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Background: S-HM-3 is a tumor angiogenesis inhibitor with short half-life (25 min). In this
present, TPGS/Solutol polymeric micelles was prepared to load together insoluble paclitaxel
(PTX) and soluble S-HM-3, expecting to together deliver them to the tumor site with long-
circulating, targeting function and combating multi-drug resistance (MDR).

Materials and methods: PTX and S-HM-3 loaded TPGS/Solutol micelles (PHTSm) were
prepared by the method of thin-film evaporation, and characterized by dynamic light scattering,
transmission electron microscope (TEM), atomic force microscopy (AFM) and releasing proper-
ties. The anticancer effect of the polymeric micelles system was evaluated and confirmed by experi-
ments of in vitro cell uptake study, in vivo pharmacokinetics, and pharmacodynamics studies.
Results: Micelles exhibited smooth spherical morphology with 20~30 nm and low critical micelle
concentration (CMC) value of 0.000124 mg/mL. Only about 30% of PTX were slowly released
from micelles at 48h, which can beneficial to the long circulation in blood. The results of in vitro
cell assay proved that S-HM-3 could be easier to get into MDA-MB-231 cell, and its angiogenesis
inhibition ability was also enhanced after integrating into micelles. In particular, the results of
in vivo studies showed that the half-life of S-HM-3 and PTX was significantly prolonged 25.27
and 5.54 folds, and their AUC _ was enhanced 129.78 and 15.65 times, respectively. Meanwhile
83.05% tumor inhibition rate of PHTSm was achieved compared with 59.99% of PTX.
Conclusions: TPGS and Solutol micelles hold promising potential to resolve the conundrum of
combined therapy of cytotoxic drug and angiogenesis inhibitor with different physicochemical
property and anticancer mechanism in clinical use.

Keywords: paclitaxel, angiogenesis inhibitor, combination therapy, TPGS, Solutol, anti-
multidrug resistance

Introduction

Paclitaxel (PTX), known as Taxol, is the first-line chemotherapy drug for the treatment
of breast cancer, metastatic breast cancer, ovarian cancer, non-small-cell lung cancer
(NSCLC), bladder cancer, prostate cancer, melanoma, esophageal cancer, and other
types of solid tumors.! As an antimicrotubule agent, PTX works through impairing the
transition of G2-Phase to M-Phase during the cell cycle, resulting in inhibiting multipli-
cation of malignant cells. Due to its poor solubility, PTX is commercially available as a
nonaqueous concentrate of dehydrated ethanol and polyoxyethylenated castor oil admin-
istrated by intravenous infusion. The use of solubilizer and the toxicity of PTX itself have
accounted for their side effects in clinical application, such as hypersensitivity reactions,
peripheral sensory neuropathy, myelosuppression, and gastric digestive tract mucositis.
In order to reduce solvent hypersensitivity risks, improve body distribution target, and
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enhance the human body’s tolerance to PTX, liposomal formu-
lation (Lipusu® approved by state FDA of PR China) and the
albumin-based formulation of PTX have been used in clinical
application.>* The tumor cell killing efficiency of PTX and its
drug resistance were not settled appropriately. Therefore, the
challenge to improve the cancer cell sensitivity of PTX and
simultaneously reduce its undesirable side effects still remains.’

Tumor-associated angiogenesis is one of the important
marks of cancer development and metastasis. Antiangio-
genesis therapy can restrain cancer progression by blocking
formation of new blood vessels in tumors, which is expected
to turn a tumor into a “dormant” disease. Benefits of using
direct or indirect tumor angiogenesis inhibitors in clinical
trials showed an improvement of response rate and a decline
of disease progression in many tumor types, as well as modest
survival.*” Because the combination therapy of antiangio-
genic agents and chemotherapy drugs provides potential treat-
ment effect to compensate for the limitations of each therapy
type, their synergistic use of different anticancer drug has
been progressive and attracted the attention of oncologists.® 12

Meanwhile, multidrug resistance (MDR) of tumor cells
to anticancer drugs is a serious problem for cancer therapy.
The expression of one or more proteins belonging to the ABC
transporter gene family (ATP-binding cassette) in tumor cells
is one of the mechanisms involved in the MDR."*'* Among
these ABC transporters, P-glycoprotein (P-gp) was the
first protein transporter identified and the most extensively
studied.'>'® Reportedly, a P-gp inhibitor combination could
increase the intracellular bioavailability of antitumor drugs
and improve the efficiency of cytotoxicity.!”2° Furthermore,
not only the chemotherapy drug such as PTX but also the
antiangiogenic agents faced the severe challenge of drug
resistance. Series of preclinical and clinical studies have
highlighted the enigma of drug resistance with functional
bypass pathways and identified compensatory or alternative
angiogenic mechanisms assuring tumor growth in the midst
of an antiangiogenic stress environment.?'

HM-3 is an antiangiogenic agent designed by our lab,
and it consisted of 18 amino acids with an arginine—glycine—
aspartic acid (RGD) in the terminal of the molecular struc-
ture. It is proved that HM-3 has an efficient binding motif to
interact with oov33, which will block the binding of ligands to
ovP3 and destroy tumor vessels without the harmful effects.
In in vitro and in vivo experiments, HM-3 showed significant
antitumor angiogenesis and antitumor effects.?>** However,
its short half-life (25 minutes only) restricts the clinical
application, which need to be solved urgently.?

