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Abstract


The increasing prevalence of dermatophytosis and biofilm-associated infections highlights the need for new therapeutic approaches. This study evaluated the potential of Lavandula stoechas subsp. luisieri essential oil against clinically relevant dermatophytes. The essential oil obtained by hydrodistillation was chemically characterized by gas chromatography–mass spectrometry (GC–MS). Antifungal activity was assessed through determination of minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC), while antibiofilm activity against Epidermophyton floccosum was evaluated by measuring biofilm biomass, extracellular matrix (ECM) deposition, and cell viability. An ex vivo model of Trichophyton rubrum-induced skin infection was used to assess efficacy under tissue-relevant conditions. The essential oil was mainly composed of oxygenated monoterpenes, with trans-α-necrodyl acetate (19.1%), lavandulyl acetate (13.6%), camphor (8.8%), 1,8-cineole (6.1%), and trans-α-necrodol (5.3%) as major constituents. The oil exhibited antifungal activity against all tested dermatophytes (MIC: 12.5–100 μg/mL), induced hyphal morphological alterations, significantly inhibited E. floccosum biofilm formation, particularly ECM deposition, and reduced fungal dissemination in the ex vivo skin model. These findings support the antidermatophytic and antibiofilm potential of L. stoechas subsp. luisieri essential oil, although further studies are required.
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1. Introduction


Cutaneous fungal infections, particularly dermatophytosis, represent a global health challenge, affecting millions of people worldwide with a well-documented upward trend in recent years [1]. These infections, caused by keratinophilic fungi that colonize skin, hair, and nails, persist due to frequent relapses and treatment difficulties, amplified by limitations of standard antifungal drugs [2,3,4]. Dermatophytes exhibit distinct morphological and physiological states depending on whether they exist as free-living planktonic cells or as organized biofilms adhered to keratinized surfaces [5]. In contrast to planktonic cells, which consist of individual conidia or hyphae suspended in a medium and constitute the conventional target for standardized susceptibility testing, fungal biofilms are highly organized multicellular communities that confer substantial protection against antifungal agents, thereby contributing to treatment failure and recurrent onychomycosis [6,7,8,9,10].



Fungal biofilms are highly structured, three-dimensional communities of hyphae and conidia embedded within a self-produced extracellular matrix (ECM) [11,12]. Composed of polysaccharides, proteins, extracellular DNA, and lipids, the ECM provides both physical protection and physiological support, promoting adhesion to biotic (nails, hair, and skin) and abiotic surfaces while reducing antifungal penetration [5,13,14,15]. Biofilm formation by dermatophytes follows a sequential developmental pathway. During the initial adhesion phase, conidia and hyphal fragments attach to surfaces within 3–4 h through adhesin-mediated interactions with the substrate [5,10]. This is followed by a maturation stage, typically reaching its peak between 72 and 120 h, characterized by hyphal germination, the establishment of a dense mycelial network, and extensive ECM production [16,17]. Dermatophyte infection of the skin proceeds through a similarly structured invasive sequence. Following initial firm adherence to the stratum corneum, mediated by specialized surface adhesins, the conidia germinate to form hyphae that extend around corneocytes [18,19,20,21]. These hyphae subsequently initiate keratin degradation via sulfitolysis, a chemical reduction of disulfide bonds that facilitates the hydrolytic action of secreted keratinases [22,23]. By breaking down keratin into nutrients, the fungus penetrates deeper into the epidermal layers, establishing a persistent infection and facilitating the dissemination of new fungal propagules [19,24,25].



Given the pronounced antifungal resistance to conventional drugs, natural products, particularly aromatic plants and their essential oils, emerge as promising alternatives or complementary antifungal agents, as their chemical diversity enables multi-target activity against these structures [26,27,28,29,30]. Specifically, terpenes and phenolic compounds disrupt these biofilms through multiple mechanisms, namely by inhibiting hyphal adhesion, disrupting quorum sensing, destabilizing the ECM and eradicating persister cells [31]. Essential oils, complex mixtures of volatile compounds, are widely recognized for their antimicrobial properties [32], making them attractive candidates for diverse biomedical and industrial applications. In the pharmaceutical field, they have been investigated as alternative or complementary antimicrobial agents, particularly for their ability to inhibit microbial growth, disrupt biofilms, and enhance the efficacy of conventional therapies [33,34]. Furthermore, essential oils show considerable potential in cosmetology and food preservation, where they can effectively control microbial contamination while maintaining relatively low toxicity and a limited environmental footprint [35,36,37,38].



The genus Lavandula (Lamiaceae) comprises approximately 40 species of aromatic shrubs, naturally distributed from the North Atlantic and the Mediterranean basin to southern Asia, with its center of diversity located in the western Mediterranean [39,40,41,42]. Lavandula stoechas subsp. luisieri (Rozeira) Rozeira, endemic to the Iberian Peninsula, stands out for its unique phytochemical profile, featuring exclusive necrodanes [43,44,45], alongside proven antimicrobial [46,47,48,49], antioxidant [46,49] and anti-inflammatory [48,50] effects. In traditional medicine, infusions prepared from the aerial parts are taken orally to alleviate heartburn, motion sickness, improve blood circulation, and exert sedative effects, whereas external preparations from fresh or dried material are applied for the treatment of skin disorders and as a nasal decongestant [51]. While L. stoechas subsp. luisieri is well-recognized for its biological properties, the current scientific literature primarily focuses on its efficacy against planktonic microbial states [45,47]. Despite the demonstrated antibiofilm potential for other Lavandula species [52,53,54], specific research evaluating the antibiofilm activity of L. stoechas subsp. luisieri essential oil remains unexplored.



