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AbstractBiosurfactants have been found capable of replacing synthetic surfactants which include ongoing biopros-
pecting of biosurfactant-producing bacteria as well as process optimization for maximum biosurfactant production. In
this study, five morphologically distinct actinomycete strains isolated from hydrocarbon-polluted soil collected from an
oil spill surface in Southeastern Algeria were tested for their ability to produce biosurfactants using preliminary biosur-
factant screening assays. The 7SDS strain was selected as the most promising biosurfactant producer due to its greatest
oil displacement diameter (7.83±0.15 cm), emulsification index (59.66±0.44%), and enhanced surface tension reduc-
tion (30.04±0.51 mN/m); it was identified as Streptomyces thinghirensis 7SDS using 16S rDNA sequence analysis. The
7SDS strain's biosurfactant production was optimized using the Face-centered central composite design (CCD) based
on response surface methodology (RSM). To this end, five independent factors, i.e., residual frying oil, used engine oil,
whey, CS filtrate, and incubation time, were assessed. The RSM's model predicted a surface tension of 27.48 mN/m
using 2.44% (v/v) residual frying oil, 0.35% (v/v) used motor oil, 0.83% (v/v) whey, 0.39% (v/v) CS filtrate, and an
incubation time of 219.3 h. The optimized medium produced 8.79 g/L of biosurfactant. The produced biosurfactant
allows one to reduce the surface tension of distilled water from 70.86 mN/m to 27.96 mN/m at a critical micelle con-
centration of 350 mg/L, even over a wide range of pH (2.0-12.0), temperature (4-120 oC), and salinity (2-12%, W/V).
Biochemical (Biuret, phenol-sulfuric acid, and phosphate tests) and compositional (FTIR and GC-MS) characteriza-
tions confirmed the phospholipid nature of the produced biosurfactant. Interestingly, the produced BS demonstrated
significant antimicrobial activity as well as intriguing activity in removing hydrocarbons from polluted soil. Because of
their appealing biological properties, strain 7SDS and its biosurfactant are attractive targets for a variety of applications
such as biomedicine and environmental ones.
Keywords: Biosurfactant, Phospholipid, Streptomyces, Response Surface Methodology

INTRODUCTION

Scientific and biotechnological developments have gradually
assisted researchers in exploiting natural resources [1]. According

to the international energy agency (IEA), the global energy demand
is growing rapidly and is projected to double by 2030 [2]. Alternative
energy sources such as solar, hydroelectric, and geothermal energy
are already in use, but petroleum has remained the most widely-
used energy source [3]. The petroleum extraction and transporta-
tion and use of petroleum-based products cause various forms of
environmental pollution [4], as most of these products are harm-
ful to plants, animal, and human health. Spilled oil tanks as exam-
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ples of this pollution have harmed thousands of square kilometers
of shielded areas around the world [5].

Petroleum-polluted environments can be remediated by using
either physicochemical or biological methods. Usual physicochemi-
cal processes can remove most petroleum-derived compounds, but
most of them are expensive and environmentally unfriendly [6].
However, biological approaches through bioremediation can be
conceivable, which have the advantage of being both eco-friendly
and economically productive [7]. Furthermore, microorganisms are
not always able to completely degrade petroleum-derived com-
pounds [7]. Therefore, adding bio-based products such as biologi-
cal surfactants, so-called biosurfactants, is a promising approach to
enhance the biodegradability of petroleum products [8].

Biosurfactants are amphipathic secondary metabolites with pro-
nounced surface and interfacial activity [9]. These biomolecules
outperform their chemical counterparts in many aspects, includ-
ing biodegradability, low toxicity, and efficacy under critical condi-
tions [10]. On the other hand, biosurfactants with these properties
offer many applications in different fields, including medicine, food
processing, agriculture, cosmetics, and textile manufacturing [11].
Recently, the global biosurfactants market has skyrocketed; it reached
US$ 1.5 billion in 2019 and is expected to grow at a compound
annual growth rate (CAGR) of 5.5% until 2026 [12]. In addition,
biosurfactants can be produced from lipid- or carbohydrate-rich
renewable wastes, allowing not only a significant reduction in pro-
duction cost, but also a reduction in the amount of waste processed
in various industries [13]. Several authors have advocated the use
of industrial wastes including whey, frying oil, fats, and soap stock
as inexpensive substrates for biosurfactant production [14]. Like-
wise, the optimization of media and growth conditions using sta-
tistical approaches can significantly improve yields and reduce the
overall cost of biosurfactant production [1]. Traditional optimiza-
tion techniques are time consuming, expensive, and difficult to per-
form for large numbers of variables [15]. Therefore, response surface
methodology (RSM) is one of the alternatives that addresses the
limitations of traditional approaches [16,17]. RSM is used to pre-
dict the relationship between responses and variables based on a
mathematical model, while reducing the number of experiments
[18].

Another essential part of increasing biosurfactant production is
the use of efficient fermentation microorganisms. Microorganisms
(e.g., yeasts, filamentous fungi, and bacteria) can produce biosur-
factants [19] with different surface activity and chemical composi-
tions, including lipopeptides, fatty acids, phospholipids, and glycolipids
[20]. Numerous bacteria are used for biosurfactants production,
including Acinetobacter, Bacillus, and Pseudomonas [19]. Apart from
these bacteria, actinomycetes are abundant in soil and play a cru-
cial role in the degradation of petroleum hydrocarbons [21], mak-
ing them advantageous and promising candidates to produce bio-
surfactant [22]. These bacteria are considered capable of produc-
ing large quantities of secondary bioactive molecules with numer-
ous applications in various fields such as the pharmaceutical industry
and agriculture [23]. About 70,000 natural substances are of micro-
bial origin, 29% of which are from actinomycetes [24]. From 2015
to 2020, 279 new bioactive molecules were produced from 121
Streptomyces species [25]. This genus, which is known for the indus-

trial production of antibiotics [26], is also involved in the produc-
tion of biosurfactants.

Based on the above-mentioned knowledge, this study focused
on the isolation, screening for biosurfactant-producing actinomy-
cetes, RSM modeling of BS production using low-cost wastes, par-
tial purification, and characterization of the produced BS, and finally
evaluation of biosurfactant’s ability as a bioremediation and anti-
microbial agent.

MATERIALS AND METHODS

1. Collected Samples
Highly hydrocarbon-contaminated soil samples were collected

from crude oil spilled surfaces of the “24 February” production
division of SONATRACH in Hassi-Messaoud, Ourgla-Algeria
(32o10'19.6'' N 4o44'54.6'' E). Samples were collected according to
the technique derived from the study of Pochon and Tardieux
[27]. This technique involves taking 100-150 grams of soil (5-15
centimeters deep) with a sterile spatula and placing it on a sterile
aluminum sheet after removing the first five centimeters of the
surface layer of the soil and eliminating large debris (stones, roots,
etc.). The soil samples were transferred to the laboratory in a ster-
ile vial and stored at 4 oC for further analyses.
2. Pre-treatments of Soil Samples

As outlined below, four physicochemical pretreatments were
applied to the preferential enrichment and isolation of actinomy-
cetes from soil samples:

Heat pre-treatment method: 1 g of soil was dried for 1 h in a
Pasteur oven at 120 oC [28].

Phenol chemical pre-treatment method: 0.5 mL of soil suspen-
sion (1 g in 10 mL sterile physiological water) was added to 4.5 mL
of sterile phosphate buffer (5 mM, pH 7.0) containing phenol at
1.5% (w/v). The mixture was kept at 30 oC for 30 min under peri-
odic stirring [27].

Sodium Dodecyl Sulfate (SDS) and Yeast Extract (YE) chemi-
cal pre-treatment method: 0.5 mL of soil suspension was added to
4.5 mL of sterile phosphate buffer (5 mM, pH 7.0) containing SDS
at 0.05% (w/v) and YE at 6% (w/v). The mixture was kept at 40 oC
for 20 min with occasional stirring [28].

Calcium Carbonate (CaCO3) enrichment method: 1 g of soil
was mixed with 0.1 g of CaCO3. The mixture was incubated for 7
days at 28 oC [29].
3. Enrichment of Actinomycetes

To promote the growth of actinomycetes, a pre-culture was car-
ried out in Erlenmeyer flasks of 250 mL with the following com-
pounds: 95 mL of humic acid-vitamin (HVA) broth (1 g humic
acid, 0.5 g Na2HPO4, 1.71 g KCl, 0.05 g MgSO4·7H2O, 0.01 g FeSO4·
7H2O, 1 g CaCl2, B vitamins (0.5 mg each of thiamine-HCl, ribo-
flavin, niacin, pyridoxine, Ca-pantothenate, inositol and p-amino-
benzoic acid, and 0.25 mg of biotin), and 1 L water, pH 7.2). After
sterilization by autoclaving at 120 oC for 20 min, 5 mL of pre-treated
soil suspension was poured into each flask and then incubated at
30 oC at 180 rpm for 30 days.
4. Isolation and Purification of Hydrocarbonoclast Actino-
mycetes

Once the enrichment was complete, an aliquot (100l) of enrich-
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ment in HVA broth was plated on international streptomyces
project-9 (ISP9) medium (2.64 g (NH4)2SO4, 2.38 g KH2PO4, 5.65 g
K2HPO4, 1 g MgSO4·7H2O, 1 mL of saline solution (2.64 g CUSO4·
5H2O, 2.38 g FeSO4·7H2O, 5.65 g MNCl2·4H2O, 1 g ZNSO4·7H2O
and 100 mL water), 20 g agar, and 1 L water, pH 7.4) supple-
mented with 1% (v/v) of crude oil as the only source of carbon and
energy. Petri dishes were incubated at 30 oC for 20 days. All colo-
nies that show a macroscopic appearance similar to that of actino-
mycetes (powdery, hard colonies with fine filamentous borders)
were enumerated, picked up, and then purified on Bennet’s medium
(1 g meat extract, 1 g yeast extract, 10 g glucose, 2 g casein hydroly-
sate, 15 g agar, and 1 L water, pH 7.3) until pure strains without
contaminants were obtained. Pure strains were preserved as spore
suspension in Bennet’s broth with 20% (v/v) of glycerol at 20 oC.
5. Screening of Potential Biosurfactant (BS) Producing Acti-
nomycetes
5-1. Pre-processing of the Substrate