Here, we designed a simple and novel polymeric micelles
system to load PTX and HM-3 together based on tocopheryl

polyethylene glycol succinate (TPGS) and Solutol copoly-
mers. The PTX was solubilized and encapsulated into the
hydrophobic core of the micelles, while HM-3 peptide was
modified with stearic acid to form S-HM-3 and inserted on the
surface of micelles (Figure 1). By virtue of inhibitor function
of P-gp by the TPGS to overcoming multidrug resistance,
which was able to bypass the efflux pumps, the therapeutic
efficacy of PTX and HM-3 could be further enhanced and the
side effects of PTX could be reduced. Meanwhile, the half-
life of HM-3 peptide could also be extended to resolve the
compliance problem of clinical application owing to the nano
effect of polymeric micelles.?**° The polymeric micelles
system of anticancer effect was evaluated and confirmed by
a series of experiments such as in vitro cell uptake study,
in vivo pharmacokinetics, and pharmacodynamics studies.

Materials and methods

Materials

PTX was purchased from the Chengdu Biopurify Phyto-
chemicals Ltd. (Sichuan, PR China). TPGS (1000) were
obtained from Aladdin Biotechnology Co., Ltd. (Shanghai,
PR China). Solutol HS 15 was kindly gifted by Basf China
(Shanghai, PR China). S-HM-3 was designed by us and syn-
thesized by GL Biochem Co., Ltd. (Shanghai, PR China). Cell
culture medium, trypsine, EDTA, penicillin, streptomycin,
and fetal bovine serum (FBS) were provided from Thermo
Fisher Scientific (Waltham, MA, USA). Extracellular matrix
(ECM) cell culture medium and endothelial cell growth
supplement (ECGS) were provided from ScienCell Research
Laboratories (Carlsbad, CA, USA). PAGE and ECL Kit were
purchased from Lianke Biotechnology (Nanjing, PR China).
Other reagents were all of analytical grade.

A549 and MDA-MB-231 cell lines were kindly provided
by Professor Zhangjuan in China Pharmaceutical University.
Human umbilical vein endothelial cells (HUVECSs) were
purchased from ScienCell Research Laboratories. All cell
experiments were permitted by the Ethical Committee of
China Pharmaceutical University.

Methods

Micelles preparation

In brief, PTX, Solutol, and TPGS (1:6:34) were dissolved
in chloroform and evaporated at 60°C. The organic solvent
was evaporated until 1/4 at the speed of 40 rpm, and then
evaporated to form a thin lipid film under vacuum at 5 rpm.
Then, the lipid film was hydrated in 10 mL of deionized
water without or with S-HM-3 solution (0.35 mg/mL) for
30 minutes to obtain the micelles of PTX-TPGS Solutol
(PTSm) and PTX-S-HM-3-TPGS Solutol (PHTSm). Finally,
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Figure | The schematic diagram of PHTSm for oncotarget therapy.
Abbreviations: PTX, paclitaxel; TPGS, tocopheryl polyethylene glycol succinate.

the solution was filtered through a 0.22 um filter and added
5% glucose as lyoprotectant to lyophilize, resulting in the
powder of micelles.

Characterization
The critical micelle concentration (CMC) of TPGS-Solutol
was determined by a pyrene fluorescence method.*' The
characterization of the PHTSm including particle size distri-
bution, polydispersity index (PDI), and zeta potential were
measured by a Zetasizer (Nano ZS90; Malvern Panalytical,
Malvern, UK). Its morphology was observed through a
transmission electron microscope (TEM) and atomic force
microscopy (AFM).

The encapsulation efficiency and drug loading percentage
of PTSm and PHTSm were determined as below.?>* The

EE% and DL% were calculated using the following formula:

W
drug in micelles x 100% (1)

total drug

EE% =

W
drug in micelles x 1 00% (2)

micelles

DL% =

where W

drug in micelles

is defined as the PTX or S-HM-3 amount
in the polymeric micelles, W, arug and W, . represent the
whole PTX or S-HM-3 amount added into the micelles and

the PHTSm weights, respectively.

In vitro release of PTSm and PHTSm

The release of PTX from micelles was investigated by dialysis
method. A measured quantity of 1.0 mL PTX solution,
PTSm and PHTSm solutions (equivalently containing 1 mg
PTX) was placed in a dialysis tubing (MWCO =5 kDa) and
immersed into 500 mL PBS (1% Tween 80, pH 7.4) with a
speed of 50 rpm at 37°C. A volume of 1.0 mL release medium
was sampled at predetermined time intervals (0.5, 1, 2, 4, §,
12,24, and 48 hours) followed by immediate replacement with
an equal volume of fresh PBS. The collected medium was fil-
tered through 0.22 um millipore filter before HPLC analysis.
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Cytotoxicity test by MTT assay

To evaluate the cytotoxicity of micelles, the inhibition of
A549 and MDA-MB-231 cells’ growth was determined by
the MTT assay. A549 (MDA-MB-231) cells were seeded
into 96-well plates at 6,000 cells/well and incubated at 37°C,
5% CO, in a humidified atmosphere for 24 hours. Then, the
medium was replaced by fresh DMEM (L15) medium con-
taining a series of samples. Then, the cells were incubated
for 48 hours. After that, 20 UL of MTT solution (5 mg/mL
in PBS) was added to each well and incubated for additional
4 hours. Subsequently, the medium was replaced with 10 uL
DMSO per well. The absorbance was measured at 570 nm
using a microplate reader with the reference wavelength
630 nm. Cell viability was calculated using the following
formula:

o OD
Cell viability = :

control

x100% 3)

where OD_and OD
samples and blank controls, respectively.

