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Abstract
Bacterial cellulose (BC) is a biopolymer with a wide range of potential applications starting from the food industry and
biomedicine to electronics and cosmetics. Despite that, BC industrial production to date still is associated with certain difficulties.
One of them is the high cost of growth media, which can reach up to 30% of production costs. To decrease production costs, use
of industrial and agricultural by-products, including whey, as alternative growth media has been reported. Whey, as the main
high-volume by-product of dairy industry, which is known for its low valorisation opportunities and negative environmental
impact, can nevertheless be considered as an alternative growth medium for BC production. To date, several studies aimed at
evaluating BC production on whey and lactose substrates have been reported, but they are still insufficient. Reviews of them
showed that, in general, BC production on untreated whey- and lactose-containing media was lower than that on the standard
medium. However, some wild and recombinant strains have been reported to produce BC on whey as good as the standard
medium. Enzymatic and acidic pre-treatment of whey significantly enhanced BC yield. Changes in the microstructure of BC
obtained fromwhey were also recognised, which should be considered regarding the impact on physical properties of the desired
BC product. This mini-review indicates that currently whey can be recognised as quite a problematic alternative growth substrate
for industrial BC production; however, further extensive studies may improve the prospects in both the search for a cheap
alternative growth substrate for industrial BC production and valorisation of whey.

Key points
• Whey is a by-product in which valorisation is still challenging.
• Whey can be used for bacterial cellulose (BC) production.
• BC yield and properties vary upon cultivation conditions and producer strains.

Keywords Bacterial cellulose .Whey . Biopolymers .Whey valorisation . Acetic acid bacteria

Introduction

Biomaterials and biopolymers are gaining considerable im-
portance as potential environmentally friendly materials that
provide a wide range of applications in different fields (Yadav
et al. 2015). Bacterial cellulose (BC)—an exopolysaccharide
synthesised by certain strains of acetic acid bacteria (AAB)
(Semjonovs et al. 2017)—is widely recognised as one of these

materials. It is alleged that AAB form BC, possibly as a self-
defence mechanism from the UV rays and to help bacteria
float at air-liquid interface, in order to secure the required
oxygen supply (Reiniati et al. 2017). BC can be obtained by
way of static or agitatedmicrobial fermentation (Azeredo et al.
2019). It is known that BC exhibits higher purity compared
with plant cellulose which contains lignin, pectin, and hemi-
cellulose, thus making it a more favourable cellulose source
for varied use (Huang et al. 2014). Moreover, BC biotechno-
logical production reduces the need to destroy forests for
plant-origin cellulose production or overexploit an agricultural
land for the same. BC is known for its properties that include
high purity, flexibility, high water holding capacity, durabili-
ty, high polymerisation degree, hydrophilicity, high crystallin-
ity, mouldability into different shapes, and biomimetic 3D
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nanomatrix—a network which resembles an extracellular ma-
trix and high biocompatibility (Azeredo et al. 2019; Gorgieva
and Trček 2019; Blanco Parte et al. 2020). Moreover, the
fibrous structure of BC can serve as a matrix for com-
posite materials, thus providing additional properties to
the composite such as hydrophobicity, flexibility, in-
creased mechanical strength, and antimicrobial, magnetic,
and conducting properties, which are not present in pure BC
itself (Ul-Islam et al. 2015).

