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Biosurfactants from halophilic bacteria represent a promising sustainable alternative to
synthetic surfactants, particularly when produced from waste substrates. This study investigated
biosurfactant production by halophilic bacteria isolated from coastal marine waters using waste
vegetable oil as a carbon source. Six halophilic bacterial isolates were obtained from seawater
samples collected from Dhuvaran, Dandi, Dwarka, and Daman coastal regions of India. Among
these, isolates Dh4 and Dm2 exhibited superior biosurfactant production, achieving yields
of 2.3 g/100 mL and 2.1 g/100 mL, respectively, in a mineral salt medium supplemented with
2% waste vegetable oil. The produced biosurfactants demonstrated significant surface-active
properties, reducing surface tension and showing oil displacement zones of 7.5 cm and 7.8 cm
for Dh4 and Dm2, respectively. Emulsification indices (E24) reached 42% and 47%, indicating
strong emulsifying capacity. Preliminary biochemical characterisation revealed the presence of
glycolipid biosurfactants, as confirmed by saponification and Fehling's tests. FTIR spectroscopy
identified characteristic functional groups including C-H stretching (2923.57, 2853.24 cm??),
C=0 stretching (1714.39 cm??), and C=C stretching (1636.88 cm??), consistent with glycolipid
structures. The biosurfactants exhibited potent antiadhesive activity against pathogenic
bacteria, inhibiting biofilm formation by Bacillus subtilis (75.33%), Escherichia coli (39.3%),
Pseudomonas aeruginosa (28.26%), and Salmonella paratyphi (13.5%) at a concentration of 5
mg/mL. Antimicrobial activity against these pathogens was also demonstrated. These findings
highlight the potential of halophilic bacteria for sustainable biosurfactant production from
waste oily substrates, offering promising applications in biomedical and environmental fields,
particularly for combating biofilm-associated infections.

Keywords: Antiadhesive Activity; Biofilm Inhibition; Biosurfactant; Glycolipid;
Halophilic Bacteria; Sustainable Production; Waste Vegetable Oil.

Biosurfactants are amphiphilic molecules
produced by microorganisms that possess both
hydrophilic and hydrophobic moieties, enabling
them to reduce surface and interfacial tension
between liquids, gases, and solids.! These naturally
occurring compounds have garnered significant
attention as eco-friendly alternatives to synthetic
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surfactants due to their biodegradability, low
toxicity, high selectivity, and effectiveness
under extreme environmental conditions.?
Unlike petroleum-derived chemical surfactants,
biosurfactants can be synthesised from renewable
feedstocks, offering substantial environmental and
economic benefits.?
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Bacterial biofilms pose a critical challenge
in both clinical and industrial settings, with
approximately 40—-80% of bacteria on Earth
forming biofilms.t These complex microbial
communities are implicated in numerous chronic
infections, including cystic fibrosis caused by
Pseudomonas aeruginosa, periodontitis involving
Porphyromonas gingivalis, and nosocomial
infections associated with Enterococcus species.
Within bacterial biofilms, approximately 1% of
cells exhibit antibiotic resistance, and biofilm-
associated infections account for 95% of urinary
tract infections and 87% of bloodstream infections
related to medical devices. This alarming prevalence
underscores the urgent need for novel antibiofilm
strategies.

Biosurfactants have emerged as promising
antibiofilm agents due to their ability to prevent
microbial adhesion to surfaces, interfere with
quorum-sensing signalling, and disrupt established
biofilm structures. Glycolipids such as rhamnolipids
and sophorolipids, as well as lipopeptides like
surfactin and iturin, have demonstrated significant
antiadhesive and antimicrobial activities against
various pathogens. The mechanisms underlying
these activities include alterations in cell surface
hydrophobicity, interference with bacterial
communication systems, and disruption of biofilm
matrix components. 2

Halophilic bacteria, which thrive in high-
salt environments, represent an underexplored
resource for biosurfactant production.'* These
extremophiles possess unique metabolic capabilities
and can produce biosurfactants that maintain
stability under harsh conditions of salinity, pH, and
temperature. Furthermore, the utilization of waste
substrates for biosurfactant production addresses
both environmental pollution and production cost
challenges. Waste cooking oils and used vegetable
oils, which pose significant disposal problems, have
been successfully employed as carbon sources for
biosurfactant production, achieving concentrations
of up to 67 g/L with various microbial species.

