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Background: Multidrug resistance (MDR) is the major reason for the failure of chemotherapy in
colon cancer. Bufalin (BU) is one of the most effective antitumor active constituents in Chansu.
Our previous study found that BU can effectively reverse P-glycoprotein (P-gp)-mediated MDR in
colon cancer. However, the clinical application of BU is limited due to its low solubility in water
and high toxicity. In the present study, a multifunctional delivery system based on vitamin-E-
succinate grafted chitosan oligosaccharide (VES-CSO) and cyclic (arginine-glycine-aspartic
acid peptide) (RGD)-modified D-alpha-tocopheryl polyethylene glycol 1000 succinate (TPGS)
was prepared by emulsion solvent evaporation method for targeted delivery of BU to improve
the efficacy of drug-resistant colon cancer therapy.

Methods: The cytotoxicity of BU-loaded micelles against drug-resistant colon cancer LoVo/
ADR and HCT116/LOHP cells was measured by CCK-8 assay. The cellular uptake, Rho123
accumulation, and cell apoptosis were determined by flow cytometry. The expression of
apoptosis-related protein and P-gp was measured by Western blot assay. The antitumor activity
of BU-loaded micelles was evaluated in LoVo/ADR-bearing nude mice.

Results: BU-loaded VES-CSO/TPGS-RGD mixed micelles (BU@VeC/T-RGD MM) were
140.3 nm in diameter with zeta potential of 8.66 mV. The BU@VeC/T-RGD MM exhibited
good stability, sustained-release pattern, higher intracellular uptake, and greater cytotoxicity
in LoVo/ADR cells. Furthermore, the mechanisms of the BU@VeC/T-RGD MM to overcome
MDR might be due to enhanced apoptosis rate and P-gp efflux inhibition. Subsequently, in vivo
studies confirmed an enhanced therapeutic efficiency and reduced side effects associated with
BU@VeC/T-RGD MM compared with free BU, owing to the enhanced permeation and retention
effect, improved pharmacokinetic behavior, and tumor targeting, which lead to MDR-inhibiting
effect in LoVo/ADR-bearing nude mice.

Conclusion: Our results demonstrated that VeC/T-RGD MM could be developed as a potential
delivery system for BU to improve its antitumor activity against drug-resistant colon cancer.
Keywords: bufalin, colon cancer, multidrug resistance, mixed micelle, tumor targeting, P-gp

Introduction

Colon cancer is a common malignant tumor, which is the third most common cause
of tumor-related death, and therefore, a serious threat to human health.! Surgery is
the first choice for the treatment of colon cancer. However, 20%—-30% of the patients
suffer from terminal cancer and cannot be cured by surgery alone. Chemotherapy
is the primary treatment for colon cancer patients who cannot be operated on. MDR is
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still a serious problem that restricts the clinical therapeutic
efficiency of chemotherapy, thus affecting survival and
prognosis.?* Therefore, overcoming drug resistance is critical
for improving the antitumor effect and reducing the side
effects of chemotherapy during treatment of colon cancer.

One of the major mechanisms conferring MDR in tumor
cells is the overexpression of ABC, which results in an
increase in drug efflux.* P-gp is the most important member
of ABC superfamily of transmembrane proteins, and is
encoded by the MDR1 gene. P-gp, which is ATP dependent,
can use the energy provided by hydrolysis of ATP to pump
drugs out of the tumor cells, thus reducing the intracellular
drug concentration.>” Modulation of cellular apoptosis path-
way is another important mechanism responsible for MDR.
Some anti-apoptotic pathways and anti-apoptotic signaling
molecules in tumor cells are activated by chemotherapeutic
drugs, allowing them to resist apoptosis and induce devel-
opment of drug resistance.*® Therefore, inhibiting the P-gp-
mediated drug efflux and/or inducing tumor cell apoptosis
have recently become a major hotspot in drug resistance
research.

The commonly used chemotherapeutic drugs for colon
cancer, such as 5-FU, capecitabine, and oxaliplatin, are
nontargeting, with low sensitivity and high side effects, and
thus easily lead to MDR, which limits their wide clinical
application. Developing new drugs and preparations with
high antitumor activity and addressing MDR have an
extremely important value for cancer therapy. BU is one of
the most potent antitumor ligands extracted from Chansu.
Its molecular formula is C, ,H,,0, with a relative molecular
weight of 386 g/mol. It has strong hydrophobicity and
extensive pharmacological activity. Recently studies have
found that BU can produce significant antitumor activity in
different cancers.” !> In our previous study, we found that
BU could inhibit P-gp-mediated MDR in colon cancer. Its
mechanisms involved downregulating P-gp protein expres-
sion and competitive inhibition of the activity of P-gp ATP
enzyme, thus, overcoming the P-gp-mediated drug efflux and
inhibiting MDR in colon cancer.'* However, low solubility
in water, toxicity, short elimination half-life, and fast oral
metabolization rate limit its clinical application.

