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Besides potential surface activity and some beneﬁcial physical properties, biosurfactants express antibacterial
activity. Bacterial cell membrane disrupting ability of rhamnolipid produced by Pseudomonas aeruginosa C2 and a
lipopeptide type biosurfactant, BS15 produced by Bacillus stratosphericus A15 was examined against
Staphylococcus aureus ATCC 25923 and Escherichia coli K8813. Broth dilution technique was followed to examine
minimum inhibitory concentration (MIC) of both the biosurfactants. The combined eﬀect of rhamnolipid and
BS15 against S. aureus and E. coli showed synergistic activity by expressing fractional inhibitory concentration
(FIC) index of 0.43 and 0.5. Survival curve of both the bacteria showed bactericidal activity after treating with
biosurfactants at their MIC obtained from FIC index study as it killed > 90% of initial population. The lesser
value of MIC than minimum bactericidal concentration (MBC) of the biosurfactants also supported their bactericidal activity against both the bacteria. Membrane permeability against both the bacteria was supported by
amplifying protein release, increasing of cell surface hydrophobicity, withholding capacity of crystal violet dye
and leakage of intracellular materials. Finally cell membrane disruption was conﬁrmed by scanning electron
microscopy (SEM). All these experiments expressed synergism and eﬀective bactericidal activity of the combination of rhamnolipid and BS15 by enhancing the bacterial cell membrane permeability. Such eﬀect of the
combination of rhamnolipid and BS15 could make them promising alternatives to traditional antibiotic in near
future.

1. Introduction
Conventional antibiotics have long been established to play a signiﬁcant role in the alleviation of a wide range of infectious diseases [1].
Side by side, the gradual emergence of resistance of microorganisms to
such antibiotics has been posing a serious threat to healthcare globally.
Moreover, in the long run, antibiotics exert various adverse eﬀects to
the human body. In such circumstances, there is an increasing demand
for an eﬀective alternative to the conventional antibiotic therapy which
would be as eﬀective yet having fewer side eﬀects [2]. Hence, application of combination therapy has been under process [3] and combination therapy with synergistic eﬀect appears to be a better weapon
against antibiotic resistance.
Biosurfactants are amphiphilic secondary metabolites obtained from
microbes. These extracellular and/or intracellular components of host
microbes act with fewer side eﬀects [4], better biodegradability and
lower toxicity than synthetic surfactants [5,6]. Besides surface active
property, biosurfactants reveal other properties for their pharmaceutical application like inhibition of bacterial and fungal growth [7–9],

inhibition of tumour growth, haemolysis, quorum sensing and antiasthma activity etc. [10,11].
Currently, biosurfactants produced by Staphylococcus saprophyticus
SBPS 15 showed antibacterial activity against Klebsiella pneumonia,
Escherichia coli, Vibrio cholera, Bacillus subtilis and Staphylococcus aureus
[12]. A glycolipid type biosurfactant, rhamnolipid has been reported to
have bioﬁlm disruption capability against Bacillus pumilus [13]. Lipopeptide type biosurfactant, surfactin can control the growth of Listeria
monocytogenes in food [14] and some Gram positive bacteria like Bacillus pumilis, Micrococcus ﬂavus, Micrococcus luteus etc. [15]. Lipopeptide can damage and penetrate lipid containing negatively charged
bacterial cell membrane. Present experiment explores the interaction of
biosurfactants with bacterial cell membrane in detail.
This study illustrates the antibacterial activity of a combination of
two biosurfactants namely rhamnolipid produced by Pseudomonas aeruginosa C2 (GenBank accession no. KU291381) and BS15 produced by
Bacillus stratosphericus A15 (GenBank accession no. KU644139) as antibacterial agents with synergistic action against both Gram positive
and Gram negative pathogenic bacteria i.e. S. aureus and E. coli. The
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evaluation of antibacterial activity in combination was executed
through examining the MIC, FIC index, capability to alter cell surface
properties, inhibition of bacterial growth and discharge of intracellular
components. The potency of antibacterial activity against both Gram
positive and Gram negative bacteria were expressed by time dependent
killing kinetic study. The mechanism of alteration in membrane stability of both the biosurfactants has been visually conﬁrmed by scanning
electron microscopic (SEM) analysis.