Waste chicken skin (CS) collected from a restaurant in Con-
stantine-Algeria was cut into small pieces, and then 30% (w/v) of
CS was incubated at 75-80 oC in a shaking water bath for 45 min
and filtered by using Whatman filter paper No. 1. The collected
filtrate was stored at 4 oC until used.
5-2. Liquid State Fermentation for BS Production

To prepare a seed inoculum, morphologically different colonies
were initially inoculated into 250-mL Erlenmeyer flasks contain-
ing 100 mL of Bennet’s broth and then incubated at 30 oC in a
rotary incubator shaker at 180 rpm until their optical density (O.D)
reached 1.0 at 600 nm. An amount of 5 mL of inoculum was inoc-
ulated into 250-mL Erlenmeyer flasks containing 100 mL of Bush-
nell-Hass (BH) broth (1 g K2HPO4, 1 g KH2PO4, 0.02 g CaCl2·
2H2O, 1 g NH4NO3, 0.05 g FeCl3, 0.05 g MgSO4·7H2O, and 1 L
water, pH 7.0) enriched with 1% (v/v) of CS filtrate as the sole car-
bon source and incubated at 30 oC under the agitation of 180 rpm
for 10 days. After incubation, the fermentation medium was cen-
trifuged at 10,000 rpm, at 4 oC for 20 min. The obtained cell-free
culture (supernatant) was used to determine BS production during
screening tests, namely, the oil displacement test, parafilm-M test,
emulsification index, and surface tension measurement. As a result,
the 7SDS strain was identified as the most promising bacterium
for BS production.
5-3. Screening Methods for BS Production

In the relevant literature, different qualitative and quantitative
methods have been recommended for selecting biosurfactants pro-
moting microbes [30]. As described below:

Oil displacement test (ODT): 50L of crude oil was added to
the surface of 20 mL of distilled water to form a thin oil layer (in a

Table 1. The selected variables and their low/high levels
Code Variables Unit Low level (1) Medium (0) High level (+1)

A Residual frying oil % (v/v) 0 1.5 3
B CS filtrate % (v/v) 0 1.5 3
C Whey % (v/v) 0 1.5 3
D Used engine oil % (v/v) 0 1.5 3
E Incubation time H 120 240 360

petri dish). Then, 20L of supernatant was gently placed in the
middle of the oil layer. A negative control was produced with a
non-inoculated sterile fermentation medium, and SDS (10%, w/v)
was used as the positive control. If BS is present, the oil will be dis-
placed, and a clear visible halo will be formed [2].

Parafilm-M test: 20L of supernatant was carefully transferred
onto the hydrophobic surface of parafilm-M. The shape of the drop
was observed after one minute. A negative control was produced
with a non-inoculated sterile fermentation medium, and SDS (10%,
w/v) was used as the positive control. The test is considered posi-
tive (presence of BS) if the drop spreads and becomes flat in com-
parison with the negative control [31].

Emulsification activity (E24): In the test tube, 2 mL of superna-
tant was homogenized with 2 mL of kerosene in a high-speed vor-
tex for 2 min; to separate the aqueous and oil phases, the obtained
mixture was kept at 25 oC for 1day. Emulsification activity was cal-
culated using Eq. (1) [29].

(1)

Surface tension (ST) measurement: Supernatants obtained after
ten days of incubation were checked for ST reduction using a sur-
face tensiometer, employing the principal of Du Nuoy ring detach-
ment method [32]. The accuracy of ST measurements was verified
with distilled water before each measurement.
6. Molecular Identification of Strain 7SDS

For molecular characterization, genomic DNA extraction, PCR
amplification of 16S rRNA gene sequence, and bioinformatic se-
quences analysis were carried out in accordance with the protocol
described by Mechouche et al. [33].
7. Statistical Optimization of BS Production
7-1. Selection of Fermentation Process Variables

Various low-cost industrial by-products and agricultural wastes
are used as alternative substrates for biosurfactants production [34].
In this study, residual frying oil, used engine oil, whey, CS filtrate,
and incubation time were selected as the five parameters for the
optimization of BS production.
7-2. Optimization by Response Surface Methodology

BS production from 7SDS strain was optimized using RSM
based on face-centered composite design (CCD), which was used
to study the main effect and interactions of residual frying oil (A),
CS filtrate (B), whey (C), and used engine oil (D) in the range
between 0 and 3% (v/v), as well as incubation time (E) in the
range between 120 and 360 h (Table 1); all variables were coded
(1, 0, +1) with 26 experimental runs and five repetitive central
points (Table 4).

Emulsification index EI  %   Height of emulsion
Total height of the mixture
----------------------------------------------------------------- 100
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7-3. Statistical Analysis and Modeling
Face-centered central composite experimental design was used

to evaluate main effects, interaction effects, and quadratic effects,
as well as to optimize parameter levels for maximum BS produc-
tion. To this end, results were subjected to the analysis of variance
to assess the effect of independent variables, check for errors, and
determine the statistical significance of the model using the Fisher’s
F test. The empirical model that could relate the measured response
(ST (mN/m)) to each parameter was represented by a polynomial
equation of the second degree, as given in Eq. (2):

Y=0+iXi+ijXiXj+iiXi
2 (2)

where Y stands for the predicted response, 0 for the bias, i for
the linear effect, ii for the quadratic effect, ij for the interaction
effect, and Xi for the coded value of the independent variables.

The statistical software of Design-Expert (Stat-Ease, US, Ver-
sion 13.0) was used to analyze the experimental data and plot the
3D response surface curves.
8. Extraction and Purification of BS
8-1. Extraction

The BS extraction was carried out according to suggestions
given by Chebbi et al. [35]. BS produced during batch culture on
an optimized medium according to the optimization prediction
was extracted from the flasks after eight days of incubation. For the
extraction, the supernatant obtained after centrifugation of micro-
bial culture at 10,000 rpm for 20 min at 4 oC was subjected to acid
precipitation at pH 2.0 using 6 N HCl. Then, BS was extracted
from the supernatant with ethyl acetate (EA). A 1 : 1 (v/v) mixture
of EA and supernatant was shaken vigorously in a separating fun-
nel and left to settle for 15 min (until phase separation) at room
temperature. The organic phase was recovered, concentrated, and
dried at 40 oC using a rotary vacuum evaporator until a dark honey
liquid residue (crude BS) was obtained, which was then incubated
at 37 oC overnight to remove all traces of solvent, and stored at
4 oC for further studies.
8-2. Purification

Purification of the crude BS was carried out according to sug-
gestions provided by Hentati et al. [36]. It was performed on a
200×15 mm chromatographic column containing 30 g of silica gel
(60 Mesh). The column was pre-equilibrated with toluene: metha-
nol (70 : 30, v/v) mixture; then, 1 g of the crude BS was loaded
onto the column and eluted with the same solvent mixture at a
constant flow rate of 1 mL/min. 1 mL fractions were collected and
checked by thin layer chromatography and ODT for the presence
of BS.
9. Characterization of BS
9-1. Biuret Test

The presence of amino acids in the crude BS was performed by
adding a few drops of 1% (w/v) CuSO4 to 2 mL of crude extract
solution previously heated at 70 oC and mixed with 1 M NaOH.
The test is considered positive if the color changes to violet due to
the presence of peptide bonds [37].
9-2. Phenol-sulfuric Acid Test

For sugar detection, 1 mL of 5% (w/v) phenol was added to
2 mL of crude extract solution, followed by a few drops of concen-
trated sulfuric acid. A positive result was confirmed by the devel-

opment of yellow to orange color [38].
9-3. Phosphate Test

The presence of phosphate ion in the crude BS was tested by
adding 10 drops of 6 M nitric acid to 2 mL of crude extract solu-
tion; the mixture was heated at 70 oC. Then, a few drops of 5% (w/v)
ammonium molybdate was added slowly to the mixture. A posi-
tive result was indicated by the formation of a bright yellow pre-
cipitate [39].
9-4. Thin Layer Chromatography

The crude BS was analyzed by thin layer chromatography (TLC)
on silica gel 60 plates (ALUGRAM XTRA SIL G/UV254, 20×20
cm). 5L of crude BS was spotted on the plates and eluted with
toluene/methanol (70 : 30, v/v) solvent mixture. Once the elution
was completed, the plate was detached and left to air dry. The
obtained chromatogram was analyzed by coloration with ninhy-
drin solution (0.5%, (w/v) ninhydrin in acetone) and iodine vapors
to detect amino acids and lipids, respectively [40].
9-5. Fourier-transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed
to determine the functional groups and the chemical bonds pres-
ent in the crude BS. A 2-mg amount of BS was analyzed by IRAf-
finity-1 Shimadzu spectroscopy, and spectral measurements were
taken in the 600-4,000 cm1 range in transmittance mode.
9-6. Gas Chromatography-mass Spectrometry Analysis of BS

