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Abstract Fermentation conditions for the production of
bacterial cellulose (BC) by a newly isolated Gluconaceto-
bacter hansenii UAC09 were optimized. The effect of
various carbon and nitrogen sources on production of BC
was determined. The addition of ethanol (1.5%) and acetic
acid (1.0%) enhanced BC production by more than three
times compared to standard Hestrin and Schramm medium.
The strain was able to produce maximum BC (7.40 g l−1)
with 4% glucose, 8% corn steep liquor (CSL) at 27±1°C
and a pH of 5.5 under stationary conditions. The BC films
produced under various conditions were tested for their
structural similarity using Fourier transform-infra red
analysis and were found to be similar to each other
irrespective of medium composition. Scanning electron
microscopy images of BC revealed a porous structure with
extensively interwoven microfibrils.
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Introduction

Cellulose is the most abundant biopolymer on Earth. Cotton
and wood are the major resources for all cellulose-based
products. With increasing global demand for cellulose-

based products from wood and cotton, and major concerns
about global warming, alternative technologies to produce
cellulose from new sources are urgently needed. Bacterial
cellulose (BC) is produced by many bacteria such as
Gluconacetobacter, Rhizobium, Agrobacterium and Sarcina
(Jonas and Farah 1998). Gluconacetobacter sp. has been
applied as model microorganism for basic and applied
studies on cellulose synthesis. Gluconacetobacter generally
produce BC in liquid medium as a floating pellicle
comprising cellulose, entrapped cells, and other medium
components. BC is considered a traditional food, known as
“natto”, in the Philippines. It is also popular in other Asian
countries, including Indonesia, Japan and Taiwan, due to its
distinctly soft texture and high fiber content (Ochaikul et al.
2006). BC is far superior to plant cellulose in terms of its
high mechanical strength and highly crystalline form,
which consists of an ultra fine nanofibril network structure
(George et al. 2005). Further, unlike plant cellulose, which
is usually associated with hemicellulose and lignin, BC
contains pure cellulose. BC properties such as its hydro-
philicity, and stability towards chemicals and high tempera-
ture make it applicable in biomedical science (Czaja et al.
2006). At present it is used widely as a temporary substitute
for human skin in cases of burns, ulcers and other
biotechnological fields. It has been investigated as a potential
scaffold for tissue engineering (Svensson et al. 2005). It has
a multitude of applications in the paper, textile, and food
industries. It is used as a biomaterial in cosmetics and
medicine (Chawla et al. 2009). Wider application of this
polysaccharide is obviously dependent on the scale of
production and its cost. Therefore, production process
development is of great importance. In this work, an attempt
has been made to optimize the nutritional and cultural
conditions for enhanced production of BC from the native
isolate Gluconacetobacter hansenii UAC09.
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Materials and methods

Microorganism and culture conditions

The Gluconacetobacter sp. used in this study was isolated
from contaminated grape wine. The isolate was identified as
Gluconacetobacter species using standard microbiological
methods (Sievers and Swings 1984) and confirmed by 16 S
rRNA gene sequencing (Sambrook et al. 1989). The template
DNA was amplified using 5′ GAGTTTGATCCTGGCT
CAGG 3′ and 5′ TCATCTGTCCCACCTTCGGC 3′ primers
obtained from Sigma Aldrich, India. PCR amplification was
carried out with an initial denaturation of 94°C for 4 min
followed by 34 cycles of denaturation at 94°C 40 s; annealing
temperature of 56°C for 40 s; and elongation at 72°C for
1 min 30 s; final extension by 72°C 15 min in an automated
DNA thermal cycler (Primus 96, MWG Biotech, Milton
Keynes, UK). The purified PCR product was subjected to
sequence analysis (Bangalore Genei, India). The resultant
nucleotide sequence was subjected to BLAST programme of
NCBI (http://www.ncbi.nlm.nih.gov/) to assess the percent
homology with closely related strains documented in the
available databases. The sequence was deposited with
GenBank (National Center for Biotechnology Information
Taxonomy, Bethesda, MD) under the accession no. Gluco-
nacetobacter hansenii UAC09 (FJ655878). The organism
was maintained in Hestrin and Schramm (HS) medium
(Schramm and Hestrin 1954) slants at 4°C and subcultured
at regular intervals of 2 weeks.

