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improved its stability and bioavailability 

Xin Huang , Tuoping Li *, Suhong Li ** 

College of Food Science, Shenyang Agricultural University, Shenyang, 110866, China   

A R T I C L E  I N F O   

Keywords: 
Nanoencapsulation 
Intestinal perfusion 
In vitro digestion 
Intestinal absorption 

A B S T R A C T   

To improve the solubility, stability, and bioavailability of vitexin-rhamnoside (VR) isolated from hawthorn, it 
was encapsulated by the zein-pectin nanoparticles system. When the mass ratio of zein to pectin was 1:4, the 
particle size of nanoparticles was 222.7 nm, and the encapsulation efficiency of VR was 67%. Analysis with the 
scanning electron microscope (SEM), fourier transform infrared spectroscopy (FTIR) and atomic force micro
scopy (AFM) revealed that the zein-VR-pectin nanoparticles were spherical and uniformly distributed. The 
hydrogen bonding and electrostatic interactions were the main forces to assemble the nanoparticles. The 
nanoparticle had good stability at pH 3–8.5 with particle sizes ranging from 234 to 251 nm, and the nano
particles were able to resist the relatively lower ionic strength. In vitro simulated digestion and rat in vivo in
testinal perfusion experiments showed that the nanoparticles exhibited significant slow-release properties and 
the highest absorption rate in the duodenal segment of rats, with Ka and Papp of 0.830 ± 0.11 and 17.004 ±
1.09. These results provided a theoretical and technological approach for the construction of flavonoids delivery 
system with slow-release properties and improved bioavailability.   

1. Introduction 

Hawthorn (Crataequs pinnatifida), a famous rosaceous plant with 
beautiful flowers, is distributed worldwide and is cultivated and utilized 
as an important fruit in China for thousands of years. It also has been 
used as a food and medicinal homologous fruit in China, because of its 
multiple health benefit functionalities (Li et al., 2017). The major 
functional compounds in hawthorn are the flavonoids (Hou et al., 2020), 
and in which, vitexin-rhamnoside (VR) is the main bioactive component 
identified in our previous work (Huang et al., 2022) and the other 
research (Liang et al., 2007). VR has been proved to have multiple ef
fects on treating hyperlipidemia, inhibiting α-glycosidase activity and 
increasing myocardial blood and oxygen supply, etc. (Zhu et al., 2006; Li 
et al., 2009). However, the stability of VR is lower which will restrict its 
processibility and absorbability in the body (Ying et al., 2007). It is also 
sensitive to changes in the external environment and is easily destroyed 
by gastric acid, resulting in low bioavailability and poor intestinal ab
sorption due to its poor mucosal permeability (Lu et al., 2013). 

Nanoencapsulation is widely regarded as a valuable method for 
improving the stability and functionality of bioactive substances (Fathi 

et al., 2018; Livney et al., 2003). Naturally occurring biomolecules, such 
as polysaccharides and proteins, are biocompatible, low immunogenic, 
non-toxic, and biodegradable, and therefore suitable for encapsulating 
bioactive substances (Assadpour, 2017). Preparation of nanoparticles of 
polysaccharides and proteins with hydrogen bonding and hydrophobic 
interactions to encapsulate bioactive substances can enhance their sol
ubility and inhibit the oxidative breakdown in the gastrointestinal tract, 
sequentially increasing the absorption and bioavailability of such 
bioactive substances (Crini, 2019). Currently, a variety of techniques, 
such as solvent coprecipitation, pH-driven, solvent evaporation, and 
anti-solvent, have been established to assemble protein-polysaccharide 
complexes (Feng et al., 2020). The preparation of nanoparticles by 
anti-solvent is the most reported method, which is due to its simplicity 
and cost-effectiveness (Kaptay, 2012). The antisolvent method can be 
used for the preparation of nanoparticles not only of organic synthetic 
molecules but also mostly for the preparation of natural polyphenols (Ji 
et al., 2020). 

