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Vector control measures

Vector control measures play a significant role in the present global strategy of controlling
the most important vector-borne diseases, mainly in the prevention of malaria [1]. The most
commonly used vector control interventions to prevent mosquito bites recommended by the WHO
are indoor residual insecticide spraying and using long-lasting insecticide impregnated nets

(LLINs). These methods are used in endemic regions such as sub-Saharan Africa [2-4]. The



methods were responsible for preventing two-thirds of malaria cases in Africa between 2000 and
2015 [5]. Despite the showed success in reducing human-mosquito interactions, the methods are

efficient simply against endophilic vectors [6].

Indoor residual insecticide spraying

IRS has long been recognised as the most commonly used method for malaria control. The
use of dichloro-diphenyl-trichloroethane (DDT) against malaria has eliminated or significantly
reduced the disease [3, 7]. Nowadays, IRS continues to be applied in many regions of the world,
mainly Africa. In most cases, the services are provided by the public health system or by
commercial companies [3]. Indoor residual insecticide spraying with DDT has been the most
effective chemical strategy against mosquitoes. However, DDT has its limitations which include
the following: DDT does not last long, and its use has become uncertain. DDT is an organic
pollutant and can persist for many years in the environment causing problems to public health [8].
The possible effects of DDT exposure are low sperm counts, testicular anomalies, premature
delivery of fetus and small gestational age for fetuses [9]. The IRS method requires more complex
and costly operational delivery systems than LLINs and claims of sustained high coverage often

remain unproven [10].

Long-lasting insecticide impregnated mosquito nets (LLINS)

The use of mosquito nets as protection against harmful insects has been practiced since
historical times [11]. The WHO recommends coverage by LLINs for all people who live in regions
at-risk for malaria. The most cost-effective way to achieve this is providing LLINs free of charge
to ensure equal access of nets for all. Effective behaviour changes in communication strategies are
also required to ensure that all people at risk of malaria sleep under a LLINs every night, and that

the net is properly maintained. The LLINs interventions are used mostly in Africa. Unlike IRS
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they are low cost and easy to implement [8]. In addition, these methods are very efficacious and
effective [11]. However, the principal limitation is that protection is only offered during sleeping
time. It is also necessary to wash the nets from time to time, which gradually reduces their
insecticidal property [8]. In some countries in Africa, there is already evidence suggesting the
emergence of vector resistance to insecticides, especially pyrethroids [5].

The use of only indoor-based interventions has greatly reduced mosquito-borne diseases
such as malaria. However, methods to control malaria in an outdoor environment need to be
urgently developed as another alternative since people stay outdoors for lengthy periods of time
during the day and early evening.

One of the limitations of the current vector control methods is insecticide resistance
(especially pyrethroids). Insecticide resistance is the decrease of performance of insecticide against
insects. This resistance can be observed when an insecticide repetitively fails to achieve the
expected level of control when used according to the recommendations for the insect species. The
growing development of insecticide resistance exhibited by various mosquito species poses a
threat to malaria control programmes [12].

Mosquitoes are developing resistance to groups of insecticides. In a study carried out on
An. arabiensis from an area known as Gwave, a malaria endemic region in Zimbabwe, permethrin
resistance in mosquito populations was discovered [13]. In Cote d’Ivoire, resistance to permethrin,
deltamethrin and A-cyhalothrin was observed to be largely present in Anopheles gambiae [12]. In
Sudan, the WHO susceptibility assays with Anopheles arabiensis revealed resistance to DDT and
pyrethroids [14].

The growing trend of pyrethroid resistance constitutes a serious threat to malaria control

programmes. Thus, the development of environmentally safe insect control methods and the rise



of insecticide resistance have prompted research into repellents in recent years [15-17].
Conducting research into repellents is challenging for several reasons, such as: (1) the different
repellent phenomena are not well defined; (2) it is difficult to test and quantify repellence; (3) the
physiological mechanisms are poorly known; and (4) the field efficacy appears to be highly
variable [17]. Previous studies proved and highlighted the use of repellents that can very well
protect people by mosquito bites, thereby playing a significant role in reducing disease
transmission [15, 16, 18, 19]. In addition, the use of devices that repel mosquitoes from a distance
increased recently. These include impregnated plastic strips, coils and candles [19]. [20] obtained
promising results incorporating repellents into polymer matrices to increase the time of repellence
activity against mosquitoes.

