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Abstract Mosquitoes, being a vector for some potentially
dreadful diseases, pose a considerable threat to people all
around the world. The control over the growth and propaga-
tion of mosquitoes comprises conventional pesticides, insect
growth regulators and other microbial control agents.
However, the usage of these common chemicals and conven-
tional pesticides eventually has a negative impact on human
health as well as the environment, which therefore becomes a
major concern. The lacuna allows nanotechnology to come
into action and exploit nanopesticides. Nanopesticides are ma-
jorly divided into two categories—synthetic and biological.
Several nanoformulations serve as a promising nanopesticide
viz. nanoparticles, e.g. biologically synthesised nanoparticles
through plant extracts, nanoemulsions prepared using the es-
sential oils like neem oil and citronella oil and nanoemulsion
of conventional pesticides like pyrethroids. These green ap-
proaches of synthesising nanopesticides make use of non-
toxic and biologically derived compounds and hence are
eco-friendly with a better target specificity. Even though there
are numerous evidences to show the effectiveness of these
nanopesticides, very few efforts have been made to study the
possible non-target effects on other organisms prevalent in the
aquatic ecosystem. This study focuses on the role of these

nanopesticides towards the vector control and its eco-safe
property against the other non-target species.
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Introduction

Mosquitoes (Diptera: Culicidae) are a major threat to human-
kind worldwide, as they play a role of vectors which carry
various devastating pathogens and parasites. The young in-
stars of these mosquitos are usually targeted with the organo-
phosphates and other insect growth regulators and controlling
agents. The different strategies such as indoor residual
spraying (IRS) and usage of insecticide-impregnated bed nets
are also applied for vector control strategies. However, the
applications of these chemical treatments have strong negative
influence on the environment and human health. Mosquitoes
(Diptera: Culicidae) symbolise a key danger for the global
population since they act as vectors for dreadful disease-
causing pathogens which include dengue filariasis andmalaria
(Mehlhorn et al. 2012; Murugan et al. 2015d; Benelli 2015a).

Malaria is the dreadful disease which is caused by a para-
site named Plasmodium. This parasite is vectored to human
population and other animals through bites of infected female
Anopheles mosquitoes (Breman 2001; Jensen and Mehlhorn
2009). As per latest estimates, there are approximately 198
million cases of malaria leading to 584,000 deaths worldwide.
Most of the human mortality due to malaria occurs among the
children living in the African continent, where a child dies due
to this disease every minute (WHO 2014a). Dengue is another
viral disease spread by the mosquito. The two primary vector
which is responsible for the proliferation of this disease is
Aedes aegypti and Aedes albopictus. Among both of the
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vectors, the Aedes aegypti has the higher rate of transmitting
the disease than the Aedes albopictus. As per the recent statis-
tics, the transmission of this disease has immensely increased
in urban and semi-urban tropical areas throughout the world,
emerging as a significant threat in public health sector. Over
2.5 billion people are at a risk of getting infected by this
dreadful disease. As per World Health Organization estima-
tion, there may be 50–100 million human deaths occurring
due to the dengue infection each year worldwide. Currently,
there is no particular medication for this dreadful disease, even
the development of the vaccines to control this disease is in
progress (Murrell et al. 2011). The prevention and the control
of this disease entirely depend on the effective strategies and
measures towards the supervision of these dreadful vectors
(Suresh et al. 2015; WHO 2015).

Lymphatic filariasis, also termed as elephantiasis, is one of
the examples of a neglected tropical disease. It is approximat-
ed that this disease is spread over the 74 countries infecting
about 1.4 million people worldwide. An estimate of 25million
men gets infected with this genital disease, and over 15 mil-
lion people get infected with lymphoedema (WHO 2014b).
The primary causative agent behind the spread of this dreadful
disease is Filarioidea nematodes such as Wuchereria
bancrofti, which leads to 90% of cases. The parasites such
as Brugia malayi and Brugia timori are spread to humans
via different mosquitoes. The vectors for spreading this dis-
ease are Culex species, such asCulex quinquefasciatus, which
are believed to be the most common vectors across the semi-
urban and urban areas of Asia (Chadee et al. 2002). These
mosquitoes not only spread a disease to humans, but mosqui-
toes also transmit primary pathogen and parasites that dogs
and horses are very susceptible to, including dog heartworm,
West Nile virus, and Eastern equine encephalitis (WHO
2012). In the current situation, a mosquito vector control strat-
egy is critical and necessary (Benelli 2015a).

