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ABSTRACT

Betulinic acid (3B-Hydroxy-20(29)-lupaene-28-oic acid, BA) has excellent anti-cancer activity but poor
solubility and low bioavailability. To improve the antitumor activity of BA, a polyvinyl caprolactam-po-
lyvinyl acetate-polyethylene glycol (PVCL-PVA-PEG) graft copolymer (Soluplus) encapsulated BA
micelle (Soluplus-BA) was fabricated. The Soluplus-BA micelles presented a mean size of
54.77 £1.26 nm and a polydispersity index (PDI) of 0.083. The MTT assay results showed that Soluplus-
BA micelles increased the inhibitory effect of BA on MDA-MB-231 cells, mainly due to the enhanced
accumulation of reactive oxygen species (ROS) and the destruction of mitochondrial membrane poten-
tial (MMP). Soluplus-BA micelles induced the DNA double-strand breaks (DSBs) as the yH2AX foci
increased. Moreover, Soluplus-BA also inhibited the tube formation and migration of human umbilical
vein endothelial cells (HUVECs), and inhibited the neovascularization of the chicken chorioallantoic
membrane (CAM). This angiogenesis inhibitory effect may be accomplished by regulating the HIF-1/
VEGF-FAK signaling pathway. The in vivo study confirmed the improved anti-tumor effect of Soluplus-
BA and its inhibitory effect on angiogenesis, demonstrating the possibility of Soluplus-BA as an effect-
ive anti-breast cancer drug delivery system.
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physicochemical and pharmaceutical properties, for example,
the poor water solubility greatly limits its clinical develop-
ment. To alleviate the poor water solubility and bioavailabil-
ity of BA, suitable BA delivery systems to increase its
biological activity has become a research direction (Dutta et
al. 2019; Wang et al. 2019).

Soluplus is an amphiphilic polyethylene caprolactam-vinyl
acetate—polyethylene glycol (PVCL-PVA-PEG) graft copolymer
that can self-assemble in solution to form micelles and
encapsulate drugs with poor solubility (Hou et al. 2016; Zhu
et al. 2019). The carbonyl groups of Soluplus can form hydro-

1. Introduction

According to statistics, there are ~19.3 million new cancer
cases and nearly 10 million cancer deaths worldwide in 2020
(Moreira et al. 2021). Female breast cancer has surpassed
lung cancer as the most common tumor, with ~2.3 million
new cases (11.7%) (Siegel et al. 2020; Sung et al. 2021).
Breast cancer is a malignant tumor that occurs with multiple
genes involved in multiple steps. The current drug treatment
of breast cancer mainly includes chemotherapy and endo-
crine (Azim and lbrahim 2014; DeSantis et al. 2019). Breast
cancer is often accompanied by a high recurrence rate, thus

it is very important to find specific drugs to treat it.

Betulinic acid (3B-Hydroxy-20(29)-lupaene-28-oic acid, BA)
is a pentacyclic triterpene that can be obtained from many
fruits, plants and vegetables (Rios and Manez 2018). BA has a
variety of biological activities including anti-tumor, anti-viral,
anti-inflammatory and anti-oxidant activities (Wang et al.
2017; Cai et al. 2018). In recent years, the anti-tumor activity
of BA has received widespread attention, as it can inhibit the
growth of various tumor cells, such as melanoma, ovarian
cancer, and lung cancer (Jiao et al. 2019; Zheng et al. 2019;
Liao et al. 2020). However, BA is insufficient in some

gen bonds with the hydroxyl groups of the drug molecules,
thereby increasing the drug solubility and stability. There are
studies showing Soluplus as a carrier to deliver drugs and
treat tumors and corneal diseases, confirming its high poten-
tial as a drug delivery carrier (Guo et al. 2016; Nam et
al. 2017).

In this study, we successfully prepared BA-loaded Soluplus
micelles (Soluplus-BA) with high encapsulation efficiency and
stability. The Soluplus-BA micelles can significantly improve
the growth inhibitory effect of BA on breast cancer MDA-MB-
231 cells. The effect and mechanism of using Soluplus as a
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carrier to deliver BA in the treatment of breast cancer was
also investigated.

2. Materials and methods
2.1. Materials

PVCL-PVA-PEG (Soluplus) was purchased from BASF Ltd.
(Shanghai, China). Betulinic acid (BA) was purchased from
Dalian Meilun Biology Technology Co., Ltd. (Liaoning, China).
Dulbecco’s Modified Eagle’'s Medium (DMEM) medium was
obtained from Hyclone (Logan, UT, USA). Fetal bovine serum
(FBS) was obtained from ExCell Bio (Shanghai, China).
Antibodies against YH2AX and GAPDH were purchased from
Cell Signaling Technology (Beverly, MA, USA).

