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Abstract

Background There is a serious global problem of salinization of arable land, causing large reduction in world food
production. Use of plant hormones is an effective way to reduce damage caused to crops and salt stress.

Results In this study, PEI-EDA was modified with AM-zein and grafted with plant hormone SA (AM-zein-SA) and
used as a nano-pesticide carrier to load emamectin benzoate (EB). The use of AM-zein-SA as a nano-pesticide carrier
could reduce the damage caused by salt stress to crops. The structure of AM-zein-SA was characterized by FTIR, UV,
fluorescence, Raman, and 'H NMR spectroscopic techniques. AM-zein-SA could effectively improve the resistance of
EB to ultraviolet radiations, resistance of cucumber to salt stress, and the absorption of EB by plants. The experimen-
tal results showed that AM-zein-SA could effectively improve the anti-UV property of EB by 0.88 fold. When treated
with 120 mmol NaCl, the germination rate of cucumber seeds under salt stress increased by 0.93 fold in presence of
6.25 mg/L carrier concentration. The POD and SOD activities increased by 0.50 and 1.21 fold, whereas the content
of MDA decreased by 0.23 fold. In conclusion, AM-zein-SA nano-pesticide carrier could be used to improve the salt
resistance of crops and the adhesion of pesticides to leaves.

Conclusion AM-zein-SA, without undergoing any changes in its insecticidal activity, could simultaneously improve
the salt stress resistance and salt stress germination rate of cucumber, reduce growth inhibition due to stress under
high-concentration salt, and had a good effect on crops. In addition, EB@AM-zein-SA obviously improved the upward
transmission rate of EB, as compared with EB. In this study, SA was grafted onto zein-based nano-pesticide carrier,
which provided a green strategy to control plant diseases, insects, and pests while reducing salt stress on crops in
saline-alkali soil.
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Introduction

With world-wide increase in crop produce, the use of
pesticides has also increased. Annually, the use of pesti-
cides globally is as much as 3 billion kilograms [1]. Also,
about 90% of the pesticides used, fail to reach the target
site and are lost to the environment [2]. Therefore, pes-
ticides are being excessively used to ensure good agri-
cultural production, which cause serious environmental
pollution and ultimately pose risks to human health [3].
To tackle the problem of environmental pollution caused
by excessive use of pesticides, researchers have developed
slow-release pesticides and controlled-release technolo-
gies, which are aimed at increasing the life-cycle of agri-
cultural chemicals, reduce environmental pollution, and
also to reduce the use of agricultural chemicals. Several
kinds of materials are being used presently for the slow
release of agricultural chemicals, which are as follows: (1)
Metal nanoparticles, (2) Metal oxide nanoparticles, (3)
Porous nanoparticles, (4) Micelles, and (5) Liposomes [4].
Among them, chitosan, sodium alginate, cellulose, and
zein are micelle carriers based on natural polymers, with
good biocompatibility.

Zein has low nutritional value, but is widely used in
medicine and biomedicine owing to its biocompatibility.
The current applications of zein in agriculture include
improvement of the anti-photolysis ability of some pho-
tosensitive pesticides, improvement of adhesivity of
pesticides to leaves, development of environmentally
friendly water-based pesticides, and increasing the uti-
lization rate of pesticide [5, 6]. Currently, there are four
main methods of using zein to load pesticides, which
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include anti-solvent precipitation, electro-spray, pH-
driven self-assembly, and supercritical anti-solvent tech-
nology [7, 8]. The most simple and convenient method
is the anti-solvent precipitation method, but since the
isoelectric pH of zein is 6.2-6.8, the zein nanoparti-
cles lose their original function due to the aggregation
of zein. The isoelectric point of agglomeration of zein
can be improved by addition of surfactants. In addition,
the isoelectric point can also be chemically modified to
prevent agglomeration of zein. The main principle is to
increase the electrostatic repulsions and steric hindrance
between nanoparticles through electrostatic interactions,
hydrogen bonding, and hydrophobic interactions. Chen
et al. [9] modified zein with ethylenediamine polyethyl-
enimine. Zein modified by PEI-EDA showed changes in
the ratio of positive and negative charges on the surface
of zein nanoparticles. The increase in isoelectric point of
zein resulted in stable dispersion of AM-zein nanoparti-
cles under neutral conditions.

Biotic and abiotic stresses are the main factors respon-
sible for reduction in crop yield. The main biotic stresses
are caused due to phytophagous pests, disease-causing
bacteria, and viruses [10]. The most common causes for
abiotic stresses include salt, cold, heavy metal poisoning,
drought, high temperature, and other major environmen-
tal factors. These stresses can lead to large reduction in
crop yields and cause serious economic losses [11].

The salinization of cultivated land is one of the most
serious problems affecting agricultural produce. The
salinization area of cultivated land accounts for 20% of
the total cultivated land area world-wide, resulting in
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20% reduction of world food produce each year [12].
The cultivation of grains, such as rice, maize, wheat, and
sorghum, which constitute the staple food of the world
population, accounts for about 66% of the world’s arable
land. Therefore, the effects of salinization-alkalization of
cultivated land are especially serious in terms of growth
and yield, especially in case of rice, which is a salt-sen-
sitive crop. Understanding the changes of physiologi-
cal and biochemical indexes in the process of salt stress
can improve the salt stress resistance of plants. The main
reason of salt stress damage to plants is the increase of
ROS, programmed cell death, DNA damage, lipid per-
oxidation, protein peroxidation, antioxidative metabo-
lism imbalance, inhibition of electron transport system.
Therefore, reducing the oxidation stress caused by ROS
is the key to improve the salt tolerance of plants. Numer-
ous studies have shown how plants affect ROS levels in
enzymatic and non-enzymatic components, such as the
following antioxidant enzymes, superoxide dismutase,
catalase, peroxidase, Glutathione peroxidase, ascorbate
peroxidase, Glutathione S-transferases, Glutathione
reductase, which are closely related to the breakdown of
ROS. On the other hand, plant antioxidant enzyme sys-
tems are composed of salicylic acid, methyl jasmonate,
ethylene, jasmonic acid, abscisic acid, gibberellin and
other plant hormones together constitute the activation
of antioxidant enzymes involved in the pathway of syn-
thesis [13—15]. At present, the main methods for solving
the problem of reduced grain yield caused by soil salini-
zation and their limitations are as follows: (1) Improve-
ment of soil, but the improvement of salinized land
requires a great deal of time and efforts and long-term
maintenance of the improved land [16], due to its distri-
bution world over. (2) Genetically modified salt-tolerant
genotypic crops can help in greatly overcoming salt and
alkali resistance, but the biological safety of transgenic
crops needs long time verification [17, 18]. (3) Spraying
with plant hormone can reduce crop-death and improve
the yields, as a response to salt stress. However, there is
a lag in the application of plant hormone, thus seriously
affecting its applications. Moreover, the persistence of
phytohormone treatment is poor, requiring 5-7 days for
supplementation and the artificial cost is relatively high
[19, 20].

Salicylic acid (SA) is an endogenous hormone present
in plants. SA can regulate various physiological and bio-
chemical processes in plants to relieve stress, when they
are exposed to adverse environmental conditions (such as
salt injury, water shortage, cold injury, heavy metal pollu-
tion.) [21, 22]. For example, the cold tolerance of maize
seedlings was improved by the application of exogenous
salicylic acid [23] and the toxicity of Chenopodium album
was regulated by pretreatment with exogenous SA [24].
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The main reason for improvement of tolerance to plant
stress by SA is that it can increase the activity of antioxi-
dant enzymes, such as peroxidase (POD) and superox-
ide dismutase (SOD) to rapidly decompose and produce
reactive oxygen species (ROS) in plant cells, when plants
face adverse conditions. The production of a large num-
ber of ROS leads to an attack on the cell membrane,
resulting in the leakage of cell contents, and ultimately
causing cell death [25].

However, the main limitations of application of salicylic
acid are as follows: (1) excessive use of plant hormones
causes’ plant damage, (2) plant hormone use persistence
is poor. Hadi et al. [26] treated barley at grain filling stage
with SA under salt stress. With increase in SA concen-
tration, the carbohydrate and starch contents in barley
grain increased initially and then decreased. Mohammadi
et al. [27] treated salt-stressed quinoa with 0.75 mM and
1.5 mM concentrations of SA and found that the growth
of quinoa was promoted at low concentrations. How-
ever, there was no significant increase or negative effect
at higher concentration. These results showed that high
concentration of SA had a negative effect on carbohy-
drate accumulation in barley grain during grain filling.