The larvae and pupae of Culicidae are targeted through the
application of organophosphates, microbial controlling agents
and different insect growth-regulating compounds. The indoor
residual spraying and insecticide-treated bed nets are few of
the strategies which are implicated in controlling the transmis-
sion of malaria and arboviruses in tropical countries.
However, conventional chemical pesticides tend to exhibit
higher toxic impact on the environment, simultaneously af-
fecting human health (Robert and Olson 1989). The second
most effective demerit synthetic chemicals are the occurrence
of resistance mechanism in the mosquito species (Wattanachai
and Tintanon 1999; Liu et al. 2005). Several strategies are
being employed to control the population of these dreadful
mosquito vectors which can indirectly help in the reduction
of the occurrence of different lethal vector-borne diseases.
Among the several strategies being employed towards the
control of these dreadful vectors, the procedures can be listed
as an integrated pest management.

This approach tends to endeavour its application as to pre-
vent the infestation and occurrence of infestation of a pest
when necessary. The intelligent selection and use of pest con-
trol actions which can ensure the favourable socio-economic
and ecological consequences are the prime focus of this sys-
tem. Through the IPM, several strategies opted towards the
supervision of these dreadful vectors responsible for creating
the havoc in the society through spreading the devastating
diseases. The several strategies being employed for the control
of these insect vectors can be categorised into three different
categories like chemical methods, biological methods and
others. The chemical methods include the application of con-
ventional pesticides and other chemically derived products for
controlling the vector population. The biological methods in-
clude the use of different biological agents (Bowatte et al.
2013) towards the control of the vector population. In others,
the application such as sterile insect technique (SIT) can be
implemented (Oliva et al. 2014).

Furthermore, enormous efforts are being carried out to-
wards the improvisation of the insect controlling strategies
through the application of botanically driven products
(Benelli 2015b and Pavela 2015). Several plants and other
herbal extracts, essential oils and other pure compounds have
been tested for their applicative potential as an ovicidal, larvi-
cidal, pupicidal and adulticidal agents against the dreadful
mosquito vectors (Amer and Mehlhorn 2006a, b;
Govindarajan 2010; Benelli et al. 2015a, b, c).

In other perspective, the application of nanotechnological
approach towards the control of these dreadful vectors has
been an important strategy towards the vector control. The
advancement in the nanotechnology provides several methods
to counter the problem of increasing the vector-borne diseases.
In this context, the application of nanotechnology to formulate
nanopesticides with the greener approach is an effective one
with lower residual pollution and toxicity to the non-target
species and environment.

Conventional pesticides—a primary cause
of eco-toxicity

A pesticide may refer to a particular chemically synthesised
substance which can be either a fungicide, herbicide, insecti-
cide, nematicide or another chemical constituent used towards
the control of unwanted and destructive living organism. The
application of these conventional pesticides started since the
1900s, where the humankind is using several forms of pesti-
cides which lead to the accumulation of these hazardous
chemicals in the environment. These conventional pesticides
can be classified into different forms based upon their chem-
ical moieties like organochlorines, organophosphates, carba-
mates and pyrethroids. The heavy usage of these conventional
pesticides to a broad and unregulated form has created the risk
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of eco-toxicity in the world. The improvement in the pest
control using these chemical compounds cannot be denied,
but its irregular application has also effect on the environment
and human health.

One of the major demerits in the application of these pes-
ticidal components in the environment is their higher residual
pollution (Agnihotri A 1999). An insecticide may have been
formulated to have its temporary effect. However, the studies
have shown that their residues are found in the air, waterways
and ground. The accumulation of these residual pollutants in
the environment causes eco-toxicity problem (Bhatnagar
2001).

The residual parts of these pesticides pile up in the atmo-
sphere which affects the quality of air that people breathe. This
type of pollution leads to the illness of the humankind through
the occurrence of the various forms of air-borne diseases. The
same condition prevails in the hydrosphere. Also, the substan-
tial residual part getting washed away from the agricultural
lands gets accumulated in the water bodies creating the risk
of eco-toxicity. This subsequently becomes harmful for other
non-target living system prevailing in the water ecosystem.
This residual pollution created due to heavy usage of these
harmful pesticides has affected the soil ecosystem. This resid-
ual contamination of this pesticidal component into the
ground leads to the detrimental impact on the on-target organ-
ism prevailing in the ecosystem (Topp et al. 1997; Simon-
Sylvestre G, Fournier 1980). Similarly, the nutritional value
of crops has been declined due to the accumulation of these
chemicals in the soil.

The increasing eco-toxicity due to the usage of these con-
ventional pesticides is an alarm for the humankind to find a
different approach for pest management with better efficacy
towards the target simultaneously with better eco-safety value.
In this context, the approach of the nanotechnology to impro-
vise the condition of the pesticidal application in the day-to-
day scenario can become an important step towards the reduc-
tion of the eco-toxicity problem.

