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1. Introduction
Population growth and climate change are exacerbating 
the challenges to global food security (Peng et al. 2004; 
Ray et al. 2012; Zhao et al. 2017).  Rice is one of the most 
important food crops in the world, fulfilling the carbohydrate 
demand of over half the world’s population (Zhang 2007; 
Muthayya et al. 2014).  In recent years, with the reduction 
of agricultural employment and the rise of cultivation costs, 
the cultivation pattern of rice has gradually transitioned 
from labor-intensive transplanting to direct seeding 
(Panneerselvam et al. 2020; Liu et al. 2023; Zhang et al. 
2026).  The rice direct seeding pattern has the advantages of 
saving water, low input demand, and labor savings, which is 
conducive to the mechanization, intensification, and scaled 
development of agriculture (Farooq et al. 2011; Ohno et al. 
2018).  However, the rice direct seeding pattern is more 
severely infested with weeds due to the absence of water 
layers to suppress weed germination and growth (Savary 
et al. 2005; Chauhan et al. 2015).  Barnyardgrass is one of 
the most invasive and pernicious weeds in rice fields, causing 
serious yield losses by competing with rice for water, nitrogen, 
sunlight, and other resources (Oerke and Dehne 2004; Ottis 
and Talbert 2017).  Currently, herbicides are widely applied 
via post-emergence foliar spray to control barnyardgrass 
(Deng et al. 2021).  Unfortunately, the high wax content and 
micro-nanostructures on the surface of barnyardgrass hinder 
the deposition, spreading, and penetration of herbicides, 
resulting in a considerable amount of herbicide wasted into 
the environment through bouncing, splashing, and rolling off 
(Sanyal et al. 2017; Li et al. 2023).  The dominant challenge 
at present is to manage weeds in direct-seeded rice fields 
economically and efficiently with a smaller environmental 
footprint and lower herbicide dosage.

Due to advantages such as high operational efficiency, 
safety for operators, maneuverability, and low labor intensity, 

unmanned aerial vehicles (UAVs) have been widely used to 
spray pesticides for pest management in food crop and cash 
crop fields in East Asia (He et al. 2017; Chen et al. 2022; Zhou 
et al. 2026).  To date, diverse strategies have been proposed 
for UAV sprayers to enhance dosage delivery efficiency and 
improve control efficacy against pests.  A recent study has 
shown that decreasing the flight altitude of UAV sprayers 
can contribute to increased herbicide deposition in the 
target area when the average wind speed was 1.2–1.5 m s–1  
(Huang et al. 2023).  Chen et al. (2024) proposed double 
spraying with two flight sorties routed in length and breadth, 
which significantly improved the control efficacy of herbicides 
against grassy and broadleaf weeds in wheat.  Additionally, 
tank-mix adjuvants were added to spray dilutions to enhance 
pesticide dosage delivery at the leaf surface by decreasing 
dynamic surface tension, inhibiting droplet rebound, and 
improving wetting performance (Zhao et al. 2022; Wang 
et al. 2024).  However, inappropriate tank-mix adjuvant types 
and concentrations led to a high proportion of fine droplets, 
which potentially increases the risk of droplet evaporation 
and drift (Katzman et  al. 2021; Sun et  al. 2023).  The 
incompatibility between tank-mix adjuvants and formulations 
may lead to flocculation, creaming, and precipitation, which 
is not conducive to uniform spraying and the bioactivity of 
pesticides (Zhang S et al. 2023).  Moreover, the complicated 
operation of preparing spray dilutions and the lack of skilled 
operators discourage the application of tank-mix adjuvants in 
agricultural practices.  Pesticide formulation optimization for 
UAV sprayers is a potentially promising and feasible strategy, 
but to the best of our knowledge, few efforts have been made 
thus far.

As essential vehicles for pesticide dosage transfer, 
pesticide formulations can significantly influence the 
bioactivity of active ingredients (Li et  al. 2018, 2020).  
Except for ul tra- low volume l iquids, most pesticide 
formulations currently registered and produced globally for 
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spray application are designed for conventional volume 
spraying.  Furthermore, adjuvants in conventional pesticide 
formulations are screened to safeguard the formation and 
stabilization of formulations, and little attention is paid to 
the effect of adjuvants on the physicochemical properties 
of spray dilutions (Li et al. 2015, 2017).  The explosive 
increase in UAV sprayers has put forward new requirements 
for pesticide formulations, and adjuvants in conventional 
pesticide formulations must be optimized to be suitable for 
low-volume spraying with lower dilution ratios.  Meanwhile, 
the higher concentrations of adjuvants in spray dilutions due 
to the lower dilution ratios of pesticide formulations may result 
in lower surface tensions and superior deposition, wetting, 
and spreading performance on the leaf surface.  Therefore, 
the physicochemical properties of spray dilutions can be 
precisely regulated by pesticide formulation optimization to 
match the surface characteristics of the target, which has the 
potential to remarkably improve dosage delivery efficiency 
and bioactivity against pests.

Nanotechnology-inspired technological breakthroughs and 
innovations in agriculture are reinvigorating efforts to ensure 
global food security (Wang et al. 2016; Gomez et al. 2021; 
Agrawal et al. 2022).  Nano-based pesticide formulations are 
reputed for improved dispersion, enhanced foliar adhesion, 
excellent stability, targeted delivery, and improved uptake 
and translocation, which potentially reduce the environmental 
impact of pesticide application while remarkably improving 
bioactivity against pests (Nuruzzaman et al. 2016; Wang 
et al. 2022; Song et al. 2026).  Nanosuspension, as a type 
of non-carrier-coated nano-based pesticide formulation, 
mainly consists of sub-micron-scale colloidal dispersions of 
pesticide nanoparticles, surfactants, and dispersants (Corrias 
et al. 2021; Ding et al. 2024).  Due to the benefits of being 
organic solvent-free, low-cost, scalable, and having high 
loading capacity, nanosuspension is promising for extensive 
practice in agriculture in the foreseeable future (Xiao et al. 
2019; Iqbal et al. 2023).  The development of nano-based 
pesticide formulations suitable for UAV sprayers is in line 
with the vision of sustainable and smart agriculture, but 
so far few nano-based pesticide formulations have been 
designed specifically for UAV sprayers.  Moreover, although 
the improved indoor bioactivity of nano-based pesticide 
formulations has been widely reported, there is a relative 
paucity of data evaluating the control efficiency of field 
applications.

