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    This study evaluated the potential of a biosurfactant produced by Starmerella bombicola ATCC22214 formulated as a gel for oil removal from coral surfaces in marine environments. The biosurfactant was produced in a 50 L bioreactor and exhibited an anionic profile, achieving a surface tension reduction of 32.08 mN/m, an emulsification index of 93%, a yield of 13.5 g/L, and a Critical Micelle Concentration (CMC) of 0.65 g/L. The biosurfactant was incorporated into a sodium alginate–based gel formulation that exhibited physicochemical stability and favorable organoleptic properties. Ecotoxicological assays using Artemia salina indicated low toxicity and environmental safety. Marine organism recruitment further confirmed its non-toxic behavior. Cleaning assays demonstrated effective solubilization and removal of crude oil. More than 90% of oil adhered to coral surfaces was successfully removed. The results highlight the gel’s high cleaning efficiency and ecological compatibility. Thus, the biosurfactant-based gel represents a sustainable alternative for marine oil remediation.
Introduction
[bookmark: _Hlk217724066]    Hydrocarbon pollution in marine environments is a global concern driven by the increasing exploration and transportation of petroleum. Leaks and oil spills release large quantities of toxic compounds into the oceans, causing substantial damage to marine fauna and flora and severely affecting sensitive ecosystems such as coral reefs. Conventional remediation approaches, including chemical dispersants, have limited ecological applicability due to their toxicity and the persistence of adverse impacts on marine biological systems (Wei et al., 2024; Olaleye et al., 2024; Zhang et al., 2024). One potential solution to the low bioavailability of hydrophobic pollutants involves the use of surfactants. These compounds have molecular structures containing both hydrophilic and hydrophobic moieties, which tend to accumulate at interfaces between fluid phases with different degrees of polarity (e.g., oil/water and water/oil). Surfactants exhibit surface- and interfacial–tension–reducing properties, conferring detergent, emulsifying, lubricating, solubilizing, and dispersing capacities (Santos et al., 2016; Eras-Muñoz et al., 2022).
    Biosurfactants are amphiphilic molecules produced by microorganisms that reduce surface and interfacial tension between immiscible phases, thereby facilitating the emulsification of oil in water. These compounds offer significant advantages over synthetic surfactants, including biodegradability, low toxicity, and high efficiency under extreme environmental conditions of salinity, temperature, and pH (Markam et al., 2024). Among biosurfactants, sophorolipids produced by the yeast Starmerella bombicola stand out for their superior surface-active properties and strong capacity to emulsify petroleum-derived hydrocarbons (Sarubbo et al., 2022; Eras-Muñoz et al., 2022).
   Therefore, biosurfactants represent a promising alternative for environmental remediation, including oil spill cleanup and wastewater treatment, as they influence the hydrophobicity of microbial cell surfaces—an essential factor in biodegradation. In addition, biosurfactants can enhance hydrocarbon biodegradation by emulsifying the contaminant. The aim of this study was to produce a biosurfactant from the yeast Starmerella bombicola ATCC 22214, evaluate its properties and potential toxicity, and formulate a gel for safe application in the remediation of petroleum-contaminated coral surfaces.
Material and Methods 
Production media of biosurfactant and culture conditions
The yeast Starmerella bombicola ATCC 22214 was used to produce the biosurfactant. Biosurfactant production was carried out by the yeast in a 50 L bioreactor, using the medium described by Konishi et al. (2015). The medium consisted of 50 g/L olive oil as a hydrophobic source, 25.0 g/L glucose as the soluble substrate, 1.0 g/L yeast extract, 0.5 g/L KH2PO4, and 0.5 g/L MgSO4·7H2O in distilled water. The medium was dissolved and sterilized by autoclaving at 121 °C for 20 minutes. The inoculum was standardized to 10% (v/v), and biosurfactant production was performed in a 50 L Bioreactor (Allbiom, Cajuru, Brazil) at 250 rpm and 0.5 vvm at 30 °C for 8 days (192 h). After this period, the fermentative broth was subjected to surface tension analysis and to emulsification activity assays.
[bookmark: _Hlk217644493]Surface activity 
Surface tension of the fermentative broth was measured using a Du Nouy Tensiometer model Sigma 700 (KSV Instruments Ltd., Finland) at room temperature. Measurements were performed at 25 ± 1 °C after a platinum ring was dipped in the solution to reach equilibrium. Each measurement was performed in triplicate, and the average value was reported.
Emulsification activity
Emulsification activity was measured using the method described by Cooper and Goldenberg (1987), in which 2 mL of an oil (motor oil, petroleum, or diesel oil) was added to 2 mL of the biosurfactant solution in a graduated screw-cap test tube and then vortexed at high speed for 2 minutes. The emulsion stability was determined after 24 h, and the emulsification index was calculated by dividing the measured height of the emulsion layer by the mixture's total height and multiplying by 100. The assays were carried out in triplicate and did not vary more than 5% (v/v).
Isolation and determination of the critical micelle concentration (CMC)
The fermentative broth was placed in a separatory funnel for biosurfactant extraction using ethyl acetate (1:1, v/v) (Daverey & Pakshirajan, 2010). The concentration at which micelles began to form was defined as the Critical Micelle Concentration (CMC). The CMC of the biosurfactant was determined over a concentration range of 0.001–3% (w/v) in distilled water, followed by surface tension measurements. The surface tension at each concentration was determined in triplicate. The maximum standard deviation associated with the surface activity measurements was ± 0.2 mN/m. The CMC of the biosurfactant was estimated from the constant surface tension value.
Characterization of the isolated biosurfactant 
The isolated biosurfactant was chemically characterized by determining total protein content (Bradford, 1976), carbohydrates (Dubois et al., 1956), and lipids (Manocha et al., 1980). The ionic charge of the biosurfactant was determined using the agar double diffusion technique, adapted from Luna et al. (2016). Test tubes contained 2 mL of a 1% (v/v) solution of the fractions and 2 mL of a pure compound with a known ionic charge. The anionic reference was sodium dodecyl sulfate (SDS), and the cationic reference was barium chloride. The appearance of precipitation in the tubes (indicative of ionic character) was monitored for 48 h at room temperature. A tube containing the junction of SDS and barium chloride served as the standard.
Biosurfactant gel formulation
The isolated biosurfactant (5.0% w/v) was incorporated into a gel base containing sodium alginate (0.6% w/v), glycerine (1.0% w/v), and triethanolamine (0.2% w/v). The formulation was adjusted to achieve an appropriate consistency for experimental application, while preserving organoleptic characteristics (color, odor, and texture) and solution stability. After formulation, ecotoxicity tests (using Artemia salina as an indicator organism) and recruitment tests in aquatic environments were conducted to assess potential adverse effects of the biosurfactant gel.
Toxicity tests using Artemia salina and recruitment tests in aquatic environments 
The toxicity tof the biosurfactant gel was evaluated against Artemia salina at concentrations of 1:1, 1:2 (v/v), and undiluted (pure), using the larvae of the microcrustacean as the indicator organism, in accordance with Silva et al. (2010). The recruitment tests in aquatic environments were based on the study by Fernandes et al. (2010), who analyzed larval adhesion and the establishment of the fouling community by installing metal plates at preselected locations to monitor larval recruitment. In field activities, the experimental protocol involved metal plates measuring 20 cm in height, 10 cm in width, and 0.5 cm in thickness. Samples (50 mL) of the biosurfactant gel were incorporated into a commercial water-based white paint (IQUINE Ltda., Recife, Brazil) at concentrations of 2.5, 5.0, 7.5, and 10.0% (w/w). Each side of each plate constituted the same condition (duplicate experiments). The plates were fixed to aluminum rails, with the structure positioned in the Atlantic Ocean and supported by buoys connected to the Pina Basin pier in Recife, Pernambuco, Brazil, where it remained for 15 days.
Oil removal tests on coral surface
The cleaning test was carried out according to the methodology described by Da Silva et al. (2024), with adaptations involving corals. A known mass of coral was uniformly contaminated with 500 µL of petroleum at the surface; subsequently, the coral was left at rest for 48 h to allow greater oil adhesion. The contaminated section of the coral was then exposed to the formulated biosurfactant gel for 2 min. Afterwards, the coral was immersed in distilled water to remove any excess biosurfactant gel. The coral was subsequently dried in an oven at 40 °C for 30 min, and its mass was recorded. Oil removal was calculated using the following equation:

