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Abstract: This study investigated the efficacy of three spray adjuvants (Coerce, Wetcit, and Silwet408)
in enhancing dinotefuran permeation in rice leaves. Different concentrations of these adjuvants
were tested using an external standard method. The rice leaf surface was analyzed by using the van
Oss–Chaudhury–Good method to establish a link between surface free energy (SFE) and dinotefuran
permeation. All of the adjuvants effectively increased dinotefuran permeation in rice leaves, with
the highest permeation of 8.496 mg/kg achieved using Wetcit at 1000 mg/L. The SFE of the rice leaf
surface was determined to be 29.28 mJ/m2. A notable correlation was observed between the energy
difference (the SFE of the pesticide liquid versus the SFE of the rice leaf surface) and permeation.
Various fitting methods, including linear, exponential, logarithmic, polynomial, and power methods,
were applied. Polynomial fitting demonstrated the highest coefficient of determination (R2 > 0.9000).
The relationship between the permeation (y) and energy difference (∆γ) conformed to the polynomial
equation y = a∆γ2 + b∆γ + c, where a, b, and c are constants. This model provides a predictive tool
for the optimal dosage of spray adjuvants according to target plant characteristics, enhancing the
understanding of the interaction between pests and pesticides.

Keywords: spray adjuvant; permeation; surface free energy; rice leaf surface

1. Introduction

Foliar spray application remains a vital method of pest and disease control. Pesti-
cide formulations are diluted and applied by spraying equipment, targeting initial hosts
(typically plants, the primary subjects of protection or the habitats of pests) before they
reach the final targets (the pests). In most cases, less than 1% of the pesticide effectively
reaches the final target to exert its insecticidal effect [1,2]. The inefficiency of the entire
pesticide delivery process primarily stems from the diverse and complex factors involved
in the spraying procedure [3,4]. The efficacy of pesticide dose delivery hinges on various
factors, such as the affinity between the spray solution and the leaves of the initial target
plant, the physicochemical properties of the solution, the type of spray nozzle, and climatic
conditions [5–7]. Controlling agricultural pests ultimately depends on two factors: the
level of toxicity and the amount of active ingredient in the pesticide [8,9]. Dinotefuran,
classified by the IRAC as a neonicotinoid pesticide, is widely applied in the control of
rice planthoppers and rice borers in paddy fields [10]. Some insects, including Nilaparvata
lugens and Bemisia tabaci, have developed resistance to dinotefuran [11,12]. To delay pest
resistance, it is recommended to use spray adjuvants or synergists in a rational manner [13].
Spray adjuvants are a class of highly active substances employed to modulate the physi-
cal and chemical attributes of liquids. They effectively reduce the surface tension at the
interface between the liquid and solid phases, enhance interfacial activation to promote
compatibility, and subsequently regulate the permeation of pesticide solutions onto the
leaves of target plants [14]. In the domain of pest control in China, silicone and vegetable
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oils are the prevailing choices for spray adjuvants [15,16]. In comparison, vegetable oil
adjuvants, such as green orange oil (Coerce) and orange peel oil (Wetcit), enjoy wider
usage and demonstrate superior affinity [17,18]. These vegetable oil adjuvants contribute
significantly to herbicidal efficacy postgermination. Primarily, they enhance the permeation
of [14C]-labeled quizalofop-ethyl (logKow 4.5) and fenoxaprop-ethyl (logKow 4.58) into the
target epidermis, which is contingent upon the ability of the oil to promote the distribution
of these pesticides within the epidermis. Additionally, vegetable oils can dissolve epidermal
wax, disrupting the barrier pathway of the target plant and facilitating pesticide perme-
ation [18,19]. Furthermore, vegetable oils activate the contact surface of the target plant
and droplets, leading to a reduction in the surface energy of the droplets. This alteration
enables the droplets to spread more effectively across the target foliage while reducing the
contact angle. The incorporation of orange peel oil adjuvants at concentrations ranging
from 0.01% to 1.00% can reduce the surface tension of the pesticide solution by 48.17%
to 55.73%. This increase in surface tension improves the wettability of pesticide solution
droplets on pittosporum tobira leaf surfaces, ensuring effective control of Edentatipsylla
shanghaiensis Li et Chen and reducing the requisite pesticide quantities [20]. Therefore, it is
important to consider the appropriate amount of spray adjuvants when using the product.

In practice, most pesticide formulations used in pest control contain surfactants. Un-
fortunately, surfactants often prioritize the stability of pesticide formulations, disregarding
the surface tension of the liquid, the concentration of the surfactant in the liquid, and
the characteristics of the application target. Consequently, recommended dosages fail to
ensure proper adhesion of the liquid to the target plant surface, leading to substantial
environmental pollution [21,22]. Leaf surface free energy and its components are intrinsic
properties of the leaf surface. They can guide the design of pesticide foliar application and
specific pesticide formulations. The main methods for measuring surface free energy are
the Owens–Wendt–Rabel–Kaelble (OWRK) method and the van Oss–Chaudhury–Good
method (OCG) [23–25]. Detection liquids typically used for the OCG method are water,
glycerol, and diiodomethane [24]. These liquids offer good reproducibility and yield a large
amount of characterization [26]. The OCG method can be used to determine the surface
free energy of leaves, as confirmed through mathematical methods. Measuring contact
angles of liquids with varying degrees of polarity and apolarity is a common method
for characterizing surface free energy in recent studies. The physicochemical properties
of Eucalyptus sideroxylon leaves were analyzed using the OCG method to predict polar,
nonpolar, and intermolecular hydrogen bond interactions [24]. Rice leaves exhibit high
hydrophobicity [21] and their physicochemical characteristics are closely related to foliar
permeation of pesticides. Due to the lack of data on the surface properties of plants targeted
for spraying, the internal relationship between liquid surface tension and pesticide leaf
permeation is often ignored during the spraying process, which affects the efficacy to a
certain extent.

Considering this, we conducted the permeation of dinotefuran in rice leaves using
varying amounts of vegetable oil and silicone adjuvants. Additionally, we aimed to establish
the intrinsic correlation between the physicochemical properties of the liquid and rice leaf
permeation. To simplify the experiment and reduce influencing factors, we chose the
dipping method instead of the more complex foliar spray application process. This would
enable us to quickly determine the optimal dosage of spray adjuvants for production
based on the correlation. These efforts provide a scientific foundation for the utilization of
pesticide adjuvants in the management of rice insects and diseases.

