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Abstract Bacterial cellulose (BC) as a never-dried

biopolymer synthesized in abundance by Glu-

conacetobacter xylinus is in a pure form which

requires no intensive processing to remove unwanted

impurities and contaminants such as lignin, pectin and

hemicellulose. In contrast to plant cellulose, BC, with

several remarkable physical properties, can be grown

to any desired shape and structure to meet the needs of

different applications. BC has been commercialized as

diet foods, filtration membranes, paper additives, and

wound dressings. This review article presents an

overview of BC structure, biosynthesis, applications,

state-of-the-art advances in enhancing BC production,

and its material properties through the investigations

of genetic regulations, fermentation parameters, and

bioreactor design. In addition, future prospects on its

applications through chemical modification as a new

biologically active derivative will be discussed.
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Introduction

Cellulose, a water-insoluble polysaccharide, is the

most abundant macromolecule on earth (Brown 2004)

and is mostly produced by vascular plants. Microor-

ganisms also produce cellulose which possesses

considerably different properties and, therefore, has

applications other than those of plant cellulose. Many

cellulose-producing bacteria, including the genera
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Gluconacetobacter, Rhizobium, Agrobacterium, Rho-

dobacter and Sarcina have been reported (Brown

2004; Morgan et al. 2013). Bacterial cellulose (BC)

was first reported by Adrian Brown (1886) while

working with Bacterium aceti in 1886. A solid mass

was formed at the surface of fermentation medium,

which was not expected in his routine work. The solid

mass was referred to as the ‘‘vinegar plant’’ or

‘‘mother’’ and was commonly used in home-made

vinegar production. The constituent was later identi-

fied as cellulose and the name Bacterium xylinum was

assigned to the microorganism responsible for its

synthesis. Since its discovery, several names were

given to this bacterium including Acetobacterium

xylinum (Ludwig 1989) and Bacterium xylinodes

(Henneberg 1906). It was later named as Acetobacter

xylinum (Bergey 1925) and became the official name

according to the International Code of Nomenclature

of Bacteria (Sneath 1958). Now the Gram-negative,

strictly aerobic bacterium is referred to as Glu-

conacetobacter xylinus (Valla et al. 2009), which is

considered as a subspecies of Acetobacter aceti

(Cannon and Anderson 1991).

Unlike plant cellulose, BC does not require extra

processing to remove unwanted impurities and con-

taminants such as lignin, pectin and hemicellulose,

thus being able to retain a greater degree of polymer-

ization (Nishi et al. 1990). BC also demonstrates

unique properties, including high degree of crystal-

linity, water retention value, tensile strength, and

moldability (Klemm et al. 2001; Yamanaka et al.

1989; Yoshino et al. 1996). In the time period from

1946 to 1963, Hestrin et al. published many papers on

the synthesis of BC which were summarized in a book

chapter (Ohad et al. 1962). Chawla et al. (2009) also

summarized the effects of fermentation parameters

and bioreactor configuration on BC production. How-

ever, further discussions about more recent progress of

BC, including biosynthesis manipulation, new biore-

actor designs, production methods, modifications and

applications are still needed.

Therefore, the objective of this article is to

provide an extensive overview of BC chemistry,

structure, advances in enhancing BC production,

and its material property improvements through

the investigations of genetic regulations, fermen-

tation parameters, and bioreactor design as well as

future prospects on its applications as high value

products.

Bacterial cellulose biosynthesis

Cellulose producing strain

The accurate determination of the chemical composi-

tion and structural properties of BC was conducted by

Hibbert and Barsha (1931). They concluded that the

BC was chemically identical to the cellulose from

plants. Although BC can be produced from the species

of Achromobacter, Alcaligenes, Aerobacter, Agro-

bacterium, Azotobacter, Gluconacetobacter, Pseudo-

monas, Rhizobium, Sarcina, Dickeya and Rhodobacter

(Brown 2004; Deinema and Zevenhuizen 1971; Mor-

gan et al. 2013; Jahn et al. 2011), only Gluconacetob-

acter species can produce cellulose at commercial

levels. The amount of BC produced from Acetobacter

spp. varies from 1.0 to 4.0 % (w/v) of fermentatation

media. Selection of commercially useful strains of

cellulose producing organisms was initially driven by

its use as a food product (Kuga and Brown 1988;

Okiyama et al. 1992b). Nata de Coco, for example, is a

popular dessert in Philippine, which consists in mixing

BC in the fruit juices with other plant extracts (Lapuz

et al. 1967). This microorganism was later identified as

G. xylinus and the optimal culture conditions were pH

at 5–5.5 and 28 �C with ammonium salts as nitrogen

source and either glucose or sucrose as carbon source

(Masaoka et al. 1993). The detailed mechanism of

bacterial cellulose synthesis from G. xylinus (ATCC

23769 and 53582) and its location on the cell surface

was investigated by Brown and his co-workers (Brown

et al. 1976; Benziman et al. 1980; White and Brown

1981; Bureau and Brown 1987).

Ross et al. (1991) also reviewed cellulose biosyn-

thesis and its function in bacteria. They outlined the

‘‘machinery’’ necessary for cellulose synthesis, regu-

latory mechanism as well as function and genetics.

The biochemistry of cellulose synthesis in bacteria,

plants, and algae were compared. The detailed mech-

anism was summarized in our Genetics and Enzyme

regulation section (Ross et al. 1985, 1991).

Gluconacetobacter xylinus

Masaoka et al. (1993) performed an extensive study on

cellulose producing bacterial strains of the genus

Gluconacetobacter and Agrobacterium to find the best

cellulose producer. The cellulose production in static

culture was found to be proportional to the surface area
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of the culture with a constant culture volume. Culture

volume and depth (above 4.5 cm) had no effect on

production rate since growth occurs at the air–liquid

surface (Okiyama et al. 1992a). It has been asserted

that the purpose of this extracellular material is to

provide a firm, floating material in which the embed-

ded cells of G. xylinus, an obligate aerobe, may benefit

from close contact with air surface (Cook and Colvin

1980). Williams and Cannon (1989) reported that the

cellulose pellicles promoted the colonization of G.

xylinus on the substrate and provided protection from

the access of competitors. Cellulose also protects G.

xylinus from the negative effects of UV lights due to its

opacity (Williams and Cannon 1989).

Colvin and Leppard (1977) suggested a cycle of

lipid-phosphate-carbohydrate intermediates in cellulose

biosynthesis, where glucose reacts to form glucose-6-

phosphate, then glucose-1-phosphate, uridine diphos-

phoglucose (UDP-glc), and finally cellulose. This

biosynthesis of bacterial cellulose forms a multi-regu-

lation network containing several key enzymes to

control cellulose synthesis (such as glucokinase, isom-

erase, phosphoglucomutase, UDPG-pyrophosphorylase

and cellulose synthase), in which the branched hexose

monophosphate pathway (HMP) and tricarboxylic acid

cycle are involved (Yu et al. 2012). The simplified

pathway is shown in Fig. 1.

BC can also be synthesized in a cell-free system.

Glaser (1958) first reported that in vitro cellulose

synthesis can be obtained with only UDPG, ATP, and

broken cells. This system was also reported later by

Ben-Hayyim and Ohad (1965), Colvin and Leppard

(1977), Swissa et al. (1980) and Lin et al. (1985).

However, the production efficiency was low, which

could be due to the requirement of membrane potential

during cellulose synthesis (Delmer et al. 1982).

In nature, most cellulose is produced as crystalline

cellulose, which is defined as cellulose I. In an attempt

to determine the relationship between polymerization

and crystallization of b-1, 4-glucans into microfibrils

of G. xylinus, Benziman et al. (1980) added Calcofluor

White ST, a commercial brightener for cellulose, to

the production medium. This disrupted the assembly

of crystalline cellulose I fibrils while accelerating the

polymerization process. Once the chemical agent was

washed away, ribbon production and polymerization

rates restored to normal. They concluded that the

polymerization and crystallization are coupled in a

consecutive process, and the rate of polymerization

was limited by the rate of crystallization.

Deslandes and Marchessault (1983) continued this

work and developed a mechanism for the self-assem-

bly of cellulose microfibrils. The first step is the

polymerization of several b-1, 4-glucan chains at an

extrusion site on the cell surface. A single G. xylinus

cell may polymerize up to 200,000 glucose molecules

per second into b-1, 4-glucan chains on the lined-up

extrusion sites, which later secreted into the surround-

ing medium (Hestrin and Schramm 1954). Parallel

glucan chains then aggregate and crystallize into

microfibrils, and finally these microfibrils aggregate

into discontinuous bundles (Iguchi et al. 2000). Native

Fig. 1 Pathway of cellulose

synthesis from glucose in

Acetobacter xylinum. 1

glucokinase, 2 isomerase, 3

phosphoglucomutase, 4

UDPG-pyrophosphorylase,

5 cellulose synthase
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cellulose microfibrils occur in a spectrum of dimen-

sions, ranging from 1 to 25 nm in width (correspond-

ing to 10–250 chains) and from 1 to 9 lm in length

(2,000–18,000 glucose residues) (Haigler 1985). Dur-

ing bacterial cellulose synthesis, bacterial cellulose

synthase (Bcs) A and B play key roles to promote

cellulose fiber elongation. Morgan et al. (2013)

presented the crystal structure of a complex of BcsA

and BcsB containing a translocating polysaccharide,

which demonstrates BcsA–BcsB complex forms a

cellulose-conducting channel to extend polysaccha-

ride by one glucose.

