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Photolysis and poor retention significantly decrease the utilization efficiency of photosensitive agrochemicals,
leading to considerable ecological and economic losses. We successfully prepared novel pyraclostrobin-loaded
polyurethane-inorganic hybrid microcapsules (Pyr@KCeO2-PU MCs) with high adhesion and UV stability by
interfacial polymerization. CeO, nanoparticles (NPs) were incorporated as UV light absorbers, while a silane
coupling agent (KH550) was employed for in situ crosslinking of PU with CeO5 NPs, facilitating their dispersion
within the PU shell. Characterization results revealed a high encapsulation efficiency of 90 % and uniform sizes
(Dsp = 915 nm) for the Pyr@KCeO2-PU MCs. Optical property investigations using UV-vis spectroscopy indi-
cated that the integration of CeO, NPs within the PU shell produced stronger UV absorption bands compared to
both Pyr technical (TC) and Pyr@PU MCs. This observation underscores the potential of CeOy NPs as effective UV
absorbers. The anti-photolysis performance of Pyr@KCeO2-PU MCs improved with the addition of CeOy NPs,
yielding a retention rate of Pyr in Pyr@KCeO»-PU MCs that was 1.90 and 1.27 times greater than that of Pyr TC
and Pyr@PU MCs, respectively, under UV irradiation. Furthermore, KH550 not only facilitated crosslinking
between PU and CeO3 NPs, ensuring uniform distribution of CeO3 NPs on the PU shell surface, but also enhanced
wettability and foliar retention. The contact angle of Pyr@KCeO2-PU MCs (32°) was significantly lower than that
of Pyr@PU MCs (84°), and Pyr retention on rice leaves was 17.5 mg/cm? for Pyr@KCeO»-PU MCs, surpassing
that of Pyr@PU MGs (9.3 mg/cm?). Additionally, Pyr@KCeO,-PU MCs exhibited superior efficacy against various
plant pathogens compared to Pyr TC and Seltima. These findings highlight the potential of Pyr@KCeO,-PU MCs
for enhancing pesticide utilization and offer valuable insights for the future development of PU-based pesticide
formulations.

experience approximately 50 % loss during application due to photol-
ysis, which further diminishes their efficacy [3]. Various strategies have

1. Introduction

The widespread application of pesticides is crucial for enhancing
both the yield and quality of crop production [1]. However, conven-
tional pesticide formulations often suffer significant losses to the envi-
ronment due to factors such as spray drift, rainwater runoff, poor
wettability, inadequate adhesion, and photodecomposition during
application. Consequently, the effective utilization of pesticides can be
less than 0.1 % [2]. Notably, certain photosensitive pesticides

been proposed to improve the photostability of pesticides, including the
incorporation of light stabilizers [4], anti-photolysis carrier materials
[5], and microencapsulation [6]. Among these, microencapsulation
technology has demonstrated considerable promise in mitigating pesti-
cide photolysis and is relatively straightforward to implement. Micro-
capsules (MCs) composed of various wall materials have been employed
to shield pesticides from UV degradation [6-10]. Additionally, the
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design and materials of the MC shell are pivotal to their performance.
Exploring different shell configurations to enhance foliar retention, such
as through surface modification and flexible shells, constitutes a sig-
nificant research avenue [11,12]. Thus, the advancement of pesticide
microencapsulation systems presents substantial potential for achieving
high encapsulation efficiency of active ingredients, improving foliar
affinity, and enhancing anti-UV performance. This, in turn, could lead to
reduced foliar pesticide loss, increased resistance to UV degradation,
and diminished environmental risks.

Among the various microencapsulation methods, interfacial poly-
merization is the most widely utilized technique for encapsulating ag-
rochemicals, attributed to its simplicity, cost-effectiveness, rapid
reaction rate, high encapsulation efficiency, and suitability for contin-
uous production [13-15]. Polyurethane or polyurea (PU) is the pre-
dominant shell material employed in interfacial polymerization, owing
to its compatibility, durability, and favorable mechanical properties
[9,12-16]. Notably, PU-based hybrid microcapsules (MCs) have been
recognized for their significant role in specialized applications, as they
provide a platform for integrating multiple complementary components
through decoration or functionalization into a single functional system.
This capability not only protects active ingredients from harsh envi-
ronments but also allows for the modulation of drug release rates,
enhanced resistance to photolysis, and improved adhesion to foliage
[17-20].

Various inorganic nanoparticles (NPs), such as TiO3, CeOs, and ZnO,
have been recognized as effective agents for UV shielding [21-23].
Among these, CeOy NPs demonstrate superior UV absorption capabil-
ities compared to both TiOz and ZnO. This enhanced performance is
attributed to the relatively small band gap of CeOj, which is 3.1 eV,
lower than that of TiO5 (3.27 eV) and ZnO (3.37 eV). The reduced band
gap facilitates the transition of valence electrons in CeOj, thereby
enhancing its applicability in UV shielding applications [24]. Further-
more, incorporatiing CeO2 into polyurethane to create hybrid nano-
composites has been shown to significantly improve the UV-shielding
effectiveness of polyurethane [25-27].

