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Abstract

Bacterial cellulose (BC) has emerged as a promising sustainable biomaterial owing to its unique structural, physicochemical,
and functional properties that distinguish it from plant-derived cellulose. Produced extracellularly by cellulose-synthesizing
bacteria, particularly Komagataeibacter and Acetobacter species, BC exhibits exceptional purity, high crystallinity, superior
mechanical strength, excellent water-holding capacity, biodegradability, biocompatibility and a three-dimensional nanofibrillar
network. These characteristics have led to its increasing application in the food, biomedical, and industrial sectors. This review
summarizes the structure, microbial sources, biosynthesis, and production strategies of bacterial cellulose, highlighting the
influence of bacterial strain selection, genetic engineering, culture media, low-cost feedstocks, and bioreactor design on
production efficiency and commercial feasibility. The use of agricultural and industrial waste substrates, along with optimized
fermentation systems, offers a sustainable and cost-effective approach for enhancing BC production. The review also discusses
the diverse applications of BC in the food industry, including fermented products such as nata de coco and nata de pina,
dietary fibre, stabilizer, thickening agent, fat replacer, and biodegradable food packaging material with antimicrobial and
antioxidant properties that improve food quality and shelf life. Furthermore, its biomedical applications in wound dressings,
tissue engineering, vascular grafts, and regenerative medicine are highlighted due to its excellent biocompatibility and capacity
for functional modification. Despite significant progress, challenges associated with large-scale production, process
optimization, and cost-effective commercialization remain. Continued advances in microbial engineering, production
technologies, and composite development are expected to enhance the commercial potential of bacterial cellulose as an eco-
friendly, high-performance biomaterial for future food, healthcare, and industrial applications.
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Introduction range aggregates to form microfibrils with a width of 50 -80
In recent decades, increasing attention has been directed nm, and a thickness of 3-8 nm [/, These can resultant to
toward the utilization of cellulose-based materials, leading form a 3D network structure. This fine structure makes
to the rapid development of cellulose-based products. Bacterial Cellulose different from other microbial
Cellulose is the most abundant biopolymer on Earth and is polysaccharides.
the major structural component of plant biomass. In addition Microfibrills has been described as about 100 times smaller
to plants, cellulose is biosynthesized by certain bacterial than plant cellulose 9. Previous studies revealed that the
species and is referred to as bacterial cellulose (BC) or fibrous network of Bacterial Cellulose comprises of three
microbial cellulose. Bacterial cellulose is an organic dimensional nanofibres resultant in formation of hydrogel
polymer with the molecular formula (CsH10Os)s, synthesized sheet with high surface area and porosity. Acetobacter
by several bacterial genera, principally Acetobacter, Sarcina xylinum produces cellulose | (ribbon-like polymer) and
ventriculi, and Agrobacterium. Brown ™M described bacterial cellulose Il (thermodynamically stable polymer) as
cellulose as “the growth of an unbranched pellicle with a described 1. In the synthesis process, protofibrils of glucose
chemically equivalent structure to plant cellulose.” chain secreted through bacteria cell wall, aggregate together
However, BC possesses several distinctive properties that forming nanofibrils cellulose ribbons (9. These ribbons
differentiate it from plant-derived cellulose, including high create the web shaped network structure of BC with highly
purity 1, a unique nanostructure B, excellent mechanical porous matrix 1+ 2). Formation of cellulose with large
strength, moldability during biosynthesis ™, high water- number of hydroxyl groups describes it by means of
holding capacity, high crystallinity ], and a high degree of hydrophilicity, biodegradability, and chemical-modifying
polymerization [€l, These exceptional properties have led to capacity (131, Later, mechanism of BC synthesis was clearly
the increasing use of bacterial cellulose fibrils in a wide described [
range of industrial, biomedical, and food applications.

Source
Structure Bacteria that produce cellulose include Gram-negative
Bacterial cellulose is an unbranched polymer with bacteria species (Acetobacter, Azotobacter, Rhizobium,
nanofibrils, comprises of p-1—4 glucan chain with Pseudomonas, Salmonella and Alcaligenes), and Gram-
molecular formula (CsH100s)n. These glucan chains linked positive bacteria species (Sarcina ventriculi) . Among the
together via inter- and intra- hydrogen bonding. During cellulose-producing bacteria, A. xylinum, A. hansenii, and A.
formation of these fibers, polymerization and crystallization pasteurianus are recognized as most efficient producers.
occur together that involves both characteristics. These ~ Among these species, A. xylinum has been extensively used
nanofibrils having cross-sectional dimensions in the nm for basic and applied studies on cellulose owing to its ability
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to yield relatively high levels of polymer from a wide range
of carbon and nitrogen sources [*°,