Oxaziclomefone, namely 3-[1-(3,5-dichlorophenyl)-1-
methylethyl]-2,3-dihydro-6-methyl-5-phenyl-2H-1,3-oxazin-
4-one, is an organic heterocyclic herbicide widely applied 
to control barnyardgrass in rice fields (O’Looney and Fry 
2005).  Oxaziclomefone exerts herbicidal activity by inhibiting 
meristem growth, ultimately causing barnyardgrass necrosis 
and death (Suzuki et  al. 2003).  Currently, the primary 
pesticide formulation of oxaziclomefone is suspension 
concentrate, in which the particle size of oxaziclomefone is 
on a micron scale, resulting in low dispersion and dosage 
delivery efficiency.  Moreover, suspension concentrates 
are designed for conventional volume spraying, and the 
performance of spray dilutions does not match the surface 
characteristics of barnyardgrass.  Therefore, the primary 

objectives of this research are as follows: (1) characterization 
of the barnyardgrass leaf surface; (2) development of  a 
performance-matched oxaziclomefone nanosuspension 
(NS) for UAV sprayers based on the surface characteristics 
of barnyardgrass; and (3) evaluation of the post-emergence 
herbicidal activity of NS against barnyardgrass in the field.  
This research is intended to provide valuable insights into 
pesticide formulation development for UAV sprayers, which 
is meaningful for enhancing dosage delivery efficiency and 
improving control efficiency against pests.

2. Materials and methods
2.1. Materials
Oxaziclomefone technical material (97.0%) was obtained 
from Liaoning Cynda Chemical Co., Ltd. (Liaoning, China).  
The 10% oxaziclomefone suspension concentrate (SC) 
was purchased from Shandong Cynda Chemical Co., Ltd.  
(Shandong, China).  Other chemicals used in the experiment 
are listed in Appendix A.  All chemicals were used as 
received.

2.2. Characterization of barnyardgrass leaf surface
Cultivation of barnyardgrass  Barnyardgrass seeds 
were germinated for 7 days on cotton gauze soaked with 
deionized water and then sown into plastic experimental pots 
(10 cm×10 cm×8 cm) filled with soil (substrates: vermiculite 
(3:1, v/v)).  Subsequently, barnyardgrass was cultivated to 
the two-leaf and three-leaf stages in an artificial greenhouse 
at 25°C (80% humidity; light:dark photoperiod (14 h:10 h)).
Scanning electron microscopy of leaf surface  Fresh 
barnyardgrass leaves were adhered to conductive tape.  
To avoid structural collapse, fresh barnyardgrass leaves 
were placed at room temperature overnight and dried 
naturally.  After being coated with platinum under vacuum 
(EM ACE600, Leica, Germany), the micro-nanostructures of 
the barnyardgrass leaf surface were observed by scanning 
electron microscopy (SEM, SU8010; Hitachi, Tokyo, Japan) 
at an acceleration voltage of 10 kV.
Evaluation of the solid surface free energy  The solid 
surface free energy (SFE) of barnyardgrass leaves was 
evaluated according to the OWRK method (He et al. 2021; Lu 
et al. 2021).  Fresh barnyardgrass leaves were fixed on slides 
with double-sided tape, and then the contact angles of water, 
formamide, ethylene glycol, and DMF on the surface of the 
barnyardgrass were determined at room temperature using 
sessile drop mode by an optical contact angle meter (SCA 20; 
DataPhysics Instruments GmbH) equipped with calculation 
software SCA 20.  The SFE of barnyardgrass leaves 
was calculated by inputting the contact angle, dispersive 
component, and polar component of the above four liquids 
into the SCA20 software.  The details of the four test liquids 
are listed in Appendix B.

2.3. Preparation and optimization of oxaziclomefone 
nanosuspension
Screening of dispersants  Oxaziclomefone nanosuspensions 
(NS) were prepared by wet media milling (Cheng et al. 2024).  
First, 5 g dispersant and 10.3 g oxaziclomefone technical 
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material powder were dispersed in 79.4 g deionized water 
under magnetic stirring to form an aqueous dispersion.  
Second, the above dispersion was transferred to a piece 
of milling equipment (WG-0.3, Suzhou Vgreen Nano-Chem 
Technology Co., Ltd., Jiangsu, China) containing 760.2 g of 
0.3 mm diameter zirconia beads in the chamber, and milled 
at 2,000 r min–1 for 120 min to obtain nanosuspension.  Third, 
the nanosuspension was mixed with 0.1 g defoamer SAG 
1572, 5 g propylene glycol, and 0.2 g xanthan gum for 3 min 
at 3,000 r min–1 using a high-speed shearing machine (Ultra 
turrax T10 basic, IKA, Germany).  Finally, four NSs prepared 
with PEAS 03, GY1200, GY1150, and Morwet D425 as 
dispersants were dispensed into well-sealed glass vials, and 
the optimal dispersant was screened by determining the 
variation of particle size distribution after accelerated storage 
stability.
Screening and optimization of wetting agents  The 
equilibrium surface tensions (EST) of wetting agents at the 
concentrations of 0.001%, 0.005%, 0.01%, 0.05%, 0.1%, 
0.5%, 1%, and 2% were measured based on the Wilhelmy 
plate method using a surface tension instrument (DCAT 
21, Data Physics, Germany).  Subsequently, NS containing 
different types of wetting agents were prepared according to 
the method described above.  The mass of the wetting agent 
was 3 g, and the mass of deionized water was modified to 
76.4 g.  The optimal wetting agent type was identified by 
determining the particle size distribution after accelerated 
storage stability tests.  Finally, NS with 1%, 2%, 3%, 4%, 
and 5% of wetting agents were prepared for the evaluation 
of physicochemical properties of dilutions, respectively.  The 
characterization details of NS are listed in Appendix C.

2.4. Preparation of spray dilution
The recommended field dosage for oxaziclomefone was 45 g 
ha–1, and the oxaziclomefone content of NS was 10%, so 
the NS was applied at 450 g ha–1.  The spray volume of the 
UAV was set to 22.5 L ha–1 according to Shan et al. (2022).  
Therefore, the NS was diluted 50-fold with deionized water 
and stirred vigorously for 1 min to mix the spray dilution for 
characterization of physicochemical properties.  As a control, 
10% SC was diluted 50-fold with deionized water.

2.5. Measurement of spray droplet size spectrum
The spray dilutions were atomized by a centrifugal nozzle 
(Eavision Technologies Co., Ltd., Suzhou, China), and then 
the spray droplet size spectra were measured by a laser 
particle sizer (DP-02, OMEC Instruments Co., Ltd., Zhuhai, 
China) by scanning the complete cross-sectional area of the 
spray at 0.5 m below the nozzle.  The relative span (RS) of 
droplets was calculated according to eq. (1):

DV90–DV10

DV50
RS= 	 (1)

where DV10, DV50, and DV90 are the droplet sizes below which 
10%, 50%, and 90% of droplets in the spectrum are smaller, 
respectively.

The viscosity of NS was measured by a viscometer (NDJ-
5S, Shanghai LICHEN-BX Instrument Technology Co., Ltd., 
China).