Pesticidal resistance in mosquito: a major concern
and challenge

As recommended by the World Health Organization, several
control strategies towards the mosquitoes include IRS. Several
other strategies also exist such as the application of long-
lasting insecticide-treated bed nets (LLINs) and the oblitera-
tion of larvae-breeding sites (WHO 2008). The primary chal-
lenge countered during the vector control strategy is the de-
velopment of resistance towards the insecticides in the mos-
quitoes (WHO 2007). In recent times, the extensive usage of
these pesticides in the agricultural fields (Diabate et al. 2002)
also on the bed net treatment (Vulule et al. 1994, Czeher et al.
2008) has resulted in the occurrence of resistance in the

mosquito strains. The major resistance in present scenario is
seen towards the pyrethroids.

Resistance towards the pyrethroid pesticide is a particular
threat to mosquito control since it is the only pesticidal class
which is currently applied and is only recommended insecticide
for treating bed nets, mainly due to their low toxicity for humans
compared to other conventional pesticides (Zaim et al. 2000).
The resistance in themosquitoes towards the insecticide has been
determined via two ways: the first approach is through in vivo
biological test and the second through the identification of alleles
responsible for the resistance mechanism. One of the primary
mutations being observed is the kdr mutation which occurs due
to the overuse of DDT and pyrethroid. Kdr mutation genotype
has been documented to be related to DDTand pyrethroid resis-
tance (Donnelly et al. 2009). Anopheles gambiae and Anopheles
funestus are few of the major malarial vectors for malaria in the
African continent (Fontenille et al. 1997); both have earlier been
found to have potential resistance to pyrethroid insecticides. The
resistance towards the insecticide has been shown to be locally
highly variable even inside a country or a region (Vezenegho
et al. 2009; Antonio-Nkondjio et al. 2011; Hunt et al. 2011;
Balkew et al. 2010). This problem of resistance is a major chal-
lenge towards the integrated pest management strategies. The
application of green-mediated nanopesticides can serve as a valu-
able tool to get rid of this resistance threat as well as can become
an effective tool towards the control of these dreadful mosquito
vectors, creating havoc in the society.

Green synthesis of nanoinsecticide: an incipient tool
against mosquito vectors

The advancement in nanotechnology has a potential to revo-
lutionise a wide range of application including drug delivery
to pest management approaches (Aurel et al. 2007; Kim et al.
2007; Rai et al. 2009; Amerasan et al. 2015). The synthetic
approach of these nanopesticides through plant-mediated
manner is beneficial over the other forms of pest management
approaches such as chemical and physical methods. A rising
number of plant-mediated compounds have been projected for
an efficient and quick extracellular formulation of these plant-
mediated nanopesticides (e.g. Shankar et al. 2004;
Priyadarshini et al. 2012; Ponarulselvam et al. 2012). The
efficient mosquitocidal property exhibited by these
nanoinsecticides in the field conditions can make these com-
pounds a safer and efficient method to control the mosquito
population (Santhoshkumar et al. 2011; Marimuthu et al.
2011; Panneerselvam et al. 2012, 2013; Dinesh et al. 2015;
Suresh et al. 2015; Murugan et al. 2015c, b; Benelli 2015c).
These plant-derived nanoinsecticides can be subdivided into
different forms such as plant-derived nanoparticles and
nanoemulsion formulated using the essential oils derived from
plant parts.
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Plant-mediated nanoparticle with mosquitocidal
property

In the recent decade, the increasing numbers of the plant-
derived extracts and their metabolites have been applied in
the nanoparticle biosynthesis. The rising number of publica-
tion which aims at the green synthesis of the nanoparticles is
astonishing. A total of 5658 research publications were re-
trieved from the SCOPUS database which aims at the biolog-
ical synthesis of the nanoparticles which depicts the applica-
tion of the biological nanoparticles in vector management.
Among the countries worldwide, India and China are the most
productive with a majority of the publication in the area of
nanoparticle synthesis using greener approach (Rajan et al.
2015).

The nanoparticle synthesis through biosynthetic approach
often exploits the stabilising and the reducing potential of the
plant-driven extracts and metabolites (Govindarajan et al.
2016b, c, d, e). The two most important factors which influ-
ence the shape, size and the stability of these biologically
driven nanoparticles are the concentration of the plant extract
or plant metabolite, and the other is the concentration of the
substrate (metal ion) being implicated towards the synthesis
(Rajan et al. 2015). These green synthesised nanoparticles can
also be explored for mean particle sizes through the use of
nanoparticle analysers (Rajan et al. 2015; Murugan et al.
2015b).

