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a b s t r a c t

Biosurfactant can make hydrocarbon complexes more mobile with the potential use in oil recovery, pump-
ing of crude oil and in bioremediation of crude oil contaminant. In the investigation, bacterial isolates
capable of utilizing poly-cyclic aromatic hydrocarbons like phenanthrene, pyrene and fluorene were used.
A gradual decrease of the supplemented hydrocarbons in the culture medium was observed with cor-
responding increase in bacterial biomass and protein. The medium having the combined application of
fluorine and phenanthrene caused better biosurfactant production (0.45 g l−1) and (0.38 g l−1) by Pseu-
domonas aeruginosa strains MTCC7815 and MTCC7814. The biosurfactant from MTCC7815 (41.0 �g ml−1)
and MTCC7812 (26 �g ml−1) exhibited higher solubilization of pyrene; whereas, MTCC8165 caused higher
solubilization of phenanthrene; and that of MTCC7812 (24.45 �g ml−1) and MTCC8163 (24.49 �g ml−1)
olubility

etabolism caused more solubilzation of fluorene. Higher solubilization of pyrene and fluorene by the biosurfactant
of MTCC7815 and MTCC7812, respectively enhanced their metabolism causing sustained growth. Biosur-
factants were found to be lipopeptide and protein–starch–lipid complex in nature and they could reduce
the surface tension of pure water (72 mN m−1) to 35 mN m−1. The critical micelle concentration (CMC)
was also lower than the chemical surfactant sodium dodecyl sulphate (SDS). They differed in quantity and

nt rh
structure. The predomina

. Introduction

Hydrocarbons are mostly insoluble in water and their bioavail-
bility is limited by their adsorption in to the soil matrix. According
o White [1] petroleum refining and transport activities are major
ontributors to localize the environmental contaminations. Poly-
yclic aromatic hydrocarbons (PAHs) are the major contaminants
f crude oil and they require physical means to be solubilized in
queous phase on addition of surfactants. According to Alexander
2], Laha et al. [3] and Kim et al. [4] surfactant amendment may
nhance the oil mobility and increase its availability improving the
iodegradation rates.

Microbial biosurfactants exert some influence on interfaces in
oth aqueous solutions and hydrocarbon mixtures. These prop-
rties cause micro-emulsions in which micelle formation occurs

here hydrocarbons can solubilize in water, or water in hydro-

arbons [5]. Generally, biosurfactants are classified in five major
roups, viz. glycolipids, phospholipids and fatty acids, lipopeptides
lipoprotein), polymeric and particulate biosurfactant. Biosur-
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ezpur University (Central), Napaam, Tezpur-784028, Dist. Sonitpur, Assam, India.
el.: +91 03712 267172.
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amnolipids present in biosurfactants were Rha–C8–C10 and Rha–C10–C8.
© 2009 Elsevier B.V. All rights reserved.

factant production is generally associated with the utilization
of hydrocarbons by microbial community. Certain hydrocarbon
degrading bacteria and yeast produce appreciable amounts of
phospholipids and fatty acids when grown on n-alkanes [6]. The
saturated fatty acids in the range of C12–C14 and the complex fatty
acids containing hydroxyl groups and alkyl branches [7]. The spon-
taneous release and function of biosurfactants are often related
to hydrocarbon uptake; therefore, they are predominantly synthe-
sized by hydrocarbon degrading microorganisms.

At low concentrations, surfactants are soluble in water, and
with increasing concentrations, they form micelle in solution. The
concentration at which micelle begins to form is called the crit-
ical micelle concentration (CMC); above the CMC, biosurfactants
can solubilize petroleum hydrocarbons in soil–water systems, but
some biosurfactants may increase the water solubility of hydrocar-
bon molecules below the CMC [2]. Therefore, biosurfactants may
be useful in degradation of soil contaminating hydrocarbons. The
aim of the present investigation was to evaluate biosurfactants
and their effective concentration to enhance the biodegradation
of petroleum hydrocarbons in the contaminated soil, make the

crude oil complex in the under-ground reservoirs more mobile
for enhanced oil recovery and better transportation through pipe
lines. Generally, biosurfactants are microbial metabolites with the
typical amphiphilic structure of a surfactant, where the hydropho-
bic moiety is either a long chain fatty acid, hydroxy fatty acid, or

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bkkon@tezu.ernet.in
mailto:naba@tezu.ernet.in
dx.doi.org/10.1016/j.jhazmat.2009.04.136
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-alkyl-�-hydroxy fatty acid and the hydrophilic moiety can be
carbohydrate, an amino acid, a cyclic peptide, a phosphate, a

arboxylic acid alcohol, etc. [8]. Physical and chemical properties,
urface tension reduction, and stability of the emulsion formed are
ery important in the search for a potential biosurfactant. Glycol-
pids, the most commonly isolated and studied biosurfactants, are
arbohydrates in combination with long chain aliphatic acids or
ydroxy aliphatic acids.

. Materials and methods

.1. Biosurfactant producing microorganisms

Biosurfactant producing bacterial strains belonging to
seudomonas aeruginosa: MTCC7812, MTCC7814, MTCC7815,
TCC8163 and MTCC8165 were isolated from petroleum contam-

nated soil samples collected from different oil fields of Assam
sset. These bacterial isolates were sub-cultured on nutrient agar

1 lit agar 15 g, NaCl 5 g, peptone 5 g, yeast extract 2 g, beef extract
g and pH 6.8) or Luria–Bertani medium (LB 1 lit: casein enzymic
ydrolysate 10 g, yeast extract 5 g, sodium chloride 5 g, agar 1.5%
nd pH 7.0) agar plates before use as inoculums.

