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Abstract
A variety natural materials that are environmentally friendly, renewable and low cost
have been created. Bacterial cellulose (BC), which is produced by a harmless
bacterium, Acetobacter xylinum, has been used as a reinforcement agent to form bionanocomposites. Apple and radish pulp which are themselves cellulosic, were
blended with bacterial cellulose to produce a high quality nanopaper which can be
used for special purposes. The resulting sheets are characterised in terms of their
morphology as well as their mechanical and thermal properties. Another approach
adopted was the combination of BC with bio-polymers such as poly (ε-caprolactone)
and a commercially available starch based polymer, Mater-Bi. Freeze-dried BC,
which was kept in its 3D shape, was used as a comparison. These innovative
composite systems are non-petroleum based and are biodegradable. The morphology,
structure, thermal properties and performance of the resulting bio-composites were
investigated using scanning electron microscopy, Fourier Transform Infrared
spectroscopy, Differential Scanning Calorimetry, Dynamic Mechanical Analysis, and
by measuring the mechanical properties. Purification is a crucial step in removing
impurities and another organic materials remaining in the BC. The BC gel which was
purified in two steps, i.e. with 2.5 wt.% NaOH and then bleaching with 2.5 wt.%
NaOCl respectively, showed a greater performance in its thermal and mechanical
properties. In addition, it was shown that the cellulose I structure of BC is not
converted to cellulose II. BC is an interesting material for in-vivo studies. However,
to make it an interesting biological composite a suitable resin must be found. Poly
(vinyl alcohol) (PVA) is a known water soluble polymer and is therefore a suitable
candidate material. In this study BC was grown in PVA solution to produce an in-situ
composite. The concluding work for this project is an in-vitro study of BC for
scaffolds for tissue engineering. The BC network was seeded with bovine
chondrocytes (bone cells) obtained from an 18 months old deer and cultured into the
BC gel to establish the viability of this material for medical applications.
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1.1. Historical background of biobased composites
The word composite means consisting of two or more distinct parts which are
combined in a controlled way to achieve a mixture having more useful properties
than any of the constituents on their own (Powel, 1983). In engineering design,
composites consist of one or more discontinuous phases embedded within a
continuous phase. Depending on the purpose of the composite, the discontinuous
phase, which is usually more stiff and stronger than the continuous phase, is called
either the reinforcement or filler, while the continuous phase is termed the matrix.
The term ‘reinforcement’ is used when the aim is to achieve an improvement in
mechanical properties of the composite, while ‘filler phase’ is the name given where
the main objective is cost reduction or the modification of some other property, e.g.
toughness. Fibre-reinforced composite materials consist of fibres of high strength and
modulus embedded in or bonded to a matrix with distinct interfaces between them. In
this form, both fibres and matrix retain their physical and chemical identities, yet
they produce a combination of properties that cannot be achieved with either of the
constituents alone. Fig. 1.1. shows a classification of composite materials.
The properties of composites are strongly influenced by the properties of their
constituent materials, their distribution, processing condition and the interaction
between them. The properties of a composite are dependent on the volume fraction
of the constituents, where the term volume fraction refers to the percentage of each
constituent present. Alternatively, the constituents may interact in a synergetic way
owing to their geometric orientation to provide properties in the composite that are
not accounted for by a simple volume fraction summation. The size, shape,
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contribution and nature of adhesion between the reinforcing filler and matrix are
other factors which need to be taken into account (Ratner et. al., 1996).

Composite material
Fibre reinforced composite
(Fibrous composites)

Single-layer composite
(including composites
having some orientation and
properties in each layer)

Particle reinforced composites
(Particulated composites)

Multi-layered
(angle-ply composite)

Continuous fibre
reinforced composite

Unidirectional
Reinforcement

Discontinuous fibre
reinforced composite

Bidirectional
reinforcement

Random
orientation

Preferred
orientation

Figure 1.1. Classification of composite materials (Agarwal and Broutman, 1980)

Attempts to improve the properties of materials through the addition of
reinforcing fillers, either inorganic or organic, are not new. For years, syntheticbased polymer composites have been developed and applied in various industrial
fields, domestic equipment, the automotive industry, and even in aerospace.
However, these synthetic materials come from limited, non-renewable sources, and
are not easily decomposed by microorganism present in nature. In addition, global
warming, caused in part by carbon dioxide released by the combustion of fossil fuels,
has become an increasingly important problem and the disposal of items made of
petroleum-based plastics such as fast-food utensils, packaging containers, and carrier
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bags also creates a serious environmental problem (Wool and Sun, 2005). A growing
environmental awareness all over the world has encouraged researchers and
industrialists to consider natural plant fibres as an alternative reinforcing agent or
filler to produce composite materials known as biobased composites. Table 1.1.
shows the most commercially important natural fibres used in research and industry.

Table 1.1. Commercially important fibre sources (Eichhorn et. al., 2001)
Fibre source

Species

Wood

(>10,000 species)

Bamboo

World prod. (103 tonnes)

Origin

1,750,000

Stem

(>1,250 species)

10,000

Stem

Cotton lint

Gossypium sp

18,450

Fruit

Jute

Chorchorus sp

2,300

Stem

Kenaf

Hibiscus cannabinus

970

Stem

Flax

Linum usitatisimum

830

Stem

Sisal

Agave sisilana

378

Leaf

Roselle

Hibiscus sabdariffa

250

Stem

Hemp

Cannabis sativa

214

Stem

Coir

Cocos nucifera

100

Fruit

Ramie

Boehmeria nivea

100

Stem

Abaca

Musa textiles

70

Leaf

Sunn hemp

Crorolaria juncea

70

Stem

Renewable biomaterials offer a broad range of commodities, including forests,
crops, and farm and marine animals; all of which have many uses. The idea of using
plant-based fibre as reinforcement has been around since the beginning of human
civilization. The use of straw-reinforced clay for making stronger bricks is one of the
earliest composites referred to in the literature (Prassad, 1992). Plenty of examples
can be found of plant-based fibres being used for reinforcement of petro-based
thermoplastic polymers such as polypropylene (PP), polyethylene (PE), nylon and
polyvinylchloride (PVC). Plant fibres have also been used in biodegradable polymers
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such as cellulose ester, polyhydroxybutyrate (PHB), polyesteramide, poly actic acid
(PLA) and starch derivatives and blends (Peijs, 2000). One of the major areas of
application of natural fibre polymer composites can be found in the automotive
industry because of their significant advantages in terms of weight and cost. The
advantages of using these materials over polymer composites with traditional
reinforcing materials, e.g. glass fibres, are:
o

Renewable and available in abundance

o

Non-abrasive

o

Can be incinerated for energy recovery since they possess a good calorific value
(18,750 kJ.kg-1)

o

CO2 neutral when incinerated (however, this advantage is reduced due to the
CO2 produced during fibre growth as a result of the use of machinery, chemicals
and other processing equipment)

o

Give less cause for concern with health and safety during handling of fibre
products

o

Exhibit excellent mechanical properties, especially when their low price and
density (1.4 g.cm-3) in comparison to E-glass fibres (2.5 g.cm-3) is taken into
account

o

Flexible, display safer crash behaviour and have unique acoustic and thermal
insulating properties

o

Biodegradable, therefore when added to bioplastics, the degradability of the
matrix would be maintained, along with enhanced mechanical properties.

A common choice for reinforcement of biobased composites is cellulose. The
cellulose fibre family, including kenaf, flax, ramie, hemp and jute has been widely
used as a composite reinforcement for its outstanding properties including good
mechanical and thermal stability, non-abrasiveness and biocompatibility (Geyer et.
al., 1994; Bullions et. al., 2005). However, because of their hydrophilic nature, these
fibres make imperfect bonds with the polymer matrix, which is generally of
hydrophobic nature. Various ways of improving the interface to overcome this
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problem have been used, such as by the addition of surfactants or compatibilising
agents, and by grafting a matrix-compatible polymer onto the fibre surface (ChanceEscamilla et. al., 1999; Viet et. al., 2007). Recently an all-cellulose composite has
also been introduced by Nishino et. al., (2000) and Soykeabkew et al. (2008).

1.2. Nano-fibre networks in bacterial cellulose
Cellulose has traditionally been sourced from plants. However, refining of
plant cellulose typically involves harsh, aggressive processing to remove noncellulose materials such as lignin and hemi-cellulose. Fortunately, an alternative
source of cellulose where no chemical or mechanical refining is necessary is
available. Bacterial cellulose (hereinafter called BC) has been developed as an
alternative to plant cellulose. Due to its high water-holding capacity, high
crystallinity, high tensile strength and fine web-like network structure, which means
that it can be formed into any size or shape, BC is being used as a promising
nanofibre biomaterial for making composites (Yamanaka et. al., 1998; Iguchi et. al.,
2000; Berglund et. al., 2005; Ort et. al., 2005; Wan et. al., 2006: Eichhorn et. al.,
2010).
It is well known that cellulose fibre networks – as in the case of paper –
provides good mechanical properties because of the degree of hydrogen bonding
obtained between the fibres in the network. The greater the hydrogen bonding, the
stronger the paper material. BC synthesised extra-cellularly by the Acetobacter
xylinum is of nano-size, as a result of which hydrogen bonding between fibrils is
greater than with plant cellulose in normal paper, as shown in Fig.1.2. The hydrogen
bonds due to the hydroxyl group give rise to properties such as a high degree of
crystallinity, high water-holding capacity and high tensile strength.
Since BC has unique properties, including high hydrophilicity, as well as
having a high water-holding capacity and a fine fibre network which can be easily
shaped into three-dimensional structures during synthesis, it is an excellent candidate
for use as a scaffold for tissue engineering (Svensson et. al., 2005; Helenius et. al.,
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2006). The porosity of BC, which is necessary to support cell ingrowths and effective
mass transport of tissue such as cartilage, makes it a natural medium for growing
cells.

Figure 1.2. The schematic of increased H-bonded network in (a) nano-size bacterial
cellulose and (b) micro-size plant cellulose.

This study consists of three separate experiments. First, BC was used as
reinforcement in the production of an all-cellulose paper derived from fruit pulp. The
fruit pulp used in this study is from apple and radish. In the other parts of the study,
fragmented BC is used as a reinforcement phase and mixed with Mater-Bi and poly
(ε-caprolactone) (PCL) as matrices; these studies attempt to examine the changes in
the mechanical and thermal properties of the composites produced. Freeze-dried BC,
in which the network structure of the BC is maintained, is used as a high aspect ratio
reinforcement for the two matrices and compared with disintegrated BC of low
aspect ratio. Secondly, BC-PVA composite has been prepared by adding the
biodegradable PVA solution in various concentrations into the bacterial-cultured
medium creating an in-situ process for the manufacturing of BC nanocomposites.
The porosity, mechanical properties and morphology of these materials has been
studied. Thirdly, BC is studied as a potential candidate material for scaffolds for
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tissue engineering of articular cartilage. In this work, three kinds of cells were seeded
in the BC gel with a suitable medium including chondrocytes cultured in monolayer
over a 9 day period, cryopreserved chondrocytes, and freshly bovine chondrocyte
cells were isolated from an18-month old steer. The viability of these seeded cells was
measured over a period of time.

1.3. Structure of this report
The thesis is sub-divided as follows:

Chapter 1:

Briefly introduces the background to biocomposites and the advantages
of using cellulose fibre as a reinforcing agent. It also outlines the
reasons for using BC as a biobased fibre in the preparation of ecofriendly materials.

Chapter 2:

Provides a short critical review of the literature associated with BC
research. Basic concepts about cellulose such as resources, crystalline
structure, and the differences between plant cellulose and BC are
discussed in detail. The history, properties, biosynthesis and
applications of BC are discussed, including a review of the production
of cellulose nanocomposite using BC.

Chapter 3:

Describes how to preserve and maintain the Acetobacter xylinum from
contamination and how to produce BC gel. In this section it is also
shown that the bacteria used in this research is a rod shape Gram
negative bacteria.

Chapter 4:

Investigates the effects of the purification of BC gel, and the
relationship to enhanced mechanical properties is discussed. The
structure, morphology, and mechanical properties of pure and
disintegrated BC are characterised by scanning electron microscopy, Xray diffraction, dynamic mechanical analysis, thermo-gravimetric
analysis, and tensile testing.
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Chapter 5:

Further details the production and characteristics of BC-reinforced fruit
paper. The procedure for isolating the pulp from apple and radish and
the combination of fruit pulp with DBC is revealed in detail.

Chapter 6:

Deals with the PVA/BC composite prepared by an in-situ process. The
effects of PVA on the mechanical properties, morphology, structure and
transparency of the composites were measured. The diameter of the BC
fibrils after adding PVA into the medium was also observed by
scanning electron microscopy. As a comparison, PVA is incorporated
into BC gel by impregnation method.

Chapter 7:

Outlines the results of improving the mechanical properties of PCL by
mixing it with both disintegrated and freeze-dried BC as mentioned in
Chapter 5. The increasing melting point of PCL is shown using
differential scanning calorimetry (DSC). Also, a change in thermal
stability of the composite after the addition of BC was observed using
thermogravimetric analysis (TGA).

Chapter 8:

Highlights the improvement of Mater-Bi, a commercially available
thermoplastic starch containing 5% poly (vinyl alcohol), which is
incorporated with both particulate BC (PBC) and freeze-dried BC
(FBC) as reinforcing agent. The effect of BC on the mechanical
properties, morphology and thermal properties is investigated. The
effect of moisture on the mechanical properties of the composites is
also tested.

Chapter 9:

Is an investigation into the possible use of BC as a material for tissue
engineering scaffolds for articular cartilage. The measurement of the
viability of chondrocyte cells seeded into BC scaffolds is one of the
most important stages in this study and is carried out by counting the
number of live and dead cells on a scaffold and calculating the live cells
as a percentage of the total number of cells.

Chapter 10: Gives the main conclusions based on investigations carried out in the
research and sets out a future plan of action in order to further exploit
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novel methods for producing BC-based composites. It also addresses
the need for further research in this particular field in order to achieve
commercial success.

1.4. Objectives of the Research
The following aims of the present work are defined:
a)

Optimise the production of BC. Refreshing and preservation of Acetobacter
xylinum are part procedure for this work.

b) Improve the mechanical properties of fruit paper isolated from apple and radish
pulp by reinforcing of disintegrated BC.
c)

Develop bio-nanocomposites of PCL/BC and Mater-Bi/BC, by melt-down
process.

d) Produce PVA/BC nano-composite by both in-situ and impregnation process.
e)

Investigate the use of BC as a promising material for tissue engineering scaffold.
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2.1.

Introduction

Cellulose is one of the oldest and most abundant biopolymers in the world.
Being the primary component of plant cell walls, an estimated 100 billion tonnes of
cellulose are produced in nature every year. It has been used by man for thousands of
years and has been extensively studied, and yet there is still much to learn about
cellulose and its formation. It is renewable, biodegradable, biocompatible, and
derivatisable, and it possesses several further advantages such as low density high
modulus and high strength, little damage during processing, few requirements on
processing equipments, and a relative low price (Zadorecki and Michell, 1989; Joly
et. al. 1996). The base cellulose molecule is essentially structured on a regular
unbranched linear sequence of D-anhydroglucopyranose units which are linked
together by β(1-4)-D-glucosidic with a syndiotactic homopolymer configuration (Fig.
2.1). Its chemical formula is (C6H10O5)n.
In 1883, the French chemist Anselme Payen (1795-1871) first used the term
“cellulose” when he discovered that, after purification of various plant tissues with
an acid-ammonia treatment, followed by extraction in water, alcohol, and ether, a
constant fibrous material remained. He determined the molecular formula to be
C6H10O5 by elemental analysis and observed the isomerism of its structure with
starch. Since then it has been generally accepted that cellulose is a linear polymer
consisting of D-anhydroglucoses units joined together by β(1-4)-D-glucosidic
linkages (Klemm et. al,. 2005).
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Figure 2.1. The β(1-4)-D-glucose chain that constitutes cellulose (Helbert et. al.,
1996).
Today, cellulose is widely-used in applications such as household, clothing,
pharmaceuticals, the automobile industry, shipping sails, and ropes. It also represents
the basic material in paper making. In the last few years the use of cellulose in
composites has increased due to its relative low price compared to conventional
fibre materials such as glass and aramid fibres, the fact that they can be burned with
energy recovery, and the fact that they compete well in terms of mechanical
behaviour (Eichhorn et. al,. 2001). To extend its application and to obtain better
physical and chemical properties, this material has been produced into various
derivatives including acetate cellulose, cellulose sulphate, cellulose palmitate,
cellulose-4-nitrobenzoate, among others (Heinze and Glasser, 1996).

2.2.

Sources of cellulose
As mentioned earlier, cellulose is usually isolated from plant cell walls.

Woody matter, seed hairs, bast, even marine plants and peat are important sources of
cellulose. The common commercial sources of cellulose include wood pulp and
cotton linters, the short fibre remaining on cotton seed after the long fibres are
removed. Cotton fibres are about 98% cellulose, whereas wood is 40-50% cellulose
(see Table 2.1). Cellulose obtained from cotton linters needs only treatment with a
hot sodium hydroxide solution that removes the protein, pectic substances, and wax
to produce high quality cellulose. Wood requires more extensive processing to
dissolve the hemicelluloses and lignin (Whistler, 1997; Ockerman, 1991). Cellulose
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also can be produced from various other plant fibres, such as corn cobs or stalks,
soybean hulls, bagasse (sugar cane stalks), oat hulls, rice hulls, wheat straw, sugar
beet pulp, bamboo, and fibres such as jute, flax and ramie among others (Franz,
1990; Hanna, 2001).

Table 2.1. Chemical composition of some typical cellulose-containing materials
(Klemm et. al., 2003).
Composition (%)

Sources
Cellulose

Hemicellulose

Lignin

Extract

Hard wood

43-47

25-35

16-24

2-8

Softwood

40-44

25-29

25-31

1-5

40

30

20

10

32-43

10-20

43-49

4

Corn cobs

45

35

15

5

Corn stalks

35

25

35

5

Cotton

95

2

1

0.4

Flax (retted)

71

21

2

6

Flax (unretted)

63

12

2

6

Hemp

70

22

6

2

Henequen

78

4-8

13

4

Istle

73

4-8

17

2

Jute

71

14

13

2

Kenaf

36

21

18

2

Ramie

76

17

1

6

Sisal

73

14

11

2

Sunn Hemp

80

10

6

3

Wheat Straw

30

50

15

5

Bagasse
Coir

The second source is biosynthesis of cellulose by different micro-organisms,
including bacteria (Acetobacter, Aerobacter, Pseudomonas), algae and fungi. Two
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other less common sources include enzymatic in-vitro synthesis starting from
cellobiosyl

fluoride,

and

chemosynthesis

from

glucose

by

ring-opening

polymerization of benzylated and pivaloylated derivatives (Klemm et. al., 2001;
Eichhorn et. al., 2001). Of these, however, Acetobacter xylinum is the only species
known to be capable of producing cellulose in commercially viable quantities.
Cellulose has also been reported in the animal kingdom. At least, a material is
found which gives the same X-ray pattern and can be actolyzed or hydrolyzed to the
same product. It differs from cellulose in that it yields a different volume of gas on
destructive distillation and in certain aspects of its viscosity relation. This material,
called tunicin or animal cellulose, is obtained from the outer mantles of certain
marine organism belonging to the class of Tunicata (Ott et. al., 1954).

2.2.1. Plant cellulose
Plants are the main source of cellulose. The cellulose from wood has been
isolated by large-scale chemical digestion process for more than a century. The
degree of polymerization (DP) of plant cellulose is around 10,000 (Fengel and
Wegener, 1983). The hydroxyl groups of cellulose form intra- and inter-molecular
hydrogen bonds. These bonds hinder the free rotation of the ring, the celluloselinking glucosidic bonds, resulting in the stiffening of the chain. The hydrogen bonds
also contribute to the insolubility of the cellulose chains in common solvents.
Cellulose is a hydrophilic polymer with three main hydroxyl groups per glucosidic
unit available for water adsorption (Saka, 2001).
Plant cellulose is never found pure in nature. Cellulose is associated with
other substances such as lignin and the so-called hemicelluloses, both in considerable
quantities. Hemicellulose is a common name for a large number of different
carbohydrate heteropolymers, of which xylans and glucommans are the main
components. Unlike cellulose which has high crystallinity, and is strong and resistant
to hydrolysis, hemicellulose is a highly-branched and amorphous structure with little
inherent strength. The dominant hemicelluloses in softwoods are o-acetyl-
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galactocumannan and arabino-(4-o-methylglucorono)-xylan, whereas hardwoods
contain predominantly O-acetyl-(4-o-methylglucurono)-xylan. Hemicelluloses are
more closely associated with lignin than cellulose, and exist in amorphous state. The
amorphous state of the hemicelluloses is evidently due to the presence of many side
groups, which prevent the close association between molecules required for the
formation of crystalline regions (Klemm et. al., 1998). The chemical structure of
hemicelluloses is shown in Fig. 2.2.

Figure 2.2. Chemical structure of hemicellulose (Persson, 2004).

The name lignin is derived from the Latin word lignum meaning wood. It is
the third major component of wood. It is an aromatic three-dimensional
macromolecule built up of phenylpropane units consisting of p-coumaryl alcohol,
coniferyl alcohol and sinaphyl alcohol, which functions as a glue that fixes the wood
structure (Sjöström, 1993). The proportions of these monomers are dependent on the
plant species. Lignin has been never found alone in nature but is always associated
with another carbohydrate. In wood, lignin is located chiefly in the middle lamella,
from which it penetrates in gradually diminishing amounts into the primary and
secondary layers of the cell walls. Fig. 2.3. shows the chemical structure of lignin.
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Figure 2.3. The chemical structure of lignin (Persson, 2004).

The pulping process separates the cellulose from the lignin and
hemicelluloses (structurally unrelated polysaccharides), leaving it in a fibrous form
that is purified, dried, and shipped in large rolls. In the wood pulp processing, timber
is debarked and cut into chips. These are mechanically ground and then digested
(Johnson, 1974). Either process can be modified to produce higher purity cellulose
that is not only free of lignin and hemicelluloses, but also further degraded to give
reduced molecular weight products and derivatives (Kirk-Othmer, 1993; Whistler,
1997). Various sulphite processes are used for delignification of the pulp, including
the bisulphite process which uses calcium bisulphite in the presence of sulphur
dioxide at a pH range of 2-6 on various wood species. Alkali processes use either
caustic soda (dilute sodium hydroxide) as the pulping agent or sodium sulphate
(Kraft process) as the source of alkali. Kraft pulping liquor contains caustic soda and
sodium sulphide, and increases the delignification and pulp strength. Chemicals used
in the pulping process are potential pollutants that may be recovered, adding costs to
the mill investment. Newer paper mills are designed considering energy efficiency,
chemical recovery, and water pollution. A newer oxygen alkali system avoids the use
of sulphur compounds, but the fibres produced have lower tear strength. Another
method for delignification (other than the Kraft or sulphite process) is steam
explosion. This uses moisture-saturated wood chips subjected to high pressure and
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temperatures and involves milder conditions for paper manufacture and moulded
building materials (Kirk-Othmer, 1993).
Varying from species to species, dry wood contains between 40 and 55%
cellulose, 25 to 40% hemicelluloses, and 15 to 35% lignin (Nevell and Zeronian,
1985).
Basically plant cell walls consist of the primary and secondary cell (S) wall
layers as shown in Fig. 2.4. The primary layer is formed during the surface growth of
the cell wall and the secondary layer is formed during the thickening of the cell wall.
This layer is composed of three sub-layers termed S1, S2, and S3 based on differences
in microfibril orientation. A layer called the middle lamella is formed during cell
division and is located between adjacent cells. The primary cell wall consists of a
rigid skeleton built up of randomly arranged layers of long thin cellulose molecules
united into microfibrils (Fig. 2.5).

Figure 2.4. Schematic diagram of the microfibrils orientation in the primary wall
and different layers of the secondary wall (Djerbi, 2005).
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Figure 2.5. Assembly of plant cellulose chains into microfibrils that build up the
plant cell wall (Djerbi, 2005)

The secondary cell wall is formed after cell expansion. It is deposited in the
interior of the primary cell wall and is multi-layered in itself. The glucan chains of
the cellulose microfibrils within the primary and secondary cell walls differ in their
degree of polymerisation (DP). The average DP is between 1000-3000 and 15,00025,000 in primary and secondary cell walls, respectively. The different layers within
the secondary cell wall (S1, S2 and S3) are composed of microfibrils laid down in an
ordered and parallel arrangement (Timell, 1969). These layers are of different
thickness, S2 accounting for 75-85% of the total thickness of the cell wall (Plomion
et. al., 2001).
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2.2.2. Bacterial Cellulose
Bacterial cellulose is produced by strains of bacterium Acetobacter xylinum,
reclassified as the genus Gluconacetobacter, which is typically found on decaying
fruits, vegetables, vinegar, fruit juices, and alcoholic beverages. It is a Gram-negative,
rod shape and strictly aerobic bacterium (Joseph, 2001). Acetobacter xylinum is a
member of family IV. This family is well known in the vinegar industry. The
bacteria of this family convert ethanol to acetic acid. The cellulose produced in a
bacterial cell forms microfibrils of joined macromolecules in an ultra-fine reticulated
structure. During culture, 12 to 70 molecules of cellulose are extruded from a cell
into the medium through pores which are located about 10 nm apart in a distinct
array on the cell surface (Zaar, 1979). The cellulose molecules bind each other via
hydrogen bonds after biogenesis near the cell surface and yield of pure cellulose
(Ross et. al., 1991). It is generally accepted that the synthesis of crystalline
microfibrils by Acetobacter xylinum is an extracellular process.
There are three methods for producing bacterial cellulose; i.e. static culture,
shake culture and rotating disk system. Each method has advantages and
disadvantages. Static culture is very simple and the traditional method, but the
number of pellicles formed on the surface of the media is smaller than in other
methods because the growth of cellulose-producing bacteria is relatively slow (Son et.
al., 2001). The reason for the slow growth of these aerobic organisms is that the
pellicles at the air/liquid interface form an effective barrier between atmospheric
oxygen on one side and the nutrient on the other, reducing the rate at which oxygen
penetrates the pellicle to the cells within (Dudman, 1960).
In shake culture and the rotating disk system bacterial cellulose can be
produced in flasks and in a bioreactor. These methods are more efficient for bacterial
cellulose production and are preferred for large scale production. Work on the
development of batch agitated culture process for bacterial cellulose fibre production
was initiated by Weyenhauser in the early 1980s in collaboration with the Cetus
Corporation in California.
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In contrast to cellulose extracted from plant cells, bacterial cellulose gel is
completely pure because 99.8% of its mass is water and 0.2% is an inert
polysaccharide, while it contains no lignin, hemicelluloses, pectin, and waxes
(Klemm et. al., 2001). It has a high degree of crystallinity (above 60%) with a cross
section diameter ranging from 2-4 nm (Nakagaito et. al., 2005), length of several 100
µm (Gindle et. al., 2004), a degree of polymerisation between 2000 and 6000 (Iguchi
et. al., 2000), high water absorption capacity, good chemical stability, high
mechanical strength when wet (Klemm et. al., 2001), and excellent shape and
strength retention. The crystalline structure of bacterial cellulose is mostly cellulose I.
It has been reported that the predominant cellulose Iα in bacterial cellulose makes it
more crystalline than plant cellulose (Bielecki et. al., 2001). The pellicle produced in
static culture has an ultra fine network structure, producing ribbons 500 nm wide and
10 nm thick. These ribbons consist of smaller microfibrils with an average crosssection of 16 x 58 Å (Brown et. al., 1976; Gindle and Keckes, 2004), thickness of 34 nm (Bielecki et al., 2004) and diameter of 24-86 nm (Chanliaud et. al., 2002).
Different measurements have been given for this diameter, inter alia 72-175 nm
(Bohn et. al., 2000) and 70-130 nm (Jonas and Farah, 1998; Yamanaka et. al., 2000).
Because BC is composed of nanosized fibres and the nanofibre structuring
determines the product properties, this polymer is described as nanocellulose
(Klemm et. al., 2003). Table 2.2 below briefly shows the comparison between plant
cellulose and BC.
The chemical and physical structure of BC enables it to be modified by
various methods to improve its mechanical and thermal properties. By carrying out
extensive purification via alkaline and oxidative agents, the modulus of BC sheet can
be increased (Guhados, et. al., 2005). If other impurities in the cellulose matrix, such
as protein, nucleic acid from the bacteria and media remaining after culture are
removed, the contact between the individual cellulose fibrils which permit more
intra-and interfibrillar hydrogen bonds in the network will increase (Yamanaka et. al.,
1989). Adding a cell division inhibitor or an organic reducing agent improves the
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Young’s modulus of BC sheet by artificially changing the form of celluloseproducing bacteria to various ribbon-shaped microfibrils (Ishihara et. al., 2003).

