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Abstract Bacterial cellulose (BC) is a homopolymer and it is
distinguished from plant-based cellulose by its unique proper-
ties such as high purity, high crystallinity, high water-holding
capacity, and good biocompatibility. Microalgae are unicellu-
lar, photosynthetic microorganisms and are known to have
high protein, starch, and oil content. In this study, Chlorella
vulgariswas evaluated as source of glucose for the production
of BC. To increase the starch content of algae the effect of
nutrient starvation (nitrogen and sulfur) and light deficiency
were tested in a batch assay. The starch contents (%) were
5.27 ± 0.04, 7.14 ± 0.18, 5.00 ± 0.08, and 1.35 ± 0.04 for
normal cultivation, nitrogen starvation, sulfur starvation, and
dark cultivation conditions, respectively. The performance of
enzymatic and acidic methods was compared for the starch
hydrolysis. This study demonstrated for the first time that acid
hydrolysate of algal starch can be used to substitute glucose in
the fermentation medium of Komagataeibacter hansenii for
BC production. Glucose was used as a control for BC produc-
tion. BC production yields on dry weight basis were
1.104 ± 0.002 g/L and 1.202 ± 0.005 g/L from algae-based
glucose and glucose, respectively. The characterization of
both BCs produced from glucose and algae-based glucose
was investigated by scanning electron microscopy and
Fourier transform infrared spectroscopy. The results have
shown that the structural characteristics of algae-based BC
were comparable to those of glucose-based BC.

Keywords Bacterial cellulose . Starch hydrolysis .Chlorella
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Introduction

Cellulose is found within the homopolysaccharides group of
extracellular polysaccharides, and it is a widely used biopoly-
mer in the world (Chawla et al. 2009; Zhong et al. 2013).
While the main sources of cellulose are plants, bacteria are
also able to produce cellulose. Bacterial cellulose (BC) is a
microorganism-based homopolymer of β-(1,4) glucose with
the formula ((C6H10O5)n) produced by various strains of the
gene ra Komaga tae ibac t e r ( fo rmer ly known as
Gluconacetobacter, Acetobacter), Agrobacterium ,
Aerobacter, Achromobacter, Alcaligenes, Azotobacter,
Rhizobium, Pseudomonas, Sarcina, Salmonella, etc. (Li
et al. 2012; Huang et al. 2014).

Bacterial cellulose, BC, is distinguished from plant-based
cellulose by its high purity, high crystallinity, high water-
holding capacity, and good biocompatibility. It does not con-
tain residual hemicellulose or lignin. Moreover, the unique
properties of BC including high elasticity, high mechanical
strength, high specific surface area, and high porosity have
made BC a very potentially important material (Bielecki
et al. 2005; Zhong et al. 2013).

Bacterial celluloses are of great research interests in many
areas including enzyme immobilization, photocatalysis appli-
cation, biosensor, dye decolorization, heavy metal removal,
food and beverage processing, paper manufacturing, packag-
ing, filtration material, membranes for separation, fuel cells,
and pharmaceutical and medical applications (Indrarti and
Yudianti, 2012; Katepetch et al. 2013; Kurniawan et al.
2013; Lin et al. 2013; Mohite and Patil 2013, Mondal, 2013).
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The biosynthesis of BC is a biochemical network contain-
ing a large number of key enzymes, and the regulation of the
enzymes controls the production of cellulose (Ha et al. 2011;
Li et al. 2012; Huang et al. 2014). In addition to this, style of
fermentation affects BC production. There are some types of
culture methods used in BC production, named as static, and
agitated. Under static culture conditions, a gelatinous mem-
brane of BC is accumulated on the culture surface, and under
agitated culture conditions, BC is produced as an irregular
mass such as granule, pellet, and fibrous strand (Watanabe
et al. 1998; Krystynowicz et al. 2002; Zhu et al. 2011).
Watanabe et al. (1994) have compared BCs produced by static
and agitated fermentation; they reported that agitated fermen-
tation resulted with a lower degree of polymerization and
crystallinity than static fermentation. Agitated cultivation can
be chosen in terms of its high production rates of BC for

commercial purposes; however, it is stated that there are
Cel− mutants (cellulose nonproducers) that cause a decline
in polymer synthesis under agitated culture conditions.