2.2. Animals

For animal studies, Kunming mice were obtained from
Huafukang (Beijing, China). The animal care and procedures
were conducted according to the Principles of Laboratory
Animal Care. The animal study was approved by the
Qingdao University of Science and Technology Ethics
Committee for Animal Experimentation (approval document
no. 2017-1, Qingdao, China).

2.3. Preparation of the Soluplus micelles

Soluplus-BA were prepared by a thin film hydration method
as previously reported (Guo et al. 2015b). Briefly, BA (1 mg)
and Soluplus (with different Soluplus/BA weight ratios) were
dissolved in ethanol. The solvent was slowly evaporated
using a rotary evaporator under reduced pressure at 40°C
until a dry film was formed on the inner wall of the flask.
Phosphate buffer solution (PBS) was added, and the flask
was rotated under normal pressure for 10 min by using a
rotary evaporator at 120rpm in a 30°C water bath to
hydrate the dried film with PBS to obtain a micelle disper-
sion. The micelles were filtered through a 0.22 um filter to
discard the unencapsulated BA. The encapsulation efficiency
of BA in Soluplus-BA micelles was analyzed using high-per-
formance liquid chromatography (HPLC).

2.4. Characterization of Soluplus-BA micelles

The particle size, zeta potential, and polydispersity index
(PDI) of micelles were analyzed using a Zetasizer (Malvern
MS2000, UK). The morphology of micelles was examined by
transmission electron microscopy (TEM) using a JEM-1200EX
microscope (JEOL Ltd., Tokyo, Japan), as previously reported.

2.5. Cellular uptake assay

Coumarin 6 is a common tool molecule used to study the
uptake of nano-drugs (Guo, Cui, et al. 2015). In this study,
coumarin 6-loaded Soluplus (Soluplus-Cou6) micelles were
successfully prepared to study the cellar uptake of Soluplus
delivery system. The localization of Soluplus micelles in
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MDA-MB-231 cells has also been studied by fluorescently
labeling lysosomes and mitochondria in MDA-MB-231 cells.
Briefly, MDA-MB-231 cells were stained by 100nM Lyso-
Tracker and 1uM ER-Tracker for 20min, cells were then
treated with Soluplus-cou6 micelles for 15 min. After 3-times
of washes by PBS, cells were detected and photographed by
fluorescence microscope.

2.6. In vitro anticancer activity assay

2.6.1. MTT assay

MDA-MB-231 cells were seeded in 96-well plates and incu-
bated overnight. Cells were treated with Soluplus alone, var-
iety of Soluplus-BA or free BA for 48 h. After the treatments,
100 pl of MTT (0.5 mg/ml) was added in the plates and incu-
bated for 4 h. The supernatant was removed, 150 ul of DMSO
was added, and after shaking for 10 minutes, the absorbance
at 490nm was measured and the inhibition rate was
calculated.

2.6.2. Colony formation assay

MDA-MB-231 cells were seeded in 6-well plate at a density
of 1000 cells/well. After 24 h of incubation, cells were treated
with Soluplus-BA or free BA for 48 h. The medicated culture
medium was replaced with fresh culture medium, and the
cultured for another 10days. The cells were fixed with 4%
paraformaldehyde and stained with crystal violet and
counted.

2.6.3. Wound healing assay

MDA-MB-231 cells were seeded in 24-well plate at a density
of 2x 10°/well. When the cells were 90% confluent, cells
were scratched with a 200 pl pipette tip. The culture medium
was aspirated and fresh medium containing Soluplus-BA or
free BA was added. The wound healing was observed and
photographed at 0, 12h and 24 h respectively.

2.6.4. Immunofluorescence assay

MDA-MB-231 cells were seeded in 48-well plate and incu-
bated for 24 h. Cells were treated with Soluplus-BA or free
BA for 48 h. Cells were then fixed with 4% paraformaldehyde
and blocked with 5% BSA for 1h at room temperature. Cells
were incubated with yH2AX antibody overnight, washed
with TBS-T for 3 times and incubated with fluorescently
labeled secondary antibody for 1h. After 3-times of washes,
the nucleus were stained with DAPI and then cells were
observed with a fluorescence microscope and photographed.

2.6.5. Ros generation and JC-1 staining assay
MDA-MB-231 cells were seeded in 24-well plate and incu-
bated overnight. Cells were treated with Soluplus-BA or free
BA for 48h. Cells were stained with DCFH-DA/JC-1 for
20/30 min. After 3-times of washes, cells were photographed
under a fluorescence microscope.
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2.7. Detection of angiogenesis

2.7.1. Tube formation assay

HUVEC cells were used to detect the effect of BA on angio-
genesis. Briefly, 50 ul of Matrigel™ was pipetted into 96-well
plates and incubated overnight at 37°C. HUVEC cells with
Soluplus-BA micelles or free BA were seeded onto the
Matrigel. After 6h of incubation, cells were photographed
under an inverted contrast phase light microscope.