Table 2.2. Properties of Plant cellulose and BC
Properties

Plant cellulose
1.4-4.0 x 10-2 mm

Fibre width

Bacterial cellulose
70-80 nm

Literature
Pecoraro et. al.,
2008

Crystallinity
Degree

56-65%

65-79%

of 13,000-14,000

2,000-6,000

polymerisation
Young’s

Cotton 5.5-12.6 GPa

BC sheet15-30 GPa

Bielecki et. al.,

modulus

Jute

26.5 GPa

BC fibre

2004; Yamanaka

Flax

27.6 GPa

BC crystal ~138 GPa

~120 GPa

et.

al.,

1998;

Sakurada, et. al.,
1962;

Eichhorn

et. al., 2010
Water content

60%

98.5%

Pecoraro et. al.,
2008

The morphological characteristics have been determined using different
techniques such as electron microscopy (Krystynowics et. al., 2002) and atomic
force microscopy (Hirai et. al., 2004 and Guhados et. al., 2005). Later, after
extracting cellulose nanocrystal from BC, tunnelling electron microscopy (TEM) is
the main tool for determining the shape and orientation of the crystal.
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Table 2.3. Properties of BC (Bielecki et. al., 2005).
1

High purity

2

High degree of crystallinity

3

Sheet density from 300 to 900 kg.m-3

4

High tensile strength

5

High absorbancy

6

High water-binding capacity

7

High elasticity, resilience, and durability

8

Nontoxicity

9

Metabolic inertness

10

Biocompatibility

11

Susceptibility to biodegradation

12

Good shape retention

13

Easy tailoring of physicochemical properties

2.2.2.1. History of BC
The first scientific paper describing an extracellular gelatinous mat produced
by Acetobacter xylinum was published in 1886 by A. J. Brown (Yamanaka et. al.,
1989; Brown, 1886). The solid mass referred to as ‘vinegar plant’ was later identified
as bacterial cellulose and the bacteria which produced the cellulose was called
Acetobacter xylinum. This has since become the official name according to the
International Code of Nomenclature of Bacteria. In scientific literature this bacterium
is treated as a separate species but for the purpose of strict classification, it is
considered a sub-species of Acetobacter acetic (Cannon and Anderson, 1991).
Between 1946 and 1963, Hestrin’s research group from the Hebrew
University produced several publications related to bacterial cellulose production and
its characterization. Their first publication briefly described microscopic examination
of BC (Aschner and Hestrin, 1946), closely followed by a second publication
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regarding the formation of a thin layer of BC at the surface of the medium (Hestrin et.
al., 1947). This group showed that BC could be produced by Acetobacter xylinum by
taking advantage of various substrates other than glucose. Their third publication
studied the formation of BC and observed gas bubbles being formed within the
submerged cellulose mesh prior to surface film formation. They concluded that the
gas probably floated the cellulose and the bacteria to the surface (Schramm and
Hestrin, 1954).
In approximately the same period, observations of the structure, morphology
and modification of BC were also being conducted. For instance, from X-ray
analysis it was observed that cellulose strands have a random orientation and are
ribbon-like with a cross section of 100 x 200 Å, 40 µm in length (Frey-Wyssling and
Muhletahler, 1946).

Figure 2.6. Optical transparent of bacterial cellulose (Nogi et. al, 2005)

Later research has applied more complex and advanced analysis. Some
researchers, for instance, have mixed BC with resin to obtain a useful novel
composite. By impregnating BC sheet with a phenolic resin and compressing it at
high pressure, a high strength composite has been produced (Nakagaito et. al., 2004)
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while impregnating BC sheet with acrylic resin gave an optically-transparent
bacterial cellulose-based composite as shown in Fig. 2.6. (Nogi et. al., 2005).
The latest research shows that BC can be used in tissue engineering and is
safe to be implanted into the bodies of living creatures. Through a two-step chemical
modification, i.e. phosphorilation and sulphation, bacterial cellulose has been
converted to a new scaffold material for tissue engineering of cartilage in vivo
(Svensson et. al., 2005). Hydroxyapatite-BC composite which has been synthesized
through biometric routes can be used as artificial bone. Through pre-treatment by
soaking the BC in 0.1 M CaCl2 solution at 37 °C for 3 days apatite is more easily
dispersed on the surface of the organic polymer. To trigger hydroxyapatite growth,
the treated BC was immersed into de-ionized water and soaked in a 1.5 x simulated
body fluid (Hong et. al., 2006).

2.2.2.2. Biosynthesis
Despite the high value and widespread use of cellulose, the mechanism of its
synthesis is relatively poorly understood. This is due to the difficulty in directly
observing in vitro with higher plant enzyme preparation and identifying the proteins
involved in the synthesis of cellulose (Delmer and Amor, 1995). To overcome this
difficulty, for the reason of high purity and crystallinity, BC has been extensively
used as a model for studying cellulose biogenesis of linear β-1,4 glucan chains and
their crystallization into cellulose fibrils, and also for studying metabolic processes
occurring in the bacteria. The advantages of using the bacteria as a model system are
that they grow fast under controllable conditions and produce cellulose from various
carbon sources, such as glucose, ethanol, sucrose, and glycerol. Another advantage is
that genetic analysis of the bacteria is aided by the isolation of a large number of
mutants affected in cellulose biosynthesis, and these mutants have allowed
identification of specific genes involved in this process.
In order to understand the formation of cellulose ribbon, materials such as
hemicelluloses and carboxymethyl cellulose (Brown et. al., 1976; Heigler et. al,
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1980), xyloglucan (Hayashi et. al., 1989; Whitney et. al., 1995) were directly added
into inoculated-bacteria medium to disrupt the growth of BC crystals. The presence
of carboxymethyl cellulose in the medium delayed the growth formation of visible
aggregates of BC and hence the rate of cellulose synthesis increases (Ben-Hayim and
Ohad, 1965). The inhibition of crystallization, but not polymerization, shows that
both processes took place consecutively and not simultaneously. From this data, Zaar
(1977) comes to the conclusion that there are two processes involved in the
biosynthesis of bacterial cellulose. The first is biosynthesis of linear β-1,4, glucan
chains catalyzed by the enzyme cellulose synthase, followed by the biological
mechanism of their crystallization to form cellulose microfibrils.

Figure 2.7. Schematic model for the formation process of the normal ribbon
assembly in the Acetobacter xylinum system (Vandamme et. al., 1997)

Brown and his co-workers (1976) showed that cellulose is synthesized in
close contact with the bacterial envelope. Each bacterium produces a flat ribbon
containing cellulose on its own surface, as shown schematically in Fig. 2.7. These
ribbons with an average diameter of 10-20 to 30-40 Ǻ are constructed side by side in
horizontal axis, producing a flat ribbon-like structure. Haigler and Benziman (1982)
state that the cellulose synthesizing sites on the cell surface are made of 3.5 nm pores
that are arranged in a linear row. Each pore covers a 10 nm-particle that consists of
the cellulose-synthesizing enzymes involved in the polymerization reaction and
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accessory proteins possibly involved in other functions. Each 10 nm particle
produces a number of glucan chains that form a 1.5 nm sub-elementary fibril. The
sub-elementary fibrils together form the microfibril.
The microfibrils are connected to each other by hydrogen bonding to create
escalating ribbons, flat layer and pellicle structures. As the microfibrils are of fine
size, they are consequently in very close contact to each other. This results in the
increasing density of inter-and intrafibrillar hydrogen bonding. It is thought that the
great strength and high water retention of bacterial cellulose is a result of its strong
hydrogen bonding (Iguchi et. al., 2000; Klemm et. al., 2001).
Various methods have been intensively studied to determine the biosynthetic
pathway of carbon metabolism in Acetobacter xylinum. The pathway from substrate
glucose to cellulose involves at least four stages of biochemical reaction. First,
glucose is converted to glucose-6-phosphate by the enzyme gluconase; this is
followed by the isomerisation of glucose-6-phosphate into glucose-1-phosphate by
phosphoglucomutase. Thirdly, glucose-1-phosphate is converted into UDP-glucose1-phosphate, before being converted into pyrophosporylase. In Acetobacter xylinum
this enzyme is activated by cyclic nucleotide (c-di-GMP). The cellulose synthase
activator c-di-GMP is synthesized in Acetobacter xylinum by the enzyme diguanylate
cyclise, and its concentration is regulated by the action of phosphodiesterases.
Finally, UDPG is polymerized into cellulose by cellulose synthase (Tal et. al., 1998).
Fig. 2.8 shows the schematic pathway of carbon metabolism in Acetobacter xylinum.
The cellulose synthase enzyme plays the most important part in the
synthesis of cellulose (Brown et. al., 1976 and Ross et. al., 1987). This nucleotide is
synthesized from guanosine triphosphate (GTP) by diguanylate cyclase and is
degraded by phosphodiesterases A and B. This shows that cellulose synthase is
further regulated at the genetic level. Nucleotide sequence analysis indicates that the
cellulose synthesis (bcs) operon is 9217 base pairs long and consists of four genes.
The four genes -bcsA, bcsB, bcsC, and bcsD- appear to be translationally coupled
and transcribed as a polycistronic mRNA with an initiation site 97 bases upstream of
the coding region of the first gene (besA) in the operon. The bcsA polypeptide is
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thought to be responsible for the polymerization of UDPG into cellulose and the
bcsB polypeptide is possibly an activator-binding subunit. The bcsC and bcsD are
located on the outer surface of the membrane and play a crucial role in the
crystallization and/or extrusion of the cellulose immediately after polymerization
(Saxena et. al., 1994 and Volman, et. al., 1995). Results from genetic
complementation tests and gene disruption analyses demonstrate that all four genes
in the operon are required for maximal bacterial cellulose synthesis in Acetobacter
xylinum (Wong et. al., 1990).

Figure 2.8. Pathways of Carbon metabolism in Acetobacter xylinum (Klemm et. al.,
2001)
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2.2.2.3. Modified bacterial cellulose
Various modifications have been made to improve the mechanical, chemical,
structural and biological properties and production yield of BC. Some researchers
have altered the synthesis of bacterial cellulose using different carbon resources such
as fructose, mannitol, corn syrup, alcohol, organic acid and glucose as shown in
Table 2.4. Tonouchi et. al., (1996) found that glucose enhances cellulose yield by
activating phosphoglucose isomerase and UDPGLc pyrophosphorylase. BC
production using fructose as a carbon source was 10% lower than in a glucosecontaining medium. In other studies, molasses were used as a carbon source. As a
result, the yield increased by 76% and the specific growth rate increased two-fold
compared with untreated molasses (Bae and Shoda, 2004).
With carboxymethylated cellulose and glucose added into the medium as a
carbon

source,

the

process

produces

an

extracellular

polysaccharides

carboxymethylated-BC. This material has the capability to act as an ion exchange
with enhanced specific adsorption for lead and uranyl ions (Sakairi et. al., 1998b).
Another way to increase the yield of production of bacterial cellulose on the
static culture is to use a cylindrical fermentation vessel. The bottom of the container
can be lined with a silicone sheet of ~100 µm thickness as shown in Fig. 2.9. To
facilitate the absorption of oxygen by the medium, the apparatus is equipped with
tortuous airflow silicone made of a silicone framework of 0.5 mm thickness, of
which both sides are attached to a silicone membrane of 100 µm thickness. The rate
of BC production increased to about five times higher than usual.
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Table 2.4. Production yield of BC based on the various carbon sources (Masaoka et.
al., 1993).
Carbon source
Monosaccharides

Cellulose yield (relative %)
D-fructose

92

D-galactose

15

D-glucose

100

D-mannose

3

D-xylose

11

L-arabinose

14

L-sorbose

11

lactose

16

maltose

7

sucrose

33

Polysaccharides

starch

18

Alcohols

ethanols

4

ethylene glycol

1

diethylene glycol

1

propylene glycol

8

glycerol

93

myo-inositol

17

Citric acids

20

l-malic acid

15

Succinic acid

12

D-glucono lactone

62

Dissacharides

Organic acids

Other
No carbon source

2

The mechanical properties of BC can be improved by adding agents which
allow the bacteria to produce cellulose fibrils that are much longer and thinner than
usual into the medium during culture. Adding agents such as chlorampenicol or

30

Chapter 2. Cellulose

nalidixic acid allows the shape of the BC fibre to be lengthened by 2-4 times from its
original size of 1 µm, giving a BC with superior mechanical properties (Ishihara and
Yamanaka, 2002).

Figure 2.9. Cross-sectional view of culture vessel. 1. Glass cylinder 2. silicone
packing; 3. Bakelite plate 4. pores (10 and 3 mm) 5. stainless steel mesh (20 mesh) 6.
silicone membrane 7. medium (30 ml) (Yoshino et. al., 1995).

The structure of BC can be changed from Iα to an Iβ-type crystalline
structure through the presence of hemicellulosic polysaccharides, which reduces the
degree of crystallinity of cellulose by decreasing the crystallite size. Xylan and
xyloglucan are likely to co-crystallize with the cellulose and change the cellulose
lattice structure by creating a defect in the lattice (Uhlin et. al., 1995). Furthermore,
products from Acetobacter xylinum, which are usually ribbon-like cellulose I, can be
turned into a band-like cellulose II crystal structure with a putative folded-chain
structure by introducing the polymer additive polyethylene glycol (Shibazaki et. al.,
1998). Controlling the medium with high pressure incubation produces a larger
aggregation of cellulose ribbon (Hult et. al., 2003).
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Figure 2.10. Outline of the culture pan: (a) sinker, (b) roller, (c) washing pan, (d)
wind-up roller (Sakairi et. al., 1998).

Physically there have been attempts to harvest BC filament directly during
culture. To control the thickness of BC gel, a shallow pan of 10 mm deep, 400 mm
long and 100-200 mm wide for incubation and equipped with a wind-up roller as
shown in Fig. 2.10 was used. This equipment was placed directly into the vessel
containing the medium, which had been inoculated with the bacteria at 28 °C. After 2
or 3 days of static cultivation, a thin layer of gel was formed and harvesting was
started on the roller system. During gel growth, the measured rate of winding of the
filament was less than 40 mm.h-1. To preserve the depth of the culture medium, the
medium was continuously replenished without the addition of bacteria. Within 14
days the filament may grow to more than 5 m in length.
From Yano et. al., (2005) the index of transparency of BC sheet can be
improved significantly by impregnating acrylic epoxy resin into BC to create a more
transparent BC/epoxy as shown in Fig. 2.11.a.

BC/epoxy sheet optically becomes

more transparent with the addition of epoxy up to 70% of the composite (Fig. 2.11.b)
due to a change in the thermal coefficient of the composite. This is a result of the
web-like network of the semicrystalline extended chains of the nanofibres of BC,
which cause the nanofibre-network-reinforced polymer composite to maintain its
transparency. The size effect of nanofibres of BC allows it to combine with various
types of material, each of which optically has a significantly different refractive
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index. Based on its unique behaviour there has been increasing development of BCbased transparent nanocomposites for the electronics industry (Nogi and Yano, 2008).

(a)

(b)

Figure 2.11. The curve of (a) transparency improvement and (b) BC/epoxy sheet
becomes increasingly transparent (Yano et. al., 2005).

Another modification of bacterial cellulose is the production of graphite film
with a very high electrical conductivity through pyrolysis process up to 3000 °C. The
film was well graphitized with the heat treatment temperature above 2500 °C
(Yoshino et. al, 1990). Incredibly, BC films can be well intercalated by both
acceptors such as FeCl3 and donors such as K, giving electrical conductivity
exceeding 5 x 104 S.cm-1 (Yoshino et. al., 1991).

2.2.2.4. Applications of BC
Bacterial cellulose can generally be applied in any area where plant cellulose
is used (Jonas and Farah, 1996). As a result, it has several practical applications in
biotechnology and other fields of biomedical sciences (George et. al., 2005). Because
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of its unique properties, such as high purity with a crystalline structure, an ability to
absorb fluids, and excellent histocompatibility with living tissue, particularly blood
(Fontana et. al., 1991) it has great utility in medicine, particularly as a wound
dressing and artificial skin such as Biofill® made by a Brazilian company and
XCELLTM by an American company as shown in Fig. 2.12. Another product being
developed is Gengiflex® which contains an external layer of alkali-treated bacterial
cellulose bonded to an internal layer of crystalline bacterial cellulose (Novaes et. al.,
2000).

Figure 2.12. Wound dressing prepared from BC gel produced by Xcell company

The first successful commercial application of bacterial cellulose in food
production is ‘nata de coco’, which is a traditional dessert from the Philippines. It is
prepared from coconut milk or coconut water with sucrose, which serves as a growth
medium for BC-producing bacteria (Fig. 2.13). Consumption of the pellicles is
believed to protect against bowel cancer, arteriosclerosis, and coronary thrombosis,
and to prevent a sudden rise of glucose in the urine. As a result, ‘nata de coco’ is
becoming increasingly common beyond Asia (Bielecki et. al. 2005).
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Figure 2.13. Nata de coco prepared from coconut water as a traditional dessert in
South Asia

Disintegrated bacterial cellulose makes an excellent component in the
production of paper because it gives a stronger sheet of paper. Microfibrils of the BC
polymer form a great number of hydrogen bonds when the paper is subjected to
drying, thus giving improved chemical adhesion and tensile strength, leading to a
stronger paper. BC-containing paper not only shows better retention of solid
additives, such as filler and pigments, but is also more elastic, air-permeable, and
resistant to tearing and bursting forces (Iguchi et. al., 2000).
Researchers have also produced bacterial cellulose-based composites with a
water-soluble polymer for special application as a filtration material, using
polyethylene glycol, carboxymethyl cellulose, carboxymethyl chitin, and other
cellulose-based polymers. These polymers were associated into the cellulose by insitu processes, i.e. these materials were added into the medium (Takai, 1994).
Another membrane for pervaporation of binary water-ethanol mixture was also
applied, and a dialysis membrane prepared from a 2 µm cleaned bacterial cellulosesheet which was treated with a concentrated alkali solution. The BC film showed a
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significantly higher rate of permeation than a commercially-made dialysis membrane
(Shibazaki et. al., 1993).

Table 2.5. Applications of BC (Bielecki et. al., 2005)
Sector
Cosmetic

Application
Stabilizer

of

emulsion

as

cream,

tonics,

nail

conditioners, polishes, and component of artificial nails
Textile industry

Artificial skin and textiles; highly absorptive materials

Tourism and sport

Sport clothing, tents, and camping equipment

Mining and refinery

Spilt out collecting sponge, material for toxins

waste treatment

absorption, and recycling of mineral and oils

Sewage purification

Municipal sewage purification and water ultra-filtration

Broadcasting

Sensitive diaphragms for microphone and stereo
headphones

Forestry

Artificial replacement for wood, multi-layer plywood
and heavy-duty containers

Paper industry

Specialty paper, archival document repair, more durable
banknotes, diapers, and napkins

Machine industry

Car bodies, airplane parts, and sealing of cracks in rocket
casings

Food production

Edible cellulose and nata de coco

Medicine

Temporary artificial skin for the treatment of decubitus,
burn and ulcers, component of dental and arterial
implants

Laboratory/research

Immobilization of proteins, chromatographic techniques,
and medium component of in vitro tissue cultures

Treating BC with either ethanol or alginate makes it softer and gives it a
texture similar to fruit and other foods, produces an edible bacterial cellulose. The
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mechanism of this change is the immobilization of water by gel-forming, leaving the
gel easier to bite and chew (Okiyama et. al., 1992).
Due to its fibrous structure, as well as a qualitative difference in protein
adsorption between both membranes on exposure to bovine serum albumin, BC films
can be used in an amperometric glucose sensor. Treated with Trogamid on the one
side of the BC membrane, the concentrations at which glucose in blood can be
detected can be increased to between 0 and 40 mM. Another feature is that in dilute
blood a BC-covered sensor displays a long-term stability for up to over 200 h and in
undiluted blood around 24 h, which is over 6 to 7 times more stable than those made
from plant cellulose (Ammon et. al., 1995).
Another application of bacterial cellulose is as a thickener to maintain the
viscosity of food, cosmetics, etc (Kent et. al., 1991 and Jonas and Farah, 1998).

2.3.

Crystalline structure of cellulose
Cellulose is an aggregate of glucan chains that are arranged in a specific

manner to give rise to a crystalline state. Despite the fact that all celluloses, whether
produced by plants, bacteria or other organisms, have the same chemical composition,
there are stark differences between celluloses from different sources, especially in
terms of physical properties such as the glucan chain, the crystallinity and the
crystalline form of the cellulose product. The crystalline state, which defines the
physical properties of the product such as its strength, solubility in various solvents,
and accessibility to various modifying reagents, differs from organism to organism
(Saxena et. al., 1995).
The crystalline structure of cellulose has been one of the most studied
structural problems in polymer science. Cellulose consists of both amorphous and
crystalline regions (Thygesen et. al., 2005). It is well known that cellulose can exist
as crystalline microfibrils of cellulose I, II, III and IV (Marchessault and Sarko,
1967; Walton and Blackweell, 1967). The crystalline fraction is expressed as a
percentage as the crystallinity index. Various methods of assessing the crystallinity
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are available, namely X-ray diffraction (Segal et. al., 1959), CP/MAS C13 solid-state
NMR (van der Hart and Atalla, 1984), and Fourier Transform IR-spectroscopy
(Nelson and O’Connor, 1964).
Cellulose I is a native form of cellulose. Based on NMR studies, native
celluloses are composed of species-specific compositional ratio of two crystalline
allomorphs, designate cellulose Iα and Iβ (van der Hart et. al., 1984). The two forms
of cellulose I crystallinity have different intermolecular hydrogen bonding patterns,
although the configurations of the heavy atom are similar. Investigation using
electron microbeam diffraction and combined X-ray and neutron diffraction has
revealed that cellulose Iα has a triclinic unit cell, and that it is predominant in
celluloses from bacteria and non-charophycean algae, whereas cellulose Iβ has a
monolithic unit cell and it is the predominant form in higher plant cellulose such as
cotton ramie types (Horii et. al, 1987 and Bielecki et. al., 2005). These differences
may influence the physical properties of the cellulose. Cellulose Iβ is more stable
than Iα, as is evident from the fact that cellulose Iα is easily converted to cellulose
Iβ when dissolved in hydrolysis acid (Atalla, 1989), or subjected to steam annealing
or a solid-state chemical transformation (Horii et. al., 1987).
A series of investigations by Meyer and co-workers led to the postulation of a
monoclinic unit cell as shown in Fig. 2.14. with axes of a = 8.35Å, b = 10.3Å,
c = 7.9 Å, and β = 84°. The unit cell most probably belongs to the space group P2,
and contains four glucose residues (Ott et. al., 1954).
Cellulose II, which is seldom found in nature, is produced by the mercerisation
of native cellulose or regeneration from cellulose I dissolved in a solvent followed by
re-precipitation by dilution in water (Kono and Numata, 2004). Mercerisation
involves intracrystalline swelling of cellulose in concentrated aqueous NaOH
followed by washing and recrystallization. Regeneration involves either preparing a
solution of cellulose in an appropriate solvent or the preparation of an intermediate
derivative followed by coagulation and recrystallization (Langan et. al., 2001). The
multiple glucan chains in cellulose I are arranged in parallel (Koyama et. al., 1997),
whereas cellulose II is composed of anti-parallel chains (Kolpack and Blackwell,
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1976; Langan et. al., 2001), probably as a result of chain folding (Kuga et. al., 1993)
as shown in Fig. 2.15.

Figure 2.14. Cellulose unit cell (Hearle and Peters, 1963)

a

b

Figure 2.15. Crystal structure models of celluloses Iα (a) and Iβ (b) assignable to the
one-chain triclinic and two chain monoclinic crystals, respectively (Sugiyama et. al.,
1991)

The representation of the lattice structure of cellulose II is usually based on the
monoclinic unit cell found by Andress with axes: a = 8.14 Å, b = 10.3 Å, c = 9.14 Å
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and β = 62°. Like cellulose I, this unit cell contains 4 anhydroglucose units and most
probably belongs to space group P2. The arrangement of molecules in the crystal
structure of cellulose II is shown in Fig 2.16. Cellulose II is formed naturally by a
mutant bacteria strain of GluconAcetobacter xylinum and occurs in the algae
Halicystis. Both sources are very useful in providing an insight into the crystal
structure of cellulose II (Klemm et. al., 2003; Zugenmaier, 2001).

9.14 Å

7.9 Å
840

620
8.14 Ǻ

8.35 Ǻ

(b)

(a)

Figure 2.16. Suggested arrangement of molecules in crystal of (a) Cellulose I and (b)
Cellulose II (Morton and Hearle, 1962).
Cellulose III and IV are derived from cellulose I and II, and they are called III1,
IV1, III11, and IV11, respectively (Ishikawa et. al., 1997). Cellulose III1 and III11 are
formed in a reversible process from cellulose I and II by treatment with liquid
ammonia or small amounts of amines, and the subsequent evaporation of excess
ammonia. Meanwhile, VI1 and IV11 may be prepared by heating cellulose III1 and
III11 respectively at 260 °C in glycerol as shown in Fig. 2.18. Published cell
parameters for cellulose III1 are a = 1.025; b = 0.778; c = 1.034 nm; and γ = 122.4.
The model does not show strict P21 chain symmetry (Sarko et. al., 1976). Based on
13

C NMR spectrum of III1 it can be seen that there is no hydrogen bonding in

cellulose III1 to increase the flexibility of the chains, and the lateral order of the
crystallization was eventually lost (Wada et. al., 2004).
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Figure 2.17. Representation of the model of cellulose II onto the a-b plane
(Zugenmaier, 2001)

Figure 2.18. Inter-conversion of the polymorphs of cellulose (O’Sullivan, 1997).
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2.4.

