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Abstract

:

Chikungunya, dengue, Zika, malaria, Japanese encephalitis, filariasis, West Nile, etc. are mosquito transmitted diseases that have killed millions of people worldwide, and millions of people are at risk of these diseases. Control of the mosquitoes, such as Aedes aegypti and Culex quinquefasciatus, is challenging due to their development of resistance to synthetic insecticides. The habitats of the young mosquitoes are also the habitats for foodborne pathogens like Staphylococcus aureus (MTCC96) and Serratia marcescens (MTCC4822). The present study was aimed at synthesizing eco-friendly green nanoparticles using Dillenia indica leaf broth and analyzing its efficacy in controlling the vector mosquitoes A. aegypti and C. quinquefasciatus, as well as the microbial pathogens St. aureus and Se. marcescens. The formation of selenium nanoparticles (SeNps) was confirmed using UV-Vis spectroscopy (absorption peak at 383.00 nm), Fourier transform infrared radiation (FTIR spectrum peaks at 3177, 2114, 1614, 1502, 1340, 1097, 901, 705, and 508 cm−1), X-ray diffraction (diffraction peaks at 23.3 (100), 29.6 (101), 43.5 (012), and 50.05 (201)), and scanning electron microscopy (oval shaped). The size of the nanoparticles and their stability were analyzed using dynamic light scattering (Z-Average value of 248.0 nm) and zeta potential (−13.2 mV). The SeNps disorganized the epithelial layers and have broken the peritrophic membrane. Histopathological changes were also observed in the midgut and caeca regions of the SeNPs treated A. aegypti and C. quinquefasciatus larvae. The SeNps were also active on both the bacterial species showing strong inhibitory zones. The present results will explain the ability of SeNps in controlling the mosquitoes as well as the bacteria and will contribute to the development of multi potent eco-friendly compounds.
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1. Introduction


The genus Dillenia belongs to the family Dilleniaceae which has 60 species, of which Dillenia indica Linnaeus is one of the common edible species. D. indica, also known as elephant apple, is an evergreen tree. They grow up to 15 m tall, with spreading branches and leaves that are 20–30 cm long, serrate, oblong-lanceolate, acuminate and clustered towards the branch endings [1]. Though this evergreen tropical tree is native to Indonesia, it is distributed throughout India, China and the neighboring countries [2]. In India it is distributed throughout from the North to South [3]. The leaves and fruits of D. indica were traditionally used to cure fever, constipation, diarrhea, stomach pain, etc. [4]. The decoction of this plant is used as an universal antidote ([3]). In addition to the fruits that are rich in fiber, the leaves also possess good pharmacological activities. This plant contains ascorbic acid, tocopherol, carotene, [5] and is also rich in alkaloids, glycosides, steroids, flavonoids, tannins, saponins and phenolic compounds [6]. Mosquitoes (Diptera: Culicidae) are a huge threat to humans, affecting millions of people throughout the world; thousands of people have been killed by this insect from the day it emerged as a vector for devastating parasites and pathogens [7]. Mosquitoes transmit malaria, filariasis, West Nile, Zika virus, dengue, Japanese encephalitis, chikungunya and many others human and animal diseases [8,9,10,11] In India, there are 1.4 million suspected cases and 11,985 confirmed cases of dengue and chikungunya and Japanese encephalitis, another vector borne disease, affected more than 5000 people and killed approximately 1000 during 2006 and 2007 [12,13].



Aedes aegypti (Diptera: Culicidae) is the primary vector of dengue and chikungunya, the deadly viral disease infecting more than 50 million people every year [14]. This mosquito species is widely distributed in the tropical and subtropical zones. Culex quinquefasciatus acts as an important vector for some parasitic and arboviral diseases [15]. Microfilariaea, a disease causing worm, is transmitted to humans by the Culex mosquito—especially by the C. quinquefasciatus. Lymphatic filariasis (elephantiasis), a C. quinquefasciatus transmitted disease, infected around 120 million people in tropical areas of India, Africa and South-East Asia, and around 72 countries worldwide are threatened by this disease [16]. The bites of this particular species are more painful and constant [17]. This species can also carry pathogens and parasitic worms to birds, domestic animals, livestock and wild animals, causing avian malaria and zoonotic dirofilariasis that leads to decrease in productivity and death [18]. This species breeds in polluted gutters, blocked drains, and other water retention habitats containing organic matter [19].



