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Abstract Pseudomonas aeruginosa strain OBP1, isolated from petroleum sludge, was used
to produce biosurfactant from a modified mineral salt medium with 2% n-hexadecane as
sole source of carbon. The crude biosurfactant was fractionated using TLC and HPLC.
Using FTIR spectroscopy, '"H NMR, and LC-MS analyses, the chemical structure of the
purified fraction of crude biosurfactant was identified as rhamnolipid species. The LC-MS
spectra show that monorhamnolipid (L-rhamnopyranosyl-(3-hydroxydecanoyl-{3- hydroxyde-
canoate, Rha-C;(-C;o) was produced in abundance with the predominant congener [M—H]"
ions for L-rhamnopyranosyl-L-thamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoate
(Rha-Rha-C;(-C;o). Seven different carbon substrates and five nitrogen sources were
examined for their effect on rhamnolipid production. Using n-hexadecane (20 g/1) as carbon
substrate and urea along with (NH4),SO4 (2 g/l each) as nitrogen source was found to be the
best, with a maximum yield of 4.8 g/l. The biosurfactant reduced the surface tension of water
to 31.1 mNm ' with a critical micelle concentration of 45 mg/l. The biosurfactant showed a
better emulsifying activity against a variety of hydrocarbon and achieved a maximum
emulsion index of 82% for diesel. The purified biosurfactant showed a significant
antibacterial activity against Staphylococcus aureus at a minimum inhibitory concentration
of 8 pg/ml.
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Introduction

Biosurfactants are produced by a wide variety of organisms including bacteria, fungi, and
yeast. These are amphiphilic molecules and have the ability to accumulate at the interface
of two media which ultimately reduce the surface tension and interfacial tension between
the phases. These properties create micro-emulsion, leading to micelle formation in which
hydrocarbons can solubilize in water or water in hydrocarbons. The biosurfactants exhibit
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several of the superior attributes in contrast to chemical surfactants such as biodegradability—
thus problems of toxicity and bioaccumulation in the ecosystem are avoided [1, 2]—higher
foaming , high selectivity [3, 4], low critical micelle concentration (CMC) [5]—specific at
extreme temperature, pH, and salinity [6]—and the ability to be synthesized from renewable
feedstock [7]. Therefore, they have been widely used in the bioremediation of pollutants,
enhanced oil recovery process, health care, and food industries [7].

Structurally, biosurfactants are classified into glycolipid, phospholipids, fatty acids,
neutral lipids, lipopeptide, and lipid-containing polymer such as lipoproteins, lipopolysac-
charide—protein complexes, and polysaccharide—protein—fatty acid complexes [1]. Among
them, rhamnolipid belongs to the class glycolipid, produced primarily by the genus
Pseudomonas. Rhamnolipids are promising surfactants owing to their several character-
istics such as low average minimum surface tension (30-32 mN/m), low CMC reaching up
to 5 mg/l, high average emulsifying activity, and higher affinity for hydrophobic organic
molecules [8]. Pseudomonas aeruginosa is known to produce a mixture of rhamnolipid
homologues which may differ in the chain length of fatty acids (Cg—C;4) or in the number
of rhamnose units [9]. Until now, 28 different homologues of rhamnolipid have been
reported, out of which two major types of rhamnolipid species are L-rhamnopyranosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (RhC;oC;¢) and L-rhamnopyranosyl-L-rhamnopyra-
nosyl-3-hydroxydecanoyl-3-hydroxydecanoate (Rh,C;¢C;o) [10-12] . Genetic regulation
for the synthesis of rhamnolipid by sequential glycosyl transfer has been proposed by
Burger et al. [13]. Similarly, Ochsner et al. [14] isolated and characterized the gene
involved in the regulation of rhamnolipid biosynthesis. The genetic regulation involved in
rhamnolipid production is very much complex in P. aeruginosa, which is an important
problem for the construction of efficient bacterial strains for the enhanced production of
rhamnolipid [15].

Although rhamnolipid is an effective surfactant and well suitable for the application of
bioremediation of oil pollution [16], the main lacunae however for the commercial
application of rhamnolipid are its low yield and high production cost [17]. Therefore, there
is a great need to develop an efficient rhamnolipid-producing strain and a low cost-effective
processing technique. In addition to these, there is also a need to search for cheap
renewable feedstock for its production.

In the light of this, the present investigation was started with an attempt on the isolation of a
P aeruginosa strain OBP1 from petroleum sludge capable of producing rhamnolipid,
optimization of its production, laboratory-scale production using different carbon sources
mainly by the components of crude oil, physico-chemical characterization, and characteriza-
tion of its antibacterial activity.

