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ABSTRACT

Herbicides are indispensable for safeguarding global crop production, yet their effectiveness is often undermined by extensive

environmental losses during application. Using herbicide Diuron as a model compound, we developed hierarchical nanoparticles

constructed through host-guest molecular recognition followed by electrostatic coassembly, yielding a formulation that

unites high delivery efficiency with enhanced environmental compatibility. Relative to conventional wettable powders, these

nanoparticles exhibited temperature-responsive release behavior and significantly enhanced foliar adhesion and deposition,

increasing leaf retention by more than 241.7%. They also demonstrated strong resistance to rainfall wash-off and a markedly
reduced propensity for groundwater leaching, with leaching losses decreased by approximately 18.6%. Greenhouse and field
evaluations further confirmed their superior weed control under practical conditions, achieving control efficacies of up to 70.1%
against Abutilon theophrasti and 52.9% against Setaria faberi, compared with 53.7% and 39.1%, respectively, for the commercial
formulation at the same application rate. Extensive ecotoxicological assessments encompassing seed germination, zebrafish and

earthworm assays, in vitro cellular tests, and in vivo rat studies consistently revealed an improved safety profile compared with
commercial and technical formulations. Together, these results highlight hierarchical self-assembled nanoparticles as a promising
platform for next-generation herbicide delivery that combines high target utilization with lower environmental impact and greater

sustainability.

1 | Introduction

Chemical pesticides remain indispensable to modern agriculture,
protecting crops and underpinning food security and economic
stability [1-3]. With the global population projected to reach 9.7
billion by 2050 [4], improving productivity is urgent, particularly
through effective weed control, since weeds alone cause yield
losses of roughly 20%-50% by competing for nutrients, water,

and light [5]. Although nearly 2000 herbicidal agents are com-
mercially available [6], their efficacy is frequently compromised
by environmental stressors such as heat, wind, and rainfall that
drive volatilization, runoff, erosion, and groundwater leaching
[7-10]; these processes can form more toxic degradation products
and, in some cases, reduce effective utilization to below 1%,
amplifying risks to ecosystems and human health [11, 12]. Design-
ing formulations that combine enhanced environmental stability,
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targeted delivery, and superior ecological safety is therefore
critical. Because the discovery of new active ingredients is costly
and slow, nanopesticides have attracted increasing attention and
were highlighted by IUPAC in 2019 as a transformative chemical
innovation [13]. However, most existing systems rely on material-
based carriers, and their practical adoption remains limited by
unresolved cost-benefit, risk assessment, and field feasibility con-
cerns [14]. Supramolecular self-assembly, driven by hydrophobic
effects, electrostatics, zz-stacking, charge transfer, and hydrogen
bonding, offers a bottom-up, low-cost route to tunable, biocom-
patible nanopesticides [15-17] that spontaneously form stable,
environmentally benign nanostructures with controllable size,
morphology, and release kinetics, presenting a promising path
toward more efficient and safer herbicide delivery [18].

Host-guest self-assembly offers a molecularly precise route
to tailor pesticide behavior by harnessing hydrogen bonding,
hydrophobic effects, and conformational adaptation [19,
20]. Macrocyclic hosts, such as cyclodextrins, crown ethers,
calix[n]arenes, cucurbit[n]urils, and pillar[n]arenes, could
substantially improve solubility, stability, and wettability,
enabling safer, more targeted delivery [21-24]. For example,
cucurbit[8]uril-paraquat-azobenzene supramolecular vesicles
afford UV-triggered release with reduced toxicity [25], while
B-cyclodextrin complexes (with azobenzene or ferrocene
derivatives) enable light-controlled release and enhanced foliar
affinity and antibiofilm activity [26, 27]. To date, most efforts
modify host or guest individually or rely on ternary assemblies;
a pressing challenge is whether higher order, multidimensional
architectures founded on host-guest inclusion can be rationally
constructed to consolidate stability, stimulus responsiveness, and
biological efficacy.

Hierarchical molecular self-assembly in solution enables prepro-
grammed construction of complex architectures with dynamic
properties [28, 29]. Typically, primary building blocks first orga-
nize into lower order motifs that integrate into higher order
structures [30]. Zhang et al. [31] reported that a coassembled
system of sulfobutyl ether-g3-cyclodextrin (SBE-S-CD) with tebu-
conazole and poly(dimethyldiallylammonium chloride) achieved
controlled fungicide release and markedly enhanced antifungal
efficacy. He et al. further designed a nanodelivery platform
combining a B-CD-NH,-tebuconazole inclusion complex with
prothioconazole loaded into mPEG-b-PLG derived from poly-y-
glutamic acid, which enabled pH-responsive release, uniform
deposition, synergistic suppression of Fusarium graminearum,
and favorable plant safety [32]. However, such hierarchical
supramolecular strategies have rarely been extended to herbicide
delivery, particularly in the context of complex, field-relevant
application scenarios, which remain largely unexplored. Inspired
by these advances, we introduce a dual-stage hierarchical self-
assembly strategy that integrates host-guest recognition and
electrostatic interactions to construct efficient and biocompatible
nanoparticles. As a model system, Diuron, a widely used systemic
herbicide applied globally for weed control, was selected; it
exerts its herbicidal activity primarily through inhibition of
photosystem II. SBE-G-CD first forms an inclusion complex
with Diuron, which subsequently coassembles with positively
charged chitosan to yield nanoparticles exhibiting high water
stability, uniform dispersion, and tunable particle size. As shown
in Figure 1, this work advances existing delivery systems by

introducing a dual-stage hierarchical architecture, demonstrating
enhanced field-relevant performance, and providing multitier
ecotoxicity validation, thereby clarifying the practical relevance
and biosafety of the proposed system.

Asshown in Figure 1, this design achieves simultaneous enhance-
ment of eight key attributes encompassing pH- and temperature-
responsive release, photostability, foliar wettability and rainfast-
ness, systemic absorption and translocation, herbicidal efficacy,
reduced soil leaching, improved environmental biosafety, and
minimized toxicity to human cells and rat models.

2 | Results and Discussion

2.1 | Molecular Recognition, Host-Guest
Self-Assembly, and Electrostatic Self-Assembly

The preparation of the nanoparticles is based on molecular
recognition and host-guest self-assembly between Diuron and
SBE-3-CD, as illustrated in Figure 2a. The formation of this
inclusion complex is driven primarily by the displacement of
water molecules from the hydrophobic cavity of SBE-B-CD,
accompanied by establishment of van der Waals interactions,
hydrophobic effects, and hydrogen bonding between the guest
and host molecules [33, 34].