Pyraclostrobin (Pyr) is extensively utilized for the control of various
fungal diseases, due to its high potency, broad spectrum of activity, and
low toxicity to mammals [28]. However, the rapid photolysis of Pyr,
with a degradation half-life (DT5g) as short as 39 min under ultraviolet
light, poses challenges in effectively preventing the onset and spread of
fungal diseases over prolonged periods [29]. To address this issue, the
type of polyamines is demonstrated to significantly influence the phys-
icochemical properties of PU-MCs. Cao et al. reported that Pyr-loaded
PU-MCs were fabricated with different polyamines as cross-linkers,
and the UV resistance of the shells was observed with incrrasing car-
bon skeleton of polyamines [15]. In this study, we developed a PU-
inorganic hybrid shell that incorporates functionalized CeOy NPs with
UV-shielding capabilities. Pyr@KCeO2-PU MCs were successfully
fabricated through interfacial polymerization, which involved a sys-
tematic polyaddition process at the O/W interface of droplets. Prior to
application, the CeOy NPs were functionalized through a reaction with
KH550, which introduced -NH; moieties onto the NP surface (Fig. S1,
Fig. S2, and Table S2). The highly reactive -NH; groups at the terminal
ends of the KH550 molecular chains facilitate interaction with the iso-
cyanate groups in PU (Scheme 1). This functionalization significantly
enhanced the crosslinking between PU and CeO; NPs while also
improving the dispersion of the CeOy NPs within the composite shell.
Furthermore, it increased the wettability and foliar retention of the
Pyr@KCeO»-PU.

MCs on leaf surfaces. We conducted a comprehensive investigation
into the morphology, structure, particle size, sustained release behavior,
foliar wetting and adhesion performance, rain washout resistance, and
antifungal activity of the Pyr@KCeO2-PU MCs. Additionally, we
assessed antifungal activities and cytotoxicity to evaluate the potential
application of these hybrid MCs. This research amis to provide novel
insights into the preparation of multifunctional pesticide microcapsules
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and to enhance the efficient utilization of pesticides.
2. Experimental
2.1. Materials

Isophorone diisocyanate (IPDI), polyethylene glycol 600 (PEG 600),
dibutyltin dilaurate (DBTDL), triethylenetetramine (TETA), polyoxy-
ethylene castor oil (EL-40), trimethylamine (TEA), butane-1,4-diol
(BDO), aromatic solvent oil (S-150), KH-550 and CeO, with a particle
size of 20-30 nm were analytical reagent and purchased from Shanghai
Titan Scientific Co., Ltd. (Shanghai, China). Deionized water was pre-
pared in the laboratory. Pyr TC (purity 98 %) was supplied by the Hubei
Jiu Feng Long Chemical Co., Ltd.. A commercial Pyr MC suspension
(Seltima, 9 % CS) was bought from BASF SE (Ludwigshafen, Germany).
Tested strains (Rice Blast Fungus, Botrytis cinerea, Rice sheath blight
pathogen, Colletotrichum gloeosporioides, Tobacco grey mould, Sclerotinia
sclerotiorum) were provided by the School of Food Science and Engi-
neering, Guiyang University. Potato dextrose agar medium (PDA) was
prepared using a formula consisting of 200 g potato, 20 g glucose, 15 g
agar powder, and pure water to make up to 1 L. The medium was ster-
ilized under high temperature and pressure at 121 °C for 30 min and was
utilized for assessing the drug efficacy of the sample. All chemicals were
used without further purification.

2.2. Preparation of KH550-CeO, (KCeOy), blank PU MCs, KCeO,@PU
MCs, Pyr@PU MCs and Pyr@KCeO2-PU MCs

2.2.1. Modification of CeO2 NPs with KH550 (KCeO2)

KH550 was chemically grafted onto CeOz NPs to produce KCeO,
following a procedure previously documented in the literature [30].
Typically, 1 g of dried CeOy NPs was dispersed in 100 mL of anhydrous
ethanol, and 0.1 g of KH550 was slowly added to the suspension while
adjusting the pH to 6 with TEA. The reaction mixture was then refluxed
and vigorously stirred for 5 h. The resulting products were washed with
absolute ethanol and deionized water multiple times, followed by drying
overnight in a vacuum oven at 60 °C. The synthesis pathway for CeO4
NPs functionalized with alkoxysilane groups is visually depicted in
Scheme 1B.

2.2.2. Fabrication of Pyr@KCeO2-PU MCs

Pyr@KCeO,-PU MCs were synthesized following the method out-
lined in Scheme 1C, with modifications as documented previously [31].
Initially, EL-40 (2 g) was dissolved in 100 g of deionized water, which
was then divided into two equal parts. Subsequently, KCeO, (0.1 g) was
suspended in 50 mL of the solution and subjected to ultrasonic treatment
for 20 min to achieve a homogeneous suspension. The remaining 50 mL
of the solution served as the water phase. In parallel, Pyr (6 g) and IPDI
(3.6 g) were dissolved in an organic solvent S-150 to form the organic
phase. The organic phase was then added dropwise into the water phase
under high shear at 10000 rpm for 5 min to create a stable oil-in-water
(O/W) emulsion at room temperature. This emulsion was promptly
transferred to a three-necked flask and subjected to mechanical stirring
at 300 rpm. Subsequently, PEG 600 (2 g) was slowly added dropwise to
the O/W emulsion. The polymerization reaction was carried out at 60 °C
for 1 h, followed by the addition of BDO (0.9 g) and further reaction for
1 h at the same temperature. The KCeO suspension was then gradually
introduced to the emulsion and allowed to react for 1 h. Finally, the
aqueous solution of TETA (10 g) was slowly added to the system and
stirred for 1 h at 60 °C. Upon completion of the reaction, the product was
obtained. Finally, the Pyr@KCeO,-PU MCs were obtained with Pyr
constituting approximately 4.5 % by weight.

