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DOI: 10.1039/x0xx00000x In this study, a brain delivery system was engineered by conjugation of
cholesterol to polyoxyethylene sorbitol oleate (CPSO) to obtain an
amphipathic copolymer, which could facilitate the transport of the self-
assembled CPSO micelles across the blood-brain barrier (BBB). The
CPSO micelles possessed satisfactory physicochemical properties, such
as mean particle size at around 170 nm and drug loading at ~20%. It
was also proved that CPSO was safe enough for intravenous injection
according to the results from MTT assay, hemolysis rate, vascular
stimulation and pathological sections studies. Fluorescent trafficking
study showed that the CPSO could significantly accumulate in U87
cells and release payloads in endolysosomes. From pharmacodynamics
study, paclitaxel (PTX)-loaded CPSO micelles could bring about
significant tumor inhibition and prolong the median survival times
compared to saline and Taxol® groups. What’s more, both in vitro and
in vivo results revealed that the CPSO exhibited an enhanced capacity to
cross the BBB compared to Taxol®. These data indicated that CPSO
micelles, as a safe and blocompatlble drug delivery system, could be a
promising carrier candidate for delivery of chemotherapeutics and/or
diagnostics into brain tumors.

www.rsc.org/
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Introduction chemotherapy plays an important role in
conventional GBM treatment [1-3]. But the
effectsof chemotherapy on GBM are very limited
as a result of poor drug accumulation in tumor sites
due to the blood-brain barrier (BBB) [4]. A basal
membrane and brain cells, such as pericytes and
astrocytes, surrounding the endothelial cells further
form and maintain an enzymatic and physical
barrier that regulates the passage of molecules from
the systemic circulation to the brain parenchyma
known as the BBB [5]. Only un-ionized, lipophilic
and low molecular weight molecules can diffuse

Glioblastoma (GBM) is the most prevalent
and malignant primary central nervous system
tumor in adults. Although a large number of
advanced treatment paradigms have had impacts on
medical management for many tumors, prolonging
GBM npatients’ survival has not been achieved in
the past decades. The median survival time of
glioblastoma patients is only up to months. By
reason of the difficulty in complete surgical
excision, combination of irradiation and
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freely through the endothelial membrane and may
thus passively cross the BBB [6]. While the BBB
constitutes a natural defense mechanism that
safeguards the brain against the invasion of various
circulating toxins and infected cells, it also offers
one of the most exclusive biological barriers
limiting the brain uptake of diagnostic and/or
therapeutic agents [7].

Nanoparticle systems, such as polymer
micelles and nanocomplex, have been widely used
for targeted carcinoma therapy [8-11]. Meanwhile,
some reports declared that the nanoparticles,
especially those coated with polysorbate 80, could
also cross BBB to achieve GBM-targeted drug
delivery [12-16]. However, the use of polysorbate
80 as a drug excipient has been recently implicated
in adverse clinical effects, including acute
hypersensitivity and hemolytic reaction [17]. The
acute hypersensitivity triggered by polysorbate 80
is usually considered as a
anaphylactic  reaction,
Pseudoallergy is a reaction similar to immune
allergic reactions which can be observed following
the first administration of offending agents. Unlike
common allergies, pseudoallergic reactions can
directly induce the release of histamine from mast
cells and activate the complement system which are
not initiated or mediated by pre-existing IgE
antibodies [18]. Pseudoallergy has also been
reported in a number of medicines containing
polysorbate 80, including docetaxel, paclitaxel,
omalizumab and etoposide. To overcome the side-
effects, polyoxyethylene sorbitol oleate (PSO),
based on polysorbate 80 containing a homogenous
sorbitol matrix, was developed with improved
safety against polysorbate 80. Furthermore, the
critical quality attributes (CQAs) of PSO were
similar to the commercial polysorbate 80 [9].

non-immune
namely pseudoallergy.

Following our previous investigations, we
herein generated a novel brain delivery system on
the basis of cholesterol-conjugated PSO (CPSO)
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that could be used as a safe and biocompatible
carrier of PTX for GBM therapy. The engineered
CPSO micelles wer expected to be stable in
bloodstream and cross the BBB. The localization of
micelles in U887 human GBM was observed by
fluorescent probe technique and in vivo imagine.
The drug-loading capacities and physicochemical
characteristics of micelles were investigated in
detail. The in vitro drug release study was
evaluated in  different pH
LysoTracker Red, a fluorescence probe, was
encapsulated in micelles and the intracellular
observed based on confocal

environments.

release
microscopic analyses. The antitumor effect against
GBM were compared among PTX-loaded CPSO,
saline and Taxol®.

was

Experimental

Materials and Animals

Polyoxyethylene sorbitol oleate was obtained
from Nanjing Well Chemical Corp. Ltd. (Nanjing,
China). Cholesteryl Chloroformate was purchased
from Aladdin (Shanghai, China). 4-
dimethylaminopyridine (DMAP) was obtained
from Aladdin (Shanghai, China). LysoTracker Red
was purchased from Invitrogen Corporation
(Carlsbad, USA). DiR was obtained from Biotium
(California, USA). Dialysis bags (MWCO=1000
and 2000) were purchased from Spectrum (USA).
DAPI was obtained from Invivo Gen (California,
USA). Paclitaxel was purchased from Natural Field
Bio-technique Co. Ltd. (Xi’ an, China). All other
chemicals were from various suppliers and were
reagent grade or better.

