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Abstract: The use of nanoparticles (NPs) has generated an alternative pest control. The objective
was to evaluate the insecticidal effect of zinc oxide nanoparticles (ZnO NPs), titanium dioxide
nanoparticles (TiO, NPs), and their combination on Bactericera cockerelli (Hemiptera: Triozidae)
second-stage nymphs under laboratory and greenhouse conditions in tomato. The laboratory research
was carried out with the leaf immersion bioassay method under a complete randomized design,
and in the greenhouse by direct plant spraying under a randomized block design; in both designs,
a control without NPs was added. Mortality was recorded every 24 h for 4 days. Both NPs in the
laboratory and greenhouse showed toxicity to B. cockerelli nymphs. Results in the laboratory showed
that NPs significantly caused increased mortality of 88, 99, and 100% 96 h after treatment of ZnO
NPs, TiO, NPs, and their combinations, at 1000, 100, and 250 ppm, respectively. Direct spray of
plants in the greenhouse showed low mortality with 27, 32, and 23% after 96 h of ZnO NPs, TiO, NPs,
and their combinations, at 3000, 500, and 250 ppm, respectively. These results on B. cockerelli control
seem promising. Nanoparticles as insecticides are a novel strategy, however, further investigation is
required in field tests to obtain suitable efficacy for use in a pest management system.

Keywords: nanoinsecticide; nanoparticles; nanotechnology; pest control; tomato psyllid; TiO;; ZnO

1. Introduction

Mexico is one of the main tomato (Solanum lycopersicum L., Solanaceae) growers, with a
production of 3,249,186 tons, with a market share of 25% of world exports, ranking second
in terms of agricultural products with the highest export [1]. Tomato is an important
vegetable, not only economically, but also with a high nutritional value considered an
important source of vitamins, minerals, proteins, fiber, and the main source of lycopene, a
carotenoid which has antioxidant, anticancer, and anti-inflammatory effects [2].

Tomato psyllid, Bactericera cockerelli Sulc. (Hemiptera: Triozidae), is one of the most
destructive pests in the western hemisphere. It is a serious and economically important
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pest of potatoes, tomatoes, and other crops within the family Solanaceae [3]. It is native of
North America and occurs mainly in the United States, southern Canada, and Mexico; it
also grows in Central America; was recently reported in South America, Ecuador; and it is
also widespread in New Zealand, with a few occurrences in Australia. It has been placed
on the list of quarantine pest in EPPO region [4].

This psyllid causes direct damage through feeding and extraction of sap and indirect
damage by transmission of Candidatus Liberibacter solanacearum [5,6], which is a causal
agent of the tomato permanent disease (TP) [5]. The main symptoms of TP are leaf curling,
with a brittle structure with an intense green color; the apical leaflets become chlorotic with
purple margins, causing flower abortion, growth reduction, and generally plants become
weak, which increases their susceptibility to other diseases [5]; disease losses in tomato are
up to 80% [7].

In Mexico, B. cockerelli control is carried out mainly through the application of chemical
insecticides. In the states of Coahuila and San Luis Potosi, up to 12 applications are applied
during the tomato and potato-growing season with thiacloprid, imidacloprid, and other
insecticides [8]. Control is ineffective, not necessarily due to insect resistance, but to poor
insecticide use [8]. Other control strategies have been suggested, such as plant resistance
improvement [9] and the implementation of biological control using predatory insects and
parasitoids [4], as well as entomopathogenic fungi [10].

Nanotechnology is currently considered of great importance for different sectors:
industrial, cosmetics, medicine, pharmaceutical, electronics, and agricultural [11-13], and
particularly in the elaboration, characterization, and application of nanometric dimensions
materials, with sizes between 1-100 nanometers (nm) [14]. Different compounds are used
in nanomaterial elaboration, such as metallic nanoparticles (NPs), gold (Au), silver (Ag),
copper (Cu), iron (Fe), aluminum (Al), cobalt (Co), titanium (Ti), and zinc (Zn) [15]. The
application of NPs in agriculture and the environment are important for their potential
use in solving problems that with normal scale products are very expensive and/or are
not always efficiently solved. In agricultural and food production, the basic premise is to
minimize losses and reduce adverse effects on the environment due to the excessive use of
agricultural inputs such as insecticides for pest control.

Nanotechnology is on the rise in the agricultural and food sector, because its potential
benefits are focused on improving the quality and safety of agricultural inputs by being
used in less volume and promoting improvements in nutrition [16]. NPs with unique
chemical properties influence plant growth, cell structure, and physiological and biochemi-
cal functions [17]. Benefits in agriculture include reduced fertilizer loss; enhancement of
agricultural productivity [13]; increased crops quality and yield [18]; and the potential
for pest control [19,20], becoming an alternative to chemical insecticides, because they are
considered relatively safe for humans compared to synthetic insecticides [21,22].

Zinc oxide nanoparticles (ZnO NPs) in agriculture have potential in promoting seed
germination rate [23,24], plant growth and development [25-28], as well as fungicide
and bactericide properties [28-31]. However, phytotoxic effects have also been attributed
to it, particularly inhibiting root growth [24,25]. Research has reported the insecticidal
effects of ZnO NPs, ie, Hamza [32] suggests that ZnO NPs have the capacity to be used
to protect rice grain, Oryzae sativa L. (Poaceae), from the rice weevil, Sitophilus oryzae (L.)
(Coleoptera: Curculionidae) feeding; in another study, Keratum et al. [21], with the same
pest, found 46.8% mortality and a reduction of the progeny of 85.80% at a concentration
of 0.8% w/w after 15 days of evaluation. This effect was also recorded on the pink
bollworm, Pectinophora gossypiella Saunders (Lepidoptera: Gelechiidae), with a mortality of
100% at LCsg of 11.29 ppm [33] as well as 96% mortality of second-stage larvae of Culex
quinquefasciatus Say (Diptera: Culicidae) at 30 mg/L [34].

Titanium dioxide nanoparticles (TiO, NPs) in agricultural areas have shown an in-
crease in the activity of several enzymes and promote nitrate absorption, accelerating
the transformation of inorganic to organic nitrogen, making it more assimilable, hence
increasing vegetative growth [35] in addition to having fungicidal and bactericidal activity
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against various important fungi and phytopathogenic bacteria [36,37]. The TiO,-NPs have
affected quantitative and nutritional parameters such as oil content and changed sunflower
(Helianthus annuus L., Asteraceae) physiology to early maturation [38]. Insecticidal ac-
tivity of TiO, was proved against the red palm weevil, Rhynchophorus ferrugineus Olivier
(Coleoptera: Curculionidae), with 100% mortality at 75 mg/L 10 days after treatment [39],
and also showed insecticidal activity against Spodoptera littoralis Boisd., larvae (Lepidoptera:
Noctuidae) with a mortality of 80 and 100% from 250 ppm on fourth and second instar
larvae after 15 days of evaluation [12].