S. aureus: 100, 125, 150, 175, 200, 300, 500 μg/ml and against E. coli:
0, 100, 200, 250, 300, 350 μg/ml) were prepared immediately in Muller
Hinton broth prior to the experiment. Rhamnolipid was serially diluted
and added to the tubes containing freshly prepared inoculum along the
ordinate and BS15 was added along the abscissa following checkerboard. Each tube containing 1 × 105 CFU/ml was kept at 37 °C incubation for 24 h in aerobic condition. The sum of FIC was calculated
for each strain using the following equation:

2. Materials & methods

∑ FIC = FICRhl + FICBS15

2.1. Bacteria

∑ FIC =

The strains, Staphylococcus aureus ATCC 25923 and Escherichia coli
K8813 used in this study were obtained from MTCC Chandigarh, India
and preserved at −20 °C after lyophilization for subsequent use, which
was revived by subculturing at 37 °C every 30 days and maintained at
4 °C.

Crhl
CBS15
+
MICRhl
MICBS15

where, MICRhl and MICBS15 were the MIC of rhamnolipid and BS15
alone, and CRhl and CBS15 were the MIC of the biosurfactants in combination, respectively. The type of antibacterial interaction was recognized following the FIC index; when FIC index was ≤ 0.5 the eﬀect
was synergistic, FIC index > 0.5 and ≤ 4 denoted additive or indiﬀerent interaction and FIC index > 4 expressed antagonistic eﬀect
[21].

2.2. Isolation, production and puriﬁcation of the biosurfactants
Pseudomonas aeruginosa C2 (GenBank accession no. KU291381) [16]
and Bacillus stratosphericus A15 (GenBank accession no. KU644139)
[17] were isolated and identiﬁed by 16S rRNA gene sequencing. The
isolated bacteria were used to produce rhamnolipid and a lipoprotein
type biosurfactant, BS15. The culture medium containing 20 g/l Catla
catla ﬁsh fat with sterilized Bushnell Haas (KH2PO4 1.0 g/l, K2HPO4
1.0 g/l, NH4NO3 1.0 g/l, MgSO4 0.2 g/l, CaCl2 0.2 g/l, FeCl3 0.05 g/l)
at pH 7.00 was inoculated with inoculum size of 5 × 105 CFU/ml in
250 ml Erlenmeyer ﬂask. The ﬂasks were incubated at 37 °C, 72 h for
Pseudomonas sp. and 35 °C, 120 h for Bacillus sp. with continuous
shaking (125 rpm). The cultured media were centrifuged (9000 × g for
15 min at 4 °C) to make them cell free, followed by acid precipitation by
adding 6 N HCl up to pH 2.00 and kept at 4 °C overnight. The precipitate was obtained by centrifugation at 13,000 × g for 15 min. Pure
rhamnolipid was isolated after dissolving the precipitate in deionised
water followed by extraction with chloroform:methanol (2:1 v/v) and
the chloroform part was evaporated (EYELA, Rikakikai Co. Ltd., Tokyo,
Japan). Dried rhamnolipid was extracted after washing with absolute
ethanol thrice for complete removal of greenish pigments [18]. Dried
BS15 was isolated after dissolving the precipitate in methanol followed
by centrifugation to discard the non solubilised fraction and the supernatant was dried under reduced pressure at 40 °C [19].

