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Abstract

The preliminary insecticidal efficacy of green synthesized Zinc oxide nanoparticles ZnO (NPs) against insect pests associ-
ated with tomato crops was investigated in this study, i.e., Spodoptera litura (Tobacco cutworm) and Macrosiphum euphor-
biae (Potato aphid). The ZnO NPs were green synthesized using Zingiber officinale rhizome extract and characterized
using X-ray diffraction XRD, field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), and
high-resolution transmission electron microscopy (HR-TEM). The FE-SEM and HR-TEM analysis confirmed the surface
morphology and shape of ZnO NPs. The FTIR spectrum study revealed the numerous functional groups in the ZnO NPs,
zinc acetate, and ginger extract. UV spectroscopy was used to analyze the optical peak of ZnO NPs. The effect of ZnO NPs
at different concentrations (100 ppm, 200 ppm, 300 ppm, 400 ppm, and 500 ppm) was studied against insect pests associ-
ated with tomato crops, i.e., S. litura (Tobacco cutworm) and M. euphorbiae (Potato aphid). On application of ZnO NPs at
different concentrations, 3rd instar larvae of S. /itura and adults of M. euphorbiae showed 100% mortality @ 500 ppm ZnO
NPs at the exposure period of 144 h. The results revealed that an increase in concentrations of the ZnO NPs increased the
mortality in the insects. The findings demonstrated the effectiveness of green synthesized ZnO NPs as an effective control
agent against insects/pests. Nanoparticles act as an eco-friendly alternative insecticide for insect/pest management compared
to synthetic insecticides such as thiamethoxam and imidacloprid),
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Introduction

Tomato (Solanum lycopersicum) is one of the most impor-
tant, popular, and widely distributed vegetables globally.
Nowadays, many factors are responsible for the low yield
of tomatoes worldwide, and insect pests are the major
ones. Because of their tenderness and softness, tomatoes
are more vulnerable to pest attacks than other vegetable
crops. The greenhouse whitefly, Trialeurodes vaporari-
orum Westwood; the green peach aphid, Myzus persicae;
spider mites, Tetranychus spp.; the potato aphid, Macro-
siphum euphorbiae (Thomas); the noctuid, Spodoptera
litura F.; fruit borer, Helicoverpa armigera and cutworm,
Agrotis segetum are the major insect pest of tomato in the
open field and protected cultivation (Sajjad et al. 2011).
Excessive use of pesticides has increased insect resistance
(Kranthi et al. 2001), a source of contamination, and has
negative consequences for human health and other spe-
cies. Finally, pesticide residues found in nature and agri-
cultural products have sparked the development of alter-
native pest control methods. The various eco-friendly,
biomedical properties of metal nanoparticles have been
provoking desirable attention of the research community
and establishing new milestones in advancement in engi-
neered technology and research (Kapadia et al. 2021).
Potent antimicrobial activities of ZnO NPs synthesized
by different methods were due to their increased surface
area (Thakur et al. 2020a, b; Vijayakumar et al. 2019).
Nanoparticles penetrate the microbial cell wall and exhibit
anti-pathogenic activity (Kapadia et al. 2021; Thakur et al.
2021; Schwartz et al. 2012). As potent insecticides, ZnO
NPs can be attributed to the absorption and abrasion of
the protective wax layer on the cuticle of insects, causing
the insects to lose water and die from desiccation (Aru-
mugam et al. 2016). Pathogenic contaminations are severe
health concerns worldwide; manifold antibiotic resistance
and lack of appropriate solutions in developing countries
pose a significant threat to human health. (Sirelkhatim
et al. 2015). Nanomaterials' unique properties have made
them an excellent candidate for biological applications.
Nanoparticles can easily bind to protein molecules due to
their unique physicochemical properties (Yu et al. 2020;
Sharon et al. 2010). There have been numerous studies on
the toxicity effects of nanoparticles on bacteria, fungi, and
animal pathogens (Nayeri et al. 2021). Still, little research
has been carried out to investigate the toxicity effect of
nanoparticles on insects. Antibacterial, antifungal, and
photochemical properties of ZnO NPs are all possible in
recent studies (Shandilya et al. 2020, Malaikozhundan
et al. 2020). Recent advances in nanotechnology have
opened up new possibilities in agriculture. Nanomateri-
als will revolutionize agriculture by developing potential
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and efficient pest management approaches (Rai and Ingle
2012). Traditional agricultural methods such as integrated
pest control are ineffective, and chemical pesticides have
adverse effects on animals and humans and lower soil fer-
tility (Ragaei and Sabry 2014). Pesticides are not only
used in agriculture; they are also used to manage house-
hold pests and insect vectors. However, they are highly
toxic and pose serious health and environmental risks.
Agriculture employees are exposed to these contaminants
both directly and indirectly (Rani et al. 2021; Bhardwaj
et al. 2021). Raafat reported biosynthesis and anti-myco-
toxigenic activity of Zingiber officinale Roscoe-derived
metal NPs such as Ag NPs, Cu NPs, and ZnO NPs, and
their antifungal activities against some mycotoxigenic
fungi were determined (Raafat et al. 2021). Over the past
two decades, interest in the production of plant extract-
assisted CuO NPs, CdS NPs, AgCI-NPs, and Cr,0; NPs
has evolved exponentially and increasing day by day. Many
studies have illustrated the effectiveness of plant extract-
assisted CuO NPs in catalytic, pharmaceutical, and envi-
ronmental uses from this perspective. From this viewpoint,
several metal NPs like CuO NPs, CdS NPs, AgCI-NPs,
and Cr,0; NPs have numerous applications in biological
processes, medicine, energy devices, environmental reme-
diation, and industrial fields from nanotechnology(Cuong
et al. 2022; Dabhane et al. 2021; Ghotekar et al. 2021;
Pandit et al. 2022; Kashid et al. 2022).

