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A B S T R A C T

Strategies that reduce dependence on synthetic pesticides while maintaining crop productivity are increasingly 
emphasized in sustainable agriculture. Here, we developed a bioinspired plant protein-based delivery system 
consisting of quercetin-loaded soy protein isolate (SPI)-zein nanocapsules. Spray drying was employed as a 
structural engineering strategy to assemble and immobilize nanocapsules into pomegranate-like hierarchical 
particulate aggregates. SEM, fluorescence spectroscopy, FTIR, UV–vis spectroscopy, XRD and TGA were adopted 
to characterise quercetin-loaded SPI-zein systems prepared at different SPI:zein ratios. Structural and morpho
logical analyses revealed spherical nanocapsules embedded within interconnected protein aggregates. The 
formulation with an SPI:zein ratio of 1:2 exhibited the best overall performance, including an encapsulation 
efficiency of 75.2%, loading capacity of 3.23%, pH-responsive release behaviour, enhanced rainfastness, and 
improved photochemical and storage stability. Notably, pre-spray-dried nanocapsule dispersions did not 
significantly improve rainfastness or photoprotection, whereas the spray-dried hierarchical structures exhibited 
enhanced resistance to wash-off under rainfall conditions, improved protection against UV-induced quercetin 
photodegradation, and more sustained quercetin release. These findings highlight the functional importance of 
the engineered pomegranate-like hierarchical architecture. Furthermore, biological assays using pea seedlings 
(Pisum sativum L.) and black bean aphid (Aphis fabae) demonstrated effective pest deterrence and promotion of 
plant growth. Our delivery system represents a promising platform for dual-function agrochemical delivery.

1. Introduction

Amid increasing pressure on global agricultural production, strate
gies to meet food demands while maintaining environmental sustain
ability are receiving growing attention [1]. Synthetic pesticides play a 
traditional and critical role in agricultural production [2]. While they 
provide effective pest control, they also result in potential environ
mental risks, particularly the accumulation of residues in soil, toxic ef
fects on non-target organisms, and ecosystem disruption [2–4]. These 
concerns have led to increasingly stringent regulations on conventional 
chemical pesticides and growing consumer demand for residue-free 
agricultural products [4,5]. Under these circumstances, biopesticides 
derived from natural products have emerged as an important strategy 
for reducing reliance on synthetic pesticides because of their rapid 
biodegradability, lower toxicity, and multiple pest-targeting mecha
nisms, including antifeedant activity, growth disruption, and metabolic 

interference [3,6]. Among the many natural bioactive compounds, fla
vonoids have attracted considerable attention as potential biopesticides 
due to their structural diversity and broad biological activities [6,7]. 
Quercetin, a flavonoid widely distributed in plants, exhibits antioxidant 
activity, a bitter taste, and multi-target physiological toxicity [8,9]. As 
an antifeedant biopesticide, quercetin differs fundamentally from con
ventional neurotoxic insecticides by suppressing feeding behaviour and 
disrupting physiological metabolism rather than inducing immediate 
mortality, thereby reducing selection pressure for resistance develop
ment [7,8,10]. This represents a potentially more sustainable strategy 
for pest management. However, practical application of quercetin re
mains severely constrained by its extremely poor aqueous solubility, 
which limits formulation into effective sprayable preparations [11,12]. 
Furthermore, weak foliar adhesion and rapid photodegradation under 
ultraviolet radiation substantially shorten its effective field persistence 
[11–13]. These limitations reduce delivery efficiency, bioavailability, 
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and pest control performance, highlighting the need for advanced de
livery systems capable of protecting quercetin while enabling controlled 
and targeted release.

Nanotechnology-enabled encapsulation systems have recently 
emerged as promising platforms for improving the delivery performance 
of natural pesticides by enhancing stability, improving bioavailability, 
reducing off-target losses, and enabling controlled release [2,4,14]. 
Among the available carrier materials, proteins have attracted consid
erable interest because of their excellent biocompatibility, biodegrad
ability, self-assembly behaviour, and capacity for controlled release 
[15–17]. Protein-based nanocapsules are also relatively simple to pre
pare and readily scalable for industrial production [18,19]. Compared 
with animal-derived proteins, plant proteins offer additional advan
tages, including lower cost, abundant agricultural availability, and 
greater sustainability, thereby aligning with the principles of sustainable 
agriculture and the circular economy [16,20–22]. Despite these ad
vantages, most existing protein-based delivery systems have been con
structed from single protein components [23,24]. Such systems 
generally optimise only individual performance characteristics, such as 
encapsulation efficiency or release behaviour, but often fail to simulta
neously satisfy the multiple stability requirements encountered in 
agricultural environments, including ultraviolet irradiation, rainfall 
erosion, storage stability, and the alkaline digestive conditions of insect 
pests [18,25,26]. Consequently, the development of multifunctional 
protein-based delivery systems capable of simultaneously protecting 
bioactive compounds, enabling environmentally responsive release, and 
maintaining field stability remains an important challenge in controlled- 
release research. Furthermore, previous studies have focused primarily 
on pesticide encapsulation, release kinetics, and biological efficacy, 
whereas the potential agronomic functionality of carrier materials has 
received comparatively little attention [27,28]. Plant-derived proteins 
can be gradually degraded by soil microorganisms into amino acids and 
small peptides, thereby acting as slow-release nitrogen sources capable 
of promoting crop growth [18]. This suggests that protein-based de
livery systems may serve not only as pesticide carriers but also as 
nutrient-delivery materials, offering opportunities to integrate 
controlled pesticide delivery with fertilisation. However, such multi
functional delivery strategies remain largely unexplored.

To address these challenges, we developed a hierarchical soy protein 
isolate (SPI)-zein delivery platform for encapsulating the hydrophobic 
flavonoid biopesticide quercetin. SPI contributes hydrophilicity, inter
facial stabilisation, and film-forming capability, whereas the hydro
phobic self-assembly behaviour of zein provides an effective 
microenvironment for encapsulating poorly water-soluble bioactive 
compounds [6,29–34]. Inspired by the hierarchical architecture of 
pomegranate fruit, in which numerous seed-like units are organised into 
a higher-order assembly, we designed a bioinspired multi-scale delivery 
system for agricultural applications [35–37]. A pomegranate-like hier
archical structure was fabricated through spray drying, during which 
rapid droplet solidification assembled and immobilised numerous 
quercetin-loaded nanocapsules within micron-sized particulate aggre
gates. Within this hierarchical architecture, zein-rich domains provide 
hydrophobic confinement that enhances quercetin stability, whereas SPI 
contributes environmental responsiveness and interfacial integrity. The 
resulting multi-scale organization simultaneously protects quercetin 
against environmental degradation, improves formulation stability, and 
enables pH-responsive release under target conditions. Beyond 
controlled pesticide delivery, gradual biodegradation of the protein 
matrix also provides a potential slow-release nutrient source for crop 
growth, thereby integrating pest control with plant growth promotion 
within a single biodegradable delivery platform. Overall, this study 
presents the first bioinspired hierarchical SPI-zein delivery system for 
quercetin that simultaneously integrates cargo protection, environ
mentally responsive controlled release, and agronomic nutrient func
tionality. More broadly, this work establishes a multifunctional 
biodegradable protein-based controlled-release platform that extends 

beyond conventional pesticide encapsulation, providing both a con
ceptual framework and a practical strategy for developing next- 
generation sustainable agricultural formulations.

2. Materials and methods

2.1. Materials

Zein (purity ≥20 ppm), absolute ethanol (> 99.8%), hydrochloric 
acid (37%) and sodium hydroxide were purchased from Fisher Scientific 
(Loughborough, UK). SPI was purchased from MP Biomedicals Europe 
(Illkirch-Graffenstaden, France). Quercetin was purchased from Fluo
rochem (Hadfield, UK). Black bean aphids (Aphis fabae) were provided 
by Harper Adams University (Newport, Shropshire, UK). Pea seeds and 
shoots (Pisum sativum L.) were purchased from local suppliers in the 
United Kingdom. Deionized water was used throughout the 
experiments.

