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Purpose: Enhancing the dissolution, permeation and absorption of active components with low solubility and poor permeability is
crucial for maximizing therapeutic efficacy and optimizing functionality. The objective of this study is to investigate the potential of
natural polysaccharides as carriers to improve the biopharmaceutical properties of active components.

Methods: In this study, we employed four representative flavonoids in Astragali Radix, namely Calycosin-7-O--D-glucoside (CAG),
Ononin (ON), Calycosin (CA) and Formononetin (FMN), as a demonstration to evaluate the potential of Astragalus polysaccharides
(APS) as carriers to improve the biopharmaceutical properties, sush as solubility, permeability, and absorption in vivo. In addition, the
microstructure of the flavonoids-APS complexes was characterized, and the interaction mechanism between APS and flavonoids was
investigated using multispectral technique and molecular dynamics simulation.

Results: The results showed that APS can self-assemble into aggregates with a porous structure and large surface area in aqueous
solutions. These aggregates can be loaded with flavonoids through weak intermolecular interactions, such as hydrogen bonding,
thereby improving their gastrointestinal stability, solubility, permeability and absorption in vivo.

Conclusion: We discovered the self-assembly properties of APS and its potential as carriers. Compared with introducing external
excipients, the utilization of natural polysaccharides in plants as carriers may have a unique advantage in enhancing dissolution,
permeation and absorption.

Keywords: astragalus polysaccharides, flavonoids, self-assembly, solubility, permeability, natural carrier

Introduction
Multi-component nano-co-delivery system has been recognized as a highly effective strategy for improving the
biopharmaceutical properties of low solubility and poor permeability components.' Recent research has demonstrated
that multiple components can form co-delivery system through various interactions, including hydrogen bonding, n-nt
stacking, electrostatic interactions and Van der Waals forces.*> Natural polysaccharides, derived from natural sources, are
polymeric carbohydrates that possess distinctive chemical properties.®® They demonstrate outstanding characteristics
such as water solubility, dispersion stability, biocompatibility, and biodegradability. Therefore, natural polysaccharides
hold immense promise as carriers.

In recent years, an increasing body of literature suggests that natural polysaccharides may exhibit interactions with
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small molecule active components, thereby potentially contributing to their therapeutic potential in the treatment of
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various diseases. For instance, it has been reported that glycyrrhiza polysaccharides can enhance the efficacy of active
components present in aconite,'? while cistanche polysaccharides may enhance the absorption of pineal glycosides.'?
Consequently, natural polysaccharides may play a crucial role in improving the hydrophily and bioavailability of
insoluble components.'* However, the interaction between natural polysaccharides and insoluble components and their
synergistic mechanisms, have yet to be fully elucidated and require further exploration.

Astragali Radix is a commonly used plant with a homology of food and medicine, belonging to Astragalus genus
in Leguminosae family. Flavonoids are a type of active component in Astragali Radix that exhibit various beneficial
effects, such as anti-inflammatory, immune regulation, anti-tumor, and cardiovascular protective effects.!>1¢
However, these flavonoids suffer from limitations, such as low solubility, poor permeability, low gastrointestinal
absorption and low bioavailability.'” Therefore, improving the bioavailability of flavonoids is a challenging issue. In
our previous study, we made an interesting discovery that the in vivo blood concentration of flavonoids can be
significantly increased when co-administered with Astragalus polysaccharides (APS). Additionally, we also observed
the co-loading characteristics of flavonoids and APS in their co-solvent system. Based on these findings, we have
proposed a hypothesis that APS can serve as a natural carrier, forming nanoparticles for the encapsulation of small
molecule flavonoids. This encapsulation process holds potential for enhancing the solubility, permeability, and
in vivo absorption of the flavonoids.

This study focuses on four representative flavonoids found in Astragali Radix, namely Calycosin-7-O-f-D-glucoside
(CAG), Ononin (ON), Calycosin (CA) and Formononetin (FMN). This study represents the attempt to demonstrate the
enhancement of the solubility, permeability and absorption of flavonoids by utilizing APS, and reveal the potential
mechanisms as carriers of APS underlying the formation of multi-component co-delivery system resulting from

interaction.
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Materials and Methods

Materials

CAG, ON, CA and FMN (purity >98%) were purchased from Chengdu Pufei De Biotech Co., Ltd (Chengdu, China).
Flavonoids (including CAG, ON, CA and FMN, with contents >74.8%) wXs prepared, and the remaining specimens were
stored in our laboratory. APS (with contents >87.6%) was extracted and purified from the stem of Astragali Radix purchased
from Anhui Huchuntang Chinese Medicine Decoction pieces Co., Ltd. (Anhui, China), following the methods described in our
previous study.'® Acetonitrile and methanol (UPLC grade) were obtained from Thermo Fisher Scientific. Egg yolk lecithin
and dodecane were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., (Shanghai, China). Pepsin and
trypsin are obtained from Sigma-Aldrich (UK). Phosphate, sodium hydroxide and hydrochloric acid were purchased from
Guoyao Group Chemical Reagent Co., Ltd. All other reagents and chemicals were of analytical grade or higher quality.

Animals

Male Sprague-Dawley rats (250 + 20 g) were obtained from Shanghai Jiesijie Laboratory Animal Co. Ltd. (Shanghai,
China; SCXK (Hu) 2018-0004) and housed in a controlled environment (12 h light/dark cycles, 24 + 2 °C, 55 + 5%
humidity) with ad libitum access to food and water. Rats were anesthetized with 2% pentobarbital sodium, intraper-
itoneally, at a dose of 0.3 mL/100 g. All animal experiments were approved by the Animal Ethics Committee of China
Pharmaceutical University (2021-07-008) and performed in strict accordance with the national standards of the People’s
Republic of China, “Guidelines for Ethical Review of Laboratory Animal Welfare” (GB/T 35892-2018) and “Guidelines
for the Review of Humane Endpoints in Animal Experiments” (RB/T 173-2018).