The plant ginger belongs to the family Zingiberaceae.
It is used as a common condiment for various foods and
medicinal usage in India for headaches, nausea, rheumatism,
and cold. The anti-inflammatory properties of ginger have
been known and valued for centuries (Jabborova et al. 2020,
2021; Janaki et al. 2015). Among reported chemical syn-
thesis methods, green chemistry routes using plant extracts
have been commonly preferred for the synthesis of ZnO
NPs due to the environmentally friendly, cost-effective, and
safe nature of the resulting NPs for human therapeutic use
(Donmez 2020). As a result, nanotechnology has emerged
as one of the most exciting new pest control methods (Bhat-
tacharyya et al. 2010). We present our findings in this study
regarding the green synthesis of ZnO NPs using the rhizome
extracts of ginger and their characterization via standard
analytical methods. A biological approach using powder
extract of dry ginger rhizome has been used as a reducing
material and a surface stabilizing agent for the synthesis of
ZnO NPs. ZnO NPs synthesized using Cannavis, Jatropha,
Aloe vera, and Tinospora leaves extract as a reducing agent
(Thakur et al. 2021). Averrhoa bilimbi (L) extract is used as
a reducing and capping agent for ZnO NPs green synthesis
(Ramanarayanan et al. 2018).

NPs act as an alternative chemical-free method for
insect pest control against Spodoptera frugiperda (Pitta-
rate et al. 2021). New pest control strategies are required
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by introducing substances that make them promising
‘‘green’’ alternatives to traditional pest control, and nano-
particles are one of those methods. ZnO NPs have anti-
fungal, antibacterial, and insecticidal properties, and it
has a low risk of resistance to insects. The standard char-
acterization techniques explored the synthesized product's
structure, phase, and morphology. One of the most inter-
esting dynamically developing “green technologies” is
the microwave-assisted synthesis of ZnO NPs. Compared
with conventional heating, the microwave heating method
has a contactless method, Volumetric heating of the feed-
stock, rapid energy transfer, a heating process that can be
controlled with the accuracy of one second, and a green
chemistry approach (Wojnarowicz et al. 2020). In differ-
ent parts of the world, due to the excessive use of different
insecticides, the problem of resistance has been reported.
So there is a need to develop alternative approaches for
solving this problem. Apart from the resistance problem
in different groups of insects, the extensive use of insecti-
cides leads to adverse effects on the ecosystem and human
health. Therefore, it is the need of the hour for handling
the present situation to develop alternative methods to
minimize the use of insecticides. In the present study, the
green synthesis of ZnO NPs using the rhizome extract of
ginger and their properties, such as the surface morpholo-
gies, structures, and optical properties of samples, were
analyzed. After characterization, ZnO NPs were analyzed
for insecticidal efficacy against insect pests S. litura
(Tobacco cutworm) and M. euphorbiae (Potato aphid).
This study, therefore, sought to determine the efficacy
of green synthesized ZnO nanoparticles towards S. litura
(Tobacco cutworm) and M. euphorbiae (Potato aphid)
under laboratory conditions.

Materials and methods
Preparation of ginger rhizome extract

Green synthesis of ZnO NPs (nanoparticles) was done
using ginger rhizome extract (Zingiber officinale). The
healthy rhizome of the ginger plant was collected from an
agriculture farm, Eternal University, Himachal Pradesh.
The rhizome of ginger was washed thoroughly; its outer
covering was removed from the rhizome; 10 g of rhizome
was crushed and adjourned in 200 ml of double-distilled
water. The prepared solution was boiled for up to 10 min
at 100 °C in a glass flask. Filter the rhizome extract using
Whatman filter paper; the filtrate obtained contains the
metabolites and bioactive components leached from the
ginger rhizome.