Culture medium

HS medium (g l−1): glucose 20, peptone 5, yeast extract 5,
citric acid 1.115, di-sodium hydrogen phosphate 2.7,
pH 4.5

Inoculum preparation

Sterile HS medium was used for the production of
inoculum. One loopful of 24-h-old culture grown on an
HS slant was inoculated and grown on a rotary shaker
(150 rpm) at 27±1°C for 24 h. The resulting suspension
was used as inoculum (5% v/v) for all the experiments;
inoculated flasks were incubated at 27±1°C under stationary
conditions for 2 weeks. Results are reported as the mean of
triplicate experiments.

Effect of various culture conditions

Initial screening with various carbon sources (2%) including
monosaccharides, disaccharides and polysaccharides was
carried out using HS medium as the base. Organic and
inorganic nitrogen sources were also studied to identify the

preferred choice. The most suitable carbon (1–20%) and
nitrogen (2–10%) sources were tried in various concentra-
tions. Further, the effect of various nutritional and cultural
conditions on BC production was investigated using HS
medium (100 ml volume in a 500-ml flask), testing pH
(2.5–9.5), inoculum ratio (2–10%), and incubation tem-
perature (18–40°C). The effect of addition of ethyl
alcohol (at 1% and 1.5%), in combination with acetic
acid (0.25–1.5%) was also tested; solutions were pre-
pared individually, sterilized, inoculated and incubated as
mentioned above.

Purification of pellicle

Pellicle grown on the liquid surface was harvested once a
week under sterile conditions. The pellicle was washed
thoroughly with water, immersed in 1 N NaOH for 1 day at
room temperature to remove cells and other impurities
embedded in the pellicle, and rinsed thoroughly with water
until a neutral pH was attained in the drained water. The
pellicle was press dried between filter papers at 60°C until
the film weight became constant (Yoshino et al. 1996;
Ramana et al. 2000).

Scanning electron microscopy

The NaOH-treated BC pellicle from optimized conditions
was freeze-dried, placed on a plate (anode) and coated with
gold dust (cathode). The coated sample was exposed to a
beam of electrons and examined for its surface morphology
using a scanning electron microscope (LEO 435 VP
Electron Microscope, Cambridge, UK).

Fourier-transform infra-red spectral studies

Thin films with a uniform thickness of 25 μm were used to
obtain the IR spectra of BC films using Fourier-transform
infra-red (FT-IR)-RAMAN Nicolet 5700. All measurements
were carried out at 20°C in anhydrous conditions with air as
the background. For each sample, 32 scans at a 2 cm−1

resolution were collected in the range of 4,000–400 cm−1.

Results and discussion

Gluconacetobacter is known to produce BC but conditions
for production vary with the strain. The organism being a
native strain, nutritional parameters such as the source and
concentrations of sugar, nitrogen and additives, along with
physical parameters such as pH and temperature, were
included in the study. The BC films produced under various
conditions were tested for their structural similarity using
FT-IR analysis.
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The effect of various temperatures (18–40°C), pH (2.5–
9.5) and inoculum concentrations (2–10%, v/v) were
examined using standard HS medium (Fig. 1). The
optimum temperature for BC production was found to be
27°C. No growth of G. hansenii UAC09 was observed at
40°C (Fig. 1a). A broad pH range of 4.5–8.5 was found to
produce a high level of BC, and maximum yield was at
pH 5.5 (Fig. 1b). As the inoculum ratio had no major
influence on BC production (Fig. 1c), 5% inoculum was
used for all further studies.

To demonstrate the ability of G. hansenii UAC09 to
metabolize a range of carbon sources, various carbon sources
were used at 2% (w/v) concentrations in HS medium. A high
amount of BC was produced from glucose, followed by
glycerol, sucrose and fructose (Table 1). The results
indicated glucose as the best carbon source (1.5 g l−1).
Efficient cellulose production by Gluconacetobacter lies in
its ability to synthesize glucose from various carbon
substrates, followed by glucose polymerization to BC
(Mikkelsen et al. 2009). BC production was enhanced with
increased glucose concentration up to 4% (w/v), but
decreased above 4% along with the decrease in the pH of
the medium to below 2.58 (Fig. 1d). A similar result, i.e.,
that BC production decreased with an increase in the initial
glucose concentration, has been reported earlier (Masaoka
et al. 1993), since initial high glucose concentration leads to
accumulation of gluconic acid, which lowers the pH of the
medium below the optimum level thus inhibiting growth and
BC production (Son et al. 2001).

