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ABSTRACT
Triptolide (TP), a compound isolated from a Chinese medicinal herb, possesses potent anti-tumor,
immunosuppressive, and anti-inflammatory properties, but was clinically limited due to its poor solu-
bility, bioavailability, and toxicity. Considering the environment-friendly, low-cost mechanochemical
techniques and potential dissolution enhancement ability of Na2GA, an amorphous solid dispersion
(Na2GA&TP-BM) consisting of TP and Na2GA were well-prepared to address these issues. The perform-
ance of Na2GA&TP-BM was improved through ball milling, such as from crystalline state to an amorph-
ous solid dispersion, suitable nano micelle size and surface potential, and increased solubility. This
change had a significant improvement of pharmacokinetic behavior in mice and could be able to
extend the blood circulation time of the antitumor drug. Moreover, in vitro and in vivo anti-tumor
study showed that Na2GA&TP-BM displayed more potent cytotoxicity to tumor cells. The work illus-
trated an environment-friendly and safe preparation of the TP formulation, which was promising to
enhance the oral bioavailability and antitumor ability of TP, might be considered for efficient anti-
cancer therapy.
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Introduction

Triptolide, isolated from a Chinese herb called Tripterygium
wilfordii, has been used in Chinese medicine for centuries to
treat inflammatory and autoimmune diseases (Gu et al.,
2016). In recent years, triptolide has attracted attention for
its ability to inhibit growth and accelerate the death of
tumor cells in vitro and in vivo (L Liu et al., 2018; Jiang et al.,
2019; Tian et al., 2019; Deng et al., 2021). Triptolide exhibits
stronger antitumor activity than traditional antineoplastic
drugs such as doxorubicin, mitomycin, cisplatin, and pacli-
taxel (Yang et al., 2003). At present, the marketed triptolide
is administrated via oral (tablet dosage forms) and intraven-
ous route (parenteral injections). Despite its curative effects
on the various diseases, the clinical application of triptolide
has been limited due to its poor aqueous solubility, short
half-life in the circulation, and serious side effects.

Over the past decades, considerable efforts have been
dedicated to designing and developing a variety of TP deliv-
ery systems with the intention of improving the drug insolu-
bility, alleviating the adverse toxicity effects and enhancing
the bioavailability (Ren et al., 2021), such as solid lipid nano-
particle (Xue et al., 2012; C Zhang et al., 2014; Geszke-Moritz
& Moritz, 2016), liposome (Monteiro et al., 2014; Dasa et al.,
2015), polymeric micelle (L Xu et al., 2013; Ling et al., 2014),

microemulsion (Chen et al., 2004), and so on. In the above
methods, a lot of the processes necessitate complicated
chemical formulas as well as technically demanding proc-
esses. Moreover, various organic solvents (ethanol, dichloro-
methane, dimethyl sulfoxide, etc.) are usually required. Most
of these procedures may increase the risk and the cost of
production. These methods involving organic solvents are
harmful to human beings and the environment.

Because of the superiority of environment friendliness,
easy operation and higher cost performance, more and more
attention has been focused on mechanochemistry, such as
the development of green synthesis (Bahri et al., 2016; Wei
et al., 2018), cocrystal synthesis, and amorphous solid disper-
sion (W Xu et al., 2018; X Sun et al., 2019). When solid
molecular gets high-energy grinding, their particle sizes, crys-
tal forms and physicochemical stability will vary greatly
(Boldyrev, 2005). In addition to the above advantages, all the
changes may be possible to enhance the solubility and bio-
availability (Descamps & Willart, 2016).

Glycyrrhizic acid (GA) is a triterpene glycoside extracted
from licorice root, which demonstrates antiviral, anti-inflam-
matory, and anticancer properties (Pompei et al., 2009;
Bernela et al., 2016; Su et al., 2017). Meanwhile, GA forms
non-covalent compounds with various drugs due to its
amphiphilicity, which significantly increases the solubility of
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refractory drugs. However, adding GA to water will get a gel-
like liquid that is difficult to handle. Na2GA, formed by GA
and Na ions, solves this problem well. As well as GA, Na2GA
has the same characteristics because it can undergo hydroly-
sis in aqueous solutions and form a free GA (Q Zhang et al.,
2018). We can expect the synergetic effect of using Na2GA as
a drug delivery system for TP.

Considering the environment-friendly, low-cost mechano-
chemical techniques and potential dissolution enhancement
ability of Na2GA, an amorphous solid dispersion (Na2GA&TP-
BM) consisting of TP and Na2GA were well-prepared. Then,
the characterization and behavior of Na2GA&TP-BM were
studied by using an array of analytical methods such as XRD,
SEM; Furthermore, the pharmacokinetics, cytotoxicity studies,
and anti-tumor activity in vitro and in vivo were further
investigated.

