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Biosurfactants have potential applications in environmental sectors, as well as in
the pharmaceutical, food, and other industries. Among the various classes of biosurfactants,
lipopeptides, particularly surfactin and iturin, stand out. In the present study, the kinetic
parameters related to the synthesis of surfactin and iturin were evaluated, along with the
characterization of these biosurfactants produced by Bacillus subtilis UFPEDA 438. Additionally,
extraction assays were conducted using a range of organic solvents (n-hexane, n-octanol, and
chloroform-methanol 2:1, v/v), both with and without the addition of di-(2-ethylhexyl) phosphoric
acid (D2EHPA). Maximum concentrations of surfactin and iturin were reached at 24 hours,
corresponding to 187.01 * 0.37 mg/L and 10.80 = 1.03 mg/L, respectively. The lipopeptides
exhibited good stability across a wide range of temperatures (20 to 100°C) and pH values from
6to 9, and a critical micelle concentration (CMC) of 18.70 mg/L. The addition of the complexing
agent D2EHPA, in combination with n-octanol (76.36%) and n-hexane (72.96%), improved the
recovery efficiency of iturin. Regarding surfactin, n-octanol alone provided the highest recovery
rate, reaching 72.22%.
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Biosurfactants are biological molecules
that exhibit particularly high surface activity.
They offer several advantages over synthetic
surfactants, including high activity under extreme
conditions (temperature, pH, salinity), low toxicity,
and high biodegradability. These characteristics
make them especially suitable for environmental
applications such as bioremediation and enhanced
oil recovery."? Furthermore, biosurfactants are
considered promising candidates to replace
synthetic surfactants, especially in the food,
pharmaceutical, cosmetic, healthcare, and industrial
cleaning sectors, as well as in environmental
applications.**

*Corresponding author E-mail: everaldo.santos@ufrn.br

Surfactin and iturin are biosurfactants
that belong to the family of cyclic lipopeptides,
mostly isolated from Bacillus spp. Strains.”® Each
lipopeptide family comprises several homologues,
which vary in the amino acid sequence of the
peptide moiety or the length of the fatty acid chain.’
Typically, strains are capable of synthesizing
multiple isoforms of lipopeptides.'®!" These
structural variations result in distinct functional
and surfactant properties.

Regarding their functional properties, each
lipopeptide family exhibits specific bioactivities.
For example, surfactin is known for its antibacterial,
antiviral, and antitumor activities, whereas iturins
are reported to possess antifungal properties.!!"!3
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For many biotechnological products, the
downstream processing stage accounts for up to
60% of the total production cost, representing a
major challenge for commercial applications.” A
major bottleneck in surfactin commercialization
is its extraction and purification from complex
fermentation broths. Preparative-scale separation
of biosurfactants typically involves multiple steps,
including precipitation, extraction with organic
solvents, and chromatographic adsorption.'

Solvent extraction is commonly
employed as an intermediate step in the recovery
of bioproducts, facilitating their concentration and
purification.'s Various organic solvents such as
ethanol, ethyl acetate, butanol, methanol, acetone,
n-hexane, chloroform, and dichloromethane can
be used in this technique, either individually or
in combination.!*!¢ However, researchers have
been exploring new solvent systems to enhance
the extraction efficiency of different types of
biomolecules.

Given this context, the present study
aimed to investigate the production of surfactin
and iturin by Bacillus subtilis UFPEDA 438
grown in sugarcane molasses, as well as to
evaluate the cultivation kinetics and characterize
the functional properties of the biosurfactants.
In addition, extractions were performed using
different organic solvents (n-hexane, n-octanol,
and chloroform—methanol 2:1, v/v). The effect of
adding the extractant di-(2-ethylhexyl) phosphoric
acid (D2EHPA) on the efficiency of the extraction
process was also evaluated. To the best of our
knowledge, the use of D2EHPA for lipopeptide
recovery remains unexplored in literature.