2.6. Physicochemical properties of dilution
Surface tension  EST of NS dilutions was determined 
using a surface tension instrument (DCAT 21, Data Physics, 
Germany) by the Wilhelmy plate method.  The dynamic 
surface tension (DST) of NS dilutions was characterized 
using a BP100 bubble pressure tensiometer (KRÜSS Ltd., 
Germany).  The range of bubble surface ages was 10 to 
5,000 ms, and the capillary diameter was 0.316 mm.
Contact angle and spreading factor  The dynamic contact 
angle of dilutions on the adaxial surface of three-leaf stage 
barnyardgrass leaves was determined by an optical contact 
angle meter (SCA 20, Data Physics, Germany) using 
sessile drop mode at room temperature.  Five microliters of 
dilution were deposited onto the barnyardgrass surface by a 
syringe pump, and the contact angles and droplet spreading 
diameters were monitored for 180 s.  The contact angle at 
180 s was considered the equilibrium contact angle.  The 
spreading factor was defined as the ratio of the droplet 
spreading diameter at time t to the droplet spreading diameter 
at 0 s, and the spreading factor at 180 s was considered the 
equilibrium spreading factor.
Adhesion work  The adhesion work (Wa) can be calculated 
according to eq. (2):

Wa=EST×(1+cosθ)	 (2)
where Wa is the adhesion work (J m–2), EST is the equilibrium 
surface tension (mN m–1) of dilutions, and θ is the equilibrium 
contact angle (°) of dilutions on the barnyardgrass leaves.
Adhesive force  The adhesive force between the dilutions 
and barnyardgrass leaves was measured by a high-sensitivity 
balance (DCAT 21, Data Physics, Germany) through the 
ring method.  The three-leaf stage barnyardgrass leaves 
were fixed to slides using double-sided tape.  Ten microliters 
of dilutions were injected into the ring by a syringe, and 
the force-distance curves were plotted by recording the 
interaction force between the dilutions and leaves.

2.7. Deposition morphology
The dilution of NS was deposited on the adaxial surface of 
barnyardgrass at the three-leaf stage.  After being coated with 
platinum under vacuum (EM ACE600, Leica, Germany), the 
deposition morphology was observed by scanning electron 
microscopy (SEM, SU8010; Hitachi, Tokyo, Japan) at an 
acceleration voltage of 10 kV.

2.8. Uptake and translocation
Twenty microliters of dilutions were dropped onto the adaxial 
surface of the lower leaves of barnyardgrass at the three-
leaf stage.  The above-ground part of the barnyardgrass was 
harvested at 24 and 72 h after treatment.  The lower leaves 
(treated leaves) were collected individually and ultrasonically 
washed for 2 min with deionized water to assess the uptake 
of oxaziclomefone by barnyardgrass.  The translocation 
of oxaziclomefone in barnyardgrass was evaluated by 
determining the concentration of oxaziclomefone in the 
shoot and upper leaves (untreated part) of barnyardgrass.  
The concentration of oxaziclomefone in the barnyardgrass 
was determined by the QuEChERS method combined with 
high-performance liquid chromatography-tandem mass 
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spectrometry (HPLC-MS/MS).  Sample preparation, HPLC-
MS/MS conditions, and method validation are listed in 
Appendix D.

2.9. Field herbicidal activity
Field experiments were conducted in direct-seeded rice fields 
to investigate the post-emergence herbicidal activity of NS 
against barnyardgrass in Zhenjiang City, Jiangsu Province, 
China (Experiment 1) and Changsha City, Hunan Province, 
China (Experiment 2).  The above two experimental sites 
represent two typical rice-producing areas in China, where 
Jiangsu is in the rice-wheat rotation mode and Hunan is in the 
double-cropping rice mode.  The spray volume was 22.5 L ha–1, 
and the applied dosage of oxaziclomefone was 45 g ha–1.
Experiment 1  The field experiment was conducted in July 
2024 when the barnyardgrass was at the two-leaf and three-
leaf stages.  The ambient temperature during the test was 
28°C to 30°C, and the wind speed was 1.0 to 2.0 m s–1.  The 
NS was sprayed by a UAV (EA-30XP, Eavision Technologies 
Co., Ltd., Suzhou, China) with a flight altitude of 2 m, flight 
speed of 3 m s–1, and an effective working width of 4 m.  The 
droplet size was set as 100 μm.  SC was sprayed with the 
same dosage and operation parameters as a control.  Each 
treatment was conducted in a 1,000 m2 (16 m×62.5 m) rice 
field.  Each treatment had three plots, and the area of each 
plot was 333 m2 (16 m×20.8 m).  A 10-m gap between each 
test field was set as a buffer zone.  Meanwhile, a blank 
treatment (CK) without herbicide application was set.  Visual 
inspection of rice seedling injury was performed 2 weeks 
after treatment, and the "W" pattern with nine sampling points 
was used to investigate the control efficiency at 4 weeks after 
treatment.

The rice seedling injury was assessed according to the 
following methods: 0%=no injury; 1%–10%=a few seedlings 
showing abnormal growth symptoms but not noticeable; 
11%–20%=rice seedlings on the plot showing noticeable 
but acceptable abnormal growth symptoms; 21%–30%=rice 
seedlings on the plot showing noticeable abnormal growth 
symptoms that would recover with seedling growth; 31%–
50%=rice seedlings on the plot showing unacceptable 
noticeable abnormal growth symptoms that might recover 
before harvest or not; and >50%=unacceptable rice seedling 
injury.  The weed mortality rate and fresh weight control effect 
can be calculated according to eqs. (3) and (4).

Weed mortality rate (%)=(The number of weed plants of 
CK–The number of weed plants of treatment)/The number of 
weed plants of CK	 (3)

Fresh weight control effect (%)=(The fresh weight of CK–
The fresh weight of treatment)/The fresh weight of CK	 (4)
Experiment 2  The field experiment was conducted from 
July to August 2024 when the barnyardgrass was at the two-
leaf and three-leaf stages.  The ambient temperature during 
the test was 30°C to 32°C, and the wind speed was 0.3 to 
1.5 m s–1.  The NS was sprayed by a UAV (T20P, SZ DJI 
Technology Co., Ltd., Shenzhen, China) with a flight altitude 
of 1.5 m, flight speed of 3 m s–1, and an effective working 
width of 4 m.  The droplet size was set as 100 μm.  SC was 
sprayed with the same dosage and operation parameters 

as a control.  Each treatment was conducted in a 1,000 m2 
(16 m×62.5 m) rice field.  Each treatment had three plots, and 
the area of each plot was 333 m2 (16 m×20.8 m).  A 10-m gap 
between each test field was set as a buffer zone.  Meanwhile, 
a blank treatment (CK) without herbicide application was 
set.  Visual inspection of rice seedling injury was performed 1 
week after treatment, and rice plant height and fresh weight 
were investigated 3 weeks after the treatments.  After 1 and 
3 weeks of treatment, respectively, random sampling was 
used to investigate the control efficiency in ten sample points.  
The rice seedling injury, weed mortality rate, and fresh 
weight control effect were evaluated in the same way as in 
Experiment 1.