Infectious bacterial disease has been given more attention during the past few decades due to the reports that it affects millions of people worldwide each year [20,21]. Staphylococcus aureus is a Gram-positive pathogenic bacterium which often causes the nosocomial infection [22]. This bacterial species is also responsible for illnesses through suppurative or nonsuppurative (toxin-mediated) means [23]. Serratia marcescens is a Gram-negative human pathogenic bacterium responsible for frequent hospital acquired infections including urinary tract infections [24]. In addition to the urinary tract infections, this species is also a main cause for wound infections, respiratory infections, eye infections, meningitis, osteomyelitis, endocarditis and septicemia [25].



Control of any vectors or the bacterial pathogens solely depend on chemical and synthetic agents that cause severe side effects and pollute the environment. Moreover, the insects and bacterial pathogens develop resistance to the synthetic agents in nearly five to six repetitive applications [26]. These chemicals also lead to the bio-magnification of toxic substances through the food chain, also affecting non-target organisms including human beings [27]. Hence, effective eco-friendly control agents against mosquito vectors and microbial pathogens are given more priority [7].



Eighty percent of the population worldwide depend mostly on plants for their various needs, due to plants’ multipotent activities [28], that interest eco-friendly researchers and even the nanotechnology field. Nanotechnology has transformed the medical field and many other industries via innovative new techniques that have led to disease detection, disease control, targeted treatments, etc. [29]. Metals at the nano scale have various important properties that are absent in the large scale [30,31]. In the present decade, scientists are attracted toward research on nanoparticles because of their exclusive catalytic, optical, electronic, magnetic, antimicrobial, wound healing, anti-inflammatory and pesticidal properties [32,33,34]



The nanoparticles, especially the plant mediated nanoparticles, are promising toxic agents against pre-adult mosquito developmental stages. The silver [35], silica [36] Au [37] iron and iron oxide [38] nanoparticles were reported as toxic agents against different vector mosquito species. The toxicity of these nanoparticles is possibly due to their ability to penetrate the insect exoskeleton reaching the cells, where they interact with the proteins, affecting their functions [39].



Selenium’s properties at the nanoscale level have attracted the attention of the whole scientific community due to having unique bioactivities [40]. Selenium nanoparticles have gained an important role in the field of medicine, due to novel properties that are not available in other selenium compounds. Selenium is an essential trace element in human and animal bodies, which plays vital role in metabolism and protects from oxidative stress, aging, tumor, and immune regulatory functions [41,42].



The synthesis of selenium nanoparticles can be done by chemical reduction or oxidation techniques, using a suitable precursor [43], but a reliable and environmentally friendly technique to synthesize selenium nanoparticles is an important application [44,45]. The plant material reduces the selenite to elemental red selenium and when developed into a nanometer range, it becomes insoluble and nontoxic [46]. The preparation of selenium nanoparticles using plants is very successful due to the presence of active phytoconsitutents that act as reducing and capping agents. Few plants viz., Withania somnifera [47], Emblica officinalis [48], fenugreek seed extract [49], hawthorn fruit extract [50], Aloe vera leaf extract [51], Vitis vinifera [52] etc., were successful in preparation of stable selenium nanoparticles.



Based on the above mentioned facts, the present study is aimed to biologically synthesize selenium nanoparticles using the leaves extract of D. indica, which possibly could be the result of a reduction process carried out by any one or many of the compounds such as flavonoids and terpenoids present in the plant extract. Further, the synthesized nanoparticles were subjected to various characterization techniques such as UV-Vis spectroscopy, Fourier transform infrared radiation, X-ray diffraction, scanning electron microscopy, dynamic light scattering and zeta potential to confirm the formation of nanoparticles. The biologically synthesized nanoparticles are formulated at different concentrations to test their ability in killing pre-adult developmental stages of A. aegypti and C. quinquefasciatus larvae, and also to test its inhibitory effect on the growth and development of microbial pathogens, St. aureus (MTCC96) and Se. marcescens (MTCC4822). Histopathological analysis was performed to visualize the effect of the nanoparticles on mosquitoes.