Complexation depends on both spatial fit and thermodynamic
stability [35]. When Diuron, which has limited aqueous solubility
of approximately 0.448 mg/L at 25°C, is vigorously shaken and
sonicated in water it yields a turbid suspension that becomes
transparent upon stepwise addition of SBE-S-CD, consistent
with guest encapsulation and enhanced apparent solubility
(Figure 2b). 'H NMR of a filtered 1:1 Diuron:SBE-3-CD solution
in D,0O resolves Diuron resonances at 7.34, 7.43, 7.84, and
2.90 ppm assigned to H1’, H2, H3' and H5’, together with shifts
of the cyclodextrin internal protons H3 (+0.002 ppm) and H5
(—0.014 ppm; Figure 2c). The shielding effect observed for the
proton H5, situated at the wider rim of the SBE-3-CD cavity,
shows increased electron density and implies preferential entry
of the Diuron molecules through this wider end of the truncated
conical cavity. 2D NOESY spectra further confirmed clear cross-
peaks between SBE-S-CD H3 and Diuron HI’, H2', and H3’,
confirming insertion of the aromatic end into the cavity and a
benzene-ring-first orientation (Figure 2d).

Additionally, the inclusion stoichiometry of the Diuron/SBE-
B-CD complex was investigated using the Benesi-Hildebrand
equation and phase solubility diagrams. UV absorption spec-
troscopy revealed a progressive decrease in Diuron’s characteris-
tic absorbance at 248.5 nm with increasing SBE-3-CD concentra-
tion (Figure 2e), in evidence of electronic perturbations induced
by inclusion interactions or displacement of water molecules
[36]. The Benesi-Hildebrand method was further employed to
quantitatively analyze the stoichiometry and to determine the
binding constant (K) of the Diuron/SBE-S-CD inclusion complex
by monitoring absorbance changes of Diuron at varying SBE-
B-CD concentrations [37]. A plot of the reciprocal absorbance
difference (1/AA) against the reciprocal concentration of SBE-g-
CD exhibited a strong linear correlation (R* = 0.9981, Figure 2f,g),
unequivocally confirming a 1:1 host-guest stoichiometry, with
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FIGURE 1 | Conceptual framework of herbicide nanoparticle effectiveness and sustainability. The schematic shows hierarchical host-guest and
electrostatic self-assembly of Diuron/SBE-3-CD@CSH that enables enhanced herbicide efficacy and reduced toxicity.

binding constant K = 675.49 M. The phase solubility diagram
displayed linear enhancement in Diuron solubility with increas-
ing SBE-B-CD concentrations (Figure 2h), in support of the stable
1:1 inclusion complex [38].

The Diuron/SBE-3-CD inclusion complex prepared by slow sol-
vent evaporation was characterized by powder X-ray diffraction
(PXRD), Fourier-transform infrared (FTIR) spectroscopy, and
differential scanning calorimetry (DSC). Pure Diuron exhibited
sharp diffraction peaks at 11.7°, 13.3°, 15.3°, 17.1°, 20.8°, 21.8°, and
24.9°, consistent with a crystalline phase (Figure 2i), whereas
SBE-3-CD showed a broad amorphous halo. The complex’s PXRD
closely matched the amorphous profile of SBE-3-CD and lacked
Diuron reflections, indicating encapsulation-induced amorphiza-
tion. FTIR spectra corroborated complex formation (Figure 2j):
SBE-3-CD bands at 3372 cm™ (O-H), 1649 cm™! (C=0), 1153
cm™ (C-0-C), and 1026 cm™ (S=0) experienced red shifts,
Diuron absorptions in the 400-1600 cm™ region were largely
obscured, and the N-H and C=0 bands shifted from 3278 cm™
and 1469 cm™ to 3384 cm ™" and 1652 cm ™, respectively, consistent
with strengthened hydrogen bonding. DSC analysis showed the
disappearance of the melting endotherm of Diuron at 159.91°C
and a shift in the decomposition-related peak of SBE-B-CD from
264.2°C to 275.6°C in the formulation (Figure 2k), indicating an
alteration in the solid-state thermal behavior.

Following the formation of the host-guest inclusion complex,
chitosan, a biodegradable, and biocompatible natural polymer,
was introduced to facilitate electrostatic self-assembly with
Diuron/SBE-B-CD (Figure 3a). The effect of varying mass ratios
(ranging from 1:1 to 1:2) on nanoparticle formation was stud-
ied (Figure 3b). The results revealed a characteristic U-shaped

trend, where particle size and polydispersity index (PDI) ini-
tially decreased before increasing. As the CSH/SBE-3-CD mass
ratio decreased, the appearance of the nanoparticle suspensions
transitioned from clear to opalescent, ultimately resulting in
visible aggregation, accompanied by a reduction in ¢{-potential
(Figure 3c). At the lowest mass ratio tested (1:2), severe aggre-
gation occurred, leading to rapid particle precipitation within 30
min and a minimal ¢-potential of 10.8 mV.

At a CSH/SBE-$-CD mass ratio of 1:1, limited intermolecular
and intramolecular cross-linking between chitosan and SBE-§-
CD resulted in sparse formation of heterogeneous nanoparticles,
leaving a substantial amount of free chitosan in solution. Con-
sequently, both particle size and PDI values increased [39, 40].
Gradual reduction of the mass ratio from 1:1 to 1:1.8 enhanced the
cross-linking efficiency, steadily reducing both particle size and
PDI. However, at mass ratios below 1:1.9, excessive cross-linking
triggered particle agglomeration, with substantial increase in
particle size and PDI [40]. The mass ratio of 1:1.8 was found to
be optimal, yielding nanoparticles with an average diameter of
172.63 nm (Figure 3e), notably low PDI of 0.09177, and stable
¢-potential of 25.2 mV. HPLC quantification (Figure S1) further
revealed loading capacity (LC) of 10.3871% and an encapsulation
efficiency (EE) of 57.4386%. In the SEM and TEM images
(Figure 3f,g), the Diuron/SBE-B-CD@CSH nanoparticles were
observed to have relatively uniform spherical morphology, and
selected-area electron diffraction (SAED) patterns verified they
were amorphous. Colloidal stability tests performed over 12 days
demonstrated sustained particle size and ¢-potential during the
initial 4 days (Figure 3d). Mild aggregation and sedimentation
were observed after 12 days, indicating slight loss of stability over
extended storage [41-43].
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FIGURE 2 | Preparation and characterization of the inclusion complex. (a) Schematic diagram illustrating the formation of the Diuron/SBE-3-CD
binary inclusion complex. (b) Turbidity changes of aqueous Diuron suspensions upon incremental addition of SBE-5-CD. (c) 'H NMR (D,0) of pure
SBE--CD (bottom) and an aqueous mixture of SBE-5-CD with equimolar Diuron added (top, filtered). (d) 'H-'H 2D NOESY spectrum (D,0) of an
aqueous mixture containing equimolar amounts of SBE-8-CD and Diuron (filtered). (e) UV absorption spectra of Diuron solutions with varying mole
fractions of SBE-3-CD. (f) Benesi-Hildebrand plot (1/AA vs. 1/[SBE-3-CD]) derived from UV absorption data. (g) Linear correlation between the Diuron
absorbance at 248.5 nm and mole fraction of SBE-3-CD. (h) Phase solubility diagram of Diuron as a function of SBE-3-CD concentration. (i-k) Powder
X-ray diffraction patterns (i), Fourier-transform infrared spectra (j), and differential scanning calorimetry curves (k) of Diuron, SBE-3-CD, and the
Diuron/SBE-3-CD inclusion complex.