Materials and Methods
Microorganism

The bacterial strain was isolated from petroleum sludge deposited outside the oil drilling
sites in Assam, India. The production of glycolipid-type biosurfactant by the bacterial
strains was detected by using Siegmund and Wagner technique [18]. Bacterial strain was
grown on MSM with 2% n-hexadecane and containing 0.2 g/l CTAB and 0.005 g/l of
methylene blue. After 48 h of incubation at 37 °C, the plates were inspected for the
presence of dark blue halos around the bacterial colony. This indicates the specific
interaction between the cationic surfactant CTAB and anionic glycolipid biosurfactant in
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the presence of basic dye methylene blue. The highest biosurfactant-producing strain was
selected and identified morphologically and biochemically. The isolated strain was
maintained on nutrient agar slant and stored at 4 °C. Subculturing was done at an interval
of 2 weeks. For further investigation, the strain was stored in cryovials at —80 °C.

Media and Growth Condition

For the production of rhamnolipid, the inoculum was prepared by transferring the single
bacterial colony from the nutrient agar plate into the nutrient broth. The culture was
incubated at 37 °C at 180 rpm in an orbital shaker overnight. The medium used to grow P,
aeruginosa OBP1 strain was modified mineral salt medium consisting of 2.0 g urea, 2.0 g
(NH4),S0Oy4, 3.61 g Na,HPO,, 1.75 g KH,PO,, 0.2 MgSO47H,0, 50 mg CaCl,2H,0,
1.0 mg FeSO47H,0, 50 png CuSO47H,0, 10 pg MnSO45H,0, 10 ug H3BO;, 70 ug
ZnS04-7H,0, 10 pg MnOs, and 20 ml of carbon source such as n-hexadecane (sterilized by
passing through a 0.2-um membrane filter) and the volume was increased up to 1.0 1 with
distilled water. The pH of the medium was initially adjusted to 6.8 by using 6 N HCL. After
overnight culturing, an aliquot of 5 ml of culture was inoculated into 100 ml MSM and
incubated at 37 °C and 180 rpm in an orbital shaker for 15 days. During the course, samples
were taken from the culture to monitor cell growth, rhamnolipid concentration, and surface
tension.

Determination of Biomass Content

Cell density in the culture medium was determined by counting the colony-forming units
(cfu) following serial dilution. Using appropriate calibration, the cell number was converted
to dry cell weight. Cell biomass content was measured by determining the protein
concentration in the culture medium. After alkaline hydrolysis, the protein content was
measured by Lowry method [19] using bovine serum albumin as the standard. Each
observation was repeated thrice.

Rhamnolipid Quantification

Total rhamnolipid concentration in the sample was determined thrice by the method
described by Chandrasekran and Bemiller [20]. The thamnolipid value was calculated from
the standard curve prepared with L-rhamnose and expressed as a rhamnolipid value by
multiplying the rhamnose value by a coefficient of 3.4, which is obtained from the
correlation of pure rhamnolipid/rhamnose.

Extraction and Purification of Rhamnolipid
Rhamnolipid Recovery

The collected supernatant was first centrifuged at 9,000xg for 20 min at 4 °C to remove the
bacterial cells. The culture supernatant was acidified to pH 2 with 6 N HCI and allowed to
stand overnight at 4 °C to precipitate the rhamnolipid. The precipitate was harvested by
centrifugation at 9,000xg for 15 min at 4 °C. The recovered precipitate was extracted thrice
with ethyl acetate at room temperature. The organic phase was collected in a round-bottom
flask and connected to a rotary evaporator (Eyela, CCAS-1110, Rikakikai Co. Ltd., Tokyo)
to remove the solvent. The process yielded a viscous honey-colored biosurfactant [21]. The
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thick residue was washed twice with n-hexane to remove any residual n-hexadecane.
Finally, the yellowish product was dissolved in ethyl acetate, filtered, and concentrated
using a rotary evaporator.

TLC Analysis

The isolated biosurfactant was further analyzed by thin-layer chromatography (TLC) on silica
gel 60 G (Merck) in chloroform/methanol/water (65:25:4, v/v/v). The plates were sprayed with
orcinol-H,SOy solution [12] and developed at 100 °C for 5 min. Positive spots were scraped
and extracted with 3 ml of chloroform/methanol (2:1, v/v) in an elution column.

HPLC Analysis

The components of partially purified biosurfactant were fractionated using a gradient
elution high-performance liquid chromatography (HPLC) (Waters 2487) with a dual A
absorbance UV detector. A Novapak C18 column with a dimension of 3.9x 150 mm (Nova
Pak, C18, Waters W92661M139, Ireland) was used. The mobile phase was kept at a flow
rate of 0.4 ml/min and the sample injection volume was 20 pl. The mobile phase solutions
were acetone/acetonitrile (30:70, v/v). All fractions eluted from the HPLC column were
collected at different retention times [22]. The fractions were then evaporated at room
temperature to remove all of the solvent part to obtain a purified biosurfactant. The fraction
having the height reduction in surface tension of water was selected and further
characterized.

