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Abstract Nanoinsecticides of plant origin have advantages in the resistance of Aedes aegypti, vec-

tors of infectious diseases. The objective of this study was to evaluate the insecticidal potential of

Ayapana triplinervis essential oil nano-emulsions using in silico and in vivo assays in an Aedes

aegypti model. Molecular docking showed that minority compounds present in the morphotype

A essential oil have a more significant binding affinity to inhibit acetylcholinesterase and juvenile

hormone receptors. Aedes aegypti adults were susceptible to A. triplinervis at 150 mg.mL-1 in a

diagnostic time of 15 min for morphotype A essential oil nano-emulsion and 45 min for morpho-

type B essential oil nano-emulsion. The evaluation of toxicity in Swiss albino mice indicated that

the nano-emulsions had low acute dermal toxicity and presented LD50 greater than 2000 mg.
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Kg�1. Thus, it is possible to conclude that nano-emulsions have the potential to be used in the

chemical control of A. aegypti.

Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The mosquito Aedes aegypti is the vector of arboviruses such as dengue

(DENGV), zika (ZICV), and chikungunya (CHIKV) and represents a

major public health problem. The culicide can infect with a single virus

type or with double and even triple co-infections of DENGV, ZICV,

and CHIKV. There are no vaccines capable of controlling A. aegypti

transmitted diseases, so vector control with synthetic insecticides is a

key strategy for the management of related epidemics (Rückert

et al., 2017).

However, a genetic mutation was detected in the region that

decodes the sodium and potassium channel in resistant A. aegypti

strains from Brazil. This is done by replacing a valine with leucine

and phenylalanine with a cysteine, reducing the mosquitoes’ suscepti-

bility to pyrethroid, an important class of insecticides recommended

by the World Health Organization (WHO) for chemical vector control

(Haddi et al., 2017). In this context, plants have become an alternative

in the search for bioactive substances with diverse chemical structures

and new mechanisms of action for the control of A. aegypti (Brandão

et al., 2021; Chaves et al., 2020).

The Asteraceae family has drawn attention to their ethnobotanical

and ethnopharmacological employment in traditional communities.

However, the phylogenetic, taxonomic, and chemosystematic informa-

tion is incipient, reflecting the presence of the little-known genus

(Gustafsson and Bremer, 1995).

Among the species of medicinal interest in the Asteraceae family,

the Ayapana triplinervis (VAHL) R. M. King & H. Rob can be high-

lighted. This species is found in Brazil, Ecuador, Peru, Puerto Rico,

and Guianas, besides having adapted in other countries such as India

and Vietnam (Gauvin-Bialecki and Marodon, 2008). A. triplinervis can

be found in two types: morphotype A, popularly called ‘‘japana-

branca”, and morphotype B, which is known as ‘‘japana-roxa”(Nery

et al., 2014).

Phytochemically, the methanolic extract of A. triplinervis leaves has

a predominance of hexadecanoic acid, tetradecacetic acid, and octade-

canoic acid, with proven hypocholestatic, antioxidant, antiprolifera-

tive, and anticancer bioactivity (Selvamangai and Bhaskar, 2012). In

another study, the methanolic extract showed the inhibition of 59%

of melanomas using low cytotoxicity (Arung et al., 2012). The hydroal-

coholic extract confirmed the anxiolytic, sedative, and behavioral

antidepressant effects in the central nervous system in several animal

models (Melo et al., 2013).

The crude ethanolic, methanolic, and petroleum ether extract had

antimicrobial activity against different bacteria such as S. epidermis,

E. coli, S. typhi, V. parahaemolytcus, E. faecalis, S. aureus, S. epider-

midis, M. leuteus, P. aeruginosa, V. cholera, and against fungi A. niger,

A. flavus, A. solani and F. solani in different concentrations.

Despite their significant potential for chemical control of vectors of

infectious diseases, the essential oils of A. triplinervis morphotypes are

susceptible to volatility and oxidation using oxygen and light, affecting

the biological activity of their constituents. One way to enable protec-

tion against degradation and oxidation of essential oils is through the

development of a technological nanoemulsification system, which

offers advantages such as ease of handling, stability, protection against

oxidation, better distribution, and controlled release (Wu et al., 2015).

Some studies using nano-emulsions as biocides have received

prominence in the scientific literature, either by decreasing the lethal

concentration of the product or by enabling a delivery and bioavail-

ability mechanism in a polar environment. Nano-emulsions containing

essential oils of Ageratum conyzoides, Achillea fragantissima, and
Tagetes minuta and had a particle size less than or equal to 136 nm

with high insecticidal activity against Callosobruchus maculatus with

LC50 < 40.5 ml.L-1 (Nenaah et al., 2015). Nano-emulsions of Cymbo-

pogon citratus essential oil with a hydrodynamic diameter equal to

11 nm and high biocide activity in E. coli (Guerra-Rosas et al.,

2016). Thyme nano-emulsion with a particle diameter of 150 nm

showed MIC 200 mg.mL�1 in the control of the yeast Zygosaccha-

romyces bailii, demonstrating the biocide potential of nanostructured

systems (Chang et al., 2015).

