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Abstract: Biosurfactants produced by native microorganisms have excellent surface activity and ideal environmental compatibility, and the
mining of the biosurfactant-producing strains has become a key focus in the field of applied and environmental biotechnology. In this paper,
we report a new lipopeptide-producing strain isolated from the production water of Daging oilfield in China and identified as Bacillus Subtilis
R1-2 based on 16S rRNA gene sequence analyses. A combination of ESI-MS and FT-IR analyses revealed that the strain R1-2 produced the
surfactin family containing four members of the C;2-surfactin, Cq3-surfactin, Ci4-surfactin and C;5-surfactin, which is a representative
family of the lipopeptide biosurfactants. The lipopeptide biosurfactant produced by the strain R1-2 exhibits excellent surface activity and
good thermal stability over a temperature range between 20°C and 100°C and pH range between 3 and 14, and has a strong salt tolerance to
NaCl concentration up to 140 g/L. In addition, the lipopeptide biosurfactant demonstrates significant properties in changing the contact
angles of oil reservoir core slices from 86.2° to 39.0° and the wettability from strong oil-wet to strong water-wet, and therefore, resulted in a
good oil removing ability with an efficiency of 64.84%, suggesting that the lipopeptide-producing strain R1-2 is promising in applications in
environmental bioremediation and enhanced oil recovery.
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1 Introduction

Biosurfactants produced by a wide variety of diverse mi-
croorganisms are of low ecotoxicity, good biodegradability,
and non-toxic to the environment, and have great outcome
potentials in scientific research and industrial applications
(Ogru and Olannye, 2021). Biosurfactants (BS) are active
substances produced by living microorganisms through fer-
mentation, extraction or other biological processes. They
have the ability to reduce the surface tensions or interfacial
tensions at low concentration. These compounds exhibit
a wide range of structural diversity, covering glycolipids,
lipopeptides, phospholipids and neutral lipids (Sankhyan et
al., 2024). They are typically present in microbial cell walls,
plant leaves, and animal body fluids.

Biosurfactants are a kind of natural amphiphilic molecules
produced by microbial metabolism, consisting of both hy-
drophilic and hydrophobic components. Compared to syn-

thetic surfactants, biosurfactants offer greater advantages
such as lower toxicity, higher biodegradability, better envi-
ronmental compatibility, increased foaming, wide tempera-
ture and pH tolerance, and the ability to be produced from
renewable resources. Therefore, it plays a significant role
in the relevant industries and have various applications in
daily life, including cosmetics, food processing, microbial
enhanced oil recovery (MEOR), agriculture, and environmen-
tal bioremediation (Singh et al., 2022; Thraeib et al., 2022;
Raouf et al., 2024; Guillén-Navarro et al., 2023; Sarkar et al.,
2017). Furthermore, it may serve as antifungal, germicidal,
antibacterial skincare products, and tumor growth inhibitor
(Rincon-Fontan et al., 2018; Vecino et al., 2017; Wicke et al.,
2000).

Biosurfactants are generated by various microorganisms
such as bacteria, fungi, and yeasts (Balan et al., 2017; Handa
et al., 2022; Kubicki et al., 2019). Microorganisms that
exhibit effective biosurfactant production are often discov-
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ered in oil polluted soils, oilfield produced water, lipid-rich
wastewater, seawater, and marine sediments, where they can
thrive on substrates and produces surfactants due to the en-
vironmental pressure. The growth of these organisms in
specific environment is affected by various conditions like
pH, temperature, composition of nutrients, etc. (Geetha et al.,
2018). In 1968, Bacillus Subtilis strains were first reported to
produce the lipopeptide surfactant (Arima et al., 1968). Sub-
sequently, in 1985, the ability of Bacillus licheniformis JF-2
was found to produce a variety of lipopeptides that lowered
the surface tension of the medium (< 30 mN-m~—!) under con-
ditions of strict anoxia (Javaheri et al., 1985). Currently,there
have been many studies on screening biosurfactant-producing
strains, such as three biosurfactant-producing bacteria were
isolated from a marine environment with better emulsifying
ability (Wu et al., 2019), Bacillus licheniformis DS1 from the
crude oi could degrade a wide variety of crude oil (Purwasena
et al., 2019), eleven strains from processing wastewater show-
ing significant solubilization and emulsification activities (El-
dos et al., 2024). In addition, microorganisms such as Pseu-
domonas aeruginosa, Corynebacterium, Rhodococcus spp.,
Arthrobacter parafneus, Aspergillus spp., Torulopsis spp.,
and Candida spp. have been used to produce biosurfactants
through fermentation (Dos Santos et al., 2022). The current
research is mainly focused on screening and modification of
new high-yield strains, analysis and optimization of synthetic
pathways, and the development of multifunctionalized biosur-
factants. With the continuous progress of biotechnology and
the increasing awareness of environmental protection, it is
anticipated that biosurfactants will be commercially applied
in a wider range of fields, becoming a key force to promote
green chemistry and sustainable development.