Despite growing interest in biosurfactant
research, the exploration of halophilic bacteria
from coastal marine environments for biosurfactant
production using waste-oily substrates remains
limited. The present study aimed to isolate
and screen biosurfactant-producing halophilic
bacteria from the coastal waters of Gujarat, India;
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optimize biosurfactant production using waste
vegetable oil as a sustainable carbon source;
characterize the biosurfactant through biochemical
and spectroscopic analyses; and evaluate its
antiadhesive, antibiofilm, and antimicrobial
activities against clinically relevant pathogens.
The findings contribute to the development of
sustainable bioprocessing strategies and offer
potential applications in combating antibiotic-
resistant biofilm infections.

MATERIALS AND METHODS

Chemicals and Instruments Used
Chemicals and Reagents

All chemicals and reagents used in this
study were of analytical grade. Culture media
components, including Zobell Marine Broth
(ZMB) and Mineral Salt Medium (MSM) were
procured from HiMedia Laboratories Pvt. Ltd.,
India. Organic solvents such as chloroform and
methanol (HPLC grade) were obtained from Loba
Chemie Pvt.Ltd Standard rhamnolipid used as a
reference biosurfactant was purchased from Sigma-
Aldrich (USA). Diesel oil was obtained from local
automobile service garages in Anand, Gujarat, and
used vegetable oil (palm oil) was collected from
local vendors.
Instrumentation

Key laboratory instruments used in this
study included a UV—Vis spectrophotometer
(Shimadzu UV-1800) for OD measurements, a
refrigerated centrifuge (REMI C-24BL) for cell
separation, a rotary evaporator (Buchi R-215) for
solvent evaporation, an FTIR spectrophotometer
(PerkinElmer Spectrum Two), a GC-MS system
(PerkinElmer Autosystem XL), and NMR and ESI-
MS instruments available at SAIF Chandigarh. An
orbital shaker incubator (REMI) and a laminar
airflow cabinet (Air pac) were used for routine
microbiological and culture handling procedures.
Sample Collection and Isolation of Halophilic
Bacteria

Seawater samples were collected from
four coastal locations in India: Dhuvaran (22.2333°
N, 72.7621° E), Dandi (20.8866° N, 72.7971° E),
Dwarka (22.2378° N, 68.9627° E), and Daman
(20.4090° N, 72.8300° E) during November
2023 to April 2024. Samples were collected in
sterile glass bottles and immediately transported
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to the laboratory for processing. Serial dilutions
(10{ %, 10{ t, 10{ v, 10{ x ) of water samples
were prepared in sterile saline and spread-plated
onto Zobell Marine Broth (ZMB) agar medium
containing varying NaCl concentrations (5%, 10%,
15%, 20%, 25%). The ZMB medium composition
included peptone (5.0 g/L), yeast extract (1.0 g/L),
ferric citrate (0.1 g/L), magnesium chloride (8.8
g/L), sodium sulfate (3.24 g/L), calcium chloride
(1.8 g/L), potassium chloride (0.55 g/L), sodium
bicarbonate (0.16 g/L), and other trace minerals,
with pH adjusted to 7.4-7.8. Plates were incubated
at 37°C for 1-2 days, and morphologically distinct
colonies were isolated and purified through
repeated subculturing.

Screening for Biosurfactant Production

Oil Displacement Assay

Biosurfactant production was initially
screened using the oil displacement method.'w
Briefly, 20 mL of distilled water was added to a
Petri dish, followed by 100 iL of diesel oil, which
formed a thin oil layer on the water surface. Then,
100 iL of cell-free culture supernatant was gently
placed on the oil surface. The diameter of the clear
zone formed due to oil displacement was measured
and recorded as an indicator of biosurfactant
activity.