Production
To ensure favorable production yields and controlled costs,
attention needs to be given to the species and genetic
modification of the bacteria wused, feedstock type,
composition and the type of reactor for the production
process [1°],

Selection of Species

BC are often produced from the species such as
Achromobacter, Alcaligenes, Aerobacter, Agrobacterium,
Azotobacter, Gluconacetobacter, Pseudomonas, Rhizobium,
Sarcina, Dickeya, and Rhodobacter ', It has been reported
that Komagataeibacter genus (former Gluconacetobacter),
major producer of BC owing to its capacity to metabolize a
wide range of carbon/nitrogen sources extensively used for
BC production [& 291 The development of genetic
engineered strains is also a potential strategy that has been
studied for enhancing BC production and yield as well as to
improve its structural features [*°. In recent times, a strain of
Komagataeibacter rhaeticus was isolated which grow in
low-nitrogen conditions and produce cellulose at high
yields. Its genome was sequenced, and a synthetic biology
toolkit was developed for genetic engineering studies. This
toolkit provided the characterization data essential for the
engineering of K. rhaeticus iGEM, which enabled to design
a system that permits tunable control over native cellulose
production and to produce novel patterned and
functionalized cellulose-based biomaterials %  The
development of genetically engineered strains also allowed
the increase of BC production in a low oxygen environment,
which can facilitate the use of static culture for production
of BC. Recent advances in genetic engineering have enabled
the development of bacterial strains with enhanced bacterial
cellulose (BC) production under low-oxygen conditions,
thereby improving the efficiency and feasibility of BC
production in static culture systems [?],

Feedstock type

For BC production, Feedstock type plays vital role. Previous
studies have been focused on identifying cheap feedstock
that act as growth medium. For instance, using agricultural
[22] and industrial wastes 2% 24, Similarly, molasses [,
hydrolyzate of konjac powder 28, tea infusions "1 vinegar
28 fruit 1, fruit juices BY% and wheat straw acid
hydrolysate (34,

Culture medium

The use of a glucose-rich culture medium, along with other
necessary nutrient sources for the production of bacterial
cellulose (BC), leads to elevated production costs, thereby
restricting its potential applications. The Hestrin and
Schramm (HS) medium, which comprises glucose, peptone,
and yeast extract as sources of carbon and nitrogen, is a
conventional culture medium employed for BC production
(321 Furthermore, various alternative culture media have been
explored for BC production, including fruit juices B2, sugar
cane molasses % 31 and brewery waste 61 among others
71 To enhance BC production, the incorporation of
additives such as organic acids, carbohydrates, and ethanol
into the growth medium has been documented [,
Additionally, the strain Komagataeibacter medellinensis,
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when cultivated in a modified HS medium containing
ethanol and acetic acid (both at 0.1 wt %), demonstrated a
yield improvement of up to 279%. However, this
modification resulted in a significant reduction in the
crystallinity index (%), the degree of polymerization, and
the maximum degradation temperatures [,

The type of reactor for the production process

Production of BC has been investigated in static and in
agitated conditions.

Static conditions

Static conditions are better for keeping a regular shape and
to maintain good morphology. Using molds under static
conditions, for example, can yield a product which is
smooth and uniform, which is suitable for use in skin tissue
repair and artificial blood vessels (. But this method does
require more working space and workers, so making
industrial scale production more expensive.

Agitated conditions

BC production under agitated conditions can form multi-
shaped pulps, filaments and spheres. Compared with static
culture, the agitated condition requires less space and work
force, so reducing industrial production costs. Some of the
traditional methods such as shake flasks, and stirred tanks
have been used, but these agitated methods can induce
mutations of the bacterial strain resulting in a significantly
reduced BC synthesis 3,

By means of long culture period, intensive manpower,
cellulose-negative mutants 9 both conditions are not
feasible for large-scale production. Accordingly, reactors
are designed in such a manner that minimize culture time
and deter the conversion of bacterial cellulose-producing
strains into cellulose-negative mutants. Thus, reactors are
designed to lessen culture time and inhibit the conversion of
bacterial cellulose-producing strains into cellulose-negative
mutants. Reactors that are commonly used such as rotating
disc reactor B9, the rotary biofilm contactor (RBC) [ a
bioreactor equipped with a spin filter [l and a reactor with a
silicone membrane 42,

According to expert’s Rotary discs reactors attain 86.78%
greater yield of cellulose rather than using traditional static
fermentation, a yield of BC 6.17 g/L by using rotary biofilm
contactor under the optimized culture conditions [,
However, BC membrane production by means of an aerosol
bioreactor had improved mechanical properties but lowered
degree of polymerization (DP) than the usually produced
cellulose. Nevertheless, it has not been possible to increase
the BC yield to a satisfactory level. Accordingly, further
improving the yield and lowering the cost for commercial
mass production of BC is a challenging goal that entails
further persistent hard work.