The potential for inhibition of secondary metabolites of A. triplin-

ervis in receptors of the enzyme acetylcholinesterase and receptors of

the juvenile hormone was evaluated. Acetylcholinesterase is an essen-

tial enzyme in the insect’s nervous system responsible for the hydrolysis

of the neurotransmitter acetylcholine, and the juvenile hormone plays

a crucial role in the development and reproduction of insects. AChE is

the main compound in which nerve impulses are transmitted between

cells through cholinergic synapses and its inhibition by essential oils

causes super stimulation of neurons, muscle spasms, convulsion, paral-

ysis, and death in the insects (López and Pascual-Villalobos, 2010).

Secondary metabolites can influence the hormonal regulation of A.

aegypti and cause sublethal effects at the physiological, morphological,

and behavioural levels that compromise the insect’s development cycle,

such as interruption of reproduction and a decrease in longevity

(Alomar et al., 2021).

In our previous studies, we reported the larvicidal activity of

nanoformulations containing the essential oil of A. triplinervis mor-

photypes in A. aegypti, which showed low toxicity in non-target mam-

mals (Rodrigues et al., 2021). In this study, we hypothesized that A.

triplinervis essential oil nano-emulsion can be used to control A.

aegypti in the adult stage. This study aims to evaluate the potential

adulticide in A. aegypti through molecular docking of essential oils

and biological tests of the nano-emulsions from A. triplinervismorpho-

types, and acute dermal toxicity in Swiss albino mice (Mus musculus)

of the nanoformulations.
2. Materials and methods

2.1. Molecular docking simulations of essential oils from A.

triplinervis morphotypes

2.1.1. Selection of enzymes and inhibiting structures

The crystallographic structure of Drosophila Melanogaster
acetylcholinesterase (AChE) complexed with 9- (3-

iodobenzylamino) �1,2,3,4-tetrahydroacridine (I40) and Aedes
aegypti juvenile hormone complexed with methyl (2E, 6E) � 9
– [(2R) �3,3-dimethyloxiran-2-yl] �3,7-dimethylnona-2,6-die

noate (JH3) were downloaded from the Protein Data Bank
(PDB) with the respective codes PDB 1QON (resolution
2.7 Å) and PDB 5 V13 (1.87 Å resolution). I40, JHIII, and

pyriproxyfen were used as positive control ligands in molecular
docking studies based on the standard protocol established by
Ramos and co-workers (Ramos et al., 2020).

There is no crystallographic structure of A. aegypti AChE
deposited in the Protein Data Bank. In this study, D. melano-
gaster AChE was used, which has a 39% similarity with A.
aegypti AChE (Ramos et al., 2020).

http://mg.Kg
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 Data from protocols used for molecular docking validation.

Enzyme Inhibitor Coordinates of

the Grid Center

Grid Size

(Points)

AChE (PDB code: 1QON) 9-(3-Iodobenzylamino)-1,2,3,4-Tetrahydroacridine X = 34.279

Y = 67.55

Z = 9.28

42 x

26 y

16 z

Juvenile hormone (PDB code:

5 V13)

methyl (2E,6E)-9-[(2R)-3,3-dimethyloxiran-2-yl]-3,7-dimethylnona-

2,6-dienoate

X = 213.483

Y = 2.850

Z = 353.222

42 x

40 y

24 z
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2.1.2. Docking study with AutoDock 4.2/Vina 1.1.2 via
graphical interface PyRx (Version 0.8.30)

The ligands and protein structures were prepared using the
Discovery Studio 5.0 software. In the docking study of AChE

(D. melanogaster) and Juvenile Hormone, the complexed
ligands were used in the AutoDock 4.2/Vina 1.1.2 software,
and then in PyRx 0.8.30 (https://pyrx.sourceforge.io). The val-

idation of the molecular docking of the ligand was performed
by comparison between the crystallographic ligand and the
best conformation obtained with molecular docking (structure
of the PDB ID: 1QON), based on the RMSD value. The �, y,

and z coordinates of the receivers are determined according to
the average region of the active site, and the coordinates used
for the center of the grid can be seen in Table 1.

2.2. Evaluation of adulticidal activity of A. triplinervis nano-

emulsions against A. aegypti

The susceptibility of A. aegypti adults was assessed using the
Centers for Disease Control and Prevention (CDC) bottle
bioassay (Brogdon and Chan, 2013) to determine the dose of

insecticide that kills 100% of susceptible mosquitoes (diagnos-
tic dose) within a specific time (diagnostic time).

Nano-emulsions were diluted in acetones in concentrations
of 150, 100, and 50 mg.mL�1, and 1 mL of each solution was

applied inside Wheaton bottles (250 mL). Nano-emulsion pro-
duced only with the blend of surfactants was used as a negative
control andmalathion at 50 lg.mL�1 was used as a positive con-

trol. Solutions were distributed in all internal areas of the bottles
through rotation movements in different directions. The bottles
were opened at room temperature to evaporate the acetone.

Twenty-five adult femalesofA.aegyptiwere gently inserted into
eachWheaton with an aspirator, andmortality was assessed every
15 min for a period of 180 min. Mosquitoes that did not stand or
slide along the curvature of the bottle were considered dead.

The bioassay was performed in quadruplicate and the data
was validated according to the mortality percentage of the neg-
ative control. When the mortality of the negative control was

greater than 10% the tests were discarded. In the case of the
tests in which the mortality of the control was between 3%
and 10%, the mortality was corrected by Abbott’s formula

(Consoli and Oliveira, 1994).

