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Abstract

Background: Extracellular polysaccharides (ECPs) produced by biofilm-producing marine bacterium have great
applications in biotechnology, pharmaceutical, food engineering, bioremediation, and bio-hydrometallurgy
industries. The ECP-producing strain was identified as Acinetobacter indicus M6 species by 16S rDNA analysis. The
polymer produced by the isolate was quantified and purified and chemically analyzed, and antioxidant activities
have been studied. The face-centered central composite design (FCCCD) was used to design the model.

Results: The results have clearly shown that the ECP was found to be endowed with significant antioxidative
activities. The ECP showed 59% of hydroxyl radical scavenging activity at a concentration of 500 μg/mL, superoxide
radical scavenging activity (72.4%) at a concentration of 300 μg/mL, and DPPH˙ radical scavenging activity (72.2%)
at a concentration of 500 μg/mL, respectively. Further, HPLC and GC-MS results showed that the isolated ECP was a
heteropolymer composed of glucose as a major monomer, and mannose and glucosamine were minor monomers.
Furthermore, the production of ECP by Acinetobacter indicus M6 was increased through optimization of nutritional
variables, namely, glucose, yeast extract, and MgSO4 by “Response Surface Methodology”. Moreover the production
of ECP reached to 2.21 g/L after the optimization of nutritional variables. The designed model is statistically
significant and is indicated by the R2 value of 0.99. The optimized medium improved the production of ECP and is
two folds higher in comparison with the basal medium.

Conclusions: Acinetobacter indicus M6 bacterium produces a novel and unique extracellular
heteropolysaccharide with highly efficient antioxidant activity. GC-MS analyses elucidated the presence of
quite uncommon (1→4)-linked glucose, (1→4)-linked mannose, and (→4)-GlcN-(1→) glycosidic linkages in the
backbone. The optimized medium improved the production of ECP and is two folds higher in comparison
with the basal medium. The newly optimized medium could be used as a promising alternative for the
overproduction of ECP.
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Background
Acinetobacter species produce medicinally and commer-
cially important diverse group of molecules [1]. Extracel-
lular polysaccharides (ECPs) are one of such important
molecules. ECPs are long-chain, high molecular-mass
polymers which have been reported to show antiulcer,
immunomodulatory, antiviral, antioxidant, and various
other biological activities [2, 3]. These ECPs are the al-
ternative class of biothickeners and also proved to have
good emulsifying property apart from the texture-
promoting property in various foods [4]. In some coun-
tries of the European Union (EU) and the United States
of America (USA), where addition of synthetic texture-
promoting agents in food and dairy products is prohib-
ited, ECPs can successfully be used as food additives to
enhance texture [5]. The ECPs are economically import-
ant because they can impart functional effects to foods.
Depending on the monosaccharide composition, ECPs
can be classified into homo (HoPSs) and heteropolysac-
charides (HePSs). HoPSs consist of only one type of
monosaccharide.
Recently, studies have been focused on antioxidant

polysaccharides that can find potential applications in
food industries [6]. Free radicals such as superoxide rad-
ical anion (O2

·−), hydroxyl radical (OH·), and other re-
active oxygen species (ROS) are considered to be highly
potent oxidants that can react with all biomacromole-
cules in living cells, and they may associate with carcino-
genesis and mutagenesis [7]. ECPs were reported to have
free radical scavenging activities [8]. Bacterial polysac-
charides isolated from Pantoea agglomerans and Micro-
bacterium terregens [9] showed pronounced antioxidant
activities.
Considering the antioxidant activity and other thera-

peutic importance of the ECP, it is important to
characterize the ECP structurally. Therefore, the mono-
meric composition of the ECP was identified by HPLC,
and glycosidic linkages of the ECP were determined by
GC-MS. HPLC is frequently used for both the qualitative
and quantitative analysis of liberated monosaccharides
after acid hydrolysis. HPLC with an ultraviolet (UV) de-
tector or refractive index (RI) is an alternative method
for quantitative determination of saccharides. Due to
low sensitivity and inapplicability to gradient elution,
HPLC with RI detector is less commonly used [10]. The
alternative approach is HPLC with UV detector,
which is highly sensitive and widely used for analysis
and quantification of monomers. GC attached to a
mass spectrometer is an efficient and widely applic-
able method for linkage analysis of methylated poly-
saccharides. Methylation analysis is an essential step
for studying the linkage pattern of sugar residues. De-
pending on the mass spectra obtained, the glycosidic
linkages are analyzed [11, 12].

