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4.1 Introduction

Bacterial cellulose (BC) is produced by several microbial genera belonging to
Acetobacter, Rhizobium, Agrobacterium, Aerobacter, Achromobacter, Azotobac-
ter, Salmonella, Escherichia, and Sarcina [1, 2], and a cell-free system [3–6].
It represents the purest form of cellulose compared to plant cellulose, which
contains impurities in the form of lignin and hemicellulose. It possesses
unique features such as high water holding capacity (WHC), slow water
release rate (WRR), greater tensile properties, high crystallinity, better thermal
and mechanical properties, ultrafine fiber network, hydrophilicity, polyfunc-
tionality, transparency, nontoxicity, and moldability into three-dimensional
structures [7–9]. These features make BC a preferred choice than plant cellulose
for various applications such as carrier in drug delivery systems and enzyme
immobilization and two-dimensional (2D) and three-dimensional (3D) scaf-
folds for tissue engineering, wound dressing materials, artificial skin burns,
vascular grafts, tissue regeneration, artificial blood vessels, biological films, and
biosensors [10–14]. However, its wide range applications are limited by several
inadequacies associated with it, such as the lack of antibacterial, antifungal,
antioxidant, conducting, and magnetic properties. Nevertheless, BC has the
potential to form composites with different materials ranging from organic to
inorganic metals, nanoparticles, and biocompatible polymers, which not only
improve its existing properties but also impart it additional features [8, 9].

During BC production, the microbial cells polymerize various carbon sources
into single liner β-1,4-glucan chains that protrude out through the pores located
on the cell membrane, termed as terminal complexes (TCs) [5, 15]. The suc-
cessively synthesized β-1,4-glucan chains get assembled in the culture medium

Nanocellulose: From Fundamentals to Advanced Materials, First Edition.
Edited by Jin Huang, Alain Dufresne, and Ning Lin.
© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.
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and form protofibrils, which further crystallize into micro- and macro-fibrils,
bundles, and ultimately form ribbons-like structures [16]. A single ribbon is com-
posed of about 1000 individual β-1,4-glucan chains [8]. Ultimately, BC is pro-
duced in the form of a thick gelatinous membrane at the air–medium interface
in a static cultivation [5]. The unique physiological, chemical, mechanical, ther-
mal, and biological properties of BC can be attributed to its unique structural
features. BC fibers possess a high aspect ratio with a diameter of 20–100 nm
and a high surface area, which confers it a high materials adsorption capabil-
ity. Electron microscopy of BC demonstrates a well-distributed 3D structure of
nanofibers with a high surface area and porosity [17]. These nanofibers are inter-
connected through inter- and intramolecular hydrogen bonding that stabilizes
the reticulate structure of BC and are 100 times smaller than those of plant cel-
lulose [18]. The nanofibers are loosely arranged and contain empty spaces in the
form of pores, which increase the overall surface area endowing BC with a highly
porous matrix [19]. Any structural variation in BC affects its physico-mechanical
and thermal properties: for example, strong, stable, and compact fibers with high
density offer better resistance to the applied force while a highly porous structure
bestows it with a high WHC, usually 100–200 times more than its dry weight in
water [20, 21], and can accommodate different types of materials, thus show-
ing the potential to form composites [22]. These structural variations in BC are
attributed to the type of microbial strain, composition of culture medium, vari-
ation in culture time and conditions, amount of inoculum, and carbon source
[23, 24].

An economically feasible production has always been the main aim of BC
research; therefore, several strategies have been developed for improved BC
production such as conventional fermentation approaches, genetic engineering
strategies, and strain improvement approaches, among others [25]. However, BC
production from chemically defined medium is very expensive; thus, researchers
are exploring cheap media sources in addition to developing new strategies
for cost-effective, efficient, and high yields of BC. This includes the use of
various carbon and nitrogen sources, industrial wastes, isolation of high rate
production strains, in situ pH control, controlled side product formation, and
supplementation with additional substrates [26–28]. However, high yield of BC
is overshadowed by several discrepancies associated with microbial production
due to the utilization of a large fraction of medium components for growth and
proliferation, formation of by-products, formation of negative strain, and risk of
contamination, thus making the process ineffective for large-scale production
[29–31]. Further, the benefits of whole-cell fermentation are overshadowed by
inhibition of microbial cell growth and viability due to membrane fluidity [32].
Together, these factors limit the large-scale production of BC. A few of these
limitations can be potentially overcome by using thermo-tolerant microbial
strains and immobilized microbial cell systems, which offer improved stability
and resistance, low production cost, and high-purity products [33]. Further,
the limitations of whole-cell fermentation can be overcome by using a cell-free
system for BC production, which offers improved yield [4]. Additionally, this
system produces BC with better structural and physico-mechanical features [5]
and offers a one-pot in situ composite synthesis method using bactericidal
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materials, which are otherwise likely to kill the microbial cells [34]. Therefore, a
major objective behind BC research is to improve its production by improving
the efficacy of the process, development of advanced fermenters and cultivation
strategies, exploring cheap media sources, and supplementation of medium with
other components for improved structural features.

This chapter overviews the biogenesis of BC at biochemical and molecular lev-
els and details its various structural, physico-mechanical, and biological features.
It further describes various cultivation strategies for BC production with dif-
ferent shapes, sizes, quantity, quality, and physico-mechanical properties. The
role of different additives in BC production medium and their effects on vari-
ous structural features are discussed. Finally, the efforts of different researchers
to explore the potential of different raw materials for low-cost BC production are
summarized.

4.2 Biogenesis of Bacterial Cellulose

Biosynthesis of BC is a complex process that is regulated by a large number of
specific enzymes and regulatory proteins. It is an aerobic process and is directly
linked with cellular catabolism; however, it does not interfere with other anabolic
processes such as protein synthesis in bacterial cells. In addition to aerobic syn-
thesis of BC by microbial cells, it is also produced anaerobically by a cell-free
system using cellulose-producing enzymes and cofactors [4]. The synthesis
mechanism of uridine-di-phosphoglucose (UDP-glucose) is well understood;
however, this process of BC synthesis involving glucose polymerization is yet to
be completely explored.

4.2.1 Biochemistry of BC Synthesis

Sutherland described BC synthesis by microbial cells as a four-step process
involving (i) activation of monosaccharides through formation of glucose
nucleotides, (ii) polymerization of glucose repeating units through their sequen-
tial addition, (iii) simultaneous addition of acyl groups (if present) to individual
glucose units, and (iv) excretion of cellulose fibers through the wall/membrane
complex into the extracellular environment [35]. BC synthesis involves the
production of UDP-glucose, which serves as a precursor for BC synthesis.
This process is followed by the polymerization of individual glucose units to
form β-1→4 glucan chains. Individual chains are excreted through TCs and
form ribbon-like structures composed of hundreds and thousands of individual
chains. These ribbon-like structures in turn form fibrils [35]. Each biochem-
ical step in BC synthesis pathway is regulated by the availability of specific
enzymes, substrates, and a cofactor (if required), which otherwise results in
the abolishment of the metabolic pathway. The synthesis of cellulose fibrils in
microbial cells, their transport across TCs into extracellular environment, and
the formation of bundles and ribbons are shown in Figure 4.1.

