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Bacterial cellulose (BC) has been produced for a number of applications, mainly focused

on the biomedical area. Although there is a variety of interesting applications of BC for

food and food packaging, only a few have been explored to the moment, since the high

cost of BC production is usually considered as a limiting factor. On the other hand, several

cost-effective culture media have been proposed, contributing to reduce BC production

costs. This article overviews the bioprocess conditions that affects BC production and

the main possible applications of BC for food and food packaging purposes.
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INTRODUCTION

Bacterial cellulose (BC) is a naturally occurring nanomaterial produced as an exopolysaccharide
by some bacteria, such as those from the genus Komagataeibacter (former Gluconacetobacter)
cultivated in a medium with carbon and nitrogen sources (Rajwade et al., 2015). Compared with
other genera, Komagataeibacter is usually the genus of choice for research and food applications,
due to its higher BC yield and purity (Ruka et al., 2012). Membranes with different network
structure and mechanical properties were reported to be obtained from different strains of the
genus Komagataeibacter (Chen et al., 2018).

The biosynthesis of BC was firstly observed by ancient Chinese producing kombucha tea, a
fermented beverage produced by a symbiotic colony of acetic acid bacteria and yeast embedded
within a cellulose mat formed at the surface of the beverage (Marsh et al., 2014). Some possible
explanations of the cellulose formation by these microorganisms are that BC is formed as a
self-defensemechanism to protect bacteria from the damaging effects of UV light or to help bacteria
float at the air-liquid interface in order to secure sufficient oxygen supply (Reiniati et al., 2017). The
BC biosynthesis is a strictly regulated process withmulti-step reactions, involving several individual
enzymes, catalytic complexes, and regulatory proteins. It is possible to divide the BC synthesis in
two intermediary steps: (I) the intracellular formation of 1,4-β-glucan chains, and (II) the assembly
and crystallization of cellulose chains. In this last step, the cellulose chains are extruded outside the
cell and self-assembled into fibrils (Figure 1A). The polymerization and crystallizationmechanisms
are not very well-understood, and it is the limiting step in the biosynthesis (Chawla et al., 2009; Lee
et al., 2014; Reiniati et al., 2017).

Although it shares the same molecular formula (C6H10O5)n with plant celluloses, BC is free
of lignin, hemicelluloses, and pectin, which are normally present in plant-derived celluloses; thus
BC purification is an easy, low energy process (Huang et al., 2014), whereas purification of plant
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celluloses usually requires harsh chemicals. The spatial fibril
arrangement provides crystallinity indexes up to 85% (Siró
and Plackett, 2010). Other unique properties of BC are higher
degree of polymerization, and remarkable tensile properties due
to its web-like network structure (Iguchi et al., 2000; Tsouko
et al., 2015; Paximada et al., 2016b). When compared to plant-
cellulose, BC fibers also have higher specific area (Sulaeva
et al., 2015), higher water holding capacity (holding up to
hundreds of times its weight in water), and longer drying time
(Meftahi et al., 2009). Moreover, its production do not require
harsh chemical treatments for cellulose isolation and purification
(Shi et al., 2014).

The high aspect ratio of the fibrils provides BC with a high
surface area, which results in a high water holding capacity,
water molecules being tightly bound to the hydroxyl groups
within the cellulose chains (Gelin et al., 2007). The abundance
of reactive groups within BC structure also provides it with a
variety of possible modifications (either in situ or ex situ) for
the introduction of functionalities to fulfill specific requirements
(Siró and Plackett, 2010), making it a remarkable material with
tailor-made properties for a number of applications. Moreover,
the high porosity combined to the high surface area make BC a
suitable material for physical interaction with antimicrobials and
other active compounds (Shah et al., 2013).

The yield and properties of BC depend on several factors,
including the bacterial strain used, the culture medium
composition, and the operational conditions applied during
the cultivation process. The composition of the culture
medium determines the material morphology and the physical
properties of the resulting material, which affects the range of
possible applications.

BC has been mainly used for biomedical applications
such as materials for tissue engineering, wound dressing,
artificial skin and blood vessels, and carriers for drug delivery
(Rajwade et al., 2015; Tsouko et al., 2015). Particularly, “never-
dried” BC membranes have been used for wound dressing
applications, thanks to their remarkable tensile properties,
water holding capacity, biocompatibility, and high porosity and
permeability to gases, allowing them to maintain a suitable moist
environment, and to absorb wound exudates (Czaja et al., 2006;
Sulaeva et al., 2015).

There are still many challenges for commercial low-cost
production of BC, including the lack of efficient fermentation
systems (with low BC yields), the high capital investment and
high operating costs, which explains why BC commercialization
is still very incipient, and focused on high-value niche markets.
Widening BC effective applications to other areas such as food
and food packaging require efforts for optimization of the whole
process, including evaluation of culture media compositions,
fermentation systems, genetic engineering, and post-production
modification (Gama and Dourado, 2018). On the other hand,
many studies have focused on reducing its production costs
by proposing cost-effective fermentation media to replace the
expensive Hestrin and Schramm (HS) conventional medium.
Several researches have been focused on the use of alternative
cheap media, such as food industry by-products (Jozala et al.,
2015; Fan et al., 2016; Molina-Ramírez et al., 2018; Revin

et al., 2018) and cashew tree gum (Pacheco et al., 2017). Such
alternative sources of nutrient media could be an interesting
option to produce BC for food and food packaging applications,
which do not require such a high purity degree as those required
for biomedical applications.

This article overviews the bioprocess conditions that affects
BC production and the main possible applications of BC as food
ingredients as well as for packaging purposes.

