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ARTICLE INFO ABSTRACT

Keywords: Diosmin is a flavonoid derived from plants, possessing anti-inflammatory, antioxidant, antidiabetic, neuro-
Diosmin protective and cardiovascular protective properties. However, diosmin has low solubility in water, leading to low
Na“_OPf‘mdeS . bioavailability. In this study, we constructed bilayer nanoparticles with trimethyl chitosan and soy peptides to
g\g;lg’éﬁ?g;:mmy improve the oral bioaccessibility and bioavailability of diosmin, and determined the characteristics and anti-

oxidant properties of the diosmin-loaded nanoparticles. The results showed that the size of the nanoparticles was
around 250 nm with the encapsulation efficiency higher than 97 %, and the nanoparticles were stable under
regular conditions. In vitro digestion suggested the nanoparticles could protect diosmin from releasing in gastric
digestion but promote the bioaccessibility of diosmin in intestine. Furthermore, the diosmin-loaded nanoparticles
presented excellent antioxidant activities in vitro and significantly decreased the Lipopolysaccharides-induced
brain Malondialdehyde (MDA) level by oral administration. Therefore, the reported nanoparticles may be an
effective platform for improving the oral bioavailability of diosmin.

Trimethyl chitosan

1. Introduction

As a flavonoid, the pharmacological activity of diosmin (Chemical
structure shown in Fig. 1) has been reported by many studies. It was
found to possess antioxidant (Wojnar, Kaczmarczyk-Sedlak, & Zych,
2017), anti-inflammatory (Berkoz, 2019), anti-diabetes(Hsu, Lin,
Cheng, & Wu, 2017), anti-cancer (Naso et al., 2016), anti-microbial
(Pushkaran et al, 2019), neuroprotective (Carballo-Villalobos,
Gonzalez-Trujano, Pellicer, Alvarado-Vasquez, & Lopez-Munoz, 2018)
and cardiovascular protective activities (Paredes et al., 2018). Among
which, the anti-oxidant activity of diosmin is important, as oxidative
stress is found to play an important role in the pathophysiology of many
diseases. However, under natural conditions, most flavonoids exist as
glycosides, which have low solubility in water and are not readily

absorbed by gastrointestinal tract. Diosmin is almost insoluble in water
and alcohol. After oral administration, diosmin is barely absorbed
directly in small intestine. The application of diosmin is greatly limited
due to its low water solubility and bioavailability.

Many efforts have been done to increase the water solubility and
bioavailability of diosmin. Early trial is the administration of micro-
nisation to reduce the obstruction of diosmin’s intestinal absorption by
particle size (Garner, Garner, Gregory, Whattam, Calam, & Leong,
2002). Russo et al. developed an psmin®Plus buffer reagent formulation
of diosmin using micronisation technique to further increase the
bioavailability of diosmin in the systemic circulation in clinical trial
studies (Russo, Chandradhara, & De Tommasi, 2018; Russo, Mancinelli,
Ciccone, Terruzzi, Pisano, & Severino, 2015; Serra et al., 2021). Freeze-
dried phospholipid complexes loaded with diosmin also exhibited
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improved drug dissolution and intestinal permeability (Freag, Elnaggar,
& Abdallah, 2013). Anwer et al. converted a mixture of Soluplus® and
diosmin mixed in an alkaline ethanol solution into a solid dispersion
with enhanced solubility by spray drying (Anwer et al., 2020), and
found the solid dispersion was more protective against thioacetamide-
induced renal and hepatic injury compared to free diosmin.

Nano-technology shows promising prospect on the enhancement of
the solubility and bioavailability of diosmin. Vrbata et al. prepared
nanofibres loaded with diosmin using electrostatic spinning technique,
and reported that the nanofibres not only improved the dissolution of
diosmin in vitro, but also enhanced its absorption in vivo (Vrbata, Berka,
Stranska, Dolezal, & Laznicek, 2014). Hendawy et al. prepared poly-
meric nanoparticles loaded with diosmin by emulsion-solvent evapo-
ration and acid-base neutralization. The nanoparticles could
continuously control the release of diosmin and improve its bioavail-
ability in the rat diabetes model (Om et al., 2020). Moriwaki et al.
synthesized a diosmetin-7-glucoside-y-cyclodextrin complex which
showed high solubility, high bioavailability and short absorption time
(Moriwaki et al., 2023). Other researchers have successfully constructed
chitosan-coated PLGA nanocarriers to improve gastric retention and
prolong diosmin release in rats (Abd El Hady, Mohamed, Soliman, & El-
Sabbagh, 2019).