Several varieties of nanoparticles exhibiting mosquitocidal
properties have been synthesised using plant extracts (Fig. 1).
It has been seen that the colour intensity of the plant extract
when incubated with the metal on aqueous solution changes
from the yellowish or pale brown colour to reddish dark
brown which confirms the synthesis of the nanosized metal
nanoparticles. The current research studies report the effec-
tiveness of these plant-synthesised nanoparticles as an ovicid-
al, larvicidal, pupicidal, adulticidal and ovi-deterrents against

the dreadful mosquitoes of medical importance. One of the
searches conducted on the SCOPUS (May 2017) using ‘nano-
particles mosquito’ as keywords leads to the retrieval of 236
research papers. The most productive countries in this re-
search area are India followed by the USA. Among the 236
publications, major publications are being published in
Paras i to logy Research (Spr inger ) , fo l lowed by
Environmental Science and Pollution Research (Springer),
Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy (Elsevier), Acta Tropica (Elsevier) and Applied
Materials and Interfaces (ACS).

Several types of research shed light on the mosquitocidal
properties of the metallic nanoparticles (Benelli 2016a, b, c).
A research study was carried out to examine the effectiveness
of Sargassum muticum-synthesised AgNPs towards ovicidal
and egg hatchability. The reduction of egg hatchability by
100%was observed after a single exposure to 30mg/L against
the Anopheles stephensi , Aedes aegypti and Cx.
quinquefasciatus. Regarding the larvicidal and the pupicidal
activity of the nanoparticles, it has been observed that a small-
er concentration, i.e. parts per million, of different plant-
synthesised metal nanoparticles results in acute toxicity
against various mosquito vectors. The published literature
from Santhoshkumar et al. (2011) describes that AgNP syn-
thesis using the leaf extract of Nelumbo nucifera was lethal to
fourth instar larvae of Anopheles subpictus (LC50 = 0.69 mg/
L) and Cx. quinquefasciatus (LC50 = 1.10 mg/L). Rajakumar
and Rahuman (2011) describe the toxicity of AgNP synthe-
sised using leaf extract of Eclipta prostrata against the fourth
instar of Cx. quinquefasciatus (LC50 = 4.56 mg/L) and An.
subpictus (LC50 = 5.14 mg/L).

AgNPs synthesised using the aqueous leaf extract from
Citrullus colocynthis were lethal to the third instar larvae of
Culex pipienswith an LC50 value of 0.5 mg/mL (Shawky et al.
2014). Morinda tinctoria leaf extract using acetone was
utilised for AgNP fabrication and exhibited its lethal indices

Fig. 1 Schematic representation
of the mechanism behind the
plant-mediated synthesised
nanometric mettalic particles and
its effect on the target mosquito
(Benelli et al. 2017b)
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of LC50 of 1.442 mg/L against the third instar larvae of Cx.
quinquefasciatus (Kumar et al. 2014). Silver nanoparticles
fabricated using the aqueous leaf extract of L. aspera leaf
extract exhibited lethality towards the fourth instar larvae of
Aedes aegypti, with LC50 of 8.5 mg/L (Suganya et al. 2014).
Cymbopogon citratus-fabricated AuNPs were lethal against
An. stephensi and Aedes aegypti. The LC50 of 18.80 mg/L
was reported for first instar, 21.32 mg/L for second instar,
25.92 mg/L for third instar and 31.46 mg/L for fourth instar,
while pupicidal was reported at 38.32 mg/L. The LC50 against
the Aedes aegyptiwere 20.27 mg/L for first instar, 23.24 mg/L
for second instar, 8.63 mg/L for third instar and 35.09 mg/L
for fourth instar, and pupicidal activity was reported at
41.52 mg/L (Murugan et al. 2015b). The aqueous leaf extract
obtained from Azadirachta indica was examined against the
third instar larvae of Aedes aegypti and Cx. quinquefasciatus.
The lethal index LC50 were 0.006 and 0.047 mg/L, respective-
ly, for Aedes aegypti and Cx. quinquefasciatus (Poopathi et al.
2015). Recently, silver nanoparticulates (NPs) fabricated
using the seed extract ofM. oleiferawere found to be effective
towards the early instars of Aedes aegypti as the LC50 was
found to be 10.24 mg/L for first instar, 11.81 mg/L for second
instar, 13.84 mg/L for third instar, 16.73 mg/L for fourth instar
and 21.17 mg/L for the pupae. In addition to this, it was ob-
served that these nanoparticles tend to show the growth inhib-
itory activity of dengue virus, serotype DEN-2 (Sujitha et al.
2015).

Inclusive of all, it can be observed as a general trend that
the majority of biologically fabricated metallic nanoparticles
have been formulated via exploiting the reducing potential of
the plant, algae and seaweed extracts (Murugan et al. 2015a, c;
Kalimuthu et al. 2017). The majority of metal NPs were
screened against mosquito larval and pupal populations and
found to be effective at lower concentrations (Benelli 2016a,
d).