2.10. Statistical analysis
The data were presented as mean±standard deviation of 
three repetitions.  One-way analysis of variance (ANOVA) 
and independent samples t-test were used to analyze the 
significance of the differences at a significance level of 0.05.

3. Results and discussion
3.1. Characterization of barnyardgrass leaf surface
The deposition, adhesion, wetting, and spreading behaviors 
of pesticide dilutions on the leaves were influenced by the 
chemical characteristics and roughness of surfaces (Gao 
et al. 2018; Si et al. 2018; Sun et al. 2023).  Generally, the 
herbicide is sprayed when the barnyardgrass grows to the 
two-leaf and three-leaf stages in direct-seeded rice fields for 
post-emergence control.  Thus, the surface characteristics 
of barnyardgrass at the two-leaf and three-leaf stages were 
evaluated.  The SFE and components of barnyardgrass 
leaves can be calculated by determining the contact angles 
of four liquids with different polarities.  The surface tension 
and components of test liquids are listed in Appendix B, and 
the polarities of the four liquids were ranked in descending 
order: water>formamide>ethylene glycol>DMF.  As illustrated 
in Fig. 1-A, the contact angles of the four test liquids on the 
surface of barnyardgrass were significantly different, as 
evidenced by the fact that the contact angles of polar test 
liquids (water and formamide) on both the adaxial and abaxial 
surfaces of barnyardgrass were larger than those of non-
polar test liquids (ethylene glycol and DMF).  Moreover, the 
contact angles of the four test liquids on the abaxial surface 
were smaller than those on the adaxial surface, implying that 
the abaxial surface was more hydrophilic than the adaxial 
surface (Table 1).  Notably, the contact angles of  the four 
test liquids on the surface of barnyardgrass increased as the 
barnyardgrass grew, which indicates that the water repellency 
of barnyardgrass increased as it aged.

According to the data in Fig. 1-B, the SFE of the adaxial 
and abaxial surfaces decreased as the barnyardgrass aged.  
Specifically, the SFE of the adaxial surface decreased from 
26.78 to 23.73 mJ m–2, and the SFE of the abaxial surface 
decreased from 28.00 to 24.24 mJ m–2.  Zhu et al. (2014) 
also reported that the SFE of rice decreased with plant 
aging.  Previous research has shown that solid surfaces with 
SFE below 20 mJ m–2 were highly hydrophobic, whereas 
surfaces with SFE in the range of 20 to 40 mJ m–2 were 
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hydrophobic (Jiang et al. 2023).  Therefore, the adaxial 
and abaxial surfaces of barnyardgrass leaves at the two-
leaf and three-leaf stages were hydrophobic.  Notably, 
the SFE of the adaxial surface was lower than that of the 
abaxial  surface, while the proportion of the dispersion 
component of the adaxial surface was higher than that of 
the abaxial surface (Fig. 1-B).  Considering the similarity of 

the micro-nanostructures of the adaxial and abaxial surfaces 
(Fig. 1-C), it can be inferred that the chemical characteristics 
may be responsible for the above difference.  Moreover, the 
dispersion component decreased as the barnyardgrass grew, 
and the polar component remained almost constant, which 
resulted in the polar component accounting for a higher 
proportion (Fig. 1-B).  The percentage of the dispersion 
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Fig. 1  Characterization of barnyardgrass leaves at the two- and three-leaf stages.  A, contact angles of four liquids on the surface 
of barnyardgrass.  B, surface free energy and its components of barnyardgrass.  C, scanning electron microscopy (SEM) images of 
nanostructures on the surface of barnyardgrass and statistical size of nanostructures based on SEM images.

Table 1  Contact angles of the four test liquids on the adaxial and abaxial surface of barnyardgrass in different growth stages

Leaf stage Leaf part
Contact angles (°)

Water Formamide Ethylene glycol N,N-Dimethylformamide
2 Adaxial 129.65±1.90 121.28±4.61 106.87±8.02 73.79±5.33
2 Abaxial 126.69±2.85 114.76±5.64 104.40±4.33 70.63±4.51
3 Adaxial 138.08±1.32 124.57±3.96 113.36±4.64 84.52±1.55
3 Abaxial 133.88±2.87 116.72±5.42 110.69±3.28 81.42±2.56
The data were presented as mean±standard deviation of three repetitions.
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component was higher than the polar component at different 
stages, which indicates that the adaxial and abaxial surfaces 
were dominated by dispersive components.  Recent research 
has also revealed that the dispersive component was higher 
than the polar component for tea, wheat, and rice leaves 
(Zhang et al. 2017; Zhu et al. 2019; Yang et al. 2024).

Fig. 1-C illustrates the morphological characteristics of the 
barnyardgrass leaf surface at different growth stages.  Long 
ridges were distributed on the rough surface, and papillae 
could be observed on the abaxial surface of the three-leaf 
stage barnyardgrass.  The high-magnification SEM images 
showed that the surfaces of barnyardgrass in the two-leaf and 
three-leaf stages were covered with disordered and dense 
wax platelets of about 1 μm in length, which divided the 
surface of barnyardgrass into various micro-nanostructures 
with different sizes.  The sizes of micro-nanostructures 
were counted based on SEM images using Nano Measurer 
software, and the results indicated that the average sizes 
of micro-nanostructures on the two-leaf adaxial, two-leaf 
abaxial, three-leaf adaxial, and three-leaf abaxial surfaces 
were 252.5, 266.8, 264.3, and 251.7 nm, respectively.  These 
micro-nanostructures significantly increased the roughness 
of the barnyardgrass surface and potentially caused air 
pockets between the droplets and the leaf surface, which 
hindered the wetting and spreading of droplets (Sun et al. 
2023).  Moreover, the micro-nanostructures on barnyardgrass 
surfaces were not conducive to the deposition and adhesion 
of micrometer-scale herbicide.  Overall, these results 

demonstrated that the hydrophobic properties, chemical 
composition, and micro-nanostructures of barnyardgrass 
surfaces at different stages were incompatible with the 
deposition and wetting of pesticide dilutions, which posed a 
challenge for targeted, efficient, and precise application of 
herbicides.

