
I
b

R
D

a

A
R
R
1
A
A

K
E
M
B
S
A
X

1

m
e
1
f
2
W
M
o
a
r
o
J
e
s
s

h
i
(

f

0
d

Carbohydrate Polymers 84 (2011) 1019–1026

Contents lists available at ScienceDirect

Carbohydrate Polymers

journa l homepage: www.e lsev ier .com/ locate /carbpol

solation and characterization of exopolysaccharides from seaweed associated
acteria Bacillus licheniformis

avindra Pal Singh, Mahendra K. Shukla, Avinash Mishra, Puja Kumari, C.R.K. Reddy ∗, Bhavanath Jha
iscipline of Marine Biotechnology and Ecology, Central Salt and Marine Chemicals Research Institute, Council of Scientific and Industrial Research (CSIR), Bhavnagar 364021, India

r t i c l e i n f o

rticle history:
eceived 2 December 2010
eceived in revised form
7 December 2010
ccepted 19 December 2010
vailable online 25 December 2010

a b s t r a c t

In the present study, EPS secreted by the endophytic bacterium Bacillus licheniformis was isolated and
characterized. The molecular masses of the EPS were 1540 and 44,565 kDa and 1H NMR, FT-IR and UV–Vis
spectral analyses revealed prevalence of characteristic primary amine-group, aromatic-compound, halide
and aliphatic alkyl-group in addition to Na, P, Ca, C, O, Cl and S as inferred from EDX analysis. XRD and DSC
analysis confirmed the amorphous nature of EPS, showing an average particle size of 24.977 �m (d 0.5)
with 191 nm average roughness. The positive ion reflector mode of MALDI TOF-TOF MS exhibited a series
eywords:
xopolysaccharide
ALDI-TOF-TOF MS

acillus licheniformis
eaweed

of low and high mass peaks corresponding to various oligosaccharides and polysaccharides respectively.
Further, GC–MS analysis revealed its four monosaccharide constituents glucose, galactose, mannose and
arabinose. The potential heterogeneous properties of EPS as revealed in the present study may be explored
in various biotechnological and industrial applications.

© 2010 Elsevier Ltd. All rights reserved.

tomic force microscopy
-ray diffraction

. Introduction

Microbial exopolysaccharides (EPSs) are biosynthetic polymers
ainly consisting of carbohydrates secreted by bacteria (Freitas

t al., 2009) and cyanobacteria (Chi, Su, & Lu, 2007; Decho,
990; Parikh & Madamwar, 2006), however, it is also reported
rom Cryptophyta (Bermudez, Rosales, Loreto, Briceno, & Morales,
004), mushroom (Zou, Sun, & Guo, 2006), yeast (Duan, Chi,
ang, & Wang, 2008) and basidiomycetes (Chi & Zhao, 2003;
anzoni & Rollini, 2001). EPSs constitute different classes of

rganic macromolecules such as polysaccharides, proteins, nucleic
cids, phospholipids and other polymeric compounds thereby car-
ying different organic functional groups such as acetyl, succinyl
r pyruvyl and some inorganic constituent like sulfate (Nielsen &
ahn, 1999). Depending on their location, EPSs occur in two forms
ither in capsular (polymers being closely associated with the cell
urface) or slimy polysaccharides (loosely associated with the cell
urface) (Costerton, 1999).
In recent years, interest in the exploitation of valuable EPSs
as been considerably increased towards polysaccharide produc-

ng bacteria and cyanobacteria for various industrial applications
Mishra & Jha, 2009). The EPSs produced by marine bacteria have

∗ Corresponding author. Tel.: +91 278 256 5801/256 3805x614;
ax: +91 278 256 6970/256 7562.

E-mail address: crk@csmcri.org (C.R.K. Reddy).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.12.061
been utilized as ingredients in food products, pharmacy, petroleum
industry and emulsification of crude oil, hydrocarbons, vegetable,
mineral oils and bioremediation agents in environment manage-
ment system (Costerton, 1999; Jia, Yu, Lin, & Dai, 2007). Apart
from these, they have also been implicated in biofilm formation
in marine ecosystem thereby enhancing the survival of microbes
under abiotic and biotic stress by influencing their physicochemical
environment (Bhaskar & Bhosle, 2005; Duan et al., 2008).