Molecular Dynamics (MD) Simulations

The GROMACS simulation package (version 2020.6) was utilized to perform atomistic MD simulations. The 2D molecular
structure of flavonoids was sourced from the PubChem database (CID 137699082, 442813, 5280448, 5280378), and the
gromos54a7 force field topology file for flavonoids was generated by the Automated force field Topology Builder
website.'?° The 2D molecular structure of APS was obtained from the previous study.>' The SPC water model was employed,
and the GLYCAM_06;j-1 force field was applied to model the polysaccharides. In the MD simulation, the LINCS algorithm was
utilized to constrain all hydrogen atom bonds, and the Particle-mesh Ewald method was employed to calculate electrostatic
interactions. The spatial position of the flavonoids was extracted, and the molecular van der Waals surface electrostatic potential
was calculated using the Gaussian09 quantum chemistry comprehensive software package and the Multiwfn quantum chemistry
wave function analysis program.**** The simulation results were analyzed and visualized using the embedded programs in
GROMACS and VMD1.9.4, and 7n-x stacking interactions were analyzed using the MD Analysis software package.

Characterization of Flavonoids-APS Complexes

Preparation of Flavonoids-APS Complexes

To prepare flavonoids-APS complexes, APS (80 mg) was dissolved in 20 mL water to obtain APS solution (4 mg/mL).
Flavonoids (20 mg) was then dissolved in the APS solution (10 mL) and shaken in a constant temperature water bath at
37°C for 24 h. The mixture was then centrifuged at 12,000 r/min for 5 min, and the supernatant was freeze-dried to
obtain the flavonoids-APS complexes.

Critical Aggregation Concentration (CAC) Determination

To determine the CAC, pyrene was used as a fluorescence probe. Namely, pyrene solutions (0.05 mL, 12x 1072 mg/mL in acetone)
were added to a series of 10 mL brown test tube, and then the acetone was evaporated. Then, varying amounts of APS solutions
(20 mg/mL in water) were added to each test tube and diluted with deionized water, resulting in a final APS concentration of 4, 2,
1,0.5, 1071, 1072, 1073, 1074 mg/mL. The solutions were shaken for 30 min before being placed in a 60 °C water bath for 3 h,
cooled to 40 °C and then kept at constant temperature overnight. Fluorescence spectra of each solution cooled to room temperature
were measured using a Shimadzu RF-5301 PC fluorescence spectrophotometer with an excitation wavelength of 335 nm and an
emission range of 340450 nm. The CAC value was determined by calculating the fluorescence intensity ratio of the first peak
(I1, 373 nm) to the third peak (I3, 384 nm).
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Dynamic Light Scattering (DLS)
The particle size and zeta potential of the flavonoids-APS complexes were determined by DLS (Zetasizer Nano-ZS90,
Malvern, UK) after dissolving in deionized water (2 mg/mL).

Scanning Electron Microscopy (SEM)
The morphology and surface features of the freeze-dried flavonoids-APS complexes were observed and recorded using
SEM (Regulus-8100, HITACHI, Tokyo, Japan) under high vacuum conditions.

Transmission Electron Microscope (TEM)

The microstructure of flavonoids-APS complexes was examined by TEM (H-7800, HITACHI, Tokyo, Japan). The
samples were dissolved in ultrapure water, immediately dropped onto a 230-meter copper mesh, dried using infrared,
stained with a drop of uranyl acetate solution for 10 min, and observed by TEM.

Characterization of Biopharmaceutical Properties

HPLC Analysis

The HPLC analysis was performed using a Waters 2695 system (Milford, MA, USA) with a photodiode array detector.
CAG, ON, CA and FMN were separated on a Agilent Eclipse XDB-C;g column (4.6 mm x 250 mm, 5 um) using
a gradient elution of water (A) and acetonitrile (B). The gradient program was as follows: 0—2 min, 20%-23% B; 24
min, 23%-24% B; 4-5 min, 24-24% B; 5-8 min, 24-25%; 8—14 min, 25-33% B; 14—18 min, 35-100% B. The flow rate
was set at 1.0 mL/min, and the column temperature was maintained at 30 °C. The detection wavelength was set at 254
nm, and the injection volume was 10 pL.

Chemical Stability
In vitro degradation studies were conducted to simulate the degradation in physiological environment. Artificial gastric juice,
artificial small bowel fluid and artificial colon fluid were prepared according to Chinese Pharmacopoeia (2020). Flavonoids were
incubated in buffer solutions with artificial gastric juice, artificial small bowel fluid and artificial colonic fluid at 37 °C to simulate
the stomach, small intestine and large intestine. Flavonoids and APS weighed precisely according to the ratio of flavonoids: APS
(1: 0, 1: 2, 1: 4, 1: 8, 1: 16) and added to the buffer solutions with different pH values. The samples were vortexed for 1 min,
placed into a 37°C thermostatic oscillator (100 1/min), and collected at 0, 2, 4, 6, 8, 10, 12, 14.16 h for analysis using HPLC.
The degradation data were fitted to a first-order kinetic model, and the observed rate constants (k,,s) were obtained
using equation (1). The one-tenth-life (¢, o) and half-life (¢, 5) were also calculated from equation (2)-(3):

In(Ct/Co) = —Kopst (1)
to.0 = 0.105 /Kops (2)
t0'5 = O.693/kobs (3)

where C, and C, are the concentrations determined at various time points and the initial concentration, respectively.

Equilibrium Solubility

Phosphate buffer solutions with pH values ranging from 2.0 to 7.8 were prepared. CAG, ON, CA and FMN were added
to 10 mL of each buffer solution. Ultrasound was utilized to ensure complete dissolution of the components, and the
mixtures were then incubated in a constant temperature and oscillation shaker at 37°C and 120 r/min for 24 h until
equilibrium was reached and saturation was achieved. The saturated solutions were treated with methanol, filtered
through a 0.22 um microporous membrane, and the subsequent filtrate was analyzed by HPLC to calculate the
equilibrium solubility.

