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 Mosquito-borne diseases are a major public health problem in many countries, 
especially in temperate regions of the world, causing over one millions deaths every 
year. The biologically based insecticides are alternative to synthetic chemical 
insecticides for controlling mosquito vectors. In the present study, mosquitocidal 
activity of green synthesis nanomaterials synthesised using insecticidal toxins and 
supernatant of Bacillus thuringiensis subsp. israelensis (Bti) was determined against 
larvae of dengue vector Aedes aegypti. The synthesised nanoparticles were 
characterised using UV-vis spectrophotometery, scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), X-ray diffraction analysis (XRD) and 
Fourier transform infrared spectroscopy (FTIR). SEM micrographs showed that the 
synthesised nanoparticles were spherical and cubic in shape with a size of about 95-250 
nm. The XRD spectrum revealed the 2-theta values correspond to the mixture of silver 
chloride and silver phosphate nanoparticles. In larvicidal bioassays, a range of 
concentrations of nanoparticles from Bti insecticidal proteins and supernatant (0.3500, 
0.2500, 0.1000, 0.0500, 0.0250, 0.0125 ppm) were tested against two-day-old larvae of 
A. aegypti. Interestingly, the bioassay results revealed high larvicidal activity of 
nanoparticles synthesised from Bti insecticidal proteins (LC50 0.025 ppm and LC90 
0.148 ppm) and supernatant (LC50 0.049 ppm and LC90 0.242 ppm) against dengue 
vector. No mortality was observed in the control. The present study shows the first 
report on the silver nanomaterials synthesis using the inclusion toxins and supernatant 
of the mosquitocidal active strain Bti that could be further developed and used as an 
eco-friendly approach for controlling the dengue vector. 
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INTRODUCTION 

 
Mosquito, a biological vector, is one of the major public health problems, especially in tropical and 

subtropical zones throughout the world [1]. Mosquito vectors are well known to transmit serious human 
diseases, such as dengue, malaria, yellow fever, chikunkunya, Japanese encephalitis, and other diseases. Aedes 
(Stegomyia) aegypti (L.) is recognized as an important vector of serious viral diseases, yellow fever, 
chikunkunya and more severe forms of dengue, like dengue haemorrhagic fever (DHF) and dengue shock 
syndrome (DSS). There are approximately 390 million dengue infections each year [2]. In the absence of a 
specific drug treatment and effective vaccine against dengue, mosquito control is therefore an efficient way to 
control dengue infection.  

Accordingly, prevention of mosquito breeding is an ideal method for controlling mosquito vectors. 
Synthetic chemical insecticides e.g. organochlorine, organophosphate, carbamates and, more recently, 
pyrethroids were used to control mosquito vectors. Temephos, an organophosphate, is the most currently used as 
larvicides in aquatic breeding sites of A. aegypti throughout the world [3, 4, 5]. Unfortunately, the widespread 
and repeated use of chemical insecticides has resulted in concern over the environmental hazards caused by 
persistence, toxicity effects on human health and non-target organisms, and the development of insecticide 
resistance among mosquito species [3,4,5,6,7]. These concerns have led to the development of novel strategies 
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based upon active natural compounds that are eco-friendly, inexpensive, and not toxic to non-target organisms, 
as an alternative to synthetic chemical insecticides.  

