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Formulation of nanopesticide with graphene oxide
as the nanocarrier of pyrethroid pesticide and its
application in spider mite controlf
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Nanopesticides with controlled release can achieve more effective utilization of pesticides. Here, to
enhance the adsorption of pesticides onto the target organisms, the formulation of pesticides with
temperature-responsive release was proposed by combing graphene oxide (GO) and existing pyrethroid
pesticides (cyhalothrin, bifenthrin and fenpropathrin). Pesticides were loaded onto GO nanosheets as
a carrier via a simple physisorption process, and the GO-pesticide nanocomposites exhibited
temperature-responsive release and excellent storage stability, which are of vital importance to the
practical application. Furthermore, we assessed the bioactivity of the GO-pesticide nanocomposites

against spider mites (Tetranychus urticae Koch) indoors and in the field. As a result, GO-pesticide
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Accepted 24th October 2021 nanocomposites had many folds higher bioactivity than individual pesticides, and could be adsorbed on
the cuticle of T. urticae and surface of bean leaves with highly uniform dispersibility. The easy

DOI: 10.1039/d1ra06505] preparation and higher bioactivity of GO-pesticide nanocomposites indicate their promising application
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1. Introduction

Pesticides are widely used to protect crops from diseases, weeds
and insects to ensure proper quality control and management
in production.” However, the toxicity and stability under natural
decomposition and persistence in the environment of various
pesticides have aroused great public concern.>® As a matter of
fact, only a small amount of pesticides can finally reach the
targets, while more than 90% of applied commercial pesticides
fail to fully exert their bioactivity due to degradation, volatili-
zation and leaching.*® In addition, the low efficiency and
overuse of pesticides have also caused many serious problems,
such as environmental pollution, adverse health impact and
pesticide resistance.”® Therefore, it is urgent to develop
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potential in pest control and green agriculture.

alternative agents for improving the efficacy of pesticides and at
the same time minimizing their side effects.’

Formulation of nanomaterial-based pesticides may improve
the efficiency and reduce harmful chemicals to non-target
organisms.'*** Graphene oxide (GO) is a two-dimensional
nanomaterial, and is well-dispersed in water with great
adsorption capacity for organics due its hydrogen bonding, -
electron system and large surface area. GO has been intensively
investigated as a novel drug delivery agent with a significant
synergistic effect on drugs due to several advantages in
biomedicine and agricultural science.’*” Recently, the appli-
cation of GO in pesticides for plant protection has attracted
great research interests. It has been demonstrated that loading
with GO and modification with polydopamine can achieve the
controlled release and enhance the leaf surface adsorption
properties of hydrophilic pesticides, thereby improving their
utilization efficiency.’® Wang et al. have shown that polylactic
acid-GO-pesticide has better fungicidal activity against
Rhizoctonia solani than commercial pyraclostrobin microcap-
sule suspension.' Moreover, the combination of GO with water
insoluble pesticides through covalent or non-covalent bonding
can synthesize GO-pesticides with a higher pesticide loading
rate and better targeted delivery.>®*' It has been reported GO has
multifunctional and synergistic effects with pesticides to
enhance the bioactivity against lepidopteran insects.”” These
findings imply that GO may be a promising carrier for pesticides
in pesticide formulation.
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Cyhalothrin (Cyh), bifenthrin (Bif) and fenpropathrin (Fen)
are three broad-spectrum pesticides and acaricides, which are
registered globally for the control of a wide range of pests, and
widely used in agricultural production due to their high bioac-
tivities.>®* However, the application of these pesticides is largely
hindered by the low utilization efficiency and resultant envi-
ronmental pollution due to their quick release and unstable
properties.>** In the present study, we combined these existing
pesticides with GO to formulate new GO-pesticide nano-
composites, and tested their effects on the spider mite (Tetra-
nychus urticae Koch), one of the most important phytophagous
mite pests for agricultural crops worldwide. This study aims to
(1) screen the optimal combined ratio of GO and pesticides,
which may determine the bioactivity of the GO-pesticide
nanocomposites; (2) characterize the morphology, pesticide
loading, release behavior and storage stability of GO-pesticide
nanocomposites; and (3) determine the bioactivity of the GO-
pesticide nanocomposites against the spider mites in the
indoor and field. The findings may provide important implica-
tions for the development of new formulations of nano-
pesticides.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade and used as received
without further purification. Graphite was purchased from
Qingdao Tianhe Graphite Co. Ltd., with an average particle
diameter of 4 mm (99.95% purity). All other reagents were of
high performance liquid chromatography (HPLC) grade, and
obtained from the Tianjin No. 3 Chemical Plant. Cyh, Bif and
Fen (ACS grade) were purchased from Sigma-Aldrich.