BIOPROCESS CONDITIONS FOR
BACTERIAL CELLULOSE PRODUCTION

The development of cost-effective production of BC involves
the choice of bacterial strain as well as the selection of
bioprocess conditions. BC may be produced by static cultivation
or stirred cultivation. For commercial production, large scale,
semi-continuous, or continuous fermentation methods are more
suitable to meet the demand. Anyway, the maximum production
of BC is always the objective, with suitable shape and properties
for the intended application (Lin et al., 2013a). The effects
of cultivation type (static or agitated; batch, or fed batch
process), the bacterial strain and the culture medium (complex or
industrial waste) need to be carefully evaluated in order to obtain
BC with yields high enough to improve its feasibility for food and
food packaging applications.

Strain Selection
BC can be produced from the species of Achromobacter,
Alcaligenes, Aerobacter, Agrobacterium, Azotobacter,
Gluconacetobacter, Pseudomonas, Rhizobium, Sarcina, Dickeya,
and Rhodobacter (Lin et al., 2013a). However, the major
producers of BC belong to the Komagataeibacter genus (former
Gluconacetobacter), which is widely used for BC production
mainly due to its capacity to metabolize a wide range of
carbon/nitrogen sources (Lee et al., 2014; Ul-Islam et al., 2017).

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
(Ul-Islam et al., 2017). Recently, a strain of Komagataeibacter
rhaeticus that can grow in low-nitrogen conditions and produce
cellulose at high yields was isolated, its genome was sequenced,
and a synthetic biology toolkit was developed for genetic
engineering studies. This toolkit provided the characterization
data necessary for the engineering of K. rhaeticus iGEM, which
enabled to design a system that allows tunable control over
native cellulose production and to produce novel patterned and
functionalized cellulose-based biomaterials (Florea et al., 2016).
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
(Liu et al., 2018).

Culture Medium
BC production requires a glucose-rich culture medium with
other nutrients sources, resulting in high production costs,
which limits BC potential applications (Hungund et al., 2013).
The conventional culture medium used for BC production
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FIGURE 1 | Biosynthesis (A) and downstream processing (B) of bacterial cellulose.

is the Hestrin and Schramm (HS) medium, which contains
glucose, peptone and yeast extract as carbon, and nitrogen
sources (Cacicedo et al., 2016). Nevertheless, alternative culture
media containing fruit juices (Kurosumi et al., 2009; Hungund
et al., 2013), sugar cane molasse (Keshk and Sameshima, 2006;
Tyagi and Suresh, 2016), brewery waste (Shezad et al., 2010),
among others (Ul-Islam et al., 2017) has been investigated for
BC production.

The evaluation of fruit juices including orange, pineapple,
apple, Japanese pear, and grape for BC production by Acetobacter
xylinum NBRC 13693 showed that orange and Japanese pear
juices were suitable medium for BC production, resulting in
increased yields of BC (Kurosumi et al., 2009). Other examples of
fruit juice as culture medium, including pineapple, pomegranate,
muskmelon, water melon, tomato, orange, and also molasses,
starch hydrolysate, sugarcane juice, coconut water, coconut milk
have been also used as alternative carbon sources for bacterial
cellulose production (Hungund et al., 2013). The suitability of
using molasses from sugar industries as cheap carbon source for
production of BC with characteristics similar to those obtained
using more expensive carbon sources such as glucose or fructose
has also been demonstrated (Tyagi and Suresh, 2016).

The use of additives into the growth medium, including
organic acids, carbohydrates, and ethanol has been reported to
improve BC production (Ul-Islam et al., 2017). A recent work
on BC production by Komagataeibacter medellinensis using HS
modified medium in the presence of ethanol and acetic acid
(both at 0.1 wt%) revealed an improvement in BC yield up

to 279%. However, the crystallinity index (%), the degree of
polymerization, and maximum rate of degradation temperatures
decreased considerably (Molina-Ramírez et al., 2018).

Process Variables
One of the current challenges limiting the application of BC in
a broader and larger scale is related to bioprocess developments
to increase its production yields. The process conditions used
for BC production also affects directly its properties and,
consequently, its potential applications. Reactor design as well
as proper monitoring and control of process variables are
considered as key factors toward optimizing BC yields (Ul-Islam
et al., 2017). Independent of using static or agitated cultivation
methods, in order to improve BC yield, the most important
process variables that should be optimized and controlled
during the cultivation process includes pH, oxygen supply, and
temperature (Lee et al., 2014).

Optimum pH for cell growth and BC production depends on
the bacterial strain, being usually between 4.0 and 7.0 (Reiniati
et al., 2017). Monitoring and controlling the pH to attain
maximum BC yield is recommended since the pH of the culture
medium could vary as a function of time due to the accumulation
of secondary metabolites, such as gluconic, acetic, or lactic acids
that are produced during the consumption of sugars and nitrogen
sources (Lee et al., 2014). The effects of different pH in the
range of 3.5–7.5 on BC production by Acetobacter xylinum 0416
revealed that the dried weight of BC was 60% higher when the pH
of the medium was controlled compared with uncontrolled pH.

Frontiers in Sustainable Food Systems | www.frontiersin.org 3 February 2019 | Volume 3 | Article 7

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Azeredo et al. Bacterial Cellulose for Food

In addition, A. xylinum 0416 growth rate decreased around 30%
when pH value dropped from 5.05 to 3.56, due the formation of
acetic acid as a by-product during fermentation process (Zahan
et al., 2015).

Another important process variable to control during
cultivation is aeration. The BC-producing bacteria are highly
aerobic, so a suitable oxygen supply is crucial (Wu and Li, 2015).
While low dissolved oxygen content hinders bacteria growth and
BC production, a high oxygenation can favor the production
of gluconic acid (Lee et al., 2014; Ul-Islam et al., 2017). The
control of the temperature during cultivation for BC production
is also important, since it can have an effect on BC yield and
properties as well. The effect of temperature on BC production
by Komagataeibacter xylinus B-12068 showed that the optimal
temperature range for cell growth and BC production is rather
narrow 28–30◦C, while the physiological temperature range is
wide (20–37◦C) (Volova et al., 2018).