Gas chromatography-mass spectrometry (GC-MS) analysis was
used to assess the fatty acid profile of the obtained BS. Fatty acids
were esterified to their corresponding methyl ethers as described
by Joy et al. [41]. 1L of Fatty acids methyl esters (FAMEs) was
injected into an Agilent Hewlett Packard (6890 plus GC/5973 MS)
GC-MS equipped with an HP-5MS capillary column (30 m×0.25
mm inner diameter; 0.25m film thickness). Helium was used as
carrier gas at a flow rate of 0.5 mL/min. The injection port was
operated at 250 oC and the column temperature was kept at 70 oC
for 5 min followed by 3 oC/min to 220 oC for 4 min and then at
10 oC/min to 280 oC for 7 min. The electron impact ion source was
kept at 230 oC. The electron impact mass spectra were recorded at
70 keV.
10. Measurement of the Critical Micelle Concentration

Critical micelle concentration (CMC) was determined by mea-
suring the ST of successive dilutions of BS. Various concentrations
of BS ranging from 0 to 800 mg/L were prepared in phosphate
buffer (5 mM, pH 7.0). Then, the ST of each concentration was
measured to determine the CMC value, which corresponds to the
lowest BS concentration that allows the best ST reduction.
10-1. Effect of pH, Temperature, and Salinity on BS Stability

The stability of BS was tested at varying salinity, pH, and tem-
perature. To do this, the crude BS prepared at its CMC was exposed
at different pH (pH 2.0-12.0), at assorted concentrations of NaCl
(2-12%, w/v) and at various temperatures (4-120 oC). Then, after
2 h of incubation for pH and salinity tests, and after overnight
incubation at temperatures of 4-40 oC, two hours for temperatures
60-80 oC, and 30 min for temperatures 90-100 oC [42], and after
autoclaving (20 min) at 120 oC, the ST was measured as described
earlier in Section 2.5.3.
10-2. Emulsification Activity of BS Against Hydrocarbons

The emulsification activity of the crude BS was tested against
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different hydrocarbons (diesel oil, hexane, toluene, and kerosene).
The emulsification index (EI) was measured as described earlier in
Section 2.5.3.
10-3. Application of BS as a Bioremediation Agent

To assess the effectiveness of BS in removing hydrocarbons from
contaminated soils, 250 g of forest soil was ground in a mortar,
impregnated with 50 mL of used engine oil, mixed well and incu-
bated at 37 oC for 24 h. Fractions of 10 g of contaminated soil were
placed in 250-mL Erlenmeyer flasks and underwent different
treatments, adding 20 mL of a supernatant culture of the strain
7SDS, 20 mL of distilled water (control), 20 mL of crude BS at its
CMC, 20 mL of chemical surfactants prepared at their CMCs:
SDS (0.2304%, w/v), Tween 20 (0.05%, w/v), Tween 80 (0.0016%,
w/v), and Triton X-100 (0.0155%, w/v) [43]. After incubation at
30 oC under the agitation of 180 rpm for 24 h, samples were cen-
trifuged at 6,000 rpm for 20 min at 4 oC. Residual masses of used
engine oil obtained by hexane extraction (v/v) from the superna-
tant were determined gravimetrically.
10-4. Antimicrobial Activity of BS

The antimicrobial activity of BS was tested quantitatively based
on suggestions given in the study of Fariq and Yasmin [44], with
slight modification. An inoculum of each pathogenic bacterium
(Staphylococcus aureus ATCC 25923, Pseudomonas aeruginosa
ATCC 27853, Escherichia coli ATCC 25922, and Bacillus cereus)
was prepared from a 24 h culture in nutrient agar, suspended in
sterile physiological water to reach an O.D between (0.8-1.0) at
600 nm. Bacterial strains were inoculated in test tubes containing
5 mL of nutrient broth, and approximately 7 mg/mL of crude BS
was added to each tube, which was then incubated at 37 oC in a
rotary incubator shaker at 180 rpm for 24 h. The percentage growth
inhibition of strains was estimated by measuring O.D at 600 nm
and calculated by Eq. (3) [45].

Growth inhibition (%)

(3)

RESULTS AND DISCUSSION

1. Isolation of Actinomycetes
Algeria has noteworthy climatic diversity, which influences an

extraordinary biodiversity, wealthy and assorted in actinomycetes,
that can effect great chemodiversity of metabolites in this country
[46]. Numerous actinomycetes have been isolated from different
Algerian ecosystems, including hypersaline regions [47] and Saha-
ran soils [48]. In this work, actinomycetes were isolated from des-
ert soil collected from the “24 February” production division of
SONATRACH in Ourgla-Algeria. Soil sampling was limited to the
top few centimeters of soil. According to [23], actinomycete popu-
lation is most important in the surface soil layer and decreases sig-
nificantly with depth. These soil samples were chosen because
hydrocarbon-contaminated sites such as oil spill soils are known
to be distinguished sources for isolating BS producing microor-
ganisms [41]. In addition, microbial communities found in arid
ecosystems are being studied and characterized to obtain strains
with unusual properties [49]. Sarkar and Suthindhiran [50] reported

that actinomycetes from extreme environments produce a broad
set of secondary metabolites [50]. Johnsen et al. [51] also reported
that actinomycetes were the dominant group among decompos-
ers in some contaminated sites [51].

A total of five morphologically distinct actinomycete strains
were isolated from crude oil-contaminated soil. This number of
isolates may be due to the lack of water in arid regions, which lim-
its plant growth and, consequently, microbial growth. Physical
(heat), chemical (SDS-YE, phenol) treatment and one enrichment
technique (CaCO3 treatment) were used for the selective isolation
of actinomycetes. Subramani and Sipkema [24] reported that acti-
nomycetes spores are resistant to various chemicals, including phe-
nol, benzethonium chloride, SDS, and chlorhexidine gluconate
[24]. These chemicals can kill or inhibit the growth of unwanted
Gram-negative bacteria, endospore-forming bacilli, and Pseudo-
monas, thereby increasing the potential for selective isolation of
actinomycetes [52]. However, Enrichment on HVA medium fol-
lowed by isolation on ISP9 medium supplemented with 1% of crude
oil as a sole source of carbon and energy was found to be a suit-
able method for selective isolation of hydrocarbonoclast actinomy-
cetes. Hayakawa and Nonomura [53] developed an HVA medium
that is widely used for isolating rare actinomycetes and Streptomy-
ces from natural samples while restricting the growth of non-fila-
mentous bacteria [53]. Subramani and Aalbersberg [54] reported
that an HVA medium with humic acid as a sole source of carbon
and nitrogen provided considerable advantages for rapid morpho-
logical identification of actinomycetes by promoting good sporula-
tion [54]. In general, isolated colonies appeared smooth at first,
but later, developed aerial mycelia. The substrate and aerial myce-
lia were white to black in color.
2. Screening of BS Producing Actinomycetes

The five isolated strains were initially screened for extracellular
BS production with four different methods: parafilm-M test, emulsifi-
cation index (EI), ODT, and ST measurement. Bacterial strains
were grown on a BH medium containing CS filtrate as a sole car-
bon source. CS was chosen as a suitable substrate for the selection
of BS-producing actinomycetes due to its economic advantage and
composition. The skin of a chicken, including fat, accounts for 8-
20% of its total weight [55].

Among the five isolates, only three, 7SDS, 2SDS, and 3P, yielded
promising preliminary BS screening results (Table 2). The Para-
film M test was used as the first criterion for detecting BS produc-
tion. All three strains gave positive results, showing droplet spreading
compared to the negative control (uninoculated medium). As
shown in Table 2, oil displacement diameters were 7.83±0.15 cm,
5.23±0.31 cm, and 3.86±0.22 cm for 7SDS, 2SDS, and 3P strains,
respectively, relative to uninoculated medium (0.0±0 cm). More-
over, ST measurements revealed a reduction ranging from 30 to
48 mN/m with a maximum reduction observed in 7SDS strain
with a value of 30.04±0.51 mN/m compared to the uninoculated
medium with an ST of 70.86±0.33 mN/m. Further confirmation
of the BS production ability of the selected isolates was done by
measuring EI. The three strains, 7SDS, 2SDS, and 3P, had emulsi-
fication indexes of 59.66±0.44%, 30±0%, and 35.33±0.44%, respec-
tively, compared to uninoculated medium (0.0±0%). According to
these findings, the 7SDS strain, which showed the highest emulsi-

 
OD pathogenic strain  OD pathogenic strain   BS 

OD pathogenic strain
---------------------------------------------------------------------------------------------------------------------------- 100
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fying activity, positive parafilm M test, excellent oil spread test, and
greater ST reduction, was selected for further study.

Once again, these results have confirmed the importance of
using different methods when screening BS-producing microor-
ganisms. Sarafin et al. [56] stated that due to the heterogeneous
nature of BS, various screening tests need to be performed to iden-
tify BS-producing microorganisms [56]. Arifiyanto et al. [22] noted
that the presence of emulsifying activity can be indicative of the
presence of BS [22]. Moreover, Zambry et al. [57] demonstrated
the oil spreading method’s sensitivity in detecting extremely-low
amounts of BS [57]. Nayak et al. [58] also asserted that a bacterial
strain capable of lowering the ST of the fermentation broth to
35 mN/m can be considered a promising BS producer [58].

Despite the fact that actinomycetes are not known as conven-
tional biosurfactant producers [59], Chakraborty et al. [19] reported
that out of thirteen actinomycete isolates, four strains gave posi-
tive results in all screening methods used to detect BS production
[19]. Ferradji et al. [60] also highlighted the potential of Streptomy-
ces strains (AB1, AH4, and AM2) in BS production with high
emulsification indexes of 75.83%, 78.71%, and 86.66%, respectively
[60]. In addition, Khopade et al. [61] reported that a marine iso-
lates Streptomyces sp. B3 was able to produce BS with an ST reduc-
tion of up to 29 mN/m [61]. Shavandi et al. [62] also reported the
isolation of a potent BS-producing bacterium Rhodococcus sp. strain
TA6 with its ability to reduce the ST of medium to 29.8 mN/m [62].

