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ABSTRACT:   Biobased polymers have been gaining the attention of society and industry because of concerns about the 
depletion of fossil fuels and growing environmental problems. Cellulose fi bers are one of the most promising 
biopolymers to be explored as a component of composite materials with emergent properties for new 
applications. Bacterial Cellulose (BC), a special kind of cellulose produced by microorganisms, is endowed 
with unique properties. In this context, this perspective offers an overview about the properties of BC that 
would enable it to become a commodity. This includes an appraisal of the current BC market, as compared 
with other available biopolymers. The steps of the biosynthesis and purifi cation of BC are also outlined, 
together with the diffi culties that may be responsible for its future development, including the needs for 
making its production process(es) more attractive to industry. Other microbial polysaccharides are also 
discussed.
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1 INTRODUCTION

Bacterial Cellulose (BC) is a fascinating exopolysac-
charide produced by bacteria, extruded to the external 
environment and deposited over the bacterial colo-
nies, as a protective membrane to ensure their survival 
in their natural habitat [1,2]. 

Cellulose is a homopolysaccharide of glucose mono-
mers linked by β-1,4 bonds, a chemical structure found 
in all celluloses, from vegetal to microbial or animal 
source, (Fig. 1). Thus, at a molecular scale, all celluloses 
have the same composition, but variable properties 
and morphologies, according to their sources. BC dis-
plays some intrinsic characteristics that differentiate it 
from other forms of cellulose, such as its membranous 
character, composed of highly pure cellulose, unique 
in nature, and its tridimensional arrangement formed 
by entangled nano- and micro-fi brils [2]. The BC mem-
brane is weaved when the BC nano and microfi brils 
are synthesized and extruded to the external environ-
ment by the pores at the surface of the bacterial cell 
wall. When they reach the external environment, while 
still bonded to the bacteria, the extruded microfi brils 
fold onto each other due to the movements of the 

microorganism, resulting in a nano- and micro-fi brilar 
entangled tridimensional structure [3]. BC, with its 
pronounced hydrophilic character and the presence 
of water in its natural environment, is synthesized in 
a highly hydrated state, with 98–99% (wt) of water, 
adsorbed between the microfi brils. When cultivated 
without agitation in this aqueous environment, the BC 
membrane is synthesized at the surface of the media 
[2]. Under a shaking culture, where the oxygen is dis-
persed into the water, the membranes are not formed 
because the turbulence does not allow their assembly, 
giving rise, instead, to pellets, which may differ in 
form (long, circular, stellate) and size [4]. The aspect 
of dried BC membranes is similar to that of a sheet of 
paper, with a discrete surface gloss. Fig. 2 shows the 
BC at the surface of culture media before purifi cation 
(A), after purifi cation (B) and after drying (C). 

2 THE PRODUCTION OF BC

The microorganisms able to produce and secrete cel-
lulose in high amounts belong to the Acetobacteriaceae 
family, distributed worldwide, more frequently in 
tropical regions. In Southeast Asia, the cellulose pro-
ducing microorganisms are easily found as the natural 
fl ora of coconut water. 

Coconut water is an industrial residue produced in 
high volume by the coconut industry, one of the major 
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pillars in employment generation and foreign exchange 
earnings in the Phillippines and Indonesia [5]. It is rich 
in sugar and other nutrients, suffi cient to support the 
growth and reproduction of microorganisms, which 
secrete cellulose as their main by-product, known as 
“Nata de Coco” (NC). The NC obtained by natural 
fermentation, under a non-controlled process, is pro-
duced by bacteria, which are part of a consortium of 
microorganisms that also includes bacteria able to 
produce weak acid (acetic acid, lactic acid and glu-
conic acid), and yeasts. The natural contamination of 
an industrial residue results in a benefi cial fermenta-
tion process generating this valuable product for the 
food industries (diet food and dessert), which led to 
the development of the process for BC production in 
Southeast Asia, two decades ago. 

In 1989 the “Nata de Coco Technology” program 
was implemented in several cities of the Phillippines. 
It was produced in a homemade manner as a source 
of livelihood, based on its easy technology, low initial 
capital investment and fast source of income. In this 
case, the fermentation was performed in trays stacked 
on top of each other, without any control of such 
parameters as temperature and pH, giving neverthe-
less rise to large amounts of BC [6]. Although NC is 
a non-traditional coconut product, representing 8,7% 
of the coconut derivatives, its volume of production 
was accelerated in 1991, when countries in Southeast 
Asia lived through the “NC boom”, with a production 
reaching 22 tons/month [6]. The exportation to the 
USA, and Japan, among other countries, substantially 
increased then both in volume and value, where it was 
used as a healthy food and for industrial applications. 

The volume of exports of NC from the Philippines 
increased from 200 MT in 1990 to 6,000 MT in 1997, 
representing an average annual growth rate of 320%, 
which reached a export value close to 6 FOB million 
US$ in 1997 [5]. 

Ten years later, the volume exported by the 
Philippines reached 4,500 MT in 2007 [7], with values 
of 5,100, 6,000 and 5,300 MT in 2008, 2009 and 2010, 
respectively, corresponding to export values of 5.45, 
6.03 and 5.89 FOB million US$, respectively [8]. 

