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Abstract

:

Significant research has been conducted to minimise environmental impacts and promote the sustainable use of resources and raw materials. Microbial surfactants are an example of advanced materials obtained from sustainable production processes. In the present study, a biosurfactant was produced by the yeast Starmerella bombicola ATCC 22214 grown in a previously selected low-cost mineral medium containing 10% sucrose, 1.2% canola oil, and 0.5% corn steep liquor. The biosurfactant reduced surface tension from 72 ± 0.1 to 32.76 ± 0.3 mN/m. The yield was 23 g/L, and the critical micelle concentration was 0.6 g/L. The biosurfactant emulsified 96.25 ± 0.08% of used motor oil, was characterised as a sophorolipid, and exhibited stability under extreme conditions with no significant loss of its properties. Toxicity was assessed by exposing the microcrustacean Artemia salina and the zebrafish (Danio rerio) to the biosurfactant. The biosurfactant proved efficient for use in remediation processes, removing 97.8% and 69.2% of the petroleum derivative from sand in kinetic and static tests, respectively, and removed 91.5% of the contaminant from seawater. The results indicate the potential of this new biosurfactant for the mobilisation and solubilisation of hydrocarbons in the marine environment. This green biomolecule is a promising technology for the replacement of chemical dispersants in the remediation of aquatic and soil systems.
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1. Introduction


Oil and its derivatives have played a central role in driving the economy for more than a century [1]. The primary sources of water and soil contamination by petroleum hydrocarbons are oil spills and the improper disposal of oily waste generated from leaks during the production, drilling, extraction, transportation, and storage of oil. This includes damage to pipelines and leaks from underground storage tanks [2]. When released into the environment, oil hydrocarbons spread horizontally, affecting a large area, and are decanted due to the action of gravity, resulting in the blockage of pores in the soil [3]. These durable, stable contaminants remain in the environment for long periods of time and do not easily undergo degradation [4].



Separation from the soil is difficult for two main reasons: (1) contaminants can be strongly absorbed by organic matter and encapsulated in minerals in the soil, which hampers the remediation process; and (2) soil is a complex, heterogeneous system and mass transfer processes play an important role in separation. Organic and inorganic colloids, flora, fauna, and microorganisms in the soil can also interfere with remediation [3,5].



Different methods are used to treat oily wastewater, such as flotation, sedimentation, coagulation, filtration, ultrafiltration, and reverse osmosis. As water and oil are practically immiscible, they are easy to separate. Water containing suspended, emulsified, or solubilised residual oil is treated and sent to an appropriate destination [6].



As environmental contamination with oil hydrocarbons constitutes a considerable threat to human health, different technologies are employed to remediate contaminated sites. Environmental remediation constitutes a set of methods used to mitigate the harmful effects of these pollutants. However, such methods involve the use of synthetic surfactants [7], which are highly toxic [8]. Thus, replacing synthetic compounds with natural products has attracted growing interest.



Concerns related to the depletion of fossil fuels have shifted the focus toward sustainable alternatives to conventional chemical processes that rely on petroleum [9]. The advancement of biorefinery practices has facilitated the obtainment of fuels, polymers, and chemicals produced from microbial sources [10]. Fermentation techniques that employ microbial strains enable the obtainment of high-value products, such as vitamins, carboxylic acids, biofuels, enzymes, etc. Natural products derived from microbial cells offer ecological compatibility and also require less land and water [11]. An environmental biodiversity analysis revealed that 99% of microbes exist in the form of consortia and have applications as functional ingredients in different industries [9,12].



There are approximately one million types of products of a natural origin. One-quarter of these are biologically active compounds. More than half are derived from plants, and the remainder are obtained from microorganisms, which produce about 23,000 secondary metabolites, with fungi accounting for 42% and filamentous bacteria accounting for 32% [13]. These statistics demonstrate the considerable biodiversity and utility of microorganisms for industrial purposes. Natural products constituted approximately 52% of all novel chemical products that received approval from the US Food and Drug Administration between the years 1981 and 2006 [14]. Numerous strategies have been developed and put into practice to obtain byproducts from microorganisms. However, a small number of microbial-based natural products are employed in the industrial sector [15], which underscores the need to establish a commercial market for bioproducts derived from microbes.



Biosurfactants constitute a valuable by-product obtained from microbial cells and have become increasingly competitive with synthetic surfactants derived from petroleum [16]. The increasing interest in microbial surfactants is due to the fact that such compounds are expected to replace synthetic petroleum surfactants, such as sodium dodecylbenzenesulfonate (SDBS), which have a slow degradation process. For instance, sulfonate surfactants are produced from alkyl aryl hydrocarbons, such as dodecylbenzene, which have a linear hydrocarbon structure without an aromatic component, and degradation takes three to eight days, compared to the 24 days that synthetic petroleum surfactants require [17].



Biosurfactants are biomolecules with hydrophobic and hydrophilic portions. The hydrophobic portion has long-chain fatty acids, whereas the hydrophilic portion may be an amino acid, carbohydrate, phosphate carboxyl acid, cyclic peptide, or alcohol [18]. This amphipathic nature gives biosurfactants surface-active properties that enable the reduction of surface tension and interfacial tension in aqueous solutions and mixtures with hydrocarbons. These metabolites are synthesised by yeasts, bacteria, and filamentous fungi of the genera Candida, Pseudomonas, Bacillus, Starmerella, Rhodococcus, and others [19,20,21].



The advantages of biosurfactants over synthetic surfactants include lower toxicity, greater biodegradability, and high stability over a broad range of pH, salinity, and temperature values. Thus, these biomolecules have applications in a variety of fields, including the food, biomedical, and environmental industries [22]. Moreover, the critical micelle concentration (CMC) of biosurfactants is lower. The CMC is the lowest amount of a surfactant needed to achieve the greatest reduction in surface tension, improving economic efficiency in different applications.



The properties of biosurfactants include humectation, emulsification, foaming, phase solubilisation, and dispersion. Depending on the combination of molar mass, mode of action, and physicochemical properties, biosurfactants can have low or high molecular weight. Those with low molecular weight reduce surface tension and interfacial tension, whereas those with high molecular weight are denominated bioemulsifiers and are more effective at ensuring the stabilisation of emulsions [18,23]. Biosurfactants generally have a molar mass ranging from 500 to 1500 Da [24]. With regards to the chemical composition, these biomolecules can be glycolipids (rhamnolipids, mannosylerythritol lipids, trehalose lipids), lipopeptides (surfactins, fengycins, lichenysines), glycolipopeptides, glycoproteins, phospholipids, neutral lipids, polymeric biosurfactants (emulsan, alasan, biodispersan), and particular biosurfactants (protein–sugar–lipid complex molecules) [25].



Biosurfactants can be used to enhance the washing and removal of lyophilic contaminants through displacement and solubilisation. Displacement occurs when the concentration of biosurfactant is below the CMC, whereas solubilisation occurs at higher concentrations. With the displacement mechanism, biosurfactant molecules accumulate at the interface between the soil and pollutant or between water and soil, causing the soil to roll and changing the affinity of the system for water. The adsorption of biosurfactant molecules to the surface of the contaminant results in repulsion forces between the main chemical groups of the contaminant and the soil particles, enhancing the separation of the contaminant. With the solubilisation mechanism, the contaminant is incorporated into the micelles formed by the presence of the biosurfactant, favouring partitioning towards the water phase. Pollutants that partition towards micelles can be recovered and demulsified, electrochemically destroyed, or adsorbed to activated carbon. The washing solution (biosurfactant) can be discarded or recycled to reduce remediation costs. Biosurfactants also increase the bioavailability of organic pollutants in the soil to microbial cells by lowering the surface tension of the aqueous phase, thereby facilitating biodegradation [26].



The compound annual growth rate of the global biosurfactant market is expected to be 0.8%, increasing from USD 1.3754 billion in 2020 to USD 1.4427 billion in 2026, although the cost of producing a biosurfactant is not yet compatible with the market demand. Foaming during processing, limited yields, expensive raw materials, and costs related to purification and downstream processing constitute some of the challenges to face when producing biosurfactants on an industrial scale. To solve this problem, industrial and agricultural byproducts have been used as substrates. Moreover, the use of waste products minimises pollution and reduces waste treatment costs. Statistical approaches and engineering methods have also been successfully used to reduce costs and optimise biosurfactant production operations [18,27].



The viability of industrial biosurfactant production depends on the target market. Production can only be performed on a small scale for food, medicinal, and cosmetic products due to the purification steps required. The use of crude fermentation broths, on the other hand, could be a viable solution for environmental applications, which do not require a purification step. Moreover, biosurfactants for such applications can be produced from microorganisms grown in media containing a combination of low-cost carbon sources, ensuring economic and environmental sustainability [28]. Thus, crude biosurfactants are promising for environmental remediation and wastewater treatment, taking advantage of the hydrophobicity of the microbial cell surface, which is an essential aspect of biodegradation [29].



The main challenges for biosurfactants are related to technical and economic issues. Technical problems include low production yields, low product concentration, high mass intensity, and high specific energy demands [30,31]. Economic issues arise from biosurfactant separation and purification processes, which involve technologies such as foam fractionation, membranes, gravity separation (e.g., acid precipitation, crystallization), and ultrafiltration, all of which have high capital and operating costs [32]. These challenges have hindered the widespread replacement of chemical surfactants with biosurfactants. Various process improvements have been proposed, including metabolic engineering, bioprocess engineering, chemical engineering, and process engineering. For example, genetically modified microorganisms (GMOs) have been developed to increase the yield of biosurfactants [33]. Hybrid production schemes, which integrate product formation and separation, have also been studied to reduce processing steps and production costs, but these methods are still in the research stage [34]. Few studies have focused on the conceptual design of biosurfactant production processes from a techno-economic and environmental perspective to explore potential technologies for upscaling. However, it is important for the development of biosurfactants to expand beyond the academic sector, as the industrial development of biosurfactants is linked to establishing a circular bioeconomy by using renewable sources for production [35]. The increasing development of biosurfactants is driven by current laws and policies regulating the use of environmentally harmful chemicals. Such laws and policies have been announced and implemented throughout the world, further promoting the shift towards the use of sustainable eco-friendly products [22]. For example, BASF SE (Ludwigshafen, Germany) has entered partnership agreements with Allied Carbon Solutions Co. Ltd. (Numazu, Japan) and Holiferm Ltd. (Manchester, United Kingdom) to advance sustainable biosurfactant production for the personal and home care sector. These actions set an example to encourage the production of bio-based products in line with policies, laws, and financial incentives [36].



The research addressed in this paper focuses on technical and environmental information regarding the production of a new biosurfactant. The aim was to produce a biosurfactant from the yeast Starmerella bombicola ATCC 22214 and evaluate its properties, toxicity, and safety for use in remediating soil and water contaminated with an oil derivative. In the following sections, we will explain how we were able to achieve high yields in the production of this novel biosurfactant using low-cost substrates. This biomolecule is highly efficient, non-toxic, and environmentally friendly, and can be used without requiring multiple purification steps.




2. Materials and Methods


2.1. Microorganism, Maintenance Medium, and Growth Medium


The yeast S. bombicola ATCC 22214 purchased from the American Type Culture Collection was used for biosurfactant production and was maintained in yeast mould agar (YMA) medium at 5 °C. The medium was composed of distilled water (100 mL) with peptone (0.5%), agar (2%), D-glucose (1%), and yeast extract (0.3%), pH 7.0. To maintain viability, transfers to fresh agar slants were performed every month. The growth medium was yeast mould broth (YMB), with the same composition as the YMA medium, but without the agar.