In this study, a new lipopeptide-producing strain Bacil-
lus Subtilis R1-2 was isolated from the production water of
the Daqing oilfield and identified using 16S rRNA gene se-
quences in GenBank, the optimal conditions for fermentation
were determined through the optimization of culture and in-
cubation parameters using orthogonal experimental methods,
and chemical structures were identified using ESI-MS and
FT-IR. Meanwhile, its surface activity, environmental toler-
ance, ability to change wettability and oil washing ability
were evaluated.

2 Materials and Methods

2.1 Sample collection and strain screening

The bacterial strain was isolated from the enrichment cul-
ture of formation water samples of the Daqing oilfield in
China. The Luria Bertani (LB) solid medium contained 5.0
g/L of yeast extract, 10.0g/L of tryptone, 10.0 g/L of NaCl
and 15.0% of agar. The culture medium was a mineral salt
medium contained 1.1 g/L of NaCl, 1.0g/L NH,CI, 5.0 g/L.
of NaNOs, 0.5 g/l of KHyPOy, 0.7 g/L of KoHPOy, 0.2
g/L of MgS0O4-7H20, which was supplemented with yeast
extract (4.0 g/L) and crude oil (50.0 g/L), using 1 mol/L of
HCI1 or 1 mol/L of NaOH to adjust the medium pH which

was maintained at 7.0. Enrichment cultures were performed
in 250 mL flasks containing 100 mL of medium at 37°C
with rotary shaking at 130-150 rpm for 7-15 d. Thereafter,
the enrichment culture as inoculum was inoculated into the
mineral salt medium containing crude oil (5.0 g/100 mL) as
the sole carbon source to observe the emulsification effect.
Subsequently, enrichment cultures were obtained by transfer-
ring the culture 3-5 times. Once the crude oil had been fully
emulsified, isolation of single bacteria from cultures on Petri
dishes. The isolation and purification of the colonies and the
determination of the emulsifying and reduced surface tension
capacity. This process was repeated several times until pure
bacterial isolates were obtained. Finally, the pure bacterial
strains were preserved at 4°C for further analyses (Li, 2020).

2.2 Identification of the selected strains

Bacterial morphology was observed by scanning electron
microscopy (Hitachi-SU8100). Amplification of the 16S
rRNA gene and nucleotide sequencing. 16S rRNA gene
sequence was amplification using the Primers 27F:5’-
AGAGTTTGATCM TGGCTCAG-3" and 1492R:5’-
GGTTACC TTGTTACGA CTT-3’. The obtained sequences
were compared with sequences in the GenBank database of
the National Centre for Biotechnology Information (NCBI),
The sequences were aligned using MEGA 7.0 software
(Kumar et al., 2018).

2.3 Culture medium optimization

Seven parameters were studied for their relationships and
effects on surface tension (ST), BS crude yield and emulsi-
fication index (Es4) of lipopeptide biosurfactant production
using orthogonal test method. The factors and levels orthogo-
nal experiment are showed in Table S1. Surface tension, Eoy
index and cell growth curve were detected. The detection
methods is as described in Section 2.4 below.

2.4 Measurement of surface tensions and
emulsification index

The surface tension was measured on a fully automatic ten-
siometer JK99C (Shanghai Wang Xu Electric Co., Ltd.,
China) according to the plate method, using fermentation
broth was adjusted to a pH > 8.0 using 1.00 mol/L NaOH at
25°C, and the fermentation broth was diluted with de-ionized
(DI) water to determination of dilutions. Eo4 was measured
with cell-free supernatant, the culture fluid was centrifuged at
5000 rpm for 10 min, then supernatant was added to an equal
volume of liquid paraffin in a 10 mL test tube with plug (1:1,
v/v). The mixtures were vortexed by maximum for 3 min,
and the stability of the emulsion was determined after 24 h at
room temperature. The emulsification index (Es4) was calcu-
lated as the height of the emulsion layer/total height (Silva et
al., 2022). The cell growth curve was analyzed by measuring
ODgqp with a spectrophotometer (UV1901PC, China), and
the culture broth was added 1.0 mol/L NaOH until the final
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pH reached at 12.0, then centrifuged at 5000 rpm for 10 min
to remove the bacterial precipitation. Thereafter, the super-
natant was added 6.0 mol/L HCI until the final pH reached at
2.0 and then settled at 4°C overnight. The acid precipitation
was collected by centrifuging at 5000 rpm for 10 min, and
dried to achieve equilibrium weight, and the weight of the
BS crude yield was determined (Qin et al., 2023).

