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Abstract Mosquitoes (Diptera: Culicidae) are vectors of im-
portant parasites and pathogens causing death, poverty and
social disability worldwide. The overuse of synthetic insecti-
cides to control mosquito vectors lead to resistance, adverse
environmental effects and high operational costs. Therefore,
the development of eco-friendly control tools is an important
public health challenge. In this study, two different essential
oils (EO) (geranium, Geranium maculatum, and bergamot,
Citrus bergamia) loaded polymeric nanoparticle (PN) were
elaborated using polyethylene glycol (PEG) and chitosan
(Qx) as the polymeric matrix/coating. In addition, the mosqui-
to larvicidal acute and residual activity of the PN was evalu-
ated on Culex pipiens pipiens. The physicochemical charac-
terization of PN revealed that PEG-PN had sizes <255 nm and
encapsulation efficiency between 68 and 77%; Qx-PN
showed sizes <535 nm and encapsulation efficiency between
22 and 38%. From the toxicological test, it was observed that
Qx-PN produced higher acute and residual activity than PEG-
PN. Overall, this study highlights that polymer nanoparticles
containing essential oil are a promising source of eco-friendly
mosquito larvicidal products.
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Introduction

Mosquitoes (Diptera: Cullicidae) represent a key threat for
millions of people worldwide, since they play a predominant
role in the transmission of a variety devastating parasites and
pathogens in tropical and subtropical area, including malaria,
filariasis, yellow fever, dengue, Japanese encephalitis,
chikungunya and recently the Zika virus which are today
among the greatest health problems in the world (Benelli
2015; Govindarajan et al. 2016).

Mosquitoes belonging to Culex genus predominantly
thrive near the human habitats. The Culex pipiens group in-
cluded closely related mosquito with a wide geographical dis-
tribution. In Argentina, these mosquitoes are found from the
south of Buenos Aires Province to the Santa Cruz Province
(Almiron et al. 1995). Cx. pipiens pipiens L. has been incrim-
inated as the primary vector of West Nile virus, St. Louis
encephalitis and lymphatic filariasis caused by Wuchereria
bancrofti (Nematoda: Filariodea) (Faraji and Gaugler 2015).

The control of mosquitoes depends primarily on continued
applications of organophosphates such as temephos and
fenthion, insect growth regulators such as diflubenzuron and
methoprene and bacterial larvicides such as Bacillus
thuringiensis and Bacillus sphaericus (Lees et al. 2015).
Although they are effective, their continuous use has disrupted
natural biological control systems and has resulted in the
widespread development of resistance. Moreover, these
chemicals have negative effects on human health and the en-
vironment (Liu et al. 2013).
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Eco-friendly control tools are urgently needed. In the latest
years, extensive research has been carried out to investigate
the efficacy of botanical products against mosquito vectors
(Govindarajan et al. 2016; Pavela 2015). From this point of
view, botanical pesticides are promising since they are effec-
tive, environmentally friendly, easily biodegradable and often
inexpensive. Plant essential oils (EOs) have been suggested as
alternative sources for insect control because some are selec-
tive, are biodegradable to non-toxic products and have few
effects on non-target organisms and the environment
(Regnault-Roger et al. 2012).

In this work, we use EOs from geranium, Geranium
maculatum (L.) (Geraniaceae) and bergamot, Citrus bergamia
(Risso) (Rutaceae). Geranium EO has been considered as an
herbal medicine with astringent, tonic, analgesic and antidia-
betic effects, among others (Lis-Balchin 2003). This EO also
showed antimicrobial activity (Maudsley and Kerr 1999) and
insecticidal effects against different insects pest, included
Pediculus humanus capitis, Blatella germanica, Tribolium
castaneum and Rhizopertha dominica (Gallardo et al. 2012,
Werdin Gonzalez et al. 2014, 2015). Bergamot EO is a com-
mon product employed in perfume, cosmetics, food and con-
fections (Navarra et al. 2015). It has been reported that berga-
mot EO has both antibacterial and antifungal activity (Karaca
et al. 2007) and anti-inflammatory, analgesic and antioxidant
effects (Navarra et al. 2015; Sakurada et al. 2009; Tundis et al.
2012). This oil showed insecticidal activity against Blatella
germanica, Tribolium castaneum and Rhizopertha dominica
(Werdin Gonzalez et al. 2014, 2015) and repellent effects on
Sitophilus zeamais, Cryptolestes ferrugineus and Tenebrio
molitor (Cosimi et al. 2009).