2.2. Spider mites and rearing

Colonies of T. urticae were obtained from a research colony
maintained on bean (Phaseolus vulgaris L.) plants without any
pesticide exposure. T. urticae was maintained in a growth
chamber at 25 £ 2 °C, 60 £ 5% relative humidity, and 14 : 10 h
light: dark photoperiod.>®

2.3. Preparation of GO-pesticide nanocomposites

Commercially available graphite powder was oxidized and
exfoliated to GO by a modified Hummers' method.” GO-
pesticide nanocomposites were prepared by physical loading of
pesticides onto the surface of GO.*® Briefly, the pesticides of
different mass were dispersed in 2 mL mixture of dichloro-
methane, Tween 20 and water solution (DT, 1 : 1: 98, v/v). Then,
GO was added to make the final mass ratio of pesticide and GO
tobe1:9,2:8,3:7,4:6,5:5,6:4,7:3,8:2and9: 1. The
mixture was then stirred in dark for 24 h. The obtained product
was washed with deionized water and freeze-dried for further
use. The morphology of GO and GO-pesticide nanocomposites
was examined by scanning electron microscopy (SEM, Hitachi,
SU8010). Infrared absorption spectra of GO and GO-pesticide
nanocomposites were measured on a Fourier transform
infrared (FT-IR) spectroscope (Bruker, TENSOR-27) at room
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temperature. Thermogravimetric analysis (TGA) was performed
with a STA 409 PC (Netzsch, Germany) from room temperature
to 700 °C at a heating rate of 10 °C min~" under N, atmosphere.
GO-pesticide was dropped on the paraffin film, and the contact
angle was recorded by contact angle measurement (Data-
physics, OCA20, Germany).

2.4. Determination of the pesticide-loading capacity of GO

The loading amount of pesticides on the surface of GO was
measured by HPLC. HPLC (Dionex U3000, USA) was employed
by using ZORBAX Eclipse Plus C;g column (250 mm X 4.6 mm,
5 um; Agilent, USA) with UV detection at 278 nm (Cyh and Fen)
or 238 nm (Bif). A flow rate of 1 mL min " was used with
a mobile phase composition of methanol and water (90 : 10, v/
v), and the injection volume was 10 pL. For determination of the
loading amount, the prepared GO-pesticide nanocomposites
were dissolved in deionized water. The pesticide loading
content (LC) was obtained with the following equation:*®

LC (0/0) = Wpesticide/ WGO x 100,

where Wyeicide is the weight of pesticide loaded on GO (ug), and
Weo is the weight of GO (pg).

2.5. Invitro release experiment

A dialysis method was used to evaluate the release behavior of
pesticides from GO-pesticide nanocomposites.>® Briefly, 5 mL
of GO-pesticide nanocomposite dispersion was added to
a dialysis bag with a molecular weight cutoff of 3500 Da (Mym
Biological Technology Co., Ltd). Then, the dialysis bag was
immersed in 45 mL of methanol-water mixture (6 : 4, v/v) in
a centrifuge tube. All centrifuge tubes were shaken at a speed of
200 rpm at 25 °C and 35 °C. About 1 mL of supernatant was
sampled at different intervals, with the addition of 1 mL fresh
medium each time. The sample solution was filtered through
a cellulose-membrane filter (diameter, 13 mm; pore size, 0.22
pum; Dikma Technologies Inc.) and then injected into the HPLC
system to measure the concentration of pesticides. The release
kinetics was calculated with the empirical equation proposed by
Ritger and Peppas.*