3.2. Preparation and optimization of NS
The proper dispersant is crucial for the formation and 
stabilization of nanosuspensions because the dispersant 
can be adsorbed onto the surface of the pesticide particles 
and stabilize the particles by electrostatic repulsion and/or 
steric hindrance (Wang et al. 2013; Ito et al. 2016; Tian et al. 
2022).  Therefore, the type of dispersant was screened by 
the variation in particle size distribution after the accelerated 
storage stability test.  As shown in Fig. 2-A–D, the fresh 
samples prepared with PEAS 03, GY1200, GY1150, and 
Morwet D425 as dispersants showed unimodal distribution, 
which indicates that all the above four dispersants can be 
applied to prepare NS with uniform particle size distribution 
by wet media milling.  However, the particle size distribution 
of the NS prepared with PEAS 03, GY1200, and GY1150 as 
dispersants transformed from unimodal to bimodal after the 
accelerated storage stability test (Fig. 2-A–C), while the NS 
prepared with Morwet D425 as the dispersant maintained 
unimodal distribution after the accelerated storage stability 
test (Fig. 2-D).  The data in Fig. 2-E show that the average 
particle size of the NS prepared with PEAS 03, GY1200, 
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Fig. 2  Preparation and optimization of oxaziclomefone nanosuspensions (NS).  A–D, particle 
size distribution of NS prepared with PEAS 03 (A), GY1200 (B), GY1150 (C), and  Morwet D425 (D) 
as the dispersant, respectively.  E, variation in particle size of NS prepared with different dispersants 
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storage at 54°C for 14 days.  G, equilibrium surface tension of different wetting agents at multiple 
concentrations.  H, variation in particle size of NS prepared with different wetting agents after storage 
at 54°C for 14 days.  I, variation in PDI of NS prepared with different wetting agents after storage 
at 54°C for 14 days.  The error bars denote the standard deviation of three replicates.
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GY1150, and Morwet D425 as dispersants increased from the 
original 197.04, 196.84, 185.06, and 217.15 nm to 1,362.1, 
982.1, 385.02, and 236.87 nm after the accelerated storage 
stability test, respectively.  The PDI of NS prepared with 
PEAS 03, GY1150, and Morwet D425 as dispersants hardly 
changed (Fig. 2-F).  By contrast, the PDI of NS prepared 
with GY1200 as the dispersant increased from 0.196 to 
0.519, which can be attributed to the larger tail in the large 
size range (Fig. 2-B).  Overall, these results indicate that the 
dispersant Morwet D425 possessed a stronger affinity with 
oxaziclomefone nanoparticles.  Therefore, Morwet D425 
was identified as the optimal dispersant for subsequent 
experiments.

The EST of the dilutions formed by NS diluted with water 
significantly affects the foliar affinity, and the wetting agent 
in the formulation is the key factor in regulating this property 
(Arand et al. 2018; Gao et al. 2022).  Wetting agents act as 
surfactants that can be absorbed at liquid-vapor and solid-
liquid interfaces, lowering the EST of dilutions and thus 
wetting hydrophobic surfaces (Lee et al. 2008; Kovalchuk 
et al. 2016).  The critical micelle concentration (CMC) and 
the EST at CMC (γCMC) are crucial indexes to evaluate 
the effectiveness of surfactants in improving the surface 
activity of dilutions (Gaudin et al. 2018).  CMC is defined 
as the concentration at which the surfactant spontaneously 
forms micelles (Scholz et al. 2018).  For concentrations 
lower than CMC, surfactants are distributed both in the bulk 
and at the interface of dilutions, and with the increase of 
the concentration, the surfactants both in the bulk and at 
the interface increase.  After the concentrations reach 
CMC, the surfactant concentration at the interface reaches 
saturation level, while the excess surfactants in the bulk 
form micelles (Burlatsky et al. 2013).  Since EST is governed 
by the surfactant concentration at the interface, EST no 
longer decreases appreciably with increasing surfactant 
concentrations after reaching CMC (Chang et al. 2017).  A 
smaller CMC of surfactant means a lower concentration 
at the interface to reach saturation adsorption, which 
contributes to  the pesticide formulation maintaining a lower 
surface tension after dilution.  The lower the γCMC, the less 
work is required for the dilution to form new interfaces, thus 
potentially wetting more hydrophobic surfaces (Ivanova and 
Starov 2011).  Therefore, considering the hydrophobic nature 
of barnyardgrass surfaces, it is crucial to screen wetting 
agents with smaller CMC and lower γCMC for the preparation 
of performance-matched NS.

As shown in Fig. 2-G, the approximate CMC of AOS, 
SDBS, AOT, OE6, LVS, and TO 8 were 0.05%, 0.5%, 0.5%, 

0.1%, 0.05%, and 0.05%, respectively.  The data in Table 2 
show that the γCMC of AOS, SDBS, AOT, OE6, LVS, and TO 8 
were 35.67, 29.15, 25.93, 27.04, 28.69, and 28.05 mN m–1, 
respectively.  Previous research has shown that surfactant 
solutions with EST higher than 30 mN m–1 hardly spread on 
hydrophobic surfaces (Kovalchuk et al. 2016).  The γCMC of 
AOS was 35.67 mN m–1, so it was hard to wet the hydrophobic 
barnyardgrass surface even at concentrations up to the 
CMC.  Additionally, the approximate CMC and γCMC of SDBS 
were 0.5% and 29.15 mN m–1; thus, the dilutions may be 
unable to spread on the hydrophobic barnyardgrass surface 
when SDBS was used as a wetting agent for NS.  Therefore, 
the wetting agents AOT, OE6, LVS, and TO 8 were suitable 
for further compatibility testing.  Fig. 2-H illustrates that the 
average particle size of AOT, OE6, LVS, and TO 8 increased 
to 928.68 nm, 604.14 nm, 689.17 nm, and 357.65 nm after 
the accelerated storage stability test, respectively.  The PDI 
of AOT, OE6, LVS, and TO 8 increased to 0.217, 0.289, 0.334, 
and 0.305.  The results indicate that the wetting agent TO 8 
had the best compatibility with the other components in the 
formulation; thus, TO 8 was identified as the optimal wetting 
agent for subsequent experiments.

