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Introduction: Hepatoma is the leading cause of death among liver diseases worldwide. Modern pharmacological studies suggest that
some natural monomeric compounds have a significant effect on inhibiting tumor growth. However, poor stability and solubility, and
side effects are the main factors limiting the clinical application of natural monomeric compounds.

Methods: In this paper, drug-co-loaded nanoself-assemblies were selected as a delivery system to improve the chemical stability and
solubility of Tanshinone II A and Glycyrrhetinic acid, and to produce a synergetic anti-hepatoma effect.

Results: The study suggested that the drug co-loaded nanoself-assemblies showed high drug loading capacity, good physical and
chemical stability, and controlled release. In vitro cell experiments verified that the drug-co-loaded nanoself-assemblies could increase
the cellular uptake and cell inhibitory activity. In vivo studies verified that the drug co-loaded nanoself-assemblies could prolong the
MRT,.., increase accumulation in tumor and liver tissues, and show strong synergistic anti-tumor effect and good bio-safety in H22
tumor-bearing mice.

Conclusion: This work indicates that natural monomeric compounds co-loaded nanoself-assemblies would be a potential strategy for
the treatment of hepatoma.

Keywords: nanoself-assemblies, drug combination, glycyrrhetinic acid, tanshinone IIA, liver cancer

Introduction
It was reported that the total number of chronic liver disease patients in China could be over 447 million people in 2020."
As a complication of hepatitis, hepatoma is the main cause of death. The clinical studies from Translation Chinese
Medicine (TCM) have shown that the blood stasis syndrome was present throughout the development of liver cancer
(Hepatoma), and promoting blood circulation for removing blood stasis medicine can effectively inhibit the development
of liver cancer, especially the strengthening the middle warmer and benefiting vital energy drugs can effectively improve
the deficiency of promoting blood circulation for removing blood stasis drugs alone, inhibit tumor metastasis and reduce
immune inflammatory response.? For example, Salvia miltiorrhiza-Licorice (named Danshen-Gancao in Chinese) is one
of the famous couplet herbs with functions of promoting blood circulation, removing blood stasis, strengthening the
middle warmer and benefiting vital energy for the treatment of liver cancer.

Tanshinone I A (TAN) is a major lipophilic non-quinone compound extracted from the root of Salvia miltiorrhiza,’
and Glycyrrhetinic acid (GA) is a pentacyclic triterpenoid glycoside with poor solubility derived from the root of licorice.
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Modern pharmacological studies suggest that they have a very wide range of pharmacological activities, such as TAN has
anti-oxidation, anti-inflammatory, anti-thrombosis, lowering blood pressure, regulating vascular endothelial dysfunction,
anti-liver fibrosis and anti-tumor activity,4 GA has antioxidant, anti-inflammatory, liver protection, antiviral activities,
and so on.” However, these two natural components have some defects, such as low oral bioavailability®’ and side effects
which TAN has an allergic reaction, bradycardia, tachycardia, drug-induced hepatitis, diarrhoea, muscle tremor, uremia,
severe growth inhibition and developmental malformations of embryos,> and GA has water-sodium retention, oedema,
hypertension and cardiac dysfunction after long-term and extensive application.® TAN also has photothermal instability
and strong liver first-pass effect.” Their disadvantages greatly hinder the use of both in clinical treatment. Luckily, TAN
and GA have broad and similar effects on anti-cancer and mutual easing effects in terms of side effects. What is more,
TAN and GA have been proven to have good inhibitory effects on liver cancer at the genetic, cellular and holistic levels.

TAN and GA exert anticarcinogenic effects via different mechanisms, and many studies have demonstrated that they
have direct cytotoxic effects and induce apoptosis via different targets. For example, TAN-induced HepG2 and Hep3B
liver cancer cell apoptosis by activating the caspase-3 and Caspase-8/9 via miR30b-pS3-PTPNI11/SHP2 signaling
pathway, prevented the proliferation of the HepG2 and SMMC-7721 HCC cell lines by downregulating the expression
of MMP-2 and MMP-3/9 and blocking NF-kB activation, and inhibited cell invasion and migration by regulating the
expression level of E-cadherin and vimentin in HCC cells via TGF-p signaling pathway.'® TAN inhibited cancer cell-line
proliferation by blocking the STAT3 signaling pathway.” It is worth noting that the above related signaling pathways have
also been confirmed to be closely related to the antioxidant activity and anti-inflammatory response of TAN.'"!? So,
TAN’s inhibition effect on the occurrence and development of HCC through multiple pathways and targets is partly due
to its significant antioxidant and anti-inflammatory activity. GA promoted the apoptosis of cancer cell by activating the
caspase-3 and Caspase-8/9 and downregulating the expression of some inflammatory facts (such as NF-«xB, IL-6, IL-8)
via MEK-ERK signaling pathway, restrained cancer cell propagation by activating JNK signaling, inhibiting SHMT2
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activity or depleting SHMT?2, and suppressed cell invasion and migration by regulating the expression level of
E-cadherin and vimentin and inhibiting ROS formation (increasing antioxidant activity) in cancer cells via ROS/PKC-
o/ERK signaling pathway.'* '® Therefore, their combination could be not only expected to exert the synergistic anti-liver
cancer effect, but also to alleviate the toxic and side effects of each other.

With the application of nanotechnology in drug delivery system, it has been found that nano-drugs can increase the
solubility and bioavailability of drugs. Therefore, researchers have developed a variety of nano-formulations, such as
polymer micelles, liposomes, nanoparticles and nano-emulsions, to solve the insolubility, instability and low bioavail-
ability of TAN and GA.'”?! In addition, nanodrugs can be co-loaded with multiple drugs, so that drugs can play a better
synergistic effect in vivo, reduce the occurrence of drug resistance, improve tumor targeting and suppressive effect, and
reduce side effect.

In conclusion, the manufacture of TAN and GA co-loaded nanoself-assembly will be a very potential strategy to
improve the solubility, stability and druggability of TAN and GA, and achieve synergistic anti-tumor efficacy and toxicity
reduction. Deoxycholic acid (DCA) is a kind of bile acid secreted by human or animal liver, and has natural liver
targeting and good biosafety.>> The amphiphilic planar structure gives it surfactant properties, allowing it to be used as
a carrier to self-assemble into nanoparticles with some drugs.”® Therefore, a kind of TAN and GA co-loaded nanoself-
assembly will be developed by the solvent evaporation method with DCA or mPEG-DCA as the carrier in this study. The
optimum synergistic ratio and preparation process of TAN and GA will be optimized. Its long cycle and targeting will be
investigated by in vivo pharmacokinetics and tissue distribution test. HepG2 cells and H22 tumor-bearing mice were used
to study the safety and antitumor effect in vitro and in vivo.

Materials and Methods

Materials

Dimethyl sulfoxide (DMSO) and triethylamine from Tianjin Fuyu Fine Chemical Co., Ltd. Fetus bovine serum,
RPMI1640 medium and trypsin were from Gibco, USA. Tetramethylazolazol blue (MTT), streptomycin sulfate,
penicillin from the United States Amerco Company; Human normal liver cell 7702 and human hepatoma cell HepG2
were both from Beijing Donggebo Biotechnology Co., Ltd. Glycyrrhetinic acid (GA, 99%) and tanshinone IIA (TAN,
98%) were from Nanjing Jingzhu Biotechnology Co., Ltd. Deoxycholic acid (DCA) from Shanghai Yuanye
Biotechnology Co., Ltd. Polyethylene glycol monomethyl ether-deoxycholic acid (mPEG-DCA) was prepared in
laboratory. Methylene chloride (CH,Cl,) from Tianjin Chemical Reagent Supply and Marketing Company; Coomassie
Bright Blue from Solibao; Chromatographic methanol from Tianjin Siyou Fine Chemicals Co., Ltd. Polyformaldehyde
from Shanghai Yuanzhen Chemical Trading Co., Ltd. Sodium chloride from Beijing Lantai Chemical Technology
Co., Ltd.