To reduce the damage caused due to salt stress on crops
and improve the efficiency of pesticide transportation in
crops, we proposed to graft the plant hormone, SA, on
AM-zein, a nano-pesticide carrier. The structure of AM-
zein-SA was characterized by Fourier transform infrared
spectroscopy, ultraviolet spectroscopy, fluorescence spec-
troscopy, Raman microscopy, scanning electron micros-
copy, and 'H NMR spectroscopy. The performance of
EB@AM-zein-SA as a nanopesticide was evaluated in
terms of foliar affinity, storage stability, insecticidal activ-
ity, UV resistance, and pH-responsive sustained release.
The effects of the nano-pesticide carrier, AM-zein-SA, on
the germination of cucumber seeds under salt stress and
the changes in activities of antioxidant enzymes were also
studied. The absorptivities and conduction properties of
nano-pesticide particles in plants were investigated. Fig-
ure 1 is a schematic diagram showing that spraying of
EB@AM-zein-SA on cucumber plants under salt stress
improved the salt tolerance, drug release property, and
uptake of nanoparticles.

Materials and methods

Plant

Cucumber seeds (Cucumis sativus, Zhongnong No.6,
China) were sown in perlite. Cucumber plants with dif-
ferent number of true leaves were used for the tests,
according to test requirements. All the tested leaves
had the same growth characteristics. The cucumber
seeds were treated with 10% H,O, for 30 min and then
transferred into 500 mL deionized water and incubated
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Fig. 1 Spraying of EB@AM-zein-SA on cucumber plants under salt stress enhanced salt tolerance, drug release property, and uptake of

nanoparticles

at 25 °C for 8 h. The seeds floating on the surface were
removed. Then it will be used in the germination experi-
ment of cucumber seeds under salt stress, in which a
total of 1800 cucumber seeds were used in the germina-
tion experiment under salt stress.

Experimental materials

Zein (purity 91%), L-leucine, thiobarbituric acid, and
sodium hydroxide were purchased from Macklin (Shang-
hai, China). Ethylene glycol diglycidyl ether (EGDE), PEI-
EDA (average molecular weight~800), phthalaldehyde,
2-mercaptoethanol, 1-ethyl-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccin-
imide (NHS), guaiacol, hydrogen peroxide (30%), ribofla-
vin, disodium ethylenediaminetetraacetate (EDTA-Na,),
D-methionine, nitroblue tetrazolium (NBT) (95%),
sodium dihydrogen phosphate dihydrate, disodium
hydrogen phosphate heptahydrate, sodium dodecyl sul-
fonate (electrophoresis level), and sodium tetraborate
decahydrate were all obtained from Aladdin (Shanghai,
China). Potassium bromide was supplied by Guangzhou
Chemical Reagent Factory (Guangzhou, China). Stand-
ard protein (Marker), electrophoresis buffer, Coomassie
brilliant blue fast staining solution, and 30% acrylamide
were all procured from Solaibio (Beijing China). Etha-
nol, trichloroacetic acid, salicylic acid, and concentrated
hydrochloric acid were provided by Tianjin Damao
Chemical Reagent Factory (Tianjin, China). All chemicals
were analytically pure, except for specific reagents, and
they were used without further purification.

Preparation of salicylic acid grafted zein(AM-zein-SA)

Zein (1 g) and ethylene glycol diglycidyl ether (EDGE,
0.5 g) were dissolved in 50 mL of 70% ethanol-water (v/v)
solution and stirred at room temperature for 6 h. Subse-
quently, ethylenediamine-terminated polyethyleneimine
(PEI-EDA, 3 g) was added and the reaction mixture was
continuously stirred for 1 h and then transferred to a
dialysis bag with a molecular weight cut-off of 5000 Da
for 24 h to remove the unreacted reactants, which was
followed by freeze-drying to obtain AM-zein [9].

SA (0.5 g), EDC (0. 3 g), and NHS (0.2 g) were dissolved
in 50 mL of 70% (v/v) ethanol-water solution. Then, the
pH was adjusted to 5.5 using 0.1 mol/L sodium hydrox-
ide aqueous solution. SA was activated by stirring for
2 h at room temperature. Subsequently, AM-zein (0.5 g)
was added to SA solution and the pH was adjusted to 5.5
using 0.1 mol/L hydrochloric acid solution with continu-
ous stirring. The mixture was reacted for 24 h at room
temperature. The product was dialyzed for 1 d in a dialy-
sis bag with a molecular weight cut-off of 5000 Da and
then freeze-dried to obtain the sample of salicylic acid
grafted AM-zein. The sample was named AM-zein-SA.
Figure 2 shows the proposed route for the synthesis of
AM-zein-SA.

Preparation of EB@AM-zein-SA and EB@AM-zein

EB@AM-zein was prepared by an improvised anti-sol-
vent method. AM-zein-SA (100 mg), AM-zein (100 mg),
and EB (20 mg) were dissolved in 5 mL of 70% (v/v)
ethanol-water solution and ultrasonicated for 10 min.
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Fig. 2 The proposed route for the synthesis of AM-zein-SA

Subsequently, the solution mixture of EB and AM-zein
was quickly poured into 95 mL of deionized water at
pH 3 and stirred magnetically to obtain EB@AM-zein.
Finally, the pH values of EB@AM-zein dispersions were
adjusted to 7 using 0.1 mol/L sodium hydroxide solution.
The preparation of EB@AM-zein-SA was also carried
out by the same above methodology. The samples were
freeze-dried for further characterization.

Characterization of the carrier structure
The structures of zein, AM-zein, AM-zein-SA, and SA
were all analyzed by DXR2 Raman spectroscopy (Thermo
Fisher, USA). The zein, AM-zein, AM-zein-SA, and SA
samples were ground into fine powders in a mortar and
small amounts of sample powders were picked up by a
capillary and placed on a glass slide. The objective lens
was 10x, the incident wavelength was 532 nm, and the
laser energy was 4 mW. The pinhole was set to 25 pm.
The structures of the samples were characterized by
'"H NMR spectroscopy on a Bruker 400 M Proton NMR
(Bruker, German). Accurately weighed 15 mg of AM-
zein, AM-zein-SA, and SA samples were analyzed in deu-
terated-DMSO solvent.
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The FTIR spectra of SA, zein, AM-zein, and AM-zein-
SA samples were acquired on a Spectrum 100 Fourier
transform infrared (FTIR) spectrometer (Perkin Elmer,
USA). Each sample in the form of KBr pellet was scanned
32 times in the spectral range of 4000—400 cm ™

The fluorescence absorption spectra of AM-zein, AM-
zein-SA, SA, and zein were obtained using a LS45 fluo-
rescence photometer (Perkin Elmer, USA). The SA, zein,
AM-zein, and AM-zein-SA samples were prepared in
70% (v/v) ethanol-water solvent. The concentrations of
the above sample solutions were 1 mg/mL and the inci-
dent wavelength was adjusted to 310 nm. The fluores-
cence spectra of the samples diluted to 1000 times were
measured.

The morphologies of the samples were studied using
a Sigma 300 scanning electron microscope (Zeiss, Ger-
man). The samples were dried naturally after their syn-
theses, then sprayed with Pt for 15 min, and scanned at
an accelerated voltage of 3 kV.

The free amino content in AM-zein was determined
by OPA method [28]. The sample (50 mg) was dissolved
in 5 mL of 70% (v/v) ethanol-water solution and 1 mL
of 15% (w/v) trichloroacetic acid was added to the solu-
tion over a period of 10 min at 35 °C. A 200 pL of the
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supernatant was centrifuged and mixed with 4 mL OPA
reagent in the same test tube for 5 min. The absorbance
of the solution was determined using 3600-plus UV-vis-
ible near-infrared spectrophotometer (Shimadzu, Japan)
at 340 nm. The amino content in the protein was cal-
culated according from the standard curve of leucine
(A=0.30669C—-0.01180, R*=0.9999).

The UV absorbances were characterized by a UV spec-
trophotometer. The absorbances of 100 mg/L solutions of
zein, AM-zein, AM-zein-SA, and SA in 70% (v/v) etha-
nol-water solvent were recorded. 70% (v/v) ethanol—
water solution was used as the blank background.

The molecular weight distributions of zein, AM-zein,
and AM-zein-SA were determined by SDS-PAGE elec-
trophoresis. Zein, AM-zein, and AM-zein-SA were dis-
solved in 70% (v/v) ethanol-water solutions to obtain
20 mg/mL solution concentrations. 1% SDS solution was
added to 1 mL of each protein solution to obtain 2 mg/
mL protein solution. Next, 80 uL protein solution 2 mg/
mL was mixed with 20 uL, 5 x SDS—-PAGE buffer solu-
tion to form the sample. After shaking, the mixtures were
kept in a water bath at 100 °C for 10 min and the gels were
then centrifuged for 5 min at 3000 rpm. The concentra-
tions of acrylamide gel and concentrated gel were 15%
and 5%, respectively, and a voltage of 120 V was setas, at
which the gel was separated. When the sample reached
the concentrated gel through the separating gel, the volt-
age was adjusted to 80 V. After electrophoresis, the gel
was separated from the electrophoresis plate and stained
with Coomassie brilliant blue fast staining solution.