Corrected mortality ¼ ðmortality in test bottles ½%� �mortalit

ð100%�mortality in con
2.3. Evaluation of acute toxicity of A. triplinervis essential oils
Nano-emulsions

This study was approved by the Research Ethics Committee of
Universidade Federal do Amapá (CEP – Unifap – 004/2019).

All procedures were performed by international animal care
protocols and national animal testing regulations. The experi-
ments used male and female, 12-week-old Swiss albino mice

(Mus musculus), provided by the Multidisciplinary Center for
Biological Research in the Area of Science in Laboratory Ani-
mals (CEMIB).

The animals were kept in polyethylene cages at a controlled
temperature (22 �C) over a 12 h of light or dark cycle and had
free access to food and water, on experiment day when they

had private access to food 3 h before, with restitution 1 h after
nano-emulsion or negative control treatment.

Acute oral toxicity of the nano-emulsions was performed
with 3 experimental groups (morphotype A essential oil

nano-emulsion (MAEON), morphotype B essential oil nano-
emulsion (MBEON), and negative control), each group with
6 animals (3 males and 3 females).

The test was performed according to Guideline 402 of the
Organization for Economic Co-operation and Development
(OECD, 2017) for acute toxic dose class testing. On the day

before administration of the nano-emulsion, all the fur was
removed from the dorsal (at least 10% of the total body sur-
face area). Nanoformulations or negative control were diluted

in water at 2,000 mg.kg�1 (limit of 1 mL of the solution) and
applied uniformly over the exposed area of the dorsal.

Swiss albino mice (Mus musculus) were observed at 30, 60,
120, 240, and 360 min after application of the nano-emulsion

and daily for 14 days. Behavioural changes were assessed
and recorded: in skin and fur, eyes and mucous membranes,
general activity, vocal frenzy, irritability, touch response,

response to tail stimulus, contortion, posterior train position,
straightening reflex, body tone, grip strength, ataxia, auricular
reflex, corneal reflex, tremors, convulsions, anaesthesia,

lacrimation, ptosis, urination, defecation, piloerection,
hypothermia, breathing, cyanosis, hyperaemia, and death.
Water consumption (mL) and food intake (g) were evaluated
daily, and body weight every 3 days.

https://pyrx.sourceforge.io
http://mg.kg
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Animals were sacrificed on the fourteenth day in a CO2

chamber, obeying the ethical principles of animal experimenta-
tion. Skin, liver, lung, and kidney were removed for macro-

scopic and histopathological analysis.

2.4. Histopathological analysis

Organs were fixed in a 10% formalin buffer solution, routinely
processed, and embedded in paraffin. Paraffin sections (5 mm)
were stained with haematoxylin and eosin. The slides were

examined under a light microscope and the magnified images
of the tissue structure were captured for further study
(Calleja et al., 2013).

2.5. In silico pharmacokinetic and toxicological properties of

essential oils from A. triplinervis morphotypes

The molecules of A. triplinervis essential oils were submitted to

the QikProp software to obtain pharmacokinetic properties.
The parameters generated by the software allowed us to select
the candidate having a parameter of 95% of approximation

with pharmacokinetic characteristics of drugs already
described in the literature, giving reliability to the generated
data. The toxicity profile of the molecules was performed using

DEREK software. DEREK is in silico toxicological prediction
software used for drug design purposes (Ramos et al., 2020).

2.6. Toxicity risk assessment

ProTox, a virtual lab for the prediction of toxicities of small
molecules as well as a useful tool to identify any undesirable
toxic properties of our molecules, was used (Costa et al.,

2019) (see https://tox.charite.de/protox_II/). The prediction
was based on functional group similarity for the query mole-
cules with the in vitro and in vivo contained in the database.

Toxic properties such as LD50 values in mg/kg and toxicity
class were determined.

2.7. Prediction of metabolites in metatox

In MetaTox application, the prediction of substrate modifica-
tion is based on the rules of transformation. The predictions of
metabolite formation were integrated into the MetaTox web

service to evaluate the generation and modification of xenobi-
otic metabolism pathways (https://www.way2drug.com/mg).
Fig. 1 Superpositions of the crystallographic poses (in green) with the

respective RMSD and DG values.
The LD50 values of acute rat toxicity are calculated for a par-
ent compound and each of the generated metabolites, consid-
ering Pa > Pi as an exclusion criterion (Rudik et al., 2017).

2.8. Statistical analysis

The data were organized into mean and standard deviations

and analysed using a one-way Analysis of Variance followed
by Bonferroni’s multiple comparison test in GraphPad Prism
Software v.7 (San Diego, California, USA) with a 95% confi-

dence limit.