Normal mice, SD rats and New Zealand
rabbits were purchased from Qinglong Mountain
farm, Nanjing, China. Fluorescent U87 cells-
bearing in situ nude mice were purchased from
Source Biotechnology Co. Ltd., Nanjing, China.
All implemented
according to the National Institute of Health Guide

animal experiments were

This journal is © The Royal Society of Chemistry 2012
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for the Care and Use of Laboratory Animals and
approved by the Animal Ethics Committee of
China Pharmaceutical University.

Cell culture

Primary rat brain microvascular endothelial
cells (RBMECs) were obtained from 7-day old rats.
The cells were maintained in RPMI 1640
supplemented with fetal calf serum (20%),
penicillin and streptomycin (100 U/mL), cultured
in an incubator at 37 ‘C in a humid atmosphere of
5% CO,. U7 and RBL-2H3 cells were maintained
in monolayer culture in Eagle’s minimum essential
medium with 15% fetal bovine serum and 1%
penicillin/streptomycin under an atmosphere of 5%
CO, at 37 C.

Synthesis of cholesterol-conjugated
polyoxyethylene sorbitol oleate (CPSO)

Chloroform, proportional cholesteryl
chloroformate and polyoxyethylene sorbitol oleate
were mixed and reacted at room temperature for 24
h using DMAP as the catalyst. Chloroform was
then removed by rotary evaporation, and reaction
products were dissolved in de-ionized water and
centrifuged at 3000 rpm for 15 min to remove
impurities. The supernatant was then lyophilized to
obtain CPSO [19].

Preparation and characterization of CPSO and
PTX-CPSO micelles

To prepare CPSO micelles, appropriate
amount of CPSO conjugates were dissolved in
distilled water and then sonicated for 15 min using
a probe type ultrasonicator (JY 92-2D, Ningbo
Scientz Biotechnology Co., Ltd, Zhejiang, China)
in an ice bath. For preparation of PTX-CPSO
micelles, PTX dissolved in ethanol was dropwise
added into CPSO solution. The mixture was
sonicated for 30 min in an ice bath. The solution
was dialyzed overnight against 4 L of distilled
water (dialysis bag MWCO = 1000 Da), followed
by centrifugation at 3000 rpm for 15 min. The

This journal is © The Royal Society of Chemistry 2012

supernatant was subsequently filtered through a
0.45 um microporous membrane and lyophilized.

The transmission electron microscopy (TEM)
images, atomic force microscopy (AFM), critical
micelle concentration (CMC) assay and drug-
loading (DL) were measured following previously
published methods [20-21]. The DL was calculated
by the following equation:

i mice'l
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Our in vitro blood-barrier model consists of

brain endothelial  cells
(RBMEC:sS) cultivated for seven days on cell culture
inserts. The inserts were coated with gelatin to
enable the formation of a RBMECs monolayer. In
previous studies, RBMECs have already been used
as an in vitro BBB model and it was shown that
this model exhibit similar brain endothelial cell
characteristics [22]. To determine the density and
integrity of the BBB model, two different methods
were applied: 1) morphological observation using
optical microscope; 2) trans-endothelial electrical
resistance (TEER) determination of the RBMECs
monolayer membrane.

rat microvascular

Normal mice and fluorescent US87 cells-
bearing in situ nude mice were injected with DiR
loaded CPSO micelles and free DiR (200 pg/kg)
via the tail vein and then anesthetized using
intramuscular injection of chloral hydrate (20
mg/kg). imaging experiments
performed at 0.5, 3, 6 and 24 h post injection using
a Kodak multimodal imaging system IS2000MM
(Kodak, USA) equipped with an excitation band
pass filter at 365 nm and an emission cut-off filter
at 790 nm. Images were analyzed using the
imaging station IS2000MM software (Kodak ID
Image Analysis Software; Kodak) [23].

In vivo were

In vitro stability and drug release at different pH
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values

The serum stability assay in vitro was
performed according to the method described
previously [24]. To mimic the in vivo
microenvironment, Taxol® and PTX-CPSO
micelles were incubated in the presence of FBS for
12 h, while PTX-CPSO incubated without serum
was set as the control group. At designated time
points, 100 uL supernatant was withdrawn, filtered
through a 0.45 pm microporous membrane, and
centrifuged at 3000 rpm for 15 min. The stability of
micelles in tumor tissue was performed as follows:
I mg/mL PTX-CPSO micelles solution was mixed
with U87 tumor tissue fluid at series of volume
ratios of 10%, 50% and 90%; at the designated time
points, 100 uLL supernatant was withdrawn, filtered
through a 0.45 pum microporous membrane and
centrifuged at 3000 rpm for 15 min. The content of
PTX in each collected sample was detected by
HPLC (Shimadzu, Japan).