Food-originated embedding materials show advantages in the oral
delivery of bioactive compounds. Soy protein is considered as an
admirable raw material for the development of nanoparticles in the food
industry. Amphiphilic soy peptides produced by the hydrolysis of soy
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protein isolate can self-assemble to form ordered nanostructures. Chi-
tosan is also widely used in nanoparticle construction, as it is water-
soluble, biocompatible, non-toxic. It shows strong permeability under
acidic conditions to encapsulate bioactives in nanoparticle delivery
systems (Y. C. Wang, Li, & Kong, 2013). In this study, we constructed
double-layer nanoparticles by using soy peptides and trimethyl chitosan
to improve the bioaccessibility and bioavailability diosmin. Diosmin
was encapsulated by the self-assemble of soy peptides and then coated
by trimethyl chitosan (TMC). A goblet cell-targeting CSK peptide was
linked to the TMC to further promote the bioavailability of the nano-
particles. The basic physiochemical characteristics, stability, toxicity
and antioxidant activity was determined.

2. Materials and methods
2.1. Animals

ICR mice (male, 6-8 weeks, 30-35 g) and SD rats (male, 200-250 g
body weight) were purchased from Shanghai Jiesijie Laboratory Animal
Co., Ltd. with a light-dark cycle of 12 h, free access to food and water,
and consumed ordinary irradiation maintenance feed purchased from
Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd. Prior
approval was obtained from the Ethics Committee of the University of
Shanghai for Science and Technology in accordance with the Chinese
Standards for Laboratory Animals, and all animal experiments were
performed according to the National Institutes of Health guide for the
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Figure 1 The construction scheme of the nanoparticles

Fig. 1. The construction scheme of the nanoparticles.
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care and use of Laboratory animals (NIH Publications No. 8023, revised
1978).

2.2. Materials and chemicals

Diosmin (~95 % purity), soy protein isolate (SPI), chitosan (>95 %
deacetylated, low viscosity 100-200 mPa.s), dimethylsulfate, 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI)
and N-Hydroxysuccinimide (NHS) were purchased from Macklin
Biochemical Co., Ltd (Shanghai, China). CSK peptide was purchased
from GL Biochem Ltd (Shanghai, China). Alcalase (2.4 U/g; alkaline
protease) was purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
All reagents were analysis grade.

2.3. Preparation of nanoparticles on basis of soybean peptides

Four gram of SPI was dissolved in 100 mL of deionized water,
adjusting pH to about 8. The solution was enzymatically digested with
alcalase (0.6 U/g protein) at 50 °C, with the pH kept constant (Zhang,
Zhou, Zhao, Lin, Ning, & Sun, 2018). After digestion of the solution, the
pH was reduced to 7.0. The precipitate was extracted by centrifugation
at 8000 rpm for 20 min at 4 °C. The sediment was washed, centrifuged
and freeze dried to get soybean polypeptide aggregation (SPA). Before
centrifuging the solution, heated soybean peptide aggregation (HSPA)
was obtained by heat inactivation under 90 °C for 30 min.

Freeze-dried SPA or HSPA was dissolved in 1 % (w / v) ultrapure
water and stirred magnetically under 700 rpm for 2 h to obtain soybean
polypeptide suspension. Diosmin was dissolved in 0.1 M NaOH to obtain
diosmin alkali solution with a concentration of 100 pg/mL. During the
magnetic stirring, diosmin alkali solution was quickly added into soy-
bean polypeptide suspension at a volume ratio of 1:1. The pH of the
mixture was adjusted to 7.0 after stirred for 30 min, and then the
mixture was ultrasonic treated for 10 min (power 150 W, 5s /5son /
off). Finally, after centrifugation (8000 rpm, 20 min), the supernatant
was taken to obtain SPA nanoparticles containing diosmin (SPN-D) or
HSPA nanoparticles containing diosmin (HSPN-D).

2.4. Fabrication of nanoparticles wrapped with CSK-TMC

The CSK conjugated TMC (CSK-TMC) was prepared as previously
reported (Li et al., 2022). The 1.0 mg/mL sodium tripolyphosphate
(TPP) solution and Tween 80 were mixed in a ratio (30:1, v / v). The
preparation of SPN-D/HSPN-D was gradually added to the CSK-TMC
solution at pH 5.5 (4:1, v / v). After the mixture was stabilized, the
TPP/Tween80 mixture was slowly added at a ratio of 1:10 (v / v) with
the CSK-TMC solution. Then, the blend was agitated at 700 rpm for 60
min to get nanoparticles CT-SPN-D/CT-HSPN-D.

2.5. Characterization of nanoparticles

Dynamic Light Scattering (DLS) (Nano ZS90 instrument, Malvern,
Worcestershire, UK) was used to measure the particle size, poly-
dispersity index (PDI) and Zeta potential of the diluted samples. All
measurements were performed at 25 °C.