However, some research aimed to lower BS production costs by
using cheap substrates. Garnida et al. [63] reported on the impor-

Table 2. Screening tests of potential BS-producing strains
Strains ODT (cm) EI (%) ST (mN/m) Parafilm M
7SDS 7.83±0.15 59.66±0.44 30.04±0.51 +
3P 3.86±0.22 35.33±0.44 45.38±0.14 +
2SDS 5.23±0.31 30±0 48.93±0.18 +
Cm 0.0±00. 0.0±0 70.86±0.33 

Note: Cm: control (uninoculated medium); ‘+’ positive; ‘’ negative.

Fig. 1. Molecular phylogenetic tree of Streptomyces thinghirensis 7SDS and related Streptomyces sequences extracted from the NCBI database.

tance of recycling food waste, including restaurant waste, for the
production of novel metabolites [63]. Banat et al. [64] also reported
on the potential role of industrial and agro-industrial waste for BS
production instead of synthetic media [64]. In this regard, resid-
ual frying oil, used engine oil, whey, and CS may be interesting
alternative feedstocks for BS production due to their lower cost.
These substrates have been used in several studies for such pur-
poses. Just to name a few examples, Limosilactobacillus fermentum
ACA-DC 0183 was able to produce BS on a medium supplemented
with cheese whey after 36 hours of incubation with a maximum
ST reduction of up to 34.9 mN/m [65]. Bacillus licheniformis LRK1
produced lipopeptide BS in engine oil-supplemented mineral
medium after 32 hours of incubation with a 33% reduction in sur-
face tension [58]. Hentati et al. [43] highlighted the potential of the
newly halotolerant Pseudomonas sp. strain to use waste frying oil
to produce glycolipid biosurfactant [43].
3. Identification of the Selected Strain

The morphology of the 7SDS isolate revealed that the cells were
initially round, but later developed white-grey aerial mycelium
with a light brown substrate mycelium. Light microscopy revealed
that 7SDS cells were immobile and sporulating. Based on macro-
scopic and microscopic characteristics, isolate 7SDS was putatively
assigned to the genus Streptomyces. 7SDS strain’s 16S rRNA sequence
was aligned, and the resulting contig was subjected to blast analy-
sis in two public 16S archaea and bacteria databases: BlastN from
NCBI and Bibi from PBIL (Univ. Cl. Bernard Lyon1-UCBL1). Phy-
logenetic analysis indicated that strain 7SDS shared up to 99.31%
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similarity to Streptomyces thinghirensis (Fig. 1). Multiple sequence
alignments were performed using the ClustalW algorithm, and a
phylogenetic tree was constructed by the neighbor-joining method
using MEGA software (Version 11.0). 16S rRNA gene partial se-
quence of Streptomyces thinghirensis 7SDS was submitted to NCBI
GenBank database under the accession number |ON715888|.

Streptomyces, the most prevalent group of actinomycetes, pos-
sesses numerous characteristics that make them excellent candi-
dates for use in BS production. Table 3 provides some of Streptomyces
BS-producing species.
4. Statistical Optimization of BS Production
4-1. Face-centered Central Composite Design-RSM Model Reli-
ability Test

The cost of production in most bio-processes depends on 10-
30% of raw materials [71]. In this regard, we sought to formulate a
new economical fermentation medium based on low-cost lipid- or
carbohydrate-rich wastes to maximize the BS production rate by
the 7SDS strain. As stated, RSM is an excellent tool for studying
process responses and finding the best correlations between pro-
cess variables [72]. Face-centered CCD was applied in this study to
investigating the effect of five tested variables (i.e., residual frying
oil, used engine oil, whey, CS filtrate, and incubation time) at three
levels (1, 0, +1). The experimental and predicted response results
are outlined in Table 4. The regression coefficient (R2) is regarded
as an overall measure of model quality as it enables the determina-
tion of the observed response’s reliance on factors and their inter-
actions [73]. The predicted data are in good agreement with the
experimental data with a coefficient of regression R2 and adjusted
R2 of 0.96 and 0.82, respectively, which means that the model can
explain 96% of the variability of the response [74]. Experimental
data were examined using multiple regressions to obtain the best-
responding empirical model via the following quadratic polyno-
mial equations:

ST (mN/m)=35.74+0*A+3.43*B+1.719*C+1.719*D+5.35*E
+4.41*AB+6.13*AC+6.13*AD+2.50*AE+3.55*BC+3.55*BD
0.93*BE+1.73*CD1.03*CE+2.59*DE+3.05*A23.82*B2

+1.33*C2+1.34*D2+4.97*E2

where A: residual frying oil; B: CS filtrate; C: whey; D: used engine
oil, and E: incubation time.
4-2. Analysis of Variance

Analysis of variance (ANOVA) is a powerful mathematical tool

commonly used to further test the validity of an empirical model
[16]. ANOVA (Table 5) was performed to determine the signifi-
cant effects of factors and interactions influencing the BS produc-
tion. As shown in Table 5, the model’s P-value (0.02) is relatively
low (<0.05), indicating its significance, which is validated by the
Fisher’s value (F-value=6.99), which is higher than the critical F-
value (Fcritic=2.12) for a given number of degrees of freedom for
the model at the significance level of 95% [75,76]. The Fisher’s

Table 3. Various biosurfactants produced by Streptomyces species
Strains Isolation BS Application Ref.
Streptomyces sp. SNJASM6 Seaweed Glycolipid Antimicrobial activity [66]
Streptomyces griseoplanus NRRL-ISP5009 Soil Mixture of carbohydrate,

lipid, and protein
Antimicrobial activity [67]

Streptomyces sp. B3 Marine sediment Glycolipid Antimicrobial activity [61]
Streptomyces sp. ISP2-49E Marine sediment Rhamnolipid NM [68]
Streptomyces sp. S5 Egyptian desert NM NM [69]
Streptomyces sp. MAB36 Marine sediment Glycolipid Antimicrobial activity [70]
Streptomyces youssoufiensis SNSAA03 Marine sponge Glycolipid Antibiofilm [15]

NM: not mentioned.

Table 4. Face-centered central composite design matrix (Random-
ized)

Run
Variables Response 1: ST (mN/m)

A B C D E Measured Predicted
01 +1 +1 1 1 +1 34.84 34.77
02 0 0 0 0 0 33.00 35.65
03 +1 +1 +1 1 1 45.54 45.47
04 +1 1 +1 +1 1 34.84 34.77
05 0 0 0 0 0 35.03 35.65
06 1 +1 +1 1 +1 38.28 38.21
07 1 1 +1 +1 +1 34.84 34.77
08 +1 1 1 +1 +1 45.54 45.47
09 1 0 0 0 0 38.28 38.73
10 0 0 0 1 0 34.84 35.29
11 0 0 0 0 0 38.28 35.65
12 +1 1 +1 1 +1 38.28 38.21
13 0 0 1 0 0 34.84 35.29
14 +1 +1 1 +1 1 38.28 38.21
15 0 1 0 0 0 27.96 28.41
16 +1 0 0 0 0 38.28 38.73
17 1 +1 +1 +1 1 38.28 38.21
18 0 0 +1 0 0 38.28 38.73
19 0 0 0 0 +1 45.54 46.00
20 0 +1 0 0 0 34.84 35.29
21 1 1 1 1 1 59.24 59.09
22 0 0 0 0 1 34.84 35.29
23 0 0 0 0 0 38.28 35.65
24 1 +1 1 +1 +1 45.54 45.47
25 0 0 0 +1 0 38.28 38.73
26 0 0 0 0 0 38.28 35.65
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value is defined as the ratio of the model’s mean square to the
residual error [77], and it properly indicates how well the factors
explain the data’s variation around its mean [16]. P-values were
used to confirm the significance of each term; P-values less than
0.05 indicate significant regression coefficients [78]. Thus, among
the model terms, linear and quadratic terms of incubation time
with p-values of 0.027 and 0.025, respectively, as well as interac-
tive terms between residual frying oil*whey and residual frying
oil*used engine oil with a p-value of 0.035 appear to have a more
significant effect than the other terms on BS production, with at
least a 95% probability. In addition, the error due to the lack of fit
is found to be non-significant (F0(0.05; 1-4)=1.03Fcritic=7.71) indicat-
ing that the generated mathematical model correlated very well
with the observed responses versus the predicted ones.
4-3. Response Surfaces

To better understand the effects of the studied variables on the
BS production by the 7SDS strain, the Design Expert software was
used to analyze our data and generate response surface graphs,
which are very useful to localize the optimum zone. These graphs
aid in comprehending results, forecasting optimum conditions, and
recognizing the interaction effects of variables on system response
[79]. Response surfaces were charted by plotting the interaction of

two variables while keeping the other three independent variables
at their fixed level (i.e., level 0). Thereby, the interactions among
the variables may seem like an antagonistic or synergistic effect
[80]. Referring to Fig. 2(A), a decrease in whey concentration and
an increase in residual frying oil concentration resulted in a reduc-
tion of ST, which led to maximum BS production. Similarly, Fig.
2(B) shows that the lowest ST was obtained when residual frying
oil was increased from the middle to the high level while used
engine oil remained at its low level. The results showed that the
lowest concentration of whey and used engine oil privileged the
BS production. Note that high substrate concentrations do not
always result in increased BS production [81]. This can be linked
to the fact that substrates present in high concentrations are directed
towards the production of cellular biomass [81]. The RSM model
predicted the optimal values of the five variables to be: 2.44% (v/v)
residual frying oil, 0.35% (v/v) used engine oil, 0.83% (v/v) whey,
0.39% (v/v) CS filtrate, and a 219.36 h incubation time.
5. Extraction and Purification of BS