Applications

Due to its many unique properties, it has been used in the
food industry, the medical field, commercial and industrial
products, and other technical areas. Versatile structural
material allows BC to be shaped in various ways to
accommodate different uses.

Bacterial cellulose applications in food industry

Bacterial cellulose commonly used in the food industry by
means of its high level of purity, change in color, change in
flavor, and enormous potential to develop various shapes



and textures. Following are the uses of BC in food
applications:

Nata de coco and Nata de pina

“Nata de coco” word derives from the Spanish meaning
"cream of coconut" or “"coconut milk-skin" M. It is a
chewy, translucent, jelly-like food that is made with
fermented coconut water 31, It gels through the production
of bacterial cellulose by Acetobacter xylinum 6, In
General, Nata produced by direct inoculation of Acetobacter
xylinum into the fermentation medium. Cell immobilization
technique helps to trap Acetobacter xylinum in beads for the
fermentation of Nata de coco, constantly. Nata de coco
originated in the Philippines is most commonly sweetened
as a candy or dessert. It is an excellent ingredient for a
variety of foods, including pickles, drinks, ice cream,
puddings, and fruit cocktails 1,

On the other hand, Nata de pina (“pineapple gel”) is a
chewy, translucent, jelly-like food produced from fermented
pineapple juice by adding Komagataeibacter xylinus [,
Both flavors are controlled by the coconut water-based and
pineapple water-based culture mediums, respectively (#9501,

Dietary fiber

Bacterial cellulose is a form of such dietary fiber and
regulatory is classified as “generally recognized as safe”
(GRAS) 51 and was accepted as such by the USA Food and
Drug Administration in 1992. Bacterial cellulose fibers are
within the nano-scale with a fine three dimensional network
structure that enables them to be used in novel food
manufacturing processes 41,

Stabilizing agent

Usually Cellulose derivatives like CMC were employed in
ice cream preparations as stabilizers by means of holding
water, increasing the mix viscosity, reducing ice and lactose
crystal growth on storage and giving resistance to melting
152, On the other hand, Bacterial Cellulose encompasses a
better emulsion stabilizing ability other than vegetable
celluloses %1 that remains to be explored for ice creams.
Earlier study evaluated the effects of Bacterial Cellulose/soy
protein isolate composites as a partial or total cream (fat)
replacer on an ice cream model. In this study, the thermal
stability, texture, rheological and emulsifying properties of
Soy Protein Isolate were enhanced by the addition of
bacterial cellulose. Also, the product having 20% Bacterial
Cellulose/Soy Protein Isolate in the ratio 1:20 exhibits
similar texture to the regular ice cream (with 30% cream),
better melting resistance, moreover, additional advantage of
lower calorific value 54,

Another study revealed that the shape of ice cream
containing bacterial cellulose retained for at least 60
minutes after removal from freezer. On the other hand
Control ice cream would melt away completely over the
same period 5%,

Thickening agent

BC showed possible future applications in the food industry
especially processed foods through its thickening properties.
The role of bacterial cellulose as an economical substitute
thickener in o/w emulsions properties were investigated,
moreover, correlated with expensive xanthan gum and
locust bean gum B3 While assessing their rheological
profile, Bacterial cellulose showed similar shear thinning
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behavior as Xanthan gum. However, lesser quantity of
Bacterial Cellulose was required to obtain the similar low
shear viscosity (yield stress).

Furthermore, investigated the role of bacterial cellulose
(BC) as a cheaper alternative thickener in o/w emulsions
properties compared to xanthan gum (XG) and locust bean
gum (LBG) which are highly priced 5%, To test the potential
of BC to act as alternative thickener, emulsions stabilized
with either BC, locust bean gum (LBG) and xanthan gum
(XG) were compared. Their rheological profile showed that
BC showed similar shear thinning behavior as XG, but
smaller amounts of BC were needed to obtain the same low
shear viscosity (yield stress). These results show that BC is
a good alternative for commonly used thickeners that can be
used in future applications in the food industry.

