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Abstract 

Total flavonoids from Eucommia ulmoides leaves (EUTF) show poor aqueous solubility and limited 

oral bioavailability, restricting their use in functional foods and pharmaceutical formulations. This 

work developed an oral nano-delivery system by encapsulating EUTF into zein–lecithin hybrid 

nanoparticles (ZL-EUTF-NPs) fabricated via anti-solvent co-precipitation and optimized by the 

zein:lecithin mass ratio. The optimized formulation (Z:L = 1:1) produced spherical nanoparticles 

with a mean hydrodynamic diameter of 155.2 ± 5.2 nm, PDI 0.18 ± 0.02, and zeta potential −35.6 ± 

1.5 mV, consistent with a stable colloidal dispersion. Encapsulation efficiency and loading capacity 

reached 85.3 ± 2.1% and 8.5 ± 0.2%, respectively. FTIR, XRD, and DSC indicated that EUTF was 

molecularly dispersed in an amorphous state within the protein–lipid matrix through non-covalent 

interactions. In simulated gastrointestinal conditions, ZL-EUTF-NPs limited EUTF release to 14.2 ± 

1.8% during 2 h in simulated gastric fluid (pH 1.2) and enabled sustained intestinal release, reaching 

72.8 ± 3.1% after 10 h total incubation. Release in simulated intestinal fluid was best fitted by the 

Korsmeyer–Peppas model (R² = 0.995; n = 0.67), indicating anomalous (non-Fickian) transport 

governed by coupled diffusion and matrix erosion. The encapsulated EUTF retained high antioxidant 

activity (DPPH 82.1 ± 2.8%; ABTS 89.5 ± 3.0% at 50 µg/mL equivalent), while the nanocarrier 

showed low cytotoxicity (cell viability ≥85% across 10–200 µg/mL equivalent EUTF) and efficient 

time-dependent uptake in Caco-2 cells. Physicochemical stability testing showed minimal changes 

under refrigerated storage with 94.5 ± 2.6% flavonoid retention after 90 days at 4°C. Overall, zein–

lecithin hybrid nanoparticles provide a practical strategy to enhance EUTF stability and modulate 

intestinal release for oral applications. 
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1. Introduction 

Eucommia ulmoides Oliv. is a deciduous tree native to 

China. Due to its extensive therapeutic properties, it has 

been used in traditional medicine for centuries [1]. Its 

leaves are a particularly rich source of bioactive 

compounds, including iridoids, lignans and 

polysaccharides, with total flavonoids (EUTF) being one 

https://doi.org/10.57647/jnsc.2026.1603.15
https://doi.org/10.57647/jnsc.2026.1603.15
mailto:wangxinyu0320@163.com
mailto:2021b452@zcmu.edu.cn
https://orcid.org/0000-0001-7027-0071
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.57647/jnsc.2026.1603.15
https://doi.org/10.57647/jnsc.2026.1603.15


Xin-yu et al., J. Nanostruct Chem., 2026; 16(3)                                                                                                                                              305 

10.57647/jnsc.2026.1603.15 

of the most important functional components [2]. These 

flavonoids mainly include compounds such as rutin, 

kaunferol and quercetin, which have been proven to have 

powerful biological activities, including strong 

antioxidant, anti-inflammatory, liver-protective and 

neuroprotective effects [3].The antioxidant properties of 

EUTF, often found to be superior to those of synthetic 

antioxidants like vitamin C in various assays, are 

attributed to their ability to effectively scavenge free 

radicals such as DPPH, ABTS, and hydroxyl radicals [4]. 

These properties make EUTF highly valuable for the 

prevention and management of oxidative stress-related 

chronic diseases [5].Despite their promising therapeutic 

potential, the practical application of EUTF in functional 

foods, nutraceuticals, and pharmaceuticals is severely 

hampered by several inherent physicochemical limitations 

[6]. The primary challenge is their extremely poor water 

solubility, which leads to low oral bioavailability and 

limits their systemic absorption after ingestion [7]. 

Furthermore, flavonoids are susceptible to degradation 

under the harsh conditions of the gastrointestinal (GI) 

tract, including extreme pH values and enzymatic activity, 

as well as during food processing and storage, which 

further diminishes their efficacy [8]. In order to overcome 

these obstacles, people have explored various strategies, 

among which nano-encapsulation has become a 

particularly effective method. Encapsulating bioactive 

compounds within nanocarriers can enhance their 

solubility and dispersibility in aqueous media, protect 

them from degradation, control their release at specific 

sites in the body, and improve their cellular uptake, 

thereby increasing overall bioavailability and therapeutic 

effectiveness. Zein, the primary storage protein extracted 

from corn, has received considerable interest among the 

biopolymers utilized for nanoencapsulation. [9]. Corn 

protein is listed as recognized as safe (GRAS) by the U.S. 

Food and Drug Administration, and is known for its 

biocompatibility, biodegradability and unique 

amphrinity[10]. High proportion of non-polar amino acids 

enables its solubility in aqueous ethanol while remaining 

insoluble in water [11]. a property that allows for the 

straightforward fabrication of nanoparticles via methods 

like anti-solvent precipitation [12]. This technique 

involves dissolving zein and a hydrophobic bioactive in 

an aqueous-organic solvent and then introducing this 

solution into an anti-solvent (typically water), causing the 

zein to self-assemble into nanoparticles and entrap the 

bioactive compound within its hydrophobic core [13]. 

Although zein–lecithin hybrid/composite 

nanoparticles have been explored for improving the 

dispersibility, stability, and gastrointestinal-stage delivery 

of selected polyphenols, the existing evidence base is still 

largely built on model single compounds rather than 

chemically complex botanical flavonoid mixtures [14]. 

For example, zein–lecithin composite nanoparticles 

prepared via antisolvent co-precipitation have been 

reported to stabilize hydrophobic polyphenols such as 

curcumin through protein–phospholipid assembly and to 

improve colloidal robustness relative to zein alone [15]. 