During the first step of BC synthesis, sugar nucleotides provide monosaccha-
rides by means of interconversion through epimerization, dehydrogenation, and
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Figure 4.1 Illustration of formation of cellulose chains in microbial cells, their secretion across
the cell wall through TCs, and formation of micro- and macro fibrils, bundles, and ribbons.
Source: Ul-Islam et al. 2015 [14]. Reproduced with permission of Springer.

decarboxylation reactions, each of which is catalyzed by specific enzymes [35].
The cellulose backbone is formed in the second step through the sequential addi-
tion of d-glucose-1-phosphate and UDP-glucose; this process is carried out by
UDP-glucose pyrophosphorylase and cellulose synthase, respectively. It is fol-
lowed by the acylation of cellulose during which the acyl group is transferred
to form acetyl Co-A; the process is catalyzed by specific sugar transferases such
as 1-acyl-sn-glycerol-3-phosphate acyltransferase. The acetyl Co-A formed here
serves as a precursor for the tricarboxylic acid (TCA) cycle. It is worth men-
tioning here that the structure of BC is determined by the sequential transfer
of glucose monomers and acyl groups from their respective donors, regulated by
highly specific sugar transferases. In the last step, β-1→4 glucan chains produced
inside the cytoplasm are crystallized in or near the outer membrane and extruded
across the cell membrane through TCs arranged in an orderly manner to the
extracellular environment in an energy-dependent process regulated by cellular
adenosine triphosphates (ATPs) [35, 36]. This demonstrates that a well-organized
system must be present on the microbial cell surface to ensure efficient excre-
tion of cellulose fibrils. Compared to microbial cell systems, a cell-free system
bypasses the complicated process of β-1,4-glucan chain extrusion to the extracel-
lular environment since it does not contain any barrier in the form of a cell wall
or a membrane [4]. Further, it bypasses the energy utilization and internalization
of cellulose within the periplasm, thus avoiding any lethal effects.
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4.2.2 Biochemical Pathway of BC Production

Liquid chromatography–mass spectrometry/mass spectrometry linear trap
quadrupole (LC–MS/MS LTQ) Orbitrap analysis of the crude cell-free lysate of
G. hansenii PJK indicated the presence of several key enzymes involved in the
cellulose metabolism (Table 4.1). Herein, the glucokinase, phosphoglucomutase,
UDP-glucose pyrophosphorylase, and cellulose synthase are directly involved
in BC synthesis (Figure 4.2). Likewise, glucose-6-phosphate (G6P) serves as a
common intermediate for the principal cellulose synthesis pathway, pentose
phosphate pathway (PPP), and TCA cycle. The flux of phosphorylated glucose
through the two possible routes determines the BC synthesis level. UDP-glucose
also serves as a common substrate for UDP-glucose dehydrogenase and cellulose
synthase. Again, the flux of UDP-glucose through the two possible routes
determines the BC synthesis level in either a microbial or a cell-free system. A
lower concentration of nicotinamide adenine dinucleotide (NAD) in the cell-free
lysate may partially inhibit the UDP-glucose dehydrogenase activity, and thus,

Table 4.1 Illustration of the G. hansenii PJK enzymes in the cell-free extract involved in
bio-cellulose synthesis. The enzymes were analyzed by LC–MS/MS LTQ Orbitrap using the
Mascot algorithm.

Accession no. GI no. Description Taxonomy
Mass
(Da) PI

EFG85049.1 gi|295978312 Glucokinase G. hansenii 34 282 6.51
EFG84192.1 gi|295977434 Phosphoglucomutase G. hansenii 59 762 6.03
EFG85649.1 gi|295978924 UDP-glucose

pyrophosphorylase
G. hansenii 22 755 4.36

EFG83224.1 gi|295976446 Cellulose synthase
catalytic subunit
(UDP-forming)

G. hansenii 175 801 6.94

EFG84542.1 gi|295977790 UDP-D-glucose
dehydrogenase

G. hansenii 47 825 5.61

EFG83101.1 gi|295976316 1-Acyl-sn-glycerol-3-
phosphate
acyltransferase

G. hansenii 41 281 11.15

EFG83324.1 gi|295976549 Diguanylate cyclase/
phosphodiesterase

G. hansenii 84 871 6.11

EFG83841.1 gi|295977078 Glucose dehydrogenase G. hansenii 84 604 5.73
WP003620002.1 gi|489715879 Aldolase G. hansenii 29 824 6.42
EFG84043.1 gi|295977283 Triosephosphate

isomerase
G. hansenii 25 791 4.96

EFG82935.1 gi|295976147 Pyruvate
dehydrogenase
(acetyl-transferring)

G. hansenii 34 832 5.35

EFG85628.1 gi|295978903 Glucose-6-phosphate
dehydrogenase

G. hansenii 57 043 6.04

Source: Ullah et al. 2015 [4]. Reproduced with permission of Elsevier.
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may favor high level of cellulose synthesis (Figure 4.2). Importantly, the presence
of diguanylic cyclase and two phosphordiesterases (PDE-A and PDE-B) serves to
regulate cellulose synthase activity through a specific activator bi-(3′→5′)-cyclic
diguanylic acid. Notably, PDE-A and PDE-B are involved in the synthesis and
degradation of the activator, respectively [37]. It may aid in accelerating the poly-
merization of UDP-glucose into cellulose. Similarly, glucose can also enter other
pathways in the microbial metabolism [38]. A small portion of triose sugar pro-
duced by the Entner Doudorouff (ED) and PP pathways can be converted into
pyruvate [42], which may subsequently be converted into acetyl-CoA by pyruvate
dehydrogenase (Table 4.1, Figure 4.2). Acetyl-CoA serves to produce bulk ATPs
to enhance the efficacy of BC synthesis [39]. Generally, a high concentration of
ATP (Table 4.1) inhibits G6P dehydrogenase, and hence, reduces its activity by
several folds. Thus, it may retard the PP pathway and favor BC synthesis through
the principal pathway in either a microbial or a cell-free system (Figure 4.2).

4.2.3 Molecular Regulation of BC Synthesis

BC production and its extrusion to the extracellular environment is a complex
process that is readily effected by several mutations in the genes regulating the
enzymes involved in its synthesis. Any mutations in key genes lead to the accu-
mulation of cellulose in the periplasm with inevitable lethal effects [35].