The preparation process for the other MCs as control samples closely
mirrored that of the Pyr@KCeO3-PU MCs. In the case of the blank PU
MCs, the oil phase was comprised solely of solvent oil, and the aqueous
phase did not contain KCeO,. Conversely, for the KCeO,-PU MCs, the oil
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Scheme 1. Synthetic processes of Pyr@KCeO»-PU MCs A) and their application D). B) Schematic illustration of the synthesis of KCeO,. C) Process for the preparation

of KCeO,-PU MCs.

phase also consisted exclusively of solvent oil, whereas the Pyr@PU MCs
were characterized by the absence of KCeO; in the aqueous phase.

2.3. Characterization

The morphology and elemental composition of the samples were
analyzed using a scanning electron microscope (FESEM, S-4800, Hitachi
Ltd., Tokyo, Japan) equipped with an energy-dispersive spectrometer
(EDS). Average particle sizes were determined using a Malvern Zetasizer
Nano-ZS instrument (ZS90, Malvern Panalytical Co., Ltd., England) at
room temperature after diluting the samples 100 times with deionized
water. Fourier transform infrared (FT-IR, Thermo Scientific Nicolet
6700) spectra were recorded with a spectrometer in the wavelength
range of 400-4000 cm ™. Thermogravimetric analysis (TGA) was car-
ried out on a thermal analyzer (NETZSCH STA 449F5, NETZSCH Group,

Germany) with a heating rate of 10 K/min from 30 to 600 °C under a
nitrogen flow of 50 mL/min. Fluorescence imaging of leaves was con-
ducted using a laser confocal microscope (Carl Zeiss LSM DuoScan). The
rheological properties of the samples are measured on the rotational
rheometer (Anton Paar (Shanghai) Trading Co., Ltd.) [35]. The samples
were measured at 25 °C.

2.4. Drug-loading capacity (LC) and encapsulation efficiency (EE) of the
Pyr@KCeO2-PU MCs

Drug-loading capacity (LC) and encapsulation efficiency (EE) of the
Pyr@KCeO,-PU MCs were determined as follows: 0.010 g of Pyr@K-
CeO2-PU MCs (with an accuracy of 0.001 g) was mixed with 100 mL of
methanol solution and the absorbance was measured using a UV spec-
trophotometer. The mixture was then sonicated for 30 min and
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centrifuged before measuring the absorbance again. The concentration
of active ingredients released from the MCs was determined using a
standard curve method. The LC (%) and EE (%) of the MCs were then
calculated.

LC(%) = weight of Pyr encapsulated in microcapsules %100
= weight of microcapsules

weight of Pyr encapsulated in microcapsules

%) =
EE(%) initial weight of Pyr employed

x 100

2.5. Release behavior

The release performance of Pyr@KCeO»-PU MCs was investigated
using a dynamic dialysis method [32]. In this procedure, Pyr@KCeOo-
PU MCs were dispersed in 3 mL of methanol within a dialysis membrane,
which was subsequently sealed into a 250 mL beaker containing 197 mL
of methanol. The beaker was placed in a steam bath constant-
temperature oscillator (THZ-82, Changzhou Yineng Experimental
Equipment, JiangSu, China) and shaken at 105 rpm at 25 °C. At specified
time intervals, 3 mL aliquots of the solution outside the dialysis mem-
brane were collected and replaced with an equal volume of fresh solu-
tion. The sustained release properties of Pyr@KCeOy-PU MCs were
evaluated by measuring the concentrations of Pyr dissolved in the
release medium at various intervals. The concentration of Pyr was
determined using a UV-vis spectrophotometer at 274 nm. The release
performance of Pyr@PU MCs exhibited behavior similar to that of
Pyr@KCeO»-PU MCs. The cumulative release rate of Pyr was calculated
using the provided formula.

_ Cav +ViY}ci y
a m

Q 100

where Q is the cumulative release (%) of Pyr, Cn is the Pyr concentration
in the release medium at time n, V is the volume of release solution (200
mL), Vi is the volume of the sample taken at a given time interval (Vi =3
mL), and m is the total amount of pesticide encapsulated in the
microcapsules.

2.6. Photostability performance

200 mL of methanolic dispersions of the same concentration of Pyr
were prepared. These suspensions were stirred magnetically at 50 r/
min, and maintained at 25 + 2 °C. They were then irradiated under a UV
lamp (36 W, 254 nm) at airtight intervals. Samples were taken at regular
intervals and the absorbance was measured at 274 nm using a UV
spectrophotometer. The MC suspensions were disrupted by sonication
prior to measurement, and the remaining Pyr content was determined
based on the absorbance values [9]. Additionally, the UV-Vis spectrum
of Pyr@KCeO»-PU MCs, Pyr@PU MCs, and Pyr TC was measured in the
wavelength range of 200-800 nm.

The degradation mechanism of Pyr formulations was studied by
employing a pseudo-first-order kinetic model (Equation (1), and Equa-
tion (2) was used to calculate the half-life (t; /2) time of the formulations.

y=exqp™

In2
b2 =

where, t is the radiation time and k is the rate constant.

2.7. Contact angle test

The wettabilities of Pyr@PU MCs and Pyr@KCeO4-PU MCs solutions
on rice leaves were investigated by measuring contact angles [33]. Fresh
rice leaves from the laboratory were cleaned, dried, and then fixed onto
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glass slides. The 1 mL of 4.5 % Pyr@PU MCs and Pyr@KCeO»-PU MCs
suspensions were diluted 100 times with water. Subsequently, 2 pL of
suspension was carefully dropped on the leaves using a microsyringe.
Images of the liquid drops were captured and the corresponding contact
angles at various time points were measured using a contact angle meter
(DSA 30; KRUSS, Germany). Contact angle values were determined
using protractor software. Each sample was tested in triplicate at a
minimum.