2.2. Growth of Inoculum


To standardise the inoculum, the culture was transferred to a tube containing the YMA medium at 28 °C, obtaining a young culture, and the sample was placed in a 250 mL Erlenmeyer flask with YMB medium (50 mL). Incubation was performed under aerobic conditions, with constant agitation (150 rpm) for 48 h at 28 °C. The mixture was diluted until reaching 104 cells/mL. A Neubauer chamber was used for the cell count. The inoculum was used at a concentration of 5% (v/v).




2.3. Production Media and Culture Conditions


Different media (500 mL) were used for biosurfactant production based on descriptions in the literature (Table 1). Erlenmeyer flasks with a capacity of 1000 mL were used for fermentation to produce biosurfactants. The pH was adjusted to 6.0. An autoclave operating at 121 °C was used to sterilise the media (15 min), which were then incubated under aerobic conditions with 5% of the pre-inoculum and kept under orbital agitation at 200 rpm for 192 h at a temperature of 28 °C. The pH of the media was not adjusted during cultivation. All analyses were performed in triplicate and did not vary more than 5%.




2.4. Isolation of Biosurfactant


Liquid–liquid extraction was used to isolate the biosurfactant. For such, ethyl acetate (proportion of 1:4 (v/v) with the non-centrifuged medium) was used twice. After centrifugation of the organic phase at 2600× g for 20 min, filtration was performed, and the filtrate was placed in a separatory funnel with a solution of saturated sodium chloride (NaCl) for separation of the remaining aqueous phase. Next, the organic phase was placed into an Erlenmeyer flask, followed by the addition of anhydrous magnesium sulphate (MgSO4) until the formation of granules. Filtration was then performed using a qualitative paper filter (Whatman No. 1), followed by drying at a temperature of 50 °C [37].




2.5. Biosurfactant Characterisation


The ionic charge of the biosurfactant was determined using the agar double diffusion method [38]. Two rows of wells were prepared in 1% agar. The wells of one row received the isolated biosurfactant solution, and the wells of the other row received a pure compound, the ionic charge of which was known. The anionic substance was sodium dodecyl sulphate (SDS) (20 mM), and the cationic substance was barium chloride (50 mM). The ionic nature of the biosurfactant was indicated by precipitation lines between the wells after monitoring for 48 h at room temperature.



1H and 13C nuclear magnetic resonance (NMR) analyses were performed in a 500 MHz spectrometer (Bruker INOVA, Varian, Palo Alto, CA, USA). For such, 20 mg of the isolated biosurfactant was dissolved in deuterated chloroform (CDCl3; Sigma-Aldrich, Taufkirchen, Germany) (500 μL) at 300 MHz and 298.1 K. The ppm scale relative to normal tetramethylsilane (TMS) was considered for the analysis of chemical shifts (δ). Fourier transform infrared (FTIR) spectroscopy (400 Perkin Elmer) was also used to characterise the isolated biosurfactant in the wavenumber range of 4000 to 400 (resolution: 4 cm−1).




2.6. Surface Tension


A Sigma 700 Tensiometer (KSV Instruments Ltd., Helsinki, Finland) with a du Noüy ring was used at room temperature for the automatic measurement of surface tension in samples of the cell-free broth (crude biosurfactant) centrifuged at 10,000× g for 15 min.




2.7. Emulsification Index (E24)


Two mL of the crude biosurfactant solution (cell-free broth) were placed in a screw-top tube (100 mm × 13 mm) to which 2 mL of used motor oil was added for the determination of emulsification activity following the method proposed by Cooper and Goldenberg [39]. Motor oil used as a contaminant was obtained from a local automotive manufacturer in the city of Recife, Brazil. This oil is commercially available for use in flex engines (gasoline, CNG, and alcohol) and is labelled SAE 20W-50 with synthetic blend (PETROBRAS, Rio de Janeiro, Brazil). It is composed of a paraffinic base lubricating oil (a complex mixture of hydrocarbons) and includes performance-enhancing additives. The viscosity of the oil is 98.0 cSt (at 40 °C) and its density is 0.9420 g/mL (at 20 °C). The contents of the tube were mixed in a vortex at 50 Hz for two minutes. The emulsification index (E24) was determined after 24 h using Equation:


E24 = (he/ht) × 100








in which: he = height of emulsion layer; ht = total height of mixture measured with a ruler in mm. The samples were stored at 27 °C [40].




2.8. Effect of Environmental Factors


The effects of environmental factors on surface tension and emulsification activity in solutions of the crude biosurfactant (cell-free broth) were investigated as described in Section 2.6 and Section 2.7, considering different temperatures (0, 5, 28, 70, 100, and 120 °C) for 60 min, pH (2.0, 4.0, 6.0, 8.0, 10.0, and 12.0) after adjustments with HCl or NaOH 6.0 M, and concentrations of NaCl (2, 4, 6, 8, 10, and 12%) at 28 °C [41].




2.9. Determination of Critical Micelle Concentration


The critical micelle concentration (CMC) was determined by diluting sodium hydroxide (NaOH) in a small fraction of distilled water, to which the crude extract of the biosurfactant was added at a proportion of 1:7 (v/v) ratio. The product was washed in acetone, followed by filtration through a sintered glass filter and drying for evaporation of the solvent. The product (0.1 g) was successively diluted with distilled water, followed by the quantification of surface tension with the aid of the KSV Sigma 700 tensiometer and du Noüy ring up to a constant value (standard deviation less than 0.4 mN/m during 10 successive measurements) to obtain the CMC, which was expressed as g/L of biosurfactant. The ring method involves raising the liquid until it touches the surface. The sample is then lowered again to stretch the film formed beneath the liquid to determine maximum force, which is then used to calculate surface tension. The instrument was calibrated using Mill-Q-4 ultrapure distilled water from Millipore (Burlington, MA, USA). Before use, the platinum plate and all glassware were washed with chromic acid, deionized water, and acetone in sequence and then flamed with a Bunsen burner. Samples were read three times for accuracy [37].




2.10. Toxicity Test with Artemia salina as Indicator


Brine shrimp (Artemia salina) larvae were used as the bioindicator in the toxicity test of the biosurfactant. Eggs of the microcrustacean were purchased from a local store, and larvae were obtained after 24 h of incubation. Ten larvae were placed in 10 mL flasks with seawater (5.0 mL), together with 5.0 mL of the crude biosurfactant (cell-free broth) or different concentrations of the isolated biosurfactant (½ CMC, CMC, 2 × CMC, 3 × CMC, and 5 × CMC). The control treatment was seawater alone (without biosurfactant). Mortality was determined after 24 h [42].




2.11. Ecotoxicity Tests with Danio rerio as Indicator


Adult zebrafish (Danio rerio) were fed nauplii of Artemia sp. four times per day. A 50 L aquarium was used, into which eight females and four males were placed for reproduction. Fertilised eggs were examined using an inverted microscope at a magnification of 40 times. Fertilisation was greater than 90%. Eggs with opacity or coagulation were discarded. The environmental variables of interest were pH (7.5 to 7.9), temperature (27 ± 0.5 °C), and dissolved oxygen (5 to 6.5 mg/L).



The fish embryo test (FET) was used, in which fertilised eggs were exposed to the biosurfactant [43]. The signs of embryo death were egg coagulation, absence of somites after 24 h, as well as the absence of a heartbeat or movement. The number of deaths after 96 h of exposure was compared to the total exposed to each sample (20 individuals) for the calculation of the mortality rate [44].



The general morphology score (sum partial scores for each embryo during morphological development in 96 h of exposure) was used to determine sublethal effects. Developmental markers were investigated at 24 h intervals, with the determination of abnormalities indicating sublethal effects. The effect of the different concentrations of the biosurfactant on the embryos was determined by comparisons with the control. The following characteristics and respective time intervals were considered: detachment of the tail during the initial development of the embryo (24 h); formation of somites (24 and 48 h); development and pigmentation of eyes (24 to 96 h); movement of the embryo (24 to 96 h); the presence of blood circulation (24 to 96 h); the presence of heartbeats (48 to 96 h); pigmentation of head and body (48 to 96 h); pigmentation of the tail (48 to 96 h); the presence of an extension of a nearly empty vitelline sac related to a nearly completely resorbed vitelline sac (96 h), enabling a space where the swim bladder will be; presence of pectoral fins (72 to 96 h); presence of a salient mouth (72 to 96 h); hatching (72 to 96 h). The maximum GMS is 18 at the end of 96 h, indicating a perfectly developed larva [44,45,46].



Statistical analysis: A logistic curve was used to calculate the lethal effects of LC50/96h with the aid of R software 4.0.2 (R Development Core Team, 2020, Auckland, New Zealand) [47]. One-way analysis of variance (ANOVA) was used to determine mean GMSs obtained from embryos exposed to different concentrations of the biosurfactant, considering a 5% significance level. Dunnett’s post hoc test was used to detect significant differences from the control. Statistical analysis was performed with the aid of the SigmaPlot software, version 12 (Jandel Scientific, Erkrath, Germany).




2.12. Remediation Experiment with Oil Derivative Adsorbed to Sand—Kinetic Test


Sand (10 g) contaminated with a 10% motor oil solution was placed in 100 mL of drinking water, to which 1 mL of sugarcane molasses donated by a local processing plant was added. The mixture was sterilised under fluent vapor and constituted the control condition. Next, 2% solutions of different concentrations of the isolated biosurfactant (CMC and 2 × CMC) were added, followed by 15% of the inoculum containing 107 colony-forming units/mL cultivated in the YMB medium. The mixtures were incubated at 150 rpm and 28 °C for 75 days. The experiments were performed in triplicate using 250 mL Erlenmeyer flasks. The following conditions were analysed: Control—contaminated sand + molasses; Condition 1: contaminated sand + molasses + S. bombicola; Condition 2: contaminated sand + molasses + biosurfactant (CMC) + S. bombicola; Condition 3: contaminated sand + molasses + S. bombicola + biosurfactant (2 × CMC). Molasses (1%) was added at regular intervals (Days 15, 30, 45, and 60). Aliquots (5 mL) were withdrawn every 15 days for analysis, totalling five samplings (Days 15, 30, 45, 60, and 75) [48]. The oil removal rate was determined by gravimetry, as described in Section 2.14.




2.13. Removal of Oil Derivative Adsorbed to Sand in Packed Columns—Static Test


Sand (10 g) contaminated with a 10% motor oil solution (w/w) was placed in glass columns (55 × 6 cm). The surface was then inundated with 200 mL of the biosurfactant solution at the CMC (Condition 1) and 2 × CMC (Condition 2) under the action of gravity. The crude biosurfactant (cell-free broth) was tested with the same quantity (Condition 3). A column containing the sand and water (200 mL) was the control. After 24 h, no further percolation of the biosurfactant solutions was observed [48,49]. The oil removal rate was determined by gravimetry, as described in Section 2.14.




2.14. Analysis of Oil Derivative Removed from Sand


One hundred mL of n-hexane was added to the liquid phase in a decantation funnel and agitated for 10 min. The mixture was either placed into a rotary evaporator to evaporate the hexane or hexane was evaporated in a laboratory oven at 68–70 °C. The beaker with the residual oil was weighed.



The role of the aging factor in pollution phenomena of soil and sand particles, which is an important element in the effective dynamics of contaminant removal, was considered using motor oil samples that were previously exposed to room temperature (30–35 °C) for a period of one year prior to use.