The release profiles of PTX from micelles
were conducted by a dialysis method . Two
milliliters of PTX-CPSO micelles solution
containing 2 mg of PTX were placed in a dialysis
bag (MWCO 2000 Da) and submerged in 200 mL
PBS at different pH values, i.e., 4.5, 5.8 and 8.4,
and gently shaken in a water bath at 90 rpm and 37
'] (SHZ-28A temperature controlled oscillation
instrument, Taicang Experimental Company,
Suzhou, China). One milliliter PBS was withdrawn
at predetermined time points and immediately
replaced with equivalent fresh PBS. The content of
PTX was also detected by HPLC (Shimadzu,
Japan).

Intracellular uptake and distribution of micelles
and intracellular delivery efficiency of Lyso
Tracker Red

To identify the cellular uptake kinetics of
CPSO micelles, the cellular uptake of coumarin 6
was measured using fluorescence microscopy and
flow cytometry at different time points (30, 60 and
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240 min). The U87 cells (10° cells/well) were
seeded on 6-well plates (Costar, USA) and cultured
at 37 U for 24 h. After incubation with micelles,
the cells were treated and the qualitative and
quantitative fluorescence intensity of coumarin 6
was analyzed using fluorescence microscope and
flow cytometry.

Intracellular location of CPSO micelles was
investigated using confocal laser scanning
microscopy (CLSM). U87 cells were cultured in 35
mm glass bottom culture dishes for 24 h. The
media were then replaced with 1 mL of the media
containing coumarin 6 (100 nM)-loaded
complexes. After incubation at 37 [] for 6 h, the
culture media were subsequently removed and the
cells were rinsed with PBS for three times. The
cells were fixed with 4% paraformaldehyde, and
DAPI (final concentration 10 mg/mL) was added to
stain the cell nuclei for 10 min before imaging.
Intracellular location of CPSO was observed using
a confocal microscope (Leica TCS SP5, Heidelerg,
Germany). Fluorescence was excited at 466 nm and
358 nm, and emitted at 504 nm and 461 nm for
coumarin 6 and DAPI, respectively. The images
were analyzed using Leica CLSM software [25].

To discern the endosomal/lysosomal escape
for efficient intracellular trafficking, the double
labeling experiments were performed using CLSM
for observing the cytoplasmic distribution of CPSO
micelles on U87 cells. The localization of coumarin
6-loaded CPSO micelles was visualized by labeling
cells with the specific fluorescent probe, i.e.,
LysoTracker Red. The cells (10° cells/well) were
seeded in 35 mm glass bottomed dishes and
cultured at 37 [ for 24 h. The cells were incubated
with coumarin 6-CPSO micelles (100 ng/mL based
on coumarin 6). At prearranged time intervals (1, 4,
8 h), the cells were washed twice with cold PBS
and then stained with 50 nM LysoTracker Red for
30 min at 37 [1. The cells were washed twice with

This journal is © The Royal Society of Chemistry 2012
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cold PBS and observed immediately without fixing
by CLSM [25-26].

In vitro cytotoxicity and PTX-induced US87
apoptosis assay

In vitro antiproliferative activities of PTX-
loaded CPSO micelles and Taxol® against U87
cells, and the cytotoxicity of blank CPSO and
ethanol: EL 35(1/1) were estimated by MTT assay.
The cells were seeded at a density of 10* cells per
well in 96 well plates for 24 h. The cells were
exposed to the culture medium (FBS free)
containing various concentrations of the different
formulations for 24 h. 20 uL MTT (5 mg/mL) was
added to each well followed by incubation for
another 4 h. Then the medium was replaced with
200 pL DMSO. Following agitation for 10 min, the
viable cells were quantified by recording the UV
absorbance at 490 nm on a microplate reader
(BioTek, USA).

Cells  apoptosis first  identified
morphologically by DAPI staining. Briefly, U87
cells were seeded into a 35 mm glass bottom
culture dish at a density of 10° cells/well and
cultured at 37 [J for 24 h. Cells were then
incubated for another 24 h with Taxol®, PTX-
CPSO micelles (PTX concentration of 100 ng/mL)
or blank culture medium. Samples were then fixed
with 4% paraformaldehyde in PBS for 10 min,
stained with DAPI (10 pg/mL) in PBS for 15 min
and washed twice with cold PBS, and examined
under the fluorescence microscope.

was

US87 cells seeded in the 6 well plates were
treated with Taxol® and PTX-CPSO micelles (PTX
concentration of 100 ng/mL) at 37 [ for 24 h. Cells
treated with FBS-free culture medium were served
as control. At the end of incubation, adherent and
non-adherent cells were trypsinized. Cells (10°)
were collected by centrifugation at 1000 g for 5
min, washed twice with cold PBS and fixed with
70% cold ethanol and stored at 4 [] for 24 h. Cells

This journal is © The Royal Society of Chemistry 2012

were centrifuged again and washed with cold PBS
twice, followed by staining with PI (0.1 mg/mL)
for 30 min. The DNA content was measured by
flow cytometry and the percentage of cells in each
phase of the cell cycle was evaluated using the
ModFit software.

