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Abstract

Background: Intraperitoneal metastasis is one of the major causes of the high mortal-
ity rate of ovarian cancer. Bufalin (BU) is an effective component of the traditional Chi-
nese medicine Chansu that exerts antitumor effects, including metastasis inhibition. In
our previous studies, we found that BU inhibited the migration and invasion of ovarian
cancer cells. However, the application of BU is limited due to its insolubility, toxicity and
imprecise targeting. The aim of this study was to use vitamin E succinate (VES)-grafted
chitosan oligosaccharide (CSO)/arginine-glycine-aspartic acid peptide (RGD)-conju-
gated d-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS) mixed micelles
(VeC/T-RGD MM:s) to deliver BU to ovarian cancer cells to inhibit intraperitoneal metas-
tasis. Moreover, the toxicity of BU was reduced by coating it with the mixed micelles to
increase its biocompatibility for practical applications.

Results: The BU-loaded VeC/T-RGD MMs (BU@MMs) had an average diameter of
161+ 1.4 nm, a zeta potential of 449+ 1.54 mV and a loading efficiency of 2.54%.

The results showed that these micelles inhibited cell proliferation, induced apoptosis,
and reduced the migration and invasion of A2780 and SKOV3 cells. Further studies
indicated that BU@MMs enhanced the levels of e-cadherin and decreased the expres-
sion levels of N-cadherin, vimentin and Snail in vitro. In addition, the mixed micelles
effectively enhanced the anticancer effect and inhibited intraperitoneal metastasis in
intraperitoneal metastatic models. The BU@MMs exhibited fewer toxic side effects than
BU, indicating better biocompatibility and biosafety for in vivo applications.

Conclusions: Our studies show that BU@MMs are a potential multifunctional nano-
drug delivery system that can effectively inhibit the intraperitoneal metastasis of ovar-
ian cancer.

Keywords: Bufalin, Ovarian cancer, Mixed micelles, Intraperitoneal metastasis, EMT
pathway
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Background

Ovarian cancer is a high-risk disease that seriously threatens the physical and mental
health of women worldwide. Annually, there are 313,959 new ovarian cancer cases and
207,252 deaths globally (Sung et al. 2021). According to the data released by GLOBO-
CAN, the incidence of ovarian cancer exceeded 8.4/100,000 in 2018 and ranked as the
8th most prevalent cancer in women. The mortality rate is 5.4/100,000, ranking 7th
among women. (Lheureux et al. 2019) Taking the high incidence rate in the United
States as an example, the mortality rate of ovarian cancer ranks fifth. (Siegel et al. 2021)
The main reason for the high mortality of ovarian cancer is tumor cell metastasis, espe-
cially in the intraperitoneal cavity.

Currently, ovarian cancer treatment mainly involves surgery and chemotherapy sup-
plemented by maintenance therapy. (Armstrong et al. 2021) Many advanced methods
have been applied for maintenance treatment, such as bevacizumab, which is used for
antiangiogenic therapy (Pignata et al. 2021); olaparib, which is used as a PARP inhibitor
(Friedlander et al. 2021; Poveda et al. 2021); and nivolumab, which can enhance the anti-
tumor activity of T cells by blocking cancer cell immune escape. (Hamanishi et al. 2021)
Despite these advanced treatments, the survival rate of patients with ovarian cancer has
not improved significantly. (Zeng et al. 2018; Torre et al. 2018) As most patients with
ovarian cancer are diagnosed at advanced stages, the tumors are difficult to thoroughly
resect due to metastasis, and the patients cannot tolerate chemotherapy well because of
its profound adverse effects. (Menon et al. 2021; Kuroki and Guntupalli 2020).

As research has progressed, increasing evidence suggests that the invasion and metas-
tasis of ovarian cancer cells are associated with epithelial-to-mesenchymal transition
(EMT), which is characterized by the loss of cell adhesion and the acquisition of migra-
tory and invasive phenotypes. (Fan et al. 2020; Liang et al. 2018a, b; Liang et al. 2018a,
b; Nieto et al. 2016; Bakir et al. 2020) Snail induces EMT by downregulating the adhe-
sion protein E-cadherin, driving tumor cells to adopt the mesenchymal phenotype while
losing epithelial polarity, as indicated by elevated vimentin and N-cadherin expression.
(Pan et al. 2020; Shibue and Weinberg 2017; Pastushenko and Blanpain 2019) In addi-
tion, ovarian cancer cells can secrete matrix metalloproteinases (MMPs) to degrade the
extracellular matrix (ECM), disrupting the histological barrier and contributing to angi-
ogenesis. All of these effects can induce the invasion and metastasis of ovarian cancer
cells. (Qian et al. 2020; Chen et al. 2021a, b, c; Pietila et al. 2021) For example, reduc-
ing the protein levels of MMP-2 and MMP-9 in OVCAR-8 and SKOV3 cells can lead
to decreased cell migration. (Lu et al. 2020; Liao et al. 2018; Pipaliya et al. 2021) Thus,
a novel methodology to effectively inhibit metastasis would be beneficial to all patients
with advanced ovarian cancers.

