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Abstract Cellulose is the most widely used biopoly-
mer on Earth. Its large-scale production is mainly from
lignocellulosic material (plant origin), however, this
plant material is not the only source of this valuable
polymer, since microorganisms, like bacteria, natu-
rally produce cellulose, especially those of the genus
Komagateibacter (formerly Gluconacetobacter). This
type of cellulose is of great interest because of its
unique properties such as high purity and resistance,
nevertheless, it has not been produced in a large-scale
industrial process to date using low-cost substrates,
one of the key aspects that should be considered for the
industrial obtaining of any biotechnological product.
As a main finding we found that the majority of low-
cost culture media discussed could have the potential
to produce bacterial cellulose on an industrial scale,
since in most cases they yield more cellulose (with
similar physical chemical characteristics) to those
obtained in standard media. However, for an
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appropriate large-scale production, a specific knowl-
edge about these by-products (since their composition
and characteristics, which have a direct impact on the
productivity of this biopolymer, are quite heteroge-
neous) and a proper standardization of them would
also be required. Research staff of many industries
could use the information presented here to help
design a process to use their respective byproducts as
substrate to obtain a product with a high added value as
bacterial cellulose.

Keywords Bacterial cellulose - Acetobacter
xilynum - Gluconacetobacter xylinus - Low-cost
substrates - Komagataeibacter sp

Introduction

Cellulose is the most widely used biopolymer on
Earth. In its industrial use, the main sources for
cellulose are plants and their residues (cotton, the
wood of pine and other trees, etc.), which are recycled
into final products like paper (Arioli et al. 1998). In
recent decades, however, research has been done into
obtaining cellulose from microorganisms, particularly
bacteria of the genus Komagataeibacter (formerly
Acetobacter and Gluconacetobacter) (Nguyen et al.
2008; Yamada et al. 2012). This bacterial cellulose has
unique properties which make it an ideal candidate for
industrial-scale production, such as purity, high tensile
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strength, excellent water- holding capacity, biocom-
patibility and biodegradability. In fact, there are
reports that support it has been used not only to
produce desserts (which have a high content of dietary
fiber) (Jagannath et al. 2008), artificial skin used in
medical treatments (Yamanaka et al. 1989), acoustic
diaphragms (Vandamme et al. 1998), artificial blood
vessels (Klemm et al. 2001; Scherner et al. 2014) and
electric conductors (Muller et al. 2012) among other
products, but also to be incorporated as a reinforce-
ment of other polymeric materials or paper (Miao and
Hamad 2013; Zimmermann et al. 2010), or as a food
stabilizer (Shi et al. 2014).

To date there are no reports of large-scale cellulose
production using low-cost substrates, and the few
companies worldwide that produce this biopolymer,
such as Bowil Biotech (Poland), do so in order to obtain
medical products such as masks, goggle shaped dressing
and wound dressing that meet the requirements for
medical devices of class IIb and III (http://bowil.pl/en/
bowil-biotech-en/). From the information available
regarding the production process of this company and
the type of products, it is known that BC is obtained in
small fermenters to avoid its contamination and it can be
deduced that standard culture media are used to avoid
the presence of toxic compounds.

For this lack of studies, it is not clear what would be
an optimal system of production using these low cost
substrates, but it could include bioreactors as plates,
air lift or impeller systems, rotating disk, stirred tanks
with a spin filter, biofilm systems, spherical type
bubble columns, trickling bed systems, etc. (Vazquez
et al. 2013; Goelzer et al. 2009; Shigematsu et al.
2005; Lin et al. 2014a, b; Jung et al. 2007; Cheng et al.
2011; Song et al. 2009; Lu and Jiang 2014), an optimal
culture process, if static or submerged in batch, fed-
batch or intermittent fed-batch mode and an optimal
standardization of factors such as temperature,
dissolved oxygen (DO) and pH principally (Campano
et al. 2016). Also the uses that can be given to the
cellulose obtained with these low-cost media are
unclear, since in many cases the cellulose would have
to undergo a purification process (mainly washing,
since as a matrix it can absorb the color and some
components of the substrate) and therefore could
hardly be used in medical, cosmetic or food products.

To obtain cellulose (at laboratory scale), experi-
ments with various unconventional (low cost) sub-
strates have been made for the past 20 years. They
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include fruit juices (coconut, pineapple) (Budhiono
etal. 1999); vegetal extracts (from black tea, green tea,
litchi) (Nguyen et al. 2008; Yang et al. 2016);
molasses (from sugar beet and sugar cane) (Bae
et al. 2004; Bae and Shoda 2005; Keshk and
Sameshima 2006; Coban and Biyik 2011; Vazquez
et al. 2013; Khattak et al. 2015); syrups (Zeng et al.
2011); fermentation wastewaters and sludge (vinasse,
thin stillage, Makgeolli Sludge, waste bear yeast,
glycerol from biodiesel and lipid fermentation
wastewater) (Ha et al. 2008; Velasquez-Riafio and
Lombana-Sanchez 2009; Velasquez-Riafio et al. 2013;
Wu and Liu 2013; Hyun et al. 2014; Lin et al. 2014a, b;
Huang et al. 2015a; Vazquez et al. 2013; Huang et al.
2016) and plant biomass hydrolysates (corn cob,
elephant grass, spruce, wheat straws, fiber waste
sludge, hot water extracted-wood, wastes of cotton-
based textiles, sweet potato pulp, corn starch) (Shige-
matsu et al. 2005; Hong et al. 2012; Al-Abdallah and
Dahman 2013; Cavka et al. 2013; Chen et al. 2013;
Guo et al. 2013; Yang et al. 2013; Huang et al. 2015b;
Kiziltas et al. 2015; Neera et al. 2015).