Screening of Synergistic Ratio

To obtain the optimal combination ratio, the inhibition rates of tumor cell growth were investigated by MTT assay using
TAN-GA mixtures (TG-Mix) with different mass ratios (GA:TAN = 4:0, 3:1, 2.5:1.5, 2:2, 1.5:2.5, 1:3, 0:4).>**" Briefly,
HepG2 cells in the logarithmic growth phase were seeded into 96-well culture plates at the concentration of 6x10° cells/
well. After culturing for 24 h, free TAN, free GA, and TG-Mix were added into cells at the final concentration of 5, 10,
20, 40, 80 ug/mL, respectively. Then, the cells were incubated in constant temperature incubator (37°C, 5% CO,) for
another 24 h. After that, the culture medium containing drug formulations was carefully removed and the cells were
washed twice with fresh culture medium, and 10 pL of MTT solution was added into each well and sequentially
incubated for 4 h. The cells were washed twice with a fresh culture medium after the culture medium containing MTT
was discarded. Then, 100 pL. of DMSO was used to dissolve the MTT crystals. The absorbance of each well was
measured at a wavelength of 570 nm, and the survival rate of HepG2 cells was calculated as follows: Cell viability
(%)=0D¢s/OD¢ontro1x 100%. All experiments were repeated 3 times. The ICs, values were calculated using SPSS 12.0.
The optimal combination ratio of TG-Mix was confirmed by the combined index (CI, CI>1 indicates antagonistic effect;
CI=1 indicates an additive effect; CI<1 indicates synergistic effect), which was calculated by the following formula.
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ol — C(GA) C(TAN)
~ IC50(GA) ' IC50(TAN)

C(GA), C(TAN) were the concentrations of two drug in TG-Mix when 50% of the HepG2 cell was inhibited by TG-
Mix.

Formulation of TAN and GA Co-Loaded Nanoself-Assembly

In this study, TAN and GA co-loaded Nanoself-assembly were manufactured by a solvent evaporation method. The
preparation process of nanoself-assembly is as follows: Firstly, some mPEG-DCA, GA and TAN were dissolved in 2 mL
ethanol; Subsequently, the solution was added dropwise into a certain volume of ultra-pure water with high-speed
agitation at the speed of 1800 r/min, and then was continuously agitated to remove ethanol completely. The obtained
suspension was sonicated at 60 W using a probe ultrasonic instrument for 10 min and centrifuged at 636 g for 10 min to
obtain the TAN and GA co-loaded nanoself-assemblies by mPEG-DCA (PD@TG-Nanos).

According to the results of single-factor tests, it was found that the ratio of drug to a carrier (A), the ratio of GA and
TAN (B), and the ratio of organic solvent to water (O:W, C) were critical parameters that influence the dimension and
loading content of Nanoself-assembly. Therefore, the central composite design (CCD)-response surface method was used
to optimize the fabricated process with the above three critical parameters as experimental factors (shown in Table S1).
And particle size (Y1), drug load of GA (R2) and drug load of TAN (R3) were selected as the responsive indexes within
a minimum number of experiments (shown in Table S2). Design Expert 12.0 software was used to fit the experimental
results to obtain an optimal polynomial mathematical model. The optimal process parameters were selected from
response surface diagrams.

The control nanoself-assembly, such as TAN loaded nanoself-assembly with mPEG-DCA (PD@TAN-Nanos), GA
loaded nanoself-assembly with mPEG-DCA (PD@GA-Nanos), GA and TAN co-loaded nanoself-assembly with DCA
(DCA@TG-Nanos), DCA nanoself-assembly and mPEG-DCA nanoself-assembly were fabricated using the optimal
process of PD@TG-Nanos, except that TG-Mix was replaced by TAN or GA, or mPEG-DCA was replaced by the

equivalent amount of DCA.

Characterization

The particle size, size distribution (PDI), and zeta potential of PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos,
DCA@TG-Nanos were measured using a Nano-ZS90 ZetaSizer (Malvern Instruments, Malvern, UK). Each sample was
measured in triplicate. The freshly prepared nanoparticles were placed onto a carbon-coated copper grid and dried at
room temperature overnight in a vacuum oven.”® The dimensions and morphologies of micelles were imaged on a JEOL
2010 transmission electron microscopy (TEM, JEOL Co., Japan).

To determine the drug loading capacities (DLC) and encapsulation efficiency (EE), 1 mL of freshly prepared
nanoself-assembly was dissolved in 10 mL of ethanol and sonicated for 15 min. After filtration through a 0.22 um filter,
the concentration of TAN and GA in the ethanolic solution was determined at 250 nm and 270 nm with a UV detector on
a Waters 2695-2489 HPLC system (Waters Co., Ltd., Milford, MA, USA) coupled by the following method: stationary
phase, Waters Symmetry C18 column (250 mmx4.6 mm, 5 um); mobile phase, methanol:0.1 M PBS (pH 3.0) (90:10, v/
v); and flow rate, 1.0 mL/min. All experiments were performed in triplicate. The DLC and EE values were calculated

according to the following equations:***°

Amount of drug in nanoparticles
DLC(%) = 100%
(%) Total amount of drug loaded micelles % °

Amount of drug in nanoparticles

EE(%) = x 100%

Total amount of feeding drug
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Prediction of Binding Affinity Between Small Molecules

Molecular docking (MD) simulations are one of the most popular receptor-ligand docking simulation technology, which
is also used to investigate binding affinity between small molecules.’! For nanoself-assemblies, the molecular force
between components is closely related to their physical stability and controlled release ability. So, MD simulations were
conducted to predicate the molecule interactions among TAN, GA and carriers using the AutoDock 4.0 software. The 3D
molecule structures of the two drugs and carriers were created through structural minimization and dynamics optimiza-
tion with the Mgltools 1.5.6. All other parameters were maintained at the default values. The docking algorithm used
local search parameters, which were set to the default values (the number of LS runs: 50, the maximum number of
iterations: 300, the maximum number of successes in a row before changing rho: 4, the maximum number of failures in
a row before changing rho: 4, soils and wets parameter defining initial variance and size of local space to sample (rho):
1.0, lower bound on rho:0.01, and the probability of any particular phenotype being subjected to local search: 0.06). The
results were analyzed by PyMOL-2.3.1 software.

Differential Scanning Calorimetry

For differential scanning calorimetry (DSC) analysis, all freshly prepared nanoself-assemblies were freeze-dried at
—45°C for 36 h by a freeze-dryer (christalphl-2 LD plus, Germany) to obtain the dry powder. A 3 mg of GA, TAN,
mPEG-DCA, DCA, PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos, and physical mixtures (the
mixture of GA, TAN, and mPEG-DCA or DCA, abbreviated to PM-PD or PM-DCA) were placed in a differential
scanning calorimeter. The differential scanning calorimetry diagram was recorded with the nitrogen flow at 20 mL/min
and heating speed of 10°C/min from 30°C to 500°C with the empty aluminum pan as the blank control.