Synthesis and purification of ZnO NPs

Zinc acetate (Zn(CH;CO,),), Sigma Aldrich (99%) were
purchased, and 100 ml (0.02 M) solution was made in dou-
ble-distilled water. Drop by drop, zinc acetate solution was
added to 100 mL of rhizome extract and stirred for 10 min
on a magnetic stirrer. pH 11 was adjusted, and the final solu-
tion was exposed to room temperature. The solution was set
aside for 2 h to settle the nanoparticles. The ZnO NPs were
then concentrated by repetitive centrifugation and re-sus-
pension using a cold centrifuge [Eppendorf; Model-R5210]
for 15 min at 14,000 rpm. The pellet was washed and re-
dispersed thrice in double distilled water to make ZnO NPs
free from biochemical constituents. The green synthesized
material is endorsed for drying in a hot air oven at 60 °C for
5 h. After drying, the synthesized material was annealed for
2 h at 400 °C to get a white powder as an end product for
further characterization (Kausar et al. 2016). The flow chart
of green synthesis of ZnO NPs using ginger rhizome extract
is given in Scheme 1.

Characterization of ZnO NPs

X-Ray Diffraction (XRD, PW3040 Philips X-Ray Dif-
fractometer); Using an XRD pattern with CuK radiation
(=0.15406 nm), the structural properties were investigated.
Field emission-scanning electron microscopy (FE-SEM,
Model name MAIA3 TESCAN) and energy dispersive
X-ray spectroscopy (Thermo Noran system SIX, PAU, Pun-
jab) were used to examine these samples' morphology and
elemental analysis. The spectral range of 4000-400 cm™!
was used to test ZnO NPs using a Bruker Tensor FTIR
spectrometer (Shoolini University, Solan, India). HR-TEM
measurements were performed on a Philips CM 200 instru-
ment with a 200 kV accelerating voltage (Panjab University,
Chandigarh, India). The optical property of ZnO NPs was
analyzed using ultraviolet—visible spectroscopy (UV-Vis)
(Model- Shimadzu UV 1800) in the wavelength range of
300-500 nm.

Maintenance of the laboratory culture of S. litura

The larvae of S. litura were collected from farmer’s fields
and maintained under controlled conditions in the culture
room of the Department of Entomology, Eternal University;
at 25+ 10 C, and relative humidity was 70%. The newly
emerged adults were kept in plastic jars (30 ml) with a mus-
lin cloth covering. Adults were given a 10% sugar solution in
a cotton swab to encourage egg-laying. Larvae that emerged
from the eggs after 3 to 5 days were reared at 26 °C. Fresh
leaves of castor and cabbage were given as food to the newly
hatched feeding larvae up to the completion of the second
instar. Cabbage and castor leaves changed daily. The larvae
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Scheme 1 Flow chart of green synthesis of ZnO NP using ginger rhizome extract

separated during the second instar, and 10-15 larvae were
reared in a jar of 18 X 15 cm sealed with a muslin cloth to
complete the third instar larvae. Third, instar larvae from
laboratory culture were used for various experiments.

Maintenance of the laboratory culture of M.
euphorbiae

Laboratory colonies of potato aphid, M. euphorbiae devel-
oped from nymphs and adults collected from the farmer's
field and maintained under controlled conditions in the
Department of Entomology's culture room, Eternal Uni-
versity temperature of 25 °C and relative humidity of 70%
(RH). The nymphs and adults were separated and transferred
to the Petri plates using a fine camel-hair paintbrush. They
were continuously provided with fresh cabbage leaves 1-2
times per day for further experiment.

Bioassay studies on S. litura and M. euphorbiae

Effect of ZnO NP on larvae of S. litura and adults of M.
euphorbiae determined by contact toxicity assay at five doses
@ 100 ppm, 200 ppm, 300 ppm, 400 ppm, and 500 ppm of
the nanoparticles. The experiment was carried out in a fully
randomized design with three replications. Zinc oxide (ZnO)
nanoparticles are thoroughly mixed with water and ready for
use. After that, the insects were topically treated with fine
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camel-hair paintbrushes. Ten larvae of S. lifura each in three
replications were kept for all the treatment and control. Cas-
tor leaves are continuously provided to the larvae daily. For
M. Euphorbiae, the adults of potato aphids topically sprayed
with the help of a hand sprayer. Three replications per treat-
ment were kept having 30 aphids in each treatment with con-
trol. The Petri plates having treated and untreated insects were
held separately at the proper temperature and humidity 16L:8D
photoperiod, and mortality was observed after 24, 48, 72, 96,
120, and 144 h.

Statistical analysis

The data were recorded and subjected to statistical analysis to
determine the results' significance. Mortality data were ana-
lyzed by using Abbott's formula (Abbott 1925).