2.7.2. Chick chorioallantoic membrane (CAM) assay

The chick embryo allantoic membrane method was used to
detect the inhibitory effect of Soluplus-BA on angiogenesis.
Briefly, embryonic eggs were incubated in a humidified
(65-70%) incubator for 5days. Then the air sac was opened
to expose the air chamber, and the sterile filter paper con-
taining the drugs was putted into the CAM and incubated
for another 24 h. After incubation, CAM was examined under
microscope and photographed.

2.8. Western blot analysis

Western blot analysis was performed as previously reported
(Guo et al. 2020).

2.9. In vivo antitumor analysis

4T1 cells were cultured and collected, 2 x 10%/ml cells were
injected into the armpit of the mice. When tumors were
grown to 100 mm?3, the mice were randomly divided into five
groups, including control group, Soluplus alone group, free

(A)

BA group (50mg/kg), Soluplus-BA (25 mg/kg) and Soluplus-
BA (50 mg/kg) group. Mice were performed oral administra-
tion every day for 15 consecutive days. After the treatment,
mice were sacrificed, and tumors were collected, fixed for
immunohistochemistry analysis.

2.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0
(San Diego, CA, USA). The data were presented as
mean = SD. Statistical comparisons were performed using
one-way analysis of variance. p < 0.05 was considered statis-
tically significant.

3. Results and discussion

3.1. Preparation and characterization of Soluplus-BA
micelles

In this study, a thin film dispersion method was employed
to prepare Soluplus encapsulated BA micelles (Figure 1(A)).
The encapsulation rate increased as the weight ratio of
Soluplus/BA increased. For example, when the weight ratio
of Soluplus/BA was 10:1, the encapsulation rate of BA was
35%; increasing the Soluplus/BA ratio to 14:1 led to an
encapsulation rate of ~100% (Figure S1). The particle size of
the Soluplus-BA micelles in solution was 54.77 £1.26 nm,
with a polydispersity index (PDI) of 0.083 (Figure 1(B)). The
transmission electron microscopy (TEM) images of the

Soluplus-BA micelles showed a spherical shape (Figure 1(C)).
The zeta potential value of the Soluplus-BA micelles was
—1.78+£0.78 mV.
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Figure 1. (a) Schematic illustration of self-assembled Soluplus-BA micelles. (b) Micelle size. (c) Transmission electron microscopy (TEM) images of Soluplus-BA (mag-

nification x400 k, bar =50 nm).
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The storage stability results showed that Soluplus-BA
micelles maintain high stability at both room temperature
and 4°C. In a 9-month experiment, the encapsulation effi-
ciency was maintained >90%, and the particle size was
maintained at approximately 56.11 nm, with a PDI of 0.154
(Figure S2).

The in vitro release study suggested that the free-BA and
Soluplus-BA micelles had different drug release characteris-
tics (Figure S3). Typically, for a period of 24h, the free-BA
group and Soluplus-BA nano-micelle group exhibited a
62.92% drug release and a 18.02% drug release, respectively.
The prolonged drug release characteristics of Soluplus-BA
micelles may be attributed to the sustained diffusion of BA
entrapped within the cores of Soluplus micelles, similar to
the previously reported Soluplus micelles (Dian et al. 2014;
Ke et al. 2017). This was probably because BA was well
encapsulated in the hydrophobic PVA-PPO core of Soluplus
micelles, so it was slowly released from the reservoir through
a hydrophilic route.

3.2. In vitro anti-tumor activity

The in vitro anti-tumor activity against human breast cancer
was performed by the MTT assay. As shown in Figure 2(A),
Soluplus micelles alone showed low cytotoxicity on the MBA-
MD-231 cells, indicating that Soluplus micelles are nontoxic
drug delivery vehicles. The Soluplus-BA nanomicelle and
free-BA groups showed a significant inhibitory effect on
the proliferation of MDA-MB-231 cells. The 1C5o value was
38.81+4.9ug/mL for free BA and 15.45%3.01pg/mL for
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Soluplus-BA micelles. Under the same BA concentration, the
inhibition effect of the Soluplus-BA group was more evident,
which may due to the improved cell uptake of Soluplus-BA
micelles than individual BA. The colony formation results
showed similar phenomenon, Soluplus-BA showed a more
significant inhibitory effect on the clone formation of MDA-
MB-231 than BA (Figure 2(B)).