Incorporation with some ingredients to BC is also possible
to attain a better yield of cellulose (Zhou et al. 2007; Sun et al.
2010; Lu, Guan and Wei, 2011; Lu, Zhang, et al., 2011; Liu
et al. 2012; Katepetch et al. 2013; Ul-Islam et al. 2013).
Krystynowicz et al. (2002) conducted both static and agitated
conditions for BC production and reported that the addition of
1 % ethanol into stationary cultures increased the efficiency of
BC production. Table 1 lists some of the studies which are
carried out to improve BC production with the use of alternate
carbon sources, supplementary materials, different cultivation
periods, and various bacterial strains (Chawla et al. 2009;
Shah et al. 2013). Of the microorganisms listed in Table 1,
Komagataeibacter hansenii (formerly, Gluconacetobacter

Table 1 Bacterial cellulose production with the use of alternate carbon sources, supplementary materials, different cultivation periods, and various
bacterial strains (Chawla et al. 2009; Shah et al. 2013)

Microorganism Carbon source Supplement Culture
time

A. xylinum BRC 5 Glucose Ethanol, oxygen 50 h

G. hansenii PJK (KCTC 10505 BP) Glucose Oxygen 48 h

G. hansenii PJK (KCTC 10505 BP) Glucose Ethanol 72 h

Acetobacter sp. V6 Glucose Ethanol 8 days

Acetobacter sp. A9 Glucose Ethanol 8 days

A. xylinum BPR2001 Molasses None 72 h

A. xylinum BPR2001 Fructose Agar oxygen 72 h

A. xylinum BPR2001 Fructose Agar 56 h

Acetobacter xylinum ssp. sucrofermentans BPR2001 Fructose Oxygen 52 h

Acetobacter xylinum ssp. sucrofermentans BPR2001 Fructose Agar oxygen 44 h

Acetobacter xylinum E25 Glucose No 7 days

Gluconacetobacter xylinus IFO 13773 Glucose Lignosulphonate 7 days

Acetobacter xylinum NUST4.1 Glucose Sodium alginate 5 days

Gluconacetobacter xylinus IFO 13773 Sugar cane molasses No 7 days

Gluconacetobacter sp. RKY5 Glycerol No 144 h

Co-culture of Gluconacetobacter sp. st-60–12 and Lactobacillus mali
JCM1116

Sucrose No 72 h

Gluconacetobacter xylinus, Trichoderma reesei Glucose Fiber sludge 14 days

Gluconacetobacter xylinus Glucose Cellulosic fabrics 14 days

Gluconacetobacter medellensis Glucose None 14 days

G. hansenii PJK (KCTC 10505 BP) Glucose Glucuronic acid oligomers 10 days

G. xylinus (PTCC, 1734) Glucose Date syrup 14 days

Gluconacetobacter persimmonis (GH-2) Glucose Fructose, beef extract 14 days

Gluconacetobacter xylinus strain (ATCC 53524) Sucrose None 4 days

G. hansenii PJK (KCTC 10505 BP) Waste from beer
culture

None 14 days

Gluconacetobacter xylinus strain (K3) Mannitol Green tea 7 days

Acetobacter xylinum (ATCC 700178) Csl-fru Carboxymethylcellulose 5 days

Acetobacter xylinum Csl-fru Sodium alginate, agar,
carboxymethylcellulose

5 days
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hansenii) use mainly pure sugars such as glucose and maltose
in order to produce BC.

Production of BC is an aerobic fermentation process, and
carbon sources determine the cost of fermentation processes.
So far with Acetobacter strains, generally pure sugars (glu-
cose, fructose, etc.) have been used as carbon sources to pro-
duce BC. However, using pure sugars was found to be expen-
sive (Zhong et al. 2013).

