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Background: The metastasis, one of the biggest barriers in cancer therapy, is the leading
cause of tumor deterioration and recurrence. The anti.-metastasis has been considered as
a feasible strategy for clinical cancer management. It is well known that diosgenin could
inhibit tumor metastasis and doxorubicin (DOX) could induce tumor apoptosis. However,
their efficient delivery remains challenging.

Purpose: To address these issues, a novel pH-sensitive polymer-prodrug based on diosgenin
nanoparticles (NPs) platform was developed to enhance the efficiency of DOX delivery
(DOX/NPs) for synergistic therapy of cutaneous melanoma, the most lethal form of skin
cancer with high malignancy, early metastasis and high mortality.

Methods and Results: The inhibitory effect of DOX/NPs on tumor proliferation and
migration was superior to that of NPs or free DOX. What is more, DOX/NPs could combine
mitochondria-associated metastasis and apoptosis with unique internalization pathway of
carrier to fight tumors. In addition, biodistribution experiments proved that DOX/NPs
could efficiently accumulate in tumor sites through enhancing permeation and retention
(EPR) effect compared with free DOX. Importantly, the data from in vivo experiment
revealed that DOX/NPs without heart toxicity significantly inhibited tumor metastasis by
exerting synergistic therapeutic effect, and reduced tumor volume and weight by inducing
apoptosis.

Conclusion: The nanocarrier DOX/NPs with satisfying pharmaceutical characteristics based
on the establishment of two different functional agents is a promising strategy for synergis-
tically enhancing effects of cancer therapy.

Keywords: anti-metastasis, antitumor, self-assembly, codelivery, doxorubicin

Introduction
Cutaneous melanoma is one of the most malignant and fastest growing forms of
human cancers to affect younger populations.'> Despite advances in surgery and
chemotherapy, nearly 80% of patients still die from metastatic melanoma.>”
Moreover, metastasis is highly resistant to traditional chemotherapies.®’
Accumulated clinical research also manifest that once the tumor metastasizes,
single drug chemotherapy is much less effective.® Therefore, it is extremely urgent
to develop a novel treatment strategy for inhibiting the tumor metastasis.
Diosgenin, extracted from Dioscorea zingiberensis, is a typical natural product.” It
various pharmacological activities anti-

displays such as immunity-regulating,

inflammation, antithrombus as well as antitumor.'®"'* More important, extensive studies
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reveal that diosgenin and its derivative could inhibit tumor cell
metastasis in lung cancer, breast cancer, and melanoma.
Meanwhile, numerous research studies also indicate that dios-
genin might be a promising agent to prevent the DOX-induced
cardiotoxicity in vivo."> Unfortunately, the conventional che-
motherapy using small molecular size doxorubicin (DOX) as
well as diosgenin still exhibits several limitations, including poor
intracellular penetration, rapid in vivo clearance, low efficiency
of accumulation at tumor site, and adverse effects for normal
tissues.'*"” The recent studies report that diosgenin could
potentiate the apoptotic effect of DOX and paclitaxel in hepato-
cellular carcinoma cells."® And the polymeric nanoparticles
based on diosgenin and 10-hydroxycamptothecin could effi-
ciently inhibit BI6F10 tumor cell growth.'® Furthermore, poten-
tial nanoparticle drug delivery systems including short peptides
and macromolecule polymers, have been widely used for code-
livery of poorly soluble drugs to inhibit tumor growth, because
they allow for well flexibility, high drug loading, good biocom-
patibility and controlled release.”*** However, to our knowl-
edge, the developing high potent codelivery system of diosgenin
with chemotherapeutic agents including the trackable DOX for
fighting metastasis, one of the most knotty questions in cancer
therapy, is few involved. Therefore, an effective and safe code-
livery system of the combined administration of DOX and
diosgenin to synergistically enhance antimetastasis as well as
antiproliferation activities is highly desirable.

It is generally known that prodrug nanocarriers with func-
tional characteristics including stimuli-responsiveness and
long-circulating, play an important role for releasing the drug
effectively in the pathological position.”*** Prodrug nanocar-
riers, which are composed of chemotherapeutic drugs with
polymers, could efficiently and selectively release drugs in
response to dysfunctional environment conditions for che-
motherapeutics of tumor metastasis.”>~® In recent decades,
more and more researchers focus on drug delivery targeted by
using a multifunctional prodrug nanocarrier. Due to the pH-
sensitive characteristic, nanocarriers could stimuli-responsively
control drug release in the tumor microenvironment via the
intracellular lower pH signal.>’ The size of nanocarrier is also
another key factor for drug delivery efficiency.”® It is well
known that poly(ethylene glycol) (PEG), which is widely
used to modify the small molecule or macromolecular drug,
could dissolve very insoluble small molecule compounds, pro-
long circulation time, enhance permeability and retention
(EPR) effects, and alter parent drug biodistribution.””'
However, the platform with satisfying pharmacological char-
acteristics for synergistic antimetastasis and anti-apoptosis is
highly required in tumor therapy.