The titanium dioxide is a plant-growth enhancer, of which low-level concentrations
improve plant physiology and stress response [38,40]. TiO, NPs induce plant growth;
it can also delay senescence and accelerate cell division via changes in phytohormones
levels, stimulate chlorophyll biosynthesis, and strengthen the photosynthetic machinery of
plants, increasing the total chlorophyll content and maximum photochemical efficiency
photosystem II (PSII) [20,41] and increasing yields after foliar TiO,-NP application [42].

The mineral nutrition of plants is of primordial importance, and in these areas, nanofer-
tilizers, based on elements such as zinc, are among the metals most used for the synthesis
of NPs [31].

Zinc is an essential microelement for the general growth and development of plants [43].
It acts as a precursor of phytohormones such as auxins, which promote cell elongation and
division and have an influence on the reactivity of indoleacetic acid, and as a hormonal
phytostimulant, associated with the biosynthesis of cytokinins and gibberellins. In addition,
it is essential for photosynthesis and facilitates carbohydrate metabolism in plants because
Zn stabilizes or activates the proteins involved in these processes [30,44—46], increases
biological fitness, and helps plants to cope with stress conditions [20].

Currently, environmentally friendly pest control alternatives are being sought that are
economical and efficient for use in pest management. Thus, the objective of this research
was to evaluate the insecticidal effect of zinc oxide and titanium dioxide nanoparticles on
B. cockerelli nymphs, under controlled laboratory and greenhouse conditions in tomato.

2. Materials and Methods
2.1. Experiment Location

Research was conducted at the Entomology Molecular Laboratory and greenhouse of
Universidad Autonoma Agraria Antonio Narro (UAAAN), in Saltillo, Coahuila, Mexico.

2.2. Insect Rearing

Bactericera cockerelli insects were reared on tomatoes Floradade variety plants, in
60 x 60 x 60 cm, pathogen- and parasitoid-free cages, under greenhouse conditions at
25+ 2°C, RH of 60 & 10%, 14:10 h L:D photoperiod and automated ventilation to reduce
heat and renewal of carbon dioxide.

2.3. Vegetative Material

Tomato plants of Floradade variety were used (Fax de Occidente S.A. de C.V., Guadala-
jara, Jalisco, Mexico) and determined growth plant, which was selected due its high suscep-
tibility to B. cockerelli [47]. Seeds were planted in expanded polystyrene germination trays
of 200 cavities in peat moss-perlite substrate in a 2:1 ratio. Transplant was made 30 days
after planting in 2 L polyethylene containers for the laboratory tests (25 £ 2 °C, 70% RH
and 14:10 h L:D photoperiod) and in 10 L polyethylene containers for greenhouse tests,
under conditions at 25 + 2 °C, RH of 60 &= 10%, 14:10 h L:D photoperiod and automated
ventilation to reduce heat and renewal of carbon dioxide.

2.4. Synthesis and Characterization of ZnO Nanoparticles

ZnO-NPs were synthesized at Centro de Investigacién en Quimica Aplicada (CIQA),
in Saltillo, Coahuila, through controlled precipitation according to [48] technique, by the
chemical hydrolysis method as follows: 13.7 g of Zn(O,CCH3s), and 600 mL of ethanol
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were placed in a ball flask with three necks. This solution was constantly stirred at 75 °C
under reflux for 2 h. Then an aqueous solution of 0.22 M NaOH and an additional
100 mL of distilled H,O were added to complete the reaction mixture. Constant stirring
was continued for 24 h. Subsequently, the ZnO-NPs obtained immersed in ethanol was
recovered by centrifugation at 15,000 rpm during 5 min. The precipitate was washed two
times with ethanol and dried in an oven at 60 °C for 24 h. The dried ZnO-NPs was crushed
in an agate mortar to obtain a fine powder and stored at room temperature until use. Size
and morphology nanoparticles were measured by means of a high-resolution transmission
electronic microscope (HRTEM) Titan 80-300 kV (FEI Company, Hillsboro, OR, USA).

2.5. Obtaining TiOy Nanoparticles

Powdered TiO,-NPs were obtained commercially from Universal Selector™ (Paris,
France).

2.6. Bioassays
2.6.1. Evaluation of ZnO and TiO, NPs on B. cockerelli under Laboratory Conditions

Tomato plants were placed in a 60 x 60 x 60 cm cage, and B. cockerelli adults were
released during 48 h to oviposit; after hatching, nymphs were followed until reaching the
second instar.

The susceptibility test method 002 based on Psylla spp. Geoffroy (Hemiptera: Triozi-
dae) was used to evaluate mortality of the Insecticide Resistance Action Committee [49].
Bioassay consisted in examining detached tomato leaflets aided by a Carl Zeiss Stemi DV4
binocular Stereomicroscope (Carl Zeiss Microscopy GmbH, Jena, Thuringia, Germany).
The number of B. cockerelli live second instar nymphs per leaflet were counted and recorded.

The bioassay technique used was leaflet immersion, in which infested leaflets with
nymphs were immersed in each treatment for 5 seconds. Treated leaflets were kept in plastic
trays with cotton saturated with distilled water under controlled laboratory conditions
(25 +2°C, 70% RH and 14:10 h L:D photoperiod). The different concentrations of NPs
were prepared using distilled water for dilution and polysorbate 20 (Tween 20) as an
emulsifying agent at a ratio of 1 mL: 1 L of water. Six concentrations and replicates were
established for each nanoparticle alone and in combination (both nanoparticles mixed in
equal parts) in addition to a check treatment without NPs, applying distilled water only
(Table 1). Each infested leaflet was considered an experimental unit and replicated three
times.

Table 1. Nanoparticles concentrations evaluated for Bactericera cockerelli control in the laboratory and

greenhouse.
Laboratory Greenhouse
Treatment
Concentration (ppm)
Control 0 0
ZnO NPs 100 —
300 300
500 —
1000 1000
2000 —
3000 3000
TiO, NPs 40 40
60 —
80 —
100 100
300 —

500 500
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Table 1. Cont.

Laboratory Greenhouse
Treatment
Concentration (ppm)
ZnO NPs-TiO, NPs (combination *) 20 20
30 —
40 —
50 50
150 —
250 250

* Both nanoparticles mixed in equal parts.