MM, = kt",

where M,/M, is the percentage of pesticide release at time ¢. k is
the constant that incorporates the characteristics of the GO-
pesticide nanocomposite system and the pesticide, and 7 is the
diffusion parameter indicative of the transport mechanism. The
time taken for the release of half pesticide into the medium
(Ts0) was calculated for the comparison of GO-pesticide nano-
composites and pesticides.

2.6. Storage stability of GO-pesticide nanocomposites

GO-pesticide nanocomposite solutions (containing 1 mg mL ™"
pesticide) were added into glass bottles and kept at 0 °C for 7
d or 54 °C for 14 d. Then, the content of the pesticide was
determined by HPLC."

© 2021 The Author(s). Published by the Royal Society of Chemistry
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GO-pesticide nanocomposite solution in a glass bottle was
placed in a dark, dry and ventilated place for 24 months, and the
content of the pesticide was measured every four months by
HPLC.*®

2.7. Bioassay of the acaricidal activity of GO-pesticide
nanocomposites in the indoor

The acaricidal activities of GO-pesticide nanocomposites
against T. urticae were evaluated using leaf dip assays recom-
mended by Spray tower and Petri dish methods.*** The pesti-
cides (Cyh, Bif and Fen) in individual or combined with GO were
used to treat T. urticae as described in Table 1. Adult T. urticae
females were transferred from the source culture with the T.
urticae infested leaves to fresh bean leaves. Forty adult females
were placed on every fresh leaf placed on a wet filter paper in
a Petri dish (9 cm diameter) and surrounded with Vaseline to
prevent the escape of mites. After 2 h, the dead and inactive
individuals were removed using an insect needle under a stereo
microscope (Zeiss, Stemi 305). The pesticide suspensions
described in Table 1 were sprayed on the leaf containing mites
by a Potter spray tower (Auto-Load; Burcard® Scientific) at one
bar pressure (2 L cm™" 2 suspension). An equal volume of DT
solution without any pesticides was processed similarly to the
control (negative control). The treated T. urticae was kept in an
incubator at 25 + 1 °C, 60 £+ 5% RH and L16 : D8 h photoperiod.
After 24 h, a small brush was used to touch the body of T. urticae
to evaluate its viability under a stereo microscope. Individuals
without any movement of appendages were recorded as dead.
The criterion of the test for effectiveness was that the mortality
of the control treatment was less than 10%.

2.8. Acaricidal activities of GO-pesticide nanocomposites in
greenhouse

Greenhouse bioassays were performed to determine the acari-
cidal activities of Cyh, Bif and Fen in individual or combined
with GO using greenhouse-grown bean as the host plant. The
suspensions described in Table 1 (5 mL for each plant) were
uniformly sprayed with a hand sprayer (JB-11 trigger sprayer,
250 mL, Taizhou Qiyong Agricultural Machinery Co., Ltd,
Taizhou, China) onto the surface of plant leaves. Each of the five
plants in each plot was sprayed with 5 mL DT as the negative
control. The number of dead mites was recorded 7 days after
treatment. Each treatment was replicated thrice.

Table 1 Bioassays of Cyh, Bif and Fen in individual or combined with
GO against T. urticae

Concentrations of test (ug mL™")

Treatment Indoor Greenhouse/Field

DT Dichloromethane, Tween 20 and water solution
(1:1:98,vv)

Cyh/Bif/Fen 62.5, 125, 250, 500 125, 250, 500, 1000

GO-Cyh 37.5, 75, 150, 300 75, 150, 300, 600

GO-Bif/Fen 31.25, 62.5, 125, 250 62.5, 125, 250, 500

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.9. Acaricidal activities of GO-pesticide nanocomposites in
field