2. Materials and Methods


2.1. Collection and Preparation of Leaves Broth


Dillenia indica leaves were collected from the ABS Garden, Karriyapatty, Salem, Tamil Nadu, India. The D. indica leaves were washed with water and dried in shade at room temperature. The dried leaves were powdered using an electric blender. Then 5 g of the powder was mixed with 100 mL of sterile distilled water in a 300 mL Erlenmeyer flask and boiled for 5 min for final extraction of the broth solution.




2.2. Green Synthesis of Selenium Nanoparticles


SeNPs were synthesized by taking 10 mL of the broth mentioned above mixed with 100 mL of 10 mM selenious acid and 40 mL of 40 mM ascorbic acid, which was used as an initiator of the reduction reaction. The mixture was incubated at room temperature, and after 24 h of incubation the mixture was centrifuged at 5000 rpm for 15 min. The pellet was repeatedly washed thrice with double-distilled water and dried overnight. The powder form of the selenium nanoparticles was used for further analysis [53].




2.3. Characterization of Selenium Nanoparticles


A UV-vis spectrum was recorded at a resolution of 1 nm on a UV-3600 Shimadzu spectrophotometer (Kyoto, Japan). After freeze drying of the purified Se particles, the structure and composition were analyzed by scanning electron microscope (FEI QUANTA-200 SEM, Hillsborough, OR, USA) and energy dispersive X-ray spectroscopy. The crystalline structure of the selenium nanoparticles was determined using X-ray diffraction using Cu kα radiation (PAN anlyticalX’pert Pro MPD diffractometer). The particles’ size distribution was evaluated using dynamic light scattering (DLS) measurement and the zeta potential was studied to estimate the stability of the synthesized nanoparticles with a Malvem Zetasizer Nano (Cambridge, UK) series compact scattering spectrometer. Data obtained were analyzed using Zetasizer software (v3.30)




2.4. Collection of Mosquito Eggs


The eggs of A. aegypti and egg rafts of C. quinquefasciatus were collected from water stored containers and stagnant drains respectively from the Salem districts for bioassay. These eggs were carried to the laboratory and transferred to enamel trays containing 500 mL of water for larval hatching.




2.5. Maintenance of Larvae


Larvae of A. aegypti and C. quinquefasciatus were cultured and maintained in our laboratory at 27 ± 2 °C, 75% to 85% RH and under 14:10 (L:D) photoperiod cycles. Larvae were fed 5 g ground dog biscuit and brewers yeast daily in a 3:1 ratio. The feeding was continued till the larvae were grown to pupae.




2.6. Maintenance of Pupae and Adult


The pupae were collected from the culture trays mentioned above and were transferred to plastic containers (12 cm × 12 cm) containing 500 mL of water with the help of a dipper. The plastic jars were kept in mosquito cage (45 cm × 45 cm × 45 cm) for adult emergence. The adults were fed with 10% sugar solution for a period of three days before they were provided an animal for blood feeding.




2.7. Blood Feeding of Adult A. aegypti and C. quinquefasciatus


The adult female mosquitoes were allowed to feed on the blood of a mouse (exposed on the dorsal side) for two days. After blood feeding, enamel trays with water from the culture trays were placed in the cage for the adult to lay eggs. Both females and males were provided with 10% glucose solution on cotton wicks. The cotton was always kept moist with the solution and changed every day.




2.8. Larval Toxicity Test


F1 colonies of mosquito larvae were used for larvicidal and pupacidal activity. The selenium nanoparticles were evaluated at 10, 50 and 100 ppm mg/L concentrations. Untreated distilled water served as a control. Each treatment was set in triplicate. Twenty-five actively swimming A. aegypti and C. quinquefasciatus larvae and pupae were sieved out from different rearing trays to maintain uniformity of the batches of larvae and pupae exposed to each concentration of selenium nanoparticles and untreated control, held in separate (250 mL) capacity plastic containers [54]. Larval mortality was assessed after 24 and 48 h of exposure by probing the larvae with a needle, and moribund larvae and pupae were counted as dead [17]. The control mortalities were corrected by using Abbott’s formula [55].


Corrected mortality = observed mortality in treatment–observed mortality in control × 100



(1)






100–Control mortality.