MATERIALS AND METHODS

Substrate

The sugarcane molasses used in this study
was supplied by Usina Vale Verde, located in the
municipality of Ceara-Mirim, state of Rio Grande
do Norte, Brazil. Storage was carried out in a plastic
container at -18°C.
Microorganism and maintenance medium

The Bacillus subtilis UFPEDA 438 strain
was provided by the Department of Antibiotics
at the Federal University of Pernambuco, Brazil.
Cultures were maintained at 4°C on Plate Count
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Agar (PCA), and subculturing was performed every
60 days.
Inoculum preparation

Inoculum was prepared in a 250 mL
Erlenmeyer flask containing 100 mL of culture
medium. The medium was composed of 4.0% (w/v)
sugarcane molasses, 1.0 g/LL (NH,, ), SO,, , and
0.1% (v/v) of a stock salt solution (0.3 g/L MnSO,,
‘H, O, 0.1 g/L FeSO,, -7H, O, 0.1 g/L EDTA, 0.1
g/L CoCl, -6H, O, 0.1 g/L ZnSO,, -7H, O, and 0.1
g/L CaCl, ). The medium was previously adjusted
to pH 7.0 using a 2.0 M NaOH solution. Cells
from the maintenance medium were aseptically
transferred into the flask and incubated on a shaker
(Tecnal - TE-139, Sao Paulo, Brazil) for 19 hat 150
rpm and 30°C.
Cultivation

The cultures were carried out in 250 mL
Erlenmeyer flasks containing 100 mL of medium
supplemented with 4.0% (w/v) sugarcane molasses,
1.0 g/L (NH,, ), SO,, , and 0.1% (v/v) of the salt
stock solution. The flasks were inoculated with
10% (v/v) of the inoculum and incubated at 36°C
and 200 rpm in a shaker (Tecnal - TE-139, Sao
Paulo, Brazil) for 72 h to evaluate the kinetic
parameters. For extraction assays, the cultivation
time was 24 h.
Pre-treatment of cell-free broth

All samples subjected to extraction
underwent acid precipitation to improve lipopeptide
recovery from the fermentation broth. For this, the
broth was centrifuged at 700 xg for 15 minutes at
4°C. The pH of the supernatant was then adjusted
to 2.0 by adding 2.0 M HCI. The solution was
kept at 4°C for 12 hours. After this period, the
precipitate formed was collected by centrifugation
at 700 x g for 15 minutes at 4°C."” The resulting
precipitate was subsequently used in surfactin and
iturin extraction assays.
Lipopeptide recovery assays

A 40 mL aliquot of broth was subjected
to acid precipitation (see item 2.5). The resulting
precipitate was resuspended in 10 mL of deionized
water, and the pH of the solution was adjusted to 7.0
using 1 M NaOH. Then, 1 mL of organic solvent
was gently layered over the solution. Extractions
were carried out using the following organic
solvents: n-hexane, n-octanol, and chloroform—
methanol (2:1, v/v), with and without the addition
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of 30% (v/v) of the extractant di-(2-ethylhexyl)
phosphoric acid (D2EHPA). The extraction was
performed twice using the same amount of solvent.
After extraction, the bioproduct was resuspended
in an acetonitrile—methanol solution (1:1, v/v), and
aliquots of the aqueous and organic phases were
collected for biosurfactant concentration analysis
(see item 2.7.3)." Figure 1 shows a schematic
representation of the lipopeptide recovery process
employing the different solvent systems tested.

Extraction efficiency was calculated using
the following Equation 1:

E% = (“22) x 100

wi
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where C_is the concentration of surfactin
in the organic phase, and C , is the initial surfactin
concentration in the aqueous phase.
Analytical methods
Determination of substrate concentration

Substrate quantification was performed
using the 3,5-dinitrosalicylic acid (DNS)
method."® Initially, 1.0 mL of the sample (cell-free
fermentation broth), 0.5 mL of HCI, and 6.0 mL of
water were heated in a water bath at 70°C for 10
minutes. The sample was then cooled, neutralized
with 1.0 M NaOH, and diluted with distilled water.
Aliquots of 0.5 mL of the hydrolyzed sample were
transferred to test tubes containing 0.5 mL of DNS
reagent and heated at 100°C for 5 minutes. Then, 4

