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ASSESSMENT OF MOSQUITO REPELLENT POTENTIALS OF OCIMUM GRATISSIMUM AND CYMBOPOGON CITRATUS ESSENTIAL OIL AND IN SILICO DETERMINATION OF BIOACTIVE COMPOUNDS
ABSTRACT 

	Aims
To evaluate the repellency and in silico activities of bioactive compounds from Ocimum gratissimum and Cymbopogon citratus essential oils against Anopheles gambiae, and to determine their potential as eco-friendly alternatives to synthetic mosquito repellents.

Study Design
The laboratory-based experimental study involved integrating essential oil extraction, physicochemical characterization, repellency bioassays, and molecular docking analysis.

Place and Duration of Study
The research was carried out in the Department of Medical Biochemistry and Animal and Environmental Biology Department, Delta State University, Abraka, between May and July, 2025. 

Methodology
Essential oils from O. gratissimum and C. citratus were extracted using the hydro-distillation method and incorporated into topical ointments at varying concentrations. Skin-friendliness was verified through physicochemical assessments including pH, viscosity, spreadability, and stability tests. Repellency assays followed WHO standard arm-in-cage protocols. In silico molecular docking was performed on major phytochemicals—particularly γ-Muurolene and Copaene—against An. gambiae glutathione S-transferases and odorant-binding proteins to assess binding affinities and potential mechanisms of repellency.

Results
Both essential oils demonstrated statistically significant repellency compared to untreated controls (p < 0.05). C. citratus showed stronger protection than O. gratissimum. The combined formulation produced the highest repellency, exceeding the efficacy of DEET at equivalent concentrations. Docking studies indicated strong binding affinities of γ-Muurolene and Copaene to GSTs and odorant-binding proteins, suggesting possible interference with mosquito detoxification pathways and host-seeking behavior.

Conclusion
Synergistic formulations of O. gratissimum and C. citratus essential oils show strong potential as sustainable, plant-based alternatives to synthetic repellents such as DEET. Further field trials in malaria-endemic regions are recommended to validate their safety, long-term stability, and real-world applicability for community-level malaria prevention.
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1. INTRODUCTION 

In hot and humid regions of the world, malaria is a huge health burden. It is an acute fibrile sickness caused by Plasmodium parasites that are transmitted to humans by the bites of infected female Anopheles mosquitoes (Wickremasinghe et al., 2012). Amongst the nine malaria-causing Plasmodium species, P. vivax and P. falciparum pose the most significant health threat, with P. falciparum being the most widespread in Africa and P. vivax the most widespread in other parts of the world (Omumbo and Snow, 2006).
Traditional mosquito control methods often rely on synthetic chemical repellents, which can have adverse environmental and health effects. Today, however, mosquito resistance to pesticides is jeopardizing global efforts to control malaria (Riveron et al., 2018). Previous research reveals that more than seventy-eight countries have reported resistance of the Anopheles species to one or more of the four major classes of pesticides over the period 2010 to 2019, according to World Health Organization (WHO, 2021). Furthermore, complete mosquito resistance to all major pesticide classes has been reported in 29 different countries (Fodjo et al., 2016; Matiya et al., 2019) 
It is, therefore, critical to develop and define more effective and safer mosquito repellent agents with distinct modes of action (Benelli et al., 2016). Tremendous progress has been made in this regard, facilitating the understanding of mosquito behaviour and olfactory receptors. According to Wheelwright et al. (2021), specific smell-based traps and mosquito repellents can be developed by studying their olfactory systems.
Essential oils derived from various plant species have been recognized for their insecticidal properties, with specific attention given to their potential to disrupt the olfactory mechanisms of mosquitoes (Kweka et al., 2012; Bohounton et al., 2021). Ocimum gratissimum (commonly known as African basil) and Cymbopogon citratus (lemongrass) are two such plants whose essential oils have shown promise in repelling and inhibiting the flight of Anopheles gambiae mosquitoes (Bohounton et al., 2021). The active compounds within these essential oils, such as eugenol and citral, have been documented to interfere with the sensory perception of mosquitoes, thereby affecting their ability to locate hosts for blood-feeding (Bohounton et al., 2021). This disruption of olfactory cues is critical, as mosquitoes rely heavily on scent to navigate their environment and identify potential hosts (Busula et al., 2017).
Research has demonstrated that the application of essential oils can significantly reduce the attraction of Anopheles gambiae to human hosts, thereby potentially decreasing malaria transmission rates (Kweka et al., 2012; Bohounton et al., 2021). The efficacy of these natural repellents is attributed to their ability to mask or alter the olfactory signals that mosquitoes typically respond to, which include carbon dioxide and body odors emitted by humans (Busula et al., 2017). Additionally, the use of plant-based repellents presents an eco-friendly alternative to synthetic insecticides, aligning with global efforts to promote sustainable agricultural practices and reduce chemical exposure in the environment (Bohounton et al., 2021).
Moreover, the integration of essential oils into vector control strategies as repellents could enhance the effectiveness of existing methods, such as insecticide-treated nets (ITNs) and indoor residual spraying (Forson et al., 2022). Combined approaches may present possibilities of a multi-faceted strategy that not only targets adult mosquitoes, but also, disrupts their reproductive cycles and feeding behaviors (Forson et al., 2022; Zoungbédji et al., 2023). Such an integrated pest management approach could significantly mitigate the impact of malaria in endemic regions, particularly in sub-Saharan Africa, where Anopheles gambiae remains the primary vector (Garba, 2023; Munywoki et al., 2021).
The exploration of essential oils from Ocimum gratissimum and Cymbopogon citratus as inhibitors of Anopheles gambiae mosquitoes odour perception, presents a promising avenue for malaria control. By leveraging the natural properties of these plant extracts, researchers and public health officials can develop innovative strategies that not only reduce mosquito populations but also minimize the reliance on synthetic insecticides, thereby addressing the challenges posed by insecticide resistance and environmental sustainability (Kweka et al., 2012; Bohounton et al., 2021). As the fight against malaria continues, such integrative approaches will be essential in achieving long-term success in vector control and disease prevention. The goal of this study is to evaluate the potential of Ocimum gratissimum and Cymbopogon citratus based Anopheles gambiae mosquito repellent molecules in the essential oils as targets for in silico and in vitro repellent assays..