The sample was prepared by negative dying method to observe the
surface morphology by using Transmission Electron Microscope (TEM-
JEM2100, Jeol, Japan). Nanoparticles after 10 times dilution were
dropped on a copper grid coated with formvar carbon. Then, the extra
nanoparticles were absorbed following the solution was dispersed. After
drying at room temperature, the copper added 1 % phosphotungstic acid
and absorbed it as described above.

Storage stability of the nanoparticles was determined under room
temperature at pH 7, pH 8 and pH 9. The zeta potential was determined
after 1 day and 16 days respectively.

Various organic fluids were used to assay the interaction forces
within nanoparticles by solvent-perturbation method. 6 M urea, 0.5 %
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sodium dodecyl sulfate (SDS), 30 mM pr-Dithiothreitol (DTT) solvents
were prepared with ultrapure water at pH 7.0. These above solvents and
distilled water, were used separate or mixed (Liu & Tang, 2014). The
particle size was determined after the nanoparticles were well scattered
in various organic solvents.

The Germany Brooke AXSD8 advanced diffractometer was used to
analyze the XRD patterns of nanoparticles and mixtures. The instrument
had a copper anode producing copper Ka X-rays (A = 0.15418 nm) with
an accelerating voltage of 40 kV and a tube current of 40 mA. The
angular range was from 3° to 50° in steps of 0.02° at a scanning speed of
0.1 s/step.

Fourier transform infrared analysis (FTIR) was performed using a
Nicolet Is50 Fourier transform infrared spectrometer (Thermo Fisher
Scientific, USA). 5 mg of freeze-dried samples were mixed and ground
with 200 mg of potassium bromide (KBr) and then dried under infrared
light. The mixture was scanned 128 times with a resolution of 2 cm ™! in
the range of 400 to 4000 cm ™ to get the infrared spectrum of samples.

Differential scanning calorimetry was performed using a Q2000
Differential Scanning Calorimeter (DSC) from TA company, USA. The
nitrogen flow rate of the sample was set to 40 mL/min at 10 °C /min in
the range of 25 °C to 300 °C.

2.6. Encapsulation efficiency (EE)

According to the following equation to calculate the EE (%):

EE(%) = encapsulateddiosmin(mg) /initialdiosmin(mg) x 100

where diosmin that was loaded in the nanoparticles was taken by
anhydrous methanol extraction. The diosmin content of nanoparticles
was assayed by High Performance Liquid Chromatography (HPLC).

The calculation of diosmin concentration in encapsulation based on
EE:

Ciosmin = diosminquality(my) /watervolume(Vy)*EE
where m( denoted the diosmin’s initial mass and Vo denoted the volume
of water used in the nanoparticle formation process.

2.7. Invitro digestion and ex vivo absorption of nanoparticles

In vitro gastrointestinal digestion and ex vivo absorption experiments
were slightly modified based on previous reports (Campos-Vega,
Vazquez-Sanchez, Lopez-Barrera, Loarca-Pina, Mendoza-Diaz, &
Oomah, 2015). During the gastric digestion stage, 5 mL of prepared
nanoparticles solution was regulated pH to 1.5-2.0, 1.6 mg of pepsin
was added. The mixture was shaken in a water bath at 37 °C for 2 h.
Then, the mixture was adjusted to pH 7.0, and treated as gastric diges-
tion residues (GD). During enteric digestion, 1.6 mg trypsin was added
to GD. The mixture was shaken in a water bath at 37 °C for 2 h and
considered as gastrointestinal digestion residue (GID). The supernatant
was centrifuged at 10,000 x g for 10 min, and then centrifuged at
12,000 rpm for 10 min in an ultrafiltration centrifuge tube (100 Kp) to
filter the GD and GID to obtain the diosmin released from the nano-
particles. The filtrate was analyzed by HPLC. The release rate (%) of
diosmin was calculated according to the below formula:

Release rate (%) = Cfreed[()s‘m[n/CNPs x 100

where Cfree diosmin Was the concentration of free diosmin in the digestion
residues, Cnps was the concentration of diosmin in nanoparticles.

In terms of ex vivo absorption of nanoparticles, SD rats (male,
200-250 g body weight) were taken and fasted overnight, and then
executed by intraperitoneal injection of excess chloral hydrate (1000
mg/kg body weight) on the day of the experiment; the upper end of the
duodenum and the lower end of the ileum were resected immediately
after the execution, and the ileocecal intestinal segments were taken.
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The intestinal sacs were washed with Ringer’s solution, appropriate
amount of NPs or free diosmin solution was added, and the ends were
ligated, then put into a centrifuge tube filled with 5 mL of Ringer’s so-
lution, and shaken in a 37 °C water bath. 0.5 mL of the sample was
extracted from the centrifuge tube at the 20, 40, 60, 80, 100 and 120
min, 0.5 mL of Ringer’s solution was put. The samples were analyzed by
HPLC after filtration through a 0.45 pm filter membrane. Experiments
were performed three times and all results were subjected to t-test (p <
0.05). The calculation of the bioaccessibility (%) of diosmin is used by
the below formula:

Bioaccessibility (%) = C,/Cyps x 100

where C; was the concentration of diosmin crossing the intestinal barrier
at t time, Cyps was the concentration of diosmin in the nanoparticles.