Most of the substrates described above are indus-
trial by-products and they have characteristics that
make them suitable industrial substrates for the
production of large-scale BC, since they are inexpen-
sive, good sources of carbon (such as sugars, alcohols,
etc.) and nitrogen, and in some cases they provide the
necessary cofactors for the optimal development of
microorganisms (Table 1). Their use could also sig-
nificantly reduce the organic load of industrial
wastewaters and the amount of contaminating mate-
rials, so this could contribute to make other processes
to be harmonic with the ideal of clean production.

Therefore, in this review it will be summarized the
aspects (temperature, pH, time and type of culturing)
that can influence the production of bacterial cellulose
(BC) from different low-cost substrates, the types of
strains used and the physical and chemical character-
istics of the biopolymer obtained. It was also included
as focus and as a differentiating element on this
document the general characteristics of those by-
products that have been used to obtain cellulose (initial
sugar concentration, cofactors, COD, etc.). Finally, the
general purpose was to determine what could be the
best BC industrial production system, which low-cost
carbon substrates have the greatest potential for that
and what could be the possible commercial uses of this
biopolymer.
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Table 1 Parameters and composition of the low-cost substrates used for the production of bacterial cellulose

Pameters and composition Medium

MO MS

Vinasse

TS

ABE

MSF LFW Orange LE SPP

pH
COD (mg/L)
BOD (mg/L)

Carbohydrates (g/L)

Reducing sugar

Glucose 15 P
Sucrose 57 59.6% (W/w)
Fructose 16 P
Xylose

Mannose

Galactose

Arabinose

Fucose

Starch

Arabinan (%)

Galactan (%)

Glucan (%)

Mannan (%)

Xylan (%)

Cellulose (%)

Hemicellulose (%)

Lignin (%)

Acid (mg/L)
Total organic acid
Succinic acid
Gluconic acid
Acetic acid
Citric acid
Malic acid
Glycolic acid
Lactic acid
Formic acid
Butyric acid
RNA

Alcohol (%v/v)
Ethanol (g/L)
Butanol (g/L)
Glycerol (g/L)
Glutahtione (%)
Vitamin B (%)
Furfural (g/L)

4.6
100,000

16

3.5
50,920
25,000

1.1
0.04

3833
2254
1018
243
161
157

18050

39
25,591

183.5

102 0.03 1.3 (%)
4.8 (%)
1.2 (%)

3.6

1.5

1150

0.9
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Table 1 continued

Pameters and composition Medium

MO MS

Vinasse TS

ABE MSF

LFW

Orange LE SPP

5-hydroxymethyl-furfural (g/L)
Phenolic compounds (g/L)
Ca (mg/L)

K (mg/L)

Na (mg/L)

Mg (mg/L)

P (mg/L)

Total amino acid

Total nitrogen (mg/L)
Ash (%)

Moisture (%)

760
1258

16.5
9.2
10.6
4.8
19.7

48.3 810

30639
5498
1838

Pameters and composition Medium

RB CBWT WS

SAFS SIFS

DOR SW

EG CAH HWE WW(C]

pH
COD (mg/L)
BOD (mg/L)

Carbohydrates (g/L)
Reducing sugar
Glucose 80.4% (wiw) 17.0 27.9
Sucrose

Fructose

8.2% (wlw) 15.1

9.1% (w/w) 2.3
Galactose 2.3% (wiw) 3.0
Arabinose 4.0

Fucose

Starch

Arabinan (%) 0.3
Galactan (%) 0.2
Glucan (%) 69.1
Mannan (%) 33
Xylan (%) 15.4
Cellulose (%)
Hemicellulose (%)

Lignin (%)

Xylose

Mannose

40.2
25.3
203 3.5

Acid (mg/L)
Total organic acid
Succinic acid
Gluconic acid

10.0 59.6

1.6

0.3 11.3
13.1
29
2.1

<0.02
0.1
89.7
2.7
1.6

0.8

50
0.04 38

0.2

0.1
0.1

43.0
18.4
22.6

@ Springer



Cellulose (2017) 24:2677-2698

2681

Table 1 continued

Pameters and composition Medium

RB CBWT WS

SAFS SIFS DOR SW

EG CAH HWE WwWwd(]

Acetic acid

Citric acid

Malic acid

Glycolic acid

Lactic acid

Formic acid

Butyric acid

RNA

Alcohol (%v/v)

Ethanol (g/L)

Butanol (g/L)

Glycerol (g/L)

Glutahtione (%)

Vitamin B (%)

Furfural (g/L) 0.3
5-hydroxymethyl-furfural (g/L)
Phenolic compounds (g/L)

Ca (mg/L)

K (mg/L)

Na (mg/L)

Mg (mg/L)

P (mg/L)

Total amino acid

Total nitrogen (mg/L)

Ash (%) 5.6
Moisture (%)

5160 0.3

0.1
0.1
540 0.2

1.5 0.01
1.5
39

0.2 (%)

1.2 (%)

3.6 1.7 53

8.1

Bold values indicate data from Al-Abdallah and Dahman (2013) for WS (wheat straw)

COD Chemical Oxigen Demand, BOD Biochemical Oxigen Demand, RNA Ribonucleic acid, MO Molasses (Bae and Shoda 2005);
Vinasse (Velasquez-Riafio and Lombana-Sanchez 2009; Velasquez Riafio et al. 2013), MS maple syrup (Zeng et al. 2011), 7S thin
stillage (Wu and Liu 2013), ABE acetone, butanol, ethanol waste (Huang et al. 2015b), MSF Makgleolli sludge filtrate (Hyun et al.
2014), LFW lipid fermentation wastewater; Orange (Kurosumi et al. 2009), LE litchi extract (Yang et al. 2016), SPP sweet potato
pulp Shigematsu et al. 2005), RB rice bark (Goelzer et al. 2009), CBWT cotton-based waste textile (Hong et al. 2012), WS wheat straw
(Chen et al. 2013; Al-Abdallah and Dahman 2013), SAFS and SIFS fiber sludges from sulfate and sulfite (Cavka et al. 2013), DOR
dry olive mill residue (Gomes et al. 2013), SW spruce wood (Guo et al. 2013), EG elephant grass (Yang et al. 2013), CAH corncob
acid hidrolysate (Huang et al. 2015b), HWE hot water extract (Kiziltas et al. 2015), WWCJ waste water of candied jujube (Li et al.
2015), P present but it was not reported its concentration

