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ABSTRACT

  The periodic outbreak of mosquito-borne diseases like dengue fever, 

zika fever, and yellow fever all over the world highlights the need for 

effective mosquito control methods targeting the biological system. 

Due to the lack of therapeutic measures, preventive treatments or 

vaccines against pathogens, insecticide resistance eventually lead 

the research focus towards novel technological applications in 

mosquito management. Nanomaterials with ovicidal, larvicidal, 

adulticidal, and repellent properties for controlling mosquito 

vectors are under research. A literature search was carried out for 

advancements in nanomaterials, insecticides, and mosquito control 

in PubMed/MEDLINE, Scopus, Google Scholar, ScienceDirect, and 

Web of Science. This paper aims to provide insights into various 

nanomaterials relevant to mosquito-borne diseases, in vivo and in vitro 

toxicity evaluation against mosquito species, mode of action, effect 

on non-target organisms, and ecological risks. Organic and inorganic 

materials that provide controlled release, target delivery, less dosage, 

prolonged efficacy, a reduction in the use of organic solvents and 

emulsifiers, and minimum pollution to the environment have already 

been explored. Indeed, further research on the ecological risk and 

economic feasibility of nanomaterials in mosquitocidal applications 

should be done prior to commercialization.

KEYWORDS: Nanomaterials; Nanoformulation; Nanopesticides; 

Mosquito control

1. Introduction

  Humans have been fighting against mosquito vector-borne diseases 

(VBD) for centuries before the first discovery of mosquitoes as 

vectors of bancroftian filariasis in 1877 by Patrick Manson[1] in 

China, which eventually led to the birth of medical entomology 

and the subsequent development of mosquito control strategies[2]. 

Nowadays, mosquitoes (Diptera: Culicidae) are vectoring of 

pathogens and parasites causing dreadful diseases including dengue, 

chikungunya, malaria, West Nile fever, and yellow fever, which 

are causing the largest health burden and are major contributors to 

socio-economic disruption all over the world. VBDs account for 

4.3 billion deaths each year[3]. Tropical and subtropical countries 

face the highest burden, especially for people with low socio-

economic status. Despite various control measures adopted 

worldwide, there is an increase in overall malarial cases from 245 

million cases in 2020 to 247 million cases in 2021. The African 

region is spotted with a higher burden, with around 95% of malaria 

cases and 96% of deaths reported in 2021, and a high prevalence 
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among children[4]. Over the past two decades, the global incidence 

of dengue virus has significantly increased, with deaths reaching 

5.2 million in 2019[5]. The recent emergence or re-emergence of 

VBDs observed is attributed to climate change, urbanization, poor 

sanitation, globalization, and the overall socio-political contexts of 

the countries[6]. The COVID-19 pandemic has worsened the scenario 

further again due to the supply chain disruption of mosquito control 

programmes and the over-pressure on the health infrastructure[7].

2. Current approaches in mosquito vector management

  Mitigation of this menace is made possible through various 

vector control strategies, which have been initiated with 

the environmental management of mosquitoes. Prior to the 

development of chemical insecticides, people relied upon source 

reduction and improved screening of mosquitoes to control vectors. 

It was a breakthrough when Swiss chemist Paul Muller discovered 

dichlorodiphenyltrichloroethane (DDT) in 1939. DDT is a prime 

example of a widely used synthetic insecticide at the time. This 

ectoparasitic arthropod evolves quickly to adapt to the changing 

environment, and they have developed resistance to this endocrine 

disruptor as well as later developed synthetic chemical insecticides 

like pyrethroids, carbamates, organophosphates, and other 

organochlorines that also harm mankind and the environment[8]. 

In view of these detrimental consequences of chemical pesticides, 

the government placed strong regulations on their use, opening 

the door for more sustainable vector control methods, including 

biological measures employing natural enemies to control vectors 

and genetic control by adding any heritable element to the 

population at risk of mosquito-borne diseases, which lessened 

insect damage[9,10] (Figure 1).

  The quick response of chemical control cannot be contested, 

especially when contrasted to other natural approaches, which 

can occasionally struggle to manage sudden outbreaks[11]. 