In this work, we established a novel pH-sensitive prodrug
nanocarrier as a drug delivery system for codelivery of DOX
and diosgenin in order to efficiently suppress tumor metastasis
and proliferation (Scheme 1). The drug carrier was a diosgenin
derivative prodrug nanoparticles (NPs) with Schiff-based bond,
which could self-assemble in aqueous media, and load DOX
without any surface coating. The characterization of DOX/NPs
was measured by transmission electron microscope (TEM) and
dynamic light scattering (DLS). Effects of DOX/NPs on cellu-
lar viability, uptake, apoptosis, and mitochondrial function were
also assessed in vitro. Meanwhile, the tumor targeting ability
and DOX/NPs biodistribution were detected on B16F10 tumor
xenograft models using near infrared (NIR) imaging.
Afterwards, the efficacy of DOX/NPs on inhibiting tumor
metastasis and proliferation were estimated in vivo by H&E
staining and immunohistochemistry. Finally, the pathological
analysis of organs was used to evaluate the safety of DOX/NPs.
The obtained data demonstrate that DOX/NPs with significant
antimetastasis and antiproliferation is potential for synergistic
therapy of cancer. This is the first study to report a prodrug
nanocarrier combining diosgenin with DOX for inhibiting
tumor metastasis, which is a great challenge for cancer treat-

ment, especially preventing tumor deterioration and recurrence.

Materials and Methods

Materials

Doxorubicin hydrochloride (DOX-HCI) was purchased from
Meilun Biological Technology Co., Ltd (Liaoning, China).
Triethylamine (TEA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), Hoechst 33258, dimethyl sulfoxide
(DMSO) and BCA protein assay kit were purchased from Sigma-
Aldrich Co. (St Louis, MO, USA). Annexin V-FITC apoptosis
detection kit was purchased from Sino Biological, Inc. (Beijing,
China). The detection kits of ATP, ROS, Mito-sox and JC-1, were
purchased from Beyotime Institute of Biotechnology (Shanghai,
China). Unless stated otherwise, the other reagents were pur-
chased from Sigma-Aldrich.

Culture medium (RPIM 1640 medium), FBS were pur-
chased from Gibco Life Technologies (Thermo Fisher
Scientific, Waltham, MA, USA). Mouse anti-GAPDH anti-
body, rabbit anti-Bcl-2 antibody and rabbit anti-Bax antibody
were purchased from Abcam (Burlingame, CA, USA). Cleaved
caspase-3 rabbit mAb was purchased from Cell Signaling
Technology Inc. (Beverly, MA, USA). Goat anti-mouse IgG
and goat anti-rabbit IgG were purchased from Beijing
Biosynthesis Biotechnology Co., Ltd (Beijing, China).
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Scheme |. After intravenous injection, self-assembly DOX/NPs were taken up by cells via endocytosis, and DOX/NPs released DOX and diosgenin to synergistically

enhance anti-metastasis and anti-proliferation by triggering mitochondrial dysfunction.

Cell Culture

Murine melanoma B16F10 cell line was received from the Lab
of Transplant Engineering and Immunology, West China
Hospital, and was approved for use in experimental research
by the Ethics Committee of West China Center of Medical
Sciences, Sichuan University. The cells were cultured in
RPMI-1640 medium with 10% of heat-inactivated FBS, strep-
tomycin (100 mg/mL) and penicillin (100 U/mL). Cells were
sustained at 37°C under a humidified atmosphere with 5% CO..

Animals

Male BALB/c mice (four weeks old) with body weights
ranging from 18-22 g were housed in a temperature, humid-
ity, and illumination regulated environment (224+2°C, 50
+10% and 12 h light-dark cycle). They were fed with
standard animal water and food. The experimental protocol
for all methods and experiments was approved by the Ethics
Committee of West China Center, Sichuan University. The
animal welfare guidelines of the Institutional Animal Care
and Welfare Committee of West China Hospital, Sichuan
University were strictly followed.

Synthesis of NPs

The prodrug nanocarrier was synthesized as previously
described.*® Briefly, methoxy-PEG-4-formylbenzoic acid
(MPEG-CBA) and diosgenin amino caproic acid ester were
synthesized by our laboratory, and the products were purified
by recrystallization for next reaction. Then MPEG-CBA (6.5
g) and diosgenin amino caproic acid ester (1.5 g) were added
to 150 mL tetrahydrofuran (THF) solution with stirring at 40°
C for 12 h. Afterwards, the mixture was evaporated with
a vacuum pump, and products were dissolved in methanol
and purified in anhydrous ethyl ether. Finally, the impurities
were removed by filtration, and the product was recovered by
precipitation in isopropanol, dried in the vacuum drying
machine at 40°C for subsequent experiments.