Indeed previous investigations have evaluated the antifungal activity of the essential oil by determining its minimum inhibitory and minimum fungicidal concentrations, as well as its ability to inhibit germ tube formation in Candida albicans. However, whether the essential oil can interfere with dermatophyte biofilm formation and fungal colonization under conditions that more closely mimic the infected tissue environment remains unknown. Addressing these knowledge gaps is particularly important, as biofilm-associated growth and tissue colonization are key determinants of persistent infection and therapeutic failure that are not adequately captured by conventional planktonic susceptibility assays. By integrating these findings, this work aims to advance the development of sustainable therapeutic strategies derived from Iberian endemic resources for the management of dermatophytosis and onychomycosis.




2. Materials and Methods


2.1. Plant Material and Essential Oil Analysis


The plant material used in this study consisted of the aerial parts of L. stoechas subsp. luisieri, collected in Serra da Malcata, Portugal. The collected plant material was allowed to air-dry before essential oil extraction by hydrodistillation for 2 h in a Clevenger-type apparatus, according to the European Pharmacopoeia guidelines [55]. The chemical composition of the essential oil was determined by gas chromatography–mass spectrometry (GC–MS) using a SCION-SQ 456 GC/MS system (Bruker Corporation, Billerica, MA, USA), as previously reported [56].




2.2. Antifungal Activity


2.2.1. Fungal Strains


The antifungal activity of L. stoechas subsp. luisieri essential oil was evaluated against a panel of clinically relevant dermatophytes. Seven fungal strains, including collection and clinical strains, were used, namely Trichophyton mentagrophytes FF7, T. mentagrophytes var. interdigitale CECT 2958, T. rubrum CECT 2794, and T. verrucosum CECT 2992, Microsporum canis FF1, M. gypseum CECT 2908, and Epidermophyton floccosum FF9.



The strains were maintained under appropriate laboratory conditions and cultured on Sabouraud Dextrose Agar (SDA) (Oxoid, Basingstoke, UK) or Potato Dextrose Agar (PDA) (Oxoid, Basingstoke, UK), at 30 °C until sufficient growth was achieved for experimental assays.




2.2.2. Minimum Inhibitory and Minimum Fungicidal Concentrations


The antifungal activity of L. stoechas subsp. luisieri essential oil was evaluated by determining the minimum inhibitory concentration (MIC) and the minimum fungicidal concentration (MFC), using a broth microdilution method in accordance with the guidelines of the European Committee on Antimicrobial Susceptibility Testing (EUCAST), with adaptations for dermatophytes [57].



Fungal inocula were prepared from fresh cultures by suspending the fungal material in a sterile saline solution (0.9% NaCl; B. Braun, Melsungen, Germany). The suspension was adjusted to match the turbidity of a 0.5 McFarland standard using a turbidimeter. Subsequently, a 1:10 dilution in sterile water was performed to obtain a final inoculum concentration of 1–5 × 105 CFU/mL. Then, 100 µL of the standardized inoculum was added to each well of the microtiter plate, resulting in an appropriate final cell density for the antifungal assays. Serial two-fold dilutions of the essential oil were prepared from a stock solution in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA), yielding final concentrations ranging from 800 to 1.56 µg/mL. Appropriate controls were included in each assay, namely a growth control (inoculated medium without essential oil) and a sterility control (medium without fungal inoculum). The absence of inhibitory effects of DMSO at the highest concentration used was also confirmed.



Plates were incubated at 30 °C for 5 days, according to the EUCAST-adapted protocol. The MIC, recorded after 5 days of incubation, was defined as the lowest concentration of essential oil that completely inhibited visible fungal growth. For MFC determination, 20 µL aliquots from wells showing no visible growth were subcultured onto SDA plates and incubated again at 30 °C for the time required for dermatophyte growth. The MFC was defined as the lowest concentration resulting in no visible fungal regrowth after subculture.





2.3. Antibiofilm Effect on Epidermophyton floccosum


2.3.1. Biofilm Formation and Disruption


The antibiofilm activity of L. stoechas subsp. luisieri essential oil was evaluated against Epidermophyton floccosum through biofilm formation and mature biofilm disruption assays, using a concentration range of 800 to 1.56 µg/mL. The assays were performed in 96-well polystyrene microtiter plates, following a methodology based on previously described protocols by Ali et al. [58], with minor modifications optimized by Alves-Silva et al. [52].



For both assays, fungal conidia were initially allowed to adhere to the wells for 3 h at 37 °C. Following removal of non-adherent cells by washing with PBS, biofilms were allowed to develop for 72 h at 37 °C. In the biofilm formation inhibition assay, the essential oil was added immediately after the adhesion phase and maintained throughout the biofilm development period. In the mature biofilm disruption assay, established 72 h-old biofilms were exposed to the same concentration range of the essential oil for an additional 24 h at 37 °C to evaluate its ability to disrupt pre-formed biofilm structures.



In both experimental conditions, three parameters were assessed: biofilm biomass, ECM deposition, and fungal cell viability. All assays were performed in triplicate and repeated in three independent experiments.



Biofilm Biomass Quantification


Biofilm biomass was quantified using the crystal violet staining method under consistent experimental conditions for all samples. After removal of the culture medium, wells were washed with PBS to eliminate non-adherent cells, and residual liquid was carefully removed. Biofilms were then fixed with methanol for 10 min. Subsequently, 100 µL of 0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) solution was added to each well and incubated for 15 min. Excess stain was removed by washing each well twice with sterile water. The bound dye was then solubilized using 150 µL of 33% (v/v) acetic acid. The resulting solution was transferred to new wells, and absorbance was measured at 620 nm using a Multiskan™ FC microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



Biofilm biomass was expressed relative to control as: Biomass (%) = Abs treatment/Abs Control × 100, where Abs treatment corresponds to treated biofilms and Abs Control to untreated biofilms.




