Biological Trace Element Research (2022) 200:2948-2962
https://doi.org/10.1007/512011-021-02868-y

=

Check for
updates

Green Synthesis of Selenium Nanoparticles Mediated by Nilgirianthus
ciliates Leaf Extracts for Antimicrobial Activity on Foodborne
Pathogenic Microbes and Pesticidal Activity Against Aedes aegypti
with Molecular Docking

Krishnan Meenambigai' - Ranganathan Kokila' - Kandasamy Chandhirasekar' - Ayyavu Thendralmanikandan’ -
Durairaj Kaliannan? - Kalibulla Syed Ibrahim? - Shobana Kumar* - Wenchao Liu® -

Balamuralikrishnan Balasubramanian®

- Arjunan Nareshkumar'

Received: 26 May 2021/ Accepted: 3 August 2021 / Published online: 24 August 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

The present study deals with the synthesis of selenium nanoparticles (SeNPs) using Nilgirianthus ciliatus leaf extracts,
characterized by UV-Vis spectrophotometer, XRD, FTIR, FE-SEM, HR-TEM, DL.S, and zeta potential analysis. The antimi-
crobial activity against Staphylococcus aureus (MTCC96), Escherichia coli (MTCC443), and Salmonella typhi (MTCC98)
showed the remarkable inhibitory effect at 25 ul/mL concentration level. Furthermore, the characterized SeNPs showed a
great insecticidal activity against Aedes aegypti in the early larval stages with the median Lethal Concentration (LCs;) of
0.92 mg/L. Histopathological observations of the SeNPs treated midgut and caeca regions of Ae. aegypti 4th instar larvae
showed damaged epithelial layer and fragmented peritrophic membrane. In order to provide a mechanistic approach for
further studies, molecular docking studies using Auto Dock Vina were performed with compounds of N. ciliatus within the
active site of AeSCP2. Overall, the N. ciliates leaf-mediated biogenic SeNPs was promisingly evidenced to have potential
larvicidal and food pathogenic bactericidal activity in an eco-friendly approach.
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quarter Homo sapiens. They carry various pathogens that
caused diseases like dengue, chikungunya, yellow fever,
West Nile fever, malaria, and filariasis worldwide [1-4].
Globally, 0.5 million people are infected, and 3.9 billion
people are at risk of malarial dengue infection in around 128
countries [5, 6]. Aedes aegypti is the main vector of dengue
and container-inhabiting species, where the immature do
thrive in human-made habitats even with minimum avail-
able nutrients [7, 8]. The adult females of this species mostly
depend on human beings for their food. The vector mosquito
carries the pathogen in its saliva and transmits them during
injection of its mouthparts for a blood meal [9, 10]. The
lack of efficient drugs in eliminating the dengue virus and
its capability to flourish during favorable conditions have
provoked the researcher for alternative disease manage-
ment programs, especially the vector control programs [11].
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Chemical control of the vector mosquitoes has become less
effective due to the development of resistance in the vec-
tor populations and the synthetic chemicals also has severe
effects on non-target organisms including human being [12].
The utilization of synthetic insecticides also leads to adverse
environmental effects, including climate change and global
warming [13]. Various nanoparticles such as gold, silver,
titanium, and selenium were used extensively in mosquito
control programs [14—16]. Cholesterol is vital for insects’
growth and development and even to reproduce, but they
cannot synthesize cholesterol de novo [17, 18]. A nonspe-
cific intracellular lipid carrier Sterol Carrier Protein-2 (SCP-
2) was expressed throughout the animal kingdom, including
mosquitoes [19]. The Ae. aegypti SCP-2 (AeSCP2) has been
reported to play a crucial role in cholesterol and fatty acid
uptake in the midgut in both larval and adult mosquitoes
[20]. Few studies have targeted that the AeSCP2 for develop-
ing new insecticides that prevent cholesterol biosynthesis in
Ae. aegypti [21, 22]. Hence, the present study aims to target
the cholesterol transport pathway associated with AeSCP2,
which could be an alternative target for developing specific
mosquitocidal agents. Hence, vector control by novel envi-
ronment-friendly techniques and pesticides of natural origin
are highly focused and given much attention at present.
Pathogenic foodborne microbes such as Staphylococcus
aureus, Escherichia coli, and Salmonella typhi account for
more than 50% of infectious diseases and are a primary
causative agent in deadly human diseases that affect mil-
lions of people annually [23, 24]. Bacterial pathogens lead
among the microbial pathogens in causing infection lead-
ing to death, disability, and socioeconomic burden [25].
Foodborne diseases are one of the fundamental health
problems around the world population. Developed and
developing countries are highly prone to these foodborne
diseases affecting around 30% of the world population
every year [26]. The primary source for these disease-
causing pathogens is food-processing contaminants, pack-
ages, and storage in restaurants, supermarkets, or homes
lacking proper food handling techniques [27, 28]. The
pathogens that invade the food were opportunistic, estab-
lishing their colony leading to food spoilage and food poi-
soning. Though there was a dramatic development in the
medical and pharmacological fields in recent years, the
foodborne diseases mediated by few species such as S.
aureus and S. typhi could lead to death [29]. These path-
ogens causing foodborne infections could lead to infer-
tility in women, urinary tract infections, bone and joint
infections, skin problems, and many other diseases [30].
The emergence of multi-drug resistant bacteria is one of
the major causes of an increasing number of deaths [31].
Hence, the formulation of novel, effective, eco-friendly
drugs is the most need of the hour. The advancement of
green nanotechnology will attribute the solution for vector

