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The repellent effect generated by some molecules is due to the 
insect’s capacity to detect a variety of chemical signals via its sen-
sory receptors, located mainly on the antennae and maxillary palps. 
A� speci�c behavioral response of attraction or repellence is gen-
erated depending on the type of chemical signal captured by the 
insect; this mechanism is re�ected by the insect’s loss of sensory 
capacity (Bohbot and Dickens 2010, Liu et�al. 2016, Guo and Smith 
2017, Jacob 2018). Although the mechanism of action of repel-
lent compounds on insects of medical importance is poorly under-
stood at the molecular level, this mechanism can be expected to be 
similar to the process by which odorant substances are perceived. 
Similar processes have been observed in the fruit �y Drosophila 
melanogaster (Xu et� al. 2005, Guo and Smith 2017). The behav-
ioral effect begins with the reception of volatile organic compounds 
(VOCs) produced by plants and animals and captured by trichoid 
sensilla, specialized chemoreceptors present in the antennae. These 
VOCs pass through the sensilla to the sensillar lymph (hydrophilic 
medium at pH close to 7), where they are transported by odorant-
binding proteins (OBPs). These OBPs are characterized by a binding 
pocket where molecules are bound via different types of molecular 
interactions (Leal 2013, Bohbot and Pitts 2015, Leal and Leal 2015, 
Northey et�al. 2016).

The main OBP in Ae. aegypti is known as AaegOBP1, and it is 
located in chemoreceptor neurons of maxillary antennae and palps 
(Bohbot and Dickens 2012). This globular protein is composed of 
125 amino acid residues of an approximate cavity depth of 2.3�nm, 
and the odorant-binding site is composed of arginine 23 (Arg23), 
tyrosine 54 (Tyr54), and isoleucine 125 (Ile125) (Zhou et�al. 2008, 
Leite et�al. 2009). These residues interact with odorant molecules 
via hydrophobic and hydrophilic interactions, facilitating their 
transport through the sensillar lymph. The protein-ligand complex, 

formed by the OBP and the odorant molecule, extends to the cellular 
membrane of olfactory receptor neuron (ORN) dendrites, where 
odorant receptors (ORs) are found. Interactions between OBPs and 
ORs take place in a low-pH medium favorable for the conforma-
tional change of OBPs and the subsequent release of the odorant 
molecule in receptors (Bohbot and Pitts 2015). ROs are specialized 
proteins formed by receptor-coreceptor heterodimers that allow for 
the passage of ions through the neuron membrane (Benton 2006, 
Xu et�al. 2014), which transforms a chemical signal into an elec-
trical signal (Guo and Smith 2017) (Fig. 1). The response produced 
by the mosquito will be of attraction or repellence depending on 
the odorant perceived by the insect (Seenivasagan et�al. 2012, Xu 
et�al. 2014).

In silico studies have predicted interactions among different com-
pounds of biological interest and identi�ed substances with a high 
probability of interacting at the binding sites responsible for speci�c 
biological functions. This information has allowed for the design of 
molecules targeting biological structures that are dif�cult to extract 
or purify, such as proteins and enzymes (Alonso et�al. 2006, Gopal 
and Kannabiran 2013, Devillers et�al. 2014). The scarce computa-
tional studies focused on the search for molecules with a potential 
repellent effect against Ae. aegypti have used knowledge of physico-
chemical and molecular properties to predict their biological activity 
(Natarajan et�al. 2008, Oliferenko et�al. 2013, Andrade-Ochoa et�al. 
2018); for this reason, the present study sought to evaluate the re-
pellent effect of different secondary metabolites (terpenes) selected 
based on the analysis of multiple in silico simulations of their phys-
icochemical properties and molecular coupling with the AaegOBP1 
protein. In addition, repellency tests against Ae. aegypti were carried 
out in vivo, as well as cytotoxicity tests in vitro, to verify the com-
putational results.

Fig. 1.  Mechanism of reception of odorants in insects (Adapted from Guo and Smith 2017 and Leal 2013). Image: (1) Odorant molecules released by animals and 
plants reach the trichoid sensilla on the maxillary antennae and palps. (2) Odorant molecules reach the sensillar lymph after passing through the sensilla. (3) 
Odorant molecules bind to OBPs in the sensillar lymph and are transported in a binding pocket toward the ORs. (4) These ROs, located in the cellular membrane 
of ORNs, transform the chemical signal into an electrical signal, which triggers a behavioral response.
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and 65�70% ethanol. In vivo tests were carried out to count the 
number of bites during non-adjacent periods of 15� min per hour 
until the �rst bite in the treated forearm was observed; the protection 
percentage was calculated. The negative control used the amounts of 
PEG 400, milli-Q water, and ethanol mentioned above.