Preparation of DOX/NPs

The DOX/NPs were prepared in a simple self-assembly
approach between these two molecules as previously
reported.33 In brief, DOX-HCI (4 mg) and NPs (10 mg)
were dissolved in 1 mL DMSO. And 100 pL TEA was
added into mixed solution. Furthermore, 1 mL of this
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solution was slowly injected into 4 mL double-distilled
water (ddH,0) with stirring. The mixture was stirred at
room temperature for two hours and dialyzed in ddH,
O overnight using a dialysis bag. NPs self-assemble into

nanoparticles in the same way.

Characterization of DOX/NPs

The morphology and particle size of DOX/NPs were
examined by TEM (H-600-4, Hitachi, Tolyo, Japan).**
Briefly, samples were placed on a copper grid, stained
with phosphotungstic acid solution (1%, w/v), and oper-
ated with an acceleration voltage of 75 kV at room tem-
perature. The change of size distribution was measured to
evaluate the pH-responsive property and stability of DOX/
NPs in different pH values or temperatures by a DLS
instrument (LB-500, Horibk, Japan).

The amount of DOX encapsulated into nanoparticles
was calculated according to a colorimetric method. The
lyophilized DOX/NPs were dissolved in DMSO, the fluor-
escence intensity was measured at 495/593 nm by
a F-7000 fluorescence spectrometer (Hitachi). Various
concentrations DOX solutions were measured to generate
a calibration curve for calculating drug concentration. The
drug loading content (DLC) and loading efficiency (DLE)
was calculated using the following formula:

Weight of
loaded drug
0, — 0,
DLC(100%)= Weight of feeding - 100%
polymer and drug
Weight of loaded d
DLE(100%)= e 01 J08%eC TTUE 5,

Weight of feeding drug

Drug Release Test

The drug release profiles were detected by a dialysis
method.>> DOX released from DOX/NPs due to hydrolytic
degradation in PBS with different pH (7.4 or 5.0). Two
milliliters of DOX/NPs solution was sealed in a dialysis
bag and soaked in 20 mL PBS at 37°C in the dark.
Different samples were withdrawn at predetermined time
points, and DOX concentration was analyzed by the fluor-
escence spectrometer. The concentration of diosgenin
releasing from DOX/NPs was calculated in the same way
by the HPLC (Shimadzu LC20A, Japan).

In vitro Cytotoxicity Study

The cytotoxicities of drugs were measured by the MTT
assay on B16F10 cells. Cells were seeded into 96-well
culture plates and incubated with NPs, DOX and DOX/
NPs with different concentrations for 24 and 48 h. DOX
and DOX/NPs with gradient concentrations of DOX ran-
ged from 0.01 to 5.0 pg/mL, and the gradient concentra-
tions of NPs ranged from 1 to 100 pg/mL. After that, 100
pL MTT (5 mg/mL in medium) was injected to each well
and incubated for four hours. Afterwards, 100 uL. DMSO
was added and incubated for 10 min at room temperature.
The optical density (OD) of each well was measured by
a SpectraMax microplate reader (Molecular Devices, San
Jose, CA, USA) at 492 nm. Cytotoxicity was calculated as
percentage relative to the untreated control group. We
evaluated the synergistic effects between DOX and dios-
genin in the DOX/NPs by applying the combination index
(CI) using the following formula:

_ DOX combined

o Diosgeningombined
DOXsingle

Diosgening;nge

whereby DOX ombined and diosgeninggmpineqis the 1Csq
value of the drugs used in the combination treatment, and
DOXingle Or diosgeningygie is the single drug ICsy value.
When the value of CI lower than one denotes a synergistic
effect, a value is equal to one an additive effect is indi-
cated, and a value larger than one indicates an antagonistic
effect.

Wound Healing Assay

To observe the cell migration, B16F10 cells were seeded
on flame-dried coverslips at a density of 1x10° cells per
well in a six-well culture plate. The cells were scratched
with a sterile plastic pipette tip (10 pL) and rinsed three
times with PBS. Scratched B16F10 cells were incubated
with NPs (13.3 pg/mL), DOX or DOX/NPs with concen-
tration of DOX at 5 pg/mL (the same below) for 24 h. The
cell migration to the wound area was recorded, and the
wound area of each group was analyzed using Image]
(NIH, Bethesda, MD, USA). At last, the rate of migration
was calculated as a percentage by quantifying the change
of wound area after treatment.

In vitro Cellular Uptake

To observe the cellular uptake, BI6F10 cells were seeded on
flame-dried coverslips at a density of 1x10° cells per well in
a six-well culture plate. After incubation overnight, the cells
were cultured with fresh media containing DOX/NPs or
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DOX-HCI with concentration of DOX at 5 pg/mL for two,
four, and six hours. The cells were rinsed with PBS three
times and stained with Hoechst 33258 for 10 min at 37°C.
After staining, the cellular uptake behavior was scanned by

a fluorescence microscope (Zeiss, Oberkochen, Germany).