Therefore, biological-based insecticides were developed for controlling mosquito vectors. Phytochemical 
extracts from leaves and other parts of various plants have been reported to contain the larvicidal activity to A. 
aegypti larvae [8, 9, 10]. In addition, entomopathogenic microorganisms including virus, fungi and bacteria 
were also reported as containing larvicidal activity against A. aegypti larvae in which bacterial insecticides are 
the most common and cheaper form of microbial control [11]. Bacillus thuringiensis subsp. israelensis (Bti), a 
Gram-positive endospore forming bacterium, is highly effectively for controlling many species of mosquito and 
blackfly larvae and safe for non-target organisms. Bti has been used worldwide as a commercial mosquitocidal 
products since the early 1980s [12]. The mosquitocidal activity of Bti is due to the insecticidal crystal proteins 
(Cry) including at least four major toxins (Cry4Aa, Cry4Ba, Cry11Aa, and Cyt1Aa) which when produced are 
kept as crystal inclusions during sporulation [13]. In order to exert the larvicidal activity, the inclusions are 
solubilised in the alkaline pH in the insect midgut, following by proteolytically processing of protoxins using 
gut protease to yield smaller active toxins [12]. Despite intensive use of Bti as mosquito control for decades, few 
studies report a decreased susceptibility of field populations of Aedes spp. [14, 15]. 

Although Bti has been widely accepted and used as a biological control for decades, novel biologically 
based insecticides have been continuously developed. Recently, silver nanomaterials have gained increased 
interest in application for mosquito control. Silver nanomaterials refer to any silver-containing materials, for 
example: metallic silver nanoparticles, silver chloride nanoparticles, silver-titanium dioxide composite 
nanopowders in which activities are enhanced by their nano-scale [16]. Silver nanoparticles have been 
previously reported containing antimicrobial activities and applied to control microorganisms in various 
applications especially in medical fields [17]. Originally, silver nanoparticles were synthesised based on 
chemical and physical methods, which caused common problems such as use of toxic reducing agents, 
contamination by toxic by-products and high production costs. Therefore, eco-friendly green synthesis of 
nanoparticles has been intensively studied as an alternative to chemical and physical methods [18]. 
Microorganisms and plant extracts (for example, extracellular filtration of Beauveria bassiana [19], 
Trichoderma harzianum [20], supernatant of B. thuringiensis [21] and the extract of plant leaves Euphobia hirta 
[22], Solanum nigrum L. [23], Gmelina asiatica [24], and Heliotropium indicum [25]) have been intensively 
studied for construction of mosquitocidal active nanoparticles. The aims of the present study are to synthesise 
silver nanomaterials using the insecticidal proteins and supernatant of the mosquitocidal active strain Bti and 
study the mosquitocidal activity of the synthesised silver nanomaterials against the dengue vector A. aegypti.  

 
MATERIALS AND METHODS 

 
Cultivation of Bti: 

Bti was supplied by the Thailand Institute of Scientific and Technological Research (TISTR). The Bti was 
cultured for 72 h in 400 ml of the nutrient broth (NB) medium in incubator shaker (120 rpm, 37°C). After 
centrifugation at 9,000 x g, 4°C for 10 min, the cell pellets were resuspended in 10 ml sterile water. The Bti 
cells were lysed by adding 100 µl of 10 mg/ml lysozyme (Sigma Aldrich), incubated for 30 min at 37°C. The 
suspension was sonicated on ice for 15 min using Ika sonicator (Ika, Labortechnik, Germany) (50 W, cycle 0.7 
and amplitude 100 %). After sonication disruption, the crude pellets were obtained by centrifugation at 20,000 x 
g for 20 min at 4°C. The pellets were washed with phosphate buffer saline (PBS) (pH 7.5) followed by three 
washes with cold distilled water. Protein concentration of the partially purified inclusions was determined by the 
Bradford assay. The inclusion proteins were solubilised (0.5 mg/ml) in 50 mM carbonate buffer (pH 9.5) at 
37°C for 2 h. After centrifugation at 20,000 x g for 20 min at 4°C, the soluble fraction was kept at 4°C for 
further use to synthesise silver nanomaterials. 

 
Biosynthesis of silver nanomaterials: 

The Bti supernatant and soluble protein fractions in carbonate buffer was used to synthesise silver 
nanomaterials. Silver nitrate (AgNO3) was dissolved in 200 ml of Bti supernatant, the soluble protein fraction, 
carbonate buffer (pH 9.5) , NB medium, and 50 mM carbonate buffer (pH 9.5) at a final concentration of 1 mM 
in 250 ml Erlenmeyer flasks, followed by incubation in the dark at room temperature in an orbital shaker at 100 
rpm for 72 h. The nanoparticles were then separated by centrifugation at 20,000 x g, 4°C for 15 min followed by 
three washes with sterile deionised water. Nanoparticles were kept in sterile deionised water. An aliquot of the 
final pellets was dried in an oven set to 60°C for 24 h and kept at room temperature for further experiments.  