Because of these properties, BC has a potential application
in many fields and can be used to produce high-value eco-
friendly products with the properties of outstanding existing
products (Azeredo et al. 2019). In the food industry, BC can
be used as an edible antimicrobial food coating increasing shelf
life, as well as a healthy food supplement for patients with
gastrointestinal disorders, obesity, cardiovascular diseases,
and diabetes (Cho and Almeida 2017; Shi et al. 2014). BC food
coatings make it possible to significantly decrease the use of
preservatives and other chemical compounds in food (Rydz
et al. 2018). Furthermore, it is widely known that high-fat diets
can be harmful to human health, but low-fat products are
recognised as less desirable due to inferior sensory properties.
In turn, BC can be used as a potential fat replacer in food
products such as cakes and ice cream by mimicking fat func-
tionality and not providing any calories (Azeredo et al. 2019).
Moreover, BC is a microbiota-friendly product which enhances
the human immune system, reduces inflammation and choles-
terol level (Holscher 2017), and is “generally recognised as
safe” (GRAS status) (Shi et al. 2014). An example of BC ap-
plication in food is nata de coco, which is traditionally obtained
by fermentation of coconut milk with BC-forming AAB
(Blanco Parte et al. 2020). BC can also be used in the produc-
tion of composite packaging materials, instead of that mostly
made from unbiodegradable petroleum-derived plastic, which
is harmful to the environment and humans (Proshad et al.
2017). BC seems to be a promising alternative for the produc-
tion of environment-friendly durable packaging materials and
has the potential to replace plastics in the future. BC has a wide
range of potential biomedical applications such aswound dress-
ings, artificial skin and blood vessels, tissue engineering scaf-
folds, and coverings in nerve surgery and in prosthetics of
fascia, bone, and cartilage (Wan et al. 2011; Picheth et al.
2017). It has been reported that in wound dressing, BC films
attach to skin, thus providing the correct environment for skin
regeneration (Gorgieva and Trček 2019). Antimicrobial agents
can be added to these films in order to reduce the risk of infec-
tion (Rouabhia et al. 2014). BC can be merged with different
types of drugs and provide matrix for controlled drug delivery
and release (Pavaloiu et al. 2014; Ullah et al. 2016).
Furthermore, different synthetic prostheses are often not bio-
compatible and may induce the rejection reaction by the host
organism, whereas BC-based prosthesis is biocompatible and
allows cell proliferation, blood vessel formation inside of BC

prosthesis, because of the ability BC to resemble extracellular
matrix (Ul-Islam et al. 2015). In electronics, different BC com-
posites have the potential to be an environment-friendly mate-
rial for flexible screen production (Ummartyotin et al. 2011),
organic light-emitting diodes (Legnani et al. 2008), and humid-
ity and gas sensors (Hu et al. 2011). Magnetically responsive
flexible BC films with magnetite (Fe3O4) nanoparticles can be
used in magnetic resonance imaging (Ul-Islam et al. 2015). In
cosmetics, BC is reported to have already been used as a natural
skin care facial mask and scrubs, mostly due to its ability to
moisten skin and non-toxicity (Ullah et al. 2016). The use of
BC immobilisation platforms for enzymatic reactions in chem-
ical industry made it possible to improve the properties of in-
dustrial lipases compared with free lipases (Sheldon and van
Pelt 2013). It was reported that BC-immobilised lipases show
improved activity under both acidic and alkaline conditions, as
well as higher activity at temperatures under 30 °C, making it
possible to decrease energy demand in factories (Cai et al.
2018). Additionally, BC can be used in filtration membranes
to provide a porous network for graphene oxide, showing good
mechanical strength, water stability, and ion permeation, thus
allowing it to be recognised as prospective for water purifica-
tion (Fang et al. 2016).

Despite all the advantages of BC application, its industrial
production is still problematic, which is impeding it from being
successfully commercialised (da Gama and Dourado 2018).
Several companies have tried to commercialise BC, but yet
with quite limited success. In the 1990s, several Japanese com-
panies and national institutions collaborated to produce BC.
However, because of the lack of efficient fermentation systems,
commercial production of BC was not achieved. Another ex-
ample of a commercial-scale BC production attempt was made
by two American joint companies—the Cetus Corporation and
Weyerhaeuser Company. In addition, the Brazilian company
BioFill Produtos Bioetecnológicos produced several biomedi-
cal products from BC. However, it was unsuccessful in large-
scale commercialisation and is no longer active. There have
only been several successful attempts at BC commercialisation.
As previously mentioned, nata de coco is an example of BC
application in food that has been active since 1954 and is
characterised by high production volumes, but low profit mar-
gins. In the 1980s, Johnson & Johnson initiated an attempt to
commercialise BC on a large scale. Research was conducted
mostly in biomedical fields. Despite making several patents and
BC products, the company did not reach commercial scale,
probably due to high capital and production cost intensity. In
1996, Xylos Corporation acquired the rights to use these pat-
ents and in 2001–2003 commercialised several wound care
products. In 2012, this business was bought by Lochmann
and Rauscher which has continued producing BC product up
to this day. In 2006, Polish scientists from the Lodz University
of Technology published their results on BC application in the
clinical treatment of different degree burns. After a while, the
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technology was bought by a Polish company BOWIL Biotech
Ltd., which has started production of BC wound dressing ma-
terials and cosmetic products marketed under the trade name
CELMAT® (da Gama and Dourado 2018).