Materials and methods

Materials

TP was obtained from Bide Medical Technology Co., LTD
(Shanghai, China, purity >98%). Na2GA was supplied by
Shanxi Pioneer Biotech Co. Ltd. (Xian, China, purity >98%).
Fetal bovine serum (FBS), penicillin/streptomycin (P/S), and
Roswell Park Memorial Institute 1640 (RPMI-1640) cell culture
medium were all supplied by Gibco BRL (Gaithersburg, MD).

Cells and animals

The cancer cell lines were all purchased from China Center
for Type Culture Collection (Wuhan, China) including the
human lung cancer cell line A549, the human hepatocellular
carcinoma cell line HepG2, the human colon cancer cell line
HCT116, and the human breast cancer cell line MCF-7.
HCT116 and A549 were cultured in RPMI-1640 (containing
10% FBS and 1% P/S). MCF-7 and HepG2 cells were cultured
in DMEM (containing 10% FBS and 1% P/S). All the cells
were routinely maintained in a humidified chamber at 37 �C
and 5% CO2.

Female ICR mice (5–6weeks) weighing 18–20 g and
BALB/c nude mice (4weeks) weighing 16–18 g were obtained
from the Shanghai Slac Laboratory Animal Co. Ltd. All the
animals were performed in strict compliance with the PR
China legislation for the use and care of laboratory animals.

Preparation of solid dispersion by
mechanochemical treatment

Ball milling (Planetary Ball Mill PM 400, Retsch) was used to
prepare samples. Briefly, accurately weighed 4.500 g Na2GA
and 0.500 g TP (weight ratio 1/9, named 1/10 SD), or 4.950 g
Na2GA and 0.050 g TP (weight ratio 1/99, named 1/100 SD),
or 4.975 g Na2GA and 0.025 g TP (weight ratio 1/199, named
1/200 SD), were added to ball mill pot with 20 steel balls
(diameter 12mm). The grinding time was 30min, and the
rotation speed was 30 rpm. Finally, 1/100 SD was selected
for follow-up experiments, described as Na2GA&TP-BM.

Moreover, a physical mixture consisting of TP and Na2GA,
described as Na2GA&TP-UM, was prepared for comparison
with Na2GA&TP-BM.

Solubility determination

Solubility was determined on the samples obtained as fol-
lows. Samples were made into a saturated solution and fil-
tered through a filter paper (0.22 mm). The filtrate solution
was analyzed by HPLC (Agilent G7129, San Diego, CA)
equipped with column Shimadzu ODS-3 C18 (Shimadzu,
Kyoto, Japan) (4.6� 250mm, 5 lm) at 30 �C and diode-array
detector was set to a wavelength of 218 nm. The eluent was
acetonitrile-deionized water (40:60, v/v), with the flow rate of
1.0mL/min.

Dissolution determination

Dissolution tests of pure TP, Na2GA&TP-UM and Na2GA&TP-
BM were performed in a dissolution tester (RC-6ST; Tianjin,
China) at the paddle rotation speed of 100 rpm in 900mL of
pH 6.8 phosphate buffer maintained at 37± 0.5 �C. Each for-
mulation equivalent to 9mg of TP was put into dissolution
vessel. At the set time point, 2mL of the sample was
extracted, and the phosphoric acid medium was added to
the container in time. The samples collected in 1mL vial
were treated with acetonitrile and then filtered into liquid
phase vials using a syringe with a filter head. Then, samples
were analyzed by HPLC.

Powder X-ray diffraction (XRD)

The structure of samples was characterized by using X-ray
diffract meter (Bruker, Leipzig, Germany). The sampling par-
ameter was the step range of 3�–40� at a speed of 2�/min.
Data were processed by Origin 9.0 analysis.

Scanning electron microscopy (SEM)

A scanning electron microscope (ZEISS Gemini500, Jena,
Germany) was used to acquire electronic images. Coating of
samples with platinum was performed by a Leica EM ACE200
Vacuum Coater (Germany). The coating parameters were as
follows: sputtering time 100 s, amperage 30mA.

Polarized light microscopy (PLM)

The crystal characteristics of the samples was observed by
polarized light microscopy (Olympus CX41, Tokyo, Japan)
and a CCD camera (HTC1600, China). All images were
obtained at 10� resolution.