Stability of the nanoparticles
The pH of the freshly prepared EB@AM-zein and EB@
AM-zein-SA dispersions were adjusted to the desired val-
ues (3, 5, 7, 9) using 0.1 mol/L hydrochloric acid solution
or sodium hydroxide solution, and the effect of pH on
their stabilities was studied.

Hydrodynamic diameter and Zeta potential were
measured using a 90-plus laser particle size analyzer
(Brookhaven, USA) to determine the stability of nanopar-
ticles at different pH values. The storage stability of the
nanoparticle also was evaluated at 26 °C and under neu-
tral conditions for 28 days.

Encapsulation efficiency and loading capacity

EB@AM-zein powder (10 mg) was dispersed in 4 mL
of absolute ethanol. The dispersion was centrifuged at
12,000 rpm for 5 min. Then 1 mL of the sample solu-
tion was diluted to 10 mL in a volumetric flask and
the concentration of the EB was assayed by ultra-
violet spectroscopy at 245 nm. The free EB was cal-
culated from the calibration curve of EB in ethanol
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(A=33.34106C+0.00841, R>=0.9999). All measure-
ments were carried out in triplicates and their mean val-
ues were reported. The encapsulation efficiencies (EE)
and loading capacities (LC) were calculated using formu-
lae (1) and (2), respectively. According to the formulae (1)
and (2), the EE and LC of EB in AM-zein and AM-zein-
SA were 27.944+0.08%, 4.66+0.01% and 22.21+0.05%,
3.70£0.01% respectively.

EE = (MyotalEB — mfreeEB)/mtotalEB x 100%, (1)

LC = (Mtotal EB — Miree EB) / MEB@AM—zein—5A X 100%,

(2)

where, m,, 3 is the total mass of EB used for nanoparti-

cles preparation, m,,, pp is the weight of the unencapsu-

lated EB, and mppgan ein-sa represents the total mass of
the nanoparticles.

In vitro release study

Freshly prepared 5 mL each of EB@AM-zein and EB@
AM-zein-SA dispersions were taken in dialysis bags
with a molecular weight cut-off of 5000 Da. The dialysis
bags placed in the conical flasks containing the solutions
100 mL of 25% (v/v) ethanol-water solutions of pH 5, 7,
and 9 were taken in brown conical flasks and placed on a
rotating shaker at 30 °C.

During the release of EB, 1 mL of the solution was
withdrawn from the conical flask at regular intervals and
diluted in an volumetric flask to 10 mL. The brown Erlen-
meyer flask was supplemented with the ethanol-water
solution of the same pH each time. The absorbances of
the diluted solutions were measured at a wavelength of
245 nm. The release amount of EB was calculated from
the standard curve of absorbances of EB in aqueous
ethanol. The cumulative release rate (Ri) was calculated
according to formula (3):

C0.105/mgp SGi=1)
. i-1
Ri= Cr0.105/mgp + 3. CF0.001/mgp ; (i1)
i=1
(3)
where C, is the concentration of EB in the buffer solution
at different time periods (mg/L) and my is the total mass
of EB in the sample solution.

Investigation of photodegradation

EB, EB@AM-zein, and EB@AM-zein-SA were diluted
to concentrations of 100 mg/L. A 100 mL tube contain-
ing the sample solution was placed 5 cm away from the
300 W mercury lamp having ultraviolet wavelength
of 365 nm and the magnetic stirrer was turned on to
mix the solution well. 1 mL of the sample solution was
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withdrawn at regular intervals and diluted to 10 mL
with anhydrous alcohol. The EB concentration was
determined by LC-2030 plus high-performance liquid
chromatography (HPLC, Shimadzu, Japan). The ratio
of mobile phase was methanol: acetonitrile: ammonia
water =35:50:15, the flow rate was 1 mL/min, injection
volume was 10 pL, column temperature was 40 °C, and
the concentration of ammonia water was (v/v) 1:300.
The chromatographic column used was Athena C18-WP,
100 A, 4.6 mm x 150 mm, 5 um, and the detection wave-
length was 245 nm.

Wettability test

The contact angle was measured using a Theta contact
angle meter (Biolin, Sweden). Ignoring the thick veins of
cucumber, the cucumber leaves were cut into strips and
about 10 pL of sample solution was squeezed out through
the micro-injector. The micro-injector was placed at a
distance of 1 cm from the cucumber leaf. When the sam-
ple solution was squeezed out from the micro-injector
and dropped on the cucumber leaf, the contact angle was
measured.

Leaf surface retention of EB preparation

The retention of pesticide drops on cucumber leaves
was determined by the following method: The cucum-
ber leaves were carefully cut into 2 x 2 cm? pieces with-
out damaging the main veins of cucumber leaves. The
leaves of cucumber were soaked in EB (200 mg/L), EB@
AM-zein (200 mg/L), and EB@AM-zein-SA (200 mg/L)
solutions. After fully soaking, the leaves were vertically
clamped with tweezers for 30 s until the drops stopped
dripping from the leaves and they were weighed. The
retention of droplets per unit area was calculated using
formula (4):

Retention = (Wlafter - mbefore)/ZA’ (4')

where, Mg, and My .. represented the weights of the
leaf before and after soaking, respectively, and A repre-
sents the surface area of the leaf.

Retention of pesticides on leaf surface after washing
by simulated rain was tested by adding 0.5 mL EB, EB@
AM-zein, and EB@AM-zein-SA samples on each leaf.
The leaves were dried naturally and washed at an angle
of 45°, with 5 cm distance from the tap for 10 s, keeping
the water flow constant. The leaves were then crushed by
freezing under liquid nitrogen in a 10 mL centrifuge tube
and dried in a ALPHA1-2 LD PLUS lyophilizer (German,
Christ) for 1 day. The solution obtained by adding 5 mL
of 90% acetonitrile in each tube for 20 min was collected
and then centrifuged for 10 min at 12,000 rpm. 1 mL
of the supernatant was injected into the sample bottle

Page 7 of 25

through a 220 nm filter and the EB content in the super-
natant was determined by HPLC. The HPLC method was
the same as that used for photodegradation investigation
study. The samples in the CK group were dried without
washing after adding 0.5 mL of EB, EB@AM-zein and
EB@AM-zein-SA samples on each leaf, respectively.

Seed germination under salt stress

A piece of filter paper was placed in each petri dish
and sterilized in an autoclave. In each diameter of 6 cm
petri dish were added 30 seeds and filled with 10 mL of
respective nanocarrier solution. Six groups of parallel
experiments were conducted. The number of geminating
cucumber seeds in each culture dish was counted at 72 h
and 120 h.

In Group A, AM-zein was mixed with 120 mmol NaCl
solution. In Group B, AM-zein-SA was mixed with
120 mmol NaCl solution. Group 1-5 included 50, 25,
12.5, 6.25, 3.125 mg/L AM-zein or AM-zein-SA respec-
tively. CK; represented control group with deionized
water, whereas CK, represented 120 mmol NaCl solution.

Determination of Peroxidase (POD) activity

The experimental method was slightly modified with
respect to the principles and techniques of plant physi-
ological and biochemical experiments [29]. CK, was
boiled for 5 min, whereas CK;, A, and B samples were
treated in the same way as in "Seed germination under
salt stress” section, whereas CK, represented 60 mmol
NaCl solution.

Cucumber seedlings at three-leaf stage were cultured
in different solutions for 24 h. After 24 h of hydroponic
cultivation, the cucumber leaves were plucked and then
cut into thin strips and mixed evenly. The leaf strips (1 g)
was taken in a mortar and to it was added 1 mL of 7.8 pH
phosphate buffer solution of 0.05 mol/L concentration.
Thereafter, the homogenate was transferred into a 5 mL
centrifuge tube and 1 mL of buffer solution with phos-
phoric acid was added rinse the mortar and this solution
was transferred into the centrifuge tube. The solution was
centrifuged for 10 min at 3000 rpm and the supernatant
was transferred to a 10 mL volumetric flask. The precipi-
tates were extracted twice with 2 mL of phosphoric acid
buffer and the supernatant was added into the volumetric
flask and diluted 10 mL. The supernatant was preserved
at4 C.

In 10 mL centrifuge tube, phosphate buffer solu-
tion (2.9 mL, 0.05 mol/L), 2% H,0, (1.0 mL), guaiacol
(1.0 mL, 0.05 mol/L), and cucumber leaf extract POD
solution (0.1 mL) were added sequentially and the reac-
tion system was heated in a water bath at 37 °C for 2 min.
Then, 5 mL phosphoric acid buffer was added to the
10 mL centrifuge tube and the absorbance of the solution
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was determined by ultraviolet spectroscopy at 470 nm
within 5 min, at a rate of 0.01A A470 per minute, the per-
oxidase was 1 unit (U). The peroxidase activity was deter-
mined by formula (5).

AA470*VT
m*Vs*0.01%t’

(5)
where AA470 represents change in absorbance with reac-
tion time: m is the fresh weight (g) of cucumber leaves,
t is the reaction time (min), Vi is the total volume of
enzyme solution, and Vj is the volume of enzyme solu-
tion (mL).