.1.1. Media and microbial growth in the presence of PAHs
The mineral salt medium [MSM 1 l: urea 2 g, (NH4)2SO4 2 g,

a2HPO4 3.61 g, KH2PO4 1.75 g, Mg2SO4·7H2O 0.2 g, CaCl2·2H2O
0 mg, FeSO4·7H2O 1 mg, CuSO4·7H2O 50 �g, H3BO4 10 �g,
nSO4·5H2O 10 �g, ZnSO4·7H2O 70 �g, MoO3 10 �g and pH 7.0]
as used for culturing the bacteria. Analytical grade chemicals were
urchased from Merck (Germany). The pH was measured using
he Cyberscane 500 pH meter. The pH was adjusted by using 0.1N
tandard NaOH and 0.1N standard HCl (Merck, Germany). PAHs dis-
olved in N,N-dimethylformamide (5%, v/v) was taken in a sterile
50 ml Erlenmeyer flask, shaken in an orbital shaking incubator
t 200 rpm and 37 ◦C before addition to the MSM to give a final
oncentration of 200 mg l−1, as described by Boonchan et al. [9].
henanthrene was used as the second or co-carbon source at a final
oncentration of 100 mg l−1.

Replicated batch cultures were grown in 250 ml Erlen-
eyer flasks containing 100 ml of MSM supplemented with

yrene/fluoerene/fluoerene and phenanthrene as the carbon
ource. All culture flasks were maintained in a rotary shaker incu-
ator at 32 ◦C, pH 7.0 and 200 rpm. Non-inoculated flasks and those
ithout PAHs were used as controls.

PAHs were purchased from Merck–Schuchardt, Germany; ace-
one and HPLC grade hexane from Merck Ltd., Mumbai, India; and
rude oil was collected from Oil and Natural Gas Commission,
ssam, India.

.1.2. Determination of bacterial growth
The use of pyrene, fluorene, and phenanthrene as the carbon

ource for the growth of bacteria was assessed by their protein con-
entration and residual PAHs in the culture medium after 48 and
6 h of culture following the method of Vila et al. [10]. Bacterial dry
iomass was determined by pelleting the bacterial cells through
entrifugation following the method of Makkar and Cameotra [11].
rior to pelleting the bacteria, the residual PAH from the culture
roth was separated by a mixture of chloroform and methanol
s described by Zhang et al. [12]. The protein concentration was
easured using the flask contents of duplicate cultures by a modi-

cation of the Lowry method [13].
.2. PAHs biodegradation

PAHs degradation by bacteria was determined by quantitat-
ng the amount remained in the culture broth at different time
rdous Materials 170 (2009) 495–505

intervals. The residual PAHs in the flasks were extracted with a
mixture of chloroform and methanol (v/v, 20:10) as described by
Zhang et al. [12]. In the present investigation, the analysis for PAHs
was done by using Waters HPLC system, USA (HPLC: Waters 515
Pump). The extracted sample 1 ml was filtered through a 0.4 �m
pore sized-filter and an aliquot of 20 �l of the filtrate was ana-
lyzed for PAHs content by high performance liquid chromatography
(HPLC: Waters 2487 dual � absorbance detector) on a reverse-phase
C18 Nova pak column (3.9 mm × 150 mm) by using isocratic elu-
tion with acetonitrile–water. Flow rate was adjusted to 1.0 ml min−1

and elution of PAHs was monitored at 273, 250 and 253 nm [14].
The decrease in the amount of pyrene, flourene and phenanthrene
was estimated by measuring the peak area of UV absorbance,
respectively and by comparing with the peak area of the control
flasks. The concentrations of pyrene, fluorene and phenanthrene
were expressed as mean and standard deviation based on results
obtained with triplicate flasks.

2.3. Measurement of pyrene, flourene, phenanthrene and crude
oil uptake by bacterial strains

Pyrene, fluorene, phenanthrene and crude oil uptake by bac-
terial strains was measured by spectrophotometric rate assay as
described by Stringfellows and Aitken [14].

Bacterial cells 1.0 × 107 (final volume 3 ml in 20 mM phosphate
buffer containing 150 mM NaCl, pH 7) were placed in 3.5 ml quartz
cuvettes in Backman DU-530 life science UV/vis Spectrophotometer
(USA) and separately taking 60 �g of pyrene, fluorene, phenan-
threne and crude oil (in 10 �l of acetone) were injected in to each of
the cuvettes. A decreased concentration at A273, A250, A253 and A254
was measured from 0 s to 60 min following the addition of PAHs
and crude oil. PAHs and crude oil uptake was also measured in the
presence of suspension of heat-killed cells. From a standard curve
of representative PAHs and crude oil, the decreased concentration
of PAHs and crude oil was calculated and results thus obtained were
expressed as �g of PAHs and crude oil uptake by 1.0 × 107 bacterial
cells.

To study the bacterial uptake of biosurfactant-solubilized PAHs
and crude oil, stock solutions of PAHs and crude oil (in ace-
tone) were incubated overnight with biosurfactants (0.5 mg/ml)
of the respective bacterial isolates at 32 ◦C and then 60 �g each
of biosurfactant-solubilized PAHs and crude oil was injected
in to the cuvette containing 1.0 × 107 bacterial cells (final
volume 3 ml).

2.4. PAHs and crude oil solubilization assay

PAHs and crude oil solubilization assay was carried out by the
‘test tube solubilization assay’ as described by Barkay et al. [15].
Aliquots of 60 �g PAHs and crude oil (from 6 mg/ml stock in hexane)
were distributed in to test tubes and kept open inside an operating
chemical fume hood to remove the solvent. Assay buffer (20 mM
Tris–HCl, pH 7) 3 and 1 ml of biosurfactant (0.5 mg/ml) were added.
Tubes were capped and incubated in vertical position overnight at
32 ◦C with shaking (200 rpm) in dark. Samples were filtered through
1.2 �m pore-sized filter (Whatman); 2.0 ml was removed in a clean
test tube to which 2 ml hexane was added prior to extraction by
vortexing for 2 min. The emulsion was centrifuged at 10,000 rpm
for 10 min to separate aqueous and hexane phases. PAHs and crude
oil in the hexane extracts were measured spectrophotometrically

at A273, A250, A253 and A254 nm and also by using the calibration
curve of PAHs and crude oil in hexane, the concentrations of PAHs
and crude oil were determined. Control experiments were also run
in parallel where no biosurfactant was added to PAHs and crude oil
before extraction with hexane.
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Table 1
Bacterial growth and yield of biosurfactant in pyrene and pyrene + phenanthrene containing media in 96 h of culture (mean ± SD).