Nanocomposites
Most biodegradable polymers have excellent properties comparable to many

petroleum-based plastics, but some of their properties such as brittleness, low heat
distortion temperature, low gas permeability, and low melt viscosity for further
processing restricts their use in a wide range of applications (Ray et. al., 2006). To
solve these problems, modification of the biodegradable polymer through innovative
technologies is a formidable task for the material scientist. Nanosize reinforcement
of virgin polymers to prepare nanocomposites has already proven to be an effective
way of improving these properties (Ray and Okamoto, 2003). Therefore the
production of nanocomposite materials with nanosized reinforcement such as
cellulose whiskers derived from tunicin (Sturcova et. al., 2005) and cellulose
whiskers derived from wheat straw (Helbert et. al., 1996) has attracted tremendous
attention. Nowadays, the amount of research related to providing nanosized
reinforcing agents is growing exponentially, whether into the source of the materials
or developing the methods to obtain them (Eichhorn et. al., 2010). The availability of
new analytical tools based on nanotechnology has also contributed to accelerating
research in this field. Previous experiments have shown that nanoscale reinforcement
gives rise to significant new phenomena which contribute to the properties of the
material. The small size of the reinforcement gives an enormous surface area and
increased interaction with the matrix polymer on a molecular level, leading to
materials with new properties (Garces et. al., 2000; Jordan et. al., 2005).
Nanocomposites are a relatively new generation of materials consisting of
polymers filled with particles that have at least one dimension in the nano range
(Kristo et. al., 2007). According to Sain and Oksman (2005), the term nanocomposite
is applied when a component with a dimension in the range of 1 to 100 nm is
embedded in the matrix, which is either organic or inorganic, usually resulting in
composites with superior thermal, barrier and mechanical properties. Recently, the
utility of both organic and inorganic nanoparticles as additives to improve the
polymer’s performance has been established. Various nanosize reinforcements
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currently under development are nanoclay, ultra-fine layered titanate, silica, carbon
black, carbon nanotubes and cellulose nanofibres (Ray et. al., 2006).
Furthermore, Schadler (2003) noted at least three strong reasons why
nanosize reinforcement has gained serious attention in recent years. Firstly,
unprecedented combinations of properties have been observed in some polymer
nanocomposite. For example, the inclusion of well dispersed nanoparticles in
thermoplastics, and particularly in semi-crystalline thermoplastics, increases the
yield stress, ultimate tensile strength, and Young’s modulus compared to the original
polymer. Secondly, the properties of carbon nanotubes, which were discovered in the
early 1990’s - particularly their strength and electrical properties - are significantly
different from those of graphite, and offer exciting possibilities for new composite
materials. Thirdly, significant developments in the chemical processing of
nanoparticles and in the in-situ processing of nanocomposites have led to
unprecedented control over the morphology of such composites, as well as creating
an almost unlimited ability to control the interface between the matrix and the filler.
Although nanofillers come in many shapes and sizes, they are commonly
grouped into three categories, as shown in Fig. 2.19. Fibre or tube nanofillers have a
diameter of <100 nm and aspect ratio of at least 100. The aspect ratio can be as high
as 106 (carbon nanotubes). Plate-like nanofillers such as nanoclays are layered
materials with a thickness typically of the order of 1 nm, but with an aspect ratio in
the other two dimensions of around 100. Three dimensional (3D) nanofillers are
relatively equi-axed nanocomposite particles because the processing methods used
and the properties achieved depend on the geometry of the filler (Schadler, 2003).
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Figure 2.19. Schematic of nanoscale filler (Schadler et. al., 2003)

2.4.1. Cellulose nanocomposites

Cellulose nanocrystals as an organic filler for producing nanocomposites are
the most commonly-used cellulose based nanofillers for a wide range of applications.
With an elastic modulus of 138 GPa for the crystalline phase and a calculated
limiting specific surface area of several hundred m2.g-1, cellulose nanocrystals have
the potential for significant reinforcement of thermoplastic polymers at very low
filler loadings (Chazeu et. al., 1999). The advantages of using cellulose nanocrystals
are that it is a low-cost, biodegradable material, with a low density, and high specific
strength and modulus (Sain and Oksman, 2005; Cao et. al., 2007). It is also
comparatively easy to process due to its non-abrasive nature, which allows high
filling levels resulting in significant cost-savings, and relatively reactive surfaces
which, with the specific groups of celluloses, can be used for grafting (Samir et. al.,
2005).
Researchers have developed methods for preparing cellulose in nanosize from
various resources. The two main raw materials used in the production of nanosize
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cellulose are microfibrillated cellulose (MFC), which is a form of expanded highvolume cellulose, obtained through a mechanical homogenisation process of, e.g.
wood pulp (Turbak et. al., 1983; Zimmermann et. al., 2004), and microcrystalline
cellulose (MCC). MFCs are comprised of different hierarchical microstructures
known as nanosize microfibrils with high structural strength and stiffness (Sain and
Oksman, 2005). One microfibril contains multiple elementary fibrils which are made
up of multiple cellulose chains. These elementary fibres have a diameter of around 2
to 20 nm depending on their origin. The elementary fibril consists of both amorphous
and crystalline parts (Samir et. al., 2005). Due to its size, abundance,
biodegradability, and good mechanical properties in nanocomposite applications, the
use of MFC as a reinforcement phase has increased significantly (Berglund, 2005).
The use of MFC has also been proposed in large-scale applications such as
packaging, coating, as a modifier in foods and paints, and as a medical carrier in
pharmaceutical products.
Microcrystalline cellulose (MCC) is generated by the chemical treatment of
various plant fibres of α-cellulose (Herrick et. al., 1983), which occurs as a white,
odourless, tasteless, crystalline powder composed of porous particles, insoluble in
water, dilute acids and alkali, and in common organic solvents (Kibbe, 2000). After
dissolving or degrading of the accessible amorphous regions, the crystal regions
remain. The nanosized crystalline residue is commonly referred to as cellulose
whiskers (Boldizar, et. al., 1987). A number of studies suggest that the crystallinity
of commercial MCC is about 60-80% by powder X-ray diffraction pattern (Nakai et.
al, 1977; Rowe et. al., 1994). Fig. 2.20 shows the different structure of wood, from
millimetre to nanosize.
According to Milewski (1994), whiskers are fibres which have been grown
under controlled conditions, leading to the formation of high-purity single crystals.
They constitute a generic class of materials having mechanical strengths equivalent
to the binding forces of adjacent atoms. The tensile strength properties of whiskers
are believed to be far beyond those of the current high-volume content reinforcement
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and allows the processing composites with the highest attainable strengths (Samir et.
al., 2005).

(a)

(c)

(b)

(d)

Figure 2.20. The structure of wood from millimetre to nanosize: (a) Cellular
structure of wood, (b) microfibrils, (c) elementary fibrils with crystalline domain, (d)
cellulose whiskers (Kvien, 2007).

Some studies report that cellulose whiskers or fibrils can be obtained from
organic materials like sugar beet pulp (Dinand et. al., 1999), potato tube cells
(Angles and Dufresne, 2001), wheat straw (Dufresne et. al., 1996), and tunicin
(Favier et. al., 1995 and Dufresne, 2000), algae (Revol, 1982; Hanley, 1992),
bacteria (Tokoh et. al., 1998: Grunet et. al., 2002), ramie (Lu et.al., 2006), and wood
(Araki et. al., 1998; Candanedo, 2005; Bondeson et. al., 2006). These whiskers or
fibrils can be used with both natural and synthetic polymers as matrixes. Various
natural polymers widely used as matrixes are poly (β-hydroxyoctanoate) (Dubief et.
al., 1999; Dufresne et. al., 2003), starch (Angles and Dufresne, 2000; Angles and
Dufresne, 2001), silk fibroin (Noshiki et. al., 2002), and cellulose acetate butyrate
(Lu et. al., 2006). Common synthetic polymer matrixes are poly (styreneco-butyl
acrylate) (poly (S-co-BuA) (Mathew and Dufresne, 2002; Terech et. al., 1999; Revol,
1982; Angles and Dufresne, 2000; Noshiki et. al., 2002), poly (vinyl chloride)
(Chazeu et. al., 1999), polypropylene (Ljungberg et. al., 2005), waterborne epoxy
(Ruiz et. al., 2001) and poly (oxyethylene) (Cavaille et. al., 2006) and poly (εcaprolactone) (Wu et. al., 2007).
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Favier et. al. (1995) were the first to apply cellulose whiskers extracted from
marine life as a reinforcing phase, which they added to latex obtained by the
copolymerization of styrene (35 wt.%) and butyl acrylate (65 wt.%) as a matrix to
make a new nanocomposite. Even with a small percentage of cellulose whiskers (1
to 12 wt.%) added into the matrix, the mechanical properties of this nanocomposite
were improved substantially. This invention opened the way to cellulose
nanocomposite technology, which is widely used in various applications, such as
agro-based composites, automotive parts, aircraft, railways, furniture, and sports
clothing and equipment (Dahlke et. al., 1998; Herrmann et. al., 1998).

2.4.2. Nanosize reinforcement from bacterial cellulose
As mentioned by Klemm et. al., (2000), BC is composed of nanosized fibres,
described as nanocellulose, and the nanofibre structuring determines the properties of
the product. Nishi et. al., (1990) reported a strikingly high dynamic Young’s
modulus close to 30 GPa for dried sheet obtained from BC pellicle when adequately
processed. Due to this remarkable modulus, BC is an ideal candidate as raw material
to further enhance the Young’s modulus of high strength biobased nanocomposites.
The microfibril ribbons are roughly 3-4 nm (thickness) x 10-130 nm (width)
(Bielcki et al., 2004; Jonas and Farah, 1998; Yamanaka et. al., 2000). The model
created by Iguchi et. al. (2000), as shown in Fig. 2.21, assists in the understanding of
bacterial cellulose microfibrils and has been cited by a number of researchers
interested in this field.
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Figure 2.21. Schematic model of BC microfibrils (right) drawn in comparison with
plant cellulose (Iguchi et. al., 2000).

The use of cellulose microfibrils obtained from BC in various applications
has been reported in a great deal of publications. Nakagaito and Yano (2006) have
produced optically transparent composites based on both BC and microfibrillated
plant cellulose. Their composites have a remarkable strength comparable to
magnesium alloy (over 400 MPa). By mixing acrylic resin with bacterial celluloseacetylated nanofibres, Ifuku et. a.l, (2007) produced optically transparent composites.
In biomedical applications, fibrillated BC has been used as reinforcement for poly
(vinyl alcohol) (PVA) as a matrix (Wan et. al., 2006).
In contrast, there has so far been very limited literature regarding the
preparation of nanocomposites using nanocellulose fibres obtained from BC. This is
because of the difficulties in extracting nanocrystal from BC, the result of which
being that the cost of production is higher than for plant cellulose. However, some
researchers have extracted cellulose nanocrystal from commercial bacterial cellulose
by following the classic method, i.e. hydrolysis acid, which was developed by Rånby
and Ribi in the early 1950s. Grunet and Winter (2002) successfully produced
cellulose whiskers from BC as shown in Fig. 2.22 using cellulose acetate butyrate
(CAB) as a matrix to produce nanocomposite. In combination with the same matrix,
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Roman and Winter (2006) were able to extract nanocrystal cellulose from BC. Orts
and co-workers (2005) also hydrolysed needle-like nanocrystal cellulose from BC
and used these in combination with starch as a matrix. One important point
mentioned by the latter is that the addition of reinforced microfibrils obtained from
BC does not always improve the modulus to the same extent as cotton or soft wood
fibre.

Figure 2.22. The transmission electron micrograph of the cellulose whiskers
hydrolyzed from bacterial cellulose (Grunet and Winter, 2002)

As unmodified MCC is generally hydrophobic in nature, it is likely to be
difficult to get a good degree of compatibility using BC-nanocellulose as a
reinforcement agent with a hydrophilic matrix. In order to reduce its hydrophilic
nature, cellulose nanocrystals from BC have been topochemically trimethylsilylated
(Grunet and Winter, 2002; Roman and Winter, 2006)
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Chapter 3
Bacterial Cellulose: Production and Preservation

3.1. Introduction
As has been noted earlier, many strains of bacteria possess the ability to
produce cellulose at the surface of a medium containing carbon and nitrogen as a
food source. These include Sarcina, Agrobacterium, Rhizobium, and Acetobacter
(Deinema and Zavenhuizen, 1971). However, the rod-shaped and Gram-negative
Acetobacter xylinum is the only species known to be capable of producing cellulose
in commercial quantities. Particularly in this study, bacterial cellulose (BC) produced
in static culture is composed of a number of microfibrils in the longitudinal axis of its
envelope by Acetobacter xylinum.
Due to its remarkable mechanical properties, an ability to form homogeneous
membrane sheets after drying under certain synthesis conditions and an ultra-fine
network structure, BC is useful for numerous applications (Yamanaka et. al., 1989;
Iguchi et. al., 2000). The relative inertness of BC fibres has led to their use as
reinforcing agents in composites (Grunet and Winter, 2002). Therefore the methods
of producing BC have been developed with the aims of improving yield, structure,
and other desired physical properties (Geyer et. al., 1994; Jonas and Farah, 1998;
Yamanaka et. al., 2000). Besides using various production methods, the medium
used for culture, the pH level, and the source of nitrogen and phosphate as the main
foods for Acetobacter xylinum have all been varied (Masaoka et. al., 1993).
Researchers also focused on the characteristics of BC, carrying out physical, thermal,
and morphological analyses.
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Previous research has focused on ensuring that the Acetobacter xylinum does
not undergo genetic mutation (Saxena and Brown, 1995; Wulf et. al., 1996). Efforts
to prevent mutation have included adding 20% malt extract to a medium inoculated
with Acetobacter xylinum as a cryo-protectant (Sokollek et. al., 1998).

The

implications of mutation occurring are the growth of a wild type organism which can
reduce Acetobacter xylinum’s ability to produce cellulose (Schramm and Hestrin,
1954; Valla and Kjosbakken, 1982). Other side-effects include affecting the
morphological and physiological properties of BC (Coucheron, 1991) and a fall in
the Young’s modulus of the BC sheet produced because of the growth of a byproduct known as acetan (Watanabe et. al., 1998). Various biosynthesis-related
methods of ensuring a high productivity of BC from the Acetobacter xylinum have
been used, such as expression of sucrose, in which UDP-glucose is efficiently
formed from sucrose (Nakai et. al., 1999), the addition of polyacrylamide-co-acrylic
acid (Joseph et. al., 2003), and adding 1% ethanol in the medium (Krystynowicz et.
al., 2002). The most recent was through cloning of the Acetobacter xylinum whereby
the resulting yield of BC was far more than that produced by the original bacteria
itself (Kawano et. al., 2002; Bae et. al., 2004).
This Chapter reports on the production of bacterial cellulose by the static
culture method. A staining test was carried out to confirm the Acetobacter xylinum
was Gram-negative. The storage system used to ensure that the bacteria are secure
from contaminants during both storage and the inoculation process was also
examined.

3.2. Experimental
3.2.1. Materials
In this study, strains of Acetobacter xylinum for the production of BC were
kindly supplied by the Microbiology Laboratory of the Institute of Agriculture,
Bogor, Indonesia. The chemicals used for the culture medium were glucose,
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ammonium sulphate, potassium hydrogen orthophosphate, magnesium sulphate and
yeast extract. The chemicals used for the agar solid media were mannitol, peptone
and agar powder as a hardener. In the purification process, sodium hydroxide,
sodium hypochlorite and the chemicals mentioned above were used as received from
VWR. Additional vitamins such as B1, B3 and B5 were used to assist growth
following Iguchi, et al. (1998). Both a smooth, non-woven cloth and a wire 200 mesh
sieve were used to avoid slipping of bacterial cellulose gel when load was applied.
For the Gram-negative test of the bacteria, a series of common reagents such as
crystal violet, Lugol’s iodine, acetone, and safranin supplied by Aldrich were used.

3.2.2. Preservation of the Acetobacter xylinum
To ensure ease of storage and longevity, the bacteria were kept in a solid agar
media. For every 3 litres of distilled water, 5 g of yeast extract, 3 g of peptone, 25 g
mannitol were added, with 15 g agar powder as a hardener. Glacial acetic acid was
added into the medium to adjust its acidity. After being sterilised, the medium was
placed in a laminar flow equipped with UV light under sterile conditions.
The agar has to be refreshed for every 4 or 5 weeks by transferring the
bacteria to a new agar media. After being refreshed three times, the bacteria should
be tested by isolation in a Petri dish. If another colony is found on the dish, this
shows that the bacteria have been contaminated.
Another way to store the bacteria is by placing them in a vial of 2-5 ml of
volume. Frosted in liquid nitrogen, this vial is kept in cold storage at -70 °C. This
allows storage of the bacteria for up to one year.
The observation of the Acetobacter xylinum colony obtained from the surface
of the Petri disc or tilted tube test was carried out using optical microscopy. In order
to maintain the integrity of the colony, the part of the agar media containing the
colony was removed using a very fine, sharp knife and transferred on to the slide
glass. The agar was spread thinly and evenly over the slide glass in order to allow a
clear view of the colony under the microscope.
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3.3.2. Gram Negative Test

Using an inoculating loop, a small amount of broth culture containing
Acetobacter xylinum (medium B) was placed in the corner of a slide sample glass
(Fig. 3.1.a). A drop of crystal violet stain was put on the slide containing the
bacterial cell for 20-30 seconds. The slide was then flushed with an iodine solution
(Lugol’s iodine) for 1 minute, followed by acetone as an organic solvent. Finally the
smear was counterstained with safranin, a basic dye of a different colour from crystal
violet.
The mixture was spread over the slide using a second slide glass held at about
450 to the first (Fig.3.1 (b)), so that the treated bacteria were spread evenly across its
edge. The second slide was then pushed across the surface of the first slide in order
to form a smear that is thick at one end and thin at the other (Fig. 3.1(c)). After the
smear was air-dried at room temperature, the next step was to attach the bacteria to
the slide by heat-fixing. This was accomplished through gentle heating by passing
the slide several times through the hot portion of a Bunsen burner flame. Finally, an
oil immersion lens was applied to observe the bacteria under the optical microscope
at a magnification of 1,000X (Fig. 3.1(d)). The images were captured using a digital
camera attached to the microscope.
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(b)

(a)

(c)

(d)

Figure 3.1 Schematic Gram-negative test of Acetobacter xylinum preparation in a
glass slide sample. (a) A drop of cultured-bacterial medium is placed using an
inoculating-handle loop on a glass slide corner. (b) The second glass slide is held at
45° angle against the first glass slide. (c) The slide is then pushed across the surface
of the first slide in order to form a thin smear to stick at one end and thin at the other.
(d) A heat-fix coating of bacteria.

3.2.3. Culture medium
The culture medium was prepared according to the method described by
Iguchi et. al., (2000). For every litre of distilled water, 50 g glucose, 5 g ammonium
sulphate, 4 g potassium hydrogen orthophosphate, 5 g yeast extract and 0.1 g
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magnesium sulphate were added. This culture medium was autoclaved at 121 °C for
2 h, and, once cooled to ambient temperature, vitamins B1, B2, and B5 were added.
The acidity of the medium was adjusted using glacial acetic acid to pH = 4. This type
of medium will be referred to hereafter as medium A. This medium can be kept for
several months in a dark bottle which is covered by sterilised cotton and a layer of
aluminium foil.

3.2.4. Seed broth
In a laminar flow hood, 100 ml of medium A was placed in a sterilised
conical flask. The agar containing the Acetobacter xylinum was sterilised using UV
light. The medium was inoculated by sowing the bacteria with a handle-loop on the
surface of the agar and putting it into the bottle. In order to ensure a good distribution
of the bacteria and to remove the remaining agar from the bacteria, the bottle was
shaken for 4 h, before being placed in an incubator at 28 °C for 4 days until a thin
white layer appeared on the surface of the medium. Another aim of this step was to
provide adequate oxygen for the bacteria. After removing the white layer from the
beaker, this broth could be used as a starter to grow the pellicle. This bacteriacontaining medium is referred to as medium B.

3.2.5. Pellicle of BC
Medium B was added into the culture medium (medium A) in a ratio of 1:10
and the glass covered by porous paper that had been placed in an autoclave at 121 °C
for 2 h. The resulting medium (medium C) was kept at 28 °C-30 °C for 21 days in a
quiet room. However, the incubation time of the culture can be adjusted depending
on the thickness of the gel needed, as was done for the preparation of samples for
tissue engineering (see Chapter 9).
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3.3. Results and Discussion
3.3.1. Culturing of Acetobacter xilynum
A lot of research has been carried out into BC with the aim of improving
the quality and properties, as well as the production methods. Previous researchers
have described some physiological parameters and investigation related to the
metabolism of glucose in the Schramm-Hestrin medium and modified media. The
strain of the bacteria, source of carbohydrates, acidity, temperature and culture
methods are all important parameters for the production of cellulose by Acetobacter
xylinum (Masaoka et. al., 1993; Geyer et. al., 1994).
The strain of Acetobacter xylinum used was a stock supply from the
Laboratory of Microbiology, Institute of Agriculture, Bogor. This strain was
originally supplied by the National Institute of Science and Technology, Manila, and
is usually used for commercial purposes in the processing of ‘nata de coco’, a lowcalorie dessert in South East Asia (Budhiono et. al., 1999). There was no further
treatment applied and it was used as received.
For the preparation of a new starter or broth seed, a colony of Acetobacter
xylinum (Fig. 3.2 and Fig. 3.3) was gently sowed from the surface of solid agar,
using an inoculating-hand loop and then transferred into medium B. This is done to
replenish the bacteria and also to keep them viable and in good condition. Based on
experience, the bacteria can be kept for 2 months in the agar solid in fridge. If the
colour of the agar solid turns pale, it indicates that the viability of the bacteria has
decreased and they must be refreshed with a new medium
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Figure 3.2. Transfer process of the bacteria onto the surface of solid agar media by a
inoculating - hand loop in laminar flow under sterilized condition.
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Figure 3.3. Bacteria kept in tilted test tubes to provide a larger surface area of solid
agar media.
This is also a way of testing whether the Acetobacter xylinum has undergone
mutation. As shown by Brown, et. al., (1977) Acetobacter xylinum which has
undergone mutation exhibits a rough colony and the bacteria dispersed from their
aggregate (flocs) as shown in Fig. 3.4, marking these bacteria as wild-type cells.
When these bacteria are obtained from the rough colony and inoculated into the
liquid growth medium, they either fail to produce cellulose or produce non-cellulosic
product. In this study, by adopting this method, it is possible to distinguish between
the original Acetobacter xylinum and the wild ones because the bacteria which are
not deficient mutants will be associated with each other.

Figure 3.4. Microphotographs of the colony of bacteria obtained from the surface
area of solid agar media from a tilted test tube or a Petri dish.
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3.3.2. Gram negative test
The literature reveals that Acetobacter xylinum is a Gram-negative bacterium
with a rod-shaped cell (Deinema and Zevenuizen, 1971; Zaar et. al., 1979;
Sutherland, 2001; Saxena and Brown, 2005; Barud et. al., 2008). The Gram-negative
test reflects fundamental differences in the biochemical and structural composition of
bacteria. It is useful in classifying two distinct types of bacteria based on structural
differences in their cell walls. As a first step, a dye is used to create a contrast
between the bacteria and the background; this is known as the primary staining step.
The smear is then treated with an iodine solution to increase the interaction between
the bacterial cell and the dye so that the dye is more tightly bound or the cell is more
strongly stained (Talaro et. al., 2001). Next, an acetone solution is applied to wash
and decolourise the smear. The colourless smear is finally stained with safranin. The
end result is that Gram-negative bacteria are pinkish in colour, as shown in Fig. 3.5.
The Gram staining behaviour of bacteria bears a strong correlation to the
structure of the cell walls. Gram negative bacteria usually have a thin peptidoglycan
layer covered by an asymmetric lipid bi-layer outer membrane, where
lipopolysaccharide forms the exterior layer and phospholipids form the inner layer as
shown in Fig. 3.6. Due to their thin cell walls, they retain little of the safranin dye.
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Figure 3.5. Microphotographs of the colony of bacteria obtained from the surface
area of solid agar media from a tilted test tube or a Petri dish.

Figure 3.6. Electron micrographs of one-section Gram-negative bacterial cell walls
at a magnification of 165,000x (Glazer and Nikoida, 2007).
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3.3.3. Formation of pellicles
Medium A used in the fermentation process was inoculated with medium B,
which had previously undergone inoculation with bacteria stored in agar in a ratio of
1:10 v/v. This previous inoculation serves to control the number and growth of
bacteria in medium B, which is indicated by the same thickness of pellicle. Four days
after inoculation, a thin white layer appears on the surface of medium B (Fig. 3.7).
This layer is called pellicle (gel-like). Afterwards, this layer is removed and the
solution is used as a starter (seed broth) on medium A. Microbes will shortly grow up
in the media and fermentation will take place.

Figure 3.7. The white layer appeared on the top of medium B four days after
inoculation
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The acidity of the culture medium is the most important factor for the
growth of these bacteria. The optimum pH for cellulose production by Acetobacter
xylinum has previously been reported in several studies to be less than 7 (Hestrin and
Schramann 1952; Glasser et. al., 1958; Masaoka et.al., 1993). In this work a medium
with a pH of 4 was used. The change in pH condition of this strain of bacteria makes
them susceptible to mutagenesis, becoming a gluconate-negative mutant of their
parent strain. As a result, they are potentially non-cellulose producing (Hwang et. al,
1999), or commonly known as a wild-type product (Valla and Kjosbakken, 1982) or
native-band cellulose (Ohad et. al., 1962). The change of bacterial cellulose structure
from Iα to folded-chain cellulose II is a result of the mutagenesis of Acetobacter
xylinum (Kuga et. al., 1993).
After 21 days, the thickness of the pellicles growing on the surface of the
medium is 1.5-2.0 cm (Fig. 3.7). The fermentation process is similar to that which
provides the starter. Several theories have been advanced to explain the process by
which the bacteria produce a pellicle on the surface of the medium. In the initial
stage, the bacteria population increases by taking up dissolved oxygen and producing
a certain amount of cellulose in the entire liquid phase as observed by the appearance
of turbidity. When the dissolved oxygen is exhausted, only the bacteria existing in
the vicinity of the surface are able to maintain their production of cellulose. Although
they may undergo cell division, the size of the population in the surface region does
not increase exponentially but reaches an equilibrium as the excess are occluded and
sink in the gel (Iguchi et. al., 2000).
By taking a biological approach, Brown et. al., (1976) and Zaar (1977)
support the cell division theory which suggests that the bacteria increase by forming
a new branch as shown schematically in Fig. 3.8. The fibrils of BC are considered to
be formed by the bundling of microfibrils which are excreted from pores aligned on
the surface of cells in a row along their longitudinal axis. If the excretion continues
beyond cell generation, the microfibrils of parent cells will be inherited one-half by
each of the daughter cells, forming a branching point on the fibril. In this case, the
diameter of fibrils may be narrower after cell division, although it must recover as
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the new cells mature. Alternatively, the normal number of pores for excreting
microfibrils may be found in the new cells as the parent cell divides. According to
Nishi (1990), Acetobacter xylinum produces cellulose for two reasons: as a byproduct of its metabolism and as an environmental defence mechanism which allows
the bacteria to float at the air/liquid interface so it can access oxygen and the media,
as well as protecting it from the harmful UV rays of the sun.