Peroxidase activity [/ (g - min)| =

Determination of superoxide dismutase (SOD) activity
The method for determination of SOD activity refers to
Bach-Pages et al. [30]. The method of configuration and
grouping of the cucumber hydroponic solution was the
same as that of POD test. Three real leaves of three-leaf-
stage of cucumber were cut into strips after 24 h of cul-
tivation in the above hydroponic medium. Pre-cooled
phosphate buffer solution (pH=7.8, 1 mL) was added
to grind it into a homogenate in ice water bath. The
homogenate was added into a 5 mL centrifuge tube, the
mortar was rinsed with 2 mL phosphate buffer solu-
tion and mixed with the contents in the centrifuge tube
and then centrifuged for 10 min at 4000 rpm. Phosphate
buffer (0.05 mol/L, 1.5 mL), methionine (Met) solu-
tion (120 mmol/L, 0.3 mL), nitroblue tetrazolium solu-
tion (750 pumol/L, 0.3 mL), and EDTA-Na, (100 pumol/L,
0.3 mL) were added to the finger-shaped tube in
sequence, followed by riboflavin (20 pmol/L, 0.3 mL),
enzyme 0.05 mL, and distilled water 0.25 mL. After
mixing the two CK, control tubes with phosphoric acid
buffer instead of enzyme solution, one control tube was
placed in dark place, while the other tubes were exposed
to sunlight for 20 min at 4000 1x (the degree of exposure
of each tube was the same, wherein the exposure time
was shortened for high temperature and prolonged for
low temperature). The absorbances of the other tubes
were measured by ultraviolet spectroscopy at 560 nm.
The 50% inhibition of NBT photochemical reduction is
an active unit (U) of SOD, which is calculated by formula
(6).

_ (Ack - AE)*Vr

Total activity of SOD (U/g — —,
( ) %'ﬁACI<"=mTVS

where Ay is the absorbance of the illumination con-
trol tube; Ay is the absorbance of the sample tube; Vi is
the total volume of the sample solution (mL); Vs is the
amount of the sample during the measurement (mL); and
m is the fresh weight of the sample.
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Determination of malondialdehyde (MDA) content
The method for the determination of MDA content was
referred to Lei et al. [31]. The method of configuration
and grouping of the cucumber hydroponic solution was
the same as that of the POD test. Three real leaves of
cucumber plant at three-leaf-stage under salt stress were
cut into strips and evenly mixed together to obtain 0.5 g
broken leaves. To, it was added 5% trichloroacetic acid
(5 mL), the homogenate was ground in the mortar, and
transferred to a 10 mL centrifuge tube and centrifuged
at 3000 rpm for 10 min. The volume of supernatant (V)
of the sample extract was measured, out of which 2 mL
(V) was taken in a test tube and 0.67% thiobarbituric
acid (TBA) prepared with 10% TCA was added. After
mixing, the mixture was boiled in a water bath at 100 °C
for 30 min and then centrifuged again after cooling. The
supernatant was the test solution (V;) and its absorbance
was determined by ultraviolet spectroscopy at 450 nm,
532 nm, and 600 nm.

The MDA concentration in the test solution was calcu-
lated by formula (7), and then the MDA content in the
plant tissue was calculated according to formula (8);

MDA concentration C (umol/L) = 6.45(As532 — Agoo) — 0.56A450,

(7)

c*vyv

m* V1000’

(8)
where, A5, Assy, and Agg, represent the absorbances at
wavelengths of 450 nm, 532 nm, and 600 nm, respec-
tively. C is the concentration of MDA in the liquid to be
tested, V is the total volume of the extract (mL), V] is the
volume of the sample extract added in the liquid to be
tested (mL); and V,, is the total volume of the liquid to be
tested, which is 4 mL.

MDA content of the sample (/Lmol/g) =

Root absorption and translocation analysis

Cucumber seedlings with three true leaves in the cul-
ture medium were used as model plants for root absorp-
tion studies. The structural decomposition of cucumber
is shown in Fig. 3. After the cucumber seedlings were
removed from the culture medium, the roots were rinsed
with deionized water, EB, EB@AM-zein, and EB@AM-
zein-SA (having a concentration of 200 mg/L EB per
100 mL solution) and were packed into respective beak-
ers and placed in an artificial climate chamber, with same
planting conditions for 16 h/8 h of light/darkness, 28 °C,
and 80% humidity. After 24/48 h the cucumber seedlings
were taken out, the roots washed with deionized water
and dried. The roots, stems, lower leaves, middle leaves,
upper leaves were cut and the quality of the five parts of
cucumber seedlings were analyzed. They were ground in
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Fig. 3 Structures of the cut parts of the cucumber plant

a centrifuge tube under liquid nitrogen and then 2 mL of
90% acetonitrile was added to the centrifuge tube con-
taining the cucumber tissue. It was then centrifuged for
10 min at 3000 rpm and the supernatant was injected
into a sample bottle through a 220 nm filter after with-
drawing 1 mL supernatant from a disposable syringe for
10 min. The EB concentration in supernatant was deter-
mined by HPLC. The HPLC method applied here was
similar to that of the photodegradation study.

Insecticidal activity test

The leaves of Brassica Chinensis Shanghaiensis with
dimensions of 2.5 x 2.5 cm were soaked in different con-
centrations of EB, EB@AM-zein, and EB@AM-zein-SA
solutions for 1 min and then air-dried.

The 4th instar diamondback moth (Plutella xylostella
L.) was placed in a culture dish having diameter of 6 cm.
10 pieces of Plutella xylostella L. were added into the cul-
ture dish on a filter paper. The rest of the procedure was
the same as the above-mentioned methods. The experi-
ments were repeated thrice for each group to eliminate
errors and interference of other factors. The mortality
rate of Plutella xylostella after 24 h was calculated by
Abbott formula and LCy,

Cytotoxicity test

The cytotoxicity of samples were evaluated on NIH3T3
cells by CCK8 assay. Select NIH3T3 cells in good con-
dition, obtain a uniform cell suspension by routine pas-
saging in a clean bench after sterilization, adjust the cell
density to 104 cells/mL, and inoculate 100 uL per well
into a 96-well plate, at 37 “C, 5% CO, incubator for 24 h.
After 24 h, the medium was discarded, and 5 different
concentrations (15.625, 31.25, 62.5, 125, 250 mg/L) of
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samples were added for detection. 3 replicates in each
group, and design a blank group (only add fresh culture
medium); after 24 h, discard the liquid in the well plate,
add fresh culture medium to the corresponding well, and
then add 5 pL of CCKS8 solution to each well, incubate for
0.5 h in the dark in the incubator, measure the absorb-
ance (OD value) of the corresponding well at 429 nm, and
calculate the cell viability. The CCK8 value of cells in the
blank group was considered to be 100% cell viability.

Results and discussion

Structure analysis

The spectra of AM-zein and AM-zein-SA in Fig. 4A
showed tensile and deformation vibrations of methylene
groups of PEI-EDA at 1372 cm™! and 2847 cm™}, which
indicated the successful grafting of PEI-EDA onto zein-
EDGE [32, 33]. The peak in the spectrum of AM-zein-
SA at 3445 cm™! was attributed to free primary amine
group and of its intensity in AM-zein-SA was obviously
decreased. The FTIR spectra of AM-zein and AM-zein-
SA showed that the intensity of amide I peak in AM-zein-
SA at 1655 cm ™! was higher than that of AM-zein, which
could be ascribed to the reaction between amino group
in AM-zein and the carboxyl group of SA. The successful
grafting was indicated by the increased number of amide
groups. The absorption peak for ortho-disubstituted ben-
zene ring at 772 cm™! in AM-zein-SA sample indicated
the successful grafting of SA onto AM-zein-SA [34].

Figure 4B shows the UV spectrum of zein, AM-zein,
AM-zein-SA, and SA. The UV absorption peaks of SA
at 301 nm and 234 nm were attributed to the benzene
ring and phenolic hydroxyl group [35]. Meanwhile, the
absorption peaks for benzene ring in AM-zein-SA were
slightly blue shifted to 296 nm, which could be attributed
to the m-m stacking of the benzene ring of zein and the
benzene ring of SA. Further, due to the changes in steric
hindrance caused by the successful grafting of SA onto
zein, the UV absorption peak of benzene ring of SA in
AM-zein-SA was blue shifted [36]. The blue-shifting of
the phenolic absorption peak at 227 nm confirmed the
successful grafting of SA onto AM-zein.