BC production by microbial cells is regulated by at least four different genes,
axcess A, axcess B, axcess C, and axcess D, which are organized in the form of an
operon (Figure 4.3) and encode specific proteins, AxCESA, AxCESB, AxCESC,
and AxCESD, respectively, which perform specific functions [15]. Among these,
AxCESA and AxCESB catalyze and regulate the polymerization of individual
β-1,4-glucan chains. Specifically, AxCESA contains amino acid motifs suggestive
of processive β-glycosyltransferase and binds the UDP-glucose [43]. Similarly,
the AxCES subunit reversibly binds large quantities of cyclic di-guanosine
monophosphate (c-di-GMP), which in turn activates AxCESB [15, 44]. During
this process, c-di-GMP is released and auto-inhibits the state of enzyme by
breaking the salt bridge, which otherwise tethers a conserved gating loop that
controls the access to and substrate coordination at the active site. The disruption
of salt bridge by mutagenesis generates a constitutively active cellulose synthase.
It has also been demonstrated that the c-di-GMP-activated BcsA-B complex
contains a nascent cellulose polymer whose terminal glucose unit resides at a
new location above BcsA’s active site where it is positioned for catalysis. The
other two subunits AxCESC and AxCESD have been proposed to mediate
extrusion of β-1,4-glucan chains and crystallization of cellulose sub-elementary
fibrils (SEF), respectively, and are considered to be the rate-limiting steps during
cellulose assembly [45, 46]. AxCESD is reported to be a cylinder-shaped protein
formed by an octamer as a functional unit [47]. All N-termini of the octamer are
positioned inside the AxCeSD cylinder and create four passageways from which
four β-1,4-glucan chains are extruded individually along the dimer interface in
a twisted manner to the extracellular environment. This suggests that AxCESD
protein resides at the extracellular side of the TC. These four subunits and per-
haps other components from the cellulose-producing complexes can be viewed
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Figure 4.3 Cellulose synthesis in A. xylinum. AxCESA, with 8 to 10 putative transmembrane
regions (TMDs), is located in the cytoplasmic membrane and binds to UDP-Glc. Free c-di-GMP
allosterically activates the AxCESA. The majority of the cellular c-di-GMP is bound to AxCESB,
which is in close proximity to AxCESA. The diguanylate cyclase (DGC) catalyzes the synthesis of
c-di-GMP, whereas phosphodiesterase A (PDEA) degrades the molecule. AxCESC is located in
the outer membrane, whereas AxCESD might be located in the intermembrane space or
extracellularly. Source: Endler et al. 2010 [15]. Reproduced with permission of Nature
Publishing Group.

as pores (i.e. TCs) at the cell surface. These complexes assist the extrusion of the
nascent β-1,4-glucan chains that aggregate to form the twisted SEF, which later
crystallize into ribbons. This unique molecular configuration gives microbial
cellulose different features compared to plant cellulose, such as high crystallinity
and lower degree of polymerization despite its chemical structure being similar
to that of plant cellulose.

4.3 Structure and Exciting Features of Bacterial
Cellulose

BC has received immense consideration due to its purity, unique structural,
physicochemical, mechanical, and biological properties. These unique features
and its potential to form composites with a wide range of materials, including
biocompatible polymers, bactericidal elements, and conducting materials,
provide BC with a high potential to find broad spectrum applications in different
areas. The following sections describe the exciting features of BC.
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4.3.1 Chemical Structure and Properties

BC possesses the same chemical structure as plant cellulose and is a linear
homopolymer of glucose monomers linked by β-(1→4) glycosidic linkage with
the chemical formula (C6H10O5)n. However, it possesses different macromolec-
ular structure and properties than plant cellulose. The two successive monomers
in BC are linked in such a way that the former glucose unit is rotated at 180∘
with reference to the preceding. BC represents the purest form of cellulose;
however, its degree of polymerization only ranges between 2000 and 6000
compared to plant cellulose, which lies in the range of 13 000–14 000 [48].
The repeated glucose monomers in BC form a continuous long unbranched
polymer chain. Several cellulose chains in BC are held together through strong
intra- and intermolecular hydrogen bonds that form a sheet. BC is produced at
the air–medium interface in static cultivation where its shape is maintained by
the hydrophilic interactions [5, 49]. The crystalline structure of BC results from
the hydrogen bonding between the cellulose sheets. The thickness of cellulose
fibers varies from species to species beside the culture conditions. For example,
BC fibers produced by Gluconacetobacter xylinum consist of microfibril ribbons
that are 3–4 nm thick and 70–80 nm wide.

Chemical structure analysis by Fourier transform infrared spectroscopy (FTIR)
and nuclear magnetic resonance (NMR) demonstrated slight variations in BC
produced by different methods (e.g. static and shaking cultivation) and obtained
from different sources (e.g. microbial and the cell-free system) [5, 50]. Struc-
tural analysis by NMR revealed that cellulose produced by microbial and cell-free
systems demonstrated cellulose I and cellulose II polymorphic structures, respec-
tively. X-ray diffraction (XRD) analysis of cellulose produced by microbial and the
cell-free systems demonstrated cellulose I and cellulose II polymorphic struc-
tures, respectively [5]. Surface analysis of BC by scanning electron microscopy
(SEM) reveals random distribution of fibers while the cross section shows lay-
ers of clustered fibers [19]. CP/MAS 13C NMR spectroscopy, wide-angle X-ray
diffractometry, and transmission electron microscopy (TEM) have been used to
study the solid-phase nitration and acetylation of BC. The relative reactivity of
OH groups in BC was found to be in the order of 6′OH> 2′OH> 3′OH [51].

4.3.2 Physiological Features

The broad spectrum applications of BC are highly dependent on its physiologi-
cal features such as WHC, WRR, thermal properties, and mechanical features.
These properties of BC are associated with its structural features including the
arrangement of fibrils and the conformation of porous matrix, which are in turn
associated with the microbial strain, synthesis method, chemical composition of
culture medium, variation in culture time and conditions, amount of inoculum,
and carbon source [23, 24].

Appropriate moisture content is required for a wound dressing material for the
effective adsorption of bioactive substances into the BC matrix, which in turn
offers several advantages, including easy and painless wound dressing, acceler-
ated wound healing, and prevention of any damage to the newly formed skin
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tissues [6, 24]. Therefore, owing to the high WHC and slow WRR in addition to
its hydrophilic nature, BC has received immense consideration as a wound dress-
ing material. According to an estimate, BC can accommodate 100–200 times its
dry weight in water [20, 21]. Highly porous BC favors a high WHC where the
water molecules remain within the porous matrix by binding to the cellulose fib-
rils via hydrogen bonding [52]. Any structural variations in BC account for its
altered physico-mechanical and thermal properties. For example, the fiber den-
sity is improved by prolonged BC production through supplementation of an
additional carbon source or by extending its availability, which allows the newly
formed β-1,4-glucan chains to be continuously added to the preexisting fibrils [6].
These strong and stable fibrils account for improved resistance to the applied
force [53]. Further, a compact structure also imparts thermal stability to BC,
which is an important feature for its commercial applications.