Zein is generally perceived as a self-assembling material with non- 
sensitizing, adhesion, good film-forming characteristics, and biocom
patibility (Luo and Wang, 2014). Changing the solvent polarity can 
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induce the conformation change of the zein molecule, thus finally 
forming the nano-spherical particles. Based on these structural and 
functional properties, many zein-based nanoparticles have been suc
cessfully prepared (Chen et al., 2018; Sun et al., 2015). However, zein 
tends to be unstable and aggregation under high salt, high heat, or pH 
value near the isoelectric point (Patel et al., 2010). The main way to 
solve these problems is to add some stabilizers such as polysaccharides 
(Liu et al., 2020). Pectin, a complex polysaccharide widely existing in 
the plant cell wall, is a hydrophilic natural polymer with many func
tional properties. It is often used as a thickener, stabilizer, gelling agent, 
and the delivery carrier (Willats et al., 2006; Neufeld and Bianco-Peled, 
2017). The pectin/zein core-shell nanoparticle has been constructed as a 
delivery carrier to improve the antioxidant activity of resveratrol 
(Huang et al., 2017). It has also been stated that the presence of pectin is 
beneficial to enhance the absorptivity of flavonoids in the body (Sie
mińska-Kuczer et al., 2022). On the other hand, pectin also can remain 
intact in the gastrointestinal environment and be utilized by microor
ganisms in the colon (Teixe-Roig et al., 2020). Based on these advan
tages, the objective of the current research was to construct a 
zein-VR-pectin nanoparticle delivery system for loading and 
improving the stability and in vivo bioavailability of VR. 

2. Materials and methods 

2.1. Materials 

Hawthorn fruit (Crataegus pinnatifida, variety of Mengyin dajinxing) 
was collected from the National Germplasm Resources Garden of 
Hawthorn located at Shenyang Agricultural University. After removing 
the core, the hawthorn was freeze-dried and ground as powder with a 
high-speed grinder and sieved through 40 mesh. Hawthorn flavonoids 
were extracted from hawthorn powder with 60% ethanol at 50 ◦C. 

Vitexin-rhamnoside was isolated and purified by HP-20 macroporous 
resin (column, 2 × 20 cm; eluent, 70% ethanol) and semi-preparative 
liquid chromatography (LC-3000 liquid chromatography system (Shi
madzu, Japan) equipped with a SHIMADZU ODS column (20 × 250 
mm); mobile phases were 0.1% formic acid in water (A) and 0.1% formic 
acid in acetonitrile (B); the elution program was 0–55 min of 95%–0% 
phase A and 55–60 min of 100% phase B. The purity of VR was more 
than 95% measured by high-pressure liquid chromatography (Waters H- 
Class High-Performance Liquid Chromatograph (Waters, USA); a 
Thermo AQUASIL C18 column (4.6 × 250 mm) was used with the sol
vent of 0.1% formic acid in water and 0.1% formic acid; the elution 
program was same as the condition of semi-preparative liquid chroma
tography mentioned above). 

Zein was purchased from Yifa Biotech Co., Ltd. Apple, citrus, and 
sunflower pectin were obtained from Fuyuan pectin Co., Ltd. Other 
chemical reagents used were of analytical grade. 

2.2. Preparation of zein-VR-pectin nanoparticles 

Zein-VR-pectin nanoparticles were prepared by the anti-solvent 
precipitation method. Zein and vitexin-rhamnoside were dissolved in 
ethanol and stirred at 600 rpm for 2h. The apple, citrus, and sunflower 
pectin was dissolved in hot water and stirred for 2h, respectively (The 
mass ratio of different pectin and zein was 1:1). The ethanol solution of 
zein and vitexin-rhamnoside was poured into the pectin solution in a 
uniform trickle and stirred at 600 rpm for 5h. After that, ethanol was 
removed by rotary evaporation (60 ◦C) and supplemented to the original 
volume with distilled water to obtain nanoparticles. The schematic di
agram of the preparation of zein-VR-pectin nanoparticles was shown in 
Fig. 1. 

2.3. Nanoparticle characterization 

2.3.1. Zeta potential measurements and particle size 
Zeta potential (mV), particle size (nm), and PDI were measured by 

the Zetasizer nano potentiometer (NanoZS90, Malvern Instruments Ltd.) 
at 25 ◦C (Liu et al., 2021). 