Cultivation Mode
Static Cultivation
Static cultivation is a simple and widely used method of BC
production. The culture medium (usually placed into shallow
trays) is inoculated, which results in the formation of the BC
pellicle, which floats due to the entrapped CO2 bubbles generated
by the bacteria (Lin et al., 2013a). The cultivation usually requires
5–20 days, until the BC sheet nearly fills the tray, since the BC
production depends on the area of the air/liquid interface (Lin
et al., 2013a).

In traditional static cultivation, vessels of diverse shapes and
sizes can be used, so that the BC membrane takes the shape of
the material where it was grown. This is an advantage when a
material with a predefined shape is required, which has been
widely used in regenerative medicine. Such a property has
not been well-explored for food applications, but it might be
used to produce nata-like products with different shapes, e.g.,
for children.

On the other hand, the traditional static culture is time-
demanding, with low productivity, which may hinder its
industrial application (Lin et al., 2013a). The cellulose membrane
produced in the medium tends to entrap the bacteria, which
limits their oxygen supply, and the nutrients are constantly
consumed so that their concentration decreases over time, which
limits the BC production (Esa et al., 2014). Fed-batch cultivation
is an interesting strategy to overcome this problem. A study
conducted by Shezad et al. (2009) showed that the addition
of new alternative medium culture during cultivation in a
continuous process regime increased two to three times the yield
process in fed-batch cultivation compared to batch cultivation.

Recently, bioreactors that produce BC in a higher yield under
nearly static conditions have been developed to produce BC
sheets–such as Horizontal Lift Reactor (Kralisch et al., 2009),
rotary biofilm contactor (Kim et al., 2007), and aerosol bioreactor
(Hornung et al., 2007).

Agitated Cultivation
In agitated cultivation, oxygen is continuously mixed into the
medium, so the BC is produced with enhanced yield compared

with static culture, which contributes to cost reduction (Ul-Islam
et al., 2015). The agitated fermentation process may lead to
several forms of cellulose, from fibrous suspension to spheres and
pellets (Esa et al., 2014), the shape and size depending on the
applied rotational speed (Ul-Islam et al., 2015).

Although the BC yield in agitated culture is usually considered
to be higher than in static culture, a major drawback of
agitation is the increased probability of mutation of cellulose-
producing cells into cellulose-negative mutants under the
high turbulence and shear stress (Park et al., 2004; Kim
et al., 2007). Thus, different reactors have been proposed
to enhance BC productivity while preventing the formation
of cellulose-negative subpopulations (Ul-Islam et al., 2017).
Additionally, supplementing the culture medium with ethanol
has been reported to prevent the accumulation of those mutants,
increasing BC production (Son et al., 2001).

Stirred-tank bioreactors have been frequently used to produce
BC in fibrous form. However, the crystallinity, elastic modulus,
and degree of polymerization of the fibrous BC was reported
to be lower than those of pellicular BC, as a result of the shear
stress upon agitation (Watanabe et al., 1998). In stirred tank
bioreactors, the fibrous BC suspension with high cell density
produces a high viscosity, which limits the oxygen transfer,
requiring a higher agitation power, which results in high energy
consumption (Shoda and Sugano, 2005).

An alternative type of fermentation reactor is airlift bioreactor,
in which oxygen is continuously transferred from the bottom
of the reactor to the culture medium, providing a suitable
oxygen supply (Ul-Islam et al., 2015). The process is more
energy efficient and involves less shear stress when compared
to stirred-tank reactors (Wu and Li, 2015). An airlift bioreactor
for BC production was firstly reported by Chao et al. (1997).
Different configuration of airlift bioreactors have been proposed
since, such as a modified airlift bioreactor proposed by Wu
and Li (2015) with a series of net plates, in order to produce
BC in pellicular form. The resulting membranes presented
higher water-holding capacity than that of BC produced by
static cultivation, and the elastic modulus was reported to be
manipulated by varying the number of net plates.

DOWNSTREAM PROCESSING

The downstream processing (Figure 1B) involves two steps: the
separation of the BC produced from the culture medium and
the purification of the biopolymer. The BC can be removed
from the culture medium applying simple procedures, in spite
of the cultivation system used. For the agitated cultivation the
BC can be removed by filtration or centrifugation, and for static
cultures the BC film produced in the liquid-air interface can be
simply harvested. However, the recovered BC from the broth is
not pure, since it contains some impurities like remaining cells
and nutrients, thus it needs to be purified before application.
The most widely used procedure for BC purification is the alkali
treatment with NaOH or KOH. Care should be taken with the
alkali treatment because concentrated solutions may transform
the cellulose and modify its mechanical properties (Chawla et al.,
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2009; Reiniati et al., 2017). The level of purification required
will depend on the type of application, whereas BC for medical
application requires a more meticulous procedure to remove the
impurities than the ones for food and food packaging application.

The downstream processing of BC can also include a drying
step. There are different methods of drying the BC including
drying at room temperature, oven drying, freeze drying, and
supercritical drying. The drying process of BC changes its
characteristics and properties, thus it should be chosen according
to the final application of the material (Zeng et al., 2014;
Vasconcellos and Farinas, 2018). It is important to note that
the downstream processing for BC is usually easier and cheaper
when compared to the procedures required to purify plant-
derived cellulose. Nevertheless, the choice of BC downstream
processing can impact the final characteristics and price of
the material, and therefore should be selected based on its
desired application.

FORMS OF BACTERIAL CELLULOSE

BC may be used in different forms, including intact membranes
(or fibers or pellets, depending on the production method),
disassembled BC, and BC nanocrystals (BCNC). For most food
and food packaging applications, BC should be combined to
other components, which may be accomplished by different
methods (Figure 2).