2.2 | Stimuli-Responsive Release and 46]. Stimuli-responsive nanosystems offer an adaptable strategy

Photostability for herbicide delivery by triggering release in response to tem-
perature or pH cues, thereby synchronizing dosing with peak

Chenopodium serotinum L. is a highly invasive dicot common  weed growth and accommodating soil heterogeneity to enhance

in temperate and subtropical croplands [44]. Its prolific seed  efficacy while minimizing off target losses [47].

production, germination across temperatures from 15°C to 40°C

and tolerance of soil pH from 4.5 to 8.3 underpin its competitive Within this context, we investigated the impact of temperature

dominance and drive substantial yield losses worldwide [45, and pH on the release profile of the Diuron/SBE-S-CD@CSH
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FIGURE 3 | Assembly and characterization of the herbicide nanoparticles. (a) Schematic illustration of the hierarchical self-assembly of

Diuron/SBE-B-CD@CSH nanoparticles via host-guest inclusion and electrostatic interactions. (b) Particle size and polydispersity index (PDI) of
Diuron/SBE-B-CD@CSH nanoparticles prepared at different Diuron/SBE-f-CD-to-CSH mass ratios (independent experiments: n = 3; the data are
presented as mean =+ standard deviation). (c) ¢-potential of Diuron/SBE-S-CD@CSH nanoparticles at varying mass ratios (independent experiments: n =
3; the data are presented as mean =+ standard deviation). (d) Stability evaluation of particle size and ¢-potential for Diuron/SBE-S-CD@CSH nanoparticles
(mass ratio of 1.8:1) over 16 days at 25°C (independent experiments: n = 3; the data are presented as mean + standard deviation). (e-g) Particle size

distribution (e), SEM (f), TEM images, and corresponding SAED pattern (g) of Diuron/SBE-S-CD@CSH nanoparticles (mass ratio of 1.8:1).

nanodelivery system. As shown in Figure 4a, Diuron release
exhibited a clear temperature dependence. After 72 h, cumulative
release at 35°C reached 90.86%, significantly higher than at 25°C
(82.48%) and 15°C (77.49%). Intrinsic dissolution rates (IDRs)
were calculated for the first 7 h, with values of 0.16733 mg/h at
15°C, 0.37108 mg/h at 25°C, and 0.72876 mg/h at 35°C (Figure 4c),
demonstrating enhanced release at higher temperatures. This
temperature-triggered release behavior is attributed to increased
molecular dynamics at elevated temperatures, which reduce
noncovalent interactions, such as van der Waals forces, and
promote Diuron diffusion from the nanoparticle matrix [48].
The stability of the Diuron/SBE-3-CD complex is temperature-
dependent; higher temperatures weaken stabilizing hydrogen

bonds and hydrophobic interactions, facilitating Diuron release
from the SBE-S-CD cavity [49, 50].

pH responsiveness is another crucial factor in the release kinetics
of Diuron from Diuron/SBE-B-CD@CSH. Release profiles at pH
4.5, 6.8, and 8.4 at 25°C (Figure 4b) revealed enhanced release
under acidic conditions, with cumulative Diuron release reaching
91.96% at pH 4.5 after 72 h, compared to 82.67% at pH 6.8 and
87.57% at pH 8.4. IDR analysis (Figure 4d) showed the lowest
release rate at pH 6.8 (0.24383 mg/h), while rates at pH 4.5
(0.29342 mg/h) and pH 8.4 (0.29122 mg/h) were similar. In
acidic conditions, protonation of chitosan amino groups (-NH,)
to positively charged -NH;* increases polymer solubility and
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FIGURE 4 | Release behaviors and photolysis behaviors of the herbicide. (a, b) Release profiles of Diuron/SBE-3-CD@CSH nanoparticles at

different temperatures (a; 15°C, 25°C, 35°C) and pH conditions (b; 4.5, 6.8, 8.4). Independent experiments: n = 3; the data are presented as mean +
standard deviation. (c, d) Intrinsic dissolution rate (IDR) curves of Diuron/SBE-3-CD@CSH at varying temperatures (c) and pH levels (d). Independent
experiments: n = 3; the data are presented as mean + standard deviation. (e, f) First-order kinetic fitting curves for Diuron/SBE-B-CD@CSH release
under different temperatures (e) and pH conditions (f). (g) Cumulative residual percentages of active components in Diuron WP and Diuron/SBE-§-
CD@CSH under UV irradiation over time. Independent experiments: n = 3; the data are presented as mean + standard deviation. (h) Pseudo-first-order
kinetic degradation curves of Diuron WP and Diuron/SBE-3-CD@CSH nanoparticles under UV irradiation. (i) Schematic illustration showing enhanced
photostability of Diuron encapsulated within Diuron/SBE-B-CD@CSH nanoparticles.

causes electrostatic repulsion between polymer chains, facilitat-
ing Diuron diffusion [51]. Under alkaline conditions (pH 8.4),
deprotonation of chitosan weakens the electrostatic interactions
and leads to a more relaxed, porous matrix, promoting Diuron
release, though less efficiently than in acidic conditions [52].
Kinetic modeling (Table S3 and Figure 4e,f) showed that the
first-order model (R* > 0.93) provided the best fit to the release
data, indicating a concentration-dependent release behavior with
progressively decreasing release rates. Meanwhile, analysis using
the Ritger-Peppas model yielded release exponent values (n)
in the range of 0.45-0.85 (Table S3), which is characteristic
of anomalous (non-Fickian) transport, suggesting that Diuron
release is jointly governed by diffusion through the swollen
chitosan matrix and matrix dissolution/relaxation rather than by
a single rate-limiting mechanism [53].

The photostability of Diuron is also crucial for its long-term
effectiveness in weed control, particularly under intense summer
sunlight [54]. To assess this, the photostability of Diuron/SBE-
B-CD@CSH was evaluated under simulated UV radiation for 12
h. As shown in Figure 4g, Diuron/SBE-3-CD@CSH exhibited
significantly enhanced photostability, retaining 80.00% of its
active ingredient compared to 68.70% for commercial Diuron WP.
Both formulations followed pseudo-first-order photodegradation
kinetics (Table S4, R?> > 0.98), with rate constants of 0.02003
h! for Diuron/SBE-3-CD@CSH and 0.03538 h~! for Diuron
WP. The photodegradation half-life of Diuron/SBE-S-CD@CSH
increased to 33.70 h, an 81.58% improvement over Diuron WP’s
half-life of 18.56 h (Figure 4h). This enhanced photostability is
attributed to two protective mechanisms: the encapsulation of
Diuron within the SBE-3-CD cavity, which shields it from UV
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degradation, and the chitosan component, which absorbs and
scatters UV radiation. These results highlight that Diuron/SBE-
B-CD@CSH nanoparticles significantly improve Diuron’s photo-
stability (Figure 4i), thereby enhancing field utilization, reducing
costs, and minimizing environmental impact.