The bacteria are ubiquitous colonizers on the surface of seaweed
and are reported to play important roles in their growth, develop-
ment and reproduction (Marshall, Joint, Callow, & Callow, 2006).
Similar findings have been demonstrated with Bacillus licheniformis
which influence the life history and developmental morphology of
Ulva fasciata (Singh, Mantri, Reddy, & Jha, 2011) in corresponding
to increase the zoospore production and in attaining the normal
foliose morphology. Further, seaweed–bacteria interactions are
partly attributed to the extracellular substances secreted by associ-
ated marine bacteria. The previous reports reveal that the addition
of supernatants of morphogenesis-inducing bacterial isolates were
capable of giving the same effect (Marshall et al., 2006; Tatewaki,
Provasoli, & Pintner, 1983).

In this study, an attempt was made to extract and character-

ize the chemical and physical properties of EPS produced by an
endophytic bacterium B. licheniformis associated with Gracilaria
dura with the help of advanced analytical techniques. Despite the
biotechnological potential of these biopolymers from marine and
estuarine environments, the role of EPS in seaweed–bacteria inter-

dx.doi.org/10.1016/j.carbpol.2010.12.061
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:crk@csmcri.org
dx.doi.org/10.1016/j.carbpol.2010.12.061
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ction remains largely untapped. Thus, the EPS produced from
eaweed associated bacterium in the pure liquid cultures were
haracterized to unravel its constituents that may increase our
nderstanding of the seaweed–bacterial association in the marine
nvironment further.

. Material and methods

.1. Growth curve and exopolysaccharides production

An endophytic bacterium B. licheniformis (NCBI accession num-
er GU723480) was isolated from G. dura. A batch culture with

solated marine bacteria was maintained for EPSs production in
00 ml of nutrient broth supplemented with 3.5% NaCl (w/v) and
.02% (w/v) glucose in Erlenmeyer flasks on a rotary shaker (160 g)
t 30 ± 2 ◦C for 3 days. The pH of the medium was adjusted to 7.0
ith 1 N NaOH. Sub samples of 5 ml aliquots were drawn at regular

ntervals for bacterial growth (A600 nm). Bacterial cells were har-
ested in stationary phase by centrifuging the culture medium at
5,000 × g, 4 ◦C for 30 min. The cell pellets were freeze-dried and
eighed. The supernatants were pressure-filtered through cellu-

ose nitrate filters with 0.45 and 0.25 �m pore size (Millipore filters,
angalore, India). EPS was precipitated from the final filtrate after
he addition of three volumes of cold isopropanol and solution was
ept overnight at 4 ◦C. The resulting precipitate was recovered by
acuum filtration through a sintered glass apparatus. An additional
00 ml of cold isopropanol was added and solution was kept at
20 ◦C overnight for precipitation. The precipitates were washed
ith 70–100% ethanol–water mixtures followed by ethanol. There-

fter, EPS was collected, dried and stored at room temperature.
hey were redissolved in distilled water and dialyzed at 4 ◦C for
4 h against distilled water for desalting. Excess water was removed
nder vacuum and lyophilized EPS was stored at room temperature
ntil chemical and physical analyses were performed. For chemi-
al analyses, lyophilized EPS was hydrolyzed with 2 N HCl for 2 h at
00 ◦C in ampoules flushed with N2 before sealing and thereafter
he solution was evaporated to dryness under reduced pressure at
0 ◦C (Rougeaux, Talaga, Carlson, & Guezennec, 1998).

.2. Emulsifying activity

The emulsifying activity of EPS was determined according
o Nielsen and Jahn (1999) method modified by Bramhachari
t al. (2007). Briefly, lyophilized EPS (0.5 mg) was dissolved in
.5 ml deionized water and volume was made up to 2 ml using
hosphate-buffered saline (PBS). The sample mixture were vigor-
usly vortexed for 1 min after the addition of different hydrophobic
ubstrates (petrol, xylene, toluene, Tween-80, ground nut and min-
ral oils). Samples were incubated at 30 ◦C with a reciprocal shaking
peed of 60 × g and absorbance was read immediately before and
fter vortexing (A0) at 540 nm. The decrease in absorbance was
ecorded after incubation at room temperature for 30 and 60 min
At). A control was run simultaneously with 2 ml of PBS and 0.5 ml of
exadecane without EPS. The emulsification activity was expressed
s the percentage retention of emulsion during incubation for time,
: At/A0 × 100 (Bramhachari et al., 2007).