Measurement of Intracellular

Mitochondrial Function

To assess the effect of drugs on mitochondrial function in
cells, ATP level, mitochondrial membrane potential and
ROS level were examined as previously described. In
brief, BI6F10 cells were treated with NPs (13.3 pg/mL),
DOX (5 pg/mL) or DOX/NPs (5 pg/mL) for 48 h. After
washing twice with RPMI-1640 medium, cells were incu-
bated with 5 pM DCFH-DA, mito-sox or ATP detection
reagent for 30 min at 37°C. Then, the fluorescence inten-
sity detected by
a multimode microplate reader (BioTek, Synergy IMX,

in different wavelengths were
USA) referring to instructions. Finally, the results were
calculated according to ratios of fluorescence intensity to
protein concentration. The JC-1 probe was employed to
measure the mitochondrial membrane potential of cells
after treatment with drugs for 48 h. The cells were cultured
with JC-1 probe (2 mg/L) at 37°C for 20 min. Then the
fluorescence images were photographed by a fluorescence

microscope (Zeiss, Oberkochen, Germany).

Western Blot Analysis

B16F10 cells were seeded into a six-well culture plate at
a density of 1x10° cells per well and treated with NPs
(13.3 pg/mL), DOX-HCI (5 pg/mL) or DOX/NPs (5 pg/
mL) for 48 h. The cells were harvested by scraping them
out with lysis buffer, and supernatants of lysate samples
were collected by centrifuging at 12,000 g for 10 min at 4°
C. The protein contents were assayed by a BCA protein
assay kit. Afterwards, the equal amount (20 pg) of protein
was separated by SDS-PAGE gel and then electrotrans-
ferred to polyvinylidene difluoride (PVDF) membranes.
Furthermore, membranes were blocked in nonfat pow-
dered milk (5% skimmed milk in TBST, w/v) at room
temperature for one hour. Then the membranes were incu-
bated with primary antibodies overnight at 4°C. After
incubating with secondary antibodies, the protein bands
were detected by Immobilon-Western Chemiluminescence
HRP substrate (EMD Millipore, Billerica, MA, USA).

In vivo Imaging

The biodistribution of DOX/NPs was detected by in vivo
NIR imaging. A NIR fluorophore, indocyanine green
(ICG), was encapsulated into the nanoparticles. The pro-
cess for encapsulating ICG in the nanoparticles was the
same as that for encapsulation of DOX. The tumor xeno-
graft models were established by subcutaneous injection of
B16F10 cells into the male BALB/c mice (six to eight
weeks old), and the mice were treated with the ICG-loaded
DOX/NPs or free DOX via tail-vein injection. Whole body
fluorescence images were taken at 3, 6, 12, and 24 h after
injection using a Spectral AMI X (Spectral Instruments
Imaging, USA) IVIS instrument with a 780 nm excitation
wavelength. Images of various organs, including heart,
liver, spleen, lung, kidney and tumor were also collected
after sacrifice of the mice at 12 h postinjection.

In vivo Antitumor Assay

To investigate antitumor growth efficiency of drugs in vivo,
a subcutaneous tumor model was employed. Male BALB/c
mice (six to eight weeks old) were subcutaneously injected
with 2x10° B16F10 cells in 100 pL of medium. The mice
were randomly divided into different treatment groups and
raised for a week. When tumor volume reached an accep-
table size, mice were given NPs (13.3 mg/kg), DOX-HCI
(5 mg/kg) or DOX/NPs (5 mg/kg) via tail-vein injection
every two days, and saline was administered intravenously
as control group. During that period, the body weight, tumor
volume and survival rate of mice were measured. After
treatment for 21 days, the mice were sacrificed.

In vivo Lung Metastasis Assay

To investigate antimetastasis efficiency of drugs in vivo,
a lung metastasis model was established. Male BALB/c
mice (six to eight weeks old) were injected intravenously
with 1x10° B16F10 cells via the tail vein, and then ran-
domly divided into several groups. The mice were given
NPs (13.3 mg/kg), DOX-HCI (5 mg/kg) or DOX/NPs
(5 mg/kg) via tail-vein injection every three days, and
saline was administered intravenously as normal control
group and model group. After treatment for 21 days, the
mice were sacrificed. Black dots on lung surface and
weight of lung were measured.

Histology and Immunohistochemistry
The organs and tumor tissue of the mice in the melanoma
tumor xenograft model and lung metastasis model were
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collected after the mice were sacrificed. The dissected
tissue samples were fixed in 10% formaldehyde solution,
wrapped with paraffin wax and cut into slices at 5 um.
Tissue sections were stained with H&E.