are the absorbance of experimental

control

Cellular uptake

In order to evaluate the uptake ability of PTSm and PHTSm
in cells, the coumarin-6 (C,) was chosen as fluorescence
probe. C, with or without S-HM-3-loaded TPGS—Solutol
micelles was prepared using the same method as PHTSm.
MDA-MB-231 cells were seeded in glass-base dishes at a
density of 1x10° per dish and incubated for 12 hours at 37°C.
The cells were washed twice with PBS, then C-TSm and
C,-HTSm were added, which had an equivalent concentra-
tion of C (0.5 ug/mL). The cells were incubated for 0, 0.5,
1, and 3 hours at 37°C and washed thrice with ice-cold PBS
and added with 0.5 mL Hoechst33342 for 30 minutes. The
cells were washed thrice with ice-cold PBS and fixed with
4% (w/w) formaldehyde solution for 30 minutes. The form-
aldehyde solution was removed, and the cells were washed
thrice with ice-cold PBS. Finally, the cells were observed
using a confocal laser scanning microscopy (CLSM).

Cell migration

Matrigel, 10 mg/mL, was diluted with serum-free ECM
Cell culture medium (v/v, 1:3) and coated onto the mem-
brane of transwell. HUVECs were seeded in the transwell
chambers at a density of 1x10° cells/well in 100 puL of
serum-free medium. Cells were incubated for 24 hours
with blank medium (as control). Avstin at a concentration
of 10 ug/mL, S-HM-3, blank micelles (THm), and HTSm

at a concentration of 9 ug/mL were used and added into the
well of a 24-well plate. Six hundred microliters of medium
supplemented with 5% FBS and 1% ECGS was used as a
chemoattractant of cell migration. The cells were incubated
ina 5% CO, incubator at 37°C. After 24 hours, the cells on
the bottom side of the chamber (invasive cells) were fixed by
ethanol and stained with 0.1% crystal violet for 10 minutes.
Finally, the migrating cells were photographed and counted
microscopically. The migration inhibition (MI) was calcu-
lated with the following formula:

0 _ 1 - Nsamplcs 0
MI (%) = ——=™' » 100% (4)

control

and N

control

where N

samples

are defined as the count of migrating
cells of the experiment groups and control group, respectively.

In vivo studies

In vivo pharmacokinetic studies of S-HM-3

The experiments of Sprague Dawley rats and female Balb/
¢ nude mice were carried out in compliance with the guide-
lines of the Institutional Animal Care and Use Committee
of China and were permitted by the Ethical Committee of
China Pharmaceutical University.

Six male Sprague Dawley rats (180-200 g) were divided
into two groups randomly and then intravenous injected with
different formulation. Rats in S-HM-3 group and PHTSm
were given a 2.415 mg/kg dose (S-HM-3 equivalent) of
S-HM-3, respectively. S-HM-3 group’s blood samples were
collected at predetermined time points (1, 3, 5, 7, 10, 15,
20, 30, 40, 60, and 90 minutes) and PHTSm group’s blood
samples were collected at predetermined time points (0, 0.25,
0.5,0.75,1,2,4, 8,12, 24, and 48 hours). All samples were
centrifuged at 12,000 rpm for 3 minutes. The supernatant
was collected, mixed with deionized water (1:2), and then
put into water bath for 40 minutes at 80°C. The solution was
centrifuged at 12,000 rpm for 3 minutes. The supernatant
was stored in —20°C. The amount of S-HM-3 was tested
by ELISA.

In vivo distribution studies of S-HM-3

Nude mice were inoculated via injection with MDA-MB-231
cells. Until their tumor grows up to 300-400 mm?, six
tumor-bearing mice were randomly assigned to two groups
and administrated with 0.2 mL S-HM-3 solution (contain-
ing 0.35 mg/kg S-HM-3) and PHSTm solution (equiva-
lent 0.35 mg/kg S-HM-3) by vein injection. The mice of
S-HM-3 group were euthanized at 2 minutes, 24 minutes,
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and 1 hour, and those of PHSTm group were euthanized
at 2 minutes, 12 hours, and 24 hours. The organs, such as
heart, liver, spleen, lung, and kidney, and tumor were eviscer-
ated and washed by normal saline. The organs were added
5-10 times (W:V) solution normal saline and then grinded
by tissue homogenizer. After centrifugation at 12,000 rpm
speed for 2 minutes, the supernatant was put into 80°C water
bath for 20 minutes. Again, it was centrifuged at 12,000 rpm
speed for 2 minutes, and the supernatant was tested by ELISA.

In vivo pharmacokinetic studies of PTX

Six male Sprague Dawley rats (180-200 g) were divided into
two groups at random and then intravenous injected with
different formulations. PTX and PHTSm were injected i.v.
as a single dose (7 mg/kg PTX). Blood samples were col-
lected at predetermined time points (PTX group at 0, 5, 10,
15, 30, 45 minutes, and 1, 2, 4, 6, and 8 hours, while PHTSm
group at 0, 0.25, 0.5, 0.75, 1, 2, 4, 8, 12, 24, and 48 hours).
All samples were centrifuged at 12,000 rpm for 3 minutes.
The supernatant was stored in —20°C.