.3. Purification and determination of molecular weight

The crude EPS was purified by Sephadex G-50 (2.5 cm × 50 cm)
ith ratio of H2O/pyridine/acetic acid (500/5/2, V/V/V) and eluted

ith 5 ml fractions collected at a flow rate of 5 ml h−1. The fractions
ere then subjected to anion-exchange chromatography (DEAE-

epharose CL-6B; 1.5 cm × 40 cm) and eluted (10 ml fractions) with
.1 l of H2O and 1 l of NaCl gradient from 0 to 1 M at a flow
ate of 10 ml h−1. The isolated fractions were measured by the
ymers 84 (2011) 1019–1026

phenol–sulphuric acid method (absorbance was taken at 490 nm).
The EPSs fractions were lyophilized and utilized for further charac-
terization.

The molecular weight of sample was determined by gas per-
meation chromatography (GPC, Water Allaince, model 2695). A
measure of 50 �l (2% w/v) EPS was loaded to GPC column ultra-
hydrogel 120 and 500 at 40 ◦C and elution was monitored by a
refractive index detector (2414). The column was calibrated with
standard dextran (molecular weight; 5200–668,000 kDa) from PSS,
USA.

2.4. Chemical analysis of exopolysaccharide

Lyophilized EPS (5 mg) was dissolved in 5 ml deionized water by
heating at 80 ◦C for about 15–20 min and allowed to cool at room
temperature (28 ± 2 ◦C). EPS was assayed for its total carbohydrate
contents by following the anthrone method with glucose as stan-
dard (Yemm & Willis, 1954) and protein content was determined
by Bradford method (Bradford, 1976) with BSA as standard. Sul-
fate was determined by Dodgson and Price (1963) method. Briefly,
EPS was added to the precipitation solution (13.6% BaCl2·2H2O
and 2.67% Tween-80), allowed to stand at room temperature for
30 min and absorbance was taken at 420 nm. The amount of sulfate
was calculated using a standard curve established in the range of
2–20 �g ml−1 H2SO4. Further, the monosaccharide contents of EPS
were estimated by alditol–acetate method (Siddhanta et al., 2001).

2.5. UV–Vis, FT-IR and 1H NMR

The UV–visible spectrum of EPS was recorded between 200
and 800 nm on a spectrophotometer. Pellets of 0.75 mg of EPS
were prepared with KBr followed by pressing the mixture into
a 16 mm diameter mold. FT-IR spectrum was recorded on Perkin
Elmer (Spectrum GX) with a resolution of 4 cm−1 in 4000–400 cm−1

region (Wang et al., 2004). Noise-decoupled 1H NMR spectrum was
recorded on a Bruker Avance-II 200 spectrometer, Switzerland, at
200 MHz. EPS of the B. licheniformis was dissolved in the d-NaOH
(50 mg ml−1) and spectra was recorded at 25 ◦C with 5000–5200
accumulations, pulse duration 5.9 �s, acquisition time 1.2 s and
relaxation delay 6 �s.

2.6. Energy dispersive X-ray spectroscopy, particle size
distribution and atomic force microscopy (AFM)

Elemental analysis of EPS was done using energy dispersive X-
ray spectroscopy (EDS or EDX; Oxford Instruments, UK) and particle
size distributions were measured by laser diffraction (Malvern Mas-
tersizer 2000, Malvern Ltd., Worcestershire, UK). For AFM, the glass
cover slips (Himedia, India) were treated with a mixture of 15 ml of
HCl and 5 ml of HNO3 for 30 min followed by treatment with a mix-
ture of 20 ml of H2SO4 and 5 ml of H2O2 for 30 min. After rinsing the
cover slip with Milli-Q water, stored in Milli-Q for later use. Samples
for AFM were prepared according to Grabar, Freeman, Hommer,
and Natan (1995). An AFM consists of a sharp tip, attached to a can-
tilever, which rasters over the surface of the sample in a bound scan
area and the movement of the cantilever, as the tip moves across
the surface, is recorded to produce the image of the sample. The
image of the sample was taken in tapping mode of AFM.