In addition, zein–lecithin nanocomplexes have shown 

distinct stage-dependent release behavior during 

simulated gastrointestinal digestion, with limited release 

in simulated gastric fluid but substantially higher 

cumulative release in simulated intestinal fluid for 

polyphenolic payloads (e.g., EGCG). However, 

Eucommia ulmoides leaf total flavonoids (EUTF) 

represent a multicomponent flavonoid system with broad 

polarity distribution and multiple interaction motifs, and 

their application is still limited by poor water solubility 

and associated bioavailability constraints [16]. Under this 

context, at least three research gaps remain insufficiently 

addressed: (i) systematic formulation optimization and 

structure–property mapping for zein–lecithin carriers 

loaded with complex flavonoid mixtures rather than single 

standards; (ii) mechanistic controlled-release kinetics 

analysis in simulated GI environments with appropriate 

model fitting to clarify transport behavior for 

multicomponent payloads; and (iii) longer-term 

physicochemical stability evaluation (beyond short-term 

dispersion checks) to support realistic storage and 

functional-food/pharmaceutical translation [17]. 

However, as far as we know, there is a lack of 

systematic research on the development of corn 

phospholipid hybrid nanoparticles of total flavonoids in 

Eucommia leaves. Comprehensive data on the 

formulation optimization, detailed physicochemical 

characterization, controlled-release kinetics in simulated 

GI conditions, and long-term stability of such a system 

have not yet been reported. This study aims to fill this 

knowledge gap. We hypothesize that encapsulating EUTF 

within an optimized zein-lecithin nanoparticle matrix will 

significantly improve its physicochemical stability and 

provide a sustained release profile suitable for oral 

delivery. The objectives of this research were to: (1) 

prepare and optimize EUTF-loaded zein-lecithin 

nanoparticles (ZL-EUTF-NPs) using an anti-solvent co-

precipitation method; (2) conduct extensive material 

characterization using a range of microscopic and 

spectroscopic techniques; (3) investigate the in vitro 

release profile and kinetic mechanisms under simulated 

GI conditions; and (4) evaluate the antioxidant activity, 

cytotoxicity, cellular uptake, and long-term 

physicochemical stability of the developed nanocarriers. 

 

2. Materials and Methods 

 

2.1. Materials 

 

Corn protein (from corn, >90% protein), soybean lecithin 

(>95% phosphatidylcholine), porcine gastric mucosal 
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pepsinase (≥250 units/mg), porcine pancreatic pancreatin 

(8 times USP specification) and bile salt purchased from 

Sigma-Aldrich (St. Louis, MO, USA).  

Eucommia is harvested from an organic farm in 

Shaanxi Province, China, and has been certified by the 

pharmacy classroom of Beijing traditional Chinese 

medicine students.  

Rutin standard products (purity ≥98%, HPLC grade), 

2,2-diphenyl-1-pyridine (DPPH) and 2,2'-nitro-bis (3-

ethylbenzothiazole-6-sulfonic acid) (ABTS) are provided 

by Shanghai Aladdin Biochemical Technology Co., Ltd. 

in China.  

Acetonitrile and formic acid (HPLC grade) are 

purchased from Fisher Scientific (Waltham, MA, USA). 

Gibco (Grand Island, NY, USA) provides Dulbecco's 

Modified Eagle culture medium (DMEM), fetal bovine 

serum (FBS), penicillin-streptomycin and cell counting 

kit-8 (CCC-8 Caco-2 human colorectal cancer cell lineage 

comes from American type culture collection (ATCC, 

Manassas, VA, USA).  

All other chemicals and reagents are analytical grade 

and can be used without further purification. Deionized 

water was used throughout the experiment. 
 

2.2. Extraction and Quantification of Eucommia 

ulmoides Total Flavonoids (EUTF) 

 

The dried euonymus leaves are ground into fine powder. 

The powder (100 g) is extracted in a 60°C ultrasonic bath 

for 60 minutes with a 70% (v/v/v) ethanol aqueous 

solution (1:20 w/v).  

This process has been repeated three times. Combine, 

filter and concentrate the extracted liquid under reduced 

pressure. Then use the previously described polyamide 

column chromatography method to purify the crude 

extract and slightly modify it [18].  

Collect the purified EUTF powder and store it at -20°C 

for subsequent use. Use an Agilent 1260 Infinity II HPLC 

system with a diode array detector (DAD) from Agilent 

Technologies in Santa Clara, CA, USA, to measure the 

total flavonoid content.  

A Zorbax Eclipse Plus C18 chromatography column 

(4.6 × 250 mm, 5 µm) is employed, with the temperature 

set at 30°C.  The mobile phase consists of 0.1% (v/v) 

formic acid in water (A) and acetonitrile (B). The gradient 

elution program is configured as follows: 15% B from 0-

5 min, increased to 40% B over 5-25 min, reduced back to 

15% B during 25-30 min, and maintained at 15% B from 

30-35 min.  The detection wavelength is set at 354nm, 

with a flow rate maintained at 1.0 mL/min [19].  

Use rutin as the external standard for quantification. 

The calibration curve, expressed as y = 25843x + 105.7, 

shows a strong linear relationship within the 5-100 µg/mL 

range (R² = 0.9996), where y denotes the peak area and x 

indicates the concentration in µg/mL. 

2.3. Preparation of Zein–Lecithin–EUTF 

Nanoparticles (ZL-EUTF-NPs) 

 

ZL-EUTF-NPs were prepared by an improved anti-

solvent co-precipitation method. In the standard process, 

100 mg corn protein and 10 mg EUTF are mixed with 10 

mL 70% (v/v) of ethanol aqueous solution to make the 

core solution. Dissolve lecithin in 10 mL of 70% ethanol 

in different amounts to prepare the shell solution. Corn 

protein and lecithin are combined with different mass 

ratios (1:0,4:1,2:1,1:1 and 1:2), while maintaining the 

same total polymer concentration to optimize the formula. 

After adding the lecithin solution, mix the corn protein-

eutf solution well. At room temperature, stir at 800 

rm/minute, and slowly add the final organic phase (20 

mL) to 80 mL of DI water. The suspension is stirred under 

the ventilation cabinet for more than 4 hours, so that the 

ethanol is completely evaporated and the nanoparticles are 

self-assembled. Empty ZL-NPs are prepared by the same 

method, without EUTF. Preserve the nanoparticle 

suspension at 4°C for further analysis. Some of the 

optimized formulas are freeze-dried for solid-state 

characterization. 

 

2.4. Characterization of Nanoparticles 

 

2.4.1. Particle Size, Polydispersity Index (PDI), and Zeta 

Potential 

 

At 25°C, the Zetasizer Nano ZS90 (Malvern Instruments, 

Malvern, UK) is employed to determine the average 

particle size, PDI, and zeta potential of nanoparticle 

suspensions using dynamic light scattering (DLS). To 

avoid multiple scattering effects, dilute the sample 100 

times using deionized water before taking measurements. 