Although EOs have many useful properties, their use is
limited due to their high volatility, rapid oxidation and degra-
dation on exposure to air; in addition, EOs are poorly soluble
in water (Sherry et al. 2013; Turek and Stintzing 2013).

Nanopesticides involve either very small particles of a pes-
ticide active ingredient or other small engineered structures
with useful pesticidal properties (Kookana et al. 2014).
Nanoinsecticides based on essential oils represent an emerg-
ing technological development that could offer a range of
benefits including increased potency, stability, durability, a
reduction in the amounts of active ingredients that need to
be used and safety to humans and the environment (de
Oliveira et al. 2014; Khot et al. 2012). The nanoformulation
of the EOs could enhance their solubility and bioavailability,
protect them from the environmental agents and promote their
control release, hence, improving their efficacy (Bilia et al.
2014; El Asbahani et al. 2015; Sherry et al. 2013).

A range of different formulations have been suggested as
nanopesticides, including emulsions (nano- and
microemulsion), inorganic nanomaterial (metal, metal oxides
and nanoclays) and polymer-based nanoformulations (Buteler
et al. 2015; Nuruzzaman et al. 2016; Shah et al. 2016).
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Encapsulation of EOs using polymers has emerged as one
of the most promising techniques (Kah and Hofmann 2014,
Roy et al. 2014). A broad range of polymers have been used
for the encapsulation of EO, and their selection depends on
various parameters like their applicability, safety, biocompat-
ibility, cost and availability (Vishwakarma et al. 2016).
Different polymers have been consider for the synthesis of
polymeric nanoparticle (PN) containing EO, including starch
and its derivates (dextrins, maltodextrins, cyclodextrins),
gums, alginates, chitin and polyesters (e.g. polyethylene gly-
col, poly-¢-caprolactone), among others (Alves et al. 2014; de
Barros Fernandes et al. 2014; Kfoury et al. 2015;
Vishwakarma et al. 2016; Varona et al. 2013; Werdin
Gonzalez et al. 2014).

The aim of this work was to prepare and to characterize two
different polymeric nanoparticle (PN) containing EO (using
polyethylene glycol (PEG) and chitosan (Qx) as the polymeric
matrix/coating) and to evaluate the acute and residual toxicity
of both PN against larvae of Cx. pipiens pipiens.

Materials and methods
Compounds

Chitosan (medium molecular weight, degree of deacetylation
75-85%), pentasodium tripolyphosphate (TPP) and Tween 80
were obtained from Sigma-Aldrich, Germany. Essential oils
namely geranium, Geranium maculatum (L.) and bergamot,
Citrus bergamia (Risso), were purchased from Swiss-Just
(manufactured under supervision and control of Ulrich
Justrich AG, Walzenhausen, Switzerland). Polyethylene gly-
col 6000, acetic acid, hydrochloric acid and ethanol were pur-
chased from Merck, Germany. The chemical composition of
each EO determined by gas chromatography-mass spectrom-
etry was previously informed (Werdin Gonzélez et al. 2015,
2016) and showed in Table 1.

Preparation of nanoparticles using PEG 6000
as polymeric matrix/coating (PEG-PN)

PEG-PN was prepared using the melt dispersion method.
Briefly, several parts of PEG 6000 (100 g per part) were heat-
ed separately at 65 °C in a magnetic stirring thermo-stated
container. After being melted, 10 g of geranium or bergamot
EOs were separately mixed with PEG. To ensure the distribu-
tion of the EO in the PEG matrix, the mixture was stirred
heavily for 30 min. Next, the mixture was cooled at —4 °C
for 2 h in order to form the NPs spontaneously. Control sam-
ples were processed without EO addition. Then, the samples
were ground completely in a mortar box refrigerated at 0 °C
and sieved using a sieve mesh 230. The powders were placed
in airtight polyethylene pouches and stored at 27 + 2 °C in
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Table1 Chemical composition of EOs and percentage content of each
component

Retention Compound Citrus Geranium

time (min) bergamia (%)  maculatum (%)
8.36 3-pinene 2.38

9.87 Limonene 17.49

10.59 3-careen 4.77

13.06 Linalool 9.46 12.67

13.85 Menthone 11.14

16.14 Citronellol 26.14

16.48 Geraniol 23.19

16.57 Linalyl acetate 58.27

16.98 Citronellyl formate 10.27

17.70 Geranyl formate 7.94

20.85 Geranyl acetate 1.51

20.86 Caryophillene 7.63 2.00

23.70 Neryl acetate 2.78

24.36 Citronellyll butyrate 0.78

25.13 Gerany] butyrate 1.58

desiccators containing calcium chloride to prevent moisture
absorption prior to further experiments.