Corrected % mortality

_ % mortality in treatment —% mortality in the control

100 — % mortality in the control

% 100

The corrected % mortality data were analyzed using a Com-
pletely Randomized Design (CRD) factorial.
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agonal crystal structure of ZnO NP and b Williamson—Hall (W-H)
plot of ZnO NP

Results and discussion
X-ray diffraction (XRD) analysis

The XRD patterns for ZnO NPs prepared by green synthesis
at room temperature are shown in Fig. 1. The XRD spec-
trum shows well-defined diffraction peaks corresponding to
the planes (100), (002), (101), (102), and (110) that fit the
JCPDS card No. 751526. Figure 1 shows the Rietveld refined
XRD patterns of synthesized ZnO NPs. The observed XRD
patterns are represented by the black-colored hollow circles
in the fitted curves, while the solid red circles represent the
calculated XRD patterns. The Bragg positions are repre-
sented by the blue vertical line, while the horizontal line rep-
resents the difference between the measured and observed
patterns. A Rietveld refinement analysis was conducted
using two variables (scale part and complete B-factor),
one instrumental parameter (zero correction), background
parameters, lattice parameters, three FWHM parameters (u,

v, W), positional coordinates (X, y, z), and isotropic thermal
parameters (Biso, Occ). The refined parameters, including
the lattice constant, unit cell length, profile residual factor
(Rp), weighted profile residual error (Rwp), predicted pat-
tern factor (Rexp), and goodness of fit, are mentioned in
Table 1. As evidenced by the lowest R-values and good-
ness of fit, the observed XRD pattern was well balanced by
the derived pattern for ZnO NPs fit (2). According to the
Rietveld refinement, ZnO NPs have a hexagonal wurtzite
structure and the space category P63mc. The peak strength
of the 101 plane indicates that the sample’s crystallinity and
crystallite size is measured from the peak width of the 101
plane by taking the full width at half limit (FWHM).

0.94

Scherrer equation t = ———
f Cos 0,

which is used to determine various characteristics of the
crystalline material where ¢ is the crystal size, 1 is the X-ray
wavelength, 0 is the Braggs angle in radians, and § is the
full width at half maximum the peak in radians (Kumari
et al. 2015). The lattice strain and crystallite size can also be
calculated by using the Williamson—Hall (W-H) method to
measure the XRD peak broadening (Rai et al. 2015), as seen
in Eq. (1). The Williamson—Hall method takes into account
both size-induced and strain-induced broadening.

pCos = K—l')A+4esme )

Figure 1 demonstrates a linear association between § Cos
0 and 4sin 6, and the intercept and slope of the linear fit
were used to calculate the value of lattice strain and crystal-
lite size, respectively. It also discovered that ZnO NPs have
a positive lattice strain, suggesting tensile strength in the
crystal structure. The strain (g) is believed to be uniform in
all crystallographic directions.

Fourier transform infrared (FTIR) spectroscopy
analysis

FTIR spectroscopy is used to analyse the functional groups
and bonding present in the materials and also used to iden-
tify the compositional element of the prepared samples.
In Fig. la spectra of prepared ZnO nanoparticles (NPs)
showed the band for various functional groups located at
510, 554, 1204, 1307, 15,574, 1633, 2370, 3676, 3748 cm™ .
The adsorption band at 3676-3748 cm™! are assigned due
to hydroxyl (O—H)groups stretching vibration, whereas the

iglue Lol auo .
KACST ,161)lg rogLe Ll @ Springer



3840 Applied Nanoscience (2022) 12:3835-3850

band at 2370 cm™! is assigned to the adsorbed CO, gas. The b
small peaks between 2400-3000 cm™! are arise due to the X
presence of C-H stretching vibration of alkane groups. The §
peaks around in the region 1633-1554 cm™ can indicates f
the presence of H-O-H bending vibration and also show the é E
presence of C =0 amide group. The strong adsorption band ~ ol
at 510 and 550 cm™" are attributed to the Zn—O vibrations. In
case of Fig. 1b the characteristic peak at 512 and 583 cm™! g
to the Zn-O vibrations. The adsorption band at 624 cm™ Py
can be attributed to the acetate anions. The two characteristic f:;
band at 1311and 1517 cm™" attributed to asymmetric and = -
symmetric stretching of C=0 bond in acetate group. The © “
adsorption band between 3176-3351 cm™" is associated with . o
the stretching mode of water. e _ SRS

In Fig. 2 FTIR spectrum of ginger powder show several Qe < ﬁ 2
adsorption bands which can be assigned for hydroxyl group S go
(3305 cm™), carbonyl group of amide (1639-1925 cm™). 35 . @
The small peak at 1380 cm™'arise due to the presence of é % Oé §
aromatic skeletal combined with C—H. The small band at > | " N
1044 cm™'attributed due to the presence of amino acid and g .
stretching vibrations of C—C bond. %‘) . 2 @