Vaccines against yellow fever, Japanese encephalitis and tick-borne encephalitis are
available in some places of the world [21, 22]. However, their limited access by the poor in
endemic areas has prompted the development of alternative preventive measures to control the risk
of the vectors [15]. Therefore, in the absence of vaccines against malaria, one of the most effective
and ancient prophylactic measures is the use of volatile mosquito repellents that may provide an
additional line of defence against mosquito-borne diseases when used correctly and consistently

[15, 23].

Topical insect repellents

Insect repellents are known as volatile chemicals which, when applied on human skin, repel
insects in the opposite direction from its source, thus discouraging contact and bites [16]. It is also
believed that most insect repellents act by producing a vapour barrier, which prevents contact of
the insect with the human skin [24, 25]. Repellents are available on the market in many different

chemical formulations such as aerosols, pump sprays, lotions, creams, suntan oils, powders, grease



sticks and cloth impregnation laundry emulsions. Some of the factors that determine the suitability
and the applicability of a repellent include: (i) type of repellent (e.g. active ingredient,
formulations); environmental factors (temperature, humidity, wind), and (iii) inherent repellent
properties (vapour pressure, boiling point, odour, solubility), as well as the mode of application
and the attractiveness of individual people to insects [26]. According to Islam et al. [15] repellents
tend to dispel rapidly and readily and may fail to protect against insects. For instance, repellents
with low boiling points have a tendency to be less active as they vaporize too fast, providing a
barrier only for a short period of time. Moreover, compounds with high boiling points have a
propensity to have low efficacy as they do not vaporize readily and consequently do not produce

sufficient vapours to form barriers [27].

Characteristics of the ideal repellent

The characteristics of the ideal insect repellent are the following: (a) good efficacy against
a wide range of insects; (b) able to be used on the skin without side-effects; (c) neutral regarding
damage clothing after application (i.e., staining, bleaching or weakening of fibres); (d) chemically
stable; (e) economical availability and accessibiity for widespread use; (f) non-toxicity; (f) pleasant
odour (no oily residues must be left on the skin that are difficult to remove by washing, wiping
and sweating), and (g) inertness to most commonly used plastics [16, 28].
Insect repellent groups

Mosquito repellents are divided in two categories: (1) synthetic repellents, which include
DEET, IR3535%, Icaridin (trade name Saltidin®), and ethyl anthranilate or ethyl 2-aminobenzoate
which nowadays dominate the market. Among these repellents, Icaridin and IR3535 are now

considered candidates to substitte DEET in terms of repellence activity and (2) plant-derived



repellents such as Lemon eucalyptus oil (Corymbia citriodora), Citronella oil (Cymbopogon

nardus), Lipia javanica and Neem (Azadirachta indica).

Plant-derived repellents

Essential oils (EOs) are complex mixtures of volatile organic compounds produced as
secondary metabolites in plants. They are composed of hydrocarbons (terpenes and
sesquiterpenes) and other oxygenated compounds (alcohols, esters, ethers, aldehydes, phenols,
lactones) [25, 29].

For centuries plants have been used worldwide as medications to treat diseases. Relatively
few plants gained significant attraction for use in controlling malaria-bearing mosquitoes and other
arthropods. This could be due to the absence of scientific data rather than an absence of plant
activity [30]. Nowadays, the use of EOs from plants as insect repellents has a high consumer
acceptance. This is due to the perception that natural repellents appear safer than synthetic ones
and often are easier to acquire by people who live in the rural areas [30]. Various EOs extracted
from different plant families have been shown to have high repellence against arthropod species.
For example, the monoterpenes limonene, citronellal, camphor, eugenol, terpinolene, and thymol
are commonly described in the literature to have mosquito repellent activity [25, 31-33]. Among
sesquiterpenes, B-caryophyllene is most cited as a strong repellent against Aedes aegypti [25, 31].
The repellence activity of several essential oils seems to be associated with the presence of one or
more volatile constituent substances (monoterpenes and sesquiterpenes) [34, 35]. According to
researchers [36-38] some repellents from plants are also effective against Anopheles mosquitoes.
Yoon et al. [39] reported the performance of essential oil extracted from Cymbopogon genus

against Aedes albopictus, with its repellence activity tended to decrease over time, from 97.9 % at