The production of polymers is highly influenced by
different factors such as nutritional variables and phys-
ical variables of the process, namely, temperature, pH,
RPM, dissolved oxygen concentration, and RPM [9].
Studies also reported that the growth and development
of film formation depend on surface area, smoothness,
flow velocity, and nutrients [13]. Very few reports are
available on design fermentation medium through re-
sponse surface methodology (RSM) optimization studies
for production of ECPs [13]. Therefore, the present
study aimed to design the low-cost fermentation
medium for enhanced production of the ECP using
RSM.
Considering the tremendous reported therapeutic and

commercial potentials, the ECP molecule may be devel-
oped as a potential drug molecule in the near future. Es-
tablishing the structure-function relationship of the ECP
molecule by elucidating its complete molecular structure
on further chemical derivatizations and enzymatic diges-
tions (with glucosidases) will enable to identify the right
fragments of the large ECP molecule, responsible for im-
portant bioactive properties of therapeutic and commer-
cial interests. This would also help to use the small
fragments for specific therapeutic purposes, instead of
using the whole molecule.

Methods
Extraction, purification, and quantification of extracellular
polysaccharide
ECP-producing organism was isolated and identified as
mentioned previously [14]. Ten milliliters of overnight
culture was centrifuged, and 30 mL alcohol (95%) was
added to the supernatant. The mixture was shaken thor-
oughly and kept at 4 °C for overnight. The precipitated
polymer was separated by centrifugation and dried to
get crude ECP. The dried and crude powder (10 mg) was
dissolved in 1 mL 0.2M NaCl buffer to a concentration
of 10 g/L and was filtered through a 0.22-μm membrane
filter, loaded onto a Sephadex G-100 column (Sigma Al-
drich, St Louis, USA-50 × 1.5 cm). The column was
eluted with the same buffer at a flow rate of 0.5 mL/min,
and 0.5 mL of fractions was collected. Total carbohy-
drate content of the fractions was determined by
phenol-sulfuric acid method, and the carbohydrate con-
tent was measured by phenol sulfuric acid method [15].

Antioxidant activity of the ECP
The antioxidant potential of ECP was studied by super-
oxide radical scavenging assay by phenazine methosul-
fate (PMS)-nicotinamide adenine dinucleotide (NADH)-
Nitroblue tetrazolium chloride (NBT) system, 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH) radical scavenging activity
[16]. Vitamin C was used as a positive control.
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Hydroxyl radical scavenging activity of the ECP
The hydroxyl radical scavenging activity of ECP was
measured according to Liu et al. and Ren et al. [17, 18].
The hydroxyl radicals were generated in the L-ascorbic
acid-CuSO4 system by reduction of Cu2+ and were
assayed by the oxidation of cytochrome C. In this experi-
ment, hydroxyl radicals were generated in 3 mL of 0.15
mM sodium phosphate buffer (pH 7.4), which included
100 μML-ascorbic acid, 100 μM CuSO4, 12 μM cyto-
chrome C, and the samples to be tested at different con-
centrations. The mixture was incubated at 25 °C for 90
min. The color change of cytochrome C was measured
at 550 nm. Thiourea was used as control, and glucose
was used as negative control.
The inhibition rate of hydroxyl radical generation by

thiourea was taken as 100%.
The inhibition rate was calculated using the following

equation:

Inhibition rate %ð Þ ¼ T − T 2

T − T 1

� �
x100

where T is the transmittance of hydroxyl radical (OH·)
generation system and T1 and T2 are the transmittance
of control and test sample systems respectively.

