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Abstract: In this study, pyraclostrobin nanocapsules were prepared by in situ polymerization with
urea—formaldehyde resin as a wall material. The effects of different emulsifiers, emulsifier con-
centrations, and solvents on the physicochemical properties of pyraclostrobin nanocapsules were
investigated. Solvesso™ 100 was selected as the solvent, and Emulsifier 600# was used as the emulsi-
fier, which accounted for 5% of the aqueous phase system, to prepare pyraclostrobin nanocapsules
with excellent physical and chemical properties. The particle size, { potential, and morphology of the
nanocapsules were characterized by a particle size analyzer and transmission electron microscope.
The nanocapsules were analyzed by Fourier-transform infrared spectroscopy, and the loading content
and sustained release properties of the nanocapsules were measured. The results show that the size
of the prepared nanocapsules was 261.87 nm, and the polydispersity index (PDI) was 0.12, presenting
a uniform spherical appearance. The loading content of the pyraclostrobin nanocapsules was 14.3%,
and their cumulative release rate was 70.99% at 250 h, providing better efficacy and sustainability
compared with the pyraclostrobin commercial formulation.

Keywords: pyraclostrobin; nanotechnology; pesticide nanocapsules; in situ polymerization

1. Introduction

Pesticides are necessary for preventing major biological disasters, protecting agri-
cultural production, and ensuring the safety of national food production [1]. Pesticides
technicial require processing into a variety of formulations before a pesticide can be put
into practical production and applied in the environment. The characteristics of pesticide
formulations, control objects and application methods determine the different application
concentrations. At present, there are more than 50 pesticide formulations on the market,
which can be roughly divided into two categories. One category is represented by tradi-
tional pesticide formulations, such as emulsifiable concentrates (ECs), wettable powders
(WPs), and granules (GRs). The other encompasses green pesticide formulations, such as
water emulsions (EWs), water-suspending agents (SCs), microemulsions (MEs), suspension
emulsions (SEs), and water-dispersible granules (WDGs) [2]. However, some pesticide
formulations have limitations such as a large particle size, low effective utilization rate,
poor dispersion, and inconvenient transportation for practical applications [3-5]. Studies
in recent years have shown that 90% of pesticides are not used effectively in the appli-
cation process, posing a threat to the environment, and increasing application costs for
farmers [6]. Therefore, the preparation of novel pesticide formulations using new materials
and new methods has become necessary to improve pesticide performance, which is of
great significance in agricultural production.
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Nanotechnology is focusing on the study of properties and applications of materials at
the nanoscale [7]. When the particle size reaches the nanometer level, particles are subject to
the quantum size effect, small size effect, surface effect, and macroscopic quantum tunneling
effect [8]. Throughout its development, nanotechnology has been gradually applied in many
fields such as industry, military, medicine, and energy [9]. In agriculture, pesticide nanocapsule
technology has recently been widely studied due to its good stability and sustained release
property [10]. The use of nanotechnology to design and prepare targeted pesticides with
environmentally responsive controlled release, via compound and chemical modifications,
has also shown great potential in creating novel formulations [11]. Nanomaterials have the
advantages of a small size, a large specific surface area, a strong adsorption capacity, and novel
physical, chemical, and mechanical properties [12,13]. Their application in pesticide loading
can significantly improve the stability of pesticides and help to improve the solubility and
permeability of pesticides in target tissues [14,15]. Nanomaterials encapsulated pesticides: (a)
As the particle size decreases, the specific surface area increases, thus increasing the affinity for
the target, which reduces the amount of pesticide used. Moreover, nanomaterial envelopment
of pesticides reduces the direct contact between pesticides and humans, which is a safe and
environmentally friendly strategy [6,16,17]. (b) With decreasing capsule size, the adhesion and
permeability of pesticides on the target are improved due to the small size effect and reduced
likelihood of detachment, which reduces the loss of pesticides during use. (c) The dispersibility
and wettability of nanocapsules are also better than those of conventional water-dispersible
granules, and the cumulative release rate of pesticides increases with the reduction in capsule
size, thus improving the efficacy of pesticides [18].