Figures 2a—c show the FTIR spectra of ZnO, Zinc ace- Q %) N ;
tate, and ginger powder required in 4000 to 400 cm™~'. FTIR {5 3 © -
spectroscopy is used to analyze the functional groups and % = .
bonding present in the materials and identify the compo- 2 z Oé %
sitional element of the prepared samples. In Fig. 2a spec- -§ E N %
tra of prepared ZnO nanoparticles (NPs) showed the band & & © =
for various functional groups located at 510, 554, 1204, :% _
1307, 15,574, 1633, 2370, 3676, 3748 cm™'. The absorp- o "'5
tion bands at 3676-3748 cm™! are assigned due to hydroxyl &’i 5 b
(O-H) groups stretching vibration, whereas the band at 5 © o
2370 cm™! is assigned to the adsorbed CO, gas. The small i o a o o
peaks between 2400 and 3000 cm™! arise due to the C-H i S N T B
stretching vibration of alkane groups. The peaks around the = z
region 1633—1554 cm™! indicate H-O-H bending vibration é ‘?2 N ]
and show the presence of the C=0 amide group. The strong k= ;'2 SIS N f
absorption band at 510 and 550 cm™! are attributed to the E
Zn—O0 vibrations. In the case of Fig. 2b, the characteristic “ R
peak at 512 and 583 cm™! is due to the Zn—O vibrations. % 2 § § § § § i
The adsorption band at 624 cm™! can be attributed to the % S
acetate anions. The two characteristic bands at 1311and < £ = s
1517 cm™! attributed to asymmetric and symmetric stretch- E E CeoNeN©
ing of the C=0 bond in the acetate group. The adsorption E g v o N
band between 3176 and 3351 cm™! is associated with the ]
stretching mode of water. In Fig. 2¢c, the FTIR spectrum of g =~
ginger powder show several adsorption bands, which can ) §$ §
be assigned to the hydroxyl group (3305 cm™!), and the car- :é S § 5
bonyl group of amide (1639-1925 cm™"). The small peak at g
1380 cm™! arises due to the presence of aromatic skeletal o | 2 2 o
combined with C-H. The small band at 1044 cm™" is attrib- €12 &8
uted to the C—C bond's amino acid and stretching vibrations. = % o

o | .8
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Field emission scanning electron microscope
(FE-SEM) analysis

The surface morphology of the synthesized ZnO NPs
by ginger rhizome extract was examined using SEM, as
shown in Fig. 3a. The photos revealed the flaks type mor-
phology with the small-nucleated particles on the surface.
The phytochemical compounds found in the ginger rhi-
zome extract work as a reducing and stabilizing agent so
that particles have a facing surface. However, the material
synthesis that occurs in liquid media is responsible for
the high reaction rate and nucleation in the nanostructure.
OH, ions act as binders between particles in liquid media,
facilitating the self-assembly process that results in mes-
ocrystals. According to the non-classical theory of crys-
tallization, internal crystal symmetry is independent of
the outer surface morphology of the grains (Ravinder and
Reddy 1999). The alignment of nanocrystals in a typical
crystallographic assembly that forms a particle with any
external type regardless of unit cell geometry has been
known as mesocrystal (Chae et al. 2012). The particle
sizes distribution of the ZnO is shown in the inset particle
size distribution (Fig. 3a). Figure 3b, c. lonic distribu-
tion of zinc and oxygen. The transparency of ZnO crystal
formation and uniform distribution of Zn and O atoms in
the crystal was confirmed using Energy Dispersive X-ray
(EDX), as shown in Fig. 3d. The results revealed that the
Zn and O elements had the expected stoichiometry, dem-
onstrating the efficacy of the synthesis method used. Zn
and O are the sample's main constituents, and there were
no impurity peaks, indicating that the samples were pure.
The peak corresponding to elemental carbon may be due
to the carbon tape used in SEM/EDX micrograph study.
Figure 4 HR-TEM images show that the well-defined
lattice fringes resemble the crystallographic planes. The

Transmittance

t——2n0
——2Zn(CH3C03); co~”
——Ginger

Zn/

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm'1)

Fig.2 FT-IR spectra of a Zinc Oxide, b Zinc Acetate, and ¢ Ginger
powder

average values corresponding to the interplanar spacing of
crystallographic planes are equal to 0.71 nm. The inter-
planar spacing is comparable to the d-spacing calculated
using XRD, i.e., 0.68 nm. Therefore, the interatomic anal-
ysis using both techniques, i.e., XRD and HR-TE, ensures
that ZnO NPs are crystalline.

Ultraviolet-visible (UV) spectroscopy

The optical properties of ZnO NPs were investigated using
the diffuse reflectance mode (DRS) UV-visible spectrum
in 200-600 nm (Fig. 5). At 376.5 nm, the ZnO NPs display
an absorption edge. The Kubelka—Munk equation (Eq. 2)
calculates the band difference's energy (Eg). Tauc relation
formed the relationship between Eg and photons (h) (Ahmed
et al. 2015; Baykal et al. 2014). The difference in energies
between photons (h) and Eg, as shown in Eq. 2 (Davis and
Mott 1970), influences the frequency of optical absorption.

(@hv)'/" = A (hv - E,) )

In the above equation, h is the Planck constant, « is the
absorption coefficient, v is the light frequency, Eg is the
bandgap, and A is the proportionality constant.