In vitro hemolysis, vascular irritation and
pseudoallergy studies

The hemolytic study was performed according
to the method described previously [9]. Blood was
drawn from anesthetized New Zealand rabbits by
cardiac puncture, and centrifuged at 3000 rpm for
10 min immediately. The collected red blood cells
(RBCs) were washed with physiological saline, and
then suspended in physiological saline to a
concentration of 2%. Aliquots of 2% RBC
suspension containing the tested carriers with
different concentrations ranging from 0.01 to 0.2
mg/mL were incubated at 37 [ for 1 h. The
positive and negative controls were water and
physiological saline, respectively. The samples
were then centrifuged at 3000 rpm for 10 min to
remove non-lysed RBC. The supernatant was
collected and analyzed by microplate reader at 540
nm (BioTek, USA). The hemolysis rate was

determined by the following formula:

Hemolysis (%) = Asample-Suemtive 1
-’*]Ja;iira'-"*na_zﬁra

To investigate the vascular irritation, the New
Zealand rabbits were injected in the auricular veins
with different formulations at a dose of 10 mg/kg
once per day for three days. The injection speed
was 1 mL/min. After a recovery phase of 24 h, the
rabbits were sacrificed and the auricular vein
tissues were examined for pathological assay.

release
performed for in vitro evaluation of pseudoallergy
as described elsewhere [9]. In brief, confluent
RBL-2H3 cells were seeded in 96-well plate. Then
the cells attached to microtiter wells were washed

B-hexosaminidase assay  was

J. Name., 2012, 00, 1-3 | 5
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twice with Tyrode’s buffer and the stimulation was
initiated by adding 200 pL Tyrode’s buffer
containing CPSO, Taxol or PTX-CPSO micelles
(1%, w/w). After 1 h incubation at 37 [, the
degranulation was terminated by placing the plates
on To determine the of PB-
hexosaminidase released from the cells, 60 puL of
supernatant and 60 pl. of [-hexosaminidase
substrate solution (5mmol/mL p-Nitrophenyl-2-
acetamido-2-deoxy-beta-D-glucopy-ranoside in 0.1
mol/mL sodium acetate buffer, pH 4.5) were mixed
in a new 96-well plate and incubated for 1 h at 37
C . Subsequently, 150 pL carbonate buffer
containing 100 mmol/L NaCO3; and 100 mmol/L
NaHCOj buffer at pH 10.7 were added into wells to
quench the reaction. The negative control group
incubated with only Tyrode’s buffer
determined  to assess spontaneous B-
hexosaminidase release. Total P-hexosaminidase
amount was obtained by lysing the cells with 0.1%
Triton-X 100 prior to the supernatant removal. -
hexosaminidase in the supernatant was quantified
by measuring the absorbance at 450 nm using
ELx800 microplate reader (BioTek Instruments,
USA). The background absorbance of substrate in
Tyrode’s buffer alone (no cell supernatant) was
subtracted from all readings before plotting.

ice. amount

was

In vivo distribution and antitumor efficacy

To assess the effect of PTX-loaded CPSO
micelles on biodistribution and brain targeting
ability of PTX, normal mice were randomly
divided into two groups. Mice were administered
intravenously a single dose of PTX (20 mg/kg) in
the form of Taxol® and PTX-CPSO micelles. After
10 min, 30 min, 2, 4, 8, 12, 24 and 48 h of
injection, the mice were sacrificed by cervical
dislocation in order to obtain tissue samples. The
organs (brain, heart, liver, spleen, lung and kidney)
were removed and washed twice with physiological
solution (0.9% NaCl), weighed and stored at -20 [
until analysis. The concentration of PTX from each

6 | J. Name., 2012, 00, 1-3

Polymer Chemistry

tissue homogenate was measured by HPLC
(Shimadzu, Kyoto, Japan) as described previously
[27].

U87  cells-bearing mice model
established and randomly assigned to 3 groups.
Once the volume of tumor under oxter was grown
to approximately 50 mm’, treatments
administered via the tail vein at a dose of 3 mg/kg
and given every five days for 5 times. Tumor
growth in the U87-bearing mice was measured with
a vernier caliper. Thereafter, tumor volumes were

calculated as follows:

WEre

WwEre

V=Lx8*x05

Where V is the volume of tumor, L is the
longer diameter of tumor and S is the shorter
diameter of tumor.

The survival time and weight change of U87-
bearing in situ mice model treated as above was
also monitored. To further evaluate the safety of
PTX-CPSO micelles, the harvested heart, liver and
kidney were fixed in a phosphatebuffered
formaldehyde solution, and embedded in paraffin.
Histological sections (12 mm thickness) were
achieved using a Freezing Microtome (Reichert
HistoSTAT, USA). We randomly selected
independent areas and took images using a bright-
field microscope (Olympus, Japan) [28].