2.5 Extraction and purification of
biosurfactants

The crude biosurfactant was precipitated and obtained from
the cell-free supernatant by adding 6.0 mol/L of hydrochloric
acid to adjust the value of pH to 2.0 and kept for 24 h for
precipitation at 4°C. Then, the acid precipitate was generated,
separated by centrifugation (5000 rpm at 4°C for 10 min),
and extracted several times by ethyl acetate for more than 2
h each time (2:1 v/v), The extracts were obtained by rotary
evaporation under the condition of 55°C-65°C to obtain paste
solid, lyophilized, and weighed (Zhao et al., 2012).

2.6 Determination of critical micelle
concentration (CMC)

The CMC was determined by measuring the decrease in
surface tensions at 25°C with the plate method on a JK99C
tensiometer. Solutions of purified biosurfactant in water of
concentrations between 0 to 100 mg/L were tested. When an
abrupt decrease of the ST was reached, the CMC was attained.
It corresponds to the concentration at which biosurfactant
associates into micelles. The value of surface tension was
the average of at least triplicate measurements (de Aratjo et
al., 2019).

2.7 Structural analyses

2.7.1 Molecular weight determination

The molecular weights of the biosurfactant samples were
determined by the electrospray ionization mass spectrome-
try (XEVO G2 TOF, Waters Corporation USA, temperature
80°C electrolyte voltage 200 V and spray inlet temperature
120°C). The samples were prepared as described in section
2.5, and sample of 1.0 mg in methanol 1.0 mL was supplied
to electrospray ionization mass spectrometry for positive and
negative m/z 100-2000 of the biosurfactant. The molecular
weight of the biosurfactant could be identified based on the
relationship between the positive and negative ratios of mass
to charge (Liu et al., 2009).

2.7.2 Functional groups

The functional groups of chemical structures of the biosur-
factants were investigated through Fourier-transform infrared
(FT-IR) spectroscopy (Platinum KBr, INVENIO S-Hyperion
3000, Bruker, Germany). The samples were diluted in

methanol and then scanned 64 times in the wavenumber
range between 4000 and 400 cm~1! at 25°C, with a resolution
of 0.5 cm™! (Haddad et al., 2009).

2.8 Measurement of contact angles

The wettability was determined by measuring the contact
angle. The cleaned core slices, with permeability values
of 0.8 to 1. OmD and thicknesses of 1 to 3 mm, were sub-
merged in liquid paraffin and aged at 75°C for more than 14
d in order to produce oil-wet core pieces. The core slices
were clean with filter paper, then dried in a vacuum oven.
Subsequently, the prepared oil-wetted core pieces were sub-
merged in different concentrations (0%, 0.2%, 0.4%, 0.5%,
0.8%, 1.0%) of the biosurfactant solutions for 24 h, allowing
the surfactant molecules to be fully adsorbed onto the core
slices, followed by measured with contact angle measuring
instrument (HS-150A, V2.0, China) (Hou et al., 2016).

2.9 Measurement of the oil washing efficiency

The oil washing efficiency experiments were performed and
modified from Li’s method. Difference with Li’s reported ap-
proach is that, he directly uses the differential weight method,
this paper converts it to volume multiplied by density to get
weight. Meanwhile, this test set up a control group. First,
the crude oil was mixed with 60-80 mesh washed and dried
quartz sand at a mass ratio of 1:5 in a bottle for aging at
the reservoir temperature of 45°C for 1 week. Simultaneous
determination of the density of crude oil (d). Afterward, the
aged oil sands M1 (approximately 15.0 g in dry weight) were
packed in flasks containing solutions (30mL) with different
concentrations of surfactants (0%, 0.2%, 0.4%, 0.6%, 0.8%
and 1.0%), respectively. Under the conditions of 90rpm and
45°C, the flask remained to be shaken for 2 h. Removed the
oil and wash bottle and replenished the surfactant solution
with the corresponding concentration to the highest mark
of the oil wash bottle. Subsequently, the experiment was
continued in an incubator at 45°C for 2 h. Then, the solution
is poured out of the flask. The residual oil on the flask walls
is carefully removed by dipping a skimmed cotton pad. The
remaining surfactant solution in the flask is carefully rinsed
with distilled water until the washout solution was clarified.
After pouring the washing solution, the residual water was
dried at 45°C. Read the volumetric of oil V;. The mass
of aged oil sands in the control group (distilled water) was
M5 and the volume of oil washed out was recorded as V5.
Oil washing efficiency was calculated using the following
equation (Li et al., 2022).

X=Kd (35-1-)x100%

where X is the efficiency of oil washing, %; V is the
Volume of oil washed out by BS, mL; V5 is the Volume of
oil washed out by distilled water, mL; M is the quantity of

the oil sands in test group, g; M> is the quantity of the oil
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sands in control group, g; K is the percentage of the oil in oil
sands; and d is the density of crude oil, g/cm3.