Molecular dynamics simulations (MD)

The structural optimization based on density functional the-
ory (DFT) was carried out by the Dmol3 module in the
Materials Studio (MS) software. The exchange–correlation
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energy was described with the Perdew Burke Ernzerhof (PBE)
version of the generalized gradient approximation (GGA).
DFT-D method was employed to calculate the van der Waals
(vdW) interaction. The convergence thresholds of the opti-
mized structures were 2.0� 10�5Hartree in energy and
0.004Hartree/Å in force. The maximum number of ionic step
and step size were set to 500 and 0.3 Å, respectively.

Particle characterization and zeta potential

The physicochemical characteristics of samples that dissolved
in water were detected by Zetasizer NanoZS (Malvern
Instruments, Malvern, UK). Before being measured, all sam-
ples were dissolved in deionized water at the concentration
of 1mg/mL. The particle size of the nano-micelle, polydisper-
sity index (PDI), and the charge on its surface (f-potential)
were detected by dynamic light scattering (DLS) and laser
Doppler anemometry.

Determination of the critical micelle
concentration (CMC)

Prepared Nile Red with dichloromethane to make a
1� 10�4mol/L solution, and then added to a series of vials.
After CH2Cl2 was evaporated, the aqueous solutions of
Na2GA&TP-BM with various concentrations ranging from
0.001 to 10mg/mL were added into the vials, and stirred for
12 h. The fluorescence intensity of these solutions was meas-
ured by a microplate reader (Flexstation 3; Molecular Devices
LLC, Sunnyvale, CA) at the wavelength of 620 nm (excited at
579 nm) (Ridolfo et al., 2018). Data were processed by Origin
9.0 analysis.

Transmission electron microscopy (TEM)

The morphology of micelle was observed by using a trans-
mission electron microscope (Hitachi HT700 EXALENS, Tokyo,
Japan). Samples were configured into 1mg/mL solution. One
drop of solution was dropped on the surface of the copper
sheet and the samples were observed by TEM.

Multicellular tumor spheroids (MTS) cytotoxicity

MTS of MCF-7 cells were obtained according to the previ-
ously reported hanging drop technique (Zhu et al., 2021).
MCF-7 cell suspension was diluted in a medium containing
0.24% (w/v) methylcellulose with a density of around 105

cells per milliliter. After 24 h, the spheroids were formed and
transferred to agarose-coated 96-well plates with one spher-
oid in each well. Following attachment, the spheroids were
incubated for another 72 h to reach a diameter of approxi-
mately 400mm. Then, Na2GA&TP-UM and Na2GA&TP-BM at
200 ng/mL TP concentration were added to the 96-well plate
every two days and followed by a 2-weeks’ observation. The
major (dmax) and minor (dmin) diameters of each spheroid
were measured, and the volume of 3D tumor sphere was cal-
culated by using the following formula: V¼ (p� dmax� dmin)/
6 (Ye et al., 2021).

In vitro cytotoxicity study

The MTT assay was used to study the cytotoxicity of TP,
Na2GA&TP-UM and Na2GA&TP-BM on HCT116, A549, MCF-7,
and HepG2. Take HepG2 as an example, it was seeded in 96-
well plates for 12 h and cultivated in the incubator which
had a humidified atmosphere containing 5% CO2 at 37 �C.
Then, the cells were treated with free TP, Na2GA&TP-UM and
Na2GA&TP-BM (TP concentrations: 0.001–10 mg/mL) for 48 h.
Then, 20mL MTT (5mg/mL) in PBS was added to each well.
After 4 h, the medium was replaced by 200 mL DMSO and
shaken at room temperature for 10min. Finally, the absorb-
ance of each well was detected by using a microplate reader
(Flexstation 3; Molecular Devices LLC, Sunnyvale, CA). The
operation of other cells was same as above, except the cul-
ture medium. The cell viability was calculated according to
the following formula: cell viability (%) ¼ cells (samples)/cells
(control) � 100 (K Wang et al., 2018).

Cellular uptake study

In order to observe the cell uptake, Na2GA&TP-BM/coumarin-
6 (NPs/C6) were prepared as follows. 1mg Coumarin-6 and
1mg Na2GA&TP-BM were dissolved in 100 mL tetrahydrofuran
completely. Then 1mL deionized water was added dropwise
and stirred for extra 2 h. Subsequently, 20 kDa MWCO dialysis
bag was used for dialysis of the solution. The labeled NPs/C6
were stored at �20 �C before use.

MCF-7 cells were seeded in 24-well plates at 2� 104 cells/
mL and incubated for 24 h. Next, 1mL NPs/C6 (concentration:
10 lg/mL) was added to each well. After incubating for 4 h,
the cells were washed three times with 4 �C PBS, fixed with
4% paraformaldehyde for 15min at 25 �C, and stained with
1.5 lg/mL Hoechst for another 10min. Finally, the plates
were observed under a fluorescence microscope (Olympus
IX73, Tokyo, Japan).