Dark field microscopy was employed to observe

cellulose formation (Brown et al. 1976). Cellulose is

secreted from the bacteria in the form of a ribbon,

composed of approximately 46 microfibrils, at a rate

of 2 lm/min. Electron micrographs of the cell enve-

lope indicated that the presence of 50–80 porelike sites

arranged in a regular row along the long axis of the cell

and in evident juxtaposition with the extracellular

cellulosic ribbon. A complementary row of particles

within the interior of the outer membrane has been

described for freeze-etched preparations. Brown

(1985) presumed that these discrete structures are the

sites of extrusion for cellulosic microfibrils in groups

of 10–15 chains. Microfibrils, rather than individual b-

1, 4-glucan chains, are supposed to be the initial form

of the produced cellulose. Based on these observa-

tions, the authors concluded that the cellulose is not

assembled at a distance from the cell, as it was

believed earlier.

Other BC producing strains

In addition to G. xylinus, Escherichia coli and

Salmonella spp. were also reported as cellulose

producing microorganisms, which is related to

adhesion and multicellular (biofilm) behavior (Zogaj

et al. 2001; Coucheron 1991). The cellulose synthe-

sis genes (bcsA, bcsB, bcsZ and bcsC) of these

species were similar to those in G. xylinus (Solano

et al. 2002). However, the amounts of BC produced

by these strains were lower than that from G. xylinus.

Kitamura and Yamaya (1987) also reported that BC

can be produced anaerobically by pathogenic, Gram-

positive Sarcina ventriculi. The produced BC from

S. ventriculi remains tightly associated with the cell

membrane, which may protect themselves from

strong acid in mammal’s intestine.

Genetics and enzyme regulation

The cellulose synthesis enzyme complex has been

observed in all cellulose-synthesizing organisms and

these enzyme complexes are termed as terminal

complexes (TCs) (Brown 1985; Okuda 2002). Four

genes were identified from a cellulose deficient mutant

(Cel-) and named AxCeSA, AxCeSB, AxCeSC (Wong

et al. 1990) and AxCeSD (Delmer 1999). The compli-

mentary fragment contained acs operon (acs A–D),

consisting of four open reading frames encoding four

proteins with molecular weight of 84.4, 85.3, 141.0,

and 17.3 kDa, respectively. The first three proteins

participate in the production of cellulose by G. xylinus

while the fourth one plays a role in the crystallization

of cellulose (Wong et al. 1990; Saxena et al. 1994).

Moreover, three other upstream genes and two

enzymes have been identified. From these genes,

ORF1 is presumed to encode an enzyme with cellulase

activity (CMCax, endoglucanase) (Kawano et al.

2005) and the function of second gene (ORF2)

involves the construction of high-order structures

(cellulose I) of BC (Nakai et al. 2002). The endoglu-

canase identified in bacteria and plants was predicted

to act as an editor/chain terminator during cellulose

synthesis (Delmer 1999). However, G. xylinus repli-

cates only cellulose negative cells when either gene

was disrupted (Standal et al. 1994). The third gene was

thought to be partially responsible for the switching

mechanism between cellulose I and II production

(Nakai et al. 2002). Aloni et al. (1982) reported that an

unknown protein and GTP is crucial for stimulating

the activity of cellulose synthase. The enzyme was

later identified as diguanylate cyclase (Ross et al.

1985). The diguanylate cyclase catalyses the forma-

tion of cyclic diguanylic acid (c-di-GMP), while

phosphosdiesterase, as a negative control, catalyses

the degradation of c-di-GMP (Ross et al. 1991). Nakai

et al. (2012) reported that some cellulases such as

carboxymethylcellulase play essential roles, which

can reduce cellulose production and form small

particulate cellulose after its function was blocked.

Bhowmick et al. (2011) also reported that the expres-

sion of gcpA gene, a biofilm associated gene, may

regulate cellulose synthesis in Salmonella enterica. It

indicates the biofilm associated gene is a potential

alternative pathway to regulate BC production. Sun-

agawa et al. (2013) discovered that the function of

cellulose complementing factor (Ccp), a kind of
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membrane protein in Gluconacetobacter species, is

the same as cellulose synthase complex (also called

terminal complex). It means that the processing of

cellulose synthesis may have other unknown

components.

Coucheron (1991) found an insertion sequence in

G. xylinus that altered cells to cellulose-negative

mutants. Using DNA hybridization analysis, seven

copies of a specific genetic insertion sequence ele-

ment, IS 1031, were found in the wild-type strain.

Once these elements are inserted, the cell could lose its

ability to produce cellulose.

In order to enhance the production of cellulose,

recombinant DNA was used to produce a faster

growing organism, usually E. coli, with same cellu-

lose-producing ability of G. xylinus. Fujiwara et al.

(1992) constructed a shuttle vector, pUF106, which

contained genes from both G. xylinus and E. coli. The

vector also contained an ampicillin resistance gene,

which makes it easy to select transformed variants. No

further work on the application of this vector was

found. DeWulf et al. (1996) conducted genetic engi-

neering to produce a mutant of G. xylinus (LMG

1518), which was limited in its ability to produce

gluconic acid and related species, and hence prevented

dramatic decrease in pH during cultivation. The

resulting pellicle size was twice as that of wild-type

strain. This novel strain is beneficial to the cellulose

production industry.

Production of BC

The current methods of BC production are static

culture (Shezad et al. 2010; Kralisch et al. 2010),

agitating culture (Yan et al. 2008; Tse et al. 2010), and

the airlift reactor (Song et al. 2009). Large scale, semi-

continuous, and continuous fermentation will be

dominant to meet commercial demand. In all cases,

the main objective is to achieve maximum production

of BC with optimum form and suitable properties for

the application for which it is intended.

It was previously believed that the wild strains of G.

xylinus were not able to produce cellulose in a

submerged and aerated system due to the accumula-

tion of cellulose-negative (Cel-) mutants (Johnson

and Neogi 1989; Oikawa et al. 1995; Mikkelsen et al.

2009; Hong et al. 2012). Unlike wild-type cells (Cel?),

Cel- cells produce water-soluble polysaccharides and

they are identified as acetan (Valla and Kjosbakken

1981; Griffin et al. 1996). However, through genetic

modification or strain selection, several strains can

now produce cellulose in an agitated and aerated

bioreactor (Toyosaki et al. 1995; Hwang et al. 1999).

BC produced by these new strains under agitated and

airlift cultures, however, is formed as reticulated

cellulose slurry with limited applications.

Static cultures for BC production

Static cultivation is a relatively simple and widely

used method of cellulose pellicle production. The

medium is placed into shallow trays, inoculated, and

cultivated for 5–20 days until the cellulose nearly fills

the tray. G. xylinus produces a gelatinous BC pellicle,

which has a denser surface on the side exposed to air.

The BC production is directly related to the area of air/

liquid surface when the depth is less than 4.5 cm

(Okiyama et al. 1992b). An external factor, named the

wall effect, should be eliminated as it is the strongest

limiting factor for BC production (Hornung et al.

2006). Schramm and Hestrin (1954) explained that the

floating property of BC pellicle is due to the entrapped

CO2 bubbles generated from metabolism of bacteria.

The traditional static culture represents an expen-

sive way of BC production that may hinder its

industrial application since the productivity is low

and long cultivation time is required. Shezad et al.

(2010) proposed a new static culture system based on a

simple fed-batch strategy to increase the BC produc-

tivity to a suitable level for commercial applications,

using waste from beer fermentation broth (WBFB) as

nutrient source. It was found that WBFB is a better

medium than the chemically defined medium for BC

production in a fed-batch culture. Seven hundred and

fifty g of BC sheet was obtained with 2.5 cm thickness

after 30 days of cultivation using WBFB, representing

a 2–3 times increase in BC production compared to

batch cultivation. The scanning electron micrographs

of the sheets showed that the fibrils of BC produced in

the fed-batch culture are more crowded and thinner

than those produced using chemically defined medium

(CDM) (Zhou et al. 2007a). With the same purpose,

Kralisch et al. (2010) developed a novel, efficient

bioreactor for a semi-continuous production of planar

bacteria-produced nanocelluloses (BNC) named Hor-

izontal Lift Reactor (HoLiR) equipped with fleeces

and foils of selectable length and adjustable height.
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This process combines the advantages of static

cultivation and continuous harvesting under steady-

state cultivation conditions. JeNaCell�, the commer-

cial product from the HoLiR, is characterized by

comparable material properties as BNC produced

from traditional static cultures. Meanwhile, significant

cost reduction using HoLiR compared with static

cultivation in Erlenmeyer flasks was accomplished.

Submerged fermentation

Several attempts have been made to produce BC using

the submerged fermentation, which is more conve-

nient for scale-up production. However, there are two

main concerns: (1) insufficient oxygen supply and

irregular shape of produced BC, and (2) simultaneous

accumulation of non-BC-producing mutants in agita-

tion culture (Schramm and Hestrin 1954; Park et al.

2003). Moreover, the insolubility of the cellulose

product poses obstacles for nutrition transfer resulting

in inhomogeneity. G. xylinus BPR2001, as ATCC

700178, which was reported by Toyosaki et al. (1995)

exhibited 1.8-fold higher BC productivity than the

commonly used strain, G. xylinus ATCC 23769

cultivated under agitation. Other strains, such as G.

xylinus BPR 3001A, G. hansenii KCTC 10505BP, and

G. xylinus NUST4.1 were also reported for their

applicability in the agitated fermentation (Park et al.

2003; Naritomi et al. 2002; Zhou et al. 2007b). BC

pellets instead of pellicles were obtained in agitated

cultures.

Airlift bioreactors have stood out as solution for

reducing shear stress and avoiding shutdowns in BC

production. Song et al. (2009) studied the scale-up BC

production in a modified airlift-type bubble column

bioreactor, which had a low shear stress and high

oxygen transfer rate (kLa), using saccharified food

wastes (SFW) as fermentative medium. With the

addition of 0.4 % agar and aeration rate of 1.0 vvm,

5.6 g/l BC was produced in a 50 l spherical type

bubble column bioreactor after 3 days of cultivation.