 

2.4.2. Encapsulation Efficiency (EE) and Loading 

Capacity (LC) 

 

The indirect method is used to determine both EE and LC. 

Centrifuge the freshly prepared ZL-EUTF-NP suspension 

(2 mL) at 15,000 × g for 30 minutes at 4°C. Gently gather 

the supernatant with free unsealed EUTF, and measure the 

flavonoid concentration using the high-performance 

liquid chromatography outlined in Section 2.2. The 

formulas for calculating EE and LC are presented as 

follows [20]: 

EE (%) = [(Total amount of EUTF - Amount of free 

EUTF) / Total amount of EUTF] × 100 

LC (%) = [(Total amount of EUTF - Amount of free 

EUTF) / Total weight of nanoparticles] × 100 

 

2.4.3. Morphological and Topographical Analysis 

 

Use transmission electron microscopy (TEM; JEEM-

2100, JEOL, Tokyo, Japan) and scanning electron 
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microscopy (SEM; SU8010, Hitachi, Tokyo, Japan) to 

conduct detailed morphological analysis of the optimized 

ZL-EUTF-NPs. For TEM analysis, the nanoparticle 

suspension was diluted and placed on a carbon-coated 

copper grid, stained with 2% (w/v) phosphotungstic acid, 

and subsequently air-dried under an acceleration voltage 

of 200 kV[21]. For scanning electron microscopy 

analysis, the nanoparticles are first freeze-dried, and then 

placed on the aluminum root with double-sided tape. A 

thin layer of gold was splashed for 60 seconds before 

imaging at an accelerated voltage of 5 kV [22]. Surface 

geometry reveals the outward success of the assembly 

process. A Dimension Icon atomic force microscope scans 

surface shapes in tapping mode. Applying a diluted liquid 

to freshly split mica creates a clear observation field. 

Natural drying preserves the integrity of the layer. High-

resolution imagery provides evidence of uniform particle 

size and distribution. 

 

2.4.4. Fourier Transform Infrared (FTIR) Spectroscopy 

 

Molecular fingerprints define the chemical environment 

of the carrier system. The Nicolet iS50 spectrometer scans 

frequencies from 4000 to 400 cm-1 with 4 cm-1 precision. 

Testing covers EUTF, corn protein, lecithin, and the 

physical blend alongside the freeze-dried nanoparticles. 

Fine powder combined with potassium bromide forms a 

solid disk under high pressure. Analyzing infrared 

patterns identifies potential bonding between 

components. Variations in peak positions signal the 

creation of new chemical bridges within the structure [23]. 

 

2.4.5. X-ray Diffraction (XRD) and Differential Scanning 

Calorimetry (DSC) 

 

Crystalline arrangements and thermal transitions reveal 

the internal stability of the particles. A D8 Advance 

diffractometer generates X-rays at 40 kV and 40 mA via 

a copper source. Recording angles from 5°-60° at a pace 

of 2° per minute yields detailed diffraction maps. 

Diffraction patterns clarify the physical state of the 

encapsulated cargo [24]. A loss of sharp peaks suggests a 

shift from a crystalline to an amorphous form. 

Complementary thermal data comes from a Q2000 DSC 

unit. Small portions of material, roughly 3 to 5 mg, rest 

inside sealed aluminum pans. Heating from 25°C to 

300°C at 10°C per minute reveals critical transition points. 

Continuous nitrogen flow prevents oxidation during the 

test. Monitoring energy changes confirms the successful 

integration of EUTF into the lipid-protein matrix [16]. 

 

2.5. In Vitro Release Study 

 

Use dialysis bag method to evaluate the in vitro release of 

nanoparticle EUTF in simulated gastrointestinal condition 

[25]. Release study is performed in two parts: first in 

simulated gastric fluid (SGF, 0.1M HCI, pH 1.2, 0.32% 

w/v pepsin) and then in simulated intestinal fluid (SIF, 

0.05M phosphate buffer, pH 6.8, 1% w/V pancreatic 

enzyme and 0.5% w/v bile salt). Put 5ml of ZL-EUTF-NP 

suspension (control is free EUTF solution)into dialysis 

bag(MWCO8-14kDa). Place in a 100mL of SGF. 

Incubate the bag with a shaker set to 37ºC (100 rpm) for 2 

h. After 2 hrs, move bag to a 100-ml prewarmed SIF, and 

incubate for 8 hrs. At a certain time interval (0.5, 1, 1.5, 2 

h in SGF; 2.5, 3, 4, 8, 10 h in SIF) take out 2ml of release 

medium, then add the same volume of fresh preheating 

medium to maintain precipitation condition. In the 

sample, the number of the EUTF was obtained by HPLC. 

 

2.6. Release Kinetics Modeling 

 

In order to clarify the release mechanism of EUTF in SIF, 

the cumulative release data is fit into 4 mathematical 

models [26]: 

1.Zero-order model: Qₜ = k₀t 

2.First-order model: ln(Q∞ - Qₜ) = ln(Q∞) - k₁t 

3.Higuchi model: Qₜ = kₙt¹ᐟ² 

4.Korsmeyer–Peppas model: Qₜ/Q∞ = ktⁿ 

Among them, Qₜ represents the cumulative drug 

release at t moments, Q∞ represents the total release at 

infinite moments, and k₀, k₁, kₙ and k represent the specific 

release rate constants of each model. In the Korsmeyer-

Peppas model, the release index n reflects the release 

mechanism of the drug. 

 

2.7. Antioxidant Activity Assays 

 

The antioxidant activity of free EUTF and ZL-EUTF-NPs 

[27] was evaluated using the DPPH and ABTS radical 

scavenging assays, which are rapid and widely used 

methods to quantify electron- or hydrogen-donating 

capacity of antioxidants. In the DPPH assay, the reaction 

mixture was prepared by mixing an equal volume of 

sample solution (free EUTF solution or ZL-EUTF-NP 

dispersion, adjusted to an equivalent EUTF concentration 

of 50 μg/mL) with DPPH working solution prepared in 

ethanol. The blank control consisted of an equal volume 

of DPPH working solution mixed with ethanol (i.e., 

without sample), while the sample control consisted of an 

equal volume of sample solution mixed with ethanol 

without DPPH (i.e., to account for any intrinsic 

absorbance/scattering of the sample matrix). After 

incubation for 30 min in the dark at room temperature, 

absorbance was measured at 517 nm. In the ABTS assay, 

ABTS•+ was generated following a standard approach 

(oxidation of ABTS to form the radical cation), and the 

ABTS•+ working solution was then mixed with an equal 

volume of sample solution for analysis; the blank control 

consisted of ABTS•+ working solution mixed with the 

https://doi.org/10.57647/jnsc.2026.1603.15


308                                                                                                                                 Xin-yu et al., J. Nanostruct Chem., 2026; 16(3) 

 

10.57647/jnsc.2026.1603.15 

corresponding solvent/buffer without sample, and the 

sample control consisted of sample solution mixed with 

the corresponding solvent/buffer without ABTS•+. After 6 

min of reaction, absorbance was measured at 734 nm. 