Ohto71.4 % at 1 h and 57.7 % at 2 h, as also demonstrated, the fennel oil effectiveness, from
88.6% at 0 hto 61.2% at 1 h and 47.4% at 2 h.

The research about repellents obtained from plants is increasing daily due to the consumer-
demand for long-lasting mosquito-bite protection. The search is for a safe, pleasant and
environmental-friendly product [40, 41]. Perhaps the most important consideration is improving
the longevity of those repellents that are effective and most volatile such as citronella. Several
studies looked at improving formulations of plant oils to increase their time of protection through
the development of microencapusalions or nanoemulsions [41]. Repellency activity of the
limonene capsules-treated fabrics was evaluated against female mosquitoes Culex pipiens [42].
Results demonstrated that although effectiveness of developed products decreased with washes, it

displayed to be effective even after 20 washes.
Eucalyptus oil (Corymbia citriodora)

The active ingredient of eucalyptus oil includes 1,8-cineole, citronellal, citronellol, citronellyl
acetate, eucamalol, limonene, linalool [43, 44]. Among them, citronellal is the most commonly
used active ingredient against insects [40]. Studies reported that eucalyptus oil based products can
protect the human against insects bites up to 8 h according to their concentration [44]. Further,
Batish et al. [44] also reported the effectiveness of 30 % eucalyptus oil can against mosquito bite
for 2 h; however, the oil must have at least 70 % cineole content. The Center for Disease Control
(CDC, USA) recommends the used of eucalyptus oil with active ingredient p-methane-3,8 diol
(PMD) to protect against the West Nile virus which is a principal cause of mosquito-borne disease.
This causes neurological disease. West Nile virus causes neurological disease or even death [44].

It is common spread to people by the infected mosquito bite.



Citronella oil (Cymbopogon nardus)

It is one of the essential oils extracted from various species of Cymbopogon. Citronella oil is a
common active ingredient in various perfumes and cosmetic products and is also well known for
its use in outdoor candles, sprays, and lotions. Studies reportthat the oil of citronella is effective
against insects in particular on mosquitoes when it is applied directly on the human skin [45].
There are no adverse effects reported [46]. A work conducted by Trongtokit et al. [47] showed that
40 % citronella oil provided repellency for around 7 to 8 h. Brown, and Hebert [27] reported that
the oil of citronella can be effective even overnight. However, due to quick evaporation, it causes
short time of protection against insects, requiring multiple applications. Thus, the system of devices
for slow realease of citronella oil may help to improve the efficacy of citronella oil with time. One
of the devices can be the nanoemulsion which is most used to reduce the evaporation of essentials
oils and increase the time of repellent proctetion. Tavares et al. [40] reported that nanoemulsions

offer droplets that cover the surface of the skin more efficiently by improving repellent action.
Lippia javanica

It is commonly found in South Africa where its leaves are used as a decongestant for colds and
coughs [48]. The essential oils extracted from Lippia javanica show an excellent performance
against mosquitoes. It is important to note that the Lippia javanica contains several terpenoids, the
major component being 3-methyl-6-(1-methylethylidene)-cyclohex-2-en-1-one [49]. Those
components are active ingredients that give a good action to the repellent. Studies reported that
oils of Lippia Javanica applied to the skin against Aedes aegypti may remain active during 2 h
exhibiting 100 % of protection [40]. In addition, an investigation conducted in Mpumalanga