3.3. Characterization of NS
The creaming, flocculation, and precipitation during pesticide 
formulation dilution increase the risk of nozzle blockage and 
non-uniform spray (Zhang S et al. 2023), so it is necessary 
to evaluate the dilution stability of NS.  As shown in Fig. 3-A, 
the particle size of NS fluctuated in the range of 190 to 
220 nm during 6 h of dilution, and the PDI was less than 0.3.  
Fig. 3-B shows that the particle size distribution of NS hardly 
changed after 6 h of dilution.  The results indicate that the 
NS did not undergo obvious Ostwald ripening, coalescence, 
or flocculation during dilution.  Further, the colloidal stability 
of the dilution was assessed by multiple light scattering.  
Fig. 3-C illustrates the backscattering profiles of dilutions, 
where x=0 represents the bottom of  the dilutions, the x-axis 
scale represents different heights of  the dilutions, the y-axis 
scale represents the backscattering light intensity, and the 
various colors correspond to the backscattering curves at 
different scanning cycles.  The backscattering profiles of the 
SC dilution show that the backscattering light intensity at the 
top decreased while that at the bottom increased with time, 
which can be attributed to the oxaziclomefone particles at 
the top migrating to the bottom over time.  It is evident from 
Fig. 3-D that after 6 h of dilution, the top of the SC dilution 
became clarified due to the decrease in the concentration of 
oxaziclomefone particles.  By contrast, the backscattering 

Table 2  Details of wetting agents1)

Codes Chemical description CAS CMC (%) γCMC (mN m–1) Supplier
AOS Sodium C14-16 olefin sulfonate 68439-57-6 0.05 35.67 Shanghai Macklin Biochemical Co., Ltd.
SDBS Sodium dodecyl benzene sulfonate 25155-30-0 0.5 29.15 Shanghai Aladdin Biochemical 

Technology Co., Ltd.
AOT Dioctyl sulfosuccinate sodium salt 577-11-7 0.5 25.93 Jiangsu Hai’an Petrochemical Company
OE6 Ethoxylated isodecanol 61827-42-7 0.1 27.04 Jiangsu Hai’an Petrochemical Company
Emulan LVS Fatty alcohol alkoxylates 166736-08-9 0.05 28.69 BASF-YPC Company Ltd.
Lutensol TO 8 C13 oxo alcohol ethoxylates 69011-36-5 0.05 28.05 BASF-YPC Company Ltd.
1) CAS, CAS registry number; CMC, critical micelle concentration; γCMC, equilibrium surface tension at critical micelle concentration.
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light intensity at different heights of the NS dilution hardly 
changed with time (Fig. 3-C), and there was no significant 
change in appearance after 6  h of dilution (Fig.  3-D).  
Moreover, the Turbiscan stability index (TSI) values for the 
NS dilution were less than 1 during the monitoring period, 
while the TSI values for the SC dilution increased to 8.23 at 
6 h (Fig. 3-D).  In general, dispersion systems with smaller 
TSI values exhibit better colloidal stability (Zheng et al. 2018).  
Therefore, the NS dilution showed superior colloidal stability 
over the SC dilution.  Further, the zeta potentials and particle 
sizes of NS and SC were compared to reveal the mechanism 
leading to the above difference.  As shown in Fig. 3-E, the 
zeta potentials of NS and SC were –50.42 and –30.69 mV, 
respectively.  Previous research has shown that suspensions 
with an absolute zeta potential greater than 30 mV can 
maintain long-term physical stability (Wang et al. 2013), so 
it can be inferred that zeta potential was not responsible for 
the difference.  As illustrated in Fig. 3-F, the D10, D50, and D90 

of NS were 113, 179, and 286 nm, while the D10, D50, and D90 
of SC were 864, 2,826, and 5,406 nm.  The sedimentation 
rate of particles in dispersions is proportional to the square 
of the particle radius according to Stokes’ law (Li et al. 2021).  
The size of oxaziclomefone particles in SC was mostly on 
the micrometer scale, while the size of oxaziclomefone 
particles in NS was on the nanoscale, so the sedimentation 
rate of particles in SC was faster than in NS.  Moreover, 
collisions between water molecules drove the oxaziclomefone 
nanoparticles in NS to undergo more intense Brownian 
motion, which countered the sedimentation driven by gravity 
(Tang et al. 2024).  Overall, these results indicate that NS 
exhibited better dilution stability than SC, which potentially 
contributes to uniform spraying in low-volume spray by UAV.

3.4. Spray droplet size spectrum of NS
As shown in Fig. 4-A and B, the DV10 and DV50 of NS dilutions 
were significantly higher than those of  the SC dilution.  
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Moreover, the data in Fig. 4-C and D illustrate that the DV90 
and RS of NS dilutions and SC dilution were not statistically 
significantly different.  RS is generally used as an index to 
evaluate the uniformity of the droplet size, with a smaller RS 
representing more uniform atomization (Zhang and Xiong 
2021).  These results indicate that compared to SC, NS 
can significantly decrease the percentage of fine droplets 
without increasing the risk of uneven atomization.  Further, 
Fig. 4-E illustrates that NS dilutions significantly decreased 
the percentage of spray droplet size).  Spray droplets with 
a size , and exhibit more sensitivity to ambient wind speed, 
temperature, and humidity.  Therefore, spray droplets with a 
size et al. 2023).  The DV<100μm of SC dilutions was 35.98%, 
while the DV<100μm of NS dilutions ranged from 24.77 to 
25.58%.  Thus, these results indicate that NS can significantly 
decrease the drift potential of droplets.  To further reveal the 
reasons for the above differences, the viscosities of NS and 
SC were determined.  The results showed that the viscosity of 
SC was 236 mPa s, while the viscosities of NS were all higher 
than 1,000 mPa s (Fig. 4-F).  Obviously, it is the xanthan gum 
in the NS that increased the viscosity of dilutions, thereby 
increasing DV50 and decreasing the DV<100μm.  Previous 
research has shown that the DV50 increased with the increase 
of xanthan gum concentration in the dilutions (Wang et al. 
2018).  Notably, there was no significant difference in DV10, 
DV50, DV90, RS, DV<100μm, and viscosity of NS dilutions with 
different concentrations of wetting agent TO 8, which implies 
that the concentration of wetting agent TO 8 did not have a 
significant effect on spray size spectrum.

3.5. Physicochemical properties of dilution
The physicochemical properties of pesticide dilutions 
significantly influence the interfacial behaviors of droplets on 
the target surface (Li et al. 2020; Sun et al. 2023).  Therefore, 
the NS with 1%, 2%, 3%, 4%, and 5% of wetting agent 
TO 8 were prepared for the evaluation of physicochemical 
properties of dilutions.  After NS were diluted 50-fold with 
deionized water according to the dilution ratio of UAV low-
volume spray, the concentrations of TO 8 in the dilutions 
were 0.02%, 0.04%, 0.06%, 0.08%, and 0.1%, respectively.  