 
Characterisation of the synthesised silver nanomaterials: 

The synthesised nanoparticles were verified by scanning UV-Vis spectrophotometery (Genesys, Thermo 
Scientific, USA) operated at a resolution of 1 nm with scan wavelength between 200 and 800 nm. The 
morphology and composition of the synthesised nanoparticles was examined using scanning electron 
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microscopy (SEM) (FEI Quanta 400, Czech Republic) with an operating voltage of 20 kV and the energy 
dispersive spectra were recorded on the X-Max (Oxford, UK) energy dispersive X-ray spectrometery (EDX). 
For the crystallinity study of the nanoparticle pellets, the X-ray diffraction (XRD) study was performed using an 
X'Pert-MPD diffractometer (Philips, Netherlands) with CuKα radiation (λ=1.5406 Å) working at 40 kV and 40 
mA. The XRD data was recorded from the 2-theta values of 5° to 90° with a step of 0.05°. The information of 
functional groups on the surface of synthesised nanoparticles was measured using the Vetex70 Fourier 
transform infrared spectroscopy (FTIR) (Bruker, Germany). The sample was prepared by KBr pellet method and 
the FTIR spectrum was recorded within the range of 4000–400 cm-1. 

 
Mosquitocidal activity assay: 

The larvicidal activity of the synthesised nanoparticles was assayed against A. aegypti larvae. The A. 
aegypti larvae were hatched from eggs supplied by the Ministry of Public Health, Thailand and reared in 
dechlorinated tap water at room temperature (about 30°C) supplemented with a small amount of fish diet. 
Bioassays were conducted with the two-day-old larvae of A. aegypti based on the method of the World Health 
Organization [26] with some modifications. The 20 larvae were transferred into 250 ml glass beakers, which 
contained 200 ml distilled water and different concentrations of the synthesised silver nanomaterials (ranging 
from 0.0125 ppm to 0.3500 ppm). A negative control (without nanoparticles) was included in each assay and 
three replications were performed. The mortality of A. aegypti larvae was recorded at 24 h after exposure. 

 
Statistical analysis: 

The mortality data was subjected to the Probit analysis for calculating the lethal concentration 50 (LC50) 
and the LC90 using SPSS 16.0 software. In addition, the percentage mortality was calculated using Microsoft 
Excel 2013 software.  

 
RESULTS AND DISCUSSION 

 
Visual and UV-Vis spectroscopy analysis:  

In the present study, we synthesised the silver nanomaterials using Bti insecticidal proteins and supernatant. 
The aqueous solution of 1 mM AgNO3 along with the supernatant and solubilised insecticidal proteins from Bti 
was subjected to construct silver nanomaterials. After three days in dark condition, the colour of the reaction 
mixture was changed from colourless to reddish brown in both flasks (Fig. 1), indicating the formation of 
nanoparticles. The colour was observed due to excitation of surface plasmon vibrations of the nanoparticles 
[27]. The control AgNO3 solution in NB medium and carbonate buffer showed no change in colour since no 
nanoparticles are formed (data not show). The synthesised nanoparticles were stable in solution. The surface 
plasmon absorption spectrum of the synthesised nanoparticles from supernatant and insecticidal proteins showed 
at λmax approximately 265 nm (Fig. 2), similar to previous report for biosynthesis of silver nanoparticles using 
supernatant from B. thuringiensis [21]. The absorption at λ265 may relate to the presence of Ag4

2+ in the solution 
as described by Ershov et al. (1993) [28] and Janata (2003) [29]. However, no absorption band at about 420 nm 
(reported as the absorption of metallic silver nanoparticles) was observed in the spectra, implying that the 
reddish brown nanoparticles are other silver-containing nanoparticles.   