2.15. Remediation Experiment of Oil Derivative in Seawater


Bioremediation tests were performed based on the methods described in the Standard Methods for the Examination of Water and Wastewater [50]. Motor oil removal experiments were conducted in 250 mL Erlenmeyer flasks with 50 mL of seawater collected from Port Suape and 1% motor oil. The medium was sterilised, followed by inoculation with 5% of the inoculum of the biosurfactant-producing microorganism (107 colony-forming units/mL with an O.D. of 0.7 to 600 nm). The flasks were agitated at 150 rpm in a rotary shaker for 30 days, with samples withdrawn for analysis every 10 days (totalling three samples). The experiments involved the following different conditions: Control − seawater + motor oil; Condition 1: seawater + motor oil + S. bombicola; Condition 2: seawater + motor oil + S. bombicola + biosurfactant (CMC); Condition 3: seawater + motor oil + S. bombicola + biosurfactant (2 × CMC). The oil degradation efficiency was determined as described in Section 2.16.




2.16. Calculation of Degradation Efficiency of Oil Derivative from Seawater


The oil degraded from the samples and control medium was quantified following extraction with n-hexane. The residual oil was separated using a separatory funnel with the same volume of hexane in a beaker that had previously been weighed.




2.17. Statistical Analysis


Statistical analysis was performed with the aid of Statistica® (version 7.0) using the one-way procedure, followed by linear one-way analysis of variance (ANOVA). The results of triplicate experiments were expressed as mean and standard deviation. Tukey’s post hoc test was used with a 95% significance level for the determination of significant differences.





3. Results and Discussion


3.1. Biosurfactant Production, Isolation, and Emulsifying Capacity


Biosurfactants were produced by S. bombicola ATCC 22214 using different media, followed by the determination of the surface tension of the crude biosurfactants, yield (through the isolation of the organic solvent), and emulsifying capacity. The results are displayed in Table 2.



Surface tension is one of the most important properties for the determination of the effectiveness of a biosurfactant [51]. According to Akbari et al. [52], biosurfactants with the capacity to reduce the surface tension of water from 72 to 35 mN/m are effective. Thus, all biosurfactants produced in the present study achieved satisfactory results (Table 2). The similar surface tension of the different biosurfactants demonstrates that S. bombicola ATCC 22214 can produce biosurfactants using a variety of substrates. Previous studies have also reported the versatility of this yeast in producing biosurfactants in different media [53,54,55]. Jiménez-Peñalver et al. [56] produced a biosurfactant from S. bombicola ATCC 22214 in a low-cost medium that lowered surface tension to 33.8 mN/m. Jadhav et al. [57] cultivated S. bombicola MTCC 1910 in a medium in which the carbon source was 10% residue from a sunflower oil refinery and obtained a biosurfactant that lowered the surface tension to 35.50 mN/m. Shah et al. [58] cultivated S. bombicola ATCC 22214 in a medium with 10% palm oil and produced a biosurfactant that lowered the surface tension to 35.35 mN/m. Gaur et al. [59] produced a biosurfactant from the yeast Candida albicans SC5314 that reduced the surface tension to 42 mN/m. These results are similar to those found in the present investigation.



The simplified isolation method carried out in the laboratory was used to determine biosurfactant yields. The advantage of this method is the elimination of the initial centrifugation and filtration steps involved with other methods and the use of a smaller quantity of solvent. The present results are in agreement with data described in previous studies involving the isolation of biosurfactants produced by microorganisms of the genus Candida. Marcelino et al. [60] cultivated S. bombicola in a mineral medium supplemented with soybean oil and corn industry residue, obtaining a biosurfactant yield of 15.6 g/L. Dierickx et al. [61] cultivated S. bombicola in a 7.5 L bioreactor and obtained a biosurfactant yield of 87.12 g/L, indicating that it is possible to scale up the production of the biosurfactant produced by this species.



The emulsification index was calculated to determine the capacity of the biosurfactants produced in the different media to emulsify residual motor oil. The results were above 90% for all tests, indicating the high emulsifying activity of the biomolecules. Using a biosurfactant produced by C. albicans IMRU 3669, El-Sheshtawy et al. [62] obtained 65% emulsification of a petroleum derivative. Lira et al. [63] produced a biosurfactant from C. guilliermondii UCP 0992 in a medium supplemented with 5% corn steep liquor, 5% soybean waste frying oil, and 5% sugarcane molasses and obtained 71.4% emulsification of motor oil. Santos et al. [64] produced a biosurfactant from C. lipolytica UCP 0988 in a medium supplemented with industrial waste products and achieved 60% emulsification of motor oil.



Emulsion systems containing hydrocarbons and water have low stability. Therefore, surfactants are used to stabilise these systems. The stability provided by surfactants demonstrates the surface activity of the compound. However, it is important to note that surfactants and emulsifiers serve different purposes. Surfactants primarily function to reduce interfacial tension, while emulsifiers adsorb more slowly to the droplet surface, providing long-term stability [65]. The biosurfactant produced by S. bombicola in medium 4 (1.2% canola oil, 10% sucrose, 0.5% corn steep liquor, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O) was selected for further experiments, as the best yield and the highest emulsification index were achieved with this medium. The replacement of glucose with sucrose is an important point, as it reduces the final production cost.




3.2. Biosurfactant Characterisation


The double diffusion method in agar showed that the biosurfactant is anionic. Using the same method, other biosurfactants produced by yeasts were also described as anionic [66,67].



A 1H NMR spectrum was obtained from the purified biosurfactant (Figure 1). The peaks between 0 and 3 ppm suggest aliphatic groups, with the presence of hydrogens of methyl groups (0–1.2 ppm), aliphatic carbons (1.3–1.8 ppm, 1.8–2.0 ppm), and the carbonyl group (2.2–2.8 ppm). The peaks between 4 and 4.4 ppm suggest the presence of hydroxyl (-OH). Moreover, a double bond was found at 5.3 ppm. Gaur et al. [59] found similar peaks in the characterisation of a sophorolipid. Similar peaks were also found in the analysis of the biosurfactant produced by S. bombicola NRRL Y-17069 [68].



In the 13C NMR spectrum, the peak at 173 ppm was attributed to the C=O of carboxyl acid or ester. Double-bond peaks were found between 120 and 140 ppm. Hydroxyl (-OH) was detected between 60 and 70 ppm. Signals were also detected between 10 and 40 ppm, which are characteristic of aliphatic carbons (Figure 2).



FTIR spectra (Figure 3) revealed a characteristic stretching of O–H near 3500 cm−1 in the structure of the biosurfactant. The peak at 3006 cm−1 was attributed to =C–H stretching. The peaks at 2924 cm−1 and 2854 cm−1 were attributed to –C–H stretching. An absorbance band was found at 1747 cm−1 and attributed to the vibration of the stretching of –C=O. The bands at approximately 1463 cm−1 and 1377 cm−1 are associated with the asymmetrical and symmetrical bending of CH3, respectively. Stretching characteristic of C (=O)–O–C was found at 1163 cm−1. C–O–C stretches were obtained at 1120 cm−1 and 1096 cm−1, suggesting a glycosidic bond. The structural details of the biosurfactant produced by S. bombicola ATCC 22214 were similar to those described for sophorolipid biosurfactants characterised in previous studies [58,59,69,70].




3.3. Critical Micelle Concentration


The effectiveness of a biosurfactant in reducing surface tension is determined by its critical micelle concentration (CMC), which is the concentration at which the surfactant starts forming micelles. Therefore, a lower CMC indicates a more effective surfactant, making it more desirable for the industries by improving its cost–performance profile, which determines its commercial viability [71,72]. Figure 4 shows the change in surface tension as a function of the concentration of the biosurfactant produced in medium 4. The CMC of the biosurfactant produced by S. bombicola ATCC 22214 was reached at a concentration of 0.6 g/L, indicating satisfactory efficiency. Studying a biosurfactant produced by C. bombicola URM 3718, Silva et al. [37] determined a CMC of 0.5 g/L. Ashish and Debnath [73] produced a biosurfactant from C. tropicalis MTCC230 and determined a CMC of 0.0325 g/L.




3.4. Stability of Biosurfactant


The stability study of a biosurfactant is required to determine its applicability, as applications in specific environments can pose a challenge. For a biosurfactant to have industrial use, it must maintain its surface-active characteristics irrespective of the environmental conditions to which it is subjected [74].



Biosurfactant yields obtained in the fermentation process are essential for their use in the bioremediation of large areas contaminated with hydrocarbons. Thus, using crude biosurfactants (cell-free broth) is recommended in view of economic considerations. Therefore, the stability of the biosurfactant produced in medium 4 was investigated in its crude form considering the effect on surface tension and emulsification capacity in the presence of residual motor oil (Table 3).



The biosurfactant maintained the ability to reduce surface tension in the presence of all concentrations of NaCl added to the cell-free broth (2–12%), indicating good tolerance to salinity. The concentrations of NaCl also did not exert a substantial influence on the emulsification index. As the salinity of the ocean is around 3%, the biosurfactant produced by S. bombicola ATCC 22214 can be applied in environments with a high saline concentration.



Surface tension remained around 33 mN/m, with little variation in the cell-free broth at temperatures ranging from 0 to 120 °C. This indicates that the biosurfactant can be applied in environments that undergo a significant change in temperature, such as industries in which sterility is achieved by heat. The emulsification indices of motor oil also demonstrated thermal stability.



The surface tension of the cell-free broth fluctuated somewhat with the change in pH, remaining relatively stable (around 35 mN/m) at more acidic pH (2 and 4) and more basic pH (around 34 mN/m) and dropping to 32 mN/m at pH 6 and 8. The emulsification of the motor oil increased with the increase in pH. Ashish and Debnath [74] found similar behaviour.



Based on the results, the crude biosurfactant can be applied in environments with extreme salinity, temperature, and pH, as in oil recovery activities and the bioremediation of polluted marine environments, with no significant change in its properties. This factor is important, as the purification step can correspond to as much as 60% of the total production cost of a biosurfactant. The elimination of this step lowers the application cost of the biosurfactant produced by S. bombicola ATCC 22214, constituting another advantage of this novel biomolecule in the petroleum market.




3.5. Toxicity of Biosurfactants to Artemia salina


The literature suggests that biosurfactants are less harmful than synthetic surfactants and dispersants. However, the impact of these biomolecules on the environment has not been studied enough [75]. Indeed, recent research emphasises the importance of conducting thorough investigations to understand the properties of new biosurfactants before release into the environment. According to Silva et al. [76], biosurfactants are commonly non-toxic to microorganisms at concentrations close to the CMC.



A bioassay was conducted involving larvae of the microcrustacean Artemia salina to determine the toxicity of the biosurfactant produced by S. bombicola ATCC 22214 (Table 4). No mortality occurred after exposure to the crude biosurfactant and different concentrations of the isolated biosurfactant (½ CMC, CMC, and 2 × CMC) for 24 h, indicating the absence of toxicity. In contrast, mortality was 10 and 20% at concentrations of 3 × CMC and 5 × CMC, respectively. Acute toxicity tests of a biosurfactant produced by C. bombicola to A. salina larvae also demonstrated low toxicity in a previous study [77].




3.6. Ecotoxicity of Biosurfactant to Danio rerio (Zebrafish)


Surfactants stand out among synthetic materials due to their unique properties, which enable their application in diverse fields compared to conventional solvents. However, approximately 60% of chemical surfactants enter aquatic environments [78], and the continual emissions negatively alter the health of such environments. Thus, biosurfactants constitute a viable option to diminish the harmful effects on natural ecosystems due to their low toxicity while maintaining the same functions as synthetic products [79]. To assess the toxicity level of these compounds, it is necessary to carry out controlled, standardised ecotoxicology tests that use established organisms as adequate biological models for such analyses. Among the test organisms used for this purpose, the teleost fish D. rerio (zebrafish) is currently one of the main biological models of vertebrates used in ecotoxicological tests for environmental monitoring and the laboratory assessment of toxicity at lethal and sublethal levels of isolated substances or mixtures, including morphological and behavioural biomarkers [44,80]. Toxicity tests were performed on samples of the biosurfactant produced by S. bombicola ATCC 22214, with the analysis of lethal and sublethal effects [43,45].