In Fig. 4C, the bands at 1663 cm™" and 1526 cm ™ in
the AM-zein-SA Raman spectra could be attributed to
the deformation of the amide I band (C=O stretching)
and the amide II band (N-H) [37]. In addition, the band
at 1679 cm™! in AM-zein showed a f-folded structure,
whereas a band at 1663 cm™! in AM-zein-SA indicated
a random coil conformation, which could be attributed
to the hydrogen bonding between the phenolic hydroxyl
group of salicylic acid and the protein. The result was
destruction of the §-folded structure that caused random
protein folding [38]. The band at 774 cm™! in salicylic
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Fig.4 AFTIR, B UV, C Raman, and D Fluorescence spectra of zein, AM-zein, SA, and AM-zein-SA

acid corresponded to the ortho-disubstituted benzene
ring [39]. Salicylic acid was grafted on AM-zein due
to the large number of amino groups in AM-zein that
formed amide bonds and the nm—m stacking between ben-
zene—benzene rings. As a result, the absorption peak of
o-disubstituted benzene ring was shifted to 802 cm™!
[40].

Figure 4D shows the fluorescence spectra of zein, AM-
zein, AM-zein-SA, and SA. With the excitation wave-
length set to 310 nm, the fluorescence spectra of SA,
zein, AM-zein, and AM-zein-SA were recorded. The
maximum emission wavelength of zein and AM-zein at
378 nm was due to the formation of a large number of
L-phenylalanine and complex amino acid residues in zein
[36]. The maximum emission wavelength of AM-zein-SA
(at 310 nm excitation wavelength) was 402 nm, which
was the same as the maximum emission wavelength of

SA. These results showed that salicylic acid was success-
fully grafted onto AM-zein.

The results of SDS-PAGE electrophoresis of zein, AM-
zein, and AM-zein-SA are shown in Fig. 5A. The molecu-
lar weight of zein was mainly concentrated in the range
of 20-25 K and its concentration was 75%-85%, whereas
the other bands that appeared at 48 K were of 5-zein and
y-zein [41]. Grafting of PEI-EDA onto zein increased the
range of molecular weight distribution of AM-zein. The
molecular weight range shifted from 20-25 to 35-245 K,
indicating the successful grafting of PEI-EDA on zein.
The protein with molecular weight distribution below
17 K was hydrolyzed in AM-zein under alkaline condi-
tions. AM-zein produced a large amount of hydrolyzed
AM-zein with molecular weight below 11 K, due to pro-
tein chain scissions. The results of electrophoresis of AM-
zein-SA showed that compared with AM-zein, there was
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a significant reduction in the distribution of AM-zein-
SA below 17 K molecular weight. This occurred because
AM-zein-SA was hydrolyzed to proteins having molecu-
lar weights less than 5 K under alkaline conditions, which
were separated by dialysis. The molecular weight of AM-
zein-SA did not increase appreciably as compared to that
of AM-zein, since the molecular weight of SA was very
less. Hence, there was no obvious displacement in SDS-
PAGE electrophoresis after grafting.

The free amino contents of zein, AM-zein, and AM-
zein-SA are presented in Fig. 5B. The free amino con-
tent of AM-zein grafted with PEI-EDA increased 13.6
times, as compared to the zein samples. At the same
time, changes in the isoelectric point of zein caused by
the grafting of a large number of amino groups solved
the problem of aggregation of zein nanoparticles at the
isoelectric point of around pH 6.2-6.8 and increased
the AM-zein drug loading under near neutral condi-
tions. On the other hand, the free amino content of
AM-zein-SA was reduced by 67.6%, as compared with
that of AM-zein. This indicated that the free amino
groups in AM-zein reacted with the carboxyl groups of
salicylic acid forming amide bonds, and some propor-
tion of the free amino groups was reduced. The grafting
ratio of SA was calculated according to formula [42] (9):

DG/% = (Co—Cyp)/Co ©)

where, DG represents the degree of grafting, C, repre-
sents the free amino content in unreacted samples, and
C, represents free amino content of samples after reac-
tion. Based on the number of free amino groups in AM-
zein and AM-zein-SA, the grafting ratio of salicylic acid
to AM-zein-SA was determined as 76.7%.

To further confirm the successful grafting of SA onto
AM-zein, the structures of AM-zein, AM-zein-SA, and
SA were further characterized by 'H NMR spectros-
copy. Figure 6 shows the '"H NMR spectra of AM-zein,
AM-zein-SA, and SA in deuterated-DMSO solvent,
where the sharp proton signal at § =2.43 was due to the
proton peak of deuterated-DMSO, peak at § =3.49 in
AM-zein was attributed to the proton of free primary
amine [43], and peaks between § =0—3.2 corresponded
to the proton signals of 19 aliphatic amino acids that
make up the zein molecule [44].

It can be seen from Fig. 6C that the chemical shifts
of hydrogens of the aromatic ring of SA appeared at
6=7.81, 7.53, and 6.94, whereas the peak at §=11.44
was due to the carboxyl group of salicylic acid. The
intensity of the free amino peaks at §=3.49 in Fig. 6B
decreased significantly. The carboxyl peak of SA at
6=11.44 disappeared in the spectrum of AM-zein-SA
due to the amidification reaction between AM-zein
and SA. In addition, the benzene ring hydrogen of SA
appeared at §=7.70, 7.19, and 6.67, which also proved
the successful grafting of SA.

SEM analysis

SEM analysis helped to determine the morphologies of
the samples AM-zein, EB@AM-zein, AM-zein-SA, EB@
AM-zein-SA. It can be seen from Fig. 7(A-1) that AM-
zein had a smooth surface and irregular polyhedral shape.
However, in Fig. 7(C-1), EB@AM-zein showed a change
from a smooth surface to a brain-like folded and curled
structure after loading of EB. Figure 7(B-1) showed that
AM-zein-SA had a rough surface and irregular spheri-
cal shape. The adhesion between EB@AM-zein-SA
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particles could be seen in Fig. 7(D-1), which was due to
the film-forming properties of zein [45]. EB@AM-zein-
SA nanoparticles aggregated to form films, due to hydro-
gen bonding and hydrophobic interactions [46]. The red
boxes in Figs. 7(C-1) and (D-1) showed the appearance of
a nanoparticle with particle size significantly smaller than
those of EB@AM-zein and EB@AM-zein-SA in EB@
AM-zein and EB@AM-zein-SA samples. However, such
smaller nanoparticles were not found in Fig. 7(A-1) and
(B-1), and hence these nanoparticles with a particle size
of about 3-5 nm were considered to be those of EB that
were not encapsulated by the carrier.

Figure 8 is a statistical graph of particle size distribu-
tion of the samples from SEM images in Fig. 7(A-2, B-2,
C-2, and D-2) by Image-Pro plus 6.0 software. The graph
showed that the particle size of AM-zein-SA changed
from 53 to 64 nm after loading of EB and this increase
in particle size indicated that EB was successfully loaded
onto the EB@AM-zein-SA carrier.

Storage stability analysis

pH stability analysis

Due to high surface energy, small size, and other physi-
cal properties, nano-particles tend to agglomerate and
lose their nano-characteristics. Therefore, it is necessary
to evaluate the storage stability of nano-pesticides under
various conditions.

Zein is made up of more than 50% of non-polar amino
acids (such as leucine, proline, and alanine) [47]. zein has
hydrophobicity and the specific isoelectric point relative
to those of amphoteric electrolytes. The isoelectric point
of zein is usually between 6.2 and 6.8 [48]. The stabilities
of the two nano-pesticides, EB@AM-zein and EB@AM-
zein-SA, were evaluated at different pH values. Table 1
shows the data of particle sizes, potentials, and polydis-
persities of EB@AM-zein and EB@AM-zein-SA nanope-
sticides prepared by the simple anti-solvent method at
different pH values. Both kinds of nano-pesticides had
the smallest particle size at pH 7 and the zeta potential
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Table 1 Sizes and zeta potentials of EB@AM-zein and EB@
AM-zein-SA nanoparticles

Sample pH Size/nm Zeta potential/ PDI
mV

EB@AM-zein 3 117.2841186% 141042539 0.20040.011¢
5 76414279 48604465 0.228+0.010°
7 6744+260°  39354106° 0.259+0.007°
9 77184149°  23804473° 0.299+0017°

EB@AM-zein-SA 3 118204430 3034+541° 0.268+£0.022°
5  78854305° 25614318 0.290 40,004
7 7398+030° 40811172 0.21740.0104
9  1083541.80° 17.9943.19¢ 0.232+0021°

The experimental data were measured three replicates; a statistically significant
difference between treatments compared with control is indicated by different
small alphabets (a—d)

Error bars indicate the least considerable value (LSD) at p <0.05 among the
treatments

was more than 30 mV. This implied that the electrostatic
repulsions between the nano-particles were strong and
the nano-particles were stable and did not easily settle.
The particle sizes of EB@AM-zein and EB@AM-
zein-SA are mainly controlled by the potential [9]. The
adsorption of EB on AM-zein and AM-zein-SA and the
aggregation of nanoparticles with decrease in electro-
static force, affect the particle size of loaded nanoparti-
cles. At pH 3, the increase in particle size is due to the
aggregation of nanoparticles with lower potential. The
decrease in potential leads to a decrease in adsorption
of EB on the surface of AM-zein owing to electrostatic
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forces. Hence, the size of EB@AM-zein decreased at
first and then increased as the pH changed from 5 to
9. At pH =7, the equilibrium between the size of EB@
AM-zein-SA nanoparticles and the drug loading rate
was attained. The polydispersity indexes (PDI) of EB@
AM-zein and EB@AM-zein-SA nanoparticles at all pH
values were in the range of 0.2 to 0.3, indicating a high
degree of uniformity and a small range of distribution
of nanoparticles.