The assay of acaricidal activity in the field was performed
according to “the Chinese National Standard Guidelines for Field
Efficacy Trials: Acaricides Against Mites in Beans and Vegetables”
(GB/T17980.17-2000). Field trials were carried out in the Experi-
mental Station of Hebei Normal University of Science and
Technology in July 2021. As shown in Table 1, Cyh, Bif and Fen in
individual or combined with GO were tested against 7. urticae on
bean plants. DT solution was used as the control. A randomized
complete block design consisting of three replicates of 25 treat-
ments (75 plots) was adopted for each study site, with random
assignment of treatments to plots within each block. Each plot
was 20 m? in area, and a protective barrier consisting of four rows
of eggplant was set up around the test field. A individual treat-
ment was performed in each field test, and the total spray volume
was 750 L ha ' using a 3WJD-18 knapsack electric sprayer
(pressure of 0.4 MPa) (Shandong Weishi Plant Protection
Machinery Co., Ltd.), with a nozzle hole diameter of 1 mm.* The
number of total mites was recorded before the treatment and that
of dead mites was recorded after 7 days of treatment.

2.10. Observation of changes in the morphology of spider
mites

In order to better explore the effect of GO incorporation to
enhance the acaricidal activity of pesticides, we examined how
GO and GO-pesticide nanocomposites interacted with spider
mites by SEM imaging. The spider mites were treated with DT,
GO, Cyh, GO-Cyh, Bif, GO-Bif, Fen and GO-Fen, respectively, as
described above. Then, 10 individual spider mites were fixed with
2.5% glutaraldehyde using a vacuum pump in an ice bath for
30 min, followed by 4 h of incubation at 4 °C and three times of
washing with PBS. Subsequently, the spider mites were dehy-
drated through an ethanol series and examined under a SEM.**

2.11. Statistical analysis

Abbott's formula was used to correct the mortality data.* All data
presented in the tables were expressed as the mean + SE of
triplicate measurements. The corrected mortality was normalized
by arcsine square-root transformation before one-way analysis of
variance (ANOVA) followed by a least significant difference (LSD)
test at P < 0.05 using SAS Institute (2002; SAS Institute, Cary, NC).
The mortality data were analyzed by probit analysis to determine
the median lethal concentration (LCs,) and 95% confidence limit
(CL).* x? value was used to measure the goodness-of-fit of the
probit regression equation. To assess the degree of synergism,
the synergistic ratio (SR) was calculated by dividing the LCs, of
the individual pesticide by that of nano-pesticide. The SR values
between 0.5 and 1.5 represent additive interactions; and those
higher than 1.5 indicate synergistic interactions.*

3. Results and discussion
3.1. Screening of the optimal ratio of GO and pesticides

In order to screen the optimal combination ratio of GO with
three pesticides, the mortality of T. urticae treated by GO-
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Fig.1 Mortality of T. urticae treated by individual pesticides or combined with GO at different mass ratios. Mortality of T. urticae treated by Cyh
and GO (A), Bif and GO (B), Fen and GO (C) at different mass ratios. Data are mean =+ stand error (SE). Error bars represent the SE (N = 3). Different
lowercase letters indicate significant differences between treatments (p < 0.05).

pesticide nanocomposites at different mass ratios was tested. As
shown in Fig. 1A, the mortality of T. urticae under treatments of
individual Cyh and GO was 62.57% and 4.45%, respectively,
while reached 83.65% under treatment with GO-Cyh combined
at a mass ratio of 6:4, which was screened as the optimal
combination ratio of Cyh and GO. GO-Bif combined at the ratio
of 5:5 showed higher acaricidal activities than other combi-
nations (Fig. 1B), and GO-Fen combined at the ratios of 5: 5
and 6 : 4 resulted in the highest mortality (Fig. 1C). Considering
the cost and feasibility in practical application, we chose GO-
Cyh, GO-Bif and GO-Fen combined at6 : 4,5 : 5and 5 : 5 as the
optimal combinations for subsequent characterization and
bioassay analysis.