Emulsification Index (E24)

The emulsification index was determined
according to the method described by Bodour et
al. Equal volumes (4 mL) of cell-free culture broth
and hydrocarbon substrate (diesel oil or vegetable
oil) were mixed by vortexing for 2 minutes. The
mixture was allowed to stand at room temperature
for 24 hours. The E,, value was calculated using
the formula:

E24 (%) = (Height of emulsified layer / Total
height of mixture) x 100

Biosurfactant Production

Well-isolated bacterial colonies were
inoculated into 250 mL Erlenmeyer flasks
containing 100 mL of Mineral Salt Medium
(MSM) supplemented with different carbon
sources, following previously established protocols
(Datta et al., 2018; Radzuan et al., 2017). The
MSM contained NaCl (0.5 g/L), KH, PO,, (3.0
g/L), MgSO,, -7H, O (0.12 g/L), CaCl, -2H, O
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(0.013 g/L), NaNOf (15 g/L), K, HPO,, (4.4
g/L), and yeast extract (3.0 g/L). The medium
was supplemented with various carbon sources
to evaluate their effect on biosurfactant synthesis,
including 2% waste vegetable oil, 2% diesel oil,
1% coconut oil, and engine oil. Cultures were
incubated at 37 °C on a rotary shaker at 120
rpm for 5-7 days to study the growth profile and
biosurfactant production kinetics.

Daily monitoring was performed using
oil displacement assays to determine the onset and
progression of biosurfactant production.
Biosurfactant Extraction and Quantification

Although biosurfactant production was
monitored for a total duration of 5-7 days, the
oil-displacement assay—which was the primary
method used to quantify biosurfactant activity—
showed that the highest activity occurred at 72 h.
The displacement diameter increased progressively
from 24 h to 72 h, after which no significant
improvement was observed up to day 7. Thus,
while the incubation period was extended to study
the overall production kinetics, biosurfactant
extraction was performed specifically at 72 h,
corresponding to the peak oil-displacement activity
and therefore the maximal biosurfactant yield.

At 72 h, the culture broth was centrifuged
at 8,000 rpm for 15 minutes to obtain the cell-free
supernatant. The supernatant was acidified to pH
2.0 using 6 N HCl and kept at 4 °C for 12 hours to
allow biosurfactant precipitation. The precipitate
was then extracted using a chloroform:methanol
(2:1, v/v) solvent system, and the organic phase
was separated using a separating funnel. Following
solvent evaporation in a rotary evaporator, the
biosurfactant was obtained as a honey-coloured
extract and quantified gravimetrically.
Biochemical Characterization
Saponification Test

For the saponification test, 5 mL of
dissolved biosurfactant was mixed with 2 mL of
2% NaOH and heated in a water bath at 60-70°C
for 30 minutes. Formation of a gelatinous or
opaque soap layer upon cooling indicated positive
saponification.?!

Fehling’s Test

Fehling’s reagents A and B were mixed
in equal volumes and added to 2—3 mL of the
biosurfactant solution. The mixture was heated in
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a boiling water bath for 5 minutes. Formation of a
brick-red precipitate of copper(I) oxide indicated
the presence of reducing sugars.?

Ninhydrin Test

Biosurfactant samples were mixed with
0.2% ninhydrin reagent solution and heated in a
boiling water bath for 5 minutes. The appearance
of purple or blue color indicated the presence of
amino acids or proteins.?

Fourier Transform Infrared Spectroscopy
(FTIR)

Functional groups in the crude biosurfactant
were identified using FTIR spectroscopy (SICART,
Vallabh Vidyanagar). Approximately 2 mg of dried
biosurfactant was analyzed in the spectral range of
400—4000 cm{ ' using potassium bromide (KBr)
pellets.
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Antiadhesive and Antibiofilm Assays
Slide Test

Glass slides were coated with 1.5 mL of
crude biosurfactant (0.5 to 50 ig/mL) in 6-well
plates and incubated at 4°C for 18 hours, followed
by washing twice with phosphate-buffered saline
(PBS). Control slides contained PBS only. Aliquots
of 1.5 mL of bacterial suspension, Pseudomonas
aeruginosa MTCC 3457, Escherichia coli ATCC
23716, Bacillus subtilis MTCC 441, Salmonella
paratyphi clinical strain were added to wells
and incubated at 37°C for 24 hours. Glass slides
were removed, rinsed with PBS, stained with 2%
crystal violet for 5 minutes, washed, air-dried, and
photographed under an optical microscope.
Microtiter Plate Method

Wells of sterile 96-well microtiter plates
were filled with 100 iL of biosurfactant solution

Table 1. Colony Characteristics of Isolates

Colony Dh3 Dh4 Da2 Dm2 Dm3 Dw2
characteristics
Size Small Small Small Small Small Small
Shape Round Pin point Pin point Pin point Pin point Pin point
pigmentation Orange Yellow Off white Off white Creamy White White
Opacity Opaque Opaque Opaque Transparent Opaque Transparent
Gram staining Positive rods Negative cocci  Negative rods Positive cocci Positive cocci Positive rods
Elevation Raised Flat Raised Flat Flat Raised
Texture Viscous Viscous Viscous Viscous Smooth Viscous
Margin Entire Entire Entire Entire Entire Entire
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Fig. 1. Oil displacement activity (cm) of seven bacterial isolates. Data represent mean = SD (n = 3). Statistical
comparison using one-way ANOVA showed significant differences among isolates (p < 0.05).