As shown in Fig. 5-A, the EST of SC was 38.89 mN m–1, 
which was significantly higher than those of NS.  Moreover, 
as the concentration of TO 8 increased, the EST of NS first 
decreased significantly and then remained stable.  The 
difference in EST of NS containing 3%, 4%, and 5% TO 8 
was insignificant, which can be attributed to the concentration 
of TO 8 in the dilutions formed by the above three NS 
being higher than the CMC of TO 8.  Previous research 
has shown that the EST decreases with the increase of 
surfactant concentration, and then remains constant when 
the concentration reaches CMC (Cárdenas et al. 2024).  
The data in Fig. 5-B illustrate that the DST of NS exhibited 
a swifter decrease than SC.  Notably, the decrease rate of 
DST was more rapid with increasing concentrations of TO 8,  
which can be attributed to more surfactant molecules of TO 8 
migrating from the bulk to the air-liquid interface.  As shown 
in Fig. 5-C and D, the contact angle of SC decreased from 
125.57° at 0 s to 116.5° at 180 s, which indicates that SC 
had a weak wetting ability on the adaxial surface of three-
leaf stage barnyardgrass leaves even at a low dilution ratio.  
In addition, the contact angle only exhibited slight decreases 
in 180 s when the concentrations of TO 8 were 1% and 2% 
in NS.  In contrast, when the concentrations of TO 8 were 
3%, 4%, and 5% in NS, the contact angle decreased rapidly 
to near the equilibrium value within approximately 60 s, and 
reached 70.8°, 69.36°, and 70.08° at 180 s, respectively.  
The data in Fig. 5-E illustrate that the spreading factor of SC 
hardly changed within 180 s, which implies that it was difficult 
for SC to overcome the pinning effect and spread on the 
surface of barnyardgrass leaves.  Similar to the contact angle 
results, the spreading factors increased slightly in 180 s when 
the concentrations of TO 8 were 1% and 2% in NS.  However, 
as the concentration of TO 8 in NS increased to 3%, 4%, 
and 5%, the spreading factors increased rapidly and reached 
1.25, 1.23, and 1.29 at 180 s, respectively.  The equilibrium 
contact angle of NS on the adaxial surface of three-leaf stage 
barnyardgrass leaves first decreased and then remained 
constant with increasing TO 8 concentration (Fig.  5-F).  
Moreover, Fig. 5-G illustrates that the equilibrium spreading 
factors of NS and SC were not significantly different when the 
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concentrations of TO 8 were 1% and 2%, while the equilibrium 
spreading factors of NS were significantly higher than those 
of SC when the concentrations of TO 8 were 3%, 4%, and 
5%.   In addition, the adhesion work of NS was significantly 
higher than that of SC when the concentration of TO 8 was 
3% in NS (Fig. 5-H).  The adhesion work reflects the strength 
of interaction between the droplets and the leaf surface, 
and higher adhesion work means stronger adhesion of the 
droplets to the leaf surface (Zhao et al. 2022).  These results 
indicate that NS can exhibit superior wetting, spreading, 
and adhesion behaviors on the adaxial surface of three-leaf 
stage barnyardgrass leaves when the concentration of TO 8  
was 3%, and thus the optimal concentration of TO 8 in NS 

was set as 3%.  The superior physicochemical properties of 
NS improved the contact area between the droplets and the 
barnyardgrass leaves, which potentially promotes the uptake 
of oxaziclomefone by barnyardgrass.

Furthermore, the maximum adhesive forces between the 
droplets and three-leaf stage barnyardgrass leaves were 
measured.  As illustrated in Fig. 5-I and J, the maximum 
adhesion forces of NS on the adaxial and abaxial surfaces 
of barnyardgrass were larger than those of SC, and the 
difference was statistically significant (Fig. 5-K).   In general, 
the larger the maximum adhesion force, the stronger the 
droplets bond to the leaf surface (Bao et al. 2022).  Therefore, 
the results imply that the NS showed better adhesion 

Fig. 5  Wetting and adhesion performances of nanosuspension (NS) dilutions on the surface of barnyardgrass at the three-leaf 
stage.  A, equilibrium surface tension.  B, dynamic surface tension.  C, dynamic contact angle.  D, dynamic contact angle images.  E, 
spreading factor.  F, equilibrium contact angle.  G, equilibrium spreading factor.  H, adhesion work.  I, force-distance curves of dilutions on 
the adaxial surface of barnyardgrass.  J, force-distance curves of dilutions on the abaxial surface of barnyardgrass.  K, maximum adhesive 
force of NS dilutions on the barnyardgrass surface.  The error bars denote the standard deviation of three replicates.  Different letters or 
(*) in the plot indicate significant differences at P<0.05.
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performance on barnyardgrass surfaces than SC.

3.6. Mechanism of performance matching between 
particle size of NS and barnyardgrass surface micro- 
nanostructures
The sizes of  NS, SC, and micro-nanostructures of 
barnyardgrass surface were counted based on SEM 
images using Nano Measurer software to further reveal the 
mechanism of performance matching between particle size 
of NS and barnyardgrass surface micro-nanostructures.  The 
oxaziclomefone nanoparticles in NS were monodisperse with 
irregular polyhedral shapes, and no obvious aggregation 
was observed among the nanoparticles (Fig. 6-A).  Fig. 6-B 
illustrates that the oxaziclomefone particles in SC exhibited 
a similar dispersed morphology to NS, but the particle 
sizes were mostly on the micrometer scale.  As shown in 
Fig. 6-C, the surface of barnyardgrass was covered with 
micro-nanostructures of different sizes.  Further statistics 
reveal that the sizes of NS, SC, and micro-nanostructures of 
barnyardgrass surface were 188.6, 2,419.7, and 258.8 nm 
(Fig. 6-D–F).  The deposition morphology of NS in Fig. 6-G 
illustrates that the oxaziclomefone nanoparticles were suitably 
embedded into the micro-nanostructures of barnyardgrass 
surface.  By contrast, the oxaziclomefone particles in SC 
were too large to be embedded into the micro-nanostructures 
of barnyardgrass surface, and the insufficient contact was 
not conducive to the retention of herbicides (Fig. 6-H).  The 
size distribution and number fitting curve in Fig. 6-I indicate 
that the size of the nanoparticles in NS was smaller than the 
size of the micro-nanostructures of barnyardgrass surface, 
so most of the nanoparticles in NS can be embedded in 
the micro-nanostructures of barnyardgrass surface.  Zhao 
et al. (2019) designed hat-shaped Janus carriers based on 
micropapillae and nanosplinters on the rice and wheat leaf 
surface, which can significantly enhance the retention and 
flush resistance of pesticides (Zhao et al. 2019).  Recent 
research also reported that the retention and adhesion of 
pyraclostrobin on tomato leaf surfaces can be significantly 
improved by designing nanocapsules with a flexible topology 
(Yu et al. 2024).  These studies revealed the performance 
matching mechanism between the pesticide and the target 
surface from the perspective of carrier design strategy.  The 
results of our study revealed the performance matching 
mechanism between the pesticide and the target surface from 
the perspective of the size of pesticide dispersion and micro- 
and nanostructure size of the target surface, which provided 
a novel, promising, and achievable strategy for designing 
target affinity pesticide formulations.