Chemical Characterization of Purified Rhamnolipid
FT-IR Spectroscopy

For elucidating the chemical bonds or the functional groups present, the isolated
rhamnolipid was subjected to FTIR analysis. For the study, a Nicolos Impact I 410, FTIR
System, USA, was used. The pure lyophilized rhamnolipid of 1.0 g was ground with
100 mg of KBr and pressed with 7,500 kg for 30 s to result in a translucent KBr pellet. The
spectra of the sample were collected at a resolution wave number accuracy of 4 and
0.01 cm™ ', respectively, and 32 scans with correlation for atmospheric CO».

LC-MS of the Purified Rhamnolipid

Rhamnolipid mixtures were separated and identified by liquid chromatography coupled to
mass spectroscopy using a LC-MS-MS, Water-Q-TOF Premier. Samples were prepared by
diluting with methanol (HPLC grade) with a concentration of 10 mg/l and 100 ul of the
same was injected into a C8 WP-300 (5 pm) 150 x4.6-mm column. The LC flow rate was
1.0 ml/min. For mobile phase, an acetonitrile—water gradient was used starting with 30% of
acetonitrile for 4 min, followed by 30-100% acetonitrile for 40 min then standby for 5 min
and return to the initial condition. MS was performed with a single quadrupole mass
spectrometer equipped with a pneumatically assisted electrospray source, and negative ion
mode was used. The capillary was held at a potential of —3.5 kV and the extraction voltage
at —75 V. Full-scan data were obtained by scanning from m/z 100 to 750 in the centroid
mode using a scan duration of 2.0 s and an inter-scan time of 0.2 s [23].
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NMR Analysis of Purified Rhamnolipid

The purified rhamnolipid was dissolved in denaturated methanol and directly analyzed with
"H nuclear magnetic resonance (NMR). The 'H NMR spectra were obtained from a NMR
400 MHz spectrometer (JNM-ECST NMR, 4,000 MHz, JEOL).

Physiochemical Characterization
Surface Tension Assay

The surface tension of the supernatant was measured with a Kriiss K12 tensiometer
(Tensiometer K9, Kriiss K9 ETS-S) accordingly to the De Noily ring method [24]. At the
end of each measurement, the platinum ring was rinsed thrice with water followed by
washing three times with acetone and was allowed to dry in air. Culture supernatant of
25 ml was taken into a glass beaker of 50-ml volume and placed onto the platform of the
tensiometer. The surface tension was measured at 25+1 °C. After introducing the platinum
ring in the culture supernatant, it was slowly allowed to touch the liquid—air interface to
measure the surface tension. The platinum ring was kept in the supernatant for a while in
order to attain equilibrium conditions. The measurement was repeated thrice and an average
value was obtained.

Determination of CMC

For the determination of CMC value, the culture supernatant was serially diluted and
surface tension for each dilution was measured. The CMC value, expressed in mg/l, was
estimated from the breakpoint of the surface tension versus the concentration. For
calibrating the instrument, it was subjected to the determination of surface tension of the
pure water at 25+1 °C.

Measurement of Emulsification Activity

The emulsification activity of the biosurfactant was measured in terms of emulsion stability
[25] against the different hydrophobic sources to study the emulsion stability. A mixture of
2 ml supernatant and 3 ml kerosene was taken in a test tube and vortexed for 2 min and the
height of emulsion layer was measured after 24 h. The emulsification index (F,;) was
calculated by dividing the height of the emulsion layer by the total height of the mixture
and multiplying by 100.

Antimicrobial Activity

The microbroth dilution method was performed to determine the minimum inhibitory
concentration (MIC). The purified rhamnolipid was tested for antibacterial properties
against four Gram-positive bacteria: Bacillus circulans (ATCC 61), Bacillus subtilis (ATCC
11774), Staphylococcus aureus (ATCC 11632), and Staphylococcus epidermis (ATCC
49461), and six Gram-negative bacteria: Alcaligenes faecalis (ATCC 8750), Escherichia
coli (ATCC 9637), Klebsilla pneumoniae (ATCC 10031), P. aeruginosa (MTCC 7815),
Proteous vulgaris (ATCC 49132), and Enterobacter aerogenes (ATCC 49132) respectively
collected from the Department of Molecular Biology and Biotechnology, Tezpur University,
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Assam. Rhamnolipid was first dissolved in sterilized DMSO and then sonicated. The
dissolved rhamnolipid solution was diluted to a series of tenfold in culture broth, seeded in
a 96-well culture plate, and then inoculated with a fresh bacterial inoculum. Inoculated
microplates were incubated at 37 °C for 24 h. The viability of the treated cells was
determined by MTT (3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyltetrazolium assay) [26]. The
MIC was determined as the lowest concentration of biosurfactant required to inhibit the
growth of each organism.