Empty ZL-NPs were tested in parallel as a carrier control. 

Scavenging activity was calculated as Scavenging 

Activity (%) = [(Ablank − Asample)/Ablank] × 100, where 

Ablank is the absorbance of the blank control (radical 

solution plus solvent), and Asample is the absorbance of the 

radical solution mixed with sample; when sample 

background was non-negligible, the sample-control 

absorbance (sample without radical) was used to correct 

Asample accordingly. 

These two assays are complementary for 

encapsulation systems: DPPH uses a stable radical in an 

organic medium and is convenient for screening radical 

scavenging capacity, while ABTS•+ is applicable in both 

aqueous and organic environments and can be used to 

evaluate a broader range of antioxidant behaviors [28]. 

Together, they provide a practical assessment of whether 

encapsulation preserves antioxidant function and whether 

the antioxidant components remain accessible in the 

nanoparticle dispersion [29]. 

 

2.8. In Vitro Cytotoxicity and Cellular Uptake 

 

CCK-8 method [30] detects the cytotoxicity of free EUTF, 

empty ZL-NPs and ZL-EUTF-NPs to Caco-2 cells. The 

cells are plated in a 96-hole plate with a density of 1 × 10⁴ 

cells per hole and incubated for 24 hours. Then replace the 

culture medium with a fresh culture medium containing 

continuously diluted samples, with an equivalent EUTF 

concentration range of 10 to 200µg/mL. After 24 hours of 

incubation, CCK-8 reagents are added to each hole to 

measure the absorbance at 450nm wavelength. Compared 

with the untreated cells in the control group, cell vitality 

is expressed as a percentage. 

In cell uptake research, coumarin-6 was used as a 

fluorescent probe to replace EUTF. Inoculate Caco-2 cells 

on the 6-hole plate on the glass cover. After reaching 80% 

fusion, the cells incubate with ZL-NPs (coumarin-6 

concentration is 1µg/mL) loaded with coumarin-6 for 0.5, 

2 and 4 hours. Then the cells are cleaned, fixed, and 

nuclear anti-stained with DAPI. Use a fluorescence 

microscope (Leica DMI8, Wetzlar, Germany) to observe 

cell uptake. After incubating cells at the same time as 

fluorescent nanoparticles, quantitative intake was 

evaluated by flow cytometer (BD FACSCanto II, BD 

Biosciences, San Jose, CA, USA). 

 

2.9. Physicochemical Stability Study 

 

The optimised ZL-EUTF-NPs evaluates their long-term 

stability by storing water dispersions and freeze-dried 

powders at different temperatures: samples are stored for 

90 days at 4°C (refrigerated), 25°C (room temperature) 

and 40°C (acceleration conditions) respectively [31]. 

Check the physical appearance changes of the sample at 

the specified time points (0, 15, 30, 60 and 90 days), 

including aggregation and sedimentation, as well as 

particle size, PDI, zeta potential and flavonoid retention 

rate. The flavonoid retention rate is determined by 

calculating the percentage of EUTF that is still enclosed 

compared with the initial amount of day 0. Because this 

study aimed to isolate the effect of temperature, humidity 

and light exposure were not independently controlled or 

challenged; comprehensive stability profiling under ICH-

style humidity and photostability conditions is therefore 

proposed as future work. 

 

3. Results and Discussion 

 

3.1. Optimization of ZL-EUTF-NP Formulation 

 

The optimization of ZL-EUTF-NPs involved a systematic 

examination of the zein:lecithin (Z:L) mass ratio and the 

initial EUTF loading concentration. The anti-solvent 

precipitation method, based on the differential solubility 

of zein, was demonstrated to be a straightforward and 

efficient approach for nanoparticle fabrication [32]. The 

Z:L mass ratio plays a key role in controlling the self-

assembly process and determining the final properties of 

the hybrid nanoparticles. We created five formulations, 

maintaining constant biopolymer and EUTF 

concentrations, with Z:L ratios set at 1:0 (pure zein), 4:1, 

2:1, 1:1, and 1:2. Table 1 summarizes the results of 

particle size, PDI, zeta potential, EE, and LC, while Fig. 1 

provides a visual representation of these findings. 

The pure zein nanoparticles (Z:L ratio 1:0) exhibited a 

particle size of 248.6 ± 8.3 nm, which is relatively large, 

and a PDI of 0.31 ± 0.03, suggesting moderate 

polydispersity. Under pH ~6.0 conditions, the zeta 

potential was recorded at +12.4 ± 1.1 mV, slightly 

positive, which corresponds to the known isoelectric point 

(pI) of zein, generally around 6.2, indicating limited 

surface charge and implying weak colloidal stability that 

may lead to particle aggregation [33].  

The addition of lecithin, an anionic phospholipid, 

significantly influenced all the parameters that were 

measured. With the increase in lecithin proportion, the 

particle size first dropped to a minimum of 155.2 ± 5.2 nm 

at a Z:L ratio of 1:1, then rose slightly to 168.9 ± 6.1 nm 

at a 1:2 ratio.  

The initial reduction is likely due to lecithin's 

surfactant effect, which coats the surface of newly formed 

zein aggregates, thereby inhibiting their further growth 

and coalescence [34]. The slight rise at the maximum 

lecithin concentration might result from a thicker lecithin 

layer or increased incorporation of lecithin molecules into 

the particle structure [35]. 
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The addition of lecithin caused a notable decrease in 

the PDI value, which measures size distribution 

homogeneity, reaching a minimum of 0.18 at the 1:1 ratio 

from an initial 0.31, suggesting the creation of a more 

consistent and monodisperse nanoparticle group [36]. The 

zeta potential shifted from positive to highly negative 

values, reaching -35.6 ± 1.5 mV at the 1:1 ratio. The 

reversal of charge verifies that lecithin molecules 

effectively adsorbed and formed a coating on the surface 

of the zein nanoparticles, introducing a significant 

negative charge that improves colloidal stability via 

electrostatic repulsion [37]. A zeta potential exceeding 30 

mV in magnitude is typically regarded as a sign of 

exceptional long-term stability [38]. 

