an inexpensive, simple, and
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potentially significant protocol to generate biocompatible cellulose-based nanoelectronic
devices for use as flexible electronics in a number of biomedical applications.

The last study was on dye degradation using laccase and TiO2 by using BC as a substrate.
The BC facilitates very high surface area to volume ratio and fine fibrous network with high
availability of hydroxyl which allowed the immobilization of TiO2 nanoparticles and laccase.
Besides, the surface modification of BC by oxidation allowed the formation of aldehyde
groups and formed covalent crosslinking with enzyme’s protein molecules. Also, the
hydrophilicity of the OBC provides a means to tailor the selectivity of the absorption of TiO2.
The kinetic studies showed that the developed system has efficient catalytic competency as
compared to free laccase because of its high surface area and plenteous chemical binding
sites. The operational parameters include better pH, temperature, and reusability stability as
compared to free laccase. This technique uses the advantage of biocatalytic property of
laccase and photocatalytic property of TiO2 for dye degradation and under UV irradiation; it
degraded 95% of a standard dye solution within 3 hours to demonstrate potential application
for water purification. Clearly, there are many factors which govern the enzyme
immobilization that can be considered for future studies such as biochemical properties
which includes molecular mass, functional groups on protein surface, and operational
parameters such as solvent stability, contaminants, and impurities which are present in textile
waste water. For the future work, the enzyme type, the carrier, and method of immobilization
should be considered because they all may have an effect on the overall laccase activity.
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The results presented in this studies, demonstrates the unique platform properties of BC that
can be tuned according to the fabrication process, chemical modification, and incorporation
of functional materials. The most important factor is the robust three-dimensional
nanofibrous network of bacterial cellulose which acts as template and support for the guest
polymer and nanomaterials to make novel composites materials.

We believe that the results from these studies will contribute to the basic understanding of
the structure property relationship of BC with other type of materials that will be useful for
many industries as a route to make sustainable and renewable materials at low cost. Many
researchers are now focusing their research interest from wood cellulose to BC because it is
able to maintain its properties as shown by the tremendous increased in its research activity
over just last decade. Clearly, this is just the beginning for BC and there is lot to learn and
understand about feasible fabrication techniques, more economical and environmentally
friendly controllable methods for surface modification, and attaining better mechanical and
thermal properties to give better greater commercial success.

Current Studies
Separation of oil from water had gained worldwide attention after the gulf of México oil spill
as well as increasing industrial oil pollutants wastewater. A material with both hydrophobic
and oleophilic properties had been prepared in recent years. However, these materials can get
fouled by oils and cannot be reused again. Therefore, there is need of a material which can
have oleophobic and superhydropilic properties for oil/water filtration. Considering the
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hydrophilic nature of BC that can filtrate water (water removing material), we carried out
several preliminary experiments. Here a BC-based water-removing material has certain
advantages over oil removing materials:

Firstly, the existing hydrophilic property of material does not need to be changed to
hydrophobic. Secondly, the oleophobic property of material prevents it from fouling from oil,
which contributes to its reusability and recycling of oil. Thirdly, as the material is
superhydrophilic, it can be used for gravity driven filtration because water has a higher
density compared with most oils and thus can form a water cushion on the substrate material
preventing oil droplets penetration. Fourthly, it can be used for fuel purification and
separation of high viscosity oils.

Figure 68.1. a) Displays the wet purified bacteria cellulose produced by
Gluconacetobacter xylinus after seven day static culture incubation b) displays the
bacteria cellulose treatment with mild 1 N NaOH solution exposing more hydroxyl
group of cellulose nanofibers.
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We successfully cultivated BC from Gluconacetobacter xylinum and chemically modified it
to expose its hydroxyl groups to make it superhydrophilic as shown in Figure 7.1. BC has a
very well defined 3D surface whose fiber diameter lies in the range of 40-100 nm, optimal to
provide meaningful nanoscale roughness. The current approach has been to take advantage of
the material surface properties for oil/water separation; we have fortuitously been able to
demonstrate in the midst of such work a very elegant and rare reversible superhydrophilicitysuperoleophobicity phenomena under specific media (oil/water). We have measured the
dynamic contact angle under both oil and water and as shown in Figure 7.2a, when wet BC is
used under oil, the BC membrane becomes superoleophobic as demonstrated by an oil
contact angle of 138°. The oil droplet can then easily roll on top of the BC. A similar
behavior was found when dry BC membrane was soaked in 1, 2-dilcholomethane and put in
soybean oil. The dynamic water contact angle was found to be 151° (Figure 7.2b), again
characteristic of a superhydrophobic phenomenon under oil. However, the water droplet
remains only for a very short time on top of the BC and eventually is adsorbed. This property
certainly will require further analysis with respect to surface roughness.
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Figure 69.2. Contact angles on a BC membrane: (a) oil droplet on BC surface under
water as a medium; (b) water droplet on BC surface under soybean as a medium.

In another preliminary experiment, we carried out the stability of the BC substrate under
harsh environmental conditions that are highly corrosive (strong acids and bases, and high
concentration of salts). The BC material showed remarkable underwater superoleophobicity
even in these conditions. Figure 7.3 shows the dynamic contact angle of oil in different
media. The underwater oil contact angle was found to be 138°, 152°, and 154° in 1 M NaOH,
1 M HCl, and 10 wt% NaCl salt solutions, respectively. This shows that BC has display
excellent environmental stability because of its purity and stable compositions.
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Figure 70.3. Dynamic contact angles on a BC membrane: (a) oil droplet on BC surface
under 1 M NaOH solution as a medium; (b) oil droplet on BC surface under 1M HCl
solution as a medium, (c) oil droplet on BC surface under 10 wt% NaCl salt solution as
a medium.

Lastly, the wet purified BC (unmodified) was tested for oil/water filtration as shown in
Figure 7.4. The wet purified BC was placed between clamps and the mixture of soybean oil
and 1 M HCl solution was poured on top of it. Because BC is highly hydrophilic, it allowed
the water molecules to penetrate freely while preventing oil from doing so. Figure 10 shows
the overall oil and water results post-filtration. These results clearly provide compelling
(very promising) preliminary evidence that oil can be effectively separated from oil/water
mixtures with the BC membranes even under at harsh acidic conditions which are stable
enough with their super active functionalities.
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Figure 71.4. Photographic images of 1M HCl solution dyed with methylene blue,
soybean oil, mixture of soybean oil and 1M HCl, filtration instrument, oil and 1M HCl
after filtration, and full recovery of soybean oil after filtration.

In summary: the current preliminary work represents a novel, advantageous, and
environmentally friendly way of addressing a significant environmental problem, specifically
oil spills, through the fundamental study and preliminary development of a nonfouling,
superhydrophobic-superoleophobic membrane based upon BC. The knowledge gained from
the work described herein will prove useful to target bio-based solutions to real world
problems.
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