This has paved the way for integrated pest management, a new 

comprehensive approach employed in pest control that combines all 

available vector control strategies, including chemical, biological, 

genetic, cultural, and mechanical treatments, with a sustainable 

approach that considers the effects on the environment, animals, and 

human health. Integrated pest management continuously gathers 

information by evaluating all available methods for newer, more 

effective, and less harmful ones to the environment[11](Figure 2). The 

development of fresh, cutting-edge strategies for controlling insect 

pests have become imperative to overcome the emerging vector 

borne diseases transmitted by mosquitoes. In addition, arboviral 

infections like dengue, zika fever, and yellow fever that have periodic 

outbreaks spread by Aedes mosquitoes demand the development 

of new effective control methods in addition to currently available 

methods[12]. Considering the necessity for more biodegradable 

Figure 1. Disadvantages of chemical insecticides.
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and target-specific mosquitocidal treatments, nanotechnology is 

considered as a promising field with the potential to transform 

clinical, industrial, and environmental applications, such as targeted 

drug delivery, cosmetics, biosensing, bioimaging, delivery of genes, 

antiparasitic agents, electronics, antimicrobial agents, catalysts for 

transplant monitoring, the food industry, and pest control[13]. It 

takes advantage of the material’s properties at the nanometric scale 

through a top-down approach[14,15]. The notion of manipulating 

matter at the atomic scale as a modern interdisciplinary science was 

first articulated by Richard Feynman, the 1965 Nobel Prize winner in 

physics, in his speech titled "There's plenty of room at the bottom". 

Feynman is regarded as the founder of modern nanotechnology.

  Various manufactured consumer goods containing nanostructured 

materials are available in the market. Electronics and medicine 

exploit nanostructured materials for intended purposes. Recent 

research and development practices are going on to employ the 

advantages of nanotechnology in the fields of agriculture and 

public health management. Nanotechnology is predicted to play 

a significant role in accelerating technical breakthroughs across 

several industrial sectors in the coming years. The focus of this paper 

is on the application and feasibility of nanotechnology in the control 

of mosquitoes and subsequent public health management due to the 

shortcomings of conventional control strategies. A comprehensive 

search was carried out for literature, including original articles and 

systematic reviews, on prominent public databases such as PubMed/

MEDLINE, Scopus, Google Scholar, ScienceDirect, and Web of 

Science. Articles accessed through the Library & Information Centre 

(ICMR-Vector Control Research Centre). Throughout the search, we 

have used keywords such as “nanomaterials”, “nanoinsecticides”, 

“nanorepellents”, “nanopesticides”, “mosquito control”, “larvicides”, 

“mosquitocidal”, and more, alone or in different combinations for an 

extensive exploration of advancement in this area.

3. What are nanomaterials?

  Humanity is progressing from the macro to the micro to the 

nanoworld through a constant miniaturisation process and 

investigating tiny molecule’s possibilities. We have been trained to 

view everything about our scale of comparison for control strategies. 

So, it is necessary to clarify what exactly are nanomaterials here. 

These are materials with a minimum of one external dimension 

measuring 100 nanometres (one-millionth of a millimetre) or less or 

with internal structures of 100 nanometres or less, irregular in shape, 

more robust, lighter, and with a high surface area-volume ratio which 

differs from corresponding bulk materials[14,15]. The smaller the 

material gets, the larger the proportion of atoms it has on its surface. 

Since nearly all the catalytic activity of a material is contained in 

the surface due to the presence of unsaturated atoms, the reactivity 

of the material increases and behaves differently in commensurate 
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with the bulk counterpart[15,16]. These properties make them a 

suitable candidate for use as a bioactive compound and controlled 

release carrier of active ingredients. They can be manufactured 

either top-down (from bulk materials to nanosized materials) or 

bottom-up methods (atoms aggregation or molecule assembly to 

nanosized particles)[14,15]. Materials used to make nanomaterials 

include emulsions, metal oxides, silicates, ceramics, materials with 

magnetic activity, semiconductor quantum dots, polymers, lipids, 

and dendrimers[14].