In relation with structural properties, Hu and Catch-

mark (2010a) investigated the formation of spherelike

BC particles under shaking conditions. They found

that not all the G. xylinus strains can produce these

spherelike particles. Results showed that the JCM

9730 strain could form spherelike cellulose particles

under agitated culture with a rotational speed above

100 rpm. Approximately, spheres with 0.1–1 and

10 mm diameters were produced at a rotational speed

of 200 and 150 rpm, when cultured in 100 ml of

medium in a 250 and 150 ml Erlenmeyer flask,

respectively. Field emission scanning electron micro-

scope (FESEM) analysis revealed that cellulose par-

ticles produced at 150 rpm were hollow with a layered

outer shell, while, particles produced at 125 rpm were

solid, but the central region was not layered.

Bioreactor design

To meet commercial scale production, though scaling-

up of static culturing is challenging, several modifi-

cations were proposed. Yoshino et al. (1996) designed

a new culture vessel, which provided an oxygen-

permeable silicone membrane surface in the bottom.

By doing this, the rate of cellulose production was

doubled since BC pellicles can be formed on the

liquid–air surface and on the oxygen-permeable

silicone membrane. They also found that the rate of

cellulose production on the silicone membrane

depended strongly on the degree of roughness of the

membrane surface. The rate of BC production was

about five times higher on a glossy silicone membrane

than on an embossed surface (Yoshino et al. 1996).

Hornung et al. (2007) developed a novel bioreactor,

which involves the generation of an aerosol spray of

glucose and its even distribution to the living bacteria

on the medium-air interface. The average growth was

2 mm/day or around 9 g cellulose dry mass/day. BC

produced in the aerosol bioreactor showed higher

mechanical strength than the traditionally produced

product from a static beaker or box culture. Table 1

summarizes different types of bioreactor which are

used to produce bacterial cellulose.

Airlift bioreactor

Airlift bioreactor, which requires lower power supply

when compared with agitated bioreactor, is another

option for BC production. Chao et al. (1997) first

reported the implementation of airlift bioreactor for

BC production. Air or oxygen-enriched air was

supplied from the bottom and hence drove the

circulation of culture medium. Later, different config-

uration of airlift bioreactor has been applied to

enhance BC production. Chao et al. (2000) employed

a 50-l internal-loop airlift reactor and obtained 3.8 g/l

BC after 67 h fermentation. Cheng et al. (2002)
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reported a modified airlift reactor (equipped with three

wire-mesh draft tubes), which yielded 7.7 g/l BC after

72 h fermentation. The highest BC concentration to

date was 10.4 g/l with a 0.22 g/l/h production rate by

using air-lift reactors (Chao et al. 2001b).

Rotating disk bioreactor

In agitation or airlift bioreactors, the adhesion of BC to

the shaft and the upper part of the vessel causes the

homogeneity problem and increases the difficulty of

removing the BC product. Another concern is that the

produced BC pellets exhibit low mechanical strength

which limits its possible applications when compared

to BC pellicle. Serafica et al. (2002) first reported the

BC production in a rotating disk bioreactor, which

consists of a cylindrical inlet for inoculation and

several circular disks mounted on a rotating central

shaft (Bungay et al. 1991). The rotating disk bioreactor

was designed that the half area of its disks was

submerged in the medium and the other half exposed to

the atmosphere. With continuous rotation, the surface

of disks is alternately located between the medium and

atmosphere. The advantage of this design is that the

produced BC will attach on the disks and restore its

mechanical strength, in addition to aeration. Later,

Krystynowicz et al. (2002) investigated the optimal

fermentation condition (medium volume, rotating

speed, and number of disks) for BC production. The

maximum BC yield was obtained when rotating speed

is at 4 rpm with a surface/medium ratio of 0.71.

Attempts of adding different solid particles were

conducted in order to obtain novel BC composites.

Serafica et al. (2002) reported that the incorporation of

solid particles into the cellulose matrix was related to

the rotating speed and their concentrations. Paper fibers

of ordinary cellulose can be incorporated to create

composites with enhanced strength and increase the

toughness of BC (Mormino and Bungay 2003). Lin and

Cheng (2012) reported a semi-continuous approach by

using rotating disk bioreactor containing PCS, a kind of

plastic matrix, which can enhance cell adhesion. BC

can be produced semi-continuously, and its productiv-

ity is approximately 2.58 mg/cm2/day for at least five

consecutive runs without the need of reinoculation.

Cell immobilization and biofilm reactors

The productivity of BC can be improved by using

techniques such as immobilized-cell reactors, cell-

recycle reactors, and hollow fiber reactors. Biofilm

reactor, one of the immobilized-cell reactors, is an

excellent example of high biomass density systems,

which may reduce the capital costs.

Biofilm reactors, moreover, show several advanta-

ges over suspended cell reactors, particularly in

Table 1 Comparison of different types of bioreactor for BC production

Reactor

type

Advantage Disadvantage Productivity Production References

Airlift

reactor

High cell concentration

and productivity;

relatively low shear

stress

High energy

requirement; long

biofilm establishment

time

0.056–0.116

g/l/h

3.8–8.7 g/l Chao et al. (1997, 2000, 2001b),

Cheng et al. (2002), Ishida et al.

(2003), Noro et al. (2004), Zuo

et al. (2006)

Rotating

disk

reactor

High cell concentration;

Good for aerobic

strains

Semi-continuous

production;

higher risk of

contaminations

0.015 g/l/h 5.35 g/l Krystynowicz et al. (2002); Serafica

and Bungay (1996)

Biofilm

reactor

High cell concentration

and productivity; easy

for product separation

Cell fouling,

constraints in scaled-

up applications

0.82 g

(cellulose

dry weight)/

m2/h

Hofinger et al. (2011)

Fluidized-

bed

reactor

Uniform particle

mixing and

temperature gradient;

long-term production

High energy

requirement; long

biofilm establishment

time; shear stress.

0.08 g/l/h 5.8 g/l Song et al. (2009)

Stirred-

tank

reactor

High cell concentration

and productivity;

long-term production

Shear stress of cells;

more mixing power

needed

0.058–0.23

g/l/h

4.57–13 g/l Cheng et al. (2011), Zinnanti et al.

(2009), Chao et al. (2001a), Jung

et al. (2007), Noro et al. (2004)
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providing high biomass density, operation conve-

nience, and production yield. Cheng et al. (2009b)

successfully enhanced BC production by using a

plastic composite support (PCS) biofilm reactor. The

results demonstrated that the PCS biofilm reactor

yielded BC production (7.05 g/l) that was 2.5-fold

greater than the control (2.82 g/l). Moreover, mechan-

ical strength analysis also indicated that the produced

BC, similar to pellicle form, improved its tensile

strength to a point comparable to that observed in

pellicle form, which may broaden its potential appli-

cations. However, it is not clear to what extent PCS

components are incorporated into the cellulose matrix.

Solid nutrient supports present the capability to

introduce desired additives into the produced cellulose

potentially allowing new engineered materials to be

created. Other studies concerning BC production were

summarized in Table 2.

Long-term fermentation

A main limitation of batch fermentation is the time

required to restart a new batch. Microorganisms need

time to accustom themselves to new fermentation

condition. Intense researches have been conducted to

develop continuous fermentation processes in order to:

minimizing the time for cleaning and sterilizing the

bioreactor, omitting the time for seed culture prepa-

ration, and shortening the lag time for cell activation

and accumulation time of enough biomass.

Naritomi et al. (1998) conducted BC fermentation

in a continuous manner with ethanol addition. Results

demonstrated that, with the presence of 10 g/l of

ethanol, 0.95 g/l/h BC production rate and 46 % of BC

yield was achieved with a dilution rate of 0.07/h. The

BC production was only 0.6 g/l after 36-h fermenta-

tion for control in batch fermentation. Ethanol func-

tioned as an energy source for ATP generation, but not

as a substrate for BC synthesis. For repeated batch

fermentation, Naritomi et al. (2002) studied the broth

exchange ratio on BC production. The results indi-

cated that the highest BC production rate (0.43 g/l/h)

and BC yield (28 %) were achieved when the broth

exchange ratio was 0.9. With a larger broth exchange

ratio, the ATP content in cells was low and resulted in

a lower BC production rate.

Naritomi et al. (1997) patented a process for

continuously preparing BC at a production rate of

0.4 g/l/h, by maintaining the concentration of the

residual sugar in the culture broth at 20 g/l. More

recently, Ruka et al. (2012) proposed a 7-day cultiva-

tion period which reached the highest BC productivity.

The BC yield reaches a maximum level at approxi-

mately 14 days (10 g/l). Lin and Cheng (2012) dem-

onstrated that plastic composite support (PCS) as solid

support features high potential for semi-continuous

production of BC. The result shows that BC can be

produced semi-continuously, and its productivity

reached is approximately 2.58 mg/cm2/day, which

can be maintained at least five consecutive runs.

Culture media

Previous studies have illustrated that G. xylinus has the

capability to grow and produce cellulose on a variety

of substrates. This leads to many investigations

concerning optimal composition of medium for bac-

terial growth and cellulose production. The standard

medium used for BC cultivation, the Hestrin-Sch-

ramm medium (Schramm and Hestrin 1954), is

expensive and requires additional supplements for

effective cultivation (Kongruang 2008).

Saccharified liquid medium, created by the enzy-

matic treatment of food wastes, appears as an

inexpensive alternative to complex commercial BC

production medium. Products from beets (molasses,

sugar syrup, and saccharose), corn (starch, hydrolyzed

starch, glucose syrup, and glucose), and potatoes

(starch and starch hydrolyzates) can be used for BC

production (Kongruang 2008).