2.3 | Interfacial Performance on Weed Leaves

Optimized wettability and rainfastness enhance uniform spread-
ing and uptake on leaf surfaces, reduce wash-off, and therefore
lower reapplication frequency and offsite runoff [55, 56]. We
then compared Diuron/SBE-S-CD@CSH with pure water and
a commercial Diuron wettable powder. Viscosity and density
were comparable across formulations (Figures 5a and S2), but
surface activity differed substantially. Surface tension declined
from 71.903 mN/m for water to 68.156 mN/m for the commercial
formulation and to 62.103 mN/m for Diuron/SBE-5-CD@CSH,
consistent with enhanced wettability driven by chitosan sur-
face activity [57, 58]. Dynamic contact angle measurements on
Chenopodium serotinum L. leaves confirmed improved spreading,
with steady angles of 118.30° for water, 114.15° for the wettable
powder and 102.75° for Diuron/SBE-3-CD@CSH (Figure 5b and
Supporting Information Video 1). Leaf liquid-holding capacity
increased from 0.9316 mg/cm? for water and 1.3593 mg/cm? for the
wettable powder to 4.6461 mg/cm? for Diuron/SBE-B-CD@CSH
(Figure 5c), demonstrating markedly greater adhesion. This
enhancement likely arises from robust hydrogen-bond interac-
tions between functional groups (-OH, -NH,, -SO; ") present on
nanoparticle surfaces and epicuticular wax components such as
fatty acids, alcohols, and aldehydes, thereby facilitating superior
retention, thereby circumventing the addition of surfactants [59].

In foliar herbicide applications, understanding droplet impact
dynamics on hydrophobic weed surfaces is essential for optimiz-
ing spray deposition and droplet retention. Using computational
fluid dynamics (CFD) simulations with a volume of fluid (VOF)
continuous-phase model [60, 61], we examined the droplet impact
behavior of Diuron WP and Diuron/SBE-3-CD@CSH formula-
tions. Simulations of droplets falling from an 8.0 mm height over
30 ms revealed four distinct phases: initial contact, spreading,
retraction, and rebound (Figure 5d and Supporting Information
Video 2). Detailed velocity field analyses (Figures S4-S6) offered
valuable insights into the fluid dynamics of each phase.

Upon initial impact (0 ms), droplets of pure water exhibited
high velocity concentration at their leading edges, dominated
by vertical velocity (v) due to gravitational acceleration. Within
10 ms, droplets spread laterally, forming symmetrical horizontal
(u) velocity lobes. Between 10-20 ms, retraction occurred, char-
acterized by inward velocity vectors, central jets, and peripheral
vortices, indicative of complex fluid-air interfacial interactions.
By 25 ms, droplets elongated vertically, initiating rebound as
lateral kinetic energy transitioned into vertical ascent, manifested
as pronounced upward velocities at 30 ms. Diuron WP droplets
also largely mirrored this behavior, although with a slight delay
in rebound initiation and reduced rebound height (Figure S5).
In marked contrast, Diuron/SBE-S-CD@CSH droplets demon-
strated delayed retraction and remained adhered throughout the
entire 30 ms period, attributable to more efficient dissipation
and redistribution of horizontal kinetic energy (Figure S6). These

dynamics were quantified by normalized rebound height (H,/D,).
The value for Diuron/SBE-S-CD@CSH (0.5999) was notably
lower compared to that of pure water (0.6269) and commercial
Diuron WP (0.6267). Experimental validation conducted on
Chenopodium serotinum L. leaves corroborated CFD simulation
outcomes (Figure 5e and Supporting Information Video 3).
Normalized rebound heights were highest for pure water droplets
(1.0233), intermediate for Diuron WP (0.6206), and lowest for
Diuron/SBE-B-CD@CSH (0.5681; Figure 5f). Minor discrepancies
observed between simulation and experiments likely resulted
from inherent variability in leaf surface characteristics, such as
microscale roughness and slight inclination angles. Nevertheless,
the current simulations did not account for factors such as leaf
surface roughness and waxy microstructures; incorporating these
features into future CFD modeling is expected to further improve
the accuracy of the simulations.

Rainfastness is another decisive factor for herbicide persistence
and field performance [62]. SEM imaging showed that commer-
cial Diuron WP deposited as irregular, aggregated clumps on
the highly textured surface of Chenopodium serotinum L. leaves,
most of which were dislodged by simulated rainfall (Figures S7
and S8b). In contrast, Diuron/SBE-3-CD@CSH formed a uniform
nanoparticulate layer that lodged within leaf microcrevices and
persisted after washing (Figure S8d). Confocal laser scanning
microscopy (CLSM) of FITC-labeled formulations corroborated
these morphologies: both treatments produced strong fluores-
cence before wash, but after wash the self-assembled nanopar-
ticles retained robust fluorescence across the lamina while the
signal from Diuron WP was largely lost and confined to residual
aggregates along primary veins (Figure 5g). HPLC quantification
confirmed substantially greater leaf retention for Diuron/SBE-
B-CD@CSH, 47.90% versus 27.96% for Diuron WP (Figure 5h),
a result that supports enhanced rainfastness, prolonged foliar
exposure, and reduced off target losses in the field.

2.4 | Uptake, Conduction, and Lethality

Absorption and systemic translocation within target weeds gov-
ern herbicidal efficacy for both foliar and root applications [63].
Diuron, a substituted urea herbicide with both contact and
systemic activity, is taken up through leaves and roots [64].
Formulated as Diuron/SBE-S-CD@CSH nanoparticles with a
mean diameter of 172.63 nm, this system exploits nanoscale
size and the plant-compatible properties of SBE-S-cyclodextrin
and chitosan to enhance uptake and systemic distribution,
thereby improving overall herbicidal performance. CLSM con-
ducted 24 h post-treatment demonstrated effective long-distance
translocation of Diuron/SBE-B-CD@CSH nanoparticles within
Chenopodium serotinum L., following both root and foliar
applications (Figure 6a). After root treatment, intense green
fluorescence was clearly visible at the root surface, especially
within root hairs and epidermal cells, confirming efficient initial
uptake. Fluorescent signals indicated that nanoparticles were
present within the root cortex and were subsequently detected
in the central stele. Signals observed in pericycle cells suggested
nanoparticle entry into the vascular region. In addition, fluo-
rescence detected in vascular bundles of stems and leaf veins
demonstrated long-distance translocation from roots to aerial
tissues [65, 66]. Within leaf tissues, nanoparticles prominently
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FIGURE 5 | Surface adhesion and retention of the nanoparticle formulation. (a) Dynamic surface tension of pure water, Diuron WP, and