To evidence the cell update performance of Soluplus-BA,
Coumarin 6 was utilized as a probe molecule (Guo, Zhang, et
al. 2015). Coumarin 6-loaded Soluplus micelles (Soluplus-
cou6) were prepared and applied to detect the uptake and
localization of Soluplus micelles in cells. As shown in
Figure 3, after 5min of treatment, the green fluorescence
was more significant than that of the free-cou6 groups, indi-
cating that Soluplus-cou6 micelles were quickly taken up by
MBA-MB-231.

The co-localization of Soluplus micelles in cells has also
been investigated, which may help us to understand the
mechanism by which Soluplus-BA inhibitwed the growth of
MDA-MB-231 cells. As shown in Figure 4, Soluplus-cou6
micelles can be localized in the lysosomes and mitochondria
of MDA-MB-231 cells.

3.3. Soluplus-BA micelles induce reactive oxygen species
(ROS) generation and mitochondrial membrane
potential (MMP) disruption

The pathways that regulate cell apoptosis mainly include the
mitochondrial-induced apoptosis pathway and the death
receptor-mediated apoptosis pathway (Gupta 2001; Chen et
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Figure 2. Soluplus-BA micelles inhibit proliferation of breast cancer MDA-MB-231 cells.
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MDA-MB-231 cells were treated with Soluplus, BA, or Soluplus-BA
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micelles for 48 h, cell viability was detected by MTT assay. (B) MDA-MB-231 cells (1000 cells/well) were seeded in 6-well plates and treated with BA or Soluplus-BA
for 48 h, after changing to fresh culture medium, and continued to culture for 10 days, the cells were stained with crystal violet. **p < 0.05 vs. control group,

##p < 0.05 vs. BA group.
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Figure 3. Cell uptake assay. MDA-MB-231 cells were treated with free cou6 and Soluplus-cou6 micelles for 3 min, 5min, and 15 min, fluorescence was observed
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Figure 4. Intracellular trafficking. MDA-MB-231 cells were stained with Lyso-Tracker Red or Mito-Tracker Red for 20 min, after 3-times of washes with PBS, cells
were treated with Soluplus-cou6 micelles for 5 min. (A) Colocalization micrographs of micelles with lysosomes. (B) Colocalization micrographs of micelles with mito-

chondria (Bar = 20 pum).

al. 2010). In the mitochondrial apoptotic pathway, ROS is an
important signal molecule. Studies have found that the accu-
mulation of ROS in cells can induce the destruction of MMP,
which ultimately leads to the release of cytochrome c into
the cytoplasm, and activates the apoptotic pathway to result
in cell death (Fleury et al. 2002; Fang et al. 2016). In this
study, dichloro-dihydro—fluorescein diacetate (DCFH-DA) was
applied to label intracellular ROS; the results showed that
Soluplus-BA micelles significantly induced the formation of
ROS in MDA-MB-231 cells. In addition, the JC-1 results
showed that Soluplus-BA significantly induced a decrease in
MDA-MB-231 mitochondrial membrane potential, indicating
that Soluplus-BA can exert anti-tumor activity by inducing
ROS-mediated mitochondrial apoptosis (Figure 5).

3.4. Soluplus-BA micelles induce DNA double-strand
breaks (DSBs) on MDA-MB-231 cells

One of the important ways for chemotherapy to exert anti-
tumor effects is the induction of DNA damage (McLean et al.
2008). To further clarify the anti-tumor mechanism of
Soluplus-BA, immunofluorescence and the western blot were
used to detect the effect of Soluplus-BA on the DNA damage
of MDA-MB-231 cells. yYH2AX is a marker of DNA double-
strand damage (Wang et al. 2020). The immunofluorescence
results showed that Soluplus-BA can significantly induce
YH2AX foci of MDA-MB-231 cells (Figure 6(A)). The western
blot results showed similar results, the expression of YH2AX
in the Soluplus-BA micellar group was significantly increased
comparing to free-BA (Figure 6(B)).
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Figure 5. Soluplus-BA micelles induce ROS-mediated mitochondrial apoptosis pathway. MDA-MB-231 cells were treated with Soluplus-BA or BA for 48 h. Cells were
stained with DCFH-DA (20 min) or JC-1 (30 min) and photographed under a fluorescence microscope (Bar = 50 um).
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Figure 6. Soluplus-BA micelles induce DNA double-strand breaks. (A) MDA-MB-231 cells were treated with BA or Soluplus-BA micelles for 48 h, the expression of
YH2AX was detected by immunofluorescence. (Bar = 50 um). (B) Expression of YH2AX was analyzed by Western blot. **p < 0.05 vs control group, ##p < 0.05 vs.

free BA group.

