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A B S T R A C T   

Mosquito vectors of major human diseases are currently controlled using chemical and biological products. 
Extensive insecticide use has led to resistance development and human/environmental health risks, and alter-
native sustainable control options are needed; in this study, activity of an extract of garlic (Allium sativum; 
Amaryllidaceae), and silver nanoparticles (AgNPs) synthesized from the extract, were evaluated against 2nd and 
3rd instar larvae of the yellow fever mosquito, Ae. aegypti (Diptera: Culicidae). Synthesis of AgNPs was confirmed 
using UV–Vis spectroscopy, and characterised using powdered X-ray diffraction, Fourier transform infrared 
spectroscopy, and scanning electron microscopy. Larvae were exposed to five concentrations (50, 100, 150, 200, 
250 ppm) of garlic extract or synthesized AgNPs, with distilled water and silver nitrate solution (1 mM) as 
controls. The mortality of larvae was recorded after 6, 12, 24, 36, and 48 h following addition of the respective 
extracts. 

Dose- and time-dependent toxicity were recorded in both treatment groups with no mortality in control 
groups. Exposure to AgNPs at 250 ppm for 48 h yielded 100% mortality for both larval instars, with corre-
sponding LC50 values of 44.77 (2nd) and 62.82 ppm (3rd). Exposure to garlic extract resulted in similar 48-hour 
mortality (99 ± 0.77% (2nd) and 98 ± 1.10% (3rd), but consistently higher LC50 values after all exposure times 
compared to AgNPs (e.g. 48-hour exposure: 108.42 ppm (2nd), 129.11 ppm (3rd), suggesting that AgNPs may 
potentially be used at lower concentrations for Ae. aegypti control.   

Introduction 

Malaria, dengue fever, Zika virus, yellow fever and Chikungunya are 
transmitted among vertebrates (including humans) by mosquitoes, 
causing significant concern for public health (Becker et al., 2010). It is 
estimated that 390 million dengue virus infections occur per year with 
an 8 fold increase in reported cases over the last two decades, and 3.9 
billion people at risk of infection (Brady et al., 2012; Bhatt et al., 2013; 
WHO, 2022). Although this risk extends across 129 countries, 70% oc-
curs in Asia (Bhatt et al., 2013; Brady et al., 2012). Population growth, 
climate change, deforestation, habitat change, extensive use of in-
secticides, increased activities such as trade, migration and travel by 

humans have all contributed to spread of these vector-borne diseases 
(Jones et al., 2008). Aedes aegypti (Diptera: Culicidae) is one of the main 
vectors, affecting the lives of hundreds of millions of people every year 
(Bhatt et al., 2013). 

Aedes aegypti is an anthropophilic species which thrives in urban 
areas and can spread rapidly in the tropical and subtropical regions of 
the world (Akram et al., 2009). Horizontal transmission (i.e. transmitted 
by person-person infection) is a major cause of disease spread although 
in some cases, vertical transmission from mothers to offspring in the 
womb can also occur (Sardar et al., 2015; Ferreira-de-Lima and Lima- 
Camara, 2018). Due to the lack of effective vaccines against the viral 
diseases vectored by Ae. aegypti, control of transmission relies heavily on 
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the management of mosquito populations (Pattnaik et al., 2020). Female 
mosquitoes lay eggs along the edges of bodies of fresh water and after 
hatching, the larvae and pupae develop in an aquatic environment, 
emerging as free flying adults. The limited mobility of the aquatic 
immature stages results in larvicides being important tools for the con-
trol of mosquito populations, including synthetic insecticides such as 
temephos (an organophosphorus larvicide often used to treat aquatic 
stages of disease vectors), growth inhibitors, biological control pro-
grammes utilizing Bacillus thuringiensis subspecies israelensis (Bti) or 
plant extracts (Tiwary et al., 2007). However, sustained, widespread and 
intensive use of insecticides may cause both resistance in the vector 
population and environmental pollution (Mathivanan et al., 2000), and 
alternative agents for mosquito control are urgently required. 