Molasses and Syrups
General characteristics

Molasses are a viscous by-product of the final stage of
the crystallization of sugar from sugar cane or beet
(Cakar et al. 2014). Different kinds of molasses have
been used as substrates in the processing of such

industrial products as ethanol (Sheoran et al. 1998),
lactic acid (Kotzamanidis et al. 2002), polyhydroxy-
butyrate (PHB) (Beaulieu et al. 1995), xanthan gum
(Kalogiannis et al. 2003), and at the experimental
level, microbial cellulose (Bae and Shoda 2005; Keshk
and Sameshima 2006; Cakar et al. 2014). The
composition of molasses may be quite heterogeneous
depending on the type of sugar cane or beet used to
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refine sugar (Table 1), but in general terms, molasses
have a high concentration of carbohydrates (51%,
consisting of 35% sucrose and 16% reducing sugars)
and total suspended solids (TSS, 88%). They also have
a low concentration of cysteine (below 0.05 g/100 g),
total nitrogen (0.35%), and phosphorus (0.04%)
(Keshk and Sameshima 2006).

On the other hand, syrups are liquid sweeteners
produced from starches, corn starch and the sap of
trees like maple. They are characterized by a high
concentration of sugar, which reaches 67% (w/w) in
maple syrup: 89% of such sugars is sucrose, and the
remaining carbohydrates are fructose and glucose
(Morselli 1975), and unlike molasses they have been
less used for microbial culture. For example, in the
case of the syrup form maple, due to Canada is
responsible for 84% of world syrup production
(Kurosumi et al. 2009) it sets the standard for its
commercialization on an international level, so the use
of this substrate for the cultivation of microorganisms
has been quite restricted. There are only two studies of
its use for this purpose have been found: one for
obtaining poly-B-hydroxybutyrate from Alcaligenes
latus (Kurosumi et al. 2009) and another for the
production of bacterial cellulose (Zeng et al. 2011).

Used strains and culturing processes

For the production of microbial cellulose from molasses
and syrups different strains of G. xylinus (formerly A.
xylinum) have been used under different conditions as
presented in Table 2. These organisms were principally
grown in static batch processes (~53% of the exper-
iments), continuous fed-batch processes with the use of
a jar fermenter (~20%), intermittent (~ 13%), and fed-
batch processes with the use of an orbital shaker
(~13%) (Zeng et al. 2011). Almost all cultures were
incubated at temperatures between 28 and 30 °C
(~93%) which is a temperature range regarded as
standard for G. xylinus (Delmer and Amor 1995; El-
Saied et al. 2008). And the pH, which is a limiting factor
in the growth of this microorganism, was considered in
most of the studies with molasses. It was worked with an
initial pH of 5.0-6.5; however, only in the study by
Keshk and Sameshima (2006) the pH was monitored
throughout the process, which showed that there is a
trend towards acidification (the pH fell from 6.0 to 3.95)
and just in the study of Bae et al. (2004) the pH was
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maintained constant. The studies also showed that the
optimal culture time was very heterogeneous, ranging
from 3 days (Bae and Shoda 2005) to 28 days (Cakar
etal. 2014), however, for ~80% of the experiments the
optimal time was less than 10 days.

BC production

Unlike syrups, molasses proved to be an optimal
medium in terms of BC production. The best results
were reported by Bae et al. (2004), who obtained a
yield of 0.7 gBC/g sugar using an intermittent fed-
batch jar fermentor for -cultivating Acetobacter
xylinum subsp, sucrofermentans BPR2001, in only
three days. Similar results (0.6 gBC/g sugar) were
presented by Vasquez et al. (2013), but it was used a
static culture and the time were 14 days. For some
other experiments the yield was less than 0.3 gBC/g
sugar and in the rest it was impossible to compare
because the initial sugar concentrations of the sub-
strates used were not mentioned (Table 2). It is to note
that, in general terms, molasses have best results than
the standard mediums, however since both substrates
have a high viscosity and density, these byproducts
should have a pretreatment for the production of
microbial cellulose. Several dilutions and other types
of pretreatments have been proposed in order to
optimize the process whereby certain sugars in these
substrates are broken down into simpler forms (Bae
et al. 2004; Bae and Shoda 2005).

In addition, when the physical characteristics of the
microbial cellulose obtained from molasses were
analyzed by means of viscosity, Fourier-transform
infrared spectroscopy (FT-IR), wide-angle X-ray
diffractometry (XRD), solid-state 13C nuclear mag-
netic resonance spectroscopy (CP/MAS 13C NMR)
(Keshk and Sameshima 2006; Cakar et al. 2014), or
scanning electron microscopy (SEM) (Vazquez et al.
2013; Cakar et al. 2014; Khattak et al. 2015), it was
concluded that the produced biopolymer was cellulose
(type I principally), and, in turn, that it has very similar
characteristics to the cellulose produced form standard
media. However, some analysis like the FT-IR showed
a slight difference in the region of the intermolecular
hydrogen bonds and a lower viscosity (Keshk and
Sameshima 2006) in molasses medium. Likewise, the
SEM analysis revealed that the fibrils produced from
molasses in the batch mode were denser than those
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Used strains and culturing processes