  Nanomaterials are distinctive in their qualities and offer multiple 

insights for planned product development. There has been alarming 

discussion on nanostructured materials application in the pesticide 

industry. Nanopesticides are developed either by processing active 

ingredients into nanosized pesticide formulations or by encapsulating 

them inside a carrier molecule, through nanotechnological processes 

based on our intended properties, such as biodegradability, controlled 

release, specificity, protection of active ingredients from degradation, 

bioavailability, etc. 

4. Nanomaterials in mosquito control

  Nanopesticides provide a much environment-friendly approach to 

pest control as they require fewer quantities of pesticides, eliminate 

volatile organic solvents, and have higher efficacy while relegating 

conventional pesticides to a secondary role[17]. It was reported that 

nanomodified permethrin has enhanced larvicidal activity, shelf life, 

and target specificity against Aedes (Ae.) aegypti with minimal effect 

to non-target organisms in contrast with bulk form of water-insoluble 

permethrin currently available in the market[17,18]. These tiny and 

flimsy particles can penetrate the negatively charged outer biological 

membrane of mosquito larvae, thereby reducing the amount of active 

ingredients required and having no detrimental effects on humans, 

animals, and the environment (one health)[19,20]. The aforementioned 

advantages of nanomaterials can be incorporated into the new 

formulations of adulticides, pupicides, larvicides, ovicides, and 

repellents for effective mosquito control and thereby improving their 

efficacy. Normal insecticide formulations include at least one active 

ingredient along with some inert substances such as additives and 

adjuvants and those formulations are made as wettable powders, 

emulsifiable concentrates, granules, dust, and gels. Any formulations 

containing components at nanometric scales are referred to as a 

nanoformulation which is expected to release active ingredients 

or facilitate mosquito toxicity in a previously designed manner for 

better efficacy[20,21].

  These nanoscale particles change the physicochemical features 

of formulations, providing appealing advantages and increased 

effectiveness. Varieties of organic and inorganic nanomaterials 

are currently under research in various laboratories for better 

mosquitocidal activity. It can be produced via physical, chemical 

and biological methods. Upon processing, the former two methods 

produce harmful by-products and are not economically viable. As a 

result, the focus has now been directed towards the green synthesis 

of nanomaterials[22].

  Different forms of nanomaterials comprising organic and inorganic 

materials with appropriate functions, such as inorganic metallic 

nanoparticles, organic polymer-based formulations, nanoemulsions, 

nanosuspension, nanofibre, lipid-based formulations etc. have been 

reported. Controlled release formulations allow the precise and 

synchronized release of active substances at their target sites[23]. 
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Figure 3. Major types of nanomaterials used in mosquito control. 
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Their large surface area and specific reactivity to environmental 

variables facilitate them to be an ideal delivery vehicle. Different 

nanostructures and nanoencapsulations applied in mosquito control 

are discussed based on their physicochemical nature (Figure 3).

5. Inorganic metallic nanoparticles

  Metallic nanoparticles having unique interactions with 

biomembranes were previously generated via physical and chemical 

approaches, but these technologies were later shown to be neither 

feasible nor environmentally benign. This chemical technique for 

the synthesis of metallic nanoparticle is based on the concept of 

metal ion reduction and utilises synthetic reducing and stabilising 

agents, which are frequently shown to be toxic. As a result, 

research and development efforts are increasingly focusing on the 

biosynthesis of nanoparticles utilising plant extracts, bacteria, or 

fungi to reduce metal ions and stabilise their structures[24-26]. Silver 

nanoparticles (AgNP) synthesized from aqueous extract of leaves 

of Azadirachta indica (Neem plant) against the larvae of Ae. aegypti 

and Culex (Cx.) quinquefasciatus and identified as a potential tool 

with both Ae. aegypti (LC50=0.006 mg/L, LC90=0.04 mg/L) and Cx. 

quinquefasciatus (LC50=0.047 and LC90=23 mg/L). While developing 

bacterial-based nanoparticles, the DNA and metabolites produced by 

bacteria act as reducing and stabilizing agents for the synthesis[27]. 

