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ABSTRACT
Objectives: This study aimed to compositionally characterize the
biosurfactant and its application in crude oil bioremediation. Methods:
Production of biosurfactant was carried out in Bushnell Hass Broth
(BHB), supplemented with 1% glucose. Compositional characterizations
were performed by 1H-NMR and ESI-MS analysis. The biodegradation of
crude oil was carried out by using a 0.1% (g/v) of purified biosurfactant
(ENO14BS). The experiment has three sets namely Set A, Set B and Set
C. The experiments are as follows: Set A contained 50 ml sterilized BHB
medium with bacterial cells (5% v/v, O.D.600 ~ 1.0), 2% (v/v) of crude oil and
ENO14BS (0.1 % w/v). Set B contained 50 ml of sterilized BHB medium
with bacterial cells (5% v/v, O.D.600 nm ~ 1.0) and 2% (v/v) of crude oil. Set
C (abiotic control) contained 50 ml of sterilized BHB with 2% (v/v) of crude
oil only. This experiment was performed for 7 days. Results: Structural
elucidation by NMR and Electrospray Ionization-Mass Spectroscopy (ESIMS) showed the presence of six uncommon rhamnolipid homologs, m/z
(mass to charge ratio) = 358.98 [M+H]+, Rha-C12:2; m/z = 391.28 [M+H]+,

Rha–C6–C6; m/z = 427.38 [M+H]+, Rha–C17:3; m/z = 447.32 [M+H]+, Rha–C8C8; m/z = 507.22 [M+H]+, Rha-Rha-C12:1; m/z = 648.17 [M+H]+, Rha-RhaC10-C10:1. The application of biosurfactant (ENO14BS) in biodegradation of
crude oil was performed at a laboratory scale. The biosurfactant (0.1%
w/v) amended microcosm showed up to 73% crude oil degradation (31%
higher than with culture alone) in four days. Conclusion: We conclude that
ENO14BS biosurfactant produced by Pseudomonas aeruginosa ENO14
using glucose in this study has shown its potential for use in the crude oil
bioremediation process.
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INTRODUCTION
The Petroleum industry is considered one of the central and fastest
growing industrial sectors. Petroleum and its by-products consist of a
complex composition of hydrocarbons and environmental concerns such
as oil spills and leakages cause serious havoc to the natural ecosystem
and biosphere due to their mutagenic, immunotoxic, carcinogenic
and neurotoxic properties.1,2 Restoration of such condition is carried
out naturally through micro-organisms which can degrade and clean
up the toxic pollutants present at petroleum contaminated sites and
also for enhanced oil recovery from reservoirs.3-6 Such bioremediation
strategies for environmental restoration are favoured over conventional
physiochemical strategies due to their cost effective and eco-friendly
characteristics.7,8 Moreover, Microbial degradation is considered as the
ultimate natural process for restoring natural conditions in petroleum
contaminated areas.9 For instance, the notable role of indigenous
microbes has been documented in bioremediation/biodegradation
mechanisms.10,11 Furthermore, hydrocarbon degradation involves various
groups of organisms such as fungi, algae and bacteria.12,13,2 They are
ubiquitous ranging from soil, freshwater and marine habitats.4 However,
bacteria possess an array of bioactive agents that play a significant role
in degrading petroleum as well as in microbial enhanced oil recovery
(MEOR) process by producing biosurfactants. Also, such bioactive
compounds have significant commercial importance.14-17 Moreover,
Varjani and Upasani,6 have reported the applicability of rhamnolipid
biosurfactant produced from an efficient hydrocarbon degrading
Pseudomonas sp. in MEOR process. Furthermore, various studies have

highlighted the importance of bioremediation by biodegradation as
the most influential and effective strategy for eliminating hydrocarbon
contaminants from the environment.18,9 In this study, we have
compositionally characterized the biosurfactant and used it for crude oil
bioremediation on laboratory scale.

MATERIALS AND METHODS
Bacterial strain and cultivation
Biosurfactant producing P. aeruginosa ENO14 was isolated from
crude oil contaminated seawater of Ennore, Tamilnadu, India. Culture
condition of this isolate has been described earlier.19

Production and purification of Biosurfactant
Production, recovery and purification of biosurfactant was carried out
as per the protocol described by Haque et al.20 The purified biosurfactant
(ENO14BS) was used for further compositional characterization and
crude oil bioremediation.

Nuclear magnetic resonance (NMR) spectroscopy
analysis
NMR spectra (1H NMR) of the ENO14BS solution were measured at
room temperature using a Bruker DRX Advance 400 MHz spectrometer.
Twenty-five milligrams of purified ENO14BS sample (dissolved in 1 ml
of 99.8% CDCl3) was used for the analysis.21
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ESI-MS (Electrospray Ionization Mass Spectrometry)
analysis
Biosurfactant mixtures (various congeners, structural analog) present in
the purified sample ENO14BS was identified by ESI-MS (Agilent 6530
B QTOF). 50 μl of the purified ENO14BS, (1 mg/ml in acetonitrile) was
applied into the column. Acetonitrile-water (1:1) was used as mobile
phase for this analysis. The flow rate of HPLC was 0.2 ml/min and
directly applied to the spectrometer. Mass spectrometric condition was
as follow: Gas temperature 300°C, Capillary voltage 3500 V, Fragments
voltage 175 V, Nebulizer flow rate 8 ml/min. Mass spectrometer was
operating on positive mode (ESI+) and the ionization method was used
over the mass range of 50-800 m/z.