For the production of microbial cellulose from the
substrates mentioned above, different strains of the
genus Gluconacetobacter have been used and grown
under different conditions (Table 2). These bacteria
have been (mostly) grown under static batch condi-
tions (~ 87% of the experiments) except in the case of
Velasquez-Riafio and Lombana Sanchez (2009), who
used a semi-continuous static process, and Velasquez-
Riafio et al. (2013), whose study employed an orbital
shaker at 250 rpm to grow G. kakiaceti GMS. The best
results were reported by Wu and Liu (2013), using
Gluconacetobacter xylinus BCRC 12334 (2.7 gBCl/g
sugar) and pure thin stillage at 30 °C during 7 days.
Analyzing variables such as time, temperature and pH,
it was found that in most of the studies the optimal
production conditions were between 5 and 7 days
(~ 80%), 28-30 °C and 5.5 pH units. However,
unlike the molasses, the pH tended to increase during
the time when it was monitored (Velasquez-Riafio
et al. 2013; Wu and Liu 2013). Related to this change,
some authors have suggested that this increase is
caused by the release of ammonium ion when the
microorganisms degrade the amino acids present in
these substrates (Wu and Liu 2012; Velasquez-Riafio
et al. 2013; Huang et al. 2015a).

BC production

Vinasse and TS can be used in a pure form as substrate
for the BC production, without any pretreatment
(Velasquez-Riafio and Lombana-Sanchez 2009;
Velasquez-Riafio et al. 2013). In the case of the MS
medium, it must be previously dissolved (because it is
solid), so that the study of Hyun et al. (2014) worked
with a concentration of 20%. Otherwise, a prior
hydrolysis is required for WBY, to degrade the
proteins and carbohydrates found in the cell walls of
yeasts in the form of large polymers make them
available (Lin et al. 2014a, b). In all the studies of these
low-cost carbon substrates, which have a total sugar
content of about 1-3%, the standard HS medium was
used as a control, and similar to the case of molasses,
the total yield of BC was less than the experimental
mediums. For example, in the case of Ha et al. (2008),
the experiments yielded 4.5 g/L of bacterial cellulose,
compared to the 0.5 g/L obtained from the HS medium
with the use of G. hansenii PJK after 5 days.

@ Springer

Evaluations of the physical characteristics of the
microbial cellulose obtained from distillery wastew-
aters confirmed that such byproducts might be optimal
for producing BC. These characteristics include water-
holding capacity (WHC) (Wu and Liu 2013); water
release rate (WRR); and water absorption rate (WAR)
(Lin et al. 2014a, b). The evaluations were undertaken
with SEM, XRD (Vazquez et al. 2013; Wu and Liu
2013; Hyun et al. 2014; Lin et al. 2014a, b; Huang
et al. 2015a, 2016); field emission scanning electron
microscopy (FE-SEM) and FT-IR (Vazquez et al.
2013; Huang et al. 2015a, 2016). These studies also
confirmed that this biopolymer was cellulose and it
had very similar characteristics to those found in the
BC produced using the standard media (Lin et al.
2014a, b). By Scanning Electron Microscopy for
example, it was found that the structural nanofibrils in
the TS, MS and HS media were of a similar size (Wu
and Liu 2013; Hyun et al. 2014), but the lattice
structure was a little denser in the TS medium. The
presence of lattice structure might be directly related
to the lowest WHC values (20%), since there would be
less space to catch water, this contrasts with the
microfibrils found in WBY medium with a high WHC
values (Lin et al. 2014a, b). In the case of the
diffraction X-rays of the glycerol from biodiesel
(Vazquez et al. 2013); TS (Wu and Liu 2013), MS
(Hyun et al. 2014), ABE (Huang et al. 2015a) and
LFW (Huang et al. 2016) media revealed three
characteristic peaks, which correspond to the cellulose
Tocand at a wavelength of 400 to 4000 cm ™', the FT-IR
analysis of the ABE medium found the typical bands
of cellulose L.

Worldwide are produced large amounts of fermen-
tation wastewaters, reaching for example 10 L/L
ethanol and 45 ton/ton of bio-butanol. If these
wastewaters are not disposed properly, they might
have a significant negative environmental impact due
to their values for Biochemical Oxygen Demand
(BOD) and Chemical Oxygen Demand (COD),
between 20 and 100 g/L respectively (Yesilada
1999; Wu and Liu 2012; Huang et al. 2015a, 2016).
On the other hand, these byproducts have been
extensively used as a substrate for the production of
such substances of interest like biogas, single cell
protein (biomass), enzymes, ethanol, and bacterial
cellulose (Yang and Tung 1996; Yang and Lin 1998;
Ha et al. 2008; Velasquez-Riafio and Lombana-
Sanchez 2009; Gonzélez et al. 2010; Vazquez et al.
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2013; Velasquez-Riafio et al. 2013; Wu and Liu 2013;
Moraes et al. 2015; Huang et al. 2015a, 2016).

Juices and extracts
General characteristics

A wide variety and large amount of fruits are
consumed on a global level, due both to their attractive
flavor and their high contents of vitamins and fibers.
The fruits which are sold, either domestically or
internationally, must meet certain quality standards
related to their size, color and undamaged (non-
bruised) state. Instead of being directly consumed,
some fruits are used to produce jams, desserts, sauces,
etc. Fruits are characterized by their high concentra-
tion of sugars like glucose and fructose and their low
pH, qualities which enable them to be used (especially
juices and extracts) for growing microorganisms, like
the acetic bacteria which produce cellulose (Budhiono
et al. 1999; Kurosumi et al. 2009; Neera et al. 2015;
Yang et al. 2016). For the production of BC, exper-
iments have been made with juices and extracts from
oranges, pineapples, apples, Japanese pears and
litchis.