In the current study, BS was produced during batch culture on
an optimized medium using residual frying oil, used engine oil,
whey, and CS filtrate as carbon sources according to the RSM pre-
diction. Acid precipitation followed by solvent extraction was used

Table 5. ANOVA for ST response
Source SS DF MS F-value P-value
Model 846.06 20 42.30 6.99 0.0201
A: residual frying oil 0.0000 1 0.0000 0.0000 1.0000
B: CS filtrate 23.67 1 23.67 3.91 0.1048
C: whey 5.92 1 5.92 0.9782 0.3681
D: used engine oil 5.92 1 5.92 0.9782 0.3681
E: incubation time 57.26 1 57.26 9.47 0.0276
Interactions
AB 25.51 1 25.51 4.22 0.0952
AC 49.27 1 49.27 8.15 0.0357
AD 49.27 1 49.27 8.15 0.0357
AE 8.21 1 8.21 1.36 0.2966
BC 16.54 1 16.54 2.74 0.1591
BD 16.54 1 16.54 2.74 0.1591
BE 1.15 1 1.15 0.1897 0.6813
CD 3.96 1 3.96 0.6548 0.4552
CE 1.39 1 1.39 0.2304 0.6515
DE 8.84 1 8.84 1.46 0.2806
Quadratic
A2 22.92 1 22.92 3.79 0.1091
B2 35.72 1 35.72 5.91 0.0594
C2 4.39 1 4.39 0.7265 0.4329
D2 4.39 1 4.39 0.7265 0.4329
E2 60.49 1 60.49 10.00 0.0250
Residual 30.24 5 6.05
Lack of fit 6.21 1 6.21 1.03 0.3666
Pure error 24.03 4 6.01
Total 876.30 25

Note: SS: sum of squares, MS: mean square, DF: degree of freedom.
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to recover the produced BS. Many researchers have already used
this technique to extract biosurfactants from culture broth due to
its effectiveness [82] and the economic advantage of solvent re-
covery [83]. The yield of the crude BS obtained from the 7SDS
strain was 8.79 g/L. The same result was reported by Zambry et
al. [57] where Streptomyces sp. R1 strain was found capable of
yielding 7.19 g/L of lipopeptide in starch casein broth containing
3% olive oil[57]. While, in another study, Bhuyan-Pawar et al.
[84] reported that strain V2 of Streptomyces sp. produced around
56.7 mg/L of proteoglycan BS using molasses as substrate [84].
Furthermore, Kumari et al. [85] reported that Rhodococcus sp. NJ2
strain produced only 10g/mL of glycolipid in a nutrient medium
[85].

However, fixed bed chromatography using silica gel 60 col-
umns was utilized to purify the crude BS. Among the 40 collected
fractions, only four (26,27,28,29) were observed as a single spot on
the TLC plate, and only one fraction (26) presented the highest
surface activity with the oil spreading assay (Fig. 3).

6. Biochemical and Compositional Characterization of the Pro-
duced BS
6-1. Biochemical Characterization

Characterization of biosurfactants is a crucial part of this study,
as it enables detailed structural clarification to discover new chem-
ical structures and determine potential applications [83]. In this
context, the produced BS was biochemically characterized by the
biuret, phenol-sulfuric acid, and phosphate tests (Fig. 4). In the
biuret test, no purple coloration (due to the reaction of copper sul-
fate with peptide bonds in an alkaline medium) appeared, show-
ing the absence of amino acids or proteins in the tested BS. Then,
the phenol-sulfuric acid test gave a negative result, implying the
absence of sugars in the produced BS. Finally, in the phosphate
test, there was a noticeable appearance of yellow color, which oc-
curred due to the formation of a yellow precipitated layer of am-
monium phosphomolybdate, indicating the presence of phosphate
in the crude BS. These findings are similar to those reported for
the phospholipid BS produced by Klebsiella pneumoniae strain
IVN51 [86].

Fig. 2. 3D response surfaces graphs illustrating the interaction between: A: residual frying oil and whey, and B: residual frying oil and used
engine oil.

Fig. 3. Chromatographic profile of Streptomyces thinghirensis 7SDS
BS on the silica gel column.

Fig. 4. Biochemical characterization of BS: (a) phosphate test, (b)
biuret test, and (c) phenol-sulfuric acid test.
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6-2. Thin Layer Chromatography (TLC)
This technique is the most effective and broadly used approach

for the chemical analysis of biosurfactants [87]. The TLC analysis
of the crude BS was developed using toluene : methanol (70 : 30)
as the best mobile phase. Staining the TLC plate with ninhydrin
revealed no red spot, which indicated the absence of protein or
amino acids in 7SDS BS. However, iodine vapors revealed four
yellow spots with different retention factor values of: 0.51, 0.67,
0.76, and 0.87, indicating the presence of lipids in the crude BS
(Fig. 5).
6-3. Fourier-transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is an essential
tool when studying different forms of biosurfactants [88]. In this
study, the functional groups present in crude BS were examined
using FTIR spectroscopy. The FTIR spectrum (Fig. 6) showed ab-
sorption peaks at 2,854.69 cm1, 2,923.17 cm1, 2,989.17 cm1, and
1,464.96cm1 corresponding to symmetric CH2, antisymmetric CH2,
antisymmetric CH3 stretching, and CH2 scissoring, respectively.
The carbonyl group (C=O) was observed from the bands at 1,734.99
cm1. This group is found between the phospholipid molecule’s
hydrophobic tails and hydrophilic head group [89]. The peak at
1,161.16 cm1 occurred due to C-O stretching. The absorption peaks
located at 1,241.21 cm1 were attributed to PO2 stretching. The
FTIR profile of the produced BS was found to be similar to those

Fig. 5. TLC chromatogram of phospholipid BS from Streptomyces
thinghirensis 7SDS.

Fig. 6. FTIR spectrum of the 7SDS strain BS.

Table 6. GC-MS analysis of the fatty acid composition of 7SDS strain BS
Compounds Retention time (min) Molecular formula Molar mass (g/mol)
Hexadecanoic acid 33.95 C16H32O2 256.42
9,12-Octadecadienoic acid 39.17 C18H32O2 280.40
12-Octadecenoic acid 39.34 C18H34O2 282.50
Isooctadecanoic acid 40.07 C18H36O2 284.50

of phospholipids previously reported by [90,91]. Therefore, by ob-
serving the results of biochemical tests, TLC, and FTIR described
above, it can be concluded that the BS produced by the 7SDS strain
is phospholipid. To date, this is the first report on the production
of phospholipid BS from Streptomyces thinghirensis.

Despite the fact that there is a surprising lack of information on
the production of phospholipid biosurfactants by actinomycetes,
Kretschmer et al. [92] reported that the phosphatidylethanolamine
produced by Rhodococcus erythropolis was strong enough to reduce
the interfacial tension between water and hexadecane above 1mN/
m. In addition, Yagüe et al. [93] reported that Corynebacterium
insidiosum isolated from clinical samples was capable of produc-
ing phospholipid BS.
7. GC-MS Analysis

GC-MS analysis is another reliable method for determining the
side chain composition of fatty acids present in biosurfactants [94].
The fatty acid content of the BS produced by Streptomyces thinghi-
rensis 7SDS was analyzed after the GC-MS characterization (Table
6 and Fig. 7). Major peaks obtained at the retention times of 33.95
min, 39.17 min, 39.34 min, and 40.07 min revealed ester deriva-
tives of hexadecanoic acid, 9,12-octadecadienoic acid, 12-octade-
cenoic acid, and isooctadecanoic acid, respectively. According to
previous studies, palmitic acid and oleic acid were observed in the
GC-MS chromatogram of the phospholipid BS produced by Kleb-
siella pneumoniae strain IVN5 [86]. The GC-MS analysis of BS
produced by Streptomyces sp. SNJASM6 revealed the following
major peaks: octadecanoic acid, pentadecanoic methyl ester, hexa-
decanoic acid, oleic acid, and pentadecane [66]. Seghal Kiran et al.
[95] reported that the hydrophobic moiety of the lipopeptide BS
from Brevibacterium aureum MSA13 was an octadecanoic acid
methyl ester [95]. The newly characterized phospholipide BS from
the 7SDS strain was dubbed "Streptingfactin” since it was first pro-
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duced by Streptomyces thinghirensis strain 7SDS.
8. Surface Tension and CMC Determination

A key parameter in assessing surfactant activity is the critical
micelle concentration (CMC), which is the concentration of sur-
factant; it allows the micelles to form spontaneously without any
change in the surface activity. A low CMC and a reduction in ST
of solutions are regarded as important properties of a potent sur-
factant [96]. In this sense, the CMC value of the produced BS was
evaluated by measuring the ST of various BS concentrations. The
plot of ST against crude BS concentration (Fig. 8) showed a rapid
decrease in ST as the concentration of BS was increased with a
minimum ST reading of 27.96 mN/m obtained at 350 mg/L con-
centration. Even after increasing the BS concentration beyond
350 mg/L, no decrease was observed in ST. The ability of a BS to
reduce the ST of a solution to less than 40 mN/m was deemed to
be a crucial property of a promoting tensioactive agent [97]. The
CMC value of certain chemical surfactants such as tetradecyl
trimethyl ammonium bromide and SDS (CMC ranging between

1,000-2,300 mg/L) was found to be superior to CMC’s 7SDS [98].
The CMC value indicated that the produced BS was relatively con-
sistent with other microbial surfactants already presented in the lit-
erature. In this context, Javee et al. [66] reported that strain SNJASM6
of Streptomyces sp. showed its capacity to decrease ST to 32.8 mN/
m at a CMC value of 36 mg/L. Elkhawaga [67] also reported that
the BS produced by Streptomyces griseoplanus NRRL-ISP5009 was
able to reduce ST of water from 68 to 40 Dynes cm1 with a CMC
value of 110 mg/L [67].
9. Stability of the Obtained BS