In recent years, the therapeutic applications of traditional Chinese medicines in
ovarian cancer have gradually attracted much attention. (Chan et al. 2020; Wang et al.
2019) Bufalin, one of the effective pharmacological components of toad venom, a valu-
able traditional Chinese medicine, is derived from the secretion of the Bufo gargarizans
posterior ear gland and epidermal gland. (Yang et al. 2021a, b) Previous studies have
shown that BU exerts broad-spectrum antitumor effects. It can inhibit the prolifera-
tion of tumor cells, inhibit angiogenesis, induce apoptosis, stimulate cell differentiation,
enhance tumor cell autophagy and reverse multidrug resistance. (Xu et al. 2021; Chen
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et al. 2021a, b, ¢; Zhang et al. 2019, 1992; Li et al. 2021) More importantly, it has been
reported that BU can inhibit tumor metastasis through the EMT pathway in hepatocel-
lular carcinoma and gastric cancers. (Wang et al. 2016; Zou et al. 2021) Recently, it has
been reported that BU can inhibit the migration of PA-1 and OAW28 ovarian cancer
cells. (Su et al. 2021) In our preliminary experiment, we found that BU can also inhibit
the migration and invasion of A2780 and SKOV3 ovarian cancer cells. However, poor
water solubility, high toxicity and imprecise targeting restrict the applications of BU in
cancer treatment.

Powered by the rapid development of nanotechnology, significant advances have been
made in nanomaterials for cancer treatment over the past two decades. (de Lazaro and
Mooney 2021; Rashidi et al. 2016; Guo et al. 2021; Pandey et al. 2022) For example, the
development of copper—cysteamine nanoparticles for use in X-ray-induced PDT to
microwave-induced PDT has taken only three years. (Shrestha et al. 2019; Zhou et al.
2022) Nanomaterials have significant advantages in tumor treatment due to their adjust-
able size, diverse functions and good biocompatibility. Studies have shown that nano-
materials with a particle size of 100-200 nm can passively accumulate at a tumor site
through the enhanced permeability and retention effect. Alternatively, by integrating
packages consisting of certain targeting molecules or ligands, nanomaterials can actively
target tumor sites. (Shi and Lammers 2019; Guo et al. 2021; Shi et al. 2017; Perry et al.
2017) Therefore, combining nanomaterials with BU may overcome the drawbacks of BU
and could lead to the realization of its promising antitumor effects. (Xu et al. 2021; Gao
et al. 2021a, b) In this study, we used VeC/T-RGD MMs (MMs) as a system to deliver BU.
In the MMs, VES can encapsulate the insoluble drug, improve encapsulation efficiency
and induce tumor cell apoptosis. (Liang and Qiu 2021; Chen et al. 20214, b, ¢) As a mito-
chondriotropic substance, TPGS can endow BU@MMs with mitochondrial-targeting
capability. (Assanhou et al. 2015) In addition, RGD can specifically bind to integrin avf33
highly expressed in ovarian cancer. (Ahmad et al. 2021) Our previous studies confirmed
that BU@MMs can effectively improve antitumor activity in drug-resistant colon cancer.
(Yuan et al. 2018) Here, we aim to investigate whether BU@MMs can effectively inhibit
the metastasis of ovarian cancers. To this end, we proved that BU@MMs can effectively
inhibit ovarian cancer cells in vitro and affect the expression of EMT-related proteins.
Furthermore, we established a mouse model of intraperitoneal metastasis to evaluate
both the effects of BU@MMs on the intraperitoneal metastasis of ovarian cancer cells

and their biosafety.

Results

Preparation, characterization, toxicity and cellular uptake of BU@MMs

The emulsification-solvent evaporation method was used to prepare the BU@MMs
(Fig. 1). The specific preparation method can be found in our previous articles. (Yuan
et al. 2018) We confirmed the formation of the material by 1H-NMR (Additional file 1:
Figure S1) to ensure proper synthesis. The signals at 2.5 — 3.0 ppm belongs to the mono-
succinate in TPGS-SA, and methylene appeared at 2.5—3.0 ppm belongs to the succin-
imide in TPGS-NHS. The signals at 7.0—7.3 ppm belongs to the hydrogen in the benzene
ring in RGD. These observations indicated that the TPGS-RGD were successfully syn-
thesized. The physicochemical properties are summarized in Table 1. The particle size of
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Table 1 Physicochemical properties of BU-loaded mixed micelles

Formulation VES-g-COS/TPGS/ LE (%) Size (nm) Zeta potential (mV) PDI
TPGS-RGD (w/w)

BU@VeC 10/0/0 142 162424 33.14+1.72 0.22

BU@VeC/T 10/2/0 2.56 158+ 15 541£1.11 0.16

BU@VeC/T-RGD 10/1.76/0.24 2.54 161£14 4494154 0.17

Data are presented as the mean +SD (n=3)