Study on the Stability

Physical Stability

To study the stability of PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and DCA@TG-Nanos, the tests of storage
stability, dilution stability, plasma stability, and freeze-drying stability were carried out in this study. In the storage
stability test, the nanoself-assemblies were, respectively, stored at 4 °C and room temperature for 20 days and the sizes
were measured on a predetermined day.

In the dilution stability test, several nanoself-assemblies were, respectively, dilutedto 5, 10, 25, 50, 100 times with
distilled water and particle size analysis was executed by laser particle size analyzer after half an hour.

In the plasma stability test, the nanoself-assemblies were incubated with a PBS solution (pH=7.4) containing 10% rat
plasma at 37 °C for 48 h in a constant temperature shaker (ZWY-103D, Shanghai Zhicheng, China) at a shaking speed of
100 rpm. After that, 2 mL of the samples were withdrawn at a pre-determined time of O h, 1 h, 2 h, 4 h, 12 h, 24 h and 48
h, and then the sizes were analyzed. All measurements were carried out in triplicate.

In order to investigate the effect of freeze-drying on the stability of several nanoself-assemblies, the freeze-dried
powders were re-dispersed in ultra-pure water, and the particle size, encapsulation efficiency and drug loading content of
each nanoself-assembly were measured. Three copies of each sample were analyzed.

Chemical Stability

Thermal Stability

The TAN solution, GA solution, and four nanoself-assemblies were placed in a thermostat water bath at 80 °C,
respectively. The samples were withdrawn, and the content of TAN and GA was measured at 0.5, 1, 2, 4, 6 and 8h,
respectively. Three copies of each sample were analyzed in parallel.

Photostability

The TAN solution, GA solution, and four nanoself-assemblies were placed in a light box with illumination of 4500LX
+500LX, respectively. The samples were withdrawn at predetermined time of 0.5, 1, 2, 4, 6 and 8h, and the content of
TAN and GA were measured, respectively. Three copies of each sample were analyzed in parallel.
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pH Stability

The TAN solution, GA solution, and four nanoself-assemblies were, respectively, diluted by PBS with pH of 3.0, 6.8 and
9.0, and incubated in a constant temperature shaker. Samples were taken out at 1, 2, 4, 6 and 8 h for drug content
determination. Three copies were analyzed for each sample.

Study on Protein Adsorption
PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos, and distilled water were, respectively, mixed
with an equal volume of 10% mouse plasma, and incubated in a shaker at (37°C, 100 rpm) for 48 h. One millilitre of the
sample was withdrawn at predetermined time points of 0.5 h, 2 h, 4 h, 8 h, 12 h, 24 h and 48 h. The samples were
centrifugated for 10 min (15,898 g), and the sediment was washed once with distilled water. Then, 100 pL of distilled
water was added to disperse the sediment. To determine the amount of protein in the dispersion, 5 mL of Coomassie
brilliant blue solution was added, and the absorbance was determined at the wavelength of 595 nm with the SpectraMax
M2e multi-function enzyme labelling instrument (American Molecular Instruments Company, the USA). Each formula-
tion was analyzed in triplicate. The protein concentration was calculated using bovine serum albumin as standard.
Fresh mouse plasma was diluted with normal saline to prepare the solution containing 10%, 20%, 40%, 60%, 80%,
100%, 100% of plasma, and incubated in a constant temperature shaker (37°C, 100 rpm) with equal volume of nanoself-
assembly. One milliliter of the sample was withdrawn at 2 h, and analyzed by the above same methods.

In vitro Release Test

For study on release behavior of drug from the different formulations, one milliliter of fresh formulation was put into
dialysis bags (MW2000, three copies of each formulation in parallel). The dialysis bags were placed in 30 mL pH 7.4
PBS release medium containing 0.5% twain-80 (W/V) and incubated in a constant temperature shaker (37°C, 120 rpm).
One milliliter of sample was taken out at scheduled time points 0f 0.25 h, 0.5h, 1 h,2h,4h, 6 h,8 h, 10 h, 12 h, 24 h, 36
h and 48 h, and then equivalent fresh release medium was added. Finally, the samples were injected into the HPLC for
content determination at the above chromatographic condition, and the cumulative release of GA and TAN was
calculated.

Hemolytic Test

PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos were, respectively, diluted to the concentration
of 10, 50, 100, 200 and 400 pug/mL. 500 pL of the above samples were mixed with an equal volume of 2% red blood cell
(RBC) suspension to observe hemolysis. In the test, the same volume of normal saline was employed as the negative
control, and distilled water was as the positive control. All sample tubes were incubated at 37°C for 2 h and centrifugated
at 160 g for 10 min. The experiments were repeated 3 times. The absorbance of the supernatant was analyzed at 545 nm
using a microplate reader, and the hemolysis rate (%) was calculated by the following equation.

OD;—OD
Hemolysis ratio (%) = ﬁ
pPx nc

ODq: Absorbance of sample; OD,,.: Absorbance of negative control; OD,,: Absorbance of positive control.

Cytotoxicity Test

To investigate the biosafety of the various formulations, its cytotoxicity to human normal liver cells (HL-7702) was
investigated. The HL-7702 cells in the logarithmic growth phase were planted into 96 well plates at the concentration of
6x10° cells/well. After culture for 24 h, the cells were incubated in a constant temperature incubator at 37°C, 5% CO, for
24 h and 48 h with PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos at the final concentration of
0.04, 0.2, 1, 5, 25 pg/mL, where TAN and GA solutions were used as control. For MTT test, 10ul MTT solution of
5 mg/mL was added to each well and incubated for another 4h. The old medium was discarded, and the cells were
washed twice with the fresh culture medium. Then, 100uL. of DMSO was added to each well to dissolve MTT crystals.
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The absorbance (OD value) of each well was measured at a wavelength of 570 nm and the survival rate of HL-7702 cells
was calculated. All experiments were repeated thrice.

The cytotoxicity test was carried out by studying the inhibition effect of the various formulations on HepG2 cells.
PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos with the concentrations of 1.5625, 3.125, 6.25,
12.5, 25pg/mL were incubated with HepG2 cells in a constant temperature incubator (37 °C, 5% CO,) for 24 h and 48
h. Then, the cell survival rate was determined by the above MTT method. All experiments were repeated 3 times. The
1Cs, values were calculated with SPSS 12.0.

Cell Uptake Test

HepG?2 cells at the concentration of 1x10° cells/well were cultured in an incubator at 37 °C and 5% CO, for 24 h to allow
them to adhere to the wall and fill the well. After that, the old medium was discarded and replaced by free TAN solution,
free GA solution, PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and DCA@TG-Nanos with the drug concentra-
tion of 12.5pug/mL. After co-incubation for 2, 4, 8, 12, and 24 h, respectively, the culture medium containing drug was
discarded. The cells were washed with cooled HBSS three times and scraped to disperse into 300 pL. of HBSS. The cell
suspension was collected into an EP tube and lysed by a cell pulverizer. Then, the lysed cell suspension was mixed with
500 pL of methanol for 30 s by ultrasound. The suspension was centrifugated at 10,175 g for 10 min, and 20 puL of
supernatant was taken to analyze the drug content by HPLC.