The volume of BC production is in fact low, possibly 
because it is a biotechnological product generated by 
fermentation, that would need an optimized process 
to reach good yields, as opposed to coconut oil (the 
main product of the coconut industry), coco cream 
powder and liquid coconut milk, extracted directly 
from the coconut and sold as such [8]. 

After over a century since its discovery, description 
and characterization, in 1886, by Brown [9], NC has 
recently attracted renewed attention, because of the 
growing search for new renewable resources aimed 
at replacing fossil-based counterparts in the produc-
tion of chemicals and materials. Hence the consider-
able increase in publications since 1993, related to BC 
production, characterization and uses, which tripled 
in the last fi ve years, as shown in Table 1. 

These studies made it possible to transform the 
simple homemade process into controlled, easy and 
quick laboratory approaches, which take into account 
the peculiarities of the microorganisms. These cellu-
lose-producing microorganisms normally belong to 
the well-known Acetobacteriaceae family, whose mem-
bers are non-fastidious microorganisms [10], able to 
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Figure 1 Chemical structure of cellulose.

Figure 2 Bacterial cellulose at the surface of the culture medium (A), as a purifi ed wet membrane (B), and as a dried 
membrane (C).
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grow from different carbon sources, glucose, fructose, 
sucrose and glycerol, among others [11–13]. The micro-
organism easily grows with low amounts of nitrogen 
source, such as in Kombucha tea [14], with around 
0.7g/L of nitrogen, and coconut water, a poor nutri-
ent source that leads nevertheless to high BC yields. 
Sugars such as sucrose, glucose and fructose are found 
in most of the industrial residues and can be used as 
an economic nutrient source for cellulose producing 
microorganisms. For instance, coconut water, molas-
ses from beet or sugar cane and glycerol from bio-
diesel synthesis [15], lead to similar yields as synthetic 
media, thus helping to decrease BC costs.

On both laboratory and industrial scales, besides the 
composition of the culture media and the conditions, 
such as optimum pH and temperature, the isolation of 
a pure culture is an important step in the production 
of BC. A pure strain of microorganism can lead to high 
yields, since there is no competition with other forms 
of life, like moulds and other bacteria. 

However, despite the know-how and technol-
ogy for the development of a competitive industry, a 
higher volume of BC, exported as NC, is still obtained 
today by the traditional homemade method in the 

Philippines. In conclusion, the edible Nata de Coco is 
the only established industry of BC that provides con-
solidated data on its production and market and offer 
products at accessible costs. 

The availability of any raw material on the market 
is fundamental to ensure the feasibility for the devel-
opment of industrial processes and sustainable appli-
cations, and this should precisely be the goal for the 
production of BC. Given that BC is a material with 
outstanding properties and hence numerous potential 
applications, it is surprising that limitations associated 
with the low volumes available on the market, are 
preventing its proper exploitation. What is urgently 
required are both technological improvements and 
process scale up.

In comparison with BC, a polysaccharide that rap-
idly reached industrial production and an increasing 
market is chitosan, a polysaccharide constituted of 
a random copolymer with variable compositions of 
anhydro-N-acetyl-D-glucosamine and anhydro-D-
glucosamine residues, derived from the deacetylation 
of chitin, the second most abundant polysaccharide 
in nature (Fig. 3) [16–18]. The main sources of chitin 
are presently the shells of shrimps, prawns and crabs, 

Table 1 Nanocelluloses citations in scientifi c papers in the last twenty years.

Year BC MFC NC

1993–1997  121  11   0

1997–2002  230  12   0

2002–2007  327  19  12

2007–2012 1013 260 129
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Figure 3 Chitin and chitosan chemical structure. DA is the degree of acetylation, i.e. the percentage of residual acetylated units 
from chitin.
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with high expectation from Antarctic krill and cul-
tured fungi becoming major alternative sources [19]. 
The increasing costs associated with the disposal of the 
chitin wastes is rapidly becaming the focus of research 
about their recovery, alternatively to expensive dispos-
als. Thus, converting the industrial wastes in high-
added value products, the fi sh plants enhanced thei 
economic return. 

Chitosan and its derivatives have a vast array of 
applications in the pharmaceutical and cosmetics 
industries, fl occulating and chelating agents for water 
treatment, medical suture and fi bers, agriculture, 
chromatographic separations, solid state batteries, 
besides its high potential to be used in other biomedi-
cal fi elds [16]. The reinforcement of chitosan fi lms 
with natural fi bers, such as BC and microfi brillated 
cellulose (MFC) was recently developed to increase 
the polymer properties for application in food and 
biomedical products [20]. The discovery of all these 
application niches led to the sound establishment of 
the product on the market, based in its consolidated 
production, with steadily decreasing costs. 

The success story of chitosan within the realm of 
materials from renewable resources should have rep-
resented a stimulus for developing a similar venture 
applied to BC, because a successful material is based 
on both economic production and applications in 
innovative materials. Curiously, however, this has not 
happened as yet, despite frequent unverifi able claims 
of the arrival of large-scale implementations. 