3.5. Soluplus-BA micelles inhibit angiogenesis by
inhibiting VEGF/FAK pathway

Angiogenesis can provide nutrients for tumors and has an
important role in tumor growth, thus the inhibition of angio-
genesis is a considerable property of anti-tumor drugs
(Sacewicz et al. 2009; Carmeliet and Jain 2011; Schmoll
2011). Soluplus-BA micelles distinctly inhibited the tube for-
mation of human umbilical vein endothelial cells (HUVEC),
demonstrating the potential of Soluplus-BA micelles to
inhibit angiogenesis in vitro (Figure 7(A)). The chicken chorio-
allantoic membrane (CAM) assay confirmed the anti-angio-
genesis effect of Soluplus-BA micelles. As shown in
Figure 7(B), comparing with the control group, the capillary

density of the Soluplus-BA-treated group was significantly
reduced.

The high metastatic nature of breast cancer has become a
major cause of incurable treatment. New blood vessels pro-
vide nutrients for tumors, and the microenvironment formed
provides conditions for tumor metastasis (Berz and Wanebo
2011). Tumor metastasis relies on angiogenesis, so inhibiting
angiogenesis has positive significance for inhibiting tumor
metastasis. In this study, the effect of Soluplus-BA on cell
migration was also evaluated by a wound healing assay. As
shown in Figure 8, Soluplus-BA micelles clearly inhibited the
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Figure 7. Soluplus-BA micelles inhibit tube formation and ex vivo angiogenesis of CAM. (A) HUVEC cells were seeded in into the Matrigel-coated 96-well plates
with Soluplus-BA or BA. After 6 h of incubation, the tube-like networks were photographed (x100). (B) Fertile chicken eggs are placed in the incubator and incu-
bated for 6 days, a small opening was made at the top of eggs and 200 pl of Soluplus-BA micelles or BA was added and incubated for 24 h and photographed. (C)
Effect of Soluplus-BA on the expression of HIF-1, VEGF and FAK. **p < 0.05 vs. control group, ##p < 0.05 vs. free BA group.
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Figure 8. Soluplus-BA micelles inhibit migration. MDA-MB-231 cells were seeded in 24-well plates and incubated at 37 °C. After the cells grew to 90% confluence,
they were scratched with a 200 pl pipette tip. The cells were treated with Soluplus-BA or BA, and photographed at 0, 12, and 24 h, respectively.

migration of HUVEC, identifying the ability of Soluplus-BA signal transduction mediated by integrins and growth fac-
micelles to inhibit angiogenesis. tors, and plays a vital role in cell migration and proliferation

Tumor growth depends on angiogenesis and is affected (Tavora et al. 2010; Chen et al. 2012). Moreover, tumor cells
by multiple signaling pathways. Focal adhesion kinase (FAK) can release growth factors (e.g., VEGF) into the microenviron-
is a cytoplasmic tyrosine kinase that plays a basic role in  ment, thereby activating the proliferation of vascular



endothelial cells and inducing tumor metastasis (Pang et al.
2011; Bi et al. 2017). Recently, it was discovered that Hypoxia
inducible factor-1 (HIF-1) directly regulates the expression of
VEGF at the gene level and is an important regulator of
malignant tumor-induced angiogenesis (Palazon et al. 2017).
In this study, the expression of HIF-1 and VEGF was
restrained by free BA as well as Soluplus-BA micelles, while
Soluplus-BA micelles showed a more significant inhibitory
effect. In addition, BA decreased FAK phosphorylation in
HUVEC cells (Figure 7(C)). The angiogenesis inhibitory effect
of BA may be accomplished by regulating the HIF-1/VEGF-
FAK signaling pathway.

3.6. Soluplus-BA micelles inhibit tumor growth in vivo

The above results exhibited that Soluplus-BA micelles inhibit
tumor cell proliferation, induce DNA double-strand damage
and angiogenesis. To further investigate the anti-tumor activ-
ity of Soluplus-BA in vivo, a 4T1 mouse tumor model was
established and the mice was orally administered Soluplus,
free-BA (50 mg/kg), Soluplus-BA (25mg/kg) and Soluplus-BA
(50 mg/kg). After 15days of continuous administration, the
mice were sacrificed. As shown in Figure 9(A), there was no
significant difference in the tumors between the control
group and the Soluplus group, while the tumor volume of
the BA-containing groups was narrowed, and the inhibition
effect of the Soluplus-BA nanomicelle group was more

(A) 3000+
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significant (Figure 9(A)). Soluplus-BA increased the anti-tumor
activity of BA in vivo.