2. Materials and Methods
2.1. Experimental Materials

The rice variety subjected to testing was Nanjing 9108, which was cultivated in
pots and maintained until the rupturing stage. The reagents employed in this experi-
ment included deionized water, acetonitrile of chromatographic grade, and carbinol (pro-
vided by Tedia Company Inc., Fairfield, CT, USA). Additionally, 99% glycerol and 98%
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diiodomethane were obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
Shanghai, China. Furthermore, we used 20% dinotefuran soluble granules (produced
by Mitsui Chemical Co., Ltd., Tokyo, Japan), dinotefuran standard (provided by Tan-Mo
Technology Co., Ltd., Changzhou, China), Coerce (provided by Axeb biotech S.L., Lleida,
Spain), Wetcit (provided by American Oro Agri Agricultural Chemicals Company, Fresno,
CA, USA), and Silwet408 (provided by Momentive performance materials Co., Ltd., Wilton,
CT, USA).

2.2. Instruments and Software

The following instruments and equipment were used in this study: a contact angle me-
ter (JC2000C1B) manufactured by Shanghai Powereach Digital Technology Equipment Co.,
Ltd., Shanghai, China; a microsyringe (0–50 µL) designated MS50 produced by Shanghai
Gaoge Industry and Trade Co., Ltd., Shanghai, China; a surface tension meter (DCAT11EC)
sourced from Germany Dataphysics Instruments Company, Filderstadt, Germany; and a
hyper-pure water system established by the Plant Protection Institute of Jiangsu Academy
of Agricultural Sciences, Nanjing, China. A high-performance liquid chromatography
(HPLC) instrument (2695) equipped with a diode array detector (Waters Corporation,
Milford, CT, USA) was used for analysis. An electronic balance (JY20002) was obtained
from Shanghai Shunyu Hengping Scientific Instrument Co., Ltd., Shanghai, China, and
a water bath nitrogen blower (HSC-24B) was obtained from Tianjin Hengao Technology
Development Co., Ltd., Tianjin, China.

2.3. Treatment

The experiment was designed with nine treatments involving the use of adjuvants
(Coerce, Wetcit, and Silwet408), and each treatment was repeated three times for robustness.
Various quantities of adjuvants (1.000 g, 0.500 g, 0.250 g, 0.125 g, 0.063 g, 0.031 g, and
0.016 g) were dissolved in 1 L of deionized water, which included 0.655 g of 20% soluble
dinotefuran granules. Simultaneously, a reagent blank (comprising 1 L of deionized water
with 0.655 g of 20% soluble dinotefuran granules) and a blank control (consisting of 1 L of
deionized water) were also prepared for reference.

2.4. Sample Preparation

The rice leaves cultivated in plastic pots were immersed in the prepared solutions
for a duration of 30 s in a glass beaker. Subsequently, the leaves were removed from
the solutions. After an interval of one hour, the dipped leaves were collected for further
experimentation. All of the rice leaf samples were finely pulverized, and four grams of
each sample was accurately weighed into a centrifuge tube. To ensure complete saturation,
24 mL of acetonitrile and 3 g of NaCl were added to the powder, followed by one minute
of vigorous shaking. Next, the samples underwent 15 min of ultrasonic extraction and
were subsequently filtered into conical bottles. From this, 12 mL of the supernatant was
extracted and reduced to a volume of less than 4 mL through nitrogen blowing. Additional
acetonitrile was added to reach a final volume of 4 mL. Following this step, 4 mL of the
supernatant was transferred from the centrifuge tube to another centrifuge tube containing
200 mg of PSA (ethylenediamine-N-propyl), 200 mg of C18, and 150 mg of anhydrous
MgSO4 as sorbents. The extract was then vortexed for 2 min and centrifuged at 5000 revo-
lutions per minute for 5 min. Subsequently, a 2 mL portion of the supernatant was dried
using N2. This dried residue was dissolved in 0.1 mL of methanol, after which 0.9 mL
of deionized water was added and thoroughly mixed. The concentrated samples were
subjected to HPLC [27].

2.5. Quantification of Dinotefuran Concentrations

The quantification of dinotefuran in rice leaves was conducted using HPLC with a
Waters 2695 model instrument equipped with a DAD set at a wavelength of 270 nm. A
symmetric C18 column (4.6 mm × 250 mm, 5 µm) was used for separation. The mobile
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phase comprised HPLC grade carbinol and water at a ratio of 20:80 (v/v) and was delivered
at a flow rate of 1 mL/min. Each injection consisted of 30 µL of the sample. With these
operational parameters, the retention time of dinotefuran was determined to be 5.7 min.
The identification of dinotefuran was validated by comparing its retention time with that
of an authentic standard. To prepare the dinotefuran standard stock solution (10 mg/L),
HPLC grade acetonitrile was used. Calibration curve standard solutions for dinotefuran (at
concentrations of 0.02 mg/L, 0.05 mg/L, 0.1 mg/L, 0.2 mg/L, and 0.5 mg/L) were generated
from the stock solution through sequential dilutions using HPLC grade acetonitrile. These
standard solutions were essential for the quantification of dinotefuran in rice leaves. Prior
to utilization, the solutions for the permeation experiments were thoroughly prepared via
serial dilutions and stored at −4 ◦C in a refrigerator.

2.6. Permeation of Dinotefuran

The determination of dinotefuran permeation in rice leaves followed the external
standard method [28] and was calculated using the following formula: ω = (ρ × v × f )/m.
In this formula, ω represents the amount of dinotefuran permeation in rice leaves to be
measured (mg/kg), ρ denotes the quantity of dinotefuran to be measured in the sample
solution (mg/L), m represents the weighed sample amount (g), v represents the constant
volume (mL), and f signifies the dilution ratio.

2.7. SFE of Rice Leaf Surfaces and Surface Tension

Determination of the static contact angle of three different detection liquids (deionized
water, glycerol, and diiodomethane) on the rice leaf surface was conducted at a temper-
ature of 20 ± 3 ◦C and a relative humidity of 65 ± 5%. Subsequently, the surface free
energy of the leaf surface was calculated utilizing the van Oss–Chaudhury–Good (OCG)
method. The surface free energy (SFE, γ) of the rice leaf surface can be expressed as
the sum of two components: the Lifshitz–van der Waals component (γLW), representing
nonpolar interactions of SFE, and the acid–base interaction component (γAB), represent-
ing polar interactions of SFE. Within γAB, there exists a Lewis acid component γ+ and
a Lewis base component (γ−). Surface polarity calculations were performed consider-
ing the SFE components of deionized water (γ = 72.80 mJ/m2, γLW= 21.80 mJ/m2, and
γ+ = γ− = 25.50 mJ/m2), glycerol (γ = 63.70 mJ/m2, γLW = 33.60 mJ/m2, γ+ = 8.41 mJ/m2,
and γ− = 31.16 mJ/m2), and diiodomethane (γ = 50.80 mJ/m2, γLW = 50.80 mJ/m2,
γ+ = 0.56 mJ/ m2, and γ− = 0 mJ/m2) [23–25].