2. material and methods

Study Area
The arm-in-cage repellency test was carried out in the Entomology Laboratory of the Department of Animal and Environmental Biology, Delta State University. The laboratory was maintained in temperature of 28±2oC and relative humidity of 80±5%. Other studies on the plants and assays were carried out in the Department of Medical Biochemistry between May and July, 2025. 
Materials
Essential oils from Ocimum gratissimum (Scent Leaf), and Cymbopogon citratus (Lemon Grass) were used as topical repellents against Anopheles gambiae mosquitoes. Larvae rearing trays and adult holding cages, aspirators and many other insectary facilities were used for mosquito rearing. 
Instruments/ Equipment
These included the Clevenger apparatus (Clevenger-Type Essential Oil Distillation Unit, Borosil Glass Works Ltd., India), Gas Chromatography-Mass Spectrometry (Sigma Aldrich, Germany, 2019), refrigerator (HTF 319; Haier Thermocool, Japan, 2019), Electronic weighing balance (JA 3003, Citizen Electronics, Tanaka, Japan, 2020), pH meter (HI2211, Hanna Instruments, Romania, 2018), Viscometer (Brookfield Engineering Laboratories, Middleboro, MA, USA, 2017), Retort stand, tripod stand, Bunsen burner, timer or stopwatch, Aspirator (John W. Hock Company, USA), and syringes. Safety equipment (gloves, goggles, lab coat), fresh cage (50x50x50 cm), aspirator, holding buckets. 
Glasswares
Pipettes, measuring cylinder, test tubes, beakers, and volumetric flasks 
Chemicals/Reagents
Distilled water, Anhydrous sodium sulphate, Ointment base compositon (Scent leaf (F1-F5 %), Lemon grass (F1-F5 %), Combined extract (F1-F5%)
Collection/Culture of Mosquito 
Mosquito larvae were acquired from potential breeding sites within Abraka, Ajanomi, Urhuovie, Ebedei-Unor, Delta State. The water containing the larvae was transferred into white transparent containers and was transported to the Insectary of the Department Animal and Environmental Biology Department, Delta State University, Abraka. The resting position of larvae was used as reference point for larvae identification by an Entomologist, in the Department of Animal and Environmental Biology. Of the different genera, Anopheles mosquito larvae were reared in the laboratory in a cage designed with mosquito net to prevent the escape of the adult mosquitoes during emergence. During the period of rearing, the larvae were fed with yeast, but after emergence into adult Anopheles mosquitoes they were fed with 10% glucose solution before commencing the study. The emerged adult Anopheles mosquitoes were used for the experiment.
Collection and Authentication of Plants 
Fresh mature wildly growing Ocimum gratissimum (Scent leaf) and Cymbopogon citratus (lemon grass) plants were collected from Abraka, Delta State, Nigeria. Abraka is located within geographical coordinates of latitude 5.7902oN to and longitude 6.0987oE. The climate of the study area is humid tropical with two distinct seasons: a rainy season (April to October) and a dry season (November to March). This research was carried out during the raining season between May to July, 2025.The plant was identified by Leaf Snap App, and authenticated on the 17th of September, 2024, in the Herbarium Unit, Department of Botany, Delta State University, Abraka, by Mr. O.E Michael who assigned Voucher Numbers: DELSUH 196 and DELSUH 244 to Ocimum gratissimum and Cymbopogon citratus, respectively). Thereafter the leaves of Ocimum gratissimum (Scent leaf) and Cymbopogon citratus (lemon grass) were washed with running tap water to remove dust particles and debris from their surfaces, and then, allowed to air dry for 21 days at room temperature (23-29 oC) (Abok et al., 2018) in the laboratory of Medical Biochemistry Department, Delta State University, Abraka, Nigeria.