2.8. Adhesion test of Pyr@KCeO2-PU MCs and Pyr@PU MCs

An adhesion test for the samples was undertaken using a previously
reported method [34]. Briefly, freshly cleaned rice leaves were cut into
strips measuring 1 cm x 6 cm, with the total area denoted as S cm?. Then
the leaves were dipped vertically into tenfold diluted Pyr@KCeO,-PU
MCs and Pyr@PU MCs solutions for 30 s. Subsequently, each leaf was
placed on an analytical balance both before and after soaking to deter-
mine the mass difference (Wg) of each leaf. The liquid holding capacity
(LHC) was calculated using the following formula:

LHC(mg/sz) — 1000%%

To further assess the retention property of the samples on the leaves,
a simulated rainwater scour experiment was conducted by UV-vis ab-
sorption and fluorescence observation method. For UV-vis absorption,
the samples with the equal amount of Pyr were uniformly spread onto at
the same size of rice leaves. After natural drying, the leaves were cut into
small pieces, and leaves were divided into two groups, each containing
pieces of leaves measuring 1 cm x 3 cm. A group of leaves without being
rinsed with water served as a control, whereas the leaves in the exper-
imental group were gently rinsed with 10 mL of distilled water at a 60°
angle to mimic rain. Subsequently, two groups of leaves were immersed
in 100 ml of methanol solution to clean the residual Pyr by ultrasonic
waves. The amount of remaining Pyr was determined with a UV-vis.
Each sample was tested three times.

For fluorescence observation, 0.5 mL of the retention of Pyr@KCeOs-
PU MCs was also observed using a fluorescence microscope by spraying
its suspension of Pyr@KCeO,-PU MCs onto rice leaves. The leaves were
then placed on a glass plate and dried at room temperature. Fluores-
cence microscopy (Aex = 550 nm) was used to image the leaves. After-
wards, the leaves were rinsed with deionized water at a 60° angle for 1
min and reimaged with a fluorescence microscope (Aex = 550 nm).

2.9. Antifungal activity assays of Pyr@KCeO2-PU MCs

The in vitro antibacterial activity of Pyr@KCeO2-PU MCs against rice
blast fungus, cucumber cinerea, rice sheath blight, anthracnose, soot, and
Sclerotinia sclerotiorum was assessed using the mycelial growth inhibi-
tion method [36]. Specifically, 0.222 g of Pyr@KCeOs-PU MCs (4.5 %
Pyr), 0.111 g of commercial Seltima (9 % Pyr), 0.010 g of Pyr TC, and
0.040 g of blank PU MCs (100 %) were weighed and dissolved in 0.3 mL
of DMSO to create a mother solution with a mass concentration of 2000
pg/mL. This solution was then added to the PDA medium to create a
drug-containing medium. The mass concentration of Pyr was 1 pg/mL,
and the mass concentration of blank PU MCs was 500 pg/mL. PDA
treated with only DMSO served as a blank control. A fungus cake with a
diameter of 5.00 mm was taken, and a mycelium plug was placed in the
center of each culture medium. The medium was then incubated at (25

+ 2) °C for 5-6 days, and the radial growth of hyphae was measured.

This experiment was repeated three times, and the antibacterial rate was
calculated using a specific formula (1):

Inhibition(%) _ ODcolony diameter of control — ODcolony diameter of treatment % 100%

Dcolony diameter of control — ODdiameter of mycelial discs

@
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2.10. Cytotoxicity

2.10.1. Cell culturing

LO2 human liver cell line was obtained from East China University of
Science and Technology. The cells were cultured in RPMI-1640 modified
liquid medium containing 10 % fetal bovine serum and 1 % double
antibodies (100 pg mL™! penicillin and 100 u mL ™! streptomycin) at 37
°C with 5 % COx.

2.10.2. Cell viability assay

The impact of Pyr TC, and Pyr@KCeO-PU MCs on the viability of
LO2 hepatocytes was evaluated through the CCK-8 method. Once the
cells reached the logarithmic growth phase, they were harvested,
resuspended in fresh culture medium, and inoculated into 96-well plates
at 100 pL per well. Subsequently, the cells were exposed to 0.01-0.05
mg/L of Pyr TC, Seltima and Pyr@KCeO,-PU MCs, follow by an incu-
bation period in a 5 % CO; incubator at 37 °C. The control group con-
sisted of LO2 cells and culture medium without any drug, while the
blank group contained only the culture medium. Each treatment was
conducted in triplicate. 10 pL of CCK-8 was added to each well and
incubated in the incubator at 37 °C for 2 h. Absorbance at 450 nm
(optical density, OD) was measured with enzyme markers, and the for-
mula for calculating cell viability was as follows.