BC membranes may be immersed into dispersions containing
other components (Figure 2A). The main advantage of
this impregnation approach is that the steps of membrane
disintegration are avoided, making the process somewhat
simpler. The main disadvantage, on the other hand, is the
impossibility of changing the material shape after fermentation,
limiting applications such as coatings. Nata-de-coco cubes,
for instance, are immersed into syrups for commercialization.
Impregnation have also been used to produce films (Zhu et al.,
2010; Chang et al., 2012; Ul-Islam et al., 2012).

Alternatively, BC membranes may be disassembled (by
physical and/or chemical methods) in order to be used as
a suspension or in powder form, in formulations with other
components (Figure 2B). This approach has some advantages.
It is easier to combine into formulations, and the proportions
of film components may be controlled more accurately. This
approach has been used to produce ice cream (Guo et al., 2018)
and films (Jiang et al., 2016; Viana et al., 2018).

BC nanocrystals (BCNC) are usually produced by acid
hydrolysis, which removes most amorphous parts of cellulose,
keeping needle-like crystals with nanosized diameters. Those
may be used in several formulations (Figure 2C), including
Pickering emulsions, or as a reinforcing phase in films, and
coatings. Although the oral toxicity of BCNC has not been
specifically studied, the oral gavage administration to rats of
doses of up to 2,000 mg/kg of aqueous suspensions of plant
cellulose nanocrystals resulted in no adverse effects (O’Connor
et al., 2014).

Finally, in situ composites may be obtained by adding other
components (usually another polymer) into the culture medium,

making BC chains to grow forming a composite with the added
component (Figure 2D).

MAIN APPLICATIONS FOR FOODS

BC is a dietary fiber, approved as a “generally recognized as safe”
(GRAS) food by the US Food and Drug Administration (FDA)
(Shi et al., 2014). As a food ingredient, one of themain advantages
of BC is its appeal for dietetic foods, due to its indigestibility
by humans (Mohite and Patil, 2014). Moreover, it favors the
intestinal transit (as other dietary fibers), besides contributing to
the mouthfeel (Fontana et al., 2017). Themain applications of BC
for the food industry (Figure 3) are described below.

Nata-de-coco and Similar Products
BC has long been used as the raw material for a juicy and
chewy dessert from Philippines called nata-de-coco, which is
basically produced from BC grown from coconut water enriched
with several carbohydrates and amino acids, cut into cubes,
and immersed in a sugar syrup (Iguchi et al., 2000). Natural
uncontrolled pre-fermentation processes have been increasingly
used, but they represent a food safety risk because of the possible
concomitant growth of pathogenic bacteria (Zhang et al., 2017).

Adaptations of the process may be used to produce similar
products, such as nata-de-pina (with pineapple juice), the flavors
being controlled by the culture medium source (Iguchi et al.,
2000; Jozala et al., 2016). Apart from being consumed by
themselves, nata products may be added as texture-rich cubes to
beverages, yogurts, and jellies.

Although the Philippines are still still the main nata-de-coco
producer, the country has faced problems, which have resulted
in decreased production and exportation of the product since
2011, when the highest exportation (more than 6,000 tons, about
US$ 6.6 billion) was recorded (Piadozo, 2016). The problems that
the country have faced include: the high cost of coconut milk,
which has been aggravated by infestation of coconut trees by the
coconut scale insect; the adverse effects of extreme temperatures
on bacteria activity and resulting nata quality; and competition
from other coconut-producing countries, which have improved
the process.

Actually, a variety of nata-like products may be developed
to address different requirements by the consumers. Different
shapes may be obtained by using different vessels; colors and
flavors may be customized by impregnating BC with different
fruit juices, syrups, etc. Finally, even texture may be changed by
further processing techniques such as conventional oven drying
or freeze drying, producing foamy or crunchy products. Thus,
BC has an under-explored potential as a raw material for novel
low-calorie desserts and snacks, for which there has been an
increasing demand.

Fat Replacer
Fats have important roles on physical, rheological, and textural
properties of a variety of foods. In cakes, just to mention an
example, fats are responsible for keeping air cells into the oil-in-
water emulsion, contributing to the volume, softness, and flavor
(Rios et al., 2018).
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FIGURE 2 | Techniques to mix BC with other components for food and food packaging applications. (A) Impregnation; (B) Disassembly; (C) Acid hydrolysis; (D)

In situ nanocomposites. (Adapted from: Azeredo et al., 2017; reproduced with the permission of Elsevier).

On the other hand, high fat intakes have been related to
the development of several health problems including obesity,
diabetes, high blood cholesterol levels, and heart diseases; so,
many efforts have been directed to reduce the fat content of
food products (Guasch-Ferré et al., 2015). Consumers have been
increasingly aware of the harmful effects of high-fat diets, and
have therefore demanded for reduced-fat counterparts to the
products they usually consume. On the other hand, there is a
strongly held view that low-fat foods are less desirable, since
they frequently have inferior sensory properties when compared
to their high-fat counterparts. Thus, an important challenge is
to assure that the sensory properties of the product are kept
as close as possible to those of their regular corresponding
products. Thus, research efforts have been made in the
last few decades concerning suitable fat replacing ingredients
or systems (from both the structural and sensory points
of view).

The aims of fat replacement are to mimic the fat functionality
in different food products, while reducing the calorific value
and/or avoiding the fat-related health problems. Fat replacement
studies have been carried out using different hydrocolloids in a
variety of products such as cakes (Rios et al., 2018), emulsified
meat products (Kumar et al., 2016), and cheeses (Aydinol and
Ozcan, 2018).