Pyraclostrobin is a fungicide discovered and developed by BASF in 1993, which is
currently the most widely used methoxyacrylate fungicide [19,20]. Pyraclostrobin can
effectively prevent the growth and spread of pathogenic bacteria, so it possesses not only a
good bactericidal effect, but also a protective and therapeutic effect [21]. Pyraclostrobin
also has wide application prospects in the pesticide preparation field due to its safety
and environmental friendliness [22]. At present, the main formulations of pyraclostrobin
include: GRs, WDGs, WPs, and SEs. In recent years, researchers have made some progress
in the study of pyraclostrobin microcapsules or microspheres; however, most of the re-
ported pyraclostrobin microcapsules or microspheres are still micron-scale capsules. The
production of nanoscale capsules is always a hot topic in green pesticide formulations
research in recent years in order to reduce the particle size of pyrostrobin, improve its
efficiency, and reduce costs [23].

Urea—formaldehyde resin is an aqueous polymer formed by urea and formaldehyde
catalyzed by an acid or alkali [24,25], which is widely used in agriculture as a coating
material for slow-release pesticides with wide sources of raw materials, a low cost, a
simple production process, stable performance, and ease of use [26-28]. Li et al. prepared
a microencapsulated suspension of chlorpyrifos with urea—formaldehyde resin as the
encapsulation, which had a good encapsulation effect [29]. In this study, pyraclostrobin
nanocapsules were prepared by in situ polymerization with urea—formaldehyde resin as a
capsule wall material, and the influence of different solvents and emulsifiers was explored
in terms of particle size, dispersion, and retention efficiency, to provide a technical reference
for the development of pyraclostrobin nanocapsules.

2. Materials and Methods
2.1. Materials

Pyraclostrobin (97%) and alkylphenol formaldehyde resin polyoxyethylene ether
(emulsifier 700#) were purchased from Jinyue Biological Pharmaceutical Co., Ltd. (Beijing,
China). Xylene, Sorbitan monooleate (Span 80), gelatin, Arabic gum, and sodium hydroxide
(NaOH) were obtained from National Medicine Group Chemical Reagent Co., Ltd. (Beijing,
China). Urea, dilute hydrochloric acid (HCl), and Glycerin were obtained from Beijing
Chemical Factory (China). Formaldehyde was obtained from Baishi Chemical Co., Ltd.
(Tianjin, China). Polyoxyethylene sorbitan monooleate (Tween 80) was purchased from
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Xilong Chemical Co., Ltd. (Shantou, China). Sodium dodecyl sulfate (SDS) was obtained
from Fuchen Chemical Reagent Factory (Tianjin, China). Octylphenol polyoxyethylene
ether-10 (OP-10) was sourced from Aladdin Biological Technology Co., Ltd. (Shanghai,
China). Polyoxyethylene castor oil ether (EL-40) and dispersing agent NNO (NNO) were
purchased from Yuanye Biology Co., Ltd. (Shanghai, China). Styryl phenol polyoxyethy-
lene ether (emulsifier 600#) was purchased from Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Sodium dodecyl benzene sulfonate (SDBS) was purchased from Yuanye
Biological Technology Co., Ltd. (Shanghai, China). Solvesso™ 100 was obtained from
Huishuo Technology Co., Ltd. (Shanghai, China). Methanol (high-performance liquid chro-
matography (HPLC) grade) was purchased from Fisher (Shanghai, China). Acetone was
purchased from Gaojiaoyan Technology Co., Ltd. (Beijing, China). Pyraclostrobin suspen-
sion was sourced from BASF (Ludwigshafen, Germany). The water used in all experiments
was purified using a Milli-Q water purification system (Merck, Darmstadt, Germany).