Figure 3.8. Schematic drawing to explain the formation mechanism of branch in
fibril of BC (Iguchi et. al., 1989).
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Kinetically the production of cellulose by bacteria has been studied since
the 1950s. The yield of the cellulose production increases exponentially with time
assuming that, during its generation time, the bacteria produce a certain number of
chain initiators to which monomer units are added to form cellulose and that the
bacteria population obeys the law of bacteria growth (Brown et. al., 1962; Budhiono,
et. al., 2000). The equation below shows that,

N t = N 0 eαt ..........................(3.1)
where N0 and Nt are the number of bacteria at time 0 and t, respectively, and the
constant, α is appropriated to the mean reproduction time of bacteria, τ by:
1

α =   ln 2 ..........................(3.2)
τ 
The BC is not the only component formed in culture of Acetobacter xylinum.
Other naturally-occurring products have been found during experiments. Certain
strains of Acetobacter xylinum produce a previously unknown exopolysacharide
called acetan as a by-product (Couso et. al., 1987). This has been further investigated
by Jansson et. al., (1993), who used the 1H NMR technique to show that the structure
of acetan is a heptasaccharide by β-1,4 linkages between two of the glucose, forming
a repeating chain. The structure and method of formation are shown to be similar to
xanthan gum, which is widely used in various industries as an emulsifier, secreted by

Xanthomonas campestris (Becker et. al., 1998). At the same time, MacCormick et.
al., (1993) produced variants of acetan and isolated them. Ishida et. al., (2002) have
identified that both aceQ and aceR genes are involved in the biosynthesis of acetan
by Acetobacter xylinum known as glycotransferases.

The purification process

described above removes acetan from the pellicle.

3.4. Conclusion
By culturing Acetobacter xylinum into the medium containing glucose as a
main source of food of the bacteria, BC pellicles have been successfully produced by
a static culture method. Using an agar media in a Petri dish or a tilted test tube, the
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bacteria are easily collected or transferred to another container to prepare a new seed
broth which becomes a new starter for further culturing. In order to guarantee that the
bacteria retain a high level of viability and to avoid genetic mutation, the bacteria are
continually refreshed using agar media. The results of tests showed that the

Acetobacter xylinum used in this work is a rod-shaped Gram negative bacteria. The
length of time of culturing depends on the thickness of BC gel required.
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Chapter 4
Investigation of the Structural, Morphological,
Mechanical and Thermal Behaviour of Bacterial
Cellulose after a Two-Step Purification Process
4.1. Introduction
Bacterial cellulose (BC) has attracted a great deal of academic and
commercial interests, with numerous applications in biotechnology, pharmacy,
biobased packaging and other fields of biomedical science (George et. al., 2005;
Iguchi et. al., 2000; Yamanaka et. al., 1989). The reasons for such interest reside in
the ease in producing a fully biobased cellulosic material which has good mechanical
properties such as high tensile strength and modulus, high purity, high water-binding
capacity, and an ultra-fine network structure. The relative high mechanical properties
of BC fibres have also led to their use as reinforcing agents in composite materials
(Gea et. al., 2010; Grunet & Winter, 2002). The Young’s modulus of a single
filament of BC estimated using a Raman spectroscopy technique is around 130 GPa
(Eichhorn et. al., 2010; Hsieh et. al., 2008).
Many strains of bacteria possess the ability to produce cellulose at the surface
of a medium containing carbon and nitrogen as food source. These include Sarcina,

Agrobacterium, Rhizobium, and Acetobacter (Deinema & Zavenhuizen, 1971).
However, the rod-shaped and Gram-negative Acetobacter xylinum is the only species
known to be capable of producing cellulose in commercial quantities. Therefore,
methods of producing BC have been developed with the aims of improving yield,
structure, and other desired physical properties (Geyer et. al., 1994; Jonas & Farah,
1998; Yamanaka et. al., 2000). Besides using different production methods, the
medium used for culture, the pH level, and the source of nitrogen and phosphate as
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the main food source for Acetobacter xylinum have also all been studied (Masaoka et.

al., 1993).
A crucial step in the production of any cellulose product is its purification,
which is traditionally, known as a chemical pulping process in the paper-making
industry. This process is intended to remove essentially all of the undesired residual
insoluble lignin and other chemicals bound to the cellulose fibre as well as impurities
occurring during processing and converting them into compounds which are soluble
in alkali water. If lignin is not removed, photo-oxidation, which causes
discolouration with age, is likely to occur, and also the final paper product is brittle
(Robert, 1996). Therefore, various methods have been developed and different
chemicals have been used to produce a good quality paper as well as to overcome
low pulp yields (Bajpai, 2005; Brooks & Moore, 2000; Nabiev et. al., 1999;
Rashidova et. al., 2003).
Alkaline is one of the most commonly used chemicals in the mercerization
process since it is able to hydrolyze and remove impurities present in cellulose.
Unfortunately, this mercerization process is often accompanied by an unwanted
transformation of the crystal structure from cellulose I to cellulose II. The
concentration of NaOH used for this transformation varies, depending on the type
and the origin of cellulose being treated. Previous researchers have reported that the
transformation of cellulose I to cellulose II occurs at concentrations of NaOH above
6% (Borysiak & Garbarczyk, 2003; Moigne & Navard, 2009). The time used for the
purification process is different. Some of them use 8 min (Moharram & Osama,
2008), 30 min (George et. al., 2005), 1 h (Manskikkämaki et. al., 2007; Oh et. al.,
2005; Shibazaki et. al., 1997), 2 h (Nakagaito & Yano, 2008), 15 h (Nishi et. al.,
1990), 24 h (Saibuatong & Philasapong, 2010), 48 h (Aziz & Ansell, 2004),
although it was reported once that samples immersed into the NaOH solutions the
same concentration for 24 h gave the same effect as those treated for shorter time i.e.
2 h. (Dinand et. al., 2002). However, research into the change of cellulose I to
cellulose II as a result of alkalization is still ongoing and is still the subject of debate
(Dinand et. al., 2002; Oh et. al., 2005; Zhou et. al., 2004).
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There are three steps in the transformation process, which begins with fibre
swelling due to water absorption, leading to a significant increase in mobility of the
cellulose chains. Then the alkaline solution penetrates the amorphous areas of the
cellulose, before saturating the cellulose and disrupting the crystalline regions,
finally forming new crystalline lattices after the mercerizing solution is washed off
(Lee et. al., 2004). Usually, the amorphous and crystalline regions which cover the
upper surface of the cellulose structure react with the alkali solution and are removed
when the solution is finally washed off (Gassan & Blezki, 1999; Liu et. al., 2008).
During the polymorphic transformation from cellulose I to cellulose II, a
change in conformation from parallel to antiparallel occurs, which is accompanied by
the breaking of numerous primary inter- and intra-molecular hydrogen bonds in
cellulose I. This transformation is a secondary phenomenon, which can not occur
without first breaking the primary hydrogen bonds in cellulose I (Laszkiewicz, 1997).
The result of this transformation is a significant decrease in mechanical properties.
Ishikawa & Okano (1997) have reported a drop in Young’s modulus of a single
ramie fibre from 27 GPa (cellulose I) to 21 GPa (cellulose II). The appearance of
cellulose polymorphs is easily detected by conventional wide angle X-ray diffraction
(Mansikkamäki et. al., 2005: Zugenmaier, 2008). The reduction of those values are
found as well on the crystal moduli of cellulose I and II despite reported differences
of magnitude depending on the method used to measure. Matsuo et. al., (1990) using
an X-ray diffraction method reported 120-135 GPa and 106-112 GPa respectively. In
the same method, Batenburg & Kroon (1997) reported that the elastic moduli of
cellulose I is 130-137 GPa and for cellulose II is 71-90 GPa.
Bleaching is another very common process in the paper-making industry.
This stage is aimed at enhancing the brightness of the pulp to provide a bright white
paper for applications such as printing and tissue paper. It also eliminates the
problem of yellowing of the paper exposed to light due mainly to residual lignin in
the pulp (3-6 wt%) and removes resin and other extractives present in unbleached
pulp (Bajpai, 2005). Bleaching agents are often used based on their reduction and
oxidation behaviour in nature. Chemicals which are usually employed include
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bisulfite, dithionite and borohydride, while also peroxide, hypochlorite, paracetic
acid and ozone have been used (Robert, 1996).
Within this paper, both treatments (pulping/mercerization and bleaching)
have been performed on BC, in analogy with traditional paper-making practice, in
order to remove cellulose by-products and other organic compounds (like nucleic
acids and proteins remaining from the culture medium) but, at the same time, prevent
the polymorphic transformation from cellulose I to cellulose II. Although the effect
of purification on the improvement of mechanical properties of BC has already being
reported earlier (George et. al., 2005; Hsiech et. al., 2008; Nishi et. al., 1990;
Shibazaki et. al., 1997; Yamanaka et. al., 1989), a further enhancement in
mechanical and thermal properties is envisaged by retaining the more highperformance cellulose I crystal phase.

4.2. Experimental

4.2.1. Materials
In this research, BC gel used was previously produced as described in
Chapter 3. For the purification process, NaOH and NaOCl from VWR International
were used as received.

4.2.2. Sample preparation

4.2.2.1. Treatment of BC

After harvesting, some of the pellicles of BC were left on the sieve to allow
the liquid from the pellicles to escape through the sieve without any treatment. These
samples are called untreated BC. The remaining pellicles were washed under running
tap water for 6 h, and then the pellicles were immersed overnight in 2.5 wt.%. NaOH.
These are hereafter referred to as NaOH-treated BC (single-step treated BC). A third
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sample was prepared in the same way as the second sample, i.e. NaOH-treated BC,
before being given a second treatment and then treated with 2.5 wt.% NaOCl
respectively (two-step treated BC). The pellicles were then rinsed under running tap
water to remove the solvent until neutral pH conditions.

4.2.2.2. Preparation of BC Sheet

For the preparation of morphological analysis specimens, the samples were
left in the form of a gel, while, for other tests, such as mechanical, thermal, and
structural analysis, the samples were prepared in sheet form. For the preparation of
BC sheet, the pellicle was sandwiched between two stainless steel plates of 20 mm
thickness along with a wire mesh, for 5 min at 115 °C at 70 MPa pressure to squeeze
out any remaining water as shown in Fig. 4.1.

Figure 4.1. The pellicle of bacterial cellulose gel sandwiched between the stainless
steel and then layered with wire mesh (#200) and a non-woven cloth on the hot
compress.
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4.2.3. Characterisation

4.2.3.1. Morphological analysis

The morphology of untreated BC, single-step treated BC and two-step treated
BC was investigated using a cryo-field emission scanning electron microscope (FESEM) Quanta 3D ESEM FEI (The Netherlands). Each gel was cut with a sharp knife,
securely mounted on a sample holder under ambient conditions, and then quickly
frozen in liquid nitrogen. The sample was subsequently transferred under vacuum
into the cryo-SEM sample preparation chamber, with a sample temperature
constantly maintained at -150 °C via a cold stage. The temperature of the anticontaminator in the sample preparation chamber was maintained at -190 °C. The
sample was then fractured using a cold knife kept at -150 °C to reveal a clean surface
of frozen BC gel. The sample was sublimed for more than 5 min at -100 °C to etch
away water on the surface of the gel following fracturing. Next, the sample
temperature was lowered to -135 °C and once the temperature was steady, the sample
was sputter-coated at 11 mA for at least 60 sec to deposit a thin layer of conductive
platinum on top of the sample. The sample was then transferred under the protection
of high vacuum into the cryo-FE-SEM microscopy chamber and imaged at an
accelerating voltage of 2 kV and at a working distance of 6-8 mm.

4.2.3.2. Tensile testing

Tensile tests were performed on a tensile test machine Instron 5566 equipped
with a 1 kN static load cell. The 0.2-0.3 mm thick sheets were cut into rectangular
strips (30 mm x 5 mm). The samples were stored in desiccators for at least 24 h
before testing. Tensile testing was undertaken at room temperature and at a speed of
1 mm.min-1. All measurements were performed for at least five samples, and the
average value recorded. The value of modulus (E) has been calculated from the slope
of the linear elastic curve E – ε between 0.0006-0.0038 strain.
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4.2.3.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) and differential thermogravimetric
analysis (DTGA) data of all samples were carried out using a TA Instrument Q500
thermal analyzer. The average weight of the samples was approximately 15 mg. Scan
rates of 20 °C.min-1 over a temperature range of 20-1000 °C were applied. All
specimens were tested under an inert (N2) atmosphere.

4.2.3.3. X-ray diffraction analysis

Crystalline structure of BC sheets was analysed using a Siemens D5000 Xray diffractometer (XRD), where the X-ray beam was Ni-filtered Cu Kα (λ=0.154
nm) and radiation operated at 40 kV with a filament of 40 mA. The sheet was
directly mounted on the sample holder. The aperture slits were set at 0.1° and the
scanning step was 0.02° with a scan time of 2.5 seconds per step.

4.2.3.4. FT-IR analysis

Fourier transfer infrared (FT-IR) spectra of the bacterial cellulose sheets were
obtained using a Nicolet 8700 FT-IR spectrometer (Thermo Electron Corporation,
UK) in conjunction with an MTEC Photoacoustic Spectrum (PAS) cell. Samples of
BC sheet were mounted in the sample holder and the sampling chamber purged with
dry helium. Spectra were obtained in the mid infrared region (4000-800 cm-1) at 8
cm-1 resolution and averaging of 128 scans.
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4.3. Results and Discussion
4.3.1. Morphology
Fig.4.2. shows the contrast between BC gel before (a) and after (b) two-stage
purification. Unlike plant cellulose, which is bound with lignin, hemicellulose and
other chemicals which occur naturally with cellulose, BC is not bound to other
chemicals and is of relative high purity (Klemm et al., 2001). Therefore the
purification process applied in this work differs from plant cellulose purification as it
is aimed at removing only the remaining organic material, which is a source of food
for the microbes in the medium (George et. al., 2005). Proteins and nucleic acids,
either from yeast extract or produced by microbes during incubation, cause
impurities as well as give the gel a yellowish colour as shown in Fig. 4.2.a. The
remaining rod-shape bacteria of Acetobacter xylinum, as shown on the surface of
untreated BC gel in Fig. 4.3.a, are the other main target of alkalization.
There are two stages in the purification process. Firstly, BC gel was washed
in 2.5 wt.% NaOH solution and then with 2.5 wt.% NaOCl overnight consecutively.
The two samples, namely as single-step treated BC and two-step treated BC, were
compared with native untreated BC. A fixed concentration of 2.5 wt.% NaOH
solution was used in this study based on the intent to maintain the cellulose I
polymorph of BC and prevent the formation of cellulose II which is characterised by
lower mechanical properties. It has been widely reported that concentrations of over
6% NaOH can potentially change the crystal structure of BC from cellulose I to
cellulose II (Dinand et. al., 2002; Gomes et. al., 2007; Mansikkämaki et. al., 2005;
Oh et. al., 2005; Shibazaki et. al., 1997). From the work of Laszkiewicz (1997), it
can be seen that the change in structure from cellulose I to cellulose II as a result of
the alkalization process is accompanied by the breaking of many inter- and intramolecular hydrogen bonds which are naturally present in cellulose.
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(a)

(b)

Figure 4.2. Pellicles of (a) untreated BC and (b) two-step treated B
By using a two-step purification process, i.e. an alkaline solution followed by
an NaOCl solution, non-cellulose materials such as protein and nucleic acids derived
from bacterial cells and the culture broth are removed from the pellicle, allowing the
formation of strong inter- and intra-fibrillar hydrogen bonds (Nishi et. al., 1990).
Besides being free from impurities, this two-step treated BC gel shown in Fig. 4.2.b
was odourless with a neutral pH. Within a few weeks, mould starts to grow on
untreated BC sheet, resulting in a colour change with the untreated BC becoming
darker. Two-step treated BC sheet can instead be stored for a long time without
experiencing a change in colour and/or quality.
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The reason for the choice of this method is to maintain the three-dimensional
structure of BC gel, allowing the inside of the gel to be observed more easily. The
surface of untreated BC is still opaque meaning that it is impossible to study the
internal structure of the untreated BC network directly, as shown in Fig. 4.3.a. The
organic impurities coming from the medium which are used in the culture process, as
well as the rod-shaped Acetobacter xylinum, cover the pores of the gel surface
preventing contact between fibres within the network. As a result, the number of
hydrogen bonds that can form is dramatically reduced, so reducing the strength of the
dried sheet material (Yamanaka et. al., 1989). This is confirmed by the value of
Young’s modulus of untreated BC sheet as shown in Fig. 4.3 and Table 4.1. This
can be compared with the single-step treated BC in Fig. 4.3.b., where the rod-like
shape of Acetobacter xylinum and other impurities can no longer be seen on the
surface of the gel, hence revealing the internal structure of the gel. Cloudy
aggregations of BC are beginning to be formed. This is in sharp contrast to the
pellicle which was further treated with 2.5% NaOCl, as shown in Fig. 4.3.c, where
nanofibres of BC can be clearly seen. This also shows the effectiveness of NaOCl as
a bleaching agent in removing impurities which are not removed with NaOH alone.
The cloudy aggregation found in single-step treated BC has also disappeared. This
bleaching agent is a moderately strong base (OCl-1) and a weak acid (HOCl). When
dissolved in water it forms hypochlorous acid, which is known as an active bleaching
agent as shown in this equation below,
NaOCl + H2O → Na+ + OCl-.....................(1)
OCl- + H2O → HOCl + OH-.......................(2)
For this reason, NaOCl has traditionally been used as a bleaching agent to
remove stains on clothing such as fats, waxes, pectin impurities including dye stuffs
which naturally contain colorant in the pulp and other chemicals in the textiles which
contain conjugated double bonds (Tomasino, 1992).
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(a)

(b)

(c)

Figure 4.3. Imaging of (a) untreated (UnBC), (b) NaOH-treated (NtBC) and (c)
NaOH+NaOCl-treated (TdBC) bacterial cellulose by Cryo-Field Emission Scanning
Electron
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4.3.2. Mechanical properties
The purification of pellicle is one of the most important steps in improving
the mechanical properties of BC sheet (Yamanaka et, al., 1989). Fig.4.4. shows the
stress-strain curve of untreated BC, single-step treated BC and two-step treated BC.
Young’s modulus, tensile strength, and strain at break of every sample are revealed
in Table. 4.1. The mechanical properties increase significantly after purification. BC
gel treated with 2.5 wt.% NaOH release impurities which are still trapped at the
surface and in the gel as indicated by Fig. 4.3.b. As a result the hydrogen bonding
intake in BC gel will work well because of the absence of impurities that hinder the
power of both inter-or intramolecular of hydrogen bonding. Young's modulus of
single-step purification was increased by two times compared to untreated BC. The
best properties of the samples were observed after further purification with 2.5 wt.%
NaOCl for overnight.
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Figure 4.4. Stress-strain curves of untreated BC, single-step treated BC and two-step
treated BC.
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Table 4.1. Summary of mechanical properties of untreated BC, single-step treated
BC, and two-step treated BC (E = Young’s modulus, σ = tensile strength, ε =
elongation at break)
Samples

E (GPa)

σ (MPa)

ε (-)

Untreated BC

7.6 ± 1.2

88.9 ± 9.3

0.0124 ± 0.009

Single-step treated BC

14.1 ± 1.6

139.1 ± 12.6

0.0134 ± 0.006

Two-step treated BC

18.8 ± 2.0

207.0 ± 13.8

0.0159 ± 0.002

4.3.3. Thermal behaviour
Thermogravimetric analysis (TGA) and differential thermogravimetric
(DTGA) curves of the BC sheets are shown in Fig. 4.5 and Fig. 4.6, respectively.
The corresponding data are listed in Table 4.2. TGA can be used to characterize any
material that exhibits a weight change upon heating and to detect the phase change
due to decomposition processes. Two-step treated BC sample undergoes one main
degradation at about 360 °C, which is typical of cellulose breakdown (Roman &
Winter, 2004), apart from a minor mass loss at about 100 °C, which can be attributed
to water evaporation. The less pure single-step treated BC sample withstands a lower
temperature before the main degradation happens (peak at 320 °C), with a shoulder
at about 400 °C. The untreated as-produced BC (untreated BC) presents a more
complex behaviour. The main cellulose degradation can be found at temperatures as
low as 290 °C, while the series of degradations between 150 °C and 250 °C can be
attributed to proteinous impurities. A singular behaviour is observed for the final
mass residue. The residue value increases from about 15% for two-step treated BC to
34% for untreated BC. This can be explained by the presence of phosphorous
compounds, as initial impurities, which can greatly enhance the char formation.
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Figure 4.5. TGA thermograms of untreated BC, single-step treated BC, and two-step
treated BC at a heating rate of 20 °C.min-1.
30
Untreated BC
Single-step treated BC
Two-step treated BC

-1

Mass loss [%.min ]

25
20
15
10
5
0
200

400

600

800

1000

o

Temperature [ C]

Figure 4.6. Derivative mass loss (DTGA) against temperature of untreated BC,
single-step treated BC and two-step treated BC at a heating rate of 20 °C.min-1.
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Table 4.2. Summary of the main degradation (peak temperature and % value) and
the final residue in percentage of untreated BC, Single-step treated BC, and two-step
treated BC
Peak Temp

% Residue at

(°C)

1000°C

Untreated BC

289

33.97

Single-step treated BC

322

28.11

Two-step treated BC

359

14.54

Samples

4.3.4. X-ray diffraction

Fig. 4.7 shows the diffractogram of untreated BC, single-step treated BC and
two-step treated BC. Three main peaks are found for all samples, located at 2θ =
14.7°, 16.2° and 22.4°. These correspond to the primary diffraction of the (1ī0),
(110) and (200) planes of polymorph cellulose I in agreement with previously
reported data (Klechkovskaya et. al., 2003; Sugiyama et. al., 1991; Zugenmaier,
2008). No reflections, instead, are found in correspondence of 2θ =12.1° and 20.8°,
which are characteristic of cellulose II (Laszkiewicz, 1997; Mansikkamäki et. al.,
2005). This demonstrates that the two-step purification process does not change the
structure of BC from cellulose I to cellulose II. However, a change that does occur in
the diffractograms of single-step treated BC and two-step treated BC after
purification is an increase in the intensity of their peaks compared with untreated BC.
This means that during the purification process a change in orientation of the
cellulose fibre takes place.
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Figure 4.7. X-ray diffractograms of untreated BC, single-step treated BC and twostep treated BC.

4.3.5. FT-IR analysis

FT-IR spectroscopy of untreated BC, single-step treated BC and two-step
treated BC was carried out in order to detect the occurrence, disappearance or any
peak shift that could be attributed to the purification process. The spectra of all
samples in the range of 4000-800 cm-1 are presented in Fig. 4.8 with peak
assignments tabulated in Table 4.3. The hydrogen-bonded OH stretching at ca. 38002900 cm-1 is shifted to higher wave number and the intensity of O-H stretch of
cellulose type I at 3345 cm-1 has increased due to the purification process. A shift in
the peak area was also observed in this region, which could be due to the
disappearance of the N-H stretch related peak from proteins and amino acids at 31503220 cm-1. No evidence of change in cellulose type (I to II) due to purification
treatment, was observed in FT-IR spectrum at this region. The peaks at 3488 cm-1
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and 3447 cm-1 assigned for –OH stretching intramolecular hydrogen bonding as
typical for cellulose II (Carillo et. al., 2004) are not found in this spectra. In the range
of 1800-500 cm-1, more evidence was found showing the efficiency of the
purification process. The peak at 1735 cm-1 assigned for C=O group in proteins and
lipids which appears in the untreated BC spectrum vanished after NaOH treatment.
Moreover, the peak at 1538 cm-1, which corresponds to protein amide II absorption,
disappeared in two-step treated BC. In addition, the purification process led to an
increase in the intensity of 1156 cm-1 (asymmetric stretch of C-O-C and CH2
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Figure 4.8. FT-IR spectra of untreated BC, single-step treated BC and two-step
treated BC

98

Chapter 4. The effect of purification

Table 4.3. FT-IR peak assignments of bacterial cellulose
Wave number (cm-1)

Assignment

Ref

3495

υ(O-H) Cellulose II

Moharram & Osama,
2008

3443

υ( O-H) Cellulose II

Moharram & Osama,
2008

3420

υ(N-H) free

Oh et al., 2005;
Movassaghi et al., 2008

3345

υ(O-H) Cellulose I

Moharram & Osama
2008

3278

υ(O-H) Cellulose I

Moharram & Osama
2008

3245

υ(H bonded O-H)

Focher et al., 2001

3150-3220

υs (N-H)

Movassaghi et al., 2008

2930

υa(CH2)

Oh et al., 2005
Movassaghi et al., 2008

2860

υa(CH2)

Oh et al., 2005;
Movassaghi et al., 2008

1730-1735

υ (C=O) form proteins and

Movassaghi et al., 2008

lipids
1710-1702

υ (C=O)

Kačuráková et al., 2005;
Movassaghi et al., 2008

1650

water absorbed

Moharram & Osama,
2008

1635-1645

C (O-H of absorbed water)

Oh et al., 2005

1538

Protein amide II absorption

Movassaghi et al., 2008

1425-1435

In plane δ (HCH,OCH)

Oh et al., 2005

1358-1375

w(CH)

Oh et al., 2005

1325

Benzene ring mixed with the

Movassaghi et al., 2008

CH in-plane bending
1146-1160

υa (C-O-C) ,CH deformation
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Movassaghi et al., 2008
1111

υ (C-C) ring

Movassaghi et al., 2008

(polysaccharides,
cellulose
1071-1067

υ (C-O)

Kačuráková et al., 2005

1046

δ(C-O) of the C-OH of

Movassaghi et al., 2008

carbohydrates
870-900

CH out-of-plane bending

Kačuráková et al., 2005

vibrations
665-670

Out of plane δ(C-OH)

Oh et al., 2005

υ = stretching ; δ = bending ; υa= asymmetric stretching ; υs = symmetric stretching;

4.4. Conclusions
The two-step purification process described is able to produce impurity-free
bacterial cellulose (BC) samples as demonstrated by SEM images, TGA and FTIR,
which greatly improves the mechanical and thermal performance of native BC. At a
concentration of 2.5 wt.% NaOH followed by 2.5 wt.% NaOCl, the structure of
cellulose I as native cellulose did not change to cellulose II. This conclusion is
supported by XRD data which shows no new peak at 2θ = 20.8°, corresponding to
cellulose II. Similarly, the FTIR spectrum gives no indication of the formation of
cellulose II. In addition, the Young’s modulus of NaOH-treated BC increased by a
factor of two compared to untreated BC because there is no disruption of the
intermolecular and intramolecular hydrogen bonding between and within the fibres
in the H-bonded network. As expected, a further increase in tensile strength is
observed for the two-step treated BC, since the polymorphic transformation from
cellulose I to other less performing cellulose types is prevented, while at the same
time a stronger network is created. Some change of orientation of the BC ribbons
was revealed as indicated by a difference in the intensity of the peaks of the
diffractograms, as shown by XRD data.
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Chapter 5
Bacterial Cellulose-Fruit Paper: Production and
Characterization

5.1. Introduction
Pulp has traditionally been used as the main raw material for the papermaking industry and is a fibrous material obtained from complex manufacturing
processes involving the chemical and/or mechanical treatment of various plant
materials (Sjöström, 1993). It is usually isolated from higher plants such as pines
(Pinus Sp), spruces (Picea Sp), firs (Abies Sp), beeches (Fagus Sp) and poplars
(Populus Sp). Unfortunately, the kraft and sulphite pulping processes for separating
and dissolving lignin, hemicelluloses and other impurities from the plant material
produce by-products which are harmful to the environment. For instance, in the kraft
process, the wastewater and airborne emissions including pungent gases can lead to
environmental concerns. The energy consumption for the separation process has also
received serious attention (Mims et. al., 1990). As a result, there has been an interest
in finding alternative materials for paper-making which are more environmentally
friendly, cheaper to produce, and, if possible, of better quality.
Plants which can potentially provide an alternative source of pulp include
apple and radish. Both are renewable products and can be easily found everywhere as
a food stuff. According to data reported elsewhere, the fibre content of an apple is
around 17.9 g per kg of apple flesh (Gheyas et. al., 1995) and the fibre content of
radish is around 9.0 g per kg of radish flesh (Bourquin et. al., 1993). As they are
considered to be overproduced or not easily absorbed by the market, both these
commodities often become overabundant and wasted. Although they can be
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processed to produce organic fertilizer, they will be of more benefit economically if
they are processed as source of pulp. Another benefit is that extracting pulp from
apple and radish is easier than extracting pulp from wood and other plant sources.
Furthermore, their purification methods are simpler.
High strength papers have been produced from bacterial cellulose (BC)
synthesized extracellulary by Acetobacter xylinum. In comparison with plant
cellulose, BC has higher purity, crystallinity and tensile strength. Thus, BC is
suitable for use as reinforcement of pulp paper by disintegrating and blending with
other fibrous materials as it seems that fragmented BC tends to stick to other surfaces
(Yamanaka et. al., 1989; Iguchi et. al., 2000).
This chapter reports the development of fruit papers reinforced by bacterial
cellulose. Apple and radish pulp are mixed with disintegrated BC in various ratios in
a liquid state before being pressed at a temperature of 115 °C. The resulting sheets
are characterised in terms of their morphology as well as their mechanical and
thermal properties.