3.7. Uptake and translocation of NS
Oxaziclomefone is a systemic herbicide, which can be 
absorbed by roots and leaves and systemically distributed 
in the barnyardgrass by translocation (Suzuki et al. 2003).  
To further evaluate the uptake and translocation of NS, 
the concentrations of oxaziclomefone in barnyardgrass 
were determined after 24 and 72 h treatment.  As shown in 
Fig. 7-A, the concentrations of oxaziclomefone in treated 
leaves of NS were not significantly different from those of the 

SC after 24 and 72 h.  However, the data in Fig. 7-B illustrate 
that the concentration of oxaziclomefone in the untreated 
part of NS was 66.31 mg kg–1 after 24 h treatment, while the 
concentration of oxaziclomefone in the untreated part was 
37.19 mg kg–1 after 24 h treatment with SC.  Similarly, after 
72 h of treatment, the concentration of oxaziclomefone in the 
untreated part of NS was significantly higher than that of SC 
(Fig. 7-B).  These results indicate that NS exhibited superior 
uptake and translocation performance in barnyardgrass, and 
remarkably enhanced the translocation of oxaziclomefone 
from the treated leaves to the untreated part, which potentially 
contributes to the systemic distribution of oxaziclomefone in 
barnyardgrass and improves herbicidal activity.

3.8. Field herbicidal activity of NS
After comprehensively characterizing the physicochemical 
properties of the dilutions, field experiments were carried 
out by UAV sprayer to further evaluate the field herbicidal 
activity against barnyardgrass and safety for rice of NS.  
Fig. 8-A illustrates the spraying route of UAV sprayers.  After 
4 weeks of treatment in Jiangsu, the weed mortality rates of 
NS and SC were 94.44% and 77.78%, respectively (Fig. 8-B).  
Moreover, the fresh weight control effect shows that the 
NS treatment was significantly more effective than the SC 
treatment (Fig. 8-B).  In addition, visual inspection results 
showed that there was no obvious rice seedling injury after 
being treated with SC and NS, which indicates that NS can 
improve the control efficacy against barnyardgrass while 
safeguarding the safety of rice seedlings in Jiangsu.

As shown in Fig. 8-C, the fresh weight control effect of NS 
was significantly higher than SC after 1 week of treatment 
in Hunan.  The weed mortality rates of NS and SC were 
60.57% and 51.12%, but there was no statistically significant 
difference.  Notably, visual inspection showed that rice 
seedlings on the plot exhibited noticeable but acceptable 
abnormal growth symptoms after 1 week of NS and SC 
treatments.  As shown in Fig.  8-D–F, the rice seedlings 
exhibited dwarfing symptoms, and the newly grown leaves 
displayed yellowing symptoms after 1 week of NS and SC 
treatments.  However, the NS-treated rice seedlings did 
not show more severe injuries than the SC treatment.  The 
data in Fig. 8-G showed that after 3 weeks of treatment in 
Hunan, the weed mortality rates of NS and SC were 89.46% 
and 72.89%, and the fresh weight control effects of NS and 
SC were 91.87% and 86.17%, which indicates that NS can 
significantly improve the field herbicidal activity against 
barnyardgrass compared to SC.  Nevertheless, Fig. 8-H and I 
illustrate that after 3 weeks of SC and NS treatments, the rice 
plant height and fresh weight were significantly lower than 
CK.  There was no significant difference in rice plant height 
and fresh weight between SC and NS treatments, which 
implies that NS did not increase the risk of rice seedling injury 
compared to SC.

Overall, these results indicate that NS can significantly 
improve the control efficacy against barnyardgrass while 
demonstrating acceptable safety for rice.  The remarkable 
improvement can be ascribed to the superior wetting, 
spreading, and adhesion of the NS dilution, as well as the 
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enhanced uptake and translocation of oxaziclomefone 
nanoparticles in barnyardgrass.  Previous studies have 
shown that nanosuspensions can improve the retention 
and accumulation of insecticide (imidacloprid) and fungicide 
(zoxamide) in plant leaves, thereby improving the biological 
activity against targets (Corrias et al. 2021; Iqbal et al. 2023).  
Our findings are consistent with the above studies and 
further confirm the potency of nanosuspensions in improving 
herbicide delivery efficiency.  Crucially, nanosuspensions 
feature significant advantages over other nanoformulations 
such as nanocapsules and nanoliposomes in terms of cost and 
process stability, and potentially enable large-scale production 
in the near future.  On the one hand, nanosuspensions 
are sub-micron-scale colloidal dispersions of pesticide 
nanoparticles (NPs) stabilized by surfactants, polymers, or 
a mixture of both (Shegokar and Muller 2010), which means 
that nanosuspensions are low-cost as no additional polymer 
materials or nanomaterials are required within the formulation.  
On the other hand, nanosuspensions can be formulated 
with high production efficiency, scalability, and reproducibility 
using methods such as wet media milling, high-pressure 
homogenization, and microfluidization (Van Eerdenbrugh et al. 
2008; Tian et al. 2022), which provides feasibility for wide-scale 
application of nanosuspensions in sustainable agriculture.

4. Conclusion
In summary, this study developed performance-matched 
NS based on the hydrophobic surface characteristics of 
barnyardgrass for UAV sprayers.  The OWRK method 
indicates that  the adaxia l  and abaxia l  sur faces of 
barnyardgrass at different growth stages were hydrophobic 
and dominated by dispersive components.  The average 
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Fig. 7  Uptake and translocation of nanosuspension (NS) in 
barnyardgrass.  A, concentration of oxaziclomefone in treated 
leaves.  B, concentration of oxaziclomefone in untreated parts.  
SC, suspension concentrate.  The error bars denote the standard 
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significant differences at P<0.05.

Fig. 6  Mechanism of performance matching between nanosuspension (NS) particle size and barnyardgrass surface micro-
nanostructures.  A, SEM images of NS.  B, SEM images of suspension concentrate (SC).  C, SEM images of barnyardgrass surface 
micro-nanostructures.  D, statistical particle size of NS based on SEM images.  E, statistical particle size of SC based on SEM images.  F, 
statistical size of barnyardgrass surface nanostructure based on SEM images.  G, deposition morphology of NS on the barnyardgrass surface.  
H, deposition morphology of SC on the barnyardgrass surface.  I, matching of NS particle size and barnyardgrass surface nanostructure.
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particle size of oxaziclomefone nanoparticles in NS was 
188.6 nm, which can suitably be embedded into the micro-
nanostructures of  the barnyardgrass surface.  The NS 
exhibited excellent dilution stability and storage stability, 
and superior wetting, spreading, and adhesion performance 
on the barnyardgrass surface, as well as enhanced uptake 
and translocation of oxaziclomefone in barnyardgrass.  
More importantly, the NS can significantly decrease the 
percentage of spray droplets formulations based on target 
surface characteristics and for improving the physicochemical 
properties of dilutions, which is of great significance for 
enhancing the dosage delivery efficiency and improving the 
control efficiency against pests for UAV sprayers.
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