The bandgap values for ZnO NPs were 3.21 eV by plot-
ting (ahv)? verses hv and extrapolating a straight line onto
the X-axis. As shown in the inset tau map, the value of n
indicates which absorption process is involved in the sample,
with n=2 indicating indirect bandgap transitions and n=1/2
showing direct bandgap transitions (Kumar et al. 2018)
(inset of Fig. 5). The absorption band appeared at 376.5 nm
in Fig. 5; Eq. (2) used to calculate the band difference, which
was 3.29 eV. The small particle size of the synthesized ZnO
NPs is most likely to blame for the wideband difference.
According to previous studies, the optical band gap of ZnO
NPs ranges between 3.18 and 3.34 eV. The optical bandgap
of the green synthesized ZnO NPs was 3.21 eV in the cur-
rent analysis, with a blue shift from 3.16 to 3.22 eV. The
blue shift in the band difference is due to the Burstein-Moss
effect (Fifere et al. 2018). This effect states that the Fermi
level's location is determined by the concentration of free
electrons in the conduction band. The energy band difference
is related to electron excitation from the valence band to the
Fermi level. As a result, a Fermi level on the conduction
band causes a widening of the energy band, referred to as
a "blue shift."

Insecticidal efficacy of green synthesized ZnO NPs
on the larva of S. litura

The effect of ZnO NPs on the mortality of S. litura was
investigated at various concentrations. As concentrations and
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Fig.3 a FE-SEM image (inset particle size distribution plot) b and ¢ Ionic distribution of Zn and O d Energy Dispersive X-ray (EDX) of green

synthesized ZnO NP prepared from Z officinale rthizome extract

the number of days after treatment increased, so did mortal-
ity (Table 2, Fig. 6). The maximum percent larval mortality
for the 3" instar larvae of . litura was recorded at 500 ppm
concentration (100%) after 144 h of exposure. At the lowest
dose, i.e., 100 ppm, no mortality was observed after 24 h
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of treatment. With the increase in dose to 200 ppm, the
larval mortality ranged from 4.67% to 40% after 24—120 h
of exposure. Maximum mortality of 53.33% was observed
after 144 h at this concentration. At 300 ppm concentration,
the highest mortality of 76.67% was observed after 144 h
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Fig.4 HR-TEM image of green synthesized ZnO NPs prepared from
Z. officinale rhizome extract

of treatment, whereas minimum mortality of 13.33% was
observed after 24 h of treatment. It was observed that in all
the treatments with the increase in time, the larval mortality
also increased. The larval mortality of 60% and 70% were
observed after 96 and 120 h, respectively, at this concentra-
tion. Maximum mortality of 80% was observed at this con-
centration after exposure of 144 h. At the highest concentra-
tion (500 ppm), the mortality observed was highest (30%)
after 24 h of exposure, and 100% mortality was observed
after 144 h. All the treatments were found superior over con-
trol. Thiamethoxam (0.5 mg/l) was used as a control. 24%
mortality was observed after 24 h, and the highest mortality
of 94.66% was observed after 144 h of treatment. Larval
mortality after treatment with different concentrations of
ZnO NPs and thiamethoxam increases dose-dependent. The
LCsgyvalue for ZnO NPs on S. Litura was calculated to be
232.34 ppm, as given in Table 4. Flow chart of insecticidal
applications of ZnONP against Larvae of S. litura and adults
of M. euphorbiae is shown in Scheme 2.

Similar results were obtained by Wazid et al. (2018), who
studied the effect of Zinc oxide green nanoparticles (ZnO)
on Callosobruchus analysis (Fabricius). The data from dif-
ferent zinc oxide green nanoparticles (250, 500, 750, 1000,
1250, and 1500 ppm) showed that adult mortality increased
as the concentration and exposure time increased (percent).
Among the various concentrations, 1500 ppm zinc oxide
nanoparticle was superior, with the highest mortality rate.
Jameel et al. (2020) reported the synergistic effect of the
green synthesized ZnO NPs on S. litura 4th instar larvae
(Lepidoptera: Noctuidae). These larvae were given ZnO NPs
mixed with thiamethoxam (1090 mg/L) and thiamethoxam-
impregnated castor leaves. In the experiment, there was a
27% rise in larval mortality, a malformation in pupae and

adults, overdue emergence, and decreased fecundity and
fertility.

Insecticidal efficacy of green synthesized
ZnO NPs on M. euphorbiae

The effect of ZnO NPs on the mortality of M. euphorbiae
was investigated at various concentrations. After 144 h
of treatment, it was found that 100 percent mortality was
observed at 500 ppm concentration. The lowest mortality
(5.67%) was observed at 100 ppm concentration after 24 h
of exposure. At 100 ppm concentration of ZnO NPs, the
mortality ranged from 5.67%- to 44.33% after 24- 120 h.
The highest mortality of 56.67% was observed after 144 h
of the exposure period.