OD treatment group — OD, blank group

Cellviability = x 100%

OD ontrot group — ODblank group
3. Results and discussion
3.1. Preparation and characterization
Pyr@KCeO,-PU MCs were successfully fabricated through interfacial

polymerization, as illustrated in Scheme 1A and Scheme S1. Initially, an
O/W emulsion was created by homogenizing Pyr TC and IPDI butyl
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acetate solutions with an aqueous phase containing emulsifiers (EL-40).
Isocyanate-terminated prepolymer microcapsules with urethane link-
ages were then synthesized via primary interfacial polymerization of
IPDI and PEG-600, while encapsulating Pyr. Subsequently, BDO was
introduced as a chain extender to react with the isocyanate groups in the
prepolymer, leading to the formation of long chain linear block co-
polymers. Then, the addition of KCeO; in the aqueous phase further
enhanced the shell. KCeO,, containing numerous highly active amino
groups, easily undergoes chemical reactions with isocyanate group in
isocyanate-terminated prepolymer under mild conditions, facilitating
further surface modification of MCs. The final step involved adding
polyamine TETA as a curing agent to increase cross-link density,
resulting in thicker and stronger microcapsule shells. Ultimately,
Pyr@KCeO2-PU MCs were successfully synthesized.

FESEM was employed to characterize the morphologies of the sam-
ples, as depicted in Fig. 1A-C. The Pyr@KCeO,-PU MCs displayed a
spherical morphology with an average diameter of 915 nm (Fig. 1E). The
outer surface of the MCs appeared coarse, possibly attributed to the
random deposition of CeOy NPs (Fig. 1C), resulting in a rough surface
with protruding nubs-like structures (Fig. 1B). EDS data (Fig. 1D)
confirmed the presence of Ce element with a weight percentage of 0.08
% (Table S1) on the surface of the Pyr@KCeOy-PU MCs, indicating
successful deposition of CeO, on PU shell. DLS measurements revealed
that the Pyr@KCeO2-PU MCs had a larger particle size compared to
Pyr@PU MCs, providing further evidence of the successful deposition of
CeO, on the MCs surface.

3.2. Chemical component analysis of the samples.

Fig. 2A illustrated the FTIR spectra of Pyr TC, blank PU MCs, and
Pyr@KCeO»-PU MCs, respectively. The intense absorption peak at
1717.78 cm ™! corresponds to the C = O stretching vibration of Pyr TC.
The absence of characteristic peaks associated with isocyanate groups in
the blank PU MCs indicates that a crosslinking reaction has occurred

—— Pyr@PU MCs
Pyr@KCeO,-PU MCs

10 100 1000 10000

L Size (d.nm)

Fig. 1. (A and B) FESEM image of Pyr@KCeO,-PU MCs; (C) FESEM image of KCeO,; (D) EDS image of Pyr@KCeO,-PU MCs; (E) Particle size distribution of Pyr@PU

MCs (blue line) and Pyr@KCeO,-PU MCs (red line).
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[37]. A peak observed at 1636.30 cm ™! corresponds to the C = O
stretching vibration of the polyurethane shell. A comparison of the FTIR
spectra of Pyr@KCeO2-PU MCs with those of Pyr and blank PU MCs
demonstrates the presence of characteristic absorption peaks of Pyr;
however, the characteristic peak of -NCO at 2254.87 cm ™! is absent,
signifying the formation of the PU shell. Furthermore, the absence of
new peaks confirms the successful encapsulation of Pyr within the
Pyr@KCeO3-PU MCs.

3.3. Thermal stability analysis

TGA and DTG (Fig. 2B and C) were conducted to assess the thermal
stability of Pyr, blank PU MCs, and Pyr@KCeO,-PU MCs. The analyses
revealed a progressive weight loss as the temperature increased. Pyr
exhibited a single-stage weight loss occurring between 200 °C and
550 °C, which was attributed to decomposition (Fig. 2B, curve a),
consistent with previous studies [38]. In contrast, blank PU MCs
demonstrated a three-stage weight loss pattern (Fig. 2B, curve b): water
evaporation below 100 °C, decomposition of urethane and soft segments
from 224 °C to 300 °C, and subsequent fracture of hard segments.
Pyr@KCeO,-PU MCs showed weight loss predominantly in the range of
220 °C to 300 °C, attributed to the volatilization of Pyr and the
decomposition of carbamate bonds (Fig. 2B, curve c). These findings
confirm that Pyr was effectively encapsulated within the MCs shell. The
DTG analysis (Fig. 2C) indicated that Pyr@KCeO,-PU MCs exhibited a
higher initial decomposition temperature and a reduced weight loss rate
compared to Pyr, suggesting that the encapsulation process significantly
enhances the thermal stability of Pyr.

3.4. Release profile of MCs

Conventional pesticide formulations, such as emulsifiable concen-
trates (EC), often encounter challenges related to the rapid release of
active ingredients, resulting in diminished effectiveness and increased
pesticide usage. In contrast, the controlled release of active ingredients
from MCs is crucial for enhancing efficacy and extending the functional
lifespan of pesticides. This study investigated the release profiles of Pyr
from various PU MCs to validate their sustained release characteristics.
The cumulative release curves for Pyr@PU MCs and Pyr@KCeO,-PU
MCs are presented in Fig. 3A. Initially, a rapid release of Pyr was
observed from the different PU MCs, followed by a gradual decrease in
the release rate. This phenomenon can be attributed to the Pyr molecules
located on the surface layer of the PU MCs, which are readily released
into the surrounding medium, whereas the internal Pyr molecules must
diffuse to the outer layer before they can be released [39]. This sustained
release of Pyr facilitates the maintenance of an effective long-term
concentration, thereby prolonging insecticidal activity. Notably, the
release rate and cumulative release of Pyr@KCeO,-PU MCs were supe-
rior to those of Pyr@PU MCs. Within the first 24 h, Pyr@KCeO5-PU MCs
exhibited a more rapid release, with cumulative release amounts of
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Fig. 3. Cumulative release curve of Pyr@PU MCs and Pyr@KCeO,-PU MCs.

approximately 46 % for Pyr@KCeOy-PU MCs compared to 29 % for
Pyr@PU MCs. Furthermore, after 50 h, both formulations reached a
state of release equilibrium, with cumulative release percentages of 53
% for Pyr@KCeO2-PU MCs and 40 % for Pyr@PU MCs. This study
demonstrates that the incorporation of CeO, into the PU shell can
effectively modulate the drug release rate.