2.8. Cytotoxicity test

CCK-8 assay was used to assess the cytotoxicity of nanoparticles on
Caco-2 cells and HT-29 cells. Cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) for 24 h in 96-well plates. Cells were washed
twice with Hank’s balanced salt solution (HBSS) before the experiment.
Nanoparticle solution was diluted with DMEM. 100 pL of nanoparticle
solution at different dilutions (nanoparticle-loaded diosmin concentra-
tion of 20 pug/mL) was added to each well and incubated at 37 °C, 5 %
CO;, for 3 h. At the end of incubation, 10 pL of CCK-8 solution was added
to each well and incubated for another 1 h. The absorbance was
measured by zymography at 450 nm. The absorbance of cells with only
DMEM added was used as a blank control group for 100 % cell viability.
Each sample was tested in triplicate.

2.9. Invitro antioxidant capacity determination

According to the method of Zhang et al. (Eruygur, Kocyigit, Taslimi,
Atas, Tekin, & Giilcin, 2019; Gulcin & Alwasel, 2023; Karagecili et al.,
2023; Polat Kose et al., 2020; Zhang, Zhou, Zhao, Ning, Sun-
Waterhouse, & Sun, 2017), the in vitro antioxidant capacity of free
diosmin, unloaded nanoparticles and diosmin-loaded nanoparticles was
studied, including the determination of DPPH" and ABTS" free radical
clearance. First, DPPH powder was weighed and dissolved in 95 %
ethanol. The sample solution was mixed with 0.2 mM DPPH solution in
equal volume. The post-vortex mixture reacted at room temperature in
the dark for 30 min, and then the absorbance was measured at 517 nm
with a spectrophotometer. The DPPH solution was replaced by ethanol
in the blank and the sample solution was replaced by ethanol in the
control. Dilute the protein concentration of the test sample to 2 mg/mL.
The DPPH free radical scavenging activity of the sample was calculated
as follows:

DPPHfreeradicalclearance(%) = [1 - (Amm,,,e —Abmnk) /A(»m,;m/]

Among them, Agample, Aplank and Acontrol are the absorbance of sam-
ple, blank and control at 517 nm. In order to ensure the dissolution of
diosmin, it was first dissolved in DMSO and then diluted with anhydrous
ethanol to the required concentration for subsequent determination.

For the determination of ABTS" free radical clearance rate, 7 mM
ABTS diammonium salt reserve solution and 2.45 mM potassium per-
sulfate reserve solution were mixed and incubated in the dark for 12-16
h. The mixture was diluted 10-20 times with 0.2 M phosphate buffer (pH
7.4) until the absorbance level at 734 nm was 0.70 + 0.02, which was
the ABTS™ free radical working solution. A 50 uL sample was added to
150 uL ABTS" radical working solution and the absorbance of 734 nm
was determined at 6 min. The ABTS" radical scavenging activity was
calculated by substituting a Trolox standard curve of 20-100 uM to
convert the Trolox equivalent antioxidant capacity (TEAC, uM TE/g). In
order to ensure the dissolution of diosmin, it was first dissolved in DMSO
and then diluted with water to the required concentration for
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subsequent determination.
2.10. Determination of antioxidant capacity of nanoparticles in vivo

To test the antioxidant activity of diosmin in vivo, we established a
model of acute inflammation induced by intraperitoneal injection of
lipopolysaccharide (LPS) (X. Wang et al., 2021; H. Wu et al., 2020). ICR
mice (male, 6-8 weeks, 30-35 g) were randomly divided into 7 groups
(n = 4 for each group): (1) Control group; (2) LPS group; (3) LPS + free
diosmin group; (4) LPS + SPN-D group; (5) LPS + CT-SPN-D group; (6)
LPS + HSPN-D group; and (7) LPS + CT-HSPN-D group. Mice were given
0.1 mg/ kg normal saline or 60 pg/kg free diosmin/nanoparticles solu-
tion by gavage for 3 days, and then on the fourth day, except foe the
Control group, the remaining 6 groups of mice, were intraperitoneally
injected with LPS (2.0 mg/kg). All Mice were executed overnight after
intraperitoneal injection of LPS. Brains were collected and frozen in
liquid nitrogen and kept at —80 °C before utilization.

According to the manufacturer’s instructions, the commercial kit
(Beyotime Biotechnology Co., Ltd. Shanghai, China) was used to mea-
sure the level of malondialdehyde (MDA) in the brain.