Results and Discussion
Bacterial Strain and Culture Conditions

Bacterial strain OBP1 produces a significant amount of 4.75 g/l of rhamnolipid when
grown on hydrocarbon. Microscopic studies confirmed its Gram negativity, motility, and
rod-shaped characters. The electron microscopic images of the bacterial strains are shown
in Fig. 1. The surface tension of the culture medium was reduced to 31 mN/m after 15 days
of culture and became constant. The increase in the biomass and quantification of
rhamnolipid produced in the culture was determined and recorded for 15 days and the data
are shown in Fig. 2. In addition, the biochemical and physiological studies suggested that
the strain OBP1 was closest to P. aeruginosa.

Fractionation of Crude Biosurfactant

The partially purified biosurfactant obtained after solvent extraction from the culture
supernatant of P. aeruginosa OBP1 was further purified by different chromatographic
techniques. The rhamnolipid isolated by TLC technique was compared with those already
described by various authors and identified according to Monteiro et al. [12]; lower spot
with Ry 0.36 and upper spot with Ry 0.55, representing the monorhamnolipid and
dirhamnolipids, respectively, are shown in Fig. 3. The major TLC fraction with highest
surface tension activity was further successfully separated into five main sub-fractions
eluted from the HPLC column at different elution times and are presented in Fig. 4. The

E":

Fig. 1 a, b SEM micrographs of a 96-h culture of P. aeruginosa OBP1 on n-hexadecane as carbon source
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Fig. 2 Profile of cell growth, reduction in surface tension of the culture medium, and rhamnolipid
production by P. aeruginosa OBP1 in MSM medium with 2% n-hexadecane. Rhamnolipid levels were
measured by orcinol method. Surface tension was measured by using digital tensiometer and cell growth was
monitored by plate count method. Values are averages of three independent experiments. Rhamnolipid (mg/
ml), filled square; surface tension (mN/m), filled triangle; bacterial growth (CFU/ml), multiplication symbol

Fig. 3 Thin-layer chromatogram
of isolated biosurfactant by P.
aeruginosa OBP1 showing three
main fractions having Ry values
of 0.74, 0.56, and 0.36,
respectively
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Fig. 4 HPLC chromatogram of the TLC fraction (spot with R¢ value of 0.36) using a Waters C18 Nova pack
RP-HPLC column

fourth fraction showed the highest surface activity that reduces the surface tension of water
from 72 to 31.1 mN/m and was further characterized.

Effect of Carbon and Nitrogen Sources on Rhamnolipid Production

Both carbon and nitrogen sources play a crucial role in the production of rhamnolipid [15,
27]. In this work, different carbon sources on the basis of their increasing complexity and
hydrophobicity, including glucose, glycerol, vegetable oils—sunflower and soybean oil—
and three different hydrocarbons (n-hexadecane, octadecane, and crude oil) were used to
examine their effectiveness on rhamnolipid production and the results obtained are
presented in Table 1. The bacterial strain P. aeruginosa 0BP1 was able to produce a
maximum of 4.57 g/l and a minimum of 0.12 g/l rhamnolipid in n-hexadecane- and

Table 1 Effect of carbon substrate on rhamnolipid production by P. aeruginosa OBP1 in MS medium with
2 g (NH4)»SO4+2 g urea. Values are the mean of three separate experiments + S.D. within 10-15%