5.2. Experimental

5.2.1. Materials
Clean BC gel used in this work was prepared as described previously in
Chapter 3. Apples and radishes used as a source of pulp were obtained on the open
market in London.

5.2.2. Disintegrated bacterial cellulose and Fruit paper

Small pieces of treated pellicle produced in Chapter 3 were suspended in 500
ml water, and placed in a home blender (The James Martin) for 3 min as shown
schematically in Fig. 5.1. For filtering, a filter paper was cut round to fit a Buchner’s
funnel of ca. 80 mm diameter and then filtered slowly using an aspirator.
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Clean gel

Cut into small pieces.

Put into blender, water added.

Blended.

Figure 5.1. Schematic of disintegrated bacterial cellulose preparation by a home
blender at 9000 min-1.

Unmodified commercial grade apples and radishes were used to produce the
pulp. After peeling off the skin and removing the core, 200 g apple meat was cut into
pieces and placed into the home blender as above. After the apple was washed with
water on a wire-mesh funnel, 120 ml of ca. 2.5 wt.% NaOCl solution was added to
the apple fragments and the suspension left for 20 min. The colour of the suspension
faded. After washing again with water, 100 ml of 2.5 wt.% NaOH solution was
added and the suspension left at room temperature for 20 min. The fragments were
washed thoroughly with water. The same procedure was applied to the radish.
The disintegrated pellicle, apple and radish were dried in a vacuum oven at
100 °C to constant weight to determine the water content. Based on the dry weight,
the disintegrated BC was mixed using ultrasonic treatment for 20 min in the ratios of
100:0, 90:10, 80:20, 70:30, 60:40 and 50:50 % of BC to apple pulp. After mixing, the
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resulting porridge-like substance was filtered as above and then heat-pressed as in

Fig. 4.1 in the previous chapter. The process was then repeated using the radish pulp
in place of apple pulp.
The 50:50 % of BC/Apple pulp and BC/radish pulp samples were used for
TGA, tensile testing, DMA and SEM. The other compositions were prepared to
assess the dependence of the mechanical properties on the BC content.

5.2.3. Characterisation of fruit paper-bacterial cellulose composites

The characterisation of bacterial cellulose/fruit paper involved mechanical
testing, structural analysis, thermal and morphological analyses.

5.2.4. Tensile tests

Tensile tests were performed in a universal tensile testing machine (Instron
5564) using a cross-head speed of 50 mm.min-1 and a 1 kN static load cell. The
sheets were cut into rectangular strips (40 mm x 5 mm) with a thickness of 0.2–0.3
mm and tensile tested at standard laboratory conditions (20 °C) following Iguchi et.
al, (1998). All measurements were performed for at least five samples in each case
and the average value recorded.

5.2.5. Thermal analysis

Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer
Pyris TGA7. Scan rates of 20 °C.min-1 over a temperature range of 20-600 °C were
applied. The specimens were tested under a nitrogen atmosphere. The initial weight
of the sample was around 7-8 g.
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5.2.6. Dynamic mechanical analysis

DMA testing was performed with a Perkin-Elmer DMA-7 (Perkin-Elmer
Corp. USA), in conjunction with a DEC personal computer. A tension-tension
system was employed, whereby a rectangular specimen is clamped at both extremes
and stretched in a dynamic mode. Testing was performed in the temperature scan
mode in the range 30 to 300 °C at a heating rate of 5 °C.min-1 under a Helium gas
atmosphere. A frequency of 1 Hz was used. For DMA testing, rectangular specimens
with dimensions 40 mm x 5 mm were cut from the pressed sheets. Thicknesses were
in range 0.1-0.2 mm.

5.2.7. Scanning electron microscopy (SEM)

A JEOL JSM-6300F Field Emission Scanning Electron Microscope (SEM)
was used to observe the morphology of the BC composites. Fracture specimens
obtained from tensile tests as well as from the surfaces of pressed sheets were
observed. All samples were coated with gold and observed using an accelerating
voltage in the 10 kV range. Freeze dried specimens, processed in an Advantage
Freeze Dryer System (pressure = 130 mbar), were observed in SEM following the
procedure previously described.

5.3. Results and Discussion
5.3.1. Mechanical properties of bacterial cellulose and fruit paper

In this work, as a raw material in producing BC-fruit paper, disintegrated BC
was mixed with radish and apple pulp by employing ultrasonics for 20 min until the
disintegrated BC was evenly distributed. In the following steps, pure and
disintegrated BC, as well as BC-fruit paper, were created in the form of dried sheets
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after hot-pressing at 115 °C. The water was squeezed out fully by placing the gel
between a flat steel and wire mesh. The wire mesh is used to retain the pellicle in
position and to produce smooth sheets of equal thickness (Iguchi et. al., 2000).
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Pure disintegrated BC
Pure apple sheet
Pure radish sheet
Apple pulp+DBC (50:50%)
Radish pulp+DBC (50:50%)
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Figure 5.2. Typical stress-strain curve of pure disintegrated BC and BC-reinforced
fruit paper (Gauge length = 30 mm)

Representative stress-strain curves for pure disintegrated BC, pure apple and
radish sheet and BC-fruit paper can be observed in Fig. 5.2. From these curves, it can
be deduced that Young’s modulus of BC sheet is 17.02 ± 0.34 GPa, with an ultimate
tensile stress (UTS) of 212.6 ± 21.3 MPa, and Young’s modulus of pure DBC is
7.6 ± 0.2 GPa with a UTS of 91.5 ± 11.6 MPa. The decreasing portion of the stressstrain curve observed after the maximum stress may be due to the breakage of
remaining discrete joints in the distorted mat structure. Meanwhile the Young’s
modulus of apple and radish sheet respectively is 5.4 ± 0.7 GPa and 4.8 ± 0.5 GPa
with a corresponding UTS of 39.9 ± 7.6 MPa and 33.7 ± 6.5 MPa. It is thought that
the mechanical properties of apple sheet are higher than those of radish sheet because
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apple contains a greater number of fibres than radish (Gheyas et. al., 1995; Bourquin

et. al., 1993).
From the same curve, disintegrated-BC shows a very ductile stress-strain
curve. The stiffness decreases significantly compared to pure-BC, at 7.7 GPa with a
maximum stress of 95.7 MPa due to the reduction in the fibre length when the
network structure is destroyed (Yamanaka et. al., 1989).

Apple-BC sheet
Radish-BC sheet

Young's Modulus [GPa]
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4
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Figure 5.3. Relationship between Young’s modulus and volume fraction of applebacterial cellulose and radish-bacterial cellulose composites.

Pure BC sheet shows a larger ultimate strength compared to disintegrated BC.
This can be attributed to the ease of deformation that occurs in the mat structure,
which offers a reduced resistance to stress accompanied by an increased capability of
adapting to a deformed state compared to the coherent mat structure observed with
pure BC. Physical properties of apple and radish sheet increase significantly after
reinforcing with disintegrated bacterial cellulose. Strain of apple and radish sheet
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increase up to 14% and 45% consecutively, even though the ultimate strength does
not show any significant difference.
In Fig. 5.3 an almost linear increase of elastic modulus can be observed with
increasing volume content of BC in apple/radish BC composites. In apple pulpdisintegrated BC composites the non-coherent mat structures observed reorient
themselves when deformed as can be observed in Fig. 5.4. This curve shows the
folding endurance of the sheet is enhanced since a special characteristic of
disintegrated bacterial cellulose is its tendency to stick to other substances (Iguchi et.

al., 1988; Yamanaka et. al., 1989)

Figure 5.4. Orientation mechanisms of bacterial cellulose and pulp microfibrils in
BC-fruit paper.

5.3.2. Thermal Analysis
Fig 5.4. shows the relative weight loss for pure BC, disintegrated BC and BCpulp biocomposites. Pure BC shows the sharpest weight loss peak in the temperature
range 300 to 400 °C. Apple and radish pulp biocomposites show less pronounced
peaks starting at around 250 °C.
The derivative TG curves (DTGA) of the samples shown in Fig. 5.5 express
the weight-loss rate as a function of temperature for pure BC and BC composites.
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Pure and disintegrated cellulose curves present three peaks. The first peak occurs
between 20 °C and 150 °C and can be attributed to moisture release and thermal
degradation of proteinaceous matter (George at. al., 2005; Suarez-Garcia et. al.,
2002). A second peak is found between 300 °C and 400 °C, with maximum weight
loss rate at 360 °C and 370 °C for pure and disintegrated BC respectively, and might
be associated with cellulose thermal degradation processes such as depolymerisation,
dehydration and decomposition of glycosyl units followed by charred residues
(Orfao et. al., 1999: Suarez-Garcia et. al., 2002; Roman et. al., 2004). The last peak
may be due to the fact that cellulose carbonization might accelerate the degradation
process.
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Figure 5.5. TGA curves of pure bacterial cellulose and apple-reinforced
disintegrated sheet.

By contrast, BC-pulp biocomposites present an additional shoulder between
250 °C and 300 °C, with maximum weight loss rate at 270 °C and 280 °C for BCapple pulp and BC-radish pulp, respectively. This shoulder is attributed to the
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decomposition of hemicellulose present in the pulp (Orfao et. al., 1999: SuarezGarcia et. al., 2002; Roman et. al., 2004). The differences in the shape of the thermal
curves of such pulp materials might be due to the sources from which the samples
were prepared and the presence of non-cellulosic impurities (Ramiah, 2003).
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Figure 5.6. DTGA curves of pure bacterial cellulose and apple-reinforced
disintegrated sheet.

5.3.3. Dynamic mechanical analysis (DMA)
Fig. 5.7. shows representative plots of the storage tensile modulus (E’) at 1
Hz as a function of temperature for the different biocomposites. The initial moisture
of the samples was in the range 8 to 10%. Biocomposites made with disintegrated
BC, namely, BC-apple pulp, BC-radish pulp and pure disintegrated BC sheets
displayed similar behaviour, showing the lowest storage modulus values at 50 °C and
300 °C and the highest E at 150 °C.
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Figure 5.7. Storage modulus of pure DBC, BC/apple pulp and BC/radish pulp

By contrast, the pure non-disintegrated BC sample showed higher storage
moduli as temperature increased. It seems that the coherent network structure formed
by the intact cellulose fibrils becomes stiffer as temperature increased. The initial
increase is presumably due to drying of the paper, while at higher temperature
degradation occurs. From the storage modulus of the BC network (disintegrated or
otherwise), it can be seen that its elastic behaviour is determined by increasing
temperature. The presence of apple and radish pulp in the biocomposites may have
less influence on variations in the biocomposites’ storage modulus with temperature.
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5.3.4. SEM
Fig 5.8 shows the morphology of BC and the fruit papers. Pure BC sheet
(Fig. 5.8.a) displays a continuous and coherent structure formed by a network of
interconnected fibrils that present both entanglements and aggregations. By contrast,
sheet specimen of DBC in Fig. 5.8.b. does not show a coherent network structure.
Thus, fragmented fibrils do not form entanglements, although aggregations are still
present.
Pure pulp sheets have a similar layer organization but without a coherent
fibre network. The same morphology is found in the biocomposite sheets (Fig. 5.8.d)
despite the presence of BC fibres. The lack of pulled out BC fibres in the
biocomposite sheets compared with the pure BC sheets would indicate a good
interfacial adhesion between BC and apple/radish fibres. This is in agreement with
the reported tendency of fragmented BC to stick to other fibrous substances (Iguchi

et. al., 2000) and the affinity of BC for hemicellulose (Iwata et. al., 1998). In fact,
hemicellulose has been used in the past as an additive in papermaking to improve the
mechanical properties of papers (Lima et. al, 2003). The presence of hemicellulose in
the biocomposites produced in this study is confirmed by thermal analysis. Fracture
surfaces are depicted in Fig. 5.8.e. to Fig. 5.8.f. Pure BC sheets are structured in a
pile of thin layers. The coherent network is destroyed and some fibre pull-out is
observed.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.8. SEM of (a) surface micrograph BC sheet (b) surface of a pressed
disintegrated BC sheet, (c) pressed BC-apple pulp sheet, (d) fracture surface of a
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disintegrated BC sheet (e) frcature surface of a reinforced apple pulp sheet and (f) a
fracture surface of BC-radish pulp biocomposite

5.4. Conclusions
Bacterial cellulose possesses a relatively high tensile modulus (~18 GPa) due
to long interpenetrating fibres with strong hydrogen bonding between them.
Processing, however, favours the formation of short fibres (as in the case of
traditional composites). Hence disintegrated BC was investigated. The reduced fibre
length and disintegrated network structure in the latter results however in a much
reduced tensile modulus (~8 GPa).
The presence of other components in the pulps besides cellulose was
confirmed by thermal analysis. The derivative weight loss curve obtained from TGA
showed a shoulder attributed to hemicellulose between 250 °C and 300 °C that was
only present in BC-apple and BC radish biocomposites. It was found that organic
matrices such as radish and apple pulp can be reinforced with BC. Mechanical tests
showed an almost linear dependence of BC volume fraction and Young’s modulus.
The Young’s modulus of pure apple and radish pulp was around 4.5 GPa while BC
reinforced sheets reached values as high as 6.5 GPa. The processing technique shown
here can be an effective method of blending BC with other fibrous materials in order
to improve their mechanical properties. This process could be used in the fabrication
of super-strong papers, films and sheets with other strong fibrous materials.
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Chapter 6
Bacterial Cellulose-Poly (Vinyl Alcohol)
Nanocomposites Prepared Using an In-Situ Process

6.1. Introduction
Research into bacterial cellulose (BC), synthesised by micro-organisms, has
received a great deal of attention in recent decades (Eichhorn et. al., 2010). Some
bacteria such as Acetobacter xylinum are able to synthesis nanofibrils of cellulose
(BC) through the polymerisation of glucose molecules converted into β-1,4-glucan
chains in the interior of BC (Iguchi et. al., 2000). In static culture conditions, these
bacteria produce a thick gel or pellicle which has unique properties such as high
purity, high crystallinity, remarkable mechanical properties and an ability to form
homogenous membrane sheets (Iguchi et. al., 2000; Yamanaka et. al., 1989; Gea et.

al., 2007). As this nano-size mat possesses excellent biocompatibility and an
ultrafine reticulated structure, BC has found a multitude of applications in the paper,
textile, and food industries, and as a biomaterial in cosmetics and medicine (Bielecki

et. al, 2005).
Various efforts have been made to maximise the benefits of nanocomposites
based on BC, either by combining the synthesized pellicles with other materials or by
modifying the cellulose biosynthesis (Eichhorn et. al., 2009). Nanocrystals of BC,
which are obtained by hydrolysing the amorphous part of BC, have been applied as a
reinforcing agent in cellulose butyrate acetate (Bielecki et. al, 2005), and starch
(Grunert and Winter, 2002). By disintegrating the BC gel in the wet state, in order to
easily blend it with other cellulose fibres, paper prepared from apple and radish pulp
showed a significant improvement in mechanical properties (Yamanaka et. al., 1989).
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High volume fraction composites were prepared by Yano by impregnating BC sheets
with thermoset resins (Yano et. al., 2005). These materials showed a high stiffness in
combination with optical transparency, but were quite brittle. For applications where
ductility and toughness are required, more ductile polymer matrices are of interest. A
membrane for the pervaporative separation of ethanol/water has been prepared by
impregnating BC into 1.5% chitosan solution in 1% aqueous acetic acid (Dubey et.

al., 2005). More recently, an all-cellulose nanocomposites entirely made from BC
was successfully prepared by immersing a BC sheet in solvent lithium chloride/N,Ndimethylacetamide (Soykeabkaew et. al., 2009).
Alternatively, various substances have been directly incorporated into the
cultural medium, via an in-situ growth process. For use in the healing of wounds,
ulcers and burns, chitosan was added to the culture medium Ciechanska, 2004).
Carboxymethylated-bacterial cellulose, as copper and lead ion removal membrane,
has been obtained by adding the water-soluble carboxymethylated cellulose directly
into the culture medium (Chen et. al., 2009). BC was also grown in the presence of
potato and corn starch (Grande et. al., 2009), and poly (vinyl alcohol) (PVA). PVA,
in particular, has attracted a lot of interests, because found that of its water solubility,
good mechanical properties and biocompatibility (Sun et. al., 2009). It was found
that the present of PVA can influence the in-situ growth of BC through the formation
of spherulites (Kai and Kobayashi, 1992). Seifert et al. 2004, found that the addition
of cellulose derivatives and PVA into the culture medium gave biocomposites with
better water retention and ion absorption.
In this study, two different preparation methods for BC/PVA nanocomposites
are compared; (i) impregnation of bacterial cellulose gels with a PVA solution
(Impreg BC) and (ii) an in-situ growth of BC in the presence of PVA (In-situ BC).
The two nanocomposites obtained are characterised for what concerns their
morphological and mechanical properties.

6.2. Experimental
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6.2.1. Materials and Methods
Bacterial cellulose was prepared according to a method described previously
(Iguchi et. al., 2000; Gea et. al., 2007). A concentration of 5 %.v/v PVA (Mw =
84,000-124,000 g/mol; 98-99% hydrolysed) (Aldrich, USA) solution in distilled
water was prepared by stirring for 30 min at 80 °C. A sample of 100 g purified BC
gel was impregnated with 100 ml of the PVA solution for one night and then pressed
(115 °C for 5 min at 70 MPa) into a gel. This sample is hereafter called Impreg BC.
The same concentration of (sterilised) PVA solution (100 ml) was also added directly
into the medium (medium B in (Gea et. al, 2007)) of the growing BC. This sample is
referred to as In-situ BC. The In-situ BC was washed in fresh water and then left
overnight on a porous wire sieve in order to remove the water. As a control, sheets of
both pure BC gel and PVA were also prepared.
It should be noted that, although the initial PVA concentration for the
preparation of In-situ BC and Impreg BC is similar, the amount of PVA present in
the two composites is different, because of the different purification steps. The
estimated percentage of PVA in Impreg BC is 3.7%, while the PVA content in the
In-situ BC is 1.4% before purification.

6.2.2. Characterization
The morphology of BC/PVA composites was observed using a JEOL JSM6300F Field Emission Scanning Electron Microscope (SEM). All specimens were
coated with gold before SEM observation.
Tensile tests were performed on a tensile testing machine (Instron 5564) at a
cross-head speed of 5 mm.min-1 using a 1 kN static load cell. The tensile test
specimens were rectangular strips (40 mm x 5 mm), cut from 0.3 mm thick sheets,
and were tested at ambient conditions. All measurements were performed for at least
five samples in each case and the average value was recorded.

123

Chapter 6. Bacterial cellulose-poly (vinyl alcohol)

Structural characterisation was carried out using a Siemens D5000 X-ray
diffractomer (40 kV, 40 mA) with Cu Kα radiation (λ = 0.154 nm) was used. The
aperture slits were set at 0.1° and the scanning step was 0.02° with a scan time of 2.5
seconds per step.

6.3. Results and Discussion
Any chemicals added to the medium can affect the BC growth (Seifert et. al.,
2004; Brown and Laborie, 2007; Haigler and Chanzy, 1984; Yamamoto et. al.,
1996; Sugiyama, 1991). Fig. 6.1 shows the morphology of BC and BC/PVA bionanocomposites prepared by different methods.
The morphology of BC nanofibres (Fig. 6.1.a) is characterized by a network
of interconnected fibrils that contain entanglement and aggregations (Gea et. al.,
2007). The preparation of BC by an in-situ process with a solution of PVA 5%.v/v
directly added to the culture medium did not significantly affect the morphology of
the bacterial cellulose. Apart from the fact that the diameter of the BC fibrils can be
seen to change slightly, no significant changes occur in the arrangement of the fibrils.
Impregnation of PVA 5 %.v/v into a BC gel has however some effect on the ribbon
morphology of BC. Aggregations form more easily and thicken in certain parts,
resulting in an increase in the diameter of the BC fibre bundles. The same can be the
presence of PVA on the ribbons and the more homogeneous network for In-situ BC.
seen also for Impreg BC, where the fibre bundles are even more slightly thicker than
those of In-situ BC. From the SEM images of Fig. 6.1.b and Fig. 6.1.c it can also be
seen that the amount of PVA in Impreg BC is higher than in the In-situ BC and less
homogeneously distributed.
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(a)

(b)

(c)

Figure 6.1. SEM micrographs of: (a) BC (magnification 5000), (b) In-situ BC
(magnification 8000) and (c) Impreg BC composites (magnification 5000), showing
the presence of PVA on the BC ribbons and the more homogeneous network for Insitu BC
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The different morphologies found are expected to significantly influence the
mechanical performances. In general, the presence of an external phase between
cellulose fibres tends to weaken the strong attractive hydrogen bonding between
them (Iguchi et. al., 2000; Yano et. al., 2005), affecting the mechanical properties of
the cellulose films. In the case of composites made by the impregnation method the
presence of PVA reduces both the tensile strength and stiffness of the films by a
factor of two the Young’s modulus decreasing from 18.8 GPa (BC) to 9.1 GPa (Fig.

6.2).
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Figure 6.2. Stress-strain curves of pure BC compared with In-situ BC and Impreg
BC composites. The inset graph shows in greater detail the stress-strain behaviour at
small deformations.

The in-situ grown BC/PVA composite, instead, provides a better combination
of the characteristics of BC and PVA, notably high strength and ductility. At first the
composite responds elastically, with a modulus (6.4 GPa) much closer to the one of
pure PVA (3.0 GPa) than that of BC (18.8 GPa). This is followed by a plastic
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deformation process with necking and, successively, a strain hardening regime with a
modulus of 14.7 GPa, close to that of pure BC. Moreover, the ultimate tensile stress
of the in-situ BC/PVA composite is similar to the value of pure BC, suggesting that
the small, and homogeneously dispersed, amount of PVA present does not
compromise the ultimate strength of the BC network. Importantly, the strain at break
for the in-situ BC/PVA composite is significantly higher than that of pure BC sheet,
providing the necessarily ductility to these materials. The presence of a
homogeneous PVA coating onto the BC nanofibres leads to nanofibre slippage
within the BC network due to the partial interruption of hydrogen bonds between BC,
allowing the composites to feature an attractive combination of strength, modulus
and work-to-fracture. Initially, the material acts as a composite of PVA coated BC
while at high deformations the plastically deformed network of BC takes over.

Fig. 6.3. shows the diffractograms of BC, In-situ BC and Impreg BC, which
are practically identical. The three peaks located at 2θ = 14.7°, 16.2°, and 22.4°
correspond to the primary diffraction of the (1ī0), (110), and (200) planes of
polymorph cellulose I (Klechkovskaya, 2003). These data are characteristic of BC
and comparable with X-ray diffractograms reported previously (Yamanaka et. al.,
1989; Soykeabkaew et. al., 2009; Zugenmaier, 2008). From these data it can be
concluded that the presence of PVA has no effect on the crystal structure of either Insitu BC or Impreg BC. However, a difference can be seen in the relative intensity of
the peaks, especially in In-situ BC and Impreg BC, suggesting a change in the
orientation of the fibres in the presence of PVA.
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Figure 6.3. X-ray diffractogram of pure BC, In-situ BC and Impreg BC, showing no
effect of the presence of PVA on the crystal structure of In-situ BC and Impreg BC

Fig. 6.4. shows the effect of the presence of PVA in the BC film on the
transparency of the two composites: In-situ BC and Impreg BC. The addition of PVA
into BC leads to an improvement in the optical transparency of the pressed film. The
more PVA trapped in the BC the greater the optical transparency. As a result, the
optical transparency of Impreg BC, with an estimated PVA content of 3.7%, is better
than that of In-situ BC, with 1.3% maximum PVA content. This phenomenon is due
to the effect of the nanosize fibres of BC used in this work, which have the ability to
retain the transparency of PVA (Iwamoto et. al., 2005).
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(a)

(b)

(c)

(d)

Figure 6.4. Optical photograph of (a) pure BC, (b) In-situ BC, (c) Impreg BC, and
(d) pure PVA sheet, showing transparency after the introduction of PVA.