Statistical analysis

Data were expressed as means + SD from
triplicate experiments performed in a parallel
manner unless otherwise indicated. The results
were analyzed using an unpaired, two-tailed
Student’s t-test. All comparisons were made
relative to corresponding controls and significance
of difference was indicated as asterisk (*P < 0.05,

**P <0.01, ***P <0.001).
Results and discussion
of CPSO

Synthesis and Characterization

This journal is © The Royal Society of Chemistry 2012
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micelles

The CPSO product was creamy-white and
waxy. Representative TEM and AFM images of the
resulting blank and PTX-loaded CPSO micelles
were shown in Figure 1A, B and C, while the
particle size distribution, zeta potential and drug
loading in Table 1. In general, the drug-loaded
micelles with ~170 nm average size could bring
about better EPR effect [29]. We also investigated
the particle size and zeta potential of DiR-loaded
CPSO micelles. The results showed that the DiR-
CPSO micelles owned similar particle size at ~164
nm compared to PTX-CPSO micelles. The CMC of
amphiphilic CPSO was 5.74 mg/L (Figure 1D)
which was calculated by fluorescence spectroscopy
using pyrene as a probe. Such low CMC value
guaranteed that the self-assembled micelles were
able to retain their original morphology under
highly diluted conditions before approaching the
targeting sites.

Table 1. Characteristics of blank CPSO, PTX-loaded and
DiR-loaded CPSO micelles. The values are expressed as

mean = S.D.
e S Zea o Drg st
CPSO 33 F  066+065 /
0.6
&T,;((; 17%"5 T 15474044 2048+2.12
é)pils% 16;'61 = 13.84+0.59 /

The dye coumarin 6 was loaded by CPSO as a
drug model due to its easy detection using a
fluorescence  spectroscopy. We detected a
significantly increased transport of coumarin 6 in
the groups of polysorbate 80 and CPSO compared
with ethanol/cremophor EL 35(1/1, v/v), as shown
in Figure 1E. It was demonstrated that CPSO could
permeate across the in vitro BBB model. The
morphological characteristics and resistance data of

This journal is © The Royal Society of Chemistry 2012

in vitro BBB model are shown in Figure S1 A and
B (Supporting Information).

Moreover, the in vivo biodistribution of blank
micelles in normal mice investigated
qualitatively by a non-invasive near infrared optical
imaging technique. The mice receiving DiR-CPSO
micelles and free DiR were imaged at 0.5 h, 6 h
and 24 h post-injection. During the in vivo imaging
test, most of the DiR fluorescence accumulated in
liver 6 h after intravenous administration of free
DiR, yet, in CPSO group, strong fluorescent signals
could be observed in brain up to 24 h after
injection, which provided the decisive evidence
that our CPSO micelles were efficient for brain
targeted drug delivery. Moreover, NMR, UV/vis,
IR and DSC analysis of CPSO were performed
(Figure S2 A, B and Figure S3 A, B and C in
Supporting Information).

was

Ase ISR S BE.
3 - P loaed miclle of
: blank micelle . -, ¢l
3 a9
S . o o
... & . ) e ) @
- : e T 0 e %
. 5 " @ b
_i00'nm

i i o
AL 2 Tie i)
g : SR TE 20011!]1 F 30 min 6h 24h
l\}‘j'g
Vbrain heart liver spleen lung kidney
. Qe
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Fig. 1. TEM images of blank CPSO micelles (A) and PTX-
loaded CPSO micelles (B); AFM image of PTX-loaded
micelles (C); CMC value of CPSO micelles (D); The results
of in vitro transmembrane study in BBB model. The data
were shown as mean = S.D. ** indicates a significant
(P < 0.01) versus CPSO (E); In
biodistribution of CPSO micelles in normal mice at different
time points (F).
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In vitro stability and drug release at different pH
values
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To further investigate the effect of the
destabilization of the hydrophobic core upon
release, we assessed the stability of CPSO micelles
in the presence of serum or tumor tissue fluid. As
shown in Figure 2A, the PTX-loaded CPSO
micelles exhibited the best stability in serum
environment. After 12 h incubation with or without
serum, the PTX loading of CPSO micelles was 4.1-
fold and 3.5-fold than that of Taxol®, respectively,
indicating that the negative zeta potential was able
to greatly stabilize PTX-loaded micelles. Figure 2B
showed that PTX-loaded CPSO micelles also
exhibited great stability
environment. The content of PTX remained 80%,
60% and 50% in 10%, 50% and 90% ex vivo tumor
tissue fluid, respectively. It was demonstrated that
before the micelles accumulated in tumor through
EPR effect, most micelles kept their integrity in
blood circulation. The particle size of micelles
turned to 204.2 +£ 9.8 nm, 250.3 + 8.3 nm and 316.3
+ 15.9 nm after incubation with 10%, 50% and
90% ex vivo tumor tissue fluid, respectively.

in ex vivo tumor

The pH-responsive PTX release from CPSO
micelles was also evaluated. Figure 2C showed the
release of PTX from micelles against PBS (1%
Tween 80) at pH 7.4, 58 and 4.5 at 37 C.
Inefficient and slow release of PTX from CPSO
micelles was observed at pH 7.4. For example, only
8.1% of PTX was released in the first 8 h and
approximately 20% released within 144 h, whereas
about 53.2% and 65.0% of PTX could be released
in 144 h at pH 5.8 and 4.5, respectively, reflecting
the release of PTX was accelerated at lower pH
conditions, where the hydrolysis of carbonic ester
linkage could take place [19].
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Fig. 2. The stability of PTX-loaded CPSO micelles in
presence of serum (A) and tumor tissue fluid (B). The in vitro
release plot at different pH values (C).