The stability of bioactive molecules is critical and serves as a
deciding factor for their use as antimicrobial, bioemulsifier, or thera-
peutic agents over wide salinity, pH, and temperature ranges [99].
In this study, the stability of the produced BS in the presence of
different temperatures, wide pH ranges, and different NaCl con-
centrations was investigated in terms of ST (Fig. 9). Changing the
temperature of BS from 4 to 120 oC did not significantly affect its
performance. ST of the BS solution at the highest incubation tem-
perature was observed to be 27.96±0.03 mN/m. The stability of BS
against different pH (2.0-12.0) showed that the ST of the phospho-
lipid BS (27.96±0.03 mN/m) remained relatively stable over the
wide pH range tested. In addition, despite varying NaCl concen-
trations from 2 to 12% (w/v), the ST of BS solution remained con-
stant at around 27.96±0.03 mN/m. These findings are similar to
those in the literature by Khopade et al. [61], who indicated that
the ST of a glycolipid BS produced by Streptomyces sp. B3 remained
stable after heating to 100 oC. Santos et al. [100] stated that the BS
from Streptomyces sp. DPUA 1559 had high salt tolerance as well
as thermal and pH stability. Moreover, Hayder et al. [101] stated
that the bioemulsifier from Streptomyces sp. SS 20 was potent over
a wide temperature (30-100 oC) and pH (3-7) [101].

The stability of biosurfactants under various environmental con-
ditions, including temperature, pH, and salinity, shows their broad
applicability [102]. The high thermal stability of biosurfactants is a
hallmark of their use in the food, pharmaceutical, environmental
protection, and cosmetic industries [103]. Likewise, biosurfactant
stability over a range of salt concentrations demonstrates their appli-

Fig. 7. GC-MS analysis of the partially purified BS from Streptomyces thinghirensis 7SDS.

Fig. 8. CMC of BS from Streptomyces thinghirensis 7SDS.
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cability to the removal of oil spills in the marine environment [104].
Similar to temperature and salinity, microbial biosurfactants show
promising pH stability under alkaline conditions, offering oppor-
tunities for use in the detergent industry [105].
10. Emulsification Activity of the Produced BS

A biosurfactant’s emulsifying activity is its ability to maintain a
hydrocarbon or oil emulsion in water [106]. The ability of 7SDS
biosurfactant to emulsify hydrocarbons was tested against diesel
oil, kerosene, toluene, and hexane (Fig. 10). The maximum emul-
sification was observed with diesel oil (49.33±1.11%), followed by
hexane (39.33±1.11%), whereas kerosene (0±0%) and toluene (0±
0%) were not emulsified. The results indicated that the produced
BS was able to effectively emulsify long and short chain hydrocar-
bons. Goswami and Deka [104] emphasized that the degree of
emulsification index is influenced by the chain length of the inter-
acting hydrocarbon and that the emulsification index increases as
the hydrocarbon chain lengthens. Our finding is similar to that of
Shavandi et al. [62] who found that the produced BS by Rhodococ-
cus sp. strain TA6 exhibited specific emulsification properties for

Fig. 9. Stability of 7SDS strain BS towards: (a) pH, (b) salinity, and (c) temperature.

Fig. 10. The 7SDS strain biosurfactant’s emulsification activity against
various hydrocarbons.

Fig. 11. 7SDS biosurfactant’s effect versus synthetic surfactants on
hydrocarbons removal from used engine oil-contaminated
soil.

long-chain hydrocarbons. Furthermore, Santos et al. [107] reported
that the isolated BS from Streptomyces sp. DPUA1566 was able to
form a stable emulsion using several oils such as Cariocar brasil-
iense oil, motor oil, and soybean oil.
11. BS as a Bioremediation Agent

Most recent research has centered on the environmental uses of
biosurfactants due to their eco-friendly, enhanced physicochemi-
cal properties and various structures [108]. In this context, an
experiment was carried out using the crude BS, 7SDS strain’s cell-
free supernatant, and chemical surfactants (Tween 20, SDS, Triton
X-100, and Tween 80) to confirm the removal of used engine oil
contaminant from soil samples (Fig. 11). Results showed that the
chemical surfactants, SDS, Tween 20, Tween 80, and Triton X-100,
increased the solubilization of used engine oil by 19.7%, 18.93%,
30.76%, and 22.43%, respectively, compared to the control (water).
On the other hand, the 7SDS supernatant and BS improved used
engine oil solubility by 39.36% and 80.43%, respectively. More-
over, it can be concluded that crude BS was more efficient in
remobilizing hydrocarbons than synthetic surfactants, which were
widely characterized as dangerous to ecosystem functioning because
of their toxicity and low biodegradability [36]. Biosurfactants can
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help the degradation of organic pollutants, such as hydrocarbons,
by mobilizing, solubilizing, and emulsifying them [109]. Mobiliza-
tion occurs at a concentration lower than the BS’s CMC, resulting
in a decrease in ST; solubilization with micelle formation occurs at
a concentration greater than the BS’s CMC, resulting in an increase
of pollutant’s solubility; and emulsification produces an emulsion
in which an oil droplet is suspended in a liquid [109]. These mecha-
nisms promote the bioremediation of the environment’s pollutants.
In this respect, Ivshina et al. [110] showed that biosurfactants pro-
duced by Rhodococcus ruber strain IEGM 231 demonstrated a high
polyaromatic hydrocarbons removal compared to synthetic surfac-
tants. In addition, Peng et al. [111] stated that biosurfactants pro-
duced by Rhodococcus erythropolis strain 3C-9 could be used to
clean up oil spills. In addition, Kiran et al. [112] found that the biore-
mediation process in marine contaminated water is more effective
using biosurfactant produced by the marine actinobacterium Nocar-
diopsis lucentensis MSA04 than chemical surfactants.
12. Antibacterial Activity of 7SDS Strain BS

The emergence of microbial antibiotic resistance is an urgent
problem due to the overuse of conventional antibiotics. Besides
the dire situation, the number of new antimicrobial compounds
approved for use has been declining in recent years [113]. In this
regard, BS (approximately 7 mg/mL) derived from Streptomyces
thinghirensis strain 7SDS exhibited excellent antibacterial activity,
which was measured by the growth inhibition percentage of the
pathogenic strains (Fig. 12). The partially-purified BS showed the
highest growth inhibition of 69±0.13% against B. cereus. The E.
coli ATCC 25922 and S. aureus ATCC 25923 were susceptible to
the BS with percentage growth inhibition of 60±0.12% and 54.34±
0.33%, respectively, whereas P. aeruginosa ATCC 27853 was less
sensitive with a percentage growth inhibition of 19.36±0.44%.

Many biosurfactants have been described in numerous studies
as bioactive compounds with antifungal, antibacterial, and antivi-
ral activities. Streptomyces sp. MAB36-derived glycolipid BS has
shown the highest effectiveness against many pathogenic microbes,

Fig. 12. Antimicrobial activity of the produced BS by Streptomyces
thinghirensis 7SDS.

Fig. 13. Possible interactions between BS molecules and bacterial cells [113].

including fungi, and Gram-positive and Gram-negative bacteria
[70]. Bioactive surfactant from Streptomyces sp. SNJASM6 exhib-
ited high antimicrobial activity against bacterial pathogens (P. aerugi-
nosa, E. coli, K. pneumoniae and B. cereus) and fungi (Candida
albicans) [66]. The purified lipopeptide from Nocardiopsis alba
MSA10 showed good antibacterial activity against Enterococcus
faecalis and B. subtilis, but no activity was observed for P. aerugi-
nosa, hemolytic Streptococcus, and E. coli [114]. The antimicrobial
effectiveness of biosurfactants is determined by their concentra-
tion, structure, and class of bacteria tested [115]. The antimicro-
bial potency of biosurfactants can be attributed to their adhesion
properties to the microbial cell surface (Fig. 13). Incorporation of
biosurfactants into cell membranes leads to membrane expansion
and significant ultrastructural degradation of cells [67], resulting in
a disruption of microbes’ nutrition cycle due to the defeat of mem-
brane proteins, hence initiating cellular lysis.
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CONCLUSION

Nowadays, the development of low-cost and eco-friendly meth-
ods to produce bioactive molecules for biotechnological applica-
tions has become very important. In this regards, the present
study is the first to report BS production by a novel strain 7SDS of
the Streptomyces thinghirensis species. This strain demonstrates a
noteworthy capacity to produce BS, which is reinforced by statisti-
cal optimization with RSM-CCD using an optimized medium
enriched with cheap waste substrates. 7SDS’s phospholipid BS,
named “Streptingfactin”, displayed remarkable ST reduction with
excellent stability under critical conditions, including high concen-
trations of NaCl, temperatures, and pH. Interestingly, the produced
phospholipid BS by Streptomyces thinghirensis 7SDS showed its
effectiveness as an antimicrobial and bioremediation agent. These
encouraging findings suggest that Streptingfactin from Streptomy-
ces thinghirensis 7SDS could be used to synthesize surfactants in a
wide variety of biotechnological applications.

ACKNOWLEDGEMENTS

This work is dedicated to the memory of Prof. Jiří Jaromír Kle-
meš, who inspired and supported us in our research.

DECLARATION OF INTERESTS

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

REFERENCES

1. A. A. Jimoh and J. Lin, Ecotoxicol. Environ. Saf., 184, 109607 (2019).
2. V. M. Alvarez, D. Jurelevicius, J. M. Marques, P. M. de Souza, L. V.

de Araújo, T. G. Barros, R. O. M. A. de Souza, D. M. G. Freire and
L. Seldin, Colloids Surf. B., 136, 14 (2015).

