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Dandruff is a chronic scalp condition and the mildest form of seborrheic dermatitis, associated with microbial dysbiosis primarily involving Malassezia furfur and Staphylococcus epidermidis. Conventional anti-dandruff treatments are often limited by recurrence and reliance on synthetic antifungal agents. This study aimed to develop and evaluate a synergistic, oil-based herbal formulation with antimicrobial activity against dandruff-causing microorganisms. The herbal constituent, Eucalyptus citriodora (EC) oil, individually signifies its efficacy against key dandruff-causing microbes, while Centella asiatica and Wedelia trilobata were included for their complementary bioactive and skin-healing properties. A total of three formulations (F1, F2, and F3), containing 8, 10, and 12% EC oil, respectively, were tested for antimicrobial efficacy. The optimized formulations (F2 and F3) exhibited significant antimicrobial activity, resulting in 1.8–1.9-fold and 2.0–2.5-fold reductions in M. furfur and S. epidermidis cell viability, respectively. Fluorescence-based LIVE/DEAD viability assays and scanning electron microscopy (SEM) confirmed membrane disruption and structural damage in the treated cells of M. furfur. In addition, molecular docking and dynamics simulations demonstrated strong binding affinities of Eucalyptus citriodora oil constituents toward lanosterol 14α-demethylase (LDM), suggesting disruption of the ergosterol biosynthesis pathway as a plausible antifungal mechanism. The obtained findings indicated that the formulated herbal combination exerts a multi-targeted antimicrobial effect and represents a promising natural alternative for controlling microbial populations involved in dandruff pathogenesis.
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GRAPHICAL ABSTRACT
 Herbal formulation process combining Centella asiatica, Wedelia trilobata, and Eucalyptus citriodora. Analysis includes antimicrobial activity against M. furfur and S. epidermidis, GC and HPLC profiles, molecular docking, RMS fluctuation, confocal microscopy of three formulations, and SEM images.




1 Introduction

Dandruff, a prevalent scalp disorder, manifests as flaky white to yellowish scales and can progress to infections in areas such as the eyebrows and behind the ears, accompanied by itchy, flaking skin without visible inflammation (Chaiyana et al., 2022). It represents the mildest form of seborrheic dermatitis, affecting nearly half of the global population (Grimshaw et al., 2019; Newton-Fenner et al., 2025; Yu et al., 2025) and impacting over 50% of adults at some stage (Sowell et al., 2022; Polaskey et al., 2024). This condition imposes a significant economic burden, with annual expenditures exceeding $300 million on over-the-counter dandruff products (Güner et al., 2021; Alsmeirat et al., 2022; Jain et al., 2022). Dandruff’s etiology involves both non-microbial and microbial factors, along with genetic predispositions. Non-microbial factors include scalp damage, susceptibility to oleic acid, and dry scalp conditions, which can eventually lead to microbial factors (Borda and Wikramanayake, 2015). The causal organism of dandruff, Malassezia sp., is the primary microbial factor, whose pathogenicity can be influenced by stress, fatigue, weather extremes, immunosuppression, and neurological disorders of the host (Rudramurthy et al., 2014). In addition, bacteria such as Staphylococcus epidermidis and Propionibacterium acnes also contribute to dandruff onset (Clavaud et al., 2013; Xu et al., 2016).

Current therapeutic strategies for dandruff rely heavily on synthetic antifungal agents (e.g., ketoconazole), keratolytics, and antimicrobial agents such as zinc pyrithione, selenium sulfide, and imidazole derivatives (Sharma et al., 2013). Moreover, chemical-based oil formulations are relatively less, and many synthetic products are marketed as shampoo. However, prolonged use of such agents has been associated with adverse effects including irritation, dryness, and the potential for resistance (Güner and İlhan, 2020). Despite various chemical-based anti-dandruff market products, effectively suppressing Malassezia sp. and preventing dandruff recurrence remains challenging. Consequently, there is a growing interest in developing plant-derived therapeutics, which offer safer, sustainable, and effective alternatives.

Medicinal plants have been recognized for their therapeutic properties in traditional systems of medicine. In Ayurveda, the use of numerous botanicals for treating a wide range of diseases and disorders has been long documented (Patwardhan, 2000). These claims have been validated through modern analytical tools and in vivo and clinical studies (Mukherjee et al., 2017). Medicinal plants such as Aloe vera, Eclipta alba, Wedelia trilobata, Eucalyptus sp., Sapindus sp., and L. inermis have been used for their benefits in hair care (Gupta et al., 2010).

Centella asiatica, from the Apiaceae family, is traditionally used in Southeast Asia for treating skin diseases and inflammation (Yu et al., 2007). Asiaticoside, its main active constituent, shows significant wound-healing activity (Shukla et al., 1999). In a study on hair growth, the titrated extract of C. asiatica increased the sphere size of 3D spheroid-cultured human dermal papilla cells and enhanced hair-growth-related genes (Choi et al., 2017). Similarly, the genus Wedelia (Asteraceae), known as ‘Peet Bhringraj,’ is used for skin diseases and alopecia. Its leaves are used for dyeing grey hair, promoting hair growth, and treating alopecia (Nithin Manohar et al., 2011). Essential oil of Eucalyptus citriodora (EC) has been shown to possess significant antifungal, anticandidal, and antibacterial activities (Ramezani et al., 2002; Li et al., 2022; El-Sakhawy et al., 2023). Its strong antioxidant activity is attributed to monoterpenoids such as citronellal (Singh et al., 2012).

This study aims to formulate and scientifically validate a synergistic plant-based herbal blend and assess its efficacy against dandruff-causing microorganisms. Mechanistic insights were explored using in silico molecular docking and dynamics simulations targeting fungal ergosterol biosynthesis enzymes, while structural alterations in treated microbial cells were examined through confocal and scanning electron microscopy. The findings suggest that the developed formulation is an effective plant-based alternative for managing dandruff and preventing its recurrence by reducing dandruff-causing microorganisms.



2 Materials and methods


2.1 Experimental materials

The experimental setups, raw materials of the selected herbal leads, extraction protocols, and dandruff-causing microbes incorporated in the present investigation are detailed in the Supplementary material.



2.2 Pre-formulation studies


2.2.1 Antimicrobial activity of the selected herbal leads

The antimicrobial activity of Centella asiatica, Wedelia trilobata, and Eucalyptus citriodora oil (EC oil) was evaluated using the agar well diffusion assay (Magaldi et al., 2004) with minor modifications. Briefly, crude extracts of C. asiatica and W. trilobata were dissolved in DMSO to obtain final concentrations of 20, 40, 60, and 80 mg mL−1, while EC oil was prepared at concentrations ranging from 3 to 14% (v/v). A 100 μL aliquot of freshly prepared broth cultures of Malassezia furfur and Staphylococcus epidermidis was spread uniformly on the surface of Dixon’s agar (Himedia, India) and nutrient agar (Himedia, India) plates, respectively. Thereafter, 6 mm-diameter wells (as per the experimental design) were aseptically created with the help of a sterile cork borer. Different concentrations (abovementioned) of the selected herbal extracts and oil (100 μL) were then aseptically added to the wells, and the plates were kept in a laminar flow hood until the plant extracts were completely diffused into the wells. Plates inoculated with M. furfur were incubated at 30 ± 2 °C for 5–7 days to allow visible lawn formation, whereas those inoculated with S. epidermidis were incubated at 28 ± 2 °C for 24 h. The diameter (in mm) of inhibition zones around the well was measured to evaluate the antimicrobial efficacy of herbal leads. All assays were conducted in triplicate, and mean inhibition values were recorded.



2.2.2 Preparation of different formulations from the herbal ingredients

The extracts of C. asiatica, W. trilobata, and EC oil were blended in specified ratios (based on primary screening) to prepare formulation 1 (3% C. asiatica, 4% W. trilobata, 8% EC oil), formulation 2 (5% C. asiatica, 3% W. trilobata,10% EC oil), and formulation 3 (5% C. asiatica, 4% W. trilobata,12% EC oil).




2.3 Post-formulation studies


2.3.1 Anti-dandruff activity of the formulated oil

The antifungal efficacy of the formulated oil, comprising a blend of the three herbal components, was similarly assessed using the agar well diffusion assay. In addition, different strategic experiments were executed to further examine the efficacy of the different combinations of the formulated oil.



2.3.2 Preparation of microbial inoculum and treatments

Dandruff-causing microbes, such as M. furfur and S. epidermidis, were separately cultured in Sabouraud Dextrose Broth (SDB) and Nutrient Broth (NB), followed by incubation at 30 ± 2 °C (for M. furfur) and 28 ± 2 °C (for S. epidermidis) under their respective growth conditions. Spores/cells of microbial growth were harvested through centrifugation at 12000 rpm for 10 min, washed twice in saline (0.8%NaCl), and re-suspended to achieve the standardized inoculum densities of 2×105 spores/cells ml−1 (M. furfur) and 1×108 CFU ml−1 (S. epidermidis), respectively.

The treatments were as follows: formulations 1, 2, and 3 (F1, F2, and F3; different permutation combinations of the selected herbal leads), along with two anti-fungal standards (Standard 1: 50 mg ketoconazole; Standard 2; 50 mg fluconazole) and two commercially available herbal anti-dandruff market products (MP1 and MP2) containing plant-derived components such as rosemary, tea tree oil, neem, and other herbal extracts, which are commonly claimed to exhibit anti-dandruff activity, and a control without treatment.