P. aeruginosa Strains Carbon source After 48 h of growth After 96 h of growth

Pyrene Phenanthrene Dry biomass (g l−1) Yield of biosur-factant (g l−1) Dry biomass (g l−1) Yd of biosur-factant (g l−1)

MTCC7815 + − 0.80 ± 0.01 0.20 ± 0.01 1.00 ± 0.10 0.30 ± 0.01
+ + 1.00 ± 0.10 0.25 ± 0.01 1.20 ± 0.20 0.50 ± 0.01

MTCC7812 + − 0.60 ± 0.02 0.15 ± 0.01 0.80 ± 0.01 0.20 ± 0.01
+ + 0.70 ± 0.01 0.17 ± 0.01 1.00 ± 0.01 0.25 ± 0.01

MTCC7814 + − 0.90 ± 0.02 0.20 ± 0.01 1.00 ± 0.10 0.26 ± 0.01
+ + 1.10 ± 0.10 0.18 ± 0.01 1.20 ± 0.2 0.35 ± 0.01

MTCC8163 + − 0.50 ± 0.01 0.10 ± 0.01 0.80 ± 0.02 0.18 ± 0.01
0.20
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+ + 0.72 ± 0.02

TCC8165 + − 0.60 ± 0.01
+ + 1.20 ± 0.10

.5. Isolation of biosurfactant and determination of
urface-active properties

The crude biosurfactant from each bacterial strain was isolated
ollowing the method of Makkar and Cameotra [11].

Surface tension and critical micelle dilution (CMD−1 and CMD−2)
f the biosurfactant were determined using a Du-Nouy Tensiome-
er (Kruss 9KT Tensiometer, Kruss, Germany) at room temperature
25 ◦C) with the ring correction mode of the instrument. All surface
ctivities were tested on cell-free culture broths and aqueous solu-
ions of purified biosurfactants. Cells from the fermentative broths
ere pelleted by centrifugation at 12,000 rpm for 15 min in Sorval
B centrifuge at 4 ◦C.

.6. Determination of chemical composition of biosurfactant

The chemical composition like protein, carbohydrate and lipid
n biosurfactans of P. aeruginosa strains MTCC7815, MTCC7812,

TCC8163, MTCC8165 and MTCC7814 was determined following
he standard methods of Lowry et al. [13], Dubois et al. [16] and
olch et al. [17].

.7. Properties of biosurfactant

.7.1. Light absorption by biosurfactants
While separating biomass from the culture broth, the surface

ctivity of different fractions of the biosurfactant was analyzed.
or assaying water-immiscible substrates, the recovered resid-
al hydrocarbons were tested for surface activity, but negative
esults were confirmed by the tensiometer (Kruss 9KT Tensiometer,
russ, Germany). The clumping biomass recovered by centrifuga-

ion or from the interface of aqueous and oil layers was washed
ith PBS buffer and dried. The same was resuspended in distilled
ater. The biomass did not show significant surface tension reduc-

ion. The biomass after centrifugation and then again mixing with
edium did not show surface activity. The bacterial cells and oil-

ree-aqueous phase showed surface activity, and its acidification
esulted in the precipitation of biosurfactant.

The crude biosurfactant obtained after acid precipitation was
issolved in 0.05 M Na2HCO3 and subjected to the wavelength scan
o determine the light absorption at 190–510 nm to find the maxi-

um absorption (�max).

.7.2. Activity of fractionated biosurfactant by chromatography

Crude biosurfactant was purified by using column chromatog-

aphy and TLC. Biosurfactants were eluted with a linear gradient
f methanol (80%) and 10 mM potassium phosphate buffer, pH 6.0
20%) at a flow rate of 1 ml min−1. Detection was monitored at
10 nm and the peak showing the maximum biosurfactant activity
± 0.01 0.75 ± 0.01 0.23 ± 0.01

± 0.01 0.90 ± 0.03 0.28 ± 0.01
± 0.01 1.40 ± 0.10 0.45 ± 0.02

was lyophilized and stored. Specific activity of the purified fraction
and that of the crude was defined as the amount of biosurfactant
required to reduce the surface tension by 1 mN m−1 at 25 ◦C.

2.7.3. FT-IR spectra of biosurfactant
The IR (Nicolett Impact 410 spectrometer) spectra of the biosur-

factant samples were recorded using KBr pellet. Spectra showing
the functional group were used to study the composition of the
biosurfactant. The absorption spectra were plotted using a built-in
plotter. The spectra were obtained from 500 to 4000 wave numbers
(cm−1). Samples were prepared by dispersing the solid uniformly
in a matrix of dry nujol (KBr) mull, compressed to form an almost
transparent disc.

2.7.4. GC analysis of biosurfactant
Analysis of the biosurfactant was performed by using Varian

3800 gas chromatography with FID detector. Helium served as the
carrier and make up gas. Liquid biosurfactant samples were ana-
lyzed by using CPSil 8 low bleed (30 m × 0.25 mm × 0.25 �m) cou-
pled with a CP-Sil 5 CB low bleed/MS (30 m × 0.25 mm × 0.25 �m)
column. The column temperature was 80–240 ◦C for 30 min with
5 ◦C/min increment and hold at 240 ◦C for 30 min. The injector tem-
perature was 240 ◦C and the injector was in split-less mode. The
detector temperature was programmed at 300 ◦C.

2.8. Statistical analysis

The necessary experiments were carried out thrice and each
observation was repeated five times. The mean data, standard
deviations and Student’s ‘t’-tests were calculated as per standard
procedures [18].

3. Results

3.1. Growth of bacteria in PAH containing medium

The bacterial strains were separately cultured in MSM supple-
mented with pyrene, phenanthrene and fluorene for 12 days. The
increase in protein concentration as the index for bacterial growth
and utilization of the hydrocarbon component was estimated at an
interval of 2 days. Data thus obtained are presented in Tables 1–3.