We tested the mechanism of Soluplus-BA micelles exert-
ing anti-tumor effects in vivo. Chemotherapy drugs such as
cyclophosphamide and cisplatin can induce DNA damage
and exert anti-tumor effects (Jawad et al. 2010). In recent
years, poly adenosine disphosphate-ribose polymerase
(PARP) inhibitors, such as olaparib, can inhibit PARP and then
induce DNA DSBs to kill Breast Cancer gene (BRCA)-deficient
tumors, including breast cancer (Arun et al. 2015; Matulonis
et al. 2016). Therefore, inducing DNA damage is a nonnegli-
gible anti-tumor mechanism of drugs. In this study, we
detected the expression of yH2AX in the tumor tissues of
Soluplus-BA treated mice by immunohistochemistry. As
shown in Figure 9(C), the expression of yH2AX in the tumor
tissues of the BA group was higher than that of the blank
group, and the increase in the Soluplus-BA group was more
significant than that of the blank group. In addition, BA
induced a decrease in the expression of a cell proliferation
marker (i.e., Ki67) (Figure 9(C)). These results show that
Soluplus-BA can have an anti-tumor effect in vivo by induc-
ing DNA double-strand damage.

On the other hand, breast cancer is a highly metastatic
tumor, and inhibiting breast cancer metastasis is also an
effective strategy for the treatment of breast cancer (Li et al.
2012). Angiogenesis can provide nutrients for tumors and is
the basis of tumor metastasis. In this study, we detected the
expression of the angiogenesis marker CD31. A large number

C
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Figure 9. Soluplus-BA micelles inhibit tumor growth in vivo. (A) 4T1 cells were inoculated into the armpits of mice, and the mice were orally administered with
PBS, Soluplus, free BA (50 mg/kg), Soluplus-BA (25mg/kg) and Soluplus-BA (50 mg/kg). Tumor volume was recorded every three days. (B) Body weight. (C)
Immunohistochemistry analysis of the expression of Ki67, CD31 and yH2AX (Bar = 200 um). S-BA: Soluplus-BA micelles. **p < 0.05 vs. control group, ##p < 0.05 vs.

free BA group.
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Figure 10. Hematoxylin-eosin (H&E) staining analysis morphological of visceral tissues (Bar = 200 um). S-BA: Soluplus-BA micelles.

of CD31-positive cells were observed in the blank group. BA
decreased the cell number, while Soluplus-BA exhibited a
more distinct decreasing, demonstrating that Soluplus-BA
can inhibit tumor growth by inhibiting angiogenesis.
Moreover, mice showed tolerance to Soluplus-BA micelles.
During the entire administration process, no mice died and
their body weight showed no apparent decrease (Figure
9(B)). The results of H&E staining showed that Soluplus-BA
did not cause changes in visceral tissue morphology, con-
firming the biosafety of Soluplus-BA (Figure 10). The above
results prove the low side toxicity of Soluplus-BA micelles.

4, Conclusion

In conclusion, BA-loaded Soluplus micelles were prepared
using a thin film dispersion method and their effects and
mechanisms in inhibiting breast cancer proliferation both in
vivo and in vitro were investigated. Soluplus-BA micelles
increased the inhibitory effect of BA on the proliferation of
breast cancer MDA-MB-231 cells. Mechanism studies showed
that Soluplus-BA induced DNA DSBs and induced cell apop-
tosis by inducing ROS accumulation. Soluplus-BA could also
inhibit angiogenesis by inhibiting the tube formation and
migration of HUVEC and inhibiting the neovascularization of
CAM. Mechanism study indicated that the angiogenesis
inhibitory effect of BA may be accomplished by regulating
the HIF-1/VEGF-FAK signaling pathway. Overall, this study
confirms that Soluplus micelles can be used as a potential
drug delivery system to deliver BA and exert anti-breast can-
cer effects through multiple mechanisms.

Author contributions

Xueju Qi: conceptualization, methodology, software, writing-reviewing
and editing. Xueju Qi, Cong Gao, Chuanjin Yin and Chuanlong Guo: data
curation, writing-original draft preparation. Junting Fan and Xiaochen
Wu: visualization, investigation. Xueju Qi: supervision, software, valid-
ation. Chuanlong Guo: writing-reviewing and editing, visualization.
Chuanlong Guo: conceptualization, software, writing- reviewing and
editing.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by National Natural Science Foundation of
China [51903243], Natural Science Foundation of Shandong Province
[ZR2020QH359], State Key Laboratory of Microbial Technology Open
Projects Fund (Project NO. M2021-14).

References

Arun B, Akar U, Gutierrez-Barrera AM, et al. (2015).The PARP inhibitor
AZD2281 (Olaparib) induces autophagy/mitophagy in BRCA1 and
BRCA2 mutant breast cancer cells. Int J Oncol 47:262-8.

Azim HA, Ibrahim AS. (2014). Breast cancer in Egypt, China and Chinese:
statistics and beyond. J Thorac Dis 6:864-6.