APS Solubilization
The solubility of flavonoids in the presence of APS was determined using the saturation shake-flask method. An excess
amount of flavonoids was placed in a glass tube with a stopper, and 3 mL of distilled water were added. An appropriate
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amount of APS was added to achieve a final concentration of 20 mg/mL. The mixtures were then incubated in a constant
temperature and oscillation shaker at 37°C and 120 r/min for 24 h until equilibrium was reached and saturation was
achieved. The saturated solutions were treated with methanol, filtered through a 0.22 um microporous membrane, and the
subsequent filtrate was analyzed by HPLC to calculate the solubility.

Oil-Water Distribution Coefficient (logP)

The logP of CAG, ON, CA and FMN was determined using the shake-flask method. The initial concentration (Cyp) at
distribution equilibrium of CAG, ON, CA and FMN was determined by adding flavonoids to 3 mL of water-saturated
n-octanol solution (upper layer) until a large number of yellow insoluble precipitates appeared in the solution. Add APS
according to the ratio of flavonoids:APS (1: 0, 1: 2, 1: 4, 1: 8, 1: 16). The solution was placed in a 37 °C thermostatic
oscillator (100 r/min) for 24 h, and then centrifuged at 3000 r/min for 10 min. The supernatant was treated with methanol
and analyzed by HPLC.

To determine the aqueous phase concentration (C,,) at distribution equilibrium of CAG, ON, CA and FMN, the drug-
containing water-saturated n-octanol solution was absorbed, and the same amount of n-octanol-saturated buffer solution
with different pH (1.2, 6.8, 8.3) was added. The solution was placed in a 37 °C thermostatic oscillator (100 r/min) for 24
h. The water phase was treated with methanol and analyzed by HPLC.

The logP was calculated with the following equation (4).

LogP = {lg(co - CW)/CW} (4)

Co-Cy, is the concentration of the drug in n-octanol at equilibrium, and Cw is the concentration of the drug in the
water at equilibrium.

Parallel Artificial Membrane Permeability Assay (PAMPA)
The PAMPA was conducted using a previously reported method with some technical modifications.* Paired glass permeable
diffusion cells with a PVDF membrane sandwiched between them were divided into supply and receiving chambers. A 4% (w/v)
n-dodecane solution of egg yolk lecithin (artificial membrane solution, 500 uL) was added to the PVDF membrane and allowed
to equilibrate for 30 min. Donor solutions (8 mL) and drug solutions (2 mL) of flavonoids (30 mg/mL) and flavonoids-APS
(flavonoids: APS=1: 2) were added to the receiving and supply chambers, respectively. The samples were placed in thermostatic
oscillator (37 °C, 300 r/min) and collected at 2, 4, 6, 8, 10,12 h from the receiving chamber for analysis using HPLC.
Calculation of effective permeability coefficient (Lgp.) and effective transmittance (P.¢) according to equation (5), (6)
and (7).

of YaVa o ldrug],
LgP.= lg{(Va+VdA D [~In(1 [dmg]e)]} ©)
_ [drug] - Vg + [drug], - V,
[drug]e - Vd + Va (6)
B [drug)a .
Puir = [drugle” 100% (7

Vg: volume of liquid added to the supply chamber; V,: volume of liquid added to the receiving chamber; A=m-r’:
effective area of the artificial membrane; t: incubation time (s); [drug].: drug concentration in receiving chamber at time
t; [drug],: theoretical equilibrium concentration at time t; [drug]y: drug concentration in supply chamber at time t.

Rats in situ Single-Pass Intestinal Perfusion (SPIP) Model Studies

Eight 6-week-old male Sprague-Dawley rats, weighing 300-350 g, were fasted for 16 h with free access to water and
randomly divided into two groups (n=4): the flavonoids group and flavonoids-APS group before the surgical procedures
for SPIP, as previously described.”> Random numbers were generated using the standard = RAND() function in Microsoft
Excel. The rats were anesthetized with an intraperitoneal injection of 2% Pentobarbital sodium (0.3 mL/100 g) and
placed under an infrared light to maintain a body temperature of 37°C. Four segments of the intestine (duodenum,
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jejunum, ileum, and colon) were simultaneously perfused. The abdomen was opened with a 3—4 ¢cm midline incision, and
approximately 10 cm of the duodenum, jejunum, and ileum segment, and colon were exposed and cannulated on two
ends with flexible PVC tubing.

For the flavonoids group, the flavonoids (CAG, ON, CA and FMN) were dissolved in Krebs-Ringer (K-R, 2 mg/mL)
buffer. For the flavonoids-APS group, the flavonoids were dissolved in K-R buffer containing APS (4 mg/mL). The
peristaltic pump (PetroGas Ausriistgen, Berlin, Germany) was connected to the inlet, and the perfusate was collected at
the outlet. The contents of the intestines were washed with pre-warmed saline, and saturated with K-R buffer for 15 min.
A pre-warmed drug-containing perfusion solution was then perfused through the intestinal segment at a flow rate of
0.2 mL/min for 30 min to achieve a steady-state. Once the steady-state was reached, intestinal perfusate samples were
collected at 15 min intervals for a total of 1.5 h, which were weighed before and after the perfusion. All samples,
including the perfusion samples from both the inlet and outlet drug solutions at various time points, were immediately
analyzed by HPLC.

At the end of the experiment, the lengths of the perfused intestinal segments were accurately measured. The effective
permeability (P.g) of drug was calculated using the following equations (8)-(9).