2.11. HPLC of diosmin

Diosmin was detected by the HPLC (Essentia LC-16, Shimadzu,
Japan) equipped with a reversed-phase C18 column (25 cm x 4.6 mm,
particle size = 5 pm). Experimental conditions: mobile phase A: water,
mobile phase B: methanol, A: B = 60: 40 (v / v), flow rate: 0.7 mL/min,
temperature: 35 °C. The column effluent was monitored by an UV de-
tector at 345 nm. 20 uL of samples were injected into the analytical
column automatically at the same time with the mobile phase solutions.
The peak area calibration curve versus diosmin concentration in the
concentration range of 0-7 pug/mL was Y = 14735.357 X + 2300.367
(R2 = 0.999). The retention time was 26.5 + 0.3 min.

2.12. Statistics

Data were reported as the mean + standard deviation (SD). and
analyzed with Graph Pad Prism 8.0.2 (Graph Pad Software, San Diego,
CA, USA) and IBM SPSS statistics 23 (IBM Corporation, Armonk, NY,
USA). One-way analysis of variance was used for comparisons, followed
by Tukey post hoc multiple comparison test. p < 0.05 was regarded as
statistical significance.

3. Results and discussion
3.1. Construction and Characterization of nanoparticles

Enzymatic hydrolysis (Shen, Zhou, Zhang, Yuan, Zhao, & Zhao,
2020) and heat treatment (Martinez, Farias, & Pilosof, 2011) have been
reported to promote self-assembly of inducible peptide, and heat treat-
ment may influence the characteristics of nanoparticles. Thus, we con-
structed two types of soybean peptide nanoparticles to load diosmin, the
heat-untreated or heat-treated form. The scheme of the nanoparticles
was shown in Fig. 1. Diosmin was encapsulated by the self-assemble of
soy peptides first and then the nanoparticles were coated with CSK
linked TMC to form the bilayer structure. We examined the morphology
and appearance of the four kinds of nanoparticles SPN-D, HSPN-D, CT-
SPN-D and CT-HSPN-D by TEM. It could be seen in Fig. 2, the nano-
particles SPN-D and HSPN-D were nearly spherical, but the morphology
of nanoparticles CT-SPN-D and CT-HSPN-D became extremely irregular
with increased particle size, and the nanoparticles tended to gather
together. The results indicated that CSK-TMC was successfully covered
onto the nanoparticles SPN-D and HSPN-D. The coating of CSK-TMC was
mediated by the anionic cross-linking of TPP. When TPP and Tween 80
were added to the mixture solution, the electrostatic interactions were
enhanced, which favored CSK-TMC to coat the SPN-D/HSPN-D
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Fig. 2. TEM images of nanoparticles. (A) SPN-D, (B) HSPN-D (the scale bar indicates 50 nm) and (C) CT-SPN-D, (D) CT-HSPN-D (the scale bar indicates 200 nm).

nanoparticles, and thus the particle size increased (de Britto, de Moura,
Aouada, Mattoso, & Assis, 2012).

Then, the particle size and zeta potential were examined. Particle
size was indicated in Table 1, and the average particle size of SPN-D was
smaller than that of HSPN-D. Following CSK-TMC wrapping, the gran-
ularity of CT-SPN-D and CT-HSPN-D added. The particle size of CT-SPN-
D increased from 93.60 nm to 248.61 nm, and the particle size of CT-
HSPN-D increased from 97.72 nm to 253.24 nm. Similarly, the PDI
values of both CT-SPN-D and CT-HSPN-D increased, while the homo-
geneity decreased. This might attribute to the gathering of the nano-
particles as shown in Fig. 2C and D. It was determined and calculated
that the encapsulation efficiencies (EE) of SPN-D and HSPN-D were
almost 97.01 and 97.28 %, whereas the EE of CT-SPN-D and CT-HSPN-D
were reduced to 88.45 and 86.23 %, respectively, after coating with
CSK-TMC. The solubility of diosmin in water was reported to be low at
about 0.54 pg/mL. In this study, the concentration of loaded diosmin
was calculated according to the EE of SPN-D and HSPN-D to be
48.51-48.64 pg/mL, about 90 times higher than the solubility of dio-
smin in water. However, during the CSK-TMC coating process, the so-
lution of nanoparticles not coated with CSK-TMC was diluted 5 times, so
the concentration of loaded diosmin in nanoparticles coated by CSK-
TMC was reduced. These results indicated that diosmin was success-
fully loaded with soy peptides and CSK-TMC to form nanoparticles, and
these synthesized nanoparticles could enhance the solubility of diosmin.