Intracellular uptake of coumarin 6-loaded
micelles

Afterwards, we investigated the cellular uptake of
micelles and intracellular release of encapsulated
payloads using coumarin 6 as fluorescent marker.
The result of intracellular uptake was examined
qualitatively and quantitatively, as shown in Figure
3A and B. Strong green fluorescence was observed
when U87 cells were incubated with CPSO
micelles for 30 min, 1 h and 4 h. Commercial
polysorbate 80 was used as a control. It was
observed that the mean coumarin 6 green

This journal is © The Royal Society of Chemistry 2012
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fluorescence intensity for CPSO micelles were
approximately 1.2-fold and 1.5-fold compared to
those of polysorbate 80 after 1 h and 4 h of
incubation, respectively. The higher fluorescence
intensity of coumarin 6-loaded CPSO micelles
implied greater intracellular uptake capability.
Furthermore, it was demonstrated by CLSM that
CPSO micelles were distributed in the cytoplasm.
As shown in Figure 3C, green fluorescence of
coumarin 6 dispersed homogeneously around the
cell nucleus in blue. While the mechanism of PTX
to inhibit mitosis is related to tubulin in the
cytoplasm, our data give the evidence that PTX-
CPSO could achieve efficient anti-tumor cure [30].
In this regard, the intracellular delivery of
LysoTracker Red in US87 cells was further
investigated using CLSM. Lysosomes and
endosomes were observed as red fluorescence after
the cells were stained with specific organelle-
selective dyes, while coumarin 6/CPSO micelles
were shown as green fluorescence. Co-localization
of the micelles with the specific organelle dyes
appeared yellow. As shown in Figure 3D, majority
of the green fluorescence was highly overlaid with
the yellow fluorescence when the cells were
incubated with coumarin 6/CPSO for 1 h,
demonstrating that the CPSO micelles were
entrapped in the endosomes. After 4 h, the green
fluorescence had a significant dissociation from the
red fluorescence, reflecting the efficient
endolysosomal escape of coumarin 6. At 8 h,
coumarin  6/CPSO showed more efficient
endolysosomal release and cytoplasmic distribution,
similar to the result of intracellular distribution
[26]. The mechanism of intracellular release from
CPSO micelles is considered that the carbonic ester
conjugated bond could be easily cleaved at acidic
environment in the endolysosomes [19, 31], and the
fluorescence dye or PTX will be released from
micelles and consecutively
cytoplasm through free diffusion.

accumulate in
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Fig. 3. Cellular uptake, intracellular location and delivery
efficiency of CPSO evaluation in U87 cell line. Micrographs
of U87 cells after the uptake of coumarin 6/CPSO and
coumarin 6/polysorbate 80 for 30 min, 1 h and 4 h incubation
(A); FACS analysis for cellular uptake of coumarin 6/CPSO
and coumarin 6/polysorbate 80 (B); Confocal microscopic
observations for intracellular location of coumarin 6/CPSO in
U87 cells (C); Intracellular delivery of the micelles in U87
cells at different time observed by CLSM (D). The late
endosomes and lysosomes were stained by LysoTracker Red.
1: green fluorescence represents coumarin 6; 2: red
fluorescence represents endolysosomes; 3: overlay of 1 and 2.
The white arrows indicate the occasions of coincidence
between the CPSO micelles and endolysosomes. Green
indicate that coumarin 6 have escaped from
endolysosomes into the cytoplasm.

arrows

In vitro cytotoxicity and PTX-induced U87
apoptosis assay

The cytotoxicity of Taxol®, ethanol/cremophor EL
(1/1, v/v), blank CPSO micelles and PTX-loaded
CPSO micelles in U87 cells were evaluated by
MTT assay. As shown in Figure 4A, both Taxol®
and PTX-loaded CPSO micelles caused
concentration-dependent cell death. Drug-loaded
CPSO micelles led to higher U87 cells apoptosis
rate versus Taxol® at lower concentraitons of PTX
(0.2 — 2 pg/mL), while the apoptosis rate of Taxol®
was higher than that of PTX-loaded micelles at