Ruka et al. (2012) reported that the Yamanaka et al.

(1989) and Zhou et al. (2007a) modified media

produced high levels of cellulose, and more specifi-

cally the Yamanaka-mannitol combination reached

the highest cellulose yield. The results also showed

that glucose, mannitol and sucrose were the carbon

sources that produced consistently high yields of

cellulose, regardless of the composition of the media.

The maximum BC production was set at 10 g

produced in 14 days using a large surface area and

high cellulose-producing media.

Carbon and nitrogen source

Tarr and Hibbert (1931) tested a number of carbohy-

drates in a culture of G. xylinus and determined that

fructose provides the best yield. Glucose, sorbitol, and

mannitol demonstrated an applicable production,
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Table 2 Bacterial cellulose production under different culture conditions

Strain Significance BC

production

(g/l)

References

G. xylinus K3 The addition of 3 g/l green tea acts as a stimulator of cellulose

production by preventing c-di-GMP from being destroyed by the

enzyme phosphodiesterases

3.34 Nguyen et al.

(2009)

20 g/l mannitol

40 g/l CSL

G. xylinus (ATCC

10245)

Acid treated molasses solution (17 % w/v) and corn steep liquor (8 %

v/v) are suitable economic carbon and nitrogen sources to increase

BC production in static culture

4.7 El-Saied et al.

(2008)

G. xylinus (ATCC

23770)

Alkaline treated konjac poder used as carbon source can yield a BC

production three times higher than that using glucose, six times higher

than that using mannose, and five times higher than that using

glucose-mannose in static cultures

2.12 Hong and Qiu

(2008)

G. xylinus TISTR 998 Coconut juice 553.33

(wet

weight)

Kongruang (2008)

1 % yeast extract

14 ml of 95 % ethanol

Static culture

6 days of fermentation

G. hansenii PJK

(KCTC 10505BP)

Waste from beer culture broth supplemented with 1 % glucose may be

used as fermentation medium to enhance BC production under static

culture

13.95 Ha et al. (2008)

G. xylinus NBRC

13693

Orange and Japanese pear juices are suitable medium for a bacterial

cellulose production when supplemented with nitrogen

5.9 Kurosumi et al.

(2009)

G. hansenii PJK

(KCTC 10505BP)

Fed batch cultivation (regular feeding with fresh medium) 750 g (wet

weight)

Shezad et al.

(2010)Waste from beer fermentation broth

1 % glucose

Aeration rate of 1 vvm

Static culture

30 days of fermentation

G. xylinus KJ1 The addition of 0.4 % agar into saccharified food wastes medium is

effective for the mass production of BC in a 50 l spherical type

bubble column bioreactor with an aeration rate of 1.0 vvm

5.6 Song et al. (2009)

G. xylinus ATCC

53524

Sucrose in modified HS medium is one of the most effective carbon

sources for increase BC production under static culture

3.83 Mikkelsen et al.

(2009)

G. xylinus ATCC

53524

Glycerol in modified HS medium is one of the most effective carbon

sources for increase BC production under static culture

3.75 Mikkelsen et al.

(2009)

Gluconacetobacter sp.

4B-2

The replacement of glucose in modified HS medium with 1.5 %

sucrose as carbon source can enhance BC production due to its lower

rate of consumption

11.98 Pourramezan et al.

(2009)

G. xylinus ATCC

23769

Enzymatically pretreated rice bark enriched with glucose (4 % w/v) can

enhance BC production in static culture

2.42 Goelzer et al.

(2009)

G. xylinus JCM 9730

(ATCC 700178)

The addition of 0.14 mg of 1-methylcyclopropene to the fermentative

medium shows an inhibitory effect on cell growth increasing BC yield

up to 25.4 % over control

*1.15 Hu and Catchmark

(2010b)

Gluconacetobacter sp.

V6

Glycerol (3 % w/v) used as carbon source is a potential low-cost

substrate for increasing BC production in agitated culture

4.98 Jung et al. (2010b)
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Table 2 continued

Strain Significance BC

production

(g/l)

References

G. xylinus BCRC 12

332

The dissolution pretreatment of cellulosic fabrics enhance the

enzymatic saccharification by cellulases. Higher BC yields (40–65 %)

can be obtained using cotton enzymatic hydrolysates as carbon source

compared to that achieved with glucose-based cultures

1.88 Kuo et al. (2010)

Gluconacetobacter sp.

V6

The addition of CSL at 4–6 % v/v is beneficial to BC production, both

for the pH buffer effect and from the nutritional point of view

2.36 Jung et al. (2010b)

G. hansenii PJK

(KCTC 10505BP)

The modification of the reactor surface with 2 % agar can increase the

BC production about 1.7 times higher than the control culture

5.03 Shah et al. (2010)

G. xylinus 186

(CGMCC)

Certain alcohols like n-butanol and mannitol, can stimulate BC

production when added to the fermentative medium

1.33 Lu et al. (2011)

G. xylinus KJ1 The critical dissolved oxygen (DO) concentration need to be

maintained above 3.10 ppm to prevent oxygen limitation during the

BC production culture

7.37 Li et al. (2011)

G. sacchari (isolated

from Kombucha tea)

Residues from agro-forestry industries (as grape skins) can serve as

economic carbon substrates for BC production with a prior dilution

and nitrogen and phosphorus supplementation

*1 Carreira et al.

(2011)

G. xylinus (PTCC,

1734)

Date syrup can be used as a cheap carbon source to obtain BC in static

batch fermentation

43.5 Moosavi-nasab

and Yousefi

(2011)

G. xylinus BPR 2001

(ATCC 700178)

Maple syrup may serve as carbon source for BC production in a rotary

shaker

1.56 Zeng et al. (2011)

G. xylinus ATCC 23

770

Detoxification of wheat straw hydrolysates with Ca(OH)2 is the best

treatment to enhance BC production when used as carbon source in

the fermentation medium

15.4 Hong et al. (2011)

G. hansenii PJK

(KCTC 10505BP)

The presence of 1 % single sugar a-linked glucuronic acid-based

oligosaccharide (SSGO), produced by Gluconacetobacter hansenii

PJK (KCTC 10505BP), in the fermentative medium increases BC

production and the diameter of its fibers, by inhibiting the synthesis of

glucuronic acid oligomer

10.5 Ha et al. (2011)

G. sacchari (isolated

from Kombucha tea)

G. sacchari has a high potential as a BC producing strain using glucose

as carbon source in HS medium in static culture

2.7 Trovatti et al.

(2010)

G. swingsii sp. Agricultural residues as pineapple peel juice and sugar cane juice can

be used as fermentation medium for BC production in static culture

without any nutritional supplement

2.8 Castro et al. (2011)

G. xylinus ATCC

23770

Pretreatment of cellulosic fabrics with the ionic liquid 1-allyl-3-

methylimidazolium chloride ([AMIM]Cl) may enhance enzymatic

saccharification and, thus, BC production from cotton-based waste

textiles

10.8 Hong et al. (2011)

G. xylinus (BCRC

12334)

Thin stillage, a wastewater from rice wine distillery, can be employed

to replace distilled water for preparing HS medium, and greatly

enhance the BC production by 2.5-fold

10.38 Wu et al. (2012)

G. xylinus ATCC

53524

Maximum BC yield can be reached by increasing the surface area of

static culture and the medium volume, using mannitol as the highest

cellulose producing carbon source, but this also increases cost and

production time

5.37 Ruka et al. (2012)

G. xylinus (ATCC

23769)

The addition of 1.0 % SSGO, produced by Gluconacetobacter hansenii

PJK (KCTC 10505BP), to the fermentative medium may result in an

89.3 % increase in BC production after 15 days of cultivation under

static condition

15.28 Ha and Park

(2012)
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while sorbose, mannose, cellobiose, erythritol, etha-

nol, and acetate completely failed to form any pellicles

(Hestrin et al. 1947).

Embuscado et al. (1994) examined combinations of

sugars and nitrogen materials at one time. They

reported that their specific strain of G. xylinus, isolated

from nata, cannot utilize glucose effectively, while

fructose and sucrose worked well. The optimal

substrates in terms of yield were fructose 5 %,

followed by 2.5 % fructose plus 2.5 % sucrose.

Addition of more than 5 % sugar did not increase

the production of cellulose. Among the nitrogen

sources studied, yeast extract or a combination of

yeast extract and peptone were most effective.

Oikawa et al. (1995) reported that D-mannitol was

an effective substrate for cellulose production of G.

xylinus. The optimal medium containing polypeptone

and yeast extract, in addition to mannitol, produced

three times more cellulose than a glucose medium

under identical culture conditions. The author pre-

sumed that mannitol is first converted to fructose

before entering the cellulose synthesis pathway, which

agrees with earlier study by Hestrin et al. (1947).

Recent studies have investigated the replacement of

carbon and nitrogen sources in Hestrin-Schramm

media. Mikkelsen et al. (2009) evaluated mannitol,

glucose, glycerol, fructose, sucrose and galactose as

carbon sources in HS medium. They found that after

96-h of fermentation, the highest yields of BC 3.83 and

3.75 g/l were obtained with sucrose and glycerol,

respectively. They also observed that different carbon

sources did not markedly alter the micro-architecture

of the resulting cellulose pellicles.