 
Fig. 1: Photographs of 1 mM AgNO3 in a) Bti supernatant and b) solubilised inclusion toxins of Bti 
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Fig. 2: UV-vis spectra of aqueous silver nitrate with Bti supernatant (dotted line) and solubilised inclusion 

toxins of Bti (smooth line) 
 

Characterisation of the synthesised nanoparticles by SEM-EDX:  
The formation of synthesised nanoparticles was further investigated by scanning electron microscopy. The 

SEM images of the synthesised nanoparticles using both Bti supernatant and insecticidal proteins revealed the 
predominantly spherical and cubic structures with a size range of about 95-250 nm (Fig. 3a and 3c), which is 
slightly larger than that reported from other B. thuringiensis synthesised nanoparticles (43.52-142.97 nm) [21]. 
However, an average size of this synthesised nanoparticles is larger than that of silver nanoparticles synthesised 
using plant E. hirta leaf extract (about 30-60 nm) [22], extracellular filtrate of T. harzianum (10-20 nm) [20] and 
Bacillus licheniformis (40 nm) [30]. The energy dispersive X-ray spectroscopy (EDX) attached with SEM 
(SEM-EDX) was known to provide information about chemical composition at specific location of SEM field 
(spot EDX). The SEM-EDX spectra revealed strong absorption peaks at approximately 3 keV (Fig. 3b and 3d), 
which is the typical absorption for silver nanocrystals due to the surface plasmon resonance [31]. This result 
confirms the formation of nanocrystalline elemental silver. In addition, the EDX spectra peaks corresponding to 
other chemical compositions including P, C, O, Cl, N and S were also observed, indicating the mixture of 
chemical compositions in silver nanomaterials. The EDX showed similar spectra of the nanoparticles 
synthesised from insecticidal proteins and supernatant of Bti (Fig. 3b and 3d), indicating a similar chemical 
composition. These spectra are similar to those of silver nanoparticles synthesised from extracellular filtration of 
the closely related strain B. thuringiensis [21], suggesting that silver nanomaterials with mosquitocidal activity 
were achieved. 

 
Fig. 3: a) SEM image and b) EDX spectrum of silver nanoparticles synthesised from Bti supernatant and c) 

SEM image and d) EDX spectrum of silver nanoparticles synthesised from solubilised inclusion toxins 
of Bti  
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Characterisation of the synthesised nanoparticles by X-ray diffraction:  
The crystalline structure of the nanomaterials from Bti proteins was further determined by X-ray diffraction 

(XRD) analysis. The X-ray diffraction pattern is shown in Fig. 4. The XRD pattern showed intense peaks of 2-
theta values ranging from 20 to 90. The diffraction peaks of 2-theta values at 27.8, 32.2, 46.3, 55.1, 57.3, 67.3, 
76.6 and 87.3 corresponds to the (111), (200), (202), (311), (222), (400), (313), and (422) facets of the face-
centered cubic crystal structure of silver chloride (AgCl) (JCPDS Card No. 31-1238) were observed. In addition, 
the diffraction peaks of 2-theta values at 20.8, 29.7, 33.3, 36.6, 42.5, 47.8, 52.7, 55.1, 57.3, 61.7, 71.8 and 87.3 
corresponding to the (110), (200), (210), (211), (220), (310), (222), (320), (321), (400), (421) and (520) crystal 
planes of cubic silver phosphate (Ag3PO4) (JCPDS No. 06-0505) were also detected. These results indicated that 
the mixture of silver chloride nanoparticles and silver phosphate nanoparticles were constructed. The XRD 
pattern revealed no diffraction peaks of 2-theta values at 38.12, 44.25, 64.42, and 77.50 which corresponds to 
(111), (200), (220), and (311) planes of pure crystalline silver structures, suggesting that only silver chloride and 
silver phosphate nanoparticles without metallic silver nanoparticles were present in the crystalline structure of 
silver nanomaterials. This finding agrees with biosynthesised silver nanomaterials using E. hirta and Cissus 
quadrangularis plant leaf extracts. [22, 32]. 