The main properties of BC that enables it to be used 
as a very promising nanomaterial are its high purity, 
high degree of crystallinity, ranging from 70–80%, high 
mechanical properties (Young modulus around 4GPa, 
tensile strength around 150 MPa and an elongation 
at break of around 2% in the dried state), high water 
holding capacity, mainly in the never dried state and, 
fi nally, the tridimentional nano and microfi brillar net-
work morphology and membranous form. The other 
nanocelluloses, MFC and Cellulose Nanocrystals (CN) 
display similar properties, but with different aspects, 
as discussed below.

3 NANOCELLULOSES

BC, MFC and NC are cellulose nanofi bers obtained 
from different sources and different processes that 
have been gaining growing interest in the last few 
decades, due to their high potential as materials for 
industrial applications. Examples include composites, 
rheology modifi ers in the food industry, paints, cos-
metics and pharmaceutical products, as well as novel 
paper-based materials [21–23]. Those and other appli-
cations of nanocelluloses are based on their properties, 

which enable preparing low density materials, many 
of them optically transparent, besides the reinforcing 
effect of the nanofi bres. Table 1 illustrates this trend 
through the increasing number of citations related to 
each type.

MFC are long nanosized, individualized cellulose 
fi brils produced by the fi brillation of cellulose fi bers 
through intensive mechanical treatment, often with 
a preliminary chemical treatment (acid, basic, enzy-
matic, among others) [22]. The typical form of MFC 
consists in aggregates of microfi brils with diameters 
ranging from 10 to 40 nm. 

CNs are the fundamental constitutive polymeric 
crystalline motifs of cellulose fi bers, whose whiskers 
(another term for CN) are 100–200 nm long with a 
diameter ranging between 3 and 5 nm. Their prepa-
ration is based on the acid hydrolysis of cellulose 
fi bers, where the non-organized regions are preferen-
tially hydrolyzed, while the acid resistant crystalline 
regions, remain intact. The most typical hydrolytic 
agent employed for the production of CNs is sulfuric 
acid, which also reacts with the surface of hydroxyl 
groups of the fi nal whiskers yielding charged surface 
sulfate esters that promote their dispersion in water. 
The purifi cation of NC suspension is performed 
through dialysis against distilled water [22,24]. 

BC, as mentioned before, is a nano and microfi brilar 
tridimensional net of continuous nanocellulose fi bers 
20–100 nm wide. Apart from its unique morphology, 
BC is also the only non-vegetable nanocellulose, aris-
ing from a microorganism fermentation process. 

Scanning electron micrographs (SEM) of BC, MFC 
and CN are shown in (Fig. 4), together with the corre-
sponding visualization of the respective suspensions.

Nanocomposites based on nanocelluloses, in 
which the fi bers are used as fi llers for the reinforce-
ment of natural and/or synthetic matrices, refl ect a 
recent research domain [22], and represent a remark-
able approach to the development of new materi-
als with improved properties. The inclusion of fi bers 
into a polymeric matrix results in an improvement in 
their mechanical behavior, leading to the increase in 
Young’s Mmodulus and stress at break, thanks to the 
stress transfer from the matrix to the reinforcing phase 
[25], at the molecular level, and obviously depends on 
the load of nanocellulose fi bers [26]. Compared with 
composites incorporating normal cellulose fi bers, 
these positive effects attained with much lower loads, 
associated with the vast increase in specifi c surface, 
which allows percolation to be reached, typically with 
as little as 1% nanofi ber addition. The use of a highly 
crystalline reinforcement also enhances the mechani-
cal strength of the composite. Optically transparent 
nanocomposites based on nanocellulose can also be 
obtained, especially when CNs are used, because the 
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characteristic diameters are smaller than the range of 
visible wavelengths [27].

Some other notable features of nanocellulose fi bers 
are their potential availability, renewable character, 
light weight, biodegradability, hydrophilicity (which 
can also play a negative role in some applications, e.g. 
with hydrophobic matrices), and unique morphology 
[24,25]. 

All these characteristics of nanocelluloses have 
accelerated the search for their industrial application. 
Among them, the MFC is showing the fastest develop-
ment and recent results suggest a potential scale up for 
industrial production. At present MFC is being pro-
duced by Borregaard Chemcell (Sarpsborg, Norway) 
in small amounts, CelluForce (Canada), one ton/day, 
and Stora Enso (Imatra, Finland), on a pre-commercial 
plant. CN is produced by UPM Fibril Cellulose (Espoo, 
Finland), in a pre-commercial scale [28]. BC is pro-
duced in undisclosed, but certainly modest, amounts 
by a few companies, like Dermafi ll in the USA and 
Bionext in Brazil, which commercialize BC dressing in 
the form of sterilized sheets in several dimensions, at 
around U$S1,000/m2 [29]. BC is also produced for bio-
medical application by Jenpolymers, Germany [28]. 
As mentioned above, this situation refl ects a nebulous 
market, from which only two negative certainties can 
be drawn, viz. (i) low production, and hence availabil-
ity, and (ii) abnormally high prices. Conversely, BC 
from NC dessert is readily available on the market at 
low costs, with well documented production ad price 
information.