In order to compensate its low sugar conversion

yield and to reduce the feed-stock cost of BC

production, BC has been produced by fermenting the

hydrolysates of agricultural wastes such as hemicel-

luloses (Hong et al. 2012), konjac powder (Hong and

Qiu 2008), rice bark (Goelzer et al. 2009) and waste

cotton fabrics (Kuo et al. 2010). Several successful

efforts have been made to use certain industrial food

wastes as growth medium for the BC producer

organisms, which is not only a cheap way but also

works as a basin for environmental cleaning (Khan

et al. 2007). Thin stillage (TS) is a wastewater from

rice wine distillery rich in carbon sources and organic

acids. Wu and Liu (2012) discovered that TS, when

employ to replace distilled water for preparing Hestrin

and Schramm medium (the traditional BC production

medium), can enhance the BC production 2.5-fold to a

concentration of 10.38 g/l, with a sugar-BC conver-

sion yield of 57 % (0.57 g BC/g reducing sugar) after

7 days of static cultivation. In 2012, Ha and Park

(2012) further improved the BC production, 15.28 g/l

of BC was obtained after 15 days of cultivation.

Many researchers studied the pretreatment of

cellulosic wastes to enhance the enzymatic sacchari-

fication and, thus, obtain a richer carbon source to

increase BC production (Kuo and Lee 2009; Kuo et al.

2010; Hong et al. 2012). Kuo and Lee (2009) assessed

four cellulose dissolution agents, NaOH/urea solution,

N-methylmorpholine-N-oxide (NMMO), ionic liquid

1-butyl-3-methylimidazolium chloride ([BMIM]Cl)

and 85 % phosphoric acid, to dissolve cotton cellu-

lose. After 72 h, the saccharification yield ranged from

87 to 96 % for the regenerated celluloses while only

Table 2 continued

Strain Significance BC

production

(g/l)

References

G. xylinus KJ1 The addition of 0.4 % agar to the fermentative medium may increase

BC productivity in a static culture. Soluble viscosity-inducing matters

like agar have rather more effect on BC productivity than kLa factor

4.58 Kim et al. (2012)

G. hansenii CCTCC

M2010332

The addition of 2 % ethanol and 2 % sodium citrate to fermentation

medium may enhance BC production due to their effect on enzymes

activities

2.87 Li et al. (2011)

Gluconacetobacter sp.

F6

A novel and potent cellulose-producing bacterium was newly isolated

from a rotten apple and cultured under optimal conditions (10 g/l

glucose and 0.4 % ethanol)

4.5 Jahan et al. (2012)

Gluconacetobacter

medellensis sp. nov.

A highly acid tolerant strain can be used to produce BC with an initial

pH of 3.5 in the fermentative medium

4.5 Castro et al. (2011)
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around 23 % could be achieved for the untreated

cellulose. The significant hydrolysis enhancement

obtained with NaOH/urea-cellulose was mainly due

to crystal structure switch from cellulose I to a more

easily digestible cellulose II. Later, Kuo et al. (2010)

employed different cellulose solvents, including ionic

liquid 1-butyl-3-methylimidazolium chloride

([BMIM]Cl), 85 % concentrated phosphoric acid, N-

methylmorpholine oxide (NMMO) monohydrate, and

NaOH/urea solution, to dissolve the waste fabrics and

thereby obtaining a fourfold enhancement of sacchar-

ification rate and reducing sugars yield, through

cellulase hydrolysis. The hydrolysate obtained was

employed as carbon source to grow G. xylinus in a

static culture for the production of bacterial cellulose

pellicle. Higher BC yields (40–65 %) were obtained in

cotton enzymatic hydrolysate cultures compared to

that achieved with G. xylinus in glucose-based

cultures. It was proposed that the culture with cotton

hydrolysate should have a higher carbon source

concentration than the glucose culture, since addi-

tional soluble cello-oligosaccharides would be present

in the cotton hydrolysate. Hong et al. (2012) explored

cotton-based waste textiles as alternative feedstock for

production of BC by static culture of G. xylinus. To

obtain a better enzymatic hydrolysis rate they sug-

gested the cellulosic fabrics pretreatment with the

ionic liquid (IL) 1-allyl-3-methylimidazolium chlo-

ride ([AMIM]Cl). A BC yield of 10.8 g/l was obtained

from the cotton cloth hydrolysate with a reducing

sugar concentration of 17 g/l. This result was 83 %

higher than that from the glucose-based control

medium, and with a 79 % higher tensile strength.

They concluded that waste cotton pretreated with

[AMIM]Cl has potential to serve as a high quality

carbon source for BC production.

Yeast extract and peptone are the most commonly

used nitrogen sources in BC production as they

provide nitrogen and growth factors for Glu-

conacetobacter strains. However, many researchers

are trying to find efficient substitutes due to their high

cost. Matsuoka et al. (1996) determined that corn steep

liquor (CSL) was the most effective undefined nutrient

and they found that lactate and methionine had the

greatest effect within CSL. The defined medium based

on this analysis was able to synthesize cellulose at

90 % of the rate of the undefined medium.

Buffering capacity is also important for BC

production. Insoluble BC often attaches to pH probe

and leads to inaccurate reading (Shoda and Sugano

2005). Noro et al. (2004) pointed out the buffering

capacity of CSL, which could maintain the pH within

the optimal range during the production of BC. Jung

et al. (2010a) doubled BC production (from 1.53 to

3.12 g/l) using molasses as carbon source and corn

steep liquor as nitrogen source when compared with

the results obtained from complex medium.

Effect of pH

The effect of pH is well documented in many studies

(Hwang et al. 1999; Embuscado et al. 1994; Hutchens

et al. 2007). BC production was affected due to the

carbon flow directed into gluconic acid synthesis at

low pH (Masaoka et al. 1993). Results from static

fermentation proved that the pH usually drops to 3.5

during fermentation, which is out of optimal pH range

for BC production (Klemm et al. 2001). A strict

control of pH is therefore important for BC produc-

tion. Embuscado et al. (1994) reported that the optimal

pH for cellulose production was 4.5 and no cellulose

production was observed when pH was below 3.5. A

pH-shifting method was later proposed by Hwang

et al. (1999). They reported that when the pH was at

4.0, G. xylinus will accumulate gluconic acid, and a

preferred environment for both biomass and BC

production can be achieved by shifting pH from 4.0

to 5.5 during cellulose production phase in batch

cultures. The optimal pH for BC production may vary

with carbon source. Hutchens et al. (2007) reported

that when bacteria were cultured on glucose, the

optimal initial pH was 5.5. However, the optimal pH

was 6.5 when mannitol was used.

Under static batch cultivation, the pH of the culture

medium decreases because of the respiratory metab-

olism of G. xylinus, which involves the ethanol

oxidation to acetic acid and the glucose conversion

into gluconic acid. This fact makes it very important to

control the pH within the optimum range for cell

growth and cellulose production (Kongruang 2008; Ha

et al. 2011). However, in the case of fed-batch

cultivation (static culture), pH remains almost con-

stant, which can be due to the periodic addition of fresh

medium (Shezad et al. 2010). Jagannath et al. (2008)

studied the effect of pH on the thickness of bacterial

cellulose produced from a coconut water medium in

static fermentation. There was no appreciable cellulose

formation at pH 3.5 even after 20 days. Maximum
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thickness of BC (10.2 ± 0.26 mm) was obtained at pH

4.0 with 10 % sucrose and 0.5 % ammonium sulphate

concentrations, associated with a high water holding

capacity (87.4 ± 4.6 %) and a very low hardness

(4.2 ± 0.1 N).

Effect of oxygen

It is generally accepted that cellulose synthesis and

secretion require highly aerobic conditions. Therefore,

cells tend to float and reach the oxygen-rich surface

(Aloni et al. 1982). Colonies of G. xylinus in static

culture produce a visible film of cellulose pellicles

which cover the medium surface (Ross et al. 1991). In

agitated submerged cultures, which are more conve-

nient from an industrial point of view, the oxygen

transfer to the submerged cells is sufficient, resulting

in a drop in BC productivity due to increased viability

of cellulose negative strains. Gluconacetobacter

strains require oxygen as an essential substrate, so

volumetric oxygen transfer coefficient (kLa) is a key

limiting factor in the aerobic fermentation for pro-

ducing BC. Song et al. (2009) investigated the

optimum aeration rate for a 50-l spherical type bubble

column bioreactor, and it was determined to be 1.0

vvm (30 l/min). Li et al. (2011) studied the oxygen

uptake rate (OUR) of G. xylinus KJ1 during BC

production process using saccharified food wastes

medium in a 50-l modified bubble column bioreactor.

The OUR in a 12 h cultivation was 0.21 mg DO/l min,

from which the critical dissolved oxygen (DO)

concentration was suggested to be maintained above

3.10 ppm to prevent oxygen limitation during BC

production. These results indicated that pure oxygen

should be supplied during the exponential phase,

where DO depletion was observed. Under this condi-

tion, production of 7.37 g/l BC was obtained in the

50-l bioreactor with the supplementation of pure

oxygen. BC synthesis by Gluconacetobacter sp.

requires high oxygen transfer rate at a low shear

force. Kim et al. (2012) investigated the effect of

soluble polymer (represented by agar) and insoluble

BC on the viscosity and kLa in a 50-l up-and-down

circulation fermenter. They hypothesized that the

drastic reduction of kLa was caused by the soluble and

insoluble viscous materials. They also concluded that

agar is more influential than BC on kLa, and the BC

productivity was increased as the agar concentration

was raised to 0.4 %.

Effects of other additives on BC production

Attempts to enhance BC production by adding differ-

ent additives in the fermentation medium have been

made. The possible mechanisms of these various

additives to enhance BC were also proposed such as,

reduction of the shear force by increasing the viscosity

of medium (Bae et al. 2004), inhibition of the

crystallization process (Haigler et al. 1980), switch

of cell type (Park et al. 2003) and enhanced production

rate by interrupting ribbon formation (Zhou et al.

2007b; Lai et al. 2009).