2.3.2.1 Assessment of average cell count-based anti-dandruff activity

To further assess the antifungal efficacy of the formulations, average cell counts were determined following treatment. A non-treated spore suspension (500 μL) of standardized dandruff-causing microorganisms (M. furfur and S. epidermidis) was aseptically dispensed into 1 mL of freshly prepared SDB and NB (1 mL), supplemented with 100 μL of the different concentrations of the tested formulations (Formulation 1, 2 and 3), along with the respective control, standards, and market products (as per treatment) in culture tubes. Subsequently, the experimental setup was incubated at 30 ± 2 °C and 28 ± 2 °C for M. furfur and S. epidermidis, respectively. Furthermore, a 100 μL aliquot was sampled (after every 24 h) from each treatment for quantitative assessment. S. epidermidis growth under the different treatments was estimated by plating serial decimal dilutions (100 μL) on NA, followed by incubation at 28 ± 2 °C. The S. epidermidis colonies on NA plates were recorded to determine the average bacterial cell count (Korte et al., 2023). In addition, the average yeast cell count of M. furfur was determined using a hemocytometer (Sonderegger et al., 2018). All experiments were performed in triplicate, and the results were expressed as CFU mL−1 for S. epidermidis and cells mL−1 for M. furfur.



2.3.2.2 Microplate assay-based anti-dandruff activity

The antifungal activity of the formulations was additionally evaluated using a microplate-based cell viability assay. Freshly grown dandruff-causing inocula (500 μL) of M. furfur and S. epidermidis were dispensed aseptically into different culture tubes. Subsequently, 100 μL of the different treatments was homogenized with the dispensed inocula of the dandruff-causing microbes separately (as per the treatments). The experimental setup was incubated at 30 ± 2 °C (for M. furfur) and 28 ± 2 °C (for S. epidermidis) under optimal growth conditions.

The in vitro antimicrobial activity of the developed formulations was further assessed using a bacterial/yeast cell viability test through cytofluorometric assay. Post-incubation, a 100 μL aliquot of the treated cells of the dandruff-causing organisms was stained with fluorescein diacetate (FDA; 2 mg/mL) for 10 min at room temperature to detect metabolically active cells. The stained cells were washed three times with phosphate-buffered saline (PBS; pH 7.0) for complete elimination of excess stain and culture media supplements. Subsequently, the fluorescence intensity of FDA was measured using a microplate reader (Tecan, Infinite 200 PRO, Switzerland) at excitation and emission wavelengths of 488 and 515 nm, respectively. Viability was calculated based on relative fluorescence intensity, and all measurements were performed in triplicate.




2.3.3 QC parameters of the formulated oil

Different parameters of the selected herbal ingredients in the formulated oil were evaluated as per guidelines (International, 2005; WHO, 2007; Medicine and Homoeopathy, 2008). The obtained data are tabulated in Supplementary Tables S1, S2.



2.3.4 Metabolite profiling/QC parameters of the formulated oil


2.3.4.1 Assessment of major metabolites in C. asiatica and W. trilobata through RP-HPLC-PDA


2.3.4.1.1 Standard and sample preparation

2.3.4.1.1 Standard and sample preparation. The stock solutions of centelloside standards, i.e., asiatic acid (AA), madecassic acid (MA), asiaticoside (AS), madecassoside (MS), and wedelolactone (WDL), were prepared by dissolving 10 mg in 1 mL of high-performance liquid chromatography (HPLC)-grade methanol and stored at 4 °C until analysis. A working solution of 1 mg/mL was prepared by a tenfold dilution of the stock solution with HPLC-grade methanol. Plant samples were prepared by reconstituting 10 mg of the extract in methanol to obtain a final concentration of 10 mg/mL. The working dilutions of the standards and samples were duly filtered through a syringe filter (0.45 μm, Millipore, Pall, USA) prior to analysis.



2.3.4.1.2 Chromatographic conditions
 2.3.4.1.2 Chromatographic conditions. The quantification of the C. asiatica and W. trilobata extracts was performed using a reverse-phase HPLC (RP-HPLC) system (Waters, Massachusetts, USA). The separation of the plant extract and standards was achieved on a C18 RP-HPLC column (4.6 × 250 mm internal diameter, Massachusetts, USA). For centellosides AA, MA, AS, and MS, the mobile phase used was water (A) and acetonitrile (B) (40:60, v/v, A: B) with a flow rate of 0.5 mL min−1, thermostatted at 35 °C for a total run time of 15 min. The injection volume was 2 μL for the plant extract and 5 μL for the standards. For WDL, the isocratic elution program was standardized following the protocol established by Patil et al. (2014), with slight modifications. The analysis was performed using a binary solvent system consisting of methanol and 0.5% acetic acid in water (55:45 v/v), and the total run time was 20 min. The centellosides and WDL were scanned at 195 nm and 254 nm, respectively. Identification of peaks was performed by comparing the Rt of the standards with that of the sample peaks and by comparing absorption spectra of the standards with those of the samples over the range of 190-400 nm. The amount of individual metabolites in the plant extract was calculated with respect to the linear regression curve of the standard concentrations versus peak area and was expressed in μg mg−1.



2.3.4.2 Metabolite profiling of Eucalyptus citriodora essential oil

The qualitative and quantitative analysis of the oil was performed using TRACE GC ULTRA (Thermo Fisher, USA). A constant flow of 1 mL min−1 of carrier gas (helium) was maintained throughout the whole analysis process. The injector temperature of the instrument was kept at 220 °C, while the oven temperature was programmed to start at 50 °C, (hold time 5.0 min) and ramped to 250 °C at a rate of 4 °C min−1 (hold time 5 min). A 1 μL sample (injection volume) was injected using a split mode (1:50) method. The ion source temperature was set at 220 °C, and the transfer line temperature was set at 270 °C. The electron impact mode was used for sample ionization (voltage of −70 eV), and the mass range varied from m/z 50 to 650 amu. Identification of individual compounds was carried out by comparing their mass spectra with those in the internal reference mass spectra library (NIST/Wiley). GC–MS analysis of the samples was performed in triplicate. The relative number of individual components was based on the peak area obtained from the detector response.




2.3.5 Molecular docking and simulation studies


2.3.5.1 In silico studies

The inhibitory action of the main antimicrobial agent—EC oil— in the formulated anti-dandruff hair oil against M. furfur was further assessed through in silico studies using AutoDock Vina 1.5.7,1 targeting lanosterol 14α-demethylase (LDM), an enzyme playing a crucial role in the biosynthesis of the fungal cell membrane. The 3D structure of LDM with co-crystallized ligand fluconazole (PDB ID: 4WMZ) was obtained from the RCSB database.2 To prepare the enzyme for docking, the co-crystallized ligand from the enzyme was initially removed and further optimized for gaps and charge filling using the SPDBv tool.3 The chemical structures of all quantified potent phytomolecules in EC oil were obtained from the PubChem database.4 For docking, the ligands and the protein file were optimized and converted into PDBQT format using AutoDock Tools 1.5.7 (Trott and Olson, 2010). The catalytic site of the enzyme was analyzed by visualizing the docking site of the co-crystallized ligand. Subsequently, a box enclosing the centroids of the co-crystallized ligand was defined as a grid with dimensions 22x40x54Å. Visualization of enzyme–ligand interactions and their subsequent analysis were performed using LIGPLOT+ v1.4.5 (Wallace et al., 1995; Laskowski and Swindells, 2011) and PyMOL (PyMOL Molecular Graphics System, Version 2.0, Schrodinger, LLC.sx).



2.3.5.2 Molecular dynamics simulation

Lead compounds obtained from the docking studies were subjected to molecular dynamics (MD) simulations to evaluate the effects of ligand binding on the protein and the stability of the ligand within the binding site of the protein. The simulations were carried out for the independent protein and three ligand-bound protein complexes using GROMACS (Version: 2020.1) (Abraham et al., 2015; Abraham et al., 2020) with the Charmm27 force field. Topologies and parameter files of the lead compounds were generated using the SwissParam server (Zoete et al., 2011). The protein and the complexes were solvated using the single-point charge (SPC) water model extended approximately 10 nm in a cubic periodic box. For the electro-neutralization of the systems, the respective numbers of sodium and chloride ions were added. Energy minimization was performed using 50,000 steps of the steepest descent method to resolve any bad contacts and clashes in the protein. Following energy minimization, all systems underwent two steps of equilibration: first, 100 ps of canonical (NVT) equilibration, followed by 100 ps of isobaric-isothermic (NPT) equilibration. The temperature of the system was maintained at 300 °C using a modified Berendsen thermostat, and the pressure was maintained at 1 bar using the Berendsen barostat (Berendsen et al., 1984). MD simulations were performed for 5 ns, and the coordinates were saved every 10 ps for all systems. The resulting trajectories were visualized using the PyMol software (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.sx), and graphical representations were generated using the Grace software (Version 5.1.22).5




2.3.6 Cell imaging by confocal microscopy

A rapid, double-staining procedure using fluorescein diacetate (FDA) and propidium iodide (PI) was applied to confirm the antimicrobial activity of the developed formulation through the determination of cell viability in cell suspensions (Zhu et al., 2023). Treated cells of dandruff-causing organisms were harvested from different treatments and incubated with a mixture of FDA (2 mg/mL) and PI (1 mg/mL). The stained cells were washed aseptically using PBS (pH 7.0). The viability of live and dead cells after the supplementation of the formulated product was visualized using a confocal laser scanning microscope and compared with respective controls and standards (Carl Zeiss LSM 510 META) using FDA (green) and PI (red) filters with excitation and emission at 480/40 nm and 630/30 nm, respectively. Furthermore, the fluorescence intensities of FDA and PI were individually extracted from replicate micrographs using the ZEISS ZEN software integrated with the confocal microscope and quantitatively analyzed to assess live and dead cell populations.