2.2. Preparation of quercetin-loaded SPI-zein nanocapsules

To prepare quercetin-loaded SPI-zein nanocapsules, a predetermined 
amount of zein was dissolved in 70 mL of 70% (v/v) ethanol and 
magnetically stirred at 300 rpm for 1 h. In parallel, SPI was dispersed in 
120 mL of deionized water at pH 7 and stirred at 300 rpm for 1 h. The 
amounts of SPI and zein used for nanocapsule preparation are listed in 
Table 1. Quercetin was dissolved at a concentration of 5 mg/mL in 10 mL 
of 70% (v/v) ethanol under light-protected conditions. The solution was 
stirred continuously on a magnetic stirrer (SHP-200-MP Hotplate Stirrer, 
Cole-Parmer, USA) at 200 rpm for 30 min at room temperature. The 
quercetin solution was then mixed with the zein solution to form the 
organic phase, which was subsequently added dropwise into the SPI 
aqueous solution under continuous stirring. The resulting mixture was 
further stirred at 300 rpm for 2 h to facilitate the formation of quercetin- 
loaded nanocapsules via antisolvent-induced self-assembly.

2.3. Preparation of the bioinspired delivery systems

The quercetin-loaded nanocapsule dispersions were spray-dried 
using a Mini Spray Dryer (B-290, Büchi Labortechnik AG, Switzerland) 
equipped with a twin-fluid nozzle. The spray-drying conditions were as 
follows: nozzle diameter, 0.7 mm; air flow rate, 357 L/h; rotameter 
pressure drop, 0.23 bar; feed flow rate, 6 mL/min; and inlet and outlet 
temperatures of 140 ◦C and 90 ◦C, respectively [38]. The total solid 
content of the feed dispersion was maintained at 3.0% (w/v), while 
different formulations were prepared by varying the SPI:zein ratio. The 
dispersions were kept under continuous stirring at 200 rpm throughout 
the spray-drying process under controlled laboratory humidity (45–55% 
RH). After spray drying, the resulting powder, constituting the delivery 
system, was collected in sealed bags and stored in a desiccator at room 
temperature. Delivery systems with SPI:zein mass ratios of 1:0, 2:1, 1:1, 
1:2, and 0:1 were designated as QueSZ10, QueSZ21, QueSZ11, 
QueSZ12, and QueSZ01, respectively. Blank delivery systems without 
quercetin, prepared using the same SPI:zein ratios, were also generated 
and designated as SZ10, SZ21, SZ11, SZ12, and SZ01, respectively. The 
powder yield (PY) was calculated using Eq. (1), where Xwb is the 

Table 1 
Amounts of materials used in the preparation of SPI-zein nanocapsules with 
different SPI:zein mass ratios.

SPI:zein 
mass ratio

SPI 
(g)

Zein 
(g)

Quercetin 
(mg)

70% (v/v) 
ethanol (mL)

Deionized 
water (mL)

1:0 6 0 50 80 120
2:1 4 2 50 80 120
1:1 3 3 50 80 120
1:2 2 4 50 80 120
0:1 0 6 50 80 120
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moisture content on a wet basis, MV is the feed volume (L), TS is the total 
solids content (g dry matter/L), and W1 and W2 are the weights (g) of the 
container before and after the spray-drying process, respectively. 

PY (%) =
(W2 − W1) − Xwb(W2 − W1)

MVTS
(1) 

2.4. Cryo-electron microscopy (cryo-EM) analysis

Cryo-EM grids (Quantifoil R 1.2/1.3 Cu 300) were glow-discharged 
at 15 mA for 40 s prior to use and prepared using a plunge freezer 
(Leica EM GP, Leica Microsystems, Germany). 3 μL of a 100-fold diluted 
quercetin-loaded SPI-zein nanocapsule dispersion was applied to a grid, 
followed by 1 μL to the reverse side. Blotting was performed for up to 5 s. 
Cryo-EM images were captured using an electron microscope (Titan 
Krios G4, Thermo Fisher Scientific, USA) equipped with a direct electron 
detector (Falcon 4i, Thermo Fisher Scientific, USA).

2.5. Measurement of particle size, polydispersity index (PDI), and zeta 
potential

Particle size, PDI, and zeta potential of the nanocapsule dispersions 
were measured using a Zetasizer Ultra (Malvern Panalytical, UK), 
equipped with a DTS0012 cuvette and operated at a 90◦ scattering 
angle.

2.6. Rheological analysis of the nanocapsule dispersions

The rheological properties of the nanocapsule dispersions were 
assessed using a rheometer (Modular Compact Rheometer 302, Anton 
Paar, Austria) with a parallel-plate geometry (25 mm diameter, 1 mm 
gap). Shear rheology tests were performed in controlled shear rate mode 
over a shear rate range of 0–300 s− 1. Each sample was analyzed at three 
temperatures (4 ◦C, 25 ◦C, and 37 ◦C).

2.7. Measurement of protein solubility

500 mg of the sample was dispersed in 40 mL of 0.1 M NaCl solution 
(pH 3.0 or 7.0) and stirred at 300 rpm for 1 h. The mixture was then 
adjusted to a final volume of 50 mL, followed by centrifugation at 
17,800 ×g for 30 min. The supernatant was collected and mixed with 
bicinchoninic acid (BCA) reagent (2:1, v/v), followed by incubation at 
37 ◦C for 30 min. Absorbance was measured at 562 nm, and protein 
concentration was determined using a bovine serum albumin (BSA) 
standard curve [39]. The calibration equation was y = 0.08× + 0.0037 
(R2 = 0.9983). Protein solubility was calculated according to Eq. (2), 
where Mt is the protein mass in the supernatant, and M0 is the total 
protein mass. 

Protein solubility (%) =
Mt

M0
×100 (2) 

2.8. Measurement of moisture content

Approximately 0.3 g of the sample was placed in a pre-weighed 
crucible dish. The combined weight of the sample and crucible was 
recorded, and the sample was oven-dried at 105 ◦C for 4 h. Moisture 
content was calculated according to Eq. (3), where Wsd is the weight of 
the sample plus dish before drying (g), Wdd is the weight of the sample 
plus dish after drying (g), and Wd is the weight of the empty dish (g). 

Moisture content (%) =
Wsd − Wdd

Wsd − Wd
×100 (3) 

2.9. Measurement of hygroscopicity

0.5 g of the sample was placed in a desiccator containing a saturated 

NaCl solution, which maintained a relative humidity (RH) of 75.3% at 
room temperature. The samples were weighed after 24 h, 48 h, and 7 
days [40]. Hygroscopicity was calculated according to Eq. (4), where W0 
is the initial dry weight of the sample (g), and Wt is the weight of the 
sample after equilibration under controlled relative humidity (g). 

Hygroscopicity (%) =
Wt − W0

W0
×100 (4) 

2.10. Measurement of redispersibility of the delivery systems

The delivery systems generated by spray drying were reconstituted 
in deionized water (1 mg/mL), followed first by vortexing (30 s) and 
then by probe sonication (VCX750, Sonics & Materials Inc., USA) (160 W 
nominal power, 20 kHz, for 2 min). The particle size was measured by 
DLS. The redispersibility index (RDI) was calculated according to Eq. (5)
[41], where AFD and BFD indicate the particle size of the nanocapsule 
dispersion and that of the reconstituted delivery system, respectively. 

RDI =
AFD
BFD

(5) 

2.11. Determination of loading capacity (LC) and encapsulation 
efficiency (EE)

EE and LC were determined using spectrophotometric analysis as 
previously described [42]. In brief, 20 mg of the quercetin-loaded spray- 
dried sample was weighed and dispersed in 10 mL of deionized water. 
The dispersion was then centrifuged (ROTINA 380R, Hettich, Germany) 
at 10,000 ×g for 10 min at 4 ◦C, and the supernatant was carefully 
collected for analysis. The concentration of quercetin was determined at 
374 nm using a UV–Vis spectrophotometer (Model 6715, Jenway, UK). 
EE and LC were calculated according to Eq. (6) and Eq. (7), where CF is 
the amount of quercetin in the supernatant, CT is the total amount of 
quercetin added during preparation of the quercetin-loaded spray-dried 
sample, and CP is the initial dry mass of the spray-dried sample used. 

EE (%) =
CT − CF

CT
×100 (6) 

LC (%) =
CT − CF

CP
×100 (7) 

2.12. Scanning electron microscopy (SEM) analysis

The morphological features of the samples were imaged using SEM 
(Nova NanoSEM 450, FEI Company, USA) at an acceleration voltage of 
15 kV. Before imaging, the spray-dried sample was placed on a double- 
sided conductive adhesive mounted on the sample holder and sputter- 
coated with gold.