Diuron/SBE-B-CD@CSH solutions at 100 mg/L active ingredient concentration. Independent experiments: n = 3; the data are presented as mean +
standard deviation. (b) Dynamic contact angle images of droplets for pure water, Diuron WP, and Diuron/SBE-B-CD@CSH solutions on Chenopodium
serotinum L. leaves. Independent experiments: n = 3; the data are presented as mean + standard deviation. (c) Liquid-holding capacity of Chenopodium
serotinum L. leaves treated with pure water, Diuron WP, and Diuron/SBE-B-CD@CSH solutions. Independent measurements: n = 3; the data are
presented as mean =+ standard deviation. (d) CFD simulation maps showing volume fraction and velocity distributions for droplets of pure water, Diuron
WP, and Diuron/SBE-S-CD@CSH impacting a hydrophobic surface. (e) Sequential images of droplet impact behavior for pure water, Diuron WP, and
Diuron/SBE-B-CD@CSH solutions on Chenopodium serotinum L. leaves. (f) Normalized droplet rebound height (H;/D,) versus time for pure water,
Diuron WP, and Diuron/SBE-S-CD@CSH solutions on Chenopodium serotinum L. leaves. (g) Confocal microscopy images of Chenopodium serotinum
L. leaf surfaces treated with Diuron WP and Diuron/SBE-B-CD@CSH, before and after simulated rainfall. (h) Retention of active ingredients on leaf
surfaces after rain-wash tests for Diuron WP and Diuron/SBE-S-CD@CSH. Independent measurements: n = 3; the data are presented as mean + standard
deviation.
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FIGURE 6 | Uptake, conduction, and lethality of the nanoparticle formulation. (a) Confocal images of Chenopodium serotinum L. treated with
FITC-loaded Diuron/SBE-S-CD@CSH nanoparticles, illustrating nanoparticle distribution (green fluorescence) in roots, stems, and leaves, along with
chloroplast autofluorescence (red). (b-e) Visual assessments (b), plant heights (d), and fresh weights (e) of Chenopodium serotinum L. grown for 20
days, followed by 20-day treatments with pure water, Diuron WP, and Diuron/SBE-3-CD@CSH at various doses. Number of measurements: n = 12,
across three independent experiments. (c-g) Visual assessments (c), plant heights (f), and fresh weights (g) of Chenopodium serotinum L. grown for 40
days, followed by similar 20-day treatments. Number of measurements: n = 12 across three independent experiments; the data are presented as mean
+ standard deviation. (h, i) Field photographs (h) and fresh weight comparisons (i) of Abutilon theophrasti Medicus (5-6 leaf stage) and Setaria faberi
R. A. W. Herrmann (20-30 cm height) 21 days after treatment with Diuron WP and Diuron/SBE-3-CD@CSH. Number of measurements: n = 10, across
three independent experiments; the data are presented as mean =+ standard deviation.

accumulated in mesophyll cells, showing clear colocalization of ~ indicative of highly efficient intracellular targeting. Leaf entry

green fluorescence (nanoparticles) with red chlorophyll fluores- likely occurred via stomatal openings (5-10 um diameter, Figure
cence, suggesting direct interactions with chloroplasts. Following S7) or through direct cuticular penetration [67, 68]. Furthermore,
foliar application, even stronger nanoparticle fluorescence sig- robust green fluorescence signals observed within stem vascu-
nals closely overlapped intrinsic red chlorophyll fluorescence, lar bundles demonstrated efficient downward phloem-mediated
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translocation toward the roots [69]. Terminal fluorescence in
root cross-sections confirmed basipetal movement into root
zones, though nanoparticles localized here posed minimal risk of
interfering with photosynthetic processes.

The self-assembled nanoparticle formulation Diuron/SBE-§-
CD@CSH significantly enhances interfacial wettability, reten-
tion, molecular stability, uptake, and systemic translocation of
Diuron, collectively suggesting improved herbicidal efficacy. Its
performance was evaluated against Chenopodium serotinum L.
under greenhouse conditions at two distinct growth stages (20
and 40 days). Compared to untreated controls, Diuron WP
exhibited clear dose-dependent phytotoxic symptoms, including
leaf chlorosis and stem wilting (Figure 6b,c), with the most severe
effects observed at the highest application rate (4 kg/ha). At
equivalent dosages, Diuron/SBE-S-CD@CSH consistently exhib-
ited stronger inhibitory effects. Key physiological parameters
such as plant height and fresh weight were assessed across
treatments. At the 20-day stage and a dosage of 4 kg/ha, Diuron
WP reduced plant height and fresh weight by 33.81% and 69.10%,
respectively, whereas Diuron/SBE-3-CD@CSH exerted more sub-
stantial suppression, reducing height by 36.81% and fresh weight
by 77.60% at the same dosage (Figure 6d,e). By the 40-day stage,
the nanoparticle formulation continued to demonstrate superior
efficacy, achieving at least an 8.82% greater reduction in fresh
weight compared to Diuron WP (Figure 6g), with a statistically
significant advantage of 22.53% observed at the 1 kg/ha dose (p <
0.05). Although these relative benefits decreased at higher doses
during later growth stages, likely due to structural maturation and
activation of adaptive resistance mechanisms [70], Diuron/SBE-
B-CD@CSH consistently provided superior weed suppression
even at lower application rates.

To validate the efficacy of Diuron/SBE-S-CD@CSH nanoparti-
cles beyond controlled greenhouse conditions, field trials were
conducted in three cornfields (~20 m? each) predominantly
infested with Abutilon theophrasti Medicus (5-6 leaf stage) and
Setaria faberi R. A. W. Herrmann (20-30 cm height). At an
application dosage of 1500 g/ha, visible phytotoxic symptoms
emerged within 7 days and progressively intensified by Day
14, characterized by leaf desiccation, curling, chlorosis, and
lodging, particularly pronounced in Abutilon theophrasti due
to its broader leaf morphology (Figure 6h). By Day 21, the
nanoparticle formulation demonstrated significantly improved
weed control compared to the commercial Diuron WP (Figure
S9), achieving control efficacies of 70.09% against Abutilon
theophrasti and 52.93% against the relatively more mature Setaria
faberi, in contrast to 53.72% and 39.09%, respectively, for Diuron
WP. Additionally, robust herbicidal efficacy was observed against
some mature Chenopodium album L. plants (50-60 cm), with
Diuron/SBE-B-CD@CSH inducing severe chlorosis, stem curl-
ing, and lodging, markedly exceeding effects observed with the
commercial formulation (Figure S10).

Collectively, these field observations corroborate the greenhouse
findings, indicating that the nanoparticle-based formulation can
deliver enhanced weed control under practical field conditions
at equivalent application rates. Nevertheless, a comprehensive
evaluation of the comparative advantages of this nanoformula-
tion will require further multisite field trials conducted according
to pesticide label directions for specific cropping systems, over

extended timeframes. In particular, future studies should assess
key aspects of environmental behavior, such as leaching and
runoff potential, as recent meta-analyses have highlighted that
the field performance and environmental fate of nanopesti-
cides may differ substantially from laboratory or greenhouse
predictions. Despite these considerations, the present results
provide a strong foundation supporting the potential of self-
assembled nanoparticle-based herbicide formulations for further
field-oriented development and risk-benefit evaluation.