Extracellular Matrix Deposition Quantification


ECM deposition was assessed using safranin staining. After medium removal, wells were washed with PBS and residual liquid was eliminated. Safranin solution (0.5%) (Sigma-Aldrich, St. Louis, MO, USA) was then added to stain the ECM components of the biofilm. Following incubation, excess dye was removed by washing, and the bound stain was solubilized with 33% (v/v) acetic acid. Absorbance was measured at 520 nm using a Multiskan™ FC microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).



ECM deposition was expressed relative to control as: ECM (%) = Abs treatment/Abs Control × 100, where Abs treatment represents treated biofilms and Abs Control untreated biofilms.




Fungal Cell Viability Assessment


Metabolic activity of Epidermophyton floccosum biofilms was assessed using the XTT reduction assay. After incubation, the medium was removed and wells were washed with PBS. Subsequently, 100 µL of freshly prepared XTT solution (1 mg/mL supplemented with 4 µM menadione; PanReac AppliChem, Barcelona, Spain) was added to each well. Plates were incubated at 37 °C for 3 h to allow reduction of XTT by metabolically active cells. Absorbance was measured at 450 nm using a MultiskanTM FC microplate spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with the resulting colorimetric signal proportional to fungal metabolic activity.



Viability was expressed relative to control as: Viability (%) = Abs treatment/Abs Control × 100, where Abs treatment corresponds to treated biofilms and Abs Control to untreated biofilms.






2.4. Essential Oil Safety Profile


2.4.1. Cell Culture


Mouse fibroblasts NIH/3T3 (ATCC CRL-1658, Manassas, VA, USA) were used to evaluate the safety profile of the essential oil from L. stoechas subsp. luisieri. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% (v/v) penicillin–streptomycin solution (Sigma-Aldrich, St. Louis, MO, USA).



Cell cultures were maintained in 75 cm2 culture flasks at 37 °C in a humidified atmosphere containing 5% CO2. The culture medium was renewed every 2–3 days, and cells were subcultured at approximately 80% confluence using TrypLE Express (Gibco) for cell detachment. Cell morphology and growth were routinely monitored using an inverted light microscope (VWR VisiScope IT417PH, VWR International, Leuven, Belgium).




2.4.2. Cell Viability


The resazurin-based metabolic assay was used, following previously described methodologies with minor modifications [52,59]. Fibroblasts were seeded into 96-well plates and incubated overnight at 37 °C to allow cell adhesion and stabilization. Subsequently, cells were exposed to serial concentrations of the essential oil (800–6.25 µg/mL) for 24 h. Treatment solutions were prepared from a DMSO stock solution, ensuring that the final solvent concentration remained below 0.5% (v/v).



After the incubation period, the culture medium was removed and cells were gently washed with PBS. Fresh medium containing resazurin solution (500 µM; 1:10 dilution in DMEM) was added, for 2 h at 37 °C. All experiments included untreated controls, solvent controls, and blank wells containing medium without cells. Blank values were subtracted from all experimental conditions prior to data analysis.



Absorbance was measured at 570 nm with 620 nm as the reference wavelength using a MultiskanTM FC microplate spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).



Cell viability was expressed as a percentage relative to the untreated control according to the following equation: Cell viability (%) = Abs_Exp/Abs_CT × 100, where Abs_Exp corresponds to the absorbance difference (570–620 nm) of treated cells, and Abs_CT corresponds to the absorbance difference in untreated cells.





2.5. Ex Vivo Skin Infection Model


Human skin explants were obtained from Biopredic International (Saint-Grégoire, France). Following thawing, 1 cm2 explant sections were transferred to 12-well culture plates and maintained at the air–liquid interface in Dulbecco’s Modified Eagle Medium (DMEM; 12800-017, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and penicillin–streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cultures were incubated at 37 °C in a humidified atmosphere with 5% CO2. Tissue surface was mildly disrupted using sterile needle punctures (9 punctures per sample) to promote fungal adherence to the tissue [60].



To induce infection, 10 µL of a standardized T. rubrum conidial suspension (1–5 × 106 conidia/mL) was applied directly to the epidermal surface of each skin explant. Non-inoculated explants served as negative controls. During the course of the experiment, the culture medium was renewed daily, ensuring maintenance of the air–liquid interface.



Two experimental models were established. In the preventive model, the essential oil was added daily to the culture medium at a concentration of 100 µg/mL starting at the time of infection and continuing for 10 consecutive days. In the therapeutic model, explants were first infected and maintained for 10 days before treatment was initiated; thereafter, essential oil was added daily to the culture medium for an additional 10 day-period. Throughout the experiment, the culture medium was renewed daily while maintaining air–liquid interface conditions. For scanning electron microscopy (SEM), samples were fixed in glutaraldehyde 2.5% prepared in cacodylate buffer 0.1 M, washed with the same buffer and mounted on aluminum stubs using double-sided carbon adhesive tabs. Observations were performed using a FlexSEM 1000 (Hitachi, Tokyo, Japan) operating in variable-pressure mode and equipped with a cryo-stage. Images were acquired at an accelerating voltage of 15 kV.





3. Results


3.1. Phytochemical Profile of L. stoechas subsp. luisieri Essential Oil


The essential oil was characterized by high amounts of trans-α-necrodyl acetate (19.1%), followed by lavandulyl acetate (13.6%), camphor (8.8%), 1,8-cineole (6.1%), and trans-α-necrodol (5.3%). These results indicate that the oil is mainly characterized by oxygenated monoterpenes, particularly necrodyl derivatives and acetate esters, as previously reported by our team [56].