..(1) mL of distilled water was added to the tubes, and
A Fermentation
. broth
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E Acidification J
Solvent
Lipopeptide > extraction
precipitate n-hexane
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separation

Organic
Evaporation

=
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Fig. 1. Schematic of the lipopeptide extraction process using n-hexane, n-octanol, and chloroform-methanol (2:1,
v/v), with or without 30% (v/v) D2EHPA.
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absorbance was measured using a Ultraviolet (UV)
spectrophotometer (Genesys 10, Thermo Scientific,
USA) at 540 nm. Reducing sugar concentration was
calculated based on a standard glucose calibration
curve. All analyses were performed in triplicate.
Biomass concentration determination

Biomass concentration was determined
by the dry weight method. Samples of 2.0 mL of
fermentation broth were transferred to centrifuge
tubes and spun at 15,000 x g for 15 minutes. The
supernatant was removed, and the tubes containing
the wet biomass were dried in a convection oven
(TE-394/1, Tecnal, Brazil) at 70°C for 24 h.”
Biomass concentration (X) was estimated using
Equation 2:

X (g/L) = (my —my)x 500
(2)

where m is the mass of the centrifuge
tube containing the cells and m, is the mass of the
empty centrifuge tube.

Lipopeptide concentration determination

Lipopeptide concentration was determined
by High-performance liquid chromatography
(HPLC; Accela-Thermo Scientific, USA) using a
reversed-phase C18 column (Shim-pack CLC-ODS
(M)TM, Shimadzu Co., Japan; 250 x 4.5 mm, 100
A, 5 um particle size). The mobile phase consisted
of 20.0% (v/v) trifluoroacetic acid (3.8 mM) and
80.0% (v/v) acetonitrile, with a flow rate of 1.0
mL/min at 30°C. Detection was performed at 205
nm using a UV detector. The injection volume was
20.0 pL, and the elution time was 30 minutes.”
Lipopeptide concentration was determined from
a calibration curve using surfactin and iturin
standards (95.0%, Sigma-Aldrich, St. Louis, USA).
All analyses were performed in triplicate.
Stability assays

For stability assays, 20 mL of cell-free
broth were incubated at 20, 30, 40, 60, 80, and 100/
°C for 30 minutes, then cooled to room temperature
for surface tension measurements.?! To assess pH
stability, samples were also subjected to a pH range
from 3 to 10. All experiments were conducted in
triplicate.
Critical micelle concentration (CMC)

CMC was estimated using the
pendant drop technique with a Kriiss DSA100
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goniometer (Hamburg, Germany). Surface tension
measurements were performed on cell-free broth
samples. The CMC value was determined from
the intersection point of the two linear segments
on the plot of surface tension against surfactin
concentration.
Fermentation parameter calculations
Lipopeptide productivity (surfactin and
iturin) (P,, g/L-h) was calculated according to
Equation 3:

pt_Po
ty

P, =

(3

where Pt and Po are the concentrations
of product (surfactin or iturin, g/L) at a given time
t and the start of cultivation, respectively; t. is the
cultivation time (h).

The product yield relative to biomass
Y, 8 product/g biomass) was calculated using
Equation 4:

(4

where P and X are the product and
biomass concentrations at time ¢, respectively, and
P, and X are their respective initial concentrations.

RESULTS

Production of surfactin and iturin by Bacillus
subtilis UFPEDA 438

The lipopeptides surfactin and iturin
were produced by submerged fermentation using
sugarcane as a source of carbon and energy.
Graph 1 shows the substrate consumption profile,
cell concentration, and biosurfactant production
by B. subtilis UFPEDA 438 after 72 hours of
fermentation.

