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ABSTRACT
Bacterial cellulose (BC) is an extracellular homopolymer produced by certain species of bacteria. It has
demonstrated the potential as an alternative to plant cellulose with more appealing features such as
unique nanostructure, high porosity, high crystallization index, high tensile strength, high water holding
capacity, and a high degree of polymerization. These attributes facilitate BC utilization in various
applications, ranging from the food industry, cosmetics, pharmaceutical, medical field, waste treatment,
textile, and paper industry. Considering the advantages and wide range of applications, it is necessary to
explore and improve the current industrial production to achieve a higher yield at a lower cost. This
review article summarizes the BC properties and characteristics as well as its application in different
fields. Furthermore, the potential of agricultural waste molasses for low-cost BC production is also
discussed.
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INTRODUCTION

responsible for the layer manifestation, which
he named Acetobacter xylinum (Brown, 1886).
The organism is now reclassified as
Komagataeibacter xylinus by Yamada (2013),
but other synonyms such as Gluconacetobacter
xylinus might be used before the publication.
Extensive studies have shown that the organism
can produce cellulose in the form of a
gelatinous membrane that could reach a
thickness of 25 mm with a strong and tough
structure and high liquid resistance (Lee et al.,
2014).
BC shares the same molecular formula
(C6H10O5)n with plant cellulose. However, BC

Bacterial cellulose (BC) is an extracellular
polysaccharide produced by certain bacterial
species (Chawla et al., 2009; Huang et al.,
2013). It has a basic microfibrils structure
composed of glucan chains interlinked by
hydrogen bonds (Chawla et al., 2009). BC was
found by Brown in 1886 when he observed the
development of a jelly-like translucent layer on
the surface of Mycoderma aceti culture (mother
of vinegar) in the presence of oxygen and
glucose (Brown, 1886; Chawla et al., 2009; Lee
et al., 2014). Further characterization and
identification led to discovering the organism
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provides better physical and chemical
properties such as higher tensile strength and
water holding capacity, although the microfibril
of BC is 100 times thinner than that of plant
cellulose (Chawla et al., 2009). BC has also been
reported to have a wide range of applications. It
can be used as a bio-sorbent in the waste
management
industry,
thickening
and
stabilizing agent in the food industry, and
wound healing agent in the pharmaceutical and
medical industry (Chawla et al., 2009; Lee et al.,
2014; Jayabalan et al., 2014). The superior
quality and the wide range of applications have
attracted many researchers to conduct more
extensive studies on BC synthesis in bacteria
and further optimize yield production.
Traditionally, BC can be produced during
Kombucha fermentation using tea fungus or
also known as a symbiotic consortium of
bacteria and yeast (SCOBY) in a sugar-rich tea
(Jayabalan et al., 2014; Chakravorty et al.,
2016). Meanwhile, industrial-scale fermentation
takes place in a bioreactor using a pure or
mixed bacterial culture. One of the limiting
factors in industrial BC production is the cost of
the fermentation medium. The medium often
uses pure sugars such as glucose, sucrose,
mannitol, fructose, and arabitol as the sole
carbon source, which could consume up to 30%
of the total production cost (Çakar et al., 2014).
Thus, a new alternative medium that is
economically feasible yet still allows high
production is urgently needed.
Recent studies of molasses have shown that
it could potentially be used as an alternative
carbon source in BC production. It is a thick,
dark brown syrup obtained as a by-product of
sugarcane and sugar beet final processing step
(Premjet, Premjet, Ohtani, 2007; Çakar et al.,
2014). Molasses contains sugars, nitrogenous
compounds, minerals, vitamins, carbohydrates,
non-nitrogenous acids, and nucleic acids