Further research was carried out to screen the effectiveness
of the metal NPs fabricated using plant extracts against the
dreadful mosquito vectors like Aedes aegypti, Aedes
albopictus and An. stephensi (Govindarajan et al. 2016f, g,
h, i; Murugan et al. 2016c). The third instar larvae were

successfully eliminated from the storage water reservoirs in
a duration of 72 h after single treatment with Phyllanthus
niruri, Mimusops elengi and Aloe vera. It was hypothesised
that the mechanism behind the potent mosquitocidal activity
may be due its nanometric size which helps the NPs to pene-
trate into the insect exoskeleton easily. Alongside in the intra-
cellular space, the nanoparticle may bind the sulphur from
proteins or phosphorous from the nucleic acid, i.e. DNA,
which results in the denaturation of the enzymes and improper
functioning of the organelles. Subsequently, the depletion in
the membrane permeability and disturbance in the proton mo-
tive force leads to the irregular cellular function finally leading
to apoptosis or cell death (Rai et al. 2009; Subramaniam et al.
2015).

Invertebrate-mediated nanoparticles for mosquito
control

Beside the botanicals being used for the nanoparticle
synthesis, currently, the usage of invertebrates can be
seen. These invertebrates can be exploited for making
one pot fabrication of effective mosquitocidal agents.
These mosquitocidal agents can serve as a potent
larvicidal and pupicidal agent. A recent study by
Jaganathan et al. (2016) describes the earthworm
(Eudrilus eugeniae) mediated nanoparticle synthesis
(AgNPs) which were studied for their larvicidal potency
against the malarial vector An. stephensi. The lethal in-
dices for the particular AgNP against target were found
to be 4.8 mg/L for first instar, 5.5 mg/L for second
instar, 6.9 mg/L for third instar and 8.5 mg/L for fourth
instar. The pupicidal activity was achieved at a concen-
tration of 15.5 mg/L. In addition to the plant-mediated
fabrication of nanoparticles, the TiO2 nanoparticles syn-
thesised using the hydrothermal method exhibited its
potency against the Aedes aegypti young instars, with
lethal indices of LC50 ranging from 4.02 mg/L for first
instar larvae to 7.52 mg/L for pupae (Murugan et al.
2016a).

Fig. 2 Formulation of
nanoemulsion through high-
enengy emulsification process
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Essential oil nanoemulsion: a promising tool
for mosquito control

The emulsion system which comprises of droplet size in the
nanometric scale (20–200 nm) is often termed as mini-
emulsions (El-Aasser and Sudol 2004) and nanoemulsions
(Nakajima 1997; Sonneville-Aubrun et al. 2004). As the
nanoemulsion attains its appropriate size, they appear as trans-
parent or translucent from the naked eye (Fig. 2) and therefore
attains the stability against the sedimentation or creaming
(Tadros et al. 2004). For these properties, this system is well
studied and practically applied in various fields such as chem-
ical, pharmaceutical and cosmetics. Currently, few of the stud-
ies described the possible application of these nanoemulsions
in the field of insect vector control strategies. The
nanoemulsions comprise of an organic and aqueous phase.
These systems being the non-equilibrium system cannot be
formed spontaneously (Rang andMiller 1999), so they require
an external energy for its formation (Binks 1998). The energy
is provided to the system either by the chemical potential or
through the mechanical devices. The nanoemulsion formula-
tion is so-called as a dispersion or high-energy emulsification
method. This is achieved using the high shear stirring, ultra-
sound generators or through the high-pressure homogenisers.
The mechanism behind the formulation of this emulsion sys-
tem is the available energy input in the shortest time and the
uniform flow which leads to a formation of smallest-sized
droplets (Walstra 1996).

Ultrasonic emulsification is one of the examples of the high-
energy emulsification methods which use the ultrasonic waves
to shear the droplets in nonmetric diameter size (Walstra 1996)
but has a limitation that it can apply only for small batches. One
of the studies carried in the preparation of the polymerised
nanoemulsion which upon the formation had the efficiency of
the dispersion. This process was strongly dependent on the rate
of ultrasonication for different time intervals at various ampli-
tude, which depicted the relation of the organic phase and its
time duration, as more hydrophobic the monomer will require a
longer time for its emulsification (Landfester et al. 2004).
Another form of the high-energy emulsification is the high-
pressure homogenisation which works in the energy range of
50–350 MPa (Floury et al. 2003). High kinetic stability and
optical transparency of the nanoemulsion compared to the con-
ventional emulsions help them to attain the high degree of sta-
bility and aid up the advantage for their possible technological
application (Shinoda and Saito 1968). The different kinds of
literature and publications on the nanoemulsion shed light on
their potential applications. Among all possible application, the
application of this nanometric emulsion is a conventional tool
to control the vector spreading the terrible diseases. Nanometric
emulsion, for example, neem oil nanoemulsion and eucalyptus
oil nanoemulsion are few of the examples applied with the
larvicidal properties against a larval population.