J. Name., 2012, 00, 1-3 | 9

Page 10 of 17



Page 11 of 17

PTX concentrations of 5 and 10 pg/mL. It is
presumed that PTX in Taxol® formulation can be
readily transported into cells and diffuse in cytosol
by the passive diffusion mechanism at high
concentrations [29] and the solubilizer in Taxol®
(i.e., ethanol/cremophor EL (1/1, v/v)) possesses
certain cytotoxicity. So the apoptosis of U87 cells
was attributed to the synergistic effect of PTX as
well as the solubilizer at high concentrations. In
Figure 4B, the cytotoxicity of ethanol/cremophor
EL (1/1, v/v) was significantly higher than that of
blank CPSO micelles across the 0.002-200 pg/mL
concentration range, which was consistent with the
above hypothesis. Table 2 displayed the IC50
values of Taxol® and PTX-loaded CPSO micelles.
The nuclei of untreated U87 cells showed
homogenous fluorescence without segmentation
and fragmentation after DAPI staining (Figure 4
C). In contrast, the cell nuclei became severely
fragmented after the cells were treated with PTX
formulations for 24 h, suggesting that the nuclei
were segmented into dense nuclear parts and
further distributed into apoptotic bodies. Compared
with Taxol®, PTX-loaded micelles could induce
more severe fragmentation of the cell nuclei. To
measure the apoptotic effect of various PTX
formulations Annexin V-FITC
Apoptosis Detection kit was used to stain the U87
cells and the percentage of cell apoptosis was
determined by flow cytometry as shown in Figure
4D. The percentage of early and late apoptosis of
Taxol®-treated U87 cells was 13.44 + 1.53% and
1535 + 0.94%, respectively. Compared with
Taxol® injection, PTX-loaded CPSO micelles
caused 27.47 + 0.49% and 22.28 + 0.51% for early
and late cell apoptosis. These results
consistent with the observed results of cellular
nucleus staining and in vitro MTT assay, indicating
that PTX-loaded micelles produced higher
cytotoxicity than Taxol®.

quantitatively,

WwWEre
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Table 2. Cytotoxicity of PTX in Taxol® and PTX-CPSO
micelles against U87 cells. Values are presented as mean +
S.D.

Formulations ICs0 (ng/mL) for 24 h
Taxol® 0.854+0.105
PTX-CPSO micelles 1.043 £ 0.225
In vitro hemolysis, vascular irritation and

pseudoallergy studies

The hemolysis rate of CPSO was compared
with that of ethanol/cremophor EL (1/1, v/v), the
solubilizer of Taxol®. As shown in Figure 5A, the
group of cremophor EL in 50% ethanol caused a
concentration-dependent erythrocyte lysis, while
CPSO only caused about 5% erythrocyte lysis even
at the highest concentration. As reported previously
[32], the hemolytic effect could be used to evaluate
the membrane damage by carriers. Thus, the data
implied that CPSO had a lower risk in membrane
damage versus ethanol/cremophor EL (1/1, v/v). As
shown in Figure 5B, physiological saline and PTX-
loaded CPSO groups showed that the structure of
vessels was intact and no inflammation, edema and
thrombus were observed. However, there were
serious thrombus and edema in the vascular system,
and the structure of vessels was seriously damaged
in Taxol® group. These results showed that the
vascular irritation of drug-loaded CPSO micelles
was significantly lower than that of Taxol®. To
evaluate the CPSO-induced pseudoallergy in vitro,
the amounts of P-hexosaminidase released from
mast cells after treatment with CPSO and
commercial products determined and
displayed in Figure 5C. Results revealed that the
highest B-hexosaminidase release rate was detected
in Taxol® group. After loading drug, PTX-loaded
micelles led to higher B-hexosaminidase release
compared to blank CPSO,

WeEre
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Fig. 4. Comparison of apoptosis between CPSO micelles and Taxol® with (A) or without (B) PTX. Fluorescence micrographs
of U87 cells nuclei labeled by DAPI (C). Flow cytometry using the staining of Annexin V-FITC and PI (D).

indicating that PTX could trigger pseudoallergy to
some extent. These results suggested that CPSO
micelles safe enough for
administration.

were intravenous

In vivo imaging and tumor targeting study

To investigate the tumor passive targeting
ability of CPSO micelles, the in vivo imaging in
tumor-bearing  nude  mice applied.
Representative fluorescence images of living test
and ex vivo brain test after administration of DiR-

was

loaded CPSO micelles were shown in Figure 6. The
fluorescent CPSO micelles initially spreaded in the
whole body 30 min after injection (Data not
shown), then accumulated increasingly in the brain
tumors, where maximal fluorescence intensity
could be observed at around 3 h. Tfluorescent
signal in brain tumor could be still visible for up to
24h  post-injection, indicating a remarkable
retention of our CPSO micelles. After excision,
brain samples were imaged under two wavelengths,
450 nm for U87 GBM cells and 720 nm for DiR.
As shown Figure 6B, the overlaid fluorescent area
indicated the accumulation of DiR/CPSO in tumor
sites. These results suggested that after crossing the
BBB, CPSO micelles could amply accumulate in

This journal is © The Royal Society of Chemistry 2013

the tumor tissues. It was demonstrated that the coat
of polysorbate 80 was indispensable for BBB
transport. Moreover, for brain targeting, other
surfactants as coatings were proved to be less
effective than polysorbate 80. The possible
presumed that nanoparticles
coating with polysorbate 80 could be recognized as
low-density lipoprotein (LDL) in vivo. They may
adsorb ApoE which plays an important role in
transportation of LDL into brain, so that the LDL
receptor mediated endocytosis takes place [33-34].
As mentioned in previous section (Table 1), CPSO
micelles loading PTX or DiR exhibited comparable
particle size and zeta potential. Thus, it could be
presumed that both CPSO micelles with different
cargos would have similar effect in BBB crossing
via LDL receptor mediated transport.