Essential Oil Extraction by Hydro distillation
Principle: It is a steam based extraction process used to separate essential oils from plant materials, relying on the principle of volatilization, condensation and separation.
Method: Hydro distillation was carried out in Clevenger apparatus. (Nicholas and Graham, 2015). The sample material was directly immersed in water. The solid-liquid mixture was heated until boiling under atmospheric pressure. The volatile substance present in the sample material evaporated along with the steam generated by the water. This azeotropic mixture would be condensed and separated by its density difference and immiscibility (Li et al., 2014). Optimum condition was standardized using time (60, 120, 180 and 240 minutes), temperature (75, 80, 85, 90, 95 and 100 °C) and solid-solvent ratio (1:5, 1:10, 1:15 and 1:20 g sample/ mL of water). The extraction was carried out for 3 hours from the first drop of distillate until the amount of essential oils stabilized. The essential oil was dried with anhydrous sodium sulfate and stored at a low temperature. 
Yield: The essential oil yield was calculated based on the volume of oil obtained relative to the weight of the fresh plant material used for extraction. The oil volume was measured using a graduated collection tube of the Clevenger apparatus immediately after distillation. The yield (%) was determined using the formula:
Yield (% v/w)=Volume of essential oil (mL)/(Weight of the plant material (g) ) X 100
Sensory Evaluation: The sensory characteristics of the extracted essential oils were assessed immediately after collection to document their physical attributes. Parameters evaluated included color, clarity, and aroma intensity.
Preparation of ointment with the extracted oils 
The oils was separated from the aqueous layer by using a separatory funnel and dehydrated with anhydrous sodium sulphate and stored in clean, dark brown bottles. White soft parrafin (Sigma-Aldrich Chemie GmbH, Steinheim, Germeny), was used in the preparation. Selection of ingredients was done according to their melting point acquit. Different batches of ointment formulations was prepared using a changing concentration of essential oil of Ocimum gratissimum (scent leaf) and Cymbopogon citratus (lemon grass) separately and in combination with the simple ointment IP. The ointments were prepared by incorporating 1 %, 2 %, 3 %, 4 %, and 5 % of the essential oil of O. gratissimum and C. citratus in simple ointment IP, which served as a base. (Logan et al., 2010). In this method, the ingredients were melted together in decreasing order of their melting points and was stirred to ensure homogeneity. Five batches of ointment corresponding to the varying concentrations (F1, F2, F3, F4, and F5) were prepared.
Determination of ointment’s physicochemical properties
Organoleptic parameters
Visual observation was employed to assess organoleptic parameters, including colour, homogeneity, consistency, and phase separation. These subjective evaluations form the basis for the initial judgments on the ointment's overall quality and appearance (Begum et al., 2018).
Determination of pH
The pH of all five ointment formulations was measured by taking 5g of formulation in 45 ml of water. The pH was then checked with a pH meter, which was calibrated before use with standard buffer solutions (Kuntal et al., 2002).