Storage stability analysis

The storage stability of a nano-pesticide preparation has
great influence on its agricultural applications. It can be
seen from Fig. 9 that the changes in particle sizes of the
two kinds of nano-pesticides over a period of 28 days at
room temperature were measured by laser particle size
analyzer. It was found that the storage stability of EB@
AM-zein-SA was good at pH 5, 7, and 9.

At pH 3, the particle size of EB@AM-zein-SA increased
initially and then decreased with time. The reason was
that the absolute value of zeta potential was low and the
electrostatic repulsions between the particles were weak,
which caused some AM-zein particles with weak electro-
static repulsions to settle down. A few number of unsta-
ble particles precipitated over time and the remainder
were nanoparticles that were stably dispersed in water.
In addition, at pH=3, the strong acidity led to protein
hydrolysis and consequently potential changes in the
nano-system, allowing the high surface energy nanopar-
ticles to aggregate. The particle size of EB@AM-zein-SA
changed greatly, which was also due to the same reason.
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Fig. 9 The particle sizes of A EB@AM-zein and B EB@AM-zein-SA during storage. The experimental data were measured three replicates; a
statistically significant difference between treatments compared with control is indicated by different small alphabets (a—d). Error bars indicate the

least considerable value (LSD) at p <0.05 among the treatments
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Leaf surface retention of EB preparation analysis
Presently, the main way of applying pesticides is by spray-
ing them on crop leaves. Hence, the retention rate of pes-
ticide droplets on leaves can estimate the target efficiency
of pesticides on leaves and the utilization rate of pesti-
cides. Hence, experiments were designed to determine
the interactions between pesticide droplets and the leaf
surfaces and also to evaluate the targeting efficiency of
pesticides, based on the retention of pesticide droplets on
the leaf surface. Figure 10A shows the retention mass of
EB aqueous dispersion, EB@AM-zein, and EB@AM-zein-
SA on cucumber leaves. It can be seen from Fig. 10A that
the retention rates of EB@AM-zein and EB@AM-zein-
SA on leaf surfaces were 6.52% and 6.67% higher than
those of EB. The retention of EB@AM-zein and EB@AM-
zein-SA on the leaf surface was increased mainly due to
the electrostatic interactions between the leaf surface and
the positive charges. The polymer chain segment helped
to prevent the breaking of the droplet [49] and the water
film formed on the leaf surface was not easy to break and
slide off.

Figure 10B was a simulation of the residual EB on
cucumber leaves after rain washing. The retention rate
of EB on cucumber leaves after washing was reduced by

43.83%. In comparison to that, EB@AM-zein-SA could
effectively improve the anti-scouring ability of EB by
39.09%. Compared with EB, EB@AM-zein-SA had shown
great improvement. The reason why EB@AM-zein-SA
could improve the erosion resistance of EB was the film-
forming property of zein. The films formed by EB@AM-
zein and EB@AM-zein-SA have strong adhesive property
after liquid drops dried. The bonding mechanism in zein-
based adhesives was mainly due to hydrogen bonding and
hydrophobic interactions as well as electrostatic forces.
Both, AM-zein and AM-zein-SA contained a large num-
ber of free amino groups and phenolic hydroxyl groups
in SA, which could form hydrogen bonds with cucum-
ber leaves to improve their adhesivity [50]. In addition,
a large number of positive charges on the carrier could
electrostatically interact with the negative charges on
cucumber leaf surfaces.

Wettability of blade surface

The contact angle made by a droplet reflects the wetta-
bility at the tri-phasic interface. The main component of
the cucumber leaf surface is a waxy layer with long car-
bon chain fatty acids [51]. They are relatively strongly
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Fig. 11 Changes in the contents of antioxidant enzymes, POD and SOD, in cucumber under 60 mmol salt stress of different concentrations of

A AM-zein and B AM-zein-SA and C the MDA content depicts the degree of damage to the cell lipid membrane. The experimental data were
measured three replicates; a statistically significant difference between treatments compared with control is indicated by different small alphabets
(a-1). Error bars indicate the least considerable value (LSD) at p <0.05 among the treatments

hydrophobic, and a higher contact angle would indicate
easy sliding off from the hydrophobic blade and conse-
quently loss of the target pesticide. Presently, many dis-
persants and wetting agents are added to the pesticide
preparation to increase the duration of deposition of pes-
ticides on crop leaves. However, these auxiliaries cause
serious pollution to the environment.

The contact angles of EB, EB@AM-zein, and EB@AM-
zein-SA droplets on cucumber leaves (Fig. 10C) were
75.00°, 50.05°, and 61.03°, respectively. The contact angles
of the two zein-based drug-loaded particles on cucum-
ber leaf surface were smaller than that of EB aqueous
dispersion, which indicated that the two kinds of amino-
modified zein carriers obviously improved the wettability
of EB on cucumber leaf surface. As compared with AM-
zein, the contact angle of AM-zein-SA was larger, since
SA is hydrophobic. At the same time, the free amino
groups on AM-zein were involved in the grafting of AM-
zein with SA. The decrease in the number of free amino
groups reduced the hydrogen bonding interactions
between AM-zein-SA and leaves as compared to that of
AM-zein, and consequently decreased the wettability of
AM-zein-SA on the leaves. In this study, nanoscale pes-
ticide carriers, AM-zein and AM-zein-SA, were used to
improve the dispersibility of EB in water and reduce the
use of petrochemical solvents and dispersants, and had
good spreadability on leaf surface.

Resistance of cucumber to salt stress

Figure 11A shows the changes in POD activity of cucum-
ber leaves under the stress of 60 mmol NaCl at differ-
ent concentrations of AM-zein and AM-zein-SA after 1

d culturing in hydroponic medium. The POD activities
of 1-5 in Group A were similar to that of CK,, which
showed that the POD activity of cucumber under salt
stress did not increase due to AM-zein. The decrease in
POD activity resulted in a large number of ROS, which
could not be timely decomposed [52]. A large number
of ROS attacked the lipid membrane of cucumber cells,
resulting in a large amount of material flow from the cells
and the cucumber cell growth was adversely affected.

The POD activity of group 1-5 increased initially and
then decreased in the samples treated with AM-zein-SA
of different concentrations. When treated with 6.25 mg/L
concentration of AM-zein-SA, the POD activity of the B4
group increased by 49.67%, compared with that of CK,
group. The POD activity in cucumber was higher than
that in CK; Group, whereas the POD activities in B1 and
B2 groups were even lower than that in CK, group. The
reason was explained by Rajabi et al. [53], who treated
sorghum with different concentrations of salicylic acid.
The POD activity of sorghum under low to high con-
centrations of SA showed a trend of an initial increase
followed by a decrease. On the other hand, a higher con-
centration of AM-zein-SA showed the same trend as that
of higher SA concentration. Results showed that with
decrease in the concentration of AM-zein-SA, the AM-
zein-SA carrier could obviously decrease the POD activ-
ity caused by NaCl stress at an optimal concentration and
increase the POD activity of cucumber under salt stress.

Figure 11B shows the SOD activity of cucumber
under salt stress. Compared with CK;, the SOD activ-
ity of cucumber in CK, group decreased obviously. The
increase of SOD activity of No. 1-5 in Group A could
be due to the stimulation of zein grafted PEI-EDA. The
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study of Abedini et al. [54] showed that plants respond
to stress under exogenous stimulation and increase the
antioxidant activities of different enzymes in response to
environmental changes. Another possible reason could
be that the amino acids that make up zein contain free
proline residues on the surface of zein. As a substance
for water retention and drought resistance in plants, pro-
line decreased the dehydration of cucumber cells, and
thus reduced the impact of salt damage on SOD enzyme
activity [55]. With decrease in AM-zein concentration,
SOD enzyme activity also decreased. This showed that
the SOD enzyme activity had significant correlation with
the concentration of AM-zein. The improvement in SOD
enzyme activity helped to reduce the damage of ROS to
plant cells under salt stress and reduce the adverse effects
of salt stress on the growth of cucumber.