Nano-delivery systems have been shown to increase
drug solubilization, stability, bioavailability, target delivery,
and therapeutic efficacy, while reducing the side effects.'*!3
Nanoparticulate drug delivery systems are making a
remarkable contribution toward the improvement of active
components of traditional Chinese medicine delivery in
cancer therapy.! It has been reported that nanocarriers
could effectively load BU, prolong its retention time in vivo,

improve its antitumor effect, and reduce its toxicity.*
However, there is no study on BU-loaded nano-delivery sys-
tems to overcome MDR. Polymer micelles are ideal carriers
for both active and passive targeted drug delivery.?”” VES is
a water-soluble derivative of natural vitamin E, which can
effectively encapsulate insoluble drugs, increase entrapment
efficiency, and induce apoptosis of tumor cells, without any
toxicity toward normal cells.?® TPGS is synthesized by esteri-
fication of carboxyl group of VES with PEG. TPGS-based
nanocarriers show enhanced circulation behavior and help
drugs target mitochondria.?>*° In addition, TPGS has been
shown to be the most effective inhibitor among P-gp inhibi-
tory surfactants.’! Moreover, it can induce cell apoptosis
and develop a synergistic effect with chemotherapy drugs.
RGD? is an endogenous short peptide containing arginine,
glycine, and aspartic acid (Arg—Gly—Asp). It can specifically
bind to integrin receptor o f,, which is highly expressed on
endothelial cells of vascularization, which is responsible
for tumor growth. CSO?*® has good biocompatibility, biode-
gradability, and nontoxicity, which can further increase the
solubility and stability of drugs. VES-CSO and TPGS-RGD
can self-assemble in water to form mixed micelle, with VES
as the core and PEG as the shell. The hydrophilic targeted
moiety, RGD, conjugates onto the surface of these nano-
micelles.*

In this study, we explored whether VES-CSO/TPGS-
RGD mixed micelles capable of delivering BU increased
the antitumor therapeutic effects in drug-resistant colon
cancer.

Materials and methods

Materials

BU was obtained from Chengdu Herbpurify Co., Ltd.
(Sichuan, People’s Republic of China). Oxaliplatin (L-OHP)
was sourced from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). DOX and C6 were purchased from Sigma-Aldrich
Chemical Co. (St Louis, MO, USA). CSO (MW 5 kDa,
90.0% deacetylation degree) was purchased from Aoxing
Co. Ltd. (Zhejiang, People’s Republic of China). VES
was obtained from TCI Development Co. Ltd. (Shanghai,
People’s Republic of China). TPGS, ¢(RGDfK) was from
GL Biochem Ltd. (Shanghai, People’s Republic of China).
All the other solvents used were of analytical grade. RPMI
1640 and PBS were from Hyclone (Thermo Fisher Scientific,
Waltham, MA, USA). Annexin V-FITC Apoptosis Detection
Kit was purchased from BD Biosciences (Beijing, People’s
Republic of China). CCK-8 was purchased from Dojindo
(Kumamoto, Japan). FBS was obtained from Gibco BRL
(Carlsbad, CA, USA). The primary antibodies for cleaved
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caspase-3, cleaved caspase-9, Bax, Bcl-2, and B-actin were
sourced from Cell Signaling Technology (Boston, MA,
USA). The secondary antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

Preparation and characterization

of mixed micelles

Empty micelles and BU-loaded VES-CSO (BU@VeC)
micelles, VES-CSO/TPGS mixed micelles (BU@VeC/T
MM) and VES-CSO/TPGS-RGD mixed micelles (BU@
VeC/T-RGD MM) were prepared by organic solvent
emulsification—evaporation as described,**?' except that BU
(1 mg) was separately contained in 200 puL of chloroform.
Excess unentrapped BU was removed using 0.45 um filters.

The average particle size and zeta potential of the micelles
were determined using a Malvern Zetasizer Nano ZS90
DLS (Malvern Instruments, Malvern, UK) instrument. TEM
(JEM-2100; JEOL, Tokyo, Japan) was used to examine the
surface morphology of micelles.

The DL capability of the micelles was determined using
HPLC. BU-loaded MM solution (300 uL) was transferred
into a 1.5 mL volumetric flask and diluted with methanol.
After the samples were vortexed and sonicated, 20 UL of
supernatant was injected into the HPLC system to analyze
BU concentration. The HPLC system (Agilent 1260 Infin-
ity, Agilent, Japan) was equipped with a PLATISIL™
ODS column (250x4.6 mm, 5 um) with a mobile phase of
acetonitrile and water (70:30), with the flow rate and column
temperature set at 1.0 mL/min and 30°C, respectively. The
signals were recorded by UV detector at 296 nm. A calibra-
tion line was conducted to determine the BU concentration in
the range of 1-50 pg/mL. The r?-value of peak area against
BU concentration was at 0.999.

The DL content and encapsulation efficiency were cal-
culated using the following equations.