Fat Replacer

Consumers are becoming increasingly cognizant of the
detrimental impacts associated with high-fat diets, leading
to a rising demand for reduced-fat alternatives to the
products they typically purchase. Consequently, there is a
widespread necessity for novel food additives that are either
fat-free or low in fat. Research on fat replacement has been
conducted utilizing various hydrocolloids across a range of
products, including cakes ¢, emulsified meat products 71
and cheeses [,

Bacterial Cellulose has been employed as a fat substitute in
meatballs. The incorporation of 10% Bacterial Cellulose
into meatballs resulted in sensory and shelf stability
characteristics comparable to those of the control meatball.
them as a viable alternative to fat in emulsified meat
products 59,

The utilization of Bacterial Cellulose as a fat replacer in a
surimi product led to enhancements in gel strength and
water-holding capacity, attributed to its improved network
structure. Given that the product maintains its original
structure and demonstrates favorable mechanical properties,
Bacterial Cellulose is now considered a suitable fat
replacement within this food category . Nevertheless,
sensory evaluations have not been conducted to compare the
acceptance of surimi containing Bacterial Cellulose with
that of the conventional product.

Food packaging materials

Bacterial cellulose has a vast range of application from
using as an edible food packaging material to antimicrobial
food packaging [ ®2. The purity, water holding capacity,
direct modification, and moldability, biocompatible,
biodegradable nature [ and high water resistance
performance 54 of BC biopolymer also makes it suitable as
a substitute for manufacturing paper and paper products [621,
BC composites are used as antibacterial and antioxidant to
prevent food contamination [, It has been reported that BC
containing nisin used to control Listeria monocytogenes and
total aerobic bacteria on the surface of vacuum-packaged
frankfurters. Nisin-containing BC films were effective in
controlling Listeria monocytogenes and reducing total
aerobic plate counts on the surface of frankfurter sausages
[66]

Composites of silver nanoparticles and bacterial cellulose
prepared by in situ reduction of silver nitrate was able to
extend the shelf life of tomatoes up to 30 days and can be
applicable to extend shelf life for any kind of fleshy fruits



and vegetables. Altogether, bacterial cellulose impregnated
with silver nanoparticles serves to be highly useful material
for food packaging as well as healthcare systems [67],
Studies 81 evaluated the application of bacterial cellulose
biofilm in fruits (strawberry cv. Festival and apples cv.
Gala) minimally processed, kept by combine methods
(biofilm and cooling), was efficient in maintaining the
quality by physical and chemical stability of the products.
Moreover, bacterial cellulose based film
(polyvinylpyrrolidone + carboxymethyl cellulose + bacterial
cellulose) can be an effective packaging material for both
vegetables and meat products. Thus, it can be concluded that
PVP-CMC-BC films can be promoted as an alternative
packaging material for its better mechanical, optical and
biodegradable properties [,

Bacterial cellulose and eggshell composite membrane was
preliminary tested on water and vegetable oil absorption
ability. It was suggested that composite provided significant
ability to adsorption of water and vegetable oil molecule. It
exhibited the excellent performance and qualified as the
excellent candidate for adsorbent material in food packaging
[70]

Though elasticity and deformation are a prerequisite for
selection of food packaging material, due to better tensile
properties, transparent nature, printability ‘PVP-CMC-BC’
film is considered as the best and a novel green packaging
material. It can be recommended for food packaging
application which will be less expensive, recyclable/
biodegradable, sustainable and alternative to the
conventional food packaging material [,

Bacterial cellulose applications in medical industry

BC has been utilized in various domains, including wound
dressing " and blood vessel regeneration 2, Despite the
distinctive characteristics of BC, certain limitations hinder
its broader applications, such as the absence of antibacterial
properties, optical transparency, and the ability to bear
stress. To address these challenges, BC composites have
been developed, comprising a matrix and reinforcement
materials. BC features a porous arrangement of fibers,
serving as a matrix that accommodates a range of particles
from diverse reinforcement materials. The incorporated
reinforcement materials enhance BC by contributing
additional biological and physicochemical properties [,
Conclusion

Bacterial cellulose has become a promising sustainable
biomaterial due to its high purity, nano-fibrillar structure,
biocompatibility, strong mechanical properties and their
ability to break down naturally. These special characteristics
have made it possible to use it in many areas such as food,
medicines and industries. Advances in areas like microbial
engineering, affordable materials, better fermentation
methods and improved production processes has helped to
increase efficiency and make large-scale manufacturing
more feasible. However, concerns like high costs, difficulty
in scaling up production and challenges in applying it in
industry still hold back its wide use. Future studies should
target to create cost-effective production methods and
functional bacterial cellulose composites to speed up its use
in sustainable food systems, healthcare and advanced
biomaterials.
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