Preparation of nanoparticles using chitosan as polymeric
matrix/coating (Qx-PN)

Qx-PN were prepared by ionic gelation according to a method
modified from the ones described by Hosseini et al. (2013)
and Woranuch and Yoksan (2013). Briefly, 20 ml of chitosan
solution were prepared by agitating chitosan in an aqueous
acetic acid solution (0.5% (v/v)) at ambient temperature (23—
25 °C) overnight. Two chitosan concentrations were evaluat-
ed: 0.5% (w/v) and 1.0% (w/v). Tween 80 (0.200 g) was then
added as a surfactant to the solution and stirred at 45 °C for 1 h
to obtain a homogeneous mixture. Then, geranium or berga-
mot EO was gradually dropped into the stirred aqueous chito-
san solution. The content of EO was varied (0.100, 0.200 and
0.400 g). To prepare Qx-PN, 20 ml of TPP solution was then
added during homogenization (Teflon glass homogenizer—
Glas-Col LLC, Terre-Haute, IN, USA) at a speed of
1200 rpm for 5 min. The concentration of TPP was also var-
ied: 0.5% (w/v) and 1.0% (w/v). The mixture was then main-
tained into mid agitation for 40 min. Control samples were
processed without EO addition.

The mixtures were kept at 4 °C during 24 h; then, the
samples were observed in order to observe their macroscopic
properties (turbidity, precipitation and viscosity).

The formed particles were collected by centrifugation at
10,000 rpm for 10 min at 25 °C and subsequently washed

with deionized water several times. The obtained wet particles
were dispersed in distilled water (25 mL) and kept at 4 °C.

Characterization of polymeric nanoparticles
PN size

PEG-PN and Qx-PN were dispersed with distilled water and
its mean hydrodynamic diameter (Z-averages size) and poly-
dispersity index (PDI) were assessed by dynamic light scatter-
ing (DLS) [Zetasizer nano-instrument ZEN 3690 model
(Malvern, UK)].

Encapsulation efficiency

The encapsulation efficiency was determined according to
Werdin Gonzalez et al. (2014), Hosseini et al. (2013) and
Woranuch and Yoksan (2013). For PEG-PN, samples (0.1 g
per part) were dissolved separately in 2 ml of absolute ethanol-
H,0 (75:25). For Qx-PN, samples dispersions (in water,
1 mL) were mixed with hydrochloric acid solution (2 M,
8 mL) and boiled at 95 °C for 30 min; then, ethanol (4 mL)
was added to the homogeneous mixture. PEG-PN and Qx-PN
samples were centrifuged at 9000 rpm for 10 min. The super-
natant was collected and analysed by UV—vis spectrophotom-
etry [Shimadzu UV-1203 photometer with the Kinetics-2-
Program Pack P/N (206-62029-10; Shimadzu Corp., Kyoto,
Japan)] over a wavelength of 290 nm.

The amount of EO was calculated by appropriate calibra-
tion curve of free EOs in ethanol. Encapsulation efficiency
(EE) was calculated from: EE (%) = (weight of loaded EO/
weight of initial EO) x 100.

Insects

Mosquito larvae were collected from a water stagnated area.
Species identification was conducted at the Laboratorio de
Zoologia Invertebrados II, UNS, Argentina. The mosquito
larvae were identified as Cx. pipiens pipiens. The larvae were
maintained under suitable temperature for acclimatization.

Acute larvicidal activity

Bioassays were performed using WHO (1996) with four instar
larvae of Cx. pipiens pipiens. EOs alone, PEG-PN and Qx-PN
and were added to plastic container with 80 ml of tap water.
The concentration ranged from 10 to 150 ppm. Twenty larvae
were placed in each container and were maintained at
27 £2 °C and 60-70% RH. After 24 h, the mortality was
registered. Larvae were considered dead, when they did not
react to touching with a needle. Two different controls were
used; ones without treatments and others using the PN elabo-
rated as 2.2 and 2.3 but without the addition of EO. Mortality

@ Springer



Environ Sci Pollut Res

data were subjected to probit analysis in order to obtain LCs,
and LCy using the SPSS 15.0 statistical software. The LCsy
values were considered significantly different if their 95%
confidence intervals did not overlap.