Nanoparticles were examined by XRD to determine the crystallinity
of diosmin after it was loaded. The XRD patterns of free diosmin and
SPN, SPN-D, HSPN, HSPN-D are shown in Fig. 3A. From the figure, the
characteristic peaks of diosmin appeared at 12.28, 13.75, 15.69, 19.83,
21.48, 22.54, and 24.09°, which indicated its high crystallinity. These

Table 1
Particle size and zeta potential of nanoparticle (n = 3, Mean + SD).

characteristic peak positions were in agreement with the findings of
Freag et al (Freag, Elnaggar, & Abdallah, 2013). The diffraction peaks of
diosmin-loaded nanoparticles (SPN-D/HSPN-D) and unloaded nano-
particles (SPN /HSPN) were amorphous, and the sharp characteristic
peaks of diosmin were completely covered. During the preparation of
diosmin nanoparticles, diosmin was first dissolved in alkaline solution,
and then the pH of the mixture was adjusted to neutral, during which
salts would be generated. The peak at 31.8° may be the crystallization
peak of salt formed by acid-base neutralization during the preparation of
nanoparticles (Mou, Chen, Wan, Xu, & Yang, 2011). These results
showed that diosmin was successfully loaded by SPN/HSPN by changing
the crystalline state from crystalline to amorphous.

From the FTIR spectra of Fig. 3B, the typical and prominent peaks of
diosmin disappeared during the formation of nanoparticles SPN-D and
HSPN-D, which again proved that diosmin was successfully encapsu-
lated into nanoparticles. The peak at 3532 cm ™! represents the O—H
stretching vibration. From the FTIR spectra of Fig. 3B, by comparing the
unloaded diosmin nanoparticles SPN/HSPN with the loaded diosmin
nanoparticles SPN-D/HSPN-D, we found that the absorption peak for the
hydrogen bonding of soybean peptides at 3450 cm™'/3439 em ™! in the
nanoparticles loaded with diosmin was redshifted to 3415 cm™!. This
indicated that it formed new hydrogen bonds between diosmin and
soybean peptides during the formation of nanoparticles. According to
previous research, the hydroxyl groups contained in polyphenols can
combine with the amide groups in proteins to form hydrogen bonds, so
the new hydrogen bonds in the nanoparticles may be generated of the
hydroxyl groups contained in diosmin and the amide groups in soybean
peptides (He, Guan, Song, Li, & Huang, 2020).

DSC detection of nanoparticles can be used to study the physical state

Particle size (nm) PDI Zeta potential (mV) EE (%) Cdiosmin (Pg/mL)
Free diosmin - - - - 0.54?
SPN-D 93.60 + 0.49° 0.188 + 0.01° —25.10 + 0.70% 97.01 + 0.53 2 48.51 + 0.22°
HSPN-D 97.72 + 0.53° 0.198 + 0.01° —25.57 + 0.49° 97.28 + 0.44 ° 48.64 + 0.18°
CT-SPN-D 248.61 + 1.30° 0.332 + 0.01° 15.24 + 0.51° 88.45 + 0.32° 8.58 + 0.03¢
CT-HSPN-D 253.24 + 1.61¢ 0.329 + 0.01° 12.95 + 0.67° 86.23 + 0.48° 8.39 + 0.04°

PDI, polydispersity index; EE, encapsulation efficiency; Cgiosmin, cOncentration of encapsulated diosmin. Different letters in the same column indicate significant

difference (P < 0.05).
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Fig. 3. Characterization of nanoparticles. (A) XRD patterns (B) FT-IR spectra and (C) DSC patterns of free diosmin and nanoparticles (SPN, SPN-D, HSPN, HSPN-D).

of carrier polymers and drugs. From the DSC thermogram of Fig. 3C, free
diosmin in a single melting point 273 °C presented as a single endo-
thermic peak, whereas the nanoparticles SPN-D/HSPN-D/CT-SPN-D/
CT-HSPN-D loaded with diosmin did not have peaks near this temper-
ature, which indicated that after encapsulation, the crystal morphology
of diosmin was changed. This result was in agreement with the XRD
analysis in Fig. 3A, which further proved that diosmin in the nano-
particles had been converted from crystalline to amorphous state. All of
the above results proved that diosmin could be successfully encapsu-
lated by soybean peptides to form nanoparticles, and instead of ordinary
physical mixing, a complex was formed.

The stability of the nanoparticles was determined after storing for 1
day and 16 days at different pH. From Fig. 4A, it could be observed that
the zeta potential of SPN-D remained stable at pH 7 and pH 8, but
slightly decreased at pH 9. However, the zeta potential of HSPN-D
decreased after storing for 16 days at all pH (Fig. 4B). But it could be
observed that the value of zeta potential of HSPN-D was higher than that
of SPN-D. Zeta potential is the electrical potential that is attached to the
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boundary of the surrounding liquid layer on the moving particles in the
medium. It is a key parameter widely used to predict the stability of
suspensions. The higher the value, the more stable the suspension, the
more stable of the nanoparticles (L. Wu, Zhang, & Watanabe, 2011).
Even after storing for 16 days, all the values of zeta potential were higher
than 20 mV, and even higher than 30 mV at pH 9. These results sug-
gested that the nanoparticles possessed favorable stability, especially in
alkaline solution, and SPN-D was more stable than HSPN-D.