6.4. Conclusions
It has been shown that 5%.v/v water-soluble PVA in aqueous solution can be
added to a culture medium of Acetobacter xylinum. The addition of PVA causes a
minor change in the dimensions of BC ribbon, as well as leading to a reduction in
Young’s modulus but an increase in ductility and work-to-fracture. This is due to the
interruption of hydrogen bonding which naturally occurs in BC nanofibre networks.
The small amounts of PVA added to the BC gel, coats the BC fibres and leads to
enhanced transparency of the BC/PVA composites. The presence of PVA in BC gel
did not affect the crystal structure of the native BC.
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Chapter 7
Bacterial Cellulose - Reinforced Poly
(ε-Caprolactone) Nanocomposites

7.1. Introduction
In recent years, biobased and/or biodegradable polymers and composites have
gained a great deal of attention in response to public environmental concerns caused
by the growing problem of plastic waste (Mohanty et. al., 2000; Peijs et. al., 1998;
Peijs, 2000; Berglund and Peijs, 2010). Polymers from renewable resources such as
starch, cellulose, protein and other natural product are important steps toward the
development of fully biodegradable materials because of their structure, properties
and low cost Corradini et. al., 2006). Biodegradable polymers can provide
environmental benefits through their disposal by composting in contrast to traditional
polymers such as polyethylene (PE), and polypropylene (PP), etc., which remain in
the environment for many years after disposal by landfill (Gross and Kalra, 2002).
Poly (ε-caprolactone) (PCL) is one of the most widely studied biodegradable
synthetic plastics (Hakkrainen, 2002). PCL is a semi-crystalline polymer (degree of
crystallisation around 50%, glass transition temperature (Tg) around -60 °C and
melting point of about ~60 °C) obtained by ring-opening addition polymerisation of

ε-caprolactone. Its homopolymer repeating molecular structure consists of five nonpolar methylene groups and a single relatively polar ester group, giving PCL unique
properties like a high olefinic content, favourable miscibility with other polymers
and biodegradability, induced by the presence of hydrolytically unstable aliphaticester linkages (Kalfou, 1983). Nevertheless, a wider commercial use of PCL (as well
as others biopolymers) as a commodity plastic is still constrained by its relatively
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high costs, low melting temperatures and low mechanical properties (Amass et. al.,
1998). Such limitations can be partially solved by the development of PCL-based
nanocomposites. In fact, the addition of relatively small amounts of nano-sized fillers
in PCL can lead to dramatically improved mechanical properties and heat distortion
temperatures. Several synthetic and mineral nanofillers (as layered silicate
montmorillonite) (Pantoustier et. al., 2002; Chen and Evans, 2006) have already been
studied as reinforcement for PCL, but an increasing interest is rising in bionanocomposites in which biosourced nanofiller are used as reinforcement (Berglund
and Peijs, 2010; Eichhorn et. al., 2010; Bordes et. al., 2009).
Due to its abundance, renewability, hydrophilic nature and good mechanical
properties, cellulose is the main fibre source for the preparation of such bionanocomposites (Peijs, 2000; Berglund et. al., 2010; Bledzki and Gassan, 1999; John

et. al., 2007). Recently, researchers have developed procedures to isolate
nanocrystals of cellulose, known as cellulose whiskers, which are derived from
various origins such as plants and tunicates (Favier, 1995; Oksmann, 2001). Chitin
whiskers, for instance, have already been used as fillers for PCL bio-nanocomposite
(Wu et. al., 2007). Cellulose nanofibres can also be directly obtained from some
bacteria (e.g. Acetobacter xylinum), which under special static culturing conditions
produce a fine fibrous network of cellulose nanofibres. Elastic moduli of BC
nanofibrils between 78 GPa (Guhados et. al., 2005) as measured by AFM nanobending tests, and 114 GPa (Hsieh et. al., 2008) as measured via Raman
spectroscopy, have already been reported. The nano-structured network of BC
nanofibrils, which interact via a high density of hydrogen bonds, is as important as
the characteristics of isolated nanofibrils and can justify some interesting physical
properties. Interestingly, Young’s moduli and stress to failure of as much as 30 GPa
and 200 MPa, respectively, have been found for 2D-isotropic BC films (Iguchi et. al.,
2000; Gea et. al., 2007). Yano et al., (2005) have reported BC composites prepared
via impregnation of thermoset resins (up to 70 wt.% BC content), which showed
optical transparency, low coefficient of thermal expansion (comparable with silicon)
and mechanical strength comparable with mild steel. A non-trivial challenge is how
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to transfer the BC nanofibres into a thermoplastic matrix and at the same time
preserving the fibrous network structure. Impregnation by a polymer solution is a
viable route (Righdal et. al., 1983) but it requires long preparation times and the use
of solvents, which can draw environmental concerns. In Chapter 6 PVA/BC bionanocomposites were prepared directly via growing the BC network in presence of a
PVA solution. Although highly interesting, unfortunately this preparation method is
only applicable to water-soluble polymers and at concentrations that does not
compromise the bacteria bio-activity. Simple melt-compounding of thermoplastic
polymers and BC is certainly the most interesting preparation method from an
application and economical point of view since it can be readily implemented into
traditional industrial polymer processing routes and provides reliable and
reproducible products. This reports for the first time on PCL/BC bio-nanocomposites
prepared by melt-compounding. The BC has been prepared in two different ways,
which resulted in one case in a more collapsed or particulate-like reinforcement
(particulate BC: PBC) and in the second case in a more fibrous reinforcement
(fibrous BC: FBC). The importance of the shape and aggregation state of the
hydrogen-bond dominated BC network on the final composite properties will be
shown. The morphology, structure, thermal and mechanical performances of the
resulting composites were investigated using scanning electron microscopy (SEM),
fourier transform infrared (FT-IR) spectroscopy, differential scanning calorimetry
(DSC), dynamic mechanic analysis (DMA) and by measuring their mechanical
properties.

7.2. Experimental
7.2.1. Materials

In this study, strains of Acetobacter xylinum for the production of BC were
supplied by the Microbiology Laboratory of the Institute of Agriculture, Bogor,
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Indonesia. The chemicals used for the culture medium were glucose, ammonium
sulphate, potassium hydrogen orthophosphate, magnesium sulphate and yeast extract.
In the purification process, sodium hydroxide, sodium hypochlorite and the
chemicals mentioned above were used as received from VWR. Additional vitamins
such as B1, B3 and B5 were used to assist the growth of the bacteria. PCL with an
average molecular weight (Mw) of around 80000 g.mol-1 determined by GPC, was
supplied by Sigma-Aldrich. According to the product information, the properties of
PCL are listed below. Melt index (ASTM D 1238-73, 125 °C, 44 psi-1) is 0.1 g.min-1.
Melting point is 60 °C and density is 1.145 g.ml-1 at 25 °C. The elongation at break
(@ 50 mm.min-1) is 800-1000%.

7.2.2. Composite Preparation

In Chapter 3 the culture medium for the production of BC was prepared. For
every litre of distilled water, 50 g glucose, 5 g (NH3)3PO4, 4 g KH2PO4, 5 g yeast
extract, and 0.1 g MgSO4.7H2O was added. This culture medium was autoclaved at
121 °C for 2 h, and, once cooled to ambient temperature, vitamins B1, B2 and B5
were added. The acidity of the medium was adjusted to pH = 4 using glacial acetic
acid. A strain of Acetobacter xylinum was inoculated into the static culture medium
for 21 days at 28 °C. After harvesting and washing under running tap water, the
pellicles were immersed overnight in 2.5 wt.% NaOH and then 2.5 wt.% NaOCl,
consecutively. The pellicles (about 10 mm thickness) were then rinsed under running
tap water to remove the solvent until the pH of the sample was neutral.
Small pieces of treated pellicle BC were suspended in 500 ml distilled water
and disintegrated in a home blender at 9000 rpm for 3 min. The suspension was then
slowly vacuum filtered through a filter paper using an aspirator. The disintegrated
BC was dried in a vacuum oven at 100 °C untill a constant mass is reached. The
dried disintegrated BC was successively ground using a home blender. In order to
achieve a uniform size, the particles were sieved using 100-mesh sieves. These
granulates hereafter are referred to as particulate BC (PBC) and were used to prepare
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the PCL/PBC composites. Alternatively, treated BC pellicles were dried by a freezedryer (Wizard 2.0 SP Industries Co., The Viritis Company, NY), At a pressure of 130
mbar the pellicle was frozen at -50 °C at a cooling rate of 10 °C.min-1. Subsequently,
pressure was lowered by controlling the applied vacuum in order to speed up the
sublimation process, finally adding enough heat to allow the frozen water in the
material to sublime directly from solid to gas phase. All the processes were
controlled by the equipment software. The as prepared freeze-dried BC are hereafter
referred to as FBC. Importantly, this preparation method removed the bound water of
the BC pellicle without damaging the cellulose nanofibre network. Both PCL/PBC
and PCL/FBC were produced in ratios of 100:0, 90:10, 80:20, 70:30, 60:40 and
50:50 wt.%.
A mini twin-screw extruder (DSM X’plore Micro 15) was used for the
compounding of PCL with the PBC and FBC for 15 min at 120-140 °C and 50 rpm.
A N2 gas blanket was present in the chamber during compounding in order to reduce
degradation.
For the preparation of test specimens, the compounds above were
compression moulded into dumbbell shaped tensile bars using a hot-press, at 120 °C
at 55 kN for 5 min. The dimension of the sample is 1.25 mm thicknees and width of
2.95 mm and the gauge length of 30 mm, following the ASTM D638 method.
The same hot-pressing procedure was followed for the manufacture of
rectangular (10 mm x 20 mm x 1.8 mm) specimens for DMA tests.

7.2.3. Characterisation

7.2.3.1. Tensile Testing
Tensile tests were performed using an Instron tensile testing machine
according to ASTM D-638 equipped with a 1 kN static load cell. The tests were used
to measure Young’s modulus, tensile strength and elongation at break. The overall
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length of the specimens was 60 mm, the gauge length was 30 mm. The dumbbellshaped samples were stored in desiccators for at least 24 h and removed shortly prior
to testing. At least five replicate samples were tested for each composition. The
width and the thickness of each sample were measured before testing and the
approximate values were 3.0 mm and 1.25 mm, respectively. A test speed of 1
mm.min-1 was used throughout.

7.2.3.2. Morphological Analysis
A JEOL JSM-6300F field emission scanning electron microscope (FE-SEM)
was used to observe the morphology of the PCL/BC composites. Fracture surfaces
obtained after tensile tests, as well as cross-sectional surfaces of hot-pressed
composite sheets were observed. All samples were coated with gold and observed
using an accelerating voltage of 10 kV.

7.2.3.3. FT-IR Spectroscopy
Infrared spectroscopy of the PCL, PBC and PCL/PBC composite sheets were
performed with a Nicolet 8700 FTIR spectrophotometer (Thermo Electron
Corporation, UK). The spectra were obtained in the range between 4000 and 500
cm-1, with a 128 scanning time at room temperature.

7.2.3.4. Thermal Analysis
Differential scanning calorimetry (DSC) experiments were carried out in a
Mettler-Toledo DSC 822e Calorimeter. The samples, which had an average mass of
15 mg, were tested in standard aluminium pans and heated at scan rates of
20 °C.min-1. Measurements were carried out over a temperature range between 20
and 200 °C. All samples were prepared simultaneously in order to have the same

137

Chapter 7. Poly (ε -caprolactone)-Bacterial Cellulose Composite

thermal history. After the first heating cycle, the temperature was maintained for 1

min before the samples were cooled and then reheated at the same rate of 20 °C.min-1.
A nitrogen flow of 20 ml.min-1 was maintained throughout the test. For the
estimation of the degree of crystallinity the enthalpy of fusion (∆Hf) of each
PCL/PBC composite is determined by dividing the reference enthalpy by the value
for crystalline PCL (∆H 0f = 142 J .g −1 ) (Keroack et. al., 1998).
TGA was carried out using a TA Instrument Q500 on 15 mg samples.
Temperature ramps up to 1000 °C at a rate of 20 °C.min-1 were applied. All
specimens were tested under an inert (N2) atmosphere.
DMA tests were performed in a three-point bending mode whereby the
specimen is clamped at both ends. Tests were performed at a heating rate of
5 °C.min-1 under a N2 gas atmosphere, between 30 and 300 °C. The frequency was
kept constant at 1 Hz. For DMA tests, rectangular specimens with dimensions 20 mm
x 10 mm x 1.8 mm were used following ASTM D790. Storage modulus (E’), loss
modulus (E’’), and tan δ were recorded as a function of temperature.
The heat distortion temperature (HDT) test can give indications on the
thermo-mechanical stability of polymer materials. The test is described in full in
ASTM D648. The HDT test yields a single temperature value at which a mid-span
deflection of 0.25 mm is attained due to a static load applied in a three-point bending
set-up during exposure to increasing temperatures at a rate of 2 °C.min-1. The two
standard loads used are 0.45 MPa and 1.82 MPa; only a flexural stress of 0.45 MPa is
considered in this research. Since this test specifies a flexural deformation and
specimen dimensions, a bending strain can be specified:

r=

6dD
2

………………………………………..(1)

L
Where r is the bending strain in the outermost material; D is the mid-span deflection;

d is the specimen thickness and L is the span length. For the HDT test in ASTM D
648, d = 0.25 mm, D = 13 mm, and L = 100 mm, giving r = 0.19%. Therefore, the
HDT test can be interpreted as the specific temperature at which a flexural modulus
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of 230 MPa is reached in a DMA test, since this test also describes the relationship
between modulus and temperature (Alcock et. al., 2007).

7.3. Result and Discussion
7.3.1. Mechanical properties

35
Pure PCL)
PCL/FBC (50:50%)
PCL/PBC (50:50%)
PCL/PBC (70:30%)
PCL/FBC (70:30%
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Figure 7.1. Strain-stress curves of pure PCL, PCL/FBC and PCL/PBC composites

The mechanical properties of pure PCL as well as composites reinforced with
PBC and FBC at various concentrations were investigated by tensile tests at room
temperature. Typical stain-stress curves of the pure matrix and its composites with
BC are shown in Fig. 7.1. Yield stress and Young’s modulus of PCL improved
significantly with the addition of both PBC and FBC. The improvement in Young’s
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modulus for the PCL/BC composites is over eight times that of the neat resin, as
shown in Table 7.1. Nanocomposites based on freeze-dried BC (FBC) outperform
those of particulate BC (PBC) particularly for what concern the yield stress (Fig. 7.3)
and strain at break (Fig. 7.4), for concentrations below 30 wt%. This is indicative of
a better matrix/filler stress transfer in the case of FBC, which is attributed to the
larger surface area and higher aspect ratio due to the fibrous structure and open
porosity in the case of FBC. The enhancement in Young’s modulus for the PCL/BC
composites is up to over six times that of the neat resin, with 50 wt.% of BC content
(Fig. 7.2). The Young’s modulus of PCL/FBC is slightly higher than PCL/PBC,
which can be related again to the higher aspect ratio of FBC - compared with the
more collapsed particulate structure of the PBC - leading to a higher reinforcement
efficiency. Such reinforcement values for PCL are similar to the ones obtained
recently by Siqueira, et. al., (2009) for microfibrillated cellulose from sisal (cellulose
nanoparticles extracted from ligno-cellulosic fibres), and higher than what is
achieved using traditional cellulose fibres like kenaf.30 The effective contribution of
the BC fibres towards the composites Young’s modulus can be evaluated via
micromechanical

models.

A

simple

rule-of-mixture

model,

modified

for

discontinuous fibre reinforcement, can be expressed in the form (Hull and Clyne,
1996; Peijs, et. al., 1998).

Where Em, Ef and Ec are the Young’s moduli of the polymer matrix, the
reinforcement and the composite, f is the reinforcement volume fraction, ηL is the
length efficiency factor (ηL = 1 for fibres with high aspect ratio) and η0 is the
orientation factor. η0 is equal to 1 for fully aligned fibres (1D), 3/8 for fibres aligned
in-plane (2D) and 1/5 for randomly oriented (3D) fibres (Hull and Clyne, 1996).
Supposing ηL = 1, FBC and PBC effectively contribute to the Young’s
modulus of the composite with an Ef of respectively 14.4 GPa and 12.9 GPa, in the
case of 3D orientation, and of 7.7 GPa and 6.9 GPa, in the case of 2D orientation.
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These values are considerably lower than the ones expected from individual BC
nanofibrils, exceeding 80 GPa (Guhados et. al., 2005; hsieh, et. al., 2008) but are
approaching the ones measured for BC paper or film (15–30 GPa) (Iguchi, et. al.,
1998: Gea, et. al., 2007). The slight mismatch of the values for PCL/FBC and BC
paper can be justified by an overestimation of the effective fibre length (ηL < 1) or by
degradation of the BC during compounding in the extruder.
This simple micromechanical analysis implies that the reinforcing phase for
the both types of PCL/BC composites, as produced in this study, are not the
individual BC nanofibrils but rather consists more of aggregated BC bundles, in
which BC nanofibrils interact in a similar fashion as in the fine network constituting
BC paper. The production of true bio-nanocomposites based on individual BC
nanofibres still remains challenging but promises to offer much higher reinforcing
effects in polymeric matrices like PCL.

Table 7.1. Mechanical properties of pure PCL, PCL/FBC and PCL/PBC composites
together with relative improvement of modulus and yield stress of composites.

Samples

Pure PCL
PCL/FBC
(70:30%)
PCL/FBC
(50:50%)
PCL/PBC
(70:30%)
PCL/PBC
(50:50%)

Young’s

Yield

Ec/Em

σyc/σym

Modulus

Stress

[-]

[-]

[MPa]

[MPa]

183.8 ± 7.1

11.0 ± 1.1

1

1

931.6 ± 80.0

21.6 ± 2.4

5.1

2.0

1502.8 ± 95.9

24.5 ± 2.8

8.2

2.2

911.2 ± 57.9

18.6 ± 4.3

5.0

1.7

1463.6 ± 77.3

22.5 ± 1.4

8.0

2.0
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Figure 7.2. Young’s modulus of PCL/PBC and PCL/FBC as a function of BC content.
Continuous lines represents linear fit of experimental data.
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Figure 7.3. Yield stress of PCL/PBC and PCL/FBC as a function of BC content.
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Figure 7.4. Strain at break of PCL/PBC and PCL/FBC as a function of BC content.

7.3.2. Morphological Analysis

As mentioned earlier, for the tensile testing two types of BC were used as
reinforcement for PCL; (i) PBC, where the fibrous network was collapsed, and (ii)
FBC, where the fibrous network was kept intact. Fig. 7.5.a and Fig. 7.5.b show
images of particulate BC powder and freeze-dried fibrous BC. SEM micrographs
show that FBC is more easily and homogeneously dispersed in PCL than PBC.
Especially at concentrations above 50%, the PCL/PBC compounds become too
viscous for compounding.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 7.5. Scanning electron micrographs of (a) particulate PBC (b) and freezedried fibrous FBC; (c) surface of PCL/FBC (70:30%) composite and (d) surface of
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PCL/PBC (70:30%) composite: (e) fracture surface of PCL/PBC (50:50%)
composite, and (f) fracture surface of PCL/FBC (50:50%) composite.

As shown in Fig. 7.5.c, the main obstacle in the blending process between
PCL and PBC is the aggregation of the BC powder in the composites. This results in
an inhomogeneous surface morphology of the composites, which in turn will lead to
crack initiation and embrittlement. In contrast, the surface of the PCL/FBC
composites appears more uniform and smoother due to the nano-size BC fibres,
which are more homogeneously dispersed throughout the PCL matrix. As a result,
surface porosity is reduced, which in turn results in an improvement in mechanical
properties.
Typical scanning electron micrographs of fracture surfaces of PCL/PBC and
PCL/FBC composites are shown in Fig 7.5.e and Fig. 7.5.f. It can be seen that the
fractured PCL/PBC has pores filled with particles of PBC, indicating failure
initiation through debonding at the PBC/PCL interface, while in the case of
PCL/FBC the nano-fibres of FBC are well incorporated in the PCL. This positively
affects the yield stress and strain at break of the PCL/FBC composites, which are the
highest among the various composites (see Table 7.1).

7.3.3. Fourier Transform Infrared (FT-IR) spectroscopy

The FTIR spectra of pure PCL and PCL/PBC composites in the 4000-1500
cm-1 region are shown in Fig. 7. 6. For the pure PCL matrix broad and intense bands
are observed at 1730 cm-1, 2866 cm-1, and 2933 cm-1 related to the stretching of
carbonyl group (v C=O), stretching of symmetric –CH2 (vs CH2) and stretching of
–CH2 (vas CH2), respectively (Rigdahl et. al., 1983). With the addition of PBC to the
PCL, an O-H stretching band appears at 3480 cm-1. With the increase in PBC content,
the peak broadens as shown in the PCL/PBC (50:50%) composite.

145

Chapter 7. Poly (ε -caprolactone)-Bacterial Cellulose Composite

Photoacoustic [a.u.]

Pure PCL
PCL/PBC (70:30%)
PCL/PBC (50:50%)

3500

3000

2500

2000

1500

-1

Wave number [cm ]

Figure 7.6. FTIR spectra of pure PCL and PCL/PBC composites.

7.3.4. Thermal Analysis

Thermal degradation of PCL and PCL/PBC composites was investigated by
thermogravimetry under nitrogen flow. Fig. 7.7 presents the mass loss (TGA) of pure
PCL, PBC and PCL/PBC composites at a heating rate of 20 °C.min-1.
From the thermogravimetric curves it can be seen that BC is less thermally
stable than PCL, with a main degradation present at about 350 °C. The progressive
addition of BC to PCL leads to a decrease in the onset of mass loss. Nevertheless
PCL/BC bio-composites display an improved thermostability at higher temperatures
(above 450 °C), and an increased final residue.
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Figure 7.7. TGA thermograms of pure PCL, pure PBC and PCL/PBC composites at
various BC concentrations (90:10%; 80:20%; 70:30%; 60:40%; 50:50%) at a
heating rate of 20 °C.min-1.

The results on the DSC analyses are summarised in Table 7.2. It can be
observed that the presence of BC has a nucleation effect on PCL, which shows a
progressive increase in crystallisation temperature with filler content. Nevertheless,
the presence of DBC has an overall detrimental effect on the total amount of
crystalline phase of the polymer which decreases from 36% to 21%.
The storage modulus as a function of temperatures for PCL and PCL/PBC
is shown in Fig. 7.8. An increase in storage modulus of PCL/PBC across the whole
temperature range can be observed. The estimated HDT values for the various
PCL/PBC composites obtained from the DMA results at an equivalent stiffness of
230 MPa (horizontal line in Fig. 7.8) are listed in Table 7.3. The HDT of the polymer
is drastically enhanced (by about 40 °C) by the addition of as little as 10 wt.% of BC
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Table 7.2. Crystallinity, melting temperature (Tm) and crystallization temperature
(Tc) of PCL/PBC composites.
Sample

Crystallinity [%]

Tm [°C]

Tc [°C]

Pure PCL

36.1

57

34

PCL/PBC (90:10%)

31.6

57

35

PCL/PBC (80:20%)

31.4

59

35

PCL/PBC (70:30%)

23.6

59

36

PCL/PBC (60:40%)

21.3

60

36

PCL/PBC (50:50%)

20.8

60

37

4

Storage modulus [MPa]
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Figure 7.8. Dynamic modulus vs temperature for a range of concentrations of
PCL/PBC. Horizontal dotted line represents HDT condition.
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Table 7.3. Estimated HDT of PCL and PCL/PBC composites extracted from DMA
data (from Fig.7.8).
PBC content [vol.%]

0
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50

HDT estimation [°C]

33

67

70

71

73

75

7.4. Conclusions
Bacterial cellulose (BC) was used as a reinforcing agent for poly (εcaprolactone) (PCL) in two different forms: (i) particulate (PBC), and fibrous (FBC).
PCL/BC bio-nanocomposites were for the first time prepared by melt-compounding
using a mini twin-screw extruder and mechanical, morphological and thermal
properties were reported. The addition of BC positively contributed to the Young’s
modulus of PCL, which was increased up to over eight times. FBC, in particular,
showed a more homogeneous dispersion which in combination with its higher aspect
ratio resulted in a higher composite yield stress and strain at break in comparison
with PBC. BC acted as an heterogeneous nuclei for the crystallisation of PCL even
though it suppressed the overall degree of crystallisation. Interestingly, the addition
of BC had a significant positive effect on the heat deflection temperature (HDT) of
PCL, which doubled (40 °C increase) with the addition of as little as 10 vol.% of BC.

7.5. References
Alcock, B. Cabrera, N. O. Barkoula, N, M. Reynolds,. C. T. Govaerts L. E and Peijs, T. (2007). The
effect of temperature and strain rate on the mechanical properties of highly oriented
polypropylene tapes and all-polyropylene composites. Composites and Technology, 67,
2061-2070.
Amass, W., Amassand, A., and Tighe, B. A. (1998). Review of biodegradable polymers: uses, current
development in the synthesis and characterisation of biodegradable polyesters, blends of
biodegradable polymers and recent advances in biodegradable studies. Polymer
International, 39, 89

149

Chapter 7. Poly (ε -caprolactone)-Bacterial Cellulose Composite

Averous, L., Moro, L., Dole, P., and Fingant, C. (2000). Properties of the thermoplastic blends:
starch-polycaprolactone. Polymer, 41, 4157-4167.
Barone, L., Carciotta, S., Cicala, G., and Recca, A. (2006). Thermomechanical properties of
epoxy/poly (ε-caprolactone) blends. Polymer Engineering and Science, 46, (11), 15761582.
Berglund, L. A. and Peijs, T. (2010). Cellulose biocomposites from bulk moldings to nanostructured
systems. MRS Bulletin, March, 35, 201-207.
Bledzki, A. K, and Gassan, J. (1999). Composites reinforced with cellulose based fibres. Progress in
Polymer Science, 24, 221-274.
Bucknall, C. B., Gomez, C. M., and Quintard, I. (1994). Phase separation from solution of poly(ether
sulfone) in epoxy resins. Polymer, 35 (2), 353- 359.
Chen, B., and Evans, R. G. (2006). Poly (ε-caprolactone) nanocomposites: structure and mechanical
properties. Macromolecules, 39, 747-754.
Corradini,E., de Medeiro, E. S., Carvalho, A. J. F., Curvelo, A. A. S., and Matosso, L. H. C. (2006).
Mechanical and morpholgical charaterization of starch/zein blends plasticised with
glycerol. Journal of Applied Science, 101, 4133-4139.
Corradini, E., Mattoso L. H. C., Guedes, C. G. F, and Rosa, D. S. (2004). Mechanical, thermal and
morphological properties of poly(ε-caprolactone)/zein blends.

Polymer Advanced

Technology, 15, 340-345..
Eichhorn, S. J., Dufresne, A., Aranguren, M., Marcovich, N. E., Capadona, J. R., Rowan, S. J.,
Weder, C., Thielemans, W., Roman, M., Renneckar. S., Gindle, W., Veigel, S., Keckes, J.,
Yano, H., Abe, K., Nogi, M., Nakagaito, A. N., Mangalam, A., Simonsen, J., Benight, A.
S., Bismarck, A., Berglund, L. A., and Peijs, T. (2010). Review: current international
research into cellulose nanofibres and nanocomposites. Journal of Material Science, 45, 133.
Favier, V., Canova, G. R., Cavaille, J. Y., Chanzy, H., Dufresne, A., and Gauthier, C. (1995).
Nanocomposite materials from latex and cellulose whiskers. Polymer Advance Technology,
6, 351-355.
Gea, S., Billotti, E., Reynolds, C. T., Soykeabkeaw, N., & Peijs, T. (2010). Poly(vinyl) alcoholbacterial cellulose composites prepared using an in-situ process. Material Letters, 64, 901904.
Gea, S., Torres, F. G., Tronscoso, O. P., Reynolds, C. T., Vilasecca, F., Iguchi, M., Peijs. T. (2007).
Biocomposites based on bacterial cellulose and apple and radish pulp. International
Polymer Processing 22, 5, 497-501.
Hakkrainen, M. (2002). Aliphatic polyester: Abiotic and biotic degradation and degradation product.
Advances in Polymer Science, 157, 113-138.

150

Chapter 7. Poly (ε -caprolactone)-Bacterial Cellulose Composite

Hourstone, D.J., and Lane, J. M. (1992). The toughening of epoxy resin with thermoplastics: 1.
Trifunctional epoxy resin-polyetherimide blends. Polymer, 33 (7), 1379-1383.
Hsieh, Y. C., Yano, H., Nogi, M., & Eichhorn, S. J. (2008). An estimation of the Young’s modulus of
bacterial cellulose filaments. Cellulose, 15, 507-513.
Hull, D., and Clyne, T. W. (1996). An Introduction to composite materials, 2nd edition., Cambridge
University Press, Cambridge.
Iguchi, M., Yamanaka, S., and Budhiono, A. (2000). Review bacterial cellulose – a masterpiece of
nature’s arts. Journal of Material Science, 35, 261-270.
John, M.J., Anandjiwala, R. D., Pothan, L. A. and Thomas, S. (2007). Cellulosic fibre-reinforced
composites. Composite Interface, 14, 733-751.
Gross, R. A., and Kalra, B. (2002). Biodegradable polymer for the environment. Science, 297, 803807.
Kalfogu, N. K. (1983). Compatibility of low density polyethylene-poly (ε- caprolactone) blends.
Journal of Applied Polymer Science, 28, 2541-2551.
Keroack, D., Zhao, Y., and Prud’homme, R. E. (1998). Molecular orientation in crystalline miscible
blends. Polymer 40, 243-251.
Kister, G., Gassanas, G., Bergounhon, M., Hoarau, D., Vert, M. (2000). Structural characterization
and hydrolytic degradation of solid copolymers of D,L-lactide-co-ε-caprolactone by
Raman spectroscopy. Polymer, 41 (3), 925-932.
Marks (eds). (1985). Encyclopaedia of polymer science and engineering. John Wiley and Sons, Vol.
12. p 1-37
Mohanty, A.K., Misra, M.,and Hinrichsen, G. (2000). Biofibers, biodegradable polymers and
biocomposites: an overview, Macromolecule Material Engineering, 276, 277, 1–25.
Oksmann, K., Wallstrom, L., Berglund, L. A., and Filho, R. D. T. (2001). Morphology and
mechanical properties of unidirectional sisal-epoxy composites. Journal of Applied Science,
84, 2358-2365.
Pandey, J. K.,

Reddy, K. R.,

Kumar, A. P., and

Singh, R. P. (2005). An overview on the

degradability of polymer nanocomposites. Polymer Degradation and Stability, 88, 234-250.
Pantoustier, N., Lepoittevin, B., Alexandre, M., Kubies, D., Calberg, C., Jerome, R., and Dubois, P.
(2002).Biodegradable polyester layered silicate nanocomposites based on poly (εcaprolactone). Polymer Engineering Science, 42, 1928-1937.
Papadimitriou, S., Bikiaris, D. N., Chrissafis, K., Paraskevopoulus, K. M., and Mourtas, S. (2007).
Synthesis, characterization, and thermal degradation mechanism of fast biodegradable
PPSu/PCL compolymers. Journal of Polymer Science: Part A: Polymers Chemistry, 45,
5076-5090.
Peijs, T. (2000). Natural fibre based composites. Materials Technology, 15, 4, 281-285.