2.13. Fluorescence spectroscopy analysis

Intrinsic fluorescence spectroscopy was performed using a spectro
fluorometer (FluoroMax, HORIBA Scientific, Japan) with an excitation 
wavelength of 280 nm, an emission wavelength range of 290–450 nm, 
excitation and emission slit widths of 5 nm, a data acquisition interval of 
1.0 nm, and a scanning speed of 600 nm/min.

2.14. Attenuated total reflectance-Fourier transform infrared (ATR- 
FTIR) spectral analysis

ATR-FTIR spectra were obtained using a vacuum spectrometer 
(Vertex 80v, Bruker, Germany) equipped with an attenuated total 
reflectance (ATR) accessory. The spray-dried sample was placed onto 
the ATR crystal, and a pressure clamp was applied to ensure optimal 
contact between the sample and the crystal surface. Spectra were 
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collected over the wavenumber range of 650–4000 cm− 1 with a spectral 
resolution of 4 cm− 1.

2.15. UV–vis transmittance and UV-blocking analysis

The UV–Vis transmittance spectra of the spray-dried samples were 
measured using a UV–Vis spectrophotometer (Specord 210 Plus, Ana
lytik Jena, Germany) over a wavelength range of 200–700 nm. The UV- 
blocking factor (UVBF) was calculated as the ratio of the average 
transmittance in the visible region (400–700 nm) to the transmittance at 
350 nm [43].

2.16. X-ray diffraction (XRD) analysis

The crystalline structures of the spray-dried samples were analyzed 
using an X-ray diffractometer (D2 Phaser, Bruker, Germany). The XRD 
patterns were recorded at room temperature over a 2θ range of 5◦ to 80◦

at a scanning rate of 5◦/min.

2.17. Analysis of thermal properties

Thermogravimetric analysis (TGA), derivative thermogravimetry 
(DTG), and differential scanning calorimetry (DSC) measurements were 
performed using a simultaneous thermal analyzer (SDT650, TA In
struments, USA). Approximately 5 mg of the spray-dried sample was 
placed in a crucible and heated from 40 ◦C to 600 ◦C at a heating rate of 
10 ◦C/min under a nitrogen atmosphere with a flow rate of 100 mL/min.

2.18. Determination of release profiles

Quercetin release was evaluated under three pH conditions repre
senting different agricultural environments: pH 3.5 (simulating acidic 
rain conditions), pH 6.8 (neutral irrigation water), and pH 8.5 (insect 
alkaline gut). Release studies were conducted in deionized water with 
pH adjusted using 0.1 M HCl or 0.1 M NaOH. 100 mg of the quercetin- 
loaded spray-dried sample was dispersed in 100 mL of pH-adjusted 
deionized water and maintained under continuous magnetic stirring at 
150 rpm. At different time points, 3 mL of sample was withdrawn and 
immediately centrifuged at 10,000 ×g for 10 min. An equal volume of 
fresh pH-adjusted medium was added after each sampling. The absor
bance of quercetin was measured at 374 nm using a UV spectropho
tometer, with the percentage of cumulative release being calculated as 
previously reported [44]. The experimental release data were fitted 
using several classical kinetic models, including the zero-order, first- 
order, Higuchi, and Korsmeyer-Peppas models [45,46]. To determine 
the release mechanism, the first 80% of the cumulative release data were 
fitted to the Korsmeyer-Peppas model [47]. The correlation coefficients 
(R2) were used to evaluate the goodness of fit and identify the pre
dominant release mechanism.

2.19. Determination of wettability of the delivery systems on pea leaf 
surfaces

Fresh pea leaves were washed with deionized water and then air- 
dried for 30 min. Leaf sections (2 × 2 cm) were placed on glass slides 
with the upper leaf surface facing upwards. Using a microsyringe, 5 μL 
droplets of either quercetin-loaded spray-dried samples (reconstituted in 
deionized water at a concentration of 5 mg/mL) or deionized water 
(control) were deposited onto the leaf surface. Contact angle measure
ments were performed immediately after droplet deposition using a 
contact angle goniometer (OCA 25, Dataphysics, Germany).

2.20. Evaluation of retention ability of the delivery systems on pea leaf 
surface

Leaf sections (2 × 2 cm) were prepared. 2.5 g of the spray-dried 

sample was reconstituted in 50 mL of deionized water. The beaker 
containing the reconstituted sample, together with the tweezers, was 
weighed to give W1. Leaf sections were immersed in the reconstituted 
sample for 10 s and then held above the beaker for 2 min to drain. The 
beaker and tweezers were reweighed to give W2. Retention (R, mg/cm2) 
was calculated according to Eq. (8) [2], where L1 and L2 are the retained 
volumes (mL) calculated from W1 and W2, respectively, assuming a 
density of the reconstituted sample of approximately 1000 mg/mL. C is 
the concentration of the reconstituted sample (mg/mL), and S is the leaf 
area (cm2). 

R =
(L1 − L2)/1000 × C

S
(8) 

2.21. Evaluation of rainfastness of the delivery systems on pea leaf 
surface

Leaves were immersed for 1 min in either reconstituted spray-dried 
samples (5 mg/mL in deionized water) or quercetin-loaded SPI-zein 
nanocapsule dispersions, and then air-dried at room temperature for 24 
h. Artificial rainfall was simulated by continuously dropping 20 mL of 
deionized water onto the leaf surfaces over 5 min using a pipette, while 
the leaves were positioned at a 45◦ inclination angle. After rainfall 
treatment, the remaining quercetin on the leaf surfaces was extracted 
with 70% ethanol under ultrasound for 10 min. The extracts were 
centrifuged at 10,000 ×g for 10 min, and the supernatant was then 
analyzed using UV–Vis spectrophotometry. Rainfastness (%) was 
calculated according to Eq. (9), where Qr is the residual quercetin con
tent after rainfall and Qi is the initial quercetin content before rainfall. 

Rainfastness (%) =
Qr

Qi
×100 (9) 

2.22. Evaluation of photochemical stability

Free quercetin, quercetin-loaded spray-dried samples, and quercetin- 
loaded nanocapsule dispersions were each dispersed in deionized water 
at an equivalent quercetin concentration. The samples were exposed to 
UV lamp irradiation (ZF-7 A, Guanghao Analytical Instruments, China) 
at 365 nm (16 W) with a fixed distance of 30 cm. At different time points 
(0, 30, 60, 90, 120, and 180 min), 3 mL of sample was withdrawn to 
determine the retention ratio (Eq. (10)). The photodegradation rate 
constant (k) and half-life (t1/2) were calculated using Eqs. (11)–(12)
[41], where Ct and C0 are the concentrations of quercetin at time t and at 
the initial time, respectively. 

Retention ratio =
Ct

C0
(10) 

ln
(

Ct

C0

)

= − kt (11) 

t1/2 =
ln2
k

(12) 

2.23. Storage stability of the quercetin-loaded delivery systems

2 g of the quercetin-loaded spray-dried samples were stored in glass 
bottles at 25 ◦C and 60% relative humidity. All samples were analyzed 
for moisture content and quercetin retention at 0, 30, 60, and 90 days. 
The quercetin retention ratio was calculated according to Eq. (10). The 
flowability of the spray-dried samples was evaluated by measuring the 
angle of repose using the fixed funnel method [48]. A funnel (stem 
diameter = 10 mm) was mounted vertically 10 cm above a flat surface. 
Approximately 10 g of each sample was added to the funnel and allowed 
to flow freely to form a conical heap. The angle of repose (θ) was 
calculated according to Eq. (13), where h is the height of the cone (cm) 
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and r is the radius of the base (cm). 

tanθ (
◦

) =
h
r

(13) 

Color stability was measured using a colorimeter (CM-700d, Konica 
Minolta, Japan). The spray-dried samples were placed in Petri dishes 
and measured at three random positions. Color parameters, including 
lightness (L*), redness-greenness (a*), and yellowness-blueness (b*), 
were recorded, and the total color difference (ΔE*) was calculated 

according to Eq. (14). Photographs of the samples were also taken at 
different time points under standardized lighting conditions. 