3 Results
3.1 Isolation and identification of strains

A total of nine morphologically distinct bacterial isolates,
designated as R1-2, R3-3, R5-1, R5-4, R6-1, R8-2, R11-
3, R13-4 and R14-4, were obtained in pure cultures from
oil well produced water samples (Table 1). The bacterial
strains were transferred into mineral salt medium with 10%
glucose as the carbon source and incubated for 48 h. The
population density of these bacterial strains in the cultures
(OD), pH, surface tensions (ST), and the resistance of the
fermentation broth to dilution were determined. Nine of
these strains were able to grow in the mineral salt medium.
Out of the nine bacterial strains, five strains were able to
reduce the surface tension to 27-28 mN/m of the media in 48
h, demonstrating that they possess a strong ability to produce
biosurfactants. The emulsification index revealed that all the
bacteria were able to emulsify paraffin to a degree between

40-55%, except for R14-4, which exhibited a lower level
of emulsification (10%). After diluting the fermentation
broth of strain R1-2 to 60 times of its original concentration,
its surface tension was approximately 35 mN/m, indicating
that the strain has a higher production of biosurfactants than
other strains. Therefore, strain R1-2 was selected for further
studies.

Table 1. Surface tension reduction, OD, pH and emulsification
index of the isolates

Surface tension (mN/m)

Number oD pH Tt ST/Dilution E, (%)
RI1-2 2.28 7.34 27.30 35.10/ 60 55
R3-3 3.17 6.66 47.40 / 45
R5-1 5.44 7.07 56.75 / 40
R5-4 4.36 7.66 28.70 35.80/10 55
R6-1 1.13 7.24 27.70 37.90/10 55
R8-2 2.37 7.46 27.12 34.50/10 50
R11-3 3.06 7.22 53.73 / 45
R13-4 1.04 5.02 55.45 / 45
R14-4 6.58 5.85 27.91 35.19/60 10

The morphology of bacterial strain showed moist, milky
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Figure 1. Isolation and identification of strain R1-2. (A) Scanning electron microscope of R1-2 strain magnified 10000x. (B) Scanning
electron microscope image of R1-2 strain magnified 35000x. (C) Phylogenetic tree based on 16S rRNA gene sequences of strain R1-2 and
related bacteria constructed using the neighbor-joining method in MEGA software of strain R1-2.
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white and round with smooth edges on the flat dish. A group
of short-rod shaped bacteria can be observed in close prox-
imity to one another, exhibiting a high degree of spatial
organization (Figure 1A). The dimensions of each bacterium
are approximately 1.5-2.0pm in length and 0.5pm in width.
They possess a smooth surface, though some fine texture is
also evident; and the bacterial strain lacked endospores or
flagella (Figure 1B). Meanwhile, it was observed that some
bacteria exhibited the presence of minute cellular debris and
particulate matter attached to their surfaces, which may be
indicative of their interaction with their surrounding environ-
ment, and some cells remain in the division phase. Analysis
of 16S rRNA gene sequences in GenBank indicated that the
strain was 100% similarity to Bacillus Subtilis UM15. Based
on the morphological and 16 S rRNA sequencing results, the
strain R1-2 is identified as Bacillus Subtilis (Figure 1C).

3.2 Optimization of the culture media

To optimize the culture media and culture conditions, an
Lig (21x37) orthogonal experiment was devised using data
processing system (DPS 9.01) with constant additions of
KH3PO,4, KoHPO,4, and MgSO,4 7H,0 (Table S1 to Table
S4), the surface tensions of the cell free broths under different
conditions and emulsification index Eo4 values on liquid
paraffin (1:1, v/v) were evaluated. As showed in Figure 2A,
the surface tensions of the 18 groups ranged from 25.20
mN/m to 48.85 mN/m, and the emulsification indices (Eo4)
varied from 0% to 65%, respectively. Obviously, the group 13
(sucrose, 10.0 g/L, NaNOs3 1.0 g/L, NaC; 2.0 g/L, NH,4C4,
2.0 g/, pH 7.5 and volume of liquid 15 0 mL/500 mL)

Am_!lt24 {70
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50
2wl
’530— F
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10 H i
Bl ||

0
12345678 910111213141516171819
Group number

H
w
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Casf PP,
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I
(5]

ODMJU

=
*
BS yield (g/L)

S
IS

0.0

0 10 2 30 40 50 60
Time/h

appeared the lowest surface tension at 25.20 mN/m, and
the emulsification index of 60%. Followed by the group 5
(glucose 10.0 g/, NaNOj3 3.0 g/L, NaC; 2.0 g/L., NH,Cq, 2.0
g/L, pH 6.5 and volume of liquid 100 mL/50mL) appeared a
surface tension at 25.8 mN/m, and the emulsification index
of 52.5%.