4.3.3 Self-assembly and Crystallization

The unique structural and physico-mechanical features of BC are attributed
to the extrusion and self-assembly of β-1,4-glucan chains in the extracellular
environment. The synthesized fibrils after extrusion through TCs subsequently
form 2–4 nm protofibrils, bundles, and finally 80× 4 nm ribbon-shaped
microfibrils [54].

Electron micrographs of cell envelope revealed the presence of about 50–80
pore-like TCs along the axis of a microbial cell and in combination with the
extracellular ribbon [15]. These TCs are assumed to be the sites for the extru-
sion of β-1,4-glucan chains, which form the initial assembly of cellulose in the
form of aggregates. The formation of such aggregates suggests that simultane-
ous synthesis of several β-1,4-glucan chains is a common feature of the assembly
of cellulose microfibrils in both higher and lower organisms [55]. This mutual
orientation and association of β-1,4-glucan chains, their aggregation, and forma-
tion of microfibrils, bundles, and ribbons are governed by the original pattern
of TCs while the process of self-assembly and crystallization of cellulose is cell
directed [56]. Specifically, G. xylinum synthesizes two distinct physical forms
of cellulose, the ribbon-like cellulose I and the thermodynamically more stable
amorphous cellulose II [57]. The β-1,4-glucan chains of cellulose I are aligned
in parallel and arranged uniaxially whereas those of cellulose II are arranged in
a random manner. The microfibrillar arrangements of fibers and their extreme
purity compared to plant cellulose mainly contribute to the exciting and unique
features of BC such as greater tensile strength, better crystallinity, high WHC,
slow WRR rate, and improved thermal stability.

4.3.4 Ultrafine Thin Fibrous Structure

Compared to plant cellulose, pure BC possesses a 100 times thin ultrafine fibrous
structure that bestows it with unique features and provides the base for its broad
spectrum applications [18, 49]. Its fibers are well distributed and form a retic-
ulate web-shaped structure, giving a firm appearance to BC. This arrangement
of fibers accounts for higher crystallinity, better mechanical features, and high
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thermal properties of BC. Further, this arrangement of fibers plays a vital role
in the development of BC-based composites with different types of materials for
various biomedical and optoelectronic applications [58, 59].

4.3.5 Macrostructure Control and Orientation

The structural features of BC are exciting both in dry (powder or sheet) and wet
(hydrogel) forms and their applications vary accordingly [60]. The physical struc-
ture of BC is flexible enough to be controlled at the macro, micro, and nano scales.
Further, BC can be produced in different shapes (sheets, pellets, or granules)
by varying the culture conditions (static, shaking, or agitation) and microbial
strains [58]. Further, several of its characteristic features such as surface chem-
istry, porosity, and fiber arrangement and orientation can also be controlled at
the micro, macro, and nano scales. This microstructure control offers advantages
for its broad-spectrum applications [8, 61].

In nature, BC demonstrates anisotropic patterns in the culturing plane. The
movement of microbial strains in the culture medium accounts for the random-
ness of BC fibers. The arrangement of fibers can be controlled by controlling the
movement of microbial cells. For example, Uraki et al. obtained a honeycomb
pattern of BC by using honeycomb-patterned microgrooves in an agarose film
[62]. In another study, Wang et al. controlled microbial cell movement by using
microfluidic channels and successfully obtained aligned BC fibers [63]. Shi et al.
used a magnetic field to control the movement of G. xylinum for the production
of patterned BC fibers [64]. Despite the natural random behavior of BC fibers,
its overall structure is quite compact and mechanically strong. BC can achieve
comparable isotropic alignment and prove useful for a wide range of applications.

4.3.6 Porosity and Materials Absorption Potential of BC for
Composite Synthesis

BC is porous in nature and its level of porosity varies to a great extent depending
upon its synthesis method and pre- and post-synthesis treatment processes. Its
porous geometry provides an ideal environment for the adsorption of different
types of materials such as solid particles and liquids, including water, cells, solu-
tions, medium components, wound exudates, nanoparticles, and polymer solu-
tions. The small natural porosity of BC is advantageous in that it prevents the
invasion of microbial cells; however, it is a limitation from the medical perspec-
tive as it prevents the penetration of larger particles and mammalian cells deep
into its matrix [65].

Currently, efforts have been devoted toward the development of artificially
porous BC by using different materials such as salts, paraffin particles, ice crys-
tals, gelatin, and various sugars, collectively termed as “porogens.” A porogen is
any material that is first incorporated as a space holder, followed by its removal
in a careful manner to avoid any damage or interference to the geometry of the
pores formed [61, 66]. Porogens are adsorbed only physically and not chemically
into the BC matrix for different time intervals depending upon the objectives of
the study. The sizes and shapes of the porogens are also varied according to the
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requirements of the culturing cells or other materials to be incorporated into
the BC matrix. Bäckdahl et al. reported the use of potato starch and paraffin
wax particles as porogens for the development of BC tubes containing pores
of various sizes, which were interconnected with each other. Further, they also
effectively controlled the pore size and created partial particle fusion through
heat treatment of initial paraffin wax particles at specific temperatures. The
structures formed effectively supported the growth of smooth muscle cells inside
the pores [61].

4.3.7 Biocompatibility

Biocompatibility of BC refers to its ability to remain in contact with the living
tissue without causing any toxic or allergic side effects [14, 67]. Biocompatibility
of BC is directly linked with its higher water and other liquid absorbing capabil-
ities to support the sustained growth and proliferation of living cells and tissues.
To date, BC has been reported to show moderate to high levels of biocompatible
behavior toward different types of mammalian cells and tissues [18, 68, 69]. For
example, in vivo study in rate by implanting BC subcutaneously has shown bio-
compatibility up to 12 weeks. Microscopic observation demonstrated the com-
plete absence of any fibrotic capsule or giant cells, indicating no foreign body
reaction. Further, implantation of BC avoided any redness, swelling, and forma-
tion or accumulation of exudates around the BC implant [70]. In a recent study,
Khan et al. reported the fabrication of highly biocompatible microporous BC
scaffold for skin tissue regeneration application, which demonstrated in vitro
adhesion and proliferation of human keratinocytes (HaCaT) and complete regen-
eration of skin tissues within two weeks in experimental mice [71]. However,
the biocompatibility of BC in certain cases is not up to the desired levels and
thus requires further improvement. One possible solution is to form composites
with other biocompatible materials to improve its biocompatibility. For example,
development of composites with various materials has been reported to enhance
the biocompatibility, cell adhesion, and proliferation for wound dressing applica-
tion and development of scaffold in tissue engineering [72, 73].