Residual larvicidal activity

According to Prophiro et al. (2012), residual effect is defined
as the ability to maintain larvicidal dosages lethal to a target
organism for a certain period of time. Various stock dispersion
of the EOs alone, PEG-PN and Qx-PN were prepared using
the LCyg values and maintained in darkness at 27 + 2 °C and
60-70% RH. During 28 days, the larvicidal effects against
four instar larvae of Cx. pipiens pipiens was evaluated as
above described. The mortality proportions (p) were recorded
after 24 h. The values were transformed by Arcsen V p. The
effects of the different treatments (EO alone and PN) at each
residual time were tested by using linear models by restrict
maximum likelihood (REML) in the computer package
INFOSTAT. The significance of each variable was tested by
LSD. The residual time to obtain 50% mortality (RT'5,) values
was also calculated with their respective 95% confidence in-
tervals (CI95%) (SPSS 15.0 statistical software).

Results and discussion
Characterization of polymeric nanoparticles

Nanoencapsulation of bioactive compounds is a method of pro-
viding a protective layers or matrices of single or mixture of
polymers over the active ingredient. It represents a feasible and
efficient approach to improve the physical stability of active
substance (in this case, essential oils) and modulate its release,
protect them from the interactions with environment, decrease
their volatility and enhance their bioactivity because of the
subcellular size (Bilia et al. 2014; Vishwakarma et al. 2016).

Researches on EOs nanoencapsulation were mainly fo-
cused on the synthesis of nanoemulsions, nanocapsules and
nano/microparticles for their application in cosmetics, drugs,
food packaging and preservatives (Acevedo-Fani et al. 2015;
Manju et al. 2016). Even though, these technologies present
great potential in the management of insect pest.

In this work, we synthesized two different polymer nano-
particles (PN) containing EOs (from geranium and bergamot)
and we compare their biological activity on Cx. pipiens
pipiens larvae.

According to the previous authors’ work, the poly(ethylene
glycol) (PEG) PN were prepared by melt dispersion method;
PN prepared by this technique are of matrix type, where the
active agent is dispersed over the carrier material in the form
of relatively small droplets (Zuidam and Shimoni 2010). The
chitosan (Qx) PN were prepared by a two-step process which
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involves the formation of EO droplets by an oil-in-water
emulsion and the solidification of formed droplets by ionic
gelation of the surrounding Qx with TPP (Esmaeili and
Asgari 2015; Nagavarma et al. 2012); the PN formed by this
technique are of reservoir type, where the active ingredient is
present within a single coat (Zuidam and Shimoni 2010).

For Qx-PN we realized a preparation optimization of these
formulations, varying Qx concentration (0.5 and 1% (w/v),
EO content (0.100, 0.200 and 0.400 g) and TPP concentration
(0.5 and 1% (w/v). For each sample, their macroscopic prop-
erties (turbidity, precipitation and viscosity) were observed. It
is known that these parameters depend on compounds con-
centration and particles diameter (Montefuscoli et al. 2014).
As a consequence of our observations, we concluded that the
samples prepared with 0.5% Qx, 0.5% TPP and 0.200 g EO
were optimal formulation for the present study and were se-
lected to characterize the size, the EO content and to evaluate
the biological activity.

The PN elaborated in the present work showed a different
polymer/EO ratio: for PEG-PN was approximately 10:1 and
for Qx-PN, 1:1. Table 2 summarizes the Z-average size,
polydispersion index (PDI) and encapsulation efficiency
(EE) of the PN.

PEGs are water-soluble synthetic polymers and were used
as coating or carrier material for essential oil encapsulation. It
was selected because its wide range of solubility, lack of tox-
icity, absence of antigenicity and inmunotoxicty, non-
interference conformations of polypeptides and ease of excre-
tion from living organisms (Khlebtsov and Dykman 2011;
Werdin Gonzalez et al. 2014).