Tissue Distribution and Pharmacokinetics

All experiments and the welfare of the animals in this study were evaluated and approved by the Committee of Ethics of
Animal Experimentation of Henan University (HUSOM2021-078), toxic effects were not observed in any of the animals.
SPF KM mice weighing 20 + 2 g were purchased from Henan Experimental Animal Center (code
No. 410983211100027614) and fed in the laboratory for one week to adapt to the experimental environment. All
experiments and the welfare of the animals were evaluated and approved by the Ethics Committee for Animal
Experimentation of Henan University (License No. HUSOM2021-078). All animals were subcutaneously implanted
with 3x10° H22 hepatoma cells cultured in ascites at the right posterior axillary venous plexus. When the tumor volume
reached about 500 mm?, H22 tumor-bearing mice were randomly divided into six groups (n=30). Free TAN solution, free
GA solution, PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos were injected into mice through the
tail vein at a total drug dose of 15 mg/kg. Six mice were randomly selected from each group and killed after
administration for 2 h, 4 h, 6 h, 12 h, and 24 h, and the heart, liver, spleen, lung, kidney, and tumor were collected.
All tissue samples were stored at —20°C until analysis. The levels of two drugs in each tissue were determined with rhein
as internal standard substance by HPLC as described in the above pharmacokinetics test.

Adult male Sprague-Dawley rats, weighing approximately 200+20 g (code No. 37072610100113618), were housed
for at least one week in a room at a controlled temperature and relative humidity before the pharmacokinetic study.
Thirty-six rats were fasted for 12 h before the experiment and were randomly and equally divided into six equal groups.
Free TAN solution, free GA solution, PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-Nanos were
injected intravenously via the tail vein at a dose of 15 mg/kg. Blood samples (about 500 pL) were collected in
heparinized tubes from the orbital venous plexus at 0.083 h, 0.25 h, 0.5 h, 1 h,2 h,4 h, 6 h, 8 h, 10 h and 12 h after
administration. After immediate centrifugation at 3690 x g for 10 min, plasma samples were withdrawn and stored at —20
°C until further analysis. The levels of two drugs in the plasma were determined with rhein as internal standard substance
by HPLC as described in the above except that the mobile phase was replaced by the mixed solution containing methanol
and 0.1 M PBS with pH 3.0 (85:15, v/v).

In vivo Study on Antitumor Activity

To investigate the anti-tumor effectivity of GA and TAN Co-loaded Nanoself-assembly, H22 cells were selected to
establish a tumor-bearing mouse model in this study. All experiments and the welfare of the animals were evaluated and
approved by the Ethics Committee for Animal Experimentation of Henan University. Five to six weeks old SPF
Kunming mice (20+2 g, Code No. 410983211100027614) bearing an H22 tumor with relatively uniform body weight
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and tumor volume were randomly divided into seven groups (n=10): saline, PD@TG-Nanos, PD@TAN-Nanos,
PD@GA-Nanos, DCA@TG-Nanos, TAN solution, and GA solution. No significant difference in body weight was
observed between these groups. In the saline group, a dose of 0.2 mL/mice was injected every other day. The other six
groups were administered intravenously to mice with PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, DCA@TG-
Nanos, TAN solution, and GA solution through the tail vein at a dose of 15 mg/kg every other day for 14 days. Tumor
size, animal survival, and body weight were monitored every day. The volume of tumor was calculated according to the
following formula: Volume=0.5x(width)?x(length). After consecutive administration seven times every other day, the
mice were put to execution at 24 h after the last administration to collect liver, kidney, heart, lung, spleen and tumor. All
tissues were washed with cold normal saline (0.9% NacCl) to remove the blood on the surface, followed by quick-drying
with tissue paper. After that, the tumor was weighed, and all tissues were buried in wax and sliced to image under
a microscope after hematoxylin and eosin (H&E) staining for pathology. The tumor weight inhibition ratio (IR,,) was

calculated using the following formula:*?

D control — D test

IR(%) = ( >>< 100%

D control

where Deoniror 1S the tumor weight for the saline group, and Dy, is the tumor weight for the groups treated by drugs.

Results and Discussion

The Optimization Results of Drug Combination Ratio

Figure S1 shows the cell proliferation of human hepatocellular carcinoma cell-line HepG?2 after treatment for 24 h by GT-
Mix with a series of mass ratios 4:0, 3:1, 2.5:1.5, 2:2, 1.5:2.5, 1:3, 0:4. As shown in Figure S1, the cell viability of
HepG2 cells decreased with the increase of the concentration of GA and TAN, indicating that the drugs had
a concentration-dependent inhibitory effect on HepG2 cells. When the total drug concentration reached 80 pg/mL, the
survival rate of HepG2 cells was 43.9%, 37.9%, 33.4%, 20.5%, 23.3%, 24.5%, 42.2%, respectively. This showed that all
samples had a significant inhibition effect on the growth of HepG2 cells, and that the inhibition effect of the combined
drugs on the proliferation of HepG2 cells was stronger than that of GA and TNA alone (ie 0:4 and 4:0 of combination
proportion). The results indicated that the combination of drugs could enhance the inhibition effect on HepG2 cells,
especially when the mass proportion in GT-Mix was 2:2 (1:1). It also showed that the ICsq of GT-Mix with the mass ratio
of 1:1 was the smallest (Seen from Table 1). So, it was inferred that the inhibition effect of 1:1 GT-Mix was the strongest
among the mass ratios.

Additionally, the synergistic indexes (CI) of the two drugs are shown in Table 1. All the CI values were less than 1,
such as 0.790, 0.660, 0.415, 0.701 and 0.704, respectively. This result indicated that the combination drug of GA and
TAN had a good synergistic anti-tumor effect. Among them, the CI value was the smallest at the mass ratio of 1:1,
indicating the synergistic effect was strongest when GA and TAN were mixed equally.®*>** Therefore, the mass

Table | ICs and Cl Values of HepG2 Treated with Drugs in Different Mass Ratios for

24 h
Treatment 1C50 (ng/mL) Cl
GA TAN
Free GA 35.37£5.71 — —
Free TAN — 27.17+5.65 —
Free GA:TAN (3:1) 19.4945.18 6.49+1.72 0.790+0.21
Free GA:TAN (2.5:1.5) 13.11£1.13 7.87+0.67 0.660+0.06
Free GA:TAN (2:2) 6.38+0.4 6.38+0.4 0.415+0.03
Free GA:TAN (1.5:2.5) 7.82+1.75 13.04+2.92 0.701£0.16
Free GA:TAN (1:3) 5.08+0.31 15.25+0.93 0.704+0.04
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proportion of 1:1 was used as the best combination proportion for the continued study of nanoself-assemblies in vitro and
in vivo.