Carbon source Biomass (g/l) Rhamnolipid Surface tension (mN/m) Interfacial Fene dilution
yield (g/1) tension (mN/m)
Glucose 5.04 0.12 50.7 2.7 1.0
Glycerol 4.96 0.39 47.2 24 1.0
n-Hexadecane 4.87 4.57 31.1 1.5 4.7
Octadecane 4.83 4.21 31.9 1.5 4.1
Crude oil 3.71 2.53 32.7 1.8 37
Sunflower oil 2.63 1.89 379 1.9 1.7
Soybean oil 2.51 1.71 383 1.9 1.4
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glucose-supplemented medium, respectively. Meanwhile, 0.12 and 0.39 g/l of rhamnolipid
were produced with 5% glucose and glycerol, which are much lower than that obtained
from n-hexadecane, octadecane, and crude oil. On the basis of the details in Table 1,
n-hexadecane was found to be an excellent carbon source for the production of
rhamnolipid, followed by octadecane and crude oil. According to Perfumo et al. [28],
hydrocarbons are excellent carbon sources for the production of rhamnolipid from P.
aeruginosa strains. This ineffectiveness of glucose and glycerol in the production of
rhamnolipid is due to their high solubility and being more readily available to the
bacterial cells. Thus, there is no need for the cells to produce biosurfactant to enhance
their solubility or availability. From the results, it is clear that hydrophobic substrates
such as n-hexadecane, octadecane, and crude oil could induce the biosurfactant
production [17]. In contrast, vegetable oils from sunflower and soya bean were found
to be comparatively less efficient in thamnolipid production but much better than glucose
and glycerol and are represented graphically in Fig. 5. According to various authors,
vegetable oils are a more efficient carbon source for rhamnolipid production by P
aeruginosa strains as compared to glucose, glycerol, and hydrocarbons [15, 29]. The
present study showed that the complex hydrocarbons were better than easily available
carbon sources such as glucose, glycerol, and vegetable oils in the production and yield
of rthamnolipid. This clearly suggested that carbon sources preference for rhamnolipid
productivity entirely depends on the bacterial strain.

The type of nitrogen source markedly affects the production of rhamnolipid [17, 30].
The production of biosurfactant by P. aeruginosa strain OBP1 was examined in the
presence of various organic (urea and yeast extract) and inorganic nitrogen (NH4NOs;,
(NH4)>SO4, and NaNO;) sources. The inorganic sources appeared to be efficient for P
aeruginosa strain OBP1 for the production of rhamnolipid, having a maximum yield of
3.14 g/l as shown in Table 2. The inorganic nitrogen sources such as NH;NO3; and NaNO,
caused a similar growth of bacterial strain and biosurfactant production. Organic nitrogen
source such as urea was found to be effective against yeast extract, leading to a high
rhamnolipid yield as shown graphically in Fig. 6. Using urea and (NH4),SO, together at the
concentration of 2 g/l, the yield was 4.57 g/l, which was much higher compared with the
individual nitrogen sources.

3
e
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on (g/1)

]
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|5

Cong,

Types of carbon sources

Fig. 5 Effect of the type and the concentration of carbon substrate on rhamnolipid production by P.
aeruginosa OBP1 in MSM medium with 2 g (NH4),SO4+2 g urea. Values are the mean of three separate
experiments + 1S.D. within 10-15%
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Table 2 Effect of nitrogen source on rhamnolipid production by P. aeruginosa OBP1 in MS medium with
2 g (NH4)»SO4+2 g urea. Values are the mean of three separate experiments + S.D. within 10-15%

Nitrogen source Biomass  Rhamnolipid Surface tension Interfacial tension  Fepce

(g/l) yield (g/1) (mN/m) (mN/m) dilution
No nitrogen 0.51 0.10 41.4 2.2 1.0
NH4NO; 3.19 3.06 384 2.0 2.6
(NHy4)>SO04 3.78 3.14 36.7 1.9 3.0
NaNO; 2.76 2.03 39.2 2.1 1.4
Urea 2.34 2.32 37.3 1.9 22
Yeast extract 2.63 2.16 37.8 1.9 1.7
(NH,4),SO4 + urea 4.87 4.57 31.1 1.5 4.7
(NH,4),SO4 + yeast 4.81 4.11 33.7 1.8 35

extract

Optimization of Rhamnolipid Production

P. aeruginosa strain 0BP1 was cultured in modified mineral salt medium supplemented
with urea and ammonium sulphate as nitrogen source. Glucose, glycerol, n-hexadecane,
octadecane, crude oil, and sunflower and soya bean oil were used as carbon sources in the
media. Experimentally, it has been found that P. aeruginosa strain 0BP1 was able to
produce biosurfactant in a medium supplemented with 2% n-hexadecane with a maximum
yield of 4.57 g/l, followed by octadecane and crude oil. The culture medium attained a
lower surface tension of 31.1 mN/m and a higher emulsification index of 82% in n-
hexadecane-containing medium. Strains belonging to the above species were reported to
produce biosurfactant on water-immiscible hydrocarbon sources [31, 32] and readily
soluble and available sources like glucose, mannitol, or glycerol [33—35]. It was found that
a gradual increase in the n-hexadecane concentration causes a decrease in the cell growth
and emulsification activity.
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Types of nitrogen source
Fig. 6 Effect of the type and the concentration nitrogen sources on rhamnolipid production by P. aeruginosa