3. E. Eras-Muñoz, A. Farré, A. Sánchez, X. Font and T. Gea, Bioengi-
neered, 13, 12365 (2022).

4. M. I. Ja'afaru, T. Abbas, O. M. Ajunwa and K. Olaifa, Sci. Afr., 17,
e01357 (2022).

5. Z. Wei, J. J. Wang, L. A. Gaston, J. Li, L. M. Fultz, R. D. DeLaune
and S. K. Dodla, J. Hazard. Mater., 396, 122595 (2020).

6. C. C. Azubuike, C. B. Chikere and G. C. Okpokwasili, World J.
Microbiol. Biotechnol., 32, 180 (2016).

7. A. Dzionek, D. Wojcieszyńska and U. Guzik, Electron. J. Biotech-
nol., 23, 28 (2016).

8. E. Kaczorek, A. Pacholak, A. Zdarta and W. Smułek, Colloid Inter-
face Sci., 2, 35 (2018).

9. J. Araujo, J. Monteiro, D. Silva, A. Alencar, K. Silva, L. Coelho, W.
Pacheco, D. Silva, M. Silva, L. Silva and A. Monteiro, Antibiotics, 11,
1106 (2022).

10. T. R. Bjerk, P. Severino, S. Jain, C. Marques, A. M. Silva, T. Pashirova
and E. B. Souto, Bioengineering, 8, 115 (2021).

11. V. K. Gaur, P. Gupta, V. Tripathi, R. S. Thakur, R. K. Regar, D. K.
Patel and N. Manickam, Environ. Technol. Innov., 25, 102108 (2022).

12. N. Khondee, N. Ruamyat, E. Luepromchai, K. Sikhao and Y. Hawang-

chu, Biomass Bioenergy, 165, 106568 (2022).
13. V. K. Gaur, P. Sharma, R. Sirohi, S. Varjani, M. J. Taherzadeh, J.-S.

Chang, H. Yong Ng, J. W. C. Wong and S.-H. Kim, Bioresour. Tech-
nol., 343, 126059 (2022).

14. T. Ingsel, F. M. de Souza and R. K. Gupta, Green sustainable process
for chemical and environmental engineering and science, Inamud-
din, Adetunji, C. O. and Ahamed, M. I., eds., Academic Press, 467
(2022).

15. S. Nalini, D. Inbakandan, T. Stalin Dhas and S. Sathiyamurthi,
Results Chem., 3, 100223 (2021).

16. I. Talhi, L. Dehimat, A. Jaouani, R. Cherfia, M. Berkani, F. Almo-
mani, Y. Vasseghian and N.K. Chaouche, Chemosphere, 286, 131479
(2022).

17. M.I. Ousaadi, F. Merouane, M. Berkani, F. Almomani, Y. Vasseghian
and M. Kitouni, Environ. Res., 201, 111494 (2021).

18. M. Boulahbal, M.A. Malouki, M. Canle, Z. Redouane-Salah, S. Dev-
anesan, M.S. AlSalhi and M.J. C. Berkani, Chemosphere, 306, 135516
(2022).

19. S. Chakraborty, M. Ghosh, S. Chakraborti, S. Jana, K. K. Sen, C.
Kokare and L. Zhang, Int. J. Biol. Macromol., 79, 405 (2015).

20. K. Patowary, R. Patowary, M. C. Kalita and S. Deka, Front. Micro-
biol., 8 (2017).

21. S. Devanshi, K. R. Shah, S. Arora and S. Saxena, IntechOpen (2021).
22. A. Arifiyanto, T. Surtiningsih, Ni'matuzahroh, Fatimah, D. Agustina

and N. H. Alami, Biocatal. Agric. Biotechnol., 24, 101513 (2020).
23. A. A. Bhatti, S. Haq and R. A. Bhat, Microb. Pathog., 111, 458 (2017).
24. R. Subramani and D. Sipkema, Mar. Drugs., 17, E249 (2019).
25. L. Donald, A. Pipite, R. Subramani, J. Owen, R. A. Keyzers and T.

Taufa, Microbiol. Res., 13, 418 (2022).
26. R. Subramani and W. Aalbersberg, Microbiol. Res., 167, 571 (2012).
27. J. Pochon and P. Tardieux, Editions de la Tourelle., 11 (1962).
28. M. Hayakawa, T. Sadakata, T. Kajiura and H. Nonomura, J. Bio-

eng., 72(5), 320 (1991).
29. D. G. Cooper and B. G. Goldenberg, Appl. Environ. Microbiol., 53,

224 (1987).
30. S. K. Satpute, B. D. Bhawsar, P. K. Dhakephalkar and B. A. Cho-

pade, Indian J. Mar. Sci., 37, 243 (2008).
31. H. T. Yalçın, G. Ergin-Tepebaşı and E. Uyar, J. Basic Microbiol., 58,

782 (2018).
32. P. L. du Noüy, J. Gen. Physiol., 1, 521 (1919).
33. M. S. Mechouche, F. Merouane, C. E. H. Messaad, N. Golzadeh, Y.

Vasseghian and M. Berkani, Environ. Res., 204, 112360 (2022).
34. K. V. Deepika, S. Kalam, P. Ramu Sridhar, A. R. Podile and P. V.

Bramhachari, Biocatal. Agric. Biotechnol., 5, 38 (2016).
35. A. Chebbi, D. Hentati, H. Zaghden, N. Baccar, F. Rezgui, M. Chalbi,

S. Sayadi and M. Chamkha, Int. Biodeterior. Biodegrad., 122, 128
(2017).

36. D. Hentati, A. Chebbi, F. Hadrich, I. Frikha, F. Rabanal, S. Sayadi
and M. Chamkha, Ecotoxicol. Environ. Saf., 167, 441 (2019).

37. A. Bianchi-Bosisio, Encyclopedia of analytical science (second edi-
tion), Worsfold, P., Townshend, A. and Poole, C., eds., Elsevier,
Oxford, 357 (2005).

38. M. Dubois, K. A. Gilles, J. K. Hamilton, P. A. Rebers and F. Smith,
Anal. Chem., 28, 350 (1956).

39. T. Moeller, J. C. Bailar, J. Kleinberg, C. O. Guss, M. E. Castellion and
C. Metz, Chemistry, Moeller, T., Bailar, J. C., Kleinberg, J., Guss, C. O.,



Bioprospecting of biosurfactant-producing bacteria 2511

Korean J. Chem. Eng.(Vol. 40, No. 10)

Castellion, M. E. and Metz, C., eds., Academic Press, 659 (1980).
40. S. García-Reyes, G. Yáñez-Ocampo, A. Wong-Villarreal, R. K. Rajar-

etinam, C. Thavasimuthu, R. Patiño and M. L. Ortiz-Hernández,
Environ.Technol., 39, 2622 (2018).

41. S. Joy, P. K. S. M. Rahman and S. Sharma, Chem. Eng., 317, 232
(2017).

42. L. C. Goveas and S. P. Sajankila, Bioresour. Technol. Rep., 11, 100447
(2020).

43. D. Hentati, A. Chebbi, A. Mahmoudi, F. Hadrich, M. Cheffi, I. Frikha,
S. Sayadi and M. Chamkha, Biochem. Eng., 166, 107861 (2021).

44. A. Fariq and A. Yasmin, Process Biochem., 98, 1 (2020).
45. A. Fariq, A. Yasmin and M. Jamil, Extremophiles, 23, 435 (2019).
46. I. Djinni, A. Defant, M. Kecha and I. Mancini, Antibiotics, 8, 172

(2019).
47. Y. Souagui, D. Tritsch, C. Grosdemange-Billiard and M. Kecha,

Med. Mycol., 25, 108 (2015).
48. N. Sabaou, H. Boudjella, A. Bennadji, A. Mostefaoui, A. Zitoun, L.

Lamari, H. Bennadji, G. Lefebvre and P. Germain, Secheresse
(France), 9, 147 (1998).

49. Z. Pasternak, A. Al-Ashhab, J. Gatica, R. Gafny, S. Avraham, D.
Minz, O. Gillor and E. Jurkevitch, PLOS ONE, 8, e69705 (2013).

50. G. Sarkar and K. Suthindhiran, Indian J. Microbiol., 62(4), 475
(2022).

51. A. R. Johnsen, A. Winding, U. Karlson and P. Roslev, Appl. Envi-
ron. Microbiol., 68, 6106 (2002).

52. F. P. Claverías, A. Undabarrena, M. González, M. Seeger and B.
Cámara, Front. Microbiol., 6, 737 (2015).

53. M. Hayakawa and H. Nonomura, J. Ferment. Technol., 65, 501 (1987).
54. R. Subramani and W. Aalbersberg, Appl. Microbiol. Biotechnol., 97,

9291 (2013).
55. L. Méndez-Lagunas, S. Siles-Alvarado, J. Rodríguez-Ramírez and

L. A. Aquino-González, Int. J. Chem. Biomol. Sci., 1, 193 (2015).
56. Y. Sarafin, M. B. S. Donio, S. Velmurugan, M. Michaelbabu and T.

Citarasu, Saudi J. Biol. Sci., 21, 511 (2014).
57. N. S. Zambry, A. Ayoib, N. A. Md Noh and A. R. M. Yahya, Bio-

process. Biosyst. Eng., 40, 1007 (2017).
58. N. S. Nayak, M. S. Purohit, D. R. Tipre and S. R. Dave, Biocatal.