Plant extracts have been investigated as natural larvicidal compo-
nents for bioinsecticides. Several plant species contain compounds such 
as saponins, isoflavonoids, tannins, terpenes, steroids, etc., which can 
act as ovicides, larvicides and adulticides (Rahuman et al., 2009). As 
these secondary phytochemicals offer a range of modes of action, plant 
extracts can contribute to integrated management strategies that reduce 
the potential for resistance development in target populations. As 
exposure to some plant-derived bioactive chemicals results in high larval 
mortality in several mosquito species, therefore, plants have been 
studied as a source of potent natural, biodegradable, potentially more 
ecologically acceptable and specific larvicidal agents (Pavela, 2016; 
Waris et al., 2020). 

Silver nanoparticles (AgNPs) synthesized from extracts of various 
plants represent a promising alternative to the direct use of plant- 
derived bioactive chemicals as larvicides (Athanassiou et al., 2018). 
Green nanoparticles can be synthesized using low cost, bio-compatible 
methods, and plant material is suitable for the synthesis of AgNPs as it 
can contain secondary metabolites that act as reducing, capping and 
stabilizing agents (Benelli et al., 2017) leading to associated reduced 
reaction times (Shaalan et al., 2005). For example, phytochemical 
analysis has confirmed that garlic (Allium sativum) is rich in secondary 
metabolites such as alkanes, aromatics, phenols, ethers, amines and 
amides, which are known to be involved in the reduction and capping of 
silver and copper ions (Benelli et al., 2017; Mikaili et al., 2013). In 
addition garlic extract assisted AgNPs have been shown to display sig-
nificant insecticidal activity together with positive antibacterial, anti-
biofilm, antihelminthic, anti-inflammatory, anticancer and ecotoxicity 
properties (Vijayakumar et al., 2019). 

Phyto-synthesized AgNPs have the ability to penetrate through the 
exoskeleton into the mosquito’s cells causing mortality after binding to 
proteins or DNA. They also cause mutation in DNA and deformation of 
enzymes but with limited effect on non-target species such as beneficial 
arthropods and fish (Subramaniam et al., 2015). Silver nanoparticles 
exhibit high efficacy because of favourable surface area to volume ratio 
due to their minute size (1–100 nm) and are effective even at very low 
concentration (Benelli et al., 2017). 

In recent years, Pakistan and other Asian countries have experienced 
multiple arbovirus outbreaks resulting from unsatisfactory sanitary 
conditions and mosquito-friendly climate change with shorter winters 
and longer summers, leading to increasing vector populations. Due to 
the warmer climate, many arboviral diseases such as chikungunya, 
dengue and malaria, have reached pandemic levels, with the rapidly 
increasing cases of chikungunya and dengue reported in Pakistan 
causing significant concern (Rauf et al., 2017). Recent research into 
larval control of Ae. aegypti with green AgNPs has demonstrated a high 
level of efficacy, and created new avenues of investigation into 
improved, more sustainable pest control (Waris et al., 2020). This study 
was conducted to evaluate the larvicidal potential of a common me-
dicinal plant extract (A. sativum) and its synthesized AgNPs against 2nd 
and 3rd larval stages of Ae. aegypti. 

Materials and methods 

Preparation of A. sativum (Garlic) acetone extract 

Fresh, healthy A. sativum bulbs were collected from the campus of 
Government College University, Faisalabad (GCUF) and their identifi-
cation confirmed by Prof. Dr. Naeem Iqbal. Cloves from the bulbs were 
carefully separated and washed with distilled water before being surface 
dried with tissue paper, cut into fine slices and maintained away from 
direct sunlight on a plastic tray in the laboratory (25–35 ◦C) for 23 days 
(Kalu et al., 2010). The air dried slices were then ground into a fine 
powder using an electric grinder (Anex, Germany). A bulb extract was 
made using a slightly modified standard simplex centroid experimental 
design method (Satyavani et al. 2011). Fifty grams of garlic powder and 
analytical grade acetone (250 ml) were added to the inner tube of a 
Soxhlet apparatus (J.P. Selecta, S.A.; 75 cm (L) × 25 cm (W) × 90 cm 
(H); volume used 500 ml), and heated gently at 55.5–56.5 ◦C for 8 h (16 
cycles). The garlic extract was kept overnight in an incubator at 40 ◦C to 
allow the remaining acetone to evaporate, then stored at 4 ◦C for further 
use (Vogel, 1978). 