(Premjet, Premjet, Ohtani, 2007). The
composition of molasses might vary, but it
could support the growth of many
microorganism strains (Çakar et al., 2014). In
Indonesia, molasses is a readily available
resource. It is usually used as raw material to
produce ethanol biofuel, acetic acid, or
monosodium glutamate. The availability of
molasses reached 499,050 tons/year in East
Java, 96,378 tons/year in Central Java, 56,689
tons/year in West Java, 40,789 tons/year in
Lampung, 29,686 tons/year in North Sumatra,
29,596 tons/year in South Sumatra, 24,302
ton/year in South Sulawesi, 21,044 tons/year in
North Sulawesi (Jaya & Mahendra, 2008). As
molasses is available in abundance, it can be
utilized as an alternative carbon source in BC
production to reduce the total cost and increase
molasses' value as agricultural waste.
This review article discusses several aspects
of BC, including its characteristics, biosynthetic
pathway, and application. The fermentative
production of BC and the use of molasses as the
alternative medium are also reviewed.
PHYSICAL AND CHEMICAL PROPERTIES OF
BACTERIAL CELLULOSE
BC is a homopolymer that consists of glucose
with a repeating ß-1→4 conformation glycosidic
bond (Chawla et al., 2009). First described by
Mühlethaler in 1949, BC has a basic microfibrils
structure, which are glucan chains linked
together by inter and intra hydrogen bonds
(Chawla et al., 2009; Esa et al., 2014). Being said
as an equal substitute of plant cellulose, BC and
plant cellulose's molecular structure is identical.
They only differ in the chemical and physical
properties, in which the properties of BC are
more outstanding compared to its plant
counterpart. One of the remarkable features
that differentiate them is the chemical purity.
27
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Impurities such as lignin and hemicellulose are
present in plant cellulose, making the
downstream process complex and costly. On
the other hand, BC comes naturally as pure
cellulose, adding an appealing feature to BC.
Other remarkable properties of BC include
unique nanostructure, high porosity, high
crystallization index, high tensile strength, high
water holding capacity (WHC), and a high
degree of polymerization (DP) (Chawla et al.,
2009; Huang et al., 2014; Esa et al., 2014).
DP of BC ranges between 300 and 10,000
depending on the cultivation conditions,
fermentation additives, and bacterial strains
(Huang et al., 2014). Wanichapichart et al.
(2002) reported that DP and molecular mass of
BC are 793 and 142.73 kDa, respectively. Under
a scanning electron microscope (SEM), BC
develops a tunnel-like structure with a diameter
of about 7 µm where the external surfaces are
made up of irregular clusters of fibrils. In
contrast, the inside is composed of neatly
organized fibrils (Chawla et al., 2009). With such
arrangement and 100 times smaller fiber size,
BC exhibits better mechanical properties, higher
crystallinity, and higher thermal properties.
These are reasons why BC applications are
commonly found in the pulp and paper industry
since pure BC can enhance paper's performance
(Gao et al., 2011). Furthermore, porous
structure and thinner fiber also account for
higher surface area, facilitating higher water
holding capacity and lower water release rate
than plant cellulose, which is about 100 times
higher by mass. This attribute is most favorable
in biomedical utilization as wound dressing and
nanocomposites (Tsouko et al., 2015).
BIOSYNTHETIC PATHWAY
CELLULOSE IN BACTERIA