The software program SACT31, integrated with a surface tension meter, was used to
determine the surface tension (γ) of the fully stirred pesticide solution, which was prepared
with three different spray adjuvants at various concentrations (1000 mg/L, 500 mg/L,
250 mg/L, 125 mg/L, 63 mg/L, 31 mg/L, and 16 mg/L). It is important to note that
the surface tension of the pesticide solution, measured at room temperature and under
atmospheric pressure, is correlated with the surface free energy.

2.8. Statistical Analysis

All of the data analyses were performed using Excel 365 software V16.0 (Microsoft,
Redmond, WA, USA). To assess significant differences, one-way ANOVA followed by
Duncan’s new multiple range test was conducted, and the data were processed using DPS
17.10 software (Hangzhou Ruifeng Information Technology Co., Ltd., Hangzhou, China).
Furthermore, regression analyses, including linear, exponential, logarithmic, polynomial,
and power fitting between the energy difference and the permeation, were executed using
Excel 365 software V16.0 (Microsoft, Redmond, WA, USA) and Origin 8 software V 8.0725
(OriginLab Corporation, Northampton, MA, USA).
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3. Results
3.1. Method Validation

A linear correlation analysis was conducted with mass concentration (c) as the hori-
zontal coordinate and peak area (S) as the vertical coordinate (Figure 1), yielding the linear
equation S = 121560c − 187.31 (R2 = 1.0000) for dinotefuran.
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To confirm the accuracy and precision of the detection method, a standard solution of
dinotefuran (0.1 mg/kg) was added to the test sample, and the analysis was performed
in triplicate. The results indicated recoveries ranging from 72.5% to 78.5%, with a relative
standard deviation (RSD) of 4.3%, when utilizing the solvent standard curve method
at 0.1 mg/kg. Calibration using the matrix matching standard curve method yielded
recoveries between 81.6% and 88.4%, with an associated RSD of 4.4%. A representative
chromatogram is shown in Figure 2.
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3.2. Permeation of Rice Leaves with Dinotefuran

Dinotefuran was not detected in the rice leaves immersed in deionized water.
However, in the pesticide solution, the permeation of dinotefuran in rice leaves was
3.381 ± 0.081 mg/kg. The effects of different spray adjuvants on the permeation of dinote-
furan in rice leaves are summarized in Table 1. In general, the permeation of dinotefuran in
rice leaves exhibited an upward trend with increasing adjuvant concentration, particularly
in the case of Coerce and Wetcit. Notably, the recorded permeation of dinotefuran in rice
leaves with Coerce and Wetcit reached 8.149 ± 0.190 mg/kg and 8.496 ± 0.124 mg/kg,
respectively, representing significantly greater permeation than that of the other adjuvants
(p < 0.05). Compared to the 16 mg/L, 31 mg/L, 63 mg/L, and 125 mg/L treatments, the
permeation of dinotefuran solutions with spray adjuvants at 250 mg/L and 500 mg/L
showed a significant increase (p < 0.05). In contrast to Coerce and Wetcit, permeation in
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rice leaves with Silwet 408 first increased and then decreased with increasing concentration.
Specifically, at a concentration of 63 mg/L, the maximum permeation of dinotefuran in rice
leaves was 8.177 ± 0.363 mg/kg. Compared to the 16 mg/L, 500 mg/L, and 1000 mg/L
treatments, the permeation of dinotefuran solutions with spray adjuvants at 31 mg/L,
63 mg/L, 125 mg/L, and 250 mg/L showed a significant increase (p < 0.05). Figure 3
provides a comparative illustration of the maximum values achieved with each spray
adjuvant at the three different concentrations. With Coerce, dinotefuran permeation in
rice leaves was greater at 1000 mg/L, with Wetcit at 250 mg/L and 1000 mg/L, and with
Silwet408 at 63 mg/L and 125 mg/L. Notably, no significant differences were observed
among the treatments (p > 0.05).

Table 1. Effects of adjuvants with different concentrations on the permeation of dinotefuran in
rice leaves.

Concentrations
(mg/L)

Permeation (mg/kg)

Coerce Wetcit Silwet408

16 3.840 ± 0.161 d 4.011 ± 0.208 e 6.406 ± 0.222 c
31 3.297 ± 0.147 d 3.853 ± 0.084 ef 7.340 ± 0.197 b
63 3.812 ± 0.127 d 4.925 ± 0.259 d 8.177 ± 0.363 a

125 5.343 ± 0.073 c 5.625 ± 0.197 c 7.718 ± 0.152 ab
250 7.264 ± 0.116 b 7.884 ± 0.067 b 7.191 ± 0.296 b
500 7.181 ± 0.445 b 7.628 ± 0.237 b 6.510 ± 0.005 c
1000 8.149 ± 0.190 a 8.496 ± 0.124 a 6.488 ± 0.022 c

0 3.381 ± 0.081 d 3.381 ± 0.081 f 3.381 ± 0.081 d
Note: the data in the table are mean ± standard deviation (n = 3). Different letters in the same column indicate a
significant difference at the level of p < 0.05 according to Duncan’s new multiple range test.

Agronomy 2024, 14, x FOR PEER REVIEW 6 of 12 
 

 

respectively, representing significantly greater permeation than that of the other 
adjuvants (p < 0.05). Compared to the 16 mg/L, 31 mg/L, 63 mg/L, and 125 mg/L 
treatments, the permeation of dinotefuran solutions with spray adjuvants at 250 mg/L and 
500 mg/L showed a significant increase (p < 0.05). In contrast to Coerce and Wetcit, 
permeation in rice leaves with Silwet 408 first increased and then decreased with 
increasing concentration. Specifically, at a concentration of 63 mg/L, the maximum 
permeation of dinotefuran in rice leaves was 8.177 ± 0.363 mg/kg. Compared to the 16 
mg/L, 500 mg/L, and 1000 mg/L treatments, the permeation of dinotefuran solutions with 
spray adjuvants at 31 mg/L, 63 mg/L, 125 mg/L, and 250 mg/L showed a significant 
increase (p < 0.05). Figure 3 provides a comparative illustration of the maximum values 
achieved with each spray adjuvant at the three different concentrations. With Coerce, 
dinotefuran permeation in rice leaves was greater at 1000 mg/L, with Wetcit at 250 mg/L 
and 1000 mg/L, and with Silwet408 at 63 mg/L and 125 mg/L. Notably, no significant 
differences were observed among the treatments (p < 0.05). 