Province, South Africa by Govere, Durrheim [50] showed that the oil of Lippia javanica was



effective against Anopheles arabiensis, offering a protection of 76.7 % even after 4 h. At 5 h the

Lippia javanica provided appreciable protection of 59.3 % against Anopheles arabiensis.
Neem (Azadirachta indica)

It is most used as traditional medicine in India. Its essential oils are used as insect repellent and
demonstrate appreciable protection [51]. Studies reported that after 2 h of application, formulation
with 7.5 % Neem having botanical synergist extract was found to be effective with 90 % of
repellency against mosquito Aedes aegypt [52]. Dua et al. [53] reported that the efficacy,
environmental safety and public acceptability of neem and neem-based products for control of

crop pests has led to its adoption into various mosquito control areas.
Catnip (Nepeia cataria L.)

It contains Nepetalactone, a terpene constituted of 2 isoprene units as an active ingredient. Catnip
oil is used as an environmentally-safe repellent and showed a good performance against insects.
The lotion product is applied directly on the skin which makes the body repel insects. Polsomboon
et al. [54] reported that Catnip oil at a 5 % concentration demonstrated to be effective against
Aedes vigilax, Culex annulirostris, and Culex quinquefasciatus. Birkett et al. [55] reported that the
Catnip oils demonstrated to be effective for Anopheles gambiae comparable with the DEET. Study
conducted by Polsomboon et al. [54] eavaluated the efectivens of oil of Catnip for mosquitoes
Aedes aegypti and Anopheles harrisoni. 5 % of Catnip oil exhibited 94 % knock down during 1h
against that for Aedes aegypti while at 5% of oil of catnip demonstrated 55 % knock down of

Anopheles harrisoni for 1 h.



Limitations of the use of plant-derived repellents

Although repellents derived from plants are effective when freshly applied, most essential
oils volatilize quickly. Hence, they tend to provide a shorter time of protection than synthetic
repellents [35, 56, 57]. This can be avoided by development of formulations able to keep the active
ingredients onto the skin for long time. In addition, due low boiling points of plant-derived
repellents it also limits their incorporation into most polymers because during compounding
extrusion, large amounts of repellent can be lost by volatilization. Previous studies also showed
that the plant-derived repellents (essential oils) present high thermal decomposition tendency, and
poor physiochemical stability which make them unstable [58]. Due to the disadvantages of plant-
derived repellents mentioned above, market dominance of formulations based on longer-lasting

synthetic repellents seems justified.
Synthetic repellents

Before the use of synthetic repellents, primarily, the oil of citronella was the most
extensively used compound and the standard against which others were tested [59, 60]. There were
also three synthetic repellents, namely: (i) dimethyl phthalate (DMP) discovered in 1929; Indalone
(butyl-3,3-dihydro-2,2-dimethyl-4-ox0-2H-pyran-6-carboxylate) patented in 1937, and (iii) ethyl
hexanediol, also known as Rutgers 612 which was first used in 1939. These were the important
repellents during World War II. After the war, three chemicals known as formulation 6-2-2 or M-
250 (a combination of six parts DMP and two parts each Indalone and Rutgers 612) were later

introduced for use by the military [27, 60].
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N,N-diethyl-3-methylbenzamide (DEET, formerly N,N-Diethyl-m-toluamide)

First, this repellent was revealed by the US Department of Agriculture and patented by the US
Army in 1946. This is the most effective and most widely used mosquito repellent because it is
inexpensive and has showed good repellence activity against mosquitoes. It was approved for
community utilization in 1959 and until now, it is considered a standard reference repellent of the
WHO [61, 62]. Although DEET is considered very effective, its use in children has been limited
because some medical cases have been reported. These include dermatitis, allergic reactions,
neurological (seizures) and cardiovascular side-effects, as well as encephalopathy, especially when
the repellent is used inappropriately [62, 63]. However, the causal role of DEET in these cases is
debatable and taking into account the extensive use of DEET worldwide (around 200 million
applications per year), the number of reported adverse events is low [64].

