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Background: Natural nanoparticles have been found to exist in traditional Chinese medicine (TCM) decoctions. However, whether
natural nanoparticles can influence the oral bioavailability of active compounds has not been elucidated. Using Xie-Bai-San decoction
(XBSD) as an example, the purpose of this study was to isolate, characterize and elucidate the mechanism of the nanoparticles
(N-XBSD) in XBSD, and further to explore whether the bioavailability of the main active compounds could be enhanced by N-XBSD.
Methods: N-XBSD were isolated from XBSD, and investigated its characterization and study of its formation mechanism, and
evaluation of its ability to enhance bioavailability of active compounds.

Results: The N-XBSD was successfully isolated with the average particle size of 104.53 nm, PDI of 0.27 and zeta potential of —5.14
mV. Meanwhile, all the eight active compounds were most presented in N-XBSD. Kukoamine B could self-assemble with mulberro-
side A or liquiritin to form nanoparticles, respectively. And the FT-IR and HRMS results indicated the possible binding of the
ammonium group of kukoamine B with the phenolic hydroxyl group of mulberroside A or liquiritin, respectively. The established
UPLC-MS/MS method was accurate and reliable and met the quantitative requirements. The pharmacokinetic behaviors of the
N-XBSD and decoction were similar in rats. Most notably, compared to that of free drugs, the Cp.x, AUCy.., AUCyy, Ty, and
MRT.,, values of index compounds were the higher in N-XBSD, with a slower plasma clearance rate in rats.

Conclusion: The major active compounds of XBSD were mainly distributed in N-XBSD, and N-XBSD was formed through self-
assembly among active compounds. N-XBSD could obviously promote the bioavailability of active compounds, indicating natural
nanoparticles of decoctions play an important role in therapeutic effects.
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Introduction
Traditional Chinese medicine (TCM) plays a crucial role in the prevention and treatment of various diseases, and is also
known for its complexity of active compounds leading to multiple pharmacological activities.' > Therefore, isolation and
evaluation of phytochemicals from herbal to explain the mechanism of TCM has long been widely conducted.
Frustratingly, many compounds purified from herbals are difficult to be absorbed, which severely limits their clinical
applications.* According to relative study, the purified form of compounds showed significantly lower exposure level in
the bloodstream after oral administration, compared with the herbal extracts taken in the form of traditional decoction.’
For example, after oral administration of pure gentiopicroside the concentration level of gentiopicroside in the blood was
lower than that of the group treated with of Gentianae decoctions.® Therefore, interactions between co-existing
compounds in the decoction may affect the oral absorption and pharmacokinetic profile of these bioactive compounds.
Natural nanoparticles are widely present in TCM decoctions and have significant biological activity.” '’ During decocting,
phytochemicals in herbs or plant materials are dissolved in boiling water, forming a complex system with multiple phase
states, including molecules, nanoaggregates, precipitates, and emulsions. It has been shown that the colloid-like aggregates
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which formed naturally could be found in 60 herbs and 24 Chinese herbal formulas.” Researchers have partly explored
formation mechanism, solubilization and pharmacological effects of nanoparticles. For example, Yang et al found that the
mechanism of nanoparticles formation in Bai-Hu-Tang decoction was related to the formulation of the prescription.® The
nanoaggregates in Ge-Gen-Qin-Lian-Tang decoction could increase the uptake of baicalin in Caco-2 cells and had a good
antidiabetic activity on STZ-induced diabetic rats.'® All these results illustrated that what an important role of nanoparticles
have played in decoction and their significant effects on biological activity of decoction in clinic.

Xie-Bai-San decoction (XBSD) was first recorded in “Xiao’er Yao Zheng Zhi Jue” compiled by Yi Qian of the Song
Dynasty and has been used for centuries in the clinical treatment of pediatric pneumonia in Asian countries.’ XBSD is
composed of four TCMs including Cortex Mori (the dried root bark of the Morus alba L), Cortex Lycii (the dried root bark of
Lycium chinense Mill or Lycium barbarum L), Radix Glycyrrhizae (the dried roots and rhizomes of Glycyrrhiza uralensis
Fisch, Glycyrrhiza glabra L, and Glycyrrhiza inflata Batalin) and Japonica rice. Cortex Mori is widely applied to treat
pneumonia, with mulberroside A (Figure 1A) and mulberroside C (Figure 1B) as its main active compounds.'*'* Cortex Lycii

15717 and its

demonstrates pharmacological effects such as heat-resolving, analgesic, lipid-lowering and immune regulation,
main compound kukoamine B (Figure 1D) can inhibit the inflammatory response in septic mice.'® Liquiritin (Figure 1F) and
glycyrrhizic acid ammonium salt (Figure 1H) are the main compounds of Radix Glycyrrhizae, showing anti-inflammatory
effect.'®! The liquiritin apioside (Figure 1G) in Radix Glycyrrhizae has antitussive and expectorant activities.?” It can be
deduced from the above materials that the active compounds of XBSD influence its efficacy. On the other hand, it is worth
noting that glycyrrhizic acid is reported as a surfactant that can self-assembles into micelles in aqueous solution.” Besides, the
Japonica rice contains a large number of polysaccharides and proteins, forming hydrophilic or hydrophobic colloids to
increase the stability of solution after boiling in water.® The above results suggest that Japonica rice and Radix Glycyrrhizae in
XBSD might contribute to forming nanoparticles. Proteins and polysaccharides may directly modify the existing forms as well
as the intestinal absorption of active compounds.”* Nanoparticles can adsorb active constituents and carry them for
absorption.”*?> These results suggest that nanoparticles in XBSD may also affect the effect by changing oral bioavailability
of the active compounds. However, few systematic studies have been conducted to date.
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Figure | Chemical structures of mulberroside A (A), mulberroside C (B), oxyresveratrol (C), kukoaMine B (D), kukoaMine A (E), liquiritin (F), glycyrrhizic acid ammonium
salt (G), liquiritin apioside (H), digoxin (I) (internal standard), schisandrin (J) (internal standard).