2.3.7 Scanning electron microscopy

The antagonistic effects of the most effective final formulation against M. furfur cells were visualized using scanning electron microscopy (SEM), following the procedure outlined by Mishra et al. (2018). Treated M. furfur cells (supplemented with formulated herbal oil) were harvested by centrifugation at 10000 rpm for 5 min. Subsequently, the treated cells were fixed with 2.5% (v/v) glutaraldehyde containing 0.1 M sodium cacodylate buffer, followed by the treatment of OsO4 (1%w/v) for 40 min. Thereafter, dehydration of the treated cells was achieved using increasing concentrations of ethanol (30–100%). The cells were dried using a critical point dryer and coated with gold–palladium using a sputter coater (Q150T ES, Quorum, East Sussex, UK). The treated cells were then visualized using a scanning electron microscope (eSEM-FEI Quanta 250). All experimental procedures were performed in triplicate.




2.4 Statistical analysis

All experiments were performed in three biological replicates, and the observations were recorded as mean ± standard error (SE). The results were analyzed using the SPSS version 18.0 software with advanced models (SPSS Japan, Tokyo, Japan). Differences between means were analyzed using Tukey’s multiple comparison test (p ≥ 0.05). The remaining statistical observations were examined using GraphPad Prism (GraphPad Software Inc. 9.3.1, San Diego, CA, USA).




3 Results


3.1 Pre-formulation studies


3.1.1 Inhibitory effect of the selected herbs against dandruff-causing agents

The inhibitory effect of EC oil (at different concentrations) was investigated against dandruff-causing fungal (M. furfur) and bacterial (S. epidermidis) inhabitants using the agar well diffusion assay. The findings revealed that EC oil showed very promising antimicrobial activity against these dandruff-causing pathogens, and the effect gradually increased with concentration (Figures 1A,B). Notably, the highest inhibition zone (37.3 ± 1.8 mm) was observed at 12% concentration and showed a 1.32- and 1.39-fold increase compared to standard 1 (STD1; ketoconazole 50 mg) and standard 2 (STD2; fluconazole 50 mg), respectively (Supplementary Table S5.1). Similarly, a 1.27- and 1.35-fold increase in antimicrobial activity was observed at 10% concentration of EC oil (36 ± 2.08 mm inhibition zone) compared to STD1 and STD2 against M. furfur. In contrast, 8% EC oil displayed the least inhibitory effect against M. furfur. Noticeably, no statistically significant difference was observed in the inhibitory effect of 12 and 10% concentrations of EC oil against M. furfur (Figure 1A; Supplementary Table S5.1). Whereas, 10% concentration of EC oil was depicted maximum inhibitory activity against S. epidermidis (38.7 ± 0.9mm), estimated 2.8 and 2.76-fold increment (Figure 1B; Supplementary Table S5.2). Moreover, 8% EC oil also exhibited a considerable inhibition zone (24 ± 0.9 mm) against S. epidermidis, which was 1.76- and 1.71-fold higher than the respective standards (Supplementary Table S5.2). The antimicrobial activity of C. asiatica and W. trilobata was not as pronounced (Supplementary Table S4). However, these herbs are traditionally known for their various other properties such as wound healing and maintaining the luster and texture of hair strands (Bylka et al., 2013; Arribas-López et al., 2022).

[image: Two groups of petri dishes labeled A and B display results of oil concentration tests. Each group has dishes with 3%, 5%, 8%, 10%, 12%, 14% oil, plus controls labeled "STD 1 KT" and "STD 2 FLC", showcasing varying microbial growth or reaction.]

FIGURE 1
 Antimicrobial activity of E. citriodora oil against dandruff-causing (A) M. furfur, and (B) S. epidermidis.




3.1.2 Herbal ingredient-mediated formulation development

Based on the physiological and physicochemical characteristics, along with the IC50 value of the selected herbs against dandruff-causing pathogens, different permutation combinations (n = 3) were prepared to identify a novel and effective herbal formulation. The permutation combinations of synergistic herbal formulation comprised the pharmaceutically acceptable concentrations of Centella asiatica (3.0–6.0 w/v), Wedelia trilobata (2.0–5.0 w/v), and EC oil (8–12% v/v).




3.2 Post-formulation studies


3.2.1 Anti-dandruff activity of the formulated hair oil

The formulated combinations were tested against major dandruff-causing microbes using the agar well diffusion assay to evaluate their synergistic antimicrobial activity compared to standards and market products (MP1 and MP2). The observations indicated that the formulated combinations exhibited higher inhibitory activity against M. furfur (Table 1) and S. epidermidis (Table 2) compared to the individual herbal ingredients.


TABLE 1 Antimicrobial activity of herbal constituents (at different concentrations) against M. furfur and their comparison with the permutations and combinations of the developed formulations.


	Selected samples
	Developed formulation
	E. citriodora essential oil
	Centella asiatica
	Wedelia spp.



	Inhibition (mm)
	Concentrations
	Inhibition (mm)
	Concentrations
	Inhibition (mm)
	Concentrations
	Inhibition (mm)

 

 	Control 	0 ± 0.0 	Control 	0 ± 0.0 	Control 	0 ± 0.0 	Control 	0 ± 0.0


 	Formulation 1 (F1) 	25.3 ± 1.5c 	8% oil 	20.33 ± 0.0c 	20 mg/mL 	9.0 ± 0.0c 	20 mg/ml 	9.33 ± 0.57b


 	Formulation 2 (F2) 	39.3 ± 1.5a 	10% oil 	36 ± 2.08a 	40 mg/mL 	12.3 ± 0.57b 	40 mg/ml 	11 ± 1.0b


 	Formulation 3 (F3) 	41.3 ± 1.5a 	12% oil 	37.3 ± 1.18a 	60 mg/mL 	12.7 ± 0.6b 	60 mg/ml 	10.33 ± 0.6b


 	Market Product 1 	13.7 ± 0.58e 	– 	– 	MP1 	– 	MP1 	–


 	Market Product 2 	16.7 ± 1.5d 	– 	– 	MP2 	– 	MP2 	–


 	STD1 KT 	28.3 ± 1.5b 	STD1 KT 	28.3 ± 1.5b 	STD1 KT 	28.3 ± 1.5a 	STD1 KT 	28.3 ± 1.5a


 	STD2 FLC 	26.7 ± 1.5c 	STD2 FLC 	26.7 ± 1.5bc 	STD2 FLC 	26.7 ± 1.5a 	STD2 FLC 	26.7 ± 1.5a





*Inhibition zone (in mm) values are the mean of three independent replicates with ± standard error. **Means followed by the same letter(s) within the column are not significantly different according to Tukey’s multiple comparison test (p < 0.05).
 


TABLE 2 Antimicrobial activity of herbal constituents (at different concentrations) against S. epidermidis and their comparison with the permutations and combinations of the developed formulations.


	Selected samples
	Developed formulation
	E. citriodora essential oil
	Centella asiatica
	Wedelia spp.



	Inhibition (mm)
	Concentrations
	Inhibition (mm)
	Concentrations
	Inhibition (mm)
	Concentrations
	Inhibition (mm)

 

 	Control 	0 ± 0.0 	Control 	0 ± 0.0 	Control 	0 ± 0.0 	Control 	0 ± 0.0


 	Formulation 1 (F1) 	27.3 ± 0.58b 	8% oil 	24 ± 2.64b 	20 mg/ml 	10.67 ± 0.58b 	20 mg/ml 	11 ± 1b


 	Formulation 2 (F2) 	41.7 ± 1.5a 	10% oil 	38.7 ± 1.52a 	40 mg/ml 	12.3 ± 1.5ab 	40 mg/ml 	12 ± 1.0b


 	Formulation 3 (F3) 	NG 	12% oil 	NG 	60 mg/ml 	13 ± 1ab 	60 mg/ml 	11.6 ± 0.6b


 	Market Product 1 	14.7 ± 0.58d 	– 	– 	MP1 	– 	MP1 	–


 	Market Product 2 	20.3 ± 1.5c 	– 	– 	MP2 	– 	MP2 	–


 	STD1 KT 	12.7 ± 1.15e 	STD1 KT 	13.6 ± 0.33c 	STD1 KT 	13.6 ± 0.33a 	STD1 KT 	13.6 ± 0.33a


 	STD2 FLC 	11.3 ± 0.58e 	STD2 FLC 	14.0 ± 0.6c 	STD2 FLC 	14.0 ± 0.6a 	STD2 FLC 	14.0 ± 0.6a





*Inhibition zone (in mm) values are the mean of three independent replicates with ± standard error. **Means followed by the same letter(s) within the column are not significantly different according to Tukey’s multiple comparison test (p < 0.05). ***NG, No Growth.
 



3.2.2 Effect of the formulated oil on the average cell count of dandruff-causing agents

As evidenced by the agar well diffusion assay, the developed formulation diminished the growth and proliferation of dandruff-causing microbes. The results showed the lowest yeast cell viability at 10 and 12% concentrations of EC oil. Moreover, a 1.8- and 1.9-fold reduction in the average cell count of M. furfur was recorded in formulation 2 (10% EC oil) and 3 (12% EC oil), respectively, compared to their respective controls (Table 3). Furthermore, the reduction in M. furfur growth observed with formulations 2 and 3 was significantly higher than that with STD1 (1.4- and 1.5-fold), STD2 (1.3- and 1.4-fold), MP1 (1.73- and 1.84-fold), and MP2 (1.68- and 1.80-fold), respectively. Among all developed permutations and combinations, formulation 1 (8% EC oil) exhibited the least inhibitory activity against M. furfur.