For the PEG-PN elaborated in this work, the average sizes
were <255 nm, the PDI < 0.270 and the EE were between 68
and 77%. Similar values were registered in previous works
using the same EOs (Werdin Gonzalez et al. 2014, 2016).
Yang et al. (2009) used melt dispersion method to prepare
garlic essential oil nanoparticles coated with PEG with
<240 nm in the average diameter and 80% of encapsulation
efficiency. When Mentha piperita was encapsulated by this
technique, the sizes and the EE were 226-331 nm and 78—

Table2 Z-average size, polydispersion index (PDI) and encapsulation
efficiency of the polymeric nanoparticle containing EO

Nanoparticle Size (m) PDI Encapsulation
efficiency (%)

PEG 253 +£22 0.268 +£0.025 77+7
geranium

PEG 239 +29 0.198 £ 0.028 68+5
bergamot

PEG control - - -

Qx geranium 439 +35 0.358 £ 0.062 38+4

Qx bergamot 535+42 0.379 £ 0.058 22+3

Qx control 672+ 75 0.647 £0.119 -
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83%, respectively (Kumar et al. 2014). Varona et al. (2010)
reported 14-66% variation in encapsulation efficiency of
lavandin essential oil coated with PEG due to variation in oil
load, environmental temperature and pressure during nanopar-
ticles preparation. PEG control could not be characterized;
probably the absence of EO in the preparation did not allow
the nanoparticles formation.

In the melt dispersion method, the molten PEG chains are
randomly orientated. As the melt cools, nucleation can occur
by either homogeneous or heterogeneous mechanisms
(Chidavaenzi et al. 2001). The addition of a material (such
as the EO) or the fast cooling of the melted PEG could act
as an inhibitor of crystallization resulting in a higher percent-
age of amorphous and imperfectly crystalline material. The
amorphous nature significantly improves the solubility of the
nanoinsecticide in water (Liu et al. 2010), which increased the
dissolution rate and bioavailability (Mishra et al. 2017). The
amorphous state could also contribute to a higher EOs loading
efficiency as has been previously informed in other systems
(Chidavaenzi et al. 2001; Westesen et al. 1997).

Qx is a linear copolymer of 3-(1-—4)-linked 2-acetamido-2-
deoxy-[3-d-glucopyranose and 2-amino-2-deoxy-f3-d-
glycopyranose. It is obtained by deacetylation of its parent
polymer chitin, a polysaccharide widely distributed in nature
(e.g. crustaceans, insects and certain fungi) (Dash et al. 2011).
Qx has been used for encapsulation of different compounds
because it is a biocompatible and biodegradable polymer
(Mendes et al. 2016; Zhaveh et al. 2015). Qx was used to
synthesize nanogel loaded with thyme oil (Khalili et al. 2015)
or Cuminum cyminum essential oil (Zhaveh et al. 2015), hydro-
gel of Eucalyptus staigeriana essential oil (Ribeiro et al. 2013),
citronella oil and pimento oil microcapsules (Dima et al. 2014;
Hsieh et al. 2006), chitosan nanoparticles and nanocapsules
incorporated with lime essential oil (Sotelo-Boyas et al.
2017), chitosan/cashew gum beads loaded with Lippia sidoides
essential oil (Paula et al. 2011), among others.

In this work, the Qx-PN showed higher sizes (439—
535 nm) and PDI values (<0.380) than PEG-PN, and their
EE were between 22 and 38%, values lower than nanoparti-
cles made of PEG. Hosseini et al. (2013) produced chitosan
nanoparticles loaded with oregano EO by ionic gelation and
reported average sizes of 281 nm and EE from 5 to 25%.
Esmaeili and Asgari (2015) using the same technique with
Caracum copticum EO observed that nanoparticles possessed
an average diameter in the range of 236-721 nm and
EE < 40%. Eugenol and carvacrol, two components of EOs
derived from various plant species, were also encapsulated in
chitosan nanoparticles; eugenol nanoparticles exhibited aver-
age sizes from 80 to 100 nm and EE in the range of 2-21%
(Woranuch and Yoksan 2013) and carvacrol nanoparticles, an
average diameter of 40—80 nm and EE in the range of 14-31%
(Keawchaoon and Yoksan 2011). In those cases, the Qx-NP
were elaborated by ionic gelation technique. The higher size

of the Qx-PN observed in this work could be due to the initial
size of the EO droplets, which in this method is a key variable
to determine the mean particle size. It is also known that the
composition of the matrix/coating materials and/or their con-
centration also affect the final nanoparticles sizes (Fan et al.
2012; Hsieh et al. 2006). On the other hand, the dependency of
encapsulation efficiency on oil load was explained by Maji
et al. (2007), who postulated a complex interaction between
oil load, stirrer efficiency and polymer as determining factor,
governing the encapsulation efficiency of the system.
Moreover, the temperature for the EO extraction from Qx
nanoparticles could modify the real EO content of the PN.