There are numerous applications of microalgae, as phar-
maceutical chemicals, nutritional supplements, dyes for
food, and cosmetics (Varfolomeev and Wasserman, 2011;
Priyadarshani and Rath, 2012). Besides their lipid contents
that could potentially be converted to practical biodiesel,
the biomass of microalgae also contains many other valu-
able components, including carbohydrates, proteins, and
pigments, all of which are worth to be used for various
applications (Lammens et al. 2012). Yen et al. (2013)
underlined the importance of microalgal biorefinery stud-
ies that are related with the use of components (carbohy-
drates, lipids, and proteins) of microalgae. Recently, the
concept of Balgorefinery/biorefinery^ has been inspired
from the petroleum refinery concept (Safi, 2013). It reflects
a platform that integrates a process to fractionate the com-
ponents of a biomass to produce multiple products. Thus,
the production of microalgal biomass and other metabolic
products through photosynthesis and the conversion of
valuable components in the biomass into refined products
for various applications represent additional benefits from
the algae besides the contribution to the global carbon cy-
cle and maximize profitability.

Starch is among the valuable components of microalgal
biomass. It was reported that cheap enhanced starch bio-
mass can be produced from highly productive Chlorella
cultures grown in suitable outdoor photobioreactors
(Doucha and Lívanský, 2009; Douskova et al., 2009;
Mann et al., 2009). In line with this, there are some studies
carried out to increase starch content of algal biomass un-
der different conditions (sulfur limitation, nitrogen starva-
tion, and different light intensities) (Branyikova et al.
2011; Ho et al. 2013).

Knowing that the freshwater algae Chlorella vulgaris
has the ability to produce large amounts of starch
(Dragone et al. 2011), it is noteworthy to show if algae-
based glucose obtained from hydrolyzed starch could be
used as a promising carbon source for the fermentation
processes ending with BC.

The purpose of this study is to demonstrate if acid hy-
drolysate of algal starch can be used as a carbon source in
the fermentation medium of Komagataeibacter hansenii
for BC production; and also to optimize parameters such
as pH, incubation type, and fermentation period using
single-variable optimization method for obtaining the
highest BC yield.

Materials and methods

Organisms and chemicals

Chlorella vulgaris was obtained from the Ecotoxicology and
Chemometrics Laboratory, Institute of Environmental
Sciences, Bogazici Universi ty, Istanbul, Turkey.
Komagataeibacter hansenii was purchased from the German
Collection of Microorganisms and Cell Cultures, Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ).
All chemicals used in this study were analytical grade and
purchased either from Sigma or Merck. The enzymes were
obtained from Novozymes.

Cultivation of Chlorella vulgaris

Chlorella vulgaris was cultivated in modified Bold’s Basal
medium, recipe was taken from CCAP (Culture Collection
of Algae and Protozoa, Scottish Marine Institute, UK).
Initial pH of the medium was 6.8. All of the solutions and
glassware were sterilized by autoclaving at 121 °C, 20 min.
Cultivation of algae was performed at 24.0 ± 0.6 °C, under
continuous light (60 μmol photons m−2 s−1). All culture ex-
periments were performed in 500 mL borosilicate glass con-
taining 100 mL of medium in batch conditions. The details of
test condition for the algal bioassay were given by Ertürk and
Saçan (2013). All experiments have been carried out accord-
ing to the algal growth inhibition test (OECD No.201) used
for toxicity determination.

Determination of algal starch content

Cells were collected at the beginning of stationary phase.
Algal biomass samples were harvested by centrifugation at
4500g for 15 min. Cells were double-washed with sterile ul-
trapure water and dried in an oven at 80 °C to a constant
weight to determine the dry weight of algal cells. Sonication
was performed on dried algal cells in order to destroy cell wall
to release starch packages, at 45 °C, in sterile ultrapure water,
for 15 min, as described by Jeon et al. (2013), and algal lysate
was freeze-dried for further steps.