Drug release in vitro

The release profile of BU from micelles was analyzed by dialy-
sis using a membrane with molecular weight cut off 10,000 Da.
Intotal, 2 mL of different micelles was dialyzed against 18 mL
of PBS (0.02 mol/L, pH 7.4) at 37°C under shaking at 100 rpm/
min. At predetermined periods (0.5, 1,2, 3,4, 6, 8, 10, 12 hours),
0.5 mL aliquots were collected and replaced by 0.5 mL fresh
PBS. The BU content in each samples was determined by
HPLC. AR was calculated as the following formula:

Ci X Vo + 20 Ci=1xVi-1

solution

CBUxV .

micelle

AR (%) = %100

where i is from 0 to n, C is the determined concentration, V'is
the volume of aliquots taken out of the medium, and 7’

solution

is the volume of the total medium.

Cell lines and cell cytotoxicity

The HCT116 human colon cancer cells were purchased
from the Cell Bank of the Chinese Academy of Sciences.
The human MDR colon cancer cell lines (HCT116/L-OHP)
were established by our laboratory. The HCT116/L-OHP
cells were cultured in the medium with 5 ug/mL of L-OHP
to maintain the resistance phenotype. LoVo/ADR cell lines
were obtained from Shanghai Yan Sheng Industrial Co., Ltd.
DOX (8 pug/mL) was added to the medium of LoVo/ADR
cells to preserve resistance. Both cell lines were cultured in
RPMI-1640 containing 10% FBS at 37°C under an atmo-
sphere of 5% CO, and incubated for minimum 1 week in
drug-free medium before use.

The cytotoxicity of various MM against HCT116/L-
OHP and LoVo/ADR cells was assessed using the CCK-8
assay. Cells were seeded into 96-well plates at a density
of 10* cell/well and cultured overnight at 37°C, which
was replaced by fresh media containing free BU, BU@
VeC, BU@VeC/T, and BU@VeC/T-RGD MM at different
concentrations for 48 hours incubation. Finally, each well
was added with 10 uL of CCK-8 and further cultured for
1-4 hours. The absorbance was determined by a microplate
reader (Thermo Fisher Scientific) at 450 nm.

Cellular uptake

The intracellular uptake of VeC/T and VeC/T-RGD MM
was conducted by loading C6 (500 pg/mL) as a fluorescent
dye instead of BU, which was examined by a CLSM (Leica,
Heidelberg, Germany). LoVo/ADR cells at a density of
105 cell per well were seeded and cultured in 24-well plates
for 24 hours. Then, the medium was replaced with fresh
1640 media containing free C6, C6-labeled VeC, C6-labeled
VeC/T MM, and Cé6-labeled VeC/T-RGD MM for 0.5 or
2 hours at 37°C. In addition, in order to explore the target-
ing effect of RGD, cells were incubated with free c(RGDfK)
peptide (0.3 wg/mL) solution and empty VeC/T-RGD MM
for subsequent processing.

Cell apoptosis

The apoptotic effect of different BU-loaded micelles on
HCT116/LOHP and LoVo/ADR cells was analyzed by
FACScan low cytometry using the Annexin V/PI Apop-
tosis Detection Kit. Cells were seeded in six-well plates
(1x105 cells/mL) and cultured with free BU, BU@VeC, BU@
VeC/T, and BU@VeC/T-RGD MM (1x10~* ug BU/mL) for
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48 hours. Then, the attached and detached cells were col-
lected, double-stained with 5 uL PI and 5 uL Annexin
V-FITC, and were analyzed (FL-1:Ex=488 nm, Em=530 nm;
FL-2:Ex=488 nm, Em=620 nm) by FACS (BD Biosciences,
San Jose, CA, USA).

Rho123 accumulation assay by flow

cytometry

After treating with different formulations for 48 hours,
LoVo/ADR cells were cultured with Rho123 (1 pug/mL)
for 90 minutes, respectively. Finally, cells were collected
and washed three times with PBS, and determined by flow
cytometry as described.®

Western blot analysis

LoVo/ADR cells were treated by BU-loaded micelles as
described above, and cells were lyzed in radio immunopre-
cipitation assay buffer on the ice. Equivalent amounts of
proteins (40 pg/lane) were separated on 8%—15% SDS-PAGE
and transferred to poly(vinylidene fluoride) membranes. The
membranes were blocked with 5% albumin from bovine
serum, for 2 h, and treated with the primary antibodies
overnight and then incubated with corresponding horseradish
peroxidase-labeled secondary antibodies. Finally, proteins
were visualized by chemiluminescence.

In vivo imaging

To study the tumor-targeting capability of VeC/T-RGD MM
invivo, IR775 (62.5 pg/mL) instead of BU was encapsulated
as a fluorescence probe in VeC/T and VeC/T-RGD MM.
Free IR775, IR7754+VeC/T-RGD MM, IR775@VeC/T
MM, and IR775@VeC/T-RGD MM (200 uL) were injected
through the vena caudalis (tail vein) into the tumor-bearing
LoVo/ADR xenografted mice. Fluorescence imaging of the
mice was performed at 2, 12, 24, and 48 hours after injection
by using LIVIS Lumina series III (PerkinElmer, Waltham,
MA, USA).