According to the results of pharmacological research on anti-tumor effects of GA and TAN, it can be inferred that the
synergistic effects may be derived from their dual effects of promoting caspase-dependent apoptosis and inhibiting cell
division and metastasis through different signaling pathways, respectively.>> > For instance, TAN and GA induce cancer
cell apoptosis by activating the caspase-3 and Caspase-8/9 via miR30b-p53-PTPN11/SHP2 and MEK-ERK signaling
pathways, respectively.®'*'> And TAN and GA prevent the proliferation and migration of cancer cells by regulating the
expression level of E-cadherin and vimentin in HCC cells via TGF-Bf and ROS/PKC-o/ERK signaling pathway,

respectively.****

The Results of Process Optimization

To prepare uniform and stable polymer prodrug micelles, the preparation process was optimized with the central
composite design.** In this study, the different levels of three experimental factors (seen in Table S1) were employed
in the central composite design experiments. The particle size (R;) and loading content of two drugs (R,, R3) were used
as the responses (dependent variables). The experimental data from Design-Expert 12.0 Software was fitted to different
types of models, such as multiple linear equations, quadratic polynomials, and cubic polynomials (shown by Eq. SI~S9
in Supporting Information). The fitting degree of the equation is good if its regression coefficient R-value is close to 1.
The cubic polynomial model was found to be optimal to describe the regression coefficients between the change of
variables and the subsequent responses, where the complex regression coefficients were 0.9653, 0.9486 and 0.9705,
respectively (P<0.05, seen in Eq. S7~S9). Therefore, the fitting cubic polynomial equation was selected as the
mathematical model to draw a three-dimensional effect surface diagram, and the results were shown in Figure S2.
According to the experimental design results of the central design-effect surface, the appropriate range of evaluation
indicators was limited, and the optimized prescriptions and predicted values of each indicator were obtained, such as
A=0.2, B=1, C=0.13, R;=177.2nm, R,=6.69%, and R3=6.51%.

Under the optimized conditions, the experimental validation of the proposed model was conducted using three
batches of the samples. The particle size, DLC, and EE of three batches of PD@TG-Nanos were shown in Table S3. The
results in Table S3 show that the measured values of each index have no obvious difference compared with their
predicted values from the central design experiment (Figure S2), which indicated that the mathematical model of cubic
polynomial is more predictable.

Particle Size, Morphology, and Loading Property of Nanoself-Assemblies

As shown in Figure 1, PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and DCA@TG-Nanos have the particle sizes
of about 160-205 nm and near spherical shape. Table 2 shows their polydispersity index (PDI), zeta potential, DLC, and
EE, respectively. The small PDI indicates that the size distribution is uniform, and the high negative charge implies that
there is a strong repulsive force between the nanoparticles, which will help them maintain good stability. As can be seen
from Table 2, all formulations have high DLC and EE, which is conducive to the implementation of follow-up tests. As is
well-known, the stability and drug loading property of the nanoparticles is usually related to the physical state of the drug
and intermolecular forces between components in nanoparticles.”®*> Therefore, the molecular forces of each component
and the crystallization state of the drug would be further investigated in this work.

The TEM images of PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and DCA@TG-Nanos are shown in
Figure 1. The nanoself-assemblies are spherical, and the particle size from TEM was about 100 nm, which was slightly
smaller than those determined by the dynamic light scattering method, because the dehydration induced the shrinkage of
the nanoself-assemblies during the sample preparation for TEM.*®

Calculation of Intermolecular Affinity

The docking schematic diagram of GA, TAN and DCA molecules is shown in Figure S3. The binding energies between
GA, TAN and DCA were, respectively, —4.01, —8.15 and —5.5 (seen from Table 3), which implied that there were strong
forces between the molecules. The strong intermolecular force not only causes the disorderly accumulation of compound
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Figure | The particle size and morphology of four nanoself-assemblies. (A) PD@TAN-Nanos, (B) PD@GA-Nanos, (C) DCA@TG-Nanos, (D) PD@TG-Nanos.

molecules (amorphous state) into spheres when they are precipitated out of the solvent, but also facilitates the formation,

stability, drug loading and controlled release of nanoself-assemblies.

Physical State of Drugs
The DSC diagrams of PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and DCA@TG-Nanos are shown in Figure 2.
The endothermic peaks of GA and TAN were observed at 305.03°C and 218.32°C, while mPEG-DCA and DCA have an
endothermic peak at 52.91°C and 178.85°C, respectively. In the graph of physical mixtures, the endothermic peaks of all
components did not shift significantly compared with those of single component. However, the endothermic peak of GA

Table 2 The Size, PDI, EE, DLC of the Nano-Self assemblies Before and After Freeze Drying (n=3)

Sample Size PDI Zeta (mV) EE% LC%
Before freeze-drying | PD@TAN-Nanos 176.9+5.63 0.254+0.034 ~19.7£0.52 57.32+0.46 7.61£0.13
PD@GA-Nanos 163.4£7.32 0.261+0.014 ~16.1£0.52 55.4140.2| 6.87£0.22

PD@TG-Nanos 185.4+6.46 0.215+0.017 ~21.9%1.01 GA:78.630.46 GA6.48+0.36

TAN:78.97+0.31 | TAN:6.58:0.17

DCA@TG-Nanos 203.148.21 0.253+0.03 | —28.7+0.48 GA:86.861.28 GA7.120.10

TAN:73.84+2.46 | TAN:6.05£0.20
After freeze-drying | PD@TAN-Nanos 181.5+7.91 0.243+0.022 - 54.14£0.53 7.2120.13
PD@GA-Nanos 169.7+11.22 0.252+0.01 | - 52.58+0.17 6.3420.19

PD@TG-Nanos 193.7+7.97 0.227+0.019 - GA75.62+0.33 GA6.13£0.47

TAN:74.83+0.51 | TAN:6.010.34

DCA@TG-Nanos 216.3£12.59 0.261£0.016 - GA:85.30+2.68 GA7.05£0.22

TAN:72.01%1.46 | TAN:5.89:0.12
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Table 3 Prediction of Binding Energy

Compound| Compound2 Entropy
GA TAN —4.01
GA DCA —-8.15
TAN DCA -5.5

and TAN disappeared in the DSC spectra of all the nanoself-assemblies, indicating that the crystal phase transition of the
drugs may occur during the formation of nanoself-assemblies and the drugs may exist in the amorphous form. These
results confirm the physical state of drugs in nanoself-assemblies inferred from the intermolecular affinity.

Stability of Nanoself-Assemblies
Physical Stability
Figure 3A and B show the storage stability of four formulations at room temperature and 4 °C. The particle size of all
formulations hardly changed at room temperature and 4 °C within 20 days. These results clearly show that all nanoself-
assemblies had good storage stability over the measured period.

After dilution of 5, 10, 25, 50 and 100 times, the particle size changes of four nanoself-assemblies are shown in
Figure 3C. The results showed that the particle sizes of all the formulations increased slightly, but the increase was less
than 20 nm, which indicated that several formulations had good dilution stability. This property may help the

nanoparticles to remain stable after entering the blood circulation.?®*¢

——GA —PD —PM-PD PD@GA-Nanos
—— TAN DCA PM-DCA PD@TAN-Nanos
PD@TG-Nanos —— DCA@TG-Nanos

O T
~

Y

I T I T I T I T I T I T 1
50 100 150 200 250 300 350
Temperature (°C)
Figure 2 The DSC thermogram of nanoself-assemblies.
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Figure 3 The results of physical stability test in vitro. (A) Dilution stability; (B) Storage stability at room temperature; (C) Storage stability at 4°C; (D) Plasma stability.

As can be seen from Table 2, the mean diameter, PDI, EE and LC of all formulations after lyophilization did not
change significantly compared with those prior to lyophilization. This indicates that the freeze-drying process does not
affect these pharmaceutical properties of the several formulations, and the freeze-dried powder of all nanoself-assemblies
has good re-dispersibility.