A similar line of observation was reported in another study where 

AgNPs biosynthesized using Barleria cristata leaf extract revealed 

higher toxicity in comparison with aqueous leaf extracts of the same 

for Anopheles (An.) subpictus, Ae. albopictus, and Cx. tritaeniorhynchus 

larvae with LC50 values of 12.46 mg/L, 13.49 mg/L, and 15.01 mg/L, 

respectively[28]. In the case of bacterial-based nanoparticles, DNA 

and metabolites act as reducing and stabilizing agents[29]. Bacillus 

thuringiensis was used to synthesise AgNPs against Ae. aegypti, 

which has shown significant larvicidal action on the 3rd instar 

larvae with LC50=0.10 mg/L and LC90=0.39 mg/L at all doses tested 

(0.03, 0.06, 0.09, 0.12, and 0.15 mg/L)[30]. Another 2 bacterial 

isolates, Pantoea stewartii (H2) and Priestia aryabhattai (H3) were 

used to synthesise AgNP against mosquito larvae. Pantoea stewartii-

based AgNP has shown high toxicity against Cx. quinquefasciatus 

(LC50=14.829 µg/mL), followed by An. stephensi (LC50=20.977 

µg/mL) and Ae. aegypti (LC50=30.584 µg/mL). Whereas Priestia 

aryabhattai-based AgNP has demonstrated larvicidal activity in the 

order of An. stephensi (LC50=14.015 µg/mL), followed by Ae. aegypti 

(LC50=20.668 µg/mL) and Cx. quinquefasciatus (LC50=10.736 µg/mL). 

There was no visible effect on non-target organisms after 48 hours 

of exposure to the same. Subsequent histopathological studies also 

revealed the effect of silver nanoparticles as the midgut and epithelial 

membrane as damaged[31]. AgNPs produced by Bacillus cereus 

VCRC 641 were evaluated for larvicidal efficacy for Ae. aegypti, Cx. 

quinquefasciatus, and An. stephensi and the toxicity increased 117-

fold more potential than the actual bacterial cell lysate[32]. Beside 

silver, other metal sources included are gold, cadmium, titanium, 

iron, palladium, and zinc[33,34]. Gold nanoparticles were synthesised 

by using Aspergillus niger against all available larval instars of Cx. 

quinquefasciatus, An. stephensi, as well as Ae. aegypti were found 

more effective with 100% mortality in a 48-hour exposure[35]. 

Cobalt oxide nanoparticles (CO3O4-NPs) and magnesium oxide 

nanoparticles (MgO-NPs) were synthesized using Hibiscus rosa 

sinensis as the reducing and stabilizing agent and evaluated for 

larvicidal activity against Ae. aegypti and leishmanicidal activity 

against Leishmania tropica. CO3O4-NPs have shown relatively more 

significant larvicidal activity than MgO-NPs. These variations in 

mortality between CO3O4-NPs (67.2%±1.7% at 200 ppm) and 

MgO-NPs (49.2%±8.1% at 400 ppm) are due to the variation in 

surface properties. Larvicidal potential of nanoparticles in future 

dengue control and anti-leishmanial activity in therapeutic strategies 

for leishmaniasis were reported[36]. Larvicidal and leishmanicidal 

activity of nanoparticles was demonstrated in another study for 

zinc oxide nanoparticles (ZnO-NPs) synthesized from aqueous 

fruit extracts of Myristica fragrans. The nanoparticles have shown 

larvicidal activity against Ae. aegypti (77.3%±1.8%) and in addition 

to that, they have remarkable leishmanicidal activity against both 

the promastigote (71.50%±0.70%) and amastigote (61.41%±0.71%) 

forms of the Leishmania parasite[37]. Most researches in nanoparticles 

were focused on the utilization of AgNP among other metallic 

nanoparticles to control the larval stages of mosquitoes. Even 

though it has shown an opportunistic effect in laboratory settings, its 

effectiveness, interaction with aquatic organisms and overall safety 

in the field have to be studied further.