2.7. X-ray diffraction (XRD) analysis
X-ray diffraction (XRD) was performed on X-ray powder
diffractometer (Philips X’pert MPD, The Netherlands) instru-
ment equipped with a PW3123/00 curved Ni-filtered CuK�
(� = 1.54056 Å) radiation generated at 40 kV and 30 mA with liq-
uid nitrogen cooled solid-state germanium detector to study the
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hysical properties of EPS using slow scan in different ranges
f two-theta angles (2–80◦). The specimen length and irradiated
ength were 10 mm, with receiving slit size of 0.2 mm and 200 mm
oniometer radius. The distance between focus and divergences slit
ere 100 mm. The dried EPS sample was mounted on a quartz sub-

trate and intensity peaks of diffracted X-rays were continuously
ecorded with scan step time 1 s at 25 ◦C while d-spacings appro-
riate to diffracted X-rays at that value of � was calculated with
ragg’s law.

= �

2 sin �

here � is half of the scattering angle measured from the incident
eam.

Crystallinity index (CIxrd) was calculated from the area under
rystalline peaks normalized with corresponding to total scattering
rea (Ricou, Pinel, & Juhasz, 2005).

Ixrd =
∑

Acrystal∑
Acrystal +

∑
Aamorphous

.8. Thermal gravimetric analysis (TGA) and differential scanning
alorimetric (DSC) analysis

TG and DSC analysis of EPS were carried with Mettler Toledo
GA/SDTA System (Greifensee, Switzerland). About 5 mg of dried
ample was used for the TGA and DSC experiment. TGA and
SC thermograms were obtained in the range of 30–480 ◦C and
0–450 ◦C, respectively, under nitrogen atmosphere at rate of
0 ◦C min−1. Their respective graphs were plotted with weight (per-
entage) loss and heat flow vs temperatures, respectively. The
ctivation energy (Ea) was calculated with Arrhenius equation
hile enthalpy of transition (�H) and crystallinity of the EPS (CIDSC)
ere calculated with the following equation (Khanna & Kuhn,

997).

a = −2.303RT log10
k

A

here R is the universal gas constant, A is the frequency factor for
he reaction, T is the temperature (K, 298 ◦C) and k is the reaction
ate coefficient. The value was calculated for the nth order of the
eaction.

Htotal = KA

here �H is the enthalpy of transition, K is the calorimetric con-
tant and A is area under the curve.

IDSC = �HNet

Htotal

here �HNet is difference between heat of crystallization and melt-
ng.

.9. MALDI (matrix assisted laser desorption–ionization)
OF-TOF mass spectroscopy

The EPS was dissolved in acetonitrile (5% w/v; 1 mg ml−1),
esalted and mixed with equal volume of matrix �-cyano-4-
ydroxycinnamic acid (5 mg ml−1). MALDI TOF-TOF MS analysis
as performed on an Applied Biosystem 4800 MALDI TOF-TOF

nalyzer with an Nd-YAG (neodymium-doped yttrium aluminium

arnet) laser (355 nm, 200 Hz) operated in accelerated voltage
20 kV). Each spectrum was collected in reflector mode (300 cm)
s an average of 2000 laser shots per spectrum (Mishra, Kavita, &
ha, 2011). Reproducibility of the spectrum was checked from 12
pot-sets in each mode and spectra were analyzed after centroids
Fig. 1. Growth, EPSs production (A) and emulsifying activity (B) of B. licheniformis.

and de-isotoping using data explorer software (Applied Biosystem,
USA).

3. Results and discussion

3.1. Optimization of EPS production

The slimy EPS content varied with time interval and was
maximal during the late log phase of bacterial growth. The B. licheni-
formis showed maximum production of EPS with 576 mg l−1 dry
cell weight after three days. The EPS yield in batch culture var-
ied with incubation period and ranged from 11.5 �g ml−1 dry cell
weight to 60.2 �g ml−1 dry cell weight at 6 h and 24 h, respectively
(Fig. 1A). The EPS content reported in the present study was sub-
stantially higher than previously reported values (138.6 mg l−1) for
other Bacillus sp. (Maugeri et al., 2002).