2.6.2. Evaluation of ZnO and TiO, NPs on B. cockerelli under Greenhouse Conditions

Tomato plants 50 days after planting, grown in polyethylene containers with approx-
imately 10 L of peat moss-perlite substrate in a 2:1 ratio were used. Tomato plants were
placed ina 60 x 60 x 60 cm cage, releasing 15 adults of B. cockerelli on each plant during
48 h to oviposit; adults were then removed and eggs were followed from hatching until
second nymphal instar, with 50 nymphs on average per plant treated.

Testing consisted of applying the treatments directly to the plants with a 500 mL man-
ual sprinkler, at a rate of 25 mL per plant. Based on the laboratory tests, three concentrations
were used per NPs alone and in combination (low, medium, and high concentration), in
addition to a control treatment without nanoparticles applying distilled water only, with six
replicates per concentration (Table 1). The different concentrations of NPs were prepared
following the same methodology of the laboratory bioassay.

2.7. Mortality Evaluation

In both bioassays, mortality evaluation was carried out 24, 48, 72, and 96 h after
treatment. The laboratory bioassay was evaluated with a binocular stereoscope microscope
and in the greenhouse with a magnifying glass. The number of surviving and dead nymphs
was recorded in which a nymph was considered dead, when not responding to a stimulus,
appendages detached from to the body, and/or was dehydrated.

2.8. Data Analysis

Mortality data were analyzed using probit analysis to estimate LCsy, and LCygs values
and fiducial limits at 95% significance. Before probit analysis, mortality was corrected
by Abbott formula [50] with an accepted mortality in the control of 17%. To determine
the effect of treatments on B. cockerelli, data were transformed by arcsine square root,
and analysis of variance under a completely randomized design (laboratory), complete
randomized block design (greenhouse), and mean comparison with a Tukey’s multiple
range test (p < 0.05) were performed. For both, the statistical package SAS/STAT [51] was
used.

3. Results
3.1. Size and Morphology Nanoparticles of ZnO and TiO,

To obtain the size distribution of the particles by transmission electronic microscope
technique, 300 and 250 ZnO and TiO; NPs were analyzed, respectively.

The transmission electronic microscope micrograph of ZnO nanoparticles is shown
in Figure 1, which displays a morphology crystalline semi-sphere with an average size
of 23.44 nm and even distribution size (a). The larger particles are distributed to particle
agglomeration. The particle size distribution histogram indicates that it ranges from 7.3 to
42.7 nm (b).
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Semi-spherical
NP size= 23.44 nm

Frequency
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Figure 1. Transmission electron microscopy micrograph showing the semi-spherical morphology of
ZnO-NPs (a) and histogram of particle size distribution (b).

The transmission electronic microscope micrograph of TiO, nanoparticles is shown in
Figure 2, which displays a needle-shaped morphology with a diameter of 76.15 nm long
and 8.52 nm wide.

Needle-shaped
Diameter=76.15 nm
Wide=8.52 nm

7
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|
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Figure 2. Transmission electron microscopy micrograph showing the needle-shaped morphology of
TiO, NPs (a) and histogram of particle size distribution (b).

3.2. Mortality of Tomato Psyllid B. cockerelli by NPs on Tomato Leaves in the Laboratory

Nanoparticles of ZnO, TiO,, and their combination showed significant insecticidal
action (p < 0.05) against B. cockerelli second stage nymphs under laboratory and greenhouse
conditions.

The ZnO NPS at 24 and 48 h after application, in general, did not show differences
among concentrations, but were different with respect to the control, with the exception of
1000 ppm. After 72 and 96 h again, no differences were observed among concentrations,
however, significant differences were found when compared to the control. The NPs
showed high insecticide activity, particularly in concentrations ranging from 500 ppm
to 3000 ppm, with mortality above 80% and an LCsg of 14.14 ppm 96 h after evaluation
(Table 2).
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Table 2. Mortality (£SD) of tomato psyllid Bactericera cockerelli, at different concentrations of ZnO
NPs on tomato leaves in the laboratory.

Mortality (%) !

Concentration
(ppm) 24h 48h 72h 96 h
0 216 £1.07 ¢ 729 +£2.88 ¢ 12.04 £233b 16.86 £ 3.70 b
100 18.82 £ 533 a 38.74 & 3.80 ab 54914292 a 75.04 & 5.16 a
300 1622 £ 7.68a 4533 £ 8.75a 58.83 & 8.37 a 79.00 & 7.24 a
500 12.32 + 7.66 ab 41.65 4 20.76 ab 61.68 & 18.22 a 80.48 = 20.24 a
1000 4.86 4 4.87 be 27.33 £ 4.07b 62.56 = 10.96 a 88.02 = 13.07 a
2000 1784 £ 637 a 42.41 £ 3.90 ab 64.87 + 624 a 87.80 & 3.54 a
3000 1774 £ 333 a 4012 £ 11.22a 64.18 + 14.04 2 88.58 +£9.97 a
df 6.41 6.41 6.41 6.41
F 14.06 15.21 24.39 21.84
Pr>F <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 ***
R2 0.76 0.77 0.84 0.82
1.12909 x 10~8 160.99 14.14
& $ 0, —18
LCso (FL, 95%) 4999 > 107 (NC) (NC) (0.00146-468.04)  (0.64269—47.91883)
2,780,761,440
1.439 x 1046 1.1502 x 10~% A 22,832
& $ 0, ) 4
LCos (SFL, 95%) NO) (NO) (2,051,410-9.57389 (6655.519,178)

x 107°1)

1 Data transformed by arcsine square root. Means with the same letter in same column are not significantly
different (Tukey; p < 0.05). *** Indicate significant contrast value F to p < 0.001. & Letal concentration. ® Fiducial
limits. N.C. = Not calculated by statistical software.

The insecticidal effect of TiO, NPs after 24 h showed over 90% mortality in concentra-
tions above 100 ppm. After 48 h of the application of treatments, the insecticide activity had
a significant increased mortality with 80% at the lowest concentration, a trend observed in
all evaluations and concentrations, with 93% in the lowest concentration at 72 h and 100%
mortality in highest concentration at 72 and 96 h with an LCs¢ of 11.18 ppm of NPs-TiO; to
control B. cockerelli second instar nymphs (Table 3).

Table 3. Mortality (=SD) of tomato psyllid Bactericera cockerelli, at different concentrations of TiO,
NPs on tomato leaves in the laboratory.

Mortality (%) !