Different chemical compounds including alcohols

(Lu et al. 2011), glycerol (Jung et al. 2010b; Mikkelsen

et al. 2009), organic acids (Jung et al. 2010b),

polysaccharides (Shah et al. 2010; Kim et al. 2012),

thin stillage from rice wine distillery (Wu and Liu

2012) and thin stillage from beer culture broth (Ha et al.

2008; Shezad et al. 2010) have been used as additives to

the fermentation medium with the aim of increasing

BC production. Cheng et al. (2009a) also reported that

A. xylinum can produce 8.2 g/l of BC with the addition

of 1 % carboxymethyl cellulose (CMC) in flask study,

which is 6.3-fold than the result of suspension cell

culture. In addition, small pellets were formed inside

the reactor instead of large chunks. This was found to

be an advantage as the cellulose was also easier to

harvest and opened the possibility of continuous BC

production. The slight decrease of crystallinity also

indicated that CMC may attach to the microfibrils at

some point prior or during crystallization, or even after

crystallization but in a fashion where some impact on

the crystallization process may still occur.

With the same purpose, Lu et al. (2011) investi-

gated the stimulatory effects of six different alcohols,

added at different concentrations, during fermentation

of G. xylinus 186. The produced effects could be

ranked as n-butanol [ mannitol [ glycerol [ ethyl-

ene glycol [ methanol [ n-propanol. However,

results showed that n-butanol only improves BC

production when added at concentrations fewer than

1.5 % v/v (maximum production of 132.6 mg/100 ml,

56.0 % higher than the control), while mannitol

stimulates BC production at any concentration, with

a maximum effect at the concentration of 4 % v/v

(maximum production of 125.2 mg/100 ml, 47.3 %

higher than the control).

More studies have been performed with the addi-

tion of polysaccharides, such as agar and acetan, to
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Table 3 Summary of BC applications

Type Description References

Acoustic transducer diaphragm

Acoustic speaker

diaphragm

BC membrane can be applied to process acoustic films Yamanaka and Watanabe (1994), Iguchi et al.

(2000)

Paper manufacturing

Composite paper BC can be modified to increase its material strength for

paper manufacturing

Stoica-Guzun et al. (2012), Grande et al. (2009),

Winter et al. (2010), Cheng et al. (2011), Quero

et al. (2010), Huang et al. (2010), Yamanaka and

Watanabe (1994), Iguchi et al. (2000), Wu and

Liu (2012), Mohammadi et al. (2009)

Packaging Used to package to avoid contamination or damage George and Siddaramaiah (2012), Zhijiang and

Guang (2011), Trovatti et al. (2010), Yang et al.

(2012b, c), Shezad et al. (2010)

Filter

Filtration material Used to percolate the impurity utilizing its ultra-

reticular structure

Takai (1994), Chen et al. (2009a, b)

Dialysis membrane It can be used for diffusion with solutes or osmosis Shibazaki et al. (1994)

Pharmaceutical application

Wound dressing BC can be applied in wound dressing due to its high

water retention, good biocompatibility, and excellent

mechanical property

Barud et al. (2011), Ifuku et al. (2009), Winter

(1962), Alvarez et al. (2004), Legeza et al.

(2004), Czaja et al. (2006, 2007), Meftahi et al.

(2010), Szczygielski et al. (2010), Maneerung

et al. (2008), Portal et al. (2009), Hu et al. (2009),

Solway et al. (2011), Wei et al. (2011),

Muangman et al. (2011), Yang et al. (2012b)

Drug carrier BC exhibits good water retention due to its porous

structure, and can become a potential drug carrier

Trovatti et al. (2012), Songsurang et al. (2011),

Amin et al. (2012a, b), Goelzer et al. (2009)

Artificial blood

vessel

Through some peptides coating or chemical treatment,

BC can be used in artificial blood vessel formation in

tissue engineering

Andrade et al. (2010a), Fink et al. (2010, 2011),

Zahedmanesh et al. (2011), Wippermann et al.

(2009), Esguerra et al. (2010), Mohammadi et al.

(2009), Finkenstadt and Millane (1998),

Backdahl et al. (2006), Schumann et al. (2009),

Bäckdahl et al. (2011), Malm et al. (2012)

Bone regeneration BC is a good scaffold utilizing modification, and can

promote cell proliferation and cell adhesion through

its porous structure

Saska et al. (2011), Brackmann et al. (2012),

Zaborowska et al. (2010), Fang et al. 2009; Shi

et al. 2012; Saska et al. 2012; Cai and Kim 2010;

Extremina et al. 2010; Zaborowska et al. 2010;

Zimmermann et al. 2011)

Nasal septal

perforation

BC possessed with good biocompatibility can be

implanted into live organisms to alternate some kinds

of soft tissue such like nasal septal due to its good

biocompatibility

Martinez Neto and Dolci (2010)

As substrate or

scaffold for cell

immobilization.

BC provides good cell adhesion via chemical

modification or element incorporation

Andrade et al. (2010b), Andersson et al. (2010),

Bodin et al. (2010), Pertile et al. (2012), Martinez

et al. (2012), Wang et al. (2012), Sanchavanakit

et al. (2006), Svensson et al. (2005), Watanabe

et al. (1993), Backdahl et al. (2006), Kohno et al.

(1998), Extremina et al. (2010), Rezaee et al.

(2008a, b); Ton and Le (2011b), Ton and Le

(2011a), Nguyen et al. (2009), Yao et al. (2011)

Food application

As food material BC provides lower calorie and special mouthfeel that

can be manufactured to become food material

Okiyama et al. (1992a, b, 1993), Khan et al. (2007)
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decrease the shear rate and improve the BC produc-

tivity. Song et al. (2009) obtained a maximum BC

production of 5.8 g/l when 0.4 % agar was added to

saccharified food wastes (SFW) medium, compared

with 5.0 g/l in the control culture. Shah et al. (2010)

also worked on surface modified reactors (SMRs) and

they found that the maximum BC production (5.03 g/

l) was obtained in the SMRs with 2 % agar. This value

was about 1.7 times higher than the control culture

(3.05 g/l). The agar was responsible for the increase in

viscosity and cell growth rate, which resulted in the

increase of BC production and productivity, main-

taining the basic structural characteristics of BC.

Hu and Catchmark (2010b) reported that with the

addition of 0.14 mg of 1-Methylcyclopropene (1-

MCP) to the culture medium, less biomass was

produced and bacterial cellulose yield increased up

to 25.4 % over controls.

A second purpose of adding compounds to the

fermentative media is the chemical modification of

structural and physical properties of the cellulose

intended to broaden its practical applications. Huang

et al. (2010) demonstrated that the in situ modification

with hydroxypropylmethyl cellulose and CMC during

fermentation can improve rehydration ability of BC by

altering its network structure. Similarly, Lin et al.

(2009) proposed the addition of enzymatically mod-

ified gelatin to enhance the rehydration abilities and

mechanical properties of BC. Outcomes demonstrate

that while the rehydration ratio of dried BC is only

around 16.5 % and does not increase with longer

rehydration times, the rehydration ratio of dried

enzymatically modified form (EMG) composites can

be 3 (immersed 10 min) to 4 (immersed 420 min)

times higher.

Application of BC

Since cellulose exhibits several unique properties,

such as high tensile strength and water content,

several recent publications have focused on its

applications or potential applications in various

fields. White and Brown (1989) first evaluated the

properties of microbial cellulose as they apply to

commercialization. The important features outlined

include no delignification required during process-

ing, high water retention ability as if never dried, the

capacity of being formed into any shape or size,

shape retention, formation from a wide variety of

substrates, and properties which can be controlled

during synthesis. Based on its wide application,

number of BC patents and journals are reported, and

the publishing shows an upward trend (Siró and

Plackett 2010). The applications of BC are summa-

rized in the following sections and in Table 3.

Acoustic transducer diaphragm

Yamanaka and Watanabe (1994) reported potential

and possible applications of BC and its composites in

the area of acoustic transducers, which is the first

Table 3 continued

Type Description References

Application of electrical conductivity

Electronic paper BC exhibits well electrical conductivity if incorporated

with nanoparticles such as nanogold and nanocarbon

Hu et al. (2011), Gutierrez et al. (2012a, b), Choi

et al. (2012), Ifuku et al. (2009), Sun et al. (2010),

Kang et al. (2012), Shah and Brown (2005),

Zhang et al. (2011), Nogi and Yano (2008),

Legnani et al. (2008), Ummartyotin et al. (2012)

Other application

Enzyme

immobilization

BC provides scaffold to immobilize enzyme utilizing

chemical modification on BC surface

Wu and Lia (2008)

Photocatalysis

application

Modified BC is promising candidate as robust visible

light responsive photocatalysts by incorporated with

CdS element

Yang et al. (2011)

Biosensor As biosensor to detect bioreaction Feng et al. (2012), Yang et al. (2012c), Vitta et al.

(2010)
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non-food high value application. The exceptional

shape retention ability of BC, measured as the

Young’s Modulus, coupled with the high internal loss

of the material make it ideal for speaker diaphragms.

The novel diaphragms demonstrated two distinctive

properties: high sonic velocity and low dynamic loss,

and have been marketed by Sony Corp as loudspeakers

and headphones (Iguchi et al. 2000).

Paper manufacturing

Johnson and Neogi (1989) reported that highly

branched, reticulated BC pellets produced from agi-

tation culture are suitable for the production of high-

quality paper. They also developed composites con-

taining glass fibers, calcium carbonate, and copper

powder. Yamanaka and Watanabe (1994) also illus-

trated that the addition of disintegrated BC to paper

pulp make possible to create a paper with higher

tensile strength. The fragments of bacterial cellulose

were also found effective for reinforcing pulp papers

and improved its folding endurance (Iguchi et al.