Measurement of viscosity
Viscosity measurements can be counted as sensitive tools for detecting morphologic changes in ointment formulations. Viscosities of all the batches was measured using Brookfield DV-I (spindle T-D spindle code S94) at 50 rpm (Indian Standard, 1978).
Study of tube extrudability
It is a usual confirmable test to evaluate the force required to compact out the ointment from the tube. For this test, clean collapsible tube of 3 mm opening was filled with formulation, and then, the pressure was applied on tube with a finger. Tube extrudability for all batches was then determined by measuring the amount of ointment squeezed out through the tip when the force was applied on tube. (Gupta and Gaud, 2005)
Stability study
All five formulations were subjected to stability testing for about 35 days at room temperature. (Haase, 1996)
Mosquito Repellent Study
Mosquito maintenance
Anopheles gambiae was obtained, identified and separated from other mosquito types from the Laboratory of Biotechnology at the Delta State University, Abraka. The insects were maintained in a biological oxygen demand (BOD) incubator, under controlled conditions of temperature (27 ± 2 °C), relative air humidity (75% ± 5%), and 12-hour light and dark photoperiod (Imam et al., 2014; Nune et al., 2015; World Health Organization, 2013). Adult mosquitoes were placed in plastic rearing cages and provided with a 10 % glucose solution on cotton wool.
Arm-in-cage repellency test of the oils
Each ointment preparation was tested for repellency against An. gambiae mosquitoes using established methods, based on WHO protocol (Omolo et al., 2004). An. gambiae mosquitoes were laboratory-reared. Female mosquitoes (2-5 days post emergence) that had not previously had a blood meal and that had been starved, but previously fed on 10 % glucose solution was used for the experiment. Fresh cage (50 × 50 × 50 cm), with 25 female mosquitoes, was used for each treatment within a testing session. However, before the start of each exposure, the bare hand, used as control area of each volunteer, was exposed for up to 30 seconds. If at least two mosquitoes landed on the bare hand, the repellency test was then continued. This was done to ensure that the mosquitoes are host seeking. The number of mosquitoes probing the treated area of each volunteer was noted for half-hour (Tawatsin et al., 2001; Karunamoorthi et al., 2008; Sarita et al., 2011).
Five adult volunteers were recruited to participate in the laboratory tests, with each volunteer exposed to only one of the oils at a time. The testing period, up to eight hours were spread over 14 days, depending on the efficacy of repellent.  Experiments involving An. gambiae was done in the laboratory. The formulated repellent ointment was applied to a volunteer’s forearm from the elbow to the wrist and the hand was covered with a Nitrile glove. The ointment was served as the control arm. The control arm was inserted into a cage and the number of landings was recorded over 3 minutes. Then, the treatment arm (ointment and essential oil) was inserted into the same cage and the number of landings recorded in the same way. Control and treatment arms were interchanged between experimental sessions to eliminate bias. Each ointment preparation was tested at several concentrations, starting with the lowest dose: 1 %, 2 %, 3 %, 4 %, and 5 % of the essential oil of O. gratissimum and C. citratus per forearm (Begum et al., 2018) resulting in dosages of 1.66 ng/cm2 to 1.995 ng/cm2; calculated using an estimated forearm skin area from elbow to wrist to be 600 cm2 (Trongtokit et al., 2005). 
Percentage repellency in the field evaluation was analyzed according to the formula described by Yap et al. (1998).
Repellency data were expressed as protective efficacy (PE) and were calculated using the formula PE = (mean number of mosquitoes landed on control arm - mean number of mosquitoes landed on test arm/mean number of mosquitoes landed on control arm). 
% Repellency =(C-T)/C  x 100% (Aidaross et al., 2005).
Where C is the number of mosquitoes that landed on the control and T is the number of mosquitoes that landed on the treated volunteers.
In silico Study
Retrieval and preparation of flight inhibition and repellency protein targets
The three dimensional structures of flight inhibition targets [Trehalase UniProt ID: A0A1S4H874, Proline oxidase UniProt ID: F5HJD1, Glutathione S-transferases UniProt ID: Q93113], and Repellency target [Anopheles gambiae odour binding protein-1 (AgamOBP1): UniProt ID: A0A1U7F4W2] were downloaded from Alphafold  and UniProt database and further prepared using Glide's protein preparation wizard.  Missing protein residues (atoms and loops) which are essential to protein structures were fixed using loop refinement methods. Using energy minimization process, the protein structures were optimized to exclude steric clashes, refine conformation and improve geometry. 

Ligand retrieval and preparation
Bioactive compounds of Ocimum gratissimum and Cymbopogon citratus essential oils were obtained from PubChem Database  and prepared using the LigPrep 2.4 (Mahmoud et al., 2021) software, which can generate a number of structures from each input structure with different ionization states, tautomers, stereochemistries, and ring conformations to eliminate molecules based on various criteria such as molecular weight or the number and type of functional groups present with correct chiralities for each successfully processed input structure. The OPLS-2005 force field was employed for optimization, which resulted in the ligand's low-energy conformer (Tripathi et al., 2013).
Binding Site Prediction and Receptor Grid Generation
SiteMap was used to generate binding site characteristics, enabling visualization in Maestro. It initiated with a search phase identifying potential binding regions on or near the protein surface, termed sites, using a grid of site points. Subsequently, contour maps are produced, delineating hydrophobic and hydrophilic features, further categorized into donor, acceptor, and metal-binding regions. The evaluation phase assesses each site by computing various properties, integrated into the Maestro project upon completion. Using the best ranked sitemap, receptor grids were generated for each of the proteins using Receptor Grid Generation module embedded in maestro software suite (Osmaniye et al., 2022).
Receptor Based Virtual Screening
To evaluate the docking parameters, all potential compounds were docked into the  protein targets using Schrodinger's Grid-Based Ligand Docking (Glide) software (Halgren et al., 2004; Friesner et al., 2004). Glide 5.6's Receptor Grid Generation module was used to define the active site for docking ligands. To investigate the binding modes of the compounds against individual targets, two distinct docking techniques were used, standard precision (SP) and extra precision (XP) docking, were carried out.