ΔE* =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)
2
+ (Δa*)

2
+ (Δb*

)
2

√

(14) 

2.24. Feeding deterrence assay and long-term mortality of aphids

Quercetin-loaded spray-dried samples were dispersed in deionized 

Fig. 1. Characterisation of the nanocapsule dispersions prior to spray drying. (a) Photographs of the nanocapsules. (b) Particle size distribution profiles. (c) Z-average 
diameter (bars) and PDI values (line). (d) Zeta potential values. (e) Viscosity as a function of shear rate at 25 ◦C. (f) Temperature-dependent viscosity profiles at 4, 25, 
and 40 ◦C. Roman numerals (I-V) correspond to nanocapsules with SPI:zein mass ratios of 1:0, 2:1, 1:1, 1:2, and 0:1, respectively.
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water to obtain final quercetin concentrations of 10, 50, and 100 μg/mL. 
Free quercetin solutions were prepared at the same quercetin concen
trations to match the quercetin content of the loaded samples. For the 
blank carrier control, a dispersion of the SZ12 formulation was prepared 
based on the same protein solid content that matched the quercetin- 
loaded delivery system. The antifeedant bioassays were conducted as 
previously reported [49]. In brief, fresh pea shoots were immersed in the 
dispersions for 10 s and air-dried for 30 min, then placed into Petri 
dishes. Healthy apterous adult black bean aphids were selected and 
starved for 2 h prior to the experiment. After starvation, 10 aphids were 
transferred to each dish. Dishes were maintained at 24 ± 1 ◦C and 60 ±
5% relative humidity. The assays lasted 8 h, and feeding aphids were 
counted at 1, 4, and 8 h. Aphids were considered feeding when they 
remained stationary on a shoot for more than 30 s. Each treatment was 
performed in three independent biological replicates, with a fresh batch 
of aphids used for each replicate (10 aphids per dish). The antifeedant 
ratio (AR) was calculated according to Eq. (15), where Nc and Nt 
represent the numbers of aphids on untreated and treated shoots, 
respectively, at each time point. 

AR (%) =

(
Nc − Nt

Nc + Nt

)

× 100% (15) 

Leaves were treated with the dispersions prepared above at a quer
cetin concentration of 50 μg/mL. They were then air-dried. Ten aphids 
were placed on each treated leaf and maintained under controlled 
environmental conditions (20 ◦C, 60% relative humidity). Mortality was 
recorded over a 12-day period. Each treatment was performed in trip
licate for each formulation. Survival (%) was calculated according to Eq. 
(16), where N0 is the initial number of aphids and Nt is the number of 
surviving aphids at time t. 

Survival (%) =

(
Nt

N0

)

× 100 (16) 

2.25. Biological evaluation in a pea growth model

The quercetin-loaded spray-dried samples were incorporated into 
soil at 250 mg/kg (dry weight basis). Free quercetin was added to soil at 
around 7.5 mg/kg (dry weight basis), corresponding to the equivalent 
quercetin content present in the soil treated with the quercetin-loaded 
spray-dried samples (based on the LC around 3%). Plain SPI-zein 
spray-dried samples were mixed into soil at 242.5 mg/kg (dry weight 
basis) as a carrier control. Untreated soil served as the blank control. 
Pre-germinated seedlings were transplanted into individual pots (8 cm 
diameter) containing 200 g of treated soil and transferred to a 
controlled-environment chamber for cultivation at 22 ± 2 ◦C (day) and 
18 ± 2 ◦C (night) under a 16:8 h photoperiod. Plants were irrigated with 
deionized water every 2 days without additional fertilizer. Growth pa
rameters, including plant height, leaf width, fresh weight, and dry 
weight, were measured at 3, 7, and 14 days.

2.26. Statistical analysis

All results are presented as mean ± standard deviation based on 
three independent experiments. Statistical analyses were performed 
using the Kruskal-Wallis test, followed by Dunn's multiple comparisons 
test with the Benjamini-Hochberg correction. Different lowercase letters 

indicate statistically significant differences (p < 0.05).

3. Results and discussion

3.1. Formation and characterisation of the nanocapsule dispersions

The bioinspired pomegranate-like delivery system was designed 
based on the contrasting interfacial properties of SPI and zein to form 
nanocapsules with a putative core-shell structure, which were subse
quently assembled into microparticles via spray-drying. Based on the 
properties of SPI and zein, the formation process is expected to involve 
hydrophobic self-assembly of zein during the antisolvent process, 
induced by solvent exchange from ethanol to water. Hydrophilic SPI 
molecules then adsorb onto zein-rich nanodomains, stabilising nano
capsules with a putative core-shell structure in colloidal dispersion. 
During spray-drying, multiple nanocapsules are encapsulated within 
individual droplets, giving rise to the bioinspired pomegranate-like ar
chitecture. To support this structural hypothesis, Cryo-EM was used to 
observe the nanocapsules (Fig. S1). Compared with pure zein nano
capsules, SPI-zein nanocapsules exhibited a lighter outer region sur
rounding a darker core, suggesting the presence of an SPI-enriched shell 
surrounding zein-rich domains.

The properties of the nanocapsules were characterised prior to spray 
drying (Fig. 1a). Nanocapsules prepared with different SPI:zein mass 
ratios exhibited a single peak in the particle size distribution, indicating 
good colloidal uniformity (Fig. 1b). Among the formulations, nano
capsules prepared with SPI alone showed the smallest average particle 
size (~179 nm), whereas those prepared with zein alone exhibited a 
larger size (~219 nm). For SPI-zein nanocapsules, particle size initially 
increased but then decreased with increasing SPI content, ranging from 
~306 nm at an SPI:zein ratio of 1:2 to ~238 nm at 2:1. This trend 
suggests that SPI likely contributes to the suppression of zein aggrega
tion, resulting in smaller and more uniform nanocapsules. This effect is 
partly attributed to the fact that zein is highly hydrophobic and prone to 
self-aggregation [50], whereas SPI contains more hydrophilic functional 
groups and exhibits greater molecular flexibility [51]. Consequently, SPI 
can adsorb onto zein-rich regions, providing steric stabilisation and 
electrostatic repulsion that inhibit aggregation, thereby reducing parti
cle size [52]. Finally, the PDI values ranged from 0.18 to 0.42 across all 
formulations (Fig. 1c), indicating acceptable size distribution and 
colloidal stability. Zeta potential analysis further revealed that all 
nanocapsules carried a negative surface charge (Fig. 1d). The most 
negative value (− 35.4 mV) was observed for nanocapsules at an SPI:zein 
ratio of 1:2, suggesting that lower SPI content increased the magnitude 
of the negative surface charge. As SPI content increased, the absolute 
zeta potential decreased moderately to approximately − 26 mV for 
nanocapsules at SPI:zein ratios of 1:1 and 2:1.

The rheological properties of the nanocapsule dispersions are 
important for subsequent spray-drying performance. All dispersions 
exhibited shear-thinning behaviour (Fig. 1e). The dispersion prepared 
using SPI alone showed the highest viscosity (~6.5 mPa⋅s), whereas 
dispersions containing both SPI and zein exhibited lower viscosities 
(2.0–3.5 mPa⋅s). Temperature-dependent measurements at 4, 25, and 
40 ◦C further showed that the viscosity of all dispersions decreased with 
increasing temperature (Fig. 1f). The viscosity of the SPI-only dispersion 
decreased from ~6.5 to ~5.0 mPa⋅s as the temperature increased from 4 

Table 2 
Physicochemical characteristics of the quercetin-loaded SPI-zein delivery systems.

System Hygroscopicity (g/100 g) Moisture content (% w/w) Protein solubility (%) RDI EE (%) LC (%) PY (%)

QueSZ10 15.47 ± 0.81 a 7.87 ± 0.64 a 76.58 ± 0.38 a 1.70 ± 0.14 b 65.3 ± 1.45 b 1.75 ± 0.04 c 60.56 ± 6.18 a

QueSZ21 11.60 ± 0.69 ab 5.60 ± 0.72 ab 65.79 ± 1.00 ab 2.87 ± 0.20 ab 72.8 ± 1.61 ab 2.27 ± 0.08 bc 45.83 ± 4.68 b

QueSZ11 11.13 ± 0.76 abc 5.33 ± 0.42 ab 51.95 ± 0.71 abc 2.64 ± 0.34 ab 78.6 ± 1.84 a 2.76 ± 0.08 abc 45.28 ± 2.87 b

QueSZ12 7.80 ± 0.80 bc 4.33 ± 0.31 b 42.04 ± 0.94 bc 3.18 ± 0.64 ab 75.2 ± 1.51 ab 3.23 ± 0.11 a 51.22 ± 2.87 ab

QueSZ01 6.73 ± 0.76 c 3.40 ± 0.35 b 22.04 ± 0.33 c 5.63 ± 1.92 a 72.3 ± 2.79 ab 2.90 ± 0.05 ab 43.72 ± 4.02 ab
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to 40 ◦C. In contrast, the SPI-zein dispersions maintained relatively 
stable viscosities within the range of 2.0–3.5 mPa⋅s.