Figure 3D displayed the particle size variation of the several formulations after being incubated with rat plasma for 48
hours. It showed that the particle size of DCA@TG-Nanos kept growing during the test, but the particle size of three
formulations with PEG-DCA as carriers increased slightly (<30 nm) for the first 10 h after adding plasma and then
remained unchanged. The corresponding blank nanoself-assemblies showed similar plasma stability. We inferred that
these results were related to the ability of the two carrier materials to adsorb plasma proteins. In other words, the increase
in the dimension of DCA-containing formulations may be due to the easy adsorption of plasma protein by DCA, while
the stable particle size of the PEG-DCA-containing formulations should be due to the strong hydrophilicity of PEG
chain, which makes it difficult to adsorb plasma protein. So, the protein adsorption test should be carried out to
investigate whether the increase in particle size in plasma was related to the adsorption of proteins in plasma or not.

Chemical Stability of Drugs

During the four nanoself-assemblies and two free drug solutions were incubated for 8 h at high temperatures (80 °C), the
trend of drug content change is shown in Figure 4A and B. Drug content in free TAN and GA solutions decreased
rapidly, especially with only 15% TAN remaining in the TAN solution after incubation for 2 h, suggesting that both drugs
are unstable in solution at high temperatures. However, the decreased rate of drug content slows down obviously for the
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Figure 4 The results of chemical stability test in vitro. (A) The thermal stability of TAN in the different formulations, (B) The thermal stability of GA in the different
formulations, (C) The photostability of TAN in the different formulations, (D) The photostability of GA in the different formulations, (E) The pH stability of TAN in the
different formulations, (F) The pH stability of GA in the different formulations.

nanoself-assemblies, indicating that the degradation rate of drugs was slow in these formulations. After 2 h of incubation,
the contents of TAN in the nanoself-assemblies were above 50%, which is more than three times that in solution. After 8
h of incubation, the contents of TAN and GA in the nanoself-assemblies were still above 20% and 58%, respectively.
These results suggested that the nanoself-assemblies could effectively protect the chemical structures of two drugs.
Another, the drug degradation rate of mPEG-DCA nanoself-assemblies was significantly slower than that of DCA, which
may be due to the insulating effect of the hydration layer formed by the PEG chain on the surfaces of mPEG-DCA
nanoself-assemblies.

Figure 4C and D showed the drug content change with time during the several formulations that were illuminated. It
is seen from Figure 4C and D that drug present content in free TAN and GA solutions declined rapidly during the
incubation for 8 h, suggesting that both drugs are unstable in solution under the strong light. We also found that the drug
contents in DCA@TG-Nanos were higher than those in free drug solution, which the drug degradation was slower in
DCA@TG-Nanos than that in the solution. More excitingly, the content of two drugs in nanoself-assemblies containing
PEG-DCA remained above 80% after bright-light exposure for 8 h. These results indicate that nanoself-assemblies can
reduce light degradation of drugs, and nanoself-assemblies containing PEG-DCA had stronger protective effect on drugs.

As pH has been reported to be the most important factor affecting the chemical structure of TAN and GA, the stability
study of TAN and GA was carried out at different pH values. The content percentage of the TAN and GA in solution and
nanoself-assemblies in pH 6.8 PBS is shown in Figure 4E and F. We found that the degradation of TAN and GA in the
solution was greatly increased with an increase in incubating time in the pH 6.8 environments as indicated by the lower
percentage of TAN and GA remained, such as only 48.07% of TAN and 60.97% of GA, respectively. Although two drugs
in DCA@TG-Nanos also degraded a lot, that of DCA@TG-Nanos was better than the solution, indicating that nanoself-
assembly delivery system was more effective than the solution in protecting the chemical structure of the two drugs.
Fortunately, the above 80% of TAN and GA in the nanoself-assemblies containing PEG-DCA were left even after
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incubation for 8 h in pH 6.8 PBS, clearly demonstrating the superiority of nanoself-assemblies containing PEG-DCA to
the DCA@TG-Nanos and the drug solution in terms of stability.

Protein Adsorption and Hemolysis
In view of the increase in particle size of all formulations after co-incubation with plasma, the protein adsorption test was
carried out by the Coomassie brilliant blue method. These experimental results are shown in Figure S4. Compared with
the blank group, the absorbances of the nanoself-assembly samples were higher significantly, confirming that protein
adsorption occurred when the nanoself-assemblies were incubated with plasma. Figure S4A showed the absorbance of
the nanoself-assembly sample as a function of time. It can be seen that the absorbance was time-dependent and increased
significantly with time in DCA and DCA@TG-Nanos samples. However, the absorbance of other samples did not change
significantly with time. These results explain why the particle size increased at first for all formulation, and then the
particle size change of the formulations containing mPEG-DCA showed different trend compared with those of the
formulations containing DCA, which is due to that mPEG in the formulations containing mPEG-DCA can effectively
decrease the adsorption of proteins. Similar results were found in the absorbance assay after the nanoself-assemblies were
incubated with different concentrations of plasma (seen from Figure S4B), which again confirmed that all nanoself-
assemblies can adsorb a small amount of protein after exposure to plasma, and the mPEG in some formulations can
reduce the adsorption of protein by nanoparticles.

In this study, hemolysis was not observed after the several formulations were incubated with rat blood for 2 h (as
shown in Figure S5A). When the hemolysis ratios are lower than the maximum value (5%) for the medical device

requested by FDA,*"*8

the nanoparticles are considered to have good hemocompatibility. The hemolysis rates calculated
by the absorbance were less than 2% even for the highest concentration of all nanoself-assemblies (0.5 mg/mL as shown
in Figure S5B), which indicates that all nanoself-assemblies did not contribute to RBC membrane-related toxicity. Based

on these results, it seems that all of the PTX micelles had good blood compatibility.

Drug Release Behavior in vitro

The drug release profiles were investigated in the release medium with 0.01 M PBS (pH 7.4) containing 0.5% Tween 80
(W/V) at 37°C (Figure 5A and B). It can be seen from Figure 5A and B that the cumulative release ratios of TAN and GA
from free drug solutions within 48 h were 96.08% and 97.89%, respectively. Drug releases from the DCA@TG-Nanos
were noticeably slowed down, and about 86.41% of TAN and 88.40% of GA were released within 48 h, respectively.
While the drug release rates became even slower in the PD@TG-Nanos, PD@TAN-Nanos, PD@GA-Nanos, and the
cumulative release ratios of TAN and GA were, respectively, lower than 50% and 60% within 48 h. These results
indicated that the nanoself-assemblies could control the drug release rates in the medium, and the nanoself-assemblies
containing mPEG-DCA could significantly slow down drug release than DCA@TG-Nanos. This is mainly because of the
strong molecular forces between the carriers (DCA and mPEG-DCA) and the drugs (shown in Table 3), and the
polyethylene glycol in mPEG-DCA has a long hydrophilic chain, which can form a hydration layer on the surface of
nanoparticles to effectively slow down the release of drugs. We also found that the release rates of TAN and GA in
PD@TG-Nanos were not obviously different compared with PD@TAN-Nanos and PD@GA-Nanos, which be attributed
to the strong molecular forces between each other among DCA in mPEG-DCA and two drugs. In addition, the similar
release profiles of TAN and GA in PD@TG-Nanos and DCA@TG-Nanos indicated that they could be released
synchronously from the co-loaded nanoself-assemblies, which implied that the co-delivery nano-system provided
a possibility for their synergistic effect.*’

Cytotoxicity Test

As shown in Figure 5C and D, the survival rates of normal liver cells 7702 still reach more than 80.0% after treatment
with formulations of different concentrations for 24 h and 48 h, which indicated that the mPEG-DCA, DCA and several
nanoself-assemblies had little inhibition effect on normal cells and good biocompatibility at the experimental
concentrations.””
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Figure 5 TAN release curves from the nanoself-assemblies (A); GA release curves from the nanoself-assemblies (B); In vitro cytotoxicity of the nanoself-assemblies on
human normal liver cell line HL-7702 and human hepatoma cell line HepG2 for 24 h (C and E) and 48 h (D and F); The error bars was calculated from the data of three
repetitions.