Superoxide (O2
·) radical scavenging activity of the ECP

Measurement of superoxide radical scavenging activity
was done based on the method described by Ren et al.
[18] and Nishimiki et al. [19]. To 1mL of NBT solution
(156 μM NBT in 100 mM phosphate buffer, pH 7.4), 1
mL NADH solution (468 μM in 100mM phosphate buf-
fer, pH 7.4) and 0.1 ml of ECP in water were added and
mixed well. The reaction was started by adding 100 μL
of PMS solution (60 μM PMS in 100mM phosphate buf-
fer, pH 7.4) to the mixture. The reaction mixture was in-
cubated at 25 °C for 5 min, and the absorbance was
measured at 560 nm against blank samples using a spec-
trophotometer, and vitamin C was used as positive con-
trol. Decreased absorbance of the reaction mixture
indicated increased superoxide anion-scavenging
activity.
The scavenging activity of superoxide radical (%) was

calculated from the following equation:

Superoxide radical scavenging activity %ð Þ
¼ 1 −

ASample

ABlank

� �
x100

where ABlank is the absorbance of the control reaction
(containing all reagents except the test compound) and
ASample is the absorbance of the test compound.

DPPH radical scavenging activity
The free radical scavenging activity of ECP was mea-
sured by DPPH free radical scavenging assay. To 1mL
of 0.1 mM solution of DPPH in ethanol, 3 ml of ECP in
water was added in different concentrations. After 30
min, absorbance was measured at 517 nm against blank.
Radical scavenging activity was expressed as percentage
inhibition of DPPH and estimated by the following equa-
tion [20]:

DPPH free radical scavenging activity %ð Þ
¼ 1 −

ASample

ABlank

� �
x100

where ABlank is the absorbance of the control reaction
(containing all reagents except the test compound) and
ASample is the absorbance of the test compound. Vitamin
C was used as the positive control. All determinations
were performed in triplicate. Decrease in the absorbance
indicated the antioxidant activity.

Compositional analysis of ECP
HPLC analysis is a commonly used method to determine
the monosaccharide composition of polysaccharides.
The polysaccharides are hydrolyzed to get individual
monomers and then labeled with anthranilic acid to in-
crease the florescence for easy and accurate identifica-
tion [21]. The sugar composition of the ECP was studied
by high-performance liquid chromatography (HPLC) [7].
For specific determination of monosaccharides with high
sensitivity, ECP was acid hydrolyzed and then deriva-
tized in a simple step with excess anthranilic acid (2-
aminobenzoic acid) in the presence of sodium cyanobor-
ohydride to give highly fluorescent-stable derivatives.
The monosaccharide derivatives were completely sepa-
rated from the excess reagent and from each other by
HPLC on a C18 reversed-phase column using a
butylamine-phosphoric acid-tetrahydrofuran mobile
phase [2].

Acid hydrolysis of ECP
ECP isolated from 36 h culture was dissolved in deion-
ized water and dialyzed against deionized water using
12 kDa membrane at 4 °C for 24 h and then lyophilized.
Ten milligrams of lyophilized ECP was hydrolyzed with
2M trifluoroacetic acid (TFA) for 6 h at 100 °C. TFA
was removed using rotary vacuum evaporator [22].

Derivatization of monosaccharides with anthranilic acid
The hydrolysates were derivatized by anthranilic acid re-
agent [21, 22]. Briefly, anthranilic acid reagent was pre-
pared by dissolving anthranilic acid (30 mg) and sodium
cyanoborohydride in 1 mL of acetate-boric acid-
methanol solution. The ECP hydrolysates were dissolved
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in 100 μL of 1% sodium acetate, and an aliquot of 50 μL
was transferred to a new screw-cap freeze vial. Samples
were mixed with 100 μL of anthranilic acid and capped
tightly. Vials were heated at 80 °C for 60 min. After cool-
ing, the samples were made up to 1 mL with solvent A
(2% 1-butylamine, 0.5% phosphoric acid, and 1% tetra-
hydrofuran) for analysis in HPLC.