1568

(0.5-5 mg/mL) and incubated at 37°C for 24
hours. After removal and washing with sterile
distilled water, 200 iL of pathogen culture was
added to each well and incubated for 24 hours.
Wells were washed, stained with 0.1% crystal
violet for 20 minutes, and destained with methanol.
Glacial acetic acid in water (33%) was added, and

Table 2. Emulsification index and oil displacement of
bacterial isolates

Isolate Emulsification ~ Oil Displacement
Index (E24) (cm)

Dh4 42% 7.5

Dm2 47% 7.8

Rhamnolipid 93% 8.2

(standard)

Figure 2 (a)
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absorbance was measured at 595 nm. Percentage
inhibition of microbial adhesion was calculated as:

Microbial adhesion inhibition (%) = [(OD
control — OD sample) / OD control] x 100

Antimicrobial Activity

Antimicrobial activity was assessed
using the agar well diffusion assay®t . Pathogenic
strains Pseudomonas aeruginosa MTCC 3457,
Escherichia coli ATCC 23716, Bacillus subtilis
MTCC 441, S. paratyphi clinical strain were
incorporated into nutrient broth agar (1%, v/v)
plates. Crude biosurfactants were pipetted into
wells drilled in the agar, with rhamnose as a control.
Plates were incubated aerobically at 37°C for 24
hours, and zones of inhibition were measured.

Figure 2 (b)

Fig. 2. a) Emulsification Index test b) Oil displacement test for isolate Dm2

Fig. 3. Biosurfactant production medium
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Statistical Analysis

All experiments were carried out in
triplicate, and the results are expressed as mean
+ standard deviation. Statistical analysis was
performed using ANOVA (Analysis of Variance)
to determine the significance of differences among
treatments. A p-value < 0.05 was considered
statistically significant.

-
=1

Ol Dusplacement{cm)
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RESULTS

Isolation and Characterization of Halophilic
Bacteria

Six morphologically distinct bacterial
isolates (Dh3, Dh4, Da2, Dm2, Dm3, Dw2) were
successfully isolated from marine water samples
collected from four coastal locations. The isolates
exhibited diverse colony characteristics including

1 2 3 4 5 & 7

Days

EDh4 B Dm2

Fig. 4. Oil displacement activity of isolates Dh4 and Dm2 measured over seven days. Data represent mean + SD
(n = 3). One-way ANOVA confirmed significant differences across days for each strain (p < 0.05).

Oil displacement (cm)
= =t [ ] |75 L th (= e | =]

Waste vegetable oil

Waste diesel oil

Coconut oil Waste engine oil

Qily substrate
H Dh4 EDm?2

Fig. 5. Oil displacement activity of isolates Dh4 and Dm?2 using different oily substrates. Data represent mean +
SD (n = 3). One-way ANOVA indicated significant differences in displacement among substrates (p < 0.05)
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varied pigmentation (yellow, orange, off-white,
creamy white), colony morphology (round,
pin-point), and texture (viscous, smooth). Gram
staining revealed both Gram-positive and Gram-
negative bacteria. All isolates demonstrated growth
on ZMB medium with varying salt concentrations,
confirming their halophilic nature.
Screening for Biosurfactant Production

Initial screening using oil-displacement
assays revealed that isolates Dm2 and Dh4
exhibited the highest biosurfactant production,

Figure 6 (a)
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with oil-displacement zones of 7.8 cm and 7.5 cm,
respectively. The emulsification indices (E24) for
these isolates were 47% and 42%, respectively,
significantly higher than those of other isolates
(Table 1). These values compared favourably with
the rhamnolipid standard (93% E24, 7.9 cm oil
displacement), indicating substantial biosurfactant
production potential.
Biosurfactant Production Kinetics
Time-course studies showed that
biosurfactant production by both Dh4 and Dm2

Figure 6 (b)

Fig. 6. a) Biosurfactant Extraction; b) Partially purified biosurfactant

"H*@m

Figure 7(a)