In addition, fixed and embedded tumor and lung tissue
samples were sectioned at 5 pm and mounted on poly-lysine-
coated slides for immunohistochemistry. Tris—-EDTA buffer
(pH 9.0) was used for antigen retrieval. Then the sections
were soaked with 3% hydrogen peroxide for 20 min to inhibit
endogenous peroxides, and incubated with primary antibodies
for caspase-3 overnight at 4°C. After that, the secondary anti-
body was employed at 37°C for 30 min and diaminobenzidine
was used as the chromogenic substrate. Finally, sections were
counterstained with H&E. Negative controls were processed
in the same way, but primary antibody was replaced by PBS.

Statistical Analysis

All statistical analyses were performed using the statistical
software package SPSS 19.0 (IBM Corporation, Armonk,
NY, USA). Data were expressed as the means +SD. The
statistically significant difference was determined using
a two-sample f-test or a one-way ANOVA. The statistical
significance of difference was considered for P<0.05.

Results and Discussion
Characterization of DOX/NPs

The NPs formulation was prepared by our laboratory as
described in our previous publication, which could self-
assemble to form stable nanoparticles in aqueous solution,
because of its amphiphilic structure with good uniformity
(Figure S1A and B).** And the hydrophobic DOX was suc-
cessfully loaded into the NPs through interaction between
DOX and hydrophobic part. These DOX/NPs were verified
to have an average diameter of 165.4+5.4 nm by DLS, as
shown in Figure 1A. The morphology of the DOX/NPs was
further observed by TEM. The TEM image with homogenous
spherical shapes indicated that the amphiphilic DOX/NPs
indeed formed nanoparticles (Figure 1B), which were able to
passively target to tumor tissues via the EPR effect.
Furthermore, the stability of DOX/NPs was evaluated by
detecting the change of particle size in a simulative physiolo-
gical condition with different temperatures. It was found that
the DOX/NPs were quite stable in aqueous solution, and the
particle size was an insignificant change in different tempera-
tures over 72 h (Figures 1C and S2). These results illustrate
that DOX and NPs were successfully self-assembled together
and stable under physiological conditions.
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Figure | Characterization of DOX/NPs. (A) The size distribution of NPs and DOX/NPs. (B) TEM images of DOX/NPs. (C) The size changes of DOX/NPs in different
temperatures and times. (D) The cumulative DOX release profiles of DOX/NPs in physiological and acidic conditions at 37°C. The scale bar of the TEM is 200 nm. The data

represent mean *SD. n=3—4.
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Controllable Drug Release of DOX/NPs
Since DOX was encapsulated as the hydrophobic anticancer
drug, we studied the release of DOX from DOX/NPs in the
buffer solutions simulating in vivo situations at pH 7.4 and
5.0. According to the previously provided calculation meth-
ods in the Materials and Methods section, the drug loading
content (DLC) and loading efficiency (DLE) of DOX/NPs
were 13.0 and 37.5%, respectively. The DOX release was
controlled by the cleavage of NPs Schiff-base bond.**>” As
shown in Figure 1D, the release rates of DOX at 24 and 48
his 31.4 and 36.2% at pH 7.4, respectively. In contrast, the
acidic pH significantly accelerated the release of DOX. The
release rates of DOX significantly increased to 67.8 and
79.8% at 24 and 48 h at pH 5.0. The release profile of
diosgenin derivative was similar to that of DOX
(Figure S3). Compared with reported programs, NPs/DOX
could more feasibly release drugs to exert therapeutic effects
under weak acidic conditions because of the pH-responsive
characteristic.'”>® Also, the experimental phenomenon was
consistent with previous reports that the pH-responsive drug
delivery systems play an important role in the drug release
behavior, while the enhanced solubility of DOX at pH 5.0 has
a weak effect.’”*' These results demonstrate that acidic
condition in tumor or late endosome could facilitate the
release of DOX from the DOX/NPs, thus reduce the damage
to normal cells and organs.

Cytotoxicity and Antimigration of DOX/
NPs

We next investigated antitumor activity of DOX/NPs com-
pared with that of free DOX and NPs in B16F 10 cells by the
MTT assay in vitro. Figure 2A and B showed the viability
of cells treated with free DOX and DOX/NPs at different
equivalent concentrations ranging from 0.01 to 5 pg/mL of
DOX for 24 and 48 h. Dose-dependent cytotoxicity was
observed for both free DOX and DOX/NPs. Meanwhile,
DOX/NPs exhibited a weaker cell inhibition than free
DOX, especially at low concentrations for 24 h. However,
DOX/NPs showed better cell inhibition than free DOX for
48 h, because of the controlled release from NPs and
different cellular uptake pathway of DOX. The ICso of
free DOX for 24 and 48 h incubation were 0.32 and 0.18
pug/mL, while that of DOX/NPs for 24 and 48 h were 0.54
and 0.14 pg/mL. The ICs, of NPs were 30.98 and 20.36 pg/
mL for 24 and 48 h, respectively (Figure 2C). Moreover,
imagines of colony formation assay proved that the size of
the colony formation after cells incubated with NPs, DOX