_0. Cout , Vour
len(cin vin)

Perr = 8
eff 2”1_1 ( )
K. = #Qin )

Vin and V. the volumes of the inlet and outlet; C;,, and C,,: the concentrations of the perfusate at the inlet and outlet;
Qin: the flow rate of the perfusion; I and r: the length (cm) and radius (cm) of the perfused intestinal segment.

In vivo Pharmacokinetics Study

Experimental Design

Male Sprague-Dawley rats weighing 250-300 g were subjected to a 12 h fasting period with ad libitum access to water
before being randomly divided into two groups (n=6): the flavonoids group and the flavonoids-APS group. In the
flavonoids group, the flavonoids were dissolved in water at a concentration of 10 mg/mL, while in the flavonoids-APS
group, the flavonoids were dissolved in APS solution at a concentration of 20 mg/mL. Both groups of rats were orally
administered their respective solutions at an equivalent dose. Following administration, plasma samples were collected at
predetermined time intervals (0, 5, 15, 30, 45, 60, 120, 180, 240, 360, 480 and 720 min) via orbital blood collection under
anesthesia. Anesthesia was induced by intraperitoneal injection of 2% pentobarbital sodium at a dose of 0.3 mL/100
g. The collected blood samples were subsequently centrifuged at 3000 r/min for 10 min at 4 °C, resulting in
approximately 150 uL. of plasma samples. These samples were then stored at —80 °C until further analysis using LC-
MS/MS.

Pre-Treatment of the Plasma Samples

In plasma sample preparation, 100 pL plasma sample was spiked with 10 pL baohuoside II (IS) solution, 10 pL
hydrochloric acid (3 M), and 500 pL acetonitrile. The mixture was then vortexed for 3 min. After centrifugation at
13,000 r/min for 5 min, the supernatant was dried using a vacuum centrifugal concentrator (Labconco CentriVap, Kansas,
USA). The dried sample was then dissolved, centrifuged once again, and subsequently injected into the high-performance
liquid chromatography-mass spectrometry (LC-MS/MS) system. The pharmacokinetic parameters were calculated using
Drug and Statistics version 1.0.

High Performance Liquid Chromatography-Mass Spectrometry Analysis
LC-MS/MS analysis was performed using an Agilent system equipped with ACQUITY UPLC® BEH C18 column (2.1 mm x
50 mm, 1.7 um), maintained at 30 °C. The mobile phase consisted of water (A) and acetonitrile (B). The gradient program was
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performed as follows: 0—1.0 min, 10% B; 1.0-2.0 min, 10%—50% B; 2.0-5.0 min, 50%—55% B; 5.0-5.2 min, 55-95% B; 5.2—
9.5 min, 95-100% B. The flow rate was set at 0.3 mL/min, and the injected volume was 3 pL.

Mass analysis was carried out using a 6420 Triple Quad LC/MS system equipped with an electrospray ionization
source. Multiple reaction monitoring was utilized in positive and negative modes with the following MS settings: gas
temperature of 350 °C, gas flow rate of 12 L/min, nebulizer pressure of 35 psi, capillar voltage of 4000 V, fragmentor
voltage of 135V, collision voltage of 30V, and transitions of m/z 477.0/285.0 for CAG, m/z 431.0/269.0 for ON, m/z
283.0/211.0 for CA, m/z 267.0/222.9 for FMN, m/z 499.0/280.9 for IS.

Method Validation

Validation was carried out according to the USA Food and Drug Administration Bio-analytical Method Validation
Guidance, including determination of the selectivity, calibration curve, precision, accuracy, stability, matrix effect and
recovery.*®

Multi-Spectroscopy Exploration

X-Ray Diffraction (XRD)

The XRD patterns of flavonoids, APS and flavonoids-APS complexes were obtained using a Bruker D8 Advance X-ray
diffractometer with Cu-Ka radiation (A = 1.54056A) radiation. The scanning range for all samples was from 20 angle 3°
to 80°.

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

The thermal behaviors of flavonoids, APS and flavonoids-APS complexes were analyzed using a TGA analyzer
(PerkinElmer TGA 4000, Llantrisant, Wales, UK) and DSC analyzer (DSC, Netzsch DSC 3500, Germany). The
experimental conditions were as follows: dynamic nitrogen atmosphere (99.999%), heating rate of 20 °C/min from 30
to 500 °C, with a sample mass of approximately 4 mg.

Fourier-Transform Infrared (FT-IR) Spectroscopy
The FT-IR spectra of flavonoids, APS and flavonoids-APS complexes were studied using FT-IR spectroscopy (Bruker
Tensor 27 FT-IR Spectrometer). The samples were analyzed directly in powder form without the use of KBr. The range

of spectrophotometer was from 400 cm™ ' to 4000 cm .

Statistical Analysis

One-way analysis of variance (ANOVA) or two-sided Student’s #-test was performed using Origin Pro 2022 software
(OriginPro Software, Inc., Northampton, Massachusetts, USA) to assess significant differences between the groups, and
the results were expressed as mean + standard deviation (SD). Differences were statistically significant when P<0.05.