3.2. Emulsifying activity

The emulsification property of EPS was determined by its
strength to retain the emulsion breaks rapidly within an initial
incubation of 30 and 60 min (Fig. 1B). The dialyzed fraction of the
exopolymer produced by B. licheniformis retained 32.14% and 3.9%
in petrol, 38.43% and 10.2% in ground nut oil, 30.88% and 10.29%
in toluene, 28.12% and 8.68% in mineral oil, 36.25% and 12.64% in
Tween-80 and 33.94% and 11.67% in xylene of the emulsification
activity after 30 min and 60 min, respectively. Among different oils
investigated, petrol was the most effectively emulsified by EPS of
B. licheniformis and was higher than earlier reports (Bramhachari et

al., 2007). This EPS was also capable of emulsifying hydrocarbons at
a percentage higher than the control. The functional groups in the
molecular chains of the polymer are considered as important deter-
minants for emulsification activity. The emulsions produced by the
polysaccharides from B. licheniformis were stable and composed
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Fig. 2. GPC representation molec

f small, uniform droplets with fine and smooth consistency. This
akes them a lucrative emulsifying agents that can be explored in

ood and oil industries, where emulsifiers from microbial sources
re exploited owing to their advantages against synthetic products,
uch as lower toxicity, higher biodegradability and better envi-
onmental compatibility (extreme temperature, pH and salinity)
Bermudez et al., 2004).

.3. Purification and determination of molecular mass

A single peak was obtained with 0.4 mol l−1 of NaCl concentra-
ion after DEAE-Sepharose CL-6B column for EPS produced by B.
icheniformis (Fig. S1). The bacterial EPSs generally consist of sin-
le and/or double fractions with molecular masses between 20
nd 2000 kDa (Arias et al., 2003; Manzoni & Rollini, 2001). How-
ver, high molecular masses are also reported for EPSs produced
y Idiomarina spp. (1.5 × 104–1.5 × 106), Alteromonas hispanica
1.9 × 107) and even Bacillus strain B3-15 (6 × 105) (Manzoni &
ollini, 2001; Mata et al., 2006). The GPC chromatogram of the puri-
ed EPS in the present study generated two peaks corresponding to

ractions, 1540 and 44,565 kDa approximately with 1.92 and 1.41
olydispersity, respectively (Fig. 2 and Table S1).

.4. Chemical analysis

The contents of total carbohydrates, protein and sulfate were
ound to be 343.14, 107.68 and 50.28 mg l−l, respectively in EPS
roduced by B. licheniformis. In general, carbohydrate contents of
he EPSs were higher than sulfate and proteins, a feature that
as also been observed with other bacterial EPSs (Zhenming &
an, 2005). Further, GC–MS analysis confirmed the presence of
lucose (54.38%), mannose (25.24%), galactose (11.32%) and ara-
inose (9.06%) components of carbohydrate fraction (Fig. S2). To
ur utmost knowledge, this is the first report of the presence of
rabinose in EPSs obtained from B. licheniformis which may be
ttributed to the association of bacteria to seaweed (Chi & Zhao,
003). The monosaccharide composition of present EPS appears to
e variably composed from that of the EPS produced by a num-
er of marine bacteria like Flavobacterium and Pseudoalteromonas
p. (Mancuso-Nichols, Garon, Bowman, Raguenes, & Guezennec,
004). The monosaccharide composition as determined in the
resent study was found contrast to most of the bacterial and
yanobacterial EPSs reported till date (Rainer, Venzke, & Blaschek,
007) and thus it is novel so far.

.5. UV–Vis, FT-IR and 1H NMR analysis
UV–Vis spectroscopy analysis showed that the maximum wave-
ength area of absorption spectra was 200–230 nm due to n–�*
nd/or �–�* transitions, which characterizes functional groups like
mine, carboxyl, carbonyl and ester (Yun & Park, 2003) (Fig. S3).
oreover, a shoulder was observed around 260–280 nm which
eight of EPSs of B. licheniformis.

is commonly attributed to �–�* electron transitions in aromatic
and poly-aromatic compounds found in most conjugated molecules
including proteins (Jia et al., 2007).