as well as the bacteria controlling policy. Nanoparticles
have added significant interest to researchers in recent
decades due to their exclusive structural, electronic, opti-
cal, and magnetic properties, which have a wide range of
applications, including medicine and biology [2, 32].

Selenium is an essential trace element with fundamental
roles in human health and the deficiency leads to diseases
[33]. Selenium nanoparticles (SeNPs) are biologically
more active than the organic and inorganic selenium. It
has relatively larger applications, including medicine and
health care products [34]. The SeNPs can be biologically
synthesized by using extracts of plant parts. The active
principles of plant compounds act as eco-friendly reduc-
ing and capping agents as well [35]. Researchers were still
using many plants for the synthesis of SeNPs [36-38].
The N. ciliatus (Nees) Bremek (Syn. Strobilanthes cili-
atus Nees) is a slender, aromatic shrub of the Acanthaceae
family used extensively in Ayurveda [39]. The significance
of this plant was that all parts were medicinally important
[40]. Researchers confirmed that the presence of alkaloids,
flavonoids, saponins, proteins, tannins, lupeol, betulin,
stigmasterol, and stigmasterol glucopyranoside could
reduce selenium ions for the formation of SeNPs as well
as cap the nanoparticles avoiding further agglomeration
[41, 42].

Therefore, the focal aim of this present investigation was
to utilize N. ciliatus leaves for SeNP synthesis and analyzed
for their potential properties of antibacterial and insecticidal
activities. The antibacterial activity was analyzed against
foodborne pathogens such as S. aureus (MTCC 96), E. coli
(MTCC 443), and S. typhi (MTCC 98). The insecticidal
activity and toxicity bioassay were analyzed against the
dengue vector, Ae. aegypti with computational perspectives
of layer-specific study, and fascinatingly, the vectors are
directly collected from the field. Additionally, histopatho-
logical observations on the mosquito immature are also
performed to explore the mode of action of the biologically
synthesized SeNPs at the cellular level.

Materials and Methods
Preparation of N. ciliates Aqueous Extract

The N. ciliates (PU-ZOO-MP06-2015) leaves were collected
from Siddha Garden, Mettur, Salem, Tamil Nadu, India. The
freshly collected leaves were washed by water, allowed to be
dried at room temperature (30+2 °C) and followed by grind-
ing into a fine powder using an electric blender. About 5 g of
the leaf powder were mixed with 100 mL of sterile distilled
water and boiled at 110°C for 10 min in a 250-mL Erlen-
meyer flask. The solution was filtered through Whatman
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filter No. 1 filter paper, and finally, the filtrate was stored at
4°C for further analysis and used within a week.

Biosynthesis of SeNPs

Selenious acid (30 mM) used as a precursor was mixed with
10 mL of the leaf extract. To this mixture, 40 mL of ascor-
bic acid (40 mM) was additionally added as reduction per-
sistence. This blended mixture was then incubated at room
temperature (30 +2°C) for 24 h. Later, the mixture color
changed, and then the mixture was centrifuged at 9660 g for
30 min [43]. The collected pellets were subjected to wash-
ing by re-suspension in de-ionized water followed by cen-
trifugation at 9660 g for 10 min to remove possible organic
contamination present in nanoparticles. Finally, the pellet
was freeze-dried into its powder form using a lyophilizer.