Withdraw above 300 UL supernatant sample and 50 uL
diazepam methanol solution and add them into 5 mL diethyl
ether solution. Vortex this mixed solution for 5 minutes
at 3,000 rpm speed. The supernatant of diethyl ether was
transferred into an eggplant-shaped bottle and vacuum-
rotary evaporated. The residuum was dissolved with 300 uL
methanol, and then filtered through 0.22 um millipore filter
before HPLC analysis.

In vivo tumor targeting assays

Micelles of Dir-HTSm and Dir-TSm were prepared using the
same method as PHTSm. Eight nude mice were inoculated
via injection with MDA-MB-231 cells and were randomly
assigned to two groups, Dir-HTSm and Dir-TSm. All mice
were administered with the formulation (0.1 mL/10 g) via
tail vein injections, then anesthetized with diethyl ether.
In vivo fluorescence imaging was taken with in vivo imaging
system at predetermined time points (0, 1, 2, 4, 8, 12, 24,
and 48 hours), and then imaged using Carestream Molecular
Imaging Standard Edition.

In vivo antitumor efficacy

Nude mice were inoculated via injection on the right side
of axilla with 2x10° MDA-MB-231 cells. When the volume
of tumors reached to 3040 mm?, mice were administrated
via injections (tail vein) as shown in Table 1. Tumors were
measured every 2 days. Fourteen days after treatment, the
mice were sacrificed, and excised tumors were weighted.

Table | The method of dosage regimen (0.2 mL/mouse, caudal
vein injection)

Groups | Drugs Days and dosage

Gl Control group Days I, 3,5,7

G2 TSm Days I, 3,5,7

G3 S-HM-3 3.5 mg/kg S-HM-3 twice daily

G4 PTX Days I, 3, 5, 7/10 mg/kg PTX

G5 PTX +S-HM-3 | Days I, 3, 5, 7, PTX/10 mg/kg and
3.5 mg/kg S-HM-3

Gé PTSm Days I, 3, 5, 7/PTX 10 mg/kg

G7 PHSm Days I, 3, 5, 7/PTX 10 mg/kg and
3.5 mg/kg S-HM-3

Abbreviation: PTX, paclitaxel.

Tumor volume (TV) was calculated with the following
formula:

TV =1/2 x length x width? 5)

Relative tumor volume (RTV) was calculated with the
following formula:

v
RTV =~ (6)

where ¥V is volume of tumors in the beginning and V, is the
volume of tumors every 2 days.

Relative tumor proliferation rate (7/C) was calculated
with the following formula:

RTV
T/C (%) = —L x100% 7)
RTV

C

where RTV and RTV . are defined as the RTV of the experi-
ment groups and control group, respectively.

After 14 days of treatment, the mice were sacrificed, and
excised tumors were weighted. The tumor inhibitory rate was
calculated as shown in Equation 8.

W=,

C

TIR = x 100 (8)

where W .and W, are defined as the tumor mean weight of the
control group and that of micelles treated group, respectively.

H&E staining and immunohistochemical analysis
(CD31 and p53)

Solid tumors were fixed with 10% phosphate buffered
formalin, processed, and embedded in paraffin.
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The sections were dewaxed and stained with H&E under
a light microscope at 10x magnification. Immunohistochem-
istry (IHC) was performed according to the manufacturer’s
instructions (LSAB kit; Dako, Carpinteria, CA, USA). Images
were taken using a microscope. Cryosections of tumors were
stained with anti-CD31 (eBioscience) and anti-phospho-
Stat 3 (Santa Cruz) antibodies, respectively, followed by a
biotinylated secondary antibody and streptavidin-FITC with
DAPI counterstaining to detect tumor vasculature. The fluo-
rescence images were taken by a microscope (Nikon Eclipse
ci, Tokyo, Japan), and processed by using Image pro-plus
6.0 software.

Statistical analysis

All the data in this study were analyzed by the statistic pack-
age SPSS 12.0. Direct comparison between two groups was
conducted by independent sample’s #-test. Data are expressed
as mean £ SD. P-value of <0.05 was considered statistically
significant. P-value of <0.01 was considered highly statisti-
cally significant.

Results and discussion
Preparation and characterization

of micelles

Optimal PHTSm’s formulation was obtained after orthogonal
experiment design. The ratio of Solutol/TPGS and the feeding
amount of PTX were the leading factors affecting the drug
loading and encapsulation efficiency, but barely influence on
particle sizes of the micelles (as shown in Table 2). According
to the PDI, the drug loading and encapsulation efficiency,
the ratio of 17:3 of Solutol/TPGS was chosen as the best
formulation. The encapsulation efficiency of S-HM-3 was
always >97% regardless of its concentration ranging from
0.1 to 0.7 mg/mL (data not shown).

As shown in Tables 2 and 3, the particle size of PTSm
and PHTSm was between 20 and 30 nm, which was further
proved by results of TEM and AFM images. As shown in
Figure 2A—C, PTSm and PHTSm exhibited smooth spherical
morphology and showed very good distribution of particle

size from 20 to 30 nm. The CMC value of TPGS/Solutol
is 0.000124 mg/mL in Figure 2D. This low CMC value
could make TPGS and Solutol be easily self-assemble into
polymeric micelle system, and also protect this system from
diluting and destroy of blood.