When the dose increased to 200 ppm, the mortal-
ity observed was 23.33%, 34.33%, 46.33%, 56.33%, and
63.33% after 24, 48, 72, 96, and 120 h, respectively. Maxi-
mum mortality of 73.33% was observed after 144 h of the
exposure period. The highest mortality observed was 83.33%
after 144 h at 300 ppm concentration. When adults of the
aphid were treated with 400 ppm of ZnO NPs, the mortality
recorded was 46.67%, 56.67%, 66.67%, 76.67%, and 86.67%
after 24, 48, 72, 96, and 120 h, respectively. Maximum mor-
tality of 93.33% was observed at this concentration after
an exposure period of 144 h. The maximum mortality of
100% was observed @ 500 ppm concentration after 144 h
of the treatment (Table 3, (Fig. 7)). Imidacloprid (0.5 ml/l)
was used as a control in this experiment. 32% mortality was
observed after 24 h, and the highest mortality of 93.33% was
observed after 144 h of treatment. The LCyyvalue for ZnO
NPs on M. euphorbiae was 124.81 ppm, as given in Table 4.

The present study aimed to determine the insecticidal
effect of ZnO NPs on S. litura and M. euphorbiae. These
pests have mainly been managed by using synthetic pesti-
cides and a few biopesticides for many years. However, using
these synthetic pesticides has damaged the environment and
caused resistance to insecticides (Rajula et al. 2020). For
that reason, research is being conducted on alternatives that
can effectively manage this insect and are also safe for the
environment. ZnO NPs have proved to be a promising source
of safe insecticides yet effective in controlling S. litura and
M. euphorbiae. Also, it has been observed that it can man-
age several other insect pests at environmentally friendly
and low dosages of about 700 mg mL — 1 had the highest
insect mortality effect. Also, when leaves infested by Aphis
nerii were dipped into various concentrations of ZnO NPs,
there was a significant effect on their development (Rou-
hani et al. 2012). Similar results were obtained by Wazid
et al. (2018), who studied the effect of Zinc oxide green
synthesized nanoparticles (ZnO) on Callosobruchus ana-
lis (Fabricius). The data from the different concentrations
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Fig.5 UV-visible spectrum of
green synthesized ZnO NPs pre-
pared from Z. officinale rhizome
extract
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of ZnO NPs showed that adult mortality increased as the
concentration and exposure time increased. Among the vari-
ous concentrations, 1500 ppm zinc oxide nanoparticle was
superior, with the highest mortality rate. (Jameel et al. 2020)
reported the synergistic effect of the green synthesized ZnO

Table 2 Efficacy of ZnO NPs against 3™instar larvae of S. Litura

Wavelength (nm)

NPs on S. litura 4th instar larvae (Lepidoptera: Noctuidae).
These larvae were given ZnO NPs mixed with thiamethoxam
and thiamethoxam-impregnated castor leaves. In the experi-
ment, there was a 27% rise in larval mortality, a malforma-
tion in pupae and adults, overdue emergence, and decreased

Concentration Corrected % mortality after hours
24 48 72 96 120 144
100 ppm 0.00 (0.00) | 3.67 (6.28) | 9.67 17.67 30.67 36.33
(16.84) (20.98) (37.21) (40.90)
200 ppm 4.67 (8.28) | 10.67 20.00 36.67 40.00 53.33
(13.84) (23.19) (37.21) (44.98) (56.75)
300 ppm 13.33 23.33 53.33 60.00 70.00 76.67
(21.13) (28.76) (57.20) (50.83) (56.97) (61.19)
400 ppm 20.00 30.00 40.00 70.00 73.33 80.00
(26.55) (32.98) (39.13) (56.97) (58.98) (63.90)
500 ppm 30.00 36.67 63.33 83.33 93.33 100
(33.19) (37.21) (52.75) (66.11) (77.69) (90.00)
Thiamethoxam | 24.00 32.67 46.66 66.00 74.00 94.66
(0.5 mg/l) (28.63) (35.01) (46.82) (68.82) (64.76) (95.94)
Values are the average of triplicates. Figures in the parenthesis are standard deviation
CD (P=0.05)
Concentration (C) =0.36
Time(T) =0.36
CxT =0.89
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Fig.6 a Efficacy of ZnO NPs against 3rdinstar larvae of S. litura b Larvae of S. litura affected by ZnO NPs on different time intervals ¢ Larvae

of S. litura affected by ZnO NPs

fecundity and fertility. These outcomes are similar to Lak-
shmi et al. (2020) report. They observed the effect of Zinc
oxide nanoparticles at different concentrations on pulse bee-
tle (Callosobruchus maculatus), and the highest mortality
of 100% was recorded. Observations from the present study
agree with other previous findings with different insects such
as rice weevil, Sitophilus oryzae and whitefly, Trialeurodes
vaporariorum where mortality was recorded due to expo-
sure to ZnO NPs and showed high mortality rates up to 91%
(Khooshe et al. 2016). A wide variety of nanoparticles are
known to exert insecticidal properties of different insects/
pests (Table 5).