Characterization of the SeNPs

The synthesized SeNPs were characterized by UV—Visible
spectroscopy (Shimadzu-1800, China). The phase forma-
tion and crystalline nature of the SeNPs were examined by
a Rigaku X-ray diffractometer (XRD) at a voltage of 45 kV
with Cu-Ka radiation (K=1.5406 A). Functional groups
were analyzed by a Fourier transform infrared spectrom-
eter (FT-IR) (Perkin Elmer Spectrum 100 FT-IR Spectrom-
eter). The IR (infrared) spectrum was recorded in the mid-
dle region wavelength of 4000-400 cm™! at a resolution of
4.0 cm™!. A suspension on a Zeta sizer Nano ZS particle
analyzer (Malvern) was used to measure the surface charge
on the SeNPs. The surface shape and particle elemental anal-
ysis were studied using FE-SEM (field emission scanning
electron microscope) and HR-TEM (high-resolution trans-
mission electron microscope; Tecnai TM G2 F30) analysis.
The DLS (dynamic light scattering) and zeta potential (ZP)
analyzer (Malvern Zeta sizer Nano-ZS590, UK) were utilized
for measuring the size dimension and surface charge of the
synthesized SeNPs.

Mosquito Collection and Culture

Mosquito eggs were collected from stagnant water from
a local residential area in Salem, Tamil Nadu, India. The
collected eggs were taken to the laboratory and transferred
to enamel trays (18 cm L X 13 cm W X4 cm D) contain-
ing 500 mL of water where they were allowed to hatch.
The emerged healthy larvae were reared at 29 +2°C and
75-85% RH in a 14:10 (L:D) photoperiod fed with a mixture
of ground dog biscuits and brewer’s yeast at 3:1 ratio. Feed-
ing was stopped when they were grown entirely to pupae,
transferred to plastic containers with 500 mL of water for
emergence. The container was placed inside a screened cage
(90 cm L X 90 cm HX 90 W) to retain emerging adults, for
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which 10% sucrose in water solution (v/v) was available
ad libitum. On day five post-emergence, the adult mosqui-
toes were provided access to an albino mouse for blood
feeding. Glass Petri dishes lined with filter paper containing
50 mL of water were subsequently placed inside the cage for
female oviposition mosquitoes.

Molecular Identification

The eggs (FO) were cultured in the laboratory, and the F1
adults obtained from the eggs were used for identification
through conventional taxonomy and for developing the
DNA barcodes. DNA isolation, polymerase chain reac-
tion (PCR), and cloning were performed [44]. The whole
body of a dewinged adult mosquito was homogenized in
warm CTAB buffer (Tris 100 mM, EDTA 20 mM, NaCl
1.4 M, CTAB 2%, p-mercaptoethanol 0.2%) and placed
in a water bath at 65°C for 1 h. This sample was centri-
fuged at 9660 g for 10 min at 4°C. The supernatant was
discarded and added 24:1 volume of chloroform:isoamyl
alcohol mixture. Then, the mixture was shaken vigorously
followed by centrifugation at 9660 g for 10 min at 4°C. The
supernatant was pipetted out and added 0.7 pL of ice-cold
isopropanol followed by brief centrifugation. Finally, the
DNA pellets settled at the bottom of the Eppendorf tube,
and the pellets were washed with 70% ethanol to remove
salts. The dried DNA pellet was dissolved in 30-50 pL of
sterile RNAse-free distilled water, and finally, the extrac-
tion of RNA-free DNA was stored at —80°C until analysis.
The universal primers, LCO1490 (5'-GGTCAACAAATC
ATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCA
GGGTGACCAAAAAATCA-3'), were used to amplify the
isolated DNA [45]. The amplified PCR product was cloned
and used for sequencing. The sequence was submitted to the
NCBI sequence database for homology search in GenBank.

Larval Toxicity Assay

Mosquito larvae of F3 laboratory colonies were used for
bioassay. Four developmental stages (1st, 2nd, 3rd, and 4th
instars) of F3 laboratory-cultured Ae. aegypti were treated
with three different concentrations (1, 20, and 50 ppm) of
biogenic SeNPs, and one sets treated with distilled water
without any nanoparticle served as control. Twenty-five
actively swimming Ae. aegypti immatures of all the above
said developmental stages were sieved out from the rear-
ing trays to 250 mL capacity experimental plastic contain-
ers containing 100 mL sterile distilled water with selected
concentrations of SeNPs and untreated control setup in five
replicates [46]. The larvae were fed ad libitum of fine-pow-
dered liver and glucose at a ratio of 3:2 (wt) as an enhanced
method of [47] and as described by [48]. The larval mor-
tality was assessed after 24, and 48-h exposure to SeNPs
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of known concentrations by probing the larvae with needle
and moribund larvae were counted as dead [49]. The control
mortalities were corrected by using [50]:

Corrected mortality = A-B / c * 100

Percentage mortality = X / y * 100

where A—observed mortality in treatment, B—observed
mortality in control, C—control mortality, X—number of
dead larvae, and Y—number of larvae introduced.