Further analyses using direct calculation of the k-value
and the analysis of variance (ANOVA) (Table S3 and Ta-
ble S4) showed that there were significant differences in the
carbon source content, NaCl, NH4Cl and pH. The sucrose
10.0 g/L, NaNO3 3.0 g/L, NaC; 1.5 g/L, NH,C; 1.0 g/L,
pH 7.0 and volume of liquid 150 mL/500 mL was the opti-
mal combination. The groups 5, 13 and the combination of
new formulations obtained after K-value calculation (New)
were tested and the resulting group with the best surface ten-
sion and emulsification results was the new group (ST 25.60
mN/m and Eo4 62.5%) as showed in Figure 2B. Overall, the
optimal medium composition for strain R1-2 was sucrose
10.0 g/L, NaNOs 3.0 g/L, NaC; 1.5 g/L, NH,C; 1.0 g/L,
KH2PO,4 0.5 g/L, KoHPO,4 0.7 g/L,, MgSO,4-7H20 0.2 g/L,
pH 7.0, and volume of liquid 150 mL/500 mL.

Under this condition, the pattern between bacterial growth
curve and the emulsifying activity and BS yield were subse-
quently investigated. The strain R1-2 entered the logarithmic
growth phase after 8h, and at this time the lipopeptide pro-
duction also increased with a large amount (1.0 g/L). When
the bacteria grew to the later stage of the logarithmic growth
phase (26 h), the ODgqg reached the maximum value (3.73),
and the BS production (1.4 g/L) also reached the maximum
value (Figure 2C). It indicates that BS production is closely
related to the bacterial growth stage. The emulsifying ac-

B70--E14 470
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=
=]
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5 13 New
Group number

D48 —8— 0D 60
——E,
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32p 0g
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Figure 2. Appropriate growth and metabolic conditions for R1-2. (A) Emulsification index and surface tension were measured for the
eighteen media. (B) Results of formulation validation tests. (C) The growth curve ODgoo and BS yield of strain R1-2. (D) The growth curve

ODgog and emulsion index of strain R1-2.
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Figure 3. Mass spectrometry of biosurfactants produced by Bacillus Subtilis R1-2. (A) Negative ionization mass spectrometry. (B) Positive

ionization mass spectrometry.

tivity clearly increased during the exponential phase, which
demonstrated a positive correlation between the emulsifying
activity and the bacterial growth curve, with the maximum
Eo4 value of 60% at 26 h and ODggq value of 3.73 (Figure
2D).

3.3 Characterization of the biosurfactant

Biosurfactants produced by Bacillus Subtilis were determined
by mass spectrometry with negative and positive-ion modes
(Figure 3). When negative ionization was used, the peaks of
m/z 978.61, 992.63, 1006.64, 1020.66, 1034.67 and 1035.68
were detected with higher intensities from mass spectrum
(Figure 3A). The clusters are composed of the ion series with
difference of 14, which implied that the purified biosurfac-
tant was a mixture and contained different homologues with
difference of -CH2 groups, the smallest group in organic
compounds. In addition to the negatively ionized m/z, the
positively ionized m/z ratio come from natural molecules
and attached positive ions such as HT or/and Na™ (Figure
3B). The m/z 1008.66, 1022.67, 1036.69 are H' -ionized
molecules 1006.64, 1020.66, 1034.67, since their positively
ionized and negatively ionized m/z ratios are different by 2.
The m/z 1044.65 and 1058.67 are Na™-ionized molecules
1020.66 and 1035.68, since their positively ionized and nega-
tively ionized m/z ratios are different by 24. Therefore, the
biosurfactant produced by Bacillus Subtilis R1-2 is deter-
mined as surfactin homologues.

FTIR spectroscopy was used to identify the principal func-
tional groups of the biosurfactant. As showed Figure 4,
the absorption bands at 3300.16 cm ™! corresponded to the
stretching vibrations of hydroxyl or amine groups, typical
the carbohydrates and peptides, respectively. The peaks
2923.51and 2869.24 suggested the symmetrical stretching
(vC-H) of CH> and CH3 groups of aliphatic chains. The
presence of peptide bonds was indicated by the peaks at
1638.74 cm~! and 1714.55cm~!, which were obtained due
to the stretching mode of —-CO-N bond, and C=0 stretching
mode, respectively. The absorption band at 1204.63cm ™!
was characteristic of amide groups C—N. Therefore, both

10

aliphatic chains (hydrophobic domain) and peptide moiety
(hydrophilic domain) existed in the produced biosurfactant.
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Figure 4. FT-IR spectrum of the purified biosurfactant produced
from the Bacillus Subtilis R1-2. FT-IR spectrum analysis shows
the spectrum of purified bioemulsifier at 400-4000 wave numbers
(cm™')

3.4 The surface and interfacial activity of the
lipopeptide biosurfactant

3.4.1 The surface tensions and critical micelle
concentration

Critical micelle concentration was determined by calculating
the corresponding surface tensions of various concentrations
of biosurfactant solutions up to 100 mg/L as shown in Fig-
ure 5. The surface tension first decreased sharply and then
remained constant as biosurfactant concentrations increased.
Ultimately, the critical micelle concentration (21.71 mg/L)
was obtained, resulting in a decrease in surface tension from
71.99 mN/m to 28.79 mN/m. The lower CMC value indicates
the less amount of biosurfactant required in applications. The
results demonstrate that the biosurfactants produced by R1-2
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possesses high surface activity at low concentrations.
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Figure 5. The surface tensions against the concentrations of the
biosurfactant produced by the strain R1-2 in solutions.