3.2. Physicochemical properties of the quercetin-loaded delivery systems

The physicochemical characteristics of the quercetin-loaded delivery 
systems are summarized in Table 2. Hygroscopicity decreased with 
increasing zein content. Based on the classification reported previously 
[53], hygroscopicity can generally be divided into non-hygroscopic 
(<10%), slightly hygroscopic (10–15%), and hygroscopic (15–20%). 
QueSZ10 exhibited a hygroscopicity of 15.47 ± 0.81 g/100 g and was 
classified as slightly hygroscopic, whereas QueSZ01 showed a much 
lower value of 6.73 ± 0.76 g/100 g, corresponding to the non- 

hygroscopic category. These results indicate that zein-rich delivery 
systems possess improved moisture resistance, likely due to the hydro
phobic nature and relatively compact structure of zein. Previous studies 
have similarly reported that zein can effectively restrict water vapor 
permeation within protein matrices [54,55].

Moisture content measurements showed a similar trend. SPI-rich 
delivery systems retained higher moisture levels (7.87 ± 0.64%), 
whereas zein-rich ones maintained lower moisture contents (3.40 ±
0.35%). Protein solubility, an indicator related to water dispersibility 
and redispersion behaviour, decreased significantly with increasing zein 
content, dropping from 76.58 ± 0.38% to 22.04 ± 0.33%. These results 
suggest that increasing zein content alters the hydration and dispersion 
behaviour of the systems, consistent with previous reports on 

Fig. 2. SEM micrographs of quercetin-loaded SPI-zein delivery systems. The images were captured at (a-e) 500× and (f-j) 20,000× magnifications for different 
formulations: (a, f) QueSZ10, (b, g) QueSZ21, (c, h) QueSZ11, (d, i) QueSZ12, and (e, j) QueSZ01. Scale bars: 5 μm (a-e) and 0.2 μm (f-j).

Fig. 3. Structural and molecular interaction characterisation of the quercetin-loaded SPI-zein delivery systems. (a) Intrinsic fluorescence emission spectra (excitation 
at 280 nm), (b) ATR-FTIR spectra, (c) XRD profiles, and (d) UV–vis transmittance spectra of the quercetin-loaded SPI-zein delivery systems.
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Fig. 4. Thermal analysis of the quercetin-loaded SPI-zein delivery systems. (a) TGA thermograms, along with DTG curves of (b) QueSZ10, (c) QueSZ21, (d) QueSZ11, 
(e) QueSZ12, (f) QueSZ01, and (g) free quercetin. (h) DSC thermograms of the delivery systems with different SPI-zein mass ratios.
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hydrophobic protein-based carriers [56,57]. Redispersibility analysis 
further reflected differences in post-drying structural reorganization. 
The zein-only delivery system exhibited the highest RDI value (5.63 ±
1.92), whereas QueSZ10 showed the lowest value. In mixed SPI-zein 
formulations, particle size changes after redispersion were smaller, 
with RDI values ranging from 2.64 ± 0.34 to 3.18 ± 0.64. Moreover, 
increasing SPI content was associated with lower RDI values, indicating 
reduced particle size change upon reconstitution. Similar observations 
have been reported previously, where hydrophobic zein-based nano
capsules tended to form stronger inter-particle aggregates after drying, 
while incorporation of hydrophilic stabilisers modified their redis
persion behaviour [41].

Among the delivery systems tested, QueSZ11 and QueSZ12 exhibited 
the highest EE, at 78.6 ± 1.84% and 75.2 ± 1.51%, respectively. 
Overall, the EE values (65–79%) indicate that the SPI-zein delivery 
systems possessed good capacity for encapsulating quercetin, although 
some non-encapsulated quercetin likely remained. Similar EE ranges 
have also been reported in other plant protein-based encapsulation 
systems [58,59]. In addition, LC increased progressively with increasing 
zein content, from 1.75 ± 0.04% for QueSZ10 to 3.23 ± 0.11% for 
QueSZ12. In contrast, PY decreased with increasing zein content. 
QueSZ10 achieved the highest yield (60.56 ± 6.18%), whereas QueSZ01 
showed the lowest value (43.72 ± 4.02%). This reduction may be 
associated with differences in spray-drying behaviour and increased 
material deposition within the spray dryer during processing [58,60].

3.3. Morphology of the quercetin-loaded SPI-zein delivery systems

The morphology of the quercetin-loaded delivery systems was 
characterised by SEM at 500× (Fig. 2a-e) and 20,000× magnifications 
(Fig. 2f-j). At low magnification, all samples exhibited irregularly sha
ped and partially aggregated particles. The extent of aggregation and 
surface roughness varied with the composition of the wall materials. SPI- 
rich samples (QueSZ10 and QueSZ11) showed more collapsed and 
irregular structures, whereas zein-rich formulations (QueSZ12 and 
QueSZ01) exhibited more spherical and discrete particles. At higher 
magnification, differences in surface morphology and structural features 
became more evident. With increasing zein content, the particle surfaces 
appeared smoother and more compact [51]. In addition, variations in 
internal microstructural features within the spray-dried particles were 
observed across formulations, indicating differences in the organization 
of nanocapsule assemblies. These observations are consistent with the 
proposed formation mechanism described earlier, in which nano
capsules are formed in the colloidal dispersion prior to spray-drying 
[61,62]. During spray-drying, these pre-formed nanocapsules are 
incorporated into individual droplets, leading to the formation of 
micron-sized particles upon solvent evaporation [63]. This process re
sults in a hierarchical pomegranate-like structure, where each spray- 
dried particle contains multiple nanocapsule assemblies resembling 
pomegranate seeds. The formation of this architecture is driven by rapid 
solvent evaporation and steep temperature gradients during spray dry
ing, which may induce interfacial rearrangement and internal structural 
evolution of the droplets [61].

3.4. Structural and molecular interaction analysis of the quercetin-loaded 
SPI-zein delivery systems

The structural and molecular interactions within the quercetin- 
loaded SPI-zein delivery systems were investigated using fluorescence 
spectroscopy, FTIR, UV–vis spectroscopy, and XRD (Fig. 3a-d). The 
intrinsic fluorescence spectra revealed that QueSZ10 exhibited the 
highest fluorescence intensity and an emission maximum at 336 nm 
(Fig. 3a). The intrinsic fluorescence of tryptophan (Trp) is widely used to 
characterise protein conformational changes and protein-protein in
teractions due to its sensitivity to changes in microenvironment polarity 
[32]. Compared with zein-containing formulations, QueSZ10 exhibited 

the highest emission maximum, suggesting that Trp residues in this 
system experience a more polar microenvironment and less hydrophobic 
association [64]. As the proportion of zein increased, a blue shift in the 
emission maximum from 332 nm (QueSZ21) to 311 nm (QueSZ01) was 
observed, indicating that Trp residues are located in a more hydrophobic 
microenvironment. This suggests enhanced hydrophobic interactions 
and protein association within the SPI-zein systems [65]. The decrease 
in fluorescence intensity may be attributed to quercetin-induced 
quenching of Trp fluorescence [31], as well as the reduced contribu
tion of Trp residues in zein [30].

The FTIR spectra of all formulations showed characteristic protein 
absorption bands, including O-H/N-H stretching (~3300 cm− 1), amide I 
(1626–1650 cm− 1), and amide II (1516–1536 cm− 1) (Fig. 3b). Notably, 
characteristic absorption peaks of crystalline quercetin were absent or 
significantly attenuated in all delivery systems, suggesting that quer
cetin may have been well incorporated within the protein matrix [66]. 
With increasing zein content, slight shifts in the O-H/N-H stretching 
band (from 3276.0 to 3285.8 cm− 1) were observed, reflecting changes in 
hydrogen-bonding environments, likely due to reduced hydration and 
enhanced hydrophobic interactions [67]. Concurrent shifts in amide I 
and amide II bands further indicate alterations in protein secondary 
structure and intermolecular interactions. Overall, these spectral 
changes support the formation of non-covalent interactions, including 
hydrogen bonding and hydrophobic associations, within the SPI-zein- 
quercetin systems, consistent with previous studies on protein- 
polyphenol complexes [32,68,69].