Synthesis of A. sativum (garlic) silver nanoparticles 

A solution of silver nitrate (1 mM; Sigma Aldrich, USA) was prepared 
in an Erlenmeyer flask in the dark. A. sativum plant extract in acetone 
(10 ml) was added to 90 ml of the silver nitrate solution, followed by 2–3 
drops of 1% NaOH (to adjust the pH to 8), while the solution was mixed 
using a magnetic stirrer for one week. A change to a yellow–brown color 
indicates the formation of AgNPs. The solution was cooled to room 
temperature and then centrifuged three times at 5000 rpm for 20 min to 
obtain nanoparticle pellets. Purified suspension was prepared by dis-
solving the nanoparticle pellets in double distilled water and was frozen 
at – 4 ◦C for further use (Satyavani et al., 2011). 

Characterization of A. sativum (garlic) silver nanoparticles 

The characteristics of green synthesized AgNPs. were investigated at 
the High-Tech Central Laboratory, GCUF. 

UV–Vis spectroscopy 

The surface plasmon resonance (SPR) band of the green AgNPs 
synthesized from the extract of A. sativum bulbs was investigated using a 
Cary 60 double-beam spectrophotometer (Spectramax, M3 Molecular 
Devices; Agilent Technologies, USA) with 1-nm resolution and the 
measurement range from 200 to 800 nm. Dilutions (10x) were prepared 
with distilled water from colloidal solutions obtained from the synthesis 
process (Raut et al., 2009). Samples (1 ml) of the suspension were 
collected periodically to monitor the completion of bio reduction of 
silver in aqueous solution. 

Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy analyses were performed on a Spectrum BX 
FT-IR System (PerkinElmer, USA) with ATR Miracle Pike coupling at 4 
cm− 1 resolution and conditions ranging from 500 to 4000 cm− 1. Fresh 
purified sample (1–2 ml in aqueous form) was used for FTIR analysis. As 
the sample was in paste form, both the extract and the synthesized 
nanoparticles were dried in an oven at 60 ◦C for 24 h to obtain the dry 
powder required for FTIR (Vivek et al., 2011). 

Powdered X-ray diffraction (XRD) 

Synthesized AgNPs in suspension were centrifuged at 10,000 rpm at 
4 ◦C for ten minutes to obtain a pellet of pure nanoparticles. For XRD 
analysis, a 1 g sample of the AgNPs was loaded in the sample holder of 
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the instrument, which was then run using a 40 kV voltage and 30 mA 
current with CuK α radiation to determine the structure and size of the 
particles (Shankar et al., 2004). Both AgNP characteristics were calcu-
lated through diffracted intensities. The scanning was completed within 
the range of 0◦–80◦ 2θ in Copper:Potassium (CuK) α radiation with time 
constant 2 sec by using a Rigaku, Ultima IV, and X-ray diffractometer 
system (Rigaku Corporation, USA). 

Scanning electron microscopy (SEM) 

Scanning electron microscopy was performed using a Phenom ProX 
scanning electron microscope (Thermo Fisher Scientific) equipped with 
an EDX-detector operating at 10 kV and Prosuite-EDS software, and 
carbon pin. Thin films of the AgNPs were prepared on a carbon-coated 
copper grid by dropping a small amount of the sample onto the grid 
then removing excess solution using absorbent paper, before allowing 
them to dry under a mercury lamp for 5 min (Santoro et al., 2017). The 
grain size was then calculated from the SEM image using image J- 
software (Collins, 2007; Schneider et al., 2012). 

Mosquito collection and rearing 

Aedes aegypti larvae and pupae were collected from indoor breeding 
sites in Faisalabad, Punjab, Pakistan (31◦ 25′ 7.3740′’ N; 73◦ 4′

44.7924′’ E; 192 m above sea level) using a mosquito dipper (BioQuip, 
USA), and identified to species (Qasim et al., 2014). 