Percentage mortality = number of dead larvae/pupae × 100



(2)






Number of larvae/pupae introduced












2.9. Anti-Bacterial Activity


The antibacterial activity of Se-NPs against St. aureus (MTCC96), and Se. marcescens (MTCC4822), was experimented by the standard well diffusion method [56]. The Gram-positive bacteria, St. aureus (MTCC96), and Gram-negative bacteria, Se. marcescens (MTCC4822), procured from the Department of Microbiology, Periyar University, Salem, India was cultured using agar agar type I (AA) and nutrient broth (NB). Wells of 6 mm size have been made on Muller Hilton agar plates using gel puncture. Using a micropipette, 25, 50, 75 and 100 µL of the sample of the nanoparticles solution and distilled water as the control were poured into the wells. The experiments were setup in triplicate. After incubation at 37 °C for 24 h, the different levels of the zones of inhibition were measured. The diameters of the zones of inhibition around each well of size were then recorded.




2.10. Histopathological Analysis


The control and SeNps treated fourth instar A. aegypti, C. quinquefasciatus larvae were fixed in 10% buffered formaldehyde for 24 h, and mounted in paraffin blocks for Histopathological analysis. Sections of larval tissue blocks that were 5 μm thick were cut with glass knives in a rotary microtome and mounted on glass slides. The sections were stained with haematoxylin and eosin for histopathological observation of toxicity effects on the treated A. aegypti and C. quinquefasciatus larvae, using a bright field light microscope [57,58].




2.11. Statistical Analysis


All data were subjected to analysis of variance (ANOVA). LC50 and LC90 values and their 95% confidence limits were estimated by getting a profit regressing model to the observed relationship between percentage of mortality of the larvae and pupae and the logarithmic concentration of the substance. In case of significant departure, a heterogeneity factor was used to calculate the 90% confidence limit for LC50 and LC90. All analyses were carried out using SPSS Software version 16.0.





3. Results


The selenium nanoparticles mediated by D. indica leaf extracts were visually confirmed by the color change from orange to red. The manifestation of ruby red is measured as a visual technique that shows the presence of selenium nanoparticles. The visual consideration is confirmed by UV absorption spectroscopy. The UV absorption peak of the synthesized nanoparticles recorded from the reaction medium at 80 °C using 5% D. indica leaf extract with 50 Mm selenious acid exposed to 24 h of reaction time clearly confirms the presence of selenium nanoparticles (Figure 1A). The UV absorption peak observed due to the surface plasmon resonance of the selenium nanoparticle synthesized using D. indica leaf extracts was recorded at 383 nm which was the original range of selenium nanoparticles.



The lyophilized selenium nanoparticles were used for verification under XRD. The diffraction of X-rays travelling through the selenium nanoparticles synthesized using D. indica leaf extract was recorded as diffraction peaks at 23.3 (100), 29.6 (101), 43.5 (012), and 50.05 (201), which signified the crystalline phase structure of the SeNPs (Figure 1B). The prominent peaks in the spectrum reveal the hexagonal structures which confirm the high degree of nanoparticle crystallization in the selenium particles. The diffraction peaks were in correspondence with the facets of the Joint Committee on Power Diffraction Standard (JCPDS no.73–0465) values.



The FTIR spectrum of the selenium nanoparticles were analyzed, to identify the possible bio molecules responsible for the reduction of selenious acid to selenium nanoparticles and the capping of the bio reduced selenium nanoparticles synthesised by D. indica leaf extract (Figure 1C). The FTIR spectrum recorded major peaks positioned at 3177, 2114, 1614, 1502, 1340, 1097, 901, 705, and 508 cm−1. The peaks are due to the stretching, bending and lagging of the bonds between elements of an organic compound. The sharp peak at 1340 cm−1 is attributed to the C–H bending in alkanes and the 1097 cm−1 corresponds to the C–N stretching of the amines. The band at 901 cm−1 is due to the O–H bend of carboxylic acids. The peaks that occurred around 705 cm−1 in the selenium nanoparticles mediated by D. indica leaf extract were due to the C–H medium bending and the weak band at 508 cm−1; from the FTIR it was inferred that the bio-organics such as the flavonoids, alkaloids and steroids phytoconstituents from the leaves served as a strong capping agent on the NPs. SEM images enabled us to visualize the size and shape of the selenium nanoparticles (Figure 2) obtained when the precursors treated with D. indica leaf extract at 90 °C for 120 min. The morphology of biosynthesized selenium nanoparticles studied under scanning electron micrographs revealed that they are oval in shape, with a smooth surface.