2.2. Methods
2.2.1. Preparation of the Pyraclostrobin Nanocapsules

Pyraclostrobin nanocapsules were prepared by in situ polymerization using urea—formaldehyde
resin as a wall material. Urea and formaldehyde were mixed with an emulsifier and deionized water
(the molar ratio of urea to formaldehyde was 1:1.75), after which the system was adjusted to pH 8 in
batches with 2% NaOH in a 30 °C water bath. Then, the temperature was gradually raised to 70 °C,
the polycondensation reaction of urea and formaldehyde was initiated to form a urea—formaldehyde
resin prepolymer, and an aqueous solution was obtained.

Pyraclostrobin was dissolved in a solvent to form an oil phase (mass ratio of pyra-
clostrobin to solvent was 1:3.65). The oil phase was then added dropwise to the aqueous
phase and sheared to form a stable oil/water (O/W) emulsion. The emulsion was acidified
by adjusting the pH of the system to 2.5 in batches with 2% dilute HCI acid in a 30 °C
water bath. The curing reaction occurred for 1 h at 60 °C. Next, antifreeze glycerol and the
suspension dispersant NNO were added. The solution was stirred and adjusted to pH 7
with 2% NaOH aqueous solution. A pyraclostrobin nanocapsule suspension was obtained.
After centrifugation, washing three times with deionized water, and lyophilization, the
pyraclostrobin nanocapsule lyophilized powder was prepared.

2.2.2. Preparation of the Pyraclostrobin Nanocapsules Using Different Emulsifiers

Tween 80, OP-10, EL-40, Emulsifier 600#, Emulsifier 700#, Span80, SDS, SDBS, gelatin,
and gum arabic were selected as emulsifiers in the nanocapsule system, with xylene as the
solvent. The average particle size, 90% diameter percentile (D90), and dispersity (PDI) of
the nanocapsules were determined, with the content of each emulsifier accounting for 2%
of the aqueous system, in order to identify the optimal emulsifier.

2.2.3. Preparation of the Pyraclostrobin Nanocapsules Using Different Solvents

Based on the types of emulsifiers explored in the xylene nanocapsule system, Change
the solvent to Solvesso 100, which is similar to xylene but more environmentally friendly.
Xylene and Solvesso 100 were used separately as the solvent, and the emulsifier con-
tents of 1%, 2%, 3%, 5%, 7%, and 10% in the aqueous phase system were set to prepare
pyraclostrobin nanocapsules and compare their properties.

2.2.4. Characterization of Morphology and Particle sizes of the
Pyraclostrobin Nanocapsules

The average particle size, PDI, and ( potential of the samples were determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS 90 (Malvern, Worcestershire,
UK). Particle size was expressed as the mean size and D90. Each sample was measured in
triplicate. Nanocapsule morphology was observed by a transmission electron microscope
(TEM, Hitachi, Tokyo, Japan) with an acceleration voltage of 80 kV. The nanocapsules were
analyzed by Fourier-transform infrared spectroscopy using the KBr method.



Nanomaterials 2022, 12, 549

40f 10

2.2.5. Loading Content Determination of the Pyraclostrobin Nanocapsules

The loading content (LC) of the pyraclostrobin nanocapsules was determined at a
wavelength of 295 nm by high-performance liquid chromatography (HPLC). An amount
of 20 mg of pyraclostrobin nanocapsules was fully dissolved in 10 mL of acetone solution
and dried via reduced-pressure distillation. Then, 50 mL of methanol was added to the
dried pyraclostrobin nanocapsules for immersion, and the immersion solution was passed
through the membrane filter to collect the filtrate for analysis. The loading content of the
pyraclostrobin nanocapsules was calculated according to Equation (1).

LC (%) = (effective mass of pyraclostrobin/total mass of nanocapsules) x 100 (1)

2.2.6. Investigation of In Vitro Release Behaviors of the Pyraclostrobin Nanocapsules

To study the in vitro release behaviors of pyraclostrobin nanocapsules, 20 mg of
pyraclostrobin nanocapsules was suspended in a dialysis bag with 5 mL of methanol/water
mixture (70:30, v/v). Then, the dialysis bag was placed into a wide-mouth flask with a
95 mL mixture of methanol/water and incubated in an incubator shaker. Next, 5 mL of
the mixed solvent outside the dialysis bag was withdrawn at various time intervals and
replaced with a freshly mixed solution. The concentration of pyraclostrobin nanocapsules
was measured using a UV-Vis spectrophotometer at a wavelength of 295 nm to determine
the kinetic profile of the released pyraclostrobin nanocapsules. Technical pyraclostrobin
and a commercial pyraclostrobin suspension were used as controls.