The presence of the biochemical in these oils provides them
with the potency as a larvicidal agent. The presence of various
biochemical components like eugenol in basil oil, azadirachtin
in neem oil and eucalyptol in eucalyptus oil enhances the
larvicidal potency of the nanometric emulsions against
Aedes aegypti and Cx. quinquefasciatus (Veerakumar et al.
2014). The formulation of this nanoemulsion is also one of
the types of nanoformulation for the vector control strategy.
Various nanotechnologies have been implemented for formu-
lating different nanopesticides, like the formation of the nano-
particle through polymerisation (Pavel 2004), precipitation in
an aqueous droplet (Destrée & Nagy 2006), solid lipid nano-
particles (Gasco et al. 2009) and direct solvent evaporation
(Margulis-Goshen & Magdassi 2012). Figure 3 describes the
possible potential merits of these nanopesticides upon the con-
ventional bulk pesticides, proving the nanopesticide as a po-
tent insecticidal agent with lower residual pollution.

Neem oil nanoemulsion is one of the promising tools for
the control of vector population. The anti-ecdysone activity
exhibited by the neem oil makes it propitious for this applica-
tion. The formulation of the neem oil nanoemulsion was car-
ried out using the methodology opted by Anjali et al. (2012).
The nanoemulsion was prepared using the neem oil, non-ionic
surfactant Tween 20 and Milli-Q water. The coarse emulsion
obtained after the combination of oil and aqueous phase was
subjected to ultrasonication for the duration of 20 min to
achieve the final nanosized emulsion system. The formulated
nanoemulsion exhibited the mean hydrodynamic size of
30.12 ± 1.3 nm with the polydispersity index of 0.262. The
nanoemulsion system exhibited its noteworthy larvicidal ac-
tivity against the dreadful filarial vector Cx. quinquefasciatus.

Fig. 3 Pictorial representation of comparative study between the
conventional pesticides and nanopesticides
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The LC50 value for the formed nanoemulsion was found to be
11.75 mg/L for the 24th hour. The nanoformulated emulsion
of neem oil with the smallest droplet diameter was efficient
than its bulk counterpart, i.e. neem oil. This property of
nanosized emulsion system can become an effective alterna-
tive for the vector and vector-borne disease control. Similarly,
another essential oil that proves its mosquito control activity
against the Cx. quinquefasciatus is eucalyptus oil
nanoemulsion.

According to Sugumar et al. (2014), nanoemulsion pre-
pared using the eucalyptus oil shows an efficient larvicidal
property against the larvae of Cx. quinquefasciatus. The euca-
lyptus oil nanoemulsion was formulated using 1:3 ratio of
eucalyptus oil/Tween 80 which resulted in the translucent
nanoemulsion system. The mean hydrodynamic size of the
nanoemulsion was estimated to be 9.4 nm. Later through the
estimation of its larvicidal potency, it was found out that this
nanosized emulsion also exhibits the efficient larvicidal prop-
erty. The larvicidal activity exhibited by nanoemulsion was
observed at the concentration of 250 mg/L which resulted in
98% mortality within 4 h of treatment.

The larvicidal activity exhibited by the nanoemulsion
against the vector causing the dreadful diseases can be attrib-
uted to the essential oil components. These components such
as azadirachtin, eucalyptol, etc. consist of chemical constitu-
ents like terpene hydrocarbons such as monoterpenes and ses-
quiterpenes and oxygenated compounds such as phenols, al-
cohols, aldehydes, ketones, esters, lactones, ethers and oxides.
This distinct variety of kinetically stabilised formulation com-
prises the two different phases, which are immiscible.
According to Solans et al. (2005), this nanoemulsion attains
the translucent property with smaller droplet diameter of 20–

200 nm, therefore attaining bluish aspect (Forgiarini et al.
2000). These nanosized emulsions of essential oils tend to
attain the insect control property (Wang et al. 2007).
Figure 4 describes the mechanism behind the efficient prop-
erty of the essential oil nanoemulsion as a larvicidal agent. The
chemical components present in the nanoemulsion, for exam-
ple, azadirachtin present in neem oil, attain the growth inhib-
itory property. The azadirachtin tends to have action on the
ecdysone hormone, which is a key hormone for the growth of
insects. The nanometric size of the nanoemulsion enhances its
specificity and target delivery resulting in more effectiveness
than bulk pesticides. The unregulated growth hormone tends
to stop the mounting of the insects, consequently leading to
their mortality.