Figure 7(b)

Fig. 7. a) Fehling’s Test; b) Saponification Test
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isolates reached maximum levels on day 3 of
incubation, with oil-displacement distances of
7.5 cm and 7.9 cm, respectively. Production
subsequently declined after day 3, possibly due to
nutrient depletion or Biosurfactant degradation.
This growth-associated production pattern suggests
that biosurfactant synthesis is coupled to bacterial
metabolism during the exponential growth phase,
consistent with findings in other Pseudomonas and
Bacillus species.
Biosurfactant Production Using Different Oily
Waste Substrates

Both isolates were evaluated for
biosurfactant production using various waste oily
substrates. Dh4 demonstrated superior performance
with waste vegetable oil (7.5 cm oil displacement),
followed by diesel oil, engine oil, and coconut oil.
Dm2 showed the highest activity with vegetable oil
(4.2 cm) but lower activities with other substrates.

These results demonstrate the substrate
specificity of biosurfactant production and
highlight waste vegetable oil as the most suitable
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carbon source for both isolates, supporting
sustainable waste valorization strategies.
Biosurfactant Extraction and Yield

Following acid precipitation and solvent
extraction, biosurfactants were recovered as honey-
colored viscous products. The maximum yields
obtained were 2.3 g/L for Dh4 and 2.1 g/L for Dm2
when cultivated in MSM supplemented with 2%
waste vegetable oil. These yields are comparable
to those reported in other studies using halophilic
bacteria and waste substrates, demonstrating the
economic viability of this approach.
Biochemical Characterization

Preliminary biochemical tests revealed
that both Dh4 and Dm2 biosurfactants tested
positive for saponification and Fehling’s tests,
indicating the presence of ester bonds and
reducing sugars, respectively. The ninhydrin
test was negative, suggesting minimal or no free
amino acid content (Table 2). These results are
consistent with glycolipid-type biosurfactants,
such as rhamnolipids or sophorolipids, which are
commonly produced by marine bacteria.

i
* |
— T TIrrT LT
‘m W B0 X0 50
Figure 8(a) Figure 8(b)

Fig. 8. FTIR analysis. a) isolate Dh4 biosurfactant; b) isolate Dm2 biosurfactant

Table 3. Results of biochemical characterization tests

Test Dh4 Dm?2 Interpretation
Saponification Positive Positive Presence of ester bonds
Fehling’s Positive Positive Presence of reducing sugars
Ninhydrin Negative Negative Absence of free amino acids
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FTIR Spectroscopic Analysis

Fourier Transform Infrared (FTIR)
spectroscopy of the crude biosurfactant
produced by isolate Dh4 confirmed its glycolipid
composition, exhibiting characteristic absorption
bands consistent with thamnolipid structures. The
spectrum displayed major C—H stretching peaks at
2923.57 cm{ ' and 2853.24 cm{ !, corresponding
to methylene (CH, ) and methyl (CHf ) groups

Fig. 9. Biofilm of Escherichia coli.
(A) Treated with Dh4 sample
(B)Treated with Dm?2 sample

Fig. 10. Biofilm of Bacillus subtilis
(A) Treated with Dh4 sample
(B) Treated with Dm2 sample
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of aliphatic fatty acid chains.’* A strong C=0
stretching peak at 1714.39 cm{ ! indicated ester
linkages typical of glycerol-linked fatty acids,
consistent with literature values for rhamnolipid
biosurfactants.>* The C=C band at 1636.88
cm{ ' reflected unsaturated fatty acids derived
from waste vegetable oil, with these absorption
signals characteristic of ester compounds in the
hydrocarbon region.?' Critical identification
bands included O—H vibration at 1343.38 cm{ !
representing hydroxyl groups from carbohydrate
moieties, and C—O stretching at 1052.03 cm{ !
confirming glycosidic ether linkages between sugar
and lipid moieties—the C—O—C absorption band is
specifically assigned to the rhamnose molecule in
biosurfactant structures. The C—C bonding peak at
947.25 cm{ ' represented the aliphatic hydrocarbon
backbone. A minor C—Cl band at 831.72 cm{ !
suggested trace chloroform residue from extraction
procedures. Together, these peaks confirm a
rhamnolipid-type glycolipid with rhamnose
linked to hydroxydecanoic acids, matching
literature values documented for Pseudomonas
and Bacillus species-derived rhamnolipids.>'0%
FTIR spectroscopy is recognised as one of the
best methods for determining functional groups
and chemical bonds in unknown compound
structures, enabling unambiguous identification of
biosurfactant classes.