or DOX/NPs was significantly smaller for 24 and 48 h. At
the same time, the number of B16F10 cells treated with
DOX/NPs significantly decreased compared with free DOX
for 48 h (Figures 2D and S4). Meanwhile, effect of DOX/
NPs on antimigration was assayed by the wound healing
assay. As shown in Figure 2E and F, after treatment with
DOX/NPs for 24 h, cell migration was obviously inhibited
compared with the control group treated without drugs.
Furthermore, the group treated with DOX/NPs exhibited
better effect on antimigration than that from the group
treated with DOX or NPs. The results indicate that the
DOX/NPs have excellent potential for antimigration and
antiproliferation on B16F10 cells, and improves antitumor
efficiency in time course.

In addition, combination index (CI) values were calcu-
lated to explore the relationship between diosgenin and
DOX. The CI values of DOX and diosgenin in NPs/DOX
was 0.78 for B16F10 cells for 48 h. A value of CI less
than, equal to, or greater than one is considered as indicat-
ing synergistic, additive, or antagonistic effects, respec-
tively. The results demonstrate that a synergistic and
efficient effect of NPs/DOX on inhibiting tumor growth
could be accomplished by the combination of two antic-
ancer drugs, DOX and diosgenin.

Effect of DOX/NPs on Mitochondrial

Function

Mitochondria are the major site of ATP and ROS production,
as well as being responsible for vital cellular functions and
tumor metastasis, which is an energy-dependent process.****
The ROS overload is the key cause to induce the dysfunction
and structural deterioration of the mitochondria.** To further
evaluate the effect of NPs and DOX/NPs on mitochondrial
function, B16F10 cells were incubated with NPs or DOX/NPs
for 48 h. The results showed a decrease in intracellular ATP
level of B16F10 cells treated with NPs or DOX/NPs
(Figure 3A). When the mitochondrial dysfunction occurs,
membrane potential may decrease significantly. We detected
the change of MMP by using JC-1. And colors change from red
to green as MMP decreased from confocal microscopic
images. Therefore, the ratio of red to green fluorescence illu-
strated the polarization of the MMP after treating cells with
NPs or DOX/NPs (Figure 3B). In addition, an increase in
intracellular ROS level was also confirmed after cells were
treated with NPs or DOX/NPs (Figure 3C). Mitochondria are
considered as the major site for production of ROS, we found
that NPs or DOX/NPs promoted mitochondrial ROS
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healing assay in BI6F10 cells treated with free DOX, NPs or DOX/NPs for 24 h (magnification % 100). The data represent mean +SD. n=3—4. *5<0.05 vs control,

DOX or NPs.

accumulation in B16F10 cells by flow cytometry (Figure 3D
and E). The data from the mitochondrial function suggest that
NPs or DOX/NPs could inhibit tumor metastasis through
impairing mitochondrial function.

In addition, since Bcl-2 and the caspase family were
involved in mitochondria-associated apoptosis,”*® we

researched their change after B16F10 cells were treated

“p<0.05 vs

with DOX or DOX/NPs. Western blot protein expression of
Bax (proapoptotic protein), Bel-2 (antiapoptotic protein) and
cleaved caspase-3 in the cells were performed and quantified.
As shown in Figure SSA—C, expression of Bax and cleaved
caspase-3 were in the order PBS <DOX<DOX/NPs, but
expression of Bcl-2, an antitumor factor, was in the opposite
order. Diosgenin induces tumor cell apoptosis by activating
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caspase-3 via a mitochondrial-related death pathway.*’*®

Moreover, efficiency of DOX/NPs on inducing apoptosis
was superior to free DOX or NPs (Figure S6), which took
full advantage of the synergism of two chemotherapy agents.
These results demonstrate that DOX/NPs inhibit Bcl-2
expression, activates Bax and caspase-3 resulting in mito-

chondria-mediated apoptosis.

Cellular Uptake and Cell Imaging of
DOX/NPs

The cellular uptake and intracellular drug release beha-
viour of DOX/NPs were investigated by fluorescence
microscope in B16F10 melanoma cells. Since DOX itself
has intrinsic red fluorescence, it was used directly to study
cellular uptake and location of the prodrug nanocarrier in
B16F10 cells monitored by fluorescence microscopy and
flow cytometry. As shown in Figure 4A and B, the red
fluorescence in the cells gradually intensified accompa-
nyied with treatment time extending from two to six
hours. When incubating B16F10 cells with free DOX for

two hours, the intense red fluorescent signal was interna-
lized fast, and observed mainly accumulated in the cellular
nuclei. In comparison, the red fluorescence signal was
observed in the cytoplasm after cells were treated with
DOX/NPs for two hours, and weaker than that of group
treated with free DOX for two hours. As the time increases
from two to six hours, red fluorescence of DOX gradually
moved into the nuclei and covered the blue fluorescence of
nuclei stain. But the fluorescent signal was still clearly
seen in the cytoplasm in most cells for up to six hours.
These findings provided the impressive evidence that free
DOX internalization in cell nuclei was a relatively fast
process, while DOX/NPs might take more time for cellular
uptake, and the subsequent transference from cytoplasm to
nucleus of DOX.