The concentration of phenanthrene decreased dramatically in
the culture medium over the next 12 days. The strains MTCC7815,
MTCC7812 and MTCC7814 exhibited the maximum utilization of

phenanthrene with the reduction of its concentration to 70, 85
and 87 �g, respectively from the initial application of 180 �g. In
the case of pyrene-supplemented medium, no significant growth
was observed in the initial 24 h period of culture. MTCC7814 and
MTCC8165 exhibited better utilization of pyrene with the reduction
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Table 2
Bacterial biomass and yield of biosurfactant in fluorene and fluorene + phenanthrene-supplemented media in 96 h of culture (mean ± SD).

P. aeruginosa strains Carbon source After 48 h of growth After 96 h of growth

Fluorene Phenanthrene Dry biomass (g l−1) Yd of biosur-factant (g l−1) Dry biomass (g l−1) Yd of biosur-factant (g l−1)

MTCC7815 + − 0.60 ± 0.01 0.20 ± 0.01 0.80 ± 0.01 0.30 ± 0.01
+ + 1.00 ± 0.04 0.28 ± 0.01 1.30 ± 0.06 0.45 ± 0.03

MTCC7812 + − 0.50 ± 0.01 0.18 ± 0.01 0.80 ± 0.01 0.25 ± 0.01
+ + 0.60 ± 0.01 0.18 ± 0.01 1.00 ± 0.05 0.29 ± 0.01

MTCC7814 + − 0.80 ± 0.02 0.23 ± 0.01 0.90 ± 0.01 0.28 ± 0.01
+ + 1.20 ± 0.05 0.21 ± 0.01 1.50 ± 0.04 0.38 ± 0.02

MTCC8163 + − 0.70 ± 0.01 0.15 ± 0.02 0.90 ± 0.03 0.20 ± 0.01
+ + 0.80 ± 0.03 0.23 ± 0.01 1.10 ± 0.1 0.25 ± 0.01

MTCC8165 + − 0.50 ± 0.01 0.21 ± 0.01 1.10 ± 0.2 0.30 ± 0.01
+ + 0.80 ± 0.02 0.27 ± 0.02 1.50 ± 0.06 0.35 ± 0.03

Table 3
Reduction of crude oil, phenanthrene, pyrene, and fluorene from the culture medium as acted upon by the bacterial isolates following the addition of biosurfactant (mean ± SD).

Carbon sources Bacterial isolates Biosurfactant Reduction of crude oil and components in the media (�g) in

0 15 30 45 60 min

Crude
oil

MTCC7815 − 0 6.82 ± 0.15 10.00 ± 0.30 10.24 ± 0.02 10.65 ± 0.14
+ 0 36.88 ± 0.08 40.21 ± 0.06 40.31 ± 0.02 40.31 ± 0.02

MTCC7812 – 0 1.62 ± 0.02 2.54 ± 0.21 4.40 ± 0.18 4.49 ± 0.07
+ 0 8.81 ± 0.02 11.37 ± 0.31 11.45 ± 0.06 11.53 ± 0.77

MTCC7814 − 0 4.52 ± 0.07 7.87 ± 0.47 9.05 ± 0.10 10.2 ± 0.08
+ 0 42.82 ± 0.14 44.79 ± 0.84 45.92 ± 0.10 45.92 ± 0.71

MTCC8163 − 0 3.91 ± 0.09 5.21 ± 0.07 8.38 ± 0.58 10.24 ± 0.08
+ 0 34.14 ± 1.04 35.28 ± 0.22 35.28 ± 0.02 35.28 ± 0.26

MTCC8165 − 0 4.43 ± 0.40 8.73 ± 0.05 9.00 ± 0.14 9.14 ± 0.11
+ 0 10.75 ± 0.73 18.64 ± 0.28 19.60 ± 0.37 20.31 ± 0.52

Phenanthrene MTCC7815 − 0 7.90 ± 0.20 10.58 ± 0.16 12.30 ± 0.10 12.57 ± 0.16
+ 0 17.08 ± 0.02 18.32 ± 0.07 19.47 ± 0.52 20.55 ± 0.13

MTCC7812 − 0 9.12 ± 0.10 9.69 ± 0.15 11.23 ± 0.05 11.72 ± 0.10
+ 0 21.37 ± 0.31 42.00 ± 0.65 43.12 ± 0.10 43.87 ± 0.79

MTCC7814 − 0 16.50 ± 0.43 23.50 ± 0.49 23.71 ± 0.08 23.71 ± 0.06
+ 0 14.26 ± 0.38 25.14 ± 0.05 25.22 ± 0.06 25.05 ± 0.17

MTCC8163 − 0 21.12 ± 0.13 22.34 ± 0.09 22.39 ± 0.11 22.44 ± 0.13
+ 0 15.75 ± 0.36 28.12 ± 0.21 28.12 ± 0.18 28.37 ± 0.54

MTCC8165 − 0 7.31 ± 0.08 11.30 ± 0.23 10.95 ± 0.23 10.95 ± 0.14
+ 0 42.61 ± 0.55 33.01 ± 0.11 33.26 ± 0.18 33.84 ± 0.20

Pyrene MTCC7815 − 0 16.01 ± 0.15 15.02 ± 0.13 15.84 ± 0.30 15.68 ± 0.17
+ 0 18.29 ± 0.48 27.80 ± 0.13 35.12 ± 0.09 41.70 ± 0.32

MTCC7812 − 0 5.77 ± 0.28 8.07 ± 0.03 8.26 ± 0.08 8.37 ± 0.04
+ 0 5.50 ± 0.43 20.91 ± 0.22 26.42 ± 0.35 26.97 ± 0.09

MTCC7814 − 0 9.19 ± 0.17 20.32 ± 0.09 20.80 ± 0.13 21.77 ± 0.14
+ 0 14.13 ± 0.36 21.45 ± 0.21 21.45 ± 0.13 21.54 ± 0.05

MTCC8163 − 0 1.04 ± 0.01 3.40 ± 0.14 3.60 ± 0.16 4.15 ± 0.04
+ 0 8.79 ± 0.08 11.83 ± 0.27 15.33 ± 0.08 15.67 ± 0.17

MTCC8165 − 0 7.94 ± 0.75 14.35 ± 0.14 14.87 ± 0.09 15.64 ± 0.17
+ 0 20.43 ± 0.17 20.98 ± 0.19 21.35 ± 0.12 21.71 ± 0.09

Fluorene MTCC7815 − 0 2.45 ± 0.19 4.91 ± 0.46 5.94 ± 0.10 8.27 ± 0.16
+ 0 5.15 ± 0.76 9.12 ± 0.22 10.17 ± 0.52 11.23 ± 0.13