Table 1. Effects of adjuvants with different concentrations on the permeation of dinotefuran in rice 
leaves. 

Concentrations 
(mg/L) 

Permeation (mg/kg) 
Coerce Wetcit Silwet408 

16 3.840 ± 0.161 d 4.011 ± 0.208 e 6.406 ± 0.222 c 
31 3.297 ± 0.147 d 3.853 ± 0.084 ef 7.340 ± 0.197 b 
63 3.812 ± 0.127 d 4.925 ± 0.259 d 8.177 ± 0.363 a 
125 5.343 ± 0.073 c 5.625 ± 0.197 c 7.718 ± 0.152 ab 
250 7.264 ± 0.116 b 7.884 ± 0.067 b 7.191 ± 0.296 b 
500 7.181 ± 0.445 b 7.628 ± 0.237 b 6.510 ± 0.005 c 

1000 8.149 ± 0.190 a 8.496 ± 0.124 a 6.488 ± 0.022 c 
0 3.381 ± 0.081 d 3.381 ± 0.081 f 3.381 ± 0.081 d 

Note: the data in the table are mean ± standard deviation (n = 3). Different letters in the same column 
indicate a significant difference at the level of p < 0.05 according to Duncan’s new multiple range 
test. 

 
Figure 3. Comparison of the maximum permeation of dinotefuran in rice leaves treated with 
different adjuvants. Different letters indicate a significant difference at the level of p < 0.05 according 
to Duncan’s new multiple range test. 

3.3. Surface Free Energy of Rice Leaf Surfaces 

c
c

ab
abc bc

a

c

ab

abc

4

5

6

7

8

9

10

250 500 1000 250 500 1000 31 63 125

Coerce Wetcit Silwet408

Pe
rm

ea
tio

n（
m

g/
kg
）

Concentration of different adjuvants(mg/L)

Figure 3. Comparison of the maximum permeation of dinotefuran in rice leaves treated with different
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3.3. Surface Free Energy of Rice Leaf Surfaces

The characterization of rice leaf surfaces by measuring contact angles of three liquids
with different disperse and non-disperse contributions (W, G, and DM) is presented in
Table 2. The data revealed that rice leaf surfaces led to very high static contact angles
(>100◦) with polar liquids (W and G), with a notable difference observed between the
adaxial and abaxial surfaces of the rice leaves. In contrast, the static contact angles of the
apolar liquid (DM) were less than 90◦, and no significant difference was detected between
the adaxial and abaxial surfaces. After calculation by using the OCG method, the SFE
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values for the adaxial and abaxial leaf surfaces were determined to be 28.56 mJ/m2 and
30.00 mJ/m2, respectively. These values indicate that the number of Lifshitz–van der
Waals components (γLW) were greater than the number of acid–base components (γAB),
suggesting that nonpolar interactions predominate over polar interactions. Additionally,
the mean SFE for the leaf surface was less than 100 mJ/m2, indicating that the rice leaf
surface possessed low energy.

3.4. Energy Difference (∆γ)

Table 3 shows the effects of three adjuvants at different concentrations on the surface
free energy of dinotefuran solutions. The surface tension of the pesticide solution was
initially measured to be 36.80 mN/m. With the addition of various concentrations of spray
adjuvants (Coerce and Wetcit), the surface tension of the solution generally decreased,
except for that with Coerce at a concentration of 16 mg/L, which exhibited a slight increase.
In particular, the surface tension of the solution containing Silwet408 decreased rapidly and
became stable. A maximum reduction of 16.40 mN/m was achieved with Silwet408. Coerce
and Wetcit have a similar ability to reduce surface tension, with a maximum reduction of
6.27 mN/m and 6.90 mN/m, respectively.

Table 2. Surface free energy of rice leaf surface.

Rice Leaf

Static Contact Angle (◦)
γLW

(mJ/m2)
γAB

(mJ/m2)
SFE

γs (mJ/m2)
Mean

(mJ/m2)Water
(W)

Glycerol
(G)

Diiodomethane
(DM)

Adaxial Leaf 137.8 ± 2.4 a 108.4 ± 2.2 a 88.9 ± 1.6 a 16.08 12.48 28.56
29.28Abaxial Leaf 132.5 ± 1.9 b 104.5 ± 1.8 b 89.7 ± 1.3 a 15.55 14.45 30.00

Note: the data in the table are mean ± standard deviation (n = 10). Different letters in the same column indicate a
significant difference at the level of p < 0.05 according to Duncan’s new multiple range test.

Table 3. Effects of three adjuvants at different concentrations on the surface free energy of dinotefu-
ran solutions.

Concentrations
(mg/L)

Coerce Wetcit Silwet408

γ
(mN/m)

γs liquid

(mJ/m2)
∆γ

γ
(mN/m)

γs liquid

(mJ/m2)
∆γ

γ
(mN/m)

γs liquid

(mJ/m2)
∆γ

16 37.17 37.17 7.89 36.31 36.31 7.03 33.07 33.07 3.79
31 36.75 36.75 7.47 35.29 35.29 6.01 28.32 28.32 −0.96
63 35.39 35.39 6.11 34.53 34.53 5.25 23.57 23.57 −5.71

125 34.31 34.31 5.03 32.78 32.78 3.5 20.67 20.67 −8.61
250 32.66 32.66 3.38 30.46 30.46 1.18 20.69 20.69 −8.59
500 31.25 31.25 1.97 30.41 30.41 1.13 20.46 20.46 −8.82
1000 30.53 30.53 1.25 29.90 29.90 0.62 20.40 20.40 −8.88

0 36.80 36.80 7.52 36.80 36.80 7.52 36.80 36.80 7.52

Note: ∆γ = γs liquid − γs rice; γs rice = 29.28 mN/m.