The dynamic light scattering (DLS) technique was used in this study to determine the size distribution of the selenium nanoparticles synthesized using D. indica leaf extract (Figure 3). The sizes of the selenium nanoparticles were not even, and ranged between 50 and 900 nm with a Z-average value of 248.0 nm. The zeta sizer’s report on the zeta potential of the biologically synthesized selenium nanoparticles revealed that the metal nanoparticles are highly stable in the aqueous medium (Figure 3). The zeta potential of the D. indica leaf extract mediated selenium nanoparticles was −13.2 mV, which confirms the strong repulsion among the particles and there by increases the stability of the nanoparticles.



Selenium nanoparticles synthesized using D. indica leaf extract was much effective against the dengue vector, A. aegypti in laboratory. Lower concentrations of selenium nanoparticles were capable for killing the mosquito immatures at all developmental stages. At 24 h of treatment of different concentrations of selenium nanoparticles the LC50 for the 1st to 4th larval instars and pupae of A. aegypti were 7.20, 14.78, 72.10, 113.41 and 440.99 ppm respectively (Table S1). At 48 h of treatment of different concentrations of selenium nanoparticles the LC50 for the 1st to 4th larval instars and pupae of A. aegypti were much reduced when compared to that of 24 h treatment (Table 1). The acquired chi-square values for toxicity assay on A. aegypti (1.98, 0.38, 0.10, 0.15 and 0.39 mg/L for I, II, III, IV instars pupae) proves that the observed mortality is on a par with the expected mortality. Selenium nanoparticles synthesized using D. indica leaf extract treatment on different stages of C. quinquefasciatus also proved its efficacy on this species. At 24 h treatment the LC50 for the 1st to 4th larval instars and pupae of C. quinquefasciatus were 2.53, 3.33, 7.95, 17.30 and 39.88 ppm, respectively (Table S2). At 48 h treatment the LC50 for the 1st to 4th larval instars and pupae of C. quinquefasciatus were highly reduced when compared to that of 24 h treatment. The acquired chi-square values for toxicity assay on C. quinquefasciatus (7.93, 1.66, 3.20, 0.98 and 4.68 mg/L for I, II, III, IV instars pupae respectively) proves that the observed mortality is on a par with the expected mortality (Table 2).



The antibacterial activity of selenium nanoparticles synthesized using D. indica leaf extract was investigated against the human pathogen, St. aureus (MTCC 96) and Se. marcescens (MTCC 4822) by well diffusion method (Table S3). The antibacterial activity of the synthesized selenium nanoparticles in 25, 50, 75 and 100 µL concentrations were quantitatively measured by the formation of zones of inhibition. Selenium nanoparticles synthesized using D. indica leaf extract developed inhibitory zones measuring 0.50, 0.63, 0.75 and 1.03 cm in diameter on the live culture plates of St. aureus (MTCC 96) after 24 h of treatment with 25, 50, 75 and 100 µL concentrations respectively (Figure 4). In another experiment the inhibitory zones measured 0.47, 0.66, 0.76 and 1.08 cm diameter on the live culture plates of Se. marcescens (MTCC 4822) when treated with 25, 50, 75 and 100 µL concentrations of selenium nanoparticles respectively (Figure 5).



The cellular and tissue damage caused by the SeNps to A. aegypti and C. quinquefasciatus was visualized using light microscope by mounting cross sections of SeNps treated A. aegypti and C. quinquefasciatus (Figure 6 and Figure 7). The control and treated samples clearly show the difference and damages in treatment when compared with the control. Both A. aegypti and C. quinquefasciatus larva treated with 10 ppm SeNps showed microscopically visual damages such as cell lysis, breakage of peritrophic membrane and pre-rupturing stages of epithelial cells. The pre-rupture stages were clearly visible and differentiable with the ruptured epithelial cells seen in the larvae treated with 50 ppm SeNps. The tissues of larva treated with 100 ppm SeNps showed completely disorganized and broken epithelial cells. These tissues also showed damages in the internal organs like broken midgut, caeca and totally collapsed larva.