MTCC7812 − 0 0.48 ± 0.05 6.91 ± 0.17 15.87 ± 0.05 16.17 ± 0.10
+ 0 11.37 ± 0.81 24.27 ± 0.32 24.36 ± 0.10 24.45 ± 0.79

MTCC7814 − 0 13.00 ± 0.23 14.14 ± 0.07 14.52 ± 0.08 14.75 ± 0.06
+ 0 21.91 ± 0.28 48.26 ± 0.26 49.04 ± 0.06 49.56 ± 0.17

MTCC8163 − 0 4.34 ± 0.25 10.60 ± 0.21 11.30 ± 0.11 11.65 ± 0.33
+ 0 18.71 ± 0.11 20.36 ± 0.0.19 13.80 ± 0.23 24.49 ± 0.54

MTCC8165 − 0 4.12 ± 0.02 6.19 ± 0.26 6.70 ± 0.18 6.70 ± 0.14
+ 0 16.30 ± 0.09 16.06 ± 0.07 16.69 ± 0.30 17.01 ± 0.20

Crude oil Heat-killed bacterial cells − 0 0 0 0 0
+ 0 0 0 0 0

Phenanthrene − 0 0 0 0 0
+ 0 0 0 0 0

Pyrene − 0 0 0 0 0
+ 0 0 0 0 0

Fluorene − 0 0 0 0 0
+ 0 0 0 0 0
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26.5 and 32.77%, respectively with a meager 1.2% content of car-
bohydrate. A similar pattern (protein 25.6 and lipid 31.8%) was
recorded in the case of MTCC7812-biosurfactant with the carbohy-
drate content 1.5% only. But, in the case of MTCC8163-biosurfactant

Table 4
Chemical composition of biosurfactant from the bacterial isolates.

Biosurfactant from
P. aeruginosa strains

Protein
content (%)

Carbohydrate
content (%)

Lipid
content (%)
Fig. 1. CMC of biosurfactant from (a) MTCC7815, (b) MTCC7812,

f its concentration to 93 and 89 �g, respectively. In fluorene-
upplemented medium, MTCC7814, MTCC7815 and MTCC8163
xhibited higher utilization with the reduction of concentration to
9, 90 and 92 �g.

.2. Biosurfactant production during microbial growth on PAHs

The bacterial isolates produced biosurfactant in pyrene or
uorene-supplemented medium with or without the addition of
henanthrene. Results obtained are presented in Tables 1 and 2.
he yield of biosurfactant in the culture supernatant increased dra-
atically after 96 h of culture. The bacterial isolates exhibited better

iosurfactant yield of 0.23–0.5 g l−1 at 96 h of culture supplemented
ith pyrene and phenanthrene as compared to the medium with-

ut phenanthrene (0.18–0.30 �g l−1). Concomitantly, the bacterial
iomass of 0.7–1.20 g l−1 increased to 0.75–1.4 g l−1 after 96 h of
ulture.

The medium having the combined addition of fluorene and
henanthrene caused better biosurfactant yield of 0.45 and
.38 g l−1 in the case of bacterial strains MTCC7815 and MTCC7814,

espectively for the entire growth period of 96 h. In the same
edium, the bacterial biomass increased from 0.6 to 1.2 g l−1 at

8 h of inoculation to a maximum of 1.0–1.5 g l−1 at 96 h of culture.
he uptake of crude oil and its components increased significantly
n all bacterial cultures on addition of biosurfactant.
CC8165, (d) MTCC7814, (e) MTCC8163 and (f) SDS (mean ± S.D.).

Uptake of crude oil and PAHs like pyrene, fluorene and phenan-
threne was also measured in the presence of a suspension of
heat-killed bacterial cells. Heat-killed bacterial strains were cul-
tured separately in the medium supplemented with the addition of
biosurfactant; but no uptake was observed.

3.3. Chemical composition of biosurfactant

The chemical composition of biosurfactans isolated from P.
aeruginosa strains was assayed and the data are presented in Table 4.

The protein and lipid content of MTCC7815-biosurfactant was
MTCC7815 26.50 1.2 32.77
MTCC7812 25.6 1.5 31.8
MTCC8163 20.60 35.75 6.41
MTCC8165 41.25 25.6 15.33
MTCC7814 16.50 40.25 20.28
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Table 5
Isolated biosurfactant fractions from MTCC7815, MTCC7812, MTCC8163, MTCC8165
and MTCC7814.

Fractions Surface tension
reduction (mN/m)

Rf value
of spots

P. aeruginosa MTCC7815 cell-free extract 30.2
Crude biosurfactant of MTCC7815 29.1
TLC fractions (spots) S1 55.3 0.65
S2 35.8 0.25
S3 29.0 0.52

P. aeruginosa MTCC7812 cell-free extract 32.1
Crude biosurfactant of MTCC7812 31.7
TLC fractions (spots) S1 51.2 0.58
S2 31.5 0.72
S3 42.5 0.18

P. aeruginosa MTCC8163 cell-free extract 31.1
Crude biosurfactant 30.4
TLC fractions (spots) S1 59.0 0.62
S2 30.4 0.18

P. aeruginosa MTCC8165 cell-free extract 29.5
Crude biosurfactant of MTCC8165 30.4
TLC fractions (spots) S1 38.5 0.45
S2 30.3 0.72
S3 52.3 0.24

P. aeruginosa MTCC7814 cell-free extract 32.2
Crude biosurfactant of MTCC7814 31.1

purified biosurfactants from MTCC7812 and MTCC7814 showed
peaks at the same retention time of 23 min. The pseudo-molecular
ion at m/z 429 was the base peak of the spectrum, but some frag-
ments of the ions were seen at m/z 147, 221, 281, 355 and 475. While
the purified biosurfactant from MTCC8163 showed the base peak

Table 6
Emulsification index and emulsion stability of biosurfactants and chemical surfac-
tant SDS (mean ± SD).