3.2. Antifungal Effect of L. stoechas subsp. luisieri Essential Oil on Planktonic Fungi


3.2.1. Minimum Inhibitory Concentration and Minimum Fungicidal Concentration


The essential oil of L. stoechas subsp. luisieri exhibited relevant antifungal activity against all tested dermatophyte strains, with MIC values ranging from 12.5 to 100 µg/mL and MFC values between 12.5 and 200 µg/mL (Table 1). Trichophyton verrucosum CECT 2992 was the most susceptible strain, showing both MIC and MFC values of 12.5 µg/mL, indicating a strong fungicidal effect. High susceptibility was also observed for Epidermophyton floccosum FF9 and Trichophyton mentagrophytes var. interdigitale CECT 2958, with MIC values ranging from 25 to 50 µg/mL. For E. floccosum, MIC values were identical to MFC values (25–50 µg/mL), suggesting a fungicidal effect of the essential oil against this strain.



The remaining dermatophytes, including Microsporum canis FF1, M. gypseum CECT 2908, T. mentagrophytes FF7, and T. rubrum CECT 2794, showed MIC values between 50 and 100 µg/mL and MFC values between 100 and 200 µg/mL. Overall, these results demonstrate a consistent and dose-dependent antidermatophytic activity of L. stoechas subsp. luisieri essential oil.




3.2.2. Fungal Morphological Alterations


Optical microscopy analysis was performed to further evaluate the effects of L. stoechas subsp. luisieri essential oil on the morphological structure of the tested dermatophytes. Representative images of untreated (DMSO), and treated fungi with sub-inhibitory concentration (MIC/2), and inhibitory concentrations (MIC) of the essential oil were obtained for all seven fungal species analyzed.



As observed in Figure 1, untreated fungi exhibited the typical morphology of dermatophytes, characterized by well-developed, continuous, and organized hyphal structures forming dense and structured mycelial networks. On the other hand, fungi exposed to the essential oil at MIC/2 displayed morphological abnormalities, including diminished mycelial density and the formation of irregular, and partially collapsed hyphal structures. At MIC values of the essential oil, as expected, a marked inhibitory effect was observed, with a pronounced reduction or complete absence of visible fungal growth compared to the control. In most cases, the mycelial architecture was severely compromised, preventing the formation of organized hyphal networks. These observations are consistent with the antifungal activity previously determined in the MIC and MFC assays, confirming a concentration-dependent morphological response of dermatophytes to L. stoechas subsp. luisieri essential oil.





3.3. Antibiofilm Effect of L. stoechas subsp. luisieri Essential Oil on Epidermophyton floccosum


3.3.1. Antifungal Effects of L. stoechas subsp. luisieri Essential Oil on Immature Biofilms


The effect of the essential oil on immature E. floccosum biofilms was evaluated by quantifying biomass formation, ECM deposition, and fungal viability across a concentration range from 800 to 1.56 µg/mL, allowing comparison of the antibiofilm activity across the tested concentration range. The essential oil exerted a concentration-dependent effect on biofilm development, with a differential response observed among the evaluated parameters. Representative microscopic images of biofilm structure across the tested concentrations are shown in Figure 2A, illustrating the progressive recovery of biofilm development at lower concentrations.



Regarding biofilm biomass a significant reduction was observed up to 25 µg/mL (reductions exceeding approximately 70%). Significant inhibitory effects were also observed at 25 and 12.5 µg/mL, with statistically significant differences compared to the untreated control. From 25 µg/mL onwards, a progressive recovery was observed, although values remained below the control (Figure 2B).



Interestingly, ECM was highly affected, with near-complete inhibition observed between 800 and 50 µg/mL (approximately 80–95% reduction). At 25 µg/mL, a significant reduction was still detected (~50% of the control), whereas at lower concentrations ECM progressively approached control values (Figure 2C).



Fungal cell viability also exhibited a concentration-dependent response, with a marked reduction observed up to 50 µg/mL. From 25 µg/mL and below, cell viability was similar to that observed in untreated biofilms (Figure 2D). Overall, L. stoechas subsp. luisieri essential oil demonstrated a concentration-dependent inhibitory effect on the development of immature E. floccosum biofilms, with ECM deposition being the most sensitive parameter.




3.3.2. Antifungal Effects of L. stoechas subsp. luisieri Essential Oil on Mature Biofilms


The potential of the essential oil to interfere with mature E. floccosum biofilms was evaluated using the same concentration range previously tested in the biofilm formation assay (800 to 1.56 µg/mL), allowing comparison of its efficacy at different stages of biofilm development. Overall, the essential oil exhibited limited activity in disrupting mature biofilms, with most evaluated parameters remaining close to control levels across the tested concentrations (Figure 3). Nevertheless, ECM deposition was the most affected parameter, showing a more evident reduction at higher concentrations, although a progressive recovery was observed at intermediate and lower concentrations (Figure 3C). On the other hand, biofilm biomass showed only a slight reduction at the highest concentration tested, whereas at the remaining conditions values were comparable to those of the control. Cell viability remained unchanged under all tested conditions, suggesting that the essential oil does not significantly impair the metabolic activity of cells within mature biofilms. Overall, these results indicate that L. stoechas subsp. luisieri essential oil has limited ability to disrupt mature E. floccosum biofilms, contrasting with the more pronounced inhibitory effects observed during the biofilm formation stage.