4  BC-BASED PRODUCTS ON THE 
MARKET

The highest volume of BC in the world is designed for 
the food industry, its oldest and largest application, 
however, the homemade BC, obtained from industrial 
residues of coconut water or wastes of fruit juice, can 
also contain cellulose fi bers from fruits (coconut or 
pineapple, for instance). The presence of these fi bers 

limits its application in the areas that require fi bers 
with homogeneous size and thickness to ensure the 
reproducibility of the results. 

In the biomedical fi eld, BC membranes produced 
under controlled condition and synthetic culture 
media are used in its dried form for treatment of skin 
burns and chronic wound healing. Some trademark 
products like Dermafi ll [30] and Bionext [29] are avail-
able on the market. In order to assess the healing effect 
of BC dressing, its action was studied and compared 
that of with standard wound care counterparts in 
human volunteers with skin tears. The time to close a 
wound, reduce pain, and its ease of use were studied. 
The results showed that the healing time were equiva-
lent to the commercial controls, with an advantage for 
pain relief and ease of use, leading to a greater satisfac-
tion for the patient and nurse [31]. 

In the cosmetic fi eld, BC is used for facial beauty 
masks and skin care treatment. BC membranes 
impregnated with cosmetic emulsion compositions 
(whitening or anti-ageing formulations) [32] or anti-
cellulite wraps [33] are used directly on the skin. In 
both wound dressing and cosmetic masks, the perfor-
mance of the membranous form of BC is fundamen-
tally important. 

The fi rst high technological application of BC was 
the use of dried BC fi bers in a composite material 
for acoustic diaphragms in speaker systems of head-
phones commercially available on the market, devel-
oped by Sony Corporation. The acoustic diaphragms 
have superior physical properties such as Young’s 
modulus and tensile strength as compared to those 
of conventional materials, and the composite material 
containing reinforced BC may also be very profi tably 
produced with [34]. 

The physical properties of BC in its wet unmodi-
fi ed state are associated with an attractive material for 
surgical implants. Its mechanical properties, hydroex-
pansivity, biocompatibility, structural stability within 
a wide range of temperatures and pH levels, and 
the versatility of the material to be molded in vari-
ous sizes and shapes are important characteristics for 

(a) (b) (c)

Figure 4 SEM micrograph of BC (A), MFC (B) and CN (C), 50.000X, and their respective suspension (insert). 
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implantable biomedical materials [35]. Based on these 
properties, a BC based composite was designed with 
a suitable shape for implantation as a replacement 
material for damaged tissues such as the meniscus 
and the cartilage. The composite has suffi cient poros-
ity for oxygen to pass through it and some pores are 
large enough to let at least a portion of animal cells 
enter. The composite is produced by a single fermen-
tation process, under specifi c conditions of oxygen 
level, which control the proportion of the exopoly-
saccharides secreted by the microorganisms. Under 
high oxygen tensions (above 21%), cellulose is almost 
exclusively produced, whereas, under relatively low 
oxygen tensions (20% or lower), a hydrogel material 
composed of copolymers of beta glucan is almost 
exclusively produced [36]. The invention is the main 
product of the recently created BC Genesis company 
of BC-based products for biomedical applications [37]. 

In all the examples above, BC-based products are 
high-value added, which is not relevant for these 
application, because the production costs are low 
if compared to the product profi t and to the low 
amounts of BC required. Nevertheless, BC is still a 
high- cost raw material, produced by a biotechnologi-
cal process, which needs a long period of time to be 
synthesized, besides its purifi cation and sterilization, 
i.e. additional processes that increase costs and time to 
deliver the end product. As for any other raw material, 
low amounts of BC can be used in high-value added 
products or in high amounts of low-cost products. 
Research on BC production and applications is on its 
way to make this biopolymer become an important 
raw material for new developments. 

The chemical modifi cation of cellulose is one of 
the most important aspects that allows it to be used 
in a wide range of industrial applications, generating 
derivatives with properties totally different at from the 
pristine cellulose, but conserving its intrinsic features. 
Just like vegetable cellulose, BC has been chemically 
modifi ed, but these modifi cations are performed in 
modest volumes and a small number of modifi cations 
have been reported, as described below.

5 CHEMICAL MODIFICATION OF BC

In traditional processes, the chemical modifi cation of 
cellulose involves predominantly the free hydroxil 
groups of the saccharide units, which undergo typical 
condensation reaction of primary and secondary alco-
hols, giving cellulose derivatives, mostly ethers and 
esthers [38,39]. Additionally, others derivatives can be 
obtained by alternative synthetic paths such as nucle-
ophilic displacement reactions, ‘click reactions’ and 
controlled oxidation [40]. The chemical modifi cation 

of cellulose can be performed under homogeneous or 
heterogeneous condition, leading to derivatives with 
properties which can be completely different. The 
bulk modifi cations, conventionally carried out in a 
homogeneous phase, after the dissolution of cellulose 
in an appropriate solvent, whereby the reaction modi-
fi es the entire fi ber, destroying its morphology and 
its semi-crystalline phase [41], resulting in materials 
with novel characteristics. On the contrary, the supra-
molecular structure of cellulose and its properties, 
mainly its mechanical properties, are unchanged if the 
modifi cation reaction is carried out at the fi ber surface, 
normally in heterogeneous conditions. The physical 
and chemical properties of the modifi ed fi ber are also 
related to the degree of substitution [39,41]. 