2.3.2. Encapsulation efficiency 
Exactly 1 mL of the freshly prepared nanoparticles dispersion was 

mixed with 5 mL anhydrous ethanol, followed by ultrasonication for 10 
min to extract VR, then centrifuged at 4000 rpm for 10 min, the pre
cipitates were extracted again in the same way. The supernatant was 
collected and combined. The VR content was detected by a UV spec
trophotometer (Beijing, China) at 334 nm, and calculated by the 
following equation: Y = 0.057X+0.0268 (R2 = 0.9992), where X was the 
concentration of VR (μg/mL), Y was the absorbance at corresponding 
wavelengths. The encapsulation efficiency was calculated as equation 
(1)(Niu et al., 2021): 

Encapsulation efficiency(%)=
mass of VR in nanoparticles

total mass of VR used
(1)  

2.4. Scanning electron microscopy (SEM) 

The morphology of nanoparticles was analyzed by scanning electron 
microscopy (Tianmei, China). The freeze-dried nanoparticles were fixed 
on the double-sided tape installed on the aluminum column, coated with 
the platinum film under vacuum, and placed in the SEM 10 kV accel
erating voltage low vacuum mode to observe the amplified sample 
structure (Torres et al., 2017). 

2.5. Atomic force microscopy (AFM) 

AFM images of Zein-VR-pectin nanoparticles were taken using a 
Hitachi AFM-5500M atomic force microscope (Hitachi Ltd., Tokyo, 

Fig. 1. The schematic diagram for the preparation of zein-VR-pectin nanoparticles.  

X. Huang et al.                                                                                                                                                                                                                                  



Current Research in Food Science 6 (2023) 100419

3

Japan) equipped with a fully addressable 4-inch stage, which eliminated 
the requirement for sample remount. The Zein-VR-pectin nanoparticles 
were dissolved in deionized water to prepare an aqueous solution of 5 
mg/mL 10 μl solution was dropped onto the clean mica plate and dried 
naturally. Tap-mode was selected for AFM imaging analysis (NX20, 
Bruker Co., USA) (Zhao et al., 2020). 

2.6. Fourier transform infrared spectroscopy (FTIR) 

Samples were loaded on the dried KBr and subjected to Fourier 
transform infrared spectra (Tianjin Tuopu Instrument Co., China) with a 
scan wave range of 4000-400 cm− 1 and a resolution of 2 cm− 1 (Rampino 
et al., 2016). 

2.7. Stability analysis 

2.7.1. pH stability 
The freshly prepared colloidal suspension was mixed with 10 mM 

citric acid phosphate buffer (pH 3.0–8.5). If necessary, the pH of the 
mixture was adjusted by 1 mol/L NaOH or HCl. The change in particle 
size of nanoparticles was detected. 

2.7.2. Salt ion stability 
Zein-VR-pectin nanoparticles were added into a 0–0.6 mol/L NaCl, 

KCl, MgCl2, and CaCl2 solutions, respectively, and stood at room tem
perature for 24 h. The average particle size, PDI, and zeta potential of 
the samples were measured. 

2.8. In vitro digestion of zein-VR-pectin nanoparticles 

0.1g nanoparticles were dissolved in 20 ml distilled water and stirred 
for 1h. The nanoparticles dispersions were then mixed with 20 mL of 
simulated gastric fluid (double distilled water adjusted to pH 2.0 with 
HCl, containing 50 mM NaCl, and 7000U/mL pepsin). The mixtures 
were adjusted to pH 2.0 and digested at 37 ◦C for 2h. After gastric 
digestion, digestive juices were adjusted to pH 7.0 with 1.0 M NaOH. 
The gastric digestive juice was then added to simulated intestinal fluid 
and digested at 37 ◦C for 4h with the pH values of the digestion stage at 
7.0. The release of vitexin-rhamnoside was measured every 1h (Zhao 
et al., 2020). 

2.9. In vivo intestinal perfusion experiment in rats 

The animal experiments were conducted following a guideline 
approved by the Experimental Animal Commission of Shenyang Agri
cultural University, the IACUC number protocol is 2022030702. This 
protocol conforms with the “Guiding Principles in the Care and Use of 
Animals (China)” for the care and use of laboratory animals. Four-week- 
old SD female rats (Beijing Huafukang Biotechnology Co., Ltd.) with a 
body weight of 200 ± 20 g were ready for use after quarantine. After a 
week of acclimatization, the rats were fasted for 18 h (free drinking 
water) and anesthetized by intraperitoneal injection of urethane solu
tion (1 g/kg) with the appropriate dose, to ensure that the duration of 
deep anesthesia was enough for excremental operation. After the rat 

Fig. 2. In vivo intestinal perfusion model of rats.  