Figure 5E and F display the inhibiting effect of several drug-loaded formulations on the growth of HepG2 cells for 24
h and 48 h. Here, the cell survival rate decreased with an increase of concentration for each formulation, indicating that
their anti-tumor effects were concentration dependent. The cells treated with four nanoself-assemblies showed lower
survival rate compared with those of free TAN and GA solutions, which suggested that nanoself-assemblies had stronger
inhibitory effect on cell growth than free drug solution. Among the four nanoself-assemblies, PD@TG-Nanos and
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DCA@TG-Nanos showed a more significant inhibitory effect on the growth of HepG2 cells compared to PD@TAN-
Nanos and PD@GA-Nanos. Based on these results, it can be inferred that the combination of TAN and GA brought out
significantly synergistic inhibition effect on the proliferation of tumor cells for the nanoself-assemblies co-loaded with
drugs, which was explained by the optimization results of drug combination ratio. Strikingly, PD@TG-Nanos showed
a stronger inhibitory effect on tumor cell growth than DCA@TG-Nanos, possibly attributed to good chemical stability
and slow drug release of PD@TG-Nanos being more favourable for cellular uptake.

Cell Uptake Assay

The results of the uptake ratio of drug solutions and nano-formulations by HepG?2 cells are shown in Table 2 and Figure S6.
It can be seen from the Figure S6 that the uptake ratios of drugs by HepG2 cells increased in a time-dependent manner in all
the tested groups. At 12 h, the uptake ratios of free TAN and GA solution were only 27.26% and 29.90%, and the drug
uptake ratios increased to 34.42% and 37.43% for PD@TAN-Nanos and PD@GA-Nanos. The uptake ratios of PD@TG-
Nanos and DCA@TG-Nanos at 12 h were over 40%. It was inferred that nanoself-assemblies could promote drug uptake by
cells (P<0.05 or P<0.01), and the promoting effect of PD@TG-Nanos was slightly stronger than that of DCA@TG-Nanos
(P<0.05). These results explained the differences in the inhibitory effects of various formulations on tumor cells. And, it
was found that two drugs in PD@TG-Nanos and DCA@TG-Nanos had the similar uptake ratio, which helps them to
achieve a synergistic effect on antitumor.

In vivo Performance

As shown in Figure 6, the biodistribution of two drugs was significantly influenced by the nanoself-assembly formula-
tions. Firstly, the TAN and GA solution displayed high concentrations in various tissues at 2 h after administration and
was quickly eliminated from all the tissues thereafter, which indicated that the TAN and GA solution is rapidly
distributed and eliminated in vivo. Compared with free drug solutions, all nanoself-assemblies accumulated more in
the liver and tumor region after 2h of drug administration, even at 24h, which could be attributed to the liver targeting
effect of DCA and mPEG-DCA and the EPR effect of nano-formulations. In addition, it can be seen from the figure that
PD@TG-Nanos has the largest accumulation in tumor among all the nanoself-assemblies. Compared with DCA@TG-
Nanos, the higher accumulation of PD@TG-Nanos in tumor was mainly due to the long circulating effect of mPEG,
controlled drug release and higher cellular uptake ratio. And, the high cellular uptake ratio also explains the differences in
the accumulation of PD@TG-Nanos with PD@TAN-Nanos and PD@GA-Nanos in the tumor. These results suggested
that PD@TG-Nanos would provide an exciting tumor penetration, retention capability and anti-tumor effect. In addition,
it was found that the concentration of GA and TAN in the livers and the lungs for free drug groups was higher than that in
other normal tissues in the first 4 hours, and the concentration of GA and TAN in the lungs was highest in all the tested
tissues at 24 h for free drug groups. Previous reports have shown that GA-specific receptors are expressed on hepatocytes
(Stecanella et al 2021), which may be related to the fast accumulation of GA in the livers. However, it is not clear
whether GA’s accumulation in other organs, including the lung®' and the colon,’” is associated with the GA-receptors.
Whether the distribution of free TAN in various tissues is related to its physicochemical properties and receptors has not
been reported so far, which needs to be further studied.

The mean plasma-concentration profiles of two drugs over time for three formulations were shown in Figure 7A, and
the primary pharmacokinetic parameters for these formulations were calculated by noncompartmental models with
DAS2.0 (seen in Table 4). As shown in Figure 7A, while the plasma concentrations of TAN and GA were still detectable
at 8 h or 12 h after administration for the nanoself-assemblies, the plasma concentrations of two drugs were close to the
quantification limit at 4 h for the free drug solutions. The values of all the pharmacokinetic parameters for the nanoself-
assemblies were significantly different from those for the drug solutions (Table 4). For example, the AUC_, of two drugs
for the nanoself-assemblies were approximately 2.54~6.49-fold greater than those for the free drug solutions, and the
mean residence time (MRT_,,) and plasma half-life (T;,;) were nearly several-fold longer for the nanoself-assemblies in
comparison to free drug solutions. Thus, it was clear that the nanoself-assemblies maintained relatively higher plasma
concentration and longer exposure than free drug solutions, especially significant for nanoself-assemblies containing
mPEG-DCA. These results could be made clear by the controlled drug release induced by the strong molecular forces
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Figure 6 Tissue distributions of TAN (A) and GA (B) in the primary organs and tumor tissues after |.V. administration with the nanoself-assemblies at 15 mg/kg (n=10).

between the carriers and the drugs (shown in Table 3 and Figure S3), and confirmed the hypothesis that PEGylated
nanocarriers can create a highly water-bound barrier around the drug particle, which prevents rapid drug elimination,
prolongs circulation half-life, and enhances the EPR effect.”* > The long-circulation effect of PEG chains offers longer
duration of exposure and further enhances passive drug targeting to tumor tissues.’®>® For DCA@TG-Nanos, the long
MRT,_,, in rats could be attributed to the controlled drug release and the fact that its targeted uptake by the liver can serve
as a drug reservoir to slowly release the drug into the systemic circulation.’” In addition, the pharmacokinetics curves and
parameters of TAN and GA in PD@TG-Nanos and DCA@TG-Nanos indicated that the co-loading two active ingredients
have synchronous performance in vivo, which was as much a prerequisite for synergy as their similar release behavior

and cellular uptake ratios.®*¢’

In vivo Antitumor Activity

The evaluation of in vivo anti-tumor was carried out in H22 tumor xenograft mice for two drug solutions and four nanoself-
assemblies. Figure 7B showed the change curves of tumor volume in mice within 14 days after administration. The tumor
grew rapidly in the saline group and the tumor volume was significantly larger than that in other groups after administration by
7 times. Compared with that of the saline group, the tumor volume in all the drug formulation groups decreased significantly.
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Figure 7 (A) Mean plasma concentration vs time curves of various formulations after I.V. administration at 15 mg/kg. Data are expressed as the meanzs.d. (n=5). (B) Tumor
growth inhibition curves (n=18), *P<0.05, **P<0.01, ***P<0.001. (C) Body weights of mice bearing H22 tumors after different treatments for 14 days (n=18), *P<0.05. (D)
The curve of mice survival for 14 days.