Source of crude
biosurfactant/chemical
surfactant

Kerosene

Emulsification index (%) Decay constant (Kd)

SDS 40.67 ± 1.3 −0.0788
00 N.K. Bordoloi, B.K. Konwar / Journal o

arbohydrate (35.75%) and protein (20.6%) content was higher as
gainst low lipid content of 6.41%. In the case of MTCC8165 and
TCC7814 protein content was 41.25, 16.5%; carbohydrate 25.6,

0.25%; and lipid 15.33, 20.28%, respectively).

.4. Critical micelle concentration (CMC) of bio- and chemical
urfactants

The CMC values of the biosurfactants were determined by sep-
rately measuring the surface tension of different concentrations
log of mg l−1) of bacterial biosurfactants and data thus obtained
re presented in Fig. 1(a–f).

.5. Solubilization of PAHs and crude oil by biosurfactants

The effect of biosurfactants on the solubility of PAHs (phenan-
hrene, pyrene and fluorene) and crude oil was determined in the
resence of biosurfactant at the rate of 500 �g ml−1. Data obtained
re presented in Fig. 4. The solubility of PAHs and crude oil in the
ineral salt medium was higher due to the addition of biosur-

actant isolated from five bacterial strains MTCC7812, MTCC7814,
TCC7815, MTCC8183 and MTCC8165. Pyrene was solubilized
ore by the biosurfactant isolated from MTCC7815 (41 �g ml−1)

nd MTCC7812 (26 �g ml−1).
In the case of crude oil, the biosurfactant from the strains

TCC8165 showed 20 �g ml−1 more solubilization as compared to
he control. The biosurfactant of the strain MTCC8165 displayed
hree times more solubilization of phenanthrene as compared to
he biosurfactant of MTCC7812. The biosurfactants from MTCC7812
nd MTCC8163 with 24.45–24.49 �g ml−1 concentration exhibited
ore solubilization of fluorene.

.6. Activity of fractionated biosurfactant by chromatography

Fractionation by TLC of the crude biosurfactants isolated from all
ve bacterial strains MTCC 7815, MTCC8165, MTCC7814, MTCC7812
evealed three spots (S1, S2 and S3) and MTCC8163 revealed two
pots (S1 and S2). Each fractionated spot was assessed for surface
ension and Rf value calculated. Data obtained are presented in
able 5. The spot S3 of MTCC7815 and S2 of MTCC7812 with the
f values 0.52 and 0.72, respectively exhibited the maximum bio-
urfactant activity. Similarly, the crude biosurfactants obtained by
cid precipitation of the cell-free supernatant of MTCC8163 and
TCC8165 while subjecting to TLC resolved two (S1 and S2 of MTCC

163) and three (S1, S2 and S3 of MTCC 8165) spots, respectively.
hen individual spots were tested for the surface-active proper-

ies, the spot S2 of MTCC8163 and MTCC8165 with the Rf values of
.18 and 0.72, respectively exhibited higher biosurfactant activity

n terms of surface tension. These spots were subjected to fur-
her purification on the same TLC plate with the solvent system of
hloroform:methanol:water (60:30:3, v/v). Fractionation of crude
iosurfactant from MTCC7814 by the TLC resolved three spots.
hen spots were tested for surface-active properties, the spot S3
ith the Rf value of 0.53 exhibited higher biosurfactant activity.

.7. Emulsification stability of biosurfactant

The emulsification index of the biosurfactants in kerosene was
etermined and data are presented in Table 6.

The emulsification index of the crude biosurfactant from

TCC7815, MTCC 7812, MTCC8163, MTCC8165 and MTCC7814 was

ound to be 65.33, 60.37, 50.51, 70.34 and 63.33%, respectively.
he biosurfactant from MTCC8165 was the most stable with the
ecay constant of −0.0095 followed by MTCC7814 with the value
f −0.0115. The biosurfactant from MTCC8163 with Kd value of
TLC fractions (spots) S1 54.5 0.32
S2 38.5 0.25
S3 31.1 0.53

−0.0216 was comparatively less stable as compared to the biosur-
factant of other strains. The biosurfactants from MTCC8165 and
MTCC7814 isolates were 8.2 and 6.8 times more stable than that
of SDS, which had the Kd value −0.0788.

3.8. FT-IR spectra of the biosurfactant

The IR spectra of the biosurfactant from each of MTCC7815,
MTCC7812, MTCC 8163, MTCC8165 and MTCC7814 in nujol are pre-
sented in Fig. 2(a–e).

3.9. GC–MS of biosurfactant

The biosurfactant purified from the culture media of each bac-
terial strain was assessed using a Varian GC–MS system and data
thus obtained are presented in Fig. 3(a–e) and Table 7. In the assay,
the biosurfactants of MTCC7815 and MTCC8163 exhibited peaks at
almost the same retention time of 19 min. The pseudo-molecular
ion at m/z 355 was the base peak of the spectrum, but some frag-
ment ions were seen at m/z 147, 221,281 and 401. However, the
MTCC7815 65.33 ± 1.2 −0.0158
MTCC7812 60.37 ± 1.1 −0.0117
MTCC8163 50.51 ± 1.3 −0.0216
MTCC8165 70.34 ± 1.4 −0.0095
MTCC7814 63.33 ± 1.2 −0.0115
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Fig. 2. FT-IR spectra of purified biosurfactant isolated from (a) MTC

f the spectrum at retention time 26 min with fragmentation of ion
t m/z 503, but some fragment ions were also seen at m/z 147, 221,
81, 355, 429 and 475.