Agric. Biotechnol., 29, 101808 (2020).
59. H. Baoune, A. Ould El Hadj-Khelil, G. Pucci, P. Sineli, L. Loucif

and M. A. Polti, Ecotoxicol. Environ. Saf., 147, 602 (2018).
60. F. Z. Ferradji, S. Mnif, A. Badis, S. Rebbani, D. Fodil, K. Eddouaouda

and S. Sayadi, Int. Biodeterior. Biodegrad., 86, 300 (2014).
61. A. Khopade, B. Ren, X.-Y. Liu, K. Mahadik, L. Zhang and C.

Kokare, J. Colloid Interface Sci., 367, 311 (2012).
62. M. Shavandi, G. Mohebali, A. Haddadi, H. Shakarami and A. Nuhi,

Colloids Surf. B., 82, 477 (2011).
63. Y. Garnida, M. Rudiansyah, G. Yasin, T. Mahmudiono, A. J. Kadhim,

S. Sharma, H. A. Hussein, R. A. Shichiyakh, W. K. Abdelbasset and
A. H. Iswanto, Food Sci. Technol., 42 (2022).

64. I. M. Banat, S. K. Satpute, S. S. Cameotra, R. Patil and N. V. Nyayanit,
Front. Microbiol., 5, 697 (2014).

65. V. Kachrimanidou, D. Alimpoumpa, A. Papadaki, I. Lappa, K. Alexo-
poulos and N. Kopsahelis, Biomass Convers. Biorefin., 12(10), 4621
(2022).

66. A. Javee, R. Karuppan and N. Subramani, Biocatal. Agric. Biotech-
nol., 23, 101505 (2020).

67. M. A. Elkhawaga, Appl. Microbiol., 124, 691 (2018).
68. X. Yan, J. Sims, B. Wang and M. T. Hamann, Biochem. Syst. Ecol.,

55, 292 (2014).
69. A. S. Korayem, A. A. Abdelhafez, M. M. Zaki and E. A. Saleh, Ann.

Agric. Sci., 60, 209 (2015).
70. P. Manivasagan, P. Sivasankar, J. Venkatesan, K. Sivakumar and S.-K.

Kim, Bioprocess. Biosyst. Eng., 37, 783 (2014).
71. I. Mnif, A. Bouallegue, S. Mekki and D. Ghribi, Bioprocess. Biosyst.

Eng., 44, 2315 (2021).
72. A. R. Najafi, M. R. Rahimpour, A. H. Jahanmiri, R. Roostaazad, D.

Arabian and Z. Ghobadi, Chem. Eng., 163, 188 (2010).
73. Y. Vasseghian, M. Moradi, M. Pirsaheb, A. Khataee, S. Rahimi,

M. Y. Badi and A. Khaneghah, Food Res. Int., 137, 109557 (2020).
74. M. Berkani, Y. Kadmi, M. K. Bouchareb, M. Bouhelassa and A.

Bouzaza, Arab. J. Chem., 13(11), 8338 (2020).
75. M. Berkani, M. Bouhelassa, A. Bouzaza, M. K. Bouchareb, Y. Kadmi

and I. Soutrelle, ICheaP-12, 43, 961 (2015). Aidic Servizi Srl.
76. W. Alloun, M. Berkani, A. Benaissa, A. Shavandi, M. Gares, C.

Danesh and N. K. Chaouche, Chemosphere, 326, 138394 (2023).
77. A. Smaali, M. Berkani, F. Merouane, Y. Vasseghian, N. Rahim and

M. Kouachi, Chemosphere, 266, 129158 (2021).
78. Y. Vasseghian, A. Bahadori, A. Khataee, E.N. Dragoi and M. Moradi,

ACS Omega, 5(1), 781 (2019).
79. M. Berkani, M. Bouhelassa and M. K. Bouchareb, Arab. J. Chem.,

12(8), 3054 (2019).
80. M. K. Bouchareb, M. Berkani, S. Merouani and M. Bouhelassa,

Water Sci. Technol., 82(7), 1393 (2020).
81. D. G. Almeida, R. d. C. F. Soares da Silva, J. M. Luna, R. D. Rufino,

V. A. Santos and L. A. Sarubbo, Front. Microbiol., 8 (2017).
82. A. Dhasayan, J. Selvin and S. Kiran, 3 Biotech., 5, 443 (2015).
83. A. F. da Silva, I. M. Banat, A. J. Giachini and D. Robl, Bioprocess.

Biosyst. Eng., 44, 2003 (2021).
84. S. Bhuyan-Pawar, R. P. Yeole, V. M. Sanam, S. P. Bashetti and S. S.

Mujumdar, Int. J. Curr. Microbiol. App. Sci., 2, 343 (2015).
85. B. Kumari, S. N. Singh and D. P. Singh, Process Biochem., 47, 2463

(2012).
86. I. V. Nwaguma, C. B. Chikere and G. C. Okpokwasili, Bioresour. Bio-

process., 3, 40 (2016).
87. P. G. Carrillo, C. Mardaraz, S. I. Pitta-Alvarez and A. M. Giulietti,

World J. Microbiol. Biotechnol., 12, 82 (1996).
88. D. W. Lee, H. Lee, B.-O. Kwon, J. S. Khim, U. H. Yim, B. S. Kim

and J.-J. Kim, Environ. Pollut., 241, 254 (2018).
89. R. Tantipolphan, T. Rades, A. J. McQuillan and N. J. Medlicott, Int.

J. Pharm., 337, 40 (2007).
90. H. Cui, J. Lu, C. Li and L. Lin, LWT, 144, 111262 (2021).
91. S. Nandhini and K. Ilango, Pharm. Res., 16, 103 (2021).
92. A. Kretschmer, H. Bock and F. Wagner, Appl. Environ. Microbiol.,

44, 864 (1982).
93. G. Yagüe, M. Segovia and P. L. Valero-Guillén, Microbiology (Read-

ing, Engl), 149, 1675 (2003).
94. S. N. R. L Silva, C. B. B. Farias, R. D. Rufino, J. M. Luna and L. A.

Sarubbo, Colloids Surf. B: Biointerfaces, 79(1), 174 (2010).
95. G. Seghal Kiran, T. Anto Thomas, J. Selvin, B. Sabarathnam and

A. P. Lipton, Bioresour. Technol., 101, 2389 (2010).
96. R. de Cássia F.S. Silva, D.G. Almeida, R.D. Rufino, J.M. Luna, V.A.

Santos and L. A. Sarubbo, Int. J. Mol. Sci., 15, 12523 (2014).



2512 A. Bellebcir et al.

October, 2023

97. H. Zhou, J. Chen, Z. Yang, B. Qin, Y. Li and X. Kong, Ann. Micro-
biol., 65, 2255 (2015).

98. L.-M. Whang, P.-W. G. Liu, C.-C. Ma and S.-S. Cheng, J. Hazard.
Mater., 151, 155 (2008).

99. A. Kumar, S. Saini, V. Wray, M. Nimtz, A. Prakash and B. N. Johri,
J. Basic Microbiol., 52, 670 (2012).

100. A. P. P. Santos, M. D. S. Silva, E. V. L. Costa, R. D. Rufino, V. A.
Santos, C. S. Ramos, L. A. Sarubbo and A. L. F. Porto, Braz. J. Med.
Biol. Res., 51, e6657 (2017).

101. N. H. Hayder, S. Alaa and H. Abdulmalik, Rom. Biotechnol. Lett.,
19(1), 8979 (2014).

102. M. Abouseoud, R. Maachi, A. Amrane, S. Boudergua and A. Nabi,
Desalination, 223, 143 (2008).

103. I. A. Purwasena, D. I. Astuti, M. Syukron, M. Amaniyah and Y.
Sugai, J. Pet. Sci. Eng., 183, 106383 (2019).

104. M. Goswami and S. Deka, Colloids Surf. B., 178, 285 (2019).
105. J. M. Campos, T. L. M. Stamford, L. A. Sarubbo, J. M. de Luna,

R. D. Rufino and I. M. Banat, Biotechnol. Progr., 29, 1097 (2013).
106. S. Akbari, N. H. Abdurahman, R. M. Yunus, F. Fayaz and O. R.

Alara, Biotechnol. Res. Innovation., 2, 81 (2018).

107. E. F. Santos, M. F. S. Teixeira, A. Converti, A. L. F. Porto and L. A.
Sarubbo, Biocatal. Agric. Biotechnol., 17, 142 (2019).

108. D. Hentati, A. Chebbi, F. Hadrich, I. Frikha, F. Rabanal, S. Sayadi,
A. Manresa and M. Chamkha, Ecotoxicol. Environ. Saf., 167, 441
(2019).

109. F. Carolin C, P. S. Kumar and P. T. Ngueagni, J. Hazard. Mater.,
407, 124827 (2021).

110. I. Ivshina, L. Kostina, A. Krivoruchko, M. Kuyukina, T. Peshkur,
P. Anderson and C. Cunningham, J. Hazard. Mater., 312, 8 (2016).

111. F. Peng, Z. Liu, L. Wang and Z. Shao, J. Appl. Microbiol., 102(6),
1603 (2007).

112. G. S. Kiran, T. A. Thomas and J. Selvin, Colloids Surf. B., 78(1), 8
(2010).

113. S. A. Adu, P. J. Naughton, R. Marchant and I. M. Banat, Pharma-
ceutics, 12(11), 1099 (2020).

114. R. Gandhimathi, G. Seghal Kiran, T. A. Hema, J. Selvin, T. Rajeetha
Raviji and S. Shanmughapriya, Bioprocess Biosyst. Eng., 32, 825
(2009).

115. V. A. I. Silveira, C. A. U. Q. Freitas and M. A. P. C. Celligoi, J. Appl.
Biol. Biotechnol., 6(6), 87 (2018).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