FT-IR analysis showed a broadly stretched intense peak at
around 3428 cm−1 characteristic of hydroxyl groups and a weak
C–H band at around 2928 cm−1 (Fig. 3A). The relatively strong
absorption peak at around 1646 cm−1 indicated the characteris-
tic IR absorption of polysaccharides (Bremer & Geesey, 1991). A
symmetrical stretched peak near 1380 cm−1 indicated the presence
of carboxyl groups. A comparison of functional groups revealed
that EPS contained variable functional groups and were more
complex than other EPSs previously reported (Chi & Zhao, 2003).
The prominent absorption observed at 1646 cm−1 was attributed
to the stretching vibration of C O and C–N. The absorption at
1121 cm−1 could be attributed to the presence of sulfate groups as
S O and C–O–S (Parikh & Madamwar, 2006). Specifically, the peaks
at 872 cm−1 ascertain the presence of glycosidic linkage bonds.
The FT-IR spectra of the polymer showed the presence of carboxyl
groups, which may presumably serve as binding sites for divalent
cations (Bramhachari et al., 2007). In addition, the presence of both
hydroxyl and carboxyl groups could be responsible for the high
mucous polysaccharide formation thus, imparting emulsification
potential (Kumar, Mody, & Jha, 2007).

The 1H NMR spectrum showed seventeen anomeric signals for
the EPS produced by B. licheniformis (Fig. 3B) depicting complex and
heterogeneous nature of EPS. The signal at ı 2.49 ppm was exclu-
sively detected in EPS of B. licheniformis indicating the presence of
succinyl group. The complex nature of the biopolymer produced by
B. licheniformis was further concluded by convergence of signals in
the region of ı 3.2–3.9 ppm. The signals at ı 1.0–1.258 ppm arouse
from the methyl protons of the 6-deoxy sugars (Kumar, Joo, Choi,
Koo, & Changa, 2004).

3.6. Particle size distribution, energy dispersive X-ray
spectroscopy (EDS or EDX) and AFM

EPS constituted of varied particle sizes from 5.274 (d 0.1) to
68.447 (d 0.9) �m with an average size of 24.977 �m (d 0.5) and
0.63771 m2 g−1 specific surface areas (Fig. S4). EDX relies on the
investigation of sample through interactions between electromag-
netic radiation and matter, analyzing X-rays emitted by the matter
in response to be hitted with charged particles (Goldstein et al.,
2003). Elemental quantitative analysis done by EDX revealed the
weight and atomic percentage of seven elements present in EPSs
(Table 1). To the best of our knowledge this is first EDX study for
EPSs of marine bacteria. The sulfate is present as a functional group
in the EPS which confer its anionic character in the marine envi-

ronment (Nielsen & Jahn, 1999). The distribution of cations such
as Na, and Ca in the EPS detected in the EDX suggested their bind-
ing to the negative charges of the sulfate groups resulted in the
greater availability of these elements to seaweeds essential for their
growth and development. In addition, in a natural marine envi-
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Fig. 3. FT-IR (A) and 1H NMR (B) analysis o

Table 1
Elemental EDX micro analysis of EPSs obtained from EPSs of B. Licheniformis. Data
are expressed with weight and atomic percents.

Element Standard Weight% Atomic%

C CaCO3 38.48 46. 49
O SiO2 55.71 50. 53
Na Albite 2.34 1.48
P GaP 0.50 0.24
S FeS2 1.47 0.67
Ca Wollastonite 0.25 0.09

N

r
t
c
A

Cl KCl 1.24 0.51

Total 100

umber of iterations = 3.
onment, the nutrients can interact with EPS in order to increase
he rate of elements uptake and concentrate the dissolved organic
ompounds, making them available to support microbial growth.
vailability of phosphate in the seawater increase the growth of

Fig. 4. AFM analysis [two (A) and three dimensional views
f EPSs production by B. licheniformis.

the phytoplankton Cylindrotheca fusiformis and it might increase
the primary production in the ocean (Guerrini, Mazzotti, Boni, &
Pistocchi, 1998).