One hundred ninety-two embryos were used in the tests performed in culture plates: 24 in the culture water (control) and 7 in plates with different concentrations of the biosurfactant. The mortality of the embryos is displayed in Table 5.



The data showed the absence of toxicity with less than 24 h of exposure for all concentrations less than 75 mg/L, unlike what was found for exposure to three synthetic surfactants (dodecyl dimethyl benzyl ammonium chloride, sodium dodecyl sulphate, and fatty alcohol polyoxyethylene ether), for which the mortality rate was 53% at concentrations of 1 mg/L in the first 10 h of exposure, demonstrating high toxicity [81]. A study using a biosurfactant for the control of aquatic pathogens (SPH6) reported 10% toxicity at a concentration of 20 mg/L in 24 h, by which the surfactant was considered a product with low toxicity [82]. In the present study, 15% mortality was found beginning with 48 h of exposure at a concentration of 18.75 mg/L, which demonstrates lower toxicity of the biosurfactant produced by S. bombicola ATCC 22214.



The lethal concentration that kills fifty percent of the organisms (LC50) was 134.4, 100.8, and 15 mg/L after 24, 48, and 96 h of exposure, respectively, which, based on data from the U.S. Fish and Wildlife Service, denotes low toxicity [83]. Previous studies using commercial surfactants reported lower LC50 than the values found in the present investigation, such as the 18.3 μg/L described by Al-asmakh et al. [84] using AEO-7. Yi et al. [79] performed tests involving sodium dodecylbenzenesulfonate, nonylphenol exthoxylate (NPE), and stearyl trimethylammonium bromide and found LC50 values of 5.77 mg/L, 17.24 mg/L, and 0.73 mg/L, respectively, which are in agreement with the low toxicity found in the present study. In a study involving a biosurfactant produced by Pseudomonas putida, the LC50 was 60 mg/L when zebrafish embryos were exposed for 48 h, which is considered low toxicity. Johann et al. [85] reported an LC50 of 100.8 mg/L in the same period used in the present investigation.



With regards to sublethal effects, embryo–larval development was only analysed at the lowest concentrations (9.37 and 18.75 mg/L) due to the low mortality found after exposure for 96 h. No significant differences were found when these concentrations were compared to the control (Figure 5).



Despite the absence of toxicity in the GMS analysis at the lowest concentrations, some embryos exhibited pericardial oedema and haemorrhage when exposed to other concentrations of the biosurfactant (Figure 6), with a frequency of 63% at 150 mg/L, 18.75% at 75 mg/L, and 12.5% at 37.5 mg/L. Such pathologies were not found at the other concentrations. In previous studies, pericardial oedema was also found in zebrafish embryos and larvae exposed to 12.8 μg/L of AEO-7 [84], 10 mg/L of NPE, and 0.5 mg/L of STAB [79], which are much lower concentrations than the lowest concentration at which this effect was found in the present study (37.5 mg/L).



The tests carried out with the biosurfactant produced by S. bombicola ATCC 22214 demonstrated low toxicity to zebrafish embryos and larvae at environmentally relevant concentrations and the absence of toxicity at the lowest concentrations. Thus, the biosurfactant is a safe product for use in natural aquatic environments, offering low toxicity to non-target organisms.



In the context of environmental impact and regulations on the use of biosurfactants, it is important to emphasize that chemical dispersants have been used in the USA since 1969. During the oil spill from Deepwater Horizon in 2010, an unprecedented amount of Corexit dispersants, which contain the anionic surfactant sodium dioctyl sulfosuccinate (DOSS), was used. This raised concerns with regards to the potential toxicity to organisms in the water column. Corexit 9527 and 9500 were extensively on the oil spill. The use of Corexit 9580 was discontinued due to its toxic surfactants and a component that was found to be carcinogenic (2-butoxyethanol) [76,86]. In Brazil, only two chemical dispersants (Corexit EC9500—Nalco Holding Company, Watchung, NJ, USA, and Ultrasperse II®—Ingredion, Westchester, IL, USA) are authorized by the National Environment Council [87] for the treatment of oil spills in the marine environment. Ultrasperse II® is a blend of alcohol, alcohol sulphate, and fatty ester ethoxylate, and few studies have reported its effects on marine life. Although it is allowed in some countries and used by some oil companies with intellectual property protection, its toxicity to marine fish has been demonstrated [86].



Current dispersants are less toxic and more effective than the products used in past decades. However, several challenges to understanding toxicity have been pointed out, such as the limitations of lab tests and differences in exposure conditions in the field [87]. Laboratory experiments are good for maintaining consistent test material concentrations during exposure, which is necessary for the accurate measurement of toxicological responses. However, these methods fail to fully replicate real exposure scenarios and can affect the availability of the compounds being tested. Despite these challenges, chemical toxicity distribution (CTD) is a risk assessment method that assists in assessing the environmental risks of dispersants. A study by Berninger et al. [88] suggested that dispersants are less toxic than oil alone but more toxic than oil when mixed with this hydrocarbon. Assessing the toxicity of untreated and dispersant-treated oil is complex due to the various toxic compounds to which aquatic organisms are exposed. The presence of polycyclic aromatic hydrocarbons (PAHs) in chemically dispersed oils is also linked to their toxicity. The toxicity of dispersants can be measured using LC50 values, which range from 200 to 500 mg/L, with higher concentrations indicating lower toxicity. The US Environmental Protection Agency uses a five-step scale to classify pesticides based on their acute toxicity to aquatic organisms. Microbial biosurfactants are considered eco-friendly alternatives for dispersant formulations due to their low toxicity. Despite the availability of different toxicity assessment methods, the low toxicity of eco-friendly dispersants is likely attributed to the absence of organic solvents and other toxic chemicals, which also enhances the biodegradability of these products [76].




3.7. Remediation of Oil Derivative Adsorbed to Sand by Biosurfactant—Kinetic Test


Oil and its derivatives are among the main environmental problems throughout the world. Bioremediation is considered a promising ecological option for cleaning up oil-contaminated environments with the use of microorganisms or microbial processes to diminish the concentration and/or toxicity of these pollutants. However, the response time can be long, which makes the addition of agents that accelerate this process necessary, such as biosurfactants. The addition of biosurfactants increases the solubility of hydrophobic organic compounds, enhancing their desorption from soil [29,89,90].



Figure 7 displays the results of the bioremediation of soil contaminated with motor oil in the presence of the yeast S. bombicola and the biosurfactant produced by the S. bombicola ATCC 22214 strain in a kinetic test.



The motor oil degradation rate was increased by the addition of the biosurfactant compared to the control condition (without biosurfactant). The highest removal rate (97.8%) was achieved with the biosurfactant at the 75-day assessment, demonstrating the advantage of this new biosurfactant in remediation processes. The concentration of the isolated biosurfactant exerted an influence on the degradation rate due to the enhancement of solubilisation of the oil in the aqueous phase. According to Oluwaseun et al. [91] and Zhao et al. [92], mobilisation and solubilisation are the main mechanisms of oil removal from soil, which are related to the CMC. Mobilisation occurs when the biosurfactant is used at a concentration lower than the CMC, and solubilisation occurs when the biosurfactant is used at a concentration above the CMC, as stated in Section 1. The reduction in surface and interfacial tensions is associated with the mobilisation mechanism. Surfactants increase the interaction angle between the hydrophobic contaminant and soil, facilitating separation from soil particles. With the mobilisation mechanism, the contaminant is divided in the centre of the micelles of the surfactant.



In this research, the biosurfactant was used at and above its CMC. This means that at higher concentrations, the surfactant molecules replaced water molecules, reducing the polarity of the water phase and surface tension. Consequently, the process of solubilisation of pollutants was accelerated. Micelles were formed, which significantly increased the solubility of the hydrophobic contaminant in the aqueous phase, thus helping to detach it from the soil. Mobilisation is more efficient when pollutants are solubilised in the water phase, enabling removal by either plants and microorganisms (biotic removal) or washing and recovery (abiotic removal) [93].



In a previous study, a biosurfactant produced by Candida antarctica was able to remove about half of the oil adsorbed to sand [94]. In a study carried out by Santos et al. [95], a biosurfactant produced from C. sphaerica UCP 0995 achieved a 90% motor oil removal rate at a concentration of 2 × the CMC in 90 days.




3.8. Removal of Oil Derivative Adsorbed to Sand by Biosurfactant in Packed Columns—Static Test


Biosurfactants decrease interfacial tension between oil and soil or oil and water, reducing capillary forces that resist the movement of oil through soil. Packed columns were used instead of agitation processes to test the effectiveness of the biosurfactant produced by S. bombicola ATCC 22214 under static conditions. Figure 8 displays the results of the static test. The cell-free broth (crude biosurfactant) achieved the best removal rate (69.2%) after 24 h of percolation.



This removal capacity is promising, as the biosurfactant did not undergo the extraction process and removed more than half of the oil adsorbed to the sand. The isolated biosurfactant achieved removal rates of 39.5% and 48.1% under Condition 1 (CMC) and Condition 2 (2 × CMC), respectively, whereas water alone (control) was able to remove 19.2% of the contaminant. It is noteworthy that isolation constitutes a large part of the production costs, and high removal rates with the crude biosurfactant are of extreme industrial interest.



Several biosurfactants have shown potential for cleaning soil contaminated with hydrophobic substances in glass columns. Ibrahim et al. [96] reported a 76% oil recovery rate using a biosurfactant in a column in a period of only two hours. Fernandes et al. [97] produced a biosurfactant from Bacillus subtilis RI 4114 and reported a 69% recovery rate of residual oil using 600 mg/L in a column. Kavitha et al. [98] produced a biosurfactant from Bacillus sp. MTCC 5514 and found a greater than 70% oil removal rate from standard sand and sandy soil. Jain et al. [99] investigated oil removal in glass columns comparing two biosurfactants to synthetic surfactants, reporting greater than 90% recovery rates with the biosurfactants, whereas the synthetic surfactants did not achieve a 70% rate of contaminant removal.




3.9. Remediation of Seawater Contaminated with Spilled Oil Derivative


The bioremediation of seawater requires a surfactant with dispersant capacity. As a phenomenon associated with both interfacial tension and surfactant concentration, dispersion facilitates the access of autochthonous microorganisms to the contaminant, thus promoting bioremediation.



The reduction in surface and interfacial tensions promoted by biosurfactants increases the solubility, mobility, and bioavailability of petroleum hydrocarbons. This facilitates biodegradation by microorganisms, which can break down large oil slicks and make the contaminants more easily accessible for natural processes. As a result, microorganisms can metabolise and reduce or eliminate the contaminants to safe levels [100]. There are two mechanisms by which biosurfactants facilitate hydrocarbon biodegradation: (1) The reduction in surface and interfacial tensions increases the bioavailability of the contaminant to the microorganism; (2) The interaction between the cell surface of the microorganism and biosurfactant alter the cell membrane, facilitating adhesion to the hydrocarbon through the increase in hydrophobicity without causing harm to the membrane. Due to the blocking of hydrogen bonds, biosurfactants enable hydrophobic–hydrophilic interactions that rearrange molecules and reduce the surface tension of the medium, leading to an increase in surface area. This favours bioavailability and consequent biodegradability of the contaminant [101,102].