Prime MM/GBSA Calculations
The Prime/MM-GB/SA technique is used to compute the free energy of binding. This method is used to calculate the free energy of binding for a given collection of ligands to a receptor. The docked postures were reduced using Prime's local optimization function, and the complex energies were estimated using the OPLS-AA (2005) force field and the generalized-Born/surface area (GB/SA) continuum solvent model. The binding free energy, G bind, is computed as follows (Lyne et al., 2006):
ΔGbind = ΔE + ΔGsolv + ΔGSA						(1)
ΔE = Ecomplex–Eprotein–Eligand						(2)
Where Ecomplex, Eprotein, and Eligand are the minimized energies of the protein–inhibitor complex, protein, and inhibitor, respectively
ΔGsolv = Gsolv(complex)–Gsolv(protein)–Gsolv(ligand)
Where Gsolv(complex), Gsolv(protein), and Gsolv(ligand) are the salvation free energies of the complex, protein, and inhibitor, respectively:
ΔGSA = GSA (complex)–G SA(protein) – G SA(ligand)
Where GSA (complex), GSA (protein), and GSA (ligand) are the complex, protein, and inhibitor surface area energies, respectively. 
Pharmacodynamics and pharmacodynamics
Promising hit compounds having good docking score, XP GScore, and MMGBSA dG Bind were selected for ADMET studies in addition to other physiochemical analysis using ADEMETlab 3.0 for further analysis [https://admetmesh.scbdd.com/service/evaluation/cal].ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties are crucial parameters in drug discovery and development. Predicting the ADMET properties of small molecules is essential for optimizing drug design and development strategies, as well as for assessing the safety and efficacy of drug candidates.



Statistical Analysis
All data were analyzed using the one-way analysis of variance (ANOVA) and significant differences between groups were determined using the SPSS software (version 25.0). Post hoc Tukey’s test and p < 0.05 were considered significant with 95% confidence intervals. Also, Probit analysis was also used to determine the RD50. All the experiments were in replicates and data were expressed as Mean ± Standard Error for Mean (SEM).



3. results and discussion

The results obtained from the assessment of mosquito repellency and molecular docking properties of essential oils from Ocimum gratissimum and Cymbopogon citratus are shown in Figure 1.0-6.0
Repellency Studies
This reveals the experimental results obtained from evaluating the repellency activity of different ointments (singly and combined), DEET (standard control). The data were organized in tables and figures to illustrate percentage repellency over time and across concentrations. In addition, probit analysis was conducted to determine the repellent doses (RD₅₀ and RD₉₀) of each treatment. 
The data obtained from the Anopheles gambiae mosquito repellency test using the arm-in-cage methods are displayed in Figure 1.0-5.0 
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Figure 1. Repellency for DEET and ointments at 1% concentration of oil over 8h test period using the arm-in-cage technique
OgEOO= O. gratissimum essential oil ointment
CcEOO= C. citratus essential oil ointment
EO= Essential oil
*= statistically significant
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Figure 2. Repellency for DEET and ointments at 2% concentration of oil over 8h test period using the arm-in-cage technique
OgEOO= O. gratissimum essential oil ointment
CcEOO= C. citratus essential oil ointment
EO= Essential oil
*= statistically significant
 




Figure 3. Repellency for DEET and ointments at 3% concentration of oil over 8h test period using the arm-in-cage technique
OgEOO= O. gratissimum essential oil ointment
CcEOO= C. citratus essential oil ointment
EO= Essential oil
*= statistically significant
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Figure 4. Repellency for DEET and ointments at 4% concentration of oil over 8h test period using the arm-in-cage technique
OgEOO= O. gratissimum essential oil ointment
CcEOO= C. citratus essential oil ointment
EO= Essential oil
*= statistically significant
#= not statistically significant
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Figure 5. Repellency for DEET and ointments at 5% concentration of oil over 8h test period using the arm-in-cage technique
OgEOO= O. gratissimum essential oil ointment
CcEOO= C. citratus essential oil ointment
EO= Essential oil
*= statistically significant
#= not statistically significant
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Figure 6.: Binding of a. gamma-Muurolene [PubChem ID: 12313020]. and b. Copaene [PubChem ID: 12303902] against Glutathione S-transferases, and Anopheles gambiae odour binding protein-1 respectively. 
Gamma-Muurolene showed closer interactions with PHE207 and PHE117 than with MET134 and LEU6 in GST (Q93113), suggesting stronger binding contributions. Similarly, Copaene bound more closely to TRP133 and MET110 than to PHE142 and HIS130 in AgamOBP1 (A0A1U7F4W2), indicating key residues influencing affinity.