The starch content in algal lysate was assayed by the hy-
drolysis of starch to glucose with amylolytic enzymes (alpha-
amylase, and amyloglucosidase) according to the procedure
provided by Megazyme (Total Starch Assayprocedure, ©
Megazyme International Ireland 2011).

Effect of stress parameters on algal starch content

In order to investigate the effect of growth conditions on the
starch content of algae, Chlorella vulgaris was exposed to
different stress conditions. The stress parameters used in this
study were nitrogen starvation, sulfur starvation, and dark
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cultivation conditions as indicated in Table 2. For the nitrogen
starvation experiments, to omit nitrogen content, NaNO3 was
replaced by NaOH in the modified Bold’s Basal medium.
Then, to test the sulfur starvation response of algae, MgCl2
was added to the modified Bold’s Basal medium instead of
MgSO4 7H2O. pH values were kept at 6.8 for both media.
Starch content of algae exposed to different stress conditions
was determined as mentioned above.

The initial algal cell density in each test vessel was
about 1 × 104 cells mL−1. All experiments were carried
out in triplicate.

Hydrolysis of algal starch and determination of glucose
concentration

Starch hydrolysis was carried out on algal lysates by enzymat-
ic and acidic methods to compare their efficiencies in terms of
glucose yields. In the enzymatic method, alpha-amylase
(Liquozyme SC 4X) and glucoamylase (Spirizyme Excel) en-
zymes were used following the manufacturer’s instructions
(Novozymes, Denmark). The acidic method was applied using
H2SO4 in two steps. In the first step, 72 % (w/w) H2SO4 was
used and hydrolysate was kept at 30 °C, for 1 h. In the second
step, hydrolysate was treated with 4 % (w/w) H2SO4 at
121 °C, for 1 h (Laurens et al. 2012). After cooling to room
temperature, hydrolysates were neutralized by 0.1 N NaOH.
These hydrolysates were filtered (TPP syringe filter, pore size
0.22 μm) prior to their introduction into the high performance
liquid chromatography (HPLC) system. Glucose concentra-
tions were determined by HPLC system Class LC 10
(Shimadzu, Japan) using refraction index detector equipped
with a MetaCarb 87H column 300 × 7.8 mm (Agilent
Technologies, USA). As a mobile phase, 0.01 N sulfuric acid
was used with a flow rate of 0.4 mL min−1, and column
temperature was 35 °C. Calibration was carried out using
glucose as a standard.

Culture medium and fermentation conditions

Komagataeibacter hansenii culture was used for the pro-
duction of BC. In order to maintain Komagataeibacter
hansenii culture,Gluconobacter oxydans (GO) medium taken
from DSMZ was used (Table 3). A single colony of

Komagataeibacter hansenii from GO agar plate was taken
with a sterile loop and inoculated into 5 mL of GO medium
under aseptic conditions. This culture tube was incubated at
28 °C and 180 rpm, for 24 h.

The efficiency of different growth media was tested to in-
crease the yield of BC production by K .hansenii. The first
medium used was a modified nutrient broth with the addition
of glucose and NaCl, and it was called as Fermentation medi-
um (FM), (Table 4). The second medium tested (Table 4) was
Hestrin and Schramm (1954).

One hundred microliters of 24-h old culture was inoculated
into culture tube which contains FM. Then, culture tubes were
incubated in orbital shaker at 28 °C and 180 rpm, for 48-h.
2.5 mL of these 48-h old culture were used as inoculum for
each of 50 mL FM and HS medium to compare their efficien-
cy for BC yield, in static incubation at 28 °C, for 7 days. To
increase the BC yield 0.5 % ethanol was added to the FM
medium as a supplementary material.