Histopathological Analysis

Larval tissues from control and treated fourth instar Ae.
aegypti were dehydrated, fixed in 10% buffered formal-
dehyde for 24 h, mounted in paraffin blocks and sectioned
(8 um thickness) using a rotary microtome. The fine sections
removed without damages were mounted on glass slides and
stained with hematoxylin and eosin (HE stain) with melted
paraffin for histopathological observation in a bright field
light microscope (Model Magnus MLX-B) connected to a
computer, and midgut cells of larvae were photographed.
The accumulation of tissue damages was observed under a
stereomicroscope (Nikon SMZ 1000) and compared with
control [51, 52].

Bacterial Inhibition Assay

The growth inhibitory effect of the biogenic SeNPs was
evaluated on the bacterial species by the standard disc dif-
fusion method [53]. The pathogenic food bacteria, S. aureus
(MTCC 96), E. coli MTCC 443), and S. typhi (MTCC 98),
were procured from Microbial Type Culture Collection and
Gene Bank (MTCC), CSIR-Institute of Microbial Technol-
ogy, Sector 39-A, Chandigarh-160036, India. They were
cultured using Agar—agar type I (AA) and Nutrient Broth
(NB). Discs of filter paper (6 mm) were soaked with differ-
ent concentrations (from 25 to 100pL) of SeNPs. The SeNP-
impregnated filter paper discs were placed on the bacterial
culture plates incubated overnight at 37°C. The diameters of
the zones of inhibition (mm) around each filter paper disc
were then recorded. The experiments were set up in three
replicates.

Molecular Docking Studies

Molecular docking was performed using AutoDock Vina
[54] software with AeSCP2 active site due to their in vitro
mosquitocidal potencies. Three-dimensional structures
of the ligands were downloaded from PubChem [55], and

where structures were not available for download, they were
sketched, and energy minimized using mmff94 [56] force
field. The X-ray crystallographic structure of the AeSCP2
(PDB code: 1PZ4) [57] was retrieved from the Protein Data
Bank (PDB) server (www.rcsb.org). Target and ligand prepa-
rations were performed with PyRx software, and docking
was performed using the Lamarckian Genetic Algorithm
(LGA) method. The active site on the protein target was
defined by establishing a grid box with the dimensions of
X 25.00, Y 20.15, and Z 20.86 A, with a grid spacing of
0.375 A, centered on X 24.53,Y 31.15, and Z: 55.0 A. After
completing docking, the best conformation with the lowest
docked energy was chosen, and the best pose was saved.
For each ligand, ten runs were performed with AutoDock
Vina. The interactions of protein—-ligand conformations and
hydrogen bonds were analyzed using Discovery Studio (Das-
sault Systemes BIOVIA, Discovery Studio Modeling Envi-
ronment, Release 2021, San Diego) and PyMol (PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrodinger,
LLC).

Statistical Analysis

Probit analysis was used to evaluate the median lethal con-
centration (LCs) and the respective 95% fiducial limits for
each developmental stage of immature Ae. aegypti. Mortal-
ity data subjected to immature developmental stages were
analyzed using analysis of variance (ANOVA) methods,
where the 1st, 2nd, 3rd, and 4th instars larvae were depend-
ent variables, and the concentrations used were independent
variables. The levels of significance used in all tests were
5%. Tukey’s honestly significant difference test assessed the
statistical significance of mean differences. Analyses were
made using SPSS Software version 16.0.

Results

The F1 adults who emerged from the field-collected eggs
grown in the laboratory were used for DNA barcoding.
The sequence of the COI gene was searched against the
BLAST NR database, which showed 100% similarity and
the specimen was confirmed as Ae. aegypti. The sequence
was submitted in the NCBI gene bank under the accession
number (MK882598). The voucher specimen (PU-ZOO-
MENT-023-2017) is preserved at the Department of Zool-
ogy, Periyar University, India. The SeNPs, synthesized by
N. ciliatus leaf extracts, were preliminarily observed by
changing color from orange to red. During the incubation
of the blend made up precursor with reduction chemicals,
ruby-red appearance was considered a preliminary naked
eye technique showing the presence of SeNPs [58]. The
ruby-red blend solution was examined under UV-Vis
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Fig.1 A UV-Vis spectra and (A) 2280 .