Directly related to foliar permeation, the SFE of a material is an essential property that
determines its surface and interfacial properties in processes such as wetting and adhesion.
Under standard temperature and pressure conditions, the surface tension and surface
energy of a liquid are equivalent, despite being measured in different units. The mean SFE
for the rice leaf surface was determined to be 29.28 mJ/m2 (Table 2). When the solution was
supplemented with Coerce, its SFE surpassed that of the rice leaves, resulting in an energy
difference (∆γ) ranging from 1.25 to 7.89. Similarly, the SFE of the solution supplemented
with Wetcit exceeded that of the rice leaves. However, when the concentration reached
1000 mg/L, the SFE of the solution became lower than that of the rice leaves, with an energy
difference ranging from 0.62 to 7.03. In contrast, the SFE of the solution supplemented
with Silwet408 was lower than that of the rice leaves, except for at 16 mg/L, where the SFE
exceeded the SFE of the rice leaves, resulting in an energy difference ranging from −8.88
to 3.79.
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3.5. Correlation Analysis between Permeation and Energy Difference (∆γ)

A scatterplot depicting the differences in permeation and energy can be found in
Figure 4, and the correlation analysis results of the difference in energy and the permeation
of dinotefuran in rice leaves (y) are presented in Table 4. Various curve fitting methods
were applied to Corece, Wetcit, and Silwet408, including linear, exponential, logarithmic,
polynomial, and power functions. These were then aggregated for analysis. Linear and
polynomial fitting were applied to Coerce and Wetcit, revealing a robust correlation with
R2 (coefficient of determination) values exceeding 0.8000. The correlation analysis between
the functions of Coerce and Wetcit revealed a high degree of similarity. Given the negative
energy difference between the surface energy of the pesticide liquid and the surface free
energy of the rice leaf, only linear and polynomial fittings could be performed for Silwet408.
Consequently, only linear and polynomial functions with satisfactory polynomial fitting
(R2 > 0.9000) were considered. Both the linear and exponential functions yielded R2 values
less than 0.5000. In general, the energy difference provided the most suitable polynomial
(y = −0.04512∆γ2 − 0.27985∆γ + 7.9777) fit for permeation (R2 = 0.9167, F = 1054.70187,
DF = 3, p < 0.0001).
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Figure 4. Scatterplots of the permeation vs. the energy difference (∆γ).

Table 4. Curve fitting of the permeation (y) vs. the energy difference (∆γ).

Spray Adjuvant Curve Fitting Function Coefficient of Determination
(R2)

Coerce

Linear y = −0.7357∆γ + 9.0189 0.9401
Exponential y = 10.012e−0.138∆γ 0.9306
Logarithmic y = −2.718ln(∆γ) + 9.2369 0.8919
Polynomial y = 0.0104∆γ2 − 0.8331∆γ + 9.182 0.9406

Power y = 10.309∆γ−0.502 0.8304

Wetcit

Linear y = −0.71∆γ + 8.5868 0.9718
Exponential y = 9.0115e−0.126∆γ 0.9854
Logarithmic y = −2.036ln(∆γ) + 7.8845 0.9715
Polynomial y = 0.0528∆γ2 − 1.1277∆γ + 9.0493 0.9854

Power y = 7.8818∆γ−0.354 0.9389

Silwet408
Linear y = −0.1562∆γ + 6.0604 0.4782

Exponential y = 5.7649e−0.03∆γ 0.4255
Polynomial y = −0.0381∆γ2 − 0.2621∆γ + 7.6066 0.9113

Aggregate analysis Polynomial y = −0.04512∆γ2 − 0.27985∆γ + 7.9777 0.9167
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4. Discussion

In general, the rate of material accumulation on surfaces that are difficult to wet is
comparatively slower than that on easily wettable surfaces. Rice leaves, characterized by
high hydrophobicity, exhibit a surface free energy of 29.28 mJ/m2. In the SFE of the rice
leaf surface, the proportion of γLW is higher than that of γAB, suggesting that nonpolar
interactions predominate over polar interactions. It is the same as the SFE of the adaxial
leaf of blue gum eucalypt and the adaxial leaf of rubber tree, but different from the adaxial
leaf of red iron bark, the abaxial leaf of holm oak, and the adaxial and abaxial leaves of
maize [24,29]. Therefore, rice leaves are extremely hydrophobic with high static contact
angles of water (>130◦). This hydrophobicity predominantly stems from the distinctive
morphology of the plants, which consists of ‘micronano papillae + hydrophobic waxes’ that
are naturally present on rice leaves [30]. The inherent hydrophobic nature of rice leaves
directly leads to inadequate retention of conventional pesticide spray droplets on their sur-
face, resulting in pesticide solution loss. Furthermore, the permeation of pesticide solution
into the leaves remains relatively limited [31]. Specifically, the permeation of simple soluble
dinotefuran granules in rice leaves reached 3.381 mg/kg. Despite the presence of some
wetting agents, the primary emphasis lies in the stability of the formulation, particularly
in the context of the extreme hydrophobicity of rice leaves. Hence, the incorporation of
adjuvants becomes crucial for enhancing liquid wettability.

The wettability and permeability of the pesticide solution on the target exhibit a pos-
itive correlation to some extent. After spraying chlorantraniliprole and difenoconazole
with the vegetable oil adjuvant, the cuticular wax of the rice leaf was destroyed, which
reduced the hydrophobicity of the rice leaf and facilitated the wetting and penetration
of pesticides onto the rice leaf. The amount of chlorantraniliprole and difenoconazole in
rice leaves was increased by the vegetable oil adjuvant in the first 2 h [32]. In this study,
lime peel oil and orange peel oil are vegetable oil adjuvants [33]. The impact of these two
factors on dinotefuran permeation in rice leaves was remarkably similar. With increas-
ing concentration, the surface free energy of the pharmaceutical solution progressively
approached that of the rice leaves, resulting in enhanced dinotefuran permeation. On the
other hand, a remarkable ability to reduce the surface tension of the pesticide solution was
demonstrated by organosilicon adjuvants. Silwet L77 and silicon-modified adjuvants have
a lower surface energy and contact angle at the low-energy interface [34,35]. Silwet408 also
has the same function. This brings the pesticide solution surface free energy closer to or
below the rice leaf surface free energy, improving overall dinotefuran permeation. Follow-
ing the addition of adjuvants, the surface tension of the dinotefuran solution decreased,
consequently decreasing the surface energy of the dinotefuran solution. This reduction in
surface energy facilitated increased liquid adsorption on the rice leaf surface, activating
their surface properties. The heightened compatibility arising from the increased surface
energy of the contact surface guided dinotefuran within the liquid, facilitated by nonpolar
groups, to enter the surface wax and permeate downwards. As liquid infiltration continued,
the adjuvant coating facilitated the entry of dinotefuran into the surface wax and its subse-
quent downward penetration [36]. As the liquid gradually permeated, the protective effect
of the adjuvants gradually diminished. Upon entering the aqueous system, dinotefuran
exhibited greater compatibility due to its inherent strong polarity. Further investigations
have revealed that the liquid surface tension and the surface characteristics of the target
play pivotal roles in influencing pesticide wetting and permeation [37,38]. Hence, achiev-
ing optimal pesticide efficacy necessitates the harmonization of liquid properties with the
surface properties of the target. However, it is essential to consider the presence of wax,
stomata, or other surface attachments on organisms, which can potentially hinder pesticide
permeation. Further research is therefore needed to investigate this complex relationship.