Oil removal (%) = [(Mc − Mw)/(Mc − Mi)]  100                                                                                                           (1)

where Mc is the mass of the coral contaminated by oil, Mw is the mass of the coral after cleaning, and Mi is the initial mass of the coral (before contamination).
Results & Discussion
Nowadays, the quality of a new surfactant agent is typically assessed by measuring surface tension and emulsifying capacity. Results indicated that the surfactant produced by the yeast Starmerella bombicola ATCC 22214 in a 50 L bioreactor exhibited a surface tension of 32.08 ± 0.08 mN/m and a pH of 6.2 at the end of fermentation (Figure 1). The biosurfactant extraction yielded 13.5 g/L, with a critical micelle concentration (CMC) of 0.65 g/L of isolated biosurfactant in ethyl acetate. Furthermore, the surfactant demonstrated the ability to form stable emulsions with high efficiency in motor oil (93.75 ± 0.25 %), petroleum (99.00 ± 0.1 %), and diesel (90.50 ± 0.2 %), indicating potential applications in remediation processes in which these oils are contaminants. Biosynthesis of yeast-derived biosurfactants involves the production of structures containing a variety of hydroxylated fatty acids and carbohydrates, which are characterized by unique surfactant properties. Preliminary analysis of the biosurfactant produced by S. bombicola ATCC 22214 revealed a glycolipid composed of 53% (w/w) carbohydrates and 45% (w/w) lipids, with an anionic charge.
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Figure 1: Illustration of the steps in the (A) biosurfactant production and (B) isolation.