In order to determine the interaction forces for the nanoparticles
loaded with diosmin to maintain stability, experiments were carried out
by homogeneously dispersing the nanoparticles SPN-D and HSPN-D in
various types of organic solvents, and the average particle size was
employed as an evaluation metric. SDS destroyed hydrophobic in-
teractions, urea breaks hydrogen bonds, and DTT interrupts intermo-
lecular disulfide bonds (Ren, Tang, Zhang, & Guo, 2009). In addition to
this, SDS disrupts the hydrogen bonds and secondary and tertiary
structures within the protein molecules, causing the proteins to lose
their natural state of charge and bind to the SDS molecules in a certain
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Fig. 4. Stability of the nanoparticles. (A) Zeta potential of SPN-D after storing for 1 day and 16 days. (B) Zeta potential of HSPN-D after storing for 1 day and 16 days.
(C) Influence of various protein-perturbing solvents on the average diameter of SPN-D. (D) Influence of various protein-perturbing solvents on the average diameter
of HSPN-D. DW refers to distilled water. Different letters (a, b, ¢) on each column indicate significant difference (p < 0.05).
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ratio to form SDS-protein complexes with a large number of negative
charges, which increases the negative charge and causes static repulsion.
The results were shown in Fig. 4C and D. From the findings of SPN-D in
Fig. 4C, we saw that the structure of nanoparticles was highly suscep-
tible to the action of 0.5 % SDS and 6 M urea alone or in combination,
but resistant to the presence of possibly 30 mM DTT alone. From the
results of Fig. 4D, the nanoparticles HSPN-D formed from soybean
peptides after heat treatment, its structure was not only affected by 0.5
% SDS and 6 M urea, but also sensitive to 30 mM DTT. According to
findings, the stability of nanoparticles SPN-D was mainly maintained by
hydrogen bonding and hydrophobic function of noncovalent interac-
tion, while the stability of HSPN-D was maintained by noncovalent in-
teractions as well as disulfide bonding, which showed that some
properties of soy peptides were changed after heat treatment.

3.2. Gastric stability and bioaccessibility of nanoparticles

As the nanoparticles moved through the gastrointestinal tract, they
may be attacked by enzymes or acids in body fluids (Vitulo et al., 2022).
The stability of nanoparticles in the gastrointestinal tract was assessed
by determining the concentration of released free diosmin. Results
suggested that the release of diosmin in SPN-D or HSPN-D was a little
higher than free diosmin in imitating stomach digestion, while the
release of diosmin in CT-SPN-D or CT-HSPN-D wasn’t detected (Fig. 5A).
But in the simulated gastrointestinal digestion, the release rates of the
four nanoparticle groups were significantly higher than the free diosmin
group. These results indicated that the nanoparticles could protect
diosmin against gastric digestion but increase the release of diosmin in
intestinal digestion. TMC has good solubility under neutral pH, and
neutral and alkaline pH environments could enhance the permeability
and absorption properties of TMC (Chen, Svirskis, Lu, Ying, Huang, &
Wen, 2018). This might help to explain the un-detection of diosmin of
CT-SPN-D and CT-HSPN-D groups in simulate gastric digestion but
increased release of diosmin in simulate gastrointestinal digestion.

The bioaccessiblity of the nanoparticles loaded with diosmin was
determined by measuring the concentration of diosmin released from
the nanoparticles crossing the intestinal barrier. As shown in Fig. 5B, the
permeability curve of free diosmin and nanoparticles absorbed through
the intestine showed that the permeability of free diosmin was less than
5 %, while the permeability of the nanoparticle groups loaded with
diosmin was much higher than that of free diosmin group, thus signifi-
cantly improving the intestinal permeation of diosmin (p < 0.01).
Compared with 4.47 + 1.07 % for free diosmin, the bioaccessibility of
diosmin of CT-SPN-D reached to 53.74 + 5.52 % in small intestine. To
summarize the results, it was stated that the bioaccessibility of diosmin
was improved by SPN and HSPN, and the nanoparticles were further
promoted by the encapsulation of CSK-TMC. As the bioaccessibility of
nutrients is largely depends on the water solubility, the increased bio-
accessibility of nanoparticle-loaded diosmin attributed to the increased
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water solubility after embedding. The results were consistent with the
studies of Zhang et al, which reported that the encapsulation of curcu-
min by soy peptides significantly increased the bioaccessibility of cur-
cumin (Zhang, Yuan, Shen, Zhou, Zhao, & Zhao, 2021). In addition,
previous research has shown that TMC expands at intestinal pH to
release encapsulated goods (Ling, Wu, Neish, & Champion, 2019), this
may also contribute to the increased bioaccessibility of diosmin in CSK-
TMC coated groups.