3. Results

The docking validation was done through the conformational
similarity between the inhibitors used as positive control I40
and JHIII complexed with AChE or juvenile hormone and

their crystallographic information. The root-mean-squared
distance (RMSD) values were 0.79 Å for I40 and 1.72 Å for
JHIII and indicate that the docking protocol is optimized
and satisfactory, as the RMSD was lower than 2 Å (Santos

et al., 2018). The best results can be seen in Fig. 1.
Interactions between I40 and AChE observed in silico

reproduced the interactions described in vitro, as p-p planar

interaction with Trp 83 on b-sheet, p-p with the Tyr 370 on
a-helix, p-p interaction with Tyr 71 on a-helix, hydrogen bond
with Hys 480, and hydrophobic interactions with Tyr 370,

among others (Harel et al., 2000).
The interactions between JHIII and juvenile hormone

observed in silico reproduced the hydrophobic interactions
described in vitro and validate the theoretical model of molec-

ular docking, such as Tyr 33, Leu 37, Val 51, Trp 53, Tyr 64,
Val 65, Val 68, and Tyr 129 in the a-helix; Leu 74 and Phe 144
on the b-sheet (Kim et al., 2017).

The binding affinities of terpenes found in the essential oils
of each morphotype of A. triplinervis (Table 2) complexed with
acetylcholinesterase and juvenile hormone receptors were pre-

dicted and compared with the binding affinity of inhibitors
I40, JHIII, and pyriproxyfen to select secondary metabolites
with an affinity for binding equal to or greater than positive

controls. Five compounds showed potential inhibition of
acetylcholinesterase receptors: aciphyllene, a-muurulene, and
c-gurjunene from morphotype A essential oil, and valencene
and a-cedrene epoxide from morphotype B essential oil, as

shown in Fig. 2.
docked ones (in red) of the compounds (A) I40 and (C) JHIII, and

https://tox.charite.de/protox_II/
https://www.way2drug.com/mg


Table 2 Chemical composition of essential oil of morphotype A (MAEO) and morphotype B (MBEON) of Ayapana triplinervis.

Chemical Structure Name MAEO (%) MBEO (%) Reference

a-Pinene 0.93 1.25
Rodrigues

et al. (2021)

b-Pinene 2.16 2.26

Thymol Methyl Ether 0.68 –

a-Gurjunene 0.98 0.41

b-Caryophyllene 45.93 –

Thymohydroquinone

Dimethyl Ether
32.93 84.53

a-Humulene 1.60 1.11

Aciphyllene 0.53 –

b-Selinene 0.88 0.41

(continued on next page)
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Table 2 (continued)

Chemical Structure Name MAEO (%) MBEO (%) Reference

a-Muurulene 0.45 –

Valencene – 0.53

c-Gurjenene 0.64 –

Caryophyllene Oxide 0.76 0.67

2,5-Di-Tert-Buthyl-1,4-

Benzenoquinone
4.22 1.82

a-Cedrene Epoxide – 0.93
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Aciphyllene was the most promising metabolite that
showed a binding affinity with the acetylcholine complex of

�9.3 Kcal.mol�1, proceeded by c-gurjunene, and valencene,
which together have strong interaction in docking with the
amino acid residues Tyr 71, Trp 83 and Tyr 370 that represent

the acetylcholinesterase catalytic site and were similar to the
in vitro experimental results described in the literature (Costa
et al., 2019). These interactions reproduced the molecular ones

observed in the positive controls and indicate inhibition of
acetylcholinesterase receptors, as shown in Fig. 3:

Four compounds showed a potential binding affinity for
the inhibition of A. aegypti juvenile hormone receptors, among

them a-muurulene, a-cedrene epoxide, and c-gurjunene found
only in morphotype A, and b-selinene in morphotype A and
morphotype B, as shown in Fig. 4:
Hydrophobic interactions described in the scientific litera-
ture for in vitro study were similar to those observed in docking

for a-muurulene, b-selinene, and a-cedrene epoxide including
those of Tyr-64, Trp-53, Val-65, Val-68, and Tyr-33 (Kim
et al., 2017) and indicate the inhibition of A. aegypti juvenile

hormone receptors, as shown in Fig. 5:
The major compounds Thymohydroquinone Dimethyl

Ether and b-caryophyllene did not predict significant binding

affinity to inhibit acetylcholine and juvenile hormone receptors
when compared to positive controls. However, molecular
docking predicted that minor compounds present in morpho-
type A essential oil (a-muurulene, a-cedrene epoxide c-
gurjunene, and b-selinene) have greater potential to bind to
acetylcholinesterase enzyme and juvenile hormone receptors
when compared to morphotype B essential oil (b-selinene)



Fig. 2 Results of binding affinity of the compounds os A. triplinervis morphotypes with the acetylcholinesterase (Drosophila

Melanogaster) receptor (PDB ID 1QON).

Fig. 3 Interactions between the Drosophila Melanogaster acetylcholinesterase active site and the compounds (A) Aciphyllene and (B) c-
Gurjunene.

Fig. 4 Results of binding affinity of the compounds with the A. aegypti juvenile hormone receptor (PDB ID 5V13).
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through the individual or synergistic action of secondary
metabolites.

The Centers for Disease Control and Prevention (CDC)
bottle bioassay was used to assess whether nano-emulsions
can help control the A. aegypti vector. The bioassay assesses

the time and dose at which nano-emulsions arrive at the target
site and cause mortality (Aı̈zoun et al., 2014).