For laboratory stock cultures, larvae and pupae were cultured at 
water temperatures of 27 ± 2̊C (Ahmed et al., 2016), in batches of 300 in 
stainless steel trays (35x30x5 cm). Two drops of 0.02% yeast suspension 
were provided daily to each batch when the first two instars were pre-
sent, and ground fish feed was fed to later instars (Arivoli et al., 2011). 
Larval instars present in each tray were determined by time after egg 
hatch, and verified using morphological characteristics from a sub-
sample of 30 larvae (Bar and Andrew, 2013). Adults were reared in glass 
cages (60x60x60 cm) with ad libitum access to both sucrose solution 
(10%) and the blood of white rats (for egg development). 

Bioassay 

The larvicidal activity of either the A. sativum extract, or green 
AgNPs synthesized from the extract, each diluted to five different con-
centrations, 50, 100, 150, 200 and 250 ppm in distilled water, was 
evaluated.. There were two controls in which larvae were released into 
either distilled water or silver nitrate solution (1 mM). 

Glass beakers, each containing 200 ml of one of the five A. sativum 
extract concentrations (treatments) described above, or one of the 
controls, were maintained at 27 ± 2̊C throughout the experiment. 
Twenty actively swimming 2nd instar larvae of Ae. aegypti were released 
into each beaker and sequential assessments were made to record 
mortality, the first after 6 h, then repeated at 12, 24, 36 and 48 h after 
the start of the experiment. The WHO (2005) bioassay protocol was used 
to calculate mortality rates of larvae. Each treatment and both controls 
were replicated five times. A similar procedure was used to assess 
mortality following exposure of 3rd instar larvae. 

The experimental approach was also used to test similar concentra-
tions of green AgNPs synthesized from the garlic extract, with both as-
says running simultaneously. 

Statistical analysis 

Statistical analysis was conducted using Minitab-17 statistical soft-
ware (Minitab LLC, USA). The percentage mortality data was subjected 
to Probit analysis before calculating lethal concentrations (LC50) of the 
larvae, and dose- and time-dependent survival curves from the regres-
sion lines, following the standard method described by WHO (2005). 

Results 

UV–Vis spectroscopy of A. sativum (garlic) AgNPs 

The SPR band of green silver nanoparticles (AgNPs) synthesized from 
the extract of A. sativum bulbs showed maximum absorbance at 430 nm 
which confirmed synthesis of AgNPs due to reduction of Ag ions by the 
phytochemicals of A. sativum (Fig. 1). 

FTIR spectroscopy 

FTIR spectroscopy was used to verify the coating of the plant extract 
on synthesized AgNPs. In the FTIR spectrum of A. sativum bulbs the 
3375 cm− 1 wavelength corresponds to the stretching of the hydroxyl 
group O–H, the 2933 cm− 1 to the stretching of the C–H bonds, and the 
band at 1642 cm− 1 is assigned to carbonyls of different functional 
groups. Similarly, the 1107 cm− 1 band showed the stretching and vi-
brations of the primary amines C-N (Fig. 2). 

Powdered X-ray diffraction 

The dry powder XRD pattern of the AgNPs synthesized from the 
A. sativum bulb extract is shown in (Fig. 3). Four peaks at 2θ values of 
(38◦, 44.5◦, 65◦, 77◦) corresponding to 110, 200, 221 and 310 planes of 
silver were observed for this plant. 

SEM analysis 

The SEM image shows the morphological characteristics including 
size, shape and surface of the AgNPs synthesized from the extract of 
A. sativum bulbs (Fig. 4a). The particles were roughly spherical in shape 
with a mean diameter of 30 nm size, and ranging from 22.3 nm to 34.4 
nm. 

Collating the results of the work characterizing the A. sativum silver 
nanoparticles, the predicted structure is illustrated in Fig. 4b. 

Larvicidal activity of A. sativum bulb extracts and synthesised AgNPs 

Both the acetone bulb extract and the A. sativum synthesized AgNPs 
showed a dose- and time-dependent toxic effect against the 2nd and 3rd 
instar larvae of Ae. aegypti (Figs. 5, 6). No mortality was recorded in the 
control groups. 