Nanopermethrin is the water dispersible powder form of
permethrin. This nanoformulation is achieved using the sol-
vent evaporation of the o/w microemulsion consisting of pes-
ticide in an organic phase. The composition of the obtained o/
w microemulsion was permethrin as an active ingredient, n-
butyl acetate and sec-butyl alcohol as an organic solvent, am-
monium glycyrrhizinate and soybean lecithin as a surfactant
and water. The obtained microemulsion is further lyophilized
at −95 °C and <1 mbar for 24 h which resulted in water
dispersible nanopowder along with surfactants. The
nanoformulated permethrin powder consisted of permethrin
(13%), AG (29.5%), SbPC (29.5%) and sucrose (28%) by
weight. Permethrin in its NP form exhibited amorphous nature
as reported by Anjali et al. (2010). The mean hydrodynamic
size of the obtained nanopermethrin is found to be
151 ± 27 nm. Formulated nanopermethrin exhibits a potent
larvicidal property against various dreadful species of mosqui-
toes. Similarly, the NP has exerted the improved efficacy

Fig. 4 Schematic representation of the mechanism behind the nanoemulsion effect on the target mosquito species
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against the adult mosquitoes as compared to its bulk form. The
median knockdown values of NP (60 min) for Culex
t r i t a e n i o rh y n chu s , Cx . q u i n que f a s c i a t u s a nd
Aedes albopictus were found to be 0.98 × 104, 1.17 × 104
and 0.05 × 103 mg/L (Balaji et al. 2015; Mishra et al. 2017).

Non-target effects of the green nanopesticides

Currently, extensive efforts are being carried out to study the
possible toxic behaviour of these nanopesticides prevalent in
the mosquito and other pest specific ecosystems (e.g.
Oberdorster et al. 2006; Park et al. 2014; Baun et al. 2008
and Fabrega et al. 2011). However, limited experimental stud-
ies have been carried out to the shed the light on the toxicity
profile of these nanometric pesticides towards the non-target
species prevalent in target ecosystem. Moderate studies are
available which describes the possible acute toxicity of
AgNPs towards the non-target species such as Poecilia
reticulata fishes after the 48th hour of exposure did not exhibit
any significant toxicity on the fishes (Patil et al. 2012a, b).
Subarani et al. (2013) describe the biosafety of Vinca rosea
synthesised AgNP against P. reticulata, where the exposure of
LC50 concentration to the fishes till 72nd hour did not possess
any toxic induced damage. Haldar et al. (2013) describe the
non-toxic behaviour of AgNP fabricated using dried green

fruits of Drypetes roxburghii against P. reticulate, where the
treatment of the host organism with LC50 concentration did
not lead to any significant toxicological response. The bio-
safe property of these essential oil nanoemulsions makes them
a noteworthy insect control agent.

Sugumar et al. (2014) describe the bio-safety property of
the eucalyptus oil nanoemulsion against the Rhizobium
leguminosarum. The tested strain exhibited no zone of inhibi-
tion depicting the eco-safe feature of the nanoemulsion.
Similarly, the neem oil nanoemulsion exhibited the bio-safe
property against the fingerlings of Labeo rohita and
Enterobacter ludwigii which is a beneficial bacterial isolate
from the paddy rhizome (Mishra et al. 2014, 2016). Therefore,
this study describes that the nanopesticide can be an efficient
tool with an eco-safe property and can be applied safely for the
control of the vector creating the havoc among humans
through the spread of the deadly diseases.

The extensive application of the nanometric materials to-
wards the control of these dreadful mosquito vectors is one of
the successful strategies (Table 1). The increasing pollution of
the environment due to the accumulation of the conventional
pesticides has become a major concern. The implementation
of these nanometric pesticides either in the form of metallic
nanoparticles derived from the plant source (Benelli et al.
2017a; Govindarajan and Benelli 2016a, b, c; Govindarajan
et al. 2016a) or the nanoemulsion from the essential oils

Table 1 Versatile forms of the nanopesticides with its applicative measures against the different dreadful vector mosquitos’ species

Nanopesticide Source Lethal indices (LC50) 24 h Host vector insect References

AgNP E. eugeniae (earthworm) 8.5 mg/L An. stephensi Jaganathan et al. (2016)

AgNP C. colocynthis 0.5 mg/L Cx. pipiens Shawky et al. (2014)

AgNP M. tinctoria 1.4 mg/L Cx. quinquefasciatus Kumar et al. (2014)

AgNP L. aspera 8.5 mg/L A. aegypti Suganya et al. (2014)

AgNP N. nucifera 0.69 mg/L
1.10 mg/L

An. subpictus
Cx. quinquefasciatus

Santhoshkumar et al. (2011)