The solid-state organization of the delivery systems was further 
investigated using XRD (Fig. 3c). Free quercetin exhibited sharp 
diffraction peaks, confirming its crystalline nature [70]. In contrast, all 
SPI-zein delivery systems displayed broad peaks at approximately 10◦

and 20◦, characteristic of amorphous protein matrices, while the char
acteristic crystalline peaks of quercetin were absent [52]. With 
increasing zein content, the intensity of these broad peaks increased, 
suggesting tighter molecular packing and enhanced short-range 
ordering, likely associated with stronger hydrophobic interactions in 
zein-rich matrices. In contrast, SPI-rich formulations exhibited broader 
and weaker diffraction features, indicating a less compact molecular 
arrangement. Together with the FTIR results described above, these 
findings suggest that quercetin was incorporated into an amorphous 
protein matrix, with composition-dependent internal packing influ
enced by the SPI-zein ratio.

In UV–vis spectra, all formulations exhibited good transparency in 
the visible range (400–700 nm), with transmittance values of approxi
mately 45–80% (Fig. 3d). Increasing zein content led to reduced visible 
light transmittance. In the UV region (280–400 nm), all systems showed 
effective UV attenuation. Absorption in the UVB region (280–310 nm) is 
mainly attributed to aromatic amino acid residues, whereas UVA ab
sorption (310–400 nm) is associated with π-π conjugation of encapsu
lated quercetin [69]. In addition, light scattering from colloidal 
dispersions formed upon reconstitution of the delivery systems may also 
contribute to the overall UV-blocking performance [71]. In particular, at 
higher zein contents, increased structural compactness and optical het
erogeneity may enhance scattering effects due to refractive index dif
ferences between the dispersed particles and the surrounding medium. 
The UV-blocking factor (UVBF) ranged from 1.48 to 2.22 for the SPI-zein 
formulations (QueSZ21, QueSZ11, and QueSZ12), compared with 1.12 
for QueSZ10 and 6.31 for QueSZ01 (Fig. S2).

3.5. Thermal analysis of the quercetin-loaded SPI-zein delivery systems

TGA and DTG analyses were performed to evaluate the thermal 
stability of the delivery systems. The TGA thermograms (Fig. 4a) and 
corresponding DTG curves (Fig. 4b-g) illustrate the thermal decompo
sition behaviour and associated weight-loss profiles. The initial weight 
loss (8–12%) below 120 ◦C was attributed to moisture evaporation, 
while the major decomposition stage associated with protein 
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degradation occurred between 280 and 350 ◦C [72]. The DTG profiles 
further revealed a gradual shift in the maximum decomposition tem
perature toward higher temperatures with increasing zein content, from 
approximately 270 ◦C for QueSZ10 to 300 ◦C for QueSZ01. This trend 

may be attributed to the stronger hydrophobic interactions and more 
compact molecular organization of zein-rich systems, which require 
higher thermal energy to initiate thermal degradation [50]. DSC anal
ysis showed that all delivery systems exhibited a broad endothermic 

Fig. 5. Release behaviour and foliar application performance of the quercetin-loaded SPI-zein delivery systems under simulated agricultural conditions. Release 
profiles of quercetin from different delivery systems under (a) acidic conditions (pH 3.5), (b) neutral conditions (pH 6.8), and (c) alkaline conditions (pH 8.5). (d) 
Contact angle, (e) foliar retention, and (f) rainfastness of the quercetin-loaded SPI-zein delivery systems on pea leaves. Roman numerals (I-VI) in (d) and (e) 
correspond to water, QueSZ10, QueSZ21, QueSZ11, QueSZ12, and QueSZ01, respectively, whereas those in (f) correspond to quercetin, QueSZ10, QueSZ21, 
QueSZ11, QueSZ12, and QueSZ01.
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transition within the range of 50–150 ◦C (Fig. 4h), corresponding to the 
evaporation of free and bound water, consistent with the initial weight- 
loss stage observed in TGA analysis. In addition, free quercetin exhibited 
a sharp endothermic peak at approximately 316 ◦C, corresponding to the 
melting of crystalline quercetin [73]. This peak was absent in all SPI- 
zein delivery systems, suggesting that quercetin was incorporated into 
the protein matrix in a non-crystalline or amorphous form, consistent 
with the FTIR and XRD results.

3.6. Controlled release behaviour of the quercetin-loaded SPI-zein 
delivery systems

The quercetin-loaded SPI-zein delivery systems exhibited pH- 
dependent release profiles under three agriculturally relevant pH con
ditions (Fig. 5a-c). All formulations displayed an initial burst release 
within the first 12 h, followed by a sustained release phase. Increasing 
zein content reduced quercetin release, which may reflect the role of the 
hydrophobic zein-rich matrix in restricting water penetration and 
thereby slowing diffusion of encapsulated quercetin [74,75]. The release 
behaviour was also influenced by pH. The slowest cumulative release 
was observed at pH 3.5 (45–55% at 168 h), whereas the highest release 
occurred at pH 8.5 (66–79% at 168 h). Such pH-dependent release 
behaviour is relevant to agricultural environments. Slower release under 
acidic conditions (pH 3.5, simulating acidic rainfall) could help improve 
retention of active compounds on leaf surfaces, whereas accelerated 
release at pH 8.5 is consistent with the alkaline gut conditions of many 
phytophagous insects, which may favor enhanced quercetin release 
following ingestion [76]. Here, it is worth noting that, compared with 
the corresponding pre-spray-dried quercetin-loaded nanocapsule dis
persions, the reconstituted spray-dried SPI-zein delivery systems 
exhibited slower quercetin release under all tested pH conditions 
(Fig. S3). This behaviour is likely attributable to the pomegranate-like 
hierarchical architecture generated during spray drying. In these 
structures, multiple nanocapsules are assembled and immobilised 
within larger particulate aggregates, potentially creating additional 
diffusion barriers and more tortuous mass-transfer pathways [77,78]. 
Consequently, this may contribute to the retarded quercetin diffusion 
from the delivery systems into the release medium relative to the 
nanocapsule dispersions.

The release profiles were fitted using zero-order, first-order, Higuchi, 
and Korsmeyer-Peppas models (Table 3). Based on the R2 values, the 
first-order model provided comparatively better fits (R2 ≈ 0.931–0.997), 
which may suggest that release behaviour was more closely related to 
the amount of quercetin remaining within the matrix than to a constant 
release rate. The Korsmeyer-Peppas model was further applied to eval
uate the release mechanism. The n values ranged from 0.125 to 0.346 
across all formulations and pH conditions, with all values below 0.45, 

suggesting that molecular diffusion through the protein matrix was the 
primary release mechanism [45]. Under alkaline conditions (pH 8.5), 
higher k values were observed in the first-order model, indicating 
accelerated release kinetics, while the Korsmeyer-Peppas model showed 
relatively lower fitting quality, as reflected by lower R2 values. This 
reduced fit might indicate that release behaviour under alkaline condi
tions is not fully described by simple Fickian diffusion and may involve 
additional transport processes.

3.7. Foliar adhesion of the quercetin-loaded SPI-zein delivery systems

The reconstituted quercetin-loaded SPI-zein delivery systems 
exhibited improved wettability on leaf surfaces and increased retention 
compared with water (Fig. 5d-e). Water exhibited poor spreading, with a 
contact angle of approximately 103o, whereas QueSZ10 moderately 
reduced the contact angle to 88.4o, attributable to its hydrophilic nature 
and film-forming properties. Incorporation of zein into the formulations 
further modified droplet behaviour and enhanced spreading, with 
QueSZ12 showing a contact angle of 53.8o, corresponding to approxi
mately a 50% reduction relative to water. Improved wettability was 
accompanied by a substantial increase in foliar retention, rising from 
6.4 mg/cm2 (water) and 9.1 mg/cm2 (QueSZ10) to 24.7–41.6 mg/cm2 

for QueSZ21, QueSZ11, QueSZ12 and QueSZ01. Although zein is 
intrinsically more hydrophobic than SPI, the reduced contact angle is 
unlikely to arise from hydrophobicity alone. Instead, the SPI-zein com
posite particles may exhibit altered interfacial behaviour, promoting 
droplet spreading on the wax-rich leaf surface. Furthermore, the spray- 
dried particulate architecture may facilitate particle-leaf interactions 
after reconstitution, thereby increasing the effective contact area and 
improving wettability [79,80]. To further evaluate adhesion under 
simulated rainfall conditions, rainfastness tests were performed (Fig. 5f 
and Fig. S4). The rainfastness of all pre-spray-dried quercetin-loaded 
SPI-zein nanocapsule dispersions was not statistically different from that 
of free quercetin, suggesting that formulation into nanocapsule disper
sions alone did not significantly improve rainfastness. However, after 
engineering into SPI-zein delivery systems with pomegranate-like hier
archical structures via spray drying, the formulations exhibited signifi
cantly enhanced rainfastness compared with free quercetin. This 
improvement is likely associated with the formation of structurally in
tegrated particulate aggregates during spray drying, which not only 
enhances deposition stability but also creates more intimate particle-leaf 
contact after reconstitution, thereby reducing wash-off of quercetin 
from leaf surfaces under rainfall conditions [79,80]. Among the different 
formulations, QueSZ11 and QueSZ12 retained 59.3% and 68.4% of 
quercetin, respectively, significantly higher than free quercetin 
(17.86%) after washing. These results indicate that the spray-dried hi
erarchical SPI-zein delivery systems improve foliar retention and 