Apoptosis study by flow cytometry

Cell apoptosis was detected by Annexin V-FITC/PI staining
with flow cytometric analysis (Chou et al., 2010). MCF-7 cells
were seeded in 6-well plates and incubated for 12 h. Then,
the medium was replaced by 2mL TP, Na2GA&TP-UM,
Na2GA&TP-BM solution (TP concentrations: 200 ng/mL) and
incubated for 24 h. MCF-7 cells were collected after treat-
ment which was performed as the cell cycle experiment.
After the cells were washed for three times with PBS, added
100 lL 1� binding buffer (containing 20 lL Annexin V-FITC
and 20 lL PI) and incubated for 20min in the dark at room
temperature. Finally, 400 lL 1� binding buffer was added,
and the stained cells were tested by flow cytometry.

Pharmacokinetic evaluation

The pharmacokinetic study of TP, Na2GA&TP-UM, and
Na2GA&TP-BM were performed in ICR mice. Prior to experi-
ments, a total of mice was fasted for 12 h with free access to
water, and were randomly divided into three groups (n¼ 5).
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The dose for each intragastric administration was 0.72mg/kg
(equivalent to TP concentration). After administration 0.083,
0.25, 0.5, 0.75, 1, 2, 8, and 24 h, 0.1mL of blood samples
were collected from the eyelids and placed in the prepared
heparinized tube in ice bath, followed by centrifugation at
5000 rpm for 10min (4 �C) to obtain plasma. All mice
remained healthy after blood collection for 8 time points.
The plasma samples were prevented from light exposure and
flushed with nitrogen gas for storage at �80 �C until analysis.
Finally, the samples were detected by HPLC, according to
the liquid phase conditions in solubility determination.

In vivo pharmacodynamic evaluation and
histological analysis

In order to recognize clearly the therapeutic effects and the
side effect to free TP, Na2GA&TP-UM, and Na2GA&TP-BM on
the main organs, in vivo anti-tumor therapeutic efficacy eval-
uations were conducted. First, a subcutaneous HepG2 tumor
model of BALB/c nude mice was constructed. After inocula-
tion, nude mice bearing HepG2 cells were randomly divided
into four groups (n¼ 6) when the tumor volume reached to
50–80mm3. Then all groups of nude mice were, respectively,
given 0.1mL TP, Na2GA&TP-UM, Na2GA&TP-BM solution (TP
concentrations: 720 lg/kg) and 0.9% saline as control every
other day. Throughout the whole treatment process, the
body weight, tumor length, and tumor width of mice were
recorded before each administration. The tumor volume was
measured with a caliper and was calculated as follows: tumor
volume ¼ 0.5� length�width2. At the end of the adminis-
tration period, the mice were humanely sacrificed. Sections
of major organs and tumor were fixed in 10% (w/v) neutral-
buffered-formalin. After dehydration and embedding, the
organs and tumor were sliced and the sections were stained
with hematoxylin and eosin (H&E). Finally, the stained sec-
tions were observed by using a light microscope.

Detection of blood biochemical indexes

The blood samples of control, TP, Na2GA&TP-UM, Na2GA&TP-
BM on BALB/c nude mice were collected and centrifuged at
5000 rpm (Beckman Centrifuge D3024, BD Biosciences,
Franklin Lakes, NJ) for 5min to obtain plasma samples. The
clinic parameters were measured including heart indices con-
taining creatine kinase (CK), creatine kinase-MB (CK-MB), and
lactate dehydrogenase (LDH), liver function-related alanine
aminotransferase (ALT) and aspartate aminotransferase (AST),
kidney function-associated blood urea nitrogen (BUN) and
creatinine (Cr) by an automatic biochemical analyzer
(Beckman AU400, BD Biosciences, Franklin Lakes, NJ).

Statistical analysis

Data were reported as mean± standard error, using the
unpaired Student’s t-test. The values of �p< .05, ��p< .01,
and ���p< .001 calculated by GraphPad Prism 9.2.0
(GraphPad Software, La Jolla, CA) were considered significant
and extremely significant, respectively.