 
Fig. 4: XRD pattern analysis of silver nanoparticles synthesised from solubilised inclusion toxins of Bti 

 
Characterisation of the synthesised nanoparticles by FTIR:  

The nanoparticles synthesised using Bti insecticidal proteins were further analysed by FTIR to identify the 
functional groups on the nanoparticle surface. The IR spectrum between 4000 and 400 cm-1 revealed the 
absorption bands due to the vibration of chemical molecules at 3,381.84, 1,650.55, 1,535.81, 1,387.08, 1,075.12, 
1,020.95, 991.36, 861.00, 612.19, and 546.11 cm-1 (Fig. 5). The interpretation of the absorption bands is given 
in Table 1. Among the IR spectrum peaks, the absorption peaks at 3381.84, 1650.55 and 1535.81 cm-1 were 
assigned for N-H stretching (amide A), C=O stretching (amide I), N-H bend (amide II), respectively. These 
values are similar to those reported for the vibration of the backbone protein IR spectrum [33], indicating that 
Bti proteins have formed a surface layer on the synthesised nanoparticles. Similar data was also reported in IR 
result of silver chloride nanoparticles using C. quadrangularis leaf extract [32]. In addition, some absorption 
peaks e.g. 1387.08, 1,075.12, 991.36 cm-1 possibly corresponding to the CH3, C-O, CH2 vibration of amino-
acids side chains [33], are also detected. The FTIR results clearly implied that the Bti proteins are potential 
biomolecules for aggregation prevention of the synthesised nanoparticles.  

Fig. 5: FTIR spectrum of silver nanoparticles synthesised from solubilised inclusion toxins of Bti 
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Table 1: FTIR spectrum absoption bands with their respective functional groups of solubilised inclusion toxins of Bti invloving in silver 
nanoparticles synthesis 

S. no. Characteristic absorption (cm-1) Type of vibration Probable functional group 
1 3,381.84 N-H Amide 
2 1,650.55 C=O Amide 
3 1,535.81 N-H Amide 
4 1,387.08 CH3 Alkane 
5 1,075.12 C-O Alcohol 
6 1,020.95 C-N Amide 
7 991.36 CH2 Alkane 
8 861.00 OCN Amide 
9 612.19 N-H Amide 
10 546.11 C-O Amide 

 
Larvicidal activity assay: 