Fig. 3. Effect of the different pectin (apple, citrus, sunflower) on the size, PDI 
(A), and zeta-potential (B) of the composite nanoparticles. Different letters 
indicate significant differences between samples (p < 0.05). 
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went into deep anesthesia, the abdominal cavity was opened, and in
testinal perfusion experiments were performed on the duodenum, 
jejunum, and ileum, respectively, with 10 cm of each section of the in
testine (Fig. 2). The plastic tubing was set at both ends of the small in
testine to connect the intestine and sample solution. The intestinal 
contents were washed with normal saline and then perfused in the 
sample solution at 0.3 ml/min for 2h. The constant temperature of the 
entire process was 37 ◦C. During the experiment, the rats were moni
tored in real-time whether they maintain a deep anesthesia state by the 
skin pinch reaction, corneal reflex, and respiratory rate. In case there 
were signs of pain and awakening, urethane solution will be immedi
ately supplemented to keep the deep-anesthesia. At the end of the 
experiment, the rats were euthanized with an overdose of anesthetic. 
The weight method was used to correct the volume of circulating fluid in 
this experiment. The residual content of VR was measured, and the 
absorption rate constant (Ka), apparent permeability coefficient (Papp), 
and cumulative absorption (A) of vitexin-rhamnoside were calculated as 
equations (2) and (3) (Ying et al., 2007). 

Ka =

(

1 −
Cout

Cin
×

Vout

Vin

)

×
Qin

πr2L
(2)  

Papp=
− Qin ln Cout

Cin
× Vout

Vin

2πrL
(3)  

2.10. Statistical analysis 

All experiments were repeated at least three times. The data were 
analyzed by ANOVA with SPSS 26.0 software (SPSS Inc., Chicago, IL, 
USA). P < 0.05 was regarded as statistically significant and p < 0.01 as 
very significant. 

Fig. 4. Effect of the zein to pectin mass ratio on the size and encapsulation 
efficiency (EE) (A) and Zeta-potential (B) of zein-VR-pectin nanoparticles. 
Different letters indicate significant differences between samples (p < 0.05). 

Fig. 5. SEM images of the Zein-Pectin nanocarriers with a magnification of 
100k (A), and Zein-VR-Pectin nanocarriers with a magnification of 50k (B), 
100k (C). 
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3. Results and discussion 

3.1. Effect of the pectin to zein mass ratio on the mean size, PdI, and zeta- 
potential of zein-VR-pectin nanoparticles 

The behaviors of different pectin on the composite nanoparticles 
were investigated (Fig. 3). The nanoparticles prepared with apple pectin 
were smaller in size and PDI, and the nanoparticles were more uniformly 
distributed, compared with those prepared with citrus pectin and sun
flower pectin. Therefore, apple pectin was chosen for the subsequent 
experiments. 

The effect of different mass ratios of zein/pectin on the size and 
encapsulation efficiency were shown in Fig. 4A. The particle size grad
ually decreased but the encapsulation efficiency gradually increased 
with the ratio of zein and pectin varied from 3:1 to 1:3, then tend to be 
stable, indicating that the size of nanoparticles was depended on the 
pectin concentration. A small amount of pectin on the surface of zein 
was not enough to resist the aggregation of zein, resulting in relatively 
larger particle size of zein-VR-pectin nanoparticles (Hu and McCle
ments, 2015). With the increase of pectin concentration, the surface 
negative charge of nanoparticles gradually increased, and the electro
static repulsion was enhanced to inhibit the aggregation of particles (Dai 
et al., 2018). 

Meanwhile, the ζ-potential of nanoparticles was also decreased with 
the increase in the mass ratio of pectin/zein (Fig. 4B). With the increased 
of pectin, more pectin molecules were adsorbed to the surface of 
nanoparticles, which maked its negative ζ-potential increased, and the 
stability of the particles increased due to classical repulsion until the 
pectin adsorption on the particle surface reaches saturation (1:5) when 
the potential of the particles no longer decreased and formed a stable 
dispersion (Peinado et al., 2010). 