Finally, Qx control showed sizes 672 nm and PDI of 0.647
indicating a broad particle size distribution within the suspen-
sion. Probably, the absence of EO droplets during nanoparti-
cles formation promotes the aggregation of Qx-TPP coacer-
vates affecting the size and PDI values.

Insecticidal activity of polymeric nanoparticles

One of the major drawbacks to the use of chemical insecti-
cides for mosquitoes control is the potential risk of environ-
mental contamination and indiscriminate effects of non-target
organisms. Over the past few decades, many research focused
on seeking new EOs that could become suitable active sub-
stances for the management of this insects pests (Isman and
Grieneisen 2014; Pavela 2015; Pavela and Benelli 2016).

Actually, EOs are being used mainly as sources of active
substances for various repellents (Benelli et al. 2013;
Ghayempour and Montazer 2016; Nerio et al. 2010). At the
same time, EOs have been sought as potential active com-
pounds for safe botanical insecticides that could be applied
against adult mosquitoes and their larvae (Dias and Moraes
2014; Govindarajan et al. 2016; Pavela 2009, 2015). Due to
their lipophilic nature, larvicides based on EO have to be
formulated to effectively apply in water.

In this work, we evaluated four PN containing active larvi-
cidal principles (bergamot and geranium EO) which were dis-
persed on a water phase, in order to have a highly diluted
stability upon application. PN could present a lower ecotoxicity
due to elimination of organic solvents in comparison to con-
ventional insecticides and their formulations (Kah et al. 2013).

The LC50 values for fourth-instar larvae of Cx. pipiens
pipiens treated with the EO alone, PEG-PN and Qx-PN at
the end of 24 h are shown in Table 3.

Pavela (2015) considered that EOs present potential as lar-
vicide agent when it cause sufficient mortality in standard
larvicidal tests, to achieve LCsy < 100 ppm. In our work, the
EOs from geranium and bergamot fulfilled with this condition
(57 and 81 ppm, respectively). The significant higher larvicid-
al effects of geranium EO could be attributed to its major
constituents (citronellol and geraniol) since them different bio-
activities towards insect pests have been recognized (Gallardo
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Table 3 Comparative acute larvicidal activity effects between EO
alone, PEG-PN and Qx-PN against Culex pipiens pipiens. LCsq and Log
values (ppm) obtained with data mortality after 24 h exposure

Product LCso™° LCoo™®

Geranium EO  57.28 (49.1-68.3) ¢ 101.47 (95.5-1159) b

Bergamot EO  81.45 (74.6-88.1) d 153.1 (136.5-182.4) ¢
PEG geranium  35.64 (30.3-45.5) b 82.39 (62.9-105.1)  ab
PEG bergamot  72.24 (64.1-84.5) cd 140.18 (121.1-167.5) ¢

Qx geranium 22.63 (17.5-28.3) a

38.52(26.1-49.4) ab

81.96 (73.3-943)a a

Qx bergamot 87.58 (62.2-114.4) ab

#The 95% lower and upper confidence intervals are shown in parentheses

" Values followed by different letters within the same column are signif-
icantly different (P < 0.05)

etal. 2015; Guarino et al. 2015; Lucia et al. 2017). Moreover,
recent studies demonstrated that citronellol and geraniol had
larvicidal and knock-down effects on Cx. pipiens (Tabari et al.
2017).

In this study, we also observed that PEG-PN containing
geranium EO were more toxic than those from bergamot EO
(P < 0.05). No significant differences were observed between
Qx-PN loaded with geranium or bergamot EOs (P > 0.05).
The concentration needed to achieve mortality depends on
many factors, such as the chemical composition of the EO,
the interaction of the active substance with the environmental
factors and the capacity of the substances to penetrate the
cuticle and the mechanism of action (Pavela 2009; Rattan
2010).