Determination of optimal conditions for BC production

A variety of parameters including incubation type, glucose
percentage, ethanol percentage which is used as a supplemen-
tary material (additive), pH, and fermentation period were
tested to obtain the highest BC yield. All of the optimization
parameters were considered by single-variable optimization
method. pH was adjusted by using 0.1 N NaOH and/or
0.1 N HCl. All experiments were carried out in triplicate.

The use of algae-based glucose in BC production
and characterization of BCs

After the optimization of BC production conditions, glu-
cose at the selected medium for bacterial growth was

Table 2 The experimental set up
for C.vulgaris to investigate the
stress parameters and starch
percentages

Experiment Cultivation condition Starch (% DW)

Set I Normal cultivation BBM, continuous light 5.27 ± 0.04

Set II Nitrogen starvation BBM without nitrogen, continuous light 7.14 ± 0.18

Set III Sulfur starvation BBM without sulfur, continuous light 5.00 ± 0.08

Set IV Dark cultivation BBM, no light 1.35 ± 0.04

BBM modified bold basal medium

Table 3 Basic medium
for cultivation of
K.hansenii

Gluconobacter oxydans medium, pH 6.8

Chemical Concentration (% (w/v))

Glucose 10

Yeast extract 1

CaCO3 2
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replaced by hydrolysate of algae (algae-based glucose) for
the production of BC. As a control, glucose (Merck) was
used for BC production.

Once BC synthesized, it was treated with 0.1 N NaOH, at
80 °C, for 20 min to remove bacterial cells and medium com-
ponents, then washed with sterile ultrapure water until neu-
trality. BC yields were given as g bacterial cellulose/L fermen-
tation medium. The microfibrillated structure of the previous-
ly lyophilized bacterial celluloses was investigated under
scanning electron microscope (SEM) by taking micrographs
of gold-coated (Polaron Emitech SC7640 Sputter Coater)
samples with a JEOL/JSM 6510LV. Additionally, analyses
for the structural differences were recorded by a Thermo
Scientific Nicolet™ 6700 Fourier Transform Infrared (FT-
IR) spectrometer equipped with a Smart Orbit high perfor-
mance diamond attenuated total reflectance accessories, in
the transmittance mode with a resolution of 1 cm−1 in the
range of 4000–400 cm−1. Microcrystalline cellulose (Merck),
MCC, was used as a reference in the FT-IR study.

Results and discussion

The algal starch content

Starch contents were determined for algal culture exposed to
different stress conditions, and given in Table 2. According to
Total StarchAssay procedure, the algae had a starch content of
5.27 ± 0.04 % (DW) under the normal cultivation conditions.
The results obtained in our study were remarkable when com-
pared with previously reported data (Rodrigues and Silva
Bon, 2011). All experiments have been carried out according
to the algal growth inhibition test (OECD No.201) used for
toxicity determination. The purpose was to search the suitabil-
ity of the control algal cultures of the toxicity experiments to
be used in BC production. Chlorella vulgaris cells were af-
fected by various stress conditions. The relative content of
starch decreased during the dark interval to low levels
(1.35 ± 0.04 % of DW). Nitrogen starvation made about a
35 % increase in the starch content compared to that of the
normal cultivation condition. This can be explained by algae

metabolism as described by Scott et al. (2010). The main
principle is, if there is not enough N for protein synthesis
required for growth, excess carbon from photosynthesis is
directed into storage molecules such as triacylglycerol or
starch. On the other hand, starch percentage of algae was
5.00 ± 0.08 (DW) for sulfur starvation stress. Nitrogen starva-
tion medium which has the highest yield of starch has been
selected to obtain algae-based glucose for fermentation of BC.

Glucose concentration (% DW)

Under the nitrogen starvation conditions, after the hydrolyses
of starch, glucose concentrations were given as percentage dry
weight (%DW) yielded 10.2 ± 0.2 and 6.6 ± 0.1 for acidic and
enzymatic methods, respectively. Results have shown that al-
gae hydrolysate contained high amounts of glucose, and the
detected maltose percentage was negligible (data not shown).