In vivo antitumor therapy

A total of 6-8 weeks athymic nude mice (BALB/c-nu/nu)
were used to establish LoVo/ADR xenograft model, and all
procedures were performed under the approval of the Admin-
istrative Panel on Laboratory Animal Care of the Putuo
District Center Hospital. All animals received care following
the guidelines outlined in the “Laboratory Animal-Guideline
for ethical review for animal welfare.” LoVo/ADR cells at a
density of 1x107 cells/mouse were subcutaneously injected
into the shoulder in the nude mice. When the tumor volumes

reached 150 mm?, the mice were randomized into six groups
(six/group) and intravenously administered by different
BU-loaded micelles, including BU@VeC, BU@VeC/T, and
BU@VeC/T-RGD MM at BU dose of 2.0 mg/kg, and saline
as a negative control every 2 day for 3 weeks (seven-time
injection). The body weight and tumor sizes were measured
at regular intervals. At the end of the treatment, the mice
were euthanized, and organs (heart, liver, lung, spleen, and
kidney) were harvested for histological analysis using the
hematoxylin and eosin (H&E) staining.

Endocytic pathway of VeC/T-RGD MM
LoVo/ADR cells were preincubated in serum-free RPMI 1640
medium containing 100 mg/mL amiloride, 10 pg/mL chlorpro-
mazine, and 15 mg/mL nystatin for 30 minutes, respectively.
The media were then changed to fresh serum-free medium
containing the inhibitors and C6 @VeC/T-RGD MM at 3 ug/
mL C6 concentration and incubated for another 2 hours. The
cells were washed with PBS, harvested, and then intracellular
fluorescence was determined by flow cytometry.

Pharmacokinetic studies

Two groups (n=3) of male Sprague Dawley rats (25010 g)
purchased from Shanghai SLAC Laboratory Animal Co. Ltd.
(Shanghai, People’s Republic of China) were intraperitoneal
injected with BU or BU@VeC/T-RGD MM (1 mg/kg), and
blood samples were collected from postorbital venous plexus
veins at selected time points (5, 15, 30, 45, 60, 90, 120, 240,
and 360 minutes). All blood samples were centrifuged (3,500
rpm/min) and the supernatant was stored at —80°C until analy-
sis. In total, 300 UL acetonitrile was added to 100 UL of super-
natant sample. The mixture was vortexed for 30 seconds and
1.0 mL ethylene acetate was added and centrifuged at 3,500
rpm/min for 10 minutes. Then, 2 mL of the supernatant was
collected and evaporated to dryness and the residue was then
redissolved in mobile phase (100 uL). Then, a 10 puL aliquot
of supernatant was injected into the HPLC system.

Statistics

Statistical analysis was performed using GraphPad Prism
5.0 software. Differences between groups were analyzed
by two-tailed Student’s #-test. P-values below 0.05 were
considered significant.

Results
Preparation and characterization

of mixed micelles
The BU-loaded mixed micelles were prepared by emulsion
solvent evaporation method (Figure 1A). The particle size
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Figure | Characteristics of BU-loaded micelles.

Notes: (A) Formulation mechanism of BU@VeC/T-RGD MM and (B) particle size distribution and TEM image of BU@VeC/T-RGD MM. (C) Changes of particle size and
particle distribution index of BU-loaded micelles in PBS for 7 days at 37°C, measured by dynamic light scattering. (D) In vitro BU release curve from BU-loaded micelles in
PBS (pH 7.4) at 37°C. Data are meanSD (n=3). All experiments were tested for three times.

Abbreviations: BU, bufalin; MM, mixed micelles.

and zeta potential were measured by DLS, and the data
are summarized in Table 1. The mean particle size of BU-
loaded VES-CSO (BU@VeC) micelles was 150.9 nm with
& potential of 36.6 mV, while the size and & potential of
BU-loaded VES-CSO/TPGS mixed micelles (BU@VeC/T
MM) decreased to 136.3 nm and 7.75 mV, which may be
attributed to the insertion of TPGS (DS% of VES=3.64%).
The particle size of the mixed micelles was smaller than
mono-micelles. This was because TPGS and VES had the
same hydrophobic fragments, so they could be embedded
in the core of the spherical structure of the micelles and
tightly encapsulate drugs, thus making the mixed micelles
more stable. In addition, TPGS has a negative charge, which

Table | Physico-chemical property of BU-loaded micelles

might reduce the zeta potential of the micelles. The LE of
BU@VeC/T MM was 2.36%, which was higher than that
of BU@VeC micelles, due to the solubility enhancement of
TPGS. In contrast, after conjugation of RGD on the surface
of the particles, the size of BU-loaded VES-CSO/TPGS-
RGD mixed micelles (BU@VeC/T-RGD MM) showed a
slight increase to 140.3 nm, while the & potential increased
to 8.66 mV and the LE% had a slight decrease of2.24%. The
reason might be that the total content of TPGS was slightly
lower, because a part of TPGS was in conjunction with RGD
as the target head, resulting in slightly larger particle size and
potential. As shown in Table S1, the particle size of the BU-
loaded micelle was smaller than the blank micelle, because

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

BU@VeC 10/0/0 1.36 150.9£0.8 36.6+1.80 0.28

BU@VeC/T 10/2/0 236 136.3£1.2 7.75%1.32 0.19

BU@VeC/T-RGD 10/1.76/0.24 224 140.3£0.8 8.66x1.07 0.19

Note: Data are presented as meantSD (n=3).