Results and discussion

Physical characterization studies of TP solid dispersion

Through HPLC detection and analysis, the solubility of the
pure TP was 0.1976mg/mL. Meanwhile, the solubility of 1/10
SD, 1/100 SD (Na2GA&TP-BM), and 1/200 SD were 1.0452,
2.3193, and 1.3605mg/mL. Compared with the solubility of
the pure TP, 1/100 SD (Na2GA&TP-BM) increased 11.74 times,
which was higher than 1/10 SD and 1/200 SD. Therefore,
Na2GA&TP-BM was chosen as candidate to study the subse-
quent experiments. The XRD thermograms of Na2GA, TP,
Na2GA&TP-UM, and Na2GA&TP-BM are shown in Figure 1(A).
The characteristic peak 2h values of TP were detected to be
8.34, 8.62, 15.29, 16.71, 17.30, 25.14, 26,08, and 33.80, indicat-
ing its crystalline form. To be noticed that, the physical mix-
ture product Na2GA&TP-UM also showed the characteristic
peak of TP but decreased significantly, indicating that it is
still formed as crystal. However, in the diffraction spectrum
of Na2GA&TP-BM, the characteristic crystallization peak of TP
disappeared completely, identifying that TP had been uni-
formly distributed in Na2GA and formed an amorphous sam-
ple by physical ball milling.

PLM and SEM further testified this result. The micrographs
of Na2GA, TP, Na2GA&TP-UM, and Na2GA&TP-BM obtained
from polarized light microscopy are shown in Figure 1(C).
Material in crystal state has obvious birefringence under
polarized light microscope. From the images of TP,
Na2GA&TP-UM, it could be found that there was a mass of
crystalline materials, while the birefringence disappeared in
Na2GA&TP-BM. The electron micrographs of samples were
shown in Figure 1(B). It could be visually seen that TP was
block solid and the Na2GA was in a spherical state. After 30-
min grinding, the intact morphology of the TP and Na2GA
particles was destroyed, forming fine and irregularly shaped
particles. Grinding made the solid particles more uniform,
which increased the surface area of the solid particles and
got better wettability and dispersibility (Descamps &
Willart, 2016).

Furthermore, to understand the interaction between TP
and GA in water, the hydrogen bonding sites between TP
and GA molecules were investigated in detail by the Dmol3
module in the Materials Studio software. TP had fortissimo
hydrophobicity and the added TP could promote GA
micelle formations, which was a usual observation for the
surfactant system mixed with a hydrophobic compound (X
Wang & Gao, 2018). the aryl ring of TP had high tendency
to hydrophobically interact with the convex hydrophobic
surface of GA (Malik, 2016), this may be one of the reasons
for the formation of micelles. As shown in Figure 1(D), TP
and GA molecules can interact to form three hydrogen
bonds, and the hydrogen bond lengths were 1.713, 1.744,
and 3.239, respectively. We could speculate that there was
hydrogen bonding between the carbonyl and hydroxyl
group of TP and the carboxylate group of GA at the suit-
able arrangement, and the hydrogen bonding between TP
and GA was significantly involved in primary micelles (X
Wang et al., 2021). Overall, not only the hydrophobic force
but also the hydrogen bonding was involved in the binding
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of TP with Na2GA, and our speculation may need further
investigation.

Dissolution profiles of TP, Na2GA&TP-UM and Na2GA&TP-
BM are shown in Figure 1(E). Compared with TP and
Na2GA&TP-UM, Na2GA&TP-BM exhibited better dissolution
properties. The cumulative amount of TP dissolved after
5minutes was 2.4%, 20.7%, and 63.6% for TP, Na2GA&TP-
UM, and Na2GA&TP-BM, respectively. We speculated that
the drug was encapsulated in a hydrophilic carrier and
formed as the amorphous sample which had better wett-
ability and dispersibility leading to more excellent proper-
ties. Na2GA&TP-BM form micelles in water, resulting in
excellent solubility. While Na2GA&TP-UM was not uniformly
dispersed in Na2GA, therefore only part of TP dis-
solves rapidly.

Properties of micelles in water solution

When Na2GA&TP-BM dissolved in water, Na2GA encapsu-
lated TP to form micelles and the obtained micelle solution
was transparent. Figure 2 shows the morphology, f-poten-
tial, and particle size distribution of Na2GA&TP-BM. Under

TEM, Na2GA&TP-BM was cone-shaped. The particle size of
the micelle measured by DLS was 176.3 nm, and PDI was
0.254. Moreover, the f-potential of the micelle was
�10.7mV. The CMC was 2.053mg/mL that analyzed by
Origin 9.0 as shown in Figure 2(B). It is reported that most
of the average particle sizes which between 100 and
200 nm were considered to be an appropriate size to evade
filtration in reticuloendothelial system (RES) organs and
were more easily absorbed by the tumor (D Liu et al., 1992;
Li & Huang, 2008; Q Sun et al., 2017). Meanwhile, the neu-
tral surface charge of particles (zeta potential ± 10mV) was
proved to prolonged blood circulation and specifically accu-
mulate at the tumor site.