The Dm2 biosurfactant exhibited a similar
glycolipid profile to Dh4 but with distinct spectral

Fig. 11. Biofilm of Salmonella paratyphi
(A) Treated with Dh4 sample
(B) Treated with Dm2 sample
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Fig. 12. Antibacterial activity of biosurfactants from Dh4 and Dm2 against selected pathogens. Data represent
mean + SD (n = 3). One-way ANOVA showed significant variation among treatments (p < 0.05).

Fig. 13. Dh4 and Dm2 Antibacterial Activity against Bacillus subtilis, S. paratyphi., E.coli

Table 4. Antimicrobial activity (zone of inhibition)

of biosurfactants
Pathogen Dh4 (mm) Dm2 (mm)
B. subtilis 12 3
S. paratyphi 6 7
E. coli 4 3
P. aeruginosa 2 2

shifts indicative of subtle structural variations. A
single C—H stretching band appeared at 2977.39
cm{ !, representing a +53.82 cm{ ' frequency
shift relative to Dh4’s dual peaks at 2923.57 cm{
!, suggesting altered aliphatic chain composition
with possible branching or shorter fatty acid chain
lengths.*>v The carbonyl peak shifted to 1719.41

cm{ ' (+5.02 cm{ ' compared to Dh4), indicating
a modified ester chemical environment—such
carbonyl frequency variations reflect differences
in functional group environments and sugar—lipid
linkage geometries.?®> The C=C stretching at
1637.60 cm{ ' closely matched Dh4 (1636.88
cm{ '), indicating comparable unsaturated fatty
acid incorporation from waste oil substrates.?'
O-H hydroxyl stretching at 1341.94 cm{ ' was
essentially superimposable with Dh4 (1343.38
cm{ '), confirming similar carbohydrate moiety
composition. Notably, Dm2 lacked a distinct
C—O0 glycosidic stretching peak in the 1052 cm{ !
region observed in Dh4, suggesting either reduced
carbohydrate content, different sugar moieties, or
altered glycosidic linkage configurations compared
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to Dh4.3* The C—C aliphatic bonding peak appeared
at951.56 cm{ ' (+4.31 cm{ ' from Dh4), reflecting
subtle variations in chain saturation or branching
patterns. Critically, the absence of the C—Cl
band at 831.72 cm{ ! indicated superior solvent
removal and higher product purity compared to
Dh4.3v While both biosurfactants were confirmed
as glycolipids that match rhamnolipid literature
standards, with characteristic hydroxyl, carboxyl,
and methoxyl groups, the spectroscopic differences
suggest structural variations that may influence
their differential antimicrobial and antibiofilm
biological activities.

Overall, FTIR spectra verified the
glycolipid nature of both biosurfactants, consistent
with rhamnolipid-type structures. The subtle
spectral differences between Dh4 and Dm?2 indicate
variations in fatty acid and glycosidic components
that may influence their physicochemical stability
and bioactivity. '

Antiadhesive and Antibiofilm Activity
Slide Test

Microscopic examination of glass slides
treated with biosurfactants from Dh4 and Dm?2
demonstrated significant reduction in bacterial
adhesion and biofilm formation compared to
untreated controls. Visual assessment showed
markedly reduced bacterial cell attachment for E.
coli, B. subtilis, and S. paratyphi on biosurfactant-
treated surfaces, indicating potent antiadhesive
properties.

This physical barrier effect suggests that
biosurfactants modify surface properties, rendering
them less favorable for initial bacterial attachment,
a critical step in biofilm formation.’

Microtiter Plate Method

Quantitative analysis using the microtiter
plate assay revealed dose-dependent antibiofilm
activity for both biosurfactants. At a 5 mg/mL
concentration, Dm2 biosurfactant exhibited the
highest inhibition against B. subtilis (75.33%),
followed by P. aeruginosa (28.26%), E. coli
(2.26%), and S. paratyphi (7.2%). The Dh4
biosurfactant showed highest activity against B.
subtilis (59.3%), E. coli (39.3%), P. aeruginosa
(14.33%), and S. paratyphi (13.5%) (Figure 1).
These results demonstrate that both biosurfactants
possess significant antibiofilm potential,
particularly against Gram-positive B. subtilis. The
differential activity against various pathogens may
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be attributed to differences in bacterial cell wall
composition and biofilm matrix characteristics.