2.5. Time dependant bactericidal activity
The antibacterial eﬀect of rhamnolipid and BS15 alone and in
combination were examined by time kill assay [22]. The MIC of biosurfactants was used to evaluate the time kill study of each biosurfactant individually. In case of combination, the used concentration was
the half of their individual MIC. Overnight grown culture of
5 × 105 CFU/ml were treated with biosurfactants taking ciproﬂoxacin
as positive control and antibacterial agent free inoculated media as
negative control. Sampling for colony count was done at 0, 2, 4, 6, 8
and 24 h for plating by serial dilution on Muller Hinton agar plate.
Finally the plates were incubated at 37 °C for 24 h to ﬁnd viable count.
Only those plates were taken which contained the number of colony
between 30 and 300. Each experiment was performed thrice and the
mean value was ﬁnally noted.
2.6. Cell permeabilization with biosurfactant
Overnight grown bacterial cultures in Mueller Hinton broth were
washed twice with phosphate buﬀer saline of pH 7.4 (PBS) and a suspension was prepared of 0.5 optical density (O.D.) at 600 nm. These
suspensions were treated with biosurfactants at their MIC and incubated at 37 °C for 1 h with 100 rpm shaking [23,24]. The extracellular protein content release was estimated following the method of
Bradford et al. [25] and the change of cell surface hydrophobicity was
also determined [26].

2.3. Determination of MIC
The experiment was performed with fresh bacterial inoculums and
necessary dilution was followed to attain an O.D. 0.4 at 600 nm that
contained a cell density of 1 × 105 CFU/ml. Required concentrations of
biosurfactants were prepared in Muller Hinton broth and added to tube
containing bacterial strain followed by incubation at 37 °C for 18 h
taking ciproﬂoxacin (Albert David Ltd., India) as standard positive
control. MIC is the lowest concentration of biosurfactant giving no
visible growth. MIC value of BS15 against S. aureus ATCC 25923 was
600 μg/ml as earlier reported by us [17]. MBC was also calculated after
plating the broth on Muller Hinton agar plate and MBC of biosurfactant
was that concentration which did not show any bacterial colony.

2.7. Evidence of cell rupture
The bacterial cell membrane permeability with the biosurfactants
was examined by checking enhanced penetration power after treating
with a hydrophobic dye, crystal violet. Bacterial strains were grown
overnight in Luria Bertani broth and washed twice after centrifuging at
5000 rpm for 10 min that was ﬁnally suspended in PBS (pH 7.4). The
suspended cells were treated with rhamnolipid and BS15 alone and in
combination at their MIC, followed by incubation at 37 °C for 30 min.
Bacterial suspension without treatment was taken as negative control
and ciproﬂoxacin (at its MIC) treated sample was considered as positive
control. Concentration of ciproﬂoxacin against S. aureus and E. coli was
0.3 μg/ml and 0.02 μg/ml respectively. Samples of all groups were resuspended in PBS (pH 7.4) containing crystal violet dye (10 μg/ml) and
incubated at 37 °C for 10 min. The entrapment percentage of crystal
violet was estimated [27] after scanning at 590 nm using the formula:

2.4. FIC index analysis
Fractional inhibitory concentrations (FIC) of the two biosurfactants
against the strains were performed using checkerboard test [20] following micro-broth dilution technique.
The stock solution (1 × 105 CFU/ml) and the dilutions of rhamnolipid (against S. aureus: 0, 75, 100, 125, 150, 175, 200 μg/ml and
against E. coli: 0, 25, 50, 100, 150, 200, 400 μg/ml) and BS15 (against
580
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Entrapment percentage =

OD590 of sample
× 100
OD590 of crystal violet solution

the bacteria showed strong bactericidal activity by reaching 10% of the
initial after 24 h incubation time and was supported by MBC test.
3.4. Evidence of cell membrane permeabilization with biosurfactants

2.8. Disintegration analysis of bacterial cell

Bacterial cell membrane permeabilization study was performed by
treating both the bacteria with the biosurfactants at their MIC. The
permeability changes of S. aureus and E. coli in terms of protein content
release (Fig. 2A) expressed that treatment with combination (1.24 and
1.07 mg/ml) was signiﬁcantly higher (P < 0.05) than treating with
individual rhamnolipid (0.74 and 0.44 mg/ml) and BS15 (0.75 and
0.6 mg/ml) with respect to control group (0.08 and 0.13 mg/ml) and
ciproﬂoxacin (0.80 and 0.83 mg/ml) treatment. The change of cell
surface hydrophobicity (Fig. 2B) towards n-hexadecane reached maximum (P < 0.05) against S. aureus and E. coli after treating with
rhamnolipid (27.96% and 21.76%), BS15 (22.46% and 19.13%) and in
combination (31.83% and 23.53%) with respect to control (19.23 and
9.95%) and ciproﬂoxacin (23.3 and 14.03%) treated group respectively.