Time (in days) and the increase in biosurfactant concentration enhanced the degradation rate of the motor oil by the yeast, as shown in Figure 9. The best result was found at 30 days, with the degradation of 91.5% of the oil when the biosurfactant was used at twice its CMC. Good results were also achieved under Conditions 1 and 2 (lower biosurfactant concentrations), with an increase in the degradation rate over time.



Saeki et al. [103] produced a biosurfactant from Gordonia sp. JE-1058 that enhanced the degradation polycyclic aromatic hydrocarbons and total saturated hydrocarbons in seawater.



The viscosity of liquid oil plays a crucial role in the performance of cleaning agents [104]. High viscosity slows the dispersion of oil and delays leaching after the collection of the contaminant and the thickness of floating oil exerts a negative impact on the effectiveness and efficiency of treatment [105]. As the residual engine lubricating oil used in the experiments of this work had already undergone physical and chemical changes caused by prolonged storage, the results obtained demonstrate the potential of the biosurfactant in removing very viscous hydrocarbons.



Several studies have compared biosurfactants with chemical surfactants/dispersants. Couto et al. [106] examined the effects of the chemical surfactant Ultrasperse II® and the biosurfactant surfactin produced by Bacillus sp. H2O-1 on marine bacterial communities. The authors found that surfactin stimulated the growth of oil-degrading bacteria more effectively than the chemical surfactant, although the biodegradation of the hydrocarbon was not affected. Additionally, rhamnolipids stimulated hydrocarbon biodegradation in the marine environment more effectively than the chemical surfactants DOSS and GM-2 [107]. Binary systems combining biosurfactants and chemical surfactants have been developed to combat oil spills with less toxicity. For instance, a binary system consisting of the cationic surfactant ethanediyl-1,3-bis(dodecyl dimethyl ammonium bromide) and surfactin produced by Bacillus subtilis was successful at reducing the interfacial tension of crude oil [108]. Shah et al. [109] also developed a dispersant based on a binary mixture of an ionic surfactant, choline laurate, and a lactonic sophorolipid produced by S. bombicola, which exhibited no toxicity in experiments with fish and had dispersion rates higher than 80%.





4. Conclusions


Despite the advances in biotechnology, few microbial products have reached the industrial scale to replace petroleum-based materials. While biotechnology is important to many industries, the production of microbial surfactants remains too costly to compete with chemical surfactants. Therefore, strategies are needed to improve the affordability of the production of these natural compounds on the industrial level. The microbial strain must be able to use substrates efficiently, and careful selection of the microorganism is required when creating a particular product. The existence of a market for microbial products is another concern, which requires both efficiency and a competitive price. The present study fulfilled some of these requirements. The new biosurfactant produced by S. bombicola ATCC 22214 in a low-cost medium demonstrated efficiency and effectiveness and was characterised as a sophorolipid. Moreover, the biosurfactant exhibited stability in the presence of extreme environmental conditions, low toxicity, and the capacity to perform satisfactorily in the removal and degradation of a petroleum derivative in soil and seawater. Thus, the production of this biosurfactant on a large scale for applications in industries as an agent for the mitigation of environmental pollution related to hydrophobic compounds is promising and can significantly contribute to the reduction of environmental impacts on ecosystems. Although the production of surfactants has been a widely explored process for decades, the combination of substrates and cultivation conditions associated with different microorganisms remains a valid strategy for obtaining optimal yields and efficient biomolecules. After the initial establishment of satisfactory conditions to produce this new biomolecule, as described in this study, the next steps will be scale-up in bioreactors and the optimisation of the extraction steps to use crude or semi-purified formulations of the new agent to meet the demands of the oil industry. Joining efforts to improve the entire process of obtaining each biomolecule is essential for these green surfactants to reach the market.







Author Contributions


Conceptualisation, L.A.S.; methodology, L.A.S., I.A.S., R.N.A., R.D.R., M.C.C.C. and F.C.G.A.; validation, L.A.S., I.A.S. and F.C.G.A.; formal analysis, L.A.S. and M.L.B.F.; investigation, I.A.S., R.N.A., R.D.R., J.G.L.A.F. and F.C.G.A.; resources, L.A.S.; data curation, L.A.S. and I.A.S.; writing—original draft preparation, I.A.S., R.N.A., J.G.L.A.F. and F.C.G.A.; writing—review and editing, L.A.S. and M.L.B.F.; visualisation, L.A.S.; supervision, L.A.S.; project administration, L.A.S.; funding acquisition, L.A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by the Programa de Pesquisa e Desenvolvimento da Agência Nacional de Energia Elétrica (ANEEL) and by the Brazilian fostering agencies Fundação de Apoio à Ciência e Tecnologia do Estado de Pernambuco (FACEPE), the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), and the Coordenação de Aperfeicoamento de Pessoal de Nível Superior (CAPES) (Finance Code 001).




Data Availability Statement


The original contributions presented in the study are included in the article; further inquiries can be directed to the corresponding author.




Acknowledgments


The authors are grateful to the Laboratories of Universidade Católica de Pernambuco (UNICAP) and to the Instituto Avancado de Tecnologia e Inovação (IATI), Brazil.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Thorat, B.N.; Sonwani, R.K. Current technologies and future perspectives for the treatment of complex petroleum refinery wastewater: A review. Bioresour. Technol. 2022, 355, 127263. [Google Scholar] [CrossRef]

	



Wei, Z.; Wei, Y.; Liu, Y.; Niu, S.; Xu, Y.; Park, J.-H.; Wang, J.J. Biochar-based materials as remediation strategy in petroleum hydrocarbon-contaminated soil and water: Performances, mechanisms, and environmental impact. J. Environ. Sci. 2024, 138, 350–372. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Liu, Y.; Zhong, S.; Zhang, L. AOPs-based remediation of petroleum hydrocarbons contaminated soils: Efficiency, influencing factors and environmental impacts. Chemosphere 2020, 246, 125726. [Google Scholar] [CrossRef] [PubMed]

	



Ossai, I.C.; Ahmed, A.; Hassan, A.; Hamid, F.S. Remediation of soil and water contaminated with petroleum hydrocarbon: A review. Environ. Technol. Innov. 2020, 17, 100526. [Google Scholar] [CrossRef]

	



Rajabi, H.; Sharifipour, M. Geotechnical properties of hydrocarbon-contaminated soils: A comprehensive review. Bull. Eng. Geol. Environ. 2019, 78, 3685–3717. [Google Scholar] [CrossRef]

	



Yu, L.; Han, M.; He, F. A review of treating oily wastewater. Arab. J. Chem. 2017, 10, 1913–1922. [Google Scholar] [CrossRef]

	



Jabbar, N.M.; Alardhi, S.M.; Mohammed, A.K.; Salih, I.K.; Albayati, T.M. Challenges in the implementation of bioremediation processes in petroleum-contaminated soils: A review. Environ. Nanotechnol. Monit. Manag. 2022, 18, 100694. [Google Scholar] [CrossRef]

	



Johnson, P.; Trybala, A.; Starov, V.; Pinfield, V.J. Effect of synthetic surfactants on the environment and the potential for substitution by biosurfactants. Adv. Colloid Interface Sci. 2021, 288, 102340. [Google Scholar] [CrossRef]

	



Chaudhary, R.; Nawaz, A.; Fouillaud, M.; Dufossé, L.; Haq, I.u.; Mukhtar, H. Microbial Cell Factories: Biodiversity, Pathway Construction, Robustness, and Industrial Applicability. Microbiol. Res. 2024, 15, 247–272. [Google Scholar] [CrossRef]

	



Shi, T.Q.; Darvishi, F.; Cao, M.; Ji, B.; Ji, X.J. Design and construction of microbial cell factories for the production of fuels and chemicals. Front. Bioeng. Biotechnol. 2023, 11, 1198317. [Google Scholar] [CrossRef]

	



Gomes, D.; Rodrigues, L.R.; Rodrigues, J.L. Perspectives on the design of microbial cell factories to produce prenylflavonoids. Int. J. Food Microbiol. 2022, 367, 109588. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, L.L.; Zhou, J.J.; Quan, C.S.; Xiu, Z.L. Advances in industrial microbiome based on microbial consortium for biorefinery. Bioresour. Biproc. 2017, 4, 11. [Google Scholar] [CrossRef] [PubMed]

	



Demain, A.L. Importance of microbial natural products and the need to revitalize their discovery. J. Ind. Microbiol. Biotechnol. 2014, 41, 185–201. [Google Scholar] [CrossRef] [PubMed]

	



Thomford, N.E.; Senthebane, D.A.; Rowe, A.; Munro, D.; Seele, P.; Maroyi, A.; Dzobo, K. Natural products for drug discovery in the 21st century: Innovations for novel drug discovery. Int. J. Mol. Sci. 2018, 19, 1578. [Google Scholar] [CrossRef] [PubMed]

	



Shrivastava, A.; Pal, M.; Sharma, R.K. Pichia as yeast cell factory for production of industrially important bio-products: Current trends, challenges, and future prospects. J. Bioresour. Bioprod. 2023, 8, 108–124. [Google Scholar] [CrossRef]

	



Bi, H.; Mulligan, C.N.; Zhang, B.; Biagi, M.; An, C.; Yang, X.; Lyu, L.; Chen, X. A review on recent development in the use of surface washing agents for shoreline cleanup after oil spills. Ocean Coast. Manag. 2023, 245, 106877. [Google Scholar] [CrossRef]

	



Charoentanaworakun, C.; Assabumrungrat, S.; Soottitantawat, A. Techno-economic environmental analysis of sustainable anionic biosurfactant production from palm fatty acid distillate. ACS Omega 2023, 8, 45045–45055. [Google Scholar] [CrossRef]

	



Mohanty, S.S.; Koul, Y.; Varjani, S.; Pandey, A.; Ngo, H.H.; Chang, J.-S.; Wong, J.W.C.; Bui, X.-T. A critical review on various feedstocks as sustainable substrates for biosurfactants production: A way towards cleaner production. Microb. Cell Fact. 2021, 20, 120. [Google Scholar] [CrossRef]

	



Kurtzman, C.P.; Price, N.P.J.; Ray, K.J.; Kuo, T.-M. Production of sophorolipid biosurfactants by multiple species of the Starmerella (Candida) bombicola yeast clade. FEMS Microbiol. Lett. 2010, 311, 140–146. [Google Scholar] [CrossRef]

	



Jadav, S.; Sakthipriya, N.; Doble, M.; Sangwai, J.S. Effect of biosurfactants produced by Bacillus subtilis and Pseudomonas aeruginosa on the formation kinetics of methane hydrates. J. Nat. Gas Sci. Eng. 2017, 43, 156–166. [Google Scholar] [CrossRef]

	



Negrete, P.S.; Ghilardi, C.; Pineda, L.R.; Pérez, E.; Herrera, M.L.; Borroni, V. Biosurfactant production by Rhodococcus ALDO1 isolated from olive mill wastes. Biocatal. Agric. Biotechnol. 2024, 57, 103106. [Google Scholar] [CrossRef]

	



Nagtode, V.S.; Cardoza, C.; Yasin, H.K.; Mali, S.N.; Tambe, S.M.; Roy, P.; Singh, K.; Goel, A.; Amin, P.D.; Thorat, B.R.; et al. Green surfactants (biosurfactants): A petroleum-free substitute for sustainability-comparison, applications, market, and future prospects. ACS Omega 2023, 8, 11674–11699. [Google Scholar] [CrossRef] [PubMed]

	



Kashif, A.; Rehman, R.; Fuwad, A.; Shahid, M.K.; Dayarathne, H.N.P.; Jamal, A.; Aftab, M.N.; Mainali, B.; Choi, Y. Current advances in the classification, production, properties and applications of microbial biosurfactants—A critical review. Adv. Colloid Interface Sci. 2022, 306, 102718. [Google Scholar] [CrossRef]