HPLC analysis of anthranilic acid-monosaccharide
derivatives
Monosaccharide derivatives were analyzed in Agilent
1000 series HPLC (Agilent Technologies, Model
No.1100). A reversed-phase C18 column (ZORBAX 300
SB-C18, 5 μm, 4.6 × 250mm, USA) and 1-butylamine-
phosphoric acid-tetrahydrofuran mobile phase system
consisting of solvents A and B were used for this ana-
lysis. Solvent A comprises of 0.2% 1-butylamine, 0.5%
phosphoric acid, and 1% tetrahydrofuran in water, and
solvent B consisted of equal parts of solvent A and
acetonitrile. The separations were carried out at 24 °C
using a flow rate of 1 mL/min, and 20mL of each sample

was injected. An UV detector was used to detect the
derivatized monosaccharides. The gradient program was
used according to [21].

Determination of monosaccharide linkage analysis of the
ECP molecule
GC-MS methylation analysis
A solution of ECP (5 mg) in dimethyl sulfoxide (0.5 mL)
was permethylated by adding finely powdered NaOH
(20mg) and methyl iodide (0.1 mL). Then, the mixture
was sonicated for 15 min. The permethylated ECP was
extracted with CHCl3 (1 mL) and H2O (3 mL). CHCl3
phase was separated and dried under N2 and hydrolyzed
in 2M TFA at 100 °C for 1 h. The hydrolyzed ECP was
reduced with 50mM NaBH4 at room temperature for 4
h and evaporated three times from a mixture of acetic
acid/methanol (1:1) followed by acetylation with 50:50
acetic anhydride/pyridine at 100 °C for 90 min. Alditol
acetates of the methylated sugars were analyzed by Shi-
madzu GCMS-QP2010. The temperature program and
other column conditions were used according to Kim
et al. [23, 24].

Optimization studies of ECP production
Production of ECP in shake flask
Luria Bertani medium was inoculated with Acinetobacter
indicus M6, incubated for 48 h at 160 rpm at room
temperature. Effect of salt, carbon, and nitrogen source
on ECP production has been studied by varying

Table 1 Carbohydrate and protein contents of crude and pure
ECP

S.No Fraction Total carbohydrate (%) Protein (%)

1. Crude ECPa 92 ± 2 0.9 ± 0.3

2. Purified ECPb 98 ± 1 0
aAlcohol-precipitated ECP
bPurified ECP by gel filtration chromatography

Fig. 1 Purification of ECP on Sephadex G-100 Column. 10 mg/ml was loaded and 0.5 ml was collected
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concentrations of MgSO4, glucose, and yeast extract.
ECP production was expressed in terms of total carbo-
hydrate concentration spectrophotometrically (490 nm)
[18]. ECP extraction method was followed as mentioned
above.

Optimization of nutritional variables by RSM
Response surface methodology (RSM) is a more con-
venient tool for designing experiments, plotting models,
evaluating the effects of factors, and exploring optimum
conditions of factors for significant responses. RSM is
also used for optimization of prominent varieties of fer-
mentation media and studying interactions among vari-
ous bioprocess parameters with the minimum number
of experiments [25, 26]. In the present experimentation,
production of ECP in shake flask culture with Acineto-
bacter indicus M6 was found to be higher when

compared to other bacterial species. Therefore, this
strain has been considered as a potential bacterium for
ECP production and hence it has been aimed to develop a
suitable medium for enhanced production of ECP through
optimization of nutrient component concentrations by re-
sponse surface methodology (RSM). Fermentation
medium variables such as glucose (A), yeast extract (B),
and MgSO4 (C) were optimized using the Design Expert
software (Version 7.0.0, Stat-Ease Inc., Minneapolis, USA).
The variables range from low (−1) to high (+ 1) used in
the study are presented in Table 1.The impact of nutri-
tional components on production and regression analysis
of experimental data was carried out; further, the three-
dimensional surface plots were drawn. The model was val-
idated through the conduction of an experiment at pre-
dicted variables as suggested by the designed statistical
model [27].