Results and Discussion

Self-Assembly Properties and Biopharmaceutical Properties of Flavonoids

Self-Assembly Properties of Flavonoids

The present study investigated the self-assembly behavior of CAG, ON, CA and FMN (Figure 1A), in a water-soluble system
of 10x10%10 nm using molecular dynamics simulation for a duration of 40 ns. The simulation trajectory demonstrated that
CAG, ON, CA and FMN can spontaneously form cluster states (Figure 1B). The simulation data analysis revealed that the
long-range electrostatic force (Coulomb-14) is the driving force for the self-assembly of the CAG, ON, CA and FMN
(Figure 1C and D), and hydrogen bond and n-r stacking with CAG and ON also play an important role in the self-assembly
(Figure 1E-H). The solvent-accessible surface area (SASA-Area) decreases (Figure 1G), indicating the presence of stable
self-assembled nanostructures in the water-soluble system. Moreover, the solvation free energy (Solvation-Gsolv) decreases
(Figure 1G), indicating that CAG, ON, CA and FMN are more soluble in water after self-assembly, suggesting that the self-
assembly behavior of CAG, ON, CA and FMN is beneficial to their solubility in water to some extent. Studies have
discovered that a variety of active components, such as flavonoids, alkaloids, glycosides, terpenoids, organic acids and metal
ions tend to form self-assembled nanoparticles at micromolar concentrations under water-rich conditions.”” 2’ The interaction
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Figure | The molecular simulation trajectory and data analysis of CAG, ON, CA and FMN in aqueous solution. (A) The van der Waals surface electrostatic potential of
CAG, ON, CA and FMN, red represents positive potential, blue represents negative potential, yellow balls corresponding maximum potential points, and cyan balls
corresponding minimum potential points; (B) Simulation trajectory of CAG, ON, CA and FMN in aqueous solution system from 0 to 40 ns; (C) The temperature, pressure
and density of the equilibrium system; (D) The changes in different types of interaction forces in the molecular simulation system; van der Waals force (LJ), Coulomb, short-
range (SR), long-range (14); (E) The number of intermolecular hydrogen bonds of components (defined as hydrogen bonds if the distance between donor and recipient is
less than 4.0 and the corresponding angle is greater than 120°); (F) The number of intermolecular hydrogen bonds of components, and intermolecular hydrogen bonds of
components and water molecules; (G) Root-mean-square deviation (RMSD), gyration radius (Rg), SASA-Area and Solvation-Gsolv; (H) The number of m-T stacking

interacti

ons between components.

between components in self-assembled nanoparticles has been found to enhance solubility, permeability and absorption.*®
This discovery has prompted a shift in focus from studying individual components to examining their interactions.

Characterization of Solubility and Permeability of Flavonoids
It is widely acknowledged in the scientific community that a component’s water solubility is considered favorable when
its equilibrium solubility exceeds 0.1 mg/mL, as solubilities below 0.1 mg/mL often exhibit dissolution-dependent
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Figure 2 The solubility and permeability of CAG, ON, CA and FMN. (A) The equilibrium solubility of CAG, ON, CA and FMN; (B) The logP value of flavonoids at water
and pH 1.2, 6.8 and 8.3; (C) The Ka of flavonoids measured by SPIP; (D) The P of flavonoids measured by SPIP; (E) The phenomenon of increased solubility of CA and FMN
in CAG and ON aqueous solution. Compared with flavonoids.

absorption.*'* The equilibrium solubility of the CAG, ON, CA and FMN were below 30 ug/mL (Figure 2A), indicating
that CAG, ON, CA and FMN are low-solubility components. The logP value, which reflects the distribution of
a component in the oil and water phases, is a predictor of permeability. A higher logP value implies greater lipophilicity,
while a lower logP value suggests greater hydrophilicity. A component with a logP < 1 is considered to have poor
permeability and is difficult to penetrate the interior of cells via biological membranes, while a component with a 2 <
logP < 3 is considered to have good permeability.**>° The logP < 1 of CAG and ON indicating poor permeability, while
the 1 <logP <2 of CA and FMN, suggesting greater permeability than CAG and ON but still not ideal (Figure 2B). The
results of in vivo intestinal perfusion in rats (Figure 2C and D) confirm the above findings. The research results indicate
that CAG, ON, CA and FMN all exhibit varying degrees of solubility and permeability issues. However, it is interesting
to note that with the joint participation CAG and ON, the solubility of CA and FMN can be increased by 1.22-fold and
1.34-fold respectively (Figure 2E), which is consistent with the results of molecular dynamics simulation, indicating that
CAG and ON can enhance the solubility of CA and FMN. Besides, these findings are consistent with several previous
numerous studies that have demonstrated that the nanoaggregates formed by self-assembly of multiple components have

the effect of increasing component stability and solubility.*”>°

APS Can Serve as Natural Carriers Using Self-Assembly Properties
APS is a type of polysaccharide with a complex branched structure. In this study, the behavior of APS in aqueous
solution was simulated (Figure 3A) based on the previously reported structure of APS.>' Molecular dynamics simulation
(40 ns) was performed on an aqueous solution system after the random insertion of five APS molecules. The simulation
results demonstrate that APS can undergo self-assembly to form cluster states and aggregate structures (Figure 3C). The
decrease in SASA-Area also indicates that the system has a stable self-assembled nanostructure (Figure 3B). Overall,
these findings suggest that APS exhibits a stable self-assembled nanostructure in aqueous solutions.

Self-assembly refers to the spontaneous organization or aggregation of molecules into stable structures, driven by
non-covalent interactions.*” APS is a macromolecular polysaccharide with branched chains and a unique structure, which
has the ability to self-assemble to form aggregates. The resulting aggregates formed by the self-assembly of APS exhibit
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Figure 3 The molecular simulation trajectory and data analysis of APS in aqueous solution. (A) Structural model of APS; (B) Data analysis of simulation process, including
RMSD, Rg, SASA-Area, Solvation-Gsoly, the number of hydrogen bonds of APS (defined as hydrogen bonds if the distance between donor and acceptor is less than 4.0 and
the corresponding angle is greater than 120°); (C) Simulation trajectory of APS in aqueous solution system from 0 to 40 ns.