Tables:
Essential oil yield and sensory evaluation
Table 1.0 The table below presents the yield and sensory evaluation results for essential oils obtained from O. gratissimum and C. citratus using hydro-distillation in a Clevenger apparatus.
	Sample
	Yield (% v/w) ± SD
	Color
	Clarity
	Aroma Description
	Aroma Intensity (1–5)

	O. gratissimum oil
	0.85 ± 0.03
	Pale yellow
	Clear
	Herbal, spicy, clove-like
	4

	C. citratus oil
	1.12 ± 0.05
	Yellow
	Clear
	Citrusy, lemony, fresh
	5


Yields are expressed as mean ± standard deviation (SD) of triplicate determinations. Aroma intensity was evaluated on a 5-point scale (1 = very weak, 5 = very strong). Color and clarity were visually assessed under natural light against a white background
[bookmark: _Toc205903451]

Table 2.0. Physical evaluation of the prepared ointments 
	S/No.
	Code      
	Percentage (%)
	Color
	Homogeneity
	Consistency
	Phase Separation

	C. citratus
	
	

	1
	F1
	1
	Light green
	Good
	++
	Nil

	2
	F2
	2
	Light green
	Good
	++
	Nil

	3
	F3
	3
	Light green
	Good
	+
	Nil

	4
	F4
	4
	Light green
	Fair
	++
	Nil

	5
	F5
	5
	Light green
	Fair
	+++
	Nil

	O. gratissimum

	1
	F1
	1
	Bright yellow
	Good
	++
	Nil

	2
	F2
	2
	Bright yellow
	Good
	++
	Nil

	3
	F3
	3
	Bright yellow
	Good
	+
	Nil

	4
	F4
	4
	Bright yellow
	Fair
	++
	Nil

	5
	F5
	5
	Bright yellow
	Fair
	+++
	Nil


+ = Soft (very easy to spread), ++ = Moderately firm (ideal spreadability), +++ = Firm (thicker, harder to spread).
The table shows the physical characteristics of C. citratus and O. gratissimum essential oil formulations (F1–F5) at different concentrations (1–5%). Color was evaluated visually under natural light. Homogeneity refers to the uniform distribution of the formulation (Good = no visible irregularities; Fair = minor unevenness). Consistency indicates the degree of formulation thickness as observed during handling, graded qualitatively as (+) low, (++) moderate, and (+++) high. Phase separation indicates the presence of distinct liquid layers during storage; “Nil” means no separation was observed.






Table 3.0 Evaluation of pH, viscosity, extrudability of all the ointments’ formulations
		Batch
	Oil percentage
	pH
	Viscosity (poise)
	Extrudability (%)

	O. gratissimum
	
	
	
	

	F1
	1%
	6.78
	2.88 ± 0.14
	78

	F2
	2%
	6.76
	3.02 ± 0.12
	76

	F3
	3%
	6.74
	3.19 ± 0.13
	78

	F4
	4%
	6.71
	3.35 ± 0.11
	80

	F5
	5 %
	6.69
	3.51 ± 0.15
	76

	C. citratus
	
	
	
	

	F1
	1 %
	6.80
	2.76 ± 0.10
	76

	F2
	2 %
	6.77
	2.95 ± 0.12
	74

	F3
	3 %
	6.74
	3.10 ± 0.13
	78

	F4
	4 %
	6.71
	3.27 ± 0.14
	78

	F5
	5 %
	6.69
	3.45 ± 0.13
	80



	
	
	


O. gratissimum and C. citratus oils showed pH values ranging from 6.69 to 6.80, which fall within the acceptable skin-friendly range, indicating good compatibility for topical application. Viscosity increased progressively with rising oil concentration in both formulations, suggesting that higher oil content enhances gel thickness and stability. Extrudability values, which reflect ease of dispensing, remained high across all batches (74–80%), demonstrating that the formulations maintained a balance between spreadability and firmness.