The addition of lecithin significantly enhanced both 

the encapsulation efficiency (EE) and loading capacity 

(LC). The encapsulation efficiency (EE) rose from 54.7 ± 

3.5% for pure zein nanoparticles to a maximum of 85.3 ± 

2.1% in the 1:1 formulation. Likewise, the LC increased 

from 5.5 ± 0.4% to 8.5 ± 0.2%. The enhancement results 

from the synergistic interaction among zein, lecithin, and 

the hydrophobic EUTF. The lecithin layer serves as a 

physical barrier to prevent drug leakage while also 

establishing a more lipophilic environment within the 

nanoparticle matrix, enhancing the entrapment of 

hydrophobic flavonoids via stronger hydrophobic 

interactions [8]. A Z:L mass ratio of 1:1 was selected as 

the optimal formulation for subsequent experiments 

because it resulted in the smallest particle size, lowest 

PDI, highest zeta potential magnitude, and greatest 

encapsulation efficiency. To determine the maximum 

drug loading capacity, different initial amounts of EUTF 

(5, 10, 15, and 20 mg, corresponding to EUTF:biopolymer 

mass ratios of 1:40, 1:20, 1:13.3, and 1:10) were used 

while keeping the optimal Z:L ratio of 1:1. The results are 

shown in Table 2 and Fig. 2. As the initial EUTF 

concentration increased, the particle size grew 

progressively from 145.1 nm to 180.5 nm. This is an 

expected phenomenon, as a higher amount of 

encapsulated material leads to a more compact and larger 

nanoparticle core [39]. The EE showed an interesting 

trend: it increased initially from 81.2% to 85.3% when the 

EUTF amount was raised from 5 to 10 mg but then slightly 

decreased to 82.5% and 78.4% at higher loadings. This 

suggests that the nanoparticle system has a saturation 

capacity; beyond a certain point (10 mg EUTF), the 

biopolymer matrix cannot efficiently entrap the excess 

drug, leading to a lower encapsulation efficiency [40]. In 

contrast, the loading capacity (LC) consistently increased 

with the initial EUTF amount, reaching a maximum of 

11.8 ± 0.5% at the highest concentration. For subsequent 

studies, the formulation with 10 mg of EUTF was chosen, 

as it provided the best balance of high EE and a reasonably 

high LC without a significant increase in particle size. 

Table 1. Effect of zein:lecithin (Z:L) mass ratio on the physicochemical properties of ZL-EUTF-NPs (mean ± SD, n=3) 

Z:L Ratio Particle Size (nm) PDI Zeta Potential (mV) EE (%) LC (%) 

1:0 248.6 ± 8.3 0.31 ± 0.03 +12.4 ± 1.1 54.7 ± 3.5 5.5 ± 0.4 

4:1 189.4 ± 7.2 0.25 ± 0.02 -18.9 ± 1.8 72.1 ± 2.8 7.2 ± 0.3 

2:1 165.7 ± 5.9 0.20 ± 0.02 -29.5 ± 2.0 81.5 ± 1.9 8.2 ± 0.2 

1:1 155.2 ± 5.2 0.18 ± 0.02 -35.6 ± 1.5 85.3 ± 2.1 8.5 ± 0.2 

1:2 168.9 ± 6.1 0.21 ± 0.03 -38.2 ± 1.7 86.1 ± 2.5 8.6 ± 0.3 

 

Figure 1. Impact of the zein:lecithin (Z:L) mass ratio on (A) Particle size and PDI, and (B) Zeta potential and Encapsulation Efficiency (EE) of ZL-EUTF-

NPs. Results are shown as mean ± SD (n=3) 

Table 2. Effect of initial EUTF loading on the properties of ZL-EUTF-NPs with a Z:L ratio of 1:1 (mean ± SD, n=3) 

Initial EUTF (mg) Particle Size (nm) PDI EE (%) LC (%) 

5 145.1 ± 4.8 0.17 ± 0.01 81.2 ± 2.5 4.1 ± 0.1 

10 155.2 ± 5.2 0.18 ± 0.02 85.3 ± 2.1 8.5 ± 0.2 

15 169.8 ± 6.5 0.22 ± 0.02 82.5 ± 2.9 10.3 ± 0.4 

20 180.5 ± 7.1 0.26 ± 0.03 78.4 ± 3.3 11.8 ± 0.5 
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Figure 2. Impact of initial EUTF loading on (A) Particle size and PDI, and (B) EE and Loading Capacity (LC) of ZL-EUTF-NPs (Z:L ratio = 1:1). The data 

are shown as mean ± SD (n=3) 

 
Figure 3. (A) Particle size distribution and (B) Zeta potential distribution of the optimized ZL-EUTF-NPs as measured by DLS 

 

3.2. Physicochemical Characterization of Optimized 

ZL-EUTF-NPs 

 

The optimized ZL-EUTF-NPs (Z:L ratio 1:1, 10 mg 

EUTF) were subjected to extensive characterization. 

DLS analysis of the optimized formulation revealed a 

unimodal size distribution with a mean hydrodynamic 

diameter of 155.2 ± 5.2 nm and a low PDI of 0.18 ± 0.02 

(Fig. 3A). The small size is advantageous for oral delivery 

as it can increase the surface area for dissolution and 

potentially enhance absorption across the intestinal 

epithelium. The low PDI value confirms the homogeneity 

of the nanoparticle suspension. The zeta potential was 

measured to be -35.6 ± 1.5 mV (Fig. 3B), indicating a 

highly stable colloidal dispersion resistant to aggregation 

due to strong inter-particle electrostatic repulsion. This 

negative charge is attributed to the orientation of the 

anionic phosphate groups of lecithin towards the outer 

aqueous phase [41]. 

The optimized ZL-EUTF-NPs were imaged using 

various techniques to observe their morphology. The 

TEM images in Fig. 4A showed spherical nanoparticles 

that were evenly dispersed, exhibiting no evidence of 

aggregation. The measured size matched the DLS results. 