Cellulose derivatives like acetates, nitrates, ethyl-
cellulose and hydroxypropilcellulose, among others, 
have a large industrial interest as such, or as a com-
ponent of composite materials or blends, increasing 
the compatibility between the phases of the sys-
tem, in agreement with the nature of the polymeric 
matrix. The modifi cation of the cellulose surface can 
be modulated by the extent and distribution of the 
appended functional groups [42], and enables fur-
thermore the ensuing derivatives to be used in graft-
ing and crosslink reactions for the formation of new 
materials [39]. 

Following the path of vegetable cellulose, BC has 
been chemically modifi ed under homogeneous or 
heterogeneous conditions in order to develop new 
functional derivatives with original properties and 
to compare them with those of the pristine material. 
Despite the enormous variety of potential chemical or 
physical modifi cations, BC is just starting to be used as 
a substrate for these treatments. 

Acetylation is the most studied BC modifi cation, 
reached through several different approaches. For 
instance, the use of dimethylacetamide/lithium chlo-
ride was effective in dissolving and acetylating BC 
with a yield of around 43%, which is regenerated in 
water giving a totally transparent wet membrane 
[43]. The use of ionic liquids such as 1-N-butyl-3-
methylimidazolium chloride leads to the dissolution 
of BC and allows it to be effi ciently acetylated with 
acetic anhydride in a homogeneous system [42]. The 
in situ acetylation of BC membranes is also possible, 
since the water held within the fi bers is replaced by 
acetone, followed by a sequential treatment with 
acetic acid, toluene, and perchloric acid, followed by 
hot-pressing to form dried sheets [44]. The acetylation 
with acetic anhydride in the presence of the iodine as 
a catalyst preserves the nanostructural morphology 
of the nanofi bers when performed under moderate 
conditions [45]. Acetylated BC fi bers display a hydro-
phobic surface and good mechanical properties, useful 



Eliane Trovatti: The Future of Bacterial Cellulose and Other Microbial Polysaccharides DOI: 10.7569/JRM.2012.634104

34  J. Renew. Mater., Vol. 1, No. 1, January 2013  © 2013 Scrivener Publishing LLC

to enhance the compatibility with hydrophobic non-
polar polymeric matrix. 

Carboxymethylated BC can be prepared by the 
conventional heterogeneous reaction with sodium 
monochloroacetate and NaOH in isopropanol [46]. 
The nanostructure of BC is important for the reactiv-
ity and the properties of the synthesized CMBC, like 
water solubility.

The alkyl ketene dimmer (AKD) dissolved in a 
supercritical CO2 medium can be used to modify the 
BC fi bers with increased hydrophobicity. This process 
leads to the covalent grafting of AKD at the BC sur-
face, preserving its porous tridimensional network 
structure and morphological aspect [47].

The esterifi cation of BC nanofi bers has been per-
formed with carboxylic acids (acetic, hexanoic and 
dodecanoic acid). The hydrophobicity of the ensuing 
membranes increased with increasing carbon chain 
length, even when decreasing the degree of substitu-
tion. The degree of crystallinity was not signifi cantly 
changed and the thermal stability decreased with 
increasing carbon chain length.These modifi cations 
produce BC fi bers to be used as fi llers for hydrophobic 
matrices [48]. 

Other interesting studies include the grafting of the 
polylactide-glycidyl methacrylate copolymer [49] and 
other modifi cation approaches such as carbanilation 
in an ionic liquid [42].

The application of bulk-modifi ed BC produces 
properties close to those of similarly treated vegeta-
ble cellulose, because the BC pristine morphology is 
destroyed and the modifi cations are carried out at 
the molecular level resulting in similar products. For 
instance, the bulk carboxymethylation of BC, gives 
rise to a gel, whose characteristics are the same as 
those of standard CMC. The same applies to regener-
ated cellulose. 

6  THE POTENTIAL APPLICATION OF 
BC-BASED COMPOSITES 

Nanocomposites based on BC are innovative materi-
als with improved performance and new properties 
such as electrically-conductive fl exible membranes, 
photoluminescent fi lms, fl exible organic light emitting 
devices, magnetically responsive polymers, and opti-
cally transparent devices, among others.

Some original developments have been emerging 
in recent years, involving the preparation of nano-
composite materials based on the physical mixture 
of BC with polymeric matrices, where the modifi ed 
or unmodifi ed BC fi bers are used to reinforce these 
matrices or where the BC membranes represent the 
matrix to be loaded with polymeric or mineral fi llers. 