Although the particle size of micelles was small, the
release of PTX from PTSm and PHTSm was slow and has
obviously sustained effect. As shown in Figure 2E, 68.55%
of PTX was rapidly released from the solution of Cremo-
phor EL and Ethanol (commercial preparation) at 48 hours,
while 36.06% and 32.33% of PTX were slowly released
from micelles of PTSm and PHTSm. Statistical analysis
showed that the difference between commercial preparation
and PTSm was very significant (P<<0.01), and that of com-
mercial preparation and PHTSm was significant (P<<0.05).
However, there was no significant difference between PTSm
and PHTSm groups, which suggests that the release of PTX
keeps constant with or without modifying S-HM-3. Mean-
while, the sustained release of PTX from micelles could be
beneficial to their long circulation in blood.

In vitro cytotoxicity assay

As shown in Table 4 and Figure 3A and B, the IC,  of S-HM-3
and TSm (blank micelles) groups was >100 pg/mL, indicat-
ing it was safe in the range of 0.125-100 pug/mL, whereas
the cytotoxicity of PTX, PTX/S-HM-3, PTSm, and PHTSm
groups on A549 and MDA-MB-231 cells ranged from 0.125
to 100 ug/mL in a dose-dependent manner. There was no dif-
ference of IC, between PTX group and PTX/S-HM-3 group
(P>0.05), suggesting that the S-HM-3 has no cytotoxicity
on both A549 and MDA-MB-231 cells. Similarly, there was
no difference between PTX, PTSm, and PHTSm (P>0.05),
indicating that the cytotoxic effect of PTX did not change
after being coated into micelles of PTSm and PHTSm.

Intracellular uptake of micelles

To evaluate the intracellular uptake of micelles, MDA-
MB-231 cells treated with C,-labeled TSm and HTSm
micelles for 1 and 3 hours were observed by CLSM

Table 2 The amount of PTX feeding for the influence on the particle size, particle size distribution, zeta potential, and encapsulation

efficiency of PTSm (n=3)

PTX concentration | Size (nm) PDI { (mV) EE (%) DL (%)
(mg/mL)

0.5 21.2£1.1 0.2040.02 —14.320.1 95.24+1.49 1.07+1.37
1.0 20.1£1.1 0.19+0.01 —13.5%£0.2 96.58+2.1 1 241£2.11
2.0 22.9+1.0 0.17+0.02 —13.1£0.1 43.03+1.37 2.38+1.49

Abbreviations: DL, drug loading; EE, encapsulation efficiency; PDI, polydispersity index; PTX, paclitaxel.
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Table 3 Influence of Solutol and TPGS’s ratio on preparation of PHTSm (n=3)

Solutol:TPGS Size (nm) PDI ¢ (mV) EE of PTX (%) DL of PTX (%)
19:1 21.542.1 0.1740.02 ~10.340.1 77.49+1.20 1.93+1.20
17:3 24.4+1.1 0.1140.01 ~19.040.1 96.58+2.11 24142.11
16:4 26.1+1.0 0.1740.01 ~19.540.1 63.03+1.81 1.57+1.8
I5:5 222+1.6 0.2740.21 ~21.240.1 4.03+1.24 0.85+1.24
14:6 27.3+1.6 0.3040.21 ~24.240.1 30.03+1.31 0.75+1.3
13:7 23.5+1.1 0.3740.11 ~26.040.1 19.02+1.01 0.47+1.01

Abbreviations: DL, drug loading; EE, encapsulation efficiency; PDI, polydispersity index; PTX, paclitaxel; TPGS, tocopheryl polyethylene glycol succinate.
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Figure 2 Characterization of micelles. TEM photo of PTSm (A) and PHTSm (B), and the AFM photo of PHTSm (C). The fluorescence intensity ratio of I1/I3 from pyrene

emission spectra vs the log of the concentration (D). The in vitro PTX release profile (E). *P<<0.05, **P<<0.01.
Abbreviations: AFM, atomic force microscopy; NS, nonsignificant; PTX, paclitaxel; TEM, transmission electron microscopy.
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Table 4 IC (ug/mL) of different samples (n=3)

Cell line TSm S-HM-3 PTX PTX + S-HM-3 PTSm PHTSmM
A549 >100 >100 1.26 1.40° 1.18 1.18
MDA-MB-231 >100 >100 1.37 1.50 0.84* 0.912*
Note: :P>0.05 compared with PTX group.
Abbreviation: PTX, paclitaxel.
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Figure 3 The cytotoxicity of micelles on cancer cells.

Notes: The results of MTT tests on A549 (A) and MDA-MB-231 cells (B). Confocal microscopic images of MBA-MB-231 cells after incubation with control, C-TSm,

and C.-HTSm groups for | and 3 hours (C). The FACS analysis of MBA-MB-231 cells treated with C -labeled TSm and HTSm micelles for | and 3 hours (D). *P<<0.05.
Abbreviations: C,, coumarin-6; FACS, fluorescence-activated cell sorting; PTX, paclitaxel.
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(Leica, TCS SP5) and quantitatively analyzed by flow cytom-
etry analysis (Becton Dickinson, FACS Calibur). As shown
in Figure 3C, compared with control group of free C, intra-
cellular fluorescent intensity was observed significantly at
1 hour and increased at 3 hours for both TSm and HTSm
groups. Based on this, it is indicated that the TPPGS/Solutol
micelles could enhance the intracellular uptake.