Table 3 
Kinetic parameters of release under different pH conditions.

pH Zero-order model First-order model Higuchi model Korsmeyer-Peppas model

k0 R2 k1 R2 kH R2 n R2

3.5 QueSZ10 0.271 0.712 0.141 0.952 3.878 0.866 0.267 0.948
QueSZ21 0.274 0.732 0.114 0.952 3.879 0.874 0.309 0.930
QueSZ11 0.254 0.756 0.111 0.946 3.588 0.896 0.309 0.948
QueSZ12 0.239 0.742 0.130 0.931 3.377 0.878 0.288 0.940
QueSZ01 0.258 0.797 0.0880 0.948 3.608 0.927 0.346 0.961

6.8 QueSZ10 0.318 0.674 0.173 0.943 4.595 0.836 0.239 0.945
QueSZ21 0.305 0.668 0.176 0.946 4.401 0.827 0.238 0.937
QueSZ11 0.299 0.629 0.170 0.969 4.378 0.801 0.240 0.918
QueSZ12 0.308 0.643 0.165 0.964 4.479 0.809 0.247 0.917
QueSZ01 0.300 0.678 0.148 0.958 4.312 0.837 0.265 0.925

8.5 QueSZ10 0.242 0.215 0.410 0.987 4.098 0.368 0.125 0.677
QueSZ21 0.306 0.342 0.281 0.991 4.888 0.520 0.169 0.749
QueSZ11 0.228 0.264 0.366 0.987 3.753 0.428 0.139 0.709
QueSZ12 0.219 0.243 0.362 0.983 3.642 0.402 0.138 0.680
QueSZ01 0.283 0.583 0.191 0.975 4.204 0.766 0.219 0.911
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Fig. 6. Storage stability of the quercetin-loaded SPI-zein delivery systems over 3 months at 25 ◦C and 60% relative humidity. (a) Images of the samples at 0, 1, 2, and 
3 months (scale bar = 1 cm). Changes in (b) angle of repose (θ), (c) moisture content, (d) total color difference (ΔE*), and (e) quercetin retention ratios of the delivery 
systems during storage. Roman numerals (I-V) correspond to QueSZ10, QueSZ21, QueSZ11, QueSZ12, and QueSZ01, respectively.
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resistance to wash-off under rainfall conditions.

3.8. Storage stability of the quercetin-loaded SPI-zein delivery systems

The storage behaviour of the quercetin-loaded SPI-zein delivery 
systems was monitored for 3 months at 25 ◦C and 60% relative humidity. 
Systems with increasing zein content exhibited a lower rate of moisture 
uptake over time, resulting in a reduced angle of repose and improved 
flowability (Fig. 6b, c). Colorimetric analysis also revealed formulation- 
dependent color changes (Fig. 6a, d and Fig. S5). QueSZ10 exhibited the 
greatest total color difference (ΔE* = 9.3), whereas QueSZ12 (ΔE* = 3.2) 
and QueSZ01 (ΔE* = 2.5) remained below the commonly accepted vi
sual threshold (ΔE* < 5). It should be noted that color change alone is 
not a reliable indicator of quercetin stability, as darkening in SPI-rich 
systems may also arise from protein-related browning reactions [81]. 
Regarding the changes in moisture content and color of the systems 
during storage, which may reflect formulation stability, the retention of 
encapsulated quercetin was further evaluated (Fig. 6e). The quercetin 
retention ratios of QueSZ12 and QueSZ01 were 0.64 ± 0.02 and 0.66 ±
0.07, respectively, whereas that of QueSZ10 was only 0.33 ± 0.06. 
These results suggest that higher zein content improves long-term 
quercetin stability, possibly due to enhanced hydrophobic shielding 
and reduced oxygen permeability within the matrix [82].

3.9. Photostability of the quercetin-loaded SPI-zein delivery systems

The photostability of free quercetin and that encapsulated within the 
delivery systems was evaluated by analysing retention ratios and 
degradation kinetics under UV irradiation (Fig. 7). Quercetin retention 
ratios for both free quercetin and quercetin encapsulated within the SPI- 
zein delivery systems decreased progressively during 180 min of UV 
irradiation. However, free quercetin exhibited a substantially greater 
reduction, resulting in a final retention ratio of 0.43 ± 0.06. In contrast, 
the retention ratios of quercetin encapsulated within the delivery sys
tems remained within the range of 0.66–0.76. At 180 min, the quercetin 
retention ratios of QueSZ11, QueSZ12, and QueSZ01 were statistically 
significantly higher than that of free quercetin (Fig. S6a). On the other 
hand, quercetin encapsulated within the corresponding pre-spray-dried 
nanocapsule dispersions did not exhibit statistically significant differ
ences in retention ratio compared with free quercetin after 180 min of 
UV irradiation, regardless of the SPI-zein mass ratio (Fig. S6b). This 
indicates that encapsulation within nanocapsules alone was insufficient 
to produce a statistically detectable improvement in photostability. In 
contrast, significantly higher quercetin retention than free quercetin was 
observed for several spray-dried delivery systems, suggesting that the 

pomegranate-like hierarchical particulate architecture generated 
through spray drying may contribute to enhanced photoprotection. Such 
an effect may arise from increased physical shielding of encapsulated 
quercetin within the pomegranate-like aggregates, thereby reducing its 
exposure to UV radiation [83,84].

The corresponding t1/2, photodegradation rate constant (k), and 
correlation coefficients (R2) are summarized in Table 4. The relatively 
high R2 values obtained for both free and encapsulated quercetin indi
cate that the degradation behaviour can be reasonably described using a 
first-order kinetic model. Comparison of the k values showed that free 
quercetin exhibited the fastest photodegradation rate under UV expo
sure, whereas quercetin encapsulated within the delivery systems dis
played lower k values, indicating enhanced resistance to 
photodegradation. In addition, encapsulation within the delivery sys
tems prolonged the t1/2 of quercetin, demonstrating the protective effect 
against photodegradation. Systems with increasing zein content 
exhibited lower k values and longer t1/2 values, suggesting improved 
photostability. This may be attributed to stronger hydrophobic in
teractions and the denser protein network associated with zein-rich 
matrices, which could provide more effective shielding against UV- 
induced degradation [85].

3.10. Antifeedant activity and feeding behaviour modulation

Antifeedant efficacy was evaluated through feeding preference bio
assays using aphids as a model insect, with the AR used as the primary 
evaluation metric [49]. Positive AR values indicate antifeedant activity, 
whereas negative values indicate phagostimulatory effects. The 4 h 
observation period was selected as the primary evaluation window 
because aphids typically establish stable feeding behaviour within this 
period [49]. Among all formulations, delivery systems containing higher 
proportions of zein generally exhibited greater antifeedant performance, 
with QueSZ12 showing the highest efficacy across all tested 

Fig. 7. Photostability of the quercetin-loaded SPI-zein delivery systems under UV irradiation. (a) Retention ratios and (b) degradation kinetics of free quercetin and 
that encapsulated within the delivery systems under UV exposure.

Table 4 
Half-life (t1/2) values, photodegradation rate constant (k) and correlation coef
ficient (R2) of free quercetin and quercetin encapsulated within different de
livery system under UV irradiation.

Group t1/2/min k R2

Que 147.26 0.0047 0.989
QueSZ10 300.91 0.0023 0.920
QueSZ21 329.57 0.0021 0.932
QueSZ11 364.26 0.0019 0.932
QueSZ12 432.56 0.0016 0.975
QueSZ01 461.40 0.0015 0.984
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concentrations (Fig. 8a). Considering that zein provides the principal 
hydrophobic domains within the SPI-zein matrix, the superior perfor
mance of QueSZ12 may be associated with improved stabilisation and 
retention of the hydrophobic quercetin after deposition on the leaf 
surface. Such enhanced retention would be expected to maintain greater 
local availability of quercetin at aphid feeding sites, thereby strength
ening feeding deterrence.