3.3. Cytotoxicity assessment of nanoparticles

Security of nanoparticles was assessed using the CCK-8 method for
evaluating the toxicity of nanoparticles on the cell viability of Caco-2
cells and HT-29 cells. According to the experimental results in Fig. 6,
the cell viability of Caco-2 cells and HT-29 cells co-incubated with
nanoparticles for 3 h was above 85 %. The cell survival rates of nano-
particles after CSK-TMC encapsulation were higher than those of un-
encapsulated nanoparticles, even higher than 100 %. According to
previous studies, TMC does not change cell morphology or viability,
low-dose TMC even promotes the growth of human fibroblast cells
(Abueva et al., 2021). Therefore, the nanoparticle drug delivery system
was secure and harmless.

3.4. Antioxidant capacity

The free radical scavenge activity of the nanoparticles was measured
to test whether the antioxidant activity of diosmin was improved. As
shown in Fig. 7A, there was almost no DPPH™ free radicals scavenge
ability of diosmin, which attributed to the low water solubility. After
embedding by nanoparticles, the DPPH" free radicals scavenge rate
reached to about 80 %. However, it was not negligible that SPN and
HSPN also possessed high DPPH" free radicals scavenge activity. The
ABTS™ scavenge activity was similar to DPPH" (Fig. 7B). The ABST"
scavenge rate of nanoparticles groups was far more than that of free
diosmin group.

It has been reported that diosmin could alleviate LPS - induced brain
oxidative stress (Zhao, Zhang, Zhang, Wang, Chen, & Shao, 2024). To
determine the contribution of the nanoparticles on the antioxidant ac-
tivity of diosmin in vivo, the mice model of oxidative stress induced by
LPS was employed. The level of brain MDA was determined after oral
administration of free diosmin or nanoparticles. MDA is a metabolite of
lipid peroxidation in living organisms, and its level can reflect the level
of oxidative stress (Dong, Li, Zhen, Wang, Shao, & Luo, 2013). From
Fig. 7C, it was observed that the level of MDA was significantly
increased in LPS group but obviously decreased in the bilayer nano-
particles groups (Fig. 7C). In previous studies (Zhao et al., 2024), the
administration of diosmin was 50 mg/kg, but here in this study, the
treating dosage of diosmin was only 60 pg/kg. This indicated that the
bioavailability of diosimin was dramatically increased after

—e— Free Diosmin
-+ SPN-D
CT-SPN-D
—o— HSPN-D
CT-HSPN-D
20 40 60 80 100 120 140
Time(min)

Fig. 5. Gastrointestinal stability and bioaccessibility of nanoparticles. (A) The release of free diosmin and nanoparticles in simulated gastric and intestinal fluid. The
different letters on each column (A, B, C for GD and a, b, ¢ for GID) indicate significant difference (p < 0.05). (B) bioaccessibility of free diosmin and diosmin-loaded
nanoparticles (SPN-D, CT-SPN-D and HSPN-D, CT-HSPN-D). *p < 0.05 and “p < 0.01 vs. free diosmin.
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Fig. 7. Antioxidant activities of free diosmin and diosmin-loaded nanoparticles. (A) DPPH" scavenging rate. (B) ABTS" scavenging activity. (C) MDA level in brain.

*p < 0.05 vs. Control, #p < 0.05 vs. free diosmin.

encapsulated by the bilayer nanoparticles. However, the effect of single
layer ones was not significant, which was consistent with the results of
Fig. 5B that the bioaccessibility of the bilayer nanoparticles was higher
than single layer ones. Together, those results indicated that nano-
particles greatly enhanced the antioxidant activity of diosmin either in
yitro or in vivo.

According to previous study, diosmin could cross the blood-brain
barrier (BBB) (Chang et al., 2021). In this study, the outer CSK-TMC
layer could help the nanoparticles cross the intestinal barrier, and
then the inner SPN-D/HSPN-D enter into the blood. However, whether
SPN-D or HSPN-D release diosmin in the blood or could cross the BBB to
release disomin needs to be investigate further.

4. Conclusion

In this study, the bilayer nanoparticles with the inner layer formed
by the self-assembly of soy peptides and the outer layer formed by CSK
coupled TMC were fabricated to encapsulate diosmin. The bilayer
nanoparticles increased the water solubility of diosmin and were stable
during storage and in the gastrointestinal environment. They could
protect diosmin against gastric digestion but release diosmin in intesti-
nal digestion, and significantly improve the bioaccessibility diosmin. In
vitro and in vivo studies showed that encapsulated diosmin presented
better antioxidant activity. The present research provided theoretical
support and potential solution for improving oral bioavailability of

bioactive compounds.
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