Optimal fermentation conditions for BC production

The parameters tested to obtain high yield of BC were sum-
marized in Table 5, all experiments were carried out in tripli-
cate.When FM andHSmedia were compared in terms of their
efficiencies in producing higher yield of BC, FMmediumwas
selected, because the BC yields were 0.620 ± 0.005 and
0.422 ± 0.007 g/L for FM and HS media, respectively. Of
the agitated and static incubation, 7-day static incubation re-
sulted in 0.612 ± 0.003 g/L BC, whereas 7-day agitated (shak-
ing at 180 rpm) incubation resulted in 0.176 ± 0.004 g/L BC.
Therefore, the static incubation was found to be better for the
fermentation of BC.

For BC fermentation, 7-, 14-, and 21-day incubation pe-
riods were studied with the static method. The highest BC
yield was 0.707 ± 0.002 g/L after 14-day fermentation period.
pHwas also known as one of the most important parameter for
microbial fermentation processes. pH 6 was selected regard-
ing the results of tested pH range (4–7) (Table 5). The effect of
pH on BC production is well documented by Lin et al. (2013).

The percentage of glucose in the fermentation medium
was also studied. 0.886 ± 0.006 g/L BC was obtained in the
presence of 1.0 %(w/v) glucose within the FM medium,

Table 4 Media tested for BC
yields Fermentation medium (FM), pH 6 Hestrin and Schramm medium (HS), pH 6

Chemical Concentration (% (w/v)) Chemical Concentration (% (w/v))

Glucose 1.5 Glucose 2.000

Meat extract 0.3 Yeast extract 0.500

Peptone 0.5 Peptone 0.500

NaCl 0.5 Na2HPO4 0.270

Citric acid 0.115
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and this BC yield increased to 1.207 ± 0.004 g/L with the
addition of 0.5 % (v/v) ethanol as a supplementary materi-
al. Other supplementary materials such as organic com-
pounds, polymers, and inorganic substances have been ap-
plied to influence the assembly and microstructure of BC
including the crystallinity, crystalline polymorphism, crys-
tallite size, and ribbon width (Hu et al. 2014).

Finally, the replacement of glucose in FM medium with
algae-based glucose gave promising and comparable result
regarding the yield of BC. BC yields on dry weight basis were
1.104 ± 0.002 and 1.202 ± 0.005 g/L from algae-based glu-
cose and glucose, respectively.

Scanning electron microscopy

SEM micrographs for BCs produced from glucose
(Fig. 1a), and from algae-based glucose (Fig. 1b) by
Komagataeibacter hansenii in FM medium were given.
SEM images were taken at the same magnification.
Fibrillated structure was not visible because of the pro-
duced BCs were covered by K.hansenii cells.

Removal of the bacterial cell debris was achieved by
NaOH treatment. Hence, after alkaline wash of BCs, three
dimensional web-like structures and microfibrils became vis-
ible in Fig. 1c, d, BCs from glucose, and algae-based glucose,
respectively. Reticulated fibril arrangement with size and den-
sity variations can be easily observed by SEM micrographs.
Both BC samples showed highly fibrous network-like struc-
tures consisting of ultra fine cellulose microfibrils. As seen on
Fig. 1d, majority of fibrils of BC produced from algae-based
glucose were slightly broader than microfibrils produced from
glucose (Fig. 1c). On the other hand, three dimensional web-
like structure of BC produced from glucose seemed denser
than BC produced with algae-based glucose.

Overall, these micrographs showed algal-based glucose
used for BC production from K.hansenii did not alter the
major microfibril structures in the BC pellicles.