3.2. Morphology of formulated GO-pesticide
nanocomposites characterized by SEM

In order to explore the structural characteristics, the
morphology of GO, individual pesticides and GO-pesticide

el
10,0um

nanocomposites was determined by SEM. GO exhibited typical
wrinkles as shown in Fig. 2A,%*” while the three pesticides were
crystal with rectangular parallelepiped structure, smooth
surface and different size (Fig. 2A-C). After loading of pesti-
cides, large amount crystals with rectangular parallelepiped
structure were observed on GO surface (Fig. 2D-F), indicating
that the appearance of these crystals was due to the adsorption
of Cyh, Bif and Fen on GO sheets, which would be further
verified by FT-IR later.

3.3. FT-IR characterization of GO-pesticide nanocomposites

The spectra of GO show the characteristic peaks including O-H
stretching at 3415 cm ™, skeletal vibration of graphitic domains
at 1726 cm™ ' and 1620 cm™ ', C-OH stretching at 1362 cm ™,
and C-O stretching at 1076 cm™ '.*** In the spectra of Cyh
(Fig. 3A), the stretching vibration of the benzene skeleton was at
1585 and 1487 em ™', and the carbonyl stretching vibration of
ester group appeared at 1724 cm™ ".*! The spectra of GO-Cyh

| RO
Ne.0um  BSUB010 5.0kV 8.7mmx5.00k SE(UL) 10.0um

LA
10.0um §SUB010 5.0kV 8.7mm

Fig.2 Morphology characterization of the formulated GO-pesticide nanocomposites. SEM image of GO (Aa), Cyh (A), Bif (B), Fen (C), GO-Cyh

at 6:4 (D), GO-Bifat 5: 5 (E) and GO-Fen at 5: 5 (F).
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Fig. 4 TGA curves of GO and GO—pesticide nanocomposites.

obviously include the characteristic peaks of both GO and Cyh
without any new peaks (Fig. 3A), indicating that Cyh was
physically loaded onto GO without any change in its chemical
properties. Similar results were obtained for GO-Bif (Fig. 3B)
and GO-Fen (Fig. 3C). These results indicated that the pesti-
cides were loaded onto the surface of GO through physical
adsorption.

Wavenumber (cm'l)

Wavenumber (cm'l)

3.4. Thermal stability analysis of GO-pesticide
nanocomposites

Thermal stability analysis was carried out by comparing the
TGA curves of GO and GO-pesticide nanocomposites, and the
results are shown in Fig. 4. GO showed a weight loss of 27% at
200 °C, while GO-Cyh, GO-Bif and GO-Fen nanocomposites
were stable with a weight loss of only about 5%, showing

improvement of thermal stability in GO-pesticide
nanocomposites.
3.5. Loading performance of GO-pesticide nanocomposites

The loading capacity of pesticides on GO was determined using
the HPLC method. The standard curves were obtained for three
pesticides at concentrations ranging from 62.5 to 1000 ug mL ™",
and the correlation coefficient was higher than 0.999 (Fig. S17).
Then, the loading content of pesticides on GO was calculated.
The results showed that the LC of Cyh, Bif and Fen on GO was
122.10%, 77.13% and 74.03%, respectively.