Accordingly, the objective of this study was to explore the property of N-XBSD to enhance the oral bioavailability of
main active compounds in decoction. First, N-XBSD was isolated by high-speed centrifugation and characterized by particle
size, zeta potential, transmission electron microscopy (TEM), and its gastrointestinal stability was investigated. To evaluate
the ingredients of N-XBSD, a HPLC method for the simultanecous determination of eight active compounds of XBSD was
developed. The formation mechanism of N-XBSD was investigated using Fourier transform infrared spectroscopy (FT-IR)
and high-resolution mass spectrometry (HRMS). Moreover, to compare the pharmacokinetic profiles of XBSD, N-XBSD
and free drugs, a UPLC-MS/MS method to rapidly and accurately determine the blood drug concentration of five major
compounds was established and validated. In view of the widespread existence of nanoparticles in TCM decoctions, this
study is expected to promote more research on natural nanoparticles playing an important role in therapeutic effects.

Materials and Methods

Materials
Cortex Mori (Batch number: PZ2021073001, Shanghai, China), Cortex Lycii (Batch number: YP2021080501, Shanghai,
China) and Radix Glycyrrhizae (Batch number: PZ2021081901, Shanghai, China) were from Shanghai Kangqiao
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traditional Chinese medicine Co. Ltd. Japonica rice (Batch number: PZ2021081901, Shandong, China) was purchased
from Shandong Shangyao traditional Chinese medicine Co. Ltd. The standards which included mulberroside A,
kukoamine A (Figure 1E), kukoaMine B, liquiritin, liquiritin apioside, glycyrrhizic acid ammonium salt, mulberroside
C, oxyresveratrol (Figure 1C) and schisandrin (Figure 1J) (>98% purity) were all purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Digoxin (Figure 1I) was purchased from Merck KGaA (Darmstadt,
Germany). 3500Da dialysis bag was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).

Animals

We obtained male Sprague-Dawley rats (200-220 g) from Shanghai Sippr-BK Laboratory Animal Co., Ltd. (Shanghai,
China). An ambient temperature of 22-24 °C and 60-65% relative humidity were used to raise rats in the Laboratory
Animal Center of Shanghai University of Traditional Chinese Medicine. Rats were fed and watered normally.

Preparation of Standard XBSD

According to the “Xiao’er Yao Zheng Zhi Jue”, a famous formulary in TCM, compiled by Yi Qian. The preparation of
XBSD was performed as follows: Cortex Mori (39.3 g), Cortex Lycii (39.3 g), Radix Glycyrrhizae (3.93 g) and Japonica
rice (10 g) were crushed into coarse powder and then soaked in 1200 mL of distilled water for 15 minutes. Then boil with
high heat and simmer to 840 mL. Lastly, filter with four layers of gauze to get XBSD.?

Separation of the Phase States in XBSD

The 50 mL XBSD (I) was centrifuged for 30 min (4000 rpm). The supernatant was tightly sealed in a dialysis bag, and
then submerged into 500 mL water and dialyzed at 37°C for 1 h (120 rpm). Finally, the liquid in the dialysis bag was
centrifuged for 30 min (13,000 rpm). The dialysis and centrifugation were repeated twice. By the above operation, all the
centrifuged precipitates were collected, ie, the sediment phase state (S-XBSD, II), the dialysis outer liquid was the true
solution phase state (T-XBSD, III), and the liquid inside the dialysis bag was the nanoparticles (N-XBSD, IV) (Figure 2).

TEM and Particle Size Analyser

One drop of XBSD and N-XBSD, was spread uniformly on a copper mesh coated with carbon film, respectively, dried,
stained with 2.0% phosphotungstic acid for 2 min, dried again and the morphology of the nanoparticles was observed
under transmission electron microscopy (TEM, Tokyo, Japan). A Zetasizer Nano ZSE (Malvern Zetasizer Nano-ZS ZEN
3600, Marvin, England) was used to determine the particle size distribution and surface potential of N-XBSD.

The dialysis and centrifugation
procedures were repeated twice

l S-XBSD
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Figure 2 Isolation method of N-XBSD.
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The Storage Stability and Gastrointestinal Stability

The storage stability of N-XBSD was examined at each time point. The N-XBSD were incubated in simulated gastric
fluid (SGF, pH = 1.2), simulated intestinal fluid (SIF, pH = 6.8), and simulated colonic fluid (SCF, pH = 7.4) for 12 h,
respectively. The particle size of the N-XBSD at 2, 4, 8 and 12 h were detected to access the storage stability and
gastrointestinal stability of N-XBSD.