[bookmark: _Hlk217814323][bookmark: _Hlk217814296]The biosurfactant gel formulation exhibited highly stable behavior, with the isolated biosurfactant (5.0% w/v) incorporated into a gel base containing sodium alginate (0.6% w/v), glycerine (1.0% w/v), and triethanolamine (0.2% w/v). The formulation maintained its organoleptic properties, displaying a pearlescent, translucent appearance, a pleasant odor, and a fluid, homogeneous consistency (Figure 2). In addition, the absence of toxicity is fundamental to the application of an environmentally friendly product (Almeida et al., 2019). Accordingly, the toxicity assessment of the biosurfactant gel was carried out using the microcrustacean Artemia salina at concentrations of 1:1 (v/v), 1:2 (v/v), and undiluted (pure). The formulation showed satisfactory results, as mortality rates between 10 and 20 % (w/v) were observed across all tested concentrations (Table 1).
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Figure 2: Illustration of the biosurfactant gel formulation (A); Illustration of the isolated biosurfactant 5.0% (w/v) plus glycerin 1.0% (w/v) and triethanolamine 0.2% (w/v) (B); Gel base of sodium alginate 0.6% (w/v) (C).
[bookmark: _Hlk217671633]Table 1: Toxicity tests using Artemia salina in different concentrations of biosurfactant gel produced. 
	Marine Organism
	Biosurfactant Gel Concentration
	

	
	1:1 (v/v)
	     1:2 (v/v)
	undiluted 
	

	Artemia salina
(amount of mortality %)
	
10 ± 0.2 
	
   10 ± 0.3                   20 ± 0.1
	

	
	
	
	



Biofouling involves the deposition of micro- and macro-organisms on submerged surfaces, beginning with biofilm formation that can evolve into more complex biological communities (Callow, 2011; Yebra et al., 2004). The biosurfactant gel formulation was evaluated for its effect on the fouling process of marine organisms. The absence of interference with this process indicates that the formulation is non-toxic. In the recruitment test, relative frequency and abundance data are essential for understanding the fouling process. After 15 days of immersion in an aquatic environment, the plates were analyzed separately using a laboratory magnifying glass. Figure 3 presents data from counting encrusting organisms on the plates, indicating that the biosurfactant gel is not toxic to the marine environment, as the average abundance of encrusting organisms exceeded 2,000 units on both sides of each plate compared with the control.
[image: ]
Figure 3: Relative frequency of fouling on control plate (without the addition of any compound), plate with commercial paint alone, and plates with commercial paint containing different concentrations of the  biosurfactant gel produced (2.5, 5.0, 7.5, e 10% w/v)
To evaluate the biosurfactant gel's ability to emulsify hydrophobic pollutants, tests were conducted to assess its cleaning capacity on petroleum-impregnated coral. To illustrate the gel’s efficiency more clearly, only part of the contaminated surface was cleaned, allowing comparison with the untreated section, as shown in Figure 4.
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Figure 4: Illustration of the steps in the process of cleaning oil-impregnated corals using biosurfactant gel:  Collected corals (A); Contamination of the coral surface (B); Addition of the gel to the contaminated surface (C); Contact of the coral with gel for one minute (D); Contact of the coral with gel for two minutes (E); Coral after washing (F).

The biosurfactant gel solubilized and removed 90.5% ± 0.02 of the petroleum adhered to the surface of the tested coral. This result demonstrates the feasibility of the biosurfactant gel as a biotechnological additive for remediation processes in environments contaminated with petroleum and its derivatives. Moreover, the results are comparable to those reported in other studies that demonstrated significant removal of petroleum and its derivatives using biosurfactants in soils and on various surfaces. The application of biosurfactants alone in marine and industrial settings for oil treatment has shown promising outcomes. Studies comparing two biosurfactants with chemical surfactants, such as polysorbate 20 and polysorbate 80, demonstrated comparable dispersion and emulsification performance (Rodríguez-López et al., 2018). In addition, surfactants derived from plant sources exhibited superior surface-active properties compared with Tween 80 and the synthetic surfactant sodium lauryl sulfate (SLS) (Tmáková et al., 2015).
Conclusions
The use of a biosurfactant produced by Starmerella bombicola ATCC 22214 in gel form proved a promising approach for removing crude oil from coral surfaces, exhibiting high emulsifying activity, low toxicity, and effective cleaning performance. These characteristics support the potential of biosurfactants as environmentally friendly alternatives to synthetic surfactants and chemical dispersants in marine environmental remediation strategies. Importantly, the adoption of such biosurfactant gels could contribute to the protection and resilience of coral reef ecosystems by enabling targeted oil removal with reduced ecological disruption compared with conventional dispersants. Future studies should focus on full-scale applications and tests under natural conditions, as well as on evaluating the impacts on coral communities and marine microbiota.
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