	



Thapliyal, U.; Negi, S. Biosurfactants: Recent trends in healthcare applications. Mater. Today Proc. 2023; in press. [Google Scholar] [CrossRef]

	



Mouafo, H.T.; Pahane, M.M.; Mbarga, A.J.M.; Sokamte, A.T.; Somashekar, D.; Mbawala, A. Methods of purification and characterization of biosurfactants: An overview. J. Adv. Biol. Biotechnol. 2023, 26, 35–53. [Google Scholar] [CrossRef]

	



Sales da Silva, I.G.; Almeida, F.C.G.; Rocha e Silva, N.M.P.; Casazza, A.A.; Converti, A.; Sarubbo, L.A. Soil bioremediation: Overview of technologies and trends. Energies 2020, 13, 4664. [Google Scholar] [CrossRef]

	



Singh, P.; Patil, Y.; Rale, V. Biosurfactant production: Emerging trends and promising strategies. J. Appl. Microbiol. 2019, 126, 2–13. [Google Scholar] [CrossRef] [PubMed]

	



Santos, D.K.F.; Rufino, R.D.; Luna, J.M.; Santos, V.A.; Sarubbo, L.A. Biosurfactants: Multifunctional biomolecules of the 21st century. Int. J. Mol. Sci. 2016, 17, 401. [Google Scholar] [CrossRef] [PubMed]

	



Ambaye, T.G.; Vaccari, M.; Prasad, S.; Rtimi, S. Preparation, characterization and application of biosurfactant in various industries: A critical review on progress, challenges and perspectives. Environ. Technol. Innov. 2021, 24, 102090. [Google Scholar] [CrossRef]

	



Kanawal, H.H.; Khan, K.; Abdullah, M. Mass production and factors affecting biosurfactant productivity using bioreactors. In Green Sustainable Process for Chemical and Environmental Engineering and Science Microbially-Derived Biosurfactants for Improving Sustainability in Industry; Inamuddin, A.C.O., Asiri, A.M., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2021; pp. 379–398. [Google Scholar]

	



Gaur, V.K.; Sharma, P.; Gupta, S.; Varjani, S.; Srivastava, J.K.; Wong, J.W.C.; Ngo, H.H. Opportunities and challenges in omics approaches for biosurfactant production and feasibility of site remediation: Strategies and advancements. Environ. Technol. Innov. 2022, 25, 102132. [Google Scholar] [CrossRef]

	



Aslam, A.; Ishtaiq, M.; Badar, R.; Nazir, M.S.; Tahir, Z. Applications of biosurfactants in the production of industrially relevant bioproducts. In Green Sustainable Process for Chemical and Environmental Engineering and Science: Microbially Derived Biosurfactants for Improving Sustainability in Industry; Inamuddin, A.C.O., Asiri, A.M., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2021; pp. 173–201. [Google Scholar]

	



Markande, A.R.; Patel, D.; Varjani, S. A review on biosurfactants: Properties, applications and current developments. Bioresour. Technol. 2021, 330, 124963. [Google Scholar] [CrossRef] [PubMed]

	



Dolman, B.; Fuju, W.; Winterburn, J.B.; Ben, M. Integrated production and separation of biosurfactants. Process Biochem. 2019, 83, 1–8. [Google Scholar] [CrossRef]

	



Koul, B.; Yakoob, M.; Shah, M.P. Agricultural waste management strategies for environmental sustainability. Environ. Res. 2022, 206, 112285. [Google Scholar] [CrossRef] [PubMed]

	



Poveda-Giraldo, J.A.; Solarte-Toro, J.C.; Treinen, C.; Noll, P.; Henkel, M.; Hausmann, R.; Alzate, C.A.C. Assessing the feasibility and sustainability of a surfactin production process: A techno-economic and environmental analysis. Environ. Sci. Pollut. Res. 2024. [Google Scholar] [CrossRef] [PubMed]

	



Silva, I.A.; Veras, B.O.; Ribeiro, B.G.; Aguiar, J.S.; Guerra, J.M.C.; Luna, J.M.; Sarubbo, L.A. Production of cupcake-like dessert containing microbial biosurfactant as an emulsifier. PeerJ 2020, 8, e9064. [Google Scholar] [CrossRef] [PubMed]

	



Meylheuc, T.; Van Oss, C.J.; Bellon-Fontaine, M.N. Adsorption of biosurfactants on solid surfaces and consequences regarding the bioahesion of Listeria monocytogenes LO28. J. Appl. Microbiol. 2001, 91, 822–832. [Google Scholar] [CrossRef] [PubMed]

	



Cooper, D.G.; Goldenberg, B.G. Surface active agents from two Bacillus species. Appl. Environ. Microbiol. 1987, 53, 224–229. [Google Scholar] [CrossRef]

	



Han, Y.; Liu, E.; Liu, L.; Zhang, B.; Wang, Y.; Gui, M.; Wu, R.; Li, P. Rheological, emulsifying and thermostability properties of two exopolysaccharides produced by Bacillus amyloliquefaciens LPL061. Carbohydr. Polym. 2015, 115, 230–237. [Google Scholar] [CrossRef]

	



Das, A.J.; Kumar, R. Production of biosurfactant from agro-industrial waste by Bacillus safensis J2 and exploring its oil recovery efficiency and role in restoration of diesel contaminated soil. Environ. Technol. Innov. 2019, 16, 100450. [Google Scholar] [CrossRef]

	



Meyer, B.N.; Ferrigni, N.R.; Putnam, J.E.; Jacobsen, L.B.; Nichols, D.E.; McLaughlin, J.L. Brine shrimp: A convenient general bioassay for active plant constituents. Planta Med. 1982, 45, 31–34. [Google Scholar] [CrossRef]

	



OECD. Test No. 236: Fish Embryo Acute Toxicity (FET) Test; OECD: Paris, French, 2013. [Google Scholar]

	



Alves, R.N.; Mariz, C.F., Jr.; Melo, A.M.K.; Cavalcanti, M.G.N.; Melo, T.J.B.; Arruda-Santos, R.H.; Zanardi-Lamardo, E.; Carvalho, P.S.M. Contamination and toxicity of surface Waters along rural and urban regions of the Capibaribe river in tropical Northeastern Brazil. Environ. Toxicol. Chem. 2021, 40, 3063–3077. [Google Scholar] [CrossRef] [PubMed]

	



Beekhuijzen, M.; De Koning, C.; Flores-Guillén, M.E.; De Vries-Buitenweg, S.; Tobor-Kaplon, M.; Van De Waart, B.; Emmen, H. From cutting edge to guideline: A first step in harmonization of the zebrafish embryotoxicity test (ZET) by describing the most optimal test conditions and morphology scoring system. Reprod. Toxicol. 2015, 56, 64–76. [Google Scholar] [CrossRef] [PubMed]

	



Alves, R.N.; Mariz, C.F.; Paulo, D.V.; Carvalho, P.S.M. Toxicity of effluents from gasoline stations oil-water separators to early life stages of zebrafish Danio rerio. Chemosphere 2017, 178, 224–230. [Google Scholar] [CrossRef] [PubMed]

	



Ritz, C.; Baty, F.; Streibig, J.C.; Gerhard, D. Dose-response analysis using R. PLoS ONE 2015, 10, 0146021. [Google Scholar] [CrossRef] [PubMed]

	



Joo, H.-S.; Ndegwa, P.M.; Shoda, M.; Phae, C.-G. Bioremediation of oil-contaminated soil using Candida catenulate and food waste. Environ. Pollut. 2008, 156, 891–896. [Google Scholar] [CrossRef] [PubMed]

	



Robert, M.; Mercadé, M.E.; Bosch, M.P.; Parra, J.L.; Espuny, M.J.; Manresa, M.A.; Guinea, J. Effect of the carbon source on biosurfactant production byPseudomonas aeruginosa 44T1. Biotechnol. Lett. 1989, 11, 871–874. [Google Scholar] [CrossRef]

	



Eaton, A.D. Standard Methods for the Examination of Water and Wastewater, 21st ed.; American Public Health Association: Washington, DC, USA, 2005. [Google Scholar]

	



Bose, S.; Kumar, P.S.; Rangasamy, G. Exploring the role of biosurfactants in the remediation of organic contaminants with a focus on the mechanism- a review. J. Mol. Liq. 2024, 393, 123585. [Google Scholar] [CrossRef]

	



Akbari, S.; Abdurahman, N.H.; Yunus, R.M.; Fayaz, F.; Alara, O.R. Biosurfactants—A new frontier for social and environmental safety: A mini review. Biotechnol. Res. Innov. 2018, 2, 81–90. [Google Scholar] [CrossRef]

	



Kaur, G.; Wang, H.; To, M.H.; Roelants, S.L.K.W.; Soetaert, W.; Lin, C.S.K. Efficient sophorolipids production using food waste. J. Clean. Prod. 2019, 232, 1–11. [Google Scholar] [CrossRef]

	



Bacille, N.; Babonneau, F.; Banat, I.M.; Ciesielska, K.; Cuvier, A.; Devreese, B.; Everaert, B.; Lydon, H.; Marchant, R.; Mitchell, C.A.; et al. Development of a Cradle-to-Grave Approach for Acetylated Acidic Sophorolipid Biosurfactants. ACS Sustain. Chem. Eng. 2017, 5, 1186–1198. [Google Scholar] [CrossRef]

	



Konishi, M.; Yoshida, Y.; Horiuchi, J. Efficient production of sophorolipids by Starmerella bombicola using a corncob hydrolysate medium. J. Biosci. Bioeng. 2014, 119, 317–322. [Google Scholar] [CrossRef]

	



Jiménez-Peñalver, P.; Castillejos, M.; Koh, A.; Gross, R.; Sánchez, A.; Font, X.; Gea, T. Production and characterization of sophorolipids from stearic acid by solid-state fermentation, a cleaner alternative to chemical surfactants. J. Clean. Prod. 2018, 172, 2735–2747. [Google Scholar] [CrossRef]

	



Jadhav, J.V.; Pratap, A.P.; Kale, S.B. Evaluation of sunflower oil refinery waste as feedstock for production of sophorolipid. Process Biochem. 2019, 78, 15–24. [Google Scholar] [CrossRef]

	



Shah, M.U.H.; Sivapragasam, M.; Moniruzzaman, M.; Talukder, M.M.R.; Yusup, S.B.; Goto, M. Production of sophorolipids by Starmerella bombicola yeast using new hydrophobic substrates. Biochem. Eng. J. 2017, 127, 60–67. [Google Scholar] [CrossRef]

	



Gaur, V.K.; Regar, R.K.; Dhiman, N.; Gautam, K.; Srivastava, J.K.; Patnaik, S.; Kamthan, M.; Manickam, N. Biosynthesis and characterization of sophorolipid biosurfactant by Candida spp.: Application as food emulsifier and antibacterial agent. Bioresour. Technol. 2019, 285, 121314. [Google Scholar] [CrossRef]

	



Marcelino, P.R.F.; Peres, G.F.D.; Terán-Hilares, R.; Pagnocca, F.C.; Rosa, C.A.; Lacerda, T.M.; Dos Santos, J.C.; Da Silva, S.S. Biosurfactants production by yeasts using sugarcane bagasse hemicellulosic hydrolysate as new sustainable alternative for lignocellulosic biorefineries. Ind. Crop. Prod. 2019, 129, 212–223. [Google Scholar] [CrossRef]

	



Dierickx, S.; Maes, K.; Roelants, S.L.K.W.; Pomian, B.; Meulebroek, L.V.; De Maeseneire, S.L.; Vanhaecke, L.; Soetaert, W.K. A multi-omics study to boost continuous bolaform sophorolipid production. New Biotechnol. 2022, 66, 107–115. [Google Scholar] [CrossRef]