OF

The mechanism of BC synthesis by A.
xylinum has been well described. The
mechanism is initiated with the formation of
uridine diphosphoglucose (UDPGlc), which is a
cellulose precursor. UDPGlc itself is formed
through a series of enzymatic reactions that
starts with glucose phosphorylation to glucose6-phosphate (Glc-6-P) by glucokinase, followed
by the intermediate isomerization to glucose-1phosphate (Glc-1-P) by phosphoglucomutase
(Chawla et al., 2009; Lee et al., 2014). Glucose1-phosphate is then synthesized into UDPGlc by
UDPGlc pyrophosphorylase (UDPase) (Chawla et
al., 2009; Lee et al., 2014). UDPase is thought to
be the main enzyme in cellulose synthesis; its
activity is 100 times higher in celluloseproducing bacteria than in non-celluloseproducing bacteria (Valla et al., 1989).
Cellulose synthesis happens in two
intermediary steps: polymerization of glucose
into ß-1→4 glucan chain by cellulose synthase
and assembly and crystallization of cellulose
chains (Chawla et al., 2009; Lee et al., 2014).
The mechanism of glucose polymerization is still
not well understood, and there are currently
two hypotheses that attempt to explain this
process. The first hypothesis suggests that the
glucan chain contains a lipid intermediate, in
which glucose from UDPGlc is transferred into
lipid molecule in the plasma membrane by
glycosyltransferase (De Jannino, Couso,
Dankert, 1988). The second hypothesis
suggested by Brown and Saxena (2005)
describes that no lipid intermediate is involved
in the process. Instead, glucose residues are
attached to the non-reducing end of
polysaccharides in the extracytoplasmic space.
Despite these debates, it is known that A.
xylinum can polymerize approximately 200,000
glucose molecules per second (Hestrin and
Schramm, 1954).

BACTERIAL
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The second step of cellulose synthesis,
assembly, and crystallization of cellulose chains
occurs between the outer and cytoplasmic
membranes of the cell (De Ley, Gillis, Swings,
1984). Individual cellulose molecule is spun
through cellulose export components, forming
protofibrils with a diameter of about 2-4 nm
(Iguchi, Yamanaka, Budhiono, 2000). These
protofibrils will self-assemble into a ribbonshaped microfibril of approximately 80 nm
(Bielecki et al., 2005).

to be osmotolerant, acid-tolerant and can
produce alcohol and other flavor compounds
(Teoh, Heard, Cox, 2003).
Bacteria and yeast in Kombucha fermentation
exist as a symbiotic consortium where the yeast
turns sucrose into glucose and fructose to
produce ethanol through hydrolysis and
glycolysis, respectively (Teoh, Heard, Cox, 2003;
Jayabalan et al., 2014). The glucose and ethanol
derived from yeast metabolism are utilized as a
food source by acetic acid bacteria to oxidize
them into gluconic acid and acetic acid (Teoh,
Heard, Cox, 2003; Jayabalan et al., 2014). The
metabolism process can be seen in Fig 1. A
similar
symbiotic
relation
between
Saccharomyces cerevisiae and Acetobacter
isolated from Haipao fermentation was
reported by Liu et al. (1996). The production of
ethanol by S. cerevisiae drives the Acetobacter
growth and promotes higher acetic acid
production. Liu et al. (1996) also observed
positive feedback, in which the produced acetic
acid can stimulate more ethanol production.
Furthermore, ethanol supplementation at 10
g/L was proven effective in enhancing BC
production in A. xylinum (Naritomi, 1998).
Krystynowicz et al. (2002) also found that 1%
ethanol significantly increased the cellulose
production up to 6-fold, from 0.52 g/L to 3.31
g/L. The symbiosis that happened in mixed
culture creates an environment where the
chance of contamination during fermentation is
reduced in the presence of ethanol and acetic
acid (Liu et al., 1996). Villareal-Soto et al. (2018)
also mentioned that the dead yeast cells could
further stimulate bacterial growth since they
provide additional vitamins and nutrients.
Besides gluconic acid, glucuronic acid, and
ethanol, other secondary metabolites, including
glucuronic, lactic, citric, tartaric, malic, oxalic,
succinic, and malonic pyruvic, usnic acids are
also produced (reviewed in Jayabalan et al.,