2000). With the addition of 15 % BC, the composite

paper exhibited around four-fold higher folding

endurance when compared to the pure pulp paper. In

addition, the Young’s modulus was increased from 2.0

to 3.5 (GPa) by addition of BC. In our study, the

mechanical strength of CMC-BC paper was also

evaluated. Results demonstrated that the CMC-BC

paper sheets exhibited higher tensile strength and

Young’s modulus when compared with regular paper

(Cheng et al. 2011). Hu et al. (2011) synthesized a

novel conductive polyaniline/bacterial cellulose

(PANI/BC) nanocomposite membrane in situ by

oxidative polymerization of aniline. Gutierrez et al.

(2012b) evaluate the conductive properties of TiO2

nanoparticles and TiO2/BC hybrid inorganic/organic

fibers. Results indicate that TiO2/BC hybrid fibers

respond to applied bias regardless of the sign of the

applied voltage (-3, 0 and 3 V).

Filtration

The specific application of BC as a filtration material

was examined by Takai (1994). Several polymers,

such as polyethylene glycol (PEG), CMC, carboxy-

methyl chitin, and other cellulose-based polymers,

were incorporated into the cellulose by simply adding

the materials to the starting medium. Some of these

polymers showed very high solute rejection which

makes them useful for ultrafiltration as well as

pervaporation.

Another study focused on the evaluation of filtra-

tion properties of BC, testing its usefulness as a

dialysis membrane (Shibazaki et al. 1994). When

compared to a commercial dialysis membrane made of

regenerated cellulose, the BC film showed a signifi-

cantly higher permeation rate and a greater molecular

weight cut-off. An additional benefit of the material as

compared with the regenerated cellulose was that the

added mechanical strength allowed the use of a thinner

membrane.

Pharmaceutical applications

Wound healing is a dynamic process that involves the

complex interaction of various cell types, extracellular

matrix (ECM) molecules, and soluble compounds

(Eming et al. 2002). Winter (1962) discovered that

healing, and specifically re-epithelialization, was

accelerated if the wound was kept moist. Because of

its unique properties, BC has been shown to be a

highly effective wound dressing material (Winter

1962; Alvarez et al. 2004; Legeza et al. 2004; Czaja

et al. 2006; Czaja et al. 2007; Stanislaw et al. 2012).

Jonas and Farah (1998) worked on efficacy of BC as a

temporary skin substitute called ‘‘Biofill�’’. They

discussed some clinical results when applied to burns

and other skin injuries. Biofill� showed positive

indications of diminished post-surgery discomfort,

faster healing, immediate pain relief, reduced infec-

tion rate, improved exudates retention, and, most

important, reduced treatment time and cost. Meftahi

et al. (2010) reported a novel cellulose film coated

with cotton gauze which exhibits a 30 % higher water

absorbency and wicking ability than native cellulose

film, and is more suitable for wound dressings.

Dissolvable carboxymethyl cellulose foam (CMCF)

dressing was reported to be adopted as a substitute of

routine nasal packing (RNP) in functional endoscopic

sinus surgery (Szczygielski et al. 2010). The results

demonstrated that CMCF dressing is associated with

lower levels of localized pain, postoperative bleeding

and synechia formation when compared to RNP.

Stanislaw et al. (2012) mentioned that BC is an

excellent biomaterial in cosmetics industry due to its

high water holding capacity, nontoxicity, and no

allergic side effect.
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The applicability of BC pellicle as a substrate for

mammalian cell culture has also been examined. The

first detailed report was presented by Watanabe et al.

(1993). They cultured eight kinds of cells on the

membrane, which was comparable to that achieved in

plastic Petri dishes. The ionic charge, roughness of the

membrane, and adsorption of collagen are crucial

factors promoting cellular adhesion to the membrane

surface. Svensson et al. (2005) reported that the

growth of bovine chondrocytes on BC pellicle exhib-

ited that this BC pellicle supported bovine chondro-

cyte proliferation at about 50 % more than that

observed from collagen. Later on, the growth method

of human keratinocytes and fibroblasts on BC film was

developed (Sanchavanakit et al. 2006). The results

demonstrated that the percentage of the living kerat-

inocytes and fibroblast cells after seeding on BC film

was comparable to the results of polystyrene culture

plate. However, only the keratinocytes cells can

spread over the surface of BC film, whereas prolifer-

ative fibroblasts form clumps. A possible reason is that

the adhesion of fibroblasts to BC film was less than

that between themselves. Backdahl et al. (2006)

examined the interaction between BC and smooth

muscle cells (SMC). SMCs attached on both compact

and porous sides of BC. The BC pellicle holds 99 %

water and hence leaves room for cell ingrowth and

proliferation. The results demonstrated that SMC

adhered to and proliferated on the BC film. A 40 lm

ingrowth of SMC was observed after 2 weeks of

cultivation. Cai and Kim (2010) reported a BC/PEG

composite, which exhibits higher capability of form-

ing fibroblast cell adhesion and proliferation than the

pure BC.

In addition to serving as a support for cell growth,

modified BC film can be applied as an anti-adhesion

and anti-proliferative material. Extremina et al. (2010)

reported that a cellulose triacetate (CTA) membranes

with the antibiotic imipenem (IPM) entrapped (CTA-

IPM) were developed. The bacterial adhesion tests

showed a statistically significant decrease in the

adhesion of Staphylococcus epidermidis to CTA-

IPM compared with its adhesion to CTA alone. With

this invention, a BC membrane with anti-adhesive and

anti-proliferative properties can provide a better

simulation of the in vivo clinical situation.

BC was previously reported to induce only low

inflammatory and foreign body reactions (Klemm

et al. 2001; Helenius et al. 2006). Therefore, BC

became a proposed new biosynthetic vascular graft

material since traditional methods may cause intimal

hyperplasia, poor blood flow and surface thrombog-

enicity. Fink et al. (2010) used BC to substitute

conventional vascular graft, expanded poly(tetrafluo-

roethylene) (ePTFE) and poly(ethyleneterephtalat)

(PET) and the results demonstrated that BC was found

to generate longest lag time indicating a slower

coagulation process on its surface. Klemm et al.

(2001) also reported that a Bacterial Synthesized

Cellulose (BASYC�) was designed tubularly during

the cultivation with the aim of medical applications. In

a microsurgical study, the BC implants were attached

in an artificial defect of the carotid artery of rats for

1 year. This long term result showed the incorporation

of the BC under formation of neointima and ingrowth

of active fibroblasts (Schumann et al. 2009). The

tensile strength of BC artificial vascular has also been

investigated by Backdahl et al. (2006). The BC rings

demonstrated similar tensile results (stress at break

and Young’s modulus) when compared to porcine

carotid artery (PCA). The orientation of BC fibrils can

be further controlled by the curvature of the silicone

tube (Putra et al. 2008).

In many biomedical applications, bioabsorbability

is highlighted, where the material will degrade over

time into a product which can be metabolized by

human body. A bioabsorbable BC was demonstrated

through the incorporation of cellulose degrading

enzymes (Hu and Catchmark 2011a; Hu and Catch-

mark 2011b). In this case, BC films loaded with

multiple cellulases were freeze dried and the degra-

dation behavior was examined. Approximately 97 %

of the BC was converted into glucose over a 7-day

period in the case where buffer ingredients were also

incorporated into the BC film to maintain a local pH in

the optimal range for the cellulases used. Further

animal studies revealed no adverse reactions associ-

ated with the enzymes used (Hu 2011.).

Its unique properties as a very high water-holding

capacity, great elasticity, high wet strength, and

conformability coupled with its purity, make BC an

excellent biomaterial with many applications in the

biomedical field (Klemm et al. 2011; Petersen and

Gatenholm 2011). Most of the biomedical applica-

tions, like artificial skin or wound dressing, require

BC to be in a proper shape as a film or membrane,

which can be produced only in static cultivations

(Park et al. 2009). However, a research on the use of
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BC pellets (originated in agitated conditions), was

conducted by Wu and Lia (2008) as a technique for

enzyme immobilization.

In vitro studies with endothelial cells, smooth

muscle cells, chondrocytes, and osteoprogenitor cells

grown on BC have shown good cell adhesion and

migration into the material. Besides, in vivo biocom-

patibility of BC has been established by Helenius et al.

(2006) and later confirmed by Mendes et al. (2009).

Cai and Kim (2010) also evaluated the biocompati-

bility of a BC/Poly (ethylene glycol) composite as

wound dressing or tissue-engineering scaffolds. 3T3

fibroblast cells incubated with BC/PEG scaffolds for

48 h were capable of forming cell adhesion and

proliferation, showing much better biocompatibility

than the pure BC. The potential of BC for in vitro and

in vivo tissue regeneration still continues to be

explored and shows great promise.

Amin et al. (2012b) used the electron-beam radia-

tion technique to fabricate hydrogels with BC and

acrylic acid. BC provides mechanical strength to the

hydrogel without limiting its swelling properties, while

acrylic acid brings pH-responsiveness. These modifi-

cations along with thermal stability, allow hydrogels to

serve as versatile materials in many biomedical and

pharmaceutical applications such as the delivery of

antibodies, antibiotics, enzymes, hormones, anFd

contraceptives that act through a variety of routes.

They also found that hydrogels showed a reduced

swelling at body temperature suggesting that they can

Table 4 Summary of BC modification and composites in the past 5 years

Incorporated element Application References

Vanadium oxide

nanoparticles

Used in fabrication of transparent, conductive, and photochromic

vanadium nanopapers

Gutierrez et al. (2012a)

Gold nanoparticles Used as template for the enzyme immobilization and biosensor

fabrication

Wang et al. (2011)

Nickel nanoparticles Used to improve BC material property for magnetographic printing

and sensor application or even as magnetic tissue scaffolds

Vitta et al. (2010)

Cadmium sulfide

nanoparticles

Deposition of CdS nanoparticles onto the substrate of hydrated BC

can be developed as robust visible light responsive photocatalysts

Yang et al. (2011)

Silver nanoparticles Widely apply in wound dressing due to its antimicrobial ability Ifuku et al. (2009), Barud et al.