It can be seen from the samples treated with different
concentrations of AM-zein-SA (No. 1-5 in group B) that
the SOD enzyme activities of samples No. 1-5 showed a
trend of first increase and then decreased. When treated
with a concentration of 6.25 mg/L AM-zein-SA, the SOD
enzyme activity of cucumber was higher than those of the
CK, and CK, group by 29.96% and 121.22%, respectively.
It was evident that the SOD activities of the B1 and B2
groups were even lower than those of the CK, group. This
indicated that the treatment with high concentrations of
AM-zein-SA also inhibited the SOD enzyme. However,
with decrease in AM-zein-SA concentration, the AM-
zein-SA carrier could significantly decrease the decreas-
ing rate of SOD enzyme activity caused by NaCl stress
on cucumber. At optimal concentration, it could also
increase the SOD activity of cucumber. Mahdi et al. [56]
concluded the same when salicylic acid was to applied to
corn (KSC400 var.) under drought stress. In other words,
treatment with appropriate concentration of salicylic acid
could significantly improve the activity of plant antioxi-
dant enzymes. Further, with treatment of high concentra-
tion of SA, SOD enzyme activity was inhibited.

Figure 11C showed the MDA contents of cucumber
tissues under salt stress. Compared with cucumber cul-
tured in deionized water, the MDA content of cucumber
under salt stress was increased by 36.6%. The cucumber
had a higher MDA content than the cucumber under salt
stress, which could be due to the fact that PEI-EDA in
AM-zein caused oxidative stress in the cells. More ROS
were generated that attacked the cell lipid membrane
thus increasing the oxidative stress [57]. MDA decreased
with decrease in AM-Zein concentration, with which
the degree of oxidative stress response also decreased
accordingly. Combination of the POD and SOD enzyme
activities of AM-zein-SA at the same concentration
showed that the MDA content was inversely proportional
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to the SOD and POD enzyme activities. ROS caused
decrease in the MDA content, which was generated in
the oxidation of cellular lipid membranes [58]. On treat-
ment with 6.25 mg/L AM-zein-SA, the MDA content was
comparable to the MDA content in deionized water. As
compared with CK, group, MDA content was reduced by
22.66%. This effectively reduced the oxidation of the cell
lipid membrane by ROS, which resulted in the outflow
of the contents from the lipid membrane of the cell, thus
reducing the risk of plant damage.

Seed Germination Analysis under Salt Stress

Results of Fig. 12A and B showed that the germination
rate increased from 59.17% to 76.67%, an increase by
17.5% in 72-120 h CK, treatment group. The germina-
tion rate of CK, group increased from 20% to 69.33%,
an increase by 48.66%. It was evident that 120 mmol
NaCl salt stress prolonged the germination time of
cucumber. Moreover, the germination rate of cucumber
seeds after treatment for 72 h increased from 20.67%
in the CK, group to 40% in the B4 Group, which corre-
sponded to an increase of 93.51%. After treatment with
6.25 mg/L of AM-zein-SA under salt stress, the germi-
nation rate increased from 69.33% to 78.67% after 120 h
of treatment. After treatment with 6.25 mg/L AM-zein-
SA for 120 h, the germination rate of cucumber seeds
was higher than that of the control group treated with
deionized water. This indicated that 6.25 mg/L AM-zein-
SA could effectively alleviate the damage caused by salt
stress on cucumber seeds and also accelerated the germi-
nation of cucumber seeds. Liu et al. [59] studied the ger-
mination of rice seeds under salt stress. The experimental
results showed that salt reduced the agricultural produc-
tivity by inhibiting seed germination. The inhibition was
attributed to the accumulation of superoxide and MDA
in seeds under salt stress. The activity of amylase was
decreased, which eventually led to the inhibition of rice
seed germination. Combined with the changes in SOD
and POD activities with the use of 6.25 mg/L AM-zein-
SA in this study, it was reasonable to speculate that AM-
zein-SA alleviated the damage to cucumber seeds caused
by salt stress. This was achieved by reducing the accu-
mulation of superoxide and the damage to the cell lipid
membrane, thus improving the germination of cucumber
seeds.

By treatment of high concentration of AM-zein-SA
for 72 h, the germination rate of cucumbers in the Bl
and B2 groups were only 22.67% and 27.33%, which
were significantly lower than those of the experimen-
tal group with the same concentration of AM-zein. The
reason for decrease in germination rate was that the
high concentration of AM-zein-SA in the treatment
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Fig. 12 Germination rate of cucumber seeds under salt stress for A 72 h and B 120 h in different concentrations of AM-zein and AM-zein-SA
solutions and € Germination rate and germination potential of cucumber seeds treated with different concentrations of carrier under 120 mmol
salt stress after 72 h. The experimental data were measured three replicates; a statistically significant difference between treatments compared with
control is indicated by different small alphabets (a—i). Error bars indicate the least considerable value (LSD) at p <0.05 among the treatments

caused phytotoxicity and inhibited the germination and
growth of cucumber seeds. The potential for germina-
tion under salt stress for 72 h is shown in Fig. 12C. An
interesting phenomenon could be seen, wherein the
germination potential of cucumbers under salt stress
in the AM-zein group was stronger than that of AM-
zein-SA. Combining this with the electrophoresis of
AM-zein showed that AM-zein was in alkaline state.
The lower part of zein was hydrolyzed into shorter
peptides and the SOD enzyme activity of the group
treated with AM-zein was higher than that of the CK,

group. AM-zein displayed nano-priming mechanism
for cucumber under salt stress. Naveen et al. [60] found
that when wheat seeds were primed with Fe,O; nano-
particles, the germination rate of wheat seeds increased
by 41.6% when Fe,O; concentration was 200 mg/L.
Aydin et al. [61] studied the self-protection mecha-
nism of soybean under salt stress. Soybean synthesizes
shikimic acid from aromatic amino acids such as phe-
nylalanine, tyrosine, and tryptophan and finally synthe-
sizes SA to regulate the physiological and biochemical
reactions under stress. Zein contains large amounts of
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Fig. 13 Slow release curve of A EB@AM-zein-SA and B EB@AM-zein at different pH values, C Photodegradation curve of EB in EB@AM-zein and EB@

AM-zein-SA solutions

aromatic amino acids, which are hydrolyzed into short
peptides under alkaline conditions. They are more con-
ducive for the absorption of cucumber seeds under salt
stress and improve the resistance of cucumber to salt
stress. Moreover, it was evident that the SOD enzyme
activity of cucumber when treated with AM-zein was
improved. Scavenging of ROS by SOD enzyme helped
to adapt to stressed environment and improve the ger-
mination rate.

pH-responsive release rates of EB@AM-zein

and EB@AM-zein-SA

The in vitro release rates of drugs from two different
carriers EB@AM-zein and EB@AM-zein-SA in 25%
ethanol-water solution at pH values of 5, 7, and 9, were
studied. It was evident from Fig. 13A and B that EB@
AM-zein-SA showed obvious response release effect in
acidic medium at pH 5 after 72 h of sustained release.
The main possible reason could be the electrostatic forces
between AM-zein-SA and EB. The free amino content on
the surface of AM-zein-SA decreased after the reaction
with SA, whereas the number of positive charges and
force of binding with EB decreased after the protonation
of the free amino on the surface of AM-zein-SA in acidic
medium, which accelerated the release of EB in acidic
conditions. The drug release kinetics of EB@AM-zein-SA
was found to be consistent with the first-order model.

In the first-order fitting equation y was the percentage
of drug dissolved during time x. According to the first-
order kinetic model of drug release, the amount of EB
released from AM-zein-SA was inversely proportional
to the initial drug loading of the system within a certain
period of time. The release rate of EB was proportional
to the surface area of AM-zein-SA. The release rate of EB
was inversely proportional with thickness of the capsule
wall. The curve for cumulative release of EB as a func-
tion of time showed negative exponential growth [62].

The sustained-release process of EB@AM-zein could be
obtained by fitting the kinetic equation of drug release,
which was highly consistent with the Korsmeyer-Pep-
pas model. The Korsmeyer-Peppas model was suitable
for fitting of drug release data from microcapsule or
microsphere formulations. According to the Korsmeyer-
peppas model, when the C, value of the spherical formu-
lation was less than 0.43, the drug release followed Fick
diffusion. Non-Fick diffusion mechanism was 0.43 <0.857
[63, 64]. The coefficients C; for both, EB@AM-zein and
EB@AM-zein-SA release curve fitting Korsmeyer-pep-
pas models, were less than 0.43 and it was evident that
the release of EB was controlled by Fickian diffusion.
Concentration was the main factor that influenced the
EB release. However, at pH 5 and pH 9, it followed the
Fickian diffusion in type space and at pH 7 it followed
the Fickian diffusion in Euclidean space. Drug release at
three different pH conditions was concentration-depend-
ent. Table 2 shows fitting of drug release kinetics equa-
tion of EB@AM-zein-SA at different pH values.