151

Chapter 7. Poly (ε -caprolactone)-Bacterial Cellulose Composite

Peijs, T., Garkhail, S., Heijenrath, R., van den Oever, M., Bos, H. (1998). Thermoplastic composites
based on flax fibres and polypropylene: influence of fibre length and fibre volume fraction
on mechanical properties. Macromolecule Symposia, 127, 193-203.
Potts, J. E., Clendinning, R. A., Ackart, W. B. and Niegish, W. D. (1973). Polymer in Ecological
problems, in: J. Guillet, (ed). Polymer Science and Technology, Vol. 3. New York, Plenum
Press, p.61-83.
Rigdahl, M., Westerlind, B., Hollmark, H., and De Ruvo, A. (1983). Introduction of polymer into
fibrous structure by solution impregnation. Journal of Applied Polymer Science, 28, 15991611.
Roman, M., and Winter, T. (2006). Cellulose nanocrystals for thermoplastic reinforcement: Effect of
filler surface chemistry on composite properties. In: Oksman, K., and Sain, M. (Eds).
Cellulose nanocomposite; processing, characterisation and properties. ACS symposium
series, p. 99-113.
Shabana, H. M., Olley, R.H., Bassett, D. C., and Jungnickel, B. J. (2000). Phase separation induce by
crystallization in blends of polycaprolactone and polystyrene: an investigation by etching
and electron microscopy. Polymer, 41, 5513-5523.
Silverstein, R.M., Bassler, G. C., Morril, T. C., (1991). Spectrometric identification of organic
compounds. John Wiley & Sons, New York.
Wu, X., Torres, F. G., Vilaseca, F., and Peijs, T. (2007). Influence of the processing conditions on the
mechanical properties of chitin whiskers reinforced poly (caprolactone) nanocomposites.
Journal of Biobased Materials and Bioenergy, 1, 341-350.
Yano, H., Sugiyama, J., Nakagaito, A. N., Nogi, M., Hikita, M., Handa, K. (2005). Optically
transparent composites reinforced with networks of bacterial nanofibres. Advanced
Materials, 17, 153-155.

152

Chapter 8. Bacterial Cellulose-Reinforced Mater-Bi

Chapter 8
Bacterial cellulose -reinforced Mater-Bi®
Nanocomposite

8.1. Introduction
Farm products offer a wide range of commodities such as cellulose, starch,
rubber, and other materials which are environmentally friendly. Starch, one of the
promising natural materials which are most abundantly available after cellulose, has
been considered a good candidate in thermoplastic technology (Follain, 2005). The
low price and the availability of starch in addition to its very favourable
environmental profile, have, in the past 15 years, aroused a renewed interest in
starch-based polymers as an attractive alternative to polymers based on
petrochemicals (Bastioli, 2005). From total production of starch, food applications
use 55% and non-food applications use 45%, the largest user being the paper
industry (Roper, 1996). The use of agriculture product is purposeful an important
method to cut down surplus farm products and to create non-food applications
(Vazquez and Alvarez, 2009).
Mater-Bi is a commercially available thermoplastic starch/polyethylene-vinyl
alcohol (PEVOH) (Bastioli, 1998) produced by Novamont, a leading European
company and pioneer in the field of bioplastics in Italy with a capacity of 60,000 tons
per annum, of which around 75% goes into packaging applications. Various kinds of
products made from Mater-Bi have been marketed in accordance with the
specifications of its use due to the fact that it is derived from a natural raw material
and, so, has a low impact on the environment.
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Composites of Mater-Bi with biodegradable fibres, particularly plant
cellulose, have been developed. The use of flax cellulose pulp with Mater-Bi
produces better mechanical properties and higher thermal stability (Puglia et. al,
2003). Short fibres of sisal added in the range from 5 to 20% have been able to raise
the resistance of the composite to crack initiation and work of fracture compared to
its pure matrix (Alvarez et. al., 2005), while its biodegradability is shown by the fact
that being buried in soil for just a month has the effect of reducing its mechanical
properties as a result of damage to the fibre/matrix interface (Alvarez et. al., 2006).
Bacterial cellulose (BC) produced by the culturing of Acetobacter xylinum
has recently received extensive attention from researchers due to its unique
properties such as high water capacity, high crystallinity, ultra fine fibre network
with a diameter of 20-100 nm, high purity which is distinguished from plant
cellulose, and high tensile strength (Bielecki 2005; Iguchi et. al., 2000; Saibuatong et.

al., and Wan et. al., 2007). The isotropic Young’s modulus of BC sheet is about 20
GPa (Gea et. al., 2007; Gea et. al., 2010; Yamanaka et. al., 1989). Meanwhile, the
modulus of a single BC fibre estimated using a Raman spectroscopy technique is 130
GPa (Eichhorn et. al., 2010; Hsieh et. al., 2008). Therefore BC has been used
extensively in many fields including wound dressings, optical displays, implants,
drug delivery and tissue engineering. Since its thermal expansion is very low i.e
10-7 ± 10-1 this material is also good for optical applications such as contact lenses
(Dahman et. al., 2009).
Until now there have been no reports of bio-nanocomposites of Mater-Bi
reinforced by bacterial cellulose (BC), which is the main goal of this work.
Composite base on Mater-Bi® NF01U, a product from Novamont, with BC have
been tested including mechanical properties and a variety of moisture, structural,
thermal, and morphological analyses.
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8.2. Experimental
8.2.1. Materials
The strains of Acetobacter xylinum used for the production of BC were
supplied by the Microbiology Laboratory of the Institute of Agriculture, Bogor,
Indonesia. The chemicals used for the culture medium were glucose, ammonium
sulphate, potassium hydrogen orthophosphate, magnesium sulphate and yeast extract.
In the purification process, sodium hydroxide, sodium hypochlorite and the
chemicals mentioned above were used as received from VWR. Additional vitamins
such as B1, B3 and B5 were used to assist growth following Gea et. al. (2007) and
Iguchi et al. (1998). Both a smooth, non-woven cloth and a wire 200 mesh sieve
were used to avoid slippage of the BC gel when a load was applied. Mater-Bi® grade
NF01U, a biodegradable polymer blend based on thermoplastic starch and poly
(vinyl alcohol), kindly supplied by Novamont SpA, Italy was also investigated.
Physical and mechanical properties of Mater-Bi® NF01U are listed in Table 8.1.

Table 8.1. Physical and mechanical properties of Mater-Bi® NF01U (according to
technical data-sheet from Novamont SpA, Italy)
Characteristic

Value

Melting point

110 °C

Density

1.3 g cm-3

Tensile stress at break

24 MPa

Elongation at break

560%

Young’s modulus

95 MPa

8.2.2. Preparation of composite
Particulate BC (PBC) and freeze-dried BC (FBC) used in this work were
reported previously in Chapter 7 (Gea et. al., 2010). Mater-Bi was used as received
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without any further treatment. Mater-Bi was blended with PBC to prepare a MaterBi/PBC bio-nanocomposite by using a mini twin-screw extruder at 160 °C for 10
min at the rotor speed of 50 rpm with a volume fraction of PBC of 0, 10, 20, 30, 40,
and 50%. The same procedure was applied for the preparation of Mater-Bi/FBC bionanocomposites.

8.2.3. Water absorption
Samples for measuring water absorption were treated following the ASTM
D570-81 methods. The samples were dried in a vacuum oven at 50 ± 2 οC for 8 h,
cooled in desiccators and then immediately weighed to the nearest 0.001 g (later,
maintained at 25 ± 2 °C, for the 6-week test period). During this period, samples
were gently wiped with tissue paper to remove excess water on the surface,
immediately weighed to the nearest 0.001 g (designated as Ww), and returned to the
water. Each Ww was an average value obtained from three measurements. The
percentage increase of water (in weight) was calculated to the nearest 0.01% as
follows:

%W f =

Ww − Wc
x100 ………………… (1)
Wc

Where Wf is the final percentage increase in weight of the tested samples.

8.2.4. Morphological analysis
A JEOL JSM-6300F Field Emission Scanning Electron Microscope (SEM)
was used to observe the morphology of the Mater-Bi, Mater-Bi/PBC and MaterBi/FBC composites. Fracture surfaces obtained after tensile tests as well as surfaces
of pressed sheets were observed. All samples were coated with gold and observed
using an accelerating voltage in the 10 kV range. Freeze dried specimens, processed
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in an Advantage Freeze Dryer System (pressure = 130 mbar), were observed in SEM
following the procedure previously described.

8.2.5. Mechanical properties
All specimens tested for mechanical properties were prepared in a dumb-bell
shape. Before testing, the specimens were conditioned at a controlled relative
humidity by placing them into containers filled with saturated salt of magnesium
nitrate Mg(NO3)2.6H2O solution at room temperature according to ASTM E104. The
specimens were kept into the container until a constant weight was obtained,
indicating equilibrium (Fang and Hanna, 2001). Tensile tests to measure tensile
strength, Young’s modulus and elongation at break were carried out using an Instron
5564 mechanical tester with a cross-head speed of 50 mm.min-1 and a 1 kN static
load cell following the ASTM D638 method. The tests were performed with a gauge
length of 30 mm and thickness of 1.192-1.208 mm. At least 5 samples were tested
for each condition. An extensometer was used to monitor the elongation of the tested
specimen.

8.2.6. Thermal analysis
Differential Scanning Calorimetric (DSC) experiments were carried out using
a Perkin Elmer Pyris DSC-7 calorimeter. The average sample weights of
approximately 15.0-17.5 mg were placed in the aluminium crucible. Heating rates of
20 °C.min-1 were used in the temperature range 20-400 °C. The glass transition (Tg)
and melting temperature (Tm) were recorded as the inflection point of the increment
of specific heat and as the peak value of the endothermal process in the DSC curve
respectively (Xu et. al., 2008).
Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer
Pyris TGA7. Scan rates of 20 °C.min-1 in the temperature range 20-600 °C were used.
The specimens were tested under a nitrogen atmosphere.
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8.2.7. FT-IR measurement
Infrared spectroscopy of the BC sheets was performed with a Fourier
transform infrared (FT-IR) with a 128 scanning time at room temperature using a
Nicolet 8700 (Thermo Electron corporation, UK). Spectra were recorded in the mid
infrared region (4000-500 cm-1) at 4 cm-1 resolution and 2.0 exposure time.

8.3. Result and Discussion

8.3.1. Morphological analysis
The addition of BC into Mater-Bi containing PEVOH as plasticizer for the
preparation of Mater-Bi/BC composites showed morphological changes on both their
outer and fracture surfaces as shown in Fig. 8.1. The outer surface of Mater-Bi/PBC
in Fig. 8.1.c seems to be rougher than that of pure Mater-Bi (Fig. 8.1.a). Based on
observations when Mater-Bi was mixed with FBC and PBC using a mini extruder,
FBC is more easily incorporated in Mater-Bi as compared to PBC, and also gives a
better dispersion, as shown in Fig. 8.1.c and Fig. 8.1.e. The failure surface of MaterBi/PBC in Fig. 8.1.d is smoother compared to Mater-Bi/FBC, indicating a more
brittle failure mechanism. The network of fibres found in FBC leads to an increase in
toughness through energy absorption processes such as fibre pull-out. This increased
in toughness is confirmed by the higher elongation at break of Mater-Bi/FBC
compared with Mater-Bi/PBC, as discussed later.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 8.1. SEM micrograph of (a) the outer surface of Mater-Bi (x 7000), (b)
fracture surface of Mater-Bi, (c) outer surface surface of Mater-Bi/PBC (50:50%)
(d) fracture surface of Mater-Bi/PBC (50:50%), (e) outer surface of Mater-Bi/FBC
and (f) fracture surface of Mater-Bi/FBC.
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8.3.2. Mechanical properties
The mechanical properties of Mater-Bi as well as composites of MaterBi/PBC and Mater-Bi/FBC, including Young’s modulus, tensile strength, and
elongation at break are shown in Fig. 8.2 and Fig. 8.3 and results are listed in Table

8.1 and Table 8.2. All the tests were carried out at a relative humidity of 55%. By
adding 10% of PBC into the matrix of Mater-Bi the Young’s modulus increases by
up to 750% compared to Mater-Bi, indicating the effectiveness of the reinforcement.
Suprisingly, the tensile strength of Mater-Bi/PBC is higher than that of MaterBi/FBC composite. The greater the volume fraction of PBC, the greater the stiffness
of the composites. The same is also found in Mater-Bi/FBC. The improvement in
mechanical properties is due to the quantitative increase in H-bonds that comes from
BC, and is accompanied by an improvement in the fibre-matrix interaction (Alvarez

et. al., 2007). However, the stiffness of Mater-Bi/PBC is greater than the stiffness of
Mater-Bi/FBC. The relatively poor and unexpected mechanical properties of MaterBi/FBC are possibly due to the effect of the freeze drying of FBC at -50 °C as part of
the sublimation process to remove the water from BC gel. Conversely, the addition
of PBC and FBC to Mater-Bi matrix gives a different effect on the elongation at
break of the composite as shown in Fig. 8.2 and Fig. 8.3. Significant changes in the
elongation at break of Mater-Bi/PBC occur from near 450% to 0.4% while
embrittlement is less dramatic for Mater-Bi/FBC with a strain to break of 21% at
10% BC. As pointed out above, the FBC fibres get to a lesser extent as stress raisers
promoting brittle fracture. Moreover, pull-out of the BC fibres contributes to the
composite toughness.
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Figure 8.2. Stress-strain curves of Mater-Bi and Mater-Bi/PBC bio-nanocomposites
at relative humidity of 55%.

Table 8.2. Summary of mechanical properties of Mater-Bi and Mater-Bi/PBC
composites (E = Young’s modulus, σ = tensile strength, ε = elongation at break).

Samples

E [MPa]

σ [MPa]

ε [-]

100/0

122 ± 17.7

17.6 ± 3.4

4.48 ± 1.02

90/10

916 ± 36.5

13.62 ± 3.1

0.0038 ± 0.007

80/20

1104.97 ± 44.2

15.62 ± 4.1

0.0032 ± 0.008

70/30

1266.70 ± 53.3

15.79 ± 3.9

0.029 ± 0.008

60/40

2981.52 ± 102.3

31.25 ± 5.2

0.022 ± 0.005

50/50

3092.27 ± 121.0

35.67 ± 6.7

0.016 ± 0.002

Mater-Bi/PBC [%]
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Figure 8.3. Stress-strain curves of Mater-Bi and Mater-Bi/FBC bio-nanocomposites
at relative humidity of 55%.

Table 8.3. Summary of mechanical properties of Mater-Bi and Mater-Bi/FBC bionanocomposites (E = Young’s modulus, σ = tensile strength, ε = elongation at
break).
Samples

E [MPa]

σ [MPa]

ε [-]

100/0

122 ± 17.67

17.6 ± 3.45

4.48 ± 1.02

90/10

232.09 ± 26.93

8.05 ± 2.25

0.217 ± 0.08

80/20

330.26 ± 32.67

8.25 ± 2.14

0.158 ± 0.08

70/30

461.36 ± 34.28

9.06 ± 2.35

0.072 ± 0.07

60/40

1078.52 ± 98.73

13.02 ± 2.47

0.025 ± 0.003

50/50

1144.68 ±

16.49 ± 3.05

0.022 ± 0.003

Mater-Bi/FBC [%]

114.07
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8.3.3. Thermal Analysis
The DSC thermograms of thermal behaviour including crystallinity, melting
point and glass transition of pure Mater-Bi and Mater-Bi/PBC composites are shown
in Fig. 8.4 and Fig. 8.5 and results are listed in Table 8.4. The crystallinity of MaterBi decreases when blended with PBC as a reinforcing agent, perhaps as a result of
the increased hydrophobicity of the composites due to the introduction of
hydrophobic groups by hydroxypropylation (Kim et. al., 2003). The same trend was
seen when microcrystalline cellulose powder was added to Mater-Bi (Alvarez et. al,

Endo

2004).

PBC 50%

Heat flow [mW]

PBC 40%
PBC 30%
PBC 20%
PBC 10%

Pure Mater-Bi

0

50

100

150

200

o

Temperature [ C]

Figure 8.4. DSC Thermograms of the second crystallinity and melting of Mater-Bi
and Mater-Bi/PBC composites at various BC concentrations (90:10%; 80:20%;
70:30%; 60:40%; 50:50%) in the temperature range 0-200 °C at a heating rate of
20 °C.min-1.
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In Fig. 8.5 it can be seen that the Tg of Mater-Bi drops, albeit not
significantly, as the amount of PBC increases. The same phenomena is observed
when short pulp fibre is incorporated into the corn starch with glycerol used as
plasticizer (Kim et. al. 2003) and this is closely related to the decrease in crystallinity
of the composite with the increase in PBC (Fig. 8.4.). Although admittedly different
trends have been reported by other researchers a number of studies showed an
increase in Tg when cellulose microcrystallites (Dufresne et. al., 1996, Lu et. al.,
2005), ramie crystallites (Lu et. al., 2006), and cellulose fibres (Avérous and

Endo

Boquillon, 2004) where added into thermoplastic starch (Curvelo et. al. 2001).

2
PBC 50%

Heat flow [mW]

0
-2
-4
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Figure 8.5. DSC Thermograms of the second Tg of Mater-Bi and Mater-Bi/PBC
composites at various BC concentrations (90:10%; 80:20%; 70:30%; 60:40%;
50:50%) in the temperature range -40 – 50 °C at a heating rate of 20 °C.min-1.
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Table 8.4. The thermal properties of Mater-Bi and Mater-Bi/PBC composites.
Samples

Crystallinity

Melting Point

Tg

Mater-Bi/PBC [%]

[%]

[°C]

[°C]

100/0

4.25

120

-25.44

90/10

3.31

124

-28.08

80/20

2.53

125

-28.11

70/30

1.92

125

-28.09

60/40

1.46

126

-28.14

50/50

0.83

127

-30.77

Thermal degradation of Mater-Bi and Mater-Bi/PBC composites is reported
in Fig. 8.6. The thermogram of Mater-Bi shows three transitions i.e. at 312 °C, and
412 °C. The first drop is attributed to starch degradation (Puglia et. al, 2003) and a
characteristic temperature for breaking of glycoside-linked glucose units in both
bacterial cellulose and Mater-Bi. The second is attributed to the presence of additives
in Mater-Bi NF01. As shown by the thermogram of Mater-Bi/PBC (70:30%), the
thermal degradation at 360 °C can be attributed to the decomposition of the

α-cellulose (Alvarez and Vázquez, 2004; Shaeb and Jog, 1999) derived from PBC.
With increasing PBC loading into the matrix the thermal stability of the composites
slightly increases. At the end of the process, Mater-Bi is completely degraded.
However, the residual mass of the composites increases in line with the increase in
volume fraction of PBC. These results are comparable to the work carried out by
Puglia et. al. (2003) where the thermal stability of Mater-Bi was also slightly
affected by the presence of cellulose fibres.
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Figure 8.6. TGA thermograms of Mater-Bi and Mater-Bi/PBC composites at various
BC concentrations (90:10%; 80:20%; 70:30%; 60:40%; 50:50%) in temperature
range 0-600 °C at a heating rate of 20 °C.min-1.

FT-IR spectroscopy of Mater-Bi, 50-50% composite and PBC was carried
out in order to detect the occurrence, disappearance or any peak shift that could be
attributed to composite preparation or interaction between PBC and Mater-Bi. The
spectra of all samples in range of 4000-500 cm-1 are presented in Fig. 8.7. FT-IR
spectra clearly show that O-H stretch of absorbed water in both Mater Bi and PBC at
3740 and 1645 cm-1 disappeared in 50:50% Mater-Bi/PBC composite, which could
be due to composite processing at 160 °C. Furthermore, the FT-IR spectrum of
50:50% composite shows a good interaction of Mater Bi with PBC. There is no
significant change in structure of both components with composite processing and
the characteristic peaks of both PBC and Mater-Bi are present in spectra of 50:50%
composite. For example stretch vibrations of C=O groups at 1720 cm-1 in Mater-Bi
and stretching of O-H groups in cellulose I (of PBC) at 3350 cm -1 are clearly present
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in 50:50% composite spectrum and highlighted in Fig. 8.7. It should also be
emphasized that the bonding that occurs between Mater-Bi as a matrix with PBC as a
reinforcing agent is only physically interaction.
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Figure 8.7. FT-IR spectra of treated BC, Mater-Bi and Mater-Bi/PBC composite.

8.4. Conclusion
The effects of BC content prepared in both PBC and FBC forms on the
morphology and mechanical properties of Mater-Bi have been investigated. The
morphology of Mater-Bi is changed by adding BC. The stiffness of Mater-Bi
increased significantly. For the same volume fraction of BC added to the matrix, the
Young’s modulus of Mater-Bi/PBC composites is higher than that of Mater-Bi/FBC.
The crystallinity and Tg of the Mater-Bi decrease in relation to the increase in the
volume fraction of PBC, while the opposite is true of the Tm and thermal stability of
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the composites, which increase with the addition of PBC. Thermal degradation of
pure Mater-Bi occurs at 2 transitions, i.e. at 312 °C and 412 °C, which are
attributable to starch degradation and additives in the Mater-Bi. However, after the
addition of PBC, thermal degradation occurs only at 360 °C and can be attributed to
decomposition of α-cellulose. The FTIR spectra show that the PBC is physically
incorporated into the matrix.
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Chapter 9
Feasibility Study into the Use of Bacterial Cellulose
as Scaffold Material for Cartilage Tissue Engineering
9.1. Introduction
Tissue engineering is a novel technique of the biomedical field which has
been developed with the purpose of creating living tissue to repair, replace or
augment damaged cells or organs in certain parts of the human body as well as to
maintain or improve tissue function (Nasseri and Vacanti, 2002). It therefore
involves a melange of approaches encompassing development biology, tissue
mechanics, cell differentiation and survival biology, mechano-transduction and
nanofabrication technology (Melrose et. al., 2008). Cells such as cartilage, tendon,
ligament, bone and skin are easily broken due to accidental trauma, disease or
surgical intervention. The incidence of cartilage damage resulting from trauma is
increasingly common, especially in developed countries. Chondrocytes, which form
the major component of cartilage, are responsible for producing new cartilage when
damage occurs. However, because cartilage does not contain blood vessels
chondrocytes cannot reproduce themselves. In order to grow new chondrocyte, cells
are put into a specific artificial matrix known as a scaffold, where they can
proliferate, migrate, and differentiate to create new tissue (Lee and Mooney, 2001;
Sachlos and Czernuska, 2003).
The use of a scaffold in tissue engineering of cartilage is essential for the
production or proliferation of cells and the maintenance of their differential shape
function in addition to definition of shape of the new growing tissue (Hutmathcer,
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2000). The choice of suitable scaffold for growing cells or organs related to desired
function and shape is an important step in this method.
One condition for use as a scaffold based on extracellular matrix is a material
with a very high pore volume fraction, typically 0.90-0.95 or even higher, and an
average pore diameter in the range of 5 to 500 µm (Yannas, 2006). Traditionally, the
scaffold used is a synthetic polymer foam, such as polyglycolic acid (Ma and langer,
1999; Schreiber et. al., 1999), polylactic acid (Gugala and Gogolewski, 2000;
Stammen et. al., 2001), poly (vinyl alcohol) (Gugala and Gogolewski, 2000; Seal et.

al., 2001), polyhydroxyethylmethacrylate (Lee and Mooney, 2001; Temenoff and
Mikos, 2000) or poly N-isopropylacrylamide (Lee and Mooney, 2001; Temenoff and
Mikos, 2000). However, because these are not necessary biocompatible and can
contain chemicals that can be toxic to the cells into which they are seeded, other,
more suitable materials are being developed. For this purpose, various sorts of
natural materials have been employed including, inter alia, collagen (Riesle et. al.,
1998; Seal et. al., 2001), alginate (Lee and Mooney, 2001; Temenoof and Mikos,
2002), hyaluronic acid (Brun et. al., 1999; Seal et. al., 2001), and fibrin glue (Lee
and Mooney, 2001; Caterson et. al., 2002). In addition, materials are required which
have the necessary porosity to effectively support cell growth and mass transport,
while also supplementing the mechanical properties of engineered tissue. BC is one
of the biomaterials which fulfils these requirements (Svensson et. al., 2005).
BC synthesized by Acetobacter xylinum has been used in the field of
medicine. The characteristics of BC gel which is porous, mechanically strong, of
high purity, and high water retention value, and nanosize measurement comparable
with collagen fibre, which is normally used as a scaffold material (Bäckhdal et. al,
2006; Backhdal et. al, 2008), make this an attractive material for study as a collagenmimicking in scaffolds. Because of its hydrophilic character, BC has the ability to be
shaped into three-dimensional structures during synthesis (Helinius et. al, 2006).
The main goal of this work is a preliminary investigation into the potential
use of BC as a scaffold material for tissue engineering of articulate cartilage. Three
types of cells have been seeded into BC gel i.e. chondrocytes cultured in monolayer

174

Chapter 9. Bacterial Cellulose as a Tissue Engineering Scaffold

over a 9 day period, cryopreserved chondrocytes, and freshly isolated bovine
chondrocytes. The test carried out was limited to one characteristic, namely the
viability of those cells in the BC scaffold. This was done by counting the growing
cells which can be seen using optical microscopy.