Fig. 2 OH radical scavenging activity of the ECP. Values are means of triplicates ± SD. The rate of inhibition of hydroxyl radical generation by
thiourea (100 μg/ml) was taken 100%

Fig. 3 Scavenging activity of ECP against superoxide radical generated in PMS/NADH system with vitamin C used as positive control. Values are
means of triplicates ± SD. White bar indicates ECP, Black bar indicates Vitamin C
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Results
Extraction, purification, and quantification of the ECP
The ECP produced by Acinetobacter indicus M6 was ex-
tracted as described previously and then purified. The
gel filtration chromatogram (Fig. 1) showed that the elu-
tion of the ECP starts at the 18th fraction and ended at
the 28th fraction. There was no protein content in poly-
saccharide fractions, indicating that the ECP had no as-
sociated proteins. The carbohydrate and protein
contents of the crude and purified ECP are listed in
Table 1. While the total sugar content (%, w/w) of the

ECP was found to increase by 6% on purification, the %
content of the contaminating proteins decreased to zero
from a value of 0.9%. The total carbohydrate and protein
concentrations were observed to be 380 μg/mL and
150 μg/mL respectively.

Antioxidant activity of the ECP
Hydroxyl radical scavenging assay of the ECP
The hydroxyl radical scavenging activity of ECP (ran-
ging from 100 to 500 μg/mL) by ascorbic acid-Cu2+-
cytochrome C system is shown in Fig. 2. The

Fig. 4 Scavenging effects of ECP against 1, 1-diphenyl-2-picryl hydrazyl radical with vitamin C used as positive control. Values are means of
triplicates ± SD. White bar indicates ECP, Black bar indicates Vitamin C

Fig. 5 HPLC analysis of hydrolyzed ECP. (Glucose is a major monomeric unit; mannose and glucosamine are the minor units)
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scavenging activity of the ECP when correlated with
its concentration showed that the activity increased
till a concentration of 500 μg/mL and remained stable
thereafter. ECP showed considerable hydroxyl radical
scavenging activity of 59% at the concentration of
500 μg/mL. Here, in these experiments, the rate of in-
hibition of hydroxyl radical generation by thiourea (as
a positive control) at a concentration of 100 μg/mL
was taken as 100%, and glucose was used as negative
control.

Superoxide (O2˙−) radical anion scavenging activity of the
ECP
The decrease in absorbance at 560 nm with the addition
of ECP indicates the consumption of superoxide radical
in the reaction mixture (Fig. 3). The ECP showed notice-
able superoxide radical scavenging activity with increas-
ing concentration ranging from 50 to 300 μg/mL. The
maximum scavenging activity of the ECP was estimated
to be 72.4% where reference compound vitamin C
showed 90% at concentration of 300 μg/mL.

DPPH free radical scavenging activity
This method is based on the reduction of methanolic
DPPH· solution in the presence of a hydrogen-donating
antioxidant, due to the formation of the non-radical
form DPPH-H by the reaction. DPPH· is a stable free
radical and accepts an electron or hydrogen radical to
become a stable diamagnetic molecule [21, 22]. The
antioxidant of ECP was determined by DPPH· radical
scavenging activity assay. Vitamin C was used as stand-
ard. Figure 4 illustrates the DPPH˙ radical scavenging
ability of ECP which increased with increasing concen-
tration of ECP ranging from 100 to 500 μg/mL. Vitamin
C and ECP showed 92% and 72.2% DPPH˙ radical scav-
enging activity respectively at 500 μg/mL concentration.

In terms of this antioxidant activity, the antioxidant ac-
tivity of the ECP and the standard were comparable.