3.4. Potential of L. stoechas subsp. luisieri Essential Oil on an Ex Vivo Model of Trichophyton rubrum-Induced Dermatophytosis


Two experimental approaches were conducted: a preventive assay, in which the essential oil was applied at the same time as infection, and a therapeutic assay, in which fungal growth was allowed to proceed for 10 days before the essential oil was added for an additional treatment period. In the first, macroscopic and microscopic analysis of the skin (Figure 4) revealed marked differences between control and treated samples. In untreated controls, a dense hyphal network was observed extending from the central infection site to the peripheral border regions of the skin, indicating extensive fungal dissemination across the tissue. In contrast, samples treated with the essential oil showed hyphal growth that remained dense in the central infected area but did not extend towards the surrounding border regions. This pattern suggests a reduction in fungal spread and an inhibitory effect on dissemination within the skin model.



In the second assay (Figure 4) although hyphal growth was still observed extending to the peripheral regions, a less pronounced extracellular matrix deposition was observed in the central infection site, suggesting a partial effect of the treatment on biofilm organization.




3.5. Safety Profile of L. stoechas subsp. luisieri Essential Oil on Skin Fibroblasts


Cell viability was assessed using the resazurin assay after exposing 3T3 fibroblasts to the essential oil (800–6.25 µg/mL). Although statistically significant reductions were observed up to 50 µg/mL, cell viability remained above 80% at concentrations ≤100 µg/mL, which is indicative of low cytotoxicity. More pronounced, dose-dependent decreases in viability were only observed at higher concentrations (200–800 µg/mL; Figure 5).





4. Discussion


Species belonging to the Lavandula genus have long been recognized for their historical, medicinal, and economic importance, being widely used since antiquity for food preservation, flavoring, and the treatment of several health conditions, including wound healing and microbial infections [61,62]. The increasing global demand for lavender-derived products has intensified agronomic interest in their cultivation, particularly regarding the optimization of biomass production, essential oil yield, and chemical quality through breeding and cultivation strategies [63].



While some lavender species like Lavandula angustifolia are globally recognized and widely used in cosmetic, aromatherapy, and pharmaceutical products due to their well-established safety profile and favorable organoleptic properties [64], other species like L. stoechas subsp. luisieri remain comparatively underexplored. Indeed, this species is still relatively understudied despite its distinctive phytochemical composition, particularly its richness in necrodane derivatives associated with promising biological activities [65].



In the present study, chemical analysis revealed a predominance of oxygenated monoterpenes, particularly trans-α-necrodyl acetate, lavandulyl acetate, camphor, 1,8-cineole, and trans-α-necrodol. This composition is consistent with previous studies on this species, in which necrodane derivatives were identified as characteristic constituents of L. stoechas subsp. luisieri essential oil [47,48,66].



Interestingly, trans-α-necrodyl acetate, a major constituent of L. stoechas subsp. luisieri essential oil, has recently been identified as a minor sex pheromone component of the invasive mealybug Delottococcus aberiae, exhibiting male attractant activity with potential applications in citrus pest management [67]. This represents an example of a plant-derived secondary metabolite simultaneously functioning as an insect semiochemical [68], reinforcing the biochemical relevance of necrodyl derivatives and suggesting that this Lavandula species may constitute a viable botanical source for the isolation and further bioprospection of this compound.



Regarding antifungal activity, the essential oil exhibited MIC values ranging from 12.5 to 100 µg/mL and MFC values ranging from 12.5 to 200 µg/mL against the dermatophytes tested. Among the species evaluated, Trichophyton verrucosum showed the highest susceptibility, presenting identical MIC and MFC values (12.5 µg/mL), suggesting a particularly effective fungicidal action. High susceptibility was also observed for Epidermophyton floccosum and Trichophyton mentagrophytes var. interdigitale.



Compared with the standard antifungal drug, fluconazole, the antifungal activity of the essential oil against dermatophytes is particularly relevant [69]. Indeed, fluconazole has shown MIC values of 128 µg/mL against Microsporum canis FF1, M. gypseum CECT 2908, and Trichophyton mentagrophytes var. interdigitale CECT 2958, whereas the essential oil exhibited substantially lower MIC values ranging from 50 to 100 µg/mL for the same strains. Similarly, T. verrucosum CECT 2992 showed MIC and MLC values of 12.5 µg/mL for the essential oil, whereas fluconazole presented MIC values higher than 128 µg/mL, indicating lower susceptibility to the azole standard antifungal [69].



L. stoechas subsp. luisieri essential oil also demonstrated a relevant fungicidal profile, as evidenced by the MFC/MIC ratios obtained for most dermatophyte strains. According to the commonly accepted criterion in which MFC/MIC ratios ≤4 are indicative of fungicidal activity [70], the essential oil exhibited fungicidal effects against all tested dermatophytes. In particular, T. verrucosum CECT 2992 showed an MFC/MIC ratio of 1, with identical MIC and MLC values (12.5 µg/mL), while E. floccosum FF9 and T. mentagrophytes FF7 also presented ratios ranging from 1 to 2, supporting a fungicidal mechanism.