In vitro cellular cytotoxicity

The cytotoxicity of Na2GA, free TP, Na2GA&TP-UM, and
Na2GA&TP-BM was tested in several types of cancer cells
like MCF-7, A549, HepG2, and HCT116 cells. It showed that
free TP, Na2GA&TP-UM, and Na2GA&TP-BM had the signifi-
cant inhibition ability in all four cancer cell lines, and the
cytotoxicity rose gradually with the increase of the

Figure 1. (A) X-ray diffraction spectra of TP, Na2GA, Na2GA&TP-UM, Na2GA&TP-BM. (B) The electron micrographs of TP, Na2GA, Na2GA&TP-UM, Na2GA&TP-BM (the
scale bars were 10 lm). (C) PLM images of TP, Na2GA, Na2GA&TP-UM, Na2GA&TP-BM, the magnification was 10�. (D) Hydrogen bond microstructure. (E) In vitro
release profiles of TP, Na2GA&TP-UM, and Na2GA&TP-BM (n¼ 3).
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concentration (Figure 3). The half maximal inhibitory con-
centrations (IC50) of TP, Na2GA&TP-UM, and Na2GA&TP-BM
are shown in Table 1. In particular, at a concentration of

0.01 lg/mL, the cytotoxicity of Na2GA&TP-BM on MCF-7 and
HepG2 cells was statistically significant compared with the
other two dosage forms (p< .001). The cytotoxicity of
Na2GA&TP-BM on A549 also had a significant difference at
0.1 lg/mL (p< .001). In addition, the survival rate of Na2GA
group in all four cell lines was above 90%, indicating that
Na2GA itself possessed no cytotoxicity in all tested cell lines
in the concentration range of 0.001–10mg/mL (Figure 3).
Therefore, Na2GA&TP-BM enhanced the cytotoxic ability of
TP due to the TP’s better absorption on cells. These results
confirmed that Na2GA&TP-BM was a potential nano-delivery
system for cancer treatment.

Figure 2. The zeta potential, size, CMC, and surface morphology of Na2GA&TP-BM. (A) Dynamic light scattering size measurement of Na2GA&TP-BM micelles. (B)
The CMC value of Na2GA&TP-BM. (C) Transmission electron micrograph (TEM) of Na2GA&TP-BM micelles, the scale bars from left to right were 500 nm, 200 nm.

Figure 3. In vitro cytotoxicity of TP, Na2GA, Na2GA&TP-UM, Na2GA&TP-BM on MCF-7 cells, A549 cells, HepG2 cells, and HCT116, respectively (n¼ 5). �p<0 .05,��p< 0.01, and ���p<0 .001.

Table 1. The half maximal inhibitory concentrations (IC50) of TP, Na2GA&TP-
UM, and Na2GA&TP-BM in MCF-7, HCT116, HepG2 and A549 cells.

Cell lines

IC50(lg/mL)

TP Na2GA&TP-UM Na2GA&TP-BM

MCF-7 0.076 0.063 0.021
HCT116 0.818 0.483 0.096
HepG2 0.099 0.123 0.006
A549 1.972 2.006 0.297
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Cellular internalization and induction of apoptosis

The colocalization and internalization by MCF-7 cells of cou-
marin-6-loaded Na2GA&TP-BM (NPs/C6) was confirmed by
CLSM. As shown in Figure 4(A), the fluorescence from NPs/
C6 (green) was observed in the cytoplasm after 4 h of incu-
bation at 37 �C, indicating that NPs/C6 could be rapidly taken
up by cells and remained in MCF-7 cells.

Subsequently, we examined the apoptosis of MCF-7 cells
induced by Na2GA&TP-BM. Flow cytometry results showed a
significant increase in apoptotic MCF-7 cells with Na2GA&TP-
BM treatment (Figure 4(B)). The proportion of apoptotic cells
(%) was comprised of late apoptotic (district of the upper
right) and early apoptotic cells (district of the bottom right).
The apoptotic proportion of MCF-7 cells treated with TP,
Na2GA&TP-UM, and Na2GA&TP-BM, reached 12.8%, 12.5%
and 15.6%, respectively (Figure 4(C)). Obviously, compared
with untreated cells (apoptosis rate: 9.3%), the MCF-7 cells in
three test groups showed different degrees of apoptosis, and
Na2GA&TP-BM groups have the strongest effect which was
consistent with cytotoxicity’s conclusion.