The nano-emulsions used here were prepared according to

our previous studies and demonstrated kinetic stability and
monomodal distribution. Morphotype A essential oil nano-
emulsion (MAEON) had a particle diameter equal to

101.400 ± 0.971 nm (PdI = 0.124 ± 0.009 and ZP = -
19.300 ± 0.787 mV). Morphotype B essential oil nano-
emulsion (MBEON) showed particle size 104.567

± 0.416 nm (PdI = 0.168 ± 0,016 and ZP = -27.700
± 1.307 mV).

The results showed that 100% of A. aegypti was susceptible

to MAEON at 150 mg.mL�1 within 15 min of exposure. At the



Fig. 5 Interactions between the active site of A. aegypti juvenile hormone with (A) a-muurulene, (B) b-selinene and (C) a-cedrene
epoxide.

Fig. 6 Mortality of A. aegypti adults as a function of time in different concentrations do A. triplinervis morphotype A essential oil

nanoemulsion (MAEON). Malathion at 50 lg.mL�1 was used as a positive control.
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lowest concentration evaluated, 50 mg.mL�1, there was no

mortality at the same time of exposure. There was no statisti-
cally significant difference between the concentration of
MAEON at 150 lg.mL�1 and the positive control (p-
value < 0.05, F = 32.602). MAEON showed a diagnostic

dose of 150 mg.mL�1 in the diagnostic time of 15 min, as
shown in Fig. 6.

For MBEON, the results indicate that 100% of A. aegypti

were susceptible to 150 mg.mL�1 in 45 min of exposure. In the
same exposure period, the lowest concentration (50 mg.mL�1)
showed a mortality of approximately 0%. There was no statis-

tically significant difference between the concentration of
MBEON at 150 lg.mL�1 and the positive control (p-
value < 0.05, F = 32.172). MBEON presented a diagnostic

dose of 150 mg.mL�1 in a diagnostic time of 45 min, as shown
in Fig. 7.

MAEON and MBEON acted effectively in the control of A.
aegypti at the same diagnostic dose, but at different diagnostic
times and, according to the World Health Organization

(World Health Organization, 2016), it is possible to conclude
that A. aegypti adults were susceptible to A. triplinervis
nano-emulsion.

The mosquito has a genetic preference to enter homes,

blood feed on humans, and reproduce in relatively clean water
in urban environments (Crawford et al., 2017). Due to the
anthropophilic behaviour of A. aegypti, the acute dermal tox-

icity of A. triplinervis nano-emulsions was evaluated in non-
target mammals.

During the assessment of acute toxicity, no mortality was

observed in Swiss albino mice (Mus musculus) treated with
MAEON and MBEON. Hippocratic screening indicated that
animals treated with MAEON show symptoms of irritability,

whereas animals treated with MBEON showed signs of irri-
tability, itching, and corneal reflex, as shown in Table 3.

The physiological parameters did not indicate significant
differences in water consumption and food intake in the



Fig. 7 Mortality of A. aegypti adults as a function of time in different concentrations do A. triplinervis morphotype B essential oil

nanoemulsion (MBEON). Malathion at 50 lg.mL�1 was used as a positive control.

Table 3 Effect of oral administration of MAEON and

MBEON (2000 mg.kg�1) on behavioral parameters of Swiss

albino mice (Mus musculus) during acute dermal toxicity

assessment.

Groups Gender Number of

animals

Number of

Death

Symptoms

Control Males 3 0 –

Female 3 0 –

MAEON Males 3 0 Irritability

Female 3 0 Irritability

MBEON Male 3 0 Irritability,

itching

Female 3 0 Corneal

reflex

Table 4 Physiological parameters of Swiss albino mice (Mus

musculus) treated with MAEON and MBEON at 2000 mg.

kg�1. Values are expressed as mean ± standard deviation

(n = 3). Statistical significance was calculated using One-way

Anova followed by Bonferroni’s multiple comparison test

(p < 0.01).

Parameter Control MAEON MBEON

Male Female Male Female Male Female

Water

(mL)

13.71

± 4.61

11.47

± 3.19

12.80

± 4.96

11.86

± 4.83

11.04

± 4.19

12.30

± 4.12

Food (g) 6.67

± 1.17

5.76

± 0.66

6.80

± 0.88

7.81

± 1.96

6.20

± 0.77

6.94

± 1.18

Weight

(g)

31.81

± 1.82

24.25

± 2.10

30.30

± 2.69

25.84

± 1.69

29.72

± 2.97

25.85

± 1.44

Table 5 Effect of MAEON and MBEON at 2000 mg.kg�1 on

the weight of different Swiss albino (Mus musculus) organs after

14 days of treatment. Values are expressed as mean ± standard

deviation (n = 3). Statistical significance was calculated using

One-way Anova followed by Bonferroni’s multiple comparison

test (p < 0.05).

Organs

(%)

Control MAEON MBEON

Male Female Male Female Male Female

Liver 5.99

± 0.59

6.76

± 0.81

7.52

± 0.72

6.93

± 0.86

7.54

± 0.16*

6.73

± 0.37

Kidneys 0.91

± 0.05

0.93

± 0.15

0.98

± 0.04

0.93

± 0.21

0.95

± 0.05

0.80

± 0.06

Heart 0.48

± 0.01

0.72

± 0.11

0.51

± 0.31

0.55

± 0.06

0.56

± 0.02

0.64

± 0.10

Lungs 0.65

± 0.15

0.82

± 0.18

0.87

± 0.24

0.80

± 0.16

0.65

± 0.08

0.81

± 0.24

In silico and in vivo study of adulticidal activity 9
MAEON and MBEON groups compared to the control
group. The animals showed weight gain in the MAEON and

MBEON groups and differed from the control group, as
shown in Table 4:

The evaluation of the relative weight of the organs showed

that the livers of the group treated with MAEON increased
significantly (*p < 0.05) when compared to the control group.
Kidneys, Hearts, and lungs did not show changes in relative
weight. The relative weights of the livers, kidneys, Hearts,

and lungs of male and female mice treated with MAEON
and MBEON are shown in Table 5.