6. Lipid-based nanoparticles

  Lipid nanoparticles are classified into different subtypes. A majority 

of them are spherical, with a minimum of one aqueous compartment 

surrounded by one or more lipid bilayers. They are unique in that 

they are based on a simple structure, self-assembly, biocompatibility, 

and high bioavailability[38]. This property of prolonged existence is 

mainly exploited in the development of better mosquito repellents.
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6.1. Liposomes

  Liposomes are made up of unilamellar or multilamellar phospholipid 

bilayers that can trap hydrophilic compounds of interest in the 

central aqueous portion and hydrophobic and lipophilic molecules in 

the outer membrane. It has the remarkable characteristics of taking 

in active substances from its surroundings, and thereby expanding 

and prolonging its function in a system. These properties are 

exploited in the encapsulation process of drugs[39,40]. In previous 

study done by Sanei-Dehkordi et al.[41], eugenol, clove essential oil, 

cinnamaldehyde, and cinnamon essential oil were used to improve 

natural larvicide efficacy against An. stephensi by nanoliposome 

preparation. Increased efficacy was found at LC50 levels of 6-12-

fold for eugenol and cinnamaldehyde and 2-6-fold for the other 

two essential oils. Cells will uptake liposomes at the target site 

through adjuvants, antibodies, antigens, or other specific ligands[41]. 

This property is exploited for the encapsulation of chloroquine for 

target drug delivery in malaria treatment and thereby increases the 

availability of the drug, reduces the drug dose, and has fewer side 

effects[42].

6.2. Solid lipid nanoparticles (SLP) 

  Solid lipid nanoparticles are a colloidal dispersion with a solid 

biodegradable matrix used as an alternative to liposome carriers[43]. 

A green potent nanorepellent of SLPs containing 1% essential oil 

of Zataria multiflora was developed against An. stephensi with three 

times longer protection than the unformulated one[44]. A novel 

formulation of nanostructured lipid carrier, a kind of solid lipid 

nanoparticle, was prepared by blending with fennel (Foeniculum 

vulgare) and green tea oils (Camellia sinensis) and investigated for its 

larvicidal and adulticidal properties against Cx. pipiens mosquitoes in 

the laboratory as well as in the field. It has shown promising in vitro 

field larvicidal and adulticidal effects for both nanoconverted fennel 

(LC50=251.71 ppm and 0.25% for larvae and adults, respectively) 

and green tea oil (LC50=278.63 ppm and 0.40%) in comparison with 

crude fennel (LC50=643.81 ppm and 2.80%) and crude green tea 

oil (LC50=746.52 ppm and 4.21%). Subsequent field study of these 

nanomaterials has revealed their efficacy with minimal effects on 

non-target organisms and found no environmental damage[45].

6.3. Nanoemulsions (NE)

  Nanosized emulsions with dispersion phase nanodroplets can 

be formed as oil in a water system, water in the oil phase, or as 

previously made NE dispersing again in any of these phases (W/

O/W or O/W/O) can act as a nanocarrier for the controlled release 

of therapeutic agents[38,39]. Hydrophilic active ingredients can be 

encapsulated in a W/O or W/OW emulsion, whereas lipophilic 

substances can be encapsulated in an O/W emulsion. The smaller 

size of a NE increases its surface area, bioavailability, and solubility, 

reducing the need for emulsifiers and surfactants in aquatic 

applications. Castor oil (Ricinus communis) containing NE has 

been formulated and screened for 24 hours against larvae of An. 

culicifacies, and compared to its bulk emulsion. It is found that there 

is high efficacy associated with NE (LC50=3.4 ppm) in comparison 

with ordinary emulsion (52.31 ppm), and NE is considered a safe 

and effective alternative for mosquito control[46]. In another study, 

stable Eucalyptus (Eucalyptus globulus) oil-based NE was formulated, 

characterized, and screened for larvicidal activity against early third-

instar larvae of Cx. quinquefasciatus mosquitoes for 24 hours at 

various concentrations and compared with its bulk counterpart. With 

250 ppm NE, 98% of deaths occurred within 4 hours of treatment, 

and has shown better effectiveness than bulk emulsion[47]. O/W NE 

prepared from the essential oil of basil (Ocimum basilicum) through 

ultrasonication revealed time- and dose-dependent larvicidal activity 

for Ae. aegypti[48]. A neem oil-based O/W stable NE of varying 

droplet size has been used for checking larvicidal activity against 

Cx. quinquefasciatus and identified a pattern of decrease in LC50 

with a decrease in droplet size, hence being suggested as a potential 

larvicidal agent[49].