Previous studies revealed most satisfactory performance of DEET against mosquitoes
compared to other repellents such as IR3535, soybean oil, and citronellal [65]. The product based
on DEET has provided longer-lasting protection against mosquito when compared to other
repellents. A work done by Frances et al. [66] demonstrated that the application of DEET
formulations against Culex vishnui, Culex gelidus and Culex tritaeniorhynchus mosquitoes
provided 87 % protection for up to 5 hours, and with 50 % of DEET formulation 95 % protection

was provided for 8 hours.

Ethyl 3-[acetyl(butyl)amino] propanoate (IR3535)

This repellent has a chemical structure like that of the amino acid alanine. In Europe, the IR3535
is available for more than 20 years. At a concentration of 20 %, IR3535 is effective against
Anopheles and Aedes mosquitoes for a period of four to six hours [67]. Previous studies carried

out in Liberia showed that IR3535 can repel more than 92 % of biting Anopheles gambiae and
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Anopheles funestus for six hours [68]. Also, other studies suggest that IR3535 is an effective
repellent for Anopheles, Aedes and Culex mosquitoes [69]. The time of protection of IR3535 can
be similar to DEET, however, it necessitates often reapplication each 6 to 8 h [70]. There are no
recommendations for its use or avoidance in children or during pregnancy [16]. Tavares et al. [40]
reported that the application of pure IR3535 directly on skin is not suggested, because it is oily
and doesn’t offer an excellent sensation, and it also may permeate in the skin which this is not
desired. However, the development of IR3535 based products is justified. It will be safe and
effective to be used in communities against mosquitoes. Studies proved a good performance of

IR3535 in laboratory and field tests.
Icaridin (KBR3023: sec-butyl 2-(2-hydroxyethyl) piperidine-1) carboxylate

This repellent (Icaridin), also known as Saltidin®, is available in various markets worldwide for
use against many types of insect such as mosquitoes, black flies and ticks. Diaz [16] reported that
Icaridin was first discovered in Europe in the 1990s and released in the USA. Icaridin evaporates
slowly from the skin, therefore, this may confer Icaridin long time of protection when compared
to DEET [40]. At a concentration of 20 %, Icaridin has an effectiveness against Anopheles and
Aides mosquitoes for at least four to six hours [67]. Most of the formulations available on the
market generally contain 5 % to 30 % Icaridin, offering a long time of action against mosquitoes
[64]. Previous studies carried out on acute toxicity, irritant effect and skin penetration show KBR
3023 to be acceptable for human use [69]. Tavares et al. [40] reported that products based on
Icaridin with 5 up to 10 % of ingredient active are recommended to be used for children at an age
above 6 months, as substitute fot DEET. The physical properties of Icaridin show that it is a

colourless, clear, viscous liquid that is stable in light and heat [69].
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Ethyl anthranilate (EA)

It is also known as ethyl 2-aminobenzoate. Nowadays, EA has attracted important attention in
different groups of research. Despite few studies having been reported on its efficacy against
mosquitoes, EA is a novel repellent considered an eco-friendly potential candidate to replace
DEET [59, 71, 72]. It is non-toxic, and the US FDA approved it as a volatile food additive. A work
done by Islam et al. [26] investigated the performance of ethyl anthranilate against several species
of mosquitoes. The results showed that the ethyl anthranilate had an effectiveness against Aedes
aegypti, Anopheles stephensi and Culex quinquefasciatus for at least two to four hours. In addition,
Zhao et al. [73] investigated the toxicity of ethyl anthranilate against Aedes albopictus. The study
demonstrated that 0.1 % concentrations of EA solutions was highly toxic to Aedes albopictus
larvae, and the mortality rate was >90 % after 4 h of application. The results obtained by Islam et
al. [59] suggest that the development of ethyl anthranilate-based formulations is safe and effective
since there are no reports on the toxicity of this repellent. The chemical structures of DEET,

IR3535, Icaridin and ethyl anthranilate are shown in Figure 1.
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Figure 1. Chemical structure of: (a) DEET; (b) IR3535; (c) Icaridin and; (d) Ethyl anthranilate
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Spatial repellency