These findings are consistent with our previous study demonstrating that L. stoechas subsp. luisieri essential oil containing higher levels of trans-α-necrodyl acetate exhibited enhanced antifungal activity against dermatophytes, as evidenced by lower MIC values (0.16–0.32 µL mL−1) compared with samples containing lower concentrations of this compound [71]. Overall, these findings suggest that elevated levels of necrodyl derivatives in the essential oil, particularly trans-α-necrodyl acetate and trans-α-necrodol, may contribute not only to the antidermatophytic activity but also to the inhibitory effect on biofilm formation. Given that essential oils are complex mixtures comprising numerous constituents, this interpretation should be approached with caution, as the contribution of other compounds and potential synergistic or antagonistic interactions among them cannot be ruled out. Indeed, the biological activity of essential oils is generally regarded as the result of a combined action of several constituents rather than that of a single compound. Previous studies have suggested that synergistic interactions may play an important role in essential oils’ antidermatophytic effects [72,73,74]. In particular, essential oils rich in oxygenated monoterpenes have been consistently associated with antifungal activity against filamentous fungi, particularly due to their ability to interfere with fungal growth, hyphal organization, and cellular integrity [75,76,77]. Among these compounds, 1,8-cineole deserves particular attention due to its reported antifungal properties. Shahina et al. (2023) have demonstrated that this monoterpene can interfere with fungal cellular organization by affecting cytoskeletal dynamics and morphogenetic processes, which may impair hyphal development and reduce the ability of fungal cells to adhere and form structured biofilms [78].



The morphological alterations observed by optical microscopy were consistent with the results obtained in the susceptibility assays. Exposure to the essential oil led to a progressive reduction in mycelial development, particularly evident at the MICs, where marked inhibition of fungal growth and loss of the typical organization of hyphal structures were observed. These findings corroborate the antifungal activity demonstrated by the MIC and MFC assays and indicate a concentration-dependent response. Since hyphal organization is required for dermatophyte colonization and invasion of keratinized tissues [79,80,81], the structural disorganization observed at the MICs may also reflect reduced fungal virulence and proliferation capacity.



The ability of dermatophytes to form biofilms has been widely recognized as an important factor associated with infection persistence and reduced efficacy of conventional antifungal treatments [10,82,83,84]. Epidermophyton floccosum was selected as the experimental model because it is a clinically relevant dermatophyte with a well-documented ability to form homogeneous and reproducible biofilms in vitro, making it particularly suitable for standardized antibiofilm assays [85,86]. As this was a proof-of-concept study, the antibiofilm activity of L. stoechas subsp. luisieri essential oil was evaluated in a single, well-characterized dermatophyte model. Therefore, these findings should be interpreted specifically for E. floccosum, and future studies should determine whether similar effects are observed in other clinically relevant dermatophyte species.



The results demonstrated that L. stoechas subsp. luisieri essential oil exerted a marked effect during the biofilm formation stage. ECM deposition was the most affected parameter, followed by biomass and cell viability. Between 800 and 50 µg/mL, substantial reductions in these parameters were observed, highlighting the ability of the essential oil to interfere with the early stages of biofilm development. These findings suggest that the essential oil may be particularly effective in preventing the establishment of these organized fungal communities. However, the antibiofilm effects did not directly correlate with the MIC values, as MIC assays evaluate inhibition of planktonic fungal growth, whereas biofilm assays assess more complex processes, including biomass accumulation, ECM production, and biofilm-associated cell viability. In the present study, inhibition of biofilm formation required slightly higher concentrations than those affecting planktonic growth, which is consistent with the increased tolerance of biofilm-associated cells and the structural complexity of fungal biofilms. Therefore, the antifungal activity observed in planktonic conditions cannot be directly extrapolated to predict antibiofilm efficacy.



In contrast, the activity observed against mature biofilms was considerably lower. Although some reduction in ECM deposition was detected at the highest concentrations tested, the effects on biomass and cell viability were limited. A similar trend has been described for dermatophyte biofilms, in which established biofilms exhibit lower susceptibility to antifungal agents than developing biofilms [10,87]. These results therefore reinforce the importance of intervention during the initial stages of fungal colonization, before biofilm-associated mechanisms are fully established.



The lower susceptibility observed in mature biofilms may be partially explained by the presence of a structured extracellular matrix, which acts as a physical barrier limiting the penetration of antifungal compounds [88,89]. Furthermore, biofilm-associated stress-response mechanisms have been reported to contribute to the increased tolerance of mature fungal biofilms to antimicrobial agents [90,91,92]. This pattern is consistent with observations that plant essential oils generally exert greater efficacy during the preventive stage of biofilm development than in the therapeutic disruption of already structured biofilms [26,59,93].



To the best of our knowledge, no studies have specifically evaluated the antibiofilm activity of L. stoechas subsp. luisieri essential oil against dermatophytes. Nevertheless, recent studies have shown that other species of the genus Lavandula are capable of interfering with microbial biofilm formation. Alves-Silva et al. [52] reported significant antibiofilm activity for Lavandula multifida essential oil, highlighting the potential of this botanical genus as a source of bioactive compounds for the prevention of biofilm-associated infections. Similarly, Santos et al. [94] demonstrated that Lavandula dentata essential oil exhibited greater efficacy during the early stages of biofilm development than against mature biofilms, with significant inhibition of biofilm formation observed at concentrations ranging from MIC/2 to MIC × 2, whereas a substantially higher concentration (MIC × 5) was required to affect pre-formed biofilms.



Therefore, the present findings contribute to expanding the current knowledge regarding the antifungal potential of L. stoechas subsp. luisieri, particularly in the context of dermatophyte biofilms. Although obtained under in vitro conditions, the ability of the essential oil to interfere with biofilm establishment on inanimate surfaces suggests potential applications beyond direct antifungal therapy. Previous works have demonstrated that essential oils can be incorporated into antifungal coatings for medical devices and hospital-contact abiotic surfaces, reducing risks of fungal biofilm colonization [95,96,97,98], which is of particular interest in the prevention of hospital-associated infections.