The superior antibiofilm activity observed
in this study is comparable to or exceeds that
reported for other microbial biosurfactants. For
instance, biosurfactants from Lactobacillus
rhamnosus showed similar concentration-
dependent biofilm inhibition against pathogenic
bacteriax while lipopeptides from marine Bacillus
species demonstrated effective biofilm disruption
of P. aeruginosa and B. cereus. The mechanisms
underlying this antibiofilm activity likely include
reduced bacterial adhesion, modifications in cell
surface hydrophobicity, and the disruption of
quorum-sensing systems, as reported in previous
studies.
Antimicrobial Activity

Agar well diffusion assays demonstrated
that both biosurfactants possessed antimicrobial
activity against the tested pathogenic bacteria.
Dh4 biosurfactant produced inhibition zones of 12
mm against B. subtilis, 6 mm against S. paratyphi,
4 mm against E. coli, and 2 mm against P.
aeruginosa. Dm2 biosurfactant showed zones of
3 mm, 7 mm, 3 mm, and 2 mm against the same
pathogens, respectively (Table 4). These findings
indicate direct antimicrobial effects in addition to
antiadhesive properties

The antimicrobial mechanisms of
biosurfactants are multifaceted, involving
membrane disruption, pore formation, and
interference with essential bacterial processes.t
p Ot ' Glycolipid biosurfactants integrate into
bacterial membranes, increasing permeability
and causing cell lysis by disrupting lipid bilayer
integrity. This membrane-targeting mechanism
explains their broad-spectrum activity and potential
to combat antibiotic-resistant pathogens.

DISCUSSION

This study successfully demonstrated the
isolation and characterisation of biosurfactant-
producing halophilic bacteria from coastal marine
environments, and their capacity to utilise waste
vegetable oil as a sustainable carbon source.
The findings contribute to the growing body of
knowledge on marine microbial biosurfactants
and their potential applications in biomedical and
environmental sectors. Halophilic and halotolerant
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bacteria have emerged as promising biosurfactant
producers due to their ability to thrive in extreme
conditions and produce metabolites with unique
properties. The isolation of Dh4 and Dm2 from
saline coastal waters aligns with previous studies
reporting biosurfactant production by halophilic
Bacillus, Halomonas, and Pseudomonas species
from marine environments. The morphological and
biochemical characteristics of the isolated bacteria,
including Gram-positive cocci (Dm2) and variable
colony pigmentation, suggest potential taxonomic
diversity warranting further molecular identification
by 16S rRNA sequencing. The selection pressure
exerted by high salinity, along with the presence of
hydrocarbons in marine environments, likely drives
the evolution of biosurfactant production in these
bacteria. Biosurfactants facilitate hydrocarbon
emulsification and uptake, thereby providing a
competitive advantage for microbial survival and
growth on hydrophobic substrates. This ecological
adaptation translates into biotechnological potential
for industrial biosurfactant production.

The successful utilization of waste
vegetable oil for biosurfactant production represents
a significant advancement toward sustainable
bioprocessing. Waste cooking oils pose substantial
environmental challenges due to improper disposal,
contributing to water pollution and ecosystem
degradation. By converting these waste streams
into value-added biosurfactants, this approach
addresses dual challenges of waste management
and production economics. The biosurfactant
yields obtained in this study (2.1-2.3 g/100 mL)
are comparable to those reported for other waste-
oil-based systems. For instance, Pseudomonas
aeruginosa strains produced rhamnolipids at
concentrations of 11.7-40 g/L from vegetable oil
wastet , while Bacillus species yielded lipopeptides
at 0.011-0.05 g/L from frying oil waste. The
relatively moderate yields observed in this study
may be attributed to the halophilic nature of the
isolates and non-optimized culture conditions.
Optimising parameters such as C/N ratio, pH,
temperature, and agitation could significantly
enhance productivity.