Probit analysis (determination of RD50 and RD90)
The data obtained from the Anopheles gambiae mosquito repellency test in the determination of the RD50 and RD90 are displayed in Table 4.0
Table 4.0. Repellent doses of ointments 50 % and 90 % efficiency
	
	Repellency doses (µg/mL)

	Ointment
	RD50
	RD90

	O. gratissimum
	1.13
	5.49

	C. citratus
	0.28
	2.54

	O. gratissimum+ C. citratus
	0.03
	0.46

	DEET
	0.63
	2.91



The data obtained from the probit analysis data indicate that the combined oils showed the strongest repellency, surpassing both individual extracts and DEET, suggesting synergistic efficacy and safer alternative potential.
In silico study
Table 5.0: Docking data obtained from the computational analysis of the oils’ compounds and flight/odour binding targets in An. gambiae.
	Compound
	Dock score (kCal/mol)
	XP GScore (kCal/mol)
	MMGBSA Dg Bind  (kCal/mol)
	Aggregate score
(kCal/mol)

	*An. gambiae flight inhibitor
	
	
	
	

	Gluthathione-s-transferase
	
	
	
	

	· Gamma- muurolene 
	-6.65
	-0.78
	-59.99
	-2.13

	An. gambiae Odour perception
	
	
	
	

	*An. gambiae odour binding protein 1
	
	
	
	

	· Copaene 
	-8.16
	-0.73
	-78.39
	-2.66


*target, ●Most active compound
[bookmark: _Toc205903453]Table 6.0: Drug-likeness, ADMET, and Physicochemical Properties of Gamma-Muurolene and Copaene
	Property
	Gamma-Muurolene
	Copaene

	Hydrogen Bond Acceptors (HBA)
	0
	0

	Hydrogen Bond Donors (HBD)
	0
	0

	Topological Polar Surface Area (TPSA)
	0
	0

	iLOGP
	3.31
	3.4

	XLOGP3
	4.31
	4.47

	GI Absorption
	Low
	Low

	Blood-Brain Barrier (BBB) Permeation
	No
	Yes

	P-glycoprotein (Pgp) Substrate
	No
	No

	CYP Inhibition
	CYP2C9, CYP3A4
	CYP2C9, CYP3A4

	Lipinski Violations
	1
	1

	Lead-likeness Violations
	Yes
	Yes

	Synthetic Accessibility
	4.35
	4.62


Gamma-Muurolene and Copaene (TPSA = 0) are highly lipophilic, enabling membrane permeability but limiting solubility and absorption; Copaene may cross the blood–brain barrier. Both inhibit CYP2C9/CYP3A4, raising drug–interaction risks, show one Lipinski violation, fail lead-likeness, and have moderate synthetic complexity.