4.3.8 Biodegradability

The potentials of biodegradable polymers have long been recognized [74]. A
biomaterial must be biodegradable: it must be capable of eliciting an appropriate
host response in a specific application. This response can be described in terms
of chemical, physical, and biological properties of the materials to the shape
and structure of the implant. Biodegradation is an exciting and rather the
most difficult feature of BC to meet the requirements for various biomedical
applications. Difficulty in biodegradation of BC is attributed to its high degree of
crystallinity and compact structure. Lack of cellulase enzyme in mammalian cells
or tissues necessitates the development of alternative strategies for degradation
of BC implants. To this end, Li et al. reported an enhanced degradation of BC
in vivo through periodate oxidation, which showed improved degradation in
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water, phosphate buffered saline (PBS), and simulated body fluid (SBC) without
disturbing its original fibrous network [75].

4.4 Production of Bacterial Cellulose: Synthesis
Approaches

The chemically defined medium for BC production contains several components
including yeast extract, glucose, peptone, disodium phosphate, and citric acid.
BC production is carried out in acidic conditions (pH 5–6); however, variation
in other growth conditions such as pH, temperature, and carbon source and its
concentration optimizing BC production eventually affect both its quality and
quantity. In addition, different cultivation methods lead to the production of BC
with different structures and properties [76]. Therefore, efforts have been made to
develop a low-cost and efficient method for BC production with high yield and
improved properties. The following sections overview the commonly used fer-
mentation strategies including static, shaking, and agitation fermentation for BC
production with different structural and physiological properties and yields [77].

4.4.1 Static Fermentative Cultivation: Production of BC Membrane,
Film, or Sheet

Static fermentative cultivation is the most commonly used method for BC
production. During static cultivation, the cellulose-producing microbial cells are
inoculated into the culture medium at optimum pH and incubated at appropriate
temperatures. Undisturbed incubation is carried out for 5–10 days during which
the microbial cells grow and proliferate by partly utilizing the available carbon
source and other medium components and produce BC. In static cultivation,
BC is produced across the surface at the air–medium interface as an assembly
of reticulated crystalline ribbons that forms a gel and ultimately a membrane,
film, or sheet with increasing cultivation time [5, 78]. The BC pellicle grows
downward until all microbial cells are entrapped inside the pellicle and become
inactive or die due to depletion of nutrients or oxygen deficit [58].

Most of the BC used for biomedical applications is obtained by static cultiva-
tion because it forms a sheet with 3D interconnected reticulate structure, which
makes it suitable for preparing different types of scaffolds [77, 79]. Unfortunately,
the low yield and longer incubation time of the static cultivation approach limits
its large-scale production and hence restricts its commercial applications. Several
efforts have been made to overcome the limitations associated with static fermen-
tative cultivation. For example, Jung et al. developed a novel technique for static
cultivation that utilized an intermittent feeding strategy for BC production. Since
the BC pellicles become separated from the culture medium due to depletion
of nutrients and limited oxygen availability in static cultivation, the thickness of
BC produced after 7 and 10 days cultivation is generally around 2 mm. However,
using intermittent feeding, the thickness of BC produced after 30 days of cultiva-
tion was significantly increased to 30 mm using the same culture conditions [31].
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4.4.2 Shaking Fermentative Cultivation: Production of BC Pellets

Shaking fermentative cultivation refers to BC production in an incubator con-
taining a rotor or shaker that can be easily differentiated from agitation, which
is the production of BC in a reactor that offers controlled speed [78]. During
shaking cultivation, the cellulose-producing microbial cells are inoculated into
the culture medium at optimum pH and incubated at appropriate temperature
under shaking conditions. Shaking is generally measured in terms of revolutions
per minute (rpm). This type of cultivation is generally carried out for 24–36 hours
during which microbial cells grow and proliferate by partly utilizing the available
carbon source and other medium components and produce BC. In shaking cul-
tivation, BC is produced within the culture medium in the form of small pellets.
The shape of the pellet varies according to the type of microbial strain, incubation
period, and shaking speed. A study by Hu and Catchmark reported that the shape
of the BC pellet was sphere-like when the shaking speed was kept at 125 rpm.
With further increase in the shaking speed, the pellets exhibited a tail-like fea-
ture that appeared to grow in size as the particle size decreased or the shaking
speed increased. At further high rotational speeds, the tail-like BC pellets were
found interconnected with each other [80].

4.4.3 Agitation Fermentative Cultivation: Production of BC Granules

In agitation cultivation, BC is produced in the form of granules. A comprehensive
model for BC production by agitation cultivation has been developed by opti-
mizing various factors such as bioreaction (substrate consumption and product
formation), transport of oxygen and carbon sources, and removal of cellulose
fibrils. BC production by agitation cultivation takes place at a much faster rate
compared to static and shaking fermentative cultivation. The high cell density and
better contact with available oxygen result in very high volumetric productivity in
agitated cultures. Further, the improved productivity can also be correlated to the
high density of microbial cells. The fermenters offer controlled pH, temperature,
supply of nutrients, availability of oxygen, and prevent the formation of foam.

Despite the high productivity of BC by agitation cultivation, there are several
limitations associated with such cultivation strategies. For example, high supply
of power is required, which usually produces cellulose pellets instead of pellicles
under submerged and aerated cultivation, which limits its application spectrum
[79–81]. Moreover, BC produced through agitated cultivation possesses a lower
degree of polymerization, mechanical strength, and crystallinity than those
produced in static or shaking cultivations. Sometimes, irregular or sphere-like
cellulose particles (SCPs) are also produced due to agitation or stirring [77],
which are less crystalline, possess low mechanical strength, and demonstrate
low degree of polymerization [82]. Further, the BC granules cannot be utilized
directly for biomedical and several other applications. Furthermore, continuous
agitation converts the cellulose-producing microbial strains into more enriched
cellulose-negative (Cel−) mutants, which grow much faster compared to the wild
type and result in lower BC production [83].
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Several modified reactors such as rotating disk bioreactor, cylindrical silicone
membrane vessel, and a direct oxygen and glucose feeding reactor have been
developed to improve microbial cellulose production (Figure 4.4). Some of these
are briefly described in the following sections.