Spatial repellents create a mosquito-free space, thereby preventing the contact between insects and
humans. They can be used to protect more than one person at a time by dispersing active
ingredients into the surrounding air that interferes with the mosquito’s ability to find a host [26,
74]. Repellent in space may interfere with host detection through excito-repellency, causing insects
to fly in an undirected manner until they eventually move away from the source of repellent vapour
[75]. Most spatial repellents are volatile pyrethroids, although some other active ingredients are
available [76]. Achee et al. [77] reported that the behavior modification of probable vectors caused
by spatial repellents has the potential to change the dynamics of pathogen transmission. The spatial
repellency of Ethyl anthranilate (EA) was evaluated and compared with the commercial repellents
[26]. The results demonstrated that in spatial repellency evaluation, EA was found extremely
effective in repelling all the three mosquito species, hence displaying superior efficacy than many
commercial repellents. As the anthranilate class of compounds contains a large diversity of natural
chemicals, hence present many structural substitutes, thus could be exploited as good repellents
[26]. From this argument we can assume that most of the natural repellents due their high volatility,
they can be excellent candidate for spatial repellency against insects. In addition, the N,N-
diethylphenyl acetamide (DEPA) was also investigated by Islam et al. [26], where also exhibited
spatial repellency to some extent against mosquitoes.

Depending on efficacy of the active ingredient (Al) and application modality, this would result in
a vector-free (or greatly reduced / suppressed) area. The exceptional benefit of spatial repellency
(SR) is that the safe-zone can include specific areas both indoors and outside [77]. The volume of
space that is protected or minimum protection range, will be dependent on the properties of the

active ingredient, application platform and/or environmental conditions (e.g. air flow, temperature
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and humidity). Regardless of the particulars, the general concept of spatial repellency is clear: to
discourage an arthropod from entering a space occupied by a potential human host thus reducing
encounters between humans and vectors thereby eliminating or reducing the probability (risk) of
pathogen transmission to either insect or human [76].

Study done by Achee et al. [77] about spatial repellents: from discovery and development to
evidence-based validation, reported three summary points outlining role of spatial repellents and
requirements for adoption in vector control such as: (a) The discovery, development and use of
novel vector control tools will be required to achieve the goal of malaria elimination and
eradication; (b) evidence exists of the benefits of sub-lethal approaches for interrupting human-
vector contact but epidemiological data is insufficient to influence policy-makers to recommend
spatial repellent tools for disease control confidently and (c) the adoption of a new paradigm shift
in vector control to include behavior modification will require a new set of laboratory and field
assay tools, standardized endpoints and analyses which must also be endorsed and adopted by

leading global public health authorities.

Spatial repellents create a protective area within a given radius and can be used to protect more
than one person at the same time. Dispersal of the active ingredient can be done in two ways, such
as through heat, for example mosquito coils and electric emanators; or through evaporation, for
example passive emanators made of paper or agarose gel [75]. Zhang et al. [78] reported that the
most popular format of spatial repellent is the mosquito coil and it is estimated 45 to 50 billion
mosquito coils are used annually by approximately two billion people worldwide, mainly in
Southeast Asia. Mosquito coils are made from a mixture of inert ingredients, such as sawdust or
coconut husks, and pigment. The coils burn at a low temperature dispersing the active ingredient,

usually a volatile pyrethroid with a quick knock-down action (for example, pyrethrin, D-allethrin,
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transfluthrin, or metofluthrin). The smoke produced by the burning of mosquito coils can cause

indoor air pollution [75].

Electric emanators consist of an electrical heating agent that vaporizes insecticide that has been

impregnated into a pad or wick. These produce no smoke but require a source of electricity, which

is not available in a large proportion of homes in malaria-endemic countries [75]. While the passive

emanators do not require a source of heat or combustion. They have a large surface area which

allows the passive dispersal of the volatile active ingredient into the air by evaporation. The chosen

active ingredients are predominantly less polar compounds that are easily volatilized: examples

include volatile pyrethroids such as metofluthrin and transfluthrin [75].
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