Concentration
(ppm) 24h 48h 72h 96 h
0 216 £ 1.07 ¢ 729 +2.88 ¢ 12.04 +2.33d 16.86 £ 3.70 b
40 39.02 £ 12.47b 80.65 + 10.80 b 93.91 + 11.44 ¢ 95.36 £ 9.82 a
60 4195+ 14.71b 80.52 + 16.31b 92.59 + 8.89 ¢ 9484 +771a
80 5457 £ 6.94b 90.59 £ 4.07 b 97.36 + 3.97 abc 98.39 £ 3342
100 93.01 +2.80a 9842 £ 157 a 99.90 + 0.25 ab 100.00 & 0.00 a
300 94.09 £ 553 a 99.83 £ 042 a 100.00 & 0.00 a 100.00 & 0.00 a
500 97.78 £ 2.18 a 99.70 + 0.38 a 100.00 & 0.00 a 100.00 & 0.00 a
df 6.41 6.41 6.41 6.41
F 153.97 125.60 119.94 107.12
Pr>F <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 ***
R2 0.97 0.96 0.96 0.96
60.05 21.99 12.67 11.18
& $ 0,
LCso (°FL, 95%) (13.97-102.9) (0.006-39.13) (NC) (0.96-21.12)
297.51 113.12 66.95 58.92
& $ 0,
LCos (°FL, 95%) (148.51-36,371) (74.34-11,845) (NC) (45.48-78.71)

! Data transformed by arcsine square root. Means with same letter in same column are not significantly different
(Tukey; p < 0.05). *** indicate significance contrast value F to p < 0.001. & Letal concentration. ® Fiducial limits.
N.C. = Not calculated by statistical software.

Combined action of ZnO and TiO, NPs was observed at 24 h with significant differ-
ences in B. cockerelli mortality with concentrations of 150 and 250 ppm. From 48-96 h after
application, mortality increased significantly at the different concentrations, reaching 99%
mortality at the highest evaluated concentration. The different concentrations showed
to be efficient to control B. cockerelli second instar nymphs, with an LCsg of 5.59 ppm of
nanoparticles in combination, after 96 h post application (Table 4).
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Table 4. Mortality (£SD) of tomato psyllid Bactericera cockerelli, with different concentrations of a

combination of ZnO and TiO, NPs on tomato leaves in the laboratory.

Concentration Mortality (%) 2
(ppm) ! 24h 48h 72h 96 h
0 216 £ 1.07 ¢ 7.29 +2.88d 12.04 £ 233 16.86 £ 3.70
20 6.65 + 4.77 ¢ 35.77 £ 5.86 ¢ 7433 £9.23d 85.12 + 8.58b
30 17.95+2.72b 59.63 4+ 9.68 b 80.45 + 10.85 cd 89.27 +£5.35b
40 28.81 £ 6.55b 78.10 + 10.33 a 95.90 + 5.01 ab 98.40 +2.84 a
50 26.84 +£5.89b 64.26 + 6.76 b 91.07 + 2.08 be 97.96 + 1.16 a
150 58.59 +11.30 a 8212 + 6.59 a 96.16 + 2.33 ab 98.96 +1.22a
250 4577 £7.33a 82.96 + 3.05a 9822 +141a 99.72 + 0.69 a
df 6.41 6.41 6.41 6.41
F 61.41 85.19 113.30 124.32
Pr>F <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 ***
R2 0.92 0.94 0.96 0.96
180.60 26.81 6.72 5.59
& $ 0,
LGCso (°FL, 95%) (97.13-1387) (0.0057-58.59) (0.0029-16.45) (2.457-13.93)
3405 805.77 101.43 45.55
& $ 0,
LCos (°FL, 95%) (486.75-617,363) (194.007-6.125) (54.81-7482) (27.78-4088)

! Both nanoparticles mixed in equal parts. 2 Data transformed by arcsine square root. Means with the same
letter in same column are not significantly different (Tukey; p < 0.05). *** indicate significance contrast value F to
p <0.001. & Letal concentration. ¥ Fiducial limits.

3.3. Mortality of Tomato Psyllid B. cockerelli by NPs in the Greenhouse

Significant results (p < 0.05) were found in the mortality of B. cockerelli due to the
action of ZnO and TiO, NPs and their combination under greenhouse conditions; although
insecticide activity was obtained, these results were not as expected, given the results found
under laboratory conditions. B. cockerelli mortality is considered low for both NPs and their
combination, with mortality observed 48 h after treatment in all concentrations. The ZnO
NPs had 5.79% mortality at the highest concentration after 48 h, increasing to 27.02%, 96 h
after treatment, at 3000 ppm concentration, with an LCsy of 15,862 ppm (Table 5).

Table 5. Mortality (£SD) of tomato psyllid Bactericera cockerelli, at different concentrations of ZnO
NPs on tomato in the greenhouse.

Mortality (%) !

Concentration
(ppm) 24h 48h 72h 9 h
0 0.00 +0.00 a 0.00 +0.00 a 414+ 187b 9.09+630b
300 0.00 + 0.00 a 1.39 +£3.40b 4.63+352b 12.00 + 9.58 b
1000 0.00 +0.00 a 5.11 + 6.03 ab 9.21 + 4.08 ab 17.00 + 7.83 ab
3000 0.00 + 0.00 a 579+ 1.64a 13.40 + 4.30 a 27.02+692a
df 3.23 3.23 3.23 3.23
F N.C. 6.21 5.98 434
Pr>F N.C.ns 0.0059 ** 0.0068 ** 0.0217 *
R2 0.00 0.62 0.57 0.50
203,872
/ 69,511 15,862
& $ 0, - ” /
LCso (°FL, 95%) NG (17’19503‘9%6)583 x (N.C.-N.C.) (5894-150,031,026)
18,147,270 4503170 402,640
& Cys (PFL, 95%) N.C. (172,073-3.1171 x it (36,256-5.01396 x
107170 ) (NC_NC) 10715 )

! Data transformed by arcsine square root. Means with the same letter in same columns are not significantly
different (Tukey; p < 0.05). *, ** indicate significance contrast value F to p < 0.05, <0.01 respectively. ns = not
difference. & Lethal concentration, ® Fiducial limits. N.C. = Not calculated by statistical software.

The TiO, NPs showed results similar to the ZnO NPs under this same condition, with
a low insecticide effect on all concentrations tested, with 11.81% after 48 h at the highest
concentration up to 32.71% mortality 96 h after treatment, with 9.09% mortality in control
treatment and an LCsg of 1657 ppm of TiO, NPs (Table 6).
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Table 6. Mortality (SD) of tomato psyllid Bactericera cockerelli, at different concentrations of TiO,
NPs on the greenhouse.