•Discussion: 
The exploration of natural compounds from essential oils, particularly those derived from Ocimum gratissimum (African basil) and Cymbopogon citratus (lemon grass), has gained significant attention in the context of malaria vector control, specifically targeting the Anopheles gambiae mosquito. This species is a primary vector for malaria transmission in sub-Saharan Africa, and its control is critical for reducing the incidence of this life-threatening disease (Garba, 2023). The use of synthetic insecticides has been the mainstay of vector control strategies; however, the emergence of insecticide resistance among mosquito populations necessitates the search for alternative approaches that are both effective and environmentally sustainable (Aïzoun et al., 2013; Kweka et al., 2012).
Results from this study indicate that the hydro-distillation results revealed essential oil yields of 0.85 ± 0.03% for Ocimum gratissimum and 1.12 ± 0.05% for Cymbopogon citratus. Both oils were clear with distinct colors and characteristic aromas. The higher yield of C. citratus compared to O. gratissimum suggests a better extraction potential, and the aroma intensity indicated high concentrations of bioactive volatiles in C. citratus and O. gratissimum, imparting the characteristic herbal, spicy, and clove-like scent observed in this study (Akinmoladun et al., 2019; Oguntimein et al., 2015). Also, sensory evaluation confirmed strong aroma intensity for O. gratissimum and very strong citrusy freshness for C. citratus, consistent with previous findings attributing these profiles presence of bioactive compounds in both plants (Avoseh et al., 2015; Abdallah et al., 2016).
The physical evaluation of ointment formulations showed consistent colors—light green for C. citratus and bright yellow for O. gratissimum—with good homogeneity at lower concentrations (F1–F3). At higher concentrations (F4–F5), smoothness reduced slightly, while viscosity increased, giving thicker consistencies. Importantly, no phase separation was recorded, reflecting formulation stability. This was in line with previous studies by Begum et al. (2018).
Also, the physicochemical properties confirmed that the pH of all ointments (6.69–6.80) was within a skin-friendly range. Viscosity increased with oil concentration, indicating improved retention and film-forming ability on the skin, while extrudability remained high, showing good applicability. These findings are important as they balance stability with user acceptability in topical formulations which was in line with previous studies as documented by Begum et al. (2018). 
Furthermore, the repellency results demonstrated that DEET exhibited consistent, dose-dependent repellency across 8 hours. O. gratissimum oil showed moderate protection that improved at higher concentrations, reflecting the volatility of its active compounds. C. citratus oil displayed stronger, more stable repellency even at lower concentrations (≥2%), likely due to citral and geraniol. Remarkably, the combined oils achieved 100% repellency at just 2%, suggesting synergistic interactions between their phytochemicals. As concentration increased, so did the repellent efficacy, highlighting its reliability and predictable pharmacological action. This uniform performance confirms DEET’s status as a benchmark synthetic repellent, against which plant-based alternatives were compared. The results are consistent with previous studies demonstrating DEET’s long-lasting and broad-spectrum protection against mosquitoes (Katz et al., 2008).
Notably, probit analysis reinforced the observation from the repellency assay. O. gratissimum had the highest RD₅₀ (1.13) and RD₉₀ (5.49), showing weaker potency compared to DEET and C. citratus. In contrast, C. citratus had a very low RD₅₀ (0.28) and RD₉₀ (2.54), outperforming DEET. The combined oil formulation exhibited exceptional potency (RD₅₀ = 0.03; RD₉₀ = 0.46), confirming its strong synergistic activity. The relatively low concentration needed still confirms DEET’s status as a standard benchmark in mosquito repellency studies (Tavassoli et al., 2015). 
Finally, in siliso study provided critical insights into their efficacy as repellent candidates. Gamma-Muurolene displayed effective binding against Glutathione S-transferases with a docking score of -6.65 and an MMGBSA dG Bind of -59.99, further emphasizing the diverse mechanisms through which these compounds can exert their effects (Zohdy et al., 2015).
The implications of these findings extend beyond mere inhibition; they also encompass the potential for these compounds to disrupt the olfactory functions of Anopheles gambiae. For instance, Copaene's docking score of -8.16 against the Anopheles gambiae odour-binding protein-1 (AgamOBP1) suggests that it could significantly hinder the mosquito's ability to locate hosts for blood-feeding, thereby reducing malaria transmission risk (Entonu et al., 2020). The interactions of these compounds with key residues in the target proteins, such as hydrogen bonds and hydrophobic contacts, further elucidate their binding mechanisms and potential efficacy as insecticides.
Pharmacokinetic and pharmacodynamic evaluations of these essential oil components reveal distinct profiles that inform their potential applications in vector control. The metabolic disruption potential of gamma-Muurolene and Copaene, both of which exhibited low gastrointestinal absorption but potential inhibition of key cytochrome P450 enzymes, further underscores their roles in enhancing mosquito mortality (David et al., 2013).
The biological roles of the mosquito proteins studied provide insight into repellency. Glutathione S-transferases (AgamGSTs) are detoxification enzymes that help mosquitoes neutralize xenobiotics, including insecticides (Ranson and Hemingway, 2005). Inhibiting AgamGST can weaken the mosquito’s defense against toxic compounds, enhancing the effect of repellents. Odour-binding proteins such as AgamOBP1 are central to host-seeking behavior, as they transport odorant molecules to olfactory receptors (Biessmann et al., 2010). Disruption of AgamOBP1 function impairs the mosquito’s ability to detect human odor cues, directly reducing host attraction.

4. Conclusion

This study demonstrates that essential oils from Cymbopogon citratus and Ocimum gratissimum possess significant repellent properties against Anopheles gambiae especially for their combined concentrations.  Higher concentrations of C. citratus oil exhibited the strongest repellency profile, while that of O. gratissimum displayed moderate repellency. Other concentrations of the combined oils produced synergistic repellency, achieving complete protection at low concentrations and demonstrating superior potency compared to the standard synthetic repellent DEET. These findings are supported by molecular interactions of key phytochemicals with mosquito protein targets. By inhibiting detoxification pathways mediated by AgamGST and disrupting host odor recognition through AgamOBP1, the oils exert dual modes of action that enhance their overall effectiveness. This highlights their potential not only as natural repellents but also as eco-friendly alternatives capable of overcoming the limitations of synthetic insecticides.
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Definitions, Acronyms, Abbreviations
ADMET – Absorption, Distribution, Metabolism, Excretion, and Toxicity
AgamGST – Anopheles gambiae Glutathione S-transferase
AgamOBP1 – Anopheles gambiae Odorant-Binding Protein 1
ANOVA – Analysis of Variance
BOD – Biological Oxygen Demand
DEET – N,N-Diethyl-meta-toluamide
F1–F5 – Ointment Formulation Batches (1–5%)
GC-MS – Gas Chromatography–Mass Spectrometry
HBA – Hydrogen Bond Acceptors
HBD – Hydrogen Bond Donors
IP – Indian Pharmacopoeia
MM/GBSA – Molecular Mechanics/Generalized Born Surface Area
OPLS – Optimized Potentials for Liquid Simulations
RD₅₀ – Repellent Dose required for 50% efficacy
RD₉₀ – Repellent Dose required for 90% efficacy
SD – Standard Deviation
SEM – Standard Error of Mean
TPSA – Topological Polar Surface Area
WHO – World Health Organization
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