Properties of EPS chain can be determined by measuring param-
eters like contour lengths, persistence lengths and end-to-end
distances of the chain using AFM. The 3D structure of the EPS of B.
licheniformis can present with AFM in live condition than scanning
electron microscope. The size of different particle within EPS was
showed the height distribution profiles of the surface roughness
(Fig. 4 and Fig. S5). Roughness average was 191 nm and histogram
of the AFM showed the distribution profile of particle of EPS on the
cover slide.
3.7. X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) is a very powerful analytical technique
widely used for phase identification of materials. The XRD profile

(B)] of EPSs and EPSs distribution on the cover slip.
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Fig. 5. XRD profile of EPSs isolated from B. licheniformis.

f EPS obtained from B. licheniformis exhibited the characteristic
iffraction peaks at 32.1 and 49.4◦ with inter planar spacing (d-
pacing) 2.786 and 1.680 Å, respectively (Fig. 5 and Fig. S6). Powder
RD pattern revealed that EPS is amorphous in nature with CIxrd
.397 crystallinity index. It is difficult to interpret broad amor-
hous peaks of several amorphous EPS in X-ray scattering profile
Shimazu, Miyazaki, & Ikeda, 2000) while easy to interpret nar-
ow crystalline peaks and therefore the ratio between sharp narrow
iffraction peaks and broad peak was used to calculate the amount
f crystallinity in the EPS. The 39.7% crystalline domains act as a
einforcing grid and improve the performance over a wide range of
emperature as observed in TG and DSC analysis.

.8. TG and DSC analysis

TGA was carried out dynamically between weight loss vs tem-
eratures and experimental result shown in Fig. 6. TGA showed
hat degradation of EPS obtained from B. licheniformis takes place
n two steps while EPSs of Bacillus sp. I-450 showed the degra-
ation in three steps (Kumar et al., 2004). Seven percent of total
PSs weight loss from 30 to 120 ◦C was recorded due to mois-
ure content, thereafter second phase of degradation (59.6%) was

bserved with maximum loss at ≥330 ◦C. High level of carboxyl
roup in the EPSs increased the degradation of the first phase as
arboxyl group is bound to more water molecules (Kumar et al.,
004). The total weight loss of EPS occurred after 330 ◦C, however

ig. 6. TG thermogram of EPSs obtained from B. licheniformis at heating rate of 10 ◦C.
Fig. 7. DSC thermogram of EPSs obtained from B. licheniformis at heating rate of
10 ◦C.

EPS of the Bacillus sp. CP912 (Yun & Park, 2003) showed pyrolysis
temperature at 284.58 ◦C. With the increase in temperature amor-
phous solid becomes less viscous and at a meticulous temperature
the molecules gain enough freedom of motion to spontaneously
arrange themselves into a crystalline state which is crystalliza-
tion temperature. This transition is an exothermic process and
DSC analysis showed a significant thermal transition of EPS into
a crystalline state. DSC thermogram showed two distinct exother-
mic peaks of EPS with crystallization temperature (Tc) 223.64 ◦C
(onset temperature 219.62 ◦C), semi crystallization temperature
(Tsc) 81.81 ◦C (onset temperature 55.25 ◦C) accompanied with
538.51 and 128.40 mJ latent energy, respectively (Fig. 7). The melt-
ing peaks were found at 295.05 ◦C (onset temperature 292.52 ◦C)
with 61.79 mJ latent energy for Tm1 and 383.06 ◦C (onset tempera-
ture 381.39 ◦C) with 23.36 mJ latent energy for Tm2. The present
study of DSC thermogram is different from our previous report
(Mishra et al., 2011) in which EPS showed one melting peak of an
endothermic transition and crystallization peaks of an exothermic
transition. The activation energy (nth order of reaction) of exother-
mic transitions was 68.23 ± 0.17 (Tc) and 549.30 ± 3.45 kJ mol−1

(Tsc), it was found quite higher from 245.77 ± 1.32 (Tm1) and
667.31 ± 3.43 (Tm2) kJ mol−1 for endothermic transition. This phe-
nomenon may be to the different molecular mass structures of
the EPS as detected with GPC. The melting point and endother-
mic calories of the EPS isolated from marine Bacillus sp. CP912 was
found to be 128.7 ◦C and 50.864 kcal mol−1 and revealed that EPS
of B. licheniformis is more stable than earlier reports (Yun & Park,
2003). In coherence with XRD, approximately equal crystalline
index (CIDSC 0.40) was observed for EPS from DSC thermogram and
same variation may be because of uncertanities in placing base line
for area integration (Khanna & Kuhn, 1997).