2.5 |
Impact

Leaching Performance and Environmental

For sustainable agriculture, understanding the environmental
fate of pesticides and their impacts on nontarget ecosystems
is of paramount importance [71, 72]. Rainfall and irrigation
during field applications often accelerate pesticide leaching and
runoff, posing risks to groundwater and aquatic environments
[73]. To evaluate these processes, soil column experiments
(Figure 7a) were conducted to compare the migration of Diuron
in conventional WP and self-assembled Diuron/SBE-B-CD@CSH
formulations under simulated rainfall. Breakthrough and cumu-
lative leaching profiles over 13 days (Figure 7b,c) revealed
markedly enhanced soil retention with Diuron/SBE-3-CD@CSH.
Maximum leaching occurred later and at a lower level (6.36% on
Day 7) compared with Diuron WP (9.18% at an earlier stage), and
cumulative leaching by Day 13 was reduced by 18.61%. Residual
analysis further confirmed this improvement, with 38.24% of
applied Diuron retained in the Diuron/SBE-3-CD@CSH group
versus 22.09% in the Diuron WP treatment (Figure S11). The
superior retention is attributed to the nanoscale architecture of
the self-assembled particles, which provides extensive surface
area for interaction with soil components [74, 75], together
with the positively charged chitosan shell that enhances elec-
trostatic binding to negatively charged soil particles and organic
matter [76]. These synergistic effects effectively reduce herbi-
cide mobility and leaching potential, thereby facilitating more
efficient root-mediated uptake of the nanoparticles by weeds
within the soil, in agreement with the aforementioned absorp-
tion and translocation behaviors, and collectively underscoring
the environmental application potential of this supramolecular
nanoformulation.

Environmental safety for nontarget organisms is a critical consid-
eration, particularly for pre-emergent herbicides such as Diuron.
To evaluate potential ecological toxicity, the effects of Diuron
TC, Diuron WP, and Diuron/SBE-3-CD@CSH were assessed in
representative nontarget species, including crop seeds (cucumber
and rice), aquatic organisms (zebrafish), and soil invertebrates
(earthworms). Seed germination assays conducted across eight
herbicide concentrations (1.25-160 mg/L) revealed that at lower
concentrations (1.25-20 mg/L), all formulations maintained 100%
germination rates for both cucumber and rice seeds, indicating
negligible acute germination toxicity at these levels (Figures
S12 and S13). However, significant differences in total seed and
seedling biomass emerged among treatments. Specifically, at
20 mg/L, Diuron/SBE-B-CD@CSH enhanced total biomass by
27.40% and 13.35% in cucumber and rice seeds, respectively,
compared to Diuron TC, and by 17.88% and 5.74%, respectively,
compared to Diuron WP (Figure 7d—f).

10 of 18

Aggregate, 2026



(a)
Glass fiber —»
(1.0 cm)

(400 g)

Quartz sand  ——p
(2.0 cm)

I
|
(d)

Rice (Oryza sativa L.) seeds

(c)

10+ —o— Diuron/SBE-B-CD@CSH
& Diuron WP 3
8- ! 3
¥
9 o & 2
=8 ¥ o Se
2 o Wy
S 4 V4 R N e
3 n /,"’ *v
v/
24 A
1/ Max: 9.1795%
/4 Max: 6.3630%
04 ‘/W
0 3 6 9 12
Time (day)

15

I
g ’\ ;
Diuron TC { ) '
E I
,,\ D < A
Diuron/SBE-p- i {a )
CD@CSH \ /1 et
i
» . N '
/ - Control
Diuron WP < & J :
I
160 mg/L 80mg/L 40 mg/L 20mg/L 10 mg/L Smg/L 2.5mg/L 1.25 mg/L'
Cucumber (Cucumis sativus L.) seeds
'
e RN AN i
Diuron TC ’4 ) s A ) \ s \ '
o . S ]
- / { \
Diuron/SBE-B- ( il G £ ) (8 ' (& ) (3FF)
CD@CSH ] ¢ .F ) & % X : iVles
@ LS € / 7 /A ! J
g \’ y e y \ : Control
Diuron WP \ ” ) ( \ : 2
160 mg/L 80 mg/L 40 mg/L 20 mg/. 10 mg/L 5mg/L 2.5mg/L 1.25 mg/L!
(h) (M)
100 -9 100 4 e--9
ol
80 4 80
;i Diruon TC ; Diruon TC
< 604 < 604
> 3 # - Diuron WP > 9 - Diuron WP
i Diuron/SBE-B-CD@CSH 'i Diuron/SBE-B-CD@CSH
S 401 S 40
= =
L ]
20 204 e
m—— —
0+ 72 h 04 96 h
T T T T T T T T T T
0 20 40 60 80 0 20 40 60 80
Concentration (mg/mL) Concentration (mg/mL)
FIGURE 7 |

75
9 Diuron/SBE-B-CD@CSH y. =
604 -~ Diuron WP pe
B o
° 9
@ 45 o e
& o
] .
© Cumulative leached P
> 30 66.9927% »
3
3 P Cumulative leached :
E 15 <
3 ey 48.3861%
o & ~d
0 e—a—
0 3 6 9 12 15
Time (day)
e
(e),.
] Control
- Diuron TC
s w g Diuron WP
o5l : ™m M Diuron/SBE-§-CO@CSH
C I 3 o .
£ i T s
s . Ld i.
s |
2 i g il e
= § i 4
s
bt i
25 5 10 20 40 80 160
(g) Concentration (mg/L)
0.08
[ ] Control
Diuron TC
= L Diuron WP
0.06 - A "o vass  DWrONSBE.COBCSH
g L} lm e
8 oA
© 0.04 4 ’ ) ¢ ) $
z n &
3 !
-
Control 125 25 & 10 20 40 80 160
(j) Concentration (mg/L)
12
| |Control
& - Diuron TC /M
5 5. Diuron WP -
o m
o Diuron/SBE-§-CD@CSH i
K] . |
; - 8
3 6 L 710 [ ]
£ 5] .
. I
0
Control 50 100 200 400 800 1600

Concentration (mg/L)
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measurements: n = 10 across three independent experiments; the data are presented as mean + standard deviation.
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At increased herbicide concentrations, germination rates exhib-
ited pronounced differences. At 40 mg/L, cucumber seed germi-
nation was reduced to 56.67% in the Diuron TC group and 83.33%
in the Diuron WP group, whereas Diuron/SBE-S-CD@CSH
maintained a higher germination rate of 93.33%, clearly indicating
reduced phytotoxicity (Figure S12). These differences intensified
at elevated concentrations: at 80 and 160 mg/L, Diuron TC
completely inhibited germination in both crops, while Diuron
WP fully inhibited cucumber germination and drastically reduced
rice germination (90.00% at 80 mg/L; 10.00% at 160 mg/L; Figure
S13). In contrast, Diuron/SBE-3-CD@CSH substantially miti-
gated these toxic effects, maintaining partial germination even at
the highest concentration tested (23.33% for cacumber and 36.67%
for rice), despite expected dose-dependent phytotoxicity. Notably,
at the highest tested concentration (160 mg/L), no significant
differences in total biomass were observed across treatments,
indicating universal suppression of plant development under
excessive herbicide levels.