Concentration Mortality (%) !
(ppm) 24h 48h 72h 96 h
0 0.00 == 0.00 a 0.00 = 0.00 ¢ 414+187b 9.09 & 6.30 b
40 0.00 == 0.00 a 1.64 + 1.92 be 9.04 +528b 1449 £ 7.75b
100 0.00 == 0.00 a 6.38 £ 6.29 ab 10.02 £ 7.09 b 14.76 £ 11.55b
500 0.00 == 0.00 a 11.81 +£525a 22.26 +5.60 a 32.71 + 6.00 a
df 3.23 3.23 3.23 323
F N.C. 15.58 13.43 9.27
Pr>F N.C.™s <0.0001 *** 0.0002 *** 0.0010 **
R2 0.00 0.76 0.75 0.69
19,319 (2723 3776 1657
& $ 0, 7
LGCso (°FL, 95%) NG 1,187,447,001) (1384-57,527) (887.33849-5952)
2,479,473 138,470 31,049
&LCos (PFL, 95%) N.C. (48,757-1.77645 x (16,440~ (7826-631.186)
10716) 58,180,024) ’

1 Data transformed by arcsine square root. Means with the same letter in the same columns are not significantly
different (Tukey; p < 0.05). **, *** indicate significance contrast value F to p < 0.01, <0.001 respectively. ns = not
difference. & Letal concentration, ® Fiducial limits. N.C. = Not calculated by statistical software.

In the combined NPs experiment, the same pattern was observed as in the individ-
ual evaluation, with low mortality in all concentrations used. Mortality was observed
at 48 h without significant differences among concentrations, and with 20% more mor-
tality at 96 h at a concentration of 250 ppm, which had 23.89% mortality and an LCsg of
2.15679 x 10'° ppm (Table 7).

Table 7. Mortality (=SD) of tomato psyllid Bactericera cockerelli, at different concentrations of com-
bined ZnO-TiO, NPs on tomato greenhouse.

Concentration Mortality (%) 2
(ppm) ! 24h 48h 72h 96 h
0 0+0.00a 0.00 £ 0.00 a 414+187b 9.09 +6.30a
20 0+ 0.00 a 0.19+047a 456 +292b 9.08 £ 6.02a
50 0+ 0.00 a 170 £ 2.31a 7.34 + 521 ab 18.26 £ 9.53a
250 0+£0.00a 237 £204a 1151 £ 637 a 23.89 £ 1550 a
df 3.23 3.23 3.23 3.23
F N.C. 3.50 412 3.95
Pr>F N.C.ns 0.0418 * 0.0257 * 0.0292 *
R2 0.00 0.50 0.57 0.57
368,554 281,036 2.15679 x 10~10
& $ 0, y /
LCso (°FL, 95%) NG (N.C-N.C) (N.C-N.C) (N.C-N.C)
231,517,521 226,344,843 3.99698 x 10~ 1°
& $ 0, , ” / y
LCo5 (°FL, 95%) NG (N.C-N.C)) (N.C-N.C)) (N.C-N.C))

! Both nanoparticles mixed in equal parts. 2 Data transformed by arcsine square root. Means with the same letter
in the same column are not significantly different (Tukey; p < 0.05). * indicate significance contrast value F to
p < 0.05. ns = not difference. & Letal concentration, ® Fiducial limits. N.C. = Not calculated by statistical software.

4. Discussion
4.1. Effect of ZnO and TiO, NPs against Tomato Psyllid B. cockerelli in Laboratory
and Greenhouse

The ZnO and TiO, NPs and their combination showed significant effects against B.
cockerelli second instar nymphs under laboratory and greenhouse conditions; however,
toxicity was significantly higher in laboratory tests. The results obtained in this study, at
the laboratory level, evidenced the insecticidal activity of ZnO and TiO, Nanoparticles,
given the direct contact of the NPs with the insect and under totally controlled conditions
(25 £2°C,70% RH and 14:10 h L:D photoperiod), without any other factor that interacts
with the result. Although, in the greenhouse test, the conditions are semi-controlled
(25 £2°C, RH of 60 % 10%, 14:10 h L:D photoperiod and automated ventilation to reduce
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heat and renewal of carbon dioxide), meaning more similar conditions to open field when
other factors can interact (light, night, temperature, water, wind), it is not considered that
these factors will spread the nanoparticles outside of the plant. The main factor that could
determine the lack of efficiency in greenhouse conditions is the size of the plants, which
were already large (40—45 cm approximately) and with a large amount of foliage, and
also the application of a low volume (25 mL per plant), which did not cover the foliage
sufficiently. For the greenhouse test, more studies are needed to establish the specific dose
for insect control, as well as to increase the volume of nanoinsecticide application, which
is correlated also with foliage surface, at efficient insecticides doses that will not cause
phytotoxicity.

4.2. Nanoparticles Effects on Plants

The use of NPs in the field for plant protection, chemical pesticides reduction, and
environment care, is an increasing need, particularly due to their size that ranges from
120-250 nm and an efficiently water-soluble size range compared to existing pesticides [12].

ZnO NPs have attracted special attention over time, due to their stability and biosafety
use; recently, TiO, NPs have gained more attention for different applications; however, to a
greater degree in the medical area [52].

In the agricultural sector, NPs are studied for their potential as nanofertilizers, correct-
ing zinc deficiencies in plants, and as promoters of plant growth and development [53-55].
The growth promotion in plants is related to the concentration, size, and inherent properties
of the element involved, as well as the physiological and biochemical function it plays in
plant, and whether it acts as a micronutrient, as is the case with zinc [56].

Several investigations confirm the role of ZnO NPs as promoters of germination,
seedling growth, dry biomass production, root and stem elongation, and significant increase
in chlorophyll and protein in seedlings [57-59].

TiO, NPs positive effect on plant growth, and especially in plant tolerance against
abiotic stress, is known. The application of TiO, NPs application improved all agronomic
traits, increased antioxidant enzymes activities, photosynthetic rate, chlorophyll formation,
soluble sugars, amino acids, and proline content, in addition to significantly reducing the
hydrogen peroxide (H,O,) concentration and lipid peroxidation (MDA) contents in plants
under saline conditions, which subsequently caused enhanced crop yield [60-63]. Servin
et al. [64] in their study with cucumber Cucumis sativus L. (Cucurbitaceae) showed that
TiO; NPs increase catalase and chlorophyll in leaves, decrease ascorbate peroxidase, and
significantly increase potassium and phosphorus.

4.3. Translocation of ZnO and TiO, Nanoparticles

The absorption effectiveness of conventional fertilizers and pesticides by foliar appli-
cation is low because they are highly soluble and leach rapidly. Highly water-soluble ions
may have difficulty penetrating the lipophilic cuticle, limiting the availability of the active
ingredient [57].