TABLE 3 Effect of the developed formulations on the average spore count of M. furfur and the average cell count (log CFU) of S. epidermidis.


	Treatments
	Average yeast count (log spore count)
	Average bacterial count (log CFU count)

 

 	Control 	5.61 ± 0.05a 	5.7 ± 1.2a


 	Formulation 1 (F1) 	5.12 ± 0.12b 	3.52 ± 0.5d


 	Formulation 2 (F2) 	3 ± 0.06d 	2.8 ± 0.02f


 	Formulation 3 (F3) 	2.8 ± 0.23d 	2.5 ± 1.2f


 	Market Product 1 	5.1 ± 0.5b 	4.8 ± 1.5b


 	Market Product 2 	5.06 ± 0.7b 	4.1 ± 0.4c


 	Standard 1 (KT 50 mg) 	4.36 ± 1.2c 	4.36 ± 0.2c


 	Standard 2 (FLC 50 mg) 	4 ± 0.83c 	4.98 ± 0.35b





Means followed by the same letter(s) within the column are not significantly different according to Tukey’s multiple comparison test (p < 0.05).
 

Similarly, the reduced average CFU count of S. epidermidis following treatment with formulations 1, 2, and 3 further demonstrates their inhibitory effect. The results, showing the least average CFU count of S. epidermidis in the formulated hair oil treatment, suggest that formulations 2 and 3 were the most effective combination for inhibiting the growth of S. epidermidis (2- and 2.5-fold) compared to the control and recorded 1.76- and 1.97-fold greater reductions than STD2 (Table 3).



3.2.3 Formulated oil diminishes the cell viability of dandruff-causing agents

The intensity of FDA fluorescence was comparatively low when the cells were treated with the formulated oil. Moreover, the lowest fluorophore uptake (3- and 2.8-fold compared to the control) in the M. furfur cells was detected after treatment with formulations 3 and 2. These reductions were greater than those observed with MP1 (2.46- and 2.28-fold), MP2 (1.92- and 1.78-fold), STD1 (1.67- and 1.54-fold), and STD2 (1.21- and 1.13-fold). Formulation 1 resulted in higher FDA fluorescence (1.3 and 1.2-fold) in the M. furfur cells compared to formulations 3 and 2, although it still showed a 2.26-fold reduction compared to the respective control (Figure 2A).

[image: Bar graphs labeled A and B compare fluorescence intensity for various treatments, including Control, Formulation 1, Formulation 2, Formulation 3, Market Product 1, Market Product 2, STD 1 KT, and STD 2 FLC. Group A shows the Control with the highest intensity, decreasing across other treatments. Group B shows a similar pattern, with the highest intensity in the Control. Each bar is marked with letters indicating statistical significance: a, ab, b, c, d, e, and f.]

FIGURE 2
 FDA-based cell viability of M. furfur (A) and S. epidermidis (B) after treatment with E. citriodora oil. Means followed by the same letter(s) within the column are not significantly different according to Tukey’s multiple comparison test (p < 0.05).


Treatment with the formulated herbal anti-dandruff hair oil (in different permutation combinations) was most effective against S. epidermidis and recorded 3.59-, 3.78-, and 4.72-fold reductions in the intensity of FDA compared to their respective control (Figure 2B). Among these, treatment with formulations 3 and 2 resulted in the most significant reduction in fluorophore uptake by S. epidermidis cells, compared to MP1 (2.77- and 2.22-fold), MP2 (2.57- and 2.06-fold), STD1 (1.47- and 1.18-fold), and STD2 (2.8- and 2.2-fold), respectively. Although formulation 1 exhibited a 2.1-, 1.95-, 1.1-, and 2.1-fold greater reduction in FDA intensity compared to MP1, MP2, STD1, and STD2, respectively, this reduction was still lower than that observed in other permutations and combinations of the formulated herbal anti-dandruff hair oil (Figure 2B).



3.2.4 Quality regulation of the selected herbal leads

C. asiatica, W. trilobata, and EC oil were subjected to physicochemical analysis to ascertain the identity, purity, and strength of the raw material used in the study (Supplementary Tables S1, S2). Data suggest that the quality of the raw material complied with the standards of the Ayurvedic Pharmacopoeia of India.



3.2.5 Chromatographic profiling of the selected herbal leads

HPLC profiling confirmed the presence of bioactive markers, namely MS (3.69 μg/mg), AS (1.87 μg/mg), and MA (1.084 μg/mg), with retention times (Rt) of 4.121 min, 5.017 min, and 7.667 min, respectively, in the C. asiatica extract, while AA could not be detected due to its very low content (Supplementary Figure S1). Similarly, WDL (32.6 μg/mg) was detected at 6.273 min in the W. trilobata extract (Supplementary Figure S1). The EC oil was found to be rich in isopulegol (42.26%), followed by citronellol (8.54%), p-Methane-3-one (4.79%), and citronella formate (3.64%). I-Hepta triacontanol was found in the least concentration, i.e., 0.87% (Supplementary Figure S2; Supplementary Table S3).



3.2.6 Molecular docking and MD simulation studies

Molecular docking analysis of EC oil revealed the binding of all phytomolecules at the inhibition site of LDM with different affinities (Supplementary Table S6). The binding at the inhibition site was confirmed by visualizing the overlapping interactions between the co-crystallized ligand and the phytomolecules, which showed hydrophobic contacts with His601, Thr318, Phe236, Leu380, Gly314, Ile139, and Gly310, along with hydrogen bonding to Tyr140 (Figure 3). Among the quantified phytomolecules of EC oil, β-caryophyllene showed the highest docking score (∆G = −8.9 Kcal/Mol), followed by eucalyptol (∆G = −6.8 Kcal/Mol) and isopulegol (∆G = −6.5), compared to respective standards—ketoconazole (∆G = −10.3) and fluconazole (∆G = −8.2).

[image: A series of molecular graphics depicting protein-ligand interactions. Each panel, labeled (a) through (k), includes a 3D surface representation of a protein structure with a ligand highlighted within the active site. The molecular interactions are illustrated through close-up views showing highlighted bonds and surrounding molecular structures. Red circles and arrows annotate specific interaction points, illustrating bonds such as hydrogen bonds and hydrophobic interactions. Each panel emphasizes different ligand conformations and interaction patterns within the protein's active area. The protein is shown in pink and ligands in various colors for clarity.]

FIGURE 3
 Molecular interactions between lansterol-14α-demethylase (a component of the M. furfur cell wall; PDB ID: 4WMZ) and phytomolecules from EC oil, investigated by molecular docking. The figures depict the surface view of the ligand-binding site overlaid with the co-crystalized ligand and highlight their shared interactions within red circles. In this figure (a) β-caryophyllene; (b) β-pinene; (c) Citronellol; (d) Citronellyl formate; (e) Cyclohexanol; (f) Epoxylinalool oxide; (g) Eucalyptol; (h) Isopulegol; (i) p-menthan-3-one; (j) Zinc pyrithione; (k) Ketoconazole.


As per the docking results, β-caryophyllene, eucalyptol, and isopulegol were selected for MD simulation to examine the dynamic behavioral effects of their binding on the target protein. The stability of the protein and the protein–ligand complex during the 5 ns simulation was monitored using the time evolution of the root mean square deviation (RMSD), as shown in Figure 4. The RMSD of all complexes and the unbound protein remained >0.20 nm, indicating the stability of the systems. In the β-caryophyllene–bound complex (A), the final RMSD was slightly lower than that of the protein, suggesting increased rigidity of the protein upon ligand binding. However, in both the eucalyptol (B) and isopulegol complexes (C), no significant deviation in RMSD was observed compared to the unbound protein, indicating no significant alteration in protein stability due to ligand binding. The root mean square fluctuation (RMSF) of the residues was compared to assess the mobility of the residues in the protein and protein–ligand complex systems, as influenced by ligand binding. The RMSF of all the complexes exhibited no significant fluctuation compared to the unbound protein, indicating that ligand binding does not disrupt or restrict the motion of residues. RMSF values in all systems ranged below 0.25 nm throughout the binding pocket (except for the terminals of the protein), suggesting the stability of the active site after ligand binding.

[image: Graphs display root mean square deviation (RMSD) and root mean square (RMS) fluctuation data for three compounds: β-caryophyllene, eucalyptol, and isopulegol. The top row shows RMSD over time with lines for protein, ligand, and ligand fitting protein. The bottom row shows RMS fluctuation by residue for protein and complex. Graphs highlight stability and movement differences across compounds.]

FIGURE 4
 Root mean square deviation (RMSD) and root mean square fluctuation (RMSF) of β-caryophyllene (A), eucalyptol (B), and isopulegol (C).




3.2.7 Localization of the live/dead cells of M. furfur after treatment with the formulated oil

The findings of molecular docking were validated via live/dead cell imaging by confocal microscopy. The localization of live/dead cells under different treatments clearly depicted that formulations 3 and 2 (containing 12 and 10% EC oil) were the most effective combinations compared to market products, standards, and the respective control. Detailed analysis of confocal micrographs showed the highest number of live cells in the untreated microbial population (Figure 5A), whereas treatments with MP1, MP2, STD1, and STD2 resulted in a reduction of live cells. The fewest live cells were observed in the formulated oil treatments (in various permutation combinations), as evidenced by the strongest PI fluorescence under the same conditions. Moreover, the findings of confocal microscopy were corroborated by the average intensity ratios of PI (Figure 5B) and FDA (Figure 5C) fluorescence.