a porous structure and a large surface area, which suggests their potential value as carriers with larger drug loading
capacity. Natural polysaccharides are green alternatives for designing biopolymeric nanoparticles as suitable nanocarriers
due to their amphiphilic nature compatible with many bioactives and unique functional properties. Moreover, the self-
assembly of natural polysaccharides represents a green approach to self-assembly, as it does not require the addition of
exogenous components. This eco-friendly method reduces the potential for harmful toxic cross-linking in biomedical
applications.*' The utilization of natural polysaccharides in design of micro/nanoparticulate systems highly attractive due
to their well-established properties. Various polysaccharides, such as chitosan, alginate, guar gum, starch, pectin,
hyaluronic acid and xanthan gum, have been extensively employed in micro- and nanoparticulate systems for oral colon-

targeted drug delivery.***

Microstructure of Flavonoids-APS Complexes

CMC Determination

In the aqueous solution of flavonoids, APS and flavonoids-APS complexes, the Tyndall effect was observed (Figure 4A).
This observation indicates that in addition to the formation of flavonoids-APS complexes, there is also a presence of
multi-component self-assembly in solution systems of flavonoids and APS. These findings are consistent with the results
obtained from MD simulation. The CMC of APS was determined using pyrene fluorescence as a probe to validate this.
As illustrated in Figure 4B, two straight lines were produced (Y=—0.00344X+1.246, Y=—-0.2227X+1.180), and the CMC
was calculated as 0.499 mg/mL from the intersection point of Y1 and Y2.

Size, PDI and Zeta Potential

The DLS was employed to investigate the size of flavonoids-APS complexes formed by the combination of flavonoids
and APS. The results demonstrated that the average size of flavonoids-APS complexes was significantly larger than that
of the flavonoids alone, but much smaller than APS. The average size of the complexes was found to be in the range of
200-300 nm (Figure 4C and D). When the ratio of APS to flavonoids was <4, the polydispersity index (PDI) remained
below 0.2. (Figure 4E). The zeta potential of flavonoids-APS complexes was slightly lower than that of flavonoids alone
but remained relatively stable (Figure 4F). These findings indicate that flavonoids can integrate with APS, forming
evenly distributed and stable flavonoids-APS complexes.

TEM Analysis

The morphology of the flavonoids-APS complexes was further investigated using TEM, and representative images were
presented in Figure 4G. Based on the TEM images, the particle sizes of the flavonoids-APS complexes were estimated to
be in the range of 200-300 nm, exhibiting a spherical shape and well-defined contours. The TEM analysis results were
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consistent with MD simulations, which indicated that flavonoids can self-assemble to form nanoparticles with sizes
ranging from 100-200 nm. However, due to the large molecular weight of APS, it tends to form micron-sized particles
during self-assembly. Nevertheless, upon interacting with flavonoids, the particle size decreases, forming flavonoids-APS
complexes with well-defined contours and a multi-spherical shape, ranging from 200 to 300 nm in size.
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SEM Analysis

To investigate the morphological changes of flavonoids-APS complexes, SEM was utilized to observe the surface
morphology of flavonoids-APS complexes. The results, presented in Figure 4H, reveal that the self-assembled nano-
particles of flavonoids exhibited hollow structures and were arranged in lamellar aggregates. On the other hand, APS
appeared as stout branches. In contrast to flavonoids and APS, the surface of flavonoids-APS complexes exhibited more
holes and attached lamellar nanoparticles. This observation suggests that flavonoids may have been adsorbed on the
surface or encapsulated within APS during the self-assembly process. Numerous studies have consistently demonstrated
that polysaccharides, proteins, and small molecule active components readily interact to form nanoparticles with sizes
ranging from 200 to 400 nanometers and exhibiting loading properties.**

APS Improve the Biopharmaceutical Properties of Flavonoids

APS Enhance the Chemical Stability of Flavonoids

The chemical stability of the components in vivo plays a vital role in their absorption. The degradation kinetics curves
presented in Figure 5 demonstrate that the degradation of CAG, ON, CA and FMN follows first-order kinetics at different
pH values, regardless of whether they are combined with APS or not. The degradation kinetics curves and corresponding
parameters, including k., correlation coefficient (r), tpo and tys, are listed in Table S1. The experimental findings
indicate that the combination with APS significantly enhances the chemical stability of CAG, ON, CA and FMN in
simulated stomach, small intestine and colon. In artificial gastric juice, the t;, of CAG, ON, CA and FMN combined
with APS were 1.08-2.61 fold, 1.03—1.82 fold, 1.03-5.15 fold and 1.03—4.36 fold, respectively, compared to when they
were administered alone. Premature degradation of active components in the upper gastrointestinal tract is a crucial factor
that affects the efficacy of drugs. Upon formation of flavonoids-APS complexes, the hydrophilic properties of most
polysaccharides causes them to distribute on the surface of the complex, thereby reducing the degradation of flavonoids
to some extent. Presently, numerous studies have indicated that self-assembly or encapsulation of active components in
nanoparticles can effectively protect them from premature degradation in the stomach and small intestine, leading to
enhanced stability.*>**® These findings align with the results obtained in this study.

APS Enhance the Aqueous Solubilities of Flavonoids

The addition of APS considerably increased the aqueous solubility of CAG, ON, CA and FMN by approximately 1.39-
fold, 1.44-fold, 1.80-fold and 2.05-fold, respectively, compared to the solubilities of the flavonoids alone (Figure 6A and
B). These findings suggest that APS significantly improved the aqueous solubilities of the flavonoids, in line with
previous research that have reported the ability of polysaccharides to improve the solubility of hydrophobic
components.'® The enhanced solubility may be attributed to the formation of complexes or interactions between APS
and the flavonoids, which may contribute to an increased dissolution rate and solubility of the flavonoids. Additionally,
the amphiphilic nature polysaccharides, such as APS, can aid in solubilizing hydrophobic components by forming
a hydrophilic shell around the molecules, thus improving their aqueous solubility.*’

APS Improve the Permeability of Flavonoids

APS can intervene in the distribution of flavonoids (CAG, ON, CA and FMN) in octanol (oil) and water, and its
distribution is greatly affected by pH (Figure 6C-F). After combined with APS, the logP values of CAG, ON, CA and
FMN were changed to varying degrees, among which APS can significantly increase the distribution of FMN in oil,
indicating that APS may play an important role in promoting the permeation and absorption of FMN.