In addition, the maximum encapsulation efficiency of VR was found 
at a mass ratio of 1:4. Together with the above results, the zein/pectin of 
1:4 was considered a suitable ratio to prepare the zein-VR-pectin 
nanoparticles with the encapsulation efficiency of 67.6%. 

3.2. SEM and AFM characterization of zein-VR-pectin nanoparticles 

The SEM of zein-VR-pectin nanoparticles were shown in Fig. 5A and 
B. The composite nanoparticles were spherical in shape, uniform in size, 
and tightly bound. Most of the particles ranged from 100 to 200 nm, and 
there were also a few particles with smaller particle size. This was due to 
the particles existed in the dry state by SEM, so the particle size 
measured by the laser particle sizer was slightly larger than that by SEM. 
When the particles existed in the solution, the surface was covered by a 
hydration layer. In the process of natural drying, the surface water 
volatilized into the air, the nanoparticles would have obvious water loss 
shrinkage (Wang et al., 2013; Zhu et al., 2013). Compared with 
Zein-pectin blank particles (Fig. 5C), the addition of VR seemed did not 

cause changes in particle morphology. This phenomenon was similar to 
zein-resveratrol -chitosan in that the loading of resveratrol also would 
not alter the morphology of zein-chitosan nanoparticles (Khan et al., 
2021). 

From the AFM (Fig. 6) images, the zein-VR-pectin nanoparticles 
showed a monodisperse distribution. The aggregation height of the 
nanocarriers was 163 nm. The micelle size observed at this time was 
smaller than that of the micrometer because of protein dehydration 
during AFM sample preparation. This was consistent with the SEM 
results. 

3.3. FT-IR spectrometry 

According to the FT-IR spectrum in Fig. 7, VR had infrared absorp
tion peaks at 3273.2, 1599, and 1021.9 cm− 1, which are due to the C–H 
bond stretching, C–C stretching, and C–O bond stretching vibration, 
respectively (Patle et al., 2020). And VR sample has a weak absorption 
peak at 2925.5 cm-1, which is an antisymmetric stretching vibration 
peak of the methylene C–H bond. zein exhibited obvious infrared ab
sorption peaks at 3447.53, 1646.7, 1456.65, and 1352.40 cm− 1, which 
are attributed to the N–H bond vibration stretching, C–O stretching 
(amide I), NH2 in-plane deformation vibration (amide II) and C–N bond 
stretching vibration (amide III), respectively (Hu et al., 2015). Peaks at 
1650 cm− 1 and 1734 cm− 1 were the characteristic free and esterified 
carboxyl groups of pectin, respectively (Yan et al., 2017). The peaks 
between 1100 and 1200 cm− 1 were assigned to the C–O–C and C–C 

Fig. 6. AFM images of zein-VR-pectin nanoparticles in a two-dimensional plane (A) and three-dimensional morphology (B).  

Fig. 7. FTIR of VR, zein, pectin, Zein-Pectin, and Zein-VR-Pectin.  

X. Huang et al.                                                                                                                                                                                                                                  



Current Research in Food Science 6 (2023) 100419

6

bonds of pectin. Compared with zein, the nanoparticles of zein-pectin 
shifted the N–H bond peak from 3447.53 to 3402.3 cm− 1, indicating 
that there was a hydrogen bond interaction formed between zein and 
pectin (Sun et al., 2017). The peaks of C–O stretching (amide I) and C–N 
stretching vibration were also shifted to 1635.75 and 1350.4 cm− 1, 
respectively. That might be caused by the electrostatic interactions be
tween zein and pectin (Wang et al., 2020). 

After loading of VR to the zein-pectin nanoparticles, the intensity of 
peaks at 1386.5 and 1350.4 cm− 1 was significantly decreased, which 
might be due to the spatial conformation changes caused by molecule 
interactions of VR and zein with the hydrogen bond and hydrophobic 
interaction, resulting in the reduced or disappeared infrared absorption 
intensity (Livesay et al., 2008). Meanwhile, the characteristic peaks of 
VR at 1021.9 and 1243.4 completely disappeared, which proved that VR 
was completely embedded in nanoparticles. These results also suggested 
that there were not only hydrogen bonds but also electrostatic and hy
drophobic interactions that functioned in the formation of 
zein-VR-pectin nanoparticles. 