In the histopathological evaluation of the dermis, acanthol-

ysis, infiltrated neutrophils, thickening of the corneal layer,
formation of crusts, and presence of inflammatory cells were
not found after the fourteenth day of treatment. Lungs, kid-

http://mg.kg
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Fig. 8 Histological section of Mus musculus treated cutaneously with the control (Tween 80 + 20), MAEON and MBEON. In A, B and

C there is a normal region of the dermis of the animal treated with the control, MAEON and MBEON, respectively. In D, the normal liver

of an animal treated with the control; in E and F, the liver of an animal treated with MAEON and MBEON, where normal hepatocytes

(H) and the presence of inflammatory cells (CI) are observed. Em G, H e I, the lung of a normal animal treated with the control, MAEON

and MBEON, where pulmonary alveoli (AP) and bronchioles (Bq) are observed. In J, K and L, normal kidney of an animal treated with

the control, MAEON and MBEON, where the glomerulus (G), the Bowmam capsule (CB), distal tubule (TD), proximal tubule (TB) are

observed.

10 Alex Bruno Lobato Rodrigues et al.



In silico and in vivo study of adulticidal activity 11
neys, livers, and dermis showed normal appearances. How-
ever, the presence of inflammatory cells was identified in the
liver of animals treated with MAEON and MBEON. No

histopathological changes were observed in the control group,
as shown in Fig. 8:

A virtual prediction was performed using the ProTox server

to investigate which compounds present in essential oils could
be associated with the reported inflammation in the mouse
liver. ProTox uses the two-dimensional similarity method to

relate the chemical structure to the results available in the sci-
entific literature database to predict the interactions of toxi-
cophoric groups, determine the LD50 in rodents, and suggest
a mechanism for the development of toxicity (Drwal et al.,

2014). The analysis did not predict the hepatotoxicity associ-
ated with essential oil constituents of A. triplinervis morpho-
types, as can be seen in the following Table 6:

Another in silico toxicity prediction was made using the
Deductive Estimation of Risk from Existing Knowledge
(DEREK) 10.0.2 program (Ridings et al., 1996). We have con-

sidered DEREK alerts of toxicity involving the human species
and also classified them as plausible in mammals. DEREK
program qualitatively predicts the toxicity of the compounds

through a specialist system that focuses attention on the toxic
action of chemical compounds.

In addition to toxicity, DEREK software can be used to
identify aspects related to skin sensitization, irritation, and
Table 6 In silico prediction of hepatotoxicity of the chemical comp

Compounds LD50 Toxic
a

Toxicit

a-pinene 3700 V

b-pinene 4700 V

Thymol methyl ether 880 IV

c-gurjunene 5000 V

b-caryophyllene 500 V

Thymohydroquinone dimethyl ether 880 IV

a-humulene 4400 V

Aciphyllene 4690 V

b-selinene 5000 V

a-muurulene 4400 V

Valencene 5000 V

c-gurjunene 5000 V

Caryophyllene oxide 5000 V

2,5-di-tert-butyl-1,4-benzenoquinone 2400 V

a-cedrene epoxide 5000 V

a Values in mg/kg body weight.
b Class I: fatal if swallowed (LD50 � 5); Class II: fatal if swallowed (5 <

IV: harmful if swallowed (300 < LD50 � 2000); Class V: may be h

(LD50 > 5000).

Table 7 Toxicity prediction by the identification of toxicophores g

Compounds Toxicity Prediction Alert (Lh

Caryophyllene oxide Irritation (of the eye) in hum

Irritation (of the skin) in hum

Skin sensitisation in human,

2,5-Di-tert-buthyl-1,4-benzoquinone Skin sensitisation in human,

a-cedrene epoxide Irritation (of the eye) in hum
neurotoxicity (Ramos et al., 2020). Table 7 shows the results
of toxicity predictions by the identification of toxicophore
groups of A. triplinervis essential oils.

Skin irritation and sensitization were the toxicological
parameters found in DEREK analyses. Therefore, these com-
pounds were selected to evaluate the prediction of the bio-

transformation metabolism of xenobiotics in the liver that
can cause toxicity through the MetaTox web server. Metabo-
lism can increase the toxicity of a compound, in which case

it is referred to as an activation reaction. More frequently,
metabolism decreases the toxicity of a compound through a
detoxification reaction.

A new freely available web-application MetaTox (https://

www.way2drug.com/mg) for the prediction of xenobiotic
metabolism and calculation of metabolites toxicity based on
the structural formula of chemicals has been developed. The

calculation of probability for generated metabolites is based
on the analyses of ‘‘structure-biotransformation reactions”
and ‘‘structure-modified atoms” relationships, using a Baye-

sian approach. Prediction of LD50 values is performed by
GUSAR software for the parent compound and each of the
generated metabolites using QSAR models created for acute

rat toxicity with the intravenous type of administration
(Rudik et al., 2016).