Alternative substrates for industrial BC
production

As previously stated, it is difficult to achieve BC
commercialisation due to high production costs. One of the
biggest problems is the high cost of standard BC growth me-
dium, which can take up to 30% of the process’s production
costs (Rivas et al. 2004). In order to decrease production costs,
it is necessary to optimise the production process. One possi-
ble solution that should be considered is the use of alternative
low-cost carbon sources (Semjonovs et al. 2017).
Consequently, use of industrial by-products and agricultural
wastes for BC production has been reported: crude glycerol
remaining from biodiesel production, grape bagasse, molas-
ses, corn steep liquor, rotten fruits, and milk whey (Table 1).
However, several problems are connected to the use of alter-
native and less expensive carbon sources because they affect
not only productivity, but also BC properties such as crystal-
linity, O2 and H2O transmission, and the degree of polymeri-
sation.Moreover, growthmedia requirements and BC produc-
tivity broadly vary within AAB species and strains (Jozala
et al. 2015; Salari et al. 2019).

Whey—a challenging dairy by-product

It is widely recognised that among agriculture and industry
by-products, whey is problematic regarding its environmental

impact, high volumes, and relatively little options of efficient
valorisation. Milk production and processing have increased
worldwide at a high rate of over 10% every 4 years. During
processing of milk products, only 10–20% of milk volume is
recovered as desired end product (cheese, casein, yoghurt,
etc.), with 80–90% remaining as whey (Panghal et al. 2018).
Annual whey production is about 180–190 × 106 tons
(Baldasso et al. 2011). Most whey dry mass consists of 70%
lactose with the presence of small amounts of glucose, galac-
tose, lactulose, and arabinose. The well-known high biologi-
cal value of milk whey is attributed to the content of proteins
(mainly albumins and globulins), amino acids, vitamins (B6

and B12), lactic and citric acids, and minerals such as calcium,
magnesium, phosphorous, as well as other minor biologically
active compounds (Revin et al. 2018). Cheese whey is the
most abundant and environment polluting waste generated
by the dairy industry (Prazeres et al. 2012). As far as whey
is concerned, the general problem is that only about 50% is
processed with different technologies, while the rest is
dumped as waste because of a lack of efficient further process-
ing technologies. Due to its high organic load, disposal of
whey industries has severe polluting effects on the environ-
ment, and on waters in particular (Panghal et al. 2018).

Considerable effort was made in the last few decades to
find new whey valorisation techniques and decrease the pol-
luting effects of whey (Koutinas et al. 2009). Whey is rich in
sugars that makes it suitable for industrial production of dif-
ferent biotechnological products (Prazeres et al. 2012). There
are several modern approaches to whey valorisation
summarised in Fig. 1. Besides the applications mentioned in
Fig. 1, a sustainable solution for whey valorisation can be
provided by its bacterial conversion into a cheap fermentation
medium for the production of varied biopolymers and other
bioactive compounds (Zotta et al. 2020), including BC.

Table 1 BC production by acetic acid bacteria on industrial waste and agriculture sources

Medium Strain BC production, dry weight, g/L Reference

Whey G. sucrofermentans B-11267 5.45 (Revin et al. 2018)

Grape pomace/corn steep liquor A. xylinum NRRL B-42 6.7 (Cerrutti et al. 2016)

Grape bagasse G. xylinus NRRL B-42 8.0 (Vazquez et al. 2013)

Distillery effluent Gluconacetobacter oboediens 8.9 (Jahan et al. 2018)

Stillage wastewater G. xylinus BCRC 12334 6.26 (Wu and Liu 2013)

Orange juice A. xylinum NBRC 13693 5.9 (Kurosumi et al. 2009)

Apple juice A. xylinum NBRC 13693 3.9 (Kurosumi et al. 2009)

Pineapple juice A. xylinum NBRC 13693 3.9 (Kurosumi et al. 2009)

Molasses A. xylinum BPR2001 5.3 (Bae and Shoda 2004)

Glycerol G. xylinus CGMCC no. 2955 5.97 (Zhong et al. 2013)

Enzymatic hydrolysate of wheat straw A. xylinus ATCC 23770 8.3 (Chen et al. 2013)

Coconut juice (nata de coco) Acetobacter sp. 712.9 (wet BC weight) (Phong et al. 2017)
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Whey as a substrate for BC synthesis