3.4.2 Tolerance of the temperatures, pH and NaCl

The surface tensions of the cell-free broths at different temper-
atures, pH, NaCl concentrations were measured and analyzed
(Figure 6). When temperatures ranged from 20°C to 90°C,
the surface tensions remained almost constant and maintained
around 25.0-28.8 mN/m, indicating a good thermal stability
(Figure 6A). The effects of pH were investigated over a range

of pH values from 1 to 14 at a temperature of 20°C for 24 h.
When pH values ranged from 3 to 14, the surface tensions
remained a little change and maintained around 24.4-28.7
mN/m, and only when pH values less than 2, the surface
tensions increased significantly, indicating a good stability
under neutral and alkaline conditions (Figure 6B). To further
explore the salt tolerance, the surface tensions of the cell-free
broths after adding different concentrations of NaCl was mea-
sured. When NaCl concentration was less than 120 mg/L,
the surface tensions remained a little change and maintained
around 24.6-28.4 mN/m, and only when the concentrations
above 140 mg/L, the surface tensions increased significantly,
indicating a NaCl tolerance up to 120mg/L (Figure 6C). Our
results show that lipopeptide biosurfactants produced by the
strain R1-2 have good surface activity under a wide range of
temperatures, pH and NaCl concentrations.

3.4.3 Wettability alteration and oil washing efficiency

The contact angles of core slice treated with liquid paraf-
fin and aged at 75°C for 14 d (oil-wet, control) and the
oil-wet core slices treated with different concentrations of
the lipopeptide biosurfactant solutions were measured, re-
spectively. As showed that Figure 7, the contact angle of
the oil-wet core slice (control group) was 89.2°; while af-
ter treatment with the lipopeptide biosurfactant solutions of

50
Al B
=5 s}
or_ o 40
25 3
510 3T
4 z
E EIS-
;15 20

=
-
W

o
T

0
20 30 40 50 60 70 80 90 100
Temperature (°C)

123 45678 91011121314
pH NaCl (g/L)

ST (mN/m)
t
]

[
S
T

=
T

e

5 10 20 40 60 80 100120140150200250

Figure 6. Surface tension of biosurfactant after the tolerance test upon different physicochemical conditions. (A) temperatures. (B) pH and
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Figure 7. Determination of contact angle of R1-2 solutions at different concentrations over the hydrophobic surface. (A) Images of contact
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Figure 8. Efficiency of oil washing of biosurfactants produced by R1-2. (A) Images of the amount of oil washed out by different
concentrations of BS. From left to right, represent the control, 0.2%, 0.4%, 0.6%, 0.8% and 1.0% experimental group, respectively. (B)

Variation of wash out the oil content with surfactant additions.

different concentrations of 0.2%, 0.4%, 0.5%, 0.8%, 1.0%,
the contact angles were significantly decreased from 86.2°
to 66.3°, 60.1°, 57.8°, 56.5°, and 39.0°, respectively (Figure
7A), which indicates that an increase in the concentration of
the lipopeptide biosurfactant in solutions is associated with a
reduction in the contact angles of the distilled water with the
core slices. In comparison with the control, the contact angle
exhibited 54.7% reduction after treatment of the lipopeptide
biosurfactant solutions. The results suggest that the lipopep-
tide biosurfactants produced by the strain R1-2 have a strong
capacity of the wettability alteration from oil wetting to water
wetting (Figure 7B).

The oil washing efficiencies by lipopeptide biosurfactant
solutions with different concentrations ranging from 0.2%
to 1.0% were evaluated. As shown in Figure 8, compared
with the control group, the oil washing efficiencies increased
by 30.6% to 64.8%, and the solution with a concentration
of 0.8% lipopeptide biosurfactant exhibited the highest oil
washing efficiency (Figure 8B). These results suggest that
lipopeptide biosurfactant produced by the strain R1-2 are
highly surface-active at a very low dosage,and is potential
applications in environmental bioremediation and enhanced
oil recovery.