For geranium PN, the LCs( values of Qx-PN was close to
23 ppm; PEG-PN present significantly higher values which
were superior to 35 ppm (P < 0.05). As aresult, it is concluded
that both geranium PN (based on PEG and Qx) enhanced the
insecticidal activity of the EO showing LCs, < 50 ppm.

For bergamot PN, a similar response was observed, being
Qx-PN significantly more toxic than PEG-PN (P < 0.05)
(LCs¢ Qx-PN was close to 37 ppm and PEG-PN, 73 ppm).
But in this case, just the formulation based on Qx significantly
enhanced the biological activity of the EO (P < 0.05).

The high efficacy of the PN compared with the EO alone
could be due to their nanometric size which increased surface
area, enabling a better penetration into the larval body and an
effective distribution of the active ingredient, enhancing the
larvicidal potency (Balaji et al. 2015; Werdin Gonzalez et al.
2016). This effect would be achieved either by faster penetra-
tion by direct contact through the insect’s cuticle or by inges-
tion and penetration through the digestive tract (Benelli 2016;
Margulis-Goshen and Magdassi 2013). Balaji et al. (2017),
studying the larvicidal effect of nanoformulation of
diethylphenylacetamide on Culex quinquefasciatus, proposed
that the polymeric carrier plays a major role in protecting the
active compound from the encounter of detoxifying enzymes
in the larval gut region.
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The improvement of the efficacy of an insecticide nanofor-
mulation (included botanical) was generally proposed due to a
variety of mechanism: (A) a modification in the toxicokinetic
processes of the active ingredient (modification of penetration
pattern, bioavailability and detoxification mechanisms), (B) a
release of the active ingredient in a slow/targeted manner and/
or (C) a protection of the insecticide from premature
degradation/volatilization (de Oliveira et al. 2014; Kookana
et al. 2014; Werdin Gonzalez et al. 2016, Werdin Gonzalez
et al. 2015).

In this work, we also observed that, for each EO loaded, the
Qx-PN were significantly more toxic than PEG-PN. For gera-
nium PN, CLs, values were Qx-PN: 23 ppm < PEG-PN:
36 ppm; for bergamot PN, CLs, values were Qx-PN:
39 ppm < PEG-PN: 73 ppm. Even chitosan is widely regarded
as being a non-toxic and biologically compatible polymer, it is
important to consider that the formulation of chitosan with an
active ingredient may alter the toxicokinetic and
biodistribution profiles (Kean and Thanou 2010). In general,
it has been proposed that the larger surface area of
nanoinsecticides tends to provide easy penetration into cells
and has enhanced efficacy as an insecticide (Mishra et al.
2017). In this sense. Nam et al. (2009) reported that chitosan
nanoparticles showed an enhanced distribution in the mam-
mals cells (compared to the parent hydrophilic polymers) and
that several distinct uptake pathways (e.g. clathrin-mediated
endocytosis, caveolae-mediated endocytosis and
macropinocytosis) are involved in their internalization. It is
known that the nature of the polymer used for the encapsula-
tion also with the particles size and the surface charge of the
nanoparticles formed also affect the cellular uptake and
biodistribution, modifying the general toxicological profile
(He et al. 2010).

In the present work, it was also studied the residual effects
of the EO alone and the PN (Table 4).

Table 4 Residual effects of EO alone and PN analysed by linear
models REML and residual time 50 values (RTs, in days) against four
instar larvae of Culex pipiens pipiens

Product Mean mortality proportion RTso>¢

(p)a.b,c

EO geranium 0.613 (0.584-0.642) a 1550 (14.3-17.1) a
EO bergamot  0.098 (0.081-0.117) d 235(1.7-28) ¢
PEG geranium 0.318 (0.291-0.347) c 6.11(3.2-98) b
PEG bergamot 0.111 (0.093-0.130) d 224(1.6-29) ¢
Qx geranium  0.474 (0.444-0.504) b 8.89 (4.7-12.6) b
Qx bergamot  0.375 (0.347-0.405) c 583(5.5-6.2) b

* Data were retransformed from Arcsen v p
® The 95% lower and upper confidence intervals are shown in parentheses

¢ Values followed by different letters within the same column are signif-
icantly different (P < 0.05)
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Fig. 1 Residual larvicidal
activity of geranium EO alone 100 1
and its PN against four instar

larvae of Culex pipiens pipiens

e EQ geranium
e PEG geranium

Qx geranium
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The linear models REML analysis showed that geranium
EO had the higher residual effect followed by the Qx-PN
loaded with this EO; moreover, the residual activity of PEG
geranium was significantly lower than the EO alone and Qx-
PN. The Qx bergamot effect did not differ from those of PEG
geranium. Finally, the EO from bergamot alone and in the
form of PEG-PN had the lowest residual activity, with no
significantly differences between them (Table 4).