The results showed 20 xenobiotics metabolites from
caryophyllene oxide, 19 from a-cedrene epoxide, and 4 from
onents of A. triplinervis using the ProTox server.

y class
b

Target Prediction Probability

Hepatotoxicy Inactive 0.86

Hepatotoxicy Inactive 0.80

Hepatotoxicy Inactive 0.74

Hepatotoxicy Inactive 0.78

Hepatotoxicy Inactive 0.80

Hepatotoxicy Inactive 0.72

Hepatotoxicy Inactive 0.83

Hepatotoxicy Inactive 0.73

Hepatotoxicy Inactive 0.79

Hepatotoxicy Inactive 0.83

Hepatotoxicy Inactive 0.76

Hepatotoxicy Inactive 0.73

Hepatotoxicy Inactive 0.80

Hepatotoxicy Inactive 0.65

Hepatotoxicy Inactive 0.83

LD50 � 50); Class III: toxic if swallowed (50 < LD50 � 300); Class

armful if swallowed (2000 < LD50 � 5000); Class VI: non-toxic

roups and LD50 for A. triplinervis essential oils.

asa Prediction) Toxicophoric Group Toxicity alert

an, mouse and rat Epoxide PLAUSIBLE

an, mouse and rat

mouse and rat

mouse and rat Quinone PLAUSIBLE

an, mouse and rat Epoxide PLAUSIBLE

https://www.way2drug.com/mg
https://www.way2drug.com/mg


Fig. 9 Biotransformation of (A) 2,5-di-tert-buthyl-1,4-benzenoquinone through (B) C-oxidation, (C) Glutathionation, (D) Glutathion-

ation, and (E) Hydrogenation. Pa and Pi represent the probability of xenobiotic metabolites being active (Pa) or inactive (Pi) for

hepatotoxicity.
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2,5-di-tert-buthyl-1,4-benzenoquinone. The only xenobiotics

metabolite that showed a probability of promoting a hepato-
toxic effect was that derived from biotransformation 2,5-di-
tert-buthyl-1,4-benzenoquinone through C-oxidation by cyto-

chrome oxidase enzymes (Croom, 2012) and presented
LD50 = 868.49 mg.kg�1, as shown in Fig. 9.

4. Discussion

This study predicted that acyphyllene, a-muurulene, c-
gurjunene, valencene, and a-cedrene epoxide terpenes have
the potential to inhibit D. Melanogaster acetylcholinesterase

receptors through the catalytic site. These data are in accor-
dance with studies available in the literature that demonstrate
the inhibitory action of terpenes on the acetylcholine enzyme

through docking molecular (Khanikor, 2013; Silva et al.,
2014).

The molecular docking carried predicted the action of the

essential oils of A. triplinervis morphotypes on D. melanogaster
acetylcholinesterase receptors through complexation with the
enzyme’s catalytic site. As the literature reports that different

enzymes belonging to the cholinesterase family share the same
catalytic mechanism (Moralev et al., 2001), it is possible to
infer that the essential oils of A. triplinervis morphotypes can
also inhibit the acetylcholinesterase enzyme of A. aegypti.

The insecticidal activity of several essential oils has demon-
strated a correlation with inhibition of the enzyme acetyl-
cholinesterase (Seo et al., 2015). Perilla frutescens essential

oil showed insecticidal activity against Drosophila suzukii
(Park et al., 2016), Citrus sinensis essential oil showed insecti-
cidal activity against Tribolium confusum, Callosobruchus mac-

ulatus, and Sitophilus oryzae (Oboh et al., 2017), and Ocimum
tenuiflorum essential oil showed insecticidal activity against
Sitophilus orzyae (Bhavya et al., 2018). All of these examples
showed high inhibition of the AChE enzyme.

Another important strategy for controlling A. aegypti is
focused on the morphogenesis and reproduction of insects by
the regulation of juvenile hormones for the development of

new insecticides (Cusson et al., 2013; Moralev et al., 2001).
Our results showed that a-muurulene, b-selinene, c-
gurjunene, and a-cedrene epoxide have the potential to act

as regulators of the juvenile hormone. The prediction in silico
of this study is in agreement with experimental tests that
demonstrated that terpenes from essential oils can block egg

maturation in female mosquitos and disrupt the expression
of the Juvenile Hormone-induced gene (Chokechaijaroenporn
et al., 1994; Lee et al., 2018).

This study reported for the first time in the literature the

evaluation of the adulticidal activity of nano-emulsion in A.
aegypti using CDC bottle bioassay and reported exclusively
the nanoinsecticidal potential of formulations based on A.

triplinervis. Thus, it is possible to conclude that the essential
oils of A. triplinervis morphotypes can be used in the chemical
control of A. aegypti adults through the inhibitory properties

http://mg.kg
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of acetylcholinesterase enzyme and juvenile hormone
receptors.