Compositional analysis of the ECP
The ECP after being hydrolyzed and derivatized with
anthranilic acid was analyzed for its sugar composition
by HPLC. The HPLC chromatogram (Fig. 5) showed
that the ECP was a heteropolysaccharide, composed of
glucose and glucosamine [22]. In terms of peak area,
glucose (retention time 9.9 min) was the major mono-
saccharide, whereas glucosamine (retention time 8.8
min), and mannose (retention time 17.7) were the minor
ones.

Determination of linkages between the monosaccharide
units
The sugar linkages in alditol acetates of the methylated
sugars of the ECP were elucidated by GC-MS analysis.
Methylation analysis is a widely used method for deter-
mining polysaccharide structure [28, 29]. However, reduc-
tive cleavage depolymerization has several advantages
compared to standard methylation analysis, and it is an ef-
fective method for structural characterization of complex
carbohydrates, which have different sugar residues [27].
The alditol derivatives were 1,2,4-tri-O-acetyl-3,6-tri-O-
methyl-D-mannitol; 1,4-di-O-acetyl-2,4,6-tri-O-methyl-D-
glucitol; 1,4,6-di-O-acetyl-3-mono-O-methyl-2-amino-D-
glucitol (Tables 2 and 3), revealed that (1→4)-linked glu-
cose, (1→4) linked mannose, (→4)-GlcN-(1→). The link-
ages between the monosaccharides were predicted
according to Bjorndal et al. [12, 27]. Based on the HPLC
and GC-MS data, the probable structure of the ECP is
given in Figs. 6 and 7.

Optimization studies of ECP production
Central composite design for medium optimization
Response surface methodology (RSM) is a collection of
mathematical and statistical techniques widely used to
determine the effects of several variables and to optimize
different biotechnological processes [26]. The central
composite design (CCD) was adopted for optimization
of medium components such as glucose, yeast extract,
and MgSO4. The experimental results of CCD for en-
hancing the yield of ECP are shown in Table 4.
The response (Y) fitted with the second-order polyno-

mial equation

Table 2 Results of the analysis of GC-MS

Fragmentsa Mode of
Linkage

1,2,4-tri-O-acetyl-3,6-di-O-methyl-D-mannitol (→1, 2)-Man-(4→

1,4-di-O-acetyl-2,4,6-tri-O-methyl-D-glucitol (→1)-Glc-(4→

1,4,6-di-O-acetyl-3-mono-O-methyl-2-amino-D-
glucitol

(→1, 4)-GlcN-(6→

aAlditol acetates generated after methylation and reduction of monomers

Table 3 GC data showing the number of peak traces

Fragments Mode of linkage Major mass fragments (m/z) peak traces

1,2,4-tri-O-acetyl-3,6-di-O-methyl-D-mannitol (→1, 2)-Man-(4→ 104, 113, 129, 147, 161, 181, 191, 197

1,4-di-O-acetyl-2,4,6-tri-O-methyl-D-glucitol (→1)-Glc-(4→ 103, 119, 130, 151, 177, 193, 196

1,4,6-di-O-acetyl-3-mono-O-methyl-2-amino-D-glucitol (→1, 4)-GlcN-(6→ 110, 117, 131, 147, 163, 181, 191, 197
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R1 ¼ þ2:54þ 0:14 A − 0:032B − 0:083 C þ 0:014A B − 0:13AC

− 0:079BC − :59A2 − 1:23 B2 − 0:11C2

R1 represents the response for ECP production,
whereas glucose, yeast extract, and MgSO4 are represented

by variables A, B, and C, respectively, and the R2 coefficient
value of 0.99 suggested that predicted model was significant
(Table 5). The Model F-value of 154.37 implies the model is
significant. In this case, A, C, AC, A2, and B2 are significant
model terms (Table 6). The combinational effect of

Fig. 6 Mass spectra obtained by GC-MS analysis obtained by Shimadzu GC-MS QP 2010 using ZB-1 column

Fig. 7 The probable structure of ECP
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nutritional variables on the production of ECP was analyzed
from the 3-D response surface curves as shown in Fig. 8.