In vitro Cytotoxicity�Tests
Cell lines Vero (normal epithelial cells from the kidney of an African 
green monkey) and HepaRG (normal human hepatocyte cells) were 
cultivated in EMEM (Eagle’s Minimum Essential Medium: 7% 
bovine fetal serum at a pH of 7.2 and 112.5�mg gentamicin) and 
Williams’ medium (10% fetal bovine serum at a pH of 7.2, 1% glu-
tamine, and 112.5�mg/liter gentamicin), respectively. Cells were sep-
arated from the culture dishes using a trypsin-EDTA solution and 
then placed on a 96-well plate (1�× 104 cells per well) and incubated 
at 37°C in a 5% CO2 atmosphere for 24�h for total adhesion to the 
plate. Under optimal metabolic conditions, cells were treated with 
the best metabolites, their mixtures, and the synthetic repellent com-
pound DEET at a concentration of 200��M for (maximum reference 
concentration with a potential cytotoxic effect on normal Vero and 
HepaRG cells) for 24�h.

Cell viability was determined by MTT method, as described 
by Mosmann (1983) and Riss et� al. (2013). The supernatant of 
the 96-well plate was discarded after the treatment, and 200� �l 
MTT (500� �g/ml) was added to Hank’s Balanced Salt Solution 
(HBSS) for subsequent incubation for 3�h. The MTT solution was 
removed, and 200� �l of dimethyl sulfoxide (DMSO) was added 
to solubilize the resulting crystals. Absorbance reading was car-
ried out using a microplate reader (Thermo Scienti�c ) at 570�nm 

using DMSO as a target. Viable and metabolically active cells re-
duce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) salt, forming DMSO-soluble formazan crystals. The LC50 
value was calculated by comparing cell viability between treated and 
untreated cells for each of the evaluated compounds. Replications 
were carried out on the 96-well plate. Three wells were used for 
each substance and concentration, 9 wells as control, and 3 wells as 
target (DMSO).

Statistical Analysis
Data were subjected to Kolmogorov�Smirnov, Shapiro�Wilk, and 
Lillieford normality tests. When the data presented normal distri-
bution, they were subjected to one-way ANOVA means comparison 
tests and a Tukey test. Non-parametric tests (Kruskall-Wallis) were 
applied when the distribution was not normal. Comparisons were 
considered statistically signi�cant if P�<�0.05. The software used for 
these analyses was Statistic V11 (Statsoft).

Results

In silico Analysis: Molecular Docking and Toxicity 
Analysis
Twenty metabolites derived from plant EOs were pre-selected based 
on the literature review; all of these EOs have been reported as 
presenting repellent-like protection percentages greater than 80% 
(Yang and Ma 2005, Gillij et� al. 2008, Vera et� al. 2014, Castillo 
et�al. 2017, Ríos et�al. 2017). Molecular assembly spontaneity was 
determined as Gibbs free energy, �Gbinding (kcal/mol) in the metabol-
ites interacting with the odorant protein AaegOBP1. Results showed 

Fig. 4.  Results of molecular docking: odorant protein - reference compounds. (A) Representation of AaegOBP1’s hydrophobic surface and ribbons (surface at 
40% transparency). Surface colors correspond to the Kyte-Doolittle scale (Yellow: hydrophobic zone; Blue: hydrophilic zone) (Kyte and Doolittle 1982). (B) IR3535 
in hydrophobic cavity of protein at distances of 2.8�¯, 7.5�¯, and 9.6�¯ from residues Ile125, Tyr54, and Arg23, respectively. (C) DEET in hydrophobic cavity of 
protein at distances of 2.6�¯, 8.1�¯, and 10.5�¯ from residues Ile125, Tyr54, and Arg23, respectively. Images generated by UCSF Chimera (Pettersen et�al. 2004).
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concentration was 0.1% (v/v). During the 15- to 60-min interval, 
the highest number of bites was associated with nerol in the three 
concentrations evaluated. By contrast, the treatment with nerolidol 
resulted in lower numbers of bites at concentrations of 10 and 
25% in all the intervals (Fig. 6). Statistically signi�cant differ-
ences were found between the control (acetone) and the four me-
tabolites in all evaluated intervals: geranyl acetate KW H (Geranyl 
acetate KW H (3, n�=�33)�=�26.36142, P�<�0.05); (Nerolidol KW 
H (3, n� =� 33)� =� 13.13514, P� <� 0.05); (�-bisabolol KW H (3, 
n�=�33)�=�27.76607, P�<�0.05); (Nerol KW H (3, n�=�33)�=�14.33929, 
P� <� 0.05). No statistically signi�cant differences were found be-
tween any of the four metabolites and DEET in any of the evalu-
ated intervals (Geranyl acetate KW H (3, n� =� 33)� =� 26.36142, 
P > 0.05); (Nerolidol KW H (3, n� =� 33)� =� 13.13514, P > 0.05); 
(�-bisabolol KW H (3, n�=�33)�=�27.76607, P > 0.05); (Nerol KW H 
(3, n�=�33)�=�14.33929, P > 0.05) (Fig. 6).