Berz D, Wanebo H. (2011). Targeting the growth factors and angiogen-
esis pathways: small molecules in solid tumors. J Surg Oncol 103:
574-86.

Bi YL, Mi PY, Zhao SJ, et al. (2017). Salinomycin exhibits anti-angiogenic
activity against human glioma in vitro and in vivo by suppressing the
VEGF-VEGFR2-AKT/FAK signaling axis. Int J Mol Med39:1255-61.

Cai Y, Zheng Y, Gu J, et al. (2018).Betulinic acid chemosensitizes breast
cancer by triggering ER stress-mediated apoptosis by directly target-
ing GRP78. Cell Death Dis 9:636.

Carmeliet P, Jain RK. (2011). Molecular mechanisms and clinical applica-
tions of angiogenesis. Nature 473:298-307.

ChenXL, NamJO, JeanC, et al. (2012). VEGF-induced vascular permeability
is mediated by FAK. Dev Cell 22:146-57.

Chen YJ, Wu CL, Liu JF, et al. (2010). Honokiol induces cell apoptosis in
human chondrosarcoma cells through mitochondrial dysfunction and
endoplasmic reticulum stress. Cancer Lett 291:20-30.

DeSantis CE, Ma JM, Gaudet MM, et al. (2019). Breast cancer statistics,
2019.CA A Cancer J Clin 69:438-51.

Dian LH, Yu EJ, Chen XN, et al. (2014). Enhancing oral bioavailability of
quercetin using novel soluplus polymeric micelles.Nanoscale Res Lett
9:2406.

Dutta D, Paul B, Mukherjee B, et al. (2019). Nanoencapsulated betulinic
acid analogue distinctively improves colorectal carcinoma in vitro and
in vivo. Sci Rep 9:11506.

Fang H, Cong L, Zhi Y, et al. (2016). T-2 toxin inhibits murine ES cells car-
diac differentiation and mitochondrial biogenesis by ROS and p-38
MAPK-mediated pathway. Toxicol Lett258:259-66.

Fleury C, Mignotte B, Vayssiere JL. (2002). Mitochondrial reactive oxygen
species in cell death signaling.Biochimie 84:131-41.



Guo C, Cui F, Li M, et al. (2015). Enhanced corneal permeation of couma-
rin-6 using nanoliposomes containing dipotassium glycyrrhizinate: in
vitro mechanism and in vivo permeation evaluation. RSC Adv 5:
75636-47.

Guo C, Hou Y, Yu X, et al. (2020). The ERK-MNK-elF4F signaling pathway
mediates TPDHT-inducedA549 cell death in vitro and in vivo. Food
Chem Toxicol 137:111158.

Guo C, Li M, Qi X, et al. (2016). Intranasal delivery of nanomicelle curcu-
min promotes corneal epithelial wound healing in streptozotocin-
induced diabetic mice. Sci Rep 6:29753.

Guo C, Zhang Y, Yang Z, et al. (2015). Nanomicelle formulation for top-
ical delivery of cyclosporine A into the cornea: in vitro mechanism
and in vivo permeation evaluation. Sci Rep 5:12968

Gupta S. (2001). Molecular steps of death receptor and mitochondrial
pathways of apoptosis.Life Sci69:2957-64.

Hou J, Sun E, Sun C, et al. (2016). Improved oral bioavailability and anti-
cancer efficacy on breast cancer of paclitaxel via NovelSoluplus(®)-
Solutol(®) HS15 binary mixed micelles system. Int J Pharm512:186-93.

Jawad M, Yu N, Russell NH, Pallis M. (2010). DNA damage-induced leu-
kaemic stem and progenitor cell kill with mylotarg and tipifarnib/zar-
nestra drug combination in acute myeloid leukemia (AML). Blood 116:
1824-761.

Jiao L, Wang S, Zheng Y, et al. (2019). Betulinic acid suppresses breast
cancer aerobic glycolysis viacaveolin-1/NF-kB/c-Myc  pathway.
Biochem Pharmacol161:149-62.

Ke ZC, Zhang ZH, Wu H, et al. (2017). Optimization and evaluation of
Oridonin-loaded Soluplus®-Pluronic P105 mixed micelles for oral
administration. Int J Pharm 518:193-202.

Li F, Li C, Zhang H, et al. (2012). VI-14, a novel flavonoid derivative,
inhibits migration and invasion of human breast cancer cells. Toxicol
Appl Pharmacol 261:217-26.

Liao L, Liu C, Xie X, Zhou J. (2020). Betulinic acid induces apoptosis and
impairs migration and invasion in a mouse model of ovarian cancer. J
Food Biochem 44:€13278.