At higher magnification (Fig. 4B), a distinct core-shell 

structure could be discerned, characterized by a darker 

core (zein and EUTF) and a lighter, less electron-dense 

surrounding layer (lecithin), which is in agreement with 

the proposed formation mechanism [42]. SEM analysis 

(Fig. 4C) of the lyophilized powder further confirmed the 

uniform, spherical morphology of the particles with 

smooth surfaces.  

Fig. 5 illustrates the application of FTIR to observe the 

interactions between components within the nanoparticle 

matrix. The pure zein spectrum showed distinct peaks for 

amide I (C=O stretching) and amide II (N-H bending) at 

1651 cm-1 and 1539 cm-1, respectively.  

Lecithin exhibited peaks at 2924 cm-1 and 2854 cm-1 

(C-H stretching of acyl chain), 1738 cm-1 (C=O ester 

stretching), and 1230 cm-1 (P=O stretching). The EUTF 

spectrum showed characteristic flavonoid peaks, with a 

broad O-H stretching band near 3400 cm-1 and multiple 

sharp peaks in the 1600-1000 cm-1 fingerprint region. For 

the physical mixture we see the individual peaks for all 3 

simply added on top of each other indicating that there 

was not much of a problem with one interacting with the 

others. The contrary happened to the spectrum of ZL-

EUTF-NPs. Zein and EUTFs broad O-H stretching band 
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has moved to a lower wavenumber and become wider, 

which shows that a lot of strong hydrogen bonds were 

formed. Following the encapsulation procedure, the amide 

I and II bands of zein shifted to 1656 cm-1 and 1545 cm-1, 

indicating changes in the secondary structure of the 

protein [42]. More importantly, all the distinctive 

characteristic peaks of EUTF in the fingerprint region 

were either greatly diminished or missing in the 

nanoparticle spectrum.  

The fact that these EUTF molecules have been 

successfully encapsulated inside the hydrophobic core of 

these nanoparticles is further evidenced by this, it would 

show that they are not crystalline but rather molecularly 

dispersed [43]. 

 

Figure 4. (A) Low-magnification TEM image, (B) High-magnification TEM image showing the core-shell structure, and (C) SEM image of the optimized 

ZL-EUTF-NPs 

 
Figure 5. FTIR spectra of pure zein, lecithin, EUTF, their physical mixture, and the optimized ZL-EUTF-NPs 
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Figure 6. (A) XRD patterns of pure EUTF, zein, lecithin, and lyophilized ZL-EUTF-NPs. (B) DSC thermograms of pure EUTF, zein, lecithin, and 

lyophilized ZL-EUTF-NPs 

 

XRD and DSC analyses were carried out to verify the 

physical state of EUTF in the nanoparticles. Fig. 6A 

shows the XRD pattern of pure EUTF powder, Zein and 

lecithin exhibited broad, amorphous halos in the 

analysis.The presence of numerous sharp and intense 

diffraction peaks indicates a highly crystalline structure. 

The analysis showed that zein and lecithin displayed 

broad, amorphous halos. The XRD pattern of the 

lyophilized ZL-EUTF-NPs showed a broad amorphous 

halo, similar to that of the empty nanoparticles, with no 

characteristic crystalline peaks of EUTF observed. This 

demonstrates that the encapsulation procedure converted 

the crystalline flavonoids into an amorphous form within 

the biopolymer matrix [44]. 

The DSC results shown in Fig. 6B provided supporting 

evidence for this finding. The DSC thermogram of pure 

EUTF showed a clear endothermic peak at 242°C, 

corresponding to its melting point. The thermogram of the 

ZL-EUTF-NPs showed no sign of this melting peak. The 

absence of the melting endotherm confirms that the EUTF 

is no longer in crystalline form but rather exists as a 

molecularly dispersed or amorphous solid solution within 

the nanoparticle core [45]. This amorphization is 

particularly beneficial because it enhances the dissolution 

rate and apparent solubility of poorly soluble flavonoids. 

 

3.3. In Vitro Release and Kinetics 

 

The release of EUTF from the nanoparticles was 

examined in vitro under conditions that mimic the human 

GI tract. Fig. 7A displays the cumulative release patterns 

of free EUTF, zein-EUTF nanoparticles, and the refined 

ZL-EUTF-NPs. Free EUTF exhibited a rapid burst 

release, with over 90% released within the first 2 hours in 

SGF. This rapid dissolution would likely lead to poor 

absorption and rapid clearance in vivo. In contrast, all 

nanoparticle formulations showed a significantly delayed 

and sustained release pattern. Specifically for the 

optimized ZL-EUTF-NPs, a very limited amount of EUTF 

(14.2 ± 1.8%) was released during the 2-hour incubation 

in SGF. This demonstrates the excellent protective effect 

of the zein-lecithin shell against the harsh acidic 

environment of the stomach, preventing premature 

degradation and release of the encapsulated flavonoids 

[46]. When the nanoparticles were transferred to SIF (pH 

6.8), a sustained release was initiated. This is because 

zein, which is largely insoluble at low pH, begins to swell 

and becomes susceptible to enzymatic degradation by 

pancreatin in the neutral pH of the intestine [47]. The 

cumulative release from ZL-EUTF-NPs reached 45.5% at 

6 hours and 72.8 ± 3.1% after 10 hours of total incubation. 

In SIF, the zein-only nanoparticles exhibited a quicker 

release than the zein–lecithin system, achieving nearly 

80% release within 6 hours. This supports that the 

lecithin-enriched outer layer increases the mass-transfer 

resistance at the particle–medium interface and therefore 

acts as an additional daying the outward diffusion of 

EUTF and producing a more extended release profile [48]. 

Notably, our SIF contains both pancreatin and bile salts, 

and the barrier effect of lecithin is expected to be dynamic 

rather than static in this intestinal-like environment. Bile 

salts can associate with phospholipids (e.g., 

phosphatidylcholine in lecithin) to form bile salt–

phospholipid mixed micelles/colloids, which can partially 

solubilize or reorganize phospholipid interfacial layers 

and thereby modify permeability over time [49]. In this 

context, we propose a time-dependent mechanism: (i) at 

the early stage after transfer to SIF, the lecithin shell 

remains sufficiently intact to provide an interfacial barrier 

and suppress burst release; (ii) as bile salts progressively 

interact with/extract lecithin into mixed colloidal 

structures, the shell may become more porous or thinner, 

increasing effective diffusivity and facilitating the 

sustained release observed at later time points [50]. This 

interpretation is consistent with the prolonged intestinal 

release of ZL-EUTF-NPs relative to zein-only particles 

and reinforces that lecithin contributes not only by ‘adding 

a barrier’, but also by enabling an intestinal-fluid–
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responsive interfacial reorganization that modulates the 

release rate [51]. To analyze the release mechanism of ZL-

EUTF-NPs in SIF, the experimental data were applied to 

four different kinetic models for evaluation (Table 3 and 

Fig. 7B).  