To investigate the release mechanism of Pyr from MCs, we analyzed
the release profile utilizing the empirical equations (Zero-order, First-
order, Higuchi, and Ritger-Peppas mathematical models) presented in
Table 1 and depicted in Fig. S3. Both Pyr@PU MCs and Pyr@KCeO,-PU
MCs demonstrated release patterns that are more consistent with the
first-order kinetic model, exhibiting high fitting coefficients (R* > 0.98).
indicating that the release behavior belong to non-Fickian behavior
controlled by dissolution and diffusion. This suggests that the drug
release kinetics of the MCs involved an initial rapid release phase, fol-
lowed by a sustained release occurring after 30 h.

Table 1
Cumulative release curve kinetic fitting of Pyr@PU MCs and Pyr@KCeO,-PU
MCs.

Model Equation R?

Pyr@KCeO,-PU MCs Pyr@PU MCs
Zero-order Q=a+bt 0.6796 0.8005
First-order Q= a(l-e'b‘) 0.9860 0.9827
Higuchi Q=a+ bt'? 0.6796 0.8005
Korsmeyer-Peppas Q = bt" 0.8912 0.9250
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3.5. Photostability of Pyr-loaded MCs

The photodegradation of pesticides following application severely
undermines their efficacy and significantly affects their longevity and
utilization efficiency. Encapsulation technology serves as a crucial
method for enhancing the optical stability of pesticides by embedding
them within capsule shells, thereby preventing photodegradation and
reducing the release rate of the pesticide [40]. As illustrated in Fig. 4A,
the decomposition rate of the encapsulated Pyr was markedly lower
compared to that of Pyr TC. Noteworthy differences in the retention
percentage of Pyr were recorded across various samples after 100 h of
UV exposure. Pyr TC demonstrated rapid degradation under UV radia-
tion, with only 20 % remaining after this duration. In contrast, Pyr
encapsulated in Pyr@PU MCs and Pyr@KCeO2-PU MCs exhibited
significantly enhanced stability, with cumulative residual rates of 30 %
and 38 %, respectively, after 100 h of irradiation. It is evident that
Pyr@KCeO,-PU MCs provide superior UV protection, approximately 1.9
times greater than that of Pyr TC. These findings indicate that the
modification of Pyr@PU MCs with CeO; substantially enhances the
stability of Pyr against UV degradation, attributed to the exceptional UV
absorption properties of CeO;, which effectively mitigate pesticide
deactivation.

The UV degradation curve was analyzed utilizing pseudo-first-order
kinetics [41] to determine the degradation half-life, calculated using the
formula t; » = In2/k. The results are illustrated in Fig. 4B and summa-
rized in Table 2. Pyr@KCeO»-PU MCs exhibited superior photostability,
with a half-life (t;,2) of 55.63 h under UV light, outperforming Pyr@PU
MCs (t;,2 = 43.19 h) and Pyr TC (t;,2 = 29.53 h). This indicates that
Pyr@KCeO2-PU MCs and Pyr@PU MCs demonstrate photostability
levels approximately 1.9 and 1.5 times greater than that of Pyr TC,
respectively. These findings imply that encapsulating Pyr within PU MCs
serves as an effective physical barrier against UV light. Importantly, the
exceptional UV-filtering properties of CeOy nanoparticles in Pyr@K-
CeO,-PU MCs significantly enhance the anti-UV performance, thereby
improving the photostability of Pyr. The proposed mechanism for the
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Table 2
Fitting results for the data of photodegradation of different samples.
Equation Simple kh ™) t1/2(h)
Pyr TC 0.02347 29.53
y = exp’kf Pyr@PU MCs 0.01605 43.19
Pyr@KCeO,-PU MCs 0.01246 55.63

UV resistance of Pyr@KCeO,-PU MCs is depicted in Fig. 4D, which in-
volves (i) reduced UV transmittance through the PU shell [42] and (ii)
UV light absorption by CeOs nanoparticles [43]. Given their robust
photostability and adhesion characteristics (as shown in Fig. 7),
Pyr@KCeO,-PU MCs can effectively adhere to plant leaves upon appli-
cation, thereby providing long-term protection for crop growth and
minimizing the necessity for frequent pesticide applications and
dosages.

The ultraviolet radiation that reaches the Earth primarily consists of
UV-A and UV-B, with wavelengths ranging from 280 to 400 nm. Ultra-
violet light possesses shorter wavelengths and higher radiant energy
compared to visible light. Pyr TC is particularly unstable when exposed
to ultraviolet radiation, rendering it vulnerable to damage. To mitigate
the decomposition of Pyr within microcapsules due to UV exposure, it is
essential to enhance the absorbance of the polymer carrier within this
wavelength range. Fig. 4C illustrates the UV-Vis spectra of Pyr TC,
Pyr@PU MCs, and Pyr@KCeO,-PU MCs across the 200-380 nm spec-
trum. The absorption peak associated with Pyr is not distinctly observ-
able in Pyr@PU MCs and Pyr@KCeO,-PU MCs, owing to overlapping
absorption bands. Notably, the absorption values for Pyr@PU MCs and
Pyr@KCeO,-PU MCs in the 200-380 nm range are significantly elevated
compared to those of Pyr TC, which can be attributed to the absorption
characteristics of urea and urethane bonds present in the polymeric shell
of the MCs. Specifically, Pyr@KCeO,-PU MCs, which are modified with
CeO2 NPs, demonstrate enhanced UV absorption, indicating improved
UV protection for Pyr. These results suggest that Pyr@KCeO2-PU MCs
exhibit superior efficacy in shielding against photodegradation, thereby
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Fig. 4. (A) Photodegradation curve, (B) Pseudo-first-order kinetics fitting diagram of photodegradation curve and (C) UV adsorption ability of Pyr TC, Pyr@PU MCs
and Pyr@KCeO,-PU MCs. (D) Potential mechanism of UV resistance of Pyr@KCeO,-PU MCs.
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extending the effectiveness of Pyr.
3.6. Rheological properties of PU MCs