3.6. Release behaviors of GO-pesticide nanocomposites

In order to study their temperature-responsive release behav-
iors in vitro, individual pesticides and GO-pesticide nano-
composites were placed in methanol-water mixture (6 : 4, v/v)
at different temperature for a week. At different time points,
the supernatant was collected to measure the cumulative
release amount by HPLC. The release behaviors of individual
pesticides and GO-pesticide nanocomposites are shown in
Fig. 5. At the temperature of 35 °C, Cyh was released into the
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Fig.5 Release behaviors of individual pesticides and GO-pesticide nanocomposites. Release behaviors of Cyn and GO-Cyh (A), Bif and GO-Bif
(B), Fen and GO—-Fen (C) at 25 °C and 35 °C. Data are mean + SE. Error bars represent the SE (N = 3).
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medium solution at a fast rate, and completely released in
36 h; in contrast, GO-Cyh exhibited excellent sustained-
release performance of Cyh, and Cyh release could still be
observed after 168 h. In the first 2 h, the release of Cyh from
GO-Cyh was relatively fast with a cumulative release rate of
11.99%; after that, the release became fairly slow, and the
cumulative release rate was 44.38% after 168 h, which is in
conformity with the characteristic release pattern of controlled
drug delivery systems. At 25 °C, the cumulative release rate of
individual Cyh was 94.90% in 168 h, while that of GO-Cyh was
only 23.28% (Fig. 5A). Similar results were obtained for GO-Bif
(Fig. 5B) and GO-Fen (Fig. 5C). The initial burst release and
subsequent slow release are conducive to the long-term
maintenance of effective concentration, which can help to
maintain a high activity of the pesticide.*

Table 2 presents the release kinetics calculated according to
the generalized model M,/M, = kt". The results showed that the
pesticide release profile from GO-pesticide nanocomposites
had a high correlation with the empirical equation, indicating
that the GO-pesticide nanocomposites have a desirable sus-
tained release property.

3.7. Storage stability of GO-pesticide nanocomposites

Long-term storage stability and low- and high-temperature
stability of pesticides are very important indices for pesticide
formulation, which can guarantee the effective application in
agricultural production.’ Therefore, we evaluated the storage
stability of GO-pesticide nanocomposites by measuring the
content of effective pesticide components during two years of
storage and under low- and high-temperature storage. As shown
in Fig. 6A, the contents of pesticides showed no significant loss
after low- and high-temperature storage. Besides, the change of
the content of pesticides is nearly negligible in the long-term
storage after two years of storage (Fig. 6B). Fig. S21 shows the
corresponding images of GO-pesticide nanocomposites after
low- and high-temperature storage. All of the samples stayed
stable with no precipitation or stratification during storage
under different temperature (low and high), which visually
confirms that the GO-pesticide nanocomposites have stability.
Moreover, after two years of storage, the GO-pesticide
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Table 3 Acaricidal activities of individual pesticides and GO—-pesticide
nanocomposites against T. urticae in the indoor at 24 h

Treatment Slope £ SE* x?** P LCs (95% CL)° SR?
Cyh 3.07+0.73 036 017 979 (7.62-11.37)  —
GO-Cyh 1.77 £ 1.49 0.71 0.30 1.93 (1.69—2.07) 5.07
Bif 2.62 £+ 0.97 0.11 0.05 11.67 (9.93—14.50) —
GO-Bif 2.84 £+ 1.10 0.24 0.12 2.17 (2.07*2.26) 5.38
Fen 2.87 £ 0.87 0.36 0.16 10.94 (8.65—13.10) —
GO-Fen 2.61 + 1.25 0.40 0.06 1.89 (1.74—1.97) 5.79

“ Slope of the probit mortality line. > Goodness-of-fit test. ¢ LC;, value
and 95% confidence limit (CL). ¢ Synergism ratio at LCs, values.

nanocomposite showed slight precipitation, but could still be
evenly dispersed after shaking, which meet the requirements of
practical production and application (Fig. S37).

3.8. Acaricidal activities of GO-pesticide nanocomposites in
the indoor

To assess the synergistic effects of GO on pesticides, bioassays
were carried out to determine the LCs, values of individual
pesticides and GO-pesticide nanocomposites against T. urticae
(Table 3). As a result, Cyh showed a LCs, value of 9.79 g mL ™",
while that of GO-Cyh was 1.93 ug mL ™" with a SR value of 5.07,
indicating that the GO-Cyh nanocomposite was 5.07-fold
potent relative to Cyh. The LCs, of Bif and Fen was 11.67 ug
mL ™" and 10.94 g mL ™", while that of GO-Bif and GO-Fen was

Table 2 Constants from fitting the generalized model, M;/M, = kt", to the release data of pesticides from nanocomposites at 25 °C and 35 °C