The Korsmeyer–Peppas model provided the best fit, 

with the highest correlation coefficient (R² = 0.995). This 

model is often used to describe release from polymeric 

systems. The calculated release exponent 'n' was 0.67. For 

a spherical system, an 'n' value between 0.43 and 0.85 

indicates an anomalous (non-Fickian) transport 

mechanism [52]. This suggests that the release of EUTF 

from the ZL-NPs is controlled by a combination of two 

mechanisms: Transport of the drug occurs via Fickian 

diffusion through the hydrated biopolymer network, 

alongside the erosion and degradation processes affecting 

the zein-lecithin polymer matrix. This intricate 

mechanism proves highly suitable for accomplishing 

sustained release within the intestinal environment [53].  

3.4. Bioactivity and In Vitro Cellular Studies 

 

The encapsulated flavonoids were evaluated for their 

antioxidant capacity through DPPH and ABTS assays. As 

shown in Figs. 8A and 8B, empty ZL-NPs exhibited 

negligible scavenging activity, confirming that the 

nanocarrier itself is not antioxidant. Free EUTF 

demonstrated strong radical scavenging activity, with 88.4 

± 3.1% for DPPH and 94.2 ± 2.5% for ABTS. The ZL-

EUTF-NPs showed slightly lower but still very high 

scavenging activities of 82.1 ± 2.8% (DPPH) and 89.5 ± 

3.0% (ABTS) at an equivalent EUTF concentration. This 

minor reduction might be due to the entrapment of some 

flavonoids within the nanoparticle core, making them less 

accessible to the radicals in the assay medium. 

Nevertheless, the results clearly indicate that the 

encapsulation process largely preserved the intrinsic 

antioxidant activity of the EUTF which is crucial for their 

intended biological function. 

 

Table 3. Release kinetic model fitting results for EUTF release from optimized ZL-EUTF-NPs in SIF 

Model Equation R² Rate Constant (k) Release Exponent (n) 

Zero-order Qₜ = k₀t 0.892 5.85 h⁻¹ — 

First-order ln(100 − Qₜ) = −k₁t 0.956 0.14 h⁻¹ — 

Higuchi Qₜ = kₕt¹ᐟ² 0.978 21.61 h⁻¹ᐟ² — 

Korsmeyer–Peppas Qₜ/Q∞ = ktⁿ 0.995 0.25 h⁻ⁿ 0.67 

 

Figure 7. (A) Cumulative release patterns of free EUTF, zein-EUTF nanoparticles, and optimized ZL-EUTF nanoparticles in SGF (0–2 h) and SIF (2–10 

h). Data are presented as mean ± SD (n=3). (B) The release of EUTF from optimized ZL-EUTF-NPs in SIF was analyzed using the Korsmeyer-Peppas 

model 

Figure 8. (A) Free EUTF, empty ZL-NPs, and ZL-EUTF-NPs exhibit DPPH radical scavenging activity. (B) Free EUTF, empty ZL-NPs, and ZL-EUTF-

NPs demonstrate ABTS free radical removal activity 
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Figure 9. (A) Cytotoxicity assessment of free EUTF, empty ZL-NPs, and ZL-EUTF-NPs on Caco-2 cells after 24h incubation using the CCK-8 assay. Data 

are presented as mean ± SD (n=3). (B) Fluorescence microscopy images show Caco-2 cells at 0.5, 2, and 4 hours of incubation with Coumarin-6-loaded ZL-

NPs. (Blue: DAPI-stained nuclei; Green: Coumarin-6-loaded NPs). Scale bar: 20 µm. (C) Time-dependent cellular uptake of Coumarin-6-loaded ZL-NPs 

in Caco-2 cells measured by flow cytometry 

 

The biocompatibility of the nanocarriers is a 

prerequisite for their use in food and medicine. The 

formulations' cytotoxicity was assessed using Caco-2 

cells, which serve as a typical model for the human 

intestinal epithelium. As shown in Fig. 9A, the empty ZL-

NPs were found to be non-toxic, with cell viability 

remaining above 95% even at the highest tested 

concentration (equivalent to 1 mg/mL of biopolymers), 

confirming the excellent biocompatibility of the zein-

lecithin carrier. Both free EUTF and ZL-EUTF-NPs 

exhibited low cytotoxicity, with cell viability remaining 

above 85% across the entire concentration range tested 

(10–200 µg/mL EUTF equivalent). This indicates that the 

developed nanoparticle system is safe for potential oral 

administration. 

To investigate whether the nanoparticles could be 

internalized by intestinal cells. Cellular uptake studies, 

both qualitative and quantitative, were conducted using 

Coumarin-6 as a fluorescent marker. The fluorescence 

microscopy images in Fig. 9B clearly show that after 

incubation with Caco-2 cells, a time-dependent increase 

in green fluorescence was observed within the cytoplasm. 

Minimal fluorescence was seen at 0.5 hours, but it became 

much more intense at 2 and 4 hours, indicating that the 

cells gradually absorbed the nanoparticles over time. The 

fluorescence was primarily localized in the perinuclear 

region of the cytoplasm, suggesting an endocytic uptake 

pathway. 

The quantitative analysis by flow cytometry (Fig. 9C) 

confirmed these observations. Cells treated with 

coumatin-6 loaded with ZL-NPs showed a notable 

increase in mean fluorescence intensity as time 

progressed, from a baseline level to a nearly 15-fold 

increase after 4 hours of incubation. This efficient cellular 

internalization is a key advantage of the nanosystem, as it 

can facilitate the transport of the poorly permeable 

flavonoids across the intestinal barrier, potentially leading 

to enhanced oral bioavailability. 