To further evaluate the temporal characteristics of the antifeedant 

response, additional observations were conducted at 1 h and 8 h to 
assess initial feeding inhibition and sustained deterrent activity, 
respectively (Fig. 8c-f). QueSZ12 exhibited both a rapid onset of anti
feedant activity and persistent feeding deterrence throughout the 8 h 
observation period. In contrast, free quercetin produced a weaker and 
more delayed response, whereas SZ12 alone showed negligible activity, 
confirming that the antifeedant effect primarily originated from quer
cetin rather than the protein carrier. The sustained activity observed for 

Fig. 8. Antifeedant efficacy and mortality of quercetin-loaded SPI-zein delivery systems. (a) Concentration-dependent AR of free quercetin and different quercetin- 
loaded SPI-zein delivery systems after 4 h exposure. Roman numerals (I-VI) correspond to quercetin, QueSZ10, QueSZ21, QueSZ11, QueSZ12, and QueSZ01, 
respectively. (b) Changes in the survival rate of aphids over 12 days. (c, d) Representative photographs and AR after 1 h exposure, and (e, f) after 8 h exposure, for 
quercetin, QueSZ12, and SZ12. Scale bars: 1.5 cm.
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Fig. 9. Growth performance of pea seedlings treated with different formulations over time. Visual documentation of pea seedling development at (a) 3 days, (b) 7 
days, (c) 14 days, and (d) overall plant morphology after 14 days. Scale bars: 2 cm. (e) Plant height, (f) leaf width, (g) fresh weight, and (h) dry weight of pea 
seedlings measured 14 days after treatment with different formulations. Roman numerals (I-IX) correspond to water, free quercetin, QueSZ10, QueSZ21, QueSZ11, 
QueSZ12, QueSZ01, SZ11, and SZ12, respectively.
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QueSZ12 is also consistent with the controlled-release characteristics of 
the delivery system, suggesting that gradual release from the protein 
matrix may help maintain biologically effective concentrations of 
quercetin over time instead of relying solely on immediate availability 
following application. Interestingly, at both the 1 h and 8 h timepoints, 
increasing the application concentration of QueSZ12 did not produce a 
corresponding increase in antifeedant activity. One possible explanation 
is that adsorption of the formulation onto the leaf surface may approach 
saturation at higher application levels, thereby limiting further accu
mulation of quercetin at aphid feeding sites [86]. Similar concentration- 
dependent plateaus have been reported for other lipophilic antifeedant 
compounds [14,87]. Alternatively, once quercetin concentrations 
exceed the threshold required to elicit feeding deterrence, further in
creases in local concentration may contribute little additional behav
ioural response. Our results suggest the existence of an optimal 
concentration range beyond which increasing dosage does not sub
stantially improve antifeedant efficacy.

The mortality profiles further demonstrated clear formulation- 
dependent effects during the 12-day observation period (Fig. 8b). The 
water-treated group maintained approximately 46.7% survival by day 
12, while the SZ12-treated group showed only marginal differences 
(50% survival), confirming that the carrier itself exhibited negligible 
insecticidal activity. The relatively high mortality observed in these two 
control groups during the later stages of the experiment most likely re
flects normal background mortality associated with prolonged mainte
nance under laboratory conditions rather than treatment-related effects. 
Nevertheless, separation between the quercetin-loaded formulations 
and both control groups was already evident at earlier timepoints, 
before substantial background mortality had accumulated, indicating 
that the enhanced mortality resulted from quercetin exposure rather 
than natural attrition. All quercetin-loaded SPI-zein delivery systems 
produced substantially greater cumulative mortality than the controls. 
Among them, QueSZ12 and QueSZ01 achieved complete mortality by 
days 11 and 12, respectively, whereas the remaining formulations 
reduced aphid survival to approximately 10% by day 12. Rather than 
inducing rapid acute toxicity, quercetin is generally considered to 
impair aphid feeding behaviour and disrupt normal physiological 
function, leading to progressive mortality under prolonged exposure 
[88]. From a delivery perspective, the delayed but sustained mortality 
profile is consistent with the controlled-release behaviour of the SPI-zein 
delivery system. By maintaining prolonged exposure to quercetin, rather 
than relying on a high initial burst, the formulation may provide 
continuous physiological stress that gradually reduces aphid survival 
over time. Collectively, these findings suggest that the enhanced bio
logical performance of QueSZ12 arises not only from the intrinsic anti
feedant activity of quercetin but also from improved delivery 
characteristics, including stabilisation of the bioactive compound and 
sustained release following application.

3.11. Plant growth-promoting effects of the quercetin-loaded SPI-zein 
delivery systems

The plant growth-promoting effects of the quercetin-loaded SPI-zein 
delivery systems were evaluated using pea seedlings as a model crop 
over a 14-day cultivation period (Fig. 9a-d). All formulations produced 
significantly greater plant growth than both the water control and free 
quercetin, particularly with respect to more developed root systems and 
increased leaf area. Measurements of plant height, leaf width, fresh 
weight, and dry weight consistently demonstrated substantial growth 
stimulation by the delivery systems (Fig. 9e-h). Among all formulations, 
QueSZ12 achieved the greatest plant height (9.14 ± 0.42 cm), followed 
by QueSZ11 (8.64 ± 0.27 cm) and QueSZ21 (8.18 ± 0.33 cm), all of 
which were significantly greater than both the water control (6.32 ±
0.43 cm) and free quercetin (7.10 ± 0.19 cm). Similar trends were 
observed for leaf width, with QueSZ12 producing the broadest leaves 
(1.50 ± 0.16 cm) compared with the water control (0.38 ± 0.08 cm). 

Fresh weight measurements likewise showed significant increases for 
QueSZ12 (0.63 ± 0.03 g) and QueSZ11 (0.56 ± 0.05 g), while dry 
weight analysis revealed increases of approximately 2–3 times relative 
to the water-treated group. These results indicate that the SPI-zein for
mulations not only function as delivery vehicles for quercetin but also 
provide additional agronomic benefits that promote plant development.

To further elucidate the origin of the growth-promoting effect, 
additional comparisons were performed using free quercetin and the 
unloaded SPI-zein carrier systems (Fig. S7 and S8). Free quercetin 
exhibited negligible effects on plant growth, whereas SZ12 produced 
growth responses comparable to those of QueSZ12. This direct com
parison indicates that the observed growth promotion primarily origi
nates from the protein carrier rather than from quercetin itself. Unlike 
conventional carrier materials that primarily serve passive encapsula
tion functions, the SPI-zein matrix therefore appears to contribute 
additional biological functionality beyond cargo delivery. A plausible 
explanation for this behaviour is the gradual biodegradation of SPI and 
zein in soil, during which amino acids, peptides, and nitrogen- 
containing degradation products are released and become available 
for plant utilisation [27,89]. Although soil nitrogen availability and 
degradation kinetics were not directly quantified in the present study, 
previous studies have demonstrated that protein-based agricultural 
formulations can enhance nutrient availability and promote plant 
growth through microbial decomposition [90,91].

4. Conclusions

This study developed a bioinspired pomegranate-like delivery sys
tem via spray drying, encapsulating quercetin within an SPI-zein matrix 
to achieve integrated pest management and plant growth promotion. 
The optimized formulation, QueSZ12, exhibited pH-responsive release 
behaviour together with favorable physicochemical stability, enhanced 
rainfastness, foliar adhesion, and storage performance. In agricultural 
applications, it significantly enhanced antifeedant activity against black 
bean aphids and promoted pea seedling growth. Future work should 
focus on elucidating the mechanistic basis of these multifunctional ef
fects under agricultural conditions, as well as validating performance 
across diverse crop-pest systems under field environments, with 
particular attention to soil-microbial interactions. Although quercetin 
was used as a model bioactive compound in this study, our SPI-zein 
platform is not inherently limited to its encapsulation and may be 
extended to a broader range of natural actives, enabling modular design 
of multifunctional delivery systems. Overall, this study establishes a 
protein-based, property-tunable delivery strategy that integrates 
controlled release, crop protection, and plant growth regulation, offer
ing a versatile platform for sustainable agricultural nanotechnology.
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