3. Results and Discussion
3.1. Preparation of the Pyraclostrobin Nanocapsules

In this study, we prepared pyraclostrobin nanocapsules by in situ polymerization
(Figure 1). Which refers to the in situ formation of one or several rein forcing phases or
specific parts of the matrix through a chemical reaction under certain conditions [30,31].
We mixed the water phase with the oil phase, and prepared pyraclostrobin nanocapsules
through the processes of high-speed shearing, acidification, solidification and freeze-drying.
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Figure 1. Schematic illustration of pyraclostrobin nanocapsules.

3.2. Effect of Emulsifier Types on the Particle Size and Dispersibility of the
Pyraclostrobin Nanocapsules

We investigated the effect of the emulsifier types on the particle size and dispersibility
of pyraclostrobin nanocapsules, including cationic, anionic, and non-ionic surfactants.
Most emulsifiers have not reached satisfactory emulsifying effect for pyraclostrobin tants,
(Figure 2). When Emulsifier 600# and Tween 80 were used as emulsifiers, the mean
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sizes of pyraclostrobin nanocapsules were less than 600 nm, which is conducive to the
distribution and bactericidal activity of pesticides on crop leaves. In addition, the mean
sizes of the particles prepared with Emulsifier 600# and Tween 80 were 326.70 nm and
569.83 nm, respectively. And the respective PDI values were 0.25 and 0.32. Tween 80
and emulsifier 600# are both hydrophilic surfactants, used as O/W emulsifiers in the
preparation of pesticide microcapsules, and have good emulsification effects resulting in
stable and uniform capsules. For these reasons, Emulsifier 600# and Tween 80 were chosen
for further investigation.
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6000 F— 1 110
5000 ]
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Z 3000 -
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Figure 2. Effects of different emulsifiers on the particle size and PDI of nanocapsules.

3.3. Effect of Emulsifier Concentrations on the Particle Size and Dispersibility of the
Pyraclostrobin Nanocapsules

The concentration of the emulsifier also has an important influence on the particle
size and dispersion of the system. Thus, pyraclostrobin nanocapsules were prepared with
different concentration gradients of Tween 80 and Emulsifier 600#. The mean size and
PDI results are shown in Figure 3. The mean size was 279.57 nm, and the PDI was 0.23,
when Tween 80 reached an optimal concentration of 3% in the aqueous phase. The smallest
average particle size was 216.53 nm, and the PDI was 0.19 when Emulsifier 600# was
7% of the aqueous phase. The mean size of nanocapsules prepared by other emulsifiers
was greater than 300 nm, or the PDI was greater than 0.3. The results show that the
average particle size, D90, and PDI of the nanocapsules prepared with the two emulsifier
concentrations above were smaller, and the degree of dispersion was better. Under the
optimal concentration, the average particle size, D90, and PDI of the nanocapsules prepared
with 7% Emulsifier 600# were better than those prepared with 3% Tween 80 as the emulsifier.
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Figure 3. Effects of different concentrations of emulsifier on particle size and PDI of nanocapsules
with xylene as solvent: (a) Tween 80, (b) Emulsifier 600#.