LE loading efficiency; PDI polydispersity index; BU@VeC BU-loaded VES-CSO; BU@VeC/T BU-loaded VES-CSO/TPGS; BU@
VeC/T-RGD BU-loaded VES-CSO/TPGS-RGD

the BU@MMs was 161 4= 1.4 nm, the zeta potential was 4.49 +1.54 mV, and the loading
efficiency (LE) was 2.54%. The particle size of the BU@MM:s is smaller than that of the
BU-loaded VES-CSO (BU@VeC) because the hydrophobic fragments of TPGS are the
same as those of VES, and they were embedded into the cores of the mixed micelles to
encapsulate the drugs more tightly. In contrast, after conjugation with RGD, the particle
size of the BU@MMs was larger than that of BU-loaded VES-CSO/TPGS (BU@VeC/T)
because a portion of the TPGS was combined with RGD, resulting in a reduction in the
TPGS content and a slightly loosened structure. The transmission electron microscopy
(TEM) image showed that the BU@MMs are spherical in shape with a uniform disper-
sion (Fig. 2a, b) and a relatively narrow polydispersity index (PDI=0.17). The BU@MMs
maintained their original diameters during stability testing, indicating that BU@MMs
have satisfactory stability as a result of the compacted inner core, which is composed of
VES-g-CSO and TPGS (Additional file 1: Figure S2a). Moreover, the release profiles of
BU from the BU@MMs are shown in Additional file 1: Figure S2b. The performance of
these BU-loaded mixed micelles is in accordance with our previous studies.

Toxicity of BU@MMs was examined in human umbilical vein endothelial cells
(HUVEC:). Results showed that BU@MMs did not have any toxicity in HUVECs (Addi-
tional file 1: Figure S3). To observe the cellular uptake of the different formulations of
mixed micelles, we replaced BU with coumarin-6 (C6) and carried out a cellular uptake
study with SKOV3 cells by CLSM (Fig. 2¢, d). After 2 h of incubation, the rate of C6@
VeC/T-RGD uptake was significantly higher than that of free C6, C6@VeC or C6@
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Fig. 2 Characterization and cellular uptake of BU-loaded mixed micelles. a, b TEM image and particle size
distribution of BU@MMs. ¢ Uptake by SKOV3 cells after 0.5 h and 2 h of incubation with free C6, C6-labeled
VeC mixed micelles, C6-labeled VeC/T mixed micelles, and C6-labeled VeC/T-RGD mixed micelles examined
by CLSM. d Quantified fluorescence intensity of SKOV3 cellular uptake after 2 h of incubation with free C6,
C6-labeled VeC mixed micelles, C6-labeled VeC/T mixed micelles, and C6-labeled VeC/T-RGD mixed micelles.
green: C6. Bar: 100 um. The data are presented as the mean£SD (n=3). ***P<0.001 indicates statistical
significance compared with the control

VeC/T. These results suggested that RGD-targeted mixed micelles increased the cellular
uptake capacity and enhanced cancer cell targeting. Hence, these results indicate that we
successfully prepared BU@MMs with a suitable particle size and narrow size distribu-

tion, and they showed high uptake by ovarian cancer cells.

Inhibitory effect of BU@MMs on ovarian cancer cells in vitro

To explore the inhibitory effects of BU, MMs and BU@MMs, cell proliferation was mon-
itored by CCK-8 assay, and BU@MMs inhibited A2780 and SKOV3 cell proliferation
better than free BU. The results show that the half-maximal inhibitory concentrations
(ICy, values) of the BU@MMs in A2780 and SKOV3 cells were 0.57 +0.06 ng/ml and
2.14+0.14 ng/ml, respectively (Fig. 3a, b). In addition, the IC;, values of BU in A2780
and SKOV3 cells were 7.62 £ 0.35 ng/ml and 10.84 +0.14 ng/ml, respectively. Therefore,
BU@MMs are expected to inhibit the proliferation of ovarian cancer cells in vitro better
than free BU due to their greater solubility and increased cellular uptake.

To determine whether BU@MMs can effectively promote the apoptosis of ovarian
cancer cells, we performed flow cytometry analysis with A2780 and SKOV3 ovarian can-
cer cells. The results showed that the apoptosis rates of A2780 and SKOV3 cells were
affected by the treatments in descending order as follows: BU@MM:s > BU > MMs > Ctrl
(Fig. 3c—f). BU@MMs showed the strongest effect on apoptosis induction in ovar-
ian cancer cells. Moreover, we examined the expression of apoptosis-related proteins,
including bcl-2, bax, cleaved caspase-3 and cleaved caspase-9, by Western blotting.
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Fig. 3 Effect of BU@MMs on the proliferation and apoptosis of A2780 and SKOV3 cells. a, b The viability of
A2780 and SKOV3 cells after incubation with BU, MMs and BU@MMs analyzed by CCK-8 assay. The apoptotic
rates of A2780 (c) and SKOV3 (d) cells after incubation with BU, MMs, and BU@MMs evaluated by flow
cytometry. Untreated cells were used as controls. Bar charts showing the average apoptotic ratio of A2780 (e)
and SKOV3 (f) cells. Western blotting was performed to detect the protein expression of bcl-2, bax, cleaved
caspase-3 and cleaved caspase-9 in A2780 (g) and SKOV3 (h) cells. The data are presented as the mean £ SD
(n=3).*P<0.05, ***P < 0.001 indicate statistical significance compared with the control

We observed that the expression levels of the proapoptotic molecules bax, cleaved cas-
pase-3, and cleaved caspase-9 were increased after BU@MM treatment compared with
the effect of free BU, while the expression level of the antiapoptotic molecule bcl-2
was decreased in both A2780 and SKOV3 cells (Fig. 3g, h). Our study proved that BU
induced ovarian cancer cell apoptosis and that BU@MMs increased the apoptosis rate to
an extent greater than that of free BU.