For instance, the use of a conductive and fl exible 
support represents an advance in the fi eld of conduc-
tive materials because the conventional counterparts 
are normally metals, which are not readily foldable. BC 
has shown appropriate characteristics for the develop-
ment of such materials, due to its elastic stretching 
and bending properties, that metals cannot offer [50]. 
BC based conductive composites could thus be use-
ful to supply the demands of materials that requires 
these specifi c properties, such as fl exible electronic 
devices, actuators, sensors and loudspeakers. Based 
on a recent strategy for the development of stretch-
able conductors by backfi lling a connected network of 
conducting fi llers (such as graphene foams [51]) with 
an elastic polymer, freeze-dried BC membranes were 
pyrolyzed and embedded in a polydimethylsiloxane 
polymeric matrix [50]. The resulting composite is a 
new stretchable material with a relatively high elec-
trical conductivity (0.20–0.41 S cm-1), exhibiting elec-
tromechanical stability even under high tensile and 
bending strain. The explanation for these properties 
is attributed to the 3D networks morphology of BC, 
which is preserved even after pyrolysis, providing an 
interconnected pathway through which electrons can 
quickly move. The advantages of the method and the 
applicability of the product can lead to a scale up of 
the fabrication process to produce fl exible, stretchable 
and foldable electronic devices [50].

BC is also used to generate conductive organic/
inorganic materials, since it is used as substrate for TiO2 
nanoparticles generating TiO2/BC hybrids, thanks to 
the hydrophilic character of the cellulose fi bers. The 
composite shows a conductive behavior arising from 
the electrostatic dipole–dipole interactions generated 
by hydrogen bonds between the hydroxyl groups of 
BC and TiO2 [52].

The idea to use BC as the substrate for electronic 
papers was recently developed and deserves special 
attention. The electronic paper is built by impregnat-
ing the dried BC membrane with an electronic dye. 
The device is based on the “ink on paper” principle, 
in which the ink is electronically addressable and is 
dynamically switchable in its light absorption, by 
applying an appropriate voltage [53, 54]. The elec-
tronic paper fi nds potential utilizations in e-book tab-
lets, e-newspapers, dynamic wall papers, rewritable 
maps and learning tools.

Among the new BC-based materials, nanocompos-
ite of BC fi lms with cadmium and selenium (CdSe/BC) 
exhibit quantun dots optical property, showing green 
photoluminescence, characterized by a strong emission 
peak at 529 nm, when excited by UV light (330–385 nm). 
One advantage of the composite is its long-time stability. 
These fl exible composites endowed with the intrinsic 
high mechanical properties of BC and the luminescent 
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properties of the nanoparticles, are promising materials 
for security papers and sensors [55]. 

Transparent bionanocomposites from renewable 
resources are potential materials with applications 
in opto-electronic devices. Several approaches have 
been developed to produce BC-based composites in 
the form of transparent fi lms endowed with improved 
mechanical properties. Thus, (i) the nanocomposite of 
BC with epoxidized soy-bean oil generates transpar-
ent fl exible membranes with increased mechanical 
behavior [56]; (ii) fl exible transparent plastic substrates 
with an ultra-low coeffi cient of thermal expansion 
(4 ppm K-1) are prepared by reinforcing low Young’s 
Modulus transparent acrylic resin with BC [57]; (iii) the 
deposition of boehmite–epoxi-siloxane on the surface 
of BC leads to biphasic composites with high tensile 
strength (116 MPa) and Young’s Modulus (13.7 GPa) 
[58]; and (iv) composites of BC or BC nanocrystals 
and PLA also exhibit high transparency, [59–61]. The 
PLA composites with BC and acetylated BC showed 
improved mechanical properties [60], while the use 
of BC nanocrystals decreased considerably the water 
uptake capacity and the oxygen permeability, without 
substantial changes in the thermal and mechanical 
properties [61]. 

Additional advantages associated with BC-based 
nanocomposite, are (i) the preparation of potential 
substrates for transparent fl exible organic light emit-
ting diode (OLED) displays, (ii) fl exibility and high 
coeffi cient of thermal expansion that overcome the 
limitations of glass [62–64] and conventional poly-
mers, respectively [65] (iii) dimensional stability 
(coeffi cient of thermal expansion below 18 ppm/K), 
coupled with fl exibility and high optical transparency 
in BC-polyurethane nanocomposites [65]. 

The incorporation and deposition of palladium 
within the BC membranes generate composites capa-
ble of catalyzing the generation of hydrogen when 
incubated with sodium dithionite. The invention is 
suitable for biosensors and biofuel cells construc-
tion due to its high thermal stability and low gas 
 crossover [66]. 

Magnetically responsive BC sheet have been devel-
oped by simple and cost-effective methods, to be used 
in biosensors and microwave absorption devices [67]. 

In the packaging fi eld, fi lms of BC with PVC and 
the antimicrobial agent sorbic acid can be prepared 
dispersing a BC powder in a PVA solution under vig-
orous stirring, followed by drying at room tempera-
ture in plastic Petri dishes. These biobased polymeric 
fi lms have a potential application in food packaging 
with antimicrobial activity [68]. 