Used strains and culturing processes

In Southeast Asia, for several decades by now,
bacteria of the Gluconacetobacter genus have been
cultured in coconut water for the handmade produc-
tion of a fermented dessert known as nata-de-coco
(coconut cream). The A. xilinum, A. xylinum NBRC
13693, G. xylinus CHOO1, and Gluconacetobacter
xylinus DFBT strains have been used in the static batch
process (Budhiono et al. 1999; Kurosumi et al. 2009;
Yang et al. 2016; Neera et al. 2015).

The incubation temperature and pH for BC pro-
duction using fruits and their extracts was quite
homogeneous: 28-30 °C and 30 °C (Table 2), and
with an initial acid pH (4.5 to 6.0). Nevertheless,
monitoring the changes in pH is a key factor in
growing microorganisms, as evidenced by the meta-
bolic changes which usually occur in the culture. Since
some substrates have a marked tendency to become
alkalized and others to become acidified, this factor
may affect the production of BC.

BC production

All of the tested juices and extracts show a strong
potential for the large-scale production of BC, but
pineapple extract clearly stood out among all the
culture media (Table 2). First, because it yielded 1.6 g
BC/g sugar after 7 days of processing, which is a low
culture time considering other experiments needed 12
to 14 days to reach a maximum of 0.5 g BC/g sugar.
Second because it does not need to be supplemented, a
factor that would lower production costs.

The initial concentration of sugar is a parameter
that must be taken into account in assessing the
methods to produce BC. Although these substrates can
be used pure, without any pre-treatment, they may
have a very high concentration of sugars (up to
183.5 g/L for litchi, Yang et al. 2016), which means
they have to be diluted beforehand. Although the
carbohydrates content of fruit juices and extracts may
be sufficient for the production of bacterial cellulose;
in the case of coconut water, the medium have to be
supplemented with sugars like sucrose; other com-
pounds as a nitrogen sources, like peptone, yeast
extract ammonium sulfate (NH4),SO, and diammo-
nium hydrogen phosphate (NH4),HPO, (Kurosumi
et al. 2009); or vitamins like B1, B2, B3, B5, B6, B12
and D (4) biotin (Budhiono et al. 1999).

Only in the study by Yang et al. (2016), which used
SEM, FT-IR and XRD, were the characteristics of the
biopolymer obtained from litchi extract tested. The
SEM analysis of the morphology of the bacterial
cellulose in the litchi extract and HS medium showed
that this biopolymer had a cross-linked structure of
ultrafine fibrils. The fibrils of the cellulose produced
from litchi proved to be more “voluble”, with a
tridimensional structure more clearly defined than in
those produced from the standard medium, even
though they were seen to be very similar in size and
length. The functional groups of BC obtained from
both media (evaluated by means of FT-IR) had the
characteristic bands of cellulose polymer. However,
the patterns revealed by the XRD analysis showed
some slight differences between the BC obtained from
the standard medium and the BC from the litchi
extract. Compared with the other low-cost media,
juices and extracts are the least studied in terms of
their physical and chemical characteristics, which is
one of the decisive factors in scaling a process and
defining if these are useful or not. By the results
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obtained by Yuang et al. (2016), litchi extract could be
a potential candidate for industrial scale production of
bacterial cellulose.

Plant biomass hydrolysate
General characteristics

Plant biomass is a byproduct of various industries, like
a) agriculture (sweet potato pulp, bark rice, wheat
straw, dry olive mill, corncob, etc.) (Shigematsu et al.
2005; Goelzer et al. 2009; Al-Abdallah and Dahman
2013; Gomes et al. 2013; Huang et al. 2015b); b)
textiles (cotton waste) (Hong et al. 2012); and c) pulp,
paper and timber (wood residues, waste fiber sludge)
(Cavka et al. 2013; Kiziltas et al. 2015), among others.
These products are low-cost and made from renewable
and worldwide available resources (Rubin 2008).
They are mainly composed of cellulose, hemicellulose
and, in some cases, lignin (Cavka et al. 2013).

Used strains and culturing processes

During the past 15 years, researchers have worked
with different strains of the Gluconacetobacter genus
to obtain BC from plant biomass hydrolysate. The
most widely used strains are: a) Gluconacetobacter
xylinus 23770, with cotton-based textile wastes (Hong
et al. 2012), waste fiber sludge (Cavka et al. 2013),
wheat straw (Chen et al. 2013.) and spruce wood (Guo
et al. 2013); b) G. xylinus CHOO1, with elephant grass
(Yang et al. 2013) and corncob (Huang et al. 2015b);
and c) Acetobacter xylinum ATCC 23769, with bark
rice (Goelzer et al. 2009) and hot water extracted-
wood sugars (Kiziltas et al. 2015). There are also
works with wheat straw and Gluconacetobacter
xylinus ATCC 700178 (Al-Abdallah and Dahman
2013); dry olive mill residue and Gluconacetobacter
sacchari (Gomes et al. 2013); waste water of candied
jujube and Gluconacetobacter xylinum CGMCC 2955
(Li et al. 2015); and sweet potato pulp and G. xylinus
BPR2001 and Gluconacetobacter xylinus BPR2001
GD-I (a mutant obtained from the above strain)
(Shigematsu et al. 2005). In most cases (more than
60% of the experiments), a static batch process was
used to cultivate these strains (Table 2). However,
other methods of culture have been also tested: a)
orbital shakers at 150 rpm (Huang et al. 2015b) and
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250 rpm (Al-Abdallah and Dahman 2013) and b)
aerated bioreactors with stirring (Goelzer et al. 2009)
and without stirring (Shigematsu et al. 2005).