(2011)

Comb Widely apply in manufacturing electrical paper due to comb

nanotube possessed with good electrical conductivity

Choi et al. (2012)

Carboxylmethylcellulose Role in modifying BC material property Cheng et al. (2011), Winter et al.

(2010), Huang et al. (2010)

hydroxypropylmethyl

cellulose

Used to improve rehydration ability of BC during fermentation Huang et al. (2010)

Protein and peptide Cellulases can be incorporated into BC, and control its

biodegradation by pH variation. Some peptides, for example,

microbial peptide can combine with BC to develop antimicrobial

film

Shi et al. (2012), Saska et al.

(2012), Hu and Catchmark

(2011a, b)

Sodium carbonate Sodium carbonate incorporated with BC exhibits higher chemical

stability, which serves as a critical factor in paper manufacturing

Stoica-Guzun et al. (2012)

Xyloglucan Xyloglucan was added to aggregate bacterial cellulose nanocrystals

suspensions resulting in smooth model surfaces

Winter et al. (2010)

poly(L-lactic) acid Incorporation of poly (L-lactic) acid was demonstrated to improve

mechanical property of BC

Quero et al. (2010)

Chitosan Chitosan was used to increased cell adhesion, and developed as

scaffold for cell immobilization

Kingkaew et al. (2010)

Hydroxyapatite Because of good biocompatibility of hydroxyapatite,

hydroxyapatite-treated BC can be developed as a potential

scaffold to promote cell proliferation

Saska et al. (2011), Grande et al.

(2009); Fang et al. (2009)

Drugs Drug incorporated BC can be developed as wound dressing material

as drug carrier in releasing drugs

Nguyen et al. (2008)
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be applied for temperature-controlled drug delivery.

Other BC applications as pharmaceutical biomaterials

have been summarized in Table 3.

Food applications

Okiyama et al. (1992a, b, 1993) suggested several

applications for BC in the food industry, such as

thickening agents, low-calorie desserts, salads, and

fabricated food. A 3 % paste of cellulose was added to

a chocolate drink in place of xanthan gum. Viscosity

comparisons were nearly identical after mixing, but

heat treatment caused a severe drop in viscosity for the

xanthan gum drink, while no viscosity decrease was

observed for cellulose. The addition of cellulose to ice

cream prevents flow after melting as a result of

increased shear stress. Similar results were shown

when the cellulose paste was added to tofu, pasty

condiments, and boiled fish paste. The authors, there-

fore, concluded that BC is widely applicable in food

industry. BC has been determined to be ‘‘generally

recognized as safe’’ (GRAS) and accepted by the Food

and Drug Administration in 1992. It has important

applications in a variety of food formulations, espe-

cially when low use levels, lack of flavor interactions,

foam stabilization, and stability over wide pH range,

temperature, and freeze–thaw conditions are required.

BC in combination with other agents such like sucrose

and CMC improve the dispersion of the product.

Potential applications also include low-calorie addi-

tive, thickener, stabilizer, texture modifier, pasty

condiments, and ice cream additive.

Its high crystallinity, high water holding capacity,

large surface area, elasticity, mechanical strength, and

biocompatibility enable BC to be used as a support for

cell immobilization (Rezaee et al. 2008a, b). The

method for immobilizing wine yeast in BC was first

reported by Nguyen et al. (2009). Ton and Le (2011a)

proved that the immobilized yeasts on BC exhibited

much higher metabolic activity and resistance to

unfavorable conditions during wine fermentation in

comparison with free yeasts. Later, Ton and Le

(2011a) studied the suitability of wine yeasts immo-

bilized on BC to perform a repeated batch fermenta-

tion in winemaking. The results showed that during 10

consecutive cycles of the repeated batch fermentation,

the sugar uptake rate of the immobilized yeast

increased from 1.71 g/l/h (cycle 1) to 3.28 g/l/h (cycle

7) and then reduced to 2.75 g/l/h (cycle 10). They

concluded that the application of yeast immobilization

in winemaking enhanced economic effectiveness of

the production-line because of cost reduction in

inoculum preparation and simple separation of yeast

at the end of the fermentation.

Recently, Mikkelsen et al. (2011) found that BC

composite containing soluble polysaccharide is a

useful model for the in vitro fermentation of plant

dietary fibers in a nutritional study. George and

Siddaramaiah (2012) suggested the use of BC nano-

crystals in the fabrication of edible, biodegradable and

high-performance gelatin nanocomposite films for

food packaging applications. Similarly, Yang et al.

(2012a) proposed the use of BC/silver nanoparticles

(AgNPs) composite as an antimicrobial material for

food packages and water sterilization.

Other applications

Modification and incorporation with other ingredients

to make novel BC composites broaden the spectrum of

BC applications (Table 4). A graphite film has been

prepared by pyrolysis of BC (Yoshino et al. 1996). A

highly graphitized film with very high electrical

conductivity has been made by pyrolysis at 2,900 �C.

Shah and Brown (2005) produced an electricity

conducting (or semi-conducting) BC sheet by depos-

iting ions around the microfibrils to provide conducting

pathways and then immobilizing electrochronic dyes

within the microstructure. The device has the potential

to be extended to various applications, such as e-book

tablets, e-newspapers, dynamic wall papers, rewritable

maps and learning tools. Yoon et al. (2006) also

incorporated multiwalled carbon nanotubes (MWCNTs)

into BC pellicles to produce high electricity conducting

polymeric membranes. Another application is as a

membrane inside as amperometric glucose sensor

(Ammon et al. 1995). Both in vitro and in vivo testing

compared sensors made from BC and wood cellulose. All

data showed that membranes made from BC were stable

six to seven times of durability longer than those that

were made from wood. Although the applications of BC

rarely use the pellet type, BC beads (0.5–1.5 mm) have

also been used as a substrate for enzyme immobilization

(Seo et al. 2009). The immobilized glucoamylase

demonstrated its stability against changes in the pH

value and temperature.

Seo et al. (2009) reported a non-compart-

mented microbial fuel cell (NCMFC) and adopted
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semipermeable cellulose acetate film as a cathode

material, which can selectively retain protons and

hence maintain the redox potential difference between

the anode and cathode. The hydrophilicity of cellulose

acetate can also be modified. Matama et al. (2010)

reported that an engineered cutinases can improve the

degree of substitution of hydroxyl group onto cellulose

acetate fibers. An increase on the hydroxyl groups at

the fiber surface was 25 % for diacetate and 317 % for

triacetate after a 24 h treatment, respectively.

The latest trends in BC applications reside in the

formation of new nanocomposites that enhance the

versatility of this biomaterial. Different type of micro/

nano particles can be suspended in the bacteria culture

media during the formation of cellulose fibrils (Grande

et al. 2009; Sun et al. 2010; Trovatti et al. 2010;

Zhijiang and Guang 2011; Ashori et al. 2012; Yang

et al. 2012c). There is also a patent about in situ

bioproduction and composition of bacterial cellulose

nanocomposites (Laborie and Brown 2008).

There are extensive studies on the use of BC in

electronic devices (Nogi and Yano 2008; Feng et al.

2012; Juntaro et al. 2012). Evans et al. (2005) patented

a method for the deposition of metals in BC for the

construction of fuel cells and other electronic equip-

ment. Recent studies also disclosed the potential of

nanocellulose as substrates for flexible optoelectronic

and photonic devices. Legnani et al. (2008) prepared

an organic light emitting diode (OLED) device using

flexible bacterial cellulose sheet deposited with SiO2.

The maximum luminance was measured to be

1200 cd/m2. Ummartyotin et al. (2012) also reported

the successful fabrication of OLED display using a

transparent bacterial cellulose nanocomposite film as

substrate.

Conclusion and future prospects

In addition to the traditional applications, BC offers a

broad spectrum of applications due to its high purity

and special chemical properties. Although the eco-

nomics of industrial BC production can be improved

by the agitated cultivation using genetically stable

strains (Toyosaki et al. 1995; Zhou et al. 2007b; Park

et al. 2003; Naritomi et al. 2002), applications of the

produced BC pellets, which exhibit lower mechanical

strength, are limited. Rotating disk reactor has been

introduced to restore BC tensile strength and produce

BC in a pellicle form (Cheng et al. 2002; Serafica

1997; Krystynowicz et al. 2002), however, the non-

continuous process limits its feasibility for industrial

production. Therefore, a possible solution is to create a

rotating disk biofilm reactor, which can accumulate G.

xylinus cells on the disks and continuously produce

BC without further inoculation (Zinnanti et al. 2009;

Lin and Cheng 2012). The composition of the solid

support disk can also be designed to release nutrient

compounds satisfying the specific requirement of G.

xylinus. Enhanced BC production through genetic

manipulation is another possible solution since strains

(i.e. E. coli) with comparable shorter doubling time

were reported (Zogaj et al. 2001). For the specific

needs of BC derivatives, the post-modification of BC,

with different conjugation of functional groups, will

potentially broaden its applications in tissue engineer-

ing, paper manufacturing, electronics, and filtration

membranes since its properties of surface roughness,

affinity, thermostability and electric conductivity will

be altered.

In summary, the versatile BC materials demon-

strate a wide variety of bioactivities and applications.

In order to meet the growing demand of BC, a robust

and feasible industrial production and supply is

crucial. Despite of the relatively simple fermentation

process, new engineering processes are needed to

produce desired BC with specific material properties.

Moreover, genetic and biochemical investigations are

also necessary to enhance BC production at molecular

biological level and commercial purposes.
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