[image: Microscopic images and 3D graphs show the effect of different formulations and market products on cells, with varying intensities of green and red fluorescence. Green indicates live cells and red indicates dead cells. Chart B shows the intensity of PI across different treatments, with bars labeled a to g. Chart C shows the intensity of FDA, with bars labeled a to f and various products and formulations on the x-axis. The charts highlight differences in treatment effectiveness.]

FIGURE 5
 (A) Confocal microscopy-based localization of M. furfur live/dead cells treated with different permutations and combinations of the formulated oil. The treated cells were co-stained with propidium iodide (PI) and fluorescein diacetate (FDA). Average fluorescence intensity of PI (B) and FDA (C) in M. furfur spores after treatments. Means followed by the same letter(s) within the column are not significantly different according to Tukey’s multiple comparison test (p < 0.05).


It is noteworthy that formulations 2 and 3 did not show significant variation in terms of antimicrobial activity against dandruff-causing microbes, which is consistent with the findings of previous experiments. Therefore, formulation 2 (containing 10% EC oil) was selected as the best-suited anti-dandruff hair oil.



3.2.8 Scanning electron microscopy of M. furfur cells treated with the formulated oil

Scanning electron microscopy (SEM) was performed to evaluate the effect of the final formulation of the anti-dandruff herbal hair oil against M. furfur. The SEM micrographs clearly showed punctured M. furfur cells with rough, disintegrated, and degraded surfaces after exposure to the final formulation (Figure 6). In contrast, untreated control M. furfur cells appeared smooth and intact (Figure 6).

[image: Electron microscope images showing Malassezia furfur cells. The top row displays three images of intact cells labeled as control. The bottom row shows three images of ruptured cells labeled as treated with oil, indicating cellular damage.]

FIGURE 6
 Scanning electron microscopy (SEM) images of M. furfur cells after treatment with the final formulated anti-dandruff oil.






4 Discussion

Dandruff-induced hair fall is a serious dermatological issue, affecting half of the global population (Elewski, 2005). At some point in their lives, everyone experiences an infection from dandruff-causing organisms. Among them, M. furfur and S. epidermidis are the most common and very devastating pathogens, causing pityriasis versicolor, dandruff, and seborrheic dermatitis in humans (Gupta et al., 2004; Clavaud et al., 2013). A physiological study of scaling estimated that approximately 800,000/sq. cm cells get released from the compromised scalp at once after infection by these dandruff-causing microbes (Arndt and Hsu, 2007). Considerable efforts have been made so far to suppress the pathogenicity of dandruff-causing organisms. These efforts include the application of several synthetic formulations based on ketoconazole, fluconazole, and itraconazole (Leong et al., 2021; Godge et al., 2023); chemical polypeptides such as zinc pyrithione (Reeder et al., 2011; Mangion et al., 2023); salicylic acid (Massiot et al., 2023); tar and steroids (Franchimont et al., 2003; Sawleshwarkar et al., 2004); and other compounds such as propylene glycol and selenium sulfide (Back, 2009; Saunte et al., 2020). Unfortunately, the use of these formulations is restricted because they fail to cure or prevent the recurrence of dandruff, lead to the development of resistance in dandruff-causing pathogens, and can cause certain kinds of highly toxic and adverse effects on the scalp (Trüeb, 2007; Okokon et al., 2015; Chowdhry et al., 2017; Kubicki et al., 2020; Lopes et al., 2024). Therefore, there is an unmet need for alternatives to these synthetic formulations that do not have any negative impact on the human scalp and are able to eradicate dandruff completely. Moreover, it could also be possible that the solution lies not in synthetic formulations but within the realm of nature itself.

Ayurveda offers a potential solution to overcome these issues, employing selected herbs in a synergistic manner to treat and prevent infections caused by dandruff-causing microorganisms. Moreover, an oil-based, scientifically validated herbal formulation for the treatment of dandruff has not been extensively explored yet. For this reason, the present study aimed to investigate the efficacy of plant-based ingredients against dandruff-causing organisms and develop a synergistically active and scientifically validated anti-dandruff hair oil formulation.

Several researchers have emphasized the antimicrobial properties of Eucalyptus essential oil (Batish et al., 2008), reporting that the essential oil of Eucalyptus has immense potential as an antibacterial (Cimanga et al., 2002) and antifungal (Ruchi Tiwari et al., 2017) agent. In addition, a few studies have also shown the anti-dermatophytic activity of Eucalyptus oil against Microsporum canis, Microsporum gypseum, Trichophyton mentagrophytes, and Trichophyton rubrum (Tolba et al., 2015). Furthermore, various species of Eucalyptus, such as Eucalyptus camaldulensis, Eucalyptus globulus, Eucalyptus maculate, and Eucalyptus viminalis, were tested against Trichophyton mentagrophytes (Takahashi et al., 2004). However, the anti-dandruff activity of EC oil against M. furfur and S. epidermidis remains unexplored. In the present study, the findings of the agar well diffusion assay clearly demonstrated that EC oil efficiently suppressed the growth of the main causative agents of dandruff—M. furfur and S. epidermidis—at different concentrations (Figures 1A,B; Tables 1, 2).

Despite a few studies on the antibacterial activity of Wedelia spp. (Darah et al., 2013), C. asiatica and W. trilobata have not been extensively studied for their anti-dandruff properties. The observations of the current study align with earlier findings, as they did not show any inhibitory effects against dandruff-causing microbes (Supplementary Tables S4.1–S4.4). However, these plants (C. asiatica and W. trilobata) were used for their therapeutic potential, such as improving hair luster, promoting wound healing, and others. Their wide range of pharmacological activities supports their use in formulation development. In vitro and in vivo studies have demonstrated that centellosides of C. asiatica positively induce signaling pathways, exerting therapeutic effects on various skin conditions (Bylka et al., 2014; Park, 2021), as well as psoriasis and scleroderma (Sun et al., 2020). Moreover, it also enhances the proliferation of fibroblasts, elevates collagen and intracellular fibronectin content, ameliorates the tensile strength of young skin, and reduces hypertrophic scars and keloids (Bylka et al., 2013; Arribas-López et al., 2022). In contrast, W. trilobata has been frequently used as an ingredient in different formulations for treating hair fall and skin diseases (Meena et al., 2011) (Patent no. JP3542700B2; JP6977233B2; US20090104295A1; US7910557). Similarly, it has been used in Ayurveda to remove scalp scurf, dye hair, cure alopecia, and promote hair growth (Dutt, 1877; Mohan et al., 2021). Therefore, anti-dandruff oil supplemented with these herbal extracts not only eliminates dandruff but also nourishes the scalp and promotes hair luster and growth, preventing the recurrence of dandruff-causing organisms.

Furthermore, different permutation combinations of herbal formulations were developed based on the anti-dandruff activity of EC oil and the therapeutic properties of C. asiatica and W. trilobata. These combinations were examined for their synergistic effect on dandruff-causing organisms, M. furfur and S. epidermidis, to assess the most effective combination. Similar to the agar well diffusion assay, the highest reduction in M. furfur and S. epidermidis cells/spores was recorded after treatment with these combinations (Table 3). The reduction in the viable cell count could be because of the synergistic anti-dandruff properties of the selected herbs, which led to the development of effective formulations (Chaiyana et al., 2022). The present study’s findings are consistent with earlier reports, where the extracts of Erythrina caffra Thunb. (Olajuyigbe and Afolayan, 2012) and Herniaria glabra (Wojnicz et al., 2012) effectively reduced the viable cell count of bacterial pathogens.

Gas chromatography profiling confirmed the presence of several key components in EC oil, including 1,8-cineole (Eucalyptol), β-pinene, citronellol, and β-caryophyllene. This finding aligns with previous reports (Sebei et al., 2015; Tolba et al., 2015; Luís et al., 2016). Moreover, these components have been found to show anti-oxidant and anti-inflammatory effects and are considered safe for topical application, with no reported cases of skin irritation (Ramezani et al., 2002; Ramsey et al., 2020; Sindle and Martin, 2021). Molecular docking of these compounds showed higher binding affinity of β-caryophyllene, eucalyptol, and isopulegol at the binding sites of lanosterol 14α-demethylase (an enzyme responsible for the synthesis of the cell membrane in M. furfur), which leads to the malformation of the M. furfur cell membrane (Figure 3), thereby decreasing the risk of seborrheic dermatitis or dandruff (Thomas and Khasraghi, 2020). Despite lacking an azole ring, these phytomolecules were found to be comparable to ketoconazole and other synthetic compounds in terms of binding affinity at the inhibition sites. In addition, these phytomolecules were found to bind with heme iron, an important step in interrupting the fungal ergosterol biosynthetic pathway, similar to the mechanism of azole-derived antifungal drugs (Yang et al., 2015; Martinez-Rossi et al., 2018).

Since M. furfur infection also creates favorable conditions for S. epidermidis colonization by increasing pH and provides a lipid-free environment (Han et al., 2019), we investigated whether the formulated anti-dandruff oil could suppress M. furfur growth. FDA/PI-based confocal microscopy indicated that the cells of M. furfur treated with different permutation combinations showed the lowest level of FDA fluorescence in the confocal micrographs (Figure 5). Similarly, this was supported by an FDA-based fluorophore uptake experiment (Figure 2A) and the average fluorescence intensity of the corresponding micrographs (Figures 5B,C). The findings further confirm that the high mortality observed in the formulated anti-dandruff oil treatment is primarily attributed to the antimicrobial compounds present in Eucalyptus citriodora oil.