As shown in Figure 3D, the fluorescence intensity of
C,-HTSm group was higher than that of C-TSm group both
at 1 and 3 hours, while the fluorescence intensity of control is
lowest. This result was well in consistent with flow cytometry
result. It might attribute to the RGD sequence of HM-3 pep-
tide, which could bind competitively with the receptors of
avP, and o3, in the membrane of tumor cell, hence increase
the uptake ability of HTSm micelles in MDA-MB-231 cell.

Cell migration assay

Vascular endothelial is an important part of angiogenesis.
Cell migration assay was used to evaluate the effect of the
S-HM-3 after forming micelles on cell migration. Avstin
(10 pg/mL) and free S-HM-3 (9 ug/mL) were the positive
control group; meanwhile, the cell incubation medium and the
blank micelles of TSm were the negative control group.? The
results showed that the sequence of endothelial cell M1 rate was
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ook i v
L 10007 =5
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Figure 4 Micelles with S-HM-3 inhibits cell migration.

Avstin

HTSm (76.26%)>Avstin (69.89%)>S-HM-3 (60.55%)>TSm
(20.96%)>Control (Figure 4). Interestingly, the difference of
MI rate between TSm (20.96%) and control groups was very
significant (P<<0.001), which might be attributable to inhibi-
tion of TPGS.?® However, there is also noticeable difference
in TSm with Avstin, S-HM-3, and HTSm groups (P<<0.001),
indicating S-HM-3 played the leading role of cell MI for HTSm
group even TSm showed 20.96% cell Ml rate. Notably, Avstin
with HTSm and S-HM-3 groups exerted equivalent effect on
cell migration (P>0.05). There was an obvious difference
showed by HTSm and S-HM-3 groups (P<<0.01). These results
indicated that the enhancement of cell migration inhibition of
S-HM-3 when it was modified on the surface of TSm, which
will further validated by the latter of in vivo assay.

In vivo tumor targeting assays of
whole-body fluorescence imaging

The real-time, whole-body fluorescence images of MDA-
MB-231 tumor-bearing mice after i.v. injection of free DiR
and DiR micelles were used to investigate the optimized ratio
of Solutol and TPGS. As Figure 5A shows, three groups of
micelles made of Solutol and TPGS with different ratios (19:1,
17:3, and 16:4) mostly accumulated in the liver. It highlighted
the strongest signal at 2 and 4 hours, then the signal intensity

HTSm
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Notes: The image of different samples on the migration of HUVECs for 24 hours (Scale x100) (A). Effect on the migration amount of HUVECs (B). Effect on the inhibitor

ratio of HUVECs migration (C) (n=3, **P<<0.01; ***P<<0.001; NS means P>0.05).
Abbreviations: HUVEC, human umbilical vein endothelial cells; NS, nonsignificant.
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Figure 5 In vivo tumor targeting assays.

HTSm-1 TSm-2 TSm-1

HTSm-2

Notes: (A) In vivo fluorescence images of different ratios of Solutol and TPGS. (B) Dir-TSm (17:3) and Dir-HTSm (17:3) in MDA-MB-231| tumor-bearing female nude mice.

Abbreviation: TPGS, tocopheryl polyethylene glycol succinate.

gradually reduced as time passed by. The fluorescence signal
started to distribute to tumor site in the group with the ratio of
17:3 at 1 hour, and reached to the peak at 4 and 8 hours, and
even exhibited at 48 hours, which proved that the ratio of 17:3
was the best one with best targeting. Based on the result of
micelles preparation shown in Table 3, the micelles with 17:3
Solutol and TPGS were chosen to do the following experiment.
Obvious DiR signals were observed in the liver during
1-48 hours for Dir-TSm group, while Dir-HTSm exhibited
weak signals (Figure 5B). By contrast, strong DiR signals
were observed in the tumor site during 1-48 hours for Dir-
HTSm group. Although there was a similar trend in Dir-TSm
group, the signal intensity was significantly weaker than
that in Dir-HTSm group, indicating that TSm modified with
S-HM-3 partly enhanced the targeting ability of micelles.

In vivo distribution and pharmacokinetic
studies of S-HM-3

The indirect competitive ELISA method was carried out to
investigate the distribution of S-HM-3 in different organ
and tumor site. The concentration of S-HM-3 in different

organs at different time points is listed in Figure 6A and B.
As shown in Figure 6A, S-HM-3 had already distributed
into different organs at 2 minutes and reached the peak at
24 minutes (which was consist with the half-time of HM-3),
and then been nearly cleared at 60 minutes. Meanwhile, a few
S-HM-3 was distributed to the tumor site. As time went on,
the S-HM-3 concentration at tumor site was increasing, which
indicates that S-HM-3 was accumulated in the tumor tissue.?
This might be beneficial from specific binding function of
terminal RGD sequence of S-HM-3 with receptor of integrin
in the tumor cell membrane. As shown in Figure 6B, S-HM-3
in the PHTS micelles distributed to the lung and kidney, spe-
cifically to the tumor site at 2 minutes, reached to the peak at
12 hours, and almost be cleared at 24 hours in different organs
except tumor. The change of pharmacokinetics behavior of
S-HM-3 further confirmed that the PHTSm possessed the
targeting ability and sustained release function after forming
micelles. These results were consistent with that of tumor
targeting assays of in vivo fluorescence images.