The larvicidal effects of geranium EO and its PN are shown
in Fig. 1. One- and 3-day-old residues from Qx-PN showed
the highest residual activity producing more than 96% mor-
tality. From the 5th day, geranium EO alone showed the
highest activity producing more than 50% mortality until the
14th day. The residues from Qx and PEG-PN produced more
than 50% mortality until the 5th day of storage. Based on RT’,
values, the toxicity order was geranium EO > Qx-PN = PEG-
PN (F=91.98,df =5, P <0.0001) (Table 4).

The larvicidal effects of bergamot EO and its PN are shown in
Fig. 2. During all the bioassay, Qx-PN showed the highest resid-
ual activity, reaching more than 50% mortality until the 5th day.
Just 1-day-old residues from bergamot EO and PEG-PN pro-
duced more than 50% mortality. Based on RTs, values, the tox-
icity order was QX-PN > bergamot EO = PEG-PN (Table 4).

T\
3d 5d 7d 14d 21d 28d
Residual time (in days)

Considering the previews results, different behaviours of
the nanosystems occurred showing distinct residual toxicolog-
ical profiles. These variations could depend on the mechanism
of release of the EO from the PN, but other variables (such as
the nanoparticles suspension stability after dilution, the nano-
particle size and PDI, the interaction between the PN and
biological systems, among other) could also influence.

There are different possible methods for active ingredients
release from a PN: the direct desorption of drug bound to the
surface PN, diffusion through the polymer wall coating, ero-
sion of the matrix PN or a combined erosion—diffusion process
(Kumari et al. 2010).

For geranium PN, just 1- and 3-day Qx-PN residues pre-
sented high residual toxicity; then, the EO alone showed the
maximum residual activity. Probably, a rapid initial release or
burst occurred on the PN: the PEG-PN during the first day of
storage and Qx-PN possibly until the 3rd day. This could
reduce the toxicological effects expected to the nanoformula-
tion. In consequence, the mortality could be related to the total
amount of EO loaded: geranium EO (101 ppm) > Qx-PN
(81 ppm) = PEG-PN (82 ppm). Similar result were ob-
served working with emulsion and microemulsion load-
ed with geraniol, one of the main component of

Fig. 2 Residual larvicidal ———EO bergamot
activity of bergamot EO alone and 100 + ——PEG bergamot
its PN against four instar larvae of Qx bergamot
Culex pipiens pipiens 80

8 60

Z

!

S 40

2

20 -
0 T T T ' T —
1d 3d 5d 7d 14d 21d 28d

Residual time (in days)
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geranium EO, on four instar larvae of Cx. pipiens
pipiens (Montefuscoli et al. 2014).

On the other hand, Qx-PN loaded with bergamot EO
showed the highest residual effects. Since the PN formed by
ionic gelation is expected to be of reservoir type, it is possibly
that control release of the bergamot EO occurred from the PN
by diffusion or the combined diffusion-erosion process, thus
enhancing the residual larvicidal activity of the EO. The dif-
ferences observed between Qx and PEG-PN containing ber-
gamot EO could also be influenced by PN type (probably
PEG-PN are of the matrix type), the nature of the polymer
used for nanoencapsulation and the size and encapsulation
efficiency, among others.

Further studies are necessary in order to understand the
release mechanism followed by the polymeric nanoparticles
and its influence on the mosquitoes larvae.

Conclusion

The use of essential oils can be considered as an important
alternative insecticide for the control of mosquito larvae. This
is the first time that incorporation of geranium and bergamot
EO into Qx-PN is reported in the literature. Overall, our results
showed that the Qx-PN present great perspectives for practical
application in mosquito control. Even these PN had higher
sizes and lower EE than PEG-PN, Qx-PN had a lower
polymer/EO ratio and higher acute and residual larvicidal ac-
tivity. This research adds knowledge to the development of
newer and safer nanoinsecticides based on essential oils for
mosquito control.
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