4. Discussion


Mosquito borne diseases are one of the important causes of decline in health and economy in many countries. Among them, the species A. aegypti takes a lead in vectoring several human diseases like yellow fever, dengue, chikungunya [58], etc. C. quinquefasciatus is another species which vectors diseases like human lymphatic filariasis, Japanese encephalitis, St. Louis encephalitis etc. [18]. Nosocomial infection is a serious problem worldwide that mainly affects immune compromised patients [59]. There is a dramatic increase in St. aureus (MTCC 96) and Se. marcescens (MTCC 4822) infections, both with community-associated and hospital-acquired types. Development of resistance in the vectors as well as the pathogens is of serious concern and creates a great challenge in control program [60]. One of the most important challenges faced by the human population in the 21st century is disease and vector control [61]. Hence, much importance is given to novel eco-friendly nanotechnology tools to control the vectors and pathogens which were carried out in the present study.



In the present study we used D. indica leaf extract to synthesis selenium nanoparticles, which was achieved due to the presence of various secondary metabolites in the plant extract. These compounds are the sole reason for the reduction, formation and capping of nanoparticles. The formation of selenium nanoparticles was confirmed by the characteristic red color, due to surface plasmon excitation of the selenium at nanoscale level [62]. The absorbance peak observed in the present study that was due to surface plasmon resonance was very similar to the report of Malhotra et al. [63], who observed an absorbance peak between 320 and 550 nm, with a maximum at 390 nm. In another study, selenium colloidal solution prepared using citrus leaf extract showed the absorption peak at 395 nm which was in concordance to the present study [64]. The X-Ray diffraction studies proved that the selenium nanoparticles synthesized using D. indica leaf extract is crystalline in nature. In concordance to the present study the diffraction peaks of Allium sativum mediated selenium nanoparticles observed similar peaks corresponding to the facets of selenium showing the crystalline nature [65]. The report of Singh et al. [66] was also in support of the present results, showing the characteristic peak at 2θ value of 23.680, 29.788 and 43.9.



The functional group or the organic compound which is main cause for the stability of nanoparticles by capping them was confirmed using FTIR. The peak at 1326 cm−1 was assigned to lipid content, C–H band vibrations, or syringyl ring breathing with C=O stretching, as similar to the reports of Singh et al. [67]. Sarkar et al. [68] confirms that the sharp peak at 1340 cm−1 is attributed to the C–H bending in alkanes and the 1097 cm−1 corresponds to the C–N stretching of the amines. The absorption peak at 1762 cm−1 corresponds to the C=O stretching of the lactone of ascorbic acid and peak at 1674 cm−1 is corresponding with the C=C stretching vibrations [69] The zeta potential measurements (−13.48 mV) show that the synthesized selenium nanoparticles are highly stable in the liquid medium, which was similar to that of the results reported by Sarkar et al. [68].



The selenium nanoparticles synthesized using plant extracts have good biologic activity and adsorptive capacity due to interaction between the selenium at the nano range and NH, C=O, COO–, and C–N functional groups of proteins [70]. A recent study reported that the selenium nanoparticles synthesized using Penicillium corylophilum are a potential agent in controlling mosquitos, cell lines and Gram-positive and Gram-negative bacteria [71]. In another study, selenium nanoparticles synthesized using Clausena dentate were effective against different mosquito species viz., A. stephensi, A. aegypti, and C. quinquefasciatus at 240.714, 104.13 and 99.602 mg/L concentrations respectively [72]. Whereas, in the present study selenium nanoparticles synthesized using D. indica are more effective by controlling early instar A. aegypti and C. quinquefasciatus at 0.39 and 1.11 mg/L respectively. The toxicity of biologically synthesized selenium nanoparticles proves equally good as that of silver and gold nanoparticles [73] in controlling both A. aegypti and C. quinquefasciatus.