B XRD analysis of SeNPs
synthesized using N. ciliates 2000
leaf extract

1500

Abs

1,000

0500

0.000

350 B

@11

300
2504

f 200

110)

150+

Intensity (a.u)

1004

50+

200.00 300.00

absorption spectroscopy to confirm the absorption band for
the formation of SeNPs. The resulting SPR (surface plasmon
resonance) band recorded at 265 nm (Fig. 1) confirmed the
presence of SeNPs. The ruby-red pellet was freeze-dried
to powder form, and it is subjected to XRD analysis. The
diffraction of X-rays analysis traveling through the pow-
der from SeNPs mediated by N. ciliatus leaf extract was
recorded peaks at 32.00°, 41.4°, 68.4°, 62.74°, 61.40°, and
78.05° 26 corresponding to the facets (110), (211), (310),
(002), (320), (202), (411), (312), and (213), signifying the
crystalline phase structure of the SeNPs (Fig. 1B). Hence,
the XRD pattern has confirmed that the SeNPs formed as a
nanocrystalline structure, matching very well with the Joint
Committee on Power Diffraction Standard (JCPDS card No.
06-0362) values of selenium powder.

The FT-IR spectra of the SeNPs were analyzed to identify
the possible bio-functional molecules responsible for reduc-
ing selenious acid to SeNPs and capping the bio-reduced
SeNPs. The FT-IR spectrum has recorded major peaks
positioned at 3417.31, 2923.13, 2854.19, 2096.12, 1714.09,
1621.05, 1384.64, 1023.26, 668.74, and 468.97 cm™'
(Fig. 2).

Moreover, the peaks at 3417.31 cm™! and 1621.05 cm™!
assigned for O—H group vibrations of dextran and the C—H
stretches in alkanes appear at 2923.13 cm™'. The peak at
2854.19 cm™! appears for C—H stretching vibration. The
peaks observed at about 2096.12 cm™' are due to alkene
and aromatic = C—H stretching frequency and 1384.64 cm™!
(C-H asymmetric bending in CH, and CH; groups). The
peak at around 1714.09 cm™' was attributed to the carboxyl
groups. The large and intense band at 1023.26 cm™! rep-
resents the superposition of in-plane C-H bending and the
characteristic Se-O stretching vibration. Additional bending
vibrations of the Se-O bond are emphasized at 668.74 and
468.97 cm™!. From the FT-IR, it could be inferred that the
flavonoid, alkaloids, and steroids from leaves served as a
potent capping agent on the nanoparticles.
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The FE-SEM and HR-TEM images have shown the shape
(Fig. 3) of bio-synthesized SeNPs. The morphology of bio-
synthesized SeNPs analysis under FE-SEM has revealed
an oval shape with agglomeration (Fig. 3A). The HR-TEM
image also shows a smooth surface with small agglomera-
tion in two different magnifications (Fig. 3B, C). These
images preliminarily represented a particle size of approxi-
mately more than 500 nm.

The DLS technique was used to determine the size dis-
tribution of biologically synthesized SeNPs (Fig. 4A). The
monochromatic laser diffraction collected by the photo-
multiplier has recorded the red color of the Se colloids. It
implied that selenium is either amorphous or monotonic
since trigonal selenium ranges from 100 to 1000 nm with a
Z-average value of 547.2 nm. Moreover, the distribution of
particle size was narrow due to selecting appropriate con-
centrations of precursors and exposure times using repeated
trials. The Zeta sizer’s report on the zeta potential of the
biologically synthesized SeNPs revealed the stability of the
metal nanoparticles in the aqueous medium (Fig. 4B). The
zeta potential of the SeNPs mediated through N. ciliates
leaf extract was —9.16 mV and confirms the strong repul-
sion among the particles and thereby increases the stability
of the nanoparticles.

The selected developmental stages of Ae. aegypti (I,
IL, II1, and IV instar) could not withstand the toxicity of
biologically synthesized SeNPs even at low dosage. The
SeNPs at 50 pg/mL could kill more than 70% of mosqui-
toes’ very early developmental stage at 24 h. The LCj, for
1st to 4th developmental instars were 3.71, 14.39, 52.14,
and 203.92 pg/mL respectively at 24-h treatment (Table 1).
The acquired chi-square values (2.47, 0.624, 0.605, and
0.813 for I, II, 111, and IV instars, respectively) prove that
the observed mortality is on par with the expected mortal-
ity. The mortality rate of Ae. aegypti was increased at 48 h
of treatment with SeNPs at 1, 20, and 50 pg/mL concen-
trations (Table 1). About 84% mortality was observed in
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Fig.2 FT-IR analysis of SeNPs mediated by N. ciliates leaf extract