3.4. Effect of Solvent on Morphology and Particle Size of the Pyraclostrobin Nanocapsules

Because xylene is one of the most commonly used traditional solvents in the prepara-
tion of pesticides by in situ polymerization, we used xylene as the solvent in our previous
research. However, xylene is toxic and unsafe to the operator. Therefore, the solvent was
replaced with Solvesso 100, which has similar properties to xylene but is comparatively
safer and more environmentally friendly. Under the same conditions of the preparation
process for xylene, the emulsifier, emulsifier concentration, and nanocapsules were pre-
pared separately. A group of preparation methods which resulted in an average particle
size less than 300 nm and a PDI of less than 0.3 was selected to determine the optimal
solvent, emulsifier, and concentration of emulsifier. The mean size and PDI results are
shown in Figure 4. The dispersion system of Solvesso 100 was comparable to that of xylene
when the dispersion of the obtained nanocapsules is better by Emulsifier 600# than that
by Tween 80. the mean size of the optimal nanocapsules was 261.87 nm, and the PDI was
0.12 using Emulsifier 600# as the emulsifying agent with 5% concentration in the aqueous
phase, which represents a relatively small particle size and better dispersion.
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—=— PDI —=— PDI
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g
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Figure 4. Effect of different emulsifier concentrations on nanocapsule size and PDI with Solvesso 100
as the solvent: (a) Tween 80, (b) Emulsifier 600#.

The zeta potentials of pyraclostrobin technical, empty capsules, and pyraclostrobin
nanocapsules were measured and obtained as 5.19 + 0.43 mV, —7.57 £ 1.11 mV, and
—30.33 £ 0.76 mV, respectively. Based on the diffusion double layer theory, the urea—
formaldehyde resin glue is negatively charged during its movement under alkaline con-
ditions due to the glue core of the urea—formaldehyde resin glue which contains amino
anions. Furthermore, layer with the high amount of -NH,, -OH, and -CH,-O-CH;- in
the polymer structure of their adsorption, these hydrophilic groups can form a hydrated
film on the surface of the adsorption layer, thus preventing the attack of cations in the
diffusion layer. In this study, the high negative zeta potential values of the nanocapsules



Nanomaterials 2022, 12, 549

7 of 10

can be attributed to the negatively charged urea—formaldehyde resin capsule wall wrapped
around the pyraclostrobin, indicating that the nanocapsules have good stability.

According to TEM images shown in Figure 5, the nanocapsules have a spherical
structure at different magnification with the displayed particle size distribution.

R S et T R .
8 ilorg g %0 @' b . : )
$:808 06 ¢iisiion @ e | ' Y ¢
S A e L - °
.' . L CYLIK 920 8 . | ; .
o HOERG .....‘...l.. * gis
W Q"'o.'.' & . : ® g
PR B I ‘0220 | L
* e 00 L 0ge g Tiitie o e
.‘o..o..f.O..o-" . . s
| ° .' ‘e . Qe & £ ;
co i lues et IR 9=
] ... :.- 5 .‘ . O : Y : oowm. ¥ a - 100 150 200 zs::"m‘m:?o 350 400 450
Figure 5. TEM image and particle size distribution illustration of the pyraclostrobin nanocapsules
(using 5% Emulsifier 600# in the aqueous phase system, and Solvesso 100 as the solvent): (a) magnifi-
cation of 3.0 k; (b) magnification of 15.0 k; (c) particle size distribution.

Fourier-transform infrared spectroscopy was performed to investigate pyraclostrobin
encapsulation. Fourier-transform infrared spectrum of the nanocapsule shown in Fig-
ure 6 contained strong peaks at 1716 cm ™! corresponding to the stretching vibration of
C=C on the benzene ring skeleton, which were attributed to pyraclostrobin. Peaks at
3352 and 1639 cm ™! corresponding to the amino N-H stretching vibration and the amide
C=0 vibration were attributed to the urea—formaldehyde resin. Other peaks character-
istic of pyraclostrobin were not obvious, possibly because of strong absorbance by the
urea—formaldehyde resin, which would have masked absorbance by the active ingredi-
ents. These spectra indicate that the urea—formaldehyde resin effectively encapsulated the
pyraclostrobin in the nanocapsules.

a1 _Urea-formaldehyde b Urea-formaldehyde
7 resin ] resin
S ] 3352cm™ ]
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Figure 6. (a) Fourier-transform infrared spectra of urea—formaldehyde resin, pyraclostrobin nanocap-
sules, and technical pyraclostrobin. (b) Magnified regions of the spectra.