Validation of RSM model
The RSM model is validated by conducting an experi-
ment at best-predicted solution for production of ECP.
Under optimized conditions, the ECP yield reached 2.21
g/L from Acinetobacter indicus M6, which is almost near
to the RSM predicted value (Table 7).

Discussion
Acinetobacter M6 produces ECP in substantial quantities
(2.21 g/L). This quantity is considerably higher when
compared to other reported bacterial ECPs. As far as
our knowledge, there is no report available on ECP from
Acinetobacter indicus M6 bacterium. ECP from this
marine bacterium may be beneficial because few of the

ECPs have been reported to have emulsification property
which can find potential applications in the reduction of
marine water pollution [27, 28]. The purified ECP shows
significant antioxidant activities when compared to the
standard antioxidant active compound (Vit C). Free radi-
cals such as superoxide radical, hydroxyl radical, and
other reactive oxygen species (ROS) are associated with
multistage carcinogenesis and mutagenesis [29, 30]. The
results of present study have demonstrated that ECP was
effective in scavenging superoxide, hydroxyl, and DPPH
radicals in a concentration-dependent fashion. There are
very few reports available on antioxidant activities of
bacterial ECPs. However, this is the first report on anti-
oxidant and free radical scavenging activities of an ECP
from Acinetobacter indicus M6. Hence, the ECP may be
developed as a potential antioxidant molecule after
studying various toxicological studies. The monosaccha-
rides in the ECPs are actually potent reductive agents as
they have a hidden aldehyde moiety [31]. The antioxi-
dant mechanism of polysaccharides may thus be attrib-
uted to the reductive nature of the monosaccharides
owing to the presence of –CHO group as these polysac-
charides such as ECPs are not proton-donors. The
mechanism of free-radical scavenging of polysaccharides
is still not fully understood. The results of the present

Table 4 The nutritional variables selected for optimization study

S.No. Nutritional variables aRange in g/L

1 Glucose (A) 5–15

2 Yeast extract (B) 5–10

3 MgSO4 (C) 0.2–0.4
aConcentration ranges

Table 5 Actual data for design of experiments

S.No. Glucose Yeast
extract

MgSO4 Production of biosurfactant in g/L

Experimentala Predictedb

1. 15 10 0.3 1.95 2.1

2. 5 15 0.4 0.36 0.39

3. 10 10 0.3 2.51 2.54

4. 15 15 0.2 1.08 1.03

5. 5 5 0.4 0.63 0.64

6. 10 10 0.3 2.54 2.54

7. 10 10 0.4 2.36 2.34

8. 10 10 0.3 2.63 2.54

9. 10 5 0.3 1.22 1.34

10. 15 5 0.4 0.66 0.63

11. 10 15 0.3 1.25 1.28

12. 5 15 0.2 0.46 0.45

13. 10 10 0.3 2.65 2.54

14. 15 5 0.2 0.98 0.91

15. 10 10 0.3 2.56 2.54

16. 5 10 0.3 1.8 1.81

17. 10 10 0.3 2.65 2.54

18. 5 5 0.2 0.42 0.38

19. 15 15 0.4 0.44 0.44

20. 10 10 0.2 2.34 2.51
aExperimental result of biosurfactant production at the mentioned nutrient concentrations
bRSM predicted value of biosurfactant production at the mentioned nutrient concentrations

Ravi Teja et al. Journal of Genetic Engineering and Biotechnology           (2021) 19:39 Page 9 of 12



study have demonstrated that ECP is effective in scaven-
ging superoxide, hydroxyl, and DPPH radicals in a
concentration-dependent fashion. There are a very few
reports available on antioxidant activities of bacterial
ECPs. However, this is the first report on antioxidant
and free radical scavenging activities of an ECP from
Acinetobacter indicus M6. HPLC analysis indicated that
ECP was a heteropolymer composed of glucose, man-
nose, and glucosamine. The presence of these monomers

makes the heteropolymer unique, and this monomeric
combination was not found in any other reported ECPs.
GC-MS data of alditol derivatives revealed that (1→4)-
linked glucose, (1→4)-linked mannose, and (→4)-GlcN-
(1→) were present in the ECP. Presence of these link-
ages also makes our ECP unique and novel, and the pre-
dicted structure is given in Fig. 7 [32]. ECP from
Acinetobacter indicus M6 was found to be a structurally
complex but novel molecule for its unique