The M9 minimal medium was used to grow bacterial cultures
overnight at 37 °C for performing bacterial cell disintegration test [28].
The cells were suspended in PBS (pH 7.4) after washing twice with it.
The suspension was treated with the biosurfactants at their MIC taking
ciproﬂoxacin (at its MIC) as positive control followed by incubation at
37 °C for 1 h. O.D. of cell free supernatant at 260 nm was taken after
incubation to examine the presence of any UV-absorbing material released from cell after the treatment [29]. All the experiments were
performed thrice.
2.9. Visual examination of bacterial cell
The overnight grown cultures were treated with biosurfactants for
3 h, followed by washing twice. The cultures were ﬁxed in 2.5% (v/v)
glutaraldehyde for 2 h at 4 °C after washing in PBS (pH 7.4). The washed samples were dehydrated using ethanol, air dried at room temperature followed by SEM analysis using platinum coating sputter
coater under vacuum and SEM images were examined in JEOL EVO18
SEM (Japan) at 2 kV.

3.5. Alteration of membrane permeability

Statistical analysis was performed using GraphPad Prism version
5.01. (California, USA). All values were expressed as mean ± SD after
at least 3 independent experiments. The data analysis was calculated by
one-way analysis of variance (ANOVA) and were considered signiﬁcant
when P < 0.05.

The crystal violet up taking eﬃciency was found to be 38.47% and
31.96% against S. aureus (Fig. 3) for rhamnolipid and BS15 treatment
but it was considerably higher (P < 0.05) for combination therapy
(48.64%) compared to ciproﬂoxacin (17.35%) treatment and control
(9.44%) group. In case of E. coli (Fig. 3) it was 46.07% and 38.99% with
rhamnolipid and BS15 treatment alone. The combination therapy
showed excellent (P < 0.05) crystal violet entrapment of 66.07% with
respect to control (9.94%) and ciproﬂoxacin (16.64%) treatment. The
result indicated that the combination therapy of rhamnolipid and BS15
showed signiﬁcant membrane permeability against both the Gram positive and Gram negative bacteria.

3. Results

3.6. Disintegration analysis

3.1. Antibacterial activities of the biosurfactants against S. aureus and E.
coli
Rhamnolipid at MIC of 650 μg/ml and 550 μg/ml started inhibiting
the growth of S. aureus and E. coli respectively and the MBC was found
to be 1500 μg/ml and 800 μg/ml. The MIC values of BS15 against E. coli
was 750 μg/ml and against S. aureus was previously reported as 600 μg/
ml [17] whereas the MBC against S. aureus and E. coli were 1500 μg/ml
and 1000 μg/ml respectively. MIC of ciproﬂoxacin against S. aureus and
E. coli was 0.3 μg/ml and 0.02 μg/ml respectively.

The O.D. at 260 nm of UV absorbing materials present in cell free
supernatant after the treatment expressed that combination therapy
(0.490) showed signiﬁcantly greater value (P < 0.05) with respect to
their individual (rhamnolipid = 0.371 and BS15 = 0.316) treatment,
ciproﬂoxacin (0.260) treated group and control (0.172) against S.
aureus (Fig. 4). The O.D. at 260 nm against E. coli (Fig. 4) also expressed
better (P < 0.05) cell disintegration eﬀect for combination treatment
(0.517) with respect to individual treatment (rhamnolipid = 0.402,
BS15 = 0.361), ciproﬂoxacin treated (0.215) group and control group
(0.175).