Inhibition growth of 3D tumor spheroids

As shown in Figure 5(A), MCF-7-tumor spheroids of the con-
trol group grew rapidly and gradually became compact

when treated with the cell culture medium. The relative
diameter of multicellular tumor spheroids in the control
group increased by about 32.5% after 13 days’ inoculation.
At the same time, pure TP, Na2GA&TP-UM, and Na2GA&TP-
BM groups showed different degrees of decline and
decreased by about 8.5%, 10.1%, and 20.9%, respectively,
indicating that all TP dosage forms inhibited spheroid cell
proliferation to some extent (Figure 5(B)). After 5–7 days’
treatment, the volume of all TP dosage forms groups had
obviously shrunk, with some cell detachment from the tumor
spheroids. On day 13, Na2GA&TP-BM groups penetrated
more deeply and distributed more extensively, which was
also consistent with the results of in vitro cell apoptosis
described earlier.

Pharmacokinetic evaluation

The results of pharmacokinetic studies are listed in Figure
5(C) and Table 2. As shown in Figure 5(C), it could be clearly
seen that the bioavailability of Na2GA&TP-BM was better
than pure TP. After intragastric administration, TP of the
three dosage forms distributed rapidly throughout the whole
body and reached a peak quickly. In addition, the free TP
was cleared faster from blood than Na2GA&TP-BM. As shown
in Table 2, the bioavailability of the SD rats treated with
pure TP, Na2GA&TP-UM, and Na2GA&TP-BM was 107, 174,

Figure 4. (A) Cell uptake of Na2GA&TP-BM/coumarin-6. Nucleus was stained with DAPI. Images were taken from the DAPI channel (blue), Na2GA/CA-BM/C6 channel
(green), and the overlapped image. (B) Flow cytometric analysis of AnnexinV-FITC/PI stained MCF-37 cells treated with TP, Na2GA&TP-UM, Na2GA&TP-BM. (C) The
apoptotic proportion of MCF-7 cells treated with TP, Na2GA&TP-UM, and Na2GA&TP-BM. �p<0 .05, ��p<0 .01, and ���p<0 .001.

1404 D. ZHU ET AL.



and 257 mg/L�h, respectively, and Na2GA&TP-BM increased
by about 2.5-fold compared with TP. Na2GA&TP-BM had a
better blood circulation in the body which was also verified
by the above theory of the proper particle size of the nano-
micelles in vivo.

In vivo antitumor efficacy

In vivo antitumor activity was carried out in nude mice bear-
ing HepG2 tumors. It was demonstrated that the tumor vol-
ume of Na2GA&TP-BM group remained roughly unchanged
with time dependently. Representative results shown in
Figure 6(A,B), compared with the control group, Na2GA&TP-
BM showed better tumor inhibition ability throughout the
treatment, nearly 64.48% tumor inhibitory rate. Meanwhile,
after 12 days’ treatment, there was no significant difference
in tumor volume between TP, Na2GA&TP-UM group, and

control group (p¼ .200, p¼ .236 compared with the con-
trol group).

Next, the pathological sections of main tissues were made
to observe the apoptosis of tumor cells and the change of
normal organs after treatments. As shown in Figure 6(D), it
could be found that the cells of control group were dense
and had abundant vascular tissue in tumor tissue. In com-
parison, especially in the Na2GA&TP-BM group, most of the
cells with enlarged sizes and a large amount of excessive
vacuolization was observed – most tumor cells were apop-
totic, indicating that Na2GA&TP-BM had the most cytotox-
icity. The result was consistent with the above tumor
inhibition data. On the whole, the antitumor effect of
Na2GA&TP-BM was the most prominent of the three
formulations.

In vivo safety evaluation

In addition to treatment efficacy, toxicity is another critical
parameter of an excellent delivery vehicle for further use. For
safety purpose, we evaluated the systematic toxicity of
Na2GA&TP-BM in healthy BALB/c mice after intragastric
administration every other day for 2weeks. As shown in
Figure 6(C), compared with the control group, the

Figure 5. (A) Image-based quantification of the relative average diameter of untreated, TP, Na2GA&TP-UM, and Na2GA&TP-BM treatment group cells spheroids,
The image of multicellular tumor spheroids. (B) Data represent the volume of n� 20 cell spheroid. (C) Concentration of TP in rat plasma after intragastric adminis-
tration of TP, Na2GA&TP-UM, and Na2GA&TP-BM to rats at the dose of 0.72mg/kg (n¼ 5), statistical significance compared to TP. �p<0 .05, ��p< 0.01,
and ���p<0 .001.