BC have been used as a fat replacer in meatballs (Lin and
Lin, 2004). One hand, the use of 20% BC (completely replacing
the added fat of the product) resulted in dramatic adverse
effects such as cooking losses and softening, impairing the
product acceptance. On the other hand, the addition of 10% BC
(reducing to a half the added fat content of meatballs) resulted
in similar sensory properties and shelf stability to the control
(regular meatballs).

The fat replacement by BC in a surimi product resulted in
increased gel strength and water-holding capacity due to its
enhanced network structure (Lin et al., 2011). However, no
sensory tests were carried out for comparison of acceptance of
the BC-containing surimi with the regular one.

A possibility that deserves a specific study is the substitution
of partially hydrogenated oils (PHOs) with some modified
BC, since PHOs lost the GRAS status by the FDA, and
a number of possible replacers have been prospected
(Wang et al., 2016).

Apart from substituting fats, BC was demonstrated to offer a
variety of other health benefits, related to its action as a dietary
fiber. Hypolipidemic and hypocholesterolemic effects of BC have
been reported in hamsters, and those effects were significantly
higher than those of plant cellulose (Chau et al., 2008). Increased
fecal weight and decreased transit time were also reported in rats,
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FIGURE 3 | Main food applications of bacterial cellulose.

when compared to a control group which did not receive BC
(Okiyama et al., 1993).

Meat Analogs
The preparation of meat analogs by using BC with Monascus
extract has been suggested (Sheu et al., 2000; Purwadaria
et al., 2010). Monascus purpureus is a mold that produces
yellow, orange and/or red polyketide pigments as well as
antihypercholesterolemic agents such as monacolin and
mevinolin (Sheu et al., 2000; Kim and Ku, 2018). Fermenting
BC with this mold resulted in colored BC products, the color
being affected by the carbon and nitrogen sources used for
fermentation (Sheu et al., 2000). The colored composite has
been presented as a raw material for novel functional foods,
mainly meat analogs (Ochaikul et al., 2006; Purwadaria et al.,
2010). The color of the composite was quite resistant to washing,
autoclaving, freezing, or acidification (Sheu et al., 2000).

A meat analog produced from Monascus-BC complex would
have a number of market appeals, namely, those related to BC
as dietary fiber, the cholesterol-lowering effect fromMonascus as
well as the non-animal origin, which would make the product a
suitable substitute to meat products for consumers with dietary
restrictions (Ullah et al., 2016).

Stabilizer of Pickering Emulsions
Solid colloidal particles have the ability to adsorb oil-water
emulsion interfaces, stabilizing droplets against coalescence by
forming a strong monolayer at the interface (Hu et al., 2015;
Paximada et al., 2016b). Such emulsions are usually referred to

as Pickering emulsions. As in the case of classical emulsions
stabilized by surfactants (emulsifiers), the stabilization of the
droplets of the discontinuous phase takes place by adsorption
of the solid particles at the surface of droplets. However,
the mechanism for the anchoring of the solid particles at
the oil-water interface is different, based on partial wetting
of the particle surfaces by oil and water; therefore, the solid
particles do not have to be amphiphilic (Chevalier and Bolzinger,
2013), although an amphiphilic character is typically required
(Kalashnikova et al., 2012).

BC and bacterial cellulose nanocrystals (BCNC) are
hydrophilic due to the high density of hydroxyl groups
on their surfaces (Dankovich and Gray, 2011), while
hydrophobic interactions result from the crystalline
organization and extensive hydrogen bonding of chains,
making them amphiphilic (Lindman et al., 2010; Kalashnikova
et al., 2012; Yan et al., 2017), property that have been
applied to stabilize surfactant-free Pickering emulsions
(Kalashnikova et al., 2011, 2012; Yan et al., 2017).

BC has shown better capacity to stabilize oil in water (O/W)
emulsions (containing 10 wt% olive oil) when compared to
commercial cellulose derivatives (HPMC and CMC), which was
ascribed to the strong network formed by the BC fibrils adsorbed
to the oil droplets (Paximada et al., 2016b). Even if BC emulsions
presented the largest droplets (d3,2 = 26µm), they showed the
best stability to coalescence, with lowest serum index (SI = 3%).

In another study, the same group (Paximada et al., 2016a)
prepared O/W emulsions (with 5 wt% olive oil) using whey
protein isolate (WPI, 2–5 wt%) as surfactant and BC (0–1 wt%)
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as stabilizer. At lower BC concentrations (0.5–0.7 wt%), the
emulsion was unstable, but 1 wt% BC promoted stable emulsions,
avoiding coalescence.

When comparing BC and BCNC for their emulsion
stabilization performances in O/W emulsions (with olive oil),
Yan et al. (2017) reported that BCNCs presented higher thermal
stability as well as better emulsifying performance, which was
ascribed not only to their size, but also to their highly negative
zeta potential derived from the sulfate groups formed on sulfuric
acid hydrolysis.

Rheology Modifier
BC may be used for several applications including thickening,
gelling, and water binding. It has been demonstrated to increase
the gel strength of tofu, to prevent cocoa precipitation in a
chocolate beverage, and to keep beverage viscosity after a heat
treatment (Okiyama et al., 1993).

BC was compared to xanthan gum (XG) and locust bean gum
(LBG) as an alternative and cheaper thickener (Paximada et al.,
2016a). A lower BC concentration (0.1%, in contrast to 0.7% XG
and 1% LBG) was required to obtain the same shear viscosity
(yield stress), indicating that BC may be regarded as a good
alternative thickener food applications.