Only a few studies have aimed to evaluate whey as a substrate
for BC production. In the study conducted in 2018 by Revin
et al. (2018), Gluconobacter sucrofermentans B-11267 strain
was used to evaluate whey as an alternative substrate for BC
production. It was shown that on whey, BC production by this
strain reached 5.45 g/L (dry weight), which is higher when
compared with that obtained on the standard Hestrin-
Schramm (HS) medium (2.14 g/L). The maximum rate of
product formation occurred on the first day of the fermentation
process. In that time, the amount of lactose decreased from
42.1 to 22.4 g/L indicating that this strain was able to use
lactose as a C source. In this study, whey was shown to be a
good alternative C source, mainly because of the strain’s abil-
ity to hydrolyse lactose. However, changes in BC micromor-
phology and crystallinity were observed after cultivation in

whey compared with the standard HS medium. By using
atomic force microscopy, it was determined that the widths
of BC microfibrils were 60–90 nm and 100–180 nm for HS
standard medium and for whey, respectively. In addition, as
reported, changes in morphology resulted in changes in crys-
tallinity. By using X-ray chromatography, it was shown that
BC crystallinity index in whey was lower (50.2%) than that in
HS (79.9%). However, it was shown that whey did not affect
the chemical structure of BC (Revin et al. 2018). Obviously,
alteration of BC growth medium by use of alternative C sub-
strates, e.g. whey during the production process, can cause
changes in BC microstructure, thus affecting the physical
and mechanical properties (crystallinity index, polymerisation
degree, molecular weight, water holding capacity, oxygen and
water transmission rate) of the desired final product (Jozala
et al. 2015; Gorgieva and Trček 2019). For example, using
whey as an alternative media would decrease the crystallinity

Fig. 1 Current main options of whey valorisation. PHA, polyhydroxyalkanoates; PHB, polyhydroxybutyrate; PLA, polylactic acid
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of BC from 80 to 50% (Revin et al. 2018) thus decreasing its
mechanical strength and making it less suitable for applica-
tion, e.g. as a durable bioplastic material.

In the study conducted in 2014 by Jozala et al. (2015) with
the BC-producing Gluconacetobacter xylinus ATCC 53582
strain, milk whey was compared with standard HS medium,
as well with media containing other alternative substrates such
as rotten fruits, rotten fruits and whey mixtures in dif-
ferent ratios. Experiments showed that the use of whey
medium resulted in lower BC yield (25 mg/mL) com-
pared with standard HS medium (30.8 mg/mL) and rot-
ten fruit medium, respectively (60.2 mg/mL). It was
emphasised that G. xylinus ATCC 53582 preferably
metabolises monosaccharides such as fructose and glu-
cose. Furthermore, fruit-whey mixed media were evalu-
ated differently in the study. It was shown that these
mixtures are not more effective as a rotten fruit-only
substrate, thus attributing a somewhat negative effect
to whey on BC production in the presence of no-whey
originated sugars. As previously stated, the main C
source in whey is lactose which is a disaccharide and
is not conducive to G. xylinus (Jozala et al. 2015) and
other AAB.

Thus, it was reported that the use of whey- and lactose-
containing media resulted in relatively low BC production.
A study carried out by Tsouko et al. (2015) demonstrated that
lactose was not efficiently metabolised by Komagataeibacter
sucrofermentans DSM 15973. Bacteria were able to produce
only 1.6 g/L of BC by growing on lactose, while it was able to
produce 4.9 g/L by growing on sucrose (Tsouko et al. 2015).
In another study, Acetobacter xylinum was able to produce
1.62 g/L BC by growing on lactose. To compare, this strain
achieved its maximum BC production of 7.38 g/L on fructose
(Embuscado et al. 1994).

Moreover, several other studies show that lactose does not
support significant BC production. It has been shown that
cheese whey permeate does not support a significant BC pro-
duction by Acetobacter xylinum 10821 and Acetobacter
xylinum 23700 (Thompson and Hamilton 2001). Another study
showed low levels of BC production by Gluconacetobacter
sacchari isolated from Kombucha tea on HS media modified
by replacement of glucose with lactose (0.31 g/L) and cheese
whey medium without any additional supplementations
(0.08 g/L). BC production levels were lower compared with
the standard HS media after 96 h of cultivation (2.7 g/L)
(Carreira et al. 2011). Likewise, another study showed that
Gluconacetobacter xylinus K3 showed BC yield on lactose
(0.07 g/L) (Nguyen et al. 2008). Moreover, in another study,
the final BC production of 0.09 g/L byG. xylinusATCC 53524
grown on galactose (Mikkelsen et al. 2009) was reported. The
minimal presence of BC in lactose- andwhey-containingmedia
was attributed to inoculum remnants or free glucose release
upon lactose hydrolysis (Carreira et al. 2011). Low BC

production onwhey- or lactose-containingmedia can be caused
by lack of lacZ gene responsible for β-galactosidase enzyme
which ensures lactose hydrolysis to glucose and galactose
monomers (Thompson and Hamilton 2001; Battad-Bernardo
et al. 2004).