Exposure to AgNPs synthesized from A. sativum at a concentration of 
250 ppm for 48 h was followed by 100% mortality, irrespective of the 
larval instar tested. However, the corresponding LC50 values for 
different time intervals (6, 12, 24, 36 and 48 h) for 2nd instar larvae 
were 222.02, 175.57, 115.03, 69.12 and 44.77 ppm, with higher values 

Fig. 1. UV–Vis spectrum of AgNPs synthesized using Allium sativum bulb 
extract (AgNPs 1 mM 1:10 v/v deionized water). 0.57 = maximum absorbance 
(at 430 nm). 
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recorded for the 3rd instar larvae of 258.70, 208.50, 120.75, 91.88 and 
62.82 ppm respectively. 

Exposure to garlic bulb extract resulted in consistently higher LC50 
values than were recorded for its synthesized AgNPs after all exposure 
times, suggesting that AgNPs may have the potential to be used at lower 
concentrations for Ae. aegypti control than the plant extract itself 
(Figs. 5, 6). After each exposure time investigated, an LC50 of 365.83, 
289.74, 228.74, 196.45 and 108.42 ppm were recorded for 2nd instar 
larvae, much higher than the equivalent values for AgNPs. Similarly, 
equivalent values for 3rd instar larvae (415.08, 339.46, 262.42, 224.14 
and 129.11) were also higher in tests using the plant extract. However, 
as mortality in both instars were dose- and time- dependent, after 48 h 
exposure to a concentration of 250 ppm, garlic bulb extract resulted in 
99% mortality of the 2nd instar larvae (similar to AgNPs), and 98% for 
the 3rd instar larvae (only slightly lower than recorded with the 
nanoparticles). 

Discussion 

Synthesis of green AgNPs offers advantages over some other pest 
management methods in terms of cost, their ease of production and large 
scale synthesis, and as a new option for integrated systems that promote 
more sustainable pest control (Malabadi et al., 2012). In this study, the 
phytochemicals found in the A. sativum bulb extract reduced the silver 
ions to form AgNPs with UV–Vis spectroscopy confirming the synthesis, 
thus reflecting the successful use of the protocol in earlier work utilizing 
a wide range of other plant species (Ahmed et al., 2016). The dry powder 
XRD pattern showed four peaks corresponding to four planes that can be 
indexed according to the facets of the face centered cubic crystal 
structure of silver. These findings were in line with Satyavani et al. 
(2011) who reported three peaks at similar 2θ values. The FTIR spec-
trum obtained in the current work indicated that biofabrication of 
different functional groups (O–H, C–H, carbonyls and C-N), which were 
present in the bulb extract, caused the stabilization of the green AgNPs. 
This illustrated the role of different functional groups in the synthesis 
and stabilization of the AgNPs (Priyadarshini et al., 2012; Ahmed et al., 
2016; Jinu et al., 2017). The synthesized AgNPs, reflected the shape of 
those reported in earlier studies (Bouqellah et al., 2019; Saha and 
Bandyopadhyay, 2019). However, although they were within the overall 
size range recorded previously, a slightly lower mean size was noted. 

The rapid increase in the production of nanomaterials for diverse 
uses (including pest management) and associated release into the 
environment, has resulted in a need to improve our currently limited 
understanding of their toxic effects on development and physiology of 
both non-target and target organisms. Externally, nanoparticles can 
affect integrity of the cuticle and pigmentation, and internally gene 
expression (thus lipid, carbohydrate and protein metabolism), the 
impairment of development and reproduction of insects, as well as 
inducing immune responses (Shahzad and Manzoor, 2019). In insects, 
nanoparticles are known to penetrate the exoskeleton (Rai et al., 2014), 
entering into the intracellular space, before nanomaterials bind to 
phosphorus from DNA or sulfur from proteins, leading to denaturation of 
organelles and enzymes (Benelli, 2016; Tunçsoy, 2018). The generation 
of reactive oxygen species (ROS) is considered one of the most harmful 
cellular effects induced by exposure to nanoparticles and three main 
mechanisms have been proposed to explain the induction of intra- and 
extracellular ROS in organisms (Tunçsoy, 2018). Despite these effects 
studies have revealed only limited impact of AgNPs on non-target spe-
cies such as beneficial arthropods and fish (Subramaniam et al., 2015). 