Throughout the exposure period, Diuron WP consistently exhib-
ited the highest acute toxicity to adult zebrafish (Danio rerio), fol-
lowed by Diuron TC, whereas Diuron/SBE-S-CD@CSH demon-
strated the lowest toxicity, as evidenced by consistently higher
LC,, values. At 24 h, the LC;, values were 32.17 mg/L for Diuron
WP, 53.18 mg/L for Diuron TC, and 58.11 mg/L for Diuron/SBE-
B-CD@CSH, reflecting toxicity reductions of 80.66% and 9.27%
relative to the former two formulations, respectively. This trend
was further amplified with prolonged exposure. By 72 h, the
LC,, value of Diuron/SBE-B-CD@CSH increased by 366.76% and
117.18% compared to Diuron TC and Diuron WP, respectively
(Figure 7h). At 96 h, Diuron WP exhibited the greatest toxicity,
with an LCy, of only 3.33 mg/L, whereas Diuron/SBE-3-CD@CSH
reduced toxicity approximately fourfold (Figure 7i).

Earthworms (Eisenia fetida) are widely recognized as indicator
species for evaluating soil ecotoxicity. In this study, the filter
paper contact method was employed to assess the acute toxicity.
Diuron exposure is known to induce severe toxicological effects,
including cellular damage, oxidative stress, tissue necrosis,
histopathological alterations, and genotoxicity [77]. Within 48 h
of exposure, earthworms exhibited acute stress responses, such as
convulsions, rolling behavior, magenta-colored blood excretion,
and eventual body fragmentation (Figure S12). Mortality data
revealed that Diuron WP posed the highest toxicity, with an LCjs,
of 742.27 mg/L, followed by Diuron TC at 1458.45 mg/L. In notable
contrast, Diuron/SBE-3-CD@CSH demonstrated the lowest toxi-
city, with an LCy, of 2978.03 mg/L, indicating nearly a threefold
reduction compared to Diuron WP (Figure 7j). This marked
reduction is primarily attributed to the dual encapsulation of
Diuron molecules and the absence of potentially harmful surfac-
tants and dispersants typically present in commercial formula-
tions. Together, these ecotoxicological findings from aquatic, soil,
and crop-related assays consistently confirm the superior safety
profile of Diuron/SBE-B-CD@CSH toward nontarget organisms,
supporting its potential as a safer herbicide formulation.

2.6 | In Vitro Cytotoxicity and ROS Generation

Diuron has been previously implicated in hepatotoxicity and
cardiotoxicity [78, 79]. To further investigate its biotoxic potential,

myocardial (AC16) and hepatic (MIHA) cell lines were exposed
to various concentrations of Diuron formulations. As illustrated
in Figure 8a,b, cell viability decreased dose-dependently, with
Diuron WP demonstrating the highest cytotoxicity at equivalent
concentrations. Specifically, at 96 mg/L, MIHA and AC16 cell
viability decreased drastically to below 56% and 12%, respectively,
in the Diuron WP treatment group. In contrast, viability in the
Diuron/SBE-B-CD@CSH group remained substantially higher
at 83% and 43%, respectively. Time-dependent cytotoxicity was
similarly notable; after 72 h, MIHA cell viability in Diuron TC and
Diuron WP groups decreased below 40%, whereas Diuron/SBE-3-
CD@CSH-treated cells-maintained viability above 50%. Compa-
rable trends were observed in AC16 cells (Figure 8c,d). Live/dead
cell assays provided further confirmation, revealing significantly
fewer dead cells (indicated by red fluorescence) in Diuron/SBE-
B-CD@CSH-treated groups compared with other formulations
(Figure 8f), indicative of reduced cytotoxicity following assembly
with chitosan and SBE-3-CD. Given that Diuron-induced cyto-
toxicity is partially mediated by reactive oxygen species (ROS)
[80, 81], intracellular ROS production was quantified after 12 h of
treatment. ROS levels were significantly elevated in the Diuron
WP group, exceeding 2.5-fold of control values. In contrast, both
Diuron TC and Diuron/SBE-S-CD@CSH formulations exhibited
reduced ROS production, with the latter demonstrating the most
pronounced antioxidant effect (Figure 8e-g). This reduction in
oxidative stress may be attributed to the nanoparticle encap-
sulation mitigating direct cellular exposure to Diuron and the
presence of chitosan-derived hydroxyl and amino groups, known
for their efficacy in scavenging free radicals and suppressing
oxidative damage [82].

In addition, SBE-3-CD is a biocompatible pharmaceutical excip-
ient capable of forming inclusion complexes with hydrophobic
molecules. It is therefore reasonable to hypothesize that such
complexation reduces the readily bioavailable fraction of Diuron
in the exposure medium, thereby attenuating its acute inter-
actions with cellular membranes and mitochondria [83, 84].
Moreover, incorporation into a chitosan-based polysaccharide
matrix is expected to further physically confine the active ingre-
dient within a carrier network. Although the free-drug fraction
and release kinetics were not directly quantified in the present
study, carrier-mediated moderation of immediate exposure has
been widely reported for polysaccharide-based delivery systems
[84]. Consistent with our ROS-related observations, chitosan and
its derivatives have been reported to exhibit intrinsic antioxidant
and free-radical scavenging activities, primarily attributed to
the presence of hydroxyl and amino functional groups, which
may further mitigate oxidative stress [85, 86]. Collectively, the
higher cell viability, reduced proportion of dead cells, and
markedly lower intracellular ROS levels observed in Diuron/SBE-
B-CD@CSH-treated AC16 and MIHA cells support the notion that
the nanocarrier formulation exhibits reduced cytotoxicity toward
mammalian cardiac and hepatic cells.

2.7 | InVivo Safety Evaluation in a Rat Model

To further evaluate the safety profile of Diuron/SBE-3-CD@CSH,
an in vivo toxicity assessment was conducted in rats administered
daily oral treatments over 32 days. Initially, body weights across
all groups were comparable; however, over time, significantly
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Evaluation of safety in cell models. (a, b) Viability of MIHA (a) and AC16 (b) cells after treatment with various concentrations of Diuron

and MIHA cells after 24 h of coincubation with Diuron TC, Diuron WP, and Diuron/SBE-3-CD@CSH.