Biodegradation of crude oil in laboratory scale
Preparation of inoculum
The bacterium (Pseudomonas aeruginosa ENO14) was used for the
degradation of crude oil. A loop full bacterial culture was added into
a mixture of sterilized Bushnell-Hass Broth (BHB, 50 ml) and crude oil
(0.1%, v/v) in a 100 ml conical flask. Then the flask was incubated at 37°C
overnight at 100 rpm. Next day, the broth was centrifuged at 10000 rpm
for 5 min to get the pellet. Finally, the pellet was dissolved in BHB to
make O.D.600 around 1.0.22 This inoculum was used for the degradation
study. The crude oil was obtained from S.J. Oils Company, Pondicherry,
India and has been used throughout the study.

Extraction of residual crude oil
BHB medium containing crude oil and bacterial culture was transferred
to a separating glass funnel. 20 ml mixture of petroleum ether: acetone
(1:1) was added into the medium.23 The above process was repeated
twice. The mixture of petroleum ether and acetone should be added to
the empty flask in order to remove all oil adhered to walls of conical
flasks. Then the funnel was vigorously shaken for few minutes and the
mixture was poured into empty 50 ml centrifuge tube tubes. The tubes
were centrifuged at 8000 rpm at 4°C for 15 min. Finally, the organic layer
was collected using a pipette and transferred in pre-weighed glass beaker.
The beaker containing organic solvent was kept at 50°C in a hot air oven
to evaporate acetone and petroleum ether. After the solvent evaporation,
the residual crude oil was obtained and beaker was weighed. The empty
weight of the glass beaker was subtracted to get the amount of residual
oil.

Weight of crude oil extracted from abiotic control
% degradation of crude oil =

following the formula proposed by Ganesh and L
Original weight of crude oil introduced

× 100

Statistical Analysis
All the experiments were performed in triplicates and the values were
given as mean ± standard deviation (SD) using Microsoft Excel 2010
(Microsoft, USA).

RESULTS
Nuclear magnetic resonance (NMR) spectroscopy
analysis
The chemical structures of ENO14BS were analysed by 1H NMR and the
results are shown in Figure 1. The chemical shifts at 0.88 ppm indicates
the protons of (−CH3) of 3-hydroxyacyl fatty acids (FAI and FAII, FA
stand for fatty acid). The signal at 1.24-1.30 ppm detected the presence
of a linear alkane (−CH2) of fatty acids (FAI and FAII). The chemical shifts
at 2.42, 4.02 and 2.16 ppm showed the presence of H-2I’, H-3I’and H-4I’
in FA1 respectively. The signal at 2.61, 4.26 and 2.36 ppm indicates the
presence of H-2I’, H-3I’and H-4I’ in FA1I respectively. The signal at 5.265.32 ppm indicates the presence of unsaturated bond in the fatty acids
linked to rhamnose molecule. The anomeric proton (H-1I and H-1II) for
the rhamnose molecule (L-RhaI and L-RhaII, Rha stand for rhamnose)
was observed at 4.88 and 4.72 ppm respectively. The chemical shifts at
3.64, 3.51, 3.49, 3.29 ppm indicates the presence of H-2I, H-3I, H-4I, H-5I
in L-RhaI respectively. The signal at 3.79, 3.65, 3.40, 3.29 ppm indicates
the presence of H-2II, H-3II, H-4II, H-5II in L-RhaII. The chemical shifts at
1.25 ppm showed the presence of H-6I (CH3) and H-6II (CH3) in L-RhaI
and L-RhaII.

ESI-MS (Electrospray Ionization Mass Spectrometry)
analysis
The structural identification by ESI-MS of ENO14BS produced by
P. aeruginosa ENO14 showed the presence of at least six uncommon
rhamnolipid homologs. These six prominent peaks were observed at
m/z 358.98, m/z 391.28, m/z 427.38, m/z 447.32, m/z 507.22 and m/z
648.17 (Figure 2). The probable m/z = 358.98 [M+H]+, Rha-C12:2; m/z
= 391.28 [M+H]+, Rha–C6–C6; m/z = 427.38 [M+H]+, Rha–C17:3; m/z