Various nitrogen sources were added to the HS medium
at 0.5, 1 and 2% (w/v) individually to investigate their
effects on BC production. As shown in Table 1, medium
containing peptone and corn steep liquor (CSL) as nitrogen
sources produced high amounts of BC (2.3 and 1.83 g l−1

respectively). Of all the N sources tested, 2% peptone
supported maximum cellulose production by G. hansenii
UAC09. In general, the addition of peptone to culture
media is economically not viable. Therefore, for the
economic production of BC, CSL, which produced the
next highest BC yield, was substituted for peptone at 2%
concentration. Increasing the CSL concentration up to 8%
enhanced BC yield (Fig. 1e). Matsuoka et al. (1996)
observed that the presence of lactate and methionine in
CSL are effective components for enhanced cellulose
production, and they reported yields of 4.04 g l−1 BC from
Acetobacter xylinum subsp. sucrofermentans BPR2001.
Lactate stimulates cell growth by promoting the tricarboxylic
acid (TCA) cycle and also by generating energy by the
oxidation reaction if lactate to pyruvate resulting in increased

d

b

a

c

Fig. 1 Fermentation conditions for optimization of bacterial cellulose
(BC) production. Bars BC, ◆ pH. a–e Effect of temperature (a), pH
(b), inoculum (c), glucose (d), corn steep liquor (CSL) (e), ethanol and
acetic acid (f)
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cellulose production. Earlier, Naritomi et al. (1998) observed
enhanced BC production due to the energy released by the
oxidative reaction of lactate to pyruvate. Methionine
stimulates the growth rate by reducing lag time leading to
an increased cellulose production rate. El-Saied et al. (2008)
reported yields of 4.47 g l−1 BC by G. xylinus (ATCC
10245) from CSL medium using glucose and 4.7 g l−1 with
molasses. Further increase in the CSL concentration had no
effect on BC production. Further, G. hansenii UAC09 was
unable to produce a significant amount of BC from any of
the inorganic nitrogen sources tested.

The addition of ethanol and acetic acid to the medium up to
certain level enhanced production of BC compared to the
control (4.45 g l−1). However, this yield was lower than the
yield achieved with 8% CSL (Fig. 1f). A probable reason for
the increase in yield is that ethanol stimulates cell growth
and functions as an energy source for ATP generation.
Increased levels of ATP lead to the abundant flow of G6P
(a precursor of BC) into the BC biosynthetic pathway by
inhibiting G6PDs. This increase in G6P increases the yield
(Naritomi et al. 1998). Acetic acid is consumed as a

monomeric raw material leading to a polymerization reaction
and mass flow of glucose leading to the conversion of
glucose to cellulose (Matsuoka et al. 1996). Repression of
glucose oxidation by addition of ethanol and acetic acid as
an alternate electron source has been reported to increase
cellulose yield (Velasco-Bedran and Lopez-Isunza 2007).
However, any further increase in the levels of ethanol and
acetic acid decreased BC yield. This may be due to the
increased levels of residual acetate, which inhibits cell
growth, as BC production is generally associated with cell
growth (Marx-Figini and Pion 1974; Naritomi et al. 1998).

These observations explain the improved BC production
upon ethanol, acetic acid and CSL supplementation when used
individually. BC yield was found to be maximal (7.40 g l−1)
with a 4% glucose and 8% CSL combination. However, in
combinations of all three (CSL, ethanol and acetic acid), the
yield was reduced (5.83 g l−1) probably due to the inhibition
of cell growth by the accumulated acetate. The final pH of all
the optimum combinations ranged from 3.6 to 3.90 (Table 2).

FT-IR analysis of BC produced from the various carbon
(Fig. 2a) and nitrogen (Fig. 2b) sources revealed typical IR

e

f

Fig. 1 (continued)
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spectra of the BC that were very similar to each other,
indicating no change in the structure with nutritional source.
Cellulose is a biopolymer comprising of β-D-glucopyranose
units linked together through β-1,4-glycosidic linkages. The
peak around 1640 cm−1 is due to the H–O–H bending
vibration of absorbed water molecules in cellulose. The 1430
(C–H2 bending), 1162 (C–O–C stretching), 1111 (ring
asymmetric stretching) and 895 cm−1 (group C1 frequency)
transmittance bands can be used to study the type of
crystalline cellulose because the crystalline cellulose I
spectrum differs clearly in these bands from cellulose II.
The 1430 cm−1 band is a characteristic of crystalline
cellulose I. If a cellulose fiber has a significant amount of
cellulose II, this band moves towards 1420 cm−1 and the
amount of cellulose I decreases (Colom and Carrillo 2002).
In the spectral region 1162 cm−1 is assigned to cellulose C–
O–C bridges. In crystallized cellulose, this band is located at
1163 cm−1, while for amorphous cellulose it is located at
1156 cm−1. The band at 895 cm−1 corresponds to crystalline
cellulose I. The 1335–1316 doublet is assigned to the