greater weight gains occurred in control and Diuron/SBE-§-
CD@CSH groups compared with Diuron TC and Diuron WP
groups, the latter showing the least increase (Figure 9a). Hepato-
toxicity, assessed through serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) levels, was markedly ele-
vated in Diuron TC and Diuron WP groups. Specifically, Diuron
WP displayed the highest ALT (82.124 U/L) and AST (207.810 U/L)
values, aligning with previous findings (Figure 9b) [79], and
exceeding the upper limits of the normal reference ranges
for Sprague-Dawley rats (Table S6). Conversely, Diuron/SBE-
B-CD@CSH treatment significantly reduced ALT and AST by
approximately 20%, keeping these parameters within or close
to the normal reference ranges for rats, indicative of enhanced
hepatoprotection. Cardiac toxicity, indicated by elevated creatine
kinase (CK) and lactate dehydrogenase (LDH) levels, was severe

in the Diuron WP group, where CK and LDH reached approx-
imately twice (CK: 2.00-fold; LDH: 1.74-fold) those observed
in controls (Figure 9c). The mean CK and LDH activities in
the Diuron WP group (975.390 and 1118.925 U/L, respectively)
exceeded the upper limits of the normal reference ranges for
rats, whereas the corresponding control values (CK 488.795 U/L
and LDH 642.003 U/L) remained within these reference intervals
(Table S6). Although substantial cardiac damage also occurred
in the Diuron TC group, Diuron/SBE-B-CD@CSH significantly
mitigated this effect, reducing CK and LDH levels by around
28%, nearly restoring them to control values. Renal toxicity was
minimal, as indicated by reduced blood urea nitrogen (BUN)
in the Diuron WP group, likely reflecting impaired hepatic
urea synthesis rather than direct kidney injury, with negligible
changes in creatinine (CREA) levels (Figure 9d). Hematological
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analyses revealed no significant variations in platelet (PLT)
and red blood cell (RBC) counts among treatments. However,
white blood cell (WBC) counts, indicative of inflammation, were
lowest in controls and significantly lower in the Diuron/SBE-
B-CD@CSH group (1.59-fold relative to controls) compared to
Diuron TC (1.97-fold) and Diuron WP (2.57-fold), suggesting
attenuated inflammatory responses and overall reduced systemic
toxicity (Figure 9e).

Histopathological examination by hematoxylin-eosin staining
(Figure 9f) demonstrated intact tissue morphology in the control
group. In contrast, the Diuron TC group exhibited extensive
organ damage, characterized by myocardial vacuolation (orange
arrows) and necrosis (black arrows); hepatocyte edema (blue
arrows), cytoplasmic loosening, nuclear pyknosis (black arrows),
and lymphocytic infiltration within portal areas (red arrows);
splenic lymphocyte necrosis (red arrows), severe congestion in
splenic red pulp (black arrows), and occasional multinucleated
giant cells (orange arrows); granulocyte infiltration within alveoli
(black arrows), vascular wall thickening accompanied by minor
hemorrhages (green arrows); and renal multifocal inflammation
(red arrows) with interstitial vascular congestion (orange arrows).
Toxicity intensified markedly in the Diuron WP group, character-
ized by pronounced myocardial cytoplasmic disintegration (blue
arrows), uneven myocardial fiber staining, and focal interstitial
hemorrhages (green arrows). Hepatic damage was exacerbated,
evidenced by severe hepatocyte injury, prominent sinusoidal con-
gestion in the spleen (blue arrows), alveolar necrosis with marked
granulocyte infiltration, pronounced thickening of vascular walls
(red arrows), and presence of alveolar foam cells and eosinophilic
material deposits (orange arrows). Renal histopathology indi-
cated significant eosinophilic tubular deposits (black arrows) and
extensive lymphocytic infiltration. In stark contrast, Diuron/SBE-
B-CD@CSH treatment resulted in minimal histological changes,
restricted primarily to mild myocardial lymphocyte infiltration
(red arrows) and slight edema across other organs, indicative of
reduced inflammatory responses and preserved tissue integrity.

Given prior evidence that Diuron/SBE-B-CD@CSH reduces
oxidative stress and cytotoxicity, we further assessed these protec-
tive effects in vivo via 4-hydroxy-2-nonenal (4-HNE) fluorescence
staining, a marker of lipid peroxidation and oxidative damage
[87]. As depicted in Figure 9g, minimal 4-HNE fluorescence was
observed in control tissues, reflecting negligible oxidative injury,
whereas maximal fluorescence intensity, indicative of severe
oxidative stress, occurred in the Diuron WP group. Moderate
oxidative damage was noted in the Diuron TC group. Cru-
cially, Diuron/SBE-B-CD@CSH markedly reduced fluorescence
intensity, confirming substantial antioxidant capacity consistent
with cellular studies. Taken together with the in vitro find-
ings, the coordinated reductions in intracellular ROS and tissue
4-hydroxynonenal (4-HNE) levels suggest that Diuron/SBE-§-
CD@CSH attenuates oxidative stress-associated injury in vivo.
This interpretation is consistent with the observed mitigation of
ALT/AST and CK/LDH alterations, as well as the overall milder
histopathological changes [85, 86]. Although Diuron bioavail-
ability, release kinetics, and tissue distribution were not directly
quantified in the present study, the improved biocompatibility
may plausibly be attributed to carrier-mediated modulation of
effective exposure, together with the antioxidant and free-radical
scavenging capacities reported for chitosan-based systems and

cyclodextrin-enabled complexation [83-86]. Collectively, these
findings indicate that Diuron/SBE-3-CD@CSH can attenuate
Diuron-associated toxicity at both cellular and systemic lev-
els under the experimental conditions examined, while also
exhibiting improved environmental behavior, such as reduced
mobility and nontarget toxicity, compared with conventional for-
mulations. However, potential long-term environmental impacts
associated with repeated applications, including cumulative
soil interactions and ecosystem-level effects, warrant further
investigation through multiseason field studies.

3 | Conclusions

In this study, we developed an efficacious and biocompati-
ble herbicide nanoformulation, Diuron/SBE-3-CD@CSH, via a
hierarchical self-assembly strategy. Initially, Diuron molecules
formed inclusion complexes with SBE-3-CD through host-guest
molecular recognition, followed by electrostatic self-assembly
with chitosan to yield uniformly sized nanoparticles. Com-
pared to commercial Diuron WP, these nanoparticles exhibited
stimuli-responsive controlled release characteristics sensitive to
temperature and pH, as well as enhanced photostability owing
to effective photon-shielding mechanisms. Additionally, the
coassembled nanoparticles displayed superior dynamic deposi-
tion and exceptional rainfastness on weed leaf surfaces. Their
nanoscale dimensions and excellent biocompatibility facilitated
efficient absorption via leaf and root pathways, ensuring effective
bidirectional systemic translocation within plant tissues. Without
introducing additional formulation components, Diuron/SBE-
B-CD@CSH nanoparticles demonstrated markedly improved
control efficacy against broadleaf weeds (Chenopodium serotinum
L. and Abutilon theophrasti Medicus) and grassy weeds (Setaria
faberi R. A. W. Herrmann) in both greenhouse and field trials
compared to commercial WP. Comprehensive toxicity evalua-
tions using multiple nontarget organism models, including crop
species (cucumber and rice), aquatic organisms (zebrafish), soil
organisms (earthworms), in vitro cell lines (AC16 and MIHA), and
in vivo rat models, revealed enhanced ecological and biological
safety profiles relative to both Diuron technical and Diuron WP
formulations. This coassembled nanoherbicide platform exhibits
significant promise for sustainable and efficient agricultural
management, characterized by simple preparation procedures,
minimized environmental loss, enhanced target-specific her-
bicidal activity, and substantially improved ecological safety.
Thus, it offers a compelling strategy for promoting agricultural
sustainability and environmental stewardship in future weed
management practices.
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