The data of pharmacokinetic studies of S-HM-3 are
listed in Table 5 and shown in Figure 6C and D based on
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Figure 6 In vivo distribution and pharmacokinetic of free S-HM-3, free PTX and S-HM-3, PTX in PHTSm micelles.
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in SD rat.
Abbreviation: PTX, paclitaxel.

the analytical result of DAS version 1.0. The half-life of
S-HM-3 was about 0.43 hours (25.80 minutes), consistent
with the result previously reported, which indicated that
modification by stearic acid did not improve its half-life.”
The half-life of S-HM-3 from PHTSm increased remarkably
to 10.87 hours, which is 25.27 times longer than that of free
S-HM-3. In the meanwhile, the area under the curve (AUC )
of PHTSm increased 129.78 folds, confirming the remark-
able enhancement of S-HM-3 peptide’s bioavailability and
in vivo half-life resulting from encapsulation into the TPGS/
Solutol polymer micelles.

In vivo pharmacokinetic studies of PTX
The data of PTX pharmacokinetic studies are also
listed in Table 6. Figure 6E and F shows the PTX blood

Table 5 S-HM-3 pharmacokinetic parameters of free S-HM-3
group and PHTSm group

Parameters S-HM-3 group PHTSm group
t, 3 (hours) 0.4340.10 10.87+1.20

v, (Likg) 2.6610.23 621.53£106.08
CL (L/h/kg) 4.351+0.64 39.50£3.11
AUC, ,, (h-ug/L) 0.47+0.05 61.03+4.61
AUC, _ (h-pg/l) 0.50+0.07 61.31+4.62

concentration—time curve. From these results, it was observed
that the 7, , of PTX was also increased from 1.79 to 9.93 hours
(5.54 times) after encapsulating into micelles, and the CL
of PHTSm group was increased 63.46 times from 1.2 to
81.87 L/h/kg. AUC,  of PHTSm group robustly increased
15.65 times from 5.47 to 85.61 h-ug/L.

Considering changes of S-HM-3 and PTX from PHTSm
group, the ¢, of S-HM-3 was extended from 0.43 to
10.87 hours, while that of PTX from 1.79 to 9.93 hours.
Although their increased fold was different (25.28 times of
S-HM-3 and 5.54 times of PTX, respectively), both of 7, ,
were about 10 hours, indicating that S-HM-3 and PTX were
loaded into one micelle on another side. It also suggested that
dose intervals of S-HM-3 and PTX were lengthened after

Table 6 PTX pharmacokinetic parameters of free PTX group
and PHTSm group

Parameters PTX group PHTSm group
tig (hours) 1.79£0.13 9.93+1.44

Vd (L/kg) 3.34+0.50 1,174.96£195.32
V1 (L/kg) 0.62+0.08 682.20+22.58
CL (L/h/kg) 1.2940.17 81.87£3.52
AUC_ , (h-ug/L) 5.30+0.68 85.25+3.73
AUC_ _ (h-ug/L) 5.47+0.71 85.61£3.72

Abbreviations: AUC, area under the curve; CL, plasma clearance rate.

Abbreviations: AUC, area under the curve; PTX, paclitaxel.
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Table 7 Tumor weight and tumor inhibition rate of different groups

Sample number Tumor weight (g) Tumor volume (mm?) TIC (%) IR (%)
Saline 0.74+0.27 851.36+187.31 - -

TSm 0.57+0.11 600.61+129.17 62.38+10.95 22.92
S-HM-3 0.34+0.0** 402.27+130.15 31.70+7.92 53.57
PTX 0.30+0.12%* 335.62+98.01 27.24+12.36 59.99
PTX + S-HM-3 0.28+0.04%* 337.98+118.57 19.95£8.51 62.52
PTSm 0.19+0.03%* 238.84+61.70 13.26+4.86 7423
PHTSm 0.12+0.03** 169.46+42.3| 9.53%1.28 83.05

Note: **P<0.001.
Abbreviations: IR, inhibition rate; PTX, paclitaxel.

forming nanopreparation, which could solve the short half-
life problem of proteins and peptides in clinical application.

In vivo antitumor assay

According to the data in Table 7 and Figure 7A and B, the
order of tumor inhibition rate (IR) was PHTSm>PTSm>
PTX + S-HM-3>PTX>S-HM-3>TSm. Interestingly, free

micelles (TSm) showed 22.92% tumor IR, which might
attribute to the anticancer function of TPGS polymer as Hou
et al reported.* The IR percentage of S-HM-3 was 51.29%,
similar to 56.11%+12.23% of PTX and 65.29%+6.09% of
PTX + S-HM-3 group (P>0.05). We inferred that dosage
changed in different groups could affect their antitumor
efficacy. The reduced dosage of PTX + S-HM-3 group was
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Figure 7 The results of antitumor assay in vivo.