4.4.3.1 Rotating Disk Reactor
This is a designed bioreactor that enhances BC production by ensuring that one
half of its disk remains inside the culture medium while the other half is present
at the air surface. During BC production, the cells present on the surface of the
disk are able to obtain the nutrients when they come in direct contact with the
medium and are exposed to oxygen in the atmosphere [84]. Previous reports
indicate that using horizontal fermenters with rotating discs effectively improved
the culture conditions and BC production. G. xylinum ATCC 700178 were able
to attach on the plastic composite surface (PCS) and increased BC production
(0.24 g/l/day) in a 5-day cultivation while retaining its important structural fea-
tures [85, 86].

4.4.3.2 Trickling Bed Reactor
Generally, this kind of reactor is used for vinegar production and is composed of
inlets that help in air circulation. In such a reactor, the fermentation liquid from
the collection reservoir is circulated to the top of the tank by a pump until the
desired product is obtained. Such a reactor has also been successfully employed
for BC production. For this purpose, cellulose-producing microbial cells such as
G. xylinum are adsorbed on to packings such as husks of rice or corncobs and
exposed to the fermentation medium and air space. The oxygen supply to the
fermenter further enhances the capability of the system. This cultivation method
increases the provision of oxygen and hence reduces the sheer force, which in
turn increases BC production [87].

In such reactors, BC films grow among gaps of husk or are fixed to the sur-
face of the corncobs. The presence of plenty of packings in the reactor provides a
larger surface to volume ratio, which enhances the oxygen supply to an adequate
level; thus bacteria can easily attach and grow in the semisolid and liquid–solid
microenvironments [87]. BC produced by trickling bed reactors appeared to be
irregular sheet films with different thicknesses ranging between 1 and 5 mm.
BC produced by such reactors possesses better degree of polymerization, purity,
WHC, porosity, and thermal stability compared to that produced in static and
shaking cultivations. Thus, BC produced by trickling reactors paves the way for
various industrial applications.

4.5 Additives to Enhance BC Production

The main idea behind the supplementation of culture medium with additives in
BC production is to improve its morphology in one way or another. For this
purpose, the effect of different additives has been evaluated for improved BC
production with enhanced features. The following sections describe a few tested
additives.
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4.5.1 Carboxymethylcellulose

Addition of carboxymethylcellulose (CMC) to the culture medium signifi-
cantly improves BC production. Chang et al. reported that the addition of
1% CMC increased BC production from 1.3 to 8.2 g/l. Besides the yield, its
addition to the culture medium also increased the crystallinity and crystal
size of the produced BC by attaching onto the cellulose microfibrils during
the fermentation process. Moreover, the addition of CMC-supplemented BC
retained its fibrous structure and accounted for enhanced WHC. However, the
mechanical strength of CMC-supplemented BC was reduced to a significant
level [88]. Another study showed that the supplementation of 1.5% CMC into
the G. xylinum culture enhanced BC production by 1.7 folds; however, the
crystallinity of CMC-modified BC was much lower, with a much smaller pore
size compared to pristine BC [85]. The addition of CMC increases the viscosity
of the culture medium, which lowers the shear stress to the microbial cells. It
was also reported that BC pellicles are transformed into pellet when modified
by CMC in a biofilm reactor [85]. Carboxymethylated BC (CM-BC) is used for
biomedical applications as a hemostatic material and has been established to
enhance its functionality among minor cuts and less in larger wounds due to its
solubility in water with a high degree of substitution.

4.5.2 Organic Acids

The effect of different organic acids as additive on BC production has been inves-
tigated. It was noted that oxalic acid and tartaric acid inhibit BC synthesis. For
example, BC production was 0.16 and 0.17 g/l, respectively upon the addition
of oxalic and tartaric acids, which were lower than those achieved without the
addition of any acid to the culture medium (1.48 g/l). In contrast, BC production
levels with malic acid, pyruvic acid, and citric acid were found to be 2.83, 2.34,
and 2.27 g/l, respectively, which were higher than for the ethanol-supplemented
sample (1.93 g/l). Similarly, the addition of lactic acid, acetic acid, and succinic
acid to the culture media significantly improved BC production to 1.67, 1.85, and
1.49 g/l, respectively. All this could be due to a synergistic effect on BC produc-
tion; therefore, the accumulation of oxalic acid and tartaric acid resulted in low
BC production while citric and acetic acid accumulation improved its production
(Figure 4.5) [89].

4.5.3 Vitamin C

The addition of vitamin C to Hestrin and Schramm (HS) medium for BC produc-
tion resulted in lowering the crystallinity of BC due to decreased inter-hydrogen
bonding between cellulose sheets because it interferes with the cellulose planes.
The resulting interference could be attributed to high water solubility, low molec-
ular weight, and less steric hindrance of vitamin C. However, BC production
was increased in the presence of vitamin C and reached 0.47/30 ml compared
to 0.25/30 ml in its absence. Being an antioxidant, vitamin C decreased the pro-
duction of gluconic acid produced by G. xylinus during BC production. Thus, the
addition of vitamin C resulted in overall increased production of BC [94].
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4.5.4 Sodium Alginate

Sodium alginate is an anionic polysaccharide made up of a linear unbranched
copolymer of 1,4-linked β-d-mannuronate (M) and α-d-guluronate (G) and is
mainly extracted from a brown marine algae [95]. It offers favorable character-
istic features such as nontoxicity, gelled structure, transparency, biocompatibil-
ity, and biodegradability [96]. The addition of sodium alginate to the BC culture
medium significantly improves BC production. Zhou et al. reported that the addi-
tion of 0.04% (w/v) sodium alginate enhanced BC production from 3.7 to 6.0 g/l by
G. xylinum NUST4.1 in a stirred-tank reactor. Moreover, it changed the morphol-
ogy of BC from irregular clumps and fibrous masses entangled in the internals to
discrete masses dispersed in the broth. This demonstrates that sodium alginate
functions to prevent the formation of large BC clumps and improves its produc-
tion. Moreover, sodium alginate forms hydrogen bonds with BC, as confirmed by
structural morphology (SEM) and chemical structure analysis (FTIR). However,
the incorporation of sodium alginate to the BC matrix lowers its crystallinity and
crystal size [97].

4.5.5 Alcohols

Ethanol, on addition to the BC production medium, functions as an energy
source for ATP generation at the early stage of fermentation [98, 99]. Further,
it reduces glycerol production in the hexose monophosphate pathway, thereby
improving overall BC production [100]. Investigations on the addition of differ-
ent types of alcohols to the culture medium showed improved BC production
to different levels. For example, the addition of 1.0% (v/v) methanol to the HS
medium accounted for 21.8% improved BC production compared to the control
group. Similarly, the addition of 0.5% ethylene glycol to the culture medium
resulted in 24.1% improved BC production compared to the control group. A
13.4% improvement in BC production was observed when 0.5% of n-propanol
was added to the culture medium. Further, the addition of 3.0% glycerol
accounted for 27.4% improved BC production compared to the control group.
Similarly, the addition of 0.5% n-butanol and 4.0% of mannitol to the culture
media accounted for 56.0% and 47.3% improved BC production, respectively,
compared to the control group. These observations suggest that the addition
of alcohol seems to have a stimulatory effect at the later stage of fermentation,
which enhanced BC production [90] (Figure 4.5).