mechanism was

In vivo distribution and antitumor efficacy

To more precisely evaluate the in vivo
distribution of PTX-CPSO micelles, the PTX
amount in tissues (i.e., heart, liver, spleen, lung,

kidney and brain) was measured after
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intravenous administration of PTX-loaded CPSO
micelles and Taxol®. The results were presented in
Figure 7A. Notably, the PTX concentration of
PTX-CPSO micelles in the brain was significantly
higher than that of Taxol® group from 2 h to 48 h.
It was quantificationally demonstrated that CPSO
micelles could cross the BBB in vivo. These data
indicated that the injected micelles targeted and
stayed in the brain for an extended time. PTX-
CPSO micelles also exhibited higher accumulation
in spleen and kidney for PTX, because of the
“long-circulation” in the blood and a large amount
of red blood cells (RBCs) stored in the spleen [35].
Additionally, the PTX-CPSO micelles were water-
soluble so that they tended to be eliminated through
kidney. Moreover, the PTX concentration in PTX-
CPSO micelles in the heart, liver was significant
lower than that of Taxol®, it was implied that the
PTX-CPSO micelles could reduce the heart and
liver toxicity caused by PTX.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6. In vivo non-invasive NIRF imaging of DiR loaded
CPSO micelles in U87 tumor bearing nude mice at different
time points (A); ex vivo images of the fluorescent U§7 GBM
tumor after administration of free DiR (a) and DiR-loaded
CPSO micelles (b) at 450 nm and 720 nm (B).

In Figure 7B, an enhanced tumor inhibition
effect was observed in the drug treatment groups.
Owing to EPR effect and pH-responsive

J. Name., 2013, 00, 1-3 | 12
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intracellular  trafficking, PTX-loaded CPSO
micelles were able to significantly reduce tumor
volumes by around 4.12-fold and 2.45-fold
compared to saline and Taxol®” groups,
respectively. Taking the tumor targeting and
accumulation effect of PTX-loaded CPSO micelles
into account, the conclusion could be drawn that
long-circulation effect in vivo was essential to
concentrate high dose of chemotherapeutics in
tumors, which depended on the extent of their
extravasation to tumors, the degree of passive
accumulation, and the circulation time of
nanocarriers [36]. As shown in Figure 7C, the final
tumor tissues were harvested and measured. The
results revealed that PTX-CPSO micelles had the
strongest efficacy on inhibiting tumor growth, and
the inhibition rate calculated by tumor weight was
about 60.14% for PTX-CPSO group, while 39.83%
for Taxol” group. It could be found that the results
in Figure 7B-D were in good agreement with each
other. The therapeutic effects of different
formulations were determined by comparing their
respective survival times of tumor-bearing mice
(Figure 7E). In the saline group, the median
survival was only 20 days. When treated with
Taxol®, tumor-bearing mice could have a longer
median survival time (around 30 days). However,
PTX-CPSO  micelles  groups  significantly
prolonged the median survival time of tumor-
bearing mice to 40 days, suggesting that PTX-
CPSO micelles were more effective to inhibit
tumor growth and prolong animal survival than
Taxol®. Moreover, the in vivo toxicity of PTX was
indicated by the body weight change and organs
weight change of heart, liver and kidney (Figure 7F
and C). These results revealed that body weight of
mice was significantly reduced when treated with
Taxol®. On the contrary, the body weight exhibited
a slightly increase in CPSO micelles group (1.53-
fold compared to Taxol® on day 25). The heart,

This journal is © The Royal Society of Chemistry 2012

liver and kidney weights were not significantly
changed among all groups. In addition, it has been
well known that paclitaxel could induce severe
toxicity to heart, live and kidney. Subsequently,
these organs were sectioned to evaluate organ
toxicity. As shown in Fig. 8, pathological analysis
gave no evidence of morphological changes of the
three major organs compared to the negative
control, while nephrotoxicity involved in edema
and ballooning degeneration of renal tubular
epithelial cells, cytoplasmic relaxation, exudates
from glomerular capsule, much smaller glomeruli
of kidney and hepatotoxicity in
degeneration, respectively. These data suggested
that the PTX-loaded CPSO micelles with low
toxicity were safe enough for in vivo application.

vacuolar

Conclusions

In this study, we successfully developed a
brain tumor-targeted drug delivery system by
conjugation of cholesterol to polyoxyethylene
sorbitol oleate via a carbonic ester linkage. The in
vitro and in vivo experimental results suggested
that the CPSO micelles could cross the intact BBB
membrane. The novel designed CPSO micelles
exhibited a remarkable stability in
containing buffer and tumor tissue liquid. PTX-
loaded CPSO micelles also showed a great
apoptosis effect on U87 human GBM cells, which
was consistent with the in vitro test results. Further

serum-

in vivo animal experiments indicated that CPSO
micelles displayed significant tumor inhibition and
prolonged the median survival times of tumor-
bearing mice. The therapeutic effect of PTX-loaded
CPSO micelles also demonstrated that the micelles
could amply U887 GBM.
Collectively, CPSO micelles can be potentially
used as a novel brain-targeted carrier which could
deliver hydrophobic molecules selectively.

accumulate in
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