In addition, as shown in Fig. 3a—h, the blank MMs exerted no effects on cell prolifera-
tion, apoptosis or the expression of apoptosis-related proteins. Therefore, it can be pre-
liminarily proven that the blank MMs are nontoxic.

In conclusion, BU@MMs inhibited the proliferation and promoted the apoptosis of

ovarian cancer cells in vitro.

BU@MMs inhibit ovarian cancer cell migration and invasion through the EMT pathway

The effects of BU@MM:s on the migration and invasion of ovarian cancer cells were eval-
uated by transwell assays and tube formation assays, as migration and invasion are keys
to tumor metastasis. The transwell assay proved that, compared to the other groups, the
BU@MMs prominently decreased the migration and invasion of A2780 and SKOV3 cells
(Fig. 4a—h). To further demonstrate the antimetastatic effect of BU@MMs on ovarian
cancer, we performed a tube formation assay with human umbilical vein endothelial cells
(HUVEC:), as angiogenesis plays an important role in tumor metastasis. The invasion
and metastasis of tumor cells depend on sufficient angiogenesis and blood supply, and



Xu et al. Cancer Nanotechnology (2023) 14:25

o
>
o
4
ow
&

K] ©

B 600 3

5 5

© 400 pid

2 2

£ 200 5

= 0 -

crl MMs BU BU crl MMs BU BU

s @MMs @MMs
! ; v

o o

< v@( |
i MMs BU BU@MMs
J

2 %

o 4

@ ] P

ctrl MMs BU BU@MMs
m A2780
E-cadherin | —

N-cadherin SHEEEEE SR se— —
Vimentin ‘ E— —
Snail é 5 —
MIVP-2  s— i— o—
MVP-O i i — -
Bractin S GHEN GEE a—

Ctrl MMs BU BU@MMs

f

k

Page 7 of 18

 A2780

AL A
BU@MMs

SKOV3

BU@MMs

g

Number of cells
Number of cells
8

o
Ctl MMs BU BU
@MMs

ctl MMs BU BU
@MMs

-

oN s O ® O

Total segment length (x10%)

crl MMs BU BU
@MMs

Cl MMs BU BU
@MMs

Total segment length (x10°)

E-cadherin
N-cadherin
Vimentin
Snail
MMP-2
MMP-9
VEGF

B-actin

Ctrl MMs BU BU@MMs

Fig. 4 Effects of BU@MMs on the migration and invasion of A2780 and SKOV3 cells. a, b Representative
images of migrating A2780 and SKOV3 cells. Bar charts showing the number of migrating A2780 (c) and
SKOV3 (d) cells. e, f Representative images of the invasion of A2780 and SKOV3 cells. Bar charts showing
the number of invaded A2780 (g) and SKOV3 (h) cells. i, j Tube formation by HUVECs cultured on Matrigel
compared to the tube formation by A2780 and SKOV3 cells. Bar charts showing the total segment lengths
in A2780 (k) and SKOV3 (I) cells. Expression of proteins related to the EMT pathway in A2780 (m) and SKOV3
cells (n), including E-cadherin, N-cadherin, vimentin, Snail, MMP-2, MMP-9 and VEGF. Bar: 100 um. Data are
presented as the mean £ SD (n=3). *P<0.05, **P<0.01 and ***P<0.001 indicate statistical significance

compared with the control

angiogenesis depends on the balance of regulatory factors such as VEGF. Figure 4i-1
shows that, compared with the Ctrl, MMs and BU, BU@MMs decreased the lumen
length and continuity of the tubes formed by HUVECs.

Moreover, to verify whether BU@MMs can inhibit the migration and invasion of

ovarian cancer cells through the EMT pathway, we detected the expression of proteins

related to this pathway by Western blotting. The results showed that, compared with free

BU, BU@MMs enhanced the levels of E-cadherin but decreased the expression levels of
N-cadherin, vimentin and Snail in both A2780 and SKOV3 cells, while the Ctrl and MMs
groups showed no significant effects on EMT markers. In addition, the expression levels
of MMP-2 and MMP-9, which are associated with ECM degradation, and VEGEF, which
is related to increased vascular growth, were also decreased in the BU@MM group

(Fig. 4m, n).



Xu et al. Cancer Nanotechnology (2023) 14:25 Page 8 of 18

All these results show that BU@MMs can effectively inhibit the migration and inva-
sion of ovarian cancer cells through the EMT pathway.