Conditions Diffusion parameter (1) Release constant (k) R® Half time (T, hour)

25 °C Cyh 0.59 4.60 0.99 55.98
GO-Cyh 0.35 4.20 0.92 1116.18
Bif 0.35 17.79 0.96 19.98
GO-Bif 0.36 4.55 0.96 800.59
Fen 0.48 9.13 0.96 34.16
GO-Fen 0.47 2.57 0.95 549.74

35°C Cyh 0.47 19.93 0.87 7.05
GO-Cyh 0.28 10.97 0.96 233.56
Bif 0.38 34.00 0.83 2.79
GO-Bif 0.37 6.72 0.96 232.93
Fen 0.68 7.13 0.99 17.72
GO-Fen 0.56 2.20 0.98 264.11
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Table 4 Acaricidal activities of individual pesticides and GO—pesticide
nanocomposites against T. urticae in greenhouse and in the field

Treatment Slope + SE* x** P LCso (95% CL)® SRY
Cyh® 1.81+1.24 090 037 57.68 (45.04-69.41)

GO-Cyh®  2.20+1.18 1.10 0.43 20.60 (15.30-28.90) 2.80
Bif°® 2.66 +0.94 056 024 97.79 (90.60-105.55)

GO-Bif*  2.72+1.05 0.06 0.03 27.54 (15.44-39.37) 3.55
Fen® 076 £1.72 058 0.34 47.21 (38.05-51.20) —
GO-Fen®  1.28 +1.66 0.41 0.19 15.48 (11.42-20.56) 2.85
cyh' 4414028 061 026 130.19(92.58-183.11) —
GO-Cyl 417 +£0.49 0.59 0.16 48.80 (26.29-90.61) 2.67
Bif’ 4414026 0.06 0.03 197.17 (184.36-210.88) —
GO-Bif’ 3.34+£0.93 0.77 0.33 62.44 (41.01-95.08) 3.16
Fen/ 4124047 032 0.15 76.84 (38.47-153.48)  —
GO-Fer/  4.56 +0.43 0.10 0.05 30.56 (16.79-76.40) 2.51

“ slope of the probit mortality line. > Goodness-of-fit test. ¢ LCs, value
and 95% confidence limit (CL). ? Synergism ratio at LCs, values.
¢ Data in the greenhouse./ Data in the field.

2.17 pgmL ™" and 1.89 pg mL ™, respectively, indicating that the
LCs, value was significantly decreased by the supplementation
of GO. The SR values of GO-Bif and GO-Fen were 5.38 and 5.79,
indicating 5.38-fold and 5.79-fold acaricidal activity relative to
that of Bif and Fen, respectively. These results suggest that GO
has a superior synergistic effect to promote the toxicity of Cyh,
Bif and Fen against T. urticae.

3.9. Acaricidal activities of GO-pesticide nanocomposites in
greenhouse and in the field

Table 4 shows the LCs, values of individual pesticides and GO-
pesticide nanocomposites against T. urticae in the greenhouse
and in the field. The results also demonstrated that GO can
contribute to a significant synergistic acaricidal activity against
T. urticae.

In this study, GO-pesticides exhibited better bioactivity than
individual pesticides in both indoor and field. We speculate
that the enhanced bioactivity after GO incorporation may be
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ascribed to the context of GO-pesticide composites, which can
enhance the effects of pesticides by improving the dispersibility
so as to increase the contact between the pesticide and spider
mites. GO is well-dispersed in water, but pesticides are generally
not dispersible in water. The adsorption of pesticide on GO at
the optimal ratio improves the water dispersibility of the
pesticide. In addition, dispersibility may strongly affect the
interactions of materials with organisms.*® More dispersible
materials, such as GO-pesticides, may have higher bioactivity
than those with lower dispersibility (such as Cyh, Bif and Fen),
possibly because the pesticides have more opportunities to
interact with the spider mites.