Although the present work did not include uptake-

inhibition assays, the observed time-dependent 

internalization can be discussed in the context of 

established nanoparticle uptake pathways in intestinal 

epithelial models. In Caco-2 cells, nanoparticle entry is 

commonly dominated by energy-dependent endocytosis, 

with contributions from clathrin-mediated endocytosis, 

caveolae/lipid raft-mediated uptake, and 

macropinocytosis depending on particle size, surface 

chemistry, and charge [54]. Our ZL-EUTF-NPs show a 

hydrodynamic diameter of ~155 nm and a strongly 

negative surface potential (~ −35 mV), features that 

typically favor endocytic internalization over passive 

diffusion and can bias uptake toward specific vesicular 

routes rather than direct membrane permeation [55]. In 

addition, the lecithin-enriched surface introduces 

phospholipid motifs that can enhance interactions with 

cell membranes and lipid-raft domains, providing a 

plausible basis for partial involvement of caveolae/lipid 

raft-associated pathways, while the observed perinuclear 

fluorescence distribution is compatible with endosome 

maturation and trafficking along microtubules toward the 

perinuclear region [54]. Similar Caco-2 studies on 

nanoformulations frequently report mixed contributions 

of clathrin-dependent endocytosis, caveolae-mediated 

uptake, and macropinocytosis, reinforcing that multiple 

routes may operate simultaneously for particles in this size 

regime [56]. 

To strengthen mechanistic certainty in future work, we 

will incorporate a preliminary pathway-verification 

design widely used in the field, including uptake 

comparison at 37 °C versus 4 °C (energy dependence) and 

pharmacological inhibition (e.g., chlorpromazine for 

clathrin-mediated endocytosis, genistein/filipin for 

caveolae/lipid raft-associated uptake, and amiloride for 

macropinocytosis), combined with colocalization markers 

for early/late endosomes and lysosomes to map 

intracellular fate.  

The mechanistic framing above follows the broader 

principle that interpreting nanoparticle–cell interaction 

benefits from linking observed uptake phenotypes to 

physicochemical design rules and testable pathway 

hypotheses; the reviewer-suggested Accounts of 

Chemical Research article is valuable in this respect as a 

recent perspective emphasizing mechanism-guided 

evaluation of nanoparticle–membrane interactions [57]. 
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3.5. Physicochemical Stability 

 

The long-term stability of the ZL-EUTF-NPs is critical for 

their practical application and shelf-life. The stability of 

aqueous dispersions and lyophilized powders was 

assessed over 90 days at temperatures of 4°C, 25°C, and 

40°C. 

As shown in in Table 4, the nanoparticles stored as an 

aqueous dispersion at 4°C demonstrated excellent 

stability. No significant changes (p > 0.05) were observed 

in particle size, PDI, or zeta potential during the 90-day 

period. The flavonoid retention also remained very high, 

at 94.5 ± 2.6% of the initial amount. At 25°C, slight 

changes were observed, with the particle size increasing 

to 185.3 nm and flavonoid retention dropping to 85.1 ± 

3.0% after 90 days. As expected, the stability was poorest 

at 40°C (accelerated condition). Significant aggregation 

occurred, with the particle size increasing to over 350 nm 

and the PDI exceeding 0.4, indicating a heterogeneous and 

unstable system. The flavonoid retention at 40°C fell 

sharply to 61.7 ± 4.1%, likely due to thermal degradation 

of the flavonoids and destabilization of the nanostructure 

[58]. These results confirm that refrigeration (4°C) is the 

optimal condition for storing the aqueous nanoparticle 

dispersion. 

The lyophilized powder of ZL-EUTF-NPs showed 

excellent stability at both 4°C and 25°C. After 90 days, 

the powders could be easily redispersed in water to form 

a uniform suspension (Fig. 10). The re-dispersed 

nanoparticles exhibited physicochemical properties (size, 

PDI, zeta potential) that were nearly identical to the 

freshly prepared ones, indicating that Lyophilization 

serves as a reliable method for extending the formulation's 

shelf-life over an extended period. 

Table 4. Physicochemical properties of ZL-EUTF-NPs after 90 days of storage as an aqueous dispersion at different temperatures (mean ± SD, n=3) 

Temp. (°C) Particle Size (nm) PDI Zeta Potential (mV) Flavonoid Retention (%) 

Initial (Day 0) 155.2 ± 5.2 0.18 ± 0.02 -35.6 ± 1.5 100 

4°C 158.1 ± 5.5 0.19 ± 0.02 -34.9 ± 1.8 94.5 ± 2.6 

25°C 185.3 ± 9.1 0.28 ± 0.03 -28.1 ± 2.2 85.1 ± 3.0 

40°C 351.6 ± 25.4 0.42 ± 0.05 -15.7 ± 2.5 61.7 ± 4.1 

 

Figure 10. Visual appearance of (A) lyophilized ZL-EUTF-NP powder and its redispersed solutions after storage for 90 days at (B) 4°C and (C) 25°C 

4. Conclusion 

 

This study successfully created a new oral delivery system 

for total flavonoids from Eucommia ulmoides leaves by 

using zein–lecithin hybrid nanoparticles for 

encapsulation. The preparation of nanoparticles involved 

a straightforward and scalable anti-solvent co-

precipitation technique, with the formulation refined to 

attain favorable physicochemical properties. The 

optimised ZL-EUTF-NPs is a spherical nuclear shell 

structure with a particle size of about 155 nm, a narrow 

distribution, a surface charge of -35.6 mV, and an 

encapsulation efficiency of more than 85%. 

Comprehensive material characterization confirmed that 

the crystalline flavonoids were successfully converted 

into an amorphous state and entrapped within the 

hydrophobic core of the nanoparticles through non-

covalent interactions. 

The developed nanocarrier demonstrated significant 

advantages for oral delivery. It effectively protected the 

encapsulated EUTF from the acidic conditions of the 

stomach and provided a sustained, controlled release in a 
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simulated intestinal environment, it is a joint effect of 

diffusion and polymer erosion. Importantly, the 

encapsulation process retains the high antioxidant activity 

of flavonoids. The nanocarrier itself was proven to be 

biocompatible and non-toxic to intestinal Caco-2 cells and 

demonstrated efficient cellular internalization, which is a 

crucial factor for improving oral bioavailability. Finally, 

the ZL-EUTF-NPs exhibited excellent long-term 

physicochemical stability, particularly when stored under 

refrigeration or as a lyophilized powder. 

In general, these findings emphasise the great potential 

of corn-lecithin mixed nanoparticles as a powerful and 

effective platform for oral delivery of insoluble natural 

compounds (such as EUTF). This nanoencapsulation 

strategy offers a promising solution to enhance the 

stability, control the release, and potentially improve the 

bioavailability of Eucommia ulmoides flavonoids, so as to 

expand its application in the development of advanced 

functional foods, nutritional health care products and 

drugs. 
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