Conclusion

The present work was performed to synthesize ZnO NPs
by the green synthesis method. Ginger rhizome extract was
used as a reducing and surfactant reagent. The developed
ZnO nanoparticles were characterized for their structural
and morphological study. ZnO NPs were produced at
50-100 nm and characterized by SEM and TEM studies.
ZnO NPs exerted their toxicity against insects through the
physical mode of action by absorption and abrasion of the
protective wax layer on the cuticle of insects, causing the
insects to lose water and die of desiccation. These insects
are unlikely to develop any physiological resistance against
these applied nanoparticles. ZnO NPs have the potential to
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Insecticidal

| NPs on Larvae of S. St
Larvae of S. litura affected
by ZnO NPs

{

Characterization

Green synthesized
ZnO NPs powder

Insecticidal application
of ZnO NPs on Adults
of M. euphorbiae

Adults of M. euphorbiae affected by ZnO
NP

Scheme 2 Flow chart of insecticidal applications of ZnO NP against larvae of S. litura and adults of M. euphorbiae

Table 3 Efficacy of ZnO NPs against M. euphorbiae

Concentrations Corrected % mortality after hours
24 h 48 h 72 h 96 h 120 h 144 h
100 ppm 5.67 14.00 20.00 33.33 44.33 56.67
(10.28) (16.55) (23.19) (31.13) (46.90) (54.76)
200 ppm 23.33 34.33 46.33 56.33 63.33 73.33
(28.79) (35.20) (43.13) (46.90) (52.75) (58.98)
300 ppm 36.67 46.67 56.67 63.33 73.33 83.33
(37.21) (43.06) (48.82) (52.75) (58.98) (66.11)
400 ppm 46.67 56.67 66.67 76.67 86.67 93.33
(43.06) (48.82) (54.76) (61.19) (68.82) (77.69)
500 ppm 56.67 66.67 76.67 86.67 96.67 100
(48.82) (54.76) (61.19) (68.82) (83.84) (90.00)
Imidacloprid 32.00 44.67 54.67 64.66 75.66 93.33
(0.5ml/1) (34.03) (41.67) (47.81) (54.15) (62.25) (89.50)
Figures in parentheses are arc sine transformed values:
CD (P=0.05)
Concentration (C) | =0.2
Time(T) =0.26
CxT =0.64
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Fig. 7 a Efficacy of ZnO NPs against M. Euphorbiae b Adults of M. euphorbiae affected by ZnO NP ¢ Microscopic image of M. euphorbiae

affected by ZnO NPs

Table 4 'Evaluretljtvion of ZnO Test insect Slope (+SE) LCs, Limits 95% Chi square (Xz)
NPs against 3."instar larvae

of S. Litura and adult of M. S. litura 2.79+0.90 232.34 ppm 235.42 - 287.67 1.28
euphorbiae M. euphorbiae 1.39+0.80 124.81 ppm 11321 - 165.32 0.90

be utilized as an alternative to more harmful insecticides in
the control of S. litura (Tobacco cutworm) and M. euphor-
biae (Potato aphid). Although, further research regarding the
use of nanoparticles and their toxic effects on human health
and the environmental impacts of employing ZnO NPs as
pesticides are required. One evident advantage of using
nanomaterials as insecticides is the low danger of insects

acquiring resistance when used for a long time. The current
study revealed the significant impacts of nanotechnology as
an important part of any integrated pest management plan.
100% mortality was observed at 500 ppm concentration of
ZnO NPs against S. litura and M. euphorbiae compared to
commercial insecticides Thiamethoxam and Imidacloprid,
respectively. Based on these studies, the results revealed
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Table 5 Insecticidal properties
of nanoparticles previously

reported

Nanoparticles Insects Crops References

DNA Tagged gold nanoparticles Spodoptera litura Tomato Chakravarthy et al. (2012)
Nano-silica Spodoptera littoralis Tomato El-bendary and El-Helaly (2013)
Silica nanoparticles Spodoptera littoralis Soybean Borei et al. (2014)

Silver nanoparticles Helicoverpa armigera  Cotton Devi et al. (2014)

Silicon dioxide nanoparticles

Silver nanoparticles
CuO nanoparticles
TiO, nanoparticles
CuO nanoparticles
Cu-nanoparticles
ZnO nanoparticles

Rhyzopertha domi- Stored grain Ziaee and Ganji (2016)
nica and Tribolium
confusum
Macrosiphum rosae Rose Bhattacharyya et al. (2016)
Spodoptera littoralis Cotton Shaker et al. (2016)
Spodoptera littoralis Cotton Shaker et al. (2017)
Tetranychus urticae Red bean Dorri et al. (2018)
Prosopis solenopsis - Leon-Jimenez et al. (2019)
Spodoptera frugiperda  Maize Pittarate et al. (2021)

that an increase in concentrations of the NPs increased the
mortality in the insects. The attained results proved the pro-
ficiency of synthesized nanoparticles as an effective control
agent. ZnO NPs have a subordinate chance of resistance with
their insecticidal efficacy.
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