In contrast, NPs, when applied to foliage, enter cells through the vascular or stomatal
system, depending on the size range of the metallic particles [58,65,66], and its basipetal
translocation or transport towards the base of the stem is by the phloem. Once NPs enter the
phloem, further translocation to various plant organs and developing sinks are mediated
by short- and long-distance pathways [67]. When NPs are applied to the soil or in the
irrigation water, they penetrate through the epidermis of the root and the bark, later they
pass to the endodermis, and finally they enter the conductive tissue of the xylem to be
translocated by a long distance to the branches and the foliage of plants [66]. In addition, it
presents a slow and gradual availability of the active ingredient, which results in greater
efficiency [68].

It has been pointed out that cell walls and membranes act as an effective barrier to the
entry of any type of NP and that the effectiveness of their entry and transport is determined
by the size of the cell wall pores, which are in the range of 2-20 nm [69,70]. The stoma
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appears as the most feasible route for the penetration of NPs [70]. The mobility of Zn is
higher in phloem than xylem due to increased concentration of chelating solutes (peptides,
organic acids etc.) in phloem sap. Zn is transported in ionic form or as complexes of
Zn-nicotianamine, Zn-malate, and Zn-histidine in phloem tissues [67].

Servin et al. [64], in cucumber, demonstrated the ability of TiO, NPs to translocate
from root to fruit, while Vittori et al. [71] in tomato grown in soil and watered with TiO,
NPs showed that these nanoparticles do not accumulate in the crop, observing the presence
of TiO, NPs only distributed in the longitudinal section of the roots.

Kolenc¢ik et al. [38], in foliar application, did not detect differences in titanium translo-
cation or accumulation in fully ripe sunflower seeds Helianthus annuus L. (Asteraceae)
compared to the control, which encourages further research. However, the TiO,-NPs have
affected quantitative and nutritional parameters such as oil content and changed sunflower
physiology to early maturation.

4.4. Nanoparticles as Nano-Insecticides

In recent years, the use of nanotechnology has become a promising tool for pest
control [72], for example, in pest control for crop protection, different NPs have been tested
against various pests, mainly under laboratory conditions.

ZnO NPs were tested on a poisoned diet, using the waxworm, Galleria mellonella
L. (Lepidoptera: Pyralidae), reporting its efficacy 48 h after application, causing death
and subsequent abnormalities in the life cycle of the insect in surviving larvae at low
concentrations [73].

The Ag and Ag-Zn NPs were recorded as an alternative in controlling Aphis nerii
Boyer de Fonscolombe (Hemiptera: Aphididae), with an LCsg of 424.67 and 539.46 mg/mL,
respectively [74].

In wheat grains Triticum sp. L. (Poaceae) on the flour beetle, Tribolium castaneum
(Herbest) (Coleoptera: Tenebrionidae), Salem et al. [22] reported 69% mortality with ZnO
NPs and 68% with aluminium oxide NPs (Al,O3), in 15 days of evaluation, compared with
malathion with a 98% control.

These findings were corroborated, when observing that pirimiphos-methyl insecticide
was more effective than the Al,O3 and ZnO NPs for S. oryzae control with 100% mortality
3 days after application, whereas the Al,O3 nanoparticles were effective after 15 days
with 53.35% mortality, and the ZnO NPs had a moderate effect with 46.8% control; both
nanoparticles significantly inhibited pest progeny [21].

On the other hand, ZnO NPs was the most toxic compound, with a greater effect (100%
mortality) with LCsg value of 11.29 ppm on the pink bollworm, P. gossypiella, compared to
silica nanoparticles and spinosad and pyriproxyfen insecticides [33].

Al-Bartya and Hamza [39] studied the larvicida activity of TiO, NPs combined with the
aqueous extract of Moringa oleifera Lam. (Moringaceae) over the red weevil, R. ferrugineus,
finding 100% mortality at a concentration of 75 mg/L 10 days after treatment.

Copper nanoparticles (CuO NPs) showed an insecticide effect on S. littoralis larvae
after 15 days of evaluation, with 95 and 75% mortality at a concentration of 1000 mg/L on
the second and fourth instar larvae, respectively [75].

Khooshe-Bast et al. [76], under laboratory conditions with greenhouse whitefly, Tri-
aleurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae), obtained a mortality rate of
91.6% with ZnO NPs at a concentration of 20 mg L' and an LCsq of 7.35 mg L1

In ingestion evaluations, Shaker et al. [12] demonstrated that the application of TiO,
nanoparticles was effective after 15 days at 62.5 and 125 ppm on S. littoralis second and
fourth instar larvae, affecting biological aspects such as larval period, pupation, adult emer-
gence, fertility, sex ratio, longevity, and egg hatching, in addition to causing malformations
in larvae, pupae, and adults.

Jovanovi¢ et al. [77] demonstrated that titanium dioxide nanoparticles have little
insecticidal activity on the fruit fly, Drosophila melanogaster Meigen (Diptera: Drosophilidae)
at concentrations relevant to oral exposure of humans (0.002 mg mL~1, 0.02 mg mL~1,
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0.2 mg mL~!, and 2 mg mL~! of TiO, in feeding medium). The TiO, did not affect survival
and fecundity, but significantly increased time to pupation. Expression of the gene for
catalase was markedly down regulated by the treatment TiO,, while the effect on the down
regulation of superoxide dismutase 2 was less pronounced.

Mostafa et al. [34] examined the efficacy of two nanoparticles and their combination
on C. quinquefasciatus larvae, finding that ZnO NPs, Al,O3 NPs, and aluminum-doped zinc
oxide (AZO) are effective, with mortality rates of 96, 74, and 86% respectively at the highest
concentration of 30 mg L™, confirming their larvicidal effect.

Green zinc oxide nanoparticles were synthesized from spinach leaves Spinacia oleracea
L. (Amaranthaceae) and tested on Callosobruchus analis F. (Coleoptera: Chrysomelidae) with
100% mortality at 1500 ppm after 10 days treatment and used as chickpea seed protectors
Cicer arietinum L. (Poaceae) for 1 month of storage, with less oviposition and damage to
seeds and less weight loss of them [72].

Ishwarya et al. [78] examined the larvicidal activity of ZnO NPs fabricated with Ulva
lactuca L. (Ulvaceae) seaweed extract on Aedes aegypti (L.) (Diptera: Culicidae) fourth instar
larvae. They observed that the highest mortality (100%) of larvae of A. aegypti within
24 h was obtained testing 50 nug/mL of ZnO NPs, and LCsy was 22.38 while LCyy was
41.94 pg/mL.