Table 2. The pharmacokinetic parameters of pure TP, Na2GA&TP-UM and
Na2GA&TP-BM.

Samples
Cmax

(lg/L) Tmax (h) T1/2 (h)
AUC0!t

(lg/L�h)
AUC0!1
(lg/L�h)

TP 59.43275 0.083 2.937 81.758 107.216
Na2GA&TP-UM 73.1525 0.083 2.493 174.077 174.28
Na2GA&TP-BM 100.0615 0.083 3.213 202.053 257.273
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Na2GA&TP-BM group has no significant difference in body
weight during the study period. Meanwhile, TP exhibited
potent toxicity. Therefore, it could be seen that Na2GA&TP-
BM significantly reduced the systemic toxicity of TP drugs.

The safety of TP, Na2GA&TP-UM, and Na2GA&TP-BM in the
main organs was further evaluated by histopathological
examination. In Figure 6(D), no obvious organ lesions (includ-
ing heart, liver, spleen, lung and kidney) were observed in
the Na2GA&TP-UM group and Na2GA&TP-BM group, com-
pared with the control group. However, the liver of mice
treated with TP exhibited certain pathological changes.

The results of biochemistry parameters further testified it.
As it could be seen in Table 3, the level of plasma ALT in the
TP group increased, indicating that pure TP induced liver
injury in mice (Yu et al., 2021). Furthermore, The blood
indexes of Na2GA&TP-UM and Na2GA&TP-BM group, included
liver functional markers (ALT, AST), kidney functional markers
(BUN, CR), myocardial enzyme spectrum (CK, LDH), indicated
no significant difference compared with the control group.
The anti-inflammatory effects of Na2GA may play a role. All
of these results showed that multiple dosage of Na2GA&TP-

BM did not cause acute toxicity to the hematological system
and major organs in mice.

Conclusions

In summary, Na2GA&TP-BM was successfully developed by
mechanical ball milling, which overcame the clinical defects
of TP in this study. Compared with pure TP and Na2GA&TP-
UM, the performance of Na2GA&TP-BM improved through
ball milling, such as from crystalline state to amorphous solid
dispersion, suitable nano micelle size and surface potential,
and increased solubility. These changes had a significant
improvement of pharmacokinetic behavior in mice, which
increased about 2.5-fold in oral bioavailability and was able
to significantly extend the blood circulation time of the anti-
tumor drug. Moreover, MTT assay and in vivo anti-tumor
study showed that Na2GA&TP-BM displayed more potent
cytotoxicity to tumor cells. Preliminary in vivo safety studies
in mice showed Na2GA&TP-BM was safe to oral with minimal
or no toxicity to major organs. Collectively, our results
showed that Na2GA&TP-BM was an environment-friendly and

Figure 6. In vivo antitumor effect tested in HepG2-bearing mice (n¼ 7) and the pathological sections of major organs and tumors. (A) The change curve of tumor
volume throughout the treatment. (B) Solid tumor photograph of control, TP, Na2GA&TP-UM, and Na2GA&TP-BM treatment group. (C) The body weight curve of
mice. (D) H&E staining of major organs and tumor tissue sections with envelop layer. �p<0 .05, ��p<0 .01, and ���p< 0.001.

Table 3. Biochemistry parameters for TP, Na2GA&TP-UM, and Na2GA&TP-BM-treated nude mice.

Samples ALT (U/L) AST (U/L) BUN (mmol/L) CR (lmol/L) LDH (U/L) CK (U/L) CK-MB (U/L)

Control 24.33 ± 4.19 189.33 ± 4.03 5.94 ± 0.37 5.67 ± 1.70 3246.33 ± 88.04 1080.67 ± 140.33 1242.97 ± 68.60
TP 42.33 ± 5.73 194.00 ± 9.09 8.54 ± 0.83 4.67 ± 0.47 3302.00 ± 251.02 1098.33 ± 158.68 1272.07 ± 90.61
Na2GA&TP-UM 18.67 ± 2.62 193.67 ± 26.41 7.34 ± 0.41 6.33 ± 4.50 3234.00 ± 147.62 892.33 ± 191.95 1022.50 ± 132.07
Na2GA&TP-BM 24.67 ± 4.99� 197.33 ± 14.82 11.38 ± 1.37 11.33 ± 4.19 3275.00 ± 148.12 999.67 ± 244.89 1327.07 ± 292.10

There were significant differences in ALT between TP group and Na2GA&TP-BM group. �p <0 .05, ��p <0 .01, and ���p < 0.001.
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effective anti-tumor preparation of the TP formulation by
mechanical ball milling, which warranted further
investigation.
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