The significance of apparent viscosity and thixotropy in evaluating
the stability of suspension concentrate is emphasized in previous
research [13]. An investigation into the rheological properties of
Pyr@KCeO2-PU MCs demonstrated a pronounced shear-thinning
behavior that occurs with increasing shear rates, as illustrated in
Fig. 5. This behavior indicates that the sample behaves as a non-
Newtonian fluid, which facilitates its spread out on leaf surfaces [44].
The shear-thinning phenomenon can be attributed to the preferential
alignment of networks structures along the flow direction, thereby
reducing local viscous drag. At elevated shear rates, network segments
align more completely with the flow field, resulting in a reduction of
shear viscosity [45,46]. This shear-thinning characteristic is particularly
advantageous for the application of Pyr@KCeO»-PU MCs in spraying, as
it enables a lower viscosity during mixing, which assists in the uniform
distribution of active ingredients. Additionally, maintaining a low vis-
cosity during storage is crucial for ensuring optimal stability against
settling or sedimentation due to gravity [47,48]. Overall, the shear-
thinning property enhances both the flowability and stability of the
dispersion. At a shear rate of 100 s™%, the viscosity reaches a constant
minimum value, indicating the complete disruption of the three-
dimensional network structure. This variation in apparent viscosity
with shear rate is beneficial for the encapsulation and controlled release
of pesticides within Pyr@KCeO»-PU MCs [49].

The “three-stage” thixotropic test is typically employed to investigate
the viscosity recovery of suspension systems, thereby elucidating the
potential relationship between viscosity and changes in network struc-
ture [17]. The recovery of apparent viscosity serves as an indicator of the
ability of suspension systems to re-establish their internal microstruc-
ture, which is crucial for preventing the separation of solid-liquid phases
and maintaining suspension stability [50]. As illustrated in Fig. 5C, the
sample exhibited a relatively high apparent viscosity at a shear rate of
0.25 5™, which sharply decreased as the shear rate increased to 1000
s~1. Upon returning to a low shear rate of 0.25 s}, the apparent vis-
cosity rapidly recovered, achieving a recovery rate of approximately 94
%. According to previous studies, a recovery rate exceeding 70 % is
considered indicative of good thixotropic recovery [51], which suggests
the reconstruction of the structural network and is beneficial for the
long-term storage of suspensions. Furthermore, pesticides can withstand
high shear pressure and form droplets when sprayed through a nozzle
[52]. The viscosity of the spray mixture significantly influences the size
of the droplets produced by the atomizer. The shear-thinning property of
the sample facilitates easy atomization [53], thereby enhancing the
physical stability of Pyr@KCeO»-PU MCs, which is advantageous for
high-speed spraying.
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3.7. Wettability and adhesion ability

The superhydrophobic characteristics of crop leaves impede the
spreading and wetting of droplets, thereby presenting a significant
challenge to the effective deposition and long-term adhesion of pesti-
cides. The wettability and adhesion of pesticide droplets on crop leaves
are essential for enhancing pesticide deposition rates and utilization
[54]. Notably, smaller contact angles are typically more effective in
preventing droplets from rolling off leaf surfaces [55,56]. The wetta-
bility of Pyr@KCeOy-PU MCs and Pyr@PU MCs was assessed by
measuring the dynamic contact angles on rice leaves (Fig. 6A, C). A
smaller contact angle is advantageous in preventing droplets from
sliding off the plant leaves. The contact angle of water on the rice leaf
was measured at 114°, showing minimal changes, which indicates that
the rice leaf is hydrophobic. The contact angles of Pyr@PU MCs
decreased from 100° to 84° over 300 s, whereas the contact angle of
Pyr@KCeO,-PU MCs decreased from 43.05° to 32° in comparison to
water. The incorporation of KCeO, significantly reduces the contact
angle of Pyr@KCeO2-PU MCs, leading to enhanced adhesion to rice
leaves. This enhancement is attributed to the addition of hydrophobic
KH-550, a compound frequently employed to strengthen interactions
between particles and superhydrophobic surfaces [57]. Furthermore,
KH-550 plays a vital role in facilitating crosslinking between PU and
CGOZ [58].

Liquid holding capacity (LHC) on the leaves is a critical factor in
evaluating the wettability of pesticides, which subsequently influences
the deposition of active ingredients on foliage [59]. Enhanced foliar
retention contributes to resistance against rain erosion, improves the
retention of the pesticide on leaves, and increases the protective effects
of the treatment [60]. To investigate the foliar retention of the samples
on rice leaves, the LHC of the formulation was measured on rice leaves
(Fig. 6B). The results indicated that the retention of Pyr from Pyr@K-
Ce02-PU MCs on rice leaves was 17.5 mg/cm?, significantly surpassing
that of Pyr@PU MCs, which was only 9.3 mg/cm?. This finding suggests
that Pyr@KCeO»-PU MCs possess superior leaf adhesion properties,
resulting in greater retention of Pyr following flushing. Consequently,
the residual rate of Pyr@KCeO2-PU MCs after flushing was approxi-
mately 58 %, more than double the residual rate of Pyr@PU MCs, which
was 26 %.