PAMPA has become an increasingly popular in vitro method for predicting passive intestinal absorption over the past
few decades. It serves as a complementary and alternative approach to the Caco-2 assay in pharmaceutical research. In
our study, we found that the permeability of flavonoid glycosides (CAG and ON) was significantly lower than that of
flavonoid aglycones (CA and FMN), as shown in Figure 7A. This difference in permeability could be attributed to the
fact that glycosylation of flavonoids can reduce their lipophilicity, which subsequently leads to a decreased passive
diffusion across the lipid bilayer. Interestingly, our findings indicated that APS had a greater influence on the perme-
ability of CAG, ON, and CA compared to FMN. This suggested that APS might have a role in modulating the
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interactions between flavonoids and the lipid membrane, potentially by modifying the physicochemical properties of the
membrane or by forming complexes with flavonoids that aid in their permeation.

To investigate the effect of APS on the intestinal absorption of flavonoids, the intestinal mucosal permeability
experiment in rats using the SPIP technique. The permeability of CAG, ON, CA and FMN was measured individually
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and in combination with APS, as shown in Figure 7B and C. The absorption rate constant (Ka) and effective permeability
(Petp) values indicated that the jejunum exhibited the absorption efficiency for CAG and ON, while the colon showed
optimal absorption for CA, and the duodenum was the primary site for FMN absorption. Additionally, APS was observed
to increase the intestinal mucosal permeability of flavonoids across different segments of the intestines, with a more
significant impact observed in the most efficient absorption segment (n=4). These findings suggested that APS could
serve as an oral drug carrier, enhancing the oral bioavailability of flavonoids by improving intestinal mucosal perme-
ability in both the small and large intestines.

The gelatinous substance known as the mucus layer the intestinal epithelium, providing protection against the
invasion of pathogens and toxins by hindering their adhesion and penetration into the mucosal epithelial cells.
However, this mucus layer can also hinder the penetration and absorption of orally administered drugs, leading to
reduced bioavailability.***’ The enhanced permeability of flavonoids in the presence of APS can be attributed to the
hydrophilic properties of APS, which provides a favorable environment for the crossing of the mucus layer (Figure 8).
These findings indicated that APS could serve as a permeability enhancer or “excipient”, altering the barrier function of
the intestinal epithelium. In addition, gaining a better understanding of the role of APS in promoting the penetration and
absorption of flavonoids could contribute to the development of novel strategies to optimize the therapeutic potential of

flavonoids, particularly when their bioavailability is a limiting factor.

APS Improve the Pharmacokinetics of Flavonoids

The pharmacokinetics of flavonoids, including CAG, ON, CA and FMN, were assessed following oral administration of
both individual flavonoids and flavonoids-APS combinations (at equivalent doses). The plasma concentration—time
curves are depicted in Figure 9. Various pharmacokinetics parameters, including maximum concentration (C,,,x), area
under the concentration—time curve (AUC), half-time (t;») and elimination rate constant (K.), were calculated and
presented in Table S2. These findings highlight the notable distinctions in the pharmacokinetics of flavonoids when
administered alone, compared to their combination with APS (n=6).
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Figure 8 Diagram illustrating the enhanced permeability of flavonoids facilitated by APS. APS can provide a favorable environment for mucosal penetration, enhancing the
permeability of flavonoids.

The pharmacokinetic investigation revealed that APS significantly enhanced C,,.x, area under the concentration—time
curve from 0 to the last measurable time point (AUC,_) and area under the concentration—time curve from 0 to infinity
(AUCy.,) of CA and FMN, compared to their administration as individual flavonoids. Furthermore, APS notably
increased the t;, of CA, indicating a reduction in its elimination rate. These results suggested that APS could improve
the bioavailability of CA and FMN, thereby enhancing their therapeutic effects. Similarly, APS demonstrated
a significant improvement in the C,,, (P < 0.05 or P < 0.01) of CAG and ON, suggesting that these flavonoids could
exert their medicinal effects more intensely when combined with APS. This observation supports previous research
suggesting that the combination of flavonoids with polysaccharides could lead to an enhanced efficacy.™

In addition, studies have indicated that the absorption of active components is associated with the formation of
nanoparticles. For instance, nanoparticles of Coptidis Rhizoma (Huang lian) polysaccharide can enhance the absorption
of the active components berberine in the intestine, and the mechanism may be related to the regulation of tight junctions
between intestinal epithelial cells.’’ Additionally, the validation results for selectivity, calibration curve, precision,
accuracy, stability, matrix effect and recovery are presented in Table S3-S6.

The Mechanism of Flavonoids-APS Complexes Formation

XRD

The XRD patterns provide insight into the crystallinity and structural properties of flavonoids, APS and flavonoids-APS
complexes are displayed in Figure 10A. The broad diffraction peaks observed for both flavonoids and APS indicate
relatively low crystallinity. This observation is consistent with previous research on flavonoids and polysaccharides,
which often exhibit low crystallinity due to their complex molecular structures and hydrogen bonding networks.>?
Interestingly, the XRD patterns of the flavonoids-APS complexes did not exhibit significant changes compared to the
individual components. This implies that the crystal structure of the flavonoids-APS complexes did not undergo a major
alterations. This finding suggests that the interaction between flavonoids and APS is primarily driven by non-covalent
forces, such as hydrogen bonding or LJ, rather than significant modifications in the crystal structure. This discovery is
consistent with the previous research of flavonoids and other macromolecular components.>*

TGA and DSC

The TG-DSC curves presented in Figure 10B offer valuable insights into the thermal stability and heat uptake changes of
flavonoids, APS and flavonoids-APS complexes. The weight loss curve exhibits three primary steps, corresponding to the
loss of free and combined water, degradation of the sugar chains, and reorganization process. The TG analysis shows that
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Figure 9 Plasma concentration-time curves of flavonoids. (A) CAG, (B) ON, (C) CA, (D) FMN, (E) AUC,_, (F) AUC,.... Compared with flavonoids, **P < 0.01.

the mass loss of flavonoids-APS complexes between 35°C and 480°C is 60.53%. In comparison, the mass loss of
flavonoids alone within the same temperature range is 63.36%. This suggests that the flavonoids-APS complexes exhibit
improved thermal stability in contrast to the flavonoids alone. This improvement in thermal stability can be attributed to
the interactions between flavonoids and APS, which stabilize the overall structure and confer resistance to thermal
degradation.