4 Discussion

The exploration of new biosurfactants and biosurfactant-
producing strains have emerged as a pivotal area of focus
within the realm of biotechnology research. Biosurfactants
are the surface active metabolites secreted by various bac-
teria, yeast, and fungus. Compared to petro-based surfac-
tants, biosurfactants offer advantages such as lower toxic-
ity, higher biodegradability, biocompatible, environmentally
friendly, wide temperature and pH tolerance, and the ability
to be produced from renewable resources (Desai and Banat,
1997; Kuyukina et al., 2005). As a result, biosurfactants
have potential applications in a number of industries, includ-
ing petroleum, food, cosmetics, pharmaceuticals, agriculture

and bioremediation. A number of different habitats have
been explored for biosurfactant-producing bacteria, such as
petroleum-contaminated soils, marine samples and wastew-
ater discharge points. Petroleum reservoirs are extreme en-
vironments because of the high temperature, pressure and
salinity. Microorganisms that are capable of surviving and
metabolism in this extreme environment have developed a
suite of unique adaptive mechanisms to cope with the specific
challenges.

In this study, a new biosurfactant-producing strain R1-2
was isolated from production water of the Daqing oilfield
in China and was identified using the 16S rRNA gene se-
quences in GenBank. The surface activity, emulsification
index, wettability performance and oil washing efficiency
of the lipopeptide biosurfactant produced by the strain R1-2
were evaluated. The lipopeptide biosurfactant produced by
the strain R1-2 has good surface activity with a low surface
tension of 27.30 mN/m, high emulsification index of 55%,
high oil washing efficiency of 64.84%, and good wetting abil-
ity, suggesting a potential application in bioremediation and
enhanced oil recovery. There are many reports that the strains
of Bacillus Subtilis isolated from various environments can
produce different kinds of biosurfactants, such as a strain of
Bacillus Subtilis isolated from marine soil sediment produc-
ing biosurfactant with a yield of 74 mg/g substrate after 3
4h of incubation (Al-Dhabi et al., 2020); a strain of Bacillus
Subtilis isolated from stock tank water produced biosurfac-
tant with critical micelle concentration of 0.06 g/L (Veshareh
et al., 2019) and another strain of Bacillus Subtilis 50499
from crude oil-contaminated soil showed the emulsification
index against n-hexane, corn, and crude oil was as high as
over 90% (Du et al., 2023).

The relationship between bacterial growth and biosurfac-
tant production is a complex process involving multiple steps
and factors. In order to achieve maximum biosurfactant
production, reduced costs and increased product stability
several factors such as the growth stage of the bacteria, the
selection of carbon and nitrogen sources, and the growth
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conditions must be taken into consideration. By optimizing
these parameters, the yield and purity of biosurfactant can be
significantly improved, providing high-quality raw materials
and products for industrial production, drug development
and other fields. The composition of the culture media, such
as carbon and nitrogen sources, inorganic salts, and growth
conditions, all have an impact on microbial growth as well
as the synthesis of metabolic byproducts like BSs (Kumar
et al., 2021). Yaraguppi et al., optimized the biosurfactant
production employing Bacillus aryabhattai strain ZDY?2 us-
ing Plackett Burman Design (PBD) and response surface ap-
proach (Yaraguppi et al., 2020). Rawat used Plackett-Burman
design and screen 15 nutrients and 4 dummy factors affecting
the production of biosurfactant,maximal biosurfactant yield
up to 3.79¢/L (Rawat et al., 2024). In our study, the optimal
medium composition and culture conditions were evaluated
by Lig (2'x37) orthogonal experiment and confirmation ex-
periment (Figure 2A and 2B). Meanwhile, the optimized
medium was employed to investigate the correlation between
growth and metabolism of the strain R1-2 (Figure 2C and
2D). The optimal medium composition, incubation condi-
tions, and the optimal time to produce the biosurfactant were
determined through experimental procedures (sucrose 10.0
g/L, NaNO3 3.0 g/L, NaCl 1.5 g/L,, NH4CI 1. 0 g/L, KH2PO4
0.5 g/L, KoHPO4 0.7 g/L, MgS04-7H20 0.2 g/L, pH 7.0,
and volume of liquid 150 mL/500 mL, incubation 26 h).