3.2. Combination eﬀect of rhamnolipid and BS15 on the bacteria

3.7. SEM analysis

The MIC value of rhamnolipid and BS15 were drastically lowered
against S. aureus (150 μg/ml and 175 μg/ml) and E. coli (150 μg/ml and
175 μg/ml) when used in combination. Interaction of rhamnolipid and
BS15 against the strains was executed by checker board. The resultant
FIC index against S. aureus and E. coli were 0.43 and 0.5 which clearly
signiﬁed a synergistic interaction between rhamnolipid and BS15.

The cell membrane disrupting capabilities of the used biosurfactants
were clearly illustrated by expressing external deformity in cell surface
under SEM micrographs. The cells of control groups for both S. aureus
(Fig. 5) and E. coli (Fig. 6) showed smooth surfaces with round and rod
shape respectively with undamaged appearance in comparison to
treated groups. But the rough surfaces of treated cells indicated the
deformation of cells due to membrane disruption and pore formation.
Independently, rhamnolipid and BS15 treated cells showed corrugated
surface with few dimples and cracks. But after the combination treatment, the cracks increased signiﬁcantly with even burst which was due
the loss of membrane integrity and accumulation of cell debris.

2.10. Statistical analysis

3.3. Survival curve
The time dependant antibacterial activity of both the biosurfactants
individually and in combination against S. aureus (Fig. 1A) and E. coli
(Fig. 1B) was executed by plotting a survival curve. The rate of time kill
study of S. aureus and E. coli was signiﬁcantly higher (P < 0.05) in
combination treated group than negative control group. The survival
curve of combination treated group against both the bacteria expressed
reduction of cell population near about 3 log units after 4 h incubation
period as revealed by Fig. 1. The nature of survival curve against both

4. Discussion
Apart from surface active properties, biosurfactants also possess a
good deal of potent antimicrobial activity against several Gram positive
and Gram negative bacteria. The earlier notion that rhamnolipid acts
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Fig. 1. Killing kinetics of rhamnolipid and BS15 against (A) S. aureus and (B) E. coli. n = 6, P < 0.05 compared to control group.

Fig. 2. (A) Protein release eﬃciency and (B) hydrophobicity of the biosurfactants from S. aureus and E. coli cells. n = 6, values are mean ± SD, P < 0.05 in comparison to control
group.

Fig. 3. Alteration of cell permeability of S. aureus and E. coli after treatment with biosurfactants. n = 6, values are mean ± SD, P < 0.05 in comparison to control group.

Fig. 4. Leakage of 260 nm absorbing materials from the cells of S. aureus and E. coli after
treating with biosurfactants. n = 6, values are mean ± SD, P < 0.05 in comparison to
control group.

better against Gram positive bacteria than Gram negative ones might be
due to the presence of a distinct outer membrane containing lipopolysaccharide in Gram negative bacteria which is supposed to protect their
inner plasma membrane and cell wall from external toxic compounds
[30,31]. Another hypothesis of cell membrane damaging capability of
rhamnolipid is insertion of its acyl tails into cell membrane thereby
causing leakage of cytoplasmic components to the external environment [32]. The present study discloses that E. coli is also sensitive like S.
aureus when treated with rhamnolipid. It is suggested that owing to the
presence of both hydrophilic and hydrophobic parts, rhamnolipid interacts with non-polar part of the cell membrane and disintegrates it

leading to penetration of cell wall and plasma membrane by pore formation on cell membrane and leakage of inner cytoplasmic materials to
the exterior leading to cell death [33,34]. It is also possible that
rhamnolipid inserts its shorter acyl tails into the cell membrane and
thereby damages the intact conﬁguration of cell wall and plasma
membrane and eventually releases the cytoplasmic components to external environment [35,36]. Another view suggests that the membrane
permeability of rhamnolipid is enhanced by its interaction with phospholipid component of the cytoplasmic membrane [37].
Vigorous membrane distorting potentiality of surfactin is dependent
582
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Fig. 5. SEM analysis of S. aureus (A) control,
after treating with (B) rhamnolipid and (C)
BS15 both individually and in (D) combination.