Green nanoparticles of Scadoxus multiflorus (Martyn) Raf. (Amaryllidaceae) were
synthesized with leaf powder aqueous extract as a capping and stabilizing agent for
the synthesis of ZnO NPs and were tested against A. aegypti larvae and eggs, giving a
significant LCsg value of 34.04 ppm, and ovicidal activity resulted in a mortality rate of
96.4% at 120 ppm with an LCs( value of 32.73 ppm [79].

The insecticide efficacy of Ag NPs with malathion on T. castaneum was compared, and
it was found that the Ag NPs combined with malathion at 150 ppm showed high control,
repellency, and oviposition efficiency reduction [80].

Different concentrations of TiO, NPs (100, 500, 1000, 3000, and 5000 ppm) in poisoned
diets were evaluated on G. mellonella. The authors reported that larval and pupal devel-
opmental times significantly increased at 100, 500, 1000, and 3000 ppm when compared
with the control and highest dose of TiO, NPs. They also reported that adult longevity
time was shortened at low concentrations of TiO, NPs (100, 500, and 1000 ppm). Expo-
sure to TiO, NPs caused a significant increase in the total protein amount and content
of malondialdehyde and glutathione S-transferase activity in the hemolymph at 100, 500,
and 1000 ppm. While the activity of catalase increased by 1000, 3000, and 5000 ppm and
superoxide dismutase activity increased at all doses of TiO, NPs [81].

In a similar study, Lopez Mufioz et al. [82] synthesized TiO; and Al,O3 NPs for testing
its toxicity against Oncopeltus fasciatus (Dallas) (Hemiptera: Lygaeidae), and the effects
were monitored in the filial generation to know the effect on the insect composition (protein
and lipid content and lipid peroxidation). The results indicated that the ectopic exposure
to nanoparticles at 1 mg/ cm? (TiO,) and 0.5 mg/ cm? (Al,O3) did not induce lethal toxicity
in O. fasciatus, nor did it modify reproductive parameters. However, both NPs produced
an increase in nymphal life span. In the parental generation, TiO; NPs increased protein
content whereas Al,O3 NPs decreased it. Al,O3 NPs decreased protein content, and TiO,
NPs decreased lipid content. Responses observed in the individuals of the filial generation
demonstrated the existence of trans-generational effects of Al;O3 and TiO; NPs.

Eskin et al. [83] performed a toxicity test with ZnO NPs to determine the lethal
concentrations of ZnO NPs on G. mellonella larvae by force-feeding method. After 24 h
of the treatment, 100% larval death rate was observed at 30 and 100 pg/10 pL. ZnO NPs
doses; LCsp was 6.03 ug/10 pL; and LCqg was 12.86 pg/10 pL.

ZnO nanoparticles are alternatives in the protection of stored seeds of Vigna sinensis
L. (Fabaceae) and Triticum sativum Lam. (Poaceae) and effective in controlling adults of
weevils S. oryzae and Callosobruchus maculatus F. (Coleoptera: Chrysomelidae) with 88.3
and 100% mortality, in addition to causing large reductions in the progeny (F1) of these
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insects; whereas with the flour beetle T. castaneum, lower mortality of 38.3% was shown at
the highest concentration (8 g/kg) [84].

Two nanoparticles, silica oxide (SiO) and Al,O3 with the insecticide malathion,
against were compared T. castaneum [85]. Their results showed that malathion had the
greatest effect on the insect; although to a lesser degree, NPs also inhibited the T. castaneum
progeny with a higher effect of Al,O3 NPs than SiO; NPs, concluding that NPs are adequate
to protect stored grains as an alternate method to chemical insecticides because they are
safer for humans.

The efficacy of ZnO NPs was tested against first instar larvae of white grubs Holotrichia
(Coleoptera: Scarabaeidae) and 20% mortality was found in the highest concentration
(30 ppm) and LDsq of 12.63 ppm [86].

Only a few studies were done to evaluate the efficacy of ZnO/TiO, NPS or any other
nanoparticles against plant pests in greenhouse and field.

The greenhouse evaluation results showed low mortality (32.71%) at the highest
concentrations with TiO,, 27.02% with ZnO NPs, and their combination with 23.89%.

These results are different from those by [87], under semi-field conditions in broad
bean (Vicia faba L.) (Fabaceae), who report 100% mortality with foliar application of hy-
drophilic nanosilice and silice to control Myzus persicae Sulzer, Acyrthosiphon pisum Harris,
and Aphis craccivora C.L. Koch (Hemiptera: Aphididae), surpassing the chemical insecticide
lambda-cyhalothrin control of 78% in its highest mortality.

4.5. Nanoparticles Action Mode

Nanoparticles can affect various physiological parameters in treated organisms. Volker
et al. [88] indicated with in vitro assays that the dose-dependent cell death-inducing oxida-
tive stress was the most likely toxicity pathway.

The high efficiency of NPs also is generally attributed to their capacity to destroy
the protective waxy layer of the insect’s cuticle, through the absorbance of lipids, which
induces death by desiccation [21,33]. In addition to reducing lipid content, they also reduce
the amount of total protein, as occurs with chemical and botanical growth-regulating
insecticides [33].

The mode of action of NPs also attributed to desiccation strengthens the use of these
materials [89], since it is very unlikely that insect pests treated with nanoparticles genetically
or physiologically generate resistance to this mechanism of action [21]. With the low-risk of
developing long-term insect resistance and relative safety for humans and the environment
as compared to chemical insecticides, nanoparticles are a viable option as an alternative to
insecticides [21,33,80].

Precise information on the mechanisms of action of nanoparticles against insects is
limited. Benelli [90] summarized the mechanism of action of some nanoparticles against
insects. The author informed that silver and graphene oxide nanoparticles have a significant
impact on insect antioxidant and detoxifying enzymes, leading to oxidative stress and cell
death.

Ag nanoparticles also reduced acetylcholinesterase activity, up- and down-regulated
key insect genes, and reducing protein synthesis and gonadotrophin release, leading
to developmental damages and reproductive failure. While polystyrene nanoparticles
inhibited CYP450 isoenzymes.

Au nanoparticles can act as trypsin inhibitors and disrupt development and reproduc-
tion. Metal nanoparticles can bind to S and P in proteins and nucleic acids, respectively,
leading to a decrease in membrane permeability and, therefore, to organelle and enzyme
denaturation, followed by cell death. The toxicity of SiO, and Al,O3; nanoparticles is due
to their binding to the insect cuticle, followed by physico-sorption of waxes and lipids,
leading to insect dehydration.