Abbreviations: BU, bufalin; LE, loading efficiency; PDI, polydispersity index; RGD, arginine—glycine—aspartic acid—D-phenylalanine-lysine; TPGS, D-alpha-tocopheryl
polyethylene glycol 1000 succinate; VES-g-COS, vitamin-E-succinate grafted chitosan oligosaccharide; BU@VeC/T-RGD, BU-loaded VES-CSO/TPGS-RGD; BU@VeC/T,

BU-loaded VES-CSO/TPGS.
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the drug molecules had intermolecular forces such as van
der Waals force, hydrophobic bond, and hydrogen bond with
the VES fragment of the hydrophobic core of the micelle.
The combined effect of these forces could make the micelle
core shrink and make the micelle contract more tightly,
which led to BU being tightly wrapped in the hydrophobic
core and a reduction in the particle size. The TEM image
showed that BU-loaded MM were spherical with a uniform
dispersion (Figure 1B). All the micelles showed a relatively
narrow PDI (<0.3). These results were in accordance with
our previous studies.

During the stability experiment, micelles were stored
at 4°C for 1 week. The size of BU@VeC micelles showed
a remarkable change over 5 days. Comparatively, BU@
VeC/T and BU@VeC/T-RGD MM maintained their original
sizes, suggesting that the mixed micelles were of satisfac-
tory stability due to the compacted inner core, composed of
VES-g-CSO and TPGS (Figure 1C).

As shown in Figure 1D, in vitro drug release from different
BU-loaded MM was evaluated in pH 7.4 PBS at 37°C. During
the initial 1 hour, BU was rapidly released from BU@VeC
micelles, BU@VeC/T MM, and BU@VeC/T-RGD MM at
25.2%, 17.6%, and 11.1%, respectively. The release rate of
the three micelles gradually slowed down after 2 hours, which
was followed by steady release patterns. Accumulative BU
release over 24 hours followed a descending order of VeC
micelles > VeC/T-RGD MM > VeC/T MM. In addition,
the release kinetic behavior of BU from these formulations

A Free C6 c6@VeC

h

0.5

B

2h

C6@VeC/T

was also studied under acidic conditions (pH 5.0) for
24 hours. The trends were in agreement with the results in
pH 7.4 (Figure S1). It is speculated that BU might be par-
tially adsorbed on the surface of the micelle, and it might
get quickly desorbed and released from the surface of the
carrier at the beginning of the release experiment. As the
hydrophobic core constructed by VES was not close enough,
the structure of BU@VeC micelles was relatively loose.
In contrast, due to the role of TPGS in BU@VeC/T-RGD
and BU@VeC/T MM, the hydrophobic core was close, and
the drug was relatively stable and not easy to release, result-
ing in relative sustained release. The diffusion manner was
correlated with the characteristics of the micelles.

Cellular uptake study

Cellular uptake of micelles was observed by replacing BU
with C6, which was evaluated in LoVo/ADR cells by
CLSM (Figure 2). The results showed that after 2 hours
of incubation, the uptake of C6@VeC/T-RGD MM was
significantly higher compared with the other formulations.
This could have resulted from the addition of TPGS and
because of RGD-mediated active targeting, which increased
the cellar uptake of micelles. In addition, TPGS overcame
MDR by suppressing P-gp, which may further enhance the
cellular uptake of C6. After preincubation with free RGD
peptide, the cellular uptake of C6-labeled VeC/T-RGD
MM was reduced, which might be due to the competitive
binding of integrin to free ligands. Furthermore, the results

RGD+C6@VeC/

C6@VeC/T-RGD T-RGD

Figure 2 LoVo/ADR cellular uptake after 0.5 hour (A) and 2 hours (B) of incubation with free Coumarin-6 (Cé)-labeled VeC micelles, Cé-labeled VeC/T MM, Cé-labeled
VeC/T-RGD MM, or preincubation with 0.3 pug/mL of free RGD for | hour before exposure to Cé-labeled VeC/T-RGD MM was examined by fluorescent microscopy.

Notes: Green: Cé6. Bar: 100 um.
Abbreviation: MM, mixed micelles.
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of uptake mechanism of VeC/T-RGD MM on LoVo/ADR
cells demonstrated that the uptake of VeC/T-RGD MM
was dependent on clathrin- and caveolin-mediated endo-
cytosis process (Figure S2). These results indicated that
RGD-targeted VeC/T MM could improve cell uptake
ability and enhance the cancer cell targeting of cargos,
most likely due to the high expression of integrin avB3 in
LoVo/ADR cells.