Chromatographic Conditions of HPLC-DAD Analysis

Analysis was performed using an HPLC system (Agilent Technologies, Santa Clara, CA, USA). The samples were
separated by Agilent SB-AQ column (150 mm X 3.5 mm, 2.7um). The mobile phase was 0.1% (v/v) trifluoroacetic acid
(solvent system A) and acetonitrile (solvent system B). The gradient elution method after optimization was performed as
follows: 0—5 min, 98% A; 5—15 min, 98%—-90%A; 15-38 min, 90%—-82%A; 38—45 min, 82%A, 45-55 min, 82%—70%A;
55-60 min, 70%-50%A; 60—-65 min, 50%25%A; 65-70 min, 5%A. The flow rate was set at 0.3 mL/min and the
injection volume was 2 pL. The column temperature was set at 25°C. The detection wavelengths of the DAD detector
were performed as follows: 324 nm for 0-22 min, 282 nm for 22—30 min, 276 nm for 3043 min, 330 nm for 43—55 min
and 254 nm for 55-70 min.

Primary stock solutions of mulberroside A (426.15 pg/mL), kukoaMine B (811.50 pg/mL), kukoamine A (75.05 ng/
mL), liquiritin (50.74 pg/mL), liquiritin apioside (55.37 pg/mL), oxyresveratrol (48.02 ug/mL), glycyrrhizic acid
ammonium salt (109.80 ng/mL), and mulberroside C (65.15 pg/mL) were prepared in 50% methanol. After gradient
dilution, calibration curves were obtained for five concentration levels. By comparing retention times (RT) and UV
spectra with those of standard compounds (mulberroside A, kukoaMine B, kukoamine A, liquiritin, liquiritin apioside,
oxyresveratrol, glycyrrhizic acid ammonium salt and mulberroside C), chromatographic peaks were identified. 5 mL of
XBSD, N-XBSD and T-XBSD were respectively placed in 10 mL volumetric bottles, 5 mL methanol was added to the
scale, swirled for 10 min, and then filtered by 0.22 pm organic filter membrane for HPLC analysis. The S-XBSD was
taken from 50 mL of the decoction and added into 10 mL of 50% methanol solution, then ultrasounded for 20 min and
filtered by 0.22 pm organic filter membrane for HPLC analysis.

Study of the Mechanism of N-XBSD Formation

Self-Assembly Formation

KukoaMine B was combined with mulberroside A and liquiritin in the ratio of 1:1 (0.2 mM) at 120 °C, respectively. The
solution was heated and stirred without reflux condensation until the concentration increased to 4 mM. A deepening of
the color of the solution was observed, and the Tyndall effect was obvious.

Characterization of Self-Assemblies

The size, particle size distribution and surface potential of the self-assembled nanoparticles were determined using
a Zetasizer Nano ZSE (Malvern Zetasizer Nano-ZS ZEN 3600, Marvin, England). The infrared spectra of monomers,
physical mixtures and nanoparticles in the range of 4000—400 cm ' were determined by FTIR spectroscopy (Thermo,
Florida, USA). HRMS (Agilent 6545 LC/Q-TOF, Agilent Technologies, Santa Clara, CA, USA) was used to analyze the
basic units of two self-assembled nanoparticles.

Pharmacokinetic Study

Mass Spectrometry System for Qualitative Analysis

An Agilent 6460 series MS/MS system (Agilent Technologies, Santa Clara, CA, USA) was combined with an Agilent
1290 UPLC system (Agilent Technologies, Santa Clara, CA, USA) to quantify analytes in ESI+ and ESI- ionization
modes. The capillary voltage was set to 4000 V and gas flow rate was 10 L/min. The nebulization gas pressure was 30 psi
and the gas temperature was 350°C. A gradient elution of 0.1% (v/v) formic acid (solvent system A) and acetonitrile
(solvent system B) at 0.4 mL/min was used to achieve the ideal results on Agilent EC-C18 column (2.1 mm X 100 mm,
1.8 um) with the following process. The gradient elution method for mulberroside A, liquiritin, liquiritin apioside and
glycyrrhizic acid ammonium salt was 90% A in 0—1 min, 90-64% A in 1-3 min, 64-52% A in 3—4 min, 52-10% A in 4—
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5 min, 10% A in 5-6 min, 10-90% A in 6—6.1 min, 90% A in 6.1-8 min. The gradient elution method for kukoaMine
B was 95-92% A in 0—7 min, 92-5% A in 7-8 min, and 95% A in 8.1-10 min. The injection volume was 5 pL. The mass
spectrometric parameters under multiple reaction monitoring (MRM) are shown in Table S1.

Sample Preparation

The IS (schisandrin) solution (50 ng/mL) and the IS (digitonin) solution (500 ng/mL) were mixed for five minutes in
a 1.5 mL centrifuge tube containing 50 pL rat plasma. Then added 500 pL methanol, vortex for 20 minutes, and
centrifuge for 10 min at 4°C (13,000 rpm). Transferred the entire supernatant to another 1.5 mL centrifuge tube and
gently dried at 37°C under a nitrogen stream. Then, add 50 pL of 10% methanol to reconstitute. 5 pL of the supernatant
was extracted and injected onto a column for analysis after centrifugation at 4°C for 10 minutes (13,000 rpm).