It was reported that nanoparticles entered into cells
through endocytosis pathway, resulting in the difference
of fluorescence distribution.** Endocytosis could be
blocked by endocytosis inhibitor chlorpromazine (CPZ),
the energy-depleting agent NaN; as well as low tempera-
ture, because endocytosis is an energy dependent process.
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As shown in Figure 4C, compared to B16F10 cells, the
cells treated with DOX/NPs at 4°C, and CPZ+DOX/NPs
or NaN3;+DOX/NPs at 37°C exhibited only 51.9, 65.3, and
72.2% of red fluorescent signal internalization, respec-
tively. The reduction of red fluorescent signals confirm
the unique internalization manner of DOX/NPs via endo-
cytosis, contributing to reverse the resistance to DOX of
cells.’™' These results indicate that DOX/NPs entered
into BI6F10 cells via endocytosis pathway.

In vivo Imaging and Biodistribution of
DOX/NPs

The biodistribution of DOX/NPs or free DOX after intrave-
nous injection into the B16F10 cells tumor-bearing BALB/C
mice were detected using the in vivo imaging technique. DOX/
NPs were labelled with ICG. As shown in Figure S7, DOX/
NPs revealed good tumor accumulation because of the EPR

effect. The strong fluorescence signal of ICG was observed in
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the tumor site at three hours after intravenous injection, and the
stronger fluorescence signal was monitored at 12 h and atte-
nuated gradually with prolonged time. The fluorescence sig-
nals in the tumor continued to 24 h and the fluorescence
intensity was still strong at the tumor site. These data indicated
that intravenously injected DOX/NPs had a passive tumor
targeting ability as a result of the EPR effect, and the high
contrast of animal imaging exhibited excellent potential of
DOX/NPs for cancer diagnosis.’'~* To further quantitatively
compare the biodistribution of free DOX with DOX/NPs, the
mice were sacrificed after 12 h postinjection, and the major
organs including heart, liver, spleen, lung and kidney, as well as
tumor were excised. The ex vivo fluorescent images further
indicated the high accumulation of DOX/NPs was superior to
free DOX in the tumor site. In addition, compared to free DOX,
the DOX/NPs significantly reduced the accumulation of drug
in the liver and kidneys (Figure 5A and B). Altogether, the high
accumulation of DOX/NPs in the tumor could contribute to the
EPR effect and successful surface modification with PEG,
which is feasible for escaping the reticuloendothelial system
(RES) organs.” 3

In Vivo Anticancer Activity of DOX/NPs
To evaluate the synergistic antitumor effect of prodrug nano-
carrier, the anticancer effect of NPs, DOX and DOX/NPs
was further investigated in B16F10 tumor-bearing BALB/c
mice. As shown in Figure 6A and B, the average tumor
weight and volume were measured during the experiment

B

for evaluating antitumor efficacy. The tumor weight and
volume grew rapidly in the saline treated group over 21
days (Figure S8). In contrast, NPs and free DOX groups
showed moderate antitumor efficiency, while DOX/NPs dis-
played the significantly better tumor inhibition efficacy than
NPs and free DOX, which corresponded with the results of
in vitro cytotoxicity and cell apoptosis experiments, demon-
strating a synergetic therapeutic effect of DOX/NP formula-
tion. Moreover, the body weight and survival rate of each
group was measured to evaluate the side effects (Figure 6C).
Only mice treated with DOX lost about 20% weight and had
a 30% survival rate at the end of the experiment (Figure 6D),
suggesting the NPs and DOX/NPs have insignificant sys-
temic toxicity.

We processed representative tumors and organs har-
vested from various groups on day 21 for histopathological
analysis. H&E staining showed that the group treated with
DOX/NPs revealed lowest cell density and most apoptosis
in the tumor tissue compared with groups treated with
PBS, NPs or DOX (Figure 6E), confirming that prolifera-
tion of tumor is prevented effectively in the group treated
with DOX/NPs. Meanwhile, H&E assays of heart tissue
showed that little heart toxicity in the DOX group, but no
obvious damage in other groups and other organs
(Figures 6E and S9). In addition, immunohistochemistry
study showed that the DOX/NPs treated group induced
a higher cleaved caspase-3 expression in tumor tissue
than other groups (Figure 6F). These results indicate that
the synergetic therapeutic DOX/NPs could significantly
enhance antitumor efficiency by inducing apoptosis, and

reduce heart toxicity of DOX in vivo.