OBP1 in MSM medium with 20 g/l n-hexadecane as sole source of carbon. Values are the mean of three
separate experiments + S.D. within 10-15%
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The production of biosurfactant was examined in the presence of various organic and
inorganic nitrogen sources. Urea and (NH4),SOy, each at 2 mg/l, were found to be optimum
for the production of biosurfactant, with a maximum yield of 4.57 g/l. The phosphate
source KH,PO,4 and essential metal ions Mg>", Fe*, and Ca®" supplied in the form of
MgSO,47H,0O (g/l), FeSO47H,0 (g/l), and CaCl,-2H,0 (g/1), respectively, attributed to
higher biosurfactant production. Adding of trace elements like Zn**, Mn®*, BO;**, and Mn**
in the medium significantly enhanced cell growth and biosurfactant production. Culture
condition also plays a crucial role in the production of biosurfactant [36]. The culture medium
was kept at a pH of 6.8, 180 rpm, and a temperature of 37 °C for 15 days. Define media like
Luria broth, M9, and basal salt medium were used for the production of biosurfactant. Out of
these, modified mineral salt medium was found to be the best from the point of biosurfactant
production. The behavior of biosurfactant production was studied by determining the
rhamnolipid concentration in the culture medium directly at a specific interval for 15 days by
orcinol method showing that the production was low during the exponential phase of growth.
However, the concentration of the biosurfactant increases in the culture medium at the
stationary phase of growth, referring to the accumulation of biosurfactant in the culture as a
secondary metabolite. A similar observation was reported by Patel and Desai [37].

Chemical Characterization of Rhamnolipid

The rhamnolipid secreted extracellularly into the culture medium was recovered by means of
acid precipitation method directly from the culture supernatant [38]. P aeruginosa, which
produces a rhamnolipid, has homologues that differ in the number of thamnose molecules as
well as in the length and composition of alkyl chain [34]. The molecular composition of the
isolated biosurfactant was evaluated by FTIR. The important bands which were located at
2,927.03, 2,860.39, 1,725, and 1,300—1,100 cm ' confirmed the presence of glycolipid-type
biosurfactant [39, 40]. The bands appearing at 3,430.19 cm ' denoted the presence of ~OH
stretching of the hydroxyl group. The strong adsorption peaks at 3,000-2,700 cm™' showed
the presence of —CH aliphatic stretching bands. The characteristic peaks for the ester
compounds were observed at 1,725.32 ¢cm ', conforming —C=O stretching vibrations of
carbonyl groups. Another strong peak at 1,638.1 cm ' showed the presence of —COO—
stretching vibrations of carbonyl groups. Other absorption peaks between 1,300 and
1,000 cm ' confirmed the presence of ester carbonyl groups which corresponded to the
presence of —C—O— deformation vibrations as shown in Fig. 7. The important adsorption
bands obtained suggested the presence of rhamnolipid in the isolated freeze-dried culture
precipitate.

In 'H NMR, characteristic chemical shifts at 0.88 ppm showed the presence of ~CH; and
similarly 1.58 ppm for -CH,—~CH,—CH,—, 2.67 ppm for -CH,—~COO-, 4.27 for -O—C—H,
and 5.298 ppm for -COO-CH,— [12, 15, 30, ]. The characteristic chemical shifts present in
the "H NMR spectra confirmed the presence of two species of rhamnolipid. All three
parameters such as chemical shifts of the adsorption frequency, coupling, and integral
height indicated the molecular structure as that of L-rhamnosyl-B-hydroxydecanoate
(monorhamnolipid) and L-rhamnosyl-L-rhamnosy-(3-hydroxydecanoate (dirhamnolipid).

Negative ion mode with an extraction voltage up to —75 V was used to produce
pseudomolecular ions [M—H] ™ of thamnolipid which is attributed to the loss of H" proton
from the carboxylic group [34]. The purified thamnolipid sample was diluted in methanol
with a concentration of 10 mg/ml. The mass spectrum of the purified biosurfactant showed
a mixture of rhamnolipid with a molecular weight between 333 and 649 with intense
molecular ions at m/z 333.09, 503.18, 504.18, 531.20, and 649.20. The m/z values obtained
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Fig. 7 FTIR spectrum of the purified biosurfactant produced by P. aeruginosa OBP1 in MSM medium with
20 g/l n-hexadecane as sole source of carbon

were consistent with the molecular structure of Rha-C, ¢, Rha-C,,-C;o, Rha-C;,-C,;,, and Rha-
Rha-C,(-Cg, respectively. The spectra obtained when the carbon source was n-hexadecane
showed the predominant congener [M—H] ions for Rha-C;(-C;q and Rha-Rha-C4-C;( and
constituting 60% of the entire mixture as shown in Fig. 8. In general, the results showed the
presence of a relatively higher abundance of monorhamnolipid than dithamnolipid. Generally,
most of the reported P. aeruginosa strains know how to produce dirhamnolipid [29, 34].
However, few literatures reported the predominance of monorhamnolipid [30, 35, 36]. The
rhamnolipid composition and predominance of a particular type of congener depends on
various factors like type of carbon substrate [31, 35, 41], culture conditions [36], age of the
culture [42], and the most important by the strain P. aeruginosa [34].