The combined biochemical and
spectroscopic analyses strongly indicate that
the biosurfactants produced by Dh4 and Dm2
are glycolipid-type compounds. The positive
saponification test confirms the presence of ester
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linkages. In contrast, the Fehling’s test demonstrates
reducing sugar components, both of which are
characteristic of glycolipids such as rhamnolipids,
sophorolipids, or trehalolipids. FTIR spectroscopy
provided detailed molecular fingerprints consistent
with glycolipid biosurfactants. The strong C—H
stretching vibrations (2923, 2853 cm{ ') indicate
aliphatic hydrocarbon chains typical of fatty acid
moieties, while the carbonyl stretching peak (1714
cm{ ') suggests ester linkages between sugar and
lipid components. These spectral features closely
match those reported for rhamnolipids and other
bacterial glycolipids.

The potent antiadhesive and antibiofilm
activities observed in this study represent the most
significant biomedical potential, with up to 75%
inhibition of B. subtilis and 39% inhibition of E.
coli at 5 mg/mL. These effects may be attributed
to mechanisms such as surface modificationy
Ou *, quorum-sensing interference, membrane
disruptiont, and EPS degradation ®. The direct
antimicrobial activity further complements these
properties, indicating dual functionality through
membrane permeabilization, metabolic disruption,
and synergistic antibiotic enhancement.

Clinically, such biosurfactants hold
promise for use in medical device coatings, wound
care formulations, combination therapies, and drug
delivery systems. Environmentally, this system
demonstrates sustainability by utilising waste
vegetable oil to produce biodegradable, non-toxic
compounds, and leveraging halophilic cultures to
reduce contamination risks and production costs.
Although biosurfactant production remains costlier
than synthetic surfactants, ongoing optimization of
substrate utilization and downstream processing
continues to narrow this gap, making such
eco-friendly systems increasingly viable for
pharmaceutical, cosmetic, and environmental
applications.

Future Perspectives

Future research should focus on molecular
identification to establish precise taxonomic
classification of isolates Dh4 and Dm2. Production
optimization via response surface methodology and
fed-batch cultivation strategies will enhance yields
to commercially viable levels. Mechanistic studies
employing confocal microscopy, transcriptomic
analysis, and metabolomic profiling will
clarify the molecular mechanisms underlying
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biofilm disruption and antiadhesive activity. A
comprehensive biocompatibility assessment,
including cytotoxicity evaluations, hemolysis
assays, and in vivo animal toxicity studies,
will establish safe dosing ranges for clinical
applications. In vivo efficacy validation using
murine biofilm infection models, pharmacokinetic
analyses, and combination therapy studies
with conventional antibiotics will demonstrate
therapeutic potential. Formulation development
encompassing nanoparticle encapsulation,
stabilization strategies, and medical device
coatings will enhance clinical applicability. Scale-
up validation in pilot bioreactors and downstream
processing optimization will determine industrial
feasibility. Regulatory pathway engagement with
FDA/EMA, GMP implementation, and phased
clinical trials will facilitate translation toward
approved therapeutic products. At the same time,
genetic engineering approaches will generate
higher-producing strains for expanded applications
in infection prevention, bioremediation, and the
food industry sectors.

CONCLUSION

This study successfully demonstrated
the production of antiadhesive glycolipid
biosurfactants from halophilic bacteria isolated
from coastal marine waters using waste vegetable
oil as a sustainable carbon source. The isolates Dh4
and Dm?2 produced biosurfactants with significant
surface-active properties, yielding 2.1-2.3 g/100
mL. Biochemical and spectroscopic analyses
confirmed the presence of glycolipid structures
bearing characteristic functional groups, consistent
with rhamnolipid-type biosurfactants. The produced
biosurfactants exhibited potent antiadhesive and
antibiofilm activities against clinically relevant
pathogens, including B. subtilis, E. coli, P.
aeruginosa, and S. paratyphi, with inhibition rates
up to 75%. Direct antimicrobial activity was also
demonstrated.

These findings highlight the dual benefits
of waste valorization and production of bioactive
compounds with significant biomedical application
potential. The ability to prevent and disrupt
bacterial biofilms positions these biosurfactants as
promising alternatives or adjuvants to conventional
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antimicrobial therapies, particularly for combating
device-related and chronic infections. Future
research focused on molecular identification,
structural elucidation, production optimization,
and in vivo efficacy evaluation will advance
the translational potential of these halophilic
biosurfactants toward commercial and clinical
applications.

The sustainable production paradigm
demonstrated in this study—utilising extremophile
bacteria and waste substrates—represents a model
for circular-economy approaches in biotechnology,
contributing to environmental sustainability while
generating high-value products for healthcare and
industry.
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