Alag phase was evident during the initial
4 hours of cultivation, with no significant increase
in cell concentration. Maximum cell density (1.52
+0.01 g/L) was attained at 12 hours. The maximum
biosurfactant concentrations were achieved after
24 hours of cultivation, corresponding to 187.01
+ 0.37 mg/L for surfactin and 10.80 + 1.03 mg/L
for iturin.
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At 24 hours, product-to-biomass yield
(Ys /) values were 0.03 g/g for surfactin and 0.02
g/g for iturin, with final productivities reaching
7.60 mg/L-h and 0.45 mg/L-h, respectively. By
the end of fermentation, the residual substrate
concentration was 70.44%.
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Lipopeptide recovery assays

Recovery assays were performed to
evaluate the influence of solvent type and the
presence of the complexing agent D2EHPA on
the extraction of surfactin and iturin. The results
showed statistically significant differences in both
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Graph 1. Time-course profiles of substrate, biomass, and lipopeptide concentrations produced by B. subtilis
UFPEDA 438 over time (36°C, 200 rpm agitation). (A) Surfactin concentration; (B) Iturin concentration.
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Table 1. Concentration (mg/L) and recovery (%) of surfactin and iturin obtained in extraction assays using
B. subtilis UFPEDA 438

Solvent system Surfactin Tturin
Concentration Recovery Concentration Recovery
(mg/L) (%) (mg/L) (%)

n-octanol 200.08 = 4.13C” 72.22° 6.19+5.75 51.57°
n-octanol + D2EHPA (30%) 44.85 +0.33¢ 18.36¢ 9.52+4.32 76.36°
n-hexane 90.81 +4.09° 35.01° 3.15+3.88 26.74¢
n-hexane + D2EHPA (30%) 79.12 £ 6.44¢ 28.89¢ 8.75+5.96 72.96°
Chloroform—methanol (2:1, v/v) 38.20 + 1.29¢ 14.87¢ 9.75+2.44 78.242
Chloroform—methanol (2:1, v/v) 32.07 £0.58° 12.55¢ 8.18+3.17 65.04°

+ D2EHPA (30%)

Note: Means followed by different letters in the same column differ significantly according to Tukey’s test (p < 0.05). No
statistically significant difference was observed among treatments for iturin concentration (ANOVA, p = 0.476).

the concentration and recovery of surfactin (p <
0.05), as indicated by the distinct letters assigned
to the treatments in Table 1. In contrast, for iturin,
although numerical differences were observed
among the treatments, Analysis of variance
(ANOVA) did not indicate statistical significance
(p =0.476).

The highest surfactin concentration was
obtained using n-octanol (200 +4.13 mg/L), with a
recovery rate of 72.22%. The chloroform—methanol
system (2:1, v/v) proved to be more effective for
iturin recovery (78.24%), yielding a concentration
of 9.75 + 2.44 mg/L. However, this same solvent
system exhibited significantly lower efficiency for
surfactin recovery (14.87%).

Regarding extraction with n-hexane,
this solvent demonstrated higher efficiency in
recovering surfactin (35.01%) compared to iturin
(26.74%). The addition of D2EHPA to n-hexane
resulted in a surfactin recovery of 28.89%.
Conversely, the addition of D2EHPA enhanced
iturin recovery when combined with n-octanol
(76.36%) and n-hexane (72.96%).

Stability study

To investigate the effect of temperature, the
biosurfactants were exposed to a temperature range
from 20 to 100°C (Graph 2a). The lipopeptides
produced exhibited good thermal stability, with
minimum and maximum surface tension values of
27.03 mN/m (at 20°C) and 29.85 mN/m (at 100°C),
respectively.

To analyze the influence of pH,
biosurfactant samples were exposed to a pH range

from 3 to 10 (Graph 2b). The lipopeptides reached
aminimum surface tension value of 27.38 mN/m at
pH 7, exhibiting greater stability within the range
of pH 6 to 9.

Critical micelle concentration (CMC)

The CMC of the biosurfactant was
determined by measuring surface tension at various
lipopeptide concentrations (mg/L). A surface
tension versus concentration curve was constructed
(Graph 3). Distilled water exhibited a surface
tension of 72.00 = 0.03 mN/m, which was reduced
to as low as 27.02 £ 0.18 mN/m upon the addition
of the biosurfactant. The lipopeptides produced by
B. subtilis UFPEDA 438 reached a CMC of 18.70
mg/L, corresponding to a surface tension of 29.19
+0.07 mN/m.