BU@MNMs inhibit ovarian cancer intraperitoneal metastasis in vivo

Intraperitoneal metastasis is the most common pathway of ovarian cancer metasta-
sis. To determine whether BU@MMs can effectively inhibit intraperitoneal metastasis
in vivo, we established an ID8 cell intraperitoneal metastasis model in female C57BL/6
mice (Fig. 5a). Compared with the Ctrl, BU effectively inhibited ovarian cancer intra-
peritoneal metastasis, and BU@MMs showed a greater inhibitory effect than BU. Spe-
cifically, mice with intraperitoneal metastasis showed significant increases in abdominal
circumference and ascites volume. BU@MMs inhibited abdominal circumference by
28.16% and ascites volume by 84.81%, both of which were markedly higher than the
respective 18.61% and 66.47% reductions induced by free BU (Fig. 5b, ¢, k). In addition,
we observed that the color of the ascites in the BU@MM group was significantly lighter
than that in the saline group, in which the ascites were bloody (Fig. 5j). Furthermore,
there was no evident difference in mouse body weight between the BU@MMs and the
free BU groups, indicating that our MMs induced no toxic side effects in mice (Fig. 5d).
Thus, BU@MMs effectively inhibited the formation of ascites in the ovarian cancer
intraperitoneal metastasis model.

Our results displayed in Fig. 5e—i show that there were fewer metastatic tumor nod-
ules in the intraperitoneal cavities of the animals in the BU@MM group, including on
the abdominal wall, intestine and diaphragm, than in the other three groups (Ctrl, MMs
and BU), especially intestinal metastases (Fig. 5h, 1). BU@MMs more effectively inhib-
ited the formation of metastatic ovarian tumor nodules in the intraperitoneal cavity.

Moreover, we evaluated the antimetastatic effects by measuring the concentrations of
MMP-2, MMP-9, and VEGF in mouse serum. Their concentrations were the lowest in
the BU@MM group, which is consistent with the in vitro observations (Fig. 5m—o).

All of these results indicate that BU@MMs can effectively inhibit the intraperitoneal
metastasis of ovarian cancer in vivo.

Biosafety evaluations of BU@MM:s in vivo

To evaluate the biosafety of the BU@MMs, histopathological analysis was performed
on the main organs of the mice, including the heart, liver, spleen, lung and kidney. As
shown in Fig. 6, BU caused varying degrees of damage to the main organs, especially
the myocardial tissue; in stark contrast, BU@MMs caused almost no damage to these
organs. These results indicate that the BU@MMs produce substantially fewer toxic side
effects than BU and that the conjugated TPGS mixed micelles improved the biocompat-
ibility and biosafety of BU@MMs.

Discussion

Ovarian cancer produces malignant tumors and has a low survival rate and a high recur-
rence rate. The difficulty in ovarian cancer treatment is due to metastasis to the intra-
peritoneal cavity. It is commonly believed that ovarian cancer metastasizes through
the EMT pathway. (Mitra et al. 2017) EMT is a complex process in which the adhe-
sion between tumor cells is lost, the cells acquire pre- and postpolarity, and the ECM
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Fig. 5 Inhibitory effect of BU@MMs on ovarian cancer intraperitoneal metastasis in vivo. a The timeline of the
animal experiment. b Representative images of the abdominal circumferences of the mice on the 40th day.
¢, d Abdominal circumferences and body weights during the period of treatment. e Representative images
of metastatic tumor nodules from the intraperitoneal cavity. The number of metastatic tumor nodules in

the intraperitoneal cavity (f), including the abdominal wall (g), intestines (h), and diaphragm (i). j The color

of the ascites in the BU@MMs and Ctrl groups. k Ascites volume. | H&E-stained histological images of mouse
intestines from various groups. The concentrations of MMP-2 (m), MMP-9 (n), and VEGF (o) in mouse serum.
Bar: 200 um. The data are presented as the mean £ SD (n=6). *P<0.05, **P<0.01 and ***P<0.001 indicate
statistical significance compared with the control

is altered (Nieto et al. 2016; Lambert and Weinberg 2021). Thus, ovarian cancer cells
acquire the ability to migrate and invade. Effectively inhibiting ovarian cancer metastasis
would be a good solution to help prolong the survival of patients with ovarian cancers.
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BU, an effective antitumor pharmacological component of the traditional Chinese
medicine Chansu, can effectively inhibit the invasion and metastasis of certain tumor
cells, such as gastric cancer and hepatocellular carcinoma, through the EMT pathway.
(Wang et al. 2016; Zou et al. 2021) However, whether BU can effectively inhibit ovar-
ian cancer metastasis through the EMT pathway is still unknown. Moreover, due to
its toxicity, insolubility, rapid metabolism and short half-life, the applications of BU
for cancer treatment are limited. (Gao et al. 2021a, b; Yang et al. 2021a, b) Accord-
ingly, multiple nanodelivery systems have been investigated for loading BU to achieve
precise targeting, enhance its antitumor effects, reduce its toxicity, and prolong its
half-life (Hu et al. 2020; Zeng et al. 2021).