It is known, however, that several kinds of nanoparticles trigger 
oxidative stress in arthropod tissues, including commercial silver 
nanoparticles (Mao et al., 2018; Nair et al., 2011, 2012; Yasur and Usha- 
Rani, 2015; Dziewięcka, et al., 2016). Mao et al. (2018) have demon-
strated that AgNPs trigger the accumulation of ROS dipteran tissue 
leading to ROS-mediated apoptosis, DNA damage, and autophagy at 
sublethal doses, while Ahamed et al. (2010) also demonstrated up- 
regulation of heat shock protein HSP70 expression by AgNPs and 
induced oxidative stress. DNA is also highly susceptible to oxidative 

Fig. 2. Fourier transform infrared spectrum of AgNPs synthesized using Allium 
sativum bulb extract. 

Fig. 3. Powdered X-ray diffraction pattern of AgNPs synthesized from Allium 
sativum bulb extract. 

Fig. 4. (A) SEM image (x1500 magnification; voltage = 30 KEV) of single and clumped AgNPs synthesized from Allium sativum bulb extract, showing sizes of 
representative particles, and (B) their predicted structure. 
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damage and the genetic properties of nanomaterials include several 
mechanisms linked to DNA damage (Tunçsoy, 2018). Few studies of 
genotoxicity of nanoparticles in invertebrates are available, however, 
and published work has focused on aquatic invertebrates rather than 
insects (Gagné et al., 2008; Gomes et al., 2012). Nanoparticles may bind 
to and inhibit the activity of the enzyme acetylcholinesterase (AChE), 
which degrades acetylcholine (AChE), an essential neurotransmitter in 
the central nervous system (CNS) of insects. In common with organo-
phosphate and carbamate pesticides, a range of metals (Regoli, 1995) 
are known to inhibit AChE activity, and both, AChE, and α and β car-
boxylesterase activities decrease in Ae. Aegypti, Aedes albopictus and 
Culex pipiens pallens when exposed to AgNPs (Fouad et al., 2018; Ga’al 
et al., 2018; Parthiban et al., 2019). In mosquitoes epithelial cell damage 
in the midgut of Ae. aegypti has also been detected following exposure to 
AgNPs (Kalimothu et al., 2017), and in other species AgNPs induce de-
creases in esterase, and phosphatase enzymes in larval A. albapictus 
(Ga’al et al., 2018). 

Due to these different toxicity mechanisms, an objective of this study 
was to facilitate comparison of synthesized garlic AgNPs with published 
data evaluating the potential insecticidal activity of other candidate 
AgNPs (synthesized from other plant species) to support selection of the 
best formulations for further development work. As such two instars that 
were commonly tested in other studies were selected for use in the 
current work. Within the dose range used in this study, larvicidal effi-
cacy increased directly with exposure time, with a corresponding 

decrease in LC50 values. A higher mortality was observed for 2nd instar 
larvae than 3rd instars in initial assessments, a trend also reported by 
Singh et al. (2016). Iqbal et al. (2018) tested seven indigenous plants 
including A. sativum and Zingiber officinale (Zingeraceae) for their lar-
vicidal efficacy against Culex quinquefasciatus (Say), reporting a signif-
icant concentration-dependent correlation with larval mortality. Thus 
their study reflected the findings of the current work. 

Significant insecticidal activity against mosquito larvae has been 
reported following exposure to extracts of several plant species. For 
example, our results showed more than 98% mortality of 2nd instar 
larvae of Ae. aegypti following exposure to garlic extract for 48 h, with 
LC50 of 108.42 ppm. In comparison, Aloe vera (Asphodelaceae) leaf ex-
tracts displayed lower toxicity against Ae. aegypti, with LC50 values for 
1st to 4th fourth instars of 162.74, 201.43, 253.30 and 300.05 ppm 
respectively, but it was concluded that that the material may offer po-
tential as a control agent (Subramaniam et al., 2012). Essential oils from 
Allium cepa (Amaryllidaceae) were also found to be active against 4th 
stage larvae of Culex pipiens within the same time period after initial 
exposure (48 h) that was tested in the current study but again lower 
toxicity was recorded (Habeeb et al., 2009). 