Furthermore, SEM micrographs of the treated M. furfur cells showed the potential of the formulated oil to cause cell wall disintegration (Figure 6). The punctured cells observed after treatment further validated the findings of molecular docking, which showed strong binding affinity of key phytomolecules to the heme iron moiety of LDM, suggesting the disruption of the ergosterol biosynthesis pathway as a plausible mechanism of action. These findings provide mechanistic insights; however, they warrant further validation through direct ergosterol quantification and gene expression analysis. Although the study provides comprehensive insights based on in vitro and in silico analyses, the lack of in vivo data remains a limitation that may influence the translational relevance of our findings. Future investigations involving in vivo assessments and clinical evaluations will be crucial to substantiate the efficacy, safety, and therapeutic potential of the developed formulation under real-world conditions.



5 Conclusion

The results of the present investigation suggest that E. citriodora oil possesses significant inhibitory effects against M. furfur and S. epidermidis, the main dandruff-causing organisms. In addition, the synergistic action of the ingredients in the formulated oil is evident when compared to the anti-dandruff potential of individual ingredient(s). The developed herbal anti-dandruff hair oil is effective in the management of dandruff by diminishing the pathogenicity of dandruff-causing agents and ameliorating the damage caused by them. Regular application of the formulated herbal anti-dandruff hair oil also limits the recurrence of dandruff.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

SPS: Writing – review & editing, Writing – original draft, Software, Investigation, Validation, Methodology, Visualization, Data curation, Formal analysis, Conceptualization. BK: Writing – original draft, Formal analysis, Methodology, Investigation, Writing – review & editing. AM: Formal analysis, Methodology, Writing – review & editing, Supervision, Investigation, Writing – original draft. PR: Investigation, Formal analysis, Methodology, Writing – original draft. DT: Writing – original draft, Methodology, Investigation, Formal analysis. SS: Project administration, Visualization, Conceptualization, Funding acquisition, Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Acknowledgments

The authors are thankful to the Director, CSIR-NBRI, Lucknow, for providing the necessary facilities and constant encouragement throughout the course of this investigation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer MI declared a shared parent affiliation with all the authors to the handling editor at the time of the review.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654658/full#supplementary-material