FERMENTATIVE PRODUCTION OF BACTERIAL
CELLULOSE USING KOMBUCHA CULTURE
BC is naturally produced by bacteria in the
genera Gluconacetobacter, Agrobacterium,
Aerobacter,
Achromobacter,
Alcaligenes,
Azotobacter, Rhizobium, Sarcina, Salmonella,
and Escherichia. In Kombucha tea fermentation,
BC is produced by SCOBY, which is a microbial
consortium composed of lactic acid bacteria,
acetic acid bacteria, and yeast. The composition
of bacteria and yeast in Kombucha tea
fermentation may be diverse, but several
studies have reported the most dominant
bacteria and yeast species. A. xylinum is the
most common bacteria found during the
Kombucha fermentation (Danielova, 1954;
Konovalov and Semenova, 1955; Sievers et al.,
1995; Roussin, 1996). Other cellulose-producing
bacteria such as those mentioned above have
also been identified (Jayabalan et al., 2014).
Furthermore, many yeast species involved
during Kombucha fermentation have also been
identified,
including
Saccharomyces,
Saccharomycodes,
Schizosaccharomyces,
Zygosaccharomyces, Brettanomyces/Dekkera,
Candida, Torulospora, Koleckera, Pichia,
Mycotorula, and Mycoderma (Teoh, Heard, Cox,
2003; Goh et al., 2012; Jayabalan et al., 2014).
Yeast species found in Kombucha culture tend
29
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Figure 1. Microbial Interaction in Kombucha Fermentation
(Villarreal-Soto et al., 2018, after modification)
2014). Those organic acids contribute to the
sour taste and beneficial health effects of the
Kombucha tea (Malbaša et al., 2007).

productions
such
as
lactic
acid,
polyhydroxybutyrate, ethanol, pullulan, and
xanthan gum production (Çakar et al., 2014). A
study by Malbaša et al. (2007) showed that
molasses consisted of 84.2% dry matter, 50.4%
sucrose, 0.83% invert sugar, 1.8% total
nitrogen, 0.29% amino nitrogen, 5.5 ug/100 g
biotin, and 6.7
pH.
Meanwhile, a
characterization conducted by Keshk &
Sameshima (2006) demonstrated that molasses
consisted of 35% sucrose, 16% reducing sugar,
88% total dissolved solids, 12% ash content,
0.35% total nitrogen, and 0.04% phosphorus.
The composition of molasses may vary,
depending on the source and the production
process, but it contains essential compounds to
support many microorganism species.
Besides the essential nutrients, molasses
also contains organic and inorganic toxic
compounds that might harm microorganism by
interfering with the metabolism, thus lowering
the overall BC yield (Rahman et al., 2016; Tyagi
& Suresh, 2016). The toxic heavy metal in
molasses
could
be
removed
before
fermentation through acid, heat, or acid-heat
pretreatment. Tyagi & Suresh (2016) mentioned
that the H2SO4-heat pretreatment aided in

MOLASSES AS THE ALTERNATIVE CARBON
SOURCE FOR BACTERIAL CELLULOSE
PRODUCTION
Despite better physical and chemical
properties, industrial BC production is still in the
research and development stage to produce
high yield at low production cost. The current
bottleneck of the production cost comes from
the utilization of pure sugars as a carbon
source, which consumes about 30% of the total
cost. In this section, the potential of agricultural
waste molasses as the alternative cheaper
carbon source is reviewed.
Molasses is a thick, dark brown syrup that is
by-produced by the sugarcane and sugar beet
processing industry (Malbaša et al., 2007;
Premjet, Premjet, Ohtani, 2007; Çakar et al.,
2014). The cost of molasses is only 1/250 of
fructose (Bae & Shoda, 2004), but it is very rich
in minerals, organic compounds, and vitamins.
Due to this reason, the application of molasses
can be easily found in many industrial
30
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eliminating the coloring material and heavy
metals of molasses, and it gave maximum BC
yield
amongst
other
pretreatments.
Improvement in BC yield after molasses
pretreatment has been demonstrated by Bae &
Shoda (2004), Ҫakar et al. (2014), and Tyagi &
Suresh (2016).
Bae & Shoda (2004) achieved a two-fold
increase in the specific growth rate of A.
xylinum BPR2001 and 76% improvement on BC
production when the molasses was subjected to
heat pretreatment at 120OC and acid
pretreatment using H2SO4. They also reported
that a fed-batch fermentation in molasses
medium at low total sugar concentration (12
g/L) produced the highest BC concentration at
7.82 g/L. Subsequently, Ҫakar et al. (2014) and
Tyagi & Suresh (2016) used G. xylinus FC01 and
G. intermedius (synonym of Komagataeibacter
intermedius) SNT-1, and they observed a BC
yield of 1.64 g/L and 12.6 g/L, respectively.
Improvement in BC production up to 31%
from 3.35 g/L to 4.38 g/L was observed in G.
xylinus ATCC 10245 when glucose was replaced
with beet molasses as the sole carbon source