. Discussion

.1. Growth of bacterial strains and biosurfactant production

The bacterial strains used in the investigation were able to uti-
ize PAH as the sole source of carbon and energy. This was evident

s there was a decrease in the concentration of phenanthrene,
yrene and fluorene (Tables 1–3) in the medium supplemented
ith PAH with a concomitant increase in the bacterial dry biomass

nd protein. However, variation was observed in the utilization of
henanthrene, pyrene, fluorene and crude oil as the sole source of
5, (b) MTCC7812, (c) MTCC8163, (d) MTCC8165 and (e) MTCC7814.

carbon and energy by the bacterial strains. There was a decrease
in the concentration of these three PAHs in the media with a con-
comitant increase in the bacterial dry biomass and protein with
respect to time. The utilization of phenanthrene (Table 3) by the
bacterial strains as the sole source of carbon and energy was con-
firmed by its removal from the medium, with a corresponding
increase in the bacterial protein. The concentration of phenan-
threne decreased dramatically in the culture medium during the
culture period of 12 days. The biosurfactant produced by the respec-
tive bacterial strains caused a significant increase in the metabolism

of PAHs for their growth and energy production. Trzesicka-Mlynarz
et al. [19] reported the utilization of pyrene, when supplemented
with other forms of organic carbon by non-actinomycetes bacte-
ria such as P. aeruginosa, Pseudomonas putida and Flavobacterium
species.
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Fig. 3. GC–MS spectra of purified biosurfactants isolated from (a) M

The bacterial strains MTCC7814 and MTCC8165 exhibited better
tilization of pyrene (Tables 1 and 3) with increased biomass and
rotein production, and a concomitant reduction in pyrene content
rom the culture medium. The growth of the bacterial strains at
he expense of fluorene (Tables 2 and 3) as the sole source of car-
on suggested higher utilization of fluorene as well. The utilization
f phenanthrene as the sole source of carbon and energy by the
acterial isolates was confirmed by its removal from the medium
ith a corresponding increase in the bacterial protein. Biosurfac-

ant production by all five bacterial strains increased significantly
hen the medium was supplemented with phenanthrene along

ith pyrene and fluorene (Tables 1 and 2). The yield of biosurfac-

ant in the culture supernatant with acid precipitation increased
ramatically. The bacterial isolates exhibited better biosurfactant
ield in medium supplemented with pyrene and phenanthrene as
ompared to the one without phenanthrene. Concomitantly, the
15, (b) MTCC7812, (c) MTCC8163, (d) MTCC8165 and (e) MTCC7814.

bacterial biomass increased. This result might be viewed in the
context of increased rate of co-metabolism of pyrene and phenan-
threne [20,21]. Stringfellow and Aitken et al. [14] observed that
Pseudomonas saccharophila P-15 could degrade pyrene on being
induced by either phenanthrene or salicylate. Media having the
combined addition of fluorene and phenanthrene caused better
biosurfactant yield of 0.45 and 0.38 g l−1 in the case of bacte-
rial strains MTCC7815 and MTCC7814, respectively for the entire
growth period of 96 h. In the same medium, the bacterial biomass
increased from 0.6 to 1.2 g l−1 at 48 h of inoculation to a maximum
of 1–1.5 g l−1. Bodour and Miller-Maier [22] reported the presence

of wide diversity among the biosurfactant producing microbes sug-
gesting biosurfactant production to be an important survival tool for
the producing microbes and this has evolved to be an independent
but parallel process. Biosurfactant producing bacteria are present
in higher concentration in hydrocarbon-contaminated soils [23].
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Table 7
GC–MS data of biosurfactants along with other traits.

Fraction Surface tension
reduction to (mN/m)a

Amount recovered (mg) Yield (%) CMC (mg/l) m/z (Da)b Assignment

MTCC7815 CFE 30.2 130.0 100 130 –
CB 29.1 92.33 71.0 110 –
TLC fractions S1 55.3 0.115 0.08 140 –
S2 35.8 0.210 0.16 130 –
S3 29.0 2.70 2.07 110 147, 191, 221, 281, 327, 355, 401

MTCC7812 CFE 32.1 125.00 100 140 –
CB 31.7 75.00 60.0 110 –
TLC fractions S1 51.2 0.120 0.09 130 –
S2 31.5 1.85 1.48 110 –
S3 42.5 0.145 0.11 140 147, 221, 281, 355, 401, 429, 475 Rha–C8–C10 and C10–C8

MTCC8163 CFE 31.1 135 100 130 –
CB 30.4 0.95 0.70 110 –
TLC fractions S1 59.0 0.310 0.22 140 –
S2 30.4 0.980 0.72 110 147, 221, 281, 355, 401

MTCC8165 CFE 29.5 152.0 100 140 –
CB 30.4 0.85 0.55 100 –
TLC fractions S1 38.5 0.315 0.20 130 –
S2 30.3 2.50 1.64 100 –
S3 52.3 0.210 0.13 140 147, 221, 281, 355,429, 475, 503 Rha–C8–C10 and C10–C8

MTCC7814 CFE 32.2 215.0 100 140 –
CB 31.1 1.98 0.92 110 –
TLC fractions S1 54.5 0.145 0.06 140 –
S2 38.5 0.310 0.14 130 –
S3 31.1 3.5 1.62 110 147, 221, 281, 355, 401, 429, 475 Rha–C –C and C –C
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a CFE, cell-free extract.
b CB, crude biosurfactant (reduction in surface tension (mN m−1) by 100 �g of bio

.2. Chemical nature of biosurfactants and their CMC

It was quite evident that biosurfactants from both MTCC7815
nd MTCC7812 were lipopeptide in nature; MTCC8163 proteino-
tarchy; whereas, MTCC8165 and MTCC7814 produced biosurfac-
ant being complex structure of proteins, carbohydrates as well as
ipids (Table 4). The TLC (Table 5) fraction S3 of MTCC7815 and S2
f MTCC7812 exhibited the maximum biosurfactant activity. Simi-
arly, the fraction S2 of MTCC8163 and MTCC8165 exhibited higher
iosurfactant activity in terms of surface tension.

The Mili Q distilled water was found to have the surface ten-
ion of 72 mN m−1 and the addition of biosurfactant reduced its
urface tension to less than 35 mN m−1. The CMC of biosurfac-
ants from the bacterial strains MTCC7815, MTCC7812, MTCC 8163,

TCC 8165, and MTCC7814 were found to be 100, 110, 110, 100 and
10 mg l−1, respectively. The CMC value of the chemical surfactant
odium dodecyl sulphate (SDS) was found to be 140 mg l−1.