More widely, larvicidal activity of plant extracts from a range of 
botanical families has been investigated. Green synthesized AgNPs using 
Calotropis gigantea (Apocynaceae) resulted in lower LC50 values for 2nd 
(2.25) and 3rd instar (7.30) Ae. Aegypti than in this study but with 
notably higher variation recorded (Priya et al., 2014). Evaluation of fruit 

Fig. 5. Time-dependent survival curves of 2nd and 3rd instar Ae. aegypti larvae following exposure to five concentrations (50, 100, 150, 200 and 250 ppm in distilled 
water) of green synthesized AgNPs from A. sativum bulb extract. T1 = 6 h; T2 = 12 h; T3 = 24 h; T4 = 36 h; T5 = 48 h. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Time-dependent survival curves of 2nd and 3rd instar Ae. aegypti larvae following exposure to five concentrations (50, 100, 150, 200 and 250 ppm in distilled 
water) of A. sativum bulb extract. T1 = 6 h; T2 = 12 h; T3 = 24 h; T4 = 36 h; T5 = 48 h. 
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extract of Sapindus emarginatus (Sapindaceae) against 3rd instar larvae 
of Ae. aegypti showed larvicidal activity with LC50 values of 92.9 ppm 
(Surendran et al. (2009)). Jawale et al. (2010) found that Cestrum noc-
turnum (Solanaceae) methanol extract was a highly active larvicide 
against the same mosquito species, with 100% larval mortality after 24 h 
at concentrations of 45 μg/mL and 25 μg/mL. Conversely, generally 
poor larvicidal activity of hexane, ethyl acetate and methanol leaf ex-
tracts of Ageratum houstonianum (Asteraceae) has been reported against 
the third instar larvae of Ae. aegypti, Anopheles stephensi and 
C. quinquefasciatus (Tennyson et al., 2015). However, against A. stephensi 
more than 80% mortality was observed at higher concentrations of all 
three extracts, and for Ae. aegypti and C. quinquefasciatus, following 
exposure to high concentrations of ethyl acetate extracts. 

In summary the LC50 values obtained following both the 24 and 48 h 
exposures to garlic AgNPs in this study are at the lower end (or in some 
cases below) the range of published values for AgNPs synthesized from 
other plant species. As in previous studies, the synthesized nanoparticle 
treatments resulted in greater Ae. aegypti larval mortality following 
shorter exposure periods and at lower concentrations than the plant 
extract, supporting earlier conclusions that plant synthesized nano-
particles were more potent than plant extracts themselves (Priyadarshini 
et al., 2012; Jinu et al., 2017)., In these respects they display significant 
potential as alternative control agent for disease vectors. As such they 
provide the basis for potentially useful additions to sustainable pest 
management systems for insect vectors of human diseases such as 
mosquitoes, warranting further investigation, including of the potential 
for lowering the concentrations used in field. 

Conclusions 

Garlic can be easily obtained or grown in many world regions, and 
garlic bulb extracts contain phytochemicals that can be used to syn-
thesize AgNPs at low cost, using a simple process that historically has 
produced a large range of larvicidal products. Although insecticidal 
activity of the garlic extract alone was recorded against 2nd and 3rd 
instar larvae of Ae. aegypti, AgNPs synthesized from this extract resulted 
in greater mortality following shorter exposure periods and at lower 
concentration. These nanoparticles may be used in the production of 
biological nano pesticides, contributing to the development of more 
sustainable control strategies for populations of mosquito vectors of 
important diseases that seriously affect poor human populations. 
Following further development, the application of these products to 
mosquito breeding habitats may represent an affordable and practical 
solution to mosquito-borne diseases in many areas of the world. 
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