AgNP E. prostrata 4.56 mg/L
5.14 mg/L

Cx. quinquefasciatus
An. subpictus

Rajakumar and Rahuman (2011)

AgNP Z. diphylla 12.5 mg/L
13.4 mg/L
14.6 mg/L

An. subpictus
A. albopictus
Cx. tritaeniorhynchus

Govindrajan et al. (2016g)

AgNP C. chinense 11.1 mg/L
12.3 mg/L

A. albopictus
Cx. tritaeniorhynchus

Govindrajan et al. (2016e)

AgNP A. indica 31.5 mg/L
38.08 mg/L

A. subpictus
Cx. tritaeniorhynchus

Govindrajan et al. (2016h)

AuNP C. citratus 25.92 mg/L
8.36 mg/L

An. stephensi
A. aegypti

Murgan et al. (2015b)

TiO2 NP Hydrothermal method 5.6 mg/L A. aegypti Murgan et al. (2016b)

Leaf extract A. elaeignoidea 246.4 mg/L
207 mg/L

Cx. quinquefasciatus
An. stephensi

Benelli et al. (2017a)

Neem nanoemulsion Neem oil (A. indica) 11.5 mg/L Cx. quinquefasciatus Anjali et al. (2012)

Eucalyptus nanoemulsion Eucalyptus oil 250 mg/L Cx. quinquefasciatus Sugumar et al. (2014)

Nanopermethrin Permethrin 0.117 mg/L Cx. quinquefasciatus Anjali et al. (2010)

Nanopermethrin Permethrin 0.051 mg/L Cx. tritaeniorhynchus Mishra et al. (2016)
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(Pavela 2015) can be helpful in reducing the risk of the eco-
toxicity (Pavela and Benelli 2016). Through these studies, it
gives a clear visualisation that these metallic nanopesticides
and nanometric emulsions prepared from the essential oils
pose a significant activity towards the control of the dread
vectors which are responsible for havoc in the society. The
few of the mechanistic approach that describes the efficient
property of these nanopesticides as an effective tool for vector
control can be attributed to their nanometric size. The size of
these nanometric pesticides below 100 nm makes their pas-
sage inside the cells to be easier. Further, the easier penetration
into the host cells makes their application specific as different
nanopesticides pose a different mechanism of the hindrance.
When it comes to metallic nanoparticles, these nanopesticides
lead the hindrance at the molecular level which targets the
DNA/RNA leading to host mortality. Subsequently, the
nanometric emulsion system prepared using the different es-
sential oils have resulted in mortality in the host vector species
through obstructing the hormonal system which leads to the
growth inhibition further leading to death. Lastly, the
nanopesticides prepared from the conventional pesticides
through use bio-surfactants has their different mechanism,
where it leads to blockage in the sodium potassium gate chan-
nel finally resulting in paralysis and host death.

This mechanistic behaviour with the add-on nanometric
features makes these pesticidal components as a potent weap-
on which can be applied towards the regulation of the dreadful
vector species. Further, the enhanced property of the
nanopesticides such as proper hydro-dispersity compared to
the conventional pesticides. In the case of a conventional pes-
ticide, the usage of organic solvents for proper dispersion in-
creases the toxicity of bulk pesticides. The second benefit of
nanopesticide is higher target specificity which it is effective
at lower concentration compared to conventional pesticides.
The first important characteristic of these nanometric pesti-
cides is its lower residual pollution with its eco-safe property
towards the non-target species.

Conclusion

Nanometric pesticides such as plant-mediated nanoparticles,
nanomodified pesticides from the synthetic form of conven-
tional pesticides and the nanoemulsion from the essential oils
are one of the efficient tools to control the vector population of
the mosquitoes. The hydro-immiscibility of these
nanopesticides in nature significantly improvises their pestici-
dal life. It also improves their specificity of these nanometric
pesticides towards the target organisms. Nanoformulation re-
quires a lower concentration of its active ingredient and also
the usage of the plant-mediated synthesis, capping with the
biological surfactants or emulsifiers, tends to make these
nanopesticide propitious to the environment. The removal of

the volatile organic solvent from the pesticidal formulation
improves its bio-safe property and makes it a ‘greener’ strate-
gy for the vector control. These nanopesticides, therefore, can
become a potent tool towards the control of dreadful mosquito
vector population which is creating havoc in the society. The
nanometric form with additional properties of effectiveness at
lower concentration and target specificity with lower residual
pollution in environment enhances the efficiency of these pes-
ticides, when compared to conventional pesticides. This strat-
egy can serve as a critical component in the effective imple-
mentation towards becoming a solution for resistance in the
mosquitoes also making it a vital part in integrated vector
management technique.
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