Experimental set up for biodegradation
The experiment was carried out for the biodegradation of crude oil by
using a 0.1% (g/v) of purified biosurfactant (ENO14BS). The experiment
has three sets namely Set A, Set B and Set C. The experiments are as
follows: Set A contained 50 ml sterilized BHB medium with bacterial
cells (5% v/v, O.D.600 ~ 1.0), 2% (v/v) of crude oil and ENO14BS (0.1 %
w/v). Set B contained 50 ml of sterilized BHB medium with bacterial cells
(5% v/v, O.D.600 nm ~ 1.0) and 2% (v/v) of crude oil. Set C (abiotic control)
contained 50 ml of sterilized BHB with 2% (v/v) of crude oil only. All
the sets were prepared in triplicate. This experiment was performed for
7 days. Every 24 h interval the oil was extracted from one flask of each
set by above standardized extraction method. Abiotic control (Set C)
was maintained to assess the natural weathering of crude oil and it was
estimated as ~3.5% and the value was subtracted from the data obtained
in other experimental sets (Set A and B).
Finally, % of crude oil degradation was calculated following the formula
proposed by Ganesh and Lin.24

Figure 1: NMR (1H) spectrum of the biosurfactant ENO14BS showing the
presence of various types of protons.
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= 447.32 [M+H]+, Rha–C8-C8; m/z = 507.22 [M+H]+, Rha-Rha-C12:1;
m/z = 648.17, Rha-Rha-C10-C10:1. The structure of the rhamnolipid
homologs are depicted in the Figure 3.

Biodegradation of crude oil in laboratory scale
In the bioremediation study, the maximum biodegradation, 73% and
42% of crude oil was observed in the set B (BHB + bacterial cells +
crude oil + ENO14BS) and set A (BHB + bacterial cells + crude oil)
respectively just after four days of incubation. The highest difference in
biodegradation levels between sets B and set A was 31 % after four days
(Figure 4). Therefore, this finding indicates that the ENO14BS acts as a
very good inducer or enhancer for the bacterial cells for the process of
crude oil bioremediation. The degradation of crude oil was decreased
in the later stage. This may be the reason for the depletion of nutrients
faced by cells. Cells with biosurfactant rapidly utilize oil and minerals for
growth and get depleted in later stages.

Figure 4: Biodegradation of crude oil by Pseudomonas aeruginosa ENO14 in
laboratory scale microcosm experiments. All the analysis was carried out in
triplicate. The values were presented as mean ± SD (n=3).

DISCUSSION

Figure 2: ESI-MS analysis of the purified biosurfactant ENO14BS depicting
the molecular mass of different rhamnolipid homologs.

The Petrochemical industry is considered one of the fastest growing
industrial sectors in India. Petroleum and its by-products consist of a
complex composition of hydrocarbons and environmental concerns such
as oil spills and leakages cause serious havoc to the natural ecosystem
and biosphere due to their mutagenic, carcinogenic and neurotoxic
properties.1,2 Microbial degradation is considered the ultimate natural
process for restoring natural conditions in petroleum contaminated
areas.9 The surface-active molecules play a vital role in the degradation
process. Therefore, structural identification of biosurfactant is very
crucial to understand the degradation process.
In this study, 1H NMR spectrum was in accordance with the findings
observed by other researchers, which clearly shows that the ENO14BS
biosurfactant is a mixture of mono-rhamnolipid and di- rhamnolipid
attached with saturated or unsaturated fatty acids.25-28 ESI-MS analysis
of biosurfactant also suggested the presence of various rhamnolipid
molecules. Therefore, it can be summarized that P. aeruginosa ENO14
strain produced a mixture of both mono and di-rhamnolipids by utilizing
glucose as a primary carbon source. Based on the previous literature
different strain of Pseudomonas aeruginosa is known to produce mono
and di-rhamnolipids mixture under natural condition.29-31 In this
investigation, the bacterial strain ENO14, in presence of biosurfactant
(ENO14BS) showed remarkably higher degradation of crude oil
compared to many recent reports on microbial crude oil degradation.32
As the biosurfactant was added in the broth, it makes the degradation
process faster by increasing the bioavailability of substrate by
emulsification and facilitating the association of substrate with bacterial
cells by the reduction of cell surface hydrophobicity.33 Hence, our result
evidently showed that ENO14BS (0.1%, w/v), a mixture at least six
uncommon mono and di-rhamnolipids, is one of the important factors
to enhance the crude oil degradation along with bacterial cells in a very
short period.

CONCLUSION
Figure 3: Structure of the six rhamnolipid homologs detected in the purified
ENO14BS through ESI-MS.
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We conclude that ENO14BS biosurfactant produced by Pseudomonas
aeruginosa ENO14 using glucose in this study has shown its potential for
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use in the bioremediation process. Most importantly, in the degradation
process, the broth supplemented with ENO14BS enhances the crude oil
degradation along with bacterial cells in a very short time. Therefore,
hydrocarbon degrading properties of this organism in the presence
of biosurfactant have also suggested its application to the in-situ
bioremediation of sites polluted by petroleum hydrocarbon as well as the
management of oil spills, whether marine or terrestrial. The ENO14BS
biosurfactant, composed of six uncommon rhamnolipids can also find
applications in cosmetics, mining of minerals, pharmaceutical, food and
textile industries after specific sectoral research.
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