3.5. Loading Content of the Pyraclostrobin Nanocapsules

The mean size and morphology of pyraclostrobin nanocapsules were improved by
selecting types and concentrations of the above emulsifier and the solvent. With the change
in emulsifier concentration, the particle size of nanocapsules changed as well, and the
loading content of the pyraclostrobin nanocapsules also changed from 2.48% to 14.3%.
This is because the urea—formaldehyde resin droplets with the smaller particle size were
formed at relatively high emulsifier concentration which increases the total surface area of
urea—formaldehyde resin droplets as well as the mass of the capsule wall. Therefore, the
loading content of nanocapsules increases with the higher emulsifier concentration. When
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the concentration of emulsifier is small, the pyraclostrobin is not emulsified sufficiently,
and it is difficult for the urea—formaldehyde resin to wrap the pyraclostrobin, resulting in a
low content of the nanocapsule. When the concentration of emulsifier is moderate, the urea—
formaldehyde resin is emulsified into droplets with a small particle size, which increases
the probability of an intact urea—formaldehyde resin coating on the pyraclostrobin, and
thus the loading content of the nanocapsules is large. When the concentration of emulsifier
is too high, the viscosity of the emulsion increases greatly, and the urea—formaldehyde
resin has difficulty in coating the pyraclostrobin, meaning the loading content of the
nanocapsule decreases. The loading content of pyraclostrobin nanocapsules was further
evaluated under optimal preparation conditions, which involved 5% Emulsifier 600# in
the aqueous phase system and Solvesso 100 used as the solvent. The loading content of
the pyraclostrobin nanocapsules in the optimal system was determined by the method
described in Section 2.2.5. The results show that the loading content of the pyraclostrobin
nanocapsules was 14.3%. This indicates that the pyraclostrobin can be loaded effectively
under the optimal conditions.

3.6. In Vitro Release Properties of the Pyraclostrobin Nanocapsules

Pesticides nanocapsules can improve the utilization rate of pesticides due to the
encapsulation and controlled release function of nano-carriers. In this study, the method in
Section 2.2.6 was used to determine the sustained release performance of the optimal system
(using Solvesso 100 as the solvent and 5% Emulsifier 600# as the emulsifier). As shown in
Figure 6, the cumulative release rate of the pyraclostrobin technical reached 80.76% at 58 h,
the cumulative release rate of the commercial pyraclostrobin suspension reached 82.54% at
192 h, and the cumulative release rate of pyraclostrobin nanocapsules was 70.99% at 250 h
(Figure 7). Compared with the pyraclostrobin technical and the commercial pyraclostrobin
suspension, the pyraclostrobin nanocapsules had better sustainability. This indicates that
the sustainable release of nanocapsules is beneficial to maintain longer efficacy, improve
the utilization rate of pesticides, and reduce the spraying times and labor cost during the
process of crop disease control in the field.

100

40

—&— Pyraclostrobin nanocapsules
—&— Commercial pyraclostrobin suspension
—&— Pyraclostrobin technical

Cumulative release rate(%)

20

0 I 1 1 1 1
0 50 100 150 200 250

Sustained release time (h)

Figure 7. Cumulative release rates of pyraclostrobin nanocapsules, a commercial pyraclostrobin
suspension, and technical pyraclostrobin.

4. Conclusions

In this study, pyraclostrobin nanocapsules were successfully prepared using an in
situ polymerization method. The effects of the emulsifier type, emulsifier concentration,
and solvent of pyraclostrobin nanocapsules were investigated. The nanocapsules with
the most optimal conditions were characterized by DLS, TEM, Fourier-transform infrared
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spectroscopy, zeta potential, and release curves. The results show that the pyraclostrobin
nanocapsules have a smaller and more uniform size, better appearance characteristics,
higher loading content, improved slow-release property and environmental friendliness.
Therefore, this technology has a high potential to extend the effective duration and to
reducing the use of pesticide, which helps to improve the utilization of pesticides.
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