Days of treatment

Notes: Tumor weight (A) and inhibition rate of different groups (B) at 14 days. Tumor volume of different groups (C) and change of tumor weight (D) within 14 days.
*P<0.05 means significant difference, *P<<0.0| or ***P<0.00| means extremely significant difference.

Abbreviations: NS, nonsignificant; PTX, paclitaxel.
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injected from twice per day to once every 2 days, while
the S-HM-3 dosage of combining group was only 1/4 of
S-HM-3 group. The synergetic effect of PTX and S-HM-3
was not significant because of the short half-life of S-HM-
3. However, statistical analysis showed the differences
between PTSm and PTX, PTX + S-HM-3 and PHTSm
were significant (P<<0.05), while that of PTX and PHTSm
was extremely significant (P<<0.001). It indicated that the
synergetic effect of PTX and S-HM-3 performed through
TPGS and Solutol micelles. Furthermore, the results of TV
changed in different groups confirmed the improved anti-
tumor effect of PHTSm as shown in Figure 7C. The tumor
growth speed of PHTSm was the slowest compared with
the other groups. The xenograft tumors of different groups
harvested at 14 days are shown in Figure S1, which also
validated this result.

None of the mice died throughout in vivo experiment.
As seen in Figure 7D, the weight loss of PTX and PTX +
S-HM-3 groups was obvious during the 0—10 days, indicat-
ing high toxicity of PTX. After stopping the administration

A Control TSm S-HM-3

CD31 H&E

P53

QN Q& P L
& < AR N
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Figure 8 H&E and immunohistochemical micrographs of tumor sections.

PTX

at 7 days, the weight regained in 10—14 days. The control
group, S-HM-3 and TSm groups were significantly increased
during the test period, proved that S-HM-3 and TSm were of
very low toxicity or nontoxic. Although there is a relatively
small weight change in PTSm and PHTSm groups, consider-
ing the above improved antitumor effect of PHTSm group,
the synergy and attenuation actions were achieved by the
micelles system of PHTSm.

H&E and IHC analyses

To illuminate the antitumor effect on the tumor cell, H&E
and IHC analyses were performed, and the result is shown
in Figure 8. From the analysis of H&E (Figure 8A), the
tumor cells, except control and TSm groups histological
regression, were observed in the rest of groups. PTSm and
PHTSm groups showed a better therapeutic effect, particu-
larly decreased tumor cell density.

Figure 8B shows the microvessel density in each group.
CD31 was used to evaluate the tumor angiogenesis. S-HM-3,
PTX, and PTX + S-HM-3 groups had almost the same
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Notes: H&E and immunohistochemical micrographs of tumor sections at 14 days (magnification x400) (A). CD3I (B) and P53 (C) immunohistochemical micrographs of

tumor sections at 14 days (n=5). *P<<0.05, ***P<0.001.
Abbreviations: MVD, microvessel density; NS, nonsignificant; PTX, paclitaxel.
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antiangiogenesis effect (P>0.05), indicating that PTX
could inhibit its angiogenesis of tumor through killing tumor
cells. The inhibiting ability of tumor angiogenesis was
PTX + S-HM-3>S-HM-3>PTX, indicating the function of
S-HM-3 as an inhibitor of tumor angiogenesis. There is a sig-
nificant difference between PHSTm with S-HM-3 and PTX
(P<0.05), suggesting the enhancement of antiangiogenesis
ability of PHSTm after encapsulating S-HM-3.

The p53 protein is a transcription factor responding to a
wide variety of stress signals (DNA damage, hypoxia, etc.)
that decrease the fidelity of the cellular replication processes.
The duplication of damaged DNA results in a high mutation
rate and activates the p53 protein, and induces cell-cycle
arrest, senescence, or cell death. The higher positive p53
rate means the more obvious apoptotic tumor cell. There
was no difference between S-HM-3 and TSm, indicating
that S-HM-3 did not induce significant apoptosis in tumor
cells in Figure 8C. But extremely significant difference was
shown between PHSTm with PTX and PTX + S-HM-3
(P<<0.001), which proved the remarkable apoptosis acceler-
ated by PHSTm (Figure 8C).

Conclusion

In the present work, novel multitargeting loaded micelles
based on TPGS and Solutol copolymers were constructed,
which was loaded with PTX and S-HM-3. PTX was encap-
sulated into the hydrophobic core of the polymer micelles
to enhance its solubility and reduce the side effects. As the
inhibitor of P-gp, TPGS was able to inhibit the efflux pumps
which can overcome the MDR for PTX and HM-3, therefore
enhance therapeutic efficacy of PTX/HM-3 and reduce side
effects. Moreover, the stearic acid group of S-HM-3 was
inserted into the lipid core of the micelle easily and HM-3,
on the surface of the micelles, can interact with ovB3 and
be released immediately when reached the tumor site.
Meanwhile, the half-life of HM-3 and PTX can also be
extended using micelle system. This design purpose has
been confirmed by the detailed in vitro and in vivo studies.
Collectively, our study concludes that TSm holds a promis-
ing potential for combined therapy of cytotoxic drug and
angiogenesis inhibitor.
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Figure S| Xenograft tumors harvested at 14 days (G| of Saline, G2 of PTX + S-HM-3, G3 of S-HM-3, G4 of PTX, G5 of TSm, Gé of PTSm, and G7 of PHTSm).
Abbreviation: PTX, paclitaxel.
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