3.10. Adsorption of GO-pesticide nanocomposites on the
cuticle surface of mites and bean leaves

Fig. 7 shows the typical SEM images of interactions between T.
urticae and GO, individual pesticides and GO-pesticide nano-
composites after 24 h of treatment. Compared with Fig. 7A,
Fig. 7E only shows the adsorption of a large amount of GO on
the mites. In contrast to Fig. 7B-D, Fig. 7F-H also show the
adhesion of a large amount of GO on mite cuticle. These results
reveal that GO can be firmly adsorbed on the cuticle surface of
spider mites, though plenty of GO might have been washed off
from the cuticle of mites during the slicing process required for
SEM analysis.

Moreover, the contact angle was used to evaluate the wetta-
bility and adhesion ability of GO-formulation.** As shown in
Fig. S4,t the contact angles of water, GO-Cyh, GO-Bif and GO-
Fen on the surface of paraffin film are about 109.7°, 76.4°, 79.3°
and 76.5°, respectively. The GO-pesticide showed a lower
contact angle than water, indicating that it has good adhesion
ability and spreadability. Fig. S5 shows that GO-pesticide
nanocomposites can be adsorbed on the leaves of bean plants
with a highly uniform dispersibility, which is very conducive to
actual application.

It has been reported that the adsorption of proteins and
lipids on GO occurs spontaneously and rapidly through elec-
trostatic, hydrophobic, hydrogen bonding and m-m stacking

Fig. 7 SEM images of the interactions between T. urticae and GO, individual pesticides and GO-pesticide nanocomposites after treatment for
24 h. (A-D) Images of T. urticae treated by DT, Cyh, Bif and Fen, respectively. (E-H) Images of T. urticae treated by GO and GO-Cyh, GO-Bif and

GO-Fen, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interactions.**™® In general, proteins and lipids are the main
structural components of mite cuticle.*” The vast surfaces of
plant leaves are protected by a coating of cuticular wax against
various abiotic and biotic stresses.”® Leaf surface wax is
a complex mixture of lipid derivatives and triterpenoids as the
two major compounds. Thus, we speculate that the adsorption
of GO on the cuticle of spider mites and bean leaves is not only
due to the deposition of GO-pesticide nanocomposites during
impregnation, but also due to the spontaneous interaction of
the surface structure of mites and leaves with GO. It can be
concluded that GO may be a promising carrier for the delivery of
pesticides to spider mites and plant leaves, which may greatly
enhance the bioactivities of pesticides.

Moreover, in the formulation process of pesticides, most of
active ingredients in the pesticides are hydrophobic
compounds, which can be processed into pesticides only under
the assistance of organic solvents.”* The application of large
amounts of organic solvents for the dissolution of hydrophobic
active ingredients in pesticide formulation may significantly
increase the pollution of pesticides to the environment and
toxicity to non-target organisms. GO is composed of a single-
atom-thick lattice of honeycomb-like sp> bonded carbon
atoms, including abundant oxygen-containing polar function-
alities, such as carbonyl, epoxide, carboxyl and hydroxyl
groups.” Due to the abundant oxygen functionalities, GO can
be easily dispersed in organic solvents, water and different
matrices.* Therefore, GO can be applied as a water-solubilizing
agent for pesticide formulation to reduce the use of organic
solvent for lower risks to the environment.

4. Conclusions

In this study, we demonstrate that GO-pesticide nano-
composites have good sustained release, excellent stability
under different conditions, and high loading efficiency of
pesticides. The pesticides can be adsorbed on the surface of GO
through physical adsorption. Besides, the bioactivity of GO-
pesticide nanocomposites against T. urticae is remarkably
higher than that of individual pesticides in the indoor and field.
The GO-pesticide nanocomposites can be well adsorbed on the
cuticle of spider mites and bean plant leaves with a uniform
dispersibility. Therefore, it is feasible to develop intelligent
temperature-responsive pesticides for agricultural pest control,
which may improve pesticide efficacy and reduce pesticide
dosage, and has a promising practical application prospect.
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