Bti has been reported to produce larvicidal proteins i.e. Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, Cyt1Aa and 
Cyt2Ba which showed synergism in toxicity to larvae of mosquitoes and black fly species including A. aegypti 
mosquito larvae [34]. The mosquitocidal activity assays of the silver nanomaterials synthesised using the 
insecticidal proteins and supernatant of Bti against two-day-old larvae of A. aegypti was performed. Mortality 
was recorded at different concentrations of silver nanomaterial from insecticidal protein and supernatant 
(0.3500, 0.2500, 0.1000, 0.0500, 0.0250 and 0.0125 ppm). Mortality was increased as the concentration 
increased. Bioassays revealed that synthesised nanoparticles possess remarkable larvicidal properties as they 
could induce 100% mortality in the A. larvae after 24 h incubation with 0.3500 ppm of silver nanomaterial from 
insecticidal proteins and supernatant. While the LC50 and LC90 values of nanoparticles from Bti toxins were 
0.025 ppm and 0.148 ppm, respectively, the values of nanoparticles from supernatant revealed lower toxicity 
(LC50 = 0.049 ppm and LC90 = 0.242 ppm) (Table 2). This indicates that the insecticidal inclusion proteins of Bti 
improved larvicidal activity of the nanoparticles by about 2-fold compared to using nanoparticles from 
supernatant. This may be due to the higher larvicidal efficiency of insecticidal proteins on the nanoparticle 
surface than that of proteins on the nanoparticles from supernatant. It is interesting to note that the larvicidal 
activity, against A. aegypti, of the synthesised nanoparticles from Bti toxins and supernatant showed about a 4-
fold and 2-fold higher toxicity than previous report using nanoparticles from B. thuringiensis supernatant (LC50 
= 0.10 ppm and LC90 = 0.39 ppm) [21]. This may be due to the use of the high mosquitocidal activity strain Bti 
used in the nanoparticle synthesis in this work. Our synthesised nanoparticles revealed higher toxicity against A. 
aegypti than that of particles made from plant extracts. For example, Muthukumaran et al. (2015) reported the 
efficiency of the silver nanoparticles synthesis from leaf extract of G. asiatica against A. aegypti and found LC50 
and LC90 value of 25.77 μg/ml (25.77 ppm) and 45.98 μg/ml (45.98 ppm), respectively [24]; Veerakumar et al. 
(2014) showed that the silver nanoparticles from leaves extract of H. indicum were toxic to A. aegypti with LC50 
and LC90 values of 20.10 and 35.97 μg/ml (ppm), respectively [25]. In addition, our nanoparticles also showed 
higher toxicity than both myco-synthesis nanoparticles of T. harzinum with reported LC50 values of 0.079, 
0.084, 0.087, 0.068, and 0.026 % (about 790, 840, 870, 680 and 260 ppm) for I-IV instar larvae and pupa and B. 
bassiana silver nanoparticles, which revealed LC50 and LC90 values 0.79 and 1.09 ppm, respectively [19]. The 
bioassay results implied that the silver nanomaterials including silver chloride and silver phosphate 
nanoparticles confer larvicidal toxicity against A. aegypti larvae. The results in the present study agree with the 
report of silver chloride nanoparticles synthesis using E. hirta that the toxicity to Anopheles stephensi (L.) with 
LC50 values (10.14, 16.82, 21.51 and 27.89 ppm, respectively) and LC90 (31.98, 50.38, 60.09, and 69.94 ppm, 
respectively) were recorded for I-IV instar larvae and LC50 and LC90 values of pupa of 34.52 and 79.76 ppm, 
respectively [22]. In addition, previous studies also reported that silver chloride nanoparticles synthesised from 
the leaf extract of C. quadrangularis (L) contains antibacterial activity against Gram positive and negative 
bacteria [32] and chemical synthesised silver phosphate nanoparticles showed antibacterial activity to 
Staphylococcus aureus [35].  

The results from this work indicated that the silver nanomaterials containing highly mosquitocidal activity 
could be synthesised by using the insecticidal proteins and supernatant of the mosquitocidal active strain Bti. 

 
Table 2: Larvicidal acticity of silver nanoparticles synthesised using Bti supernatant and solubilised inclusion toxins of Bti against A. 

aegypti 

Nanoparticles 
synthesised from 

Percent mortality (%) ± SE LC50 LC90 
Regression 
equation 

R 
value 

0.3500 0.2500 0.1000 0.0500 0.0250 0.0125 (ppm)    

Bti supernatant 100±0.00 85±5.00 68±2.89 48±2.89 35±5.00 12±2.89 0.049 0.242 
y = 
0.4995x + 
1.1518 

0.98 

Bti  crystal toxin 100±0.00 93±2.89 83±2.89 65±5.00 52±2.89 30±5.00 0.025 0.148 
y = 
0.4531x + 
1.2187 

0.98 
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Conclusion: 
In summary, the present study shows the first report that using Bti toxins and supernatant for biological-

based green synthesis of silver nanomaterials. These synthesised nanoparticles were stable and revealed higher 
toxicity than any previous reports detailing nanoparticle targeted against A. aegypti larvae. Therefore, these 
synthesised nanoparticles are attractive alternative biological control agents that can be further developed and 
used in a mosquito control program.  
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