DISCUSSION

Production of surfactin and iturin by Bacillus
subtilis UFPEDA 438

The concentration of surfactin obtained
in this study was similar to that reported in a
previous study using the same microorganism,
which reached 199 mg/L."” Comparable results
have been documented with a surfactin yield of
230 mg/L obtained using crude glycerol from the
biodiesel industry as a substrate.”> However, these
concentrations are lower than those reported in
another study,” which achieved 1.75 g/L using B.
subtilis MTCC 2415 in a medium supplemented
with salt and glucose.
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Graph 2. Effect of (A) temperature and (B) pH on surface tension (mN/m) of lipopeptides produced by B.
subtilis UFPEDA 438

The production of iturin has garnered
increasing attention due to its promising
industrial and agricultural applications. However,
comprehensive studies on the biosynthesis of this
antifungal lipopeptide remain scarce. The iturin
concentration achieved here (10.80 mg/L) is
lower than yields reported by other studies. For

instance, high iturin concentrations (559 mg/L)
were achieved by B. amyloliquefaciens BPD1
through supplementation with complex amino
acids.?* Under optimized solid-state fermentation
conditions, B. subtilis S3 produced 11.45 mg
of iturin per gram of moist solid substrate.”> A
subsequent study found a high iturin titer of 932
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mg/L using B. subtilis RB14 after 120 hours of
cultivation.?

The residual substrate concentration
observed at the end of fermentation (70.44%)
is comparable to results observed for B. subtilis
LAMIO05 cultivated in clarified cashew juice at
varying substrate concentrations,” with residual
levels ranging from 61.4% to 69.8%.
Lipopeptide recovery assays

Surfactin and iturin are the two most
prominent lipopeptide families, characterized
by structurally similar frameworks and multiple
homologues.?® Surfactin is composed of a
cyclic heptapeptide linked to a a-hydroxy fatty
acid, whereas in iturin, this moiety is replaced
by a a-amino fatty acid. This fundamental
structural difference can affect the molecule’s
physicochemical properties, including the stability
of the heptapeptide ring and its interaction with
solvents?, which helps explain the divergent
recovery behaviors observed.

The lack of statistical significance in iturin
recovery across treatments (p = 0.476), despite
numerical variations, suggests a more uniform
behavior of this lipopeptide under the tested
extraction conditions. This is possibly due to its

75
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lower sensitivity to solvent polarity and selectivity
compared to surfactin.

The superior recovery of surfactin using
pure n-octanol (72.22%) indicates a greater affinity
of this lipopeptide for this solvent. In contrast, the
chloroform—methanol system was highly effective
for iturin but poor for surfactin. The low efficiency
of n-hexane for surfactin recovery (35.01%) aligns
with findings from a previous study using B.
subtilis ATCC 21332, which also resulted in a low
recovery yield (<21%).*® This outcome is likely
due to the low polarity of n-hexane, which is not
ideal for solubilizing the more polar regions of the
surfactin molecule.

The addition of the liquid ion-
exchange agent D2EHPA, previously effective
for L-phenylalanine recovery,®' was tested
for the first time for lipopeptide extraction.
Although it did not improve surfactin recovery,
the addition of D2EHPA proved highly beneficial
for iturin recovery in specific systems, significantly
enhancing the yield to 76.36% with n-octanol and
72.96% with n-hexane. This suggests a stronger and
more selective interaction between D2EHPA and
iturin molecules, likely through complex formation
with the amino group in their 4-amino fatty acid
chains,*thereby enabling more efficient extraction.
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Graph 3. Critical micelle concentration (CMC) of lipopeptides produced by B. subtilis UFPEDA 438
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In conclusion, lipopeptide recovery using
this method depends critically on the polarity of
the biomolecule and the solvent selection. Due to
its amphiphilic nature, surfactin exhibits variable
interactions between its polar and nonpolar groups
depending on the solvent used.**** This study
demonstrates that both solvent polarity and the
presence of the extractant D2EHPA significantly
influence the recovery efficiency of surfactin and
iturin, with iturin showing a particular affinity for
systems containing the complexing agent.
Stability study