In agricultural pest control, achieving precise delivery of an effective dose to the
target pest plays a pivotal role in ensuring efficacy. The objective of pest control typically
involves killing, stunning, or sterilizing pests through contact or ingestion. Rice plants, due
to their inherent characteristics, such as a substantial inclination angle and pronounced
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hydrophobicity, present challenges during the spraying process. Droplets find it difficult
to adhere to leaf surfaces, resulting in low pesticide permeation into leaves. This, in turn,
diminishes the likelihood of contact with the pests [39]. To enhance the effectiveness of
pest control products, spray adjuvants are employed. The purpose of these methods is to
increase the likelihood of contact between the active ingredients within the product and the
target pests, thereby improving product efficacy. Given the complex nature of real-world
application scenarios, the surface energy of the liquid and the surface energy of the target
are pivotal factors influencing the interaction between pests and the active ingredient [40].
Using the dipping method rather than the more complex foliar spraying process reduces
the impact of spray pressure, spray pattern and other factors. Therefore, an established
relationship between the energy difference (∆γ) and the permeation quantity is highly
important. A polynomial fit was determined to be the most suitable mathematical model
for describing the interplay between these two factors, serving as a predictive tool for
assessing the effect of adjuvants on pesticide permeation. In the present study, the adaxial
and abaxial surfaces of rice leaves showed hydrophobic properties, whereas the leaves of
Gossypium hirsutum (cotton) and Phaseolus vulgaris (bean) showed hydrophilic properties.
Moreover, the leaves of Ruellia devosiana demonstrated amphiphilic properties [41–43]. We
can still calculate the leaf surface energy by the OCG method and perform a fit check of the
model. These will be the focus of research in the future.

5. Conclusions

At appropriate concentrations, all three adjuvants significantly enhanced the per-
meation of dinotefuran on rice leaves. Over the experimental range, the permeation of
dinotefuran into rice leaves gradually increased upon the addition of Coerce and Wetcit to
a certain extent. However, Silwet 408 exhibited a trend of initial increase and subsequent
decrease with increasing additive amount. Specifically, the permeation of dinotefuran
within the liquid solution on rice leaves exhibited a noteworthy increase when the Co-
erce concentration ranged from 250 mg/L to 1000 mg/L, the Wetcit concentration ranged
from 250 mg/L to 1000 mg/L, and the Silwet 408 concentration ranged from 31 mg/L to
250 mg/L.

The polynomial model that best described the relationship between the energy differ-
ence (the SFE of the liquid and the SFE of the rice leaf surface) and pesticide permeation
in rice leaves was represented by the equation y = a∆γ2 + b∆γ + c (where a, b, and c are
constants). According to this model, it becomes possible to estimate pesticide permeation
within the target plant leaf based on these variables.

Author Contributions: Conceptualization, G.X. and A.C.; methodology, G.X.; software, D.Y.; valida-
tion, D.X. and L.X.; formal analysis, W.F.; investigation, D.X.; resources, Q.W.; data curation, L.X.;
writing—original draft preparation, G.X.; writing—review and editing, W.F.; visualization, D.X.;
supervision, Q.W.; project administration, A.C.; funding acquisition, G.X. and A.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Chinese Academy of Agricultural Sciences Innova-
tion Project and the National Key Research and Development Program of China, grant number
2023YFD1701102.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Graham-Bryce, I.J. Crop protection: A consideration of the effectiveness and disadvantages of current methods and of the scope

for improvement. Phil. Trans. R. Soc. Lond. B 1997, 281, 163–179.
2. Foqué, D.; Pieters, J.G.; Nuyttens, D. Spray deposition and distribution in a bay laurel crop as affected by nozzle type, air

assistance and spray direction when using vertical spray booms. Crop Prot. 2012, 41, 77–87. [CrossRef]
3. Enserink, M.; Hines, P.J.; Vignieri, S.N.; Wigginton, N.S.; Yeston, J.S. The pesticide paradox. Science 2013, 341, 728–729. [CrossRef]

https://doi.org/10.1016/j.cropro.2012.05.020
https://doi.org/10.1126/science.341.6147.728


Agronomy 2024, 14, 516 11 of 12

4. Witton, J.T.; Pickering, M.D.; Alvarez, T.; Reed, M.; Weyman, G.; Hodson, M.E.; Ashauer, R. Quantifying pesticide deposits and
spray patterns at micro-scales on apple (Malus domesticus) leaves with a view to arthropod exposure. Pest Manag. Sci. 2018, 74,
2884–2893. [CrossRef]

5. Cao, C.; Song, Y.Y.; Zhou, Z.L.; Cao, L.D.; Li, F.M.; Huang, Q.L. The role of adhesion force in the bouncing height of pesticide
nanoparticles on the rice (Oryza sativa) leaf surface. J. Mol. Liq. 2018, 272, 92–96. [CrossRef]

6. Zhu, Y.Q.; Yu, C.X.; Li, Y.; Zhu, Q.Q.; Zhou, L.; Cao, C.; Yu, T.T.; Du, F.P. Research on the changes in wettability of rice (Oryza
sativa) leaf surfaces at different development stages using the OWRK method. Pest Manag. Sci. 2014, 70, 462–469. [CrossRef]
[PubMed]

7. Ji, G.M.; Chen, H.Z.; Zhang, Y.P.; Xiang, J.; Wang, Y.L.; Wang, Z.G.; Zhu, D.F.; Zhang, Y.K. Leaf surface characteristics affect the
deposition and distribution of droplets in rice (Oryza sativa L.). Sci. Rep. 2021, 11, 17846. [CrossRef] [PubMed]

8. Lichiheb, N.; Personne, E.; Bedos, C.; Berg, F.V.D.; Barriuso, E. Implementation of the effects of physicochemical properties on the
foliar penetration of pesticides and its potential for estimating pesticide volatilization from plants. Sci. Total Environ. 2016, 550,
1022–1031. [CrossRef] [PubMed]

9. Buchholz, A.; Trapp, S. How active ingredient localisation in plant tissues determines the targeted pest spectrum of different
chemistries. Pest Manag. Sci. 2016, 72, 929–939. [CrossRef] [PubMed]

10. Wakita, T.; Yasui, N.; Yamada, E.; Kishi, D. Development of a novel insecticide, dinotefuran. Pestic. Sci. 2005, 30, 122–123.
[CrossRef]

11. Zhang, Y.C.; Yu, Z.T.; Gao, Y.; Ye, W.N.; Peng, Y.X.; Zhang, S.; Gao, C.F. Dinotefuran resistance in Nilaparvata lugens: Resistance
monitoring, inheritance, resistance mechanism and fitness costs. J. Pest Sci. 2023, 96, 1213–1227. [CrossRef]