4.5.6 SSGO

The production of BC follows a biosynthetic pathway that does not completely
convert glucose into BC but also forms oligomers. A study by Ha et al. reported
that the addition of single sugar-linked glucuronic acid-based oligosaccha-
ride (SSGO) into the culture medium inhibits the glucuronic acid oligomers
synthesis during BC production where these also serve as alternative source
of glucose [38]. BC produced by the addition of SSGO showed improved
mechanical properties; for instance, the fibrils became thicker and denser, which
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further accounted for improved crystallinity [49]. In another study, Ha and Park
reported that the addition of 1.0% of SSGO to the chemically defined medium
resulted in increased BC production up to 89.3% and 52.3% by G. xylinum and
G. hansenii after 15 days of cultivation under static condition. Therefore, it is
definite that the addition of SSGO to the culture medium successfully improves
BC production [91] (Figure 4.5).

4.5.7 Lignosulfate

Lignosulfonate is an antioxidant containing polyphenolic compounds. Keshk and
Sameshima reported that the addition of lignosulfate to the HS medium resulted
in lowering the production of gluconic acid, which is commonly produced in the
hexose monophosphate pathway of BC production and led to overall increased
BC production. Further, the addition of lignosulfonate to the culture medium
enhanced the crystallinity of BC. These findings can be justified by the presence
of hydrogen bonding in cellulose, which is not affected by the lignosulfonate, and
therefore does not interfere with cellulose planes due to its high water solubility
and steric hindrance [101].

4.5.8 Agar and Xanthan

Studies have shown that the addition of both agar and xanthan as additives to the
culture media resulted in increased BC production. Microbial strains producing
BC are always sensitive to shear force; therefore, it should be minimized to the
lowest possible level for efficient BC production. Agar has been identified as one
of the components that can be added to the culture medium to lower the sheer
force for yield of BC. Agar as a polymeric compound tends to increase the viscos-
ity of the culture medium, which in turn improves the yield of BC. The effect of
addition of agar into the culture medium on BC production was further enhanced
when agar concentration was increased to 0.4%. Thus, it can be concluded that
soluble viscosity-inducing materials such as agar have rather more effect on BC
productivity due to its mass production; therefore, such soluble polymers are rec-
ommended for enhanced BC production [102]. Chao et al. showed that the addi-
tion of 0.1% (w/v) agar and 0.06% (w/v) xanthan to the culture medium increased
BC production from 6.3 to 8.7 g/l and 7.2 g/l, respectively, using G. xylinum in
batch cultivation with an airlift reactor. BC was produced in the form of pel-
lets, with the size decreasing as productivity of BC increased, indicating that an
increase in relative viscosity with the addition of polysaccharides hindered the
formation of large clumps [103].

4.5.9 Thin Stillage

Thin stillage (TS) is a wastewater from rice wine distillery, which has been used
as a supplement to the traditional HS medium for enhanced BC production
because it is rich in organic acid. The addition of TS (100% TS–HS medium)
enhanced BC production by 3.4-folds to 10.38 g/l, which is about 2.5-folds higher
than that obtained in HS-only medium. This could be attributed to the reduction
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of sugar consumption rate by G. xylinus, leading to higher BC production.
Use of TS as a supplement is also a way of reducing the pollution caused by
wine industry and employing cheap materials for enhanced BC production [92]
(Table 4.2, Figure 4.5).

4.6 Strategies Toward Low-Cost BC Production

The different chemically defined media used for BC production are generally very
expensive. A typical BC production medium containing glucose as the carbon
source and other nutrient sources increases the overall BC production cost, thus
limiting its use in value-added applications. Therefore, finding a low-cost medium
for BC production has always been the target of research right from its discov-
ery. The use of raw and cheap carbon sources is one such strategy that can lower
the overall BC production cost [26, 27]. The following sections summarize a few
low-cost BC production media (Figure 4.6).

4.6.1 Fruit Juices

Fruits are used as a routine food. However, these usually have short shelf-life
and often become rotten if not consumed in time. When bad quality fruits are
not shipped or processed in time, these must be essentially discarded, which
results in wastes. However, fruits are known to contain a large amount of sim-
ple sugars, especially fructose, glucose, and sucrose, which can be used for the
production of useful products, in addition to being used as a carbon source in
BC production [27]. It has been reported that various types of sugars are present
in different levels in various fruit juices; for example, sucrose is found highest in
orange and pineapple juices while grape, apple, and Japanese pear juices contain
high amounts of fructose. Various juices were reportedly utilized as media for
production of BC by G. xylinum NBRC 13693. Orange and Japanese pear juices
yielded the highest BC production, thus proving to be the most suitable medium
for BC production. The BC yield could be further enhanced by adding nitrogen
to the fruit juices [27].

4.6.2 Sugarcane Molasses

Molasses is a low-cost sugar industrial product that is often used in microbial fer-
mentation. It is mainly composed of glucose, fructose, and sucrose sugars, which
are readily biodegradable. Besides, it contains some nitrogen and vitamins, which
can stimulate BC production by microbial cells. Molasses is pretreated by two
different methods: chemical and physical. Chemically treated molasses usually
gives a high BC yield compared to the physically treated molasses. However, the
production cost of physically treated molasses is much lower than that of chemi-
cally treated molasses because of the low concentration. A dense fibrils-web was
clearly seen during the molasses medium production compared with HS and
M1A05P5 media [115]. Pretreatment of molasses with acid helps in the produc-
tion of high quantity of sugars such as fructose, glucose, and sucrose, which could
aid in BC production. It further helps in the removal of coloring materials and



Table 4.2 Production of BC in static and agitation cultures with a variety of BC-producing strains, carbon sources, and supplementary materials.