the early developmental stages at treatment with 50 pg/
mL concentration. Median lethal concentrations were
reduced to 0.916, 2.97, 13.60, and 86.22 ug/mL for 1st to
4th instars respectively at 48-h treatments. The antibacte-
rial activity of SeNPs mediated by N. ciliates leaf extract
was investigated against the foodborne pathogen, S. aureus
(MTCC 96), E. coli MTCC 443), and S. typhi (MTCC
98) by disc diffusion method and quantitatively assessed
based on the zone of inhibition, when treated with 25, 50,
75, and 100 pg/mL concentrations, respectively (Fig. 5).
The exemplary cross-sections of SeNPs treated 4th
instar Ae. aegypti larva were stained and observed under
a light microscope for visualizing the cellular level dam-
age caused by the SeNPs to the insect. The histology of
Ae. aegypti tissues clearly shows noticeable changes and
damages in treated larva compared with the control larva
without any damage (Fig. 6A). The larva treated with
1 ppm SeNPs showed microscopically visible damages,
including cell lysis, damages in peritrophic membrane, and
early stages of epithelial cell rupture (Fig. 6B). The larva
treated with 20 ppm SeNPs has shown apparent ruptures
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in epithelial cells and separated cells (Fig. 6C). The larva
treated with 50 ppm SeNPs (Fig. 6D) shows completely
disordered and broken epithelial cells, completely broken
midgut, caeca, and collapsed larva.

Molecular docking studies were carried to understand the
interaction between protein structures and bioactive com-
pounds. The uptake of cholesterol can be reduced by inhib-
iting AeSCP2 and, in turn, can lead to death in both larval
and adult mosquitoes. Hence, for this reason, we intended
to target the AeSCP2. For this purpose, potent phytochemi-
cal constituents listed in Table 2 that could contribute to the
plant’s medicinal properties were collected through a litera-
ture survey [59] and docked using AutoDock Vina software
with AeSCP2 active site.

The phytoconstituents of N. ciliates used for the dock-
ing study are given in Table 2. Compound B-tocopherol
showed the highest affinity with a docking score of —9.3,
followed by phytol, 9,12,15-octadecatrienoic acid, methyl
ester, and 2-n-heptylcyclopentanone with a docking score
of —8.0,—7.9, and —7.2, respectively. The control inhibi-
tor palmitic acid displayed an affinity with a docking score

@ Springer



2954

K. Meenambigai et al.

Fig.3 A FE-SEM image (1 um
magnification), and HR-TEM
B, C images (1 um and 500 nm
magnification) of SeNPs syn-
thesized using N. ciliates leaf
extract

of —6.9. Two other compounds showed a similar docking
score to control (—6.9) (Table 3). The docked poses of the
top three compounds and the control compounds in the tar-
get active site are presented in Fig. 7. The hydrogen bond
and pi-pi interactions between the compounds and the target
are presented in Fig. 7. The results showed that the com-
pounds had established interactions through hydrogen and
pi-pi with the active site residues. The control established
a hydrogen bond with the Val26, which could be observed
in compounds phytol and 9,12,15-octadecatrienoic acid,
methyl ester. Besides establishing conventional interac-
tions, B-tocopherol was found to establish pi-sulfur with the
Met71.

Discussion

Mosquitoes control practices are strengthened globally, but
there are few challenges, including increasing resistance to
insecticides, environmental toxicity, and effects on non-tar-
get organisms [60]. Similarly, the control of microbial patho-
gens is challenging due to the development of resistance
[61]. Biogenic nanoparticles are capable of overcoming the
challenges and acting more effectively on target species. The
biogenic nanoparticles prepared in this investigation show

@ Springer

that UV-visible spectral peaks at 265 nm confirm the forma-
tion of SeNPs. The UV spectral formation is due to the SPR
vibration of SeNPs [62, 63]. A previous study on SeNPs has
observed UV-visible spectral peak at 260 nm and reported
that it is due to the SPR of the SeNPs [64]. Similarly, the
UV-visible absorption spectra of SeNPs were recorded at
261 nm when synthesized using Diospyros montana leaf
extract [65] and at 270 nm when synthesized using Emblica
officinalis fruit extract [66]. Further examination has con-
firmed that the synthesized particles are highly stable, oval
SeNP size around 550 nm.