Fourier transform infrared spectroscopy

FT-IR spectroscopy which allows analysis of molecular com-
position was employed to detect the occurrence of new peaks
or any peak shift that could be attributed to structural

Table 5 Parameters tested to obtain high yield of BC. Selected parameters are written in bold

Optimization
of the
fermentation
conditions

Parameters Name Value Incubation
period
(days)

pH Glucosea

concentration
(w/v) %

Ethanol
concentration
(v/v) %

BC yield (g L−1)

Incubation
medium for
K.hansenii

FM medium 0.620 ± 0.005

HS medium 0.422 ± 0.007

Incubation type FM medium Static 0.612 ± 0.003

Agitation 0.176 ± 0.004

Incubation
period (days)

FM medium Static 7 0.617 ± 0.006

14 0.707 ± 0.002

21 0.706 ± 0.004

pH FM medium Static 14 4 0.478 ± 0.006

5 0.575 ± 0.007

6 0.706 ± 0.005

7 0.514 ± 0.003

Glucosea

concentration
(w/v) %

FM medium Static 14 6 0.5 0.344 ± 0.004

1.0 0.886 ± 0.006

1.5 0.709 ± 0.004

Ethanol
concentration
(v/v) %

FM medium Static 14 6 1.0 0.0 0.890 ± 0.005

0.5 1.207 ± 0.004

1.0 0.985 ± 0.006

BC production Comparison of
produced BC
yields

FM medium Static 14 6 1.0 (w/v) % glucose
content provided by
analytical grade
glucose

0.5 1.202 ± 0.005

FM medium Static 14 6 1.0 (w/v) % glucose
content provided by
algae-based glucose

0.5 1.104 ± 0.002

aGlucose content provided by analytical grade glucose
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differences between BCs obtained from glucose and algae-
based glucose. A spectrum of MCC was taken as a reference,
and showed peaks at 3328 cm−1 for -OH stretching,
2888 cm−1 for C-H stretching, 1640 cm−1 for H-O-H bending

vibration of water molecules, 1157 cm−1 for C-O-C bending
which proves the basic cellulose peaks. The FT-IR spectra of
MCC and of BCs (synthesized from glucose and algae-based
glucose) were shown in Fig. 2.

Fig. 1 SEM micrographs of
bacterial celluloses before NaOH
wash obtained with a glucose and
b algae-based glucose in FM
medium, and after NaOH wash
obtained with c glucose in FM
medium; d algae-based glucose in
FM medium. Magnification
5000, scale bar 5 μm

Fig. 2 Overlapping FT-IR spectra of a microcrystalline cellulose, b bacterial cellulose produced with glucose in FM medium, and c bacterial cellulose
produced with algae-based glucose in FM medium
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FT-IR spectra of BC produced with glucose and algae-
based glucose represented very similar pattern to MCC with
slightly shifting. -OH stretching peak was found as 3346 cm−1

for both produced BCs. The bands for C-H stretching were
found as 2902 cm−1, and 2905 cm−1, then H-O-H bending
bands were found 1640 cm−1, and 1636 cm−1, for BC samples,
respectively. One of the reasons for slight shifts of
wavenumbers of spectra could be the bond length differences
caused by electronegativity changes of neighbor atom. On the
other hand, conjugation could be another reason for peak
shifting (Kline 1999, Fan et al. 2012).

The band for C-O-C bending was assigned at 1158 cm−1

that was common for both of the samples’ spectra. The
spectral band around 1730 cm−1 in Fig. 2c represents the
C=O-stretching vibration which might be caused by the
presence of impurities from esters or acids. However, the
employment of biorefinery approach can significantly
eliminate these impurities.

Conclusion

The use of C. vulgaris as a source of glucose for the produc-
tion of BC was promising. Bacterial cellulose is an advanta-
geous biomaterial with its unique properties. There is no in-
formation regarding the utilization of algae-based glucose for
BC production among the variety of biotechnological appli-
cations of microalgae in literature. In this sense, a novel and
very important biotechnological application of algae is pro-
posed in this study. Accordingly, integrating the use of meta-
bolic components in the algal biomass (e.g., starch, glucose) in
BC production with biorefinery concept will lead to have var-
ious beneficial aspects, like achieving the goal of large scale
production with low cost, having global economic importance
and preserving the environment.
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