Method Validation
The validation parameters of the method include specificity, linearity, precision and accuracy, matrix effects, recovery,
and stability.

Specificity
By comparing MRM chromatograms of rat blank plasma, blank plasma containing five analyzed compounds, and IS,
plasma samples of rats after oral administration of XBSD for 2 h, specificity was assessed.

Linearity

Blank plasma samples were determined with 8 concentration levels of analytes. The standard curve was obtained by
linear regression analysis with the ratio of peak area of the substance to be measured to the peak area of the internal
standard (IS) Y as the vertical coordinate and the mass concentration of each substance X as the horizontal coordinate.
The limit of quantification (LOQ) was also calculated according to the signal-to-noise ratio (S/N>10).

Precision and Accuracy

Six replicates of three different concentrations (low, medium, and high) of quality control (QC) samples on the same day
and three consecutive days were used to determine precision and accuracy, respectively. The relative error (RE, %) and
relative standard deviation (RSD, %) were calculated according to theoretical concentrations and experimental results.

Extraction Recovery and Matrix Effect

The extraction recovery rate was measured by comparing the ratio of peak area to internal standard in the blank plasma
sample with analyte added before extraction and the sample with analyte added after extraction at three different
concentrations (low, medium and high). Matrix effect was measured at three QC levels by comparing the peak areas
of the extracted blank plasma samples with analyte and the corresponding pure standard solution.

Stability

The stability of the five analytes in rat plasma was determined by performing six replicates of QC samples at low,
medium and high concentrations under different conditions. Short-term stability included the stability of plasma samples
placed in the injector at 4°C for 24 h, and the stability of plasma samples after three freeze-thaw cycles at —20°C. Long-
term stability was examined for the stability of plasma samples placed in the refrigerator at —80°C for 30 days.

Application to Pharmacokinetic Analysis

The SD rats were randomly assigned to 3 groups: XBSD, N-XBSD and free drugs group, with 6 rats in each group. The
XBSD and N-XBSD groups were administered orally at a dose of 12.5 g of raw herb/kg. The levels of the five
compounds of N-XBSD, mulberroside A, kukoaMine B, liquiritin, liquiritin apioside and glycyrrhizic acid ammonium
salt, were determined by HPLC. The free drugs group was administered at same dose as the N-XBSD group. At 0.083,
0.17, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8, 12, 24 h after oral administration, blood samples (0.2 mL) were collected into the
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heparinized centrifuge tube via the ophthalmic venous plexus. After centrifugation at 4°C (4000 rpm) for 10 min, the
supernatant was transferred to a 1.5 mL centrifuge tube and stored at —80°C until the samples were analyzed.

Statistical Analysis

Important pharmacokinetic parameters, including C,,x (the maximum plasma concentration), 7/, (the terminal elimination
half-life), Tinax (time to reach Cy,.,), AUC. (the area under curve from time zero to time t), AUC,_,, (the area under curve
from time zero to time infinity), CLz/F (clearance corrected for bioavailability) and MRT_, (mean residence time from time
zero to time t) were calculated using DAS 2.0 software. Statistical calculations were performed using SPSS 21.0 software.

Results
Separation of Nanoparticles from XBSD

N-XBSD was separated by high-speed centrifugation combined with dialysis, which is a common method for separating
nanoparticles from decoctions.®’ Briefly, the dialysis was utilized to remove free drugs from the decoction and then
high-speed centrifugation was used to remove the micron-sized particles to finally obtain N-XBSD, which showed an
obvious Tyndall phenomenon (Figure 3C). The TEM results showed that nanoparticles were present in XBSD but
contained more micrometer-sized particles (Figure 3A), whereas N-XBSD was spherical with diameters ranging from 30
to 500 nm (Figure 3B). The average particle size, polydispersity index (PDI) and zeta potential of N-XBSD were 104.53
+ 2.63 nm, 0.27 = 0.01 (Figure 3C) and —5.14+0.55 mV, respectively (Figure 3D), which indicated a homogeneous
particle. In the stability study, the particle size of N-XBSD did not change significantly not only in storage but also in
SGF (pH = 1.2), SIF (pH=6.8), and SCF (pH = 7.4) for 12 h (Figure 3E and F). This showed that N-XBSD could tolerate
strong acid and protease decomposition after oral administration.

Determination of the Chemical Composition of XBSD, S-XBSD, T-XBSD and N-XBSD
by HPLC

In order to study the distribution of active compounds, the chemical composition of XBSD, S-XBSD, T-XBSD and
N-XBSD were analyzed by HPLC, including mulberroside A, kukoaMine B, kukoamine A, liquiritin, liquiritin apioside,
oxyresveratrol, glycyrrhizic acid ammonium salt and mulberroside C. The chromatogram is shown in Figure 4. And the
linearity, sensitivity, precision, accuracy, recovery and stability of the eight analytes were summarized in Tables S2—S4.
These results showed that the concentration of the analytes showed a good relationship with the peak area in the detection
range (R > 0.9998). The limits of detection (LOD) and limits of quantification (LOQ) were in the range of 0.17-0.97 ng/
mL and 0.57-3.23 pg/mL, respectively. The overall RSDs for precision and repeatability were not more than 3.21% and
3.41%, respectively. The developed method had an acceptable accuracy with analytes recoveries of 95.84—102.60% for
all analytes. In terms of stability, the RSD of the concentration of each analyte was less than 2.97% within 24 h. The
above results showed that the established method has good linearity, sensitivity, precision, accuracy, recovery and
stability, and can be used for the quantitative analysis of eight compounds in XBSD.