The increase of tumor volume in PD@TAN-Nanos group and PD@GA-Nanos group were less than that of GA solution and
TAN solution groups, indicating that tumor development was more obviously inhibited by the nanoself-assemblies than free
drug solutions (P<0.05) apparently due to the prolonged circulation time and high accumulation in tumor. Additionally, the
change of tumor volume in PD@TG-Nanos group and DCA@TG-Nanos group were smaller than that of PD@TAN-Nanos

Table 4 Main Pharmacokinetic Parameters of TAN Injection and Its Preparations

Parameters AUC,... (mg/Lh) | MRT,.. (h) | Vz (L/kg) | CLz (L/h/kg) T2 (h)
TAN solution 1.80+0.27 2.2940.17 18.06+0.33 11.09+0.43 1.13+1.09
GA solution 1.62+0.16 2.18+0.20 17.850.14 12.34+0.08 1.00+0.24
DCA@TG-Nanos TAN 4.58+0.89* 3.85+0.48* 17.08+0.39 4.37+0.74%* 2.71£1.06%
GA 6.36x1.15%F 4.56+0.44* 18.1910.21 3.14£0.5** 3.42+0.09*
PD@TAN-Nanos 7.320.17%A 4.72+0.08*A | 9.74%0.15% | 2.30x0.41**A | 2.94+0.75*
PD@GA-Nanos 9.05%1.13%A 5.49£1.21%A | 10.910.16*% | 2.21+0.26%*A | 4.01+0.12*A
PD@TG-Nanos TAN 8.91£1.13%A 5.29£1.04¥A | 11.9320.17*% | 2.56+0.24%*A | 3.03+0.56*A
GA 10.52+0.14%*FA 5.69£0.91*A | 11.49£1.02*% | 1.90+0.18%*A | 4.19+0.08*A

Notes: *Represents comparison with the drug solution, A represents comparison with the DCA@TG-Nanos. *Or A imply P<0.05, and

**Or AA imply P<0.01.
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and PD@GA-Nanos, suggesting the drug co-loaded nanoself-assemblies had better tumor inhibition effect than the single
drug loaded nanoself-assemblies, which may be due to the synergistic effect of TAN and GA. Among all groups, the change of
tumor volume in PD@TG-Nanos group was smallest, which indicated the inhibition effect of PD@TG-Nanos was strongest.
The result may be attributed to the fact that mPEG-DCA can control the release of drugs, prolong the circulation time, and
improve the drug accumulation in tumor (EPR effect). The tumor inhibition ratios were calculated by comparing the average
tumor weight of the drug treatment groups to that of the saline group after the treatment (Figure S7). The tumor inhibition
ratios were, respectively, 37.45, 31.02, 46.45%, 49.19%, 60.41% and 63.30% for GA solution, TAN solution, PD@GA-
Nanos, PD@TAN-Nanos, DCA@TG-Nanos and PD@TG-Nanos, suggesting better antitumor activity of the PD@TG-Nanos
compared with that in the other drug test groups.

Biosafety Analysis
Figure 7C shows the body weight changes of tumor-bearing mice after intermittent administration for 14 days. As shown in
Figure 7C, the body weights of the mice increased significantly for the saline group, which could be attributed to the normal
growth of mice and the increase of tumor volume.*> Compared to the saline group, the body weights of two drug solution
groups increased much less (P<0.05) due to the inhibited tumor growth. The body weight of mice in the PD@TAN-Nanos and
PD@GA-Nanos groups was well controlled, which may be due to better inhibition of tumor volume compared with drug
solutions. For the groups treated with PD@TG-Nanos and DCA@TG-Nanos, the lowest fluctuation of body weight might be
attributed to the fact that the drug co-loaded nanoself-assemblies exhibited strongest antitumor activities and had best effects
on the health of the mice, which were consistent with these results of cytotoxicity tests. Figure 7D showed the survival curves
of tumor-bearing mice in various test groups within 14 days. A 60% of mice survived in the saline group, 70% in two drug
solution groups. The survival rates of mice injected with PD@TAN-Nanos, PD@GA-Nanos and DCA@TG-Nanos were
90%, 90% and 80%, respectively. However, the survival rate of the PD@TG-Nanos group reached 100%. From comparison of
the weight change and survival rate among different test groups, it can be inferred that the evaluation of body weight change
and survival rate may not accurately reflect whether the drug has systemic toxicity.

The images of primary organ slices stained by hematoxylin—eosin (H&E) are shown in Figure 8. No obvious abnorm-
alities were observed in the slices of the heart, liver, and kidney for all test groups. These results suggest that all the test

~Saline TAN solut

ion GA solution PD@TAN-Nanos PD@GA-Nanos DCA@TG-Nanos PD@TG-Nanos
-y = | NI TGN i S

Liver

Tumor

Figure 8 H&E analyses of the main organs and tumor tissues after treatment with various formulations. The scale bar represents 250 pm in the H&E images.
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formulations had not obvious side effects. As can be seen from histological images of H22 tumor slices, all the groups except
the saline group showed different levels of nuclear lysis changes, especially serious in PD@TG-Nanos group, which was
characterized by the obvious fragments. This indicated that TAN and GA in PD@TG-Nanos have a strong synergistic effect
on the inhibition of malignant proliferation, which is consistent with the anti-tumor effect in vivo.

Conclusion

In this paper, based on the TCM theory of liver disease treatment and the modern pharmacology of TCM, TAN and GA
were selected as model drugs to study the synergistic effect of the combination of natural monomeric compounds on
inhibiting tumor growth. Firstly, the antitumor synergistic ratio of the two drugs was optimized by MTT assay in vitro,
and the nanoself-assemblies were prepared by solvent evaporation method. The pharmaceutical study confirmed that all
the nanoself-assemblies had a particle size of about 160—205 nm, quasi-spherical morphology and good physical and
chemical stability. In the in vitro release assay, the nanoself-assemblies exhibited controlled drug release. The cytotoxi-
city test in vitro showed that mPEG-DCA, DCA and several nanoself-assemblies had little inhibition effect on normal
cells and had good biocompatibility at the experimental concentrations. And, PD@TG-Nanos and DCA@TG-Nanos
showed a stronger inhibitory effect on tumor cell growth than other drug formulations. The results of in vivo performance
study showed that all the nanoself-assemblies could prolong the MRT...,, and increase the exposure in blood and the
accumulation in tumor and liver tissues. The studies on anti-tumor activity in mice had confirmed that the drug co-loaded
nanoself-assemblies showed strong anti-tumor activity, especially PD@TG-Nanos, indicating that drug co-loaded
nanoself-assemblies had a good synergistic effect on inhibiting tumor growth. Therefore, it may have potential applica-
tion prospects to manufacture a nanoself-assembly co-loading natural active ingredients under the guidance of traditional
Chinese medicine theory for the treatment of tumors or other diseases. However, some related work of this topic needs to
be further explored in the future, such as the distribution mechanism of free GA and TAN in vivo, the factors on the
pharmacokinetics and tissue distribution of GA and TAN in vivo affected by nanoself-assemblies, the relationship
between their anti-tumor and anti-inflammatory effect, and the synergistic anti-tumor mechanism. In particular, the study
on their anti-tumor effect and synergistic mechanism needs to be explored as our special topic in the future.
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