9.2. Experimental
9.2.1. Materials
Sterilized medium A containing glucose, ammonium sulphate, potassium
hydrogen orthophosphate, magnesium sulphate and yeast extract as prepared in
Chapter 3 was the primary medium used in this work. All these chemicals were used
as received from VWR International. All other chemicals used in this work were
sourced from Sigma-Aldrich. Medium B containing Acetobacter xylinum known as
starter will be used for inoculating Medium A. For the process of cell isolation,
industrial methylated solution (IMS), Dulbecco’s minimal essential medium
supplement with 20% foetal calf serum (DMEM + 20% FCS), pornase solution and
collagen solution were supplied by Sigma-Aldrich. A fresh chondrocyte, isolated
from the forefoot of a newly slaughtered 18-month-old steer, chondrocytes cultured
in monolayer over a 9 day period, and cryopreserved chondrocytes from 2004, were
seeded into the BC scaffolds. As a medium to grow the chondrocyte cells, apart
from DMEM and FCS, N-(2-Hydroxyethyl)-piperazine-N'-(2-ethanesulfonic acid)
sodium salt (HEPES) buffer, L-glutamine, penicillin/streptomycin, and L-ascorbic
acid were used without pre-treatment. Trypan blue (ready prepared at 0.4% in saline)
was used to facilitate the cell count process.
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9.2.2. Methods
9.2.2.1. Production of bacterial cellulose
Acetobacter xylinium was prepared by dissolving 50 g glucose, 5 g yeast
extract, 5 g (NH4)2SO4, 3 g K2HPO4 and 0.05 g MgSO4.7H2O in a litre of still water.
The pH of the medium was adjusted to approximately 4.0 using glacial acetic acid.
The pellicles were obtained after 21 days and purified to remove bacterial cells
(Roman et. al., 2004) by washing them in running water, then in 5% v/v NaOH and
finally in 2.5%.v/v NaOCL. Samples were stored at 5 °C in a container containing
10% ethanol solution. Prior to use, the samples were purified to remove ethanol by
washing under running water for 24 h.

9.2.2.2. Preparation of scaffold
All the materials required for the seeding process were first placed into a
sterile hood. The BC gel was then placed into a large Petri dish and hydrated with
distilled water until it was pH-neutral. Cylindrical sections of BC gel with a diameter
of 15 mm and thickness 10 mm were prepared using a corer. Using a scalpel blade,
the cylinders of BC gel were cut in half as shown in Fig. 9.1. Before the chondrocyte
cells which were to be seeded were placed into the scaffold, the cylindrical sections
were sterilised in a container of distilled water by placing into an autoclave at 121 °C
and 124 kPa for 20 min.

9.2.2.3. Isolation of cells
Following the protocol of Lee and Knight, 2004 bovine articular
chondrocytes were isolated from the metacarpalphalangeal joint of newly slaughtered
18-month-old steers. The feet were obtained from the local abattoir.
The forefeet of the newly slaughtered steers were scrubbed using hot water
and a brush in the sluice room. After immersion in a bucket containing 70% IMS for
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15 min, the foot was placed into a dissecting tray. Using a sharp blade, a longitudinal
cut along the front of the joint (Fig. 9.2) and a perpendicular cut were made across
the fetlock. The hide was peeled back on each side to expose the joint capsule (Fig.

9.3).

Figure 9.1. Picture showing 15 mm cylinders being cored out of a bacterial cellulose
sheet

Bovine forefoot

Figure 9.2. Picture of longitudinal cut along the front of the metacarpalphalangeal
joint.
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Joint capsule

Figure 9.3. Picture showing the peeled back hide which expose the joint capsule

The joint surface was cleared of any hair with IMS and tissue. A fresh no. 20 blade
was used to cut into the capsule just below the joint. The groove was followed round
under the joint and tendons and ligaments were cut back to dislocate the joint.

Scalpel

Proximal
metacarpal
surface

Tendon

Figure 9.4. Dislocated joint revealing the cartilage on the proximal metacarpal
surface.
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Once the joint was exposed (Fig. 9.4), a blade with a H3 handle was used to gently
carve full-thickness slices of the proximal metacarpal surface and the specimens
placed in a 60 mm Petri dish containing Earle's balanced salt solution (EBSS)
ensuring all the slices were fully immersed. Once all the cartilage was removed, the
Petri dish was placed in an incubator at 37 °C, while the used foot was placed in an
autoclave bag and the cabinet was cleaned with IMS. The process above was
repeated for as many joints as required (approximately 50 × 10 6 cells per joint).
After removing the cartilage, EBSS was aspirated and two no. 10 blades
were used to chop the cartilage finely in a “scissor like” motion. The tissue was
transferred to a 50 ml Falcon conical tube and 10 ml of pronase was added. The tube
was incubated for 1 h on the Rolamixer in an oven at 37 °C. The tissue was then
allowed to settle and the pronase was aspirated from the tube using a plastic Pasteur
pipette. 30 ml of collagenase was added and the tube was left on the Rolamixer in the
37 °C oven overnight.
The undigested tissue was allowed to settle and the supernatant was aspirated
using a pipette and passed through a 70 µm cell sieve into a fresh Falcon tube. This
was centrifuged at 2000 rpm for 5 min. The supernatant was then discarded and the
pellet was washed in 10-20 ml of DMEM + 20% FCS. The pellet was re-suspended
through agitation with a sterile pipette and then centrifuged again at 2000 rpm for 5
min. This washing step was repeated once more. The cell pellet was finally
suspended in 10ml of fresh DMEM + 20% FCS. The used bovine feet were disposed
of in clinical waste bins.

9.2.2.4 Preparation of chondrocyte medium
This was the method used to prepare the standard supplemented culture
medium used for primary chondrocytes. This is known as Dulbecco’s Minimal
Essential Medium (DMEM) plus 20% foetal calf serum (FCS).
The L-ascorbic acid was weighed out (0.075 g). All the required materials
were placed into a sterile hood. DMEM was poured into the glass bottle and all the
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reagents were added successively. The solution was mixed until all the L-ascorbic
acid powder had completely dissolved. The sterile 0.2 µm filter was opened and the
two halves were screwed together tightly. The plunger was removed from a 100 ml
syringe, taking care not to let anything touch the plunger surface. A syringe was
attached to the filter and placed on top of an open sterile glass bottle. The medium
was carefully poured into the syringe. The plunger was then replaced onto the
syringe and the medium was filtered into the bottle. The syringe was then removed
from the filter and the plunger was removed. The process was repeated with the filter
being changed when it became blocked. After the medium was filtered, the filters
and syringes were discarded and the hood was cleaned. The sterile medium was
divided into 50 ml or 100 ml aliquots and labelled accordingly. The aliquots were
stored in a freezer at -20 °C in an upright position on a metal tray for use when
required.

Bacterial cellulose
scaffold cylinder
Cell solution

Bacterial cellulose
scaffold

Bacterial cellulose
scaffold

Cell solution

Bacterial Cellulose
‘Sandwich’

Cell Solution

Well plate

Figure 9.5. Stages involved in creating a cellulose ‘sandwich’ within a well plate
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9.2.2.5. Count of cells
The haemocytometer and cover slip were firstly prepared by spraying with
IMS and then carefully drying with tissue. The cover slip was placed over the central
counting area and it was secured by sliding until it got ‘caught’. The correct location
of the cover slip was confirmed by looking for the appearance of Newton’s rings
(rainbow effect) at the sides of the cover slip. The cell suspension to be counted was
well mixed and then a small aliquot (20 µl) was removed to a Microfuge tube. The
same volume of trypan blue (20 µl) was added to the Microfuge tube and it was
mixed thoroughly. A small volume of the cell mixture was then pipetted onto the
counting platform of the chamber, allowing it to slowly run under the cover slip. Any
overflow was drained into the troughs of the chamber using tissue.
The number of cells present in the 5-square counting grid were counted (only
cells within the well defined edges of the squares were counted). Dead cells were
also excluded from the count as indicated by the deep staining. The number of cells
per ml in the total suspension was calculated using the steps shown in Fig. 9.6.
No. of cells in 5 squares

109

No. of cells in 1 square

109 = 21.8
5

x2 (dilution to trypan)

21.8 × 2 = 43.6 µl

x 10 4 ( µl → ml conversion )

43.6µl = 4.36 × 105 ml

x(n) (total volume of suspension)

4.36 × 10 5 × 1 = 4.36 × 10 5 cells per ml

Figure 9.6. Calculation of cell density

181

Chapter 9. Bacterial Cellulose as a Tissue Engineering Scaffold

Cell Study 1 (Chondrocytes cultured in monolayer for 9 days)

After isolating the chondrocyte cells, the cell solution was equally distributed
between two tissue culture flasks. The cells were grown in an incubator at 37 °C for
9 days with the media being changed every two days in order to build up the number
of cells. For cell study 1, three cellulose ‘sandwich’ samples of diameter 15 mm
each were seeded with 1ml of cells at a concentration of 4.36 × 10 5 cells/ml into a 48
well plate (dia. 10 mm) as shown in Fig. 9.7. Three more samples of diameter 15 mm
each were seeded with 2 ml of cells at the same concentration into a 12 well plate
(dia. 17.5 mm). The well plates were placed into an incubator at 37 °C.

(a)

(b)

Figure 9.7. Photographs showing the sandwich cultures in (a) the 12 well plate and
(b) 48 well plate

Cell Study 2 (Cryopreserved bovine chondrocytes)

Frozen chondrocytes were resuscitated by placing in a sterile water bath at
37 °C. The cells were diluted with medium and using the ‘sandwich’ method
described above, 1ml of cells were seeded onto 5 BC samples of diameter 15 mm at a
concentration of 2.44 × 10 5 cells/ml in a 24 well plate (dia. 15.5 mm).
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Cell Study 3 (Fresh bovine chondrocytes)

1ml of freshly isolated chondrocytes were seeded onto 5 BC samples of diameter 15
mm at a concentration of 4.36 × 10 5 cells.ml-1 in a 24 well plate (dia. 15.5 mm).

9.2.2.6. Maintenance of cells in culture
It is very important to check the cells every day for growth towards
confluence and problems such as nutrient depletion and infection. The cultures were
eye-checked and under the microscope for change in medium colour, cloudiness or
small fungal growths. Before further experimental work, the cell cultures were
examined under a microscope. The medium was changed every two days. A fresh
pipette was used for each cell culture well.
The culture hood was prepared by turning on and cleaned using IMS and a
paper towel. The cell culture well plates were carefully placed in the hood, taking
care to avoid spilling medium. A sterile pipette was opened at the end with the cotton
wool filter and was attached to the power pipette. The rest of the packaging was
removed but not discarded.

The well plate was tilted slightly and then without

touching any of the sides or the neck of the well, the medium was sucked up and
removed. The old medium was discarded into the waste bottle. The used pipette was
then transferred back to its original packaging and discarded in a disposable
autoclave bag. The power pipette and a fresh 1ml pipette were then used to add the
appropriate amount (see table 1 below) of fresh, warm medium to each well. The lid
of the well plate was replaced and the plate was returned to the incubator.

9.2.2. Cell Viability
This was the method used to determine the viability of the chondrocytes that were
seeded onto the bacterial cellulose scaffold. This was determined by counting the

183

Chapter 9. Bacterial Cellulose as a Tissue Engineering Scaffold

number of live and dead cells on a scaffold and calculating the live cells as a
percentage of the total number of cells. For this method two stains were used; one
stains only the live cells, while the other stains only the dead cells.

9.2.2.1. Live cell stain

Calcein AM is a neutral, non-fluorescent molecule of molecular weight 994.8 Da
which passively crosses the cell membrane. Calcein AM is converted into Calcein
within the cytoplasm by enzymes active only in viable (live) cells. Calcein is
membrane-impermeable and cells fluoresce green (500-530 nm) when excited with
blue light (488 nm).

9.2.2.2. Dead cell stain

Ethidium homodimer-1 (EthD-1) is a polar molecule with a molecular weight
of 856.77 Da. It binds with the DNA of non-viable cells by permeating the
compromised membranes. Once inside the cell, EthD-1 binds non-covalently to
DNA in the nucleus which greatly enhances the fluorescence of the molecule causing
it be visible under a fluorescent microscope. One molecule of EthD-1 binds to five
base pairs in double stranded DNA, preferentially to the AT pairs. EthD-1 emits a
red fluorescence (600-650 nm) when excited with green light (564 nm).
For easy recognition between the living and dead cells, fluorescent staining
was used. 1 ml (2 ml for the 15 mm ‘sandwich’ specimens) of DMEM + 20% FCS
was added to a Petri dish. 5 µl (10 µl for the 15 mm ‘sandwich’ specimens) of
Calcein AM and 5 µl (10 µl for the 15 mm ‘sandwich’ specimens) of Ethidium
homodimer-1 were added to the Petri dish and swirled around gently. The specimen
that needed to be stained was placed cell side down into the Petri dish. The Petri dish
was placed in an oven at 37 °C for 30 min. The specimen was removed using forceps
and then washed in phosphate buffered saline (PBS) solution by dipping the
specimen in the clean solution and then placed into a clean small Petri dish
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containing formaldehyde (~4 ml). This was then placed in the oven at 37 °C for 30
min. The specimen was then washed again in PBS and then stored in a clean Petri
dish containing PBS solution (~4 ml). The specimen was ready for analysis.
Using clean forceps, the specimen was placed face down onto a glass cover
slip. A drop of PBS was added to the specimen to stop it drying out. The cover slip
was transferred to a microscope and the top edge was visualised under transmitted
light using the x 20 objective lens. The edge of the specimen was then aligned with
the top of the square in the eye piece graticule. The hi-pass and low-pass filter were
used and using the blue fluorescent light, the number of cells per sample area were
recorded. Then the light was switched to the green light and the number of dead cells
was counted. The microscope stage was carefully moved down along the entire
length of the specimen whilst counting the number of dead and live cells at each step.
The well was securely attached to the base plate using sticky tape and initial
testing was carried out without any samples so ensure the platen did not make
contact with the sides of the well whilst moving down. Using the micrometer (± 2
µm), the thickness of the sample was measured in three areas and the average was
taken as a parameter for the machine. The diameter of all the samples was 15 mm.
The samples were compressed at a rate of 0.6 mm.min-1 using a 50 N load cell up to
the required strain endpoint. At this point the strain was fixed for 5 min to allow for
stress relaxation readings to be taken. During compression data was acquired at a rate
of 60 Hz whereas during stress relaxation data was acquired at 1 Hz.

Table 9.1. Quantity of media to be allocated to each well.
Well Plate

Quantity of media
(ml)

12

24

48

2

1

1
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9.3. Results and discussion

9.3.1. Viability
Optical microscopy was used to obtain images showing cell viability over the
three cell studies. Results showed that certain areas have many dead cells whereas
other parts of the same scaffold specimen may have a large number of viable cells.
Cell morphology can also been seen from the images. Results from cell study 1
indicate that chondrocytes did not change their morphology greatly over the first six
days although the image of the cells on day 11 indicates they have become less
rounded. Similarly, cells in cell study 2 do not appear to be round initially and may
have changed their morphology and phenotype before being cryopreserved. Cells in
cell study 3 have maintained their round morphology over the six days. The cells are
very unevenly distributed across the surface in all three studies due to the nature of
the scaffold material and small aggregates of cells have formed in studies 1 & 2
whilst there are no signs of chondrocyte-chondrocyte adhesion in cell study 3.
Histograms were produced to represent the viability count of cells during the three
cell studies. A chart of cell study 2 could not be produced due to most of the cells
being clumped together. The histograms indicate that cell viability decreases
gradually over time in both cell studies 1 & 3.
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9.3.2 Cell Study 1

Live chondrocytes

Day 2

Figure 9.8. Optical microscope (x20) image showing live chondrocytes seeded on
large cellulose scaffold on day 2. The cells appear to have a round morphology.

Cluster of cells

Day 5
Figure 9.9. Optical microscope (x20) image showing a cluster of live chondrocytes
on day 5. The cells were seeded on the large scaffold.
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Dead chondrocyte
Live chondrocytes

Attachment fibres

Day 11
Figure 9.10. Optical microscope (x20) image showing live chondrocytes which
appear to be releasing fibres for attachment onto the bacterial cellulose.

Live chondrocytes

Dead chondrocytes

Day 11
Figure 9.11. Optical microscope (x20) image showing a few live chondrocytes
surrounded by dead chondrocytes. The live cells still appear to be round on day 11.
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Day 6

Figure 9.12. Chart representing the average viability of cells counted during cell
study 1.

9.3.3 Cell Study 2 (Cryopreserved Chondrocytes)

Dead cells

Live cells

Day 2
Figure 9.13. Optical microscope (x20) image of day 2 showing live (green) and
dead (red) chondrocytes seeded onto bacterial cellulose. The image indicates
approximately 50% of the cells are viable.
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Live cells

Day 4
Figure 9.14. Optical microscope (x20) image of day 4 showing an area containing a
few viable (green) chondrocytes.

Cluster of live
chondrocytes

Dead cells

Day 6
Figure 9.15. Optical microscope (x20) image of day 4 showing an aggregate of live
(green) and dead (red) chondrocytes seeded onto bacterial cellulose.
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9.3.4 Cell Study 3 (Fresh chondrocytes)

Live cells

Day 2
Figure 9.16. Optical microscope (x20) image of day 4 showing live (green) and dead
(red) chondrocytes seeded onto bacterial cellulose.

Live cells

Day 4
Figure 9.17. Optical microscope (x20) image taken on day 4 showing live (green)
and dead (red) chondrocytes seeded onto bacterial cellulose. The cells appear to still
have a round morphology.
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Live cells

Day 6
Figure 9.18. Optical microscope (x20) image of day 4 showing live (green) and dead
(red) chondrocytes seeded onto bacterial cellulose. The blurred green cells indicate
they are positioned at a different depth to the other cells. The cells appear to have a
round morphology.
80

Viability [%]

60

40

20

Day 2

Day 4

Day 6

Figure 9.19. Chart representing the average viability of cells counted every two days
during cell study 3.
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9.4. Conclusion
From preliminary work carried out in this research, it can be concluded that
BC gel is a potential scaffold material in tissue engineering. The three types of cell,
fresh chondrocyte, chondrocytes cultured in monolayer over a 9 day period, and
cryopreserved chondrocytes, which were seeded into the medium-soaked BC
scaffolds were found to be viable. This was confirmed by the number of living cells
counted and images produced by optical microscopy. However, the viability of the
cells tends to decrease after the second day.
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10.1. Conclusions
The need for materials based on environmentally friendly, inexpensive, and
renewable resources as a response to the threat from carbon dioxide released by the
combustion of fossil fuels can no longer be ignored. Natural materials that can be
found in abundance everywhere and which can be easily cultivated have become the
choice to replace conventional materials, which have a serious impact on the
environment. Over the years, cellulose, starch, lipids, protein, lignin, chitin, natural
rubber and other natural sources have been applied as fillers or reinforcing agents for
polymers to provide better material mechanical and thermal properties, and also to
reduce costs. Various processes in the production of the above materials have also
been improved, starting from production techniques, the means of incorporating and
dispersing the filler, characterisation, to methods of isolating process for nanocellulose fibres by using strong acids. The latter products are more commonly known
as bio-nanomaterials.
Cellulose has been used by mankind for many centuries. It has conventionally
been used as a polymer construction material, mainly in the form of intact wood, but
also in the form of natural textile fibres like cotton or flax, or in the form of paper
and board. On the other hand, cellulose is a versatile starting material for subsequent
chemical conversion, aiming at the production of artificial cellulose-based threads
and films, as well as of a variety of stable soluble cellulose derivatives found in
many areas of industry and domestic life. Apart from plants, cellulose can also be
found in the animal kingdom, where it is obtained from the outer mantles of certain
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marine organism belonging to the class of tunicates. In addition, some kinds of
micro-organism, algae and fungi are also capable of producing cellulose.

Acetobacter xylinum is one type of microbe that can extra-cellularly produce
cellulose known as bacterial cellulose (BC). These rod shaped bacteria are Gramnegative, as shown by their pink coloration as a result of being stained by safranin
which was dropped onto the bacteria. In order to refresh and maintain the viability of
the bacteria, as well as to keep them in a good condition, the seed broth containing
the bacteria needs to be transferred into agar media. The bacteria which accumulate
in their aggregate are then transferred using a sterilized loop and inoculated into the
medium containing glucose and other chemicals, which act as a source of carbon and
protein for the bacteria to provide a new starter. As the acidity of the media affects
the growth of bacteria, its pH need to be maintained around 3-4 by using glacial
acetic acid. In static culture, a quiet location with a good supply of oxygen is the
main requirement to grow a good gel. The culturation time required to grow the BC
gel depends on the desired thickness of the gel.
Two step purification of BC gel provides a significant improvement in the
mechanical properties of BC sheet. The distinguishing feature of this process is that
the structure of BC remains as cellulose I as usually found in the purification process
with concentrations of alkali solution more than 6%.v/v. In the first step of the
process, alkalization using NaOH 2.5%.v/v means the impurities contained in the BC
gel, such as proteins and nucleic acids as well organic substances which remain
during the culturing, can be removed. With the cleansing of impurities from the BC
gel, strong ties of inter-and intra-fibrillar hydrogen bonds are formed. The Young’s
modulus increased from 7.6 ± 1.2 GPa to 14.1 ± 1.6 GPa. Similarly, the tensile
strength increased from 88.9 ± 9.9 MPa to 139 ± 12.6 MPa. Upon further purification,

i.e. immersion overnight in NaOCl 2.5%.v/v as a bleaching agent, the colour of the
BC gel became brighter because the remaining impurities that can not be cleaned in
previous purification are removed. As a result, the Young’s modulus increased from
14.1 ± 16 GPa to 18.8 ± 2.0 GPa, accompanied by an increase in the tensile strength
from 139.1 ± 12.6 to 207.0 ± 13.8 MPa.
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High quality nanocomposite paper sheets was successfully made from
disintegrated BC (DBC) by mixing with pulp isolated from apple and radish,
resulting in significant improvements in the physical properties of sheets originally
made from both. By using ultrasonics, DBC can be dispersed evenly into apple pulp
as well as radish. However, apple pulp/BC sheet is physically better than pulp
radish/BC sheet. It is associated with a higher amount of fibre compared with pulp
radish. Thermal analysis, especially TGA data, shows the occurrences of two
transition at 250 °C and 300 °C, representing the decomposition of hemicellulose
from the pulp.
PVA/BC composites were successfully prepared by in-situ process, with
PVA solution added directly into the media, which was inoculated with Acetobacter

xylinum. For comparison, PVA solution was impregnated with BC gel. It is evident
that using either method, PVA can enter the BC network. This is indicated by the
decrease of mechanical properties due to the disruption of hydrogen bonding in the
BC network. Morphological analysis shows that the in-situ process produces better
dispersal of the PVA compared with the impregnation process. From the XRD data,
it also seems that the presence of PVA in the BC gel did not change the structure of
native BC. The small amounts of PVA added to the BC gel coats the BC fibres and
lead to enhanced transparency of the BC / PVA composites.
The biodegradable synthetic-polymer, PCL, has received tremendous
attention from researchers since early of 1970s. Besides being easily blended with
other polymer materials, PCL has been widely used in industry, in the medical field
and also as a scaffold material for tissue engineering. However, its poor mechanical
properties and low melting point, as well as still high price compared with other
conventional synthetic polymers such as polypropylene and polyethylene, have
encouraged researchers to reinforce it with other materials as fillers or reinforcing
agents. Adding BC prepared in the form of PBC or FBC to PCL can improve its
mechanical and thermal properties. FBC, in particular, shows a more homogeneous
dispersion, which in combination with its higher aspect ratio, results in a higher
composite yield stress and strain at break in comparison with pure PBC. BC acts also
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as a heterogeneous nuclei for the crystallisation of PCL, even though it suppresses
the overall degree of crystallisation. Interestingly, the addition of BC had a
significant positive effect on the heat deflection temperature (HDT) of PCL, which
doubled (40 °C increase) with the addition of as little as 10 v/v.% of BC
As the second largest natural material after cellulose, starch has been at the
centre of attention for researchers for several decades. Besides its low price and
abundant availability, starch has the ability to be used as a filler because it has a
number of functional -OH groups. However, it has several drawbacks, as, it is
difficult to process, it is brittle without a plasticiser, and its mechanical properties are
very sensitive to moisture. For these reasons, starch is often blended with synthetic
polymers or other materials to improve its mechanical and thermal properties and
morphology.
In this work, Mater-Bi starch produced by Novamont (Italy) was used as a
matrix of PBC and FBC. The addition of either PBC or FBC into Mater-Bi producing
Mater-Bi/BC composites was shown to improve some of the mechanical properties
of Mater-Bi. Surprisingly the Young’s modulus and tensile strength of PBC/Mater-Bi
were found to be higher than FBC/Mater-Bi composites. However, the elongation at
break of FBC/Mater-Bi was higher than that of PBC/Mater-Bi. The incorporation of
PBC into Mater-Bi also causes a decrease in crystallinity as well as Tg. Conversely,
the melting point increases. TGA data shows that the higher the volume fraction of
PBC, the greater the thermal stability of PBC/Mater-Bi composites.
A feasibility study of the possibility of using BC as a scaffold for tissue
engineering was undertaken. Chondrocyte cells isolated from a 18 months old deer
were grown in BC gel with media to maintain the viability of the cells. A cylindrical
gel was cut in half to form a ‘sandwich’ with the media placed between the two
halves as a food source for the cells. The cells were grown in an incubator at 37 °C
for nine days with the media changed every two days in order to proliferate the
number of cells. Using optical microscopy observations, the cells were seen to grow
reasonably well. The number of cells was seen to grow on a daily basis, although a
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number of dead cells were also discovered. This preliminary data gives hope that BC
gel can be a potential alternative as a scaffold material of tissue engineering.

10.2. Directions for Future Research
Due to its nanosize dimensions, biodegradability, high crystallinity and high
purity, as well as its advantageous mechanical properties, it seems that BC can be
used in the future in a wide range of applications. Research related to producing
higher quality BC on a mass scale is still being developed. There are still many
aspects of BC that must be studied more deeply so that this eminent natural material
can be exploited in order to give better benefits providing a environmentally friendly,
biodegradable material, with an added economic value.
The mechanical properties of BC sheets and its crystals have been determined
by various methods. However, determining the mechanical properties of the single
BC nanofibre is an interesting task which has not yet been carried out. Single fibre
testing of BC using the Raman method is strongly recommended. Similarly, a real
understanding of the failure process in combination with modelling in BC gel or
nanopaper sheets it still lacking. Particularly for BC gel, there is still very little
information available. Until now, only one method for maintaining the 3D structure
of BC while removing 99% of the water contained in the gel has been carried out; i.e.
by freezing the gel in a freeze-drier. However, this method may have severe effects
on the mechanical properties of BC. It is necessary to develop suitable methods of
drying the BC while maintaining its network structure which will not cause its
physical behaviour to decline.
When carrying out morphological analysis that uses an electron beam, such
as SEM and AFM, BC fibres tend to shrink. This limitation restricts the ability to get
a clearer image at high resolution. The same difficulty is encountered in a single fibre
test of BC using the Quanta 3D method. In addition to the difficulty in getting a
single BC fibre that will be tied using suitable glue, this method also may causes a
deterioration of its mechanical properties. Finding a solution to this problem so that
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the fibre is stable under an electron beam at high resolution will be a very
challenging research topic.

Acetobacter xylinum, which can be cultivated on a medium with high acidity,
can potentially be used to produce bio-nanocomposites by in-situ methods. By
mixing it with a water-soluble liquid polymer, the composite will be formed naturally.
In addition, layers of BC gel formed from the top in accordance with the direction of
arrival of oxygen. This shows that the oxygen supply is highly influential in the
production of BC gel, so that the effect of the direction of the oxygen supply is also
interesting to study. Thus there are opportunities to look beyond the possibility of
entering harmless nanoparticles to each layer of gel as it is formed.
As shown in previous chapters, BC is a promising alternative material for
scaffolds for tissue engineering. It can be seen that live cells can grow in BC as their
host. This is due to BC’s biocompatibility and porosity. However, there are still
problems associated with checking and changing the media every two days because
the cell growth is disturbed. Another difficulty is in sterilising the BC gel without
removing the water and media it contains and, thus, affecting the BC’s porosity.
These two problems must be resolved in order that BC can be used optimally as a
material for scaffold tissue engineering.
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