(Keshk, Razek, Sameshima, 2006). This drastic
improvement was driven by the sulfur and the
nitrogen contents inside the beet molasses. The
study also revealed that glucose replacement
with molasses did not alter BC's crystallinity
index as confirmed through FT-IR spectra,
indicating that molasses can substitute glucose
medium. More remarkable improvement up to
174% (5.97 g/L) and 180% (5.99 g/L) was
achieved when the fermentation was carried
out using A. xylinum IFO 13772 on molasses in
the absence and the presence of lignosulfonate,
respectively (Keshk & Sameshima, 2006). The
physical properties of the BC produced from
molasses medium, either with or without
lignosulfonate, were also found to be similar to
that of BC produced from the Hestrin-Schramm
(HS) medium. The crystallinity and the content
of the cellulose Iα slightly decreased from 88
and 42% (HS medium) to 87 and 41% (molasses
medium). All studies reporting molasses'
feasibility to be a cheap carbon source for costeffective BC production using various
Gluconacetobacter strains are summarized in
Table 1.

Table 1. BC Production through Fermentation on Molasses Medium
Bacteria

Culture time (h)

Yield (g/L)

Ref

A. xylinum BPR2001

72

7.82 g/L

A. xylinum ATCC 10245

168

1.86* and 1.48**

A. xylinum IFO 13772

168

5.97* and 5.99**

A. xylinum IFO 13773

168

2.82* and 3.21**

A. xylinum IFO 14815

168

1.38* and 1.24**

A. xylinum IFO 15237

168

2.34* and 2.25**

G. xylinus ATCC 10245

168

4.38 g/L

Sherif et al., 2006

G. xylinus FC01

168

1.64 g/L

Ҫakar et al., 2014

G. intermedius SNT-1

168

12.6 g/L

Tyagi & Suresh, 2016

* Carbon source: molasses medium without lignosulfonate
** Carbon source: molasses medium with lignosulfonate
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2008). Other than that, BC is also often used for
immobilizing enzymes or cells. Chen et al.
(2015) demonstrated that immobilizing laccase
derived from Trametes versicolor fungus on BC,
compared to free or adsorbed form, offered
better catalytic activity and higher stability.

APPLICATION OF BACTERIAL CELLULOSE
As a natural polymer that is high in purity,
crystallinity, density, water binding capacity,
and surface area, BC has been extensively
explored for its potential to be used in a wide
range of applications such as in the food
industry, cosmetics, pharmaceutical, and
medical field, waste treatment, textile, and
paper industry (Chawla et al., 2009; Lee et al.,
2014; Jayabalan et al., 2014). The applications
of the BC in the food, cosmetics, and medical
field are summarized in the following sections.

Cosmetics
Huge interest has been put on cosmetics,
which is a substance that could improve the
appearance and quality of body parts without
any side effects. Nowadays, consumers prefer
to use a skincare product made of herbal
and/or natural ingredients. BC, being a natural
ingredient, may attract many consumers for
reasons that it is biodegradable and skinhydrating. BC can be processed as a skincare
product to produce facial masks and scrub
(Ullah, Santos, Khan, 2016). Facial mask from BC
has been proven to have beautifying,
nourishing, moisturizing, exfoliating, and
brightening properties (Legendre, 2008). Also, it
is mentioned that BC-based facial masks might
potentially treat severe skin conditions such as
xerosis, atopic dermatitis, and psoriasis due to
its moisturizing effect (Ullah, Santos, Khan,
2016).
When used as a facial scrub, the BC must be
turned into powder first and then mixed with
natural ingredients such as olive oil, ascorbic
acid, and Aloe vera extract. Parameters
including transdermal permeation of active
ingredients, skin moisturizing effect, sebum
absorption, and skin exfoliation are reported to
be enhanced after adding the fragments of BC
film up to 1.0% concentration into the facial
scrub formulation (Lin et al., 2015; Ullah,
Santos, Khan, 2016). It is because BC has a high
water-holding capacity and good gas
permeability, allowing it to be a great carrier of
active cosmetic ingredients.