Various standard media were used to evaluate the
yield of bacterial cellulose from different types of plant
biomass. For example, the HS medium (Goelzer et al.
2009; Gomes et al. 2013; Kiziltas et al. 2015) and simple
culture media. Simple culture media had glucose as a
carbon source and peptone and yeast extract as nitrogen
sources (Hong et al. 2012; Cavkaet al. 2013; Chen et al.
2013; Guo et al. 2013) or corn steep liquor (CSL) as a
nitrogen source (Shigematsu et al. 2005). It is important
to note that these studies used a reference substrate,
which is necessary for a proper comparison of such
variables as the productivity, effectiveness and physical
characteristics of the polymer which is obtained,
whereas other studies did not (Al-Abdallah and Dahman
2013; Yang et al. 2013; Huang et al. 2015b; and Li et al.
2015). The incubation temperatures ranged from 28 to
30 °C, with the latter the most common (Shigematsu
et al. 2005; Hong et al. 2012; Cavka et al. 2013; Chen
etal. 2013; Guo et al. 2013; Li et al. 2015). Most studies
started with an acidic pH in the range of 4.5 to 6.0, with
5.0 the preferred one: (Shigematsu et al. 2005; Goelzer
etal. 2009; Al-Abdallah and Dahman 2013; Cavka et al.
2013; Guo et al. 2013); Kiziltas et al. (2015), was the
only study with an alkaline pH. It regarded 8.0 as the
optimum pH for the cultivation A. xylinus 23769 in hot
water extracted-wood at an incubation temperature of
28 °C. Most studies where the pH was evaluated
(Goelzer et al. 2009; Al-Abdallah and Dahman 2013;
Cavkaetal. 2013; Guo et al. 2013) showed that there is a
marked trend towards acidification. Al-Abdallah and
Dahman (2013) even reported a pH of 2.0, with a strain
of G. xylinus ATCC 700178 and wheat straw as the
culture medium. By contrast, Yang et al. (2013) reported
that the pH rose from 6.0 to 7.3, with G. xylinus CHOO1
grown in a hydrolyzate of elephant grass. Finally, the
time of cultivation ranged from 2.9 to 28 days, although
the optimal period for most studies was 7 days (Al-
Abdullah and Dahman 2013; Chen et al. 2013) and
14 days (Hong et al. 2012; Cavka et al. 2013; Guo et al.
2013; Yang et al. 2013; Huang et al. 2015b).

BC production
In recent decades, these byproducts have become

important in the industrial production of second-
generation ethanol, a process that consists of 3 stages:
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first, hydrolyzing cellulose and hemicellulose to
fermentable sugars like glucose; second, fermenting
with yeasts like S. cerevisiae, and finally, distilling
ethanol from the mixture (Jeihanipour and Taherzadeh
2009; Cavka et al. 2013). Since the past decade, it has
been proposed to use this biomass to obtain BC, in line
with the principle of the above process (Shigematsu
et al. 2005; Goelzer et al. 2009; Hong et al. 2012; Al-
Abdallah and Dahman 2013; Cavka et al. 2013; Chen
et al. 2013; Gomes et al. 2013; Guo et al. 2013; Yang
et al. 2013; Huang et al. 2015b; Kiziltas et al. 2015; Li
et al. 2015). This means that according to the type of
pretreatment and hydrolysis method applied to them,
they could also be used to obtain a variety of
carbohydrates, acids and various sources of nitrogen,
so that their use (alone or with supplements) as media
for the culture of products of interest with microor-
ganisms is feasible.

Among the pretreatments used to obtain bacterial
cellulose from lignocellulosic material, there is
hydrolysis with: a) acids (Huang et al. 2015b); b)
enzymes (Shigematsu et al. 2005; Goelzer et al. 2009;
Cavka et al. 2013; Guo et al. 2013); ¢) high temper-
atures (Li et al. 2015); and d) different pressures.
However, these processes tend to be aggressive and
may alter the type of monosaccharides produced
(Kiziltas et al. 2015). These processes can be under-
taken individually or in combination, depending on the
type of substrate (Al-Abdallah and Dahman 2013;
Chen et al. 2013; Gomes et al. 2013, Yang et al. 2013).
Despite acid hydrolysis is economic, it produces small
quantities of glucose, because cellulose is not com-
pletely hydrolyzed or other non-fermentable products
are formed. On the other hand, despite enzymatic
hydrolysis has a high glucose yield; it requires
expensive enzymes (Cavka et al. 2013). Regardless
of which method is used, hydrolysis may produce
metabolites that inhibit fermentation, like furan alde-
hydes (furfural and 5-hydroxymethyl-furfural (HMF),
aliphatic acids (such as acetic acid, formic acid and
levulinic acid), and phenolic compounds (Jonsson
et al. 2013). Therefore, these substances must be
eliminated (detoxified) before the fermentation starts,
using physical and chemical mechanisms like alkali
treatment, ion exchange, reducing agents, activated
charcoal and enzymes like laccase and peroxidase
(Guo et al. 2013).

Most of the evaluated plant byproducts proved to be
quite optimal for the production of BC, because a

larger amount of biopolymer was obtained from them
than from the reference medium (when one was used).
Except in the study of Gomes et al. (2013), where G.
sacchari using dry olive mill residue as a substrate
yielded a larger amount of BC than using the reference
medium HS. The study in which it was reported the
highest bacterial cellulose productivity was that of
Hong et al. (2012), who obtained 10.8 g/L cellulose
from cotton-based textile waste with G. xylinus 23770,
employing a static process for a period of 7 to 14 days.
However, when other variables are taken into account,
such as the initial concentration of sugar and the
optimal culture time, the most efficient process was
that of Chen et al. (2013). Chen et al. (2013) obtained
8.3 g/L of BC from a hydrolyzate of wheat straw with
an initial sugar concentration of 12 g/L. s within
7 days, using a static process. These results show that
such byproducts could be used for the large-scale
production of this biopolymer.