In vitro cell cytotoxicity

Cytotoxicity of BU, BU@VeC micelles, BU@VeC/T, and
BU@VeC/T-RGD MM against drug-resistant colon cancer
HCT116/LOHP and LoVo/ADR cells at various concentrations
was evaluated by CCK-8 assay. As shown in Figure 3, the
cytotoxicity in drug-resistant cells was in the following order:
BU<BU@VeC micelles<BU@VeC/T MM<BU@VeC/
T-RGD MM. When BU was loaded into micelles, its solubil-
ity was increased, and it was more easily taken up by cells
in the form of micelles. Thus, more BU entered the cells and
greater toxicity was achieved. The increased cytotoxicity
against LoVo/ADR cells observed upon the addition of
TPGS might be attributed to the potentiated cellular uptake
of TPGS-inserted mixed micelles. BU@VeC/T-RGD MM
could further enhance cytotoxicity by promoting intracellular
drug concentration through integrin-mediated endocytosis.
Accordingly, it was observed that the combination of
increased solubility, enhanced cellular uptake by efficient
intracellular delivery, active targeting effect of RGD, and
P-gp inhibition by TPGS led to significant enhancement of
BU cytotoxicity by BU@VeC/T-RGD MM.
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These results further agreed with the cellular uptake test,
which confirmed that the enhanced inhibitory effect might
be due to the higher intracellular uptake and overcoming of
MDR by inhibition of P-gp.

Apoptosis assay and expression

of apoptosis-related proteins

First, the effect of apoptosis induction in LoVo/ADR cells
by different formulations was quantified through counting of
apoptotic cells in early and late stages using flow cytometry
analysis. As shown in Figure 4A and B, the percentages of
apoptotic cells for BU, BU@VeC micelles, BU@VeC/T, and
BU@VeC/T-RGD MM were 7.5%, 10.5%, 14.8%, 18.4%,
and 20.5%, respectively. Due to the increased solubility and
cellular uptake of BU upon encapsulation in micelles, the
apoptotic ratio of BU-loaded MM was higher than free BU.
Compared with mono-micelles, the mixed micelles could
increase the apoptotic ratio, which may be attributed to the
insertion of TPGS. RGD peptide could target tumor cells
through receptor-mediated endocytosis, thus increasing the
uptake of drugs as well as their intracellular concentration,
resulting in an increased apoptotic ratio.

To explore the molecular mechanism of apoptosis induc-
tion, the expression of apoptosis-related proteins (Bcl-2, Bax,
and cleaved caspase-3, -9) was examined using Western blot
analysis. We found that, compared with free BU, BU-loaded
micelles further enhanced the levels of pro-apoptotic
molecules Bax and cleaved caspase-3, -9, and decreased
the expressions of anti-apoptotic molecules Bel-2 in LoVo/
ADR cells (Figures 4C and S3). Our results supported the
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Figure 3 Cytotoxicity of BU and BU-loaded micelles on the HCT | | 6/LOHP cells (A) and LoVo/ADR cells (B) in 48 hours at 37°C.
Notes: Data are meantSD (n=3). *P<<0.05, **P<<0.01, and ***P<<0.001 indicate statistical significance levels compared with the control.

Abbreviation: BU, bufalin.
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statistical significance levels compared with the control. (C) Western blot analysis of apoptosis-related proteins expression in LoVo/ADR.

Abbreviations: BU, bufalin; MM, mixed micelles.

previously reported antitumor mechanisms of BU, which
was involved in induction of apoptosis by the mitochondrial
pathway.***° The action of regulatory proteins in BU-loaded
micelles was more significant than free BU.

Together, these results demonstrated that mixed micelles

increase the pro-apoptotic effect of BU.

Intracellular accumulation of Rho 123

and protein expression of P-gp

The intracellular accumulation of Rho123, a P-gp substrate,
by different formulations was observed using flow cytom-
etry in LoVo/ADR cells. As shown in Figure 5A, compared
with free Rho123, strong MFI was observed after exposure
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Figure 5 Effect of BU-loaded micelles on accumulation of Rhol23 and the protein expression of P-gp.

Notes: (A) Fluorescence intensity of LoVo/ADR cells after | hour of incubation with the free Rho 123 (5 tM) in the absence and presence of different formulations. (B) The relative
values of MFl in the absence or presence of Rho|23-labeled micelles were measured by flow cytometry in LoVo/ADR. The results are presented as fold change in fluorescence
intensity relative to control. (C) Western blot analysis of P-gp. Effect of BU-loaded micelles on the protein expression of P-gp in LoVo/ADR cells. (D) Quantitative analysis of
effects of different groups on P-gp expression. *P<<0.05, *P<<0.01, and ***P<<0.00| indicate statistical significance levels compared with the control.

Abbreviations: BU, bufalin; MFI, mean fluorescence intensity.

to a mixture of Rho123 and TPGS, which confirmed TPGS
as a P-gp inhibitor for reversal of MDR. Furthermore,
we encapsulated Rho123 into different micelles to acquire
Rho123@VeC micelles, Rho123@VeC/T, and Rhol23@
VeC/T-RGD MM, and examined their cellular uptake
of Rho123. As shown in Figure 5B, compared with free
Rho123, Rho123@VeC micelles group did not show any
reinforcement of the MFI. However, both Rho123@VeC/T
and Rhol123@VeC/T-RGD MM groups showed a great
capacity for promoting the intracellular uptake of Rho123.
These results confirmed the P-gp-inhibiting effect of TPGS-
incorporated mixed micelles.