BC is a promising material for the reinforcement of 
vulnerable historic fabrics as an alternative to conven-
tional polymers, which, after the loss of their protective 

properties, are diffi cult to remove without damag-
ing the relic textiles. This totally innovative method 
for restoring cultural textiles was developed using 
Chinese silk fabrics and showed a positive result. The 
method consists in immersing the historic fabric in 
a liquid nutrient culture media containing the cellu-
lose-producing microorganisms. After approximately 
15 hours, several fi bers of BC are synthesized over the 
fabric. The sparse fi bers are enough to coat the fabric, 
maintaining the silk fi bers connected and thus pre-
venting the deterioration of the textile. Moreover, the 
low amount of fi bers over the fabric does not change 
the intrinsic characteristics of silk, such as shine and 
fl exibility [69]. 

Finally, the admicellar polymerization method 
conventionally used to increase the compatibility of 
plant cellulose with hydrophobic matrices has been 
applied for the fi rst time to nanocelluloses, includ-
ing BC, in our research group. The method involves 
the adsolubilization of a cationic surfactant, below its 
critical micellar concentration, on the surface of fi bers. 
The surfactant interacts with the hydroxyl groups of 
cellulose forming a double layer around the fi ber. A 
hydrophobic monomer is then incorporated intop the 
aqueous suspension and migrates to the surfactant 
sleeve, where it is conventionally polymerized using 
a water soluble initiator, under adequate conditions of 
temperature and agitation. The remarkable advantage 
of this process is the use of an aqueous medium, i.e. 
the natural green medium for nanocelluloses and BC 
in particular, avoiding the laborious operations used 
in other modifi cation approaches, where organic sol-
vents are required. 

A high number of biobased materials composed 
of BC and natural polymers have been developed in 
the last few decades in order to improve mechanical 
performances, increase the barrier to oxygen and the 
hydrophobicity, and enhance matrix-fi ber interface 
compatibility, among other features. Table 2 displays 
the basic compositions and features of a selection of 
such materials.

7  PROJECTION AND EXPECTATIONS 
FOR THE DEVELOPMENT OF BC 
PRODUCTION 

The growing number of patents and scientifi c pub-
lications related to BC clearly points to an increas-
ing demand, which requires a serious scale-up in its 
production, as well as a decrease in its cost, which 
however should, in principle, be a consequence of the 
scale-up, at least in part. 

The conventional technology for BC production 
is quite straightforward and economically viable, 
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since it calls upon static conditions in trays con-
taining the liquid culture medium under controlled 
temperature, namely 28–30°C. In general, the micro-
organisms require 15–30 g/L of carbohydrate and 
around 5 g/L of a nitrogen source, as well as traces 
of salts and vitamins, to grow and secrete the BC. 
Systematic studies have shown that the BC pro-
duction in the presence of different carbohydrate 
sources, including industrial residues, contribute to 
the implementation of the biorefi nery concept for 
the production of such a high added-value product 
[15, 78–80]. Several reactors have been conceived 
for the production of relatively large amounts of 
BC [81], but the results were not very encourag-
ing. Bioreactors of smaller proportions designed for 
the direct preparation of various artifacts, such as 
tubes and microtubes for blood vessel replacement 
[82] and menisci [83], have been more successful. 
Studies about microbial engineering [84,85], using 
molecular biology to attain overproducing bacteria, 
have also been reported, but the results were not 
promising.

The purifi cation of BC is time-saving and economi-
cally advantageous when compared to the extraction 
and purifi cation of vegetable cellulose, because BC is 
free of lignin and hemicelluloses [2]. After the with-
drawal of BC from the culture medium, the purifi ca-
tion is performed through abundant washing with 
water to remove the soluble wastes, followed by a 
heat treatment with diluted NaOH [86] to disrupt and 
remove the bacteria cells from the fi bers. Thereafter, 
the cellulose is washed with distilled water to neu-
tral pH. This relatively easy and quick process is only 
possible thanks to the high purity of BC in its native 
form. The main steps of BC production are resumed 
in (Fig. 5). 

8  OTHER MICROBIAL 
POLYSACCHARIDES 

Compared with BC, other polysaccharides produced 
by microbes are the subject of only a few novel inves-
tigations in terms of scientifi c and industrial interest, 
but seem to hold a bright future. 

8.1 Kefi ran 

Kefi ran is a capsular microbial exopolysaccharide 
produced by kefi r grains during milk fermentation 

Table 2 BC-based composites.

Modifi cation Properties/Applications Reference

PLA Reinforcement of PLA matrix with acetylated BC [60]

PHA Biocompatible and biodegradable reinforced PHAs [70,71]

Chitosan Reinforcement of the polymeric matrix for packaging and biomedical applications [20,72]

Pullulan Reinforcement of the polymeric matrix for fod industry [73]

Alginate Composite with improved mechanical properties and good miscibility between the 
components

[74] 

CMC The incorporation of CMC into the culture medium during the BC synthesis interfered with 
the formation of BC fi bers, leading to composites with low mechanical strength and low 
crystallinity

[75]

PVA Biodegradable composite materials for application in the packaging industry [76] 

Starch Composite prepared by incorporating starch in the culture medium during the BC synthesis 
showed no signifi cant improvement of mechanical properties