The toxicity of selenium nanoparticles synthesized using D. indica leaf extract on larvae and pupae of the two mosquito species may be due to the intracellular toxic effects of nano scale particle inside cuticular and other peripheral cells. The toxicity of the selenium nanoparticles is may also be due to the denaturation of organelles and enzymes which reduce the membrane permeability which further affects the ATP synthesis and finally blocks the cellular function, leading to death [74]. The toxicity of selenium nanoparticles synthesized using D. indica leaf extract is significant on St. aureus (MTCC 96), a Gram-positive bacterium. A similar study on selenium nanoparticles using a different plant extract also proved toxic against the same bacterial species [75] The antibacterial effect of selenium nanoparticles was proved on both Gram-positive and Gram-negative bacteria [76]. Tran and Webster [77] reported that the selenium nanoparticles prepared using colloidal synthesis method highly inhibits the growth of St. aureus (MTCC 96) by up to 60 times compared to control. The mechanism in the antibacterial activity of selenium nanoparticles is not exactly proven. The mode of action exerted by the selenium nanoparticles can be the adherence of positive surface charge on their own surface to the bacteria with negative surface charges, resulting in enhancement of bactericidal effects [78]. It is also believed that the selenium nanoparticles can damage the bacterial cell wall by interfering with the peptidoglycan layer [79]. Consequently, the penetration of selenium nanoparticles into the St. aureus is (MTCC 96) is made easier by chemisorption, where the lipoproteins involved are of the diacyl and triacyl forms [80].



The inhibitory effect of selenium nanoparticles synthesized using D. indica leaf extract is significant on Se. marcescens (MTCC 4822), a Gram-negative bacterium. The toxicity of selenium nanoparticles on Se. marcescens (MTCC 4822) can be due to the penetration of metal particles into the membranes which have different proteins and phospholipids that interact with each other and disturb their function [81,82,83]. It is also believed that the selenium nanoparticles can interact with thiol groups present in enzymes such as NADH dehydrogenases and affect the energy production [84].




5. Conclusions


Environmentally safer drugs and pesticides are of current interest to researchers, as they are needed for the well-being of humans. We synthesized SeNps in an eco-friendly protocol in which D. indica leaf extract acted as a reducing and capping agent. The eco-friendly SeNps were significantly effective against the disease transmitting mosquitoes A. aegypti and C. quinquefasciatus, as well as the microbial pathogens St. aureus (MTCC 96) and Se. marcescens (MTCC4822). Thus, the D. indica leaf-extract-mediated selenium nanoparticles amplify the remedial source against the pathogenic microbes and vector mosquitoes that claim many human lives every year. The proposal maintains a green protocol, as the synthesized nanoparticles are nontoxic to both the environment and non-target organisms. Future studies are needed to reveal the mechanism underlying mosquitocidal and antibacterial activities.
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Figure 1. (A) Ultraviolet-visible spectra recorded, (B) XRD recorded and (C) FT-IR recorded of selenium nanoparticles synthesized using D. indica leaf broth. 
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Figure 2. SEM images of selenium nanoparticles synthesized using D. indica plant broth. (A) 1 µm view, (B) 2 µm view. 






Figure 2. SEM images of selenium nanoparticles synthesized using D. indica plant broth. (A) 1 µm view, (B) 2 µm view.



[image: Coatings 10 00626 g002]







[image: Coatings 10 00626 g003 550] 





Figure 3. Dynamic light scattering (DLS) size distribution (A) and zeta potential analysis (B) of selenium nanoparticles synthesized using D. indica. 
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Figure 4. Antibacterial activity of selenium nanoparticles synthesized using D. indica on St. aureus (MTCC96). 
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Figure 5. Antibacterial activity of selenium nanoparticles synthesized using D. indica on Se. marcescens (MTCC4822). 
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Figure 6. Longitudinal sections in the posterior region of the midgut of an A. aegypti 4th instar larvae, magnification: 10×. (A) control; (B) a larva under treatment with 10 ppm selenium nanoparticles; (C) a larva under treatment with 50 ppm selenium nanoparticles; (D) a larva under treatment with 100 ppm selenium nanoparticles. The arrow indicates the disordered and broken epithelial cell layer, complete breakup of mid-gut and caeca and collapsed larval structure, respectively. Mu: muscles; FB: food bolus; CL: cell lysis; PMD: peritrophic membrane damage; FBD: food bolus damage; ECD: epithelial cells damage; CS: separated cells. 
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Figure 7. Longitudinal sections in the posterior region of the midgut of C. quinquefasciatus 4th instar larvae, magnification: 10×. (A) control; (B) a larva under treatment with 10 ppm zinc oxide nanoparticles; (C) a larva under treatment with 50 ppm selenium nanoparticles; (D) a larva under treatment with 100 ppm selenium nanoparticles. EC: epithelial cells; BM: basement membrane; PM: peritrophic membrane FB: food bolus; PMD: peritrophic membrane damage; FBD: food bolus damage; ECR: epithelial cells ruptured; ECD: epithelial cells damage. 