In the ex vivo skin infection model, T. rubrum was selected due to its clinical relevance as the predominant causative agent of human dermatophytosis and onychomycosis, as well as its well-established ability to colonize keratinized tissues. Overall, L. stoechas subsp. luisieri essential oil demonstrated a clear impact on fungal behavior within a tissue-relevant environment. In the preventive approach, the oil effectively limited radial dissemination of T. rubrum across the epidermal surface, with hyphal growth largely confined to the central inoculation site, suggesting interference with early colonization events and fungal propagation. In contrast, in the therapeutic model, where infection was already established, the essential oil showed a more limited effect on fungal extension, although a noticeable reduction in ECM deposition was observed at the infection site. Importantly, these effects occurred at concentrations that were non-cytotoxic to mammalian fibroblasts, supporting the safety profile of the essential oil. Together, these findings reinforce the relevance of early intervention and suggest higher efficacy in preventing rather than reversing established dermatophytic infection.



Although human skin was available and employed in the present study, porcine skin models have been widely used in dermatological research due to the limited availability of human samples and ethical constraints associated with human experimentation [99]. However, the use of human ex vivo skin is particularly relevant for T. rubrum, an anthropophilic dermatophyte adapted to human hosts, as it better reproduces its natural infection environment [100]. Current evidence on essential oils in antifungal therapy remains largely restricted to in vitro studies, whereas ex vivo and in vivo models are still scarce [101]. Therefore, the present study addresses this gap by demonstrating, in a human ex vivo model, both preventive effects on fungal dissemination and partial therapeutic effects on established infection.



Although Prasad et al. [102] used an in vivo guinea pig model, comparison remains relevant, particularly regarding fungal maturity and treatment response. In the present study, therapy was initiated after 10 days of fungal growth, when dense hyphal networks and ECM deposition were already established, conditions associated with increased tolerance. In contrast, Prasad et al. [102] initiated treatment earlier and maintained therapy for longer periods, which may explain their stronger antifungal response.



Importantly, the concentration of 100 µg/mL did not exhibit cytotoxic effects in fibroblasts while maintaining antifungal activity, highlighting the potential of L. stoechas subsp. luisieri essential oil as a promising pharmaceutical ingredient. These results partially contrast with previous reports of higher cytotoxicity in NHDF cells exposed to oils rich in necrodane derivatives, such as trans-α-necrodyl acetate [45]. In the present study, despite the presence of this compound (≈19%), no significant reduction in fibroblast viability was observed, which may be attributed to differences in chemical composition, cell models, and methodological approaches (resazurin vs. MTT assays). Although 3T3 fibroblasts represent a relevant mammalian model for cytotoxicity evaluation, further studies using human skin-derived cell models would be valuable to confirm its safety for topical applications.



The results obtained demonstrate that L. stoechas subsp. luisieri essential oil possesses relevant antidermatophytic activity, particularly during the early stages of biofilm development. The combination of fungal growth inhibition and interference with biofilm formation further supports the interest in this Iberian endemic species as a source of bioactive compounds with potential relevance for the management of dermatophytosis. Although fluconazole was used as the reference antifungal to enable comparison with previously published susceptibility data for the same dermatophyte strains, future studies should include first-line antifungal agents, particularly terbinafine and itraconazole, to provide a more clinically relevant assessment of the therapeutic potential of L. stoechas subsp. luisieri essential oil.



Nevertheless, despite these promising biological properties and their potential therapeutic applications, the translation of essential oils from laboratory research to large-scale industrial use still faces important technological and economic challenges. Their chemical composition is strongly influenced by factors such as geographical origin, climatic conditions, harvesting season, and extraction methods, which may compromise batch-to-batch reproducibility and biological consistency [103]. Furthermore, essential oils are highly volatile and susceptible to oxidation and degradation by light, oxygen, and temperature, reducing their stability during storage and formulation [104,105,106]. An additional limitation is the relatively low essential oil yield, which may increase production costs and hinder large-scale manufacturing [107,108]. Therefore, standardized cultivation and extraction procedures, as well as quality control protocols, together with comprehensive toxicological and stability studies, remain essential before these natural products can be widely implemented in industrial settings.



The industrial application of essential oils for biofilm control faces further challenges, including regulatory constraints and the scarcity of studies evaluating their efficacy under real industrial conditions. Factors such as scalability, long-term stability, compatibility with manufacturing processes, and the reproducibility of antibiofilm activity must still be thoroughly investigated. Consequently, although essential oils represent promising alternatives for controlling microbial biofilms, further technological development and validation studies are required to support their widespread industrial adoption.



Future studies incorporating objective metrics for fungal burden assessment, together with in vivo models of dermatophytosis, will be important to further understand the antifungal potential of L. stoechas subsp. luisieri essential oil.




5. Conclusions


The essential oil of L. stoechas subsp. luisieri displays relevant antidermatophytic activity against all tested dermatophytes, as well as the ability to interfere with immature biofilm formation. The observed activity was superior to fluconazole for several strains, supporting the potential of this oil as a natural alternative for dermatophytosis treatment, aligning with the traditional use of lavender species for skin care, and wound healing.



The phytochemical profile, dominated by oxygenated monoterpenes, particularly necrodyl acetate and necrodol, confirms the chemical uniqueness of the species and suggests that these constituents contribute to its biological activity. Morphological alterations in hyphae and inhibition of the biofilm ECM indicate mechanisms of action that affect both fungal viability and colonization capacity.



Moreover, this study demonstrates that the essential oil exerts relevant antifungal effects in a skin infection model, with a clear impact on fungal dissemination in the preventive approach and a partial but notable effect on biofilm architecture in the post-infection setting. Importantly, these effects were observed at concentrations that were considered safe, as they did not compromise fibroblast viability. Together, these findings highlight the potential of the essential oil as a promising natural agent for the control of dermatophytic infections, particularly in the early stages of infection and in limiting tissue colonization.