To further investigate the effect of BU-loaded micelles
on reversing MDR, we determined the effect of different
formulations on P-gp protein in LoVo/ADR cells using

Western blot assay. As shown in Figure 5C and D, treat-
ment with empty VeC/T-RGD, free BU, BU@VeC micelles,
BU@VeC/T, and BU@VeC/T-RGD MM reduced the P-gp
expression by 10%, 21%, 18%, 29%, and 30%, respectively.
Consistent with above results for Rho123, empty mixed
micelles could inhibit P-gp, likely due to the role of TPGS.
In addition, our group had confirmed that free BU could
effectively inhibit P-gp expression. Thus, BU@VeC/T-
RGD MM combined the double-inhibiting effect of BU and
mixed micelles, which led to a significant reduction in P-gp
expression.

Therefore, these results indicate that not only BU-loaded
VeC/T-RGD MM but also empty VeC/T-RGD MM could
serve as nano-inhibitors to decrease the expression of P-gp
in resistant colon cancer cells.
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Figure 6 In vivo imaging of tumor-bearing mice at 2, 12, 24, and 48 hours after intravenous injection of free IR775 and different IR775-labeled micelles.

Our previous studies showed that BU can effectively
inhibit P-gp-mediated MDR in colon cancer. The mechanism
involves downregulation of P-gp expression and inhibition
of P-gp ATP enzyme activity. However, because of its low
water solubility and high toxicity, its application was limited
to combination with chemotherapeutic drugs at low dose.
In this paper, the development of nano-micelles addressed
the above shortcomings of BU, which widens the scope for

its clinical application in MDR cancer therapy.

In vivo imaging

The whole-body fluorescence images of mice are shown in
Figure 6. At 12 hours post-injection, strongest fluorescence
signal was observed, especially in the liver. The fluorescence
intensity at 24 hours was slightly higher than that at 48 hours.
With time, the fluorescence signal showed a sharp decline
due to clearance in the groups treated with free IR775, non-
targeted VeC/T MM, and a mixture of VeC/T-RGD MM plus
free IR775. Comparatively, VeC/T-RGD MM displayed a
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strong fluorescence in the tumor as early as 12 hours post-
injection, which also showed a longer residence time and
was still retained in the tumor tissue even at 48 hours. Our
results indicated that the tumor targeting and accumulation
of VeC/T-RGD MM can be attributed to a combination of
the EPR effect by PEGylation and the RGD peptide, which
confers the ability of active targeting to micelles.

In vivo antitumor effect

The in vivo antitumor efficacy of BU-loaded micelles
against drug-resistant tumor growth was evaluated in LoVo/
ADR tumor-bearing nude mice. Compared with BU alone,
all the BU-loaded micelles presented a greater efficacy
of tumor growth suppression. Specifically, BU@VeC/T-
RGD MM inhibited the tumor growth by 65%, which was
significantly higher than the 22% inhibition by free BU
(Figure 7A and B). This was mainly associated with the
improved pharmacokinetic behavior (Figure S4; Table S2)
and tumor-targeting capability of the mixed micelles func-
tionalized by RGD and TPGS. After treatment, the weight of

A
Ctrl

VeC/T-RGD

BU
BU@VeC

BU@VeC/T

BU@VeC/T-RGD

four groups (empty VeC/T-RGD MM, BU@VeC micelles,
BU@VeC/T MM, and BU@VeC/T-RGD MM) and saline
group showed no remarkable change, whereas free-BU
group reduced the mice weight by 15%, likely due to BU
toxicity (Figure 7C).

In addition, we analyzed histopathological changes in
the heart, liver, spleen, lung, and kidney. The major organs
had different degrees of pathological damages in free-BU-
treated mice group, including cardiomyocyte necrosis,
connective tissue proliferation, neutrophil infiltration, liver
cell necrosis, renal tubular necrosis, and apoptosis, whereas
no obvious damages in major organs were detected in the
micelles group (Figure 8).

These data demonstrated that VeC/T-RGD MM not only
enhanced the antitumor effects of BU but also reduced its
toxicity in vivo, suggesting the potential value of VeC/T-
RGD MM for clinical application.

Taken together, the present in vivo results clearly dem-
onstrate the potential of BU@VeC/T-RGD MM as a novel
antitumor therapy. The advantages of BU@VeC/T-RGD
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Figure 7 The tumor volume (A), changes in tumor volume with time after tumor cell inoculation (B), and body weight (C) of tumor-bearing mice during the period of
treatment. Data are meantSD (n=6). **P<<0.01 and ***P<0.001 indicate statistical significance levels compared with the control.

Abbreviations: BU, bufalin; MM, mixed micelles.
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Notes: Hematoxylin and eosin histology of various organs in various groups. Original magnification: 20x.

MM compared with native BU, including higher solubility,
EPR effect, intracellular uptake, improved pharmacokinetic
behavior, tumor targeting, and P-gp inhibiting, strongly
strengthen its anticancer effect against drug-resistant colon
cancer. Further investigations should focus on its mecha-
nisms of in vivo antitumor actions, and its reversing effect
of MDR should be explored in different tumor models.