The effectiveness of each terpene as a repellent was evalu-
ated by comparing the number of bites registered during the 15- 
to 60-min interval with each of the evaluated concentrations. 
When using concentrations of 10 and 25% (v/v), the number of 
bites observed in treatments with geranyl acetate, nerolidol, and 
�-bisabolol was lower than the number of bites observed with the 
control (acetone) with statistically signi�cant differences [Geranyl 
acetate KW H (3, n� =� 15)� =� 12.15228, P� =� 0.0069]; [Nerolidol 
KW H (3, n� =� 15)� =� 13.74545, P� =� 0.0033]; [�-bisabolol KW H 

(3, n� =� 15)� =� 12.46737, P� =� 0.0059], but no statistically signi�-
cant differences were found in comparison with DEET [Geranyl 
acetate KW H (3, n� =� 15)� =� 12.15228, P > 0.05]; [Nerolidol 
KW H (3, n�=�15)�=�13.74545, P > 0.05]; [�-bisabolol KW H (3, 
n� =�15)�=�12.46737, P > 0.05]. It is worth mentioning that nerol 
was the only metabolite with which bites were observed at concen-
trations of 10 and 25%, and there were no signi�cant statistical 
differences compared to the control (acetone) [Nerol KW H (3, 
n�=�15)�=�9.097403, P > 0.05] (Fig. 7).

Evaluation of Metabolite Mixture
Four mixtures were prepared using a 1:1 ratio (Table 4) with the me-
tabolites that were showing the best protection percentages in vivo 
(geranyl acetate, nerolidol, and �-bisabolol).

When evaluating the protection percentages of the four proposed 
mixtures, a protection percentage of 100% was observed with mix-
tures one and two at concentrations of 5 and 10% in all evaluated 
time intervals (Table 5). In the cases of mixtures 3 and 4, the pro-
tection percentages were over 81% at concentrations of 5 and 10%, 
and protection effectiveness decreased as exposure time increased. 
Mixture 4 was not evaluated at the 5% concentration due to the loss 
of effectiveness observed at 10% (v/v) during the test period (1�h).

The number of bites per interval was registered for each of the 
concentrations (Fig. 7); fewer bites were observed at concentrations 
of 5%, even during the interval corresponding to 60-min exposure. 

Table 2.  Values of Lipinski’s parameters for secondary metabolites geranyl acetate, nerolidol, �-bisabolol, nerol, and the repellent 
substances DEET and�IR3535

Molecule Lipinski’s parameters Molecular weight (g/mol) Risk pro�les:

LogP LogS 1 2 3

IR3535 1.655 �1.402 222.86 NO NO NO
DEET 2.521 �2.203 191.27 YES YES YES
Geranyl acetate 3.970 �2.299 196.29 NO NO NO
Nerolidol 5.403 �3.125 222.37 NO NO NO
�-bisabolol 4.471 �3.162 222.37 NO NO NO
Nerol 3.485 �1.889 154.25 NO NO NO

Risk pro�les: 1.�Mutagenic 2.�Tumorigenic 3.�Reproductive.

Table 3.  Protection percentage (%�–SD) of metabolites geranyl acetate, nerolidol, �-bisabolol, and nerol in concentrations of 0.1, 10, and 
25% (v/v) during test intervals 0�2, 2�15, 15�60�min

Protection percentage (%�– SD)

Concentration (%�v/v) Molecule Test intervals (min)

0�2 min 2�15 min 15�60 min

25% Geranyl acetate 100�– 0.0 96�– 0.4 97�– 0.3
Nerolidol 100�– 0.0 100�– 0.0 100�– 0.0
�-bisabolol 100�– 0.0 90�– 0.4 91�– 0.4
Nerol 100�– 0.0 100�– 0.0 72�– 1.4

10% Geranyl acetate 100�– 0.0 100�– 0.0 100�– 0.0
Nerolidol 100�– 0.0 100�– 0.0 100�– 0.0
�-bisabolol 100�– 0.0 100�– 0.0 100�– 0.0
Nerol 100�– 0.0 100�– 0.0 90�– 0.7

0.1% Geranyl acetate 0.0�– 2.1 0.0�– 1.6 0.0�– 1.7
Nerolidol 0.0�– 1.7 0.0�– 1.9 0.0�– 1.6
�-bisabolol 56�– 0.6 12�– 2.4 3�– 2.0
Nerol 57�– 1.7 58�– 1.8 28�– 2.6