3.4. Effect of pH and salt ions on the stability of nanoparticles 

The variation of zein-VR-pectin nanoparticle size with pH were 

shown in Fig. 8A. The zein-VR-pectin nanoparticle showed the excellent 
stability against aggregation at pH 3–8.5 with particle sizes ranging from 
234 to 251 nm. Minimum particle size of 222 nm was obtained at pH 5. 
The particle size was almost the same as that of the original dispersion, 
showing no sign of particle destabilization. 

The effect of salt ions on the stability of zein-VR-pectin nanoparticles 
were shown in Fig. 8B–E. The particle size and PDI of nanoparticles were 
concentration-dependently increased with the increase of salt ion con
centrations. Whether monovalent ions or divalent ions, the increase 
slops were much higher at higher ion concentrations (0.8 mol/L for 
Ca2+, and 2.0 mol/L for Na+, K+, and Mg2+ ions) than those at lower 
concentrations, indicating that zein-VR-pectin nanoparticles was able to 
resist to the relatively lower ionic strength. Additionally, zein-VR-pectin 
nanoparticles seemed to be more sensitive to Ca2+ ions than other ions 
used here. 

3.5. In vitro gastrointestinal digestion of zein-VR-pectin nanoparticles 

Effective protection and sustained release of bioactive compounds in 
the gastrointestinal digestive system are essential for the evaluation of 
food carriers (Hou et al., 2014). The in vitro gastrointestinal digestion of 
Zein-VR-Pectin nanoparticles was shown in Fig. 9. In the gastric juice, 

Fig. 8. Effect of the pH value on the size of zein-VR-pectin nanoparticles(A), and effect of salt ion stability (B. NaCl, C. KCl, D. MgCl2, E. CaCl2) on size and PDI of 
zein-VR-pectin nanoparticles. Different letters indicate significant differences between samples (p < 0.05). 
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the release rate of VR in the nanoparticles was 7.4%. However, it in the 
intestinal fluid raised to 51%, significantly higher than that in simulated 
gastric fluids. 

The free VR is unstable and its bioavailability also is very low in the 
body, since it is very easily destroyed by gastric acid, thus difficult to 
enter the small intestine to be absorbed and utilized (Lu et al., 2013). 
After being encapsulated in the core-shell structure of zein-pectin 
nanoparticles, the VR effectively resisted the destruction of gastric 
acid and pepsin that 92.6% VR was retained in the zein-pectin nano
particles, and could be allowed to flow into the small intestine for use. 
The small intestine is an important organ for the absorption of nutrients 
and functional substances. When the zein-VR-pectin nanoparticles 
passed into the intestine, the altered pH environment enabled it to alter 
its "shell" structure to slowly release the target component VR from 
zein-VR-pectin nanoparticles in the intestine (Li and Yu, 2020), such 
structural changes and sustained release properties were expectant and 
beneficial for absorption and utilization of VR in the body. Such 
core-shell encapsulation systems were also well used to improve the in 
vivo absorption rate and bioavailability of functional substances. For 
example, quercetin was subjected to the zein-Que-HA encapsulation 
system to improve its intestinal absorption rate, and this nanoparticle 
system with the sustained release properties has enhanced the absorp
tion and bioavailability of Quercetin (Chen et al., 2019). 

3.6. Intestinal absorption of zein-VR-pectin nanoparticles in situ of rats 

It is generally accepted that the in vivo absorption experiment can 

ensure the activities of digestive enzymes in the intestinal contents 
(Dahlgren et al., 2020). The absorption capacity of a substance in the 
intestine is mainly evaluated by the intestinal wall permeability of the 
substance, such as the absorption rate constant (Ka) and the apparent 
permeability coefficient (Papp). Generally, substances in the intestine 
are difficult to be absorbed when Papp <3 × 10-6 cm/s, whereas are 
easy to absorb at Papp＞2 × 10-5 cm/s (Fagerholm et al., 1996). 