Microorganism Carbon source Supplementary materials

Culture
time
(days) Yield (g/l)

Cultivation
mode References

G. xylinus, Trichoderma reesei Glucose Fiber sludge 14 6.23 Static [104]
G. xylinus Glucose Cellulosic fabrics 14 10.80 Static [105]
G. medellensis Glucose None 14 4.50 Static [106]
G. hansenii PJK (KCTC 10505 BP) Glucose SSGO 10 7.4 Static [38]
G. xylinus (PTCC, 1734) Glucose Date syrup 14 40.35 Static [107]
G. persimmonis (GH-2) Glucose Fructose, beef extract 14 5.14 Static [108]
G. xylinus (ATCC 53524) Sucrose None 4 3.83 Static [109]
G. hansenii PJK (KCTC 10505 BP) Waste from beer culture None 14 8.6 Static [110]
G. xylinus (K3) Mannitol Green tea 7 3.34 Static [111]
G. xylinus (IFO 13773) Sugar cane molasses None 7 5.76 Static [101]
G. xylinum (ATCC 700178) CSL-Fru Carboxymethyl cellulose 5 13.00 Agitated [88]
G. xylinus CSL-Fru Sodium alginate, agar, CMC 5 7.05 Agitated [85]
Gluconacetobacter sp. (RKY5) Glycerol None 6 5.63 Agitated [112]
G. xylinus (BPR2001) Molasses None 3 7.80 Agitated [113]
G. xylinus (BPR2001) Fructose Agar/oxygen 3 14.10 Agitated [114]
G. hansenii PJK (KCTC 10505 BP) Glucose Ethanol 3 2.50 Agitated [28]

Source: Wang et al. 1991 [42]. Reproduced with permission of Elsevier.
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Figure 4.6 Cost-effective production of BC from various waste sources including (a) fruit
juices, (b) brewery waste, (c) sugarcane molasses, (d) agricultural and food wastes, and
(e) waste from beer fermentation broth.

heavy metals in molasses and enhances BC production. Sulfuric acid pretreated
molasses yielded high BC production with relatively better mechanical proper-
ties compared to the one obtained from glucose [116]. Khattak et al. reported
BC production from sugarcane jaggery (gurr), obtained from brown sugar indus-
try and identified to contain a high quantity of glucose. The BC produced from
sugarcane jaggery demonstrated better structural properties and possessed high
mechanical and thermal properties. Moreover, the BC produced showed better
biocompatibility properties and supported the adhesion and growth of skin cells,
which demonstrates its usefulness in medical application [117].

4.6.3 Agricultural and Industrial Wastes

Most of the organic wastes from agro industries are available but are never
used due to their poor quality although these are a rich source of carbon such
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as glucose, fructose, and sucrose. These waste materials can be effectively
utilized for BC production. Such waste materials cannot only serve as a cheap
carbon source but can also prove to be an environment cleaning step [118]. For
example, wastewater from candied Jujube (WWCJ) processing industry as a
low-cost and an economical product was studied as agro-industrial waste for
BC production in fruit-producing areas in China. The wastewater contained
low level of glucose, glucan, and other carbohydrates. Therefore, hydrolysis by
acid treatment was performed to increase the glucose concentration, which
increased to 58% compared to unhydrolyzed WWCJ. The pretreated medium
produced BC with improved yield (0.375 g/l/d) after 6 days of cultivation,
although with a much lower crystallinity [93]. In another study, a high yield
of BC was produced by K. sucrofermentans DSM 15973 when fermented
in the presence of by-product streams from oil seed-based biodiesel indus-
tries and waste streams from confectionery industries as the sole source of
nutrients [119]. A carbon source for production of BC by G. sacchari was
employed by using a residue of olive oil production industry, which also
proved to be a good source that showed improved BC production [120]. This
concludes that most of the agro-industrial wastes provide all the nutrients
required for bacterial growth and BC production, mostly with improved
properties.

4.6.4 Food Wastes

Most of the flour-rich waste (FRW) streams produced in the manufacturing
industries (bread and confectionery industries) contain high levels of starch,
proteins, and micronutrients, which are useful in the fermentation processes
for production of other industrial products, thus reducing environmental
pollution [119]. Most of the available food wastes used for BC production are
fruit peels such as rinds or skins of various foods. The use of such food wastes
as substrates for BC production helps in reducing the production cost and
hence proves very economical. BC production by using pineapple (PA) and
watermelon (WM) peels as culture media was analyzed and compared with
the HS medium. The wet weight of BC obtained from pineapple medium was
highest (i.e. 12.5 g/100 ml) as compared to watermelon medium (i.e. 10 g/100 ml)
and HS medium (3 g/100 ml). The fibers in BC produced by pineapple peel
medium (PA-BC) were highly disordered, showing an irregular arrangement.
Similarly, the ribbons were shorter in length for WM-BC and PA-BC and longer
and uniform in HS-BC. In contrast, the BC fibers produced by PA were thicker
compared to those produced by WM and HS after seven days. The texture for
PA-BC was hard, adhesive, and cohesive followed by WM-BC, and lowest for
HS-BC [121]. In another study, food wastes of rotten fruits and whey milk were
evaluated for BC production, which showed high BC production among all the
other culture media used due to the high percentage of carbon in the rotten
fruits. BC production by whey milk was limited by the presence of lactose,
which is not favorable for BC production and thus results in lowering the overall
yield. In contrast, the culture medium containing rotten fruits blended with
whey milk accounted for improved bacterial cell growth and BC production
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due to the presence of rich nutrients. This demonstrates that a combination of
different culture media of different food wastes can be useful for improved BC
production. These findings show that food waste medium can be a potential
substrate for low-cost BC production for different applications [122]. Besides,
the recycling of food wastes helps in reducing environmental pollution and
increasing ecological awareness.

4.7 Conclusions and Future Prospects

BC is an important natural biopolymer produced by various microbial strains
and a cell-free system. It possesses unique structural and physicochemical,
mechanical, and biological features, which make it an attractive material for
various applications. Different methods of synthesis of BC greatly affect its
yield and structural and physico-mechanical properties. The broad spectrum
applications of BC have been limited by its low yield and high production cost,
mainly due to the expensive medium components. Therefore, extensive efforts
have been made to minimize BC production cost including (i) the development
of novel production strategies (static, shaking, and agitation cultivation), (ii)
designing of new bioreactors, (iii) replacement of common carbon sources with
new and cheaper sources, (iv) exploration of novel and cheap waste sources,
(v) discovery of new BC-producing microbial species and genetic modification
of known bacterial strains, and (vi) the production of BC through cell-free
systems, which ideally convert all available substrate to product. BC yield and
its properties have been significantly improved by adding different supplements
to the culture medium. The utilization of various wastes as nutrient sources has
significantly reduced the overall production cost.

Efforts are required to further increase the BC yield and explore and utilize
cheap media sources. A mixture of different waste materials from different
sources could lead to improved productivity. This can be an important aspect of
future research for improved BC production with better characteristic features
for various applications. Development of advanced low-cost BC production
strategies will open the gateways for industrial-scale applications. Nevertheless,
the most important future aspects of BC research are to identify cheap, easily
available, and renewable media resources and microbial strains for cost-effective
BC production. With increased BC production, we can expect the development
of new useful BC-based materials in the near future.
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