The phytochemicals coated on the surface of the SeNPs
are determined using FT-IR by measuring the stretching of
bonds within a molecule [67]. The FT-IR spectra of ear-
lier studies on the biogenic synthesis of SeNPs using plant
extracts were in concordance with the present study by
showing the presence of major and minor peaks assigned to
various molecules [68]. An earlier study on the biogenic syn-
thesis of SeNPs using the leaf extract of Aloe vera showed
that the major and minor peaks were corresponding to the
vibrations of molecular bonds that were partially similar to
that of the present study [69].

The XRD peaks observed at higher diffraction angles
were corresponding to the crystalline planes of SeNPs. Ear-
lier reports on SeNPs synthesized by using the extracts of
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Table 1 The larvicidal effect of
SeNPs on different larval stages
of Ae. aegypti at 24- and 48-h

observation

10 100 1000 10000
Size (d.nm)
Zota Polential Distibution
100 0 100 200
Zota Potential (mV)
Larval stages  Larvae Mortality/concentration (ug/mL) LCy, X2
introduced
Control 1 pg/mL 20 pg/mL 50 pg/mL
24-h exposure, (%) +SD
I instar 100 0+0 40.009+4.00 58.66°+6.11  76.00%+4.00 371 247
11 instar 100 0+0 32.00°4+4.00 4933%+6.11 61.33°+6.11 1439 0.62
III instar 100 + 24.00°+4.00 40.00°+4.00 52.00°+4.00  52.14 0.60
IV instar 100 0+0 12.00°+4.00 26.66°+6.11  40.00°+4.00 203.92 0.81
48-h exposure, (%) +SD
I instar 100 + 52.004+4.00 69.339+6.11  84.00%+4.00 0.916 2.30
11 instar 100 0+0 44.00°+4.00 57.33°+6.11  72.00°+4.00 297 1.88
I instar 100 + 33334611  48.00°+4.00 62.66°+832  13.60 147
IV instar 100 0+0 20.00°+4.00 36.00°+4.00  48.00°+4.00  86.22 0.56

Values are mean =+ SD of three replicates
SD standard deviation, y? chi-square test
p <0.05, level of significance
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Theobroma cacao bean shell [70], Cassia auriculata leaf
[71], and Spermacoce hispida aqueous leaf [72] showed sim-
ilar diffraction peaks corresponding to the crystalline planes
of SeNPs. The FE-SEM, HR-TEM images, and DLS report
confirmed that the SeNPs synthesized using N. ciliatus are
spherical-shaped polydispersed particles in a nanoscale
ranging between 100 and 1000 nm. Previous studies on the
biosynthesis of SeNPs reported that spherical, polydisperse
nanoparticles [73, 74] support the present study.

The antiviral and antioxidant activities of SeNPs were
reported earlier, and their lower toxicity to non-target organ-
isms has made them one among the medically essential
compounds [75, 76]. The mosquitocidal and antibacterial
activities were added to the list based on the outcomes of the
present study. The toxicity of SeNPs on mosquitoes may be
due to ease penetration of the SeNPs into the cells and inter-
action with the cellular component, leading to the rupture
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Table 2_ .The phytoconstitu@nts SI. No Name of the compound Molecular formula

of N. ciliates used for docking

study 1 3-Octyne,2,2,7-trimethyl C11H20
2 Phytol C20H400
3 Dibutyl phthalate C16H2204
4 (R)-(-)-(Z)-14-Methyl-8-hexadecen-1-ol C17H340
5 Hexadecanoic acid, ethyl ester C18H3602
6 1-Dodecanol,3,7,11-trimethyl- CI15H320
7 2-n-Heptylcyclopentanone C12H220
8 9,12,15-Octadecatrienoic acid, methyl ester C19H3202
9 2-Propenoic acid, 2-(dimethylamino)ethyl ester C7H13NO2
10 Squalene C30H50
11 B-Tocopherol C28H4802
12 Vitamin E C29H5002
13 Campesterol C28H480
14 Stigmasterol C29H480
15 B-Amyrin C30H500

of the tissues and cellular components, as shown in the his-
topathological analysis (Fig. 6). The exact complex interac-
tions of SeNPs on the molecular components are yet to be
delineated. The preparation of nanoparticles with bioactive
principles increases its toxicity on mosquitoes [77]. The
biologically active SeNPs are capable of denaturing sulfur-
containing proteins or phosphorous-containing compounds
like DNA. Thus, it reduces the cellular membrane perme-
ability and reduces ATP synthesis, which finally causes the
loss of cellular function and cell death [78].