A Specific Case: Ice Cream
Ice cream is a globally consumed and appreciated product.
Structurally (Figure 4A), it consists of a complex matrix of
fat globules, ice crystals, air bubbles, protein-hydrocolloid
structures, and a continuous phase (serum) of unfrozen water
with dissolved sugars, proteins, and salts (Daw and Hartel,
2015). Fats have a vital role on structure and texture of ice
cream. Whipping and freezing promote partial coalescence of
fat droplets, forming a 3D network which surrounds the air
cells formed on whipping, supporting their structure, thus
contributing to shape retention (Varela et al., 2014; Petrut et al.,
2016). Moreover, fats contribute to the lubrication sense and
flavor richness (Tekin et al., 2017). Proteins are also structural
components with functions related to emulsification (adsorbing
to fat globules during homogenization), whipping (contributing
to formation of air bubbles), and water binding (enhancing
viscosity, increasing the meltdown time, and reducing iciness)
(Varela et al., 2014). Sugars control hardness by reducing the
freezing temperature of the mix; stabilizers and emulsifiers
regulate ice crystal growth, contributing to a uniform texture
(Tekin et al., 2017). Upon temperature increases or fluctuations,
the ice crystals melt, and the network of partial coalesced fat
globules collapses (Petrut et al., 2016).

Different potential functions of BC as an ice cream ingredient
may be mentioned (Figure 4B), namely, as structure/texture
modifier (increasing viscosity and meltdown time, supporting
the physical structure, contributing to shape retention upon
temperature fluctuations), emulsion and foam stabilizer
(contributing to keep the network of fat droplets surrounding
the air cells), and fat replacer (in terms of structure and texture).
However, only a few studies have evaluated one or another of
those aspects, and none was found studying all of them.

Cellulose derivatives such as CMC are commonly used in ice
cream formulations as stabilizers by holding water, increasing
the mix viscosity, reducing ice and lactose crystal growth on
storage, and providing resistance to melting (Granger et al.,
2005; Guo et al., 2018). On the other hand, BC has a better
emulsion stabilizing ability than vegetable celluloses (Paximada
et al., 2016a), which remains to be explored for ice creams.

Okiyama et al. (1993) reported that BC allowed ice creams
to retain their shape for at least 60min at room temperature,
while control ice cream (without BC) completely melted away
over the same time. A more detailed study is required relating
the melting process with the ice cream structure, texture, and
emulsion stability.

Guo et al. (2018) evaluated the influences of BC/soy protein
isolate (SPI) composites (with different BC/SPI ratios, from
1:20 to 1:5) as a partial or total cream (fat) replacer on an ice
cream model. The thermal stability, texture, rheological, and
emulsifying properties of SPI were improved by BC addition.
The product with 20% BC/SPI (1:20) presented the most similar
texture to the regular ice cream (with 30% cream) as well as
improvedmelting resistance, with the additional advantage of the
lower calorific value.

Double emulsions are multi-phase systems including
single emulsions (water-in-oil or oil-in-water-W/O or O/W,
respectively) dispersed into a third phase. The two basic types
of double emulsions are water-in-oil-in-water (W/O/W) and
oil-in-water-in-oil (O/W/O). The most common applications
of double emulsions to foods are related to fat reduction.
Double emulsions confer a better mouthfeel when compared to
conventional low-fat formulations, mimicking better the texture
of regular (non-low-fat) products (Tekin et al., 2017). No study
was found using BC as stabilizer and/or rheology modifier of
double emulsion ice creams.

Immobilizer of Probiotics and Enzymes
Probiotics have been increasingly used in food applications
to balance gut microflora and confer health benefits to the
consumers. However, the survival of probiotics upon storage
and transit through the gastro-intestinal system is usually poor
(Chávarri et al., 2012).

Fijałkowski et al. (2016) immobilized probiotic strains of
Lactobacillus spp by impregnating BC membranes with the
probiotic bacteria, or by including the probiotic into the culture
medium for BC production. The second method was the most
effective in terms of protection of the probiotic against the
effects of gastric juices and bile salts. On the other hand, this
approach is incompatible with the usual method used to purify
BC membranes after fermentation, which includes soaking in an
alkali solution at temperatures typically higher than 100◦C to
remove remaining BC-producing bacteria cells (Fijałkowski et al.,
2016). Anyway, the study demonstrated that BC is useful as an
immobilization support for Lactobacillus cells, protecting them
against gastric juices.

Pectin/BC composites were tested to protect Bacillus
coagulans (Khorasani and Shojaosadati, 2016). The composites
resulted in a high survival rate of B. coagulans after microwave
drying and simulated digestion. Composites with higher BC
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FIGURE 4 | (A) Schematic structure of an ice cream; (B) proposed schematic structure of an ice cream containing NFBC as a fat replacer and rheology modifier, with

reduced iciness, and air cell structure kept by NFBC.

contents resulted in higher survival on digestion. The composite
with 20% pectin and 80% BC was considered as the one
with the best combination between degree of protection and
prebiotic score.

Unfortunately, the studies with BC-based probiotic-
containing materials are usually focused only on the impact
of technological parameters on bacterial survival, but not on
evaluating the capacity of BC of releasing probiotic bacteria
at the intestine so they can play their role. Future studies are
required to address those issues, as the effective functionality of
any probiotic product depends on the bacteria being released at
their colonization site.

BC has been also used to immobilize enzymes that may be
useful for food applications. Enzymes which have been already
successfully immobilized for controlled release from BC include
lipase (Wu et al., 2017), laccase (Chen et al., 2015), and lysozyme
(Bayazidi et al., 2018).

BC-BASED FILMS

Bio-based films and coatings are membranes produced from
renewable materials, having at least two components: a matrix,
which usually consists of a macromolecule able to form a
cohesive network; and a plasticizer, usually required for reducing
brittleness inherent to most matrices. Other components may be
also incorporated, in order to improve the barrier andmechanical
properties, or their resistance to moisture. Sometimes, different
matrices are combined to produce a material with desirable
properties from each one.