.3. Emulsification stability of biosurfactant

The emulsion formed by the bacterial biosufactants was stable as
as evident from the result of Kd (Table 5). The biosurfactant emul-

ion of each isolate was more stable than that of the tested chemical
urfactant sodium dodecyl sulphate. MTCC8165-biosurfactant was
he most stable with the decay constant of −0.0095 followed by

TCC7814 (Kd −0.0115). However, MTCC8163-biosurfactant with
d value of −0.0216 was comparatively less stable. The biosurfac-
ant of MTCC8165 and MTCC7814 was 8.2 and 6.8 times more stable
han the SDS having a high Kd value of −0.0788.

.4. Properties of biosurfactants
The spectra (Fig. 2) showed strong absorption bands at
443 cm−1 is found due to stretching vibration of –O–H group. The
bsorption at 1605–1625 cm−1 is possible due to either stretch-
ng of –C=C or 〉C=O, stretching of carboxylate anion. This material
8 10 10 8

tant, surface tension of the control was 72 mN m−1).

behave as surface-active agent, therefore we presume the absorp-
tion at 1625 cm−1 is due to presence of carboxylate anion. The
absorption at 1120 cm−1 is due to stretching vibration of –C–O–C
of ether linkage. In the present investigation, the rhamnolipids
with the longest fatty acid side chain tended to have slightly
shorter retention time. The rhamnolipids produced by MTCC7812,
MTCC8165, and MTCC7814 differed in both quantities and in struc-
ture (Table 7). Therefore, GC/MS spectrometry (Fig. 3) was used as
a tool to elucidate the probable structure and determine to the
molecular mass. On comparison of mass data obtained for active
fractions and the mass numbers of rhamnolipid and lipopeptide
complexes isolated from other bacterial strains by Bouchez et al.
[24], Pajarron et al. [25] and Deziel et al. [26]; glycolipids of the
above three bacterial strains could be identified as Rha–C8–C10
and Rha–C10–C8. But, it could not be ascertained whether they
were made up one or more fatty acid chains. Syldatk et al. [27]
obtained hydrophilic rhamnolipids Rha–C10 and Rha–Rha–C10 from
culture supernatants of resting Pseudomonas sp. DSM 2874. Their
relative abundance was not reported, but they were apparently
present in lower quantity than their two fatty acid-containing ana-
logues, as was also reported by Arino et al. [28]. They reported
the rhamnolipid profile of P. aeruginosa strain GL1 which was
isolated from hydrocarbon-contaminated soils. The bacteria were
grown with glycerol as carbon source. They observed a variety of
mono- and dirhamnolipids containing one or two 3-hydroxy fatty
acids and one or two rhamnoses represented 90% of all rhamno-
lipids. The fatty acids were predominantly C10 with some C8, C12:1
and C12. Bouchez et al. [24] reported the rhamnolipids produced
by a Pseudomonas species. They only observed Rha–C10–C10 and
Rha–Rha–C10–C10.

In most of the cases where some quantification results were

presented, the predominant rhamnolipids were Rha–C8–C10 and
Rha–C10–C8 (Table 6). The most abundant 3-hydroxyl fatty acids
were also C8 and C10 observed in rhamnolipids. Deziel et al. [26]
reported that the unsaturated fatty acid was always found at the
terminal end of rhamnolipids.
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ig. 4. Solubilization of PAHs and crude oil by the bacterial biosurfactants
mean ± S.D.).

In the present investigation, the biosurfactants produced by the
acterial strains MTCC7815 and MTCC8163 might be nearly iden-
ical demonstrating only minor differences in the isomers. The

olecular mass of active biosurfactants from bacterial isolates were
etected in the range from m/z 355 to 677 [29–31], but interestingly
he m/z of the most active biosurfactant isoforms secreted by these
wo P. aeruginosa strains were detected in the range from m/z 147
o 401.

.5. Solubilization of PAHs–crude oil and role of biosurfactant in
ulture media

The bacterial biosurfactant enhanced the solubilization of PAHs
nd crude oil (Fig. 4). Pyrene was solubilized more by the biosur-
actant of MTCC7815 and MTCC7812; phenanthrene by MTCC8165;
uorene by MTCC7812 and MTCC8163; and crude oil by the biosur-

actant of MTCC8165. The bacterial isolates MTCC7814, MTCC7815
nd MTCC8163 showed the highest uptake of crude oil in a period
f 60 min following the addition of biosurfactant. The crude oil
omponents phenanthrene, pyrene and fluorene were utilized
ore in biosurfactant-supplemented media by the bacterial strains
TCC7812, MTCC7815 and MTCC7814, respectively.

. Conclusion

The bacterial strains could utilize PAH as the sole source of
arbon and energy which was evident from the decreased con-
entration of phenanthrene, pyrene and fluorene in the culture
edium. The bacterial isolates exhibited better biosurfactant yield

n the medium supplemented with pyrene and phenanthrene. Bio-
urfactants from the bacterial isolates MTCC7815 and MTCC7812
ere lipopeptide in nature; MTCC8163 proteino-starchy; whereas,
TCC8165 and MTCC7814 were complex structure of proteins, car-

ohydrates and lipids. There was the presence of an aliphatic chain
n the C–H stretching with two lactone carbonyl groups, where
s, in the C=O stretching there was one. Glycolipids in the biosur-
actants produced by the bacterial isolates were Rha–C8–C10 and
ha–C10–C8. The most abundant 3-hydroxyl fatty acids were also
8 and C10. The molecular mass of the active biosurfactants from
he bacterial isolates was m/z 355–677.

The addition of biosurfactant could reduce the surface tension of
ater from 72 to 35 mN m−1. The CMC of biosurfactants was lower

100–110 mg l−1) than the chemical surfactant SDS (140 mg l−1).

he emulsion formed by the bacterial biosufactant was more sta-
le than that of SDS. The uptake of crude oil and its components

ncreased significantly in all bacterial cultures on the addition of
iosurfactant.
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