The thermal stability observed (a minimal
change in surface tension from 27.03 to 29.85
mN/m over an 80°C range) is a key feature
of biosurfactants. This property makes them
suitable for applications in the pharmaceutical,
food, and cosmetic industries, where sterilization
is essential. Furthermore, they are promising
candidates for enhanced oil recovery processes,
which typically occur under high-temperature
conditions.*

The finding that the lipopeptides exhibited
greater stability within the pH range of 6 to 9, with
optimal activity at pH 7, is consistent with previous
reports, 2'2%3¢ which also observed enhanced
stability under neutral to alkaline conditions. This
behavior is attributed to increased micelle solubility
and the prevention of secondary metabolite
precipitation in alkaline environments.*® Similarly,
the biosurfactant produced by B. subtilis BR-15
showed stability in the pH range of 7 to 9.

The ability of biosurfactants to maintain
stability across a broad range of temperatures
and pH values has been supported by several
studies.’”**3? These properties broaden their
potential applications in various industrial sectors.
Critical micelle concentration (CMC)

The reduction in surface tension is
associated with the critical micelle concentration
(CMC), which represents the minimum
concentration required for micelle formation. The
CMC value may vary depending on the size and
shape of micelles, which are influenced by the types
of groups present in the hydrophobic tail and the
head groups of the monomers involved in micelle
assembly.*

The lipopeptides produced in this study
demonstrated a high surface-active performance,
reducing the surface tension of water to 27.02
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mN/m and achieving a low CMC of 18.70 mg/L.
This represents a superior surface tension-reducing
ability compared to lipopeptides synthesized by
other strains. For instance, B. subtilis R1 grown
in molasses-based medium showed a CMC of
39.5+0.66 mg/L,* and a CMC of 185 + 10 mg/L
was reported for lipopeptides produced by B.
subtilis CN2.*7 Even higher CMC values were
recorded for B. subtilis ATCC 21332 (100 mg/L)
and Bacillus sp. I-15 (200 mg/L).*

Lipopeptides are widely recognized for
their efficiency and versatility, particularly due to
their ability to reduce the surface tension of water
to values below 30 mN/m.*” The result presented
here is consistent with findings by Heryani and
Putra,” who achieved a surface tension reduction
to 27.0 mN/m using a biosurfactant produced by
Bacillus sp. A value of 26.52 mN/m was reached
with B. atrophaeus 5-2a in another study.* The
high efficacy of a biosurfactant from B. subtilis
BR-15 was also demonstrated, with surface tension
lowered to 20.2 mN/m.?

In this context, given its low CMC and
ability to significantly reduce surface tension, B.
subtilis UFPEDA 438 emerges as a promising
biosurfactant producer with potential applications
in environmental remediation and enhanced oil
recovery.

CONCLUSION

In summary, the biosurfactants produced
by Bacillus subtilis UFPEDA 438 reached
maximum production after 24 hours of cultivation,
with surfactin and iturin concentrations of 187.01
+0.37 mg/L and 10.80 + 1.03 mg/L, respectively.
Stability tests confirmed that the lipopeptides were
thermostable across a broad temperature range (20
to 100°C) and remained stable within a pH range
from 6 to 9, making them suitable for applications
under extreme conditions. In addition, a CMC
value of 18.70 mg/L was recorded, indicating high
surface activity.

Regarding lipopeptide recovery, the
use of the complexing agent D2EHPA combined
with the diluent solvents n-octanol and n-hexane
enhanced the extraction efficiency of iturin,
achieving recovery rates of 76.36% and 72.96%,
respectively. However, this effect was not observed
for surfactin, for which n-octanol alone yielded the
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highest recovery rate (72.22%). These findings
highlight the need for further research to develop a
recovery protocol that ensures efficient separation
of lipopeptides, which may support future advances
in this field.
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