As a solution, construction of recombinant AAB strain ca-
pable of hydrolysing lactose and producing BC was proposed.
A recombinant strain of Acetobacter xylinum was created by
inserting lacZ gene, thus allowing the hydrolysis of lactose
(Battad-Bernardo et al. 2004). The lacZ gene, which
codes β-galactosidase, is one of the three enzymes re-
sponsible for the ability of Escherichia coli to
metabolise lactose. The mini-Tn10:lacZ:kan gene was
inserted into a wild-type strain of A. xylinus by mean
of random transposon mutagenesis, thus creating lactose
utilising and BC-producing strain ITz3. It was revealed
that the lacZ gene was inserted into the chromosome of
the bacteria. The strain maintained the stability of the
inserted gene in the non-selective medium after more
than 60 generations. The mutant strain was able to pro-
duce 1.82 g/L BC in whey-based substrate, which
means a 28-fold increase of BC production compared
with wild-type strain (Battad-Bernardo et al. 2004).
Nevertheless, BC production still was not high enough
to implement this strain in commercial BC production.

Another approach to facilitate BC production by AAB on
whey lies in its hydrolytic pre-treatment. This can be achieved
by two methods: enzymatic hydrolysis by adding β-
galactosidase enzyme to the lactose-containing media or acid-
ic hydrolysis, which can be achieved by adding acids instead
of enzymes (Amaro et al. 2019). Pre-treatment was used in the
study conducted by Salari et al. (2019). In this study,
commercial β-galactosidase was used to hydrolyse whey
in the culture media. The results showed that enzymatic
pre-treatment improved BC production (3.55 g/L) by
G. xylinus PTCC 1734 on enzymatically hydrolysed
cheese whey, which according to the authors was higher
than untreated whey and higher than the standard HS
medium (3.2 g/L). However, despite its effectiveness,
enzymatic pre-treatment significantly increases produc-
tion costs (Amaro et al. 2019). Moreover, changes in
BC microstructure compared with those of standard me-
dia were observed. BC produced on whey had a crys-
tallinity index of 61.86% which is lower than the crys-
tallinity index for BC on standard untreated HS media
(79.07%) (Salari et al. 2019).

Discussion and conclusions

Since the process for BC commercial production should be
simple and cost-effective, whey can be considered as a
cheaper growth medium for BC production, in addition to
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reducing environmental pollution from dairy waste. However,
at present, reported BC productivity onwhey remains relative-
ly low (not higher than 5.4 g/L) and BC production varies
strongly within different strains. Thus, further extensive re-
search aimed at evaluating BC-producing strains suitable for
whey fermentation is required, including taking into account
the physical properties of BC synthesised on whey. An impor-
tant fact is, as reported, that the use of industrial and agricul-
tural by-products as alternative growth media can lead to
changes in produced BC microstructure and physical
properties, which would significantly affect the physical
and mechanical properties of desired BC products
(Revin et al. 2018). For efficient BC production on
whey, AAB strains with active lacZ genes enabling
the hydrolysis of lactose should be applied (Battad-
Bernardo et al. 2004) and/or hydrolytic pre-treatment
should be performed. Despite the ability to hydrolyse
lactose, AAB should usually use only glucose for fur-
ther metabolism, leaving galactose unassimilated
(Mikkelsen et al. 2009). The search for strains assimi-
lating both glucose and galactose would have a signifi-
cant impact on increased BC production. Another prob-
lem could be attributed not to lactose metabolism, but
to weak hydrolysis of whey proteins. Relatively weak
protease activity (Bossi et al. 2006) may not be enough
to enable AAB to obtain all the required growth sub-
stances from whey, e.g. N, which restricts BC produc-
tion. This question is still left mostly unstudied.
Although whey can provide cheaper C source for BC
synthesis than standard synthetic media, its use may
result in the loss of some desired BC properties essen-
tial to the desired end product. To conclude, it is nec-
essary to say that whey can currently be recognised as
quite a problematic alternative growth substrate for in-
dustrial BC production. However, further studies may
improve the prospects for both the search for a cheap
alternative growth substrate for industrial BC production
and valorisation of whey.
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