Figure 7. Longitudinal sections in the posterior region of the midgut of C. quinquefasciatus 4th instar larvae, magnification: 10×. (A) control; (B) a larva under treatment with 10 ppm zinc oxide nanoparticles; (C) a larva under treatment with 50 ppm selenium nanoparticles; (D) a larva under treatment with 100 ppm selenium nanoparticles. EC: epithelial cells; BM: basement membrane; PM: peritrophic membrane FB: food bolus; PMD: peritrophic membrane damage; FBD: food bolus damage; ECR: epithelial cells ruptured; ECD: epithelial cells damage.



[image: Coatings 10 00626 g007]







[image: Table] 





Table 1. Effect of selenium nanoparticles on developmental stages of A. aegypti at 48 h exposure.
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S. No.

	
Larval Stages

	
Larvae

Introduced

	
Mortality/Concentration (mg/L)

	
LC50

	
LC90

	
X2




	
Control

	
10 ppm/uL

	
50 ppm/uL

	
100 ppm/uL






	
1.

	
I instar

	
100

	
0 ± 0

	
76.00 ± 2.30

	
80.00 ± 0.00

	
90.00 ± 0.00

	
0.39

	
199.58

	
1.98 *




	
2.

	
II instar

	
100

	
0 ± 0

	
62.66 ± 14.42

	
78.66 ± 2.30

	
80.00 ± 2.30

	
2.42

	
507.17

	
0.38 *




	
3.

	
III instar

	
100

	
0 ± 0

	
53.33 ± 6.11

	
70.66 ± 2.30

	
77.33 ± 2.30

	
7.50

	
637.08

	
0.10 *




	
4.

	
IV instar

	
100

	
0 ± 0

	
44.00 ± 4.00

	
58.66 ± 2.30

	
68.00 ± 4.00

	
18.63

	
2517.46

	
0.15 *




	
5.

	
Pupa

	
100

	
0 ± 0

	
40.00 ± 4.00

	
52.00 ± 4.00

	
62.66 ± 2.30

	
31.25

	
6644.22

	
0.39 *








* Significant at p = 0.005 (heterogeneity factor used in calculation of confidence limits).
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Table 2. Effect of selenium nanoparticles on developmental stages of C. quinquefasciatus at 48 h exposure.






Table 2. Effect of selenium nanoparticles on developmental stages of C. quinquefasciatus at 48 h exposure.





	
S. No.

	
Larval Stages

	
Larvae

Introduced

	
Mortality/Concentration (Mg/L)

	
LC50

	
LC90

	
X2




	
Control

	
10 ppm/uL

	
50 ppm/uL

	
100 ppm/uL






	
1.

	
I instar

	
100

	
0 ± 0

	
89.33 ± 2.30

	
97.33 ± 2.30

	
100.00 ± 0.00

	
1.11

	
11.09

	
1.19 *




	
2.

	
II instar

	
100

	
0 ± 0

	
80.00 ± 0.00

	
93.33 ± 2.30

	
100.00 ± 0.00

	
2.50

	
22.64

	
3.40 *




	
3.

	
III instar

	
100

	
0 ± 0

	
73.33 ± 2.30

	
82.66 ± 2.30

	
100.00 ± 0.00

	
2.87

	
46.82

	
12.87 *




	
4.

	
IV instar

	
100

	
0 ± 0

	
74.66 ± 2.30

	
88.00 ± 4.00

	
98.66 ± 2.30

	
3.25

	
38.21

	
4.27 *




	
5.

	
Pupa

	
100

	
0 ± 0

	
46.66 ± 2.30

	
62.66 ± 2.30

	
89.33 ± 2.30

	
14.09

	
203.26

	
8.76 *








* Significant at p = 0.005 (heterogeneity factor used in calculation of confidence limits).
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