Table 6 ANOVA for response surface quadratic model

Source Sum of squares df Mean square F-value p-value Prob > F

Model 15.38 9 1.71 154.37 < 0.0001 Significanta

A-glucose 0.21 1 0.21 18.73 0.0015

B-yeast extract 0.01 1 0.01 0.92 0.3589

C-MgSO4 0.07 1 0.07 6.22 0.0318

AB 0.00 1 0.00 0.14 0.7194

AC 0.14 1 0.14 12.92 0.0049

BC 0.05 1 0.05 4.48 0.0604

A2 0.95 1 0.95 85.92 < 0.0001

B2 4.15 1 4.15 374.61 < 0.0001

C2 0.04 1 0.04 3.18 0.1048

Residual 0.11 10 0.01

Lack of fit 0.09 5 0.02 4.95 0.0519 Not significant

Pure error 0.02 5 0.00

Cor total 15.50 19
aIf p-value of a parameter is < 0.05, the effect of that parameter is significant

Fig. 8 3D graphs showing the combinational interaction of variables on production of ECP
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monosaccharide composition and the glycosidic linkages
between the monomeric units. This unique combination
of the monosaccharides and unusual glycosidic linkages
between them make our ECP novel. To undertake a hol-
istic approach towards critically establishing the
structure-function relationship of the ECP molecule by
elucidating its complete molecular structure on further
chemical derivatizations and enzymatic digestions (with
glucosidases), so as enable us to identify the right frag-
ments of the large ECP molecule, responsible for each of
its important bioactive properties of therapeutic and
commercial interests [27, 33]. This would also help us to
use the small fragments for specific therapeutic pur-
poses, instead of using the whole molecule [34, 35].
However, the complete structural elucidation may be
performed by other sophisticated techniques like NMR
and ESI-MS which is the scope of the present study. The
optimized medium improved the production of ECP and
is two folds higher in comparison with the basal
medium.

Conclusion
ECP produced by marine bacterium was purified and
found to be a heteropolymer composed of glucose as a
major monomer, and mannose and glucosamine were
minor monomers, and this makes ECP unique in terms
of its composition. GC-MS analyses elucidated the pres-
ence of quite uncommon (1→4)-linked glucose, (1→4)-
linked mannose, and (→4)-GlcN-(1→) glycosidic link-
ages in the backbone. The purified ECP has shown sig-
nificant antioxidant activity. The detailed mechanisms of
actions of the ECP molecule for its significant antioxi-
dant activities need to be elucidated to develop the
whole ECP molecule or the suitable fragments of it into
prospective drug candidates. This requires a lot of basic
research inputs. The production of ECP reached 2.21 g/L
after the optimization of nutritional variables. The de-
signed model is statistically significant and is indicted by
the R2 value of 0.99. The optimized medium improved
the production of ECP and is two folds higher in com-
parison with the basal medium. As a long-term future
scope and perspective, it would be prudent to scale the
optimal process up to a pilot plant scale for consistent
production of this important bioactive ECP molecule in
large quantities. Though there are reports available on
bacterial ECPs, this is the first report on ECP from Aci-
netobacter indicus M6. Unique monosaccharide

composition and the glycosidic linkages between the
monomeric units of the ECP markedly differ with the re-
ported ECPs.
Considering the unique monosaccharide composition

and significant antioxidant activity, the ECP may be de-
veloped as a drug molecule. The ECP is a promising
antioxidant, and it can be used as an additive in food,
pharmaceutical, and cosmetic preparations. The rela-
tionship between structure of ECP and antioxidant activ-
ity and also elucidation of its antioxidant mechanism at
the molecular level will improve its biological activities
by chemical modifications, one of the important implica-
tions of this study.
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