7. Polymer-based nanoparticles

  Depending on the structure and required qualities, both synthetic 

and natural polymers are utilised. Active substances can be enclosed 

in the core, trapped inside the matrix, chemically bound to the 

polymer, or attached to the surface of the nanoparticles[50]. The 

most common ones are nanocapsules, which have an oily core 

in which the drug is normally dissolved and is also surrounded 

by a polymeric shell that regulates the pace at which the drug is 

released. Nanospheres are made up of a continuous polymeric mesh 

that can hold the drug inside or adsorb it on the surface[51]. Other 

than nanospheres and nanocapsules, the most popular polymer-

based nanoinsecticides forms are micelles, nanogels, and electro-

spun nanofiber[52]. Polymer-based nanoparticles have been applied 

in different formulations of pesticides for the protection of active 

ingredients[53,54]. Polymeric materials of natural as well as synthetic 

origin are applied based on their biodegradability, environmental 

compatibility, and economic feasibility[55].

  The second most plentiful polymer is chitosan, derived from 

chitin, which has proved a promising delivery agent for insecticides 

and is widely used in the development of nanoinsecticides[56]. 
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A Ca-alginate-chitosan-based controlled release formulation 

of imidacloprid has been prepared, and a release study has 

been conducted against Ae. aegypti larvae, which showed that 

6.11 mg/L is sufficient to kill the larvae[57]. Chitosan nanoparticles 

were synthesised using chitosan naturally derived from shrimp 

shells and tested on third-instar larvae of Ae. aegypti and showed 

potential toxicity when compared to commercially available 

ones[58]. Alginate polysaccharides derived from brown microalgae 

are another suitable polymer with the property to form a gel that 

is used to prepare nanocapsules[59]. Studies have been done to 

overcome the low stability of alginate and exploit its unique gel-

forming property by mixing it with other polymers like chitosan, 

cellulose, or polyethylene glycol (PEG)[60]. A nanofibrous system 

incorporating citronella oil was developed via electrospinning 

with polyvinylpyrrolidone and cellulose used as biodegradable 

polymers, which resulted in the long-term release of citronella 

oil for up to 4 weeks and increased repellent activity against Ae. 

albopictus[61]. Scientists synthesized and characterized nano-DEPA 

using an organic repellent, diethylphenylacetamide (DEPA), through 

polymerization with PEG through the phase inversion method. 

The effectiveness of bulk DEPA and nano-DEPA was evaluated by 

conducting larvicidal bioassays and histopathological studies. The 

results revealed that nano-DEPA exhibited superior efficacy even 

at lower concentrations compared to bulk-DEPA and suggested its 

potential application in fabric impregnation for mosquito control[62]. 

Different kinds of polymers and active ingredients were exploited 

for various biological applications in mosquito control programmes 

(Table 1).

8. Limitations and challenges

  Nanotechnology has achieved success in the pharmaceutical 

industry in recent years. Control of mosquitoes with the help 

of nanomaterials still poses a challenge due to the lack of basic 

understanding of the interaction between insects and nanosized 

materials. The ecotoxicity of nanomaterials is still under research. 

The composites used may contaminate the environment by 

incorporating into the food chain, and pose a health risk to mammals 

through inhalation or any dermal contact due to their small size. Most 

of the nanomaterials under research are based on inorganic metallic 

nanoparticles. This, in turn, can cause health risks when it persists for 

a longer time in the environment and the consequent toxicological 

studies are restricted in laboratories and time-consuming. Most 

of the nano-based formulations under research are mainly solid 

formulations, which form a major obstacle to targeting mosquitoes, 

as manufacturers prefer liquid-based formulations for mosquitocidal 

applications. Moreover, a complete quality assessment programme 

for nanoparticles is a challenge for researchers and manufacturers 

due to their small size and unpredictability in the environment. A 

comprehensive study on the mode of action, pharmacokinetics, 

production, formulation, cost-effectiveness, environmental impact 

assessment, and effect on non-target organisms is necessary before 

commercialization.