Studies regarding the adulticidal activity in A. aegypti have

shown that Lippia origanoides essential oil (Carvacrol 50.6%)
killed 100% at 300 mg.mL�1 in 60 min of exposure (Castillo
et al., 2017; Chokechaijaroenporn et al., 1994). In another

study with Melaleuca quinquenervia essential oil (28.7% 1,8-
cienole and 25.2% viridiflorol) killed 100% of A. aegypti at
40,000 mg.mL�1 in 30 min.

From the point of view of nanoformulations, nanoparticles
based on Heliotropium indicum presented mortality of 98.2%
of A. aegypti at 250 mg.mL�1 in 24 h of exposure (Castillo
et al., 2017; Veerakumar et al., 2014). In another study,

nanoparticles based on Olea europaea showed mortality of
73.3% in D. melanogaster at 200 mg.mL�1 in 168 h of exposure
(Araj et al., 2015; Veerakumar et al., 2014).

Comparing these results above with the dose and diagnostic
time found for MAEON and MBEON, the nanoformulations
based on A. triplinervis morphotypes essential oils can be used

in the chemical control of A. aegypti and, as shown in the
molecular docking simulations, with possible insecticidal
action through inhibition of the catalytic site in enzyme acetyl-

cholinesterase receptors and juvenile hormone receptors.
Aggregates of small lipophilic molecules or colloidal struc-

tures can influence the structure-ligand binding, producing
non-specific mechanisms of action or the induction of confor-

mational changes that affect the protein and can represent
false-positive results. Thus, it is suggested the future perspec-
tives for this study to evaluate the influence of the critical con-

centration of nano-emulsion colloidal aggregates on AChE
and juvenile hormone receptors through molecular dynamics
techniques (Ghattas et al., 2020; Vázquez et al., 2020).

Plant secondary metabolites have advantages as biopesti-
cides because they are easily available, inexpensive, biodegrad-
able, don’t leave chemical residues, and offer greater security

to non-target species (Gupta et al., 2019). When secondary
metabolites with insecticidal action are stabilized within a nan-
otechnological system, nanoinsecticides are more efficient due
to the greater surface area, solubility, mobility, and low toxic-

ity without the presence of organic solvents than the conven-
tional use of many commercial pesticides. (Durán et al., 2016).

Nanoinsecticides can come into contact with non-target

mammals through inhalation, the digestive tract, or skin
absorption. The permeability of MAEON and MBEON over
the skin can occur through pinocytosis by the transcellular

mechanism and provoke its deleterious effects (Rai et al.,
2018).

Corneal reflex was one of the toxicological effects found in
the hippocratic screening and indicates an action on the central

nervous system of nano-emulsions. This result is in line with
what is reported in the literature, which describes the sedative,
anxiolytic and antidepressant effects of A. triplinervis extracts

(Melo et al., 2013).
Nano-emulsions caused subtle toxicological effects on the

liver of mice that could be seen through the presence of inflam-

matory cells. Different results of this study showed a hepato-
protective effect of methanolic extract of the species (Bose
et al., 2007).

The initial in silico prediction did not indicate a hepatotoxic
effect of the chemical constituents of essential oils, indicating
action resulting from the synergistic effect of essential oil com-
pounds or the action of their biotransformation in the liver.
However, the analysis of xenobiotic metabolism showed hepa-

totoxic action of the biotransformation of 2,5-di-tert-butyl-
1,4-benzenoquinone. This biotransformation may have
occurred through the action of the cytochrome P450 enzyme

and is extremely selective in the oxidation of substrates as
the first defense mechanism (Kliewer et al., 2002). However,
it was not possible to state that nano-emulsions containing

essential oil from A. triplinervis morphotypes have a hepato-
toxic effect. Further studies are needed.

The itching was an effect described in the hypocratic screen-
ing and may be related to irritation and sensitivity caused by

the oxide and quinone groups of Caryophyllene oxide, 2,5-
Di-tert-buthyl-1,4-benzenoquinone, and a-cedrene epoxide in
the skin predicted by the analyses of DEREK. The presence

of a skin sensitization structural alert within a molecule indi-
cates the molecule has the potential to cause skin sensitization.
Whether the molecule is a skin sensitizer will also depend upon

its percutaneous absorption. Generally, small lipophilic mole-
cules are more readily absorbed into the skin and are therefore
more likely to cause sensitization (Basketter and Scholes,

1992).
Thus, it is possible to conclude that nano-emulsions have

low acute dermal toxicity and indicated that the LD50 is higher
than 2000 mg.Kg�1 and can be used in the chemical control of

A. aegypti adults.

5. Conclusions

Docking showed inhibition of the catalytic site of acetylcholinesterase

enzyme receptors by acyphyllene, a-muurulene, c-gurjunene, valen-

cene, and a-cedrene epoxide, and inhibition of juvenile hormone recep-

tors by a-muurulene, b-selinene, c-gurjunene, and a-cedrene epoxide

and indicated the insecticidal potential of A. triplinervis morphotypes

in silica model.

The evaluation of adulticidal activity showed that the diagnostic

dose of 150 mg.mL�1 in the diagnostic time of 15 min for MAEON,

and MBEON was the same diagnostic dose in 45 min of exposure.

These results indicate the susceptibility of A. aegypti against A. triplin-

ervis nano-emulsions. Nano-emulsions have low acute dermal toxicity

and the LD50 is higher than 2000 mg.Kg�1.
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