Anti-ultraviolet property

It can be seen from Fig. 13C that the protective effects
of EB@AM-zein-SA on EB were 16.7% and 46.81% higher
than those of EB@AM-zein and EB under UV lamp irra-
diation for 90 min. The main mechanisms of UV absorp-
tion by zein were divided into the following two types. 1.
EB was physically blocked by zein base carrier. 2. Zein
on exposure to ultraviolet light at high energy led to the
breaking of chemical bond and a large number of non-
polar amino acid residues were exposed. These non-polar
amino acids had strong UV absorptivity due to their
benzene ring structure [9, 65]. The phenolic hydroxyl
group of salicylic acid in AM-zein-SA had strong UV
light absorptivity. SA was oxidized to the yellow—brown
colored carboxyl-anthraquinone after absorbing ultravio-
let light, which reduced the sensitivity of EB to ultraviolet
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Table 2 Fitting of drug release kinetics equation of EB@AM-zein-SA at different pH values

Sample Fitting model pH Fitting equation G, (o R?
EB@AM-zein Zero-order 5 y=Cy*x 1.199 - 0.8676
7 0.9300 - 0.7363
9 0.5669 - 0.5079
EB@AM-zein-SA 5 0.7581 - 0.6198
7 0.9228 - 0.6092
9 0.8842 - 0.6072
EB@AM-zein First-order 5 y=Co(1-exp ™ 4538 1810 02178
7 7579 0.1459 0.9000
9 48.85 5.381E9 0.6607
EB@AM-zein-SA 5 90.34 0.2341 0.9310
7 80.88 0.1584 0.9468
9 76.25 0.1655 0.9869
EB@AM-zein Korsmeyer-peppas 5 y= CO*XCW 13.30 04630 0.9740
7 32.89 0.1665 0.9869
9 25.18 0.2896 0.9824
EB@AM-zein-SA 5 42.29 0.2068 0.8787
7 29.47 0.2638 0.9254
9 2641 0.2790 0.9243
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Fig. 14 A, B Distribution of EB in cucumber after 24/48 h of application, C Translocation Factors (TFs) of EB/EB@AM-zein/EB@AM-zein-SA in
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treatments

light. As compared with the aqueous dispersant of EB,
EB@AM-zein-SA could obviously improve the anti-UV
ability of EB@AM-zein-SA.

Root absorption and translocation analysis

Improving the absorption and transportation of non-sys-
temic insecticide is one of the major scientific problems
that the researchers should study and solve. This can be
achieved by direct modification of pesticide molecules
to improve their absorption properties, such as grafting
of glucose with pesticides to enhance the conduction of

non-systemic pesticides inside the phloem [9, 66]. The
aim of this study was to improve the uptake and trans-
portation of the carrier AM-zein-SA by grafting plant
endogenous hormone SA.

EB is a non-systemic pesticide with low cytocompat-
ibility and cannot be absorbed and transported by plants.
However, it has strong permeability and some amount of
EB can enter through the plant surface by osmosis. Fig-
ure 14A showed that the EB content in the EB treated
group was much higher than those in the EB@AM-zein
and EB@AM-zein-SA treated groups, which could be
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Table 3 Insecticidal activities of different EB samples against
Plutella xylostella

Sample Toxicity equation LCs/(mg/L) 95% R?

EB y=17254x+53047 067 048-093 0.990
EB@AM-zein y=1.8528x+5.1429 0.84 0.63-1.11 0.967
EB@AM-zein-SA  y=14758x+5.2298 0.70 048-1.02 0925

attributed to the higher octanol-water partition coef-
ficient of EB as a result of its weak polarity. EB@AM-
zein and EB@AM-zein-SA with nano-pesticides could
increase the water solubility of EB, decrease the octanol—
water partition coefficient of EB, and reduce the enrich-
ment of EB in cucumber roots [67].

As seen from Fig. 14A, B, the highest percentage of
EB in the 24 h treatment group was from the middle
and upper leaves of cucumber plants. The EB content
of EB@AM-zein-SA in the upper leaves was 88.53% and
122.65% higher than those in the group treated with EB
and EB@AM-zein, respectively. As shown in Fig. 14C,
translocation factor (TF) was also introduced to evalu-
ate the capability of the cucumber to transfer organic
chemicals. TF, = Cgem/Croot for treatment through
roots [68]. The average TF,,,, of EB in EB@AM-zein-SA
was almost 2 and 7.6 times those in EB after 24/48 h of
treatment, respectively. This indicated higher capabil-
ity of EB@AM-zein-SA to translocate EB from roots
to stem. The distribution of the three EB preparations
in cucumber at 24 h showed more accumulation of EB
by EB@AM-zein-SA than the other three EB prepara-
tions in the stems and three leaves of cucumber plants.
Compared with EB, EB@AM-zein-SA showed increase
by 77.22% and 19.08%, respectively, in the stems of the
groups treated for 24 h and 48 h. These results showed
that EB@AM-zein-SA could promote the absorption
and transportation of EB in cucumber. The possible
reasons for the accelerated transportation of EB@AM-
zein-SA in cucumber were as follows. (1) SA treatment
could increase the accumulation and transportation
of cadmium in the plant shoot, that is, SA treatment
increased the accumulation of toxic substances and
also led to the rapid accumulation of EB in cucumber
[69]. (2) SA treatment increased stomatal conductance,
efficiency of water use, and transpiration of cucumber.
EB@AM-zein-SA could be transported to the aerial
parts of cucumber more quickly [70].

Insecticidal activity analysis

The insecticidal activities of EB, EB@AM-zein, and
EB@AM-zein-SA against Plutella xylostella were eval-
uated by LCy, values and compared. In Table 3, the
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virulence regression equations of EB, EB@AM-zein,
and EB@AM-zein-SA were obtained. The LCjy, values
were 0.67, 0.84, and 0.70, respectively.

It can be seen that the insecticidal activity of EB@
AM-zein-SA was not affected, as compared with EB.
The increase of insecticidal activity of EB@AM-zein-
SA compared with EB@AM-zein could be due to the
decrease in acetylcholinase activity in P. xylostella
caused by SA and the increase in insecticidal activity
due to the subdued detoxification of EB [71].

Cytotoxicity analysis

Results of Fig. 15, cell activity was greater than 80% at
a concentration of zein below 125 mg/L, indicating that
the zein material itself had good biocompatibility and
could be regarded as having no obvious cytotoxicity
at this concentration. Combined with chapter 3.6 and
3.7, it can be concluded that AM-zein-SA has the best
effect at the concentration of 6.25 mg/L. The cell activ-
ity of AM-zein-SA was 79.88% at the concentration of
15.625 mg/L, which indicated that AM-zein-SA had
higher biosafety when used below this concentration.
The cytotoxicity of AM-zein-SA was 34.05% lower than
that of AM-zein. Some researchers think that the high
cytotoxicity of PEI may be due to its ability to induce
apoptosis. Further studies by Hall et al.[72] found that
PEI promotes proton leakage from mitochondria and
inhibits the electron transport chain in a concentra-
tion-and time-dependent manner, leading to apopto-
sis. M K et al. [73] demonstrated that PEI toxicity was
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related to the interaction of apoptosis-related proteins
through PEI-protein interaction mechanism. Rahman
et al. [74] found that the cytotoxicity of the materials
was higher when the structure contained sulfur, long
alkyl chain and aromatic ring. The high cytotoxicity
resulting from the aromatic ring may be attributed to
the strong m-m interaction between the aromatic ring
and the cell membrane, resulting in rapid disruption
of cellular Structure [75]. This resulted in high cyto-
toxicity of AM-zein-SA at concentrations greater than
62.5 mg/L.

Statistical analysis

The statistical analyses were performed by one-way
ANOVA using IBM SPSS Statistics 24.0 Version, and
every experiment’s technical specifications were tripli-
cated. Significant differences in means were compared
using Duncan’s test at a significance level of p <0.05.

Conclusions

Herein, the anti-UV property of the nano-pesticide was
improved by grafting of SA onto AM-zein. The sustained-
release experiment showed that the nano-pesticide car-
rier could achieve the sustained-release of the pesticide
in 72 h, with good photostability and storage stability.
Moreover, the foliar affinity of the carrier improved EB
retention on leaves and the spreadability and adhesiv-
ity on the surface prevented the loss of pesticides due
to photolysis and washing away with rain after spray-
ing. The drug release behavior of EB@AM-zein-SA con-
formed to the first-order kinetic equation and the driving
force of drug release was the difference in drug concen-
tration. AM-zein-SA, without undergoing any changes in
its insecticidal activity, could simultaneously improve the
salt stress resistance and salt stress germination rate of
cucumber, reduce growth inhibition due to stress under
high-concentration salt, and had a good effect on crops.
In addition, EB@AM-zein-SA obviously improved the
upward transmission rate of EB, as compared with EB. In
view of the rapid increase of the area of saline-alkali land
caused by climate or environmental deterioration and the
increasing demand for grain, it is necessary to develop
more diversified and three-dimensional strategies to deal
with the problem of grain production in saline-alkali
land. In this study, SA grafted onto zein-based nano-
pesticide carrier. The biodegradable nanomaterials have
low toxicity at appropriate concentrations. It reduces the
possibility of environmental or biological toxicity caused
by the enrichment of nanoparticles through the food
chain. Which provided a green strategy to control plant
diseases, insects, and pests while reducing salt stress on
crops in saline-alkali soil.
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