Fig. 8 The mass spectra of 100 ; 13697
the two co-eluting congeners,
Rha-C1o-C;¢ (m/z 503) and 503.18
Rha-Rha-C;y-C;¢ (m/z 649) in
the liquid chromatography—

electrospray mass spectroscopy | 187.07 649.20

504.18
258.06 333 09 650.20

h \ 53120
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Physiochemical Characterization of Rhamnolipid

The efficiency of a surfactant is measured by the concentration required for it to cause a
significant reduction of the surface tension of water. The biosurfactant produced in the
liquid culture of P. aeruginosa species could reduce the surface tension of water from 72 to
29 mN/m with a critical micelle concentration in the range of 5-60 mg/l, depending on the
components of the mixture of rhamnolipid [5].The partially purified biosurfactant was
dissolved in water and serially diluted to prepare different concentrations. The surface
tension of each dilution was measured and presented in Fig. 9. The biosurfactant lowers the
surface tension of water from 72 to 31.1 mN/m but could not decrease it beyond this value
even after increasing the concentration of biosurfactant in water. The isolated purified
biosurfactant is a mixture mainly of six rhamnolipid species. The dominant species was
Rha-C,y-Co followed by Rha-Rha-C,;,-C;y. According to Zhang and Milller [43] and
Zhang et al. [44], monorhamnolipid is less soluble and is adsorbed to surfaces more
strongly, requiring higher CMC for the solubilization of hydrocarbons and binding with the
metal ions much stronger than the homologues dirhamnolipid. Due to the variation in the
rhamnolipid production, accumulation, complexity in its composition, number and
proportion of homologues, and surface active behavior could cause a difference in the
reduction of surface tension [41]. Due to these reasons, the reduction in surface tension and
critical micelle concentration would vary as per the P. aeruginosa strains.

In the case of interfacial tension, biosurfactant reduces the interfacial tension value from
24 to 1.5 mN/m against n-hexadecane at a concentration of 100 mg/l. The interfacial
tension values obtained were consistent with the previously reported values [41, 45, 46].
Abalos et al. [45] reported the surface tension value of 28.8 mN/m for Rha-Rha-C10 and
26 mN/m for a mixture of Rha-C;(-C;o and Rha-Rha-C,, by Syldatk et al. [47].

As the concentration of the surfactant increased, the surface tension of the culture
medium decreased up to a certain value and became almost constant due to the saturation of
surfactant molecules at the interface; further addition of surfactant would lead to the
formation of micelle. The concentration at which the saturation occurs is known as critical
micelle concentration and can be calculated from the surface tension of the concerned
solution against the surfactant concentration [48]. As shown in Fig. 9, the CMC was
approximately 45 mg/l in the culture medium. Surfactant beyond this concentration did not
show any significant change in surface tension of the solution. The value of CMC obtained
was consistent with the previously reported values by Van Dyke et al. [5].

Fig. 9 Determination of the 80 - —4—Culture supernatant
CMC from the surface tension of i s
serially diluted solutions of = 70 —l—PgrtnaIIy purified
isolated biosurfactant and the .E 60 - biosurfactant
MSM medium having 2% ;'E'
n-hexadecane as carbon source ~ 50
produced by P. aeruginosa _E 40 -
OBP1. The data shown here are E
mean values of triplicates fé 30

o

T 20

w

10 S
0 + - . —_— — - - . .

0 30 35 40 45 50 55 60 65
Rhamnolipid concentration (mg/l)
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Table 3 Emulsification indices

and decay constant, Ky, of Hydrocarbon substrate ~ Emulsification index ~ Decay constant (Kg)

various emulsifying substrates

by the culture supernatant of Toluene 1.78 -7.61

P. aeruginosa OBP1. The data Benzene 1.83 -3.08

shown here are mean values of n-Hexadecane 279 —08]

triplicates
Nonadecane 1.89 —3.43
Lubricating oil 2.87 -0.43
Kerosene 2.84 —-0.87
Diesel 2.92 —-0.15
Petrol 2.67 -0.36
Crude oil 2.72 —-0.49
Sunflower oil 1.13 —11.83
Peanut oil 1.07 —34.00
Castor oil 1.23 -9.41