Based on the good results obtained from in vitro simulated digestion 
experiments mentioned above, the in vivo intestinal perfusion method 
was further used to explore the absorption behaviors of VR from zein- 
VR-pectin nanoparticles in the intestine. Table 1 showed that both 
Papp and Ka of VR in zein-VR-pectin nanoparticles were markedly 
higher than those of free-VR in the duodenum, jejunum, and ileum, 
indicating that VR of nanoparticles was well absorbed in each intestinal 
segment of the small intestine, and the bioavailability of VR in the zein- 
VR-pectin nano-system was superior to that of the free form of VR in the 
small intestine. 

The protein-polysaccharide system is well used to enhance the sta
bility and intestinal absorption of target substances (Xu et al., 2020), 
since the nano-sized particle more easily passes through the exclusion 
layer of the intestine and is more readily absorbed by the epithelial cells 
of the small intestine compared to the raw material, to improve the 
bioavailability of nutrients in the matrix (Porter et al., 2007). Mean
while, the polysaccharide-protein nanoparticles have better mucosal 
adhesion ability to adhere to epithelial cells, increase the residence time 
of the loaded compounds, and provide sustained release and targeted 
delivery of the compounds at the site of intestinal absorption (Ensign 
et al., 2012). Li et al. (2022) have reported that peptide 
(CSKSSDYQC)-vitexin-chitosan (TMC) nanoparticles have improved the 
intestinal absorption and bioavailability of vitexin. The 
caseinate-quercetin-zein nanoparticles prepared by Zhou et al. (2021) 
have increased the passive diffusion rate of quercetin and thereby 
increased its bioavailability. On the other hand, it has been confirmed 
that the coexistence of pectin and flavonoids can improve the absorption 
efficiency and bioavailability of flavonoids (Tomas et al., 2020; Jakobek 
and Matić, 2019). Our present results that zein-VR-pectin nanoparticles 
improved the absorption and utilization efficiencies of VR in vivo might 
be also partially related to that mechanism. However, the underlying 
roles and mechanisms require further investigations. 

4. Conclusion 

Zein-VR-pectin nanoparticles have been successfully prepared using 
an anti-solvent method. The pectin and protein formed a composite 
nanoparticle by electrostatic interactions, and the hawthorn flavonoids 
were bound to zein by hydrophobic interaction and hydrogen bonds. 
The pectin and protein formed a composite nanoparticle by electrostatic 
interactions, and the hawthorn flavonoids were bound to zein by hy
drophobic interaction and hydrogen bonds. The release and absorption 
of the nanoparticles were also investigated in vitro and in vivo, and it 
was demonstrated that the nanoparticles have good slow release, and 
the release rate in the small intestine can reach 51%. Zein-VR-pectin 
nanoparticles significantly improved the bioavailability of VR, the par
ticles were best absorbed in the duodenum of rats. This study provided a 
basis for promoting the oral stability and absorptivity of VR. The results 
are also valuable for the flavonoids related bioactive-compounds to 
ameliorate their bioavailability, thus increasing their contribution to 
healthy living. 
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Fig. 9. In vitro digestion of zein-VR-pectin nanoparticles.  

Table 1 
Absorption parameters of zein-VR-pectin nanoparticles and VR in rat intestines 
in situ.  

Intestinal 
segment 

zein-VR-pectin nanoparticles Free-VR 

Ka (×10− 1 

min•− 1) 
Papp (×10− 3 

cm min− 1) 
Ka (×10− 1 

min•− 1) 
Papp (×10− 3 

cm min− 1) 

Duodenum 0.830 ±
0.11a 

17.004 ±
1.09a 

0.217 ±
0.03a 

3.476 ± 0.14a 

Jejunum 0.580 ±
0.05b 

10.717 ±
0.78b 

0.134 ±
0.05b 

2.092 ± 0.22b 

Ileum 0.336 ±
0.04c 

5.59 ± 0.08c 0.106 ±
0.02b 

1.640 ± 0.11c 

Different superscript letters in the same column indicate significant differences 
(p < 0.05). 
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pectin hybrid nanoparticles prepared by coating and blending techniques. Eur. J. 
Pharmaceut. Sci. 84, 37–45. https://doi.org/10.1016/j.ejps.2016.01.004. 
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