In this study, we prepared BU@MMs to improve the inhibitory effect of BU on ovar-
ian cancer and to reduce its toxicity and side effects. The characterization of BU@
MMs is shown in Table 1, Fig. 2 and Additional file 1: Figures S1-3, and we observed
that the mixed micelles were an ideal drug delivery system for BU, as they can greatly
increase the cellular uptake of BU. Such high uptake is attributed to the conjugation
of RGD and TPGS, as RGD can be specifically recognized by the highly expressed
integrin avp3 on the surface of ovarian cancer cells; therefore, targeting integrin av33
may enable more efficient drug delivery to ovarian cancer cells. Moreover, TPGS can
further enhance uptake by reducing drug efflux and promoting NP circulation. Com-
pared to free BU and MMs, BU@MMs more effectively inhibited the proliferation
and promoted the apoptosis of ovarian cancer cells (Fig. 3). Furthermore, BU@MMs
effectively inhibited the migration and invasion of ovarian cancer cells through EMT
and inhibited angiogenesis, which is essential for metastasis. Changes in the expres-
sion levels of E-cadherin, N-cadherin, vimentin and Snail, which are related to EMT,
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and MMP-2 and MMP-9, which are related to the ECM, were observed (Fig. 4). In
the mouse model of intraperitoneal metastasis established with ID8 cells, BU@MMs
showed superior inhibition of ovarian cancer cell metastasis and demonstrated good
biocompatibility and biosafety (Figs. 5, 6). These results were mainly attributed to the
MMs increasing the solubility and targeting of BU while reducing its toxicity.

As mentioned above, bufalin has a significant antitumor effect in a variety of tumors.
However, due to high toxicity, poor water solubility, fast metabolism, short half-life, its
application is seriously limited in cancer therapy. The formation of nano-carriers is an
effective way to improve the therapeutic effect of bufalin. Several studies have taken
advantage of nano-drug delivery systems to target delivery of bufalin for enhance its anti-
tumor therapy and attenuate toxicity, such as platelet membrane biomimetic nanoparti-
cle, liposomes, polymeric prodrug, bovine serum albumin nanoparticle, monodisperse
mesoporous silica nanoparticle, metal-organic frameworks(MOFs) and so on (Tian
et al. 2014; Ning et al. 2022; Zeng et al. 2021; Hu et al. 2012; Wen et al. 2017; Ettlinger
et al. 2022). Zeng et al. designed pH-sensitive and redox-responsive folic acid-modified
MOFs as drug carriers of bufalin (FA-MOF/Buf), which could improve water solubil-
ity and stability, higher intracellular uptake, and enhanced antitumor effect of bufalin
in breast cancer (Zeng et al. 2021). Ning et al. prepared a monodisperse mesoporous
silica nanoparticle to load lenvatinib and bufalin for targeted delivery to cholangiocar-
cinoma, which indicated a superior therapeutic effect than free drugs (Ning et al. 2022).
Compared with previously reported nano-drug delivery systems, VES-CSO/TPGS-RGD
MMs are easier to prepare and more multifunctional. As a water-soluble derivative of
vitamin E, VES can encapsulate insoluble BU. TPGS can enhance circulation, target the
mitochondria and resist drug resistance. RGD can specifically bind to integrin recep-
tor avP3 in ovarian cancer and play active targeting effect. CSO can further improve
the solubility and stability of the drug. VES-CSO and TPGS-RGD can self-assemble in
water, RGD, conjugates onto the surface of these mixed micelles. Nevertheless, this nan-
odelivery system will be further optimized in our future study.

Clinically, during chemotherapy for ovarian cancer, platinum drugs can cause serious
renal function impairment, leading to treatment interruption, which might easily lead
to treatment failure. BU@MMs showed almost no damage to vital organs, including the
kidney, and exhibited better biocompatibility and biosafety than BU alone. This plat-
form inherits the excellent antitumor effect of bufalin plus the special effect of inhibit-
ing intraperitoneal metastasis and overcomes the disadvantage of high toxicity for use
in clinical applications. Our studies suggest that the use of BU@MMs can provide a new
solution for the clinical treatment of ovarian cancer, which causes malignant tumors and
has a low survival rate.

Conclusion

In this study, we successfully designed BU@MMs to inhibit intraperitoneal metastasis
of ovarian cancer. In vitro experiments clearly proved that BU@MMs exerted stronger
effects than free BU in inhibiting tumor cell proliferation, promoting tumor cell apop-
tosis, and inhibiting tumor cell migration and invasion through the EMT pathway in
A2780 and SKOV3 ovarian cancer cells. In vivo experiments confirmed that BU@MMs
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more effectively inhibit the intraperitoneal metastasis of ovarian cancers. In addition,
BU@MMs have very low toxicity and do not cause any damage to important organs.
Therefore, BU@MMs are a potential multifunctional nano-drug delivery system that can
effectively inhibit the intraperitoneal metastasis of ovarian cancer to provide effective
treatment.