Ishwarya et al. [78] demonstrated that ZnO NPs-treated A. aegypti larvae showed
the disintegration of the epithelial layer and outer cuticle, compared to Zn acetate-treated
larvae, which showed the deposition of zinc inside the larval body. The histopathological
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images showed the effect of exposure to ZnO NPs against A. aegypti larvae. The histology
of A. aegypti larval tissues experienced different histological modifications; the epithelium
was spoiled and cells were vacuolated, enclosing the nuclei in the NP-treated larvae.

Under scanning electron microscopy, Mostafa et al. [34] detected ZnO NPs on the
surface of the dead larvae of C. quinquefasciatus and demonstrated adhesion of ZnO NPs
particles on the head region, practically on the hair of the head, as well as particles adhering
to the abdominal cuticle and to the gills and respiratory siphon.

4.6. Nano-Formulation of NPs for Future Nano-Insecticides

The low toxicity under greenhouse conditions in this research and based on the
laboratory results suggest that more tests should be carried out with an increase in the
concentrations, or if necessary, adding surfactants and adjuvants in order to improve their
efficacy; increase its dispersion capacity, wetting, adherence, penetration, and droplet
deposition; and improve the wetting and persistence of the active ingredient, to achieve
higher effectiveness and thus confirm their insecticide effect on B. cockerelli.

Other insecticidal nano-systems could be designed as nano-formulations, nano-composites,
and nano-encapsulation, with the objective that the insecticides are more effective and that
the insecticide presents a gradual release that is synergistic and prevents indiscriminate
applications.

An example of nano-encapsulation was shown in the research of Khoshraftar et al. [91]
on the insecticidal activity of nano-encapsulated plant extract Eucalyptus globulus Labill.
(Myrtaceae) investigated against Myzus persicae Sulzer (Hemiptera: Aphididae). They
found 100% mortality with an increased solution concentration and exposure time of
Eucalyptus extract nanocapsule. The emergent nano-technology by nano-encapsulation for
the controlled release of active ingredients overcame the restrictions of plant extract usage
in laboratory conditions, with a toxicity durability of Eucalyptus extracts reported of 8%
mortality, and 72% mortality for nanocapsules for 30 days.

Zn0O nanoparticles with a thiamethoxam nanocomposite were synthesized and their
synergistic effect was further investigated on fourth instar larvae of Spodoptera litura (F.)
(Lepidoptera: Noctuidae), with observations showing an increased larval mortality (27%
increased mortality), a malformation in pupae and adults, overdue emergence, and reduced
fecundity and fertility [92].

The growing use of NPs has led to their release into the environment, and the toxicity
of metal oxide NPs on organisms has become a concern. There are still widespread
controversies and ambiguities with respect to the toxic effects and mechanisms of metal
oxide NPs [29]. Raliya et al. [93] indicated that there is a critical concentration of TiO, and
ZnO nanoparticles up to which the plant’s growth and development are promoted, with
no improvement beyond that.

4.7. Phytotoxicity in the Plant by Nanoparticles

Regarding phytotoxicity in the plant, during the development of the present study, no
physiological changes were observed or any negative impact, both in plants with NPs and
in the control. Nevertheless, it is known that nanomaterials are considered a stress factor
in plants since there is the possibility that they can remodel and modify the structure and
constitution of membranes and cell walls in plants [63,94]. However, the phytotoxicity of
NPs as a plant fertilizer and/or pesticide is determined by the applied concentration, the
dissolution of its ionic forms, and the absorption and transport of the active element and
its accumulation in plant tissues [68]. Once the NPs have penetrated the plant tissue, they
present a slow and gradual availability of the active ingredient at the cellular level, which
results in a greater accumulation of the ++ ion and, therefore, the generation of oxidative
stress [95,96].

The high concentration of metallic NPs in plant tissues can influence the production of
reactive oxygen species (ROS) and lipid peroxidation (MDA) [63,97-100]. ROS are reduced
molecules of atmospheric oxygen like the superoxide radical Oye, the hydrogen peroxide
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Hj0,, the singlet oxygen O,, and the hydroxyl radical OHe, which are highly reactive and
can cause oxidative stress in organisms [101], and can affect proteins, lipids, carbohydrates,
and DNA. NPs can also alter photosynthetic efficiency, photochemical fluorescence, and
performance in plants, due to their interactions with photosystems I and II, since studies
have shown that chlorophylls transfer energy to NPs [17,102].

According to Raliya et al. [93], aerosol- and soil-mediated exposure of TiO, and
ZnO nanoparticles lead to varying effects on plant phenology, fruit and biomass yield,
nutritional quality, and chlorophyll contents of tomato. However, they found that aerosol-
mediated application was more effective than soil-mediated application, although a higher
concentration (4250 mg kg 1) of nanoparticles delivered by foliar application could have
reached toxic levels that reduce plant height.

The main objective of this research was to evaluate the insecticidal activity of TiO,
and ZnO nanoparticles in the short term, while long-term effects, such as phytotoxicity,
were not evaluated.

Nanoparticles as insecticides are a novel and promising strategy that can be useful in
pest management, in which conventional management has ceased to be effective, due to
resistance problems; however, more research is required to evaluate their insecticide effects
on other pests and crops. It is necessary to evaluate effective concentrations for the control
that are not phytotoxic, the lethal time of NPs, their effect on non-target and beneficial
insects, the possible risk of resistance development, their safety in human health, and their
impact on environment.

5. Conclusions

The ZnO NPs showed insecticide activity over B. cockerelli second instar nymphs
under laboratory conditions, particularly in concentrations ranging from 500 ppm to 3000
ppm, with mortality above 80% at 96 h.

The TiO, NPs under laboratory conditions showed a high insecticidal effect after 24 h,
with over 93% mortality in concentrations above 100 ppm to control B. cockerelli second
instar nymphs.

The combined action of ZnO and TiO, NPs over B. cockerelli mortality was observed at
48 h with concentrations of 150 and 250 ppm, reaching 82% mortality, and at 72 h, reaching
80% mortality from 30 ppm.

The ZnO and TiO, NPs, as well as the combination of these under greenhouse condi-
tions, showed low toxicity for B. cockerelli second instar nymphs. The ZnO and TiO, NPs
had 27 and 32% mortality rate after 96 h at the highest concentrations of 3000 ppm ZnO
and 500 ppm TiO;. In the combined experiment, NPs showed 23% mortality at 96 h at a
concentration of 250 ppm.

The ZnO and TiO, NPs insecticide activity, as well as their combination, indicate their
potential as control agents and could be a control alternative for their development and
integration into a pest management system; however, more studies are needed in the field.
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