Footnotes

1   http://vina.scripps.edu/

2   https://www.rcsb.org/

3   https://spdbv.vital-it.ch/

4   www.pubchem.com

5   https://plasma-gate.weizmann.ac.il/Grace/


References
	 Abraham,M., Hess,B., Lindahl,E., and van der Spoel,D. (2020). GROMACS 2020.1 (Manual Version 2020.1). Geneva: Zendo.
	 Abraham,M. J., Murtola,T., Schulz,R., Páll,S., Smith,J. C., Hess,B., et al. (2015). GROMACS: high performance molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 1, 19–25. doi: 10.1016/j.softx.2015.06.001
	 Alsmeirat,O., Lakhani,S., Egaimi,M., Idris,O., Elkhalifa,M., and Idris,O. M. I. (2022). The efficacy and safety of pimecrolimus in patients with facial seborrheic dermatitis: a systematic review of randomized controlled trials. Cureus 14:622. doi: 10.7759/cureus.27622 
	 Arndt,K. A., and Hsu,J. T. (2007). Manual of dermatologic therapeutics. Philadelphia, PA: Lippincott Williams & Wilkins.
	 Arribas-López,E., Zand,N., Ojo,O., Snowden,M. J., and Kochhar,T. (2022). A systematic review of the effect of Centella asiatica on wound healing. Int. J. Environ. Res. Public Health 19:3266. doi: 10.3390/ijerph19063266 
	 Back,T. G. (2009). Design and synthesis of some biologically interesting natural and unnatural products based on organosulfur and selenium chemistry. Can. J. Chem. 87, 1657–1674. doi: 10.1139/V09-133
	 Batish,D. R., Singh,H. P., Kohli,R. K., and Kaur,S. (2008). Eucalyptus essential oil as a natural pesticide. For. Ecol. Manag. 256, 2166–2174. doi: 10.1016/j.foreco.2008.08.008
	 Berendsen,H. J., Postma,J.v., Van Gunsteren,W. F., DiNola,A., and Haak,J. R. (1984). Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81, 3684–3690.
	 Borda,L. J., and Wikramanayake,T. C. (2015). Seborrheic dermatitis and dandruff: a comprehensive review. J. Clin. Invest. Dermatol. 3, 1–12. doi: 10.13188/2373-1044.1000019
	 Bylka,W., Znajdek-Awiżeń,P., Studzińska-Sroka,E., and Brzezińska,M. (2013). Centella asiatica in cosmetology. Adv. Dermatol. Allergol.Alergologii 30, 46–49. doi: 10.5114/pdia.2013.33378 
	 Bylka,W., Znajdek-Awiżeń,P., Studzińska-Sroka,E., Dańczak-Pazdrowska,A., and Brzezińska,M. (2014). Centella asiatica in dermatology: an overview. Phytother. Res. 28, 1117–1124. doi: 10.1002/ptr.5110 
	 Chaiyana,W., Punyoyai,C., Sriyab,S., Prommaban,A., Sirilun,S., Maitip,J., et al. (2022). Anti-inflammatory and antimicrobial activities of fermented Ocimum sanctum Linn. Extracts against skin and scalp microorganisms. Chem. Biodivers. 19:e202100799. doi: 10.1002/cbdv.202100799 
	 Choi,Y. M., An,S., Lee,J., Lee,J. H., Lee,J. N., Kim,Y. S., et al. (2017). Titrated extract of Centella asiatica increases hair inductive property through inhibition of STAT signaling pathway in three-dimensional spheroid cultured human dermal papilla cells. Biosci. Biotechnol. Biochem. 81, 2323–2329. doi: 10.1080/09168451.2017.1385383 
	 Chowdhry,S., Gupta,S., and D’souza,P. (2017). Topical antifungals used for treatment of seborrheic dermatitis. J. Bacteriol. Mycol. Open Access 4:76. doi: 10.15406/jbmoa.2017.04.00076
	 Cimanga,K., Kambu,K., Tona,L., Apers,S., De Bruyne,T., Hermans,N., et al. (2002). Correlation between chemical composition and antibacterial activity of essential oils of some aromatic medicinal plants growing in the Democratic Republic of Congo. J. Ethnopharmacol. 79, 213–220. doi: 10.1016/S0378-8741(01)00384-1 
	 Clavaud,C., Jourdain,R., Bar-Hen,A., Tichit,M., Bouchier,C., Pouradier,F., et al. (2013). Dandruff is associated with disequilibrium in the proportion of the major bacterial and fungal populations colonizing the scalp. PLoS One 8:e58203. doi: 10.1371/journal.pone.0058203 
	 Darah,I., Lim,S., and Nithianantham,K. (2013). Effects of methanol extract of Wedelia chinensis osbeck (asteraceae) leaves against pathogenic bacteria with emphasise on Bacillus cereus. Indian J. Pharm. Sci. 75:533. doi: 10.4103/0250-474X.123512 
	 Dutt,U. C. (1877). The Materia medica of the Hindus: Compiled from Sanskrit medical works. Spink: Thacker.
	 El-Sakhawy,M., Soliman,G., El-Sheikh,H., and Ganaie,M. (2023). Anticandidal effect of Eucalyptus oil and three isolated compounds on cutaneous wound healing in rats. Eur. Rev. Med. Pharmacol. Sci. 27, 26–37. doi: 10.26355/eurrev_202301_30850 
	 Elewski,B. E. (2005). Clinical diagnosis of common scalp disorders. J. Investig. Dermatol. Symp. Proc. 10, 190–193. doi: 10.1111/j.1087-0024.2005.10103.x 
	 Franchimont,D., Kino,T., Galon,J., Meduri,G. U., and Chrousos,G. (2003). Glucocorticoids and inflammation revisited: the state of the art: NIH clinical staff conference. Neuroimmunomodulation 10, 247–260. doi: 10.1159/000069969
	 Godge,G. R., Bharat,S., Shaikh,A., Randhawan,B., Raskar,M., and Hiremath,S. (2023). Formulation perspectives in topical antifungal drug therapy: a review. J. Drug Deliv. Ther. 13, 110–119. doi: 10.22270/jddt.v13i5.6079
	 Grimshaw,S. G., Smith,A. M., Arnold,D. S., Xu,E., Hoptroff,M., and Murphy,B. (2019). The diversity and abundance of fungi and bacteria on the healthy and dandruff affected human scalp. PLoS One 14:e0225796. doi: 10.1371/journal.pone.0225796 
	 Güner,A., and İlhan,S. (2020). Cytotoxic, genotoxic, oxidative, and irritant effects of zinc pyrithione in vitro. Toxicol. Environ. Chem. 102, 607–623. doi: 10.1080/02772248.2020.1824258
	 Güner,R. Y., Tosun,M., Akyol,M., and Įam,S. (2021). International of academic medicine and pharmacy. Int. J. Acad. Med. Pharm. 3, 11–15.
	 Gupta,A., Malviya,R., Singh,T. P., and Sharma,P. K. (2010). Indian medicinal plants used in hair care cosmetics: a short review. Pharm. J. 2, 361–364. doi: 10.1016/S0975-3575(10)80110-5
	 Gupta,A. K., Batra,R., Bluhm,R., Boekhout,T., and Dawson,T. L. Jr. (2004). Skin diseases associated with Malassezia species. J. Am. Acad. Dermatol. 51, 785–798. doi: 10.1016/j.jaad.2003.12.034 
	 Han,Y., Zhang,Y.-J., Wang,H.-X., Sun,Y.-Z., Yang,Y., Li,Z.-X., et al. (2019). Malassezia furfur promoting growth of Staphylococcus epidermidis by increasing pH when cultured in a lipid-free environment. Chin. Med. J. 132, 873–876. doi: 10.1097/CM9.0000000000000152
	 International (2005). Official methods of analysis of AOAC international. London: AOAC International.
	 Jain,S., Arora,P., and Nainwal,L. M. (2022). Essential oils as potential source of anti-dandruff agents: a review. Comb. Chem. High Throughput Screen. 25, 1411–1426. doi: 10.2174/1386207324666210712094148 
	 Korte,I., Petry,M., and Kreyenschmidt,J. (2023). Antimicrobial activity of different coatings for packaging materials containing functional extenders against selected microorganisms typical for food. Food Control 148:109669. doi: 10.1016/j.foodcont.2023.109669
	 Kubicki,S. L., Damanpour,S., and Mann,R. (2020). Ketoconazole shampoo-induced hair discoloration☆. Int. J. Women's Dermatol. 6, 121–122. doi: 10.1016/j.ijwd.2019.10.010 
	 Laskowski,R. A., and Swindells,M. B. (2011). LigPlot+: multiple ligand–protein interaction diagrams for drug discovery ACS Publications). J. Chem. Inf. Model. 51, 2778–2786. doi: 10.1021/ci200227u 
	 Leong,C., Wang,J., Toi,M. J., Lam,Y. I., Goh,J. P., Lee,S. M., et al. (2021). Effect of zinc pyrithione shampoo treatment on skin commensal Malassezia. Med. Mycol. 59, 210–213. doi: 10.1093/mmy/myaa068 
	 Li,H., Li,C., Shi,C., Hu,W., Cui,H., and Lin,L. (2022). Characterization of controlled-release Eucalyptus citriodora oil/zinc ions nanoparticles with enhanced antibacterial properties against E. coli O157: H7 in fruit juice. Food Res. Int. 162:112138. doi: 10.1016/j.foodres.2022.112138 
	 Lopes,A. I., Pintado,M. M., and Tavaria,F. K. (2024). Possible plant-based solutions for skin yeast infections. Fungal Biol. Rev. 48:100354. doi: 10.1016/j.fbr.2023.100354
	 Luís,Â., Duarte,A., Gominho,J., Domingues,F., and Duarte,A. P. (2016). Chemical composition, antioxidant, antibacterial and anti-quorum sensing activities of Eucalyptus globulus and Eucalyptus radiata essential oils. Ind. Crop. Prod. 79, 274–282. doi: 10.1016/j.indcrop.2015.10.055
	 Magaldi,S., Mata-Essayag,S., De Capriles,C. H., Pérez,C., Colella,M., Olaizola,C., et al. (2004). Well diffusion for antifungal susceptibility testing. Int. J. Infect. Dis. 8, 39–45. doi: 10.1016/j.ijid.2003.03.002
	 Mangion,S. E., Mackenzie,L., Roberts,M. S., and Holmes,A. M. (2023). Seborrheic dermatitis: topical therapeutics and formulation design. Eur. J. Pharm. Biopharm. 185, 148–164. doi: 10.1016/j.ejpb.2023.01.023 
	 Martinez-Rossi,N. M., Bitencourt,T. A., Peres,N. T., Lang,E. A., Gomes,E. V., Quaresemin,N. R., et al. (2018). Dermatophyte resistance to antifungal drugs: mechanisms and prospectus. Front. Microbiol. 9:374718. doi: 10.3389/fmicb.2018.01108
	 Massiot,P., Reygagne,P., Chagnoleau,C., Kanoun-Copy,L., Pouradier,F., Loussouarn,G., et al. (2023). Maintenance effect of a once-weekly regimen of a selenium disulfide-based shampoo in moderate-to-severe scalp seborrheic dermatitis after initial treatment with topical corticosteroid/salicylic acid. Eur. J. Dermatol. 33, 13–18. doi: 10.1684/ejd.2023.4401 
	 Medicine and Homoeopathy (2008). The ayurvedic pharmacopoeia of India. New Delhi: Government of India, Ministry of Health and Family Welfare, Department of ISM & H.
	 Meena,A., Rao,M., Meena,R., and Panda,P. (2011). Pharmacological and phytochemical evidences for the plants of Wedelia genus–a review. Asian J. Pharm. Res. 1, 7–12. doi: 10.5958/2231–5691
	 Mishra,A., Singh,S. P., Mahfooz,S., Bhattacharya,A., Mishra,N., Shirke,P. A., et al. (2018). Bacterial endophytes modulates the withanolide biosynthetic pathway and physiological performance in Withania somnifera under biotic stress. Microbiol. Res. 212-213, 17–28. doi: 10.1016/j.micres.2018.04.006 
	 Mohan,V., Tresina,P., and Doss,A. (2021). The phytochemical and pharmacological aspects of ethnomedicinal plants. London: CRC Press.
	 Mukherjee,P. K., Harwansh,R. K., Bahadur,S., Banerjee,S., Kar,A., Chanda,J., et al. (2017). Development of ayurveda–tradition to trend. J. Ethnopharmacol. 197, 10–24. doi: 10.1016/j.jep.2016.09.024 
	 Newton-Fenner,A., Roberts,H., Scott,M., Jones,T., Collins,L., Godbehere,A., et al. (2025). Clear scalp, clear mind: examining the beneficial impact of dandruff reduction on physical, emotional and social wellbeing. Int. J. Cosmet. Sci. 47, 466–475. doi: 10.1111/ics.13041 
	 Nithin Manohar,R., Padmaja,V., Shijikumar,P., Shiji Selvin,C., and Ancy,P. (2011). Comparing the pharmacological activities of Sphagneticolacalendulaceae and Sphagneticola trilobata an over view. World J. Pharm. Pharm. Sci. 6, 457–467. doi: 10.20959/wjpps201711-10399
	 Okokon,E. O., Verbeek,J. H., Ruotsalainen,J. H., Ojo,O. A., and Bakhoya,V. N. (2015). “Topical antifungals for seborrhoeic dermatitis,” in Cochrane database of systematic reviews (5).
	 Olajuyigbe,O. O., and Afolayan,A. J. (2012). In vitro antibacterial and time-kill evaluation of the Erythrina caffra Thunb. Extract against bacteria associated with diarrhoea. Sci. World J. 2012:738314. doi: 10.1100/2012/738314 
	 Park,K. S. (2021). Pharmacological effects of Centella asiatica on skin diseases: evidence and possible mechanisms. Evid. Based Complement. Alternat. Med. 2021, 1–8. doi: 10.1155/2021/5462633 
	 Patil,A. A., Sachin,B. S., Wakte,P. S., and Shinde,D. B. (2014). Optimization of supercritical fluid extraction and HPLC identification of wedelolactone from Wedelia calendulacea by orthogonal array design. J. Adv. Res. 5, 629–635. doi: 10.1016/j.jare.2013.09.002 
	 Patwardhan,B. (2000). Ayurveda: the designer medicine. Indian Drugs 37, 213–227.
	 Polaskey,M. T., Chang,C. H., Daftary,K., Fakhraie,S., Miller,C. H., and Chovatiya,R. (2024). The global prevalence of seborrheic dermatitis: a systematic review and meta-analysis. JAMA Dermatol. 160, 846–855. doi: 10.1001/jamadermatol.2024.1987 
	 Ramezani,H., Singh,H., Batish,D., and Kohli,R. (2002). Antifungal activity of the volatile oil of Eucalyptus citriodora. Fitoterapia 73, 261–262. doi: 10.1016/s0367-326x(02)00065-5 
	 Ramsey,J. T., Shropshire,B. C., Nagy,T. R., Chambers,K. D., Li,Y., and Korach,K. S. (2020). Essential oils and health. Yale J. Biol. Med. 93, 291–305. doi: 10.1097/DER.0000000000000175 
	 Reeder,N. L., Xu,J., Youngquist,R., Schwartz,J., Rust,R., and Saunders,C. (2011). The antifungal mechanism of action of zinc pyrithione. Br. J. Dermatol. 165, 9–12. doi: 10.1111/j.1365-2133.2011.10571.x
	 Ruchi Tiwari,R. T., Singh,S., Soumen Choudhury,S. C., and Garg,S. (2017). Antifungal activity of methanolic extracts of leaves of Eucalyptus citriodora and Saraca indica against fungal isolates from dermatological disorders in canines. IJP 13, 643–648. doi: 10.3923/ijp.2017.643.648
	 Rudramurthy,S. M., Honnavar,P., Dogra,S., Yegneswaran,P. P., Handa,S., and Chakrabarti,A. (2014). Association of Malassezia species with dandruff. Indian J. Med. Res. 139, 431–437. doi: 10.4103/0971-5916.130129 
	 Saunte,D. M., Gaitanis,G., and Hay,R. J. (2020). Malassezia-associated skin diseases, the use of diagnostics and treatment. Front. Cell. Infect. Microbiol. 10:112. doi: 10.3389/fcimb.2020.00112 
	 Sawleshwarkar,S. N., Salgaonkar,V., and Oberai,C. (2004). Multicenter, open-label, non-comparative study of a combination of polytar and zinc pyrithione shampoo in the management of dandruff. Indian J. Dermatol. Venereol. Leprol. 70, 25–28 
	 Sebei,K., Sakouhi,F., Herchi,W., Khouja,M. L., and Boukhchina,S. (2015). Chemical composition and antibacterial activities of seven Eucalyptus species essential oils leaves. Biol. Res. 48, 7–5. doi: 10.1186/0717-6287-48-7 
	 Sharma,S., Upadhyay,U., Upadhyay,S. U., Patel,T., and Trivedi,P. (2013). Herbal armamentarium for the culprit dandruff. Int. J. Phytopharm. Res. 4, 23–28. doi: 10.7691/jph.2013.106
	 Shukla,A., Rasik,A., Jain,G., Shankar,R., Kulshrestha,D., and Dhawan,B. (1999). In vitro and in vivo wound healing activity of asiaticoside isolated from Centella asiatica. J. Ethnopharmacol. 65, 1–11. doi: 10.1016/S0378-8741(98)00141-X
	 Sindle,A., and Martin,K. (2021). Art of prevention: essential oils-natural products not necessarily safe. Int. J. Womens Dermatol. 7, 304–308. doi: 10.1016/j.ijwd.2020.10.013 
	 Singh,H. P., Kaur,S., Negi,K., Kumari,S., Saini,V., Batish,D. R., et al. (2012). Assessment of in vitro antioxidant activity of essential oil of Eucalyptus citriodora (lemon-scented eucalypt; Myrtaceae) and its major constituents. LWT 48, 237–241. doi: 10.1016/j.lwt.2012.03.019
	 Sonderegger,C., Váradi,G., Galgóczy,L., Kocsubé,S., Posch,W., Borics,A., et al. (2018). The evolutionary conserved γ-core motif influences the anti-Candida activity of the penicillium chrysogenum antifungal protein PAF. Front. Microbiol. 9:1655. doi: 10.3389/fmicb.2018.01655 
	 Sowell,J., Pena,S. M., and Elewski,B. E. (2022). Seborrheic dermatitis in older adults: pathogenesis and treatment options. Drugs Aging 39, 315–321. doi: 10.1007/s40266-022-00930-5 
	 Sun,B., Wu,L., Wu,Y., Zhang,C., Qin,L., Hayashi,M., et al. (2020). Therapeutic potential of Centella asiatica and its triterpenes: a review. Front. Pharmacol. 11:568032. doi: 10.3389/fphar.2020.568032 
	 Takahashi,T., Kokubo,R., and Sakaino,M. (2004). Antimicrobial activities of eucalyptus leaf extracts and flavonoids from Eucalyptus maculata. Lett. Appl. Microbiol. 39, 60–64. doi: 10.1111/j.1472-765X.2004.01538.x 
	 Thomas,L. M., and Khasraghi,A. H. (2020). Topical treatment of seborrhoeic dermatitis and dandruff: an overview. Ann. Trop. Med. Public Health 23, 231–823. doi: 10.36295/ASRO.2020.231823
	 Tolba,H., Moghrani,H., Benelmouffok,A., Kellou,D., and Maachi,R. (2015). Essential oil of Algerian Eucalyptus citriodora: chemical composition, antifungal activity. J. Mycol. Med. 25, e128–e133. doi: 10.1016/j.mycmed.2015.10.009 
	 Trott,O., and Olson,A. J. (2010). AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 31, 455–461. doi: 10.1002/jcc.21334 
	 Trüeb,R. M. (2007). Shampoos: ingredients, efficacy and adverse effects. JDDG 5, 356–365. doi: 10.1111/j.1610-0387.2007.06304.x 
	 Wallace,A. C., Laskowski,R. A., and Thornton,J. M. (1995). Ligplot: a program to generate schematic diagrams of protein-ligand interactions. Protein Eng. Des. Sel. 8, 127–134. doi: 10.1093/protein/8.2.127 
	 WHO (2007). WHO guidelines for assessing quality of herbal medicines with reference to contaminants and residues. Geneva: WHO.
	 Wojnicz,D., Kucharska,A. Z., Sokół-Łętowska,A., Kicia,M., and Tichaczek-Goska,D. (2012). Medicinal plants extracts affect virulence factors expression and biofilm formation by the uropathogenic Escherichia coli. Urol. Res. 40, 683–697. doi: 10.1007/s00240-012-0499-6 
	 Xu,Z., Wang,Z., Yuan,C., Liu,X., Yang,F., Wang,T., et al. (2016). Dandruff is associated with the conjoined interactions between host and microorganisms. Sci. Rep. 6:24877. doi: 10.1038/srep24877 
	 Yang,H., Tong,J., Lee,C. W., Ha,S., Eom,S. H., and Im,Y. J. (2015). Structural mechanism of ergosterol regulation by fungal sterol transcription factor Upc2. Nat. Commun. 6, 1–13. doi: 10.1038/ncomms7129
	 Yu,H., Li,J., Wang,Y., Zhang,T., Mehmood,T., and Habimana,O. (2025). Dysbiosis and genomic plasticity in the oily scalp microbiome: a multi-omics analysis of dandruff pathogenesis. Front. Microbiol. 16:1595030. doi: 10.3389/fmicb.2025.1595030 
	 Yu,Q. L., Duan,H. Q., Gao,W. Y., and Takaishi,Y. (2007). A new triterpene and a saponin from Centella asiatica. Chin. Chem. Lett. 18, 62–64. doi: 10.1016/j.cclet.2006.11.033
	 Zhu,M., Wang,S., Li,Z., Li,J., Xu,Z., Liu,X., et al. (2023). Tyrosine residues initiated photopolymerization in living organisms. Nat. Commun. 14:3598. doi: 10.1038/s41467-023-39286-8 
	 Zoete,V., Cuendet,M. A., Grosdidier,A., and Michielin,O. (2011). SwissParam: a fast force field generation tool for small organic molecules. J. Comput. Chem. 32, 2359–2368. doi: 10.1002/jcc.21816 