Films and coatings are usually produced as packaging
materials, although edible films and coatings usually require
a complementary external packaging, for hygienic reasons.
Some edible free-standing films may be added with flavor
components such as fruit purees, and those may also be applied
as snacks or wraps for sushis and non-conventional sandwiches
(Otoni et al., 2017).

Being food-grade, BC may be used as a matrix for films
and coatings for food applications, including edible films, and

coatings. Moreover, it may also be used to produce reinforcing
bacterial cellulose nanocrystals (BCNC).

BC Films Produced by Impregnation
BC membranes present an entangled structure, with void spaces
distributed through it, which allows the entrapment of other
components (Malheiros et al., 2018). The impregnation approach
(Figure 1A) has been applied in several studies on food films. The
method is technically simple, but not suitable to form coatings on
food surfaces or to produce films by continuous methods.

Impregnation With Other Polymers
In some cases, the combination of BC with other polymers
may bring about advantages related to specific properties of
the other polymer. Considering the antimicrobial properties of
chitosan, for instance, Lin et al. (2013b) produced BC-chitosan
films by impregnating BC into a chitosan solution. The resulting
composite film not only presented activity against Gram-negative
and Gram-positive bacteria, but it also exhibited remarkably
higher elastic modulus than neat BC films.

Crosslinking is a very interesting approach to improve the
tensile and barrier performance of packaging films. Proteins
are easier to be involved in crosslinking reactions than
polysaccharides, since their amino groups are highly nucleophilic
(Azeredo and Waldron, 2016). In order to promote crosslinking
reactions to BC sheets, Chang et al. (2012) impregnated
them with gelatin and immersed the composite sheet into
different protein crosslinking agents. Compact interpenetrating
BC/gelatin networks were formed, with enhanced tensile
properties, mainly at higher gelatin contents.

Impregnation With Active Compounds
BC have been used as a vehicle to gradually deliver antimicrobial
agents onto food surfaces, contributing thus to extend microbial
food stability.

Antimicrobial BC membranes have been obtained by Santos
et al. (2018), by impregnating BC sheets into nisin. FTIR revealed
the immobilization of nisin to BC, which was ascribed to linkings
of amine groups of nisin to C6 carboxylic acid groups of BC. The
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immobilization resulted in activity against Gram-negative and
Gram-positive bacteria. Similar films have been tested by Nguyen
et al. (2008) on the surface of vacuum-packaged frankfurters, and
were shown to be effective to control bacterial growth.

Active sausage casings were produced by impregnating
BC tubes with ε-polylysine (ε-PL) (Zhu et al., 2010). The
composite casings, besides presenting good tensile and barrier
properties, exhibited antibacterial activity, extending the shelf life
of sausages. The casings also presented good thermal stability,
keeping activity against S. aureus after autoclaving at up to 121◦C
for 30min.

BC membranes impregnated with antimicrobial peptides
(bacteriocins) were proven to be more efficient to control
the growth of Listeria monocytogenes when compared to free
bacteriocins (Malheiros et al., 2018), suggesting that BC played
a protecting role on the peptides.

Multilayer films containing an antimicrobial layer between
two outer layers was the approach used by Jebel and Almasi
(2016) to control the release rate of the antimicrobial agent
(ZnO nanoparticles). The active layer was impregnated in a
dispersion of the nanoparticles, dried, coated (on both sides) with
wet BC membranes, and allowed to dry. The presence of ZnO
nanoparticles enhanced the tensile properties and decreased the
water vapor permeability of the films, besides providing the films
with antibacterial activity.

BC membranes may also be loaded with a variety of
active agents other than antimicrobial compounds, including
antioxidants, oxygen scanvengers, and ethylene absorbers,
acting thus in different ways as vehicles to substances which
may promote extended stability of foods to several modes
of degradation.

Impregnation With Reinforcing Agents
Impregnation has not been a common strategy to incorporate
reinforcement agents into BC membranes, but Ul-Islam et al.
(2012) have used this approach to form BC nanocomposites
with montmorillonite (MMT). The nanoclay was adsorbed by
the BC membrane, and resulted in increased tensile strength and
enhanced thermal stability of the nanocomposite material.

Films With Disassembled BC
Most BC applications for films and coatings involve the
use of disassembled BC (in suspension or powder form, as
in Figure 1B). Besides the aforementioned advantages, this
approach (in contrast to impregnation) may be used to produce
films by continuous methods (such as continuous casting), which
are more suitable for industrial purposes, and to apply coatings
directly on food surfaces.

Themost common technique to form films from disassembled
BC is the conventional lab casting, which consists on pouring
a film-forming dispersion onto a suitable surface and making
the solvent to evaporate. Another interesting technique is
electrospinning, which is an electrodynamic process where a
polymer solution contained in a syringe is spun by the application
of a high voltage electric field to the tip of the needle connected
to the syringe. As the resulting jet travels in the air toward the
collector, the polymer charges cause whipping or bending of

the jet, with consequent jet elongation and solvent evaporation,
producing a thin fiber which is deposited on the grounded
collector as a randomly oriented, non-woven mesh (Bhushani
and Anandharamakrishnan, 2014). BC mats were made by Costa
et al. (2012) by electrospinning acetylated BC. The electrospun
mats exhibited more symmetrically nanoporous structure when
compared to cast films mats, with pores oriented along the
longitudinal direction of the fibers, which was ascribed to the
stretching effect during electrospinning. Although BC-based
films for food packaging purposes have not yet been obtained
by this method, the technique should be explored in the future.
On the other hand, the technique was already used for BCNC-
reinforced films from polyhydroxybutyrate-co-hydroxyvalerate
(PHBV) (Martínez-Sanz et al., 2016) and corn starch
(Fabra et al., 2016).