As shown in Table 1, the distribution of the above compounds showed significant differences in different phase states.
The percentages of mulberroside A, kukoaMine B, kukoamine A, liquiritin, liquiritin apioside, oxyresveratrol, glycyr-
rhizic acid ammonium salt and mulberroside C in N-XBSD were 80.3%, 83.51%, 85.52%, 59.14%, 83.08%, 74.64%,
82.70% and 66.57%, respectively, of the total contents in XBSD. These results indicate that the active compounds in
XBSD are mainly distributed in N-XBSD.

The Mechanism of N-XBSD Formation

Mulberroside, kukoaMine B and liquiritin are the main active constituents of Cortex Mori, Cortex Lycii and Radix
Glycyrrhizae, respectively. It is noteworthy that the contents of mulberroside A, kukoaMine B and liquiritin were significantly
higher in N-XBSD than in other phases. Therefore, we hypothesized that self-assembly may occur between them.

As shown in Figure 5A and B, kukoaMine B was heated and stirred with mulberroside A and liquiritin forming MUL-
KUB NPs and LIQ-KUB NPs respectively, both of which were around 200 nm. FT-IR and HRMS were performed to

International Journal of Nanomedicine 2024:19 hetps: 3411
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=449268.docx
https://www.dovepress.com/get_supplementary_file.php?f=449268.docx
https://www.dovepress.com
https://www.dovepress.com

Nie et al Dove

C D
Size: 104.53+2.63 nm

PDI: 0.27:0.01 §:-5.1440.55 m¥
— 10 100 00 10000 ° 100 0 100 200
Size (d.nm) Apparent Zeta Potential (mV)
E
400 400

M Oh ™ 2h M 4h
3004 B 8h N 12h

Size (nm)
[nd w
= =

1 1

Size (nm)
o
=

1

—
3
=]

|

—

=3

(=}

1

=}
|
=]
|

0 2 4 8 12
. SGF SIF SCF
Time (h)

Figure 3 (A) TEM images of XBSD. (B) TEM images of N-XBSD. (C) Particle size distribution of N-XBSD. (D) The zeta potential of N-XBSD. (E) Size changes of N-XBSD
in water. (F) Size changes of N-XBSD in SGF (pH=1.2), SIF (pH=6.8) and SGF (pH=7.4).

investigate the formation mechanism of nanoparticles. In the physical mixture of MUL-KUB, the peak at 3377.38 cm '
(Figure 5C) was attributed to the stretching vibrations of the phenolic hydroxyl groups on the benzene rings of mulberroside
A. However, in MUL-KUB NPs, the peak was shifted to 3411.94 cm ™. Similarly, the peak at 1137.34 cm ™' was attributed
to the stretching vibration of C-N in kukoaMine B, but the peak was shifted to a higher wavenumber (1185.01 cm ™) in the
MUL-KUB NPs. In HRMS, a deprotonated mulberroside A/kukoaMine B complex with a binding ratio of 1:1 (m/z
1099.4845) was observed in the ESI+ mode (Figure 5E), and its secondary fragments masses of m/z 531.3122 and m/z
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Figure 4 A representative HPLC chromatogram. From top to bottom: mixture of standard compounds (blue line), XBSD (green line), N-XBSD (Orange line), T-XBSD (red
line) and S-XBSD (black line). (a) mulberroside A; (b) kukoaMine B; (c) kukoaMine A; (d) liquiritin; (e) liquiritin apioside; (f) oxyresveratrol; (g) mulberroside C; (h)
glycyrrhizic acid ammonium salt.

591.1656 corresponded to mulberroside A and kukoaMine B+Na, respectively. This may be due to the electrostatic
interaction between the phenolic hydroxyl in mulberroside A and the ammonium ions in kukoaMine B. The results
observed in the self-assembly of liquiritin and mulberroside A are also consistent. The peak at 3370.22 cm '
(Figure 5D) was attributed to the stretching vibrations of the phenolic hydroxyl groups of liquiritin. However, in LIQ-
KUB NPs, the peak was shifted to a lower wavenumber (3351.00 cm™'). In HRMS, a deprotonated liquiritin/kukoaMine
B complex with a binding ratio of 1:1 (m/z 947.3925) was observed in the ESI- mode (Figure 5F), and its secondary
fragments masses of m/z 529.2989 and m/z 417.1155 correspond to liquiritin and kukoaMine B, respectively. This may be
due to the electrostatic interaction between the phenolic hydroxyl in liquiritin and the ammonium ions in kukoaMine B. FT-

IR and HRMS directly confirmed the self-assembly between the two groups of molecules.

Comparative Pharmacokinetics of XBSD, N-XBSD and Free Drugs After Oral

Administration in Rats

In order to compare the pharmacokinetic differences between XBSD, N-XBSD and free drugs, a UPLC-MS/MS method
was established for determining five representative drugs in rat plasma, namely mulberroside A, kukoaMine B, liquiritin,
liquiritin apioside and glycyrrhizic acid ammonium salt.