[77]

Acrylic resin Improved mechanical properties [26]

Producing microorganisms

Culture medium

Trays or bioreactor

Incubation (28–30°C)

Wastes of culture
medium

Crude BC
(membranes or pellets)

Water/NaOH solution/Temperature
(removal of wastes of culture medium)

Purified BC (∼99% water)

Figure 5 Schematic steps of BC production and purifi cation.
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to produce a traditional homemade beverage, the 
kefi r. The kefi r grains are composed by several spe-
cies of microorganisms, including the Lactobacillus, 
responsible for milk fermentation and kefi ran secre-
tion. Kefi ran is a water-soluble polysaccharide consti-
tuted of glucose and galactose (approximately 1:1), as 
shown in (Fig. 6) [87]. The separation of kefi ran from 
the fermentation broth is conducted through precipi-
tation with an organic solvent like ethanol or acetone, 
followed by centrifugation (Fig. 7) [88]. Since kefi ran is 
a component of a traditional diet food, it is completely 
biocompatible and non toxic at the normal levels 
found in the beverage. 

Kefi ran has an excellent potential as a fi lm-forming 
agent, giving transparent sheets with good appear-
ance, but little information is available about their 
properties [89]. Their mechanical properties are satis-
factory for certain applications, with a tensile strength 
of around 11 MPa and elongation at break at ~40%. 
These properties are modifi ed by the addition of glyc-
erol or oleic acid, which act as plasticizers and, in the 
case of oleic acid, as hydrophobizier [89,90]. Some 

important features of kefi ran are its antibacterial, 
antifungal, and antitumour action [91]. This polymer 
has found applications in the food industry as a tex-
turing and gelling agent, as well as its possible use 
as an alternative to synthetic packaging for food [89]. 
Moreover, its antimicrobial and antifl amatory activi-
ties suggest its use as a potential natural polymer to 
the pharmaceutical industry, but this requires a sys-
tematic evaluation. 

8.2 Schyzophyllan

Schyzophyllan is a non-ionic water soluble exopolysac-
charide, discovered in 1971 [92] and produced by fer-
mentation from the fi lamentous fungus Schizophyllum 
commune. Its basic homoglucan structure is composed 
of a β-(1,3)-D-linked backbone of glucose residues and 
a single β-(1–6)-glucoside side chain at approximately 
every third residue (Fig. 8) [93]. After production, the 
microbial cells are mechanically withdrawn from the 
fermentation broth and schyzophyllan is isolated by 
gel chromatography [94]. Among its properties and 
applications, rheology modifi cation and natural bioac-
tivity should be highlighted.

The viscosity of schyzophyllan aqueous solutions 
decreases with the increasing shear rate, showing a 
thixotropic, pseudoplastics and viscoelastic behav-
ior. Such properties enable the polymer to be used 
in oil recovery, food industry and cosmetics [95]. 
Concerning its bioactivity, schizophyllan has been 
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shown to display immunomodulatory, antineoplastic 
and antiviral activities [96], higher than other glucans 
and similar to those of conventional synthetic medi-
cines, with the obvious advantage of the safety associ-
ated to the use a polysaccharide. Recently, its ability 
to inhibit mammary carcinomas and suppress liver 
lesions was shown to be similar to that of the conven-
tional synthetic drug (tamoxifen) used in the treat-
ment of these diseases [97].

8.3 Other polysaccharides

Hemicelluloses like dextran, xantan, carregenan and 
alginates can also be produced by microorganisms 
[98], but are usually obtained from their vegetable or 
marine sources. All of them are well established on 
the market thanks to their remarkable properties and 
applications [99]. 

8 CONCLUSIONS

It seems appropriate at this point to draw some compar-
isons related to the progress of three polymers derived 
from renewable resources, which have encountered 
different histories. Polyh(ydroxyalkanoate)s (PHAs), 
an important family of bacterial polyesters, were fi rst 
publicized by ICI some 40 years ago as potential substi-
tutes for a number of fossil-derived commodity mate-
rials, like poly(propylene). Regrettably, they never 
reached substantial industrial production, although 
recent claims to that effect are again being put forward 
in several countries. The major obstacle here is eco-
nomic (quite apart from some aspects related to lower 
specifi c performances), since the expected progres-
sive reduction in their production costs never reached 
competitive levels compared with the petrochemical 
counterparts. Although this does not imply that this 
problem will never be solved, four decades represent 
a very long period of time to fi nd a viable process. At 
the other end of the spectrum, chitosan, as emphasized 
above, is witnessing a rapid ascent as a very useful and 
diverse biomaterial, with an accompanying growth in 
industrial production and a corresponding decrease in 
price. Bacterial cellulose sits in an intermediate posi-
tion, because its potential applications are multiplying, 
with some already in full use, but the implementation 
of its large-scale production is lagging behind its soci-
etal needs. This situation is moreover characterized by 
a lack of clear information about the state of art regard-
ing industrial availability or even near-future projects. 
One of the purposes of this perspective was precisely 
to underline this nebulous context, which conspires 
against a more rapid development in the exploitation 
of this beautiful material.
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