	



El-Sheshtawy, H.S.; Aiad, I.; Osman, M.E.; Abo-ELnasr, A.A.; Kobisy, A.S. Production of biosurfactants by Bacillus licheniformis and Candida albicans for application in microbial enhanced oil recovery. Egypt. J. Pet. 2016, 25, 293–298. [Google Scholar] [CrossRef]

	



Lira, I.R.A.S.; Santos, E.M.S.; Santos, J.C.V.; Silva, R.R.; Silva, Y.A.; Durval, I.J.B.; Guerra, J.C.M.; Sarubbo, L.A.; Luna, J.M. Production of biossurfactant by Candida guilliermondii and application in a mayonnaise emulsion. Chem. Eng. Trans. 2021, 87, 259–264. [Google Scholar] [CrossRef]

	



Santos, J.C.V.; Santos, E.M.S.; Silva, Y.A.; Lira, I.R.A.S.; Silva, R.R.; Durval, I.J.B.; Sarubbo, L.A.; Luna, J.M. Application of Candida lipolytica biosurfactant for bioremediation of motor oil from contaminated environment. Chem. Eng. Trans. 2021, 86, 649–654. [Google Scholar] [CrossRef]

	



Sałek, K.; Euston, S.R. Sustainable microbial biosurfactants and bioemulsifiers for commercial exploitation. Process Biochem. 2019, 85, 143–155. [Google Scholar] [CrossRef]

	



Rubio-Ribeaux, D.; Andrade, R.F.S.; Silva, G.S.; Holanda, R.S.; Pele, M.A.; Nunes, P.; Junior, J.C.V.; Resende-Stoianoff, M.A.; Campos-Takaki, G.M. Promising biosurfactant produced by a new Candida tropicalis UCP 1613 strain using substrates from renewable-resources. Afr. J. Microbiol. Res. 2017, 11, 981–991. [Google Scholar] [CrossRef]

	



Camargo, F.P.; Menezes, A.J.; Tonello, P.S.; Santos, A.C.A.; Duarte, I.C.S. Characterization of biosurfactant from yeast using residual soybean oil under acidic conditions and their use in metal removal processes. FEMS Microbiol. Lett. 2018, 365, fny098. [Google Scholar] [CrossRef]

	



Price, N.P.J.; Ray, K.J.; Vermillion, K.E.; Dunlap, C.A.; Kurtzman, C.P. Structural characterization of novel sophorolipid biosurfactants from a newly identified species of Candida yeast. Carbohydr. Res. 2012, 348, 33–41. [Google Scholar] [CrossRef]

	



Daverey, A.; Pakshirajan, K. Sophorolipids from Candida bombicola using mixed hydrophilic substrates: Production, purification and characterization. Colloids Surf. B 2010, 79, 246–253. [Google Scholar] [CrossRef]

	



Silveira, V.A.I.; Marim, B.M.; Hipólito, A.; Gonçalvez, M.C.; Mali, S.; Kobayashi, R.K.T.; Celligoi, M.A.P.C. Characterization and antimicrobial properties of bioactive packaging films based on polylactic acid-sophorolipid for the control of foodborne pathogens. Food Packag. Shelf Life 2020, 26, 100591. [Google Scholar] [CrossRef]

	



Bacille, N.; Poirier, A.; Griel, P.L.; Pernot, P.; Pala, M.; Roelants, S.; Soetaert, W.; Stevens, C.V. Aqueous self-assembly of a wide range of sophorolipid and glucolipid microbial bioamphiphiles (biosurfactants): Considerations on the structure-properties relationship. Colloids Surf. A Physicochem. Eng. Asp. 2023, 679, 132518. [Google Scholar] [CrossRef]

	



Roy, A.; Khan, M.R.; Mukherjee, A.K. Recent advances in the application of microbial biosurfactants in food industries: Opportunities and challenges. Food Control 2024, 163, 110465. [Google Scholar] [CrossRef]

	



Ashish; Debnath, M. Application of biosurfactant produced by an adaptive strain of C. tropicalis MTCC230 in microbial enhanced oil recovery (MEOR) and removal of motor oil from contaminated sand and water. J. Petrol. Sci. Eng. 2018, 170, 40–48. [Google Scholar] [CrossRef]

	



Velmurugan, M.; Baskaran, A.; Kumar, S.D.; Sureka, I.; Raj, E.A.; Emelda, J.; Sathiyamurthy, K. Screening, stability and antibacterial potential of rhamnolipids from Pseudomonas sp., isolated from hydrocarbon contaminated soil. J. Appl. Pharm. Sci. 2015, 5, 26–33. [Google Scholar] [CrossRef]

	



Murawski, S.A.; Ainsworth, C.H.; Gilbert, S.; Hollander, D.J.; Paris, C.B.; Schlüter, M.; Wetzel, D.L. Modernizing protocols for aquatic toxicity testing of oil and dispersant. In Scenarios and Responses to Future Deep Oil Spills, 1st ed.; Mitchelmore, C.L., Griffitt, R.J., Coelho, G.M., Wetzel, D.L., Eds.; Springer: Berlin/Heidelberg, Germany, 2020; pp. 239–252. [Google Scholar]

	



Silva, I.A.; Almeida, F.C.G.; Souza, T.C.; Bezerra, K.G.O.; Durval, I.J.B.; Converti, A.; Sarubbo, L.A. Oil spills: Impacts and perspectives of treatment technologies with focus on the use of green surfactants. Environ. Monit. Assess. 2022, 194, 143. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, M.I.; Campos, J.M.; Meira, H.M.; Sarubbo, L.A.; Luna, J.M. A Biosurfactant from Candida bombicola: Its synthesis, characterization, and its application as a food emulsions. Foods 2022, 11, 561. [Google Scholar] [CrossRef] [PubMed]

	



Pradhan, A.; Bhattacharyya, A. Quest for an eco-friendly alternative surfactant: Surface and foam characteristics of natural surfactants. J. Clean. Prod. 2017, 150, 127–134. [Google Scholar] [CrossRef]

	



Yi, X.; Wei, Y.; Zhai, W.; Wang, P.; Liu, D.; Zhou, Z. Effects of three surfactants on the degradation and environmental risk of metolachlor in aquatic environment. Chemosphere 2022, 300, 134295. [Google Scholar] [CrossRef] [PubMed]

	



Embry, M.R.; Belanger, S.E.; Braunbeck, T.A.; Galay-Burgos, M.; Halder, M.; Hinton, D.E.; Léonard, M.A.; Lillicrap, A.; Norbeg-King, T.; Whale, G. The fish embryo toxicity test as an animal alternative method in hazard and risk assessment and scientific research. Aquat. Toxicol. 2010, 97, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, Y.; Li, X.; Sun, M.; Wei, Z.; Wang, Y.; Gao, A.; Chen, D.; Zhao, X.; Feng, X. Exploring the effects of different types of surfactants on zebrafish embryos and larvae. Sci. Rep. 2015, 5, 10107. [Google Scholar] [CrossRef] [PubMed]

	



Korbut, R.; Skjolding, L.M.; Mathiessen, H.; Jaafar, R.; Li, X.; Jørgensen, L.V.G.; Kania, P.W.; Wu, B.; Buchmann, K. Toxicity of the antiparasitic lipopeptide biosurfactant SPH6 to green algae, cyanobacteria, crustaceans and zebrafish. Aquat. Toxicol. 2022, 243, 106072. [Google Scholar] [CrossRef]

	



El-Harbawi, M. Toxicity Measurement of Imidazolium Ionic Liquids Using Acute Toxicity Test. Procedia Chem. 2014, 9, 40–52. [Google Scholar] [CrossRef]

	



Al-Asmakh, M.; Majdalawieh, A.F.; Abdullah, A.M.; Younes, N.; Da’as, S.I.; Radwan, A.B.; Sliem, M.H.; Ech-Cherif, H.; Pintus, G.; Nasrallah, G.K. AEO-7 surfactant is “super toxic” and induces severe cardiac, liver, and locomotion damage in zebrafish embryos. Environ. Sci. Eur. 2020, 32, 149. [Google Scholar] [CrossRef]

	



Johann, S.; Seiler, T.-B.; Tiso, T.; Bluhm, K.; Blank, L.M.; Hollert, H. Mechanism-specific and whole-organism ecotoxicity of mono-rhamnolipids. Sci. Total Environ. 2016, 548–549, 155–163. [Google Scholar] [CrossRef]

	



Bejarano, A.C. Critical review and analysis of aquatic toxicity data on oil spill dispersants. Environ. Toxicol. Chem. 2018, 37, 2989–3001. [Google Scholar] [CrossRef]

	



CONAMA. Conselho Nacional de Meio Ambiente, Brasil. 2021. Available online: http://www.mma.gov.br/port/conama/estr.cfm/ (accessed on 3 March 2024).

	



Berninger, J.P.; Williams, E.S.; Brooks, B.W. An initial probabilistic hazard assessment of oil dispersants approved by the United States National Contingency Plan. Environ. Toxicol. Chem. 2011, 30, 1704–1708. [Google Scholar] [CrossRef]

	



Nitschke, M.; Pastore, G.M. Biossurfactantes: Propriedades e aplicações. Quim. Nova 2002, 25, 772–776. [Google Scholar] [CrossRef]

	



Parus, A.; Ciesielski, T.; Woźniak-Karczewska, M.; Ślachciński, M.; Owsianiak, M.; Ławniczak, Ł.; Loibner, A.P.; Heipieper, H.J.; Chrzanowski, Ł. Basic principles for biosurfactant-assisted (bio)remediation of soils contaminated by heavy metals and petroleum hydrocarbons—A critical evaluation of the performance of rhamnolipids. J. Hazard. Mater. 2023, 443, 130171. [Google Scholar] [CrossRef]

	



Oluwaseun, A.C.; Kola, O.J.; Mishra, P.; Singh, J.R.; Singh, A.K.; Cameotra, S.S.; Micheal, B.O. Characterization and optimization of a rhamnolipid from Pseudomonas aeruginosa C1501 with novel biosurfactant activities. Sustain. Chem. Pharm. 2017, 6, 26–36. [Google Scholar] [CrossRef]

	



Zhao, F.; Li, P.; Guo, C.; Shi, R.-J.; Zhang, Y. Bioaugmentation of oil reservoir indigenous Pseudomonas aeruginosa to enhance oil recovery through in-situ biosurfactant production without air injection. Bioresour. Technol. 2018, 251, 295–302. [Google Scholar] [CrossRef]

	



Kim, B.K.; Baek, K.; Ko, S.H.; Yang, J.W. Research and field experiences on electrokinetic remediation in South Korea. Sep. Purif. Technol. 2011, 79, 116–123. [Google Scholar] [CrossRef]

	



Adamczak, M.; Bednarski, W. Influence of medium composition and aeration on the synthesis of biosurfactants produced by Candida antarctica. Biotechnol. Lett. 2000, 22, 313–316. [Google Scholar] [CrossRef]

	



Santos, E.M.S.; Lira, I.R.A.S.; Filho, A.A.P.S.; Meira, H.M.; Farias, C.B.B.; Rufino, R.D.; Sarubbo, L.A.; Luna, J.M. Application of the biosurfactant produced by Candida sphaerica as a bioremediation agent. Chem. Eng. Trans. 2020, 79, 451–456. [Google Scholar] [CrossRef]

	



Ibrahim, M.L.; Ijah, U.J.J.; Manga, S.B.; Bilbis, L.S.; Umar, S. Production and partial characterization of biosurfactant produced by crude oil degrading bacteria. Int. Biodeterior. Biodegrad. 2013, 81, 28–34. [Google Scholar] [CrossRef]