It is well established that the bacillus species can produce
a variety of bioactive compounds, mainly including lipopep-
tides, peptides, and proteins. The majority of Bacillus spp.
synthesized lipopeptides can be grouped into three primary
families: surfactin, iturin, and fengycin (Ja’afaru et al., 2022).
Different structures exhibit different properties. The bio-
surfactant produced by the strain R1-2 was classified using
ESI-MS and FT-IR. ESI-MS negative and positive-ion modes
(Figure 3A and 3B) and the results showed that a cluster of
peaks with a 14 Da difference was present and the main signal
was at m/z 1034.67and 1060 indicating that the biosurfactant
produced by Bacillus Subtilis R1-2 would most probably
be the lipopeptide surfactin isomer. The m/z values 978.61,
992.63, 1006.64, 1020.66, 1034.67 and 1035.68 are identi-
cal to those of Cqo-surfactin [M-H]", Cy3-surfactin [M-H]",
C4-surfactin [M-H]™ and C;5-surfactin [M-H]™ molecular
weights. It could be inferred the biosurfactant produced by
the strain R1-2 was surfactin homologues because they had
the same molecular weight as reported (Wang et al., 2010).
Infrared analysis of the biosurfactant produced by the strain
R1-2 inherited a pattern similar to that of surfactin, indicating
the presence of lipopeptide component, as showed in Figure
4. Wavenumber 3300.16 cm™!, corresponding to the stretch-
ing vibrations of the hydroxyl or amine groups, wavenumber
1638.74 cm~! and 1714.55 cm™! which were obtained due
to the stretching mode of —-CO-N bond, and C=0 stretching
mode respectively. Wavenumber 2923.51and 2869.24 sug-
gested the symmetrical stretching (yC-H) of CHy and CHj3
groups of aliphatic chains. Therefore, both aliphatic chains

(hydrophobic domain) and peptide moiety (hydrophilic do-
main) exist in the biosurfactant samples. These patterns and
bands are well matched to the surfactin family of the lipopep-
tide biosurfactant (Al-Wahaib et al., 2014).

Stability under harsh conditions is crucial for the applica-
tion of surfactants. In this work, the effect of different tem-
peratures, pH and NaCl concentrations on the surface activity
of the lipopeptide biosurfactant produced by the strain R1-2
were investigated. The lipopeptide biosurfactant exhibited
a good stability in the temperature range of 20°C to 100°C
(Figure 6A) and the pH range of 3 to 14 (Figure 6B). Only in
the pH less than 2, the surface tension increased. This may be
attributed to the potential protonation of specific functional
groups (e.g., amino groups) within the surfactant molecule
at extremely low pH, which can result in alterations to the
molecule’s hydrophilic and hydrophobic balance, the forma-
tion of molecular chain breaks or conformational changes,
and changes in the solubility of the surfactant (Kim et al.,
2019). Meanwhile, the results also showed that biosurfactant
was stable at NaCl concentrations up to 140 g/L (Figure 6C).

Contact angle and oil washing efficiency are two crucial
indicators for evaluating the performance of surfactants. In
this work, the both properties of lipopeptide biosurfactant
produced by the strain R1-2 were evaluated at different con-
centrations of biosurfactant (Figure 7A). The contact angle
of the un-treatment by lipopeptide biosurfactant solution was
performed as the control group and measured to be 86.17°-
89.22°, which are similar to the reported data (Alghamdi
et al.,, 2019). Following the treatment of the surface of
the oleophilic core slices with different concentrations of
lipopeptide biosurfactant solutions(0.2%, 0.4%, 0.5%, 0.8%,
1.0%)for 24 h, the contact angles were found to decrease from
86.2° to 66.3°, 60.1°, 57.8°, 56.5°, and 39.0°, respectively
(Figure 7B). This suggests that lipopeptide biosurfactant pro-
duced by R1-2 can rapidly adsorb to lipophilic surfaces and
alter its wettability, which in turn is reported to enhance oil
recovery (Ghasemi et al., 2019). Similar results were re-
ported where contact angle decreased from 71° to 35° with
the treatment of 0.1% biosurfactant produced by Bacillus
Subtilis (Hadia et al., 2019). For the oil washing efficiency
of lipopeptide biosurfactant produced by R1-2 (Figure 8),
it is 64.84% at a concentration of 0.8%. All these results
clearly highlighted the potential applications of the lipopep-
tide biosurfactant produced by the strain R1-2 in environmen-
tal bioremediation and enhanced oil recovery.

5 Conclusion

In summary, a lipopeptide-producing strain, Bacillus Subtilis
R1-2, was isolated from the production water of the Daqing
oilfield. A combination of the ESI-MS and FT-IR analyses
show that the biosurfactant produced by the strain R1-2 is a
surfactin family of the lipopeptide containing four members,
Cyg-surfactin, Cq3-surfactin, C;4-surfactin and Cq5-surfactin,
respectively. The lipopeptide biosurfactant exhibits excel-
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lent surface activity and a low CMC of 21.71 mg/L, a good
thermal stability in a temperature range of 20°C to 100°C
and pH range of 3 to 14, a high salt tolerance of NaCl up to
140 g/L, a significant effect in changing of the contact angles
of core slices from 86.2° to 39.0°, and resulting wettability
alteration from strong oil-wet to strong water-wet. Mean-
while, the lipopeptide biosurfactant demonstrates a good oil
washing ability with an efficiency of 64.84%, which suggests
that the lipopeptide-producing strain R1-2 is great potential
applications across a diverse range of bioremediation and
enhanced oil recovery.
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