Food Applications
Food and Drug Administration (FDA) has
given BC a Generally Recognized as Safe (GRAS)
status since 1992. Cellulose is generally hard to
digest; however, BC is edible due to its high
water holding capacity and has a chewy texture
similar to squids and grapes (Ullah, Santos,
Khan, 2016). In the food industry, BC is used
both as food packaging materials and as food
additives such as gelling, thickening, and
stabilizing agents (Chawla et al., 2009; Ullah,
Santos, Khan, 2016). Nata de coco, the first BC
used as food ingredients, has been
acknowledged for its soft texture and high fiber
content (Chawla et al., 2009; Ullah, Santos,
Khan, 2016). It has also been widely consumed
worldwide as dessert or candy. A study by Chau,
Yang, Yu, Yen (2008) showed that nata de coco,
or BC in general, could be a promising source of
insoluble fiber. High water holding capacity and
cation exchange capacity, which is higher than
plant cellulose, also make BC more attractive in
the food industry. Due to the properties above,
consuming BC could significantly lower serum
lipids and cholesterol; it has been demonstrated
previously in the in-vitro study through
absorption or binding (Stephens et al., 1990)
and in-vivo study in mice (Chau, Yang, Yu, Yen,
32
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is still limited by relatively low yield and high
production cost due to the utilization of pure
bacterial strain and pure sugar as a carbon
source. Many studies have addressed the highcost issue by exploring few cheaper alternative
carbon sources such as agricultural waste
molasses. It has been proven that molasses
contains the essential compounds to support BC
producers' growth, and with few pretreatment
steps, further improvement on BC yield has
been observed up to two-fold.
While research has explored the potential of
many alternative fermentation media, a very
limited number of studies focus on exploring
the microbial strains used in fermentation.
Most of the study performed to identify
individual strain potential, while a symbiotic
consortium of bacteria and yeast can enhance
the BC yield. More research on this aspect
should be addressed in future research to
identify the composition of SCOBY that best fits
each fermentative production. Further research
that combines both the utilization of SCOBY and
cheap alternative medium can also add extra
value to BC industrial production.

Pharmaceutical and Medical Field
High tensile strength, high porosity,
microfibrillar structure, high water holding
capacity, and antibacterial properties of BC
enable it to be utilized in the pharmaceutical
and medical field (Chawla et al., 2009; Ullah,
Santos, Khan, 2016). BC, due to those
properties, has excellent potential as a drug
carrier. Kaplan et al. (2014) showed that BC
could be used to deliver two antibiotics:
ampicillin and gentamicin, in a prolonged drug
release manner. The antimicrobial properties of
cellulose to fight Pseudomonas aeruginosa,
Staphylococcus epidemidis, Staphylococcus
aureus, Enterococcus feacalis, and Escherichia
coli could last up to 3 days (Kaplan et al., 2014).
The wound dressing system could also utilize
BC; it has been tested previously in-vivo in
guinea pigs and rabbits. A wound dressing
system composed of never-dried BC and
polyhexamethylene biguanide recovered 70% of
the wound, providing the promising potential
for treating venous leg ulcers and deep pressure
wounds (Serafica et al., 2010; Ullah, Santos,
Khan, 2016). Applying a BC-based wound
dressing system is also associated with pain
management and bacterial load reduction
(Ullah, Santos, Khan, 2016).
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