Despite the economic and scientific potential for phytocosmetic and dermatological products, further studies to translate its traditional skin applications into drug delivery systems are warranted. Future research should focus on formulation development, stability, and safety assessments, including incorporation into systems such as cyclodextrin structures, nanotechnology-based carriers, and other topical delivery platforms to enhance efficacy, controlled release, and skin penetration for health applications. In addition, the combination of essential oils with conventional antifungal drugs or nanoparticle-based systems represents a promising strategy to improve therapeutic efficacy and facilitate their pharmaceutical and industrial application.
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Abbreviations


The following abbreviations are used in this manuscript:



	CECT
	Colección Española de Cultivos Tipo



	CFUs
	Colony-Forming Units



	DMEM
	Dulbecco’s Modified Eagle Medium



	DMSO
	Dimethyl Sulfoxide



	ECM
	Extracellular Matrix



	EPSs
	Extracellular Polymeric Substances



	EUCAST
	European Committee on Antimicrobial Susceptibility Testing



	FBS
	Fetal Bovine Serum



	GC–MS
	Gas Chromatography–Mass Spectrometry



	MFC
	Minimum Fungicidal Concentration



	MIC
	Minimum Inhibitory Concentration



	MTT
	3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide



	NHDFs
	Normal Human Dermal Fibroblasts



	OCT
	Optimal Cutting Temperature



	PAS
	Periodic Acid–Schiff



	PBS
	Phosphate-Buffered Saline



	PDA
	Potato Dextrose Agar



	RI
	Retention Index



	SDA
	Sabouraud Dextrose A



	SEM
	Scanning Electron Microscopy



	XTT
	2,3-Bis(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide
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Figure 1. Optical microscopy images of dermatophyte strains exposed to L. stoechas subsp. luisieri essential oil, illustrating a concentration-dependent morphological response. The untreated control corresponds to fungal cells exposed to DMSO at the highest concentration used in essential oil dilution, while MIC/2 represents sub-inhibitory exposure and MIC the inhibitory concentration as determined in Table 1. Scale bar: 20 µm. 
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Figure 2. Immature biofilms of Epidermophyton floccosum, untreated (control) or exposed to L. stoechas subsp. luisieri essential oil. (A) Representative microscopic images of biofilms across the tested concentrations. (B) Quantification of biofilm biomass. (C) Quantification of extracellular matrix deposition. (D) Assessment of cell viability. Results are expressed as mean ± standard error of the mean of at least three independent experiments. Statistical analysis is performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. Statistical significance is indicated as **** p < 0.0001, compared to the control group. Scale bar = 100 µm. 
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Figure 3. Mature biofilms of Epidermophyton floccosum, untreated (control) or exposed to L. stoechas subsp. luisieri essential oil. (A) Representative microscopic images of biofilms across the tested concentrations. (B) Biofilm biomass after treatment. (C) Extracellular matrix production. (D) Cell viability. Results are expressed as mean ± standard error of the mean of at least three independent experiments. Statistical analysis is performed using one-way ANOVA followed by Dunnett’s multiple comparisons test. Scale bar = 100 µm. 
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Figure 4. Preventive and therapeutic effects of L. stoechas subsp. luisieri essential oil (100 µg/mL) against Trichophyton rubrum infection in an ex vivo skin model. Macroscopic analysis of infected skin sections: untreated controls after 10 days (A) and 20 days (I), and samples treated with the essential oil either during the first 10 consecutive days of infection (E) or during the last 10 days of the 20-day infection period (M). Scanning electron microscopy (SEM) images of reconstructed skin sections, showing untreated controls after 10 days (B) and 20 days (J), and samples treated with the essential oil either during the first 10 consecutive days of infection (F) or during the last 10 days of the 20-day infection period (N); scale bars = 150 nm. Zoomed-in views of the central infection site and surrounding border region under the referred experimental conditions, including untreated controls after 10 days (C,D) and 20 days (K,L), and essential oil-treated samples during the first (G,H) or last (O,P) 10 days of the 20-day infection period; bars = 150 nm. The cropped images are enlarged views of zoom-ins: white arrow—fungal hypha, red arrow—extracellular matrix deposition; blue arrow—interwoven hyphal network; and bars = 50 nm. 
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Figure 5. Effect of L. stoechas subsp. luisieri essential oil on 3T3 fibroblast viability assessed by the resazurin assay. Results are expressed as mean ± standard error of the mean from at least three independent experiments. Statistical analysis is performed using one-way ANOVA followed by Dunnett’s multiple comparisons test to compare each treatment group with the untreated control. Statistical significance is indicated as * p < 0.05, ** p < 0.01, and **** p < 0.0001 versus control. The dashed horizontal line represents the untreated control, normalized to 100% cell viability. 
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Table 1. Antifungal activity of L. stoechas subsp. luisieri essential oil.
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Strains

	
Essential Oil




	
MIC

	
MFC






	
Epidermophyton floccosum FF9

	
25–50

	
25–50




	
Microsporum canis FF1

	
50–100

	
200




	
Microsporum gypseum CECT 2908

	
50–100

	
100–200




	
Trichophyton mentagrophytes FF7

	
50–100

	
100–200




	
Trichophyton mentagrophytes var. interdigitale CECT 2958

	
25–50

	
100




	
Trichophyton rubrum CECT 2794

	
50–100

	
100–200




	
Trichophyton mverrucosum CECT 2992

	
12.5

	
12.5








Data are expressed in µg/mL. MIC, minimum inhibitory concentration; MFC, minimum fungicidal concentration. Values represent the range obtained from independent experiments (n ≥ 3). When concordant MIC/MFC values were obtained among replicates, a single value was assigned; when no unique endpoint could be established after confirmation assays, the observed concentration range was reported.
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