The physical characteristics of the microbial cellu-
lose obtained from plant byproducts were evaluated,
as follows: a) an analysis of their tensile strength
(Hong et al. 2012; Cavka et al. 2013); b) WHC (Huang
et al. 2015b); c) thermogravimetric analysis (TGA)
(Kiziltas et al. 2015); d) XRDM; e) SEM (Goelzer
et al. 2009; Gomes et al. 2013; Yang et al. 2013;
Huang et al. 2015b; Kiziltas et al. 2015; Li et al. 2015);
f) FT-IR (Goelzer et al. 2009; Yang et al. 2013; Huang
et al. 2015b; Kiziltas et al. 2015; Li et al. 2015); g)
FESEM (Cavka et al. 2013); h) transmission electron
microscopy (TEM); i) atomic force microscopy
(AFM) (Goelzer et al. 2009) and j) Fourier-transform
infrared spectroscopy attenuated with full reflection
(FTIR-ATR) (Gomes et al. 2013). The results of these
analyses confirmed that the product obtained from
these alternative media was cellulose, also that in most
cases this biopolymer had similar characteristics to
those found in the reference media. For example, the
BC obtained from dry olive mill residue had the
typical uniform three-dimensional network of nano-
and micro-fibrils (evidenced by SEM), and the typical
spectrum (FT-IR) of cellulosic substrates. Further-
more, this biopolymer showed the characteristic
profile (XRD) of cellulose I. The degree of crys-
tallinity was about 80% (Gomes et al. 2013; Kiziltas
et al. 2015). However, Goelzer et al. (2009) obtained
strongly intertwined sheets of BC (semicrystalline) of
type II and type I celullose, using a static process with,
respectively, a bark rice plus glucose medium and a
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standard one. Moreover, Hong et al. (2012) reported
that although the thickness of the bacterial cellulose
obtained from the hydrolyzate of cotton-based textile
waste was lower than that obtained from the reference
medium (1.48 mm and 1.63 mm, respectively), its
tensile strength was significantly higher (79%) with
the hydrolyzate.

Gaps, challenges and trends

In microbial fermentations, the cost of substrates
normally accounts for up to 50-65% of the total cost of
production. BC production is not the exception, and
thus in recent years much work has been devoted to
find new low cost carbon sources (Vazquez et al.
2013). All the low-cost culture media discussed in this
review could have the potential to be used for large-
scale BC production, not only by the quantities that
can be obtained with this type of substrates (Table 2),
but also because the physical chemical characteristics
of the BC obtained in most of them are very similar to
those obtained in standard media (Table 3). However,
some obstacles would have to be overcome. For
example, a further research of the use of submerged
cultures would be required, since most of the studies
(85%) used static culture techniques. The outlook for
the submerged cultures could be good, since Al-
Abdallah and Dahman (2013) obtained up to 10.6 g/L.
of bacterial cellulose from a submerged culture using
G. xylinus ATCC 700178 with wheat straw, which is
fairly close to the maximum productivity of reference
mediums and static cultures. Work with strains with
high yields of cellulose is also important. In most
cases, this will depend on the alternative culture media
which is used, since, depending on the medium one
strain may be more or less productive. Nevertheless,
there are strains which clearly produce as much
cellulose in reference mediums as in alternative ones.
Among them, there is G. kakiaceti GMS, which
showed the best results in the reviewed articles: it can
produce up to 16.4 g/ of biopolymer in the HS
medium (Velasquez-Riafio and Lombana-Sanchez
2009). There is also G. xilynus BCRC 12334, which
can produce up 10.4 g/LL when grown in thin stillage
(Wu and Liu 2012) and G. xylinus 23770, with which
more than 8 g/L of biopolymer can be obtained using 4
types of lignocellulosic hydrolysates (cotton-based
textile waste, fiber waste sludge, wheat straw and

@ Springer

spruce wood) (Hong et al. 2012; Cavka et al. 2013;
Chen et al. 2013; Guo et al. 2013). The strain which
proved to be the most versatile was G. xylinus CHOO1,
because it can be grown in 4 different culture media
(ABE, litchi extract, elephant grass and corncob)
(Huang et al. 2015a; Yang et al. 2013, 2016; Huang
et al. 2015b) (Table 1).

Another factor, which significantly affects the
viability of the scaling process, is the pretreatment of
these alternative substrates. Some treatments are quite
costly and complex, especially those involving the
enzymatic hydrolysis of lignocellulosic biomass, since
those enzymes are expensive. Detoxification may also
could be needed after the stages of pretreatment and
hydrolysis in order to avoid substances which inhibit
the production of the bacterial cellulose when there are
large volumes of the culture medium. The alternative
substrates must also be sterilized to prevent contam-
ination, which is a costly and complex procedure. This
point is very important, since only one of the studies
worked with a non-sterile substrate (hot water
extracted-wood), although it did not obtain BC
(Kiziltas et al. 2015). That is, one would need to
determine whether that process is indispensable for
such culture media (if not, the costs would be less),
also if the BC-producing strains might interact with
the microbiota in these substrates (like the yeasts in
vinasse) and if so, what kinds of interactions occur. To
do that, researchers would have to test these non-
sterile media with different concentrations of inocu-
lum (to ensure that the concentration of BC-producing
bacteria exceeds the native microbiota), evaluate the
accompanying microbiota and measure the amounts of
aerobic heterotrophic bacteria and molds and yeasts
(Cruz-Morat6 et al. 2013; Gros et al. 2014). It is
important to stress that research has already shown
that G. xylinus has the ability to grow in mixed cultures
with yeast and lactic acid bacteria (Marsh et al. 2014).