Conclusion

In this study, we prepared a multifunctional mixed micelles
composed of VES-CSO and TPGS-RGD for tumor-targeted
delivery of BU by emulsion solvent evaporation method.
In addition to improved water solubility and stability,
VeC/T-RGD MM exhibited sustained-release manner of
BU, higher intracellular uptake, and enhanced cytotoxicity in
LoVo/ADR cells. Moreover, VeC/T-RGD MM were shown
to increase apoptosis rate and inhibit P-gp expression than
free BU in LoVo/ADR cells. In LoVo/ADR drug-resistant
tumor-bearing nude mice model, VeC/T-RGD MM demon-
strated significantly improved antitumor activity, with less
toxicity compared with BU alone, owing to the ERP effect
and RGD-mediated tumor targeting, apoptosis inducing, and
P-gp inhibition, leading to MDR-inhibiting effect in vivo.
In consequence, BU-loaded VeC/T-RGD MM is a promising
multifunctional drug delivery system with stronger antitumor
effect against drug-resistant colon cancer.

Abbreviations

ABC, ATP-binding cassette; AR, accumulative release rate;
BU, bufalin; CLSM, confocal laser scanning microscopy; C6,
Coumarin-6; CSO, chitosan oligosaccharide; DOX, Doxo-
rubicin; DL, drug-loading; DLS, dynamic light scattering;
EPR, enhanced permeation and retention; FBS, fetal bovine
serum; HPLC, high-performance liquid chromatography; LE,
loading efficiency; MDR, multidrug resistance; MFI, mean
fluorescence intensity; MW, molecular weight; PEG, poly-
ethylene glycol; P-gp, P-glycoprotein; PDI, polydispersity
index; RGD, arginine-glycine-aspartic acid peptide; TEM,
transmission electron microscopy; TPGS, D-alpha-tocopheryl
polyethylene glycol 1000 succinate; TPGS-RGD, RGD-
conjugated D-alpha-tocopheryl polyethylene glycol
1000 succinate; VES, vitamin E succinate; VES-g-CSO,
vitamin E succinate-grafted chitosan oligosaccharide; VeC,
VES-grafted-CSO micelles; VeC/T MM, VES-grafted-CSO/
TPGS mixed micelles; VeC/T-RGD MM, VES-grafted-CSO/
TPGS-RGD mixed micelles; BU@VeC, BU-loaded VES-
grafted-CSO micelles; BU@VeC/T MM, BU-loaded VES-
grafted-CSO/TPGS mixed micelles; BU@VeC/T-RGD MM,
BU-loaded VES-grafted CSO/TPGS-RGD mixed micelles.
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Table S| Physico-chemical property of empty micelles

Formulation Size (nm) Zeta potential (mV) PDI
VeC micelles 170.5%1.5 36.612.24 0.21
VeC/T MM 140.3+0.8 18.6x1.54 0.18
VeC/T-RGD MM 120.3+0.8 16.3+1.84 0.21

Note: Data are presented as mean+SD (n=3).
Abbreviation: MM, mixed micelles.
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Figure S| Release profiles of BU from BU@VeC, BU@VeC/T, and BU@VeC/T-RGD MM in PBS (pH=5.0) at 37°C.

Note: The data are shown as mean+SD (n=3).
Abbreviations: BU, bufalin; MM, mixed micelles.
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Figure S2 Statistics of flow cytometry for calculating the effect of endocytic inhibitors on cellular uptake in LoVo/ADR cells.
Notes: The cells were pre-treated with different inhibitors (100 mg/mL amiloride, |0 pg/mL chlorpromazine, and 15 mg/mL nystatin), then co-incubated with for 2 hours
at 37°C+0.5°C. The concentration of Coumarin-6 was 3 pg/mL. Each value indicates the mean+SD and was representative of results obtained from three independent

experiments. Statistical significance relative to non-inhibitor control (n=3), *P<<0.05, **P<<0.01.
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Figure S3 Quantitative analysis of effects of different formulations on apoptosis-related protein expression.

Notes: (A) The relative expression of Bax, (B) Bcl-2, (C) caspase-3, and (D) caspase-9. *P<<0.05, compared with control group; **P<<0.01, ***P<0.001, compared with
control group.

Abbreviation: BU, bufalin.
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Figure S4 Pharmacokinetic of BU@VeC/T-RGD MM in vivo.
Note: Bufalin concentration of BU@VeC/T-RGD MM of 1.0 mg/kg (n=3).
Abbreviations: BU, bufalin; MM, mixed micelles.
Table S2 Pharmacokinetic parameters of BU and BU@VeC/T-RGD MM

Parameters BU BU@VeC/T-RGD MM

AUC (min-pg/mL) 28.006 82.506

t,, (min) 12.11 30.027

T . (min) 24.75 58.35

C, .. (ug/mL) 0.397 0.339
Abbreviations: AUC, area under the curve; BU, bufalin; MM, mixed micelles.
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