Figure 5 Biodistribution of free DOX and DOX/NPs measured by the fluorescence of DOX in major organs and tumor tissues. (A) Biodistribution of free DOX in major
organs and tumor tissues at |2 h after intravenous injection. (B) Biodistribution of DOX/NPs in major organs and tumor tissues at |12 h after intravenous injection.
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In Vivo Antimetastasis Efficacy of DOX/
NPs

Metastasis is the primary cause leading to tumor deteriora-
tion and recurrence in melanoma patients.>* We found that
migration could be inhibited by affecting mitochondrial
function in cell experiments. Next, we determined the
antimetastatic spread effect of DOX/NPs in vivo by inocu-
lating B16F10 cells intravenously into BALB/c mice. As
shown in Figure 7A-C, the lung weight and the number of
lung metastatic nodules obviously decreased in the group
treated with DOX/NPs over 21 days, but the groups treated

with NPs or DOX exhibited a weaker inhibitory effect.
The increased lung weight in the model group was prob-
ably as a result of the metastatic burden of the tumors. In
addition, mice treated with DOX/NPs exhibited the fewest
and smallest thrombi in the pulmonary vasculature and
lungs among those found in the mice of other groups
(Figure 7D and E). And that, the body weight of the
mice in the group treated with DOX/NPs showed no
obvious change compared with the control group treated
with saline (Figure 7F). However, it might be noted that
the body weight of mice treated with DOX decreased,

submit your manuscript

6556

Dove!

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Wei et al

500

400

300

200

1004

Lung weight (mg)

L}
Control Model NPs DOX DOX/NPs

20

164

124

Thrombi/section

Control Model NPs

E Cptrol
::'- P Sy

NPs

DOX/NPs

200
2 1804
‘= 160+
% 140
O 120- o xx
‘S 100
E 22' SRk
§ 404
;Z: :z()-
0_
Control Model NPs DOX DOX/NPs
F
w15
=
)
‘D 1.3
= i
> -
= 1.1
1= 1
ﬁos- *
.Z ~— Control
For] [T N
) — DOX
[ —— DOX/NPs
0'5 T T T T T T T T T T T
0 2 4 6 8 1012 1416 18 20 2224
Days
NPs DOX DOX/NPs

Figure 7 In vivo antimetastasis efficacy of free DOX, NPs and DOX/NPs. (A) Lung morphologies from each treatment group. (B) The weight of lungs of mice in each
treatment group. (C) The number of visible colonies in the lung of each treatment group. (D) Quantification of thrombi formation within lung tissue. (E) H&E staining of lung
sections harvested from each treatment group. Black arrows indicate thrombi formation induced by tumor. (F) The body weight of mice. The data represent mean +SD.

ok

n=6-8. *p<0.05 vs control, ¥p<0.01 vs control, ~p<0.05 vs model,

which was consistent with our data from anticancer
experiments in vivo. These results demonstrate that the
synergetic therapeutic DOX/NPs could significantly inhi-
bit B16F10 tumor metastasis by suppressing tumor cell
proliferation. The results are consistent with the data from
in vitro experiments, further confirming that DOX/NPs
have potential to become an alternative strategy of effi-

cient and synergistic therapy for antimetastasis.

Conclusion
In summary, we successfully constructed a pH-sensitive
prodrug  nanocarrier DOX/NPs  with satisfying

p< 0.05 vs NPs and DOX,

ook

p<0.01 vs NPs and DOX.

pharmaceutical characteristics as drug delivery system to
codeliver the DOX/diosgenin combination to efficient and
synergistic antimetastasis and anti-apoptosis. The DOX/
NPs could self-assemble into nanoparticles, exhibit homo-
genous spherical shapes with high loading efficiency, and
further lead to significantly enhanced drug release at tumor
intracellular pH. Compared with free DOX or NPs, DOX/
NPs possess great synergistic effects on tumor migration
and growth inhibition by inducing mitochondria-
associated metastasis and apoptosis in B16F10 cancer
cells, which is the most lethal form of skin cancer with
early metastasis and high mortality. Furthermore, DOX/

NPs could penetrate deep of into the tumor tissues as well
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as increase tumor targeting by biodistribution imaging
in vivo. More importantly, DOX/NPs show better effective
antimetastasis behavior than DOX and NPs in the lung
metastasis, which is the most intractable question in con-
trolling tumor deterioration and recurrence. The estab-
lished DOX/NPs nanocarrier also reduce side effects on
normal tissues compared with free DOX. It is concluded
that the established codelivery system of the combination
of DOX and diosgenin, which could effectively facilitate
an efficient and synergistic antimetastasis and antiproli-
feration, provides a potential strategy for cancer treatment,
especially in avoiding tumor deterioration and recurrence.
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