To visualize the foliar retention performance, fluorescence micro-
scopy was employed to assess the retention and flush resistance of
Pyr@KCeO,-PU MCs. The initial image captured before flushing served
as a baseline for 100 % coverage, followed by an evaluation of the
attachment of Pyr@KCeO,-PU MCs after flushing. Prior to flushing, the
leaf surface exhibited complete coverage with green fluorescence, as
illustrated in Fig. 6D. Notably, Pyr@KCeO,-PU MCs with green fluo-
rescence remained clearly visible on the surface of rice leaves after being
sprayed and subsequently flushed with water at a 60° angle. This
observation demonstrates that Pyr@KCeO,-PU MCs possess significant
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resistance to rainwater erosion and exhibit superior adhesion, effec-
tively preventing the wash-off of pesticides by rainwater. Overall,
Pyr@KCeO,-PU MCs were shown to enhance the deposition and
spreading of active ingredients on rice leaves. When sprayed onto the
plant foliage, the active ingredients that adhered to the leaves and
resisted rain erosion contributed to an increased utilization rate of these
active ingredients.

3.8. Cytotoxicity

Considering the toxicity of pesticides, it is crucial to explore the
hazards that pesticides pose to humans when used [61]. Human LO2
cells were used to explore the cytotoxicity of Pyr@KCeO,-PU MCs by
means of cell proliferation and apoptosis, and further simulated to assess
their effects on humans. Fig. 7 shows that the survival rate of LO2 cells
was significantly higher for Pyr@KCeO,-PU MCs than for Pyr TC.
Meanwhile, the toxicity of Pyr@KCeO2-PU MCs was also lower than the
commercial preparation Seltima to LO2 cells. The above results indi-
cated that Pyr@KCeO,-PU MCs had a weaker effect on the human body.

Given the toxicity of pesticides, it is essential to investigate the

hazards they pose to human health [61]. In this study, human LO2 cells
were utilized to assess the cytotoxicity of Pyr@KCeO,-PU MCs through
cell proliferation and apoptosis assays, with further simulations con-
ducted to evaluate their effects on humans. Fig. 7 illustrates that the
survival rate of LO2 cells exposed to Pyr@KCeO,-PU MCs was signifi-
cantly higher compared to those treated with Pyr TC. Additionally, the
toxicity of Pyr@KCeO»-PU MCs was found to be lower than that of the
commercial preparation Seltima when applied to LO2 cells. These re-
sults suggest that Pyr@KCeO,-PU MCs exert a milder impact on human
health.

3.9. Antifungal activity evaluation.

The effects of Pyr@KCeO,-PU MCs, Pyr TC, and Seltima on various
fungal pathogens, including rice blast fungus, cucumber cinerea, rice sheath
blight, anthracnose, soot, and Sclerotinia sclerotiorum, were evaluated
using the mycelial growth rate method to assess inhibitory activity
(Fig. 8). Concurrently, the biological activity of blank PU MCs was also
assessed. The data presented in the figure indicate that at an active
ingredient concentration of 1 pg/mL, Pyr@KCeO5-PU MCs, Pyr TC, and
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Fig. 7. The cell viability of LO2 cells after incubated with Pyr TC, Seltima and
Pyr@KCeO,-PU MCs for 24 h.

Seltima exhibited significant biological activity against all six fungal
strains. Notably, the strongest inhibitory effect was observed against rice
sheath blight, with inhibition rates ranging from 73.48 + 2.43 % to
83.30 £ 3.85 %. Conversely, the inhibitory activity against Sclerotinia
sclerotiorum was comparatively weaker, with rates between 37.96 +
2.09 % and 40.90 + 3.97 %. These findings suggest that the inhibitory
effects of Pyr@KCeOy-PU MCs, Pyr TC, and Seltima on the tested fungal
strains are comparable.
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4. Conclusion

In this study, we successfully developed a highly effective
polyurethane-inorganic hybrid microcapsule system (Pyr@KCeO,-PU
MCs) that exhibits excellent anti-UV properties and wettability. This
system was created through interfacial polymerization using Pyr as a
model photosensitive pesticide and CeO, as a UV light absorber. The
robust UV-shielding properties of the PU shell, combined with the UV-
absorption capabilities of CeO,, enable Pyr@KCeO2-PU MCs to effec-
tively protect Pyr from photodegradation, thereby enhancing its pho-
tostability. In comparison to Pyr@PU MCs, the incorporation of CeOy
modified by KH550 significantly reduces the contact angle of Pyr@K-
CeO2-PU MCs, leading to improved foliar adhesion and wettability.
Furthermore, Pyr@KCeO2-PU MCs exhibited superior efficacy in con-
trolling various pathogens, achieving control levels comparable to those
of Pyr TC and Seltima. In summary, this research presents a promising
strategy for protecting UV-sensitive pesticides, thereby enhancing their
effectiveness in disease management and improving safety profiles. The
Pyr@KCeO2-PU MCs formulation significantly enhances the field
application of Pyr, thereby broadening its potential uses in the man-
agement of rice diseases and improving its commercial viability. This
development holds considerable practical significance.
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