Table 2 BC production under optimized conditions. EA Ethyl
alcohol, AA acetic acid

Parameters BC (g l-1) pH

4% Glucose+CSL (8%) 7.40 3.89

4% Glucose+EA+ (1.5%)AA (1%) 4.47 3.60

4% Glucose+CSL+ (8%)EA+ (1.5%)AA (1%) 5.83 3.90

Table 1 Screening of carbon and nitrogen sources for production of
bacterial cellulose (BC). CSL Corn steep liquor

Parameter BC (%) pH

Carbon source (2%)

Glucose 100a 4.36

Glycerol 85.51 4.19

Sucrose 77.03 4.57

Fructose 73.49 4.58

Pectin 33.21 4.03

Arabinose 19.08 3.97

Cellobiose 16.96 4.49

Sorbitol 15.90 4.62

Galactose 15.54 4.18

Trehalose 15.19 4.52

Xylose 14.84 3.88

Rhamnose 14.13 4.62

Maltose 13.42 4.45

Starch 9.18 4.66

Mannose 5.30 4.08

Organic nitrogen source

Yeast extract 1% 47.03 3.91

Yeast extract 2% 37.28 4.63

Peptone 1% 55.08 4.13

Peptone 2% 100a 3.51

Tryptone 1% 23.30 3.52

Tryptone 2% 0 3.09

Beef extract 1% 30.08 3.45

Beef extract 2% 57.20 3.94

CSL 1% 30.08 3.91

CSL 2% 77.54 4.77

Inorganic nitrogen source

Sodium nitrate 0.5% 0 2.41

Sodium nitrate 1% 0 3.11

Ammonium nitrate 0.5% 0 3.19

Ammonium nitrate 1% 0 2.99

Ammonium sulphate 0.5% 5.93 4.01

Ammonium sulphate 1% 8.05 4.29

Ammonium acetate 0.5% 10.16 4.84

Ammonium acetate 1% 4.66 5.75

a Yield from glucose and peptone 2% taken as 100%

Fig. 2 Scanning electron micrographs (SEM) of BC produced under
optimized conditions (4% glucose and 8% CSL). a Lower surface, b
upper surface
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cellulose with high crystallized cellulose I content (Colom et
al. 2003). The frequency bands at 1375, 1335 (O–H plane
bending), 1315 (CH2 wagging) and 1278 cm−1 (CH
bending) indicate the presence of crystalline cellulose II
(Carrillo et al. 2004). The characteristic predominant bands
at 1428, 1163, 1111 and 897 cm−1 indicated cellulose I as the
major component and 1336, 1317 and 1281 cm−1 indicates
the presence of cellulose II. Hence, these results, confirms
that BC is mainly composed of crystalline cellulose I with a
negligible content of crystalline cellulose II.

The SEM images of the lower and upper surfaces of
BC (Fig. 3) obtained from the standardized medium
composition depict porous structure with extensively
interwoven microfibrils. The upper surface, which is
facing towards air, was found to consist of a densely
packed microfibril network structure with no visible pores
and open fibrils when compared to the lower surface
facing towards the medium, which showed a loose
network with many pores. The denser upper surface is
probably due to slight drying and subsequent contraction
(Bodin et al. 2007).

Conclusion

This study indicates the feasibility of various carbon and
nitrogen sources for the production of BC by G. hansenii
UAC09. Optimized conditions of 4% glucose with 8% CSL
at pH 5.5 and 27°C produced 7.40 g l−1 BC compared to
1.5 g l−1 in the control. Irrespective of carbon and nitrogen
source, the structure of BC produced was similar, indicating
the intrinsic ability of the organism to produce BC. The
ability of G. hansenii UAC09 to metabolize a wide range of
nutritional sources will help design a better strategy for the
production of BC.
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