9. Future perspectives

  Nanomaterials can be employed in mosquito-borne disease 

management through vector management with nanoinsecticides[64] 

and nanorepllents[66], early diagnosis through nanobiosensor[69], and 

treatment through nanomedicines[70]. Up to now, based on laboratory 

evaluation and very limited field tests[45], nanomaterials have 

promised a lead in the fight against mosquito-borne diseases that 

can compete with conventional pesticides in terms of both cost and 

performance. Before commercialization, production methods have to 

be optimised to ensure quality, dosage, effectiveness and consistency. 

It should be followed by stringent safety evaluation, and clinical 

research in collaboration with researchers, regulatory authorities, 

Table 1. Polymer based nanoparticles developed in laboratories.

No. Polymer used Active ingredient Encapsulation efficiency (%) Biological application References
1 Gelatin Piper aduncum EO 84.5±0.4 Larvicides [63]

2 Gelatin Piper hispidinervum EO 82.2±0.4 Larvicides [63]

3 Poly (ethylene glycol) Geranium maculatum EO 77.0±7.0 Larvicides [64]

4 Poly (ethylene glycol) Citrus bergamia EO 68.0±5.0 Larvicides [64]

5 Chitosan Geranium maculatum EO 38.0±4.0 Larvicides [64]

6 Chitosan Citrus bergamia EO 22.0±3.0 Larvicides [64]

7 Chitosan Siparuna guianensis EO 84.8±4.0 Larvicides [65]

8 Poly (e-caprolactone) Citronella oil 83.0 Repellents [66]

9 Pectin Cedrus deodara EO 60.0 Larvicides [67]

10 Poly (e-caprolactone) IR3535 60.0 Repellents [68]

11 Poly (e-caprolactone) Geraniol 99.0 Repellents [68]
*EO: Essential oil.
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environmentalists, legislative authorities, and manufacturers. Future 

researches in developing nanoinsecticide formulations can be 

incorporated with additional in vivo toxicological studies in animal 

models to understand the effect on mammals. The inclusion of in 

silico approach upon developing nanomaterials can reduce the time 

required for traditional ecotoxicological studies and resource scarcity 

for the experiment. These computational and machine-learning 

techniques will be helpful to predict the nanoparticle interaction 

with the target species and with the environment. Even though 

experimental validation is crucial, this in silico approach would 

be helpful to understand the behaviour of the nanomaterials in the 

environment including transport, accumulation, and transformation 

in the environment. It is recommended to consider mosquito habitat 

and behaviour for developing specific formulation strategies. 

Liquid formulations or hydrophilic substance-based composites 

are preferred for aquatic habitat treatments. Biodegradable or eco-

friendly materials like biopolymers are preferred for formulation 

development due to their renewable nature and natural breakdown. 

Nanostructures, with nanometer scale dimensions, require careful 

consideration of potential human, plant, and animal exposure. 

10. Conclusions

  Mosquito-borne diseases such as malaria, filaria, dengue fever, zika 

fever, and yellow fever pose a great challenge through their repeated 

outbreaks. No effective specific medications, antiviral drugs, or 

vaccines are available in clinics to counter these disease burdens yet. 

Mosquitoes develop repeated resistance against many insecticides 

in use, and nanotechnology is paving the way for new research 

and development aimed at increasing the efficacy of mosquito 

control programmes through the application of properties like the 

controlled release, target delivery, active ingredient protection, 

etc. Different nanomaterials with intended properties, such as 

metallic nanoparticles, nanoliposomes, nanoemulsions, nanogels, 

nanocapsules, nanospheres, and solid lipid nanoparticles, have been 

developed; all formulations are effective in the delivery of active 

ingredients. For larger-scale application and commercial preparation 

of nano-based pesticides, new rules have to be established, and 

any other environmental hazards and the overall feasibility of them 

in controlling the target species without affecting the non-target 

organisms should be investigated further. 
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