Copyright
 © 2025 Singh, Kumar, Misra, Rawat, Tripathi and Srivastava. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1654658-g005.jpg
Formulation 1 (F1) Formulation 11(F2) Formulation 111 (F3)

l D 1KT .

Market Product I Market Product 11 STD2 FLC






OPS/images/fmicb-16-1654658-g006.jpg
>

Inact el of
M. fufur






OPS/images/fmicb-16-1654658-g003.jpg
g e

SR

4 (D) 1)
o

e






OPS/images/fmicb-16-1654658-g004.jpg
RaSD RMSD RMSD

[r—— oo [P

RMS flctustion RMS fuctuation RMS fluctuation

p-caryophyllene Eucalyptol Isopulegol





OPS/images/fmicb-16-1654658-gr0001.jpg
c
o
s
=
=
E
O
w
©
o
S
b5
o






OPS/xhtml/Nav.xhtml




Contents





		Cover



		A synergistic herbal formulation targeting Malassezia furfur and Staphylococcus epidermidis for effective dandruff management



		1 Introduction



		2 Materials and methods



		2.1 Experimental materials



		2.2 Pre-formulation studies



		2.2.1 Antimicrobial activity of the selected herbal leads



		2.2.2 Preparation of different formulations from the herbal ingredients









		2.3 Post-formulation studies



		2.3.1 Anti-dandruff activity of the formulated oil



		2.3.2 Preparation of microbial inoculum and treatments



		2.3.2.1 Assessment of average cell count-based anti-dandruff activity



		2.3.2.2 Microplate assay-based anti-dandruff activity









		2.3.3 QC parameters of the formulated oil



		2.3.4 Metabolite profiling/QC parameters of the formulated oil



		2.3.4.1 Assessment of major metabolites in C. asiatica and W. trilobata through RP-HPLC-PDA



		2.3.4.1.1 Standard and sample preparation



		2.3.4.1.2 Chromatographic conditions









		2.3.4.2 Metabolite profiling of Eucalyptus citriodora essential oil









		2.3.5 Molecular docking and simulation studies



		2.3.5.1 In silico studies



		2.3.5.2 Molecular dynamics simulation









		2.3.6 Cell imaging by confocal microscopy



		2.3.7 Scanning electron microscopy









		2.4 Statistical analysis









		3 Results



		3.1 Pre-formulation studies



		3.1.1 Inhibitory effect of the selected herbs against dandruff-causing agents



		3.1.2 Herbal ingredient-mediated formulation development









		3.2 Post-formulation studies



		3.2.1 Anti-dandruff activity of the formulated hair oil



		3.2.2 Effect of the formulated oil on the average cell count of dandruff-causing agents



		3.2.3 Formulated oil diminishes the cell viability of dandruff-causing agents



		3.2.4 Quality regulation of the selected herbal leads



		3.2.5 Chromatographic profiling of the selected herbal leads



		3.2.6 Molecular docking and MD simulation studies



		3.2.7 Localization of the live/dead cells of M. furfur after treatment with the formulated oil



		3.2.8 Scanning electron microscopy of M. furfur cells treated with the formulated oil















		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/fmicb-16-1654658-g001.jpg
12% Oil 14% Oil STD1 KT STD 2 FLC





OPS/images/fmicb-16-1654658-g002.jpg
Florescence Intensity

H
H

Trastasa Treatments





OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

A synergistic herbal formulation
targeting Malassezia furfur and
Staphylococcus epidermidis for
eeff ctive dandruff management












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