Positive control (25%) DEET 100�– 0.0 100�– 0.0 100�– 0.0

Positive control is 25% DEET (v/v).
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Evaluation of Formulations
Two formulations were prepared using the mixture presenting the 
highest percentage of repellency in vivo and the lowest toxicity in 
vitro. Formulation 1: 5% (v/v) geranyl acetate, 5% (v/v) nerolidol, 
10% PEG 400, 10% milli-Q water, and 70% ethanol. Formulation 
2: 5% Geranyl acetate, 5% nerolidol, 15% PEG 400, and 65% eth-
anol. A�protection percentage of 100% was obtained with both for-
mulations for a maximum exposure period of 2�h for formulation 1 
and 3�h for formulation 2 (Table 7). No statistical differences were 
found between the protection percentages of the formulations and 
DEET (positive control during intervals of 100% protection per-
centage (Formulations KW H (2, n� =� 15)� =� 8.990826, P� <� 0.05), 
but differences were observed with respect to the negative control 
(PEG 400, milli-Q water, and ethanol) over a 2-h period for formu-
lation 1 (Formulation 1 KW H (2, n�=�15)�=�8.990826, P�=�0.0112) 
and over a 3-h period for formulation 2 (Formulation 2 KW H (2, 
n�=�15)�=�8.990826, P�=�0.0112).

Discussion

Selection of Secondary Metabolites
Most scienti�c papers reporting on the bioactivity of EO against 
Ae. aegypti focus on insecticide and repellent products with protec-
tion percentages higher than 80%. EOs extracted from plants of the 
families Lamiaceae (mint-smelling substances), Poaceae (aromatic 
grasses), and Pinaceae (pines and cedars) have been identi�ed as 
having insecticide and repellent activity (Amer and Mehlhorn 2006, 

Maia and Moore 2011, Castillo et�al. 2017). However, the possible 
synergistic interaction among the EO components and its associated 
mechanism of action remain unexplored (Gleiser et�al. 2011, Leal 
2013, Bezerra-Silva et�al. 2016).

A common characteristic of EOs in the literature is that their 
major compounds are classi�ed as terpenes. This group of metabol-
ites is characterized by the predominance of carbon and hydrogen 
in their composition, represented by isoprene units (C5H8), mem-
brane lipid precursor molecules such as cholesterol (Ludwiczuk et�al. 
2016). They can be classi�ed according to the number of isoprene 
units in the molecule, e.g., monoterpenes (two units), sesquiterpenes 
(three units), diterpenes (four units), among others. Additionally, 
each of these subgroups can present functional groups such as al-
cohols, ketones, ethers, or simply carbon chains (Pandit et�al. 2006, 
Santos et�al. 2010). In the present study, terpene compounds used 
in in silico analyses and in vivo tests were among those classi�ed 
as monoterpenes and cyclic sesquiterpenes, with conjugated double 
bonds and ketone, ether, ester, and alcohol groups.

In silico Analyses Molecular Docking and Toxicity 
Analysis
Molecular docking (with the odorant protein AaegOBP1) results 
for the 20 pre-selected metabolites showed spontaneous attach-
ment in the cavity whose function is to capture and transport 
VOCs through the sensillar lymph (Figs. 4 and 5)� (Gopal and 
Kannabiran 2013, Northey et�al. 2016), as well as negative values 
of Gibbs free energy �Gbinding (Table 1). Additionally, our results 

Fig. 8.  Mixtures at concentrations of 5 and 10% (v/v). (a and b) Registered bites with mixtures during intervals 0�2, 2�15, and 15�60�min. *Statistically signi�cant 
differences between treatment and control (acetone) (Mixture 1 KW H (3, n�=�24)�=�22.87895, P�<�0.05; Mixture 2 KW H (3, n�=�24)�=�22.87895, P�<�0.05; mixture 3 
KW H (3, n�=�24)�=�16.11389, P�=�0.0011; mixture 4 KW H (3, n�=�15)�=�9.853165, P�=�0.0073). (c and d) Registered bites for mixtures in the time interval 15�60�min. 
(a, b), (c, d), (e, f) Statistically signi�cant differences were found between the number of bites registered for each treatment and their control (acetone) (Mixture 
1 KW H (3, n�=�12)�=�10.73494, P�=�0.0132; Mixture 2 KW H (3, n�=�12)�=�10.73494, P�=�0.0132, Mix 3 KW H (3, n�=�12)�=�10.73494, P�=�0.0132). Mixture 4 was not 
evaluated at the 5% (v/v) concentration due to the loss of effectiveness observed at a concentration of 10% (v/v) during the test period (1�h).