Disassembled BC may be used for formulation with a
variety of compounds, in a more versatile way than with the
impregnation approach. Nanofibrillated BC (NFBC, produced
by TEMPO oxidation and physical defibrillation) has been used
(combined or not to pectin, in different proportions) to produce
films with added fruit (guava and mango) purees (Viana et al.,
2018). Higher NFBC/pectin ratios resulted in improved tensile
properties, barrier to water vapor, and water resistance, which
reflects the superior tensile, and barrier properties of NFBC
when compared to pectin. The films could be used for a variety
of applications in which fruit flavors would be appreciated,
including food wraps or even fruit ribbons.

NFBC has been also combined to copper nanoparticles
(CuNP), forming antibacterial films with polyvinyl alcohol (PVA)
(Jiang et al., 2016). The hybrid NFBC-CuNP material was used
as a template for CuNP controlled release. NFBC was proven
effective to regulate copper release, improving the long-term
antimicrobial properties of the films against E. coli.

Bottom-Up Built Nanocomposite Films
From BC
A bottom-up technique may be used to combine BC to another
biopolymer in situ. BC nanofibrils are allowed to grow in the
presence of the second biopolymer added to the culture medium,
producing self-assembled bionanocomposites. Depending on the
properties of the biopolymer used, the pattern of BC structure
may be changed. Xyloglucan, xylan, and alginate were reported to
decrease BC crystallinity and to stimulate BC production (Zhou
et al., 2007; Gu and Catchmark, 2012). The presence of pectin,
gelatin, or carboxymethylcellulose (CMC) in the culture media
resulted in enhanced mechanical properties when compared to
the pure BC, which is ascribed to the binding of the other
polysaccharides with BC, changing cellulose network structure
and water binding capacity (Dayal and Catchmark, 2016).

An in situ process of growing BC in a medium with 5% PVA
was compared to BC impregnation with a 5% PVA solution (Gea
et al., 2010). The in situ process resulted in virtually unchanged
BC fibril arrangement, and the composite exhibited improved
transparency and elongation when compared to pure BC, while
the other tensile properties were maintained, which was ascribed
to the partial interruption of hydrogen bonds within the BC
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network. The impregnation process, on the other hand, resulted
in aggregates which remarkably impaired the tensile properties of
the films.

Fontes et al. (2018) produced BC mats modified in situ with
CMC. The presence of CMC increased the viscosity of the culture
medium, affecting the biosynthesis of BC, and also reduced the
porosity of the resulting materials. The CMC coated the BC
nanofibers, which resulted in decrease of elastic modulus as the
degree of substitution (DS) of CMC increased.

BCNC as Reinforcing Agents for Food
Packaging Films
Another form of using BC as a phase for composites is by
isolating their crystalline regions, obtaining bacterial cellulose
nanocrystals (BCNC). Acid hydrolysis is most usually the
technique of choice for BCNC isolation (Fabra et al., 2016; Salari
et al., 2018), although enzymatic hydrolysis with cellulase may be
used as well (George et al., 2011).

BCNCs were incorporated into a chitosan dispersion along
with silver nanoparticles (AgNPs), to produce nanocomposite
films (Salari et al., 2018). Hydrogen bonds were formed between
chitosan and BCNC, and crystalline peaks appeared in X-
ray diffractograms, resulting in enhanced barrier and tensile
properties of the films, besides the antibacterial activity provided
by the AgNPs.

BCNCs were also used as reinforcement to thermoplastic
corn starch films (Fabra et al., 2016). The best performance
(in terms of barrier and tensile properties) was achieved with
a BCNC loading of 15 wt%. Nanocomposite PVA films also
presented improved properties (thermal stability, tensile strength
and elastic modulus) from BCNC addition, when compared to
the control film from pure PVA (George et al., 2011).

Emulsion films from polyssacaride-lipid or protein-lipid
combinations have been suggested to combine advantages of
different components, namely, the tensile and gas barrier effects
of polyssacarides (or proteins), and the barrier to water vapor
of lipids. The addition of lipids to hydrophilic film forming
formulations is an interesting approach for food applications
which require a low water vapor permeability. On the other hand,
the presence of lipids usually impairs the transparency and tensile
properties of films (Rodrigues et al., 2014; Galus, 2018). Thus,
the use of BCNC acting both as an emulsion stabilizer and a
reinforcement agent sounds as an interesting approach, which
has not been reported so far.

FINAL CONSIDERATIONS

Other than nata-like products, there is a wide number of potential
applications of BC for food industry as well as for food packaging
purposes. Although they have not been suitably explored to the
moment, because of economic reasons, a number of studies
have indicated that the BC production costs tend to decrease,
without compromising BC quality, mainly for food applications,
which usually do not require a level of purity as high as those
for biomedical applications. Moreover, the future looks very
promising with novel technologies for BC production such as 3D

printing, which has already been proven feasible to produce BC
objects in any desired geometry (Shaffner et al., 2017).

Some technologies are still to be explored for processing BC
for food purposes. Surface modifications to BC (by using plasma,
for instance) are particularly promising, thanks to the abundance
of chemically reactive sites within BC structure, allowing
modifications to provide tailor-made surface functionalities
(controlled by the choice of the plasma gas and other operational
parameters), while keeping its core properties. Nitrogen-
containing plasma, for instance, was proven to incorporate N-
containing functional groups and increase BC porosity (Pertile
et al., 2010). While the intended application of the study was for
improving interaction with cells, a number of food applications
could be explored, such as enhanced capacity for impregnation
with active compounds, or increased gas permeability for films
for fresh produce.

Although the commercial BC production for low-cost niche
markets is still a challenge, and validations for most food
applications are still required, there are reasons to believe that BC
has a promising future as a unique ingredient for differentiated
novel food products with sensory and health appeals, including
edible films, and coatings.
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