Materials and methods

Materials

BU was provided by Chengdu Herbpurify Co., Ltd. (Sichuan, China). C6 was obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). CSO (MW 5 kDa, 90.0%
deacetylation degree) was provided by Aoxing Co., Ltd. (Zhejiang, China). VES was
purchased from TCI Development Co., Ltd. (Shanghai, China). TPGS and c(RGDfK)
were provided by GL Biochem Ltd. (Shanghai, China). All other solvents were of
analytical grade. Phosphate-buffered saline (PBS), fetal bovine serum (FBS), and
RPMI-1640 medium were sourced from Gibco BRL (Carlsbad, CA, USA). CCK-8 was
obtained from Dojindo (Kumamoto, Japan). An Annexin V-FITC apoptosis detection
kit was provided by BD Biosciences (Beijing, China). The primary antibodies against
cleaved caspase-3, cleaved caspase-9, bcl-2, bax, E-cadherin, and MMP-9 and the sec-
ondary antibodies were from Cell Signaling Technology (Boston, MA, USA). Primary
antibodies against N-cadherin, vimentin, Snail, MMP-2, VEGF and p-actin were pur-
chased from Abcam (Cambridge, UK). Mouse MMP-2, MMP-9 and VEGF ELISA kits
were from JingMei Bioengineering Company (Shenzhen, China).

Cells lines and mice

A2780 human ovarian cancer cells were purchased from Jiadeno Biotechnology Co.,
Ltd. (Shanghai, China). SKOV3 human ovarian cancer cells and ID8 mouse ovarian
cancer cells were gifts from Ruixin Wu (Shanghai University of Traditional Chinese
Medicine). All cells were cultured in RPMI-1640 medium supplemented with 10%
FBS and penicillin/streptomycin, and all were maintained at 37 °C in a humidified
atmosphere with 5% CO.,,.

HUVECs (ScienCell, USA) were cultured in endothelial cell medium (ScienCell,
USA), and only early passages (< p6) were used.

Female C57BL/6 mice (6—8 weeks old, Shanghai SLAC Laboratory Animal Co.
Ltd.) were used to establish intraperitoneal metastasis models. The animal study
was reviewed and approved by the Administrative Panel on Laboratory Animal Care
of the Putuo District Central Hospital. All animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals.

Preparation and characterization of BU@MMs

VeC/T-RGD MMs, BU@VeC, BU@VeC/T and BU@MMs were prepared by organic
solvent emulsification—evaporation as described, except that BU (1 mg) was sepa-
rately contained in 200 pL of chloroform. Excess unentrapped BU was removed by
passage through a 0.45 pum filter. The average particle size, zeta potential and PDI
of the BU@MMs were examined by a Malvern Zetasizer Nano ZS90 DLS (Malvern



Xu et al. Cancer Nanotechnology (2023) 14:25 Page 130f 18

Instruments, Malvern, UK). A transmission electron microscope (JEM-2100; JEOL,
Tokyo, Japan) was used to determine the surface morphology of BU@MMs.

To determine the drug loading amount (LA), BU-loaded mixed micelles were first
diluted with methanol. After the samples were vortexed and sonicated, 20 pL of the
supernatant was injected into an HPLC system (Agilent 1260 Infinity, Agilent, Japan)
to analyze the BU concentration. Finally, the LE of the BU in the mixed micelles was

calculated as

BU loaded amount (LA)

E = 100%.
total BU added during the loading procedure * °

In vitro cellular uptake of BU@MMs

SKOV3 cells were seeded in a 24-well plate (50,000 cells/well) and maintained with
500 pL of culture medium for 24 h. VeC, VeC/T and VeC/T-RGD were loaded with
C6 (500 pg/mL), a fluorescent dye, but not with BU. Then, free C6, C6-labeled VeC,
Cé6-labeled VeC/T and C6-labeled VeC/T-RGD were added to each well containing
RPMI-1640 (final volume: 500 pL) and incubated for 0.5 or 2 h at 37 °C. The cells were
washed twice with PBS at the end of the incubation period, and images were acquired by
CLSM (Leica, Heidelberg, Germany).

Cell proliferation assay

The inhibitory effects of BU, MMs and BU@MMs on the proliferation of A2780 and
SKOV3 cells was assessed by CCK-8 assay. A2780 or SKOV3 cells were seeded in a
96-well plate at a density of 1x 10* cells/well and cultivated at 37 °C. After 24 h, the
medium was replaced with medium containing BU, MMs, or BU@MMs at the same
concentration (0—0.0465 pg/mL for A2780 cells and 0-0.186 pg/mL for SKOV3 cells),
and the cells were incubated for 48 h. At the end of treatment, the viability of the cells
was analyzed by CCK-8 assay according to the instructions of the kit manufacturer. Fol-
lowing these same steps, cells were seeded in a 6-well plate at a density of 2 x 10° cells/
well, and the medium was collected and used as conditioned medium for tubule forma-

tion, migration and invasion assays.