The emulsification ability is an important factor of any surfactant. Therefore, it was
assessed for the rhamnolipid produced in the culture broth by determining the
emulsification indices (E,4) against different water-immiscible substrates, mainly different
oil phases. The culture broth showed appreciable emulsification indices, as shown in
Table 3, with crude oil, waste lubricating oil, kerosene, diesel, petrol, n-hexadecane,
naphthalene, anthracene, and soya bean and sunflower oils. The cell-free supernatant was
found to form stable water-in-oil emulsion efficiently with all the tested hydrophobic
substrates but failed to form a stable emulsion with vegetable oils. Various authors reported
the dependence of emulsification activity of rhamnolipid on different carbon sources used
for its production of rhamnolipid [36, 37]. The maximum emulsification activity was
against diesel followed by n-hexadecane. All of the test hydrocarbons were found to form a
stable emulsion and was expressed as decay constant (—Ky). From the literature, it has been
found that rhamnolipid can efficiently emulsify and stabilize emulsions with various types
of water-immiscible substrates such as linseed oil, almond oil, mineral oil [32], diesel and
kerosene [28], diesel, hexadecane, linseed oil, kerosene, and diesel and motor oil [49]. The
results showed that the biosurfactant produced from the hydrocarbon substrates such as

Table 4 Antibacterial effect of rhamnolipid based on minimal inhibitory concentration (pg/ml) on the
bacterial growth

Microorganism Minimal inhibitory concentration (pg/ml)
Bacillus subtilis (ATCC 11774) 19
Bacillus circulans (ATCC 61) 11
Staphylococcus aureus (ATCC 11632) 08
Staphylococcus epidermidis (ATCC 49461 ) 12
Alcaligenes faecalis (ATCC 8750) 57
Escherichia coli (ATCC 9637) 64
Klebsilla pneumoniae (ATCC 10031) >78
Pseudomonas aeruginosa (MTCC 7815) 37
Enterobacter aerogenes (ATCC 13048) 31
Proteus vulgaris (ATCC 49132) >105
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n-hexadecane could emulsify different hydrocarbons significantly, which conformed to
their applicability against different hydrocarbon pollution such that to enhance the
availability of the recalcitrant hydrocarbons [15, 50].

Biosurfactants are known to cause the inhibition of microbial growth by affecting the release
of intracellular material or by inhibiting respiration [51]. A surfactant was reported to be more
toxic towards Gram-positive bacteria compared to Gram-negative bacteria due to differences
in the cell wall structure composition and osmolarities. The MIC values of rhamnolipid for
the inhibition of microbial growth are presented in Table 4. The MIC values were much less
for Gram-positive bacteria, indicating its effectiveness at a low concentration; however, the
MIC values were much higher for Gram-negative bacteria because of the surface proteins and
lipopolysaccharide which are the two main constituents of the cell wall. These structures are
known to protect the cell membrane from surfactant attack [52]. Rhamnolipid mixture was
found to be more effective against Gram-positive bacteria, such as B. subtilis and S. aureus,
but less effective against Alcaligenes faecalis. Very limited information is available for the
antibacterial activities of rhamnolipid. Lang et al. [52] reported the antibacterial property of
RL1/RL3 against the growth of B. subtilis at a MIC value of 35 ug/ml and of Staphylococcus
epidermidis at 350 pg/ml. Hommel et al. [53] reported another type of glycolipid, produced
by Torulopsis apicola, showing antimicrobial activity against a number of Gram-positive
bacteria. Kitamoto et al. [54] reported MIC values ranging from 3.1 to 25 pg/ml as being
effective against bacteria and less effective against fungus (MIC>400 pg/ml). Haba et al. [42]
reported the antimicrobial activities of rhamnolipid mixtures against a number of both Gram-
positive and Gram-negative bacteria and fungal strains.

Conclusion

In the present study, a potential biosurfactant-producing P. aeruginosa strain OBP1 isolated from
the petroleum sludge was found to be capable of producing rhamnolipid effectively from a
wide range of hydrocarbons. n-Hexadecane and two different nitrogen sources, urea and
(NH,4),S0,, together were found to significantly increase the production of rhamnolipid. The
isolated rhamnolipid was analyzed by FTIR, LC-MS, and '"H NMR which confirmed the
presence of different species of thamnolipid. Monorhamnolipid (Rha-C,¢-C;¢) was produced in
abundance with the predominant congener [M—H] ions for Rha-C;(-C;, and Rha-Rha-C;(-C;,
which constituted 60% of the entire mixture. The purified thamnolipid was able to reduce the
surface tension of pure water from 72 to 31.1 mN/m and interfacial tension up to 1.5 mN/m
with a CMC value of 45 mg/l. The biosurfactant was also found to be antimicrobial against
bacteria. The culture supernatant exhibited a high emulsifying activity and the effectiveness was
much higher against the hydrocarbons, indicating the possibility of use in bioremediation.
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