12. Li, K.X.; Liu, J.T.; Geng, Z.Q.; Xu, W.; Zhang, Z.; Chun, D.; Guo, L. Resistance to dinotefuran in Bemisia tabaci in China: Status and
characteristics. Pest Manag. Sci. 2022, 79, 833–844. [CrossRef] [PubMed]

13. Tefagiorgis, H.B.; Annegarn, H.J. Evaluation of adjuvants for enhanced management of Podosphaera xanthii using potassium
silicate and biocontrol agents. Crop Prot. 2013, 48, 69–75. [CrossRef]

14. Kirkwood, R.C. Recent developments in our understanding of the plant cuticle as a barrier to the foliar uptake of pesticides.
Pestic. Sci. 1999, 55, 69–77. [CrossRef]

15. Wang, S.L.; Li, X.; Zeng, A.J.; Song, J.L.; Xu, T.; Lv, X.L.; He, X.K. Effects of Adjuvants on spraying characteristics and control
efficacy in unmanned aerial application. Agriculture 2022, 12, 138. [CrossRef]

16. He, L.F.; Ding, L.; Li, B.X.; Mu, W.; Li, P.Q.; Liu, F. Regulating droplet wetting and pinning behaviors on pathogen-modified
hydrophobic surfaces: Strategies and working mechanisms. J. Agri. Food Chem. 2021, 69, 11720–11732. [CrossRef]

17. Knoche, M. Organosilicone surfactant performance in agricultural spray application: A review. Weed Res. 1994, 34, 221–239.
[CrossRef]

18. Jian, Y.Q.; Chen, X.; Ma, H.Q.; Luo, Y.Q.; Jiang, J.H.; Yin, Y. Limonene formulation exhibited potential application in the control
of mycelial growth and deoxynivalenol production in Fusarium graminearum. Front. Microbiol. 2023, 14, 1161244. [CrossRef]
[PubMed]

19. Santier, S.; Chamel, A. Penetration of triolein and methyl oleate through isolated plant cuticles and their effect on penetration of
[14C]quizalofop-ethyl and [14C]fenoxaprop-ethyl. Weed Res. 1996, 36, 167–174. [CrossRef]

20. Xu, G.C.; Yan, D.D.; Fang, W.S.; Xu, D.J.; Xu, L.; Wang, Q.X.; Cao, A.C. Synergistic effect of orange oil adjuvant on acetamiprid in
the control of Edentatipsylla shanghaiensis. Sustainability 2023, 15, 10113. [CrossRef]

21. Zheng, L.; Cao, C.; Chen, Z.; Cao, L.D.; Huang, Q.L.; Song, B.A. Efficient pesticide formulation and regulation mechanism for
improving the deposition of droplets on the leaves of rice (Oryza sativa L.). Pest Manag. Sci. 2021, 77, 3198–3207. [CrossRef]

22. Song, M.R.; Ju, J.; Luo, S.Q.; Han, Y.C.; Dong, Z.C.; Wang, Y.L.; Gu, Z.; Zhang, L.J.; Hao, R.R.; Jiang, L. Controlling liquid splash
on superhydrophobic surfaces by a vesicle surfactant. Sci. Adv. 2017, 3, e1602188. [CrossRef] [PubMed]

23. Jañczuk, B.; Bialopiotrowicz, T.; Zdziennicka, A. Some remarks on the components of the liquid surface free energy. J. Colloid
Interface Sci. 1999, 211, 96–113. [CrossRef] [PubMed]

24. Fernandez, V.; Khayet, M. Evaluation of the surface free energy of plant surfaces: Toward standardizing the procedure. Front.
Plant Sci. 2015, 6, 510. [CrossRef] [PubMed]

25. Nairn, J.J.; Forster, W.A. Methods for evaluating leaf surface free energy and polarity having accounted for surface roughness.
Pest Manag. Sci. 2017, 73, 1854–1865. [CrossRef] [PubMed]

26. Shalel-levanon, S.; Marmur, A. Validity and accuracy in evaluating surface tension of solids by additive approaches. J. Colloid
Interface Sci. 2003, 262, 489–499. [CrossRef] [PubMed]

27. Li, H.J.; Wu, J.S.; Chen, C.; Xin, W.F.; Zhang, W.S. Simultaneous determination of 74 pesticide residues in Panax notoginseng by
QuEChERS coupled with gas chromatography tandem mass spectrometry. Food Sci. Hum. Well. 2021, 10, 241–250. [CrossRef]

28. Yang, Q.; Wang, S.H.; Chen, H.Q.; Gu, Z.N.; Zhang, H.; Chen, W.; Chen, Y.Q. Evaluation of methylations and external/internal
standard quantification of lipids using gas chromatography-mass spectrometry. Anal. Methods 2017, 9, 419–426.

29. Revilla, P.; Fernandez, V.; Alvarez-Iglesias, L.; Medina, E.T.; Cavero, J. Leaf physico-chemical and physiological properties of
maize (Zea mays L.) populations from different origins. Plant Physiol. Biochem. 2016, 107, 319–325. [CrossRef]

30. Jang, M.Y.; Park, J.W.; Baek, S.Y.; Kim, T.W. Anisotropic wetting characteristics of biomimetic rice leaf surface with asymmetric
asperities. J. Nanosci. Nanotechno. 2020, 20, 4331–4335. [CrossRef]

https://doi.org/10.1002/ps.5136
https://doi.org/10.1016/j.molliq.2018.09.086
https://doi.org/10.1002/ps.3594
https://www.ncbi.nlm.nih.gov/pubmed/23765738
https://doi.org/10.1038/s41598-021-97061-5
https://www.ncbi.nlm.nih.gov/pubmed/34497313
https://doi.org/10.1016/j.scitotenv.2016.01.058
https://www.ncbi.nlm.nih.gov/pubmed/26855355
https://doi.org/10.1002/ps.4070
https://www.ncbi.nlm.nih.gov/pubmed/26112169
https://doi.org/10.1584/jpestics.30.122
https://doi.org/10.1007/s10340-023-01594-9
https://doi.org/10.1002/ps.7251
https://www.ncbi.nlm.nih.gov/pubmed/36264629
https://doi.org/10.1016/j.cropro.2013.03.002
https://doi.org/10.1002/(SICI)1096-9063(199901)55:1%3C69::AID-PS860%3E3.0.CO;2-H
https://doi.org/10.3390/agriculture12020138
https://doi.org/10.1021/acs.jafc.1c04216
https://doi.org/10.1111/j.1365-3180.1994.tb01990.x
https://doi.org/10.3389/fmicb.2023.1161244
https://www.ncbi.nlm.nih.gov/pubmed/37125209
https://doi.org/10.1111/j.1365-3180.1996.tb01812.x
https://doi.org/10.3390/su151310113
https://doi.org/10.1002/ps.6358
https://doi.org/10.1126/sciadv.1602188
https://www.ncbi.nlm.nih.gov/pubmed/28275735
https://doi.org/10.1006/jcis.1998.5990
https://www.ncbi.nlm.nih.gov/pubmed/9929439
https://doi.org/10.3389/fpls.2015.00510
https://www.ncbi.nlm.nih.gov/pubmed/26217362
https://doi.org/10.1002/ps.4551
https://www.ncbi.nlm.nih.gov/pubmed/28195394
https://doi.org/10.1016/S0021-9797(02)00231-X
https://www.ncbi.nlm.nih.gov/pubmed/16256630
https://doi.org/10.1016/j.fshw.2021.02.014
https://doi.org/10.1016/j.plaphy.2016.06.017
https://doi.org/10.1166/jnn.2020.17570