established by a combination of rhamnolipid and BS15 against both the
strains by expressing FIC index < 0.5. No such study on combination
treatment of two biosurfactants against bacterial growth has been reported so far.
Extracellular protein content, release of UV absorbing materials and
uptake of crystal violet in cell free supernatant determine the membrane permeabilizing eﬃcacy of biosurfactants. Presence of UV absorbing materials in cell free supernatant after treatment with biosurfactants is an evidence of non-selective pore formation [28]. Due to
the presence of a large hydrophobic peptide ring containing head
group, BS15 might express a strong membrane penetration activity.
Carrying two valine and two leucine residues [17], the peptide moiety
anchors compactly with the hydrophobic part of the membrane. Surfactin inserts its peptide part into the hydrophobic interface of bacterial

on size of the peptide ring, deep penetration power of peptide moiety
into the cell membrane and generation of a variance of charge at the
site of action on membrane surface [38]. These mechanisms might help
BS15 to express antibacterial eﬀect against S. aureus and E. coli. According to Girish et al. [39] some Gram negative bacteria are intrinsically resistant to a number of antibiotics for having trans-envelope
multidrug resistance (MDR) pump. The antibacterial activity against
such MDR strains can be overcome by using rhamnolipid and BS15 as
they directly act on bacterial cell surfaces only.
The survival curve of these two bacteria also illustrates this synergism by the elicitation of better killing eﬃciency by a combination of
rhamnolipid and BS15 than that individually. The combination therapy
exhibits signiﬁcant bactericidal activity by reducing the cell population
by > 90% after 24 h incubation period. Pronounced synergism is

Fig. 6. SEM analysis of E. coli (A) control,
after treating with (B) rhamnolipid and (C)
BS15 both individually and in (D) combination.
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the solubility in aqueous environment. Thus creation of charge imbalance at the cell surface interface accounts a huge loss of surface
morphology that generates pore formation on lipid containing cell
membrane of the test Gram negative bacteria [38]. Existence of UV
sensitive components substantiates the loss of membrane integrity and
leakage of intracellular nucleic acid containing components from the
cytoplasm to external environment through membrane damage or pore
formation [27]. Finally, the crystal violet uptake capacity of E. coli is
manifested more than that of S. aureus after treatment with biosurfactants. This outcome distinctly suggests that treatment with biosurfactants directly damage the cell membrane of E. coli and enhances the
permeability of crystal violet more than Gram positive S. aureus. This
membrane permeability precludes the over-expression of protein
synthesis which ﬁnally ends up in microbial cell death [40]. Such a
synergistic interaction of the combination is further supported by the
increase of cell surface hydrophobicity towards n-hexadecane than
when treated by an individual biosurfactant [30].
This disruption of cell membrane of E. coli and cell wall for S. aureus
is justiﬁed by SEM analysis through the presence of rough surfaces,
cavities and alteration of normal shape after the treatment. Based on
SEM analysis the disruptive activity of rhamnolipid is justiﬁed by detachment of cell surface components increasing the said leakage of
protein and UV absorbing constituents from the inner part [41]. Impact
of rhamnolipid on distortion of membrane coherence is signiﬁcantly
endorsed by cell surface deformity and growth hindrance with depletion of viable count. In case of BS15, the cationic part of it might get
attracted by anionic cell surfaces and penetrates into the membrane
space leading to membrane damage, distortion and leakage of cytoplasmic components. The outer membrane disruption of Gram negative
bacteria can function due to replacement of Mg2 + ions present in lipopolysaccharide containing cell membrane with positively charged
surfactin [42].
To sum up, rhamnolipid and BS15 express promising antibacterial
activity against S. aureus and E. coli whether acting individually or in
combination. When acting in combination, the resultant outcome appears to be a pioneering step to establish their synergistic action on cell
membrane disruption leading to cell death. Hence such ﬁndings are
likely to pave the way for application of biosurfactants as promising
antimicrobial agents in near future.
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