Table | Determination of the Chemical Composition of XBSD, N-XBSD, S-XBSD and T-XBSD

Compounds XBSD Percentage Percentage Percentage
(ng mL™") Content of Content of Content of
N-XBSD(%) S-XBSD(%) T-XBSD(%)
Mulberroside A 300.76 80.83 2.89 16.28
KukoaMine B 154.73 83.51 2.01 14.48
Kukoamine A 36.71 85.52 2.25 12.23
Liquiritin 15.73 59.14 28.84 12.02
Liquiritin apioside 10.73 83.08 12.75 4.17
Oxyresveratrol 2.70 74.64 4.63 20.73
Glycyrrhizic acid ammonium salt 10.17 82.70 10.50 6.8
Mulberroside C 1.75 66.57 7.06 26.37
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Method Validation

Specificity

Figure 6 shows typical MRM chromatograms of blank plasma, plasma spiked with analyses and IS, and plasma samples
from rats after 2 h of oral administration of drugs. There was no interference between the analyses and the IS during the
retention time, and the peak shape was good, indicating the good specificity of the method.

Linearity and LLOQ

The regression equations, linear ranges and LLOQ of the standard curves for five compounds to be measured in rat
plasma was shown in Table S5. The linear ranges of mulberroside A, kukoaMine B, liquiritin, liquiritin apioside and
glycyrrhizic acid ammonium salt were 18.42-589.38, 13.13-1680.200, 3.94-1259.64, 1.68-672.31, 1.26-504.65, 1.681—
672.31 and 1.26-504.65 ng/mL, respectively, and the correlation coefficients r of the standard curves were all greater
than 0.995, indicating that the linearity was good and could be used for the determination of plasma sample content.

Precision and Accuracy

Table S6 shows the intra-day and inter-day precision results for the five analytes. The intra-day accuracy range (RSD)
was 1.17-6.55%; intra-day accuracy range (RE) was —10.8-1.87%, inter-day accuracy range (RSD) was 1.60-12.85%;
inter-day accuracy range (RE) was —13.67-13.28%, and all of them met the criteria. According to the results, the
established method was reproducible, accurate, and could be used for the quantitative analysis of the five analytes.

Extraction Recovery and Matrix Effect
The average extraction recoveries and matrix effects for the five compounds at three QC levels were summarized in Table S7.

The recoveries ranged from 28.59% to 102.53% for the three QC samples of the five analytes, and the matrix effects ranged
from 89.40% to 114.31%. The results indicated that the recoveries and matrix effects of the established analytical methods
were acceptable.

Stability
The results in Table S8 showed that five compounds in rat plasma remained stable and met the analytical criteria in
plasma samples when stored at —80°C for 30 days, repeated freeze-thaw cycles three times, and stored at 4°C for 24 h.

Comparative Analysis of Pharmacokinetic Results in Rats

The pharmacokinetics were compared after oral administration of XBSD, N-XBSD and free drugs using UPLC-MS/MS.
The mean concentration—time curves of the drugs in the plasma of the rats from the XBSD group, the N-XBSD group,
and the free drugs group were shown in Figure 7. Pharmacokinetic parameters, including 7', Tmax, Cmax» AUCq,
AUC ., CLz/F and MRT,_ were calculated using DAS 2.0 software as shown in Table 2.

The results showed that the five compounds exhibited similar pharmacokinetic profiles in N-XBSD and XBSD
groups, which might be attributed that five compounds of XBSD present as nanoparticles. While there was a significant
difference in the pharmacokinetic behavior between N-XBSD and free drugs. Compared to the free drugs, the mean 7/,
of mulberroside A, kukoaMine B, ligiritin, liquiritin apioside and glycyrrhizic acid ammonium salt in the N-XBSD group
were prolonged by 236.48, 69.54, 55.91, 132.20, and 96.17%, respectively. The C,,,, of kukoaMine B was significantly
higher in the N-XBSD group (p<0.05). The mean AUC,._, of mulberroside A, kukoaMine B, ligiritin, liquiritin apioside
and glycyrrhizic acid ammonium salt in the N-XBSD group were increased by 122.73, 153.76, 112.30, 79.17, and
95.25%, respectively; and the mean AUC,, of kukoaMine B, ligiritin, liquiritin apioside, and glycyrrhizic acid
ammonium salt were significantly higher in rats of the N-XBSD group than that of free drugs group rats (p<0.05).
The CLz/F of mulberroside A and liquiritin apioside were significantly lower in the N-XBSD group than that of the free
drugs group (p< 0.05). Compared with the free drug group, all five compounds in N-XBSD exhibited similar pharma-
cokinetic profiles to the extended-release formulation after oral administration to rats. Synthesized the above results, the
apparent feature showed that N-XBSD significantly enhanced the oral bioavailability of active compounds.
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Figure 6 Representative MRM chromatograms of (I) mulberroside A, (Il) kukoaMine B, (Ill) liquiritin, (IV) liquiritin apioside, (V) glycyrrhizic acid ammonium salt, (VI) digoxin
(IS), (VII) schisandrin (IS) in rat plasmas: (A) MRM chromatograms of blank plasma samples, (B) blank spiked with combined standard solutions of the five analytes and IS, (C)
rat plasma samples at 2 h after oral administration of XBSD.
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Figure 7 Mean plasma concentration—time curves of five major bioactive compounds after the oral administration of N-XBSD, XBSD and free drugs. The inserted figures
show the initial 4 h profiles for the analytes.