	



Fernandes, P.L.; Rodrigues, E.M.; Paiva, F.R.; Ayupe, B.A.L.; McInerney, M.J.; Tótola, M.R. Biosurfactant, solvents and polymer production by Bacillus subtilis RI4914 and their application for enhanced oil recovery. Fuel 2016, 180, 551–557. [Google Scholar] [CrossRef]

	



Kavitha, V.; Mandal, A.B.; Gnanamani, A. Microbial biosurfactant mediated removal and/or solubilization of crude oil contamination from soil and aqueous phase: An approach with Bacillus licheniformis MTCC 5514. Int. Biodeterior. Biodegrad. 2014, 94, 24–30. [Google Scholar] [CrossRef]

	



Jain, R.M.; Mody, K.; Mishra, A.; Jha, B. Physicochemical characterization of biosurfactant and its potential to remove oil from soil and cotton cloth. Carbohydr. Polym. 2012, 89, 1110–1116. [Google Scholar] [CrossRef]

	



Wang, X.; Cai, T.; Wen, W.; Zhang, Z. Effect of biosurfactant on biodegradation of heteroatom compounds in heavy oil. Fuel 2018, 230, 418–429. [Google Scholar] [CrossRef]

	



Aparna, A.; Srinikethan, G.; Hedge, S. Effect of addition of biosurfactant produced by Pseudomonas ssp. on biodegradation of crude oil. In International Proceedings of Chemical, Biological & Environmental Engineering, 2nd ed.; World Scientific: Singapore, 2011; Volume 6, pp. 71–75. [Google Scholar]

	



Karlapudi, A.P.; Venkateswarulu, T.C.; Tammineedi, J.; Kanumuri, L.; Ravuru, B.K.; Dirisala, V.; Kodali, V.P. Role of biosurfactants in bioremediation of oil pollution-a review. Petroleum 2018, 4, 241–249. [Google Scholar] [CrossRef]

	



Saeki, H.; Sasaki, K.M.; Komatsu, O.; Miura, A.; Matsuda, H. Oil spill remediation by using the remediation agent JE1058BS that contains a biosurfactant produced by Gordonia sp. strain JE-1058. Bioresour. Technol. 2009, 100, 572–577. [Google Scholar] [CrossRef]

	



Nikolova, C.; Gutierrez, T. Biosurfactants and their applications in the oil and gas industry: Current state of knowledge and future perspectives. Front. Bioeng. Biotechnol. 2021, 9, 626639. [Google Scholar] [CrossRef]

	



Hubbe, M.A.; Rojas, O.J.; Fingas, M.; Gupta, B.S. Cellulosic substrates for removal of pollutants from aqueous systems: A review. 3. Spilled oil and emulsified organic liquids. BioResources 2013, 8, 3038–3097. [Google Scholar] [CrossRef]

	



Couto, C.R.A.; Jurelevicius, D.A.; Alvarez, V.M.; Elsas, J.D.; Seldin, L. Response of the bacterial community in oil-contaminated marine water to the addition of chemical and biological dispersants. J. Environ. Manag. 2016, 184, 473–479. [Google Scholar] [CrossRef]

	



Pi, Y.; Bao, M.; Liu, Y.; Lu, T.; He, R. The contribution of chemical dispersants and biosurfactants on crude oil biodegradation by Pseudomonas sp. LSH-7′. J. Clean. Prod. 2017, 153, 74–82. [Google Scholar] [CrossRef]

	



Jin, L.; Garamus, V.M.; Liu, F.; Xiao, J.; Eckerlebe, H.; Willumeit-Römer, R.; Mu, B.; Zou, A. Interaction of a biosurfactant, surfactin with a cationic gemini surfactant in aqueous solution. J. Colloid Interface Sci. 2016, 481, 201–209. [Google Scholar] [CrossRef] [PubMed]

	



Shah, M.U.H.; Moniruzzaman, M.; Sivapragasam, M.; Talukder, M.M.R.; Yusup, S.B.; Goto, M. A binary mixture of a biosurfactant and an ionic liquid surfactant as a green dispersant for oil spill remediation. J. Mol. Liq. 2019, 280, 111–119. [Google Scholar] [CrossRef]








[image: Processes 12 01605 g001] 





Figure 1. 1H NMR spectrum (CD3OH, 300 MHz) of biosurfactant isolated from S. bombicola ATCC 22214 cultivated in 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O. 
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Figure 2. 13C NMR spectrum (CD3OD, 300 MHz) of biosurfactant isolated from S. bombicola ATCC 22214 cultivated in 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O. 
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Figure 3. FTIR absorption spectra of biosurfactant produced by S. bombicola ATCC 22214 cultivated in 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O. 
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Figure 4. CMC of biosurfactant produced by S. bombicola ATCC 22214 in medium composed of 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O. 
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Figure 5. General morphology score for D. rerio embryos and larvae following exposure to different concentrations of biosurfactant produced by S. bombicola ATCC 22214. 
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Figure 6. Larva with haemorrhage and pericardial oedema (A) exposed to 75 mg/L of biosurfactant produced by S. bombicola and control larva without pathologies (B). 
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Figure 7. Degradation of oil adsorbed to sand by bioremediation process using biosurfactant produced by S. bombicola ATCC 22214. Condition 1: contaminated sand + molasses + S. bombicola; Condition 2: contaminated sand + molasses + biosurfactant (CMC) + S. bombicola; Condition 3: contaminated sand + molasses + S. bombicola + biosurfactant (2 × CMC). Error bars illustrate standard deviations calculated from three independent experiments. 
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Figure 8. Removal of oil adsorbed to sand by bioremediation process using biosurfactant produced by S. bombicola ATCC 22214 in packed columns through static test. Condition 1: biosurfactant at CMC; Condition 2: biosurfactant at 2 × CMC; Condition 3: cell-free broth (crude biosurfactant); Control: distilled water. Error bars illustrate standard deviations calculated from three independent experiments. 
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Figure 9. Degradation of oil from seawater by bioremediation process using biosurfactant produced by S. bombicola ATCC 22214. Condition 1: seawater + motor oil + S. bombicola; Condition 2: seawater + motor oil + S. bombicola + biosurfactant (CMC); Condition 3: seawater + motor oil + S. bombicola + biosurfactant (2 × CMC). 
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Table 1. Composition of biosurfactant production media.
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	Medium
	Components of Production Medium (g/L)





	Medium 1
	Sunflower oil: 50; Glucose: 25; Yeast extract: 1; KH2PO4: 0.5; MgSO4·7H2O: 0.5; NaNO3: 3



	Medium 2
	Sunflower oil: 50; Sucrose: 25; Yeast extract: 1; KH2PO4: 0.5; MgSO4·7H2O: 0.5; NaNO3: 3



	Medium 3
	Canola oil: 12; Glucose: 100; Corn steep liquor: 5; K2HPO4: 1; (NH4)2SO4: 4; MgSO4·7H2O: 0.5



	Medium 4
	Canola oil: 12; Sucrose: 100; Corn steep liquor: 5; K2HPO4: 1; (NH4)2SO4: 4; MgSO4·7H2O: 0.5



	Medium 5
	Canola oil: 12; Glucose: 100; Corn steep liquor: 5



	Medium 6
	Canola oil: 12; Sucrose: 100; Corn steep liquor: 5



	Medium 7
	Crude cotton seed oil: 100; Glucose: 100; Urea: 1.5; K2HPO4: 1; Corn steep liquor: 4; NaCl: 0.1



	Medium 8
	Refined cotton seed oil: 100; Glucose: 100; Urea: 1.5; K2HPO4: 1; Corn steep liquor: 4; NaCl: 0.1



	Medium 9
	Crude cotton seed oil: 100; Sucrose: 100; Urea: 1.5; K2HPO4: 1; Corn steep liquor: 4; NaCl: 0.1



	Medium 10
	Refined cotton seed oil: 100; Sucrose: 100; Urea: 1.5; K2HPO4: 1; Corn steep liquor: 4; NaCl: 0.1










 





Table 2. Surface tension results, yield, and motor oil emulsification index of biosurfactants produced by S. bombicola ATCC 22214 in different production media (data expressed as mean ± SD of triplicate determinations).
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	Biosurfactant
	Surface Tension (mN/m)
	Yield (g/L)
	Emulsification Index (%)





	Medium 1
	32.4 ± 0.2
	8.1
	83.3 ± 0.1



	Medium 2
	32.8 ± 0.1
	7.3
	84.4 ± 0.4



	Medium 3
	38.0 ± 0.1
	11.4
	77.0 ± 0.1



	Medium 4
	32.7 ± 0.3
	23.0
	96.2 ± 0.1



	Medium 5
	32.8 ± 0.5
	7.7
	90.2 ± 0.1



	Medium 6
	32.9 ± 0.2
	5.3
	90.5 ± 0.1



	Medium 7
	33.6 ± 0.6
	5.4
	72.9 ± 0.1



	Medium 8
	33.1 ± 0.1
	8.7
	91.0 ± 0.1



	Medium 9
	33.4 ± 0.4
	10.1
	89.7 ± 0.1



	Medium 10
	31.3 ± 0.1
	19.5
	92.4 ± 0.5










 





Table 3. Influence of saline (NaCl) concentration, temperature, and pH on reduction in surface tension and emulsifying activity of residual motor oil in cell-free broth containing biosurfactant produced by S. bombicola ATCC 22214 cultivated in 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O (data expressed as mean ± SD of triplicate determinations).
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	NaCl (v/v)
	Surface Tension (%)
	Emulsification Index (%)



	2
	33.3 ± 0.02
	95.5 ± 0.3



	4
	33.7 ± 0.03
	95.4 ± 0.3



	6
	32.2 ± 0.01
	96.2 ± 0.2



	8
	33.5 ± 0.02
	96.2 ± 0.1



	10
	31.8 ± 0.02
	96.2 ± 0.2



	12
	32.4 ± 0.01
	96.9 ± 0.1



	Temperature (°C)
	Surface Tension (mN/m)
	Emulsification Index (%)



	0
	33.7 ± 0.02
	96.3 ± 0.2



	5
	33.9 ± 0.01
	96.4 ± 0.2



	28
	32.7 ± 0.01
	96.3 ± 0.4



	70
	32.8 ± 0.00
	92.7 ± 0.2



	100
	32.8 ± 0.00
	92.6 ± 0.4



	120
	33.5 ± 0.18
	90.4 ± 0.3



	pH
	Surface Tension (mN/m)
	Emulsification Index (%)



	2
	35.0 ± 0.02
	94.4 ± 0.1



	4
	34.9 ± 0.03
	94.5 ± 0.3



	6
	32.7 ± 0.01
	95.5 ± 0.2



	8
	31.8 ± 0.01
	95.5 ± 0.2



	10
	34.2 ± 0.01
	96.4 ± 0.2



	12
	33.9 ± 0.01
	97.6 ± 0.1










 





Table 4. Toxicity of biosurfactant produced by S. bombicola ATCC 22214 cultivated in 10% sucrose, 0.5% corn steep liquor, 1.2% canola oil, 0.1% K2HPO4, 0.4% (NH4)2SO4, and 0.05% MgSO4·7H2O.
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	Biosurfactant Concentration in Saline Water
	Mortality of Brine Shrimp Larvae (%)





	Cell-free broth
	no mortality



	½ × CMC
	no mortality



	CMC
	no mortality



	2 × CMC
	no mortality



	3 × CMC
	10.000 ± 0.000



	5 × CMC
	20.000 ± 0.000










 





Table 5. Quantity of dead individuals exp