Flow cytometric apoptosis assay

The effects of BU, MMs and BU@MMs on A2780 and SKOV3 cell apoptosis was
assessed by a flow cytometric apoptosis assay. A2780 or SKOV3 cells (2 x 10° cells/well)
were seeded in 6-well plates and cultured for 24 h. After reaching 80% confluence, the
cells were incubated with BU, MMs, or BU@MMs for 48 h. In addition, cell suspen-
sions at a density of 1 x 10%/mL were diluted with 100 pl of binding buffer. Then, 5 pL of
Annexin V-FITC and 5 pL of propidium iodide solution were added for incubation with
the cells for 15 min in the dark, followed by immediate analysis using a flow cytometer
(BD FACSCanto II; BD Biosciences, San Jose, CA).

Western blot analysis
Total protein was extracted from A2780 and SKOV3 cells using RIPA lysis buffer (Bey-
otime, China) after the cells were treated with different formulations for 48 h. Protein
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samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride membranes. The membranes were blocked in
5% nonfat dry milk in TBST for 1 h at room temperature followed by overnight incuba-
tion with the indicated primary antibodies at 4 °C. Then, the blots were incubated with
the corresponding horseradish peroxidase-labeled secondary antibodies for 1 h at room
temperature, and the bands were visualized using a chemiluminescent ECL assay kit
(Merck Millipore).

In vitro migration and invasion assays

The cell migration and invasion abilities were evaluated with Transwell chambers (8 um
pore size, Corning). A2780 and SKOV3 cells were seeded in a 6-well plate at a density
of 2 x 10° cells/well for 24 h, and the medium was replaced with serum-free medium
containing MMs, BU, or BU@MMs as described above and incubated for another 48 h.
The conditioned medium was then collected. To assess invasion ability, 8 yum membrane
pores coated with 30 pl of basement membrane matrix (BD Biosciences) for 3 h at 37 °C
were diluted with blank medium at a ratio of 1:6. Then, 3 x 10* cells for migration assays
or 5x 10* cells for invasion assays in 300 pl of serum-free medium were added to the
upper chamber, and the bottom well was filled with 700 pl of complete medium. After
48 h of incubation, the inserts were removed, the cells on the upper side of the inserts
were removed by cotton swabs, and the cells on the underside were stained with crystal
violet. The cells were observed and photographed under a light microscope.

Tube formation assay

A 96-well plate was coated with 50 pl of ice-cold BD Matrigel. After 30 min, 30,000
HUVECs in 100 pL of conditioned medium were added to the wells. HUVECs were
incubated at 37 °C for 4 to 6 h and then visualized by light microscopy. The number of
branch points (>3 cells per branch) was counted and analyzed in five random fields per
replicate.

Animal models

ID8 cells (5 x 10°) in 200 pL of PBS were injected into the intraperitoneal cavity of female
C57BL/6 mice. According to the preliminary experimental results, the mice were treated
during the 4th week after modeling. The mice were randomly assigned to 4 groups
(n=6) and intravenously injected with saline, MMs, BU, or BU@MMs (BU: 0.062 mg/
kg). Treatment was repeated 7 times at 3-day intervals. Body weights and tumor growth
were monitored regularly. At the end of treatment, all organs (heart, liver, lung, spleen
and kidney) and the small intestine were collected for histological analysis.

Enzyme-linked immunosorbent assay (ELISA)

The levels of MMP-2, MMP-9 and VEGF in mouse serum were measured using ELISA
kits for mouse MMP-2, MMP-9 and VEGF, and the procedures were performed accord-
ing to the manual provided by JingMei Bioengineering Company (Shenzhen, China).
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Histopathological analysis

Tissues were fixed in 10% formalin, embedded in paraffin, and then sectioned (4 pm
thick). Subsequently, slides were stained with hematoxylin and eosin (H&E) following a
standard protocol and observed by a microscope (Leica).

Statistical analysis

All data are presented as the mean 4= SD. The results were analyzed using GraphPad Prism 8
software, and statistical comparisons were made with one-way ANOVA. Statistical signifi-
cance was set at *P<0.05, **P<0.01 and ***P<0.001.

Abbreviations

BU Bufalin

VES Vitamin E succinate

CSO Chitosan oligosaccharide

RGD Arginine-glycine-aspartic acid peptide

TPGS D-Alpha-tocopheryl polyethylene glycol 1000 succinate
VeC/T-RGD MMs VES-CSO/TPGS-RGD mixed micelles

MMs VeC/T-RGD MMs
BU@MMs  BU-loaded VeC/T-RGD MMs

EMT Epithelial-to-mesenchymal transition
MMPs Matrix metalloproteinases

ECM Extracellular matrix

LE Loading efficiency

BU@VeC  BU-loaded VES-CSO
BU@VeC/T BU-loaded VES-CSO/TPGS

TEM Transmission electron microscopy

PDI Polydispersity index

6 Coumarin-6

IC50 Half-maximal inhibitory concentration
HUVECs ~ Human umbilical vein endothelial cells
PBS Phosphate-buffered saline

FBS Fetal bovine serum

LA Drug loading amount

SDS-PAGE  SDS-polyacrylamide gel electrophoresis
ELISA Enzyme-linked immunosorbent assay
H&E Hematoxylin and eosin

MOFs Metal-organic frameworks
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