Discussion

Nanoparticles can be separated by gel chromatography, centrifugation, ultrafiltration, etc.''*”*® Currently, the most
commonly used method for separating nanoparticles in decoction is dialysis combined with centrifugation. It is generally
accepted that dialysis bags are permeable to low-molecular-weight compounds. Therefore, the dialysis bag with a cutoff
molecular weight of 3500 D was sufficient to permeate the free drug, but interestingly, it is unusual to detect mulberro-
side A, kukoaMine B, kukoamine A, liquiritin, liquiritin apioside, oxyresveratrol, glycyrrhizic acid ammonium salt and
mulberroside C in the dialysis bag; all are small molecules with the molecular masses of 568.5, 530.7, 530.7, 418.4,
550.5, 244.2, 840.0 and 458.5, respectively. This suggests that these chemical compounds may be attached or embedded
in the nanoparticles and involved in nanoparticles formation. Conventional nanocarriers are difficult to maintain stability
in the gastrointestinal tract, eg, liposomes are unstable within acidic environments, leading to early release of active
ingredients and low bioefficacy.”” This does limit the use of liposomes in oral drug delivery. In the gastrointestinal
stability experiment, we for the first time found that N-XBSD remained stable in gastrointestinal simulants for 12 h,
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Table 2 Pharmacokinetic Parameters of Five Compounds in Male SD Rats After Oral Administration of N-XBSD, XBSD and Free
Drugs (Mean + SD, N = 6)

Compound Groups Ty2(h) Tmax(h) Crnax(ng/mL) AUC,. . AUC,... CLz/F MRT,..(h)
(ng/mL*h) (ng/mL*h) (mL/h/kg)

Mulberroside A N-XBSD 7.59+4.06 0.33+0.16 334.55+180.78 1281.79+554.00* 1302.30+549.20* 12.13£10.71* 12.13£10.71
XBSD 6.89+6.29 1.02+1.67 483.68+267.66* 961.64+371.53 1045.45+419.39 11.8249.76 11.8247.96
Free drugs 3.84+1.96 0.50+0.84 120.20£19.12 575.50+95.07 589.86+107.66 20.57+3.26 5.12+1.42

KukoaMine B N-XBSD 24.12+18.97 0.97+0.96 489.48+260.85* 648.31+357.73* 840.79+296.48* 20.37+12.53 21.45+20.76
XBSD 14.47423.26 0.65+0.76 299.82+315.25 631.73+237.55* 721.14+233.94* 16.09+3.83* 14.27+18.51
Free drugs 10.2243.18 0.55+0.81 95.15+44.16 255.48+62.85 288.21+67.22 31.38+9.22 9.41£2.65

Liquiritin N-XBSD 12.30£10.40 0.16+0.08 44.02+48.33 61.24+20.19%* 86.30+32.79%* 61.23+27.72* 16.36£10.99
XBSD 13.21+4.60 0.20£0.17 49.83+43.06 52.25+14.08* 61.85+12.18* 66.43+19.04* 13.00+3.89
Free drugs 8.71+£3.97 0.18+0.18 30.00+25.91 29.27+6.26 33.02+7.04 112.50+21.06 9.59+5.26

Liquiritin apioside N-XBSD 12.4347.69* 0.23+0.17 41.05+38.22 73.55+28.18* 89.80+21.77* 32.69+8.71* 14.859+10.48
XBSD 10.47+6.18* 0.27+0.28 79.79+54.59 68.01+11.56* 82.35+25.85* 40.48+17.21* 11.07+8.05
Free drugs 6.27+3.75 0.23+0.15 28.19+18.56 41.05+12.28 43.45+15.67 60.52+19.34 847+1.82

Glycyrrhizic acid ammonium salt N-XBSD 14.58+8.08 0.55+0.27 71.17+54.72 452.61+221.15% 686.85+470.50* 8.96+7.20 19.09+12.82
XBSD 11.23£8.93 1.23+1.59 76.78+43.30 428.28+162.35 568.22+153.49 6.97+2.12 13.72+4.83
Free drugs 9.88+6.07 1.85+1.39 25.53+4.97 231.81+40.72 280.65+63.28 11.98+3.78 11.78+5.48

Notes: ANOVA test was used to calculate the significance of the differences, *p < 0.05 which compared with the free drugs; **p < 0.01 which compared with the free drugs.

suggesting that N-XBSD can tolerate decomposition by gastric acid and proteases. Hence, the nanoparticles in decoctions
that can maintain their nanomorphology in the gastrointestinal tract are promising natural nano-carriers of oral drugs.