Agronomy 2024, 14, 516 12 of 12

31. Ma, J.; Liu, K.; Dong, X.Y.; Chen, C.G.; Qiu, B.J.; Zhang, S.C. Effects of leaf surface roughness and contact angle on in vivo
measurement of droplet retention. Agronomy 2022, 12, 12092228. [CrossRef]

32. Jing, J.; Zhou, Y.; Zhang, Z.Y.; Wu, L.X.; Bao, F.F.; Zhang, H.Y. Uptake, translocation, and terminal residue of chlorantraniliprole
and difenoconazole in rice: Effect of the mixed-application with adjuvant. J. Agric. Food Chem. 2023, 71, 6838–6845. [CrossRef]

33. Das, S.; Ghosh, A.; Mukherjee, A. Nanoencapsulation-based edible coating of essential oils as a novel green strategy against fungal
spoilage, mycotoxin contamination, and quality deterioration of stored fruits: An overview. Front. Microbiol. 2021, 12, 768414.
[CrossRef]

34. Zhang, Y.; Zhang, G.Y.; Han, F. The spreading and superspeading behavior of new glucosamide-based trisiloxane surfactants on
hydrophobic foliage. Colloids Surf. A 2006, 276, 100–106. [CrossRef]

35. Wanger, R.; Wu, Y.; Czichocki, G.; Berlepsch, H.V.; Weiland, B.; Rexin, F.; Perepelittchenko, L. Silicon-modified surfactants and
wetting: I. Synthesis of the single components of Silwet L77 and their spreading performance on a low-energy solid surface. Appl.
Organomental. Chem. 1999, 13, 611–620.

36. Yu, Q.; Powles, S. Metabolism-based herbicide resistance and cross-resistance in crop weeds: A threat to herbicide sustainability
and global crop production. Plant Physiol. 2014, 166, 1106–1118. [CrossRef] [PubMed]

37. Kirsch, T.; Kaffarnik, F.; Riederer, M.; Schreiber, L. Cuticular permeability of the three tree species Prunus laurocerasus L.,
Ginkgobiloba L. and Juglans regia L.: Comparative investigation of the transport properties of intact leaves, isolated cuticles and
reconstituted cuticular waxes. J. Exp. Bot. 1997, 48, 1035–1045. [CrossRef]

38. Ferreira, P.H.U.; Thiesen, L.V.; Pelegrini, G.; Ramos, M.F.T.; Pinto, M.M.D.; Ferreira, M.D. Physicochemical properties, droplet size
and volatility of dicamba with herbicides and adjuvants on tank-mixture. Sci. Rep. 2020, 10, 18833. [CrossRef] [PubMed]

39. Wise, J.C.; Jenkins, P.E.; Schilder, A.M.C.; Vandervoort, C.; Isaacs, R. Sprayer type and water volume influence pesticide deposition
and control of insect pests and diseases in juice grapes. Crop Prot. 2010, 29, 378–385. [CrossRef]

40. Zhao, K.F.; Xu, G.C.; Wang, L.; Wu, T.Y.; Zhang, X.Y.; Zhang, C.H.; Zhao, Y.H.; Li, Z.L.; Gao, Y.X.; Du, F.P. Using a dynamic
hydrophilization strategy to achieve nanodispersion, full wetting, and precise delivery of hydrophobic pesticide. ACS Appl.
Mater. Interfaces 2023, 15, 37093–37106. [CrossRef] [PubMed]

41. Zhou, Z.L.; Cao, C.; Cao, L.D.; Zheng, L.; Xu, J.; Li, F.M.; Huang, Q.L. Effect of surfactant concentration on the evaporation of
droplets on cotton (Gossypium hirsutum L.) leaves. Colloids Surf. B 2018, 167, 206–212. [CrossRef] [PubMed]

42. Hanba, Y.T.; Moriya, A.; Kimura, K. Effect of leaf surface wetness and wettability on photosynthesis in bean and pea. Plant Cell
Environ. 2004, 27, 413–421. [CrossRef]

43. Koch, K.; Blecher, I.C.; Koenig, G.; Kehraus, S.; Barthlott, W. The superhydrophilic and superoleophilic leaf surface of Ruellia
devosiana (Acanthaceae): A biological model for spreading of water and oil on surfaces. Funct. Plant Biol. 2009, 36, 339–350.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agronomy12092228
https://doi.org/10.1021/acs.jafc.3c00166
https://doi.org/10.3389/fmicb.2021.768414
https://doi.org/10.1016/j.colsurfa.2005.10.024
https://doi.org/10.1104/pp.114.242750
https://www.ncbi.nlm.nih.gov/pubmed/25106819
https://doi.org/10.1093/jxb/48.5.1035
https://doi.org/10.1038/s41598-020-75996-5
https://www.ncbi.nlm.nih.gov/pubmed/33139789
https://doi.org/10.1016/j.cropro.2009.11.014
https://doi.org/10.1021/acsami.3c07530
https://www.ncbi.nlm.nih.gov/pubmed/37488063
https://doi.org/10.1016/j.colsurfb.2018.04.018
https://www.ncbi.nlm.nih.gov/pubmed/29655047
https://doi.org/10.1046/j.1365-3040.2004.01154.x
https://doi.org/10.1071/FP08295
https://www.ncbi.nlm.nih.gov/pubmed/32688651

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Instruments and Software 
	Treatment 
	Sample Preparation 
	Quantification of Dinotefuran Concentrations 
	Permeation of Dinotefuran 
	SFE of Rice Leaf Surfaces and Surface Tension 
	Statistical Analysis 

	Results 
	Method Validation 
	Permeation of Rice Leaves with Dinotefuran 
	Surface Free Energy of Rice Leaf Surfaces 
	Energy Difference () 
	Correlation Analysis between Permeation and Energy Difference () 

	Discussion 
	Conclusions 
	References