A proper standardization of the procedures, which
employ these low cost alternative substrates, would
also be required, since their compositions, which have
a direct impact on the productivity of BC, are quite
heterogeneous (Table 1). It would have to include
such variables of control as the initial concentration of
carbon and nitrogen sources, temperature, pH, degree
of agitation and amount of dissolved oxygen, among
others. The studies under review found that a large
initial concentration of sugar (its easy absorption is
more important) and concentrations of between 10 and
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Reference

Surface morphology (by SEM, FESEM or

AFM)

Chemical
structure

Crystallinity
index (%)

Crystallinity

(%)

XRD

Standard medium
(SM)/Experimental
medium (EM)

Table 3 continued
Microorganism

@ Springer

Hong et al. (2012)

NA

NA

NA

NA

Gluconacetobacter xylinus ATCC GY/CBWT

23770
Gluconacetobacter xylinus ATCC RM/SAFS/SIFS

Cavka et al. (2013)

Nanofibers of biopolymer

NA

NA

78/60.6/66.3

23770
Gluconacetobacter sacchari

Homogeneous tridimensional network of Gomes et al. (2013)

NA NA Cellulose I

HS/DOR40

nano and microfibrils of cellulose
BC pellicles from HWE illustrated a

Kiziltas et al. (2015)

Cellulose I

81/73

84/79

Acetobacter xylinus ATCC 23769 HS/HWE

smaller cellulose fibril diameter

HS Hestrin and Schramm medium, MO molasses, MOL molasses + lignosulfonate, BSM black strap molasses, MB brewery molasses, ZM Zhou medium, 7S thin stillage, ABE

acetone, butanol, ethanol wastewater, MSF Makgleolli sludge filtrate, LF'W lipid fermentation wastewater, LE litchi extract, RB rice bark, GY glucose and yeast extract medium,

CBWT cotton based waste textile, SAF'S fiber sludges from sulfate, SIFS fiber sludges from sulfite, DOR40 dry olive mill residue, HWE hot water extracted wood sugar, XRD

X-ray diffraction, FESEM field emission scanning electron microscopy, AFM atomic force microscopy, NA not available

20 g/ would be sufficient to obtain an optimum
productivity of BC. However, most of the studies had
to supplement the culture media with alternative
nitrogen sources, since those sources are scarce in
juices, extracts and hydrolyzate substrates from
lignocellulosic material (Budhiono et al. 1999; Kuro-
sumi et al. 2009; Gomes et al. 2013). They likewise
show that the temperature may be kept in a range of 28
to 30 °C and pH control is not essential during the
process of cultivation since more BC was obtained
when the pH was not constant. Nevertheless, in the
media where was a tendency toward alkalinity, it
would be necessary to measure the effect of a constant
acidic pH.

With all the information obtained over the years
about the production of bacterial cellulose from low
cost substrates, research trends should now focus on
the economic part of the process, to determine if it is
commercially viable. Although the share of substrate
costs can be recouped using by-products (which in
most cases have no monetary value), none of the
studies report that the cellulose produced will gener-
ally be colored and may absorb undesirable substances
(even potentially toxic) from these by-products, which
would make it necessary to undergo a subsequent
purification process that could increase their produc-
tion costs on an industrial scale. There is a constant
trend towards the investigation of new applications for
this type of bacterial cellulose produced from standard
media: as explosives, sponges, conductive materials,
magnetic materials, cellulose nanocrystals, nanocom-
posites, among others (Sun et al. 2010; Gao et al. 2011;
Marins et al. 2014, De Salvi et al. 2014; Ren et al.
2014; Huang et al. 2014; Rosa et al. 2014). And
although the characteristics of the cellulose obtained
from low cost substrates are usually very similar to
those obtained from the standard media (Table 3), the
aforementioned purification and detoxification pro-
cesses could limit the use of this polymer especially in
the biomedical, food, pharmaceutical and cosmetic
areas (since for such uses the regulatory requirements
are highly restrictive). However, the above makes it
necessary to start researching new applications of
bacterial cellulose obtained from these low-cost
substrates without purification, since this bacterial
cellulose could be enriched with components that
could be beneficial for the improvement of, for
example, soils or could be used as feed for animals,
etc.
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Finally, although several studies suggest that the
production of BC from these byproducts could be used
to control the environmental pollution, only three
studies evaluated the changes in COD values in the
course of the process (Velasquez-Riafo et al. 2013;
Huang et al. 2015b), and none dealt with the question
of whether this process might yield novel byproducts
that could be more contaminating than the original
ones. Hence, it is needed toxicity testing, with
indicators like Daphnia magna or Aliivibrio fischeri,
among others (Botelho et al. 2012).

Conclusions

Even though the static batch process for obtaining
microbial cellulose from different alternative low-cost
media was the most widely used by the reviewed
studies, more research needs to be done on the
submerged and semi-continuous or continuous pro-
cesses in order to find the most suitable one for large-
scale production.

G. xilynus BCRC 12334 and G. xylinus 23770
strains were the ones that produced the largest
amounts of BC in both the reference and the alterna-
tive media. G. xylinus CHOO1 proved to be the most
versatile strain because it can grow in different types
of non-conventional culture media. For an optimal
production of BC in low-cost media, with bacteria of
the Komagataeibacter genus (formerly Gluconaceto-
bacter), the initial concentration of sugar should be
between 1 and 2%, the temperature should be kept in a
range of 28-30 °C, the initial pH between 4.5 and 5.5
(there is no need for it be constant), and the optimal
culture time would be 7 days.

Using all the low-cost culture media discussed here,
bacteria of the Komagataeibacter genus have the
potential to produce BC on an industrial scale, since in
most cases they yield more cellulose (with similar
characteristics) when cultured in them than the
reference media. Taking into account this unconven-
tional media (cheap byproducts which do not require
complex pre-treatments, detoxification and supple-
ments) and variables like the time of culture and
productivity, the media which have the greatest
potential for large-scale use are beer yeast waste,
vinasse and pineapple juice. Their use would naturally

depend on their availability in a particular place and an
economic feasibility study for the production of BC.
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