At present, the formation mechanism of nanoparticles in decoction is rarely reported, and the molecular formation
mechanism of such pharmacologically valuable natural nanoparticles is still unclear, motivating us to explore the molecular
mechanism of N-XBSD formation. We studied the self-assembly of high abundant compounds in N-XBSD. Interestingly,
we found that mulberroside A and kukoaMine B were able to form nanoparticles (MUL-KUB NPS), and liquiritin and
kukoaMine B were also able to form nanoparticles (LOQ-KUB NPS). The self-assembly between them by electrostatic
complexation was revealed by FT-IR and HRMS. This suggests that the mechanism of N-XBSD formation may be due to
self-assembly between the compounds. The study not only provides an idea for revealing the formation mechanism of
nanoparticles in TCM decoctions but also supplies a reference for discovering carrier-free nanoscale from TCM decoctions.
The japonica rice in the prescription contains a large amount of proteins and polysaccharides, and in a study on the
solubilizing effect of vinegar-roasted chai hu polysaccharides on insoluble drugs in traditional Chinese medicine, the
polysaccharides self-assembled into micelles that encapsulated water-insoluble compounds through the interplay of hydro-
gen bonding and hydrophobic forces, which improved the bioavailability of baicalein and safranin.*® There are also studies
that have found that starch can form self-assembled nano systems with lipophilic drugs;®' and the size of starch granules
could be reduced to nanometer size by ball milling method.*> We speculate that Japonica rice may act as a drug carrier in
the prescription and can encapsulate most of the active compounds to form nanoparticles during the boiling process.

In the UPLC-MS/MS method for testing XBSD in rats, due to the low blood concentrations of kukoamine A, isoiquiritin
apioside and mulberloside C, these three compounds were not selected for pharmacokinetic studies. KukoaMine
B determination was interfered with by endogenous substances in plasma.>® By adjusting the gradient elution conditions,
we shifted the peak time of kukoaMine B backward, and separated the endogenous substances from kukoaMine B in the
column as much as possible in order to reduce the matrix effect. The use of appropriate sample pretreatment methods is
very important to reduce the matrix effects of endogenous components in plasma. Protein precipitation with organic
reagents has higher recovery than liquid-liquid extraction and is simpler to operate than solid-phase extraction.>* Therefore,
the effects of methanol, acetonitrile, and methanol-acetonitrile (1:1, v/v) were compared for protein precipitation. The
results showed that methanol precipitation of proteins was more effective in extracting the five analytes with lower
endogenous interference. In addition, oral administration of liquiritin and liquiritin apioside to rats results in rapid

34,35

absorption and elimination, which is consistent with the results of the present study.
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Pharmacokinetic study in rat showed that the bioavailability of mulberroside A, kukoaMine B, ligiritin, liquiritin
apioside and glycyrrhizic acid ammonium salt were significantly higher after N-XBSD administration compared to the
free drugs at the same administration concentration. In general, nanoparticles with sizes smaller than 500 nm and neutral
or negatively charged surfaces promote mucus permeation, which is closely related to intestinal absorption. Therefore,
the negatively charged N-XBSD has good intestinal permeation properties. The mechanisms of nanoparticles taken up by
intestinal cells mainly include phagocytosis, caveolae-mediated endocytosis and macropinocytosis. Studies have shown
that caveolae mediate endocytosis of 100 nm of nanoparticles and that caveolae-mediated endocytosis bypasses

lysosomal degradation,’”

which suggests that NPs can enter the circulation in the form of nanoparticles after being
absorbed by intestinal epithelial cells. In addition, intestinal epithelial cells have many efflux transporters, such as P-gp,
that significantly reduce the uptake of their substrates. A study showed that natural nanoparticles in Coptidis Rhizoma
extract were able to carry berberine, promote its uptake by Caco-2 cells through an indomethacin-sensitive endocytic
mechanism, and reduce its efflux by the efflux transporter P-gp from intestinal epithelial cells.” Mulberroside A, liquiritin

36739 suggesting that nanoparticles may promote

and glycyrrhizic acid ammonium salt in XBSD are all substrates of P-gp,
the intestinal absorption of mulberroside A, liquiritin and glycyrrhizic acid ammonium salt by inhibiting P-gp.
Nanoparticles in decoctions have received increasing attention in recent years. However, the current research mainly
focuses on the nanoparticles isolation and their biological activities. In this study, we found that N-XBSD contains a large
number of active ingredients and tried to explore the formation mechanism of N-XBSD. In addition, the pharmacokinetic
differences between N-XBSD and free drug were compared for the first time. Considering the widespread presence of
nanoparticles in herbal decoctions, we believe that the present study will stimulate more research on nanoparticles in

decoctions to develop a more comprehensive understanding of their medicinal value.

Conclusions

In this study, the phases of XBSD were separated by dialysis combined with centrifugation, and three phases, S-XBSD,
T-XBSD and N-XBSD, were obtained, and the morphology and particle size distribution of N-XBSD were characterized
by using transmission electron microscopy and Malvern particle size apparatus. The contents of each phase were
determined by HPLC, and most of the main active compounds in XBSD could be found in N-XBSD. And the formation
mechanism of N-XBSD was revealed from the perspective of bimolecular self-assembly. An UPLC-MS/MS method was
established for the determination of the levels of mulberroside A, kukoaMine B, ligiritin, liquiritin apioside and
glycyrrhizic acid ammonium salt in the plasma of rats after administration of XBSD, which was successfully used for
the comparison of the difference in the absorption of XBSD, N-XBSD, and free drugs. The results suggest that N-XBSD
had similar pharmacokinetic behavior to XBSD. However, N-XBSD significantly increased the bioavailability of five
active compounds compared to the free drugs. In conclusion, our methodology and findings may inspire further studies
on the interaction of active phytochemicals with nanoparticles and their pharmacokinetics in TCM decoctions.
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