3.9. MALDI TOF-TOF mass spectroscopy

MALDI TOF-TOF MS is a convenient method for rapid and sen-
sitive structural analysis of oligosaccharides (Guerrini et al., 1998).
The MALDI TOF-TOF MS was optimized for EPS and fragmentation
peaks were detected with positive ion mode (Mishra et al., 2011).
MALDI TOF-TOF MS of EPS (Fig. S7) represented a series of masses
m/z 175.0767, 175.1204, 197.1340, 197.1543 and 253.1514 in low
range mode which corresponded to de-protonated hexose sugar
and hexose sugar with inorganic and organic groups as identified

1
with spectroscopic analysis (FT-IR, H NMR and UV–Vis) and EDX.
Besides this, the mass fragment of m/z 329.2139 was also observed
in positive ion mid range mode, corresponding to the masses of two
pentose sugars. The positive ion reflector mode exhibited low mass
peaks m/z 609.3466 (2 hexose and 2 pentose sugars), 684.3428,
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91.9866, 738.4248, 746.5306, 749.3351 and 767.6293 correspond-
ng to a tetrasaccharide (4 hexose sugars) and 839.5795, 853.4269,
75.5742, 881.4112 and 897.5235 corresponding to a pentasaccha-
ide. The peaks of 911.4109, 917.5286 and 947.4280 revealed the
resence of hexasaccharide chain of 4 hexoses and 2 pentoses while
he peaks of 964.4944, 972.6881, 986.0231, and 996.6495 corre-
ponded to hexasaccharide chain of 6 hexose sugars. The higher
umbers of mass peaks, m/z from 1015.6401 to 1539.0313 revealed
olysaccharides consisting of different ratios of pentose and hex-
se sugars associated with different ions (S, Na, P, Ca, Cl, C and O),
s detected by spectroscopic and EDX analysis. It may be the first
ALDI TOF-TOF MS report of EPSs of bacterial origin so far how-

ver; Gauri, Mandal, Mondal, Dey, and Pati (2009) recently reported
ALDI-TOF MS for the EPS obtained from Azotobacter sp. SSB81.

urther, this analysis also confirmed the presence of galactose, glu-
ose, mannose and arabinose in different combinations as revealed
y GC–MS analysis. Though the mass spectroscopy did not distin-
uish diastereomers but it indicated the number of sugar moiety in
n oligomer.

. Conclusion

The extracellular polymeric substances are of immense biotech-
ological and industrial importance. In the present study, the EPS
btained from B. licheniformis was characterized with the help
f advanced analytical methods. AFM, MALDI-TOF-TOF MS, XRD,
DX and DSC analysis are the first reports for EPS obtained from
arine bacterial origin. The 1H NMR, FT-IR and UV–Vis spectro-

copic analyses revealed the complex and heterogeneous nature
f EPS, TGA highlighted its high thermal stability (330 ◦C) while
SC and XRD analysis depicted its amorphous nature with crys-

alline index (CIDSC 0.40). XRD profile and interplanar spacing
d-spacing) is the basic characteristic of a polymer useful to com-
are or study the nature of EPS isolated from different sources

n future. Galactose, glucose, mannose and arabinose were the
onosaccharides detected by GC–MS analysis and MALDI-TOF-

OF MS further aided in unraveling oligosaccharide composition.
he EPS may allow further exploration of B. licheniformis making
hem promising candidates for their commercial exploitation. The
mulsification activity revealed that it can be exploited for envi-
onmental bioremediation. Further, the characterization of the EPS
ight be of helpful for the seaweed bacterial interaction to find

ut the molecules that enhance the growth of seaweeds for future
esearch.
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