Matulonis UA, Harter P, Gourley C, et al. (2016). Olaparib maintenance
therapy in patients with platinum-sensitive, relapsed serous ovarian
cancer and a BRCA mutation: overall survival adjusted for postprog-
ression poly(adenosine diphosphate ribose) polymerase inhibitor ther-
apy. Cancer122:1844-52.

McLean L, Soto U, Agama K, et al. (2008). Aminoflavone induces oxida-
tive DNA damage and reactive oxidative species-mediated apoptosis
in breast cancer cells. Int J Cancer 122:1665-74.

DRUG DELIVERY 1971

Moreira DC, Sniderman E, Mukkada S, et al. (2021). The Global COVID-19
Observatory and Resource Center for childhood cancer: a response
for the pediatric oncology community by SIOP and St. Jude Global.
Pediatr Blood Cancer 68:€28962.

Nam S, Lee JJ, Lee SY, et al. (2017). Angelica gigas Nakai extract-loaded
fast-dissolving nanofiber based on poly(vinyl alcohol) and Soluplus
for oral cancer therapy. Int J Pharm 526:225-34.

Palazon A, Tyrakis PA, Macias D, et al (2017). AnHIF-10/VEGF-A axis in
cytotoxic T cells regulates tumor progression. Cancer Cell 32:669-83
€665.

Pang X, Zhang L, Lai L, et al. (2011). 1'-Acetoxychavicol acetate sup-
presses angiogenesis-mediated human prostate tumor growth by tar-
geting VEGF-mediated Src-FAK-Rho GTPase-signaling pathway.
Carcinogenesis32:904-12.

Rios JL, Manez S. (2018). New pharmacological opportunities for betu-
linic acid.Planta Med 84:8-19.

Sacewicz |, Wiktorska M, Wysocki T, Niewiarowska J. (2009). Mechanisms
of cancer angiogenesis.Postep Hig Med Dosw 63:159-68.

Schmoll HJ. (2011). Angiogenesis Inhibition In Solid Tumors. Basic Clin
Pharmacol 109:7.

Siegel RL, Miller KD, Jemal A. (2020). Cancer statistics, 2020.CA A Cancer
J Clin 70:7-30.

Sung H, Ferlay J, Siegel RL, et al. (2021). Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. Ca-Cancer J Clin 71:209-249.

Tavora B, Batista S, Reynolds LE, et al. (2010). Endothelial FAK is required
for tumour angiogenesis. EMBO Mol Med 2:516-528.

Wang R, Yang M, Li G, et al. (2019). Paclitaxel-betulinic acid hybrid nano-
suspensions for enhanced anti-breast cancer activity. Colloids Surf B
Biointerfaces174: 270-279.

Wang J, Yang H, Li Q, et al. (2020). Novel nanomicelles based on rebau-
dioside A: a potential nanoplatform for oral delivery of honokiol with
enhanced oral bioavailability and antitumor activity. Int J Pharm 590:
119899.

Wang X, Lu X, Zhu R, et al. (2017). Betulinic acid induces apoptosis in
differentiated PC12 cells via ROS-mediated mitochondrial pathway.
Neurochem Res 42:1130-1140.

Zheng Y, Liu P, Wang N, et al. (2019). Betulinic acid suppresses breast
cancer metastasis by targeting GRP78-mediated glycolysis and ER
stress apoptotic pathway. Oxid Med Cell Longev 2019:8781690-15.

Zhu CL, Gong S, Ding JS, et al. (2019). Supersaturated polymeric micelles
for oral silybin delivery: the role of the Soluplus-PVPVA complex. Acta
Pharm Sin B 9:107-117.



	Abstract
	Introduction
	Materials and methods
	Materials
	Animals
	Preparation of the Soluplus micelles
	Characterization of Soluplus-BA micelles
	Cellular uptake assay
	In vitro anticancer activity assay
	MTT assay
	Colony formation assay
	Wound healing assay
	Immunofluorescence assay
	Ros generation and JC-1 staining assay

	Detection of angiogenesis
	Tube formation assay
	Chick chorioallantoic membrane (CAM) assay

	Western blot analysis
	In vivo antitumor analysis
	Statistical analysis

	Results and discussion
	Preparation and characterization of Soluplus-BA micelles
	In vitro anti-tumor activity
	Soluplus-BA micelles induce reactive oxygen species (ROS) generation and mitochondrial membrane potential (MMP) disruption
	Soluplus-BA micelles induce DNA double-strand breaks (DSBs) on MDA-MB-231 cells
	Soluplus-BA micelles inhibit angiogenesis by inhibiting VEGF/FAK pathway
	Soluplus-BA micelles inhibit tumor growth in vivo

	Conclusion
	Author contributions
	Disclosure statement
	Funding
	References