The DSC analysis provides further evidence supporting the hypothesis of structural changes in flavonoids upon
complex formation with APS. The distinct heat absorption peaks of flavonoids (100-130°C) and flavonoids-APS
complexes (130-160°C) indicate that the structure of flavonoids has been altered after forming complexes with APS.
This divergence in thermal behavior suggests that the interactions between flavonoids and APS induce modifications in
the structure of flavonoids, thereby influencing their thermal properties and transition temperature. These findings hold
significant importance in the design and development of novel drug formulations and delivery systems that utilize
flavonoids and APS. Understanding the thermal stability and structural changes of these complexes is crucial for
optimizing their performance and stability under various conditions.

The glass transition temperature (Tg) is a critical parameter that characterizes the thermal stability and structural
properties of materials, and is influenced by the amorphous degree and crystalline nature of polymers. High Tg values
generally indicate greater crystallinity and low amorphous content, providing structural stability and resistance to high
temperatures. The crystallization temperature (Tc) is another crucial parameter that describes the thermal properties and
structural characteristics of materials, particularly polymers. Tc represents the temperature at which a polymer transitions
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Figure 10 Multi-spectroscopy exploration of flavonoids, APS and flavonoids-APS complexes. (A) XRD patterns; (B) TG-DSC curves; (C) FT-IR spectra.

from its amorphous or disordered state to a crystalline state upon cooling. A higher Tc signifies improved structural
organization and stronger intermolecular forces, contributing to the overall stability and performance of material.

In the case of flavonoids-APS complexes presented in Figure 10B, the increase in both Tg and Tc values suggests that
the complexes exhibit higher thermal stability and structural rigidity compared to the flavonoids alone. The improvement
in thermal stability could be attributed to the formation of intermolecular bonds between flavonoids and APS, which
provide enhanced structural support and restrict the mobility of the molecular chains. These findings align with the
results obtained from the TGA analysis, further reinforcing the idea that flavonoids-APS complexes possess greater
thermal stability compared to their individual components.

FT-IR Spectra

The FT-IR spectra analysis of flavonoids, APS and flavonoids-APS complexes are shown in Figure 10C. The FT-IR
spectra of flavonoids exhibited various typical absorption bands. These include the carbohydrate hydroxyl “~-OH” band at
3345 cm ', the conjugated 7-hydroxyflavone “C=0" stretching vibration band at 1624 cm ', the aromatic nucleus
vibrational absorption bands at 1513 cm ™, the antisymmetric stretching vibration of “C-H” and aryl ethers “=C-O-C” at
2932 cm ™! and 1265 cm ™', and the out-of-plane bending of benzene ring hydrogen vibration absorption bands at 817 and
779 ¢m™'. The presence of characteristic absorption band at 1075 cm ' suggests that it may result from the stretching
vibration of the glycosidic bond “C-O-C” or the in-plane bending vibration of the substituted benzene ring hydrogen.
Upon the formation of the flavonoids-APS complexes, the hydroxyl peak “-OH” undergoes a shifted from 3345 cm ™'
to 3351 cm™'. This shift suggests the occurrence of energy transfer through the formation of hydrogen bonds or -
stacking interactions between the flavonoids and APS. Moreover, the blue shifts observed in the stretching vibration peak
of “C-O-C” in the glycosidic bond and the appearance of new absorption peaks in the flavonoids-APS complexes indicate
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the formation of weak bonding interactions between the flavonoids and APS. These weak bonds likely contribute to the
stabilization of flavonoids-APS complexes. These findings are consistent with previous research outcomes. For instance,
polysaccharide, as hydrophilic polymers, have been reported to self-assemble into nanoparticles through various non-

covalent interactions, such as hydrophobic interaction, electrostatic adsorption, LJ, 7-n bonding or other.>*>>

Conclusion

This study aimed to investigate the impact of APS on the biopharmaceutical properties of four representative flavonoids
both in vitro and in vivo. The results demonstrate that APS has the ability to self-assemble into nanoparticles, making it
a promising carrier for enhancing the water solubility and stability of insoluble flavonoids in vitro. Furthermore, APS was
found to increase the C.x and AUC of flavonoids in vivo. The study also examined the interaction mechanisms
between APS and flavonoids using multispectral techniques and molecular dynamics simulations. It was revealed that
APS can form weak intermolecular bonds, such as hydrogen bonds, with flavonoids, facilitating their self-assembly.

Notably, this study indicates the potential of APS to enhance the bioavailability of flavonoids, which is crucial for
utilizing APS as a natural carrier to construct multi-component nano-co-delivery system. Self-assembly is a green
method, is employed in this study, and natural polysaccharides possess favorable characteristics such as excellent
biocompatibility, low toxicity, and low immunogenicity. The self-assembly of natural polysaccharides offers an eco-
friendly approach that reduces the likelihood of harmful toxic cross-linking in biomedical applications.

In comparison to introducing external excipients, the use of natural polysaccharides derived from plants as carriers
provides a unique advantage in enhancing dissolution, permeation and absorption. The discovery of the self-assembly
properties of natural polysaccharides and their potential as carriers holds significant promise in the field of medical
nanocarriers. These findings are particularly important in enhancing the stability and bioavailability of active components
derived from natural plants.
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