In the present study, the immature developmental stages
of Ae. aegypti were susceptible to SeNPs at very low dosage,
providing a median lethal concentration of 86.22 pg/mL for
the fourth instar larvae. An earlier study on SeNPs shows
that the larvicidal activity on Ae. aegypti with a median
lethal concentration of 104.13 mg/L for the fourth instar
larvae [79] was far behind the toxicity level with the present
study. This may be due to the way of preparation providing
us with a more stable and active nanoparticle. The method
of preparation and plant material used as reducing and
capping agents could also change the toxicity level of the

Table3 The binding energy of phytoconstituents from N. ciliates
showing above the control compound

Ligand Binding energy
-Tocopherol -93

Phytol -8
9,12,15-Octadecatrienoic acid, methyl ester -7.9
2-n-Heptylcyclopentanone -7.2
1-Dodecanol,3,7,11-trimethyl- -6.9
(R)-(-)-(Z)-14-Methyl-8-hexadecen-1-ol -6.9

Palimitic acid (control) -6.9

nanoparticles synthesized using them. Size and shape play a
significant role in the toxicity behavior of nanomaterial [80].

As conventional mosquito control was carried out using
insecticides of chemical origin, contaminating the environ-
ment was inevitable. This requires alternate eco-friendly
approaches for controlling the vector mosquitoes at the lar-
val stage. During cholesterol conversion/uptake carried out
in Ae. aegypti in the presence of the carrier protein AeSCP-
2, search for AeSCP-2-specific inhibitors from natural ori-
gin seems essential. The SCP-2 contains a sterol-binding
domain (SCP-2 domain). Though found in vertebrates, the
mosquito AeSCP-2 seems unique due to its non-peroxisomal
and low-molecular-weight protein characters in the SCP-2
gene family [81, 82]. The homolog of AeSCP-2 is found in
the genome of Anopheles gambiae, having > 85% similar-
ity [83, 84], which indicates a highly conserved nature of
mosquito SCP-2 proteins between the two species. As phyto-
chemical constituents from N. ciliatus show comparable and
better interactions of palmitic acid, these could be exploited
as alternative pesticides for targeting Ae. aegypti.

The antimicrobial activity of SeNPs was confirmed in
previous work done by [85]. In this study, SeNPs devel-
oped inhibitory zones and proved their capability to kill
bacterial cells at 25 pg/mL concentration. Similar results
on SeNPs posing bacterial inhibition at a low concentra-
tion ranging close to 25 pg/mL was reported by preceding
researchers [86, 87]. Effective toxicity of the SeNPs may be
due to the energy less penetration of the particles into the
S. aureus bacteria by chemisorption, where the lipoproteins
involved are of the diacyl and triacyl forms [88]. A recent
study reported that the nanoparticles are excellent barri-
ers preventing the entry of foodborne pathogens for a long
time when incorporated with the food processing and food
package materials [89]. The foodborne pathogens exhibit
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their exacerbating activity by the formation of biofilm. The
SeNPs are an excellent anti-biofilm agent that suppresses
the severity of the infection of a foodborne pathogen [90].
The foodborne pathogens are generally lyzed or killed by the
production of reactive oxygen species (ROS) on the surface
of the nanoparticles when it penetrates the bacterial cell wall
and happens to hit with photons or other reactive agents
[91]. Another possible reason could be the interaction of
nanoparticles with the thiol groups present in the protein
leading to the destruction of the cell wall of the foodborne
pathogens [92].

Conclusion

Pesticides and drugs that are in use today should be environ-
mentally safe and economically viable. Hence, while design-
ing pesticides, the above facts must be taken into account.
SeNPs are naturally a trace element required by the human
body. Furthermore, the biogenic procedure and biocoating
of the SeNPs by active metabolites of N. ciliatus make it
much safer and most viable. The eco-friendly SeNPs was
showed a significant effect on the dengue vector, Ae. aegypti.

@ Springer

The histopathological examination revealed internal dam-
ages caused by the SeNPs in Ae. aegypti. The N. ciliates-
mediated SeNPs also exhibited growth inhibitory perfor-
mance against the pathogenic bacteria, S. aureus (MTCC
96), E. coli MTCC 443), and S. typhi (MTCC 98). In silico
molecular docking study revealed the mechanistic action of
the phytoconstituents of N. ciliatus on Ae. aegypti. Since
the production of nanoparticles follows through a green
route, they